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Foreword

The second International Conference on Flavor Physics and CP Violation, FPCP2003, was
held on the former campus of Ecole Polytechnique, in the heart of the ”Quartier Latin”, in
Paris, France, June 3-6, 2003. The ”Carré des Sciences” organization, located on the Descartes
site within the French Ministry of Research and Technology, hosted the Conference which was
open to all experimental and theoretical physicists interested in the field. FPCP2003 is the
second in a series of conferences, the first one in 2002 at the University of Pennsylvania in
Philadelphia, USA. The third conference will be held in fall 2004 in Daegu, Korea, October
4-9. FPCP came about as the result of the merging of two major high-energy physics events:
the annual Heavy Flavor Physics Conference (founded by Klaus Schubert), and the biannual
International Conference on B Physics and CP Violation (founded by A.I. [Tony] Sanda). The
Organizers would like to thank all the organizations that have supported the Conference:

• Ministère Délégué à la Recherche et aux Nouvelles Technologies and the Carré des Sci-
ences;

• Centre National de la Recherche Scientifique (CNRS): Institut National de Physique
Nucléaire et de Physique des Particules (IN2P3), and Département des Sciences Physiques
et Mathématiques (SPM);

• Ecole Polytechnique: Direction de la Recherche and Laboratoire Leprince-Ringuet;

• Commissariat à l’Energie Atomique (CEA): DAPNIA;

• Centre des Monuments Nationaux.

We would also like to thank all those who participated and made FPCP2003 a successful
and enjoyable event.

Gérard Bonneaud
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The CKM matrix: status and some outlook

Heiko Lacker
Institut für Kern- und Teilchenphysik

Technische Universität Dresden
D-01062 Dresden, Germany

The status of the CKM matrix is reviewed in the light of the most recent results. Selected
topics with respect to future developments are discussed.

1 Introduction

This is an exciting time for physics related to the CKM matrix. In 2002, the KM mechanism [1]
of CP-violation passed a highly non-trivial test: the measured sin 2β value has been found to
be in agreement with the tight constraints on the Wolfenstein parameters ρ and η set by
the measurements of |Vub/Vcb|, ∆md & ∆ms and εK [2, 3]. The B-factories will continue to
increase the precision on sin 2β [4]. First measurements of time-dependent CP-asymmetries

in B0/B
0 → π+π− and B0/B

0 → ρ±π∓ have been performed with the goal to constrain the
unitarity triangle α [5]. In addition, there are prospects to reduce the theoretical uncertainty
on |Vcb| and |Vub| on data. New results on the CKM parameters |Vud| and |Vus| have been
published, which are relevant for the extraction of the Wolfenstein parameter λ and to test
unitarity in the first quark family.
In many cases, the extraction of CKM parameters from data is hampered by theoretical

uncertainties which are difficult to treat statistically. Here, we make use of the Rfit approach,
described in Ref. [3], in which theoretical parameters are let free to vary in allowed ranges. For
a given set of theoretical parameters with corresponding uncertainties, this approach allows to
test quantitatively the consistency between data and the Standard Model and to determine
Confidence Level’s (CL’s). For the discussion of other statistical approaches and numerical
comparisons between them we refer to Ref. [6].

2 Unitarity violation in the first family?

First, we discuss the unitarity condition in the first family: |Vud|2+|Vus|2+|Vub|2 = 1. Currently,
the uncertainties on |Vud| and |Vus| are such that the size of |Vub|2 can be safely neglected. Both,
|Vud| and |Vus|, provide comparable constraints on the Wolfenstein parameter λ.
The matrix element |Vud| can be extracted from super-allowed nuclear β-decays, neutron β-

decays, pionic β-decays.
The most precise experimental determination comes from nuclear β-decays (Tab. 1) which is

however dominated by several theoretical uncertainties. Adding these in quadrature results

3



Heiko Lacker The CKM matrix: status and some outlook

Input value + uncertainty Fit Result 95% Confidence Region
|Vud| 0.9717 ± 0.0013 ± 0.0004 (neutrons) λ 0.2228 ± 0.0058

0.9740 ± 0.0001 ± 0.0008 (nucl. β-dec.) A 0.73 − 0.84
|Vus| 0.2228 ± 0.0039 ± 0.0018 ρ 0.04 − 0.42

|Vub|(incl)∗ (4.12 ± 0.13 ± 0.42) · 10−3 η 0.24 − 0.46
|Vub|(excl)∗ (3.64 ± 0.33+0.39

−0.56) · 10−3 (BABAR) J (2.2 − 4.0) · 10−5

(3.11 ± 0.27 ± 0.61) · 10−3 (Belle) sin 2α −0.95 − 0.54
(3.17 ± 0.24+0.53

−0.39) · 10−3 (CLEO) sin 2β 0.62 − 0.84
|Vcb|(incl) (40.7 ± 0.6 ± 0.8) · 10−3 α 73◦ − 125◦

|Vcb|(excl) (42.6 ± 2.4) · 10−3 β 19.2◦ − 28.7◦

|εK | (2.271 ± 0.017) · 10−3 γ 32◦ − 83◦

∆md (0.502 ± 0.006) ps−1 |Vub| (3.2 − 4.9) · 10−3

∆ms Amplitude spectrum ∆ms (15 − 41) ps−1

sin 2β 0.734 ± 0.55 mt > 95 GeV/c2

mc(mc) (1.2 ± 0.2) GeV fBd

√
Bd > 180 MeV

mt(MS) (167 ± 5.0) GeV BK 0.46 − 1.62
BK 0.86 ± 0.06 ± 0.14 B(KL → π0νν) (1.4 − 5.9) · 10−11

ηcc 1.46 ± 0.41 B(K+ → π+νν) (2.6 − 9.3) · 10−11

ηB 0.55 ± 0.01 B(B0 → τν) (6.2 − 31.5) · 10−5

fBd

√
Bd (223 ± 33 ± 12) MeV B(B0 → µν) (2.4 − 12.3) · 10−7

ξ 1.24 ± 0.04 ± 0.06

Table 1: Inputs (left column) for and results (right column) from the global CKM fit. Inputs
marked with an asterisc have not been used in the global fit.

in σ|Vud| = 0.0005. Following the Rfit approach, which is equivalent to a linear sum of the
theoretical uncertainties, we obtain σ|Vud| = 0.0008. Using |Vus| = 0.2201 ± 0.16exp ± 0.18theo

(taken from Ref. [7]) and assuming unitarity one obtains a minimum χ2 translating in a p-value
(the probability to observe a χ2 as large as or larger than the actual one if unitarity holds) of
4% in the first case whereas it is 23% in the second case (see also Fig. 1).
Recently, the PERKEO-II experiment has measured gA/gV = 1.2739 ± 0.0019 in neutron
β-decays [8]. Using the world average for the neutron lifetime τn = (885.7 ± 0.7) s [9] this
translates into |Vud| = 0.9717 ± 0.0013gA/gV ,τn ± 0.0004theo. The experimental error on this
result is a factor of two smaller than any preceding measurement.1 The theoretical uncertainty
on this result is dominated by the nucleus-independent radiative corrections and is about a
factor two smaller than the one for |Vud| from nuclear β-decays. Assuming unitarity this value
together with |Vus| = 0.2201 ± 0.16exp ± 0.18theo results in a p-value of 1% (see also Fig. 1).
The statistical precision on |Vud| from the preliminary measurement of B(π+ → π0e+νe) [11] is
still a factor 4-5 larger compared to the neutron decay experiments and, although theoretically
clean, will not compete even with the expected final experimental uncertainty σ|Vud| ≈ 0.002.
The matrix element |Vus| can be determined from charged and neutral Kl3 (K → π�ν) decays
where the most precise measurements come from Ke3 decays. A new result from BNL-E865

1When considering all available data on gA/gV the measurements are not consistent. A rescaling following
the PDG recipe would result in |Vud| = 0.9745± 0.0016stat ± 0.0004theo, consistent with unitarity [9].
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Figure 1: (a) Left plot. CL as function of λ. Black curve: |Vus| = 0.2201 ± 0.0016 ± 0.0018
(average from Kl3 decays excluding BNL-E865). Pink curve: |Vus| from BNL-E865. Red
curve: |Vud| from super-allowed nuclear β-decays. Blue curve: |Vud| from PERKEO-II. Green
curve: average over all |Vud|-results from neutron β-decays [9] after rescaling. (b) Right plot.
Constraints on the ρ-η plane. Shown are 95% CL regions from εK , ∆md, ∆md & ∆ms and
|Vub/Vcb| (inclusive average: light green; exclusive result from CLEO (dark green)). Blue: 1 σ-
and 2σ-regions from the sin 2β measurement. Red contour: 95% CL region from the global fit
excluding the |Vub| constraint.

yields B(K+
e3) = (5.16 ± 0.10)% [12] to be compared with the world average B(K+

e3) = (4.82 ±
0.06)% [10] resulting in a 2.9 σ deviation. The BNL-E865 result translates to |Vus| = 0.2285±
0.0023exp ± 0.0019theo [7] in agreement with unitarity as can be seen from Fig. 1 showing the
CL on λ. If the BNL-E865 result were correct this would also imply that the old B(KL,e3)
are wrong [10]. Such a discrepancy can not be explained by underestimated isospin breaking
effects [7]. On the other hand, the KLOE collaboration has presented preliminary results [13]
on K0

e3 and KL,µ3 decays confirming the older PDG values. Very recently, it has been shown
that also semileptonic hyperon decays can be used by avoiding the problem of first order SU(3)
breaking effects which spoilt so far the extraction of |Vus| from these decays [14]. From this one
obtains |Vus| = 0.2250 ± 0.0027 [14].

The situation is puzzling and we use a weighted mean between the BNL-E865 result and
the former |Vus| average, rescale the experimental uncertainty and obtain: |Vus| = 0.2228 ±
0.0039stat ± 0.0018theo. However, there are prospects to clarify the situation. More precise
neutron-decay data are expected in the future; KLOE and NA48 have the possibility to measure
Kl3 decays with different experimental techniques. Semileptonic hyperon decays, not taken into
account for many years, could reenter the game. Another, promising method to measure |Vus|
from moments of the strange spectral functions in τ decays has been proposed in Ref. [15].
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Figure 2: Left plot: constraints in the ρ−η plane from SφKS
compared to the sin 2β constraints.

Right plot: constraints on a new physics phase δNP .

3 Inputs for a global CKM fit

Tab.1 summarizes the most important input values and their errors used in the CKM fit.
Measurements of |Vub| in inclusive B → Xu�ν decays have been presented by BABAR and

Belle, CLEO and LEP. No average is provided yet by the Heavy Flavor Averaging Group [18].
An estimate for such an average, which is now dominated by the Υ (4S) experiments, is given
in Tab. 1 taking into account uncorrelated and correlated uncertainties. The correlated uncer-
tainties are mainly of theoretical origin. An important issue here is the treatment of model
dependent uncertainties due to efficiency variations over the three-dimensional phase space.
Averaging the various |Vub| measurements in exclusive decays is currently even more problem-
atic since it is not clear how uncertainties from form factor calculations can be treated in a
coherent way amongst the different exeriments. As a consequence, I have decided not to provide
any average for these measurements and not to use |Vub| as an input in the global fit.
For ξ = fBs

√
Bs/fBd

√
Bd and fBd

√
Bd, Lattice QCD values from Ref. [16] are used, taking into

account a possible enhancement due to the presence of chiral logarithms when extrapolating
to the physical quark masses. This might be considered as over-conservative since it has been
shown that to a good approximation fBs/fBd

= fK/fπ [17].

4 Results

The p-value for the global fit is only 11%, which is mainly due to the deviation from unitarity in
the first family. The right plot in Fig. 1 shows the 95% CL regions for the single constraints from
εK , ∆md and ∆md & ∆ms. For sin 2β, the 1σ and 2σ contours are shown. Also shown are the
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Figure 3: Constraints in ρ − η plane from B(K+ → π+νν). Left plot: using a 5% theoretical
uncertainty on |Vcb|. Right plot: using a 2% theoretical uncertainty on |Vcb|.

constraints from the inclusive |Vub| average and, as an example for the exclusive measurements,
the most recent CLEO measurement (Tab. 1). The red contour represents the 5% CL contour
when taking into account εK , ∆md & ∆ms and sin 2β. Tab. 1 shows a compendium of numerical
results from the global fit.

5 Selected topics beyond the standard CKM fit

5.1 Time-dependent CP-asymmetry in B0 → φKs

The quark level transitions b→ sss are mediated by penguin amplitudes and therefore possibly
affected by new physics. An interesting question is whether the time-dependent CP-asymmetry
in these transitions gives a consistent result with the one measured in b → ccs transitions.
One example is the decay B0 → φKs. Other penguin dominated decays like B0 → η′Ks,
B0 → K+K−Ks are theoretically less clean due to b → u contributions introducing a different
weak phase with respect to the penguin amplitude.

The BABAR and Belle collaborations have measured the time-dependent CP-asymmetry SφKS

in B0 → φKs. The average between both experiments is SφKS
= −0.38±0.41 [18]. With current

statistics, one should not overstress the discrepancy with respect to the sin 2β result measured
in b → ccs. In light of this caveat, constraints on a new physics phase δNP entering the decay
amplitude in B0 → φKs can be obtained from SφKS

= sin (2β + δNP ). We constrain β from
the sin 2β measurement and the standard CKM fit. The SM value δNP = 0 is excluded at the
99% CL (Fig. 2).
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Figure 4: Constraints on α and δ obtained from SU(3) symmetry [28]. Overlaid is the 95% CL
region for α as obtained from the standard CKM fit.

5.2 Rare Kaon decays

To highlight the importance of the improvement in the theoretical uncertainty on |Vcb| from
inclusive semileptonic decays we consider the constraints in the ρ − η plane (Fig. 3) from
B(K+ → π+νν) = (1.57+1.75

−0.82) · 10−10 [19]. The 95% CL region from theoretical uncertainties
alone is confined by black contours. It includes the charm and top quark loop contributions and
the parametric uncertainty from |Vcb|. The left plot is obtained when using a 5% theoretical
uncertainty on |Vcb|. The right plot shows the constraint using a 2% theoretical uncertainty
on |Vcb| as it is obtained when extracting the relevant HQET parameters (λ1, Λ) from moment
measurements. As a result, there is a significant reduction of the black region.

5.3 Constraints on α

Results on the time-dependent CP-asymmetry in B0/B
0 → π+π− have been published by

BABAR and Belle [5]. However, the consistency between both results is weak (2.2σ deviation).

If B0/B
0 → π+π− were only due to b → u (T+−) transitions the sine-term in the time

dependent CP-asymmetry Sππ would directly provide sin 2α. However, there are also b → d
penguin contributions (P+−) introducing a different weak phase with respect to T+−. Direct
CP-violation (Cππ) occurs if arg (P+−/T+−) �= 0 and the sine-term then measures Sππ =√

1 − C2
ππ sin 2αeff . In the following, we select some numerical results from Ref. [20] using

several phenomenological strategies proposed in the literature to constrain |α− αeff |.
These strategies use flavor symmetries. The isospin analysis proposed by Gronau and Lon-
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don [21] assumes SU(2) symmetry and neglects electroweak penguins. It requires a measurement
of flavor-tagged BRs for all charged and neutral B-meson decays to two pions. At present, this

can not be performed since the flavor-averaged BR B00 = (B(B0 → π0π0) + B(B
0 → π0π0))/2

has not been measured yet. Averaged BRs can be used to obtain bounds on |α−αeff | [22, 23, 24].
The most constraining bound comes from cos (2α− 2αeff) > 1 − 2B00/B±0 [22]. However, the
experimental information is optimally used by a rigorous fit of the amplitudes to the data. Using
B+− = (4.6±0.6)·10−6, B±0 = (5.3±0.8)·10−6 and the combined likelihood of the experimental
results from BABAR, Belle and CLEO [25] on B00 one obtains then |α− αeff | < 51◦.
Assuming SU(3) symmetry and neglecting OZI-suppressed penguin annihilations in B0 →
π+π− one obtains the bound cos (2α− 2αeff) > (1 − 2λ2B+−

Kπ/B+−)/
√

1 − C2
ππ [23]. The BR’s

B+−
Kπ = (18.2 ± 0.8) · 10−6 and B+− are well-measured and one obtains |α − αeff | < 25◦. The

bound could be further improved only if (1 − 2λ2B+−
Kπ/B+−) ≈

√
1 − C2

ππ.

The BABAR collaboration has measured the time-dependent asymmetries in B0 → ρ±π∓ [26].
Assuming SU(3) symmetry and neglecting OZI-suppressed penguin annihilations [27, 28] leads
to the following constraints: cos (2α− 2α+−

eff ) > (1 − 2λ2B+−
K∗π/B+−

ρπ ) and cos (2α− 2α−+
eff ) >

(1−2λ2B+−
ρK /B−+

ρπ ). translating in |α−α+−
eff | < 18.8◦ and |α−α−+

eff | < 13.9◦, respectively. Fig. 4
shows the constraints on the strong phase difference δ = arg (A(B0 → ρ−π+)A∗(B0 → ρ+π−))
as a function of α. Once δ is extracted from a Dalitz-plot analysis in B0 → π+π−π0 one would
already obtain with the current experimental precision a constraint on α competitive with the
one from the standard CKM fit.
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Phenomenology of New Physics

Gudrun Hiller
Ludwig-Maximilians-Universität München, Sektion Physik

Theresienstraße 37, D-80333 München, Germany

I review the phenomenology of new physics in low energy processes using the notion of
minimal flavor violation (vs. non-minimal flavor violation). I compare the predictions of
beyond-the-standard models and show that among certain observables in rare b-decays
pattern arise, which allow to distinguish between extensions of the Standard Model. I
discuss the status and future of the model independent analysis of b→ s processes.

1 Introduction

There are several reasons why we are unhappy with the Standard Model (SM). We observed
phenomena which are not part of the SM, such as finite neutrino masses, dark energy ΩDE �
75%, gravity and the matter anti-matter asymmetry (n− n)/s ∼ 10−10. We do have questions
which cannot be answered within the SM. For example, about unification and the origin of flavor
and breaking of CP symmetry because in the SM the CKM matrix elements and fermion masses
(also in the lepton sector) are just parameters. Moreover, the SM has consistency problems.
There is the strong CP problem, i.e. why is the CKM phase order one whereas the strong phase
is small θ ≤ 10−10 and the gauge hierarchy problem. In the SM, scalar masses receive quadratic
radiative corrections δm2 ∼ Λ2/16π2. For a high cut-off such as the Planck scale Λ ∼ ΛP l a
huge amount of fine-tuning is required to render the renormalized scalar, i.e. Higgs mass of
the order of the electroweak scale. In other words, the SM is only natural up to Λ ∼ 1 TeV.
Excitingly, we probe even higher energies in the near future at the Tevatron and the LHC.

Models of electroweak symmetry breaking where the Higgs masses are protected can be
build by using supersymmetry (SUSY), extra dimensions, strong dynamics (technicolor,little
Higgs theories) plus hybrids. In all of these extensions of the SM we expect to see new physics
(NP) at the TeV scale. The reach in indirect signals below 5 GeV such as in rare b, c,K, τ
decays, meson mixing and electric dipole moments depends sensitively on how much beyond
the SM flavor and/or CP violation is in the model. This is illustrated in Fig. 1, where the
prospects for NP in b-data are shown as a function of a particular realization of a model type,
for details see [1].

It is customary to classify NP models into those which are minimal flavor violating (MFV)
and those who are not. A model is MFV if it does not contain more flavor and CP violation
than the SM, i.e. what is contained in the Yukawas (CKM). We come back to a formal definition
in Section 3. As an example, the two Higgs doublet models (2HDM) I and II are MFV. The
same is true for the minimal supersymmetric standard model (MSSM) with flavor blind SUSY
breaking and no further CP violation such as gauge mediated SUSY breaking with A-terms
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effective SUSYβ β

new physics in B data

SUSY breaking
dirac gauginos

ED w. SM on

little Higgs w.

SM like B physics

generic Little Higgs 

generic ED w. SM in bulk 

SUSY GUTs 

brane 

MFV UV fix 

Figure 1: Flavor/CP yield of models of electroweak symmetry breaking. Figure taken from [1].

being proportional to the corresponding Yukawas and squark masses proportional to the unit
matrix. (We neglect small effects from renormalization group running.) Non-MFV models are
the 2HDM III with tree level flavor changing neutral currents (FCNC), models with fourth
generation quarks, vector like down quarks with tree level FCNC to the Z and the generic
MSSM with/or without R-parity conservation. Hence, MFV theories require very different
model building from those which are not.

Experimental signals for non-MFV include i non-standard CP violation, e.g. sin 2β(φKS) �=
sin 2β(J/ΨKS), ii right-handed currents, which are generically suppressed in b→ s transitions
in MFV models ∼ ms/mb, iii certain shapes of the Forward-Backward asymmetry AFB for

0 0.2 0.4 0.6 0.8 1
−1

−0.5

0

0.5

1

A
FB

s

1

3

2

SM

Figure 2: Shapes of the Forward-Backward asymmetry in b → s�+�− decays in the SM (solid)
and three beyond the SM scenarios. The curves 1 and 3 (or a flat asymmetry AFB(ŝ) ∼ 0)
require non-MFV. Figure taken from [2].

inclusive and exclusive B → (Xs, K
∗)�+�− decays, see Fig. 2, where currently allowed possibil-

ities are shown. Note that the displayed curves exhibit discrete differences rather than being
gradually distinct, hence, can be cleanly investigated with the exclusive decay [3]. Furthermore,
iv beyond MFV there is no “CKM-link” among b→ s, b→ d and s→ d transitions.

There is an existent 2.7σ hint for NP which is non-MFV, namely beyond the SM CP violation
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in B → φKS decay, see Table 1 1. Data yield sin 2βave = +0.736± 0.049 [4], in agreement with
the fit to the unitarity triangle sin 2βUTfit = +0.74 ± 0.10 @95%C.L. [5] and λ � 0.22. The

BaBar [6] Belle [7] average SM+MFV
SφKS

−0.18 ± 0.51 ± 0.07 −0.73±0.64 ± 0.22 −0.38 ± 0.41 sin 2β + O(λ2)
CφKS

−0.80 ± 0.38 ± 0.12 +0.56 ± 0.41 ± 0.16 −0.19 ± 0.30 O(λ2)

Table 1: Data on time dependent asymmetries in B → φKS vs. SM and MFV theories.

O(λ2) correction from the uu loop maybe dynamically enhanced [8], e.g. by large rescattering.
This SM background can be constrained using SU(3) flavor analysis. Currently, we have the
not very stringent bound |ξφK0| ≤ 0.25, where | sin 2β(φKS) − sin 2β| ≤ 2 cos 2β|ξφK0| [9]. It

is derived from upper bounds on B(B+ → φπ+), B(B+ → K
∗0
K+) and can be experimentally

improved soon. It assumes that no large amplitudes in the charged B-decay cancel, i.e. |ξφK0| ≤
|ξφK+|. The bound can be made independent of this assumption by improved data on 11 further
branching ratios, see [9]. This will be important if experimental errors on SφKS

shrink and the
central value moves closer to the SM expectation. Note that one obtains |ξη′K0| ≤ 0.36 or |ξη′K0|
≤ |ξη′K+| ≤ 0.09, if Nc counting works for the tree level contributions to B0/± → η′K0/± [9].

2 Models with non-MFV

In order to obtain the current central value of SφKS
an O(1) NP contribution with an O(1) CP

phase is required on the decay amplitude [10, 11]. This NP can be in the coefficients of QCD

C
(′)
3,...6, electroweak penguins C

(′)
7,...10 and/or the chromomagnetic dipole C

(′)
8g [12]. (The operators

are e.g. given in [11].) We discuss two possible explanations and show how to distinguish them.
Non-SM sZb-couplings arise generically in many models such as vector like down quarks,

4th generation, non-MFV SUSY, anomalous couplings, Z ′ models. They can be written as

LZ =
g2

4π2

g

2 cos ΘW
(bLγµsLZsb + bRγµsRZ

′
sb)Z

µ + h.c. (1)

They modify the coefficients of the 4-Fermi operators O
(′)
3,7,9 which contribute to b→ sss decays

[11]. The sZb-couplings are experimentally constrained as√
|Zsb + ZSM

sb |2 + |Z ′
sb|2 ≤ 0.08 ZSM∗

sb = −VtbV ∗
ts sin2 ΘWC

SM
10� � −0.04 (2)

The bound in Eq. (2) is based on inclusive B → Xse
+e− decays at NNLO [2] and corresponds

to an enhancement of 2 to 3 over the SM value. Z
(′)
sb large and complex can explain the anomaly

1During the completion of this write-up both BaBar and Belle issued improved measurements of SBaBar
φKS

= +0.45±0.43±0.07,

CBaBar
φKS

= −0.38±0.37±0.12 and SBelle
φKS

= −0.96±0.50+0.09
−0.11 , CBelle

φKS
= +0.15±0.29±0.07 based on larger data samples [4]. The

new error weighted averages are Save
φKS

= −0.15± 0.33, still 2.7 σ away from the SM and Cave
φKS

= −0.05± 0.24, i.e. consistent with

small direct CP violation. We note, however, that there is no good agreement between the two experiments in SφKS
. Note also the

new Belle result SBelle
η′KS

= +0.43± 0.27± 0.05 updating SBelle2002
η′KS

= +0.71± 0.37+0.05
−0.06, which with SBaBar

η′KS
= +0.02± 0.34± 0.03

leads to Save
η′KS

= +0.27 ± 0.21 [4].
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in B → φKS decay [10]. The implications of anomalous sZb-couplings include distortion of
dilepton sprectra and the AFB shape in b → s�+�− decays and the b → sνν branching ratio.

They further induce a non-zero Forward-Backward-CP asymmetry ACPFB ≡ AF B+AF B

AF B−AF B
∼ Im(C10�)

Re(C10�)

which probes the phase of the sZb vertex. The SM background is tiny ACPFB < 10−3 [13]. There
is experimental support for the possibility of large electroweak penguins in B → Kπ decays
[14], which, for example, could be induced by non-standard Z-penguins.

Z-penguins MSSM with (δD23)RR
B(b→s�+�−), AFB(b→s�+�−) up to O(1) effects MFV MSSM like [2]

B(Bs → µ+µ−) up to O(10) · BSM [13] up to Bexp. bound ∼ O(103) · BSM
∆ms up to 0.5 · ∆ms SM [11] ≈∆ms SM up to few100 ps−1

b→ sγ helicity flip SM like |C7γ(µb)
′/C7γ(µb)| <∼ 0.4

aCP (b→ sγ) SM like SM like

Table 2: Predictions of two beyond the SM models.

The MSSM with large and complex mixing between right-handed s̃ and b̃, denoted here
as (δD23)RR (which is inspired from large νµ − ντ mixing in SO(10) GUTs) can accommodate
large departures in SφKS

from the SM [15], for other recent studies of gluino mediated effects in
B → φKS decay see [16]. The model gives contributions to the flipped 4-Fermi O′

3...6 and dipole
operators O′

7γ, O
′
8g. An enhancement of B(b → sγ) can be avoided by having the gluino mass

sufficiently lighter than the squark masses. The Bs-Bs mixing can be huge ∆ms ∼ 100 ps−1.
The presence of large right handed currents imply flipped helicity contributions to b→ sγ, see
Section 3. Direct CP violation in b → sγ is SM like, since only flipped coefficients have a NP
phase and different helicities do not interfere.

Predictions of both non-MFV models are compared in Table 2. Further means to distinguish
them is to study CP asymmetries of the “golden” modes B → (cc)K [11]. Order one NP in
b → sss decays implies O(10%) effects in b → ccs, which is within the errors of the UT
fit. Since the NP effect is split among final states with the same flavor content but different
CP quantum numbers we compare vector V = J/Ψ,Ψ′ and axial vector A = χ1, ηc coupling
charmonia. Current data sin2β(AKS)− sin 2β(V KS) = −0.05 ± 0.26 [17] are not significant

yet. The correlation with φKS is shown in Fig. 3 for both models. Since C
(′)
8g is color octet

suppressed in b → ccs decays this distinguishes NP in the chromomagnetic dipole from NP in
the 4-Fermi operators. Note that this SM test is independent of improvement of the UT fit.

3 Model independent analysis

The search for NP in b→ s transitions can systematically be performed in terms of an effective
low energy theory Heff = −4GF/

√
2VtbV

∗
ts

∑
i(CiOi + C ′

iO′
i). Important operators are given

in Table 3. The primed (flipped) operators are obtained from interchanging L ↔ R. The
coefficients of the SM operator basis C7γ, C8g, C9�, C10� have been studied recently [2]. From
the b → sγ branching ratio bounds in the C7γ-C8g plane have been obtained, allowing for two
different solutions with different sign of C7γ each of which can be accessed in the MFV MSSM.
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type correlation is shown for two values of the matrix element of O(′)
8g . Figure taken from [11].

There is a bound |C8g(mW )/C8g SM(mW )| ≤ 10 from charmless B-decay and theory input [18].
Constraints on the dilepton couplings C9�-C10� for each branch have been worked out from
b → s�+�− decays. Currently, the inclusive B → Xs�

+�− (with
√
q2 > 0.2 GeV) and exclusive

B → K�+�− decays with electron and muon modes combined (� = e, µ) have been observed 2

B(B → Xs�
+�−) = (6.1 ± 1.4+1.4

−1.1) · 10−6 (Belle[20]) (3)

B(B → Xs�
+�−) = (6.3 ± 1.6+1.8

−1.5) · 10−6 (BaBar[21]) (4)

B(B → K�+�−) = (0.78+0.24+0.11
−0.20−0.18) · 10−6 (BaBar[22]) (5)

B(B → K�+�−) = (0.58+0.17
−0.15 ± 0.06) · 10−6 (Belle[23]) (6)

They are in agreement with the SM B(B → Xs�
+�−)SM = 4.2 ± 0.7 · 10−6 and B(B →

K�+�−)SM = 0.35±0.12 ·10−6 for the same cuts [2]. While the use of B(b → sγ) here is without
further progress currently exhausted by theory errors, semileptonic rare decays will yield much
information in the near future beyond branching ratios, in particular from AFB. Note that
curve 2 in Fig. 2 corresponds to the non-SM sign solution to C7γ . The AFB has a zero in the
SM, see Fig. 2, which position is known to high accuracy for inclusive ŝNNLLSM = 0.162±0.002(8)
[24] and exclusive B → K∗�+�− decays [3, 25] q2NNLL

0SM = 4.2 ± 0.6GeV2 [26].
In the SM the scalar/pseudoscalar couplings CSM

S,P ∼ m�mb/m
2
W are very small even for

� = τ , but they can be important in the MFV MSSM at large tanβ. Constraints on CS,P
from Bs → µ+µ− decay have been worked out [27]. This decay is helicity suppressed in the
SM with B(Bs → µ+µ−)SM = 3.2 ± 1.5 × 10−9 like the corresponding Bd-decay B(Bd →
µ+µ−)SM = O(10−10) [28]. Substantially smaller errors can be obtained using the correlation
(even in some models beyond the SM) with the measured values of ∆md,s thus getting rid of
the decay constant and CKM dependence of the Bd,s → µ+µ− branching ratio [29]. Current

2New numbers were presented at LP03 [19], i.e. B(B → K�+�−)BaBar = (0.69+0.15
−0.13 ± 0.06) · 10−6, B(B →

K�+�−)Belle = (0.48+0.10
−0.09 ± 0.03± 0.01) · 10−6 and Belle‘s observation of the K∗ mode B(B → K∗�+�−)Belle =

(1.15+0.26
−0.24 ± 0.07 ± 0.04) · 10−6.
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operator magnitude phase helicity flip O′
i

O7γ ∼ mbsLσµνbRF
µν b→ sγ aCP (b→ sγ) Λb → Λγ

B →(K∗→ Kπ)�+�−

B →(K∗∗→ Kππ)γ
O8g ∼ mbsLασµνT

a
αβbRβG

aµν b→ sγ aCP (b→ sγ) Λb → Λφ
B →�Xc B → Kφ B → K∗φ

O9�(10�)∼sLγµbL�γµ(γ5)� b→ se+e− AFB(b→ s�+�−) B →(K∗→ Kπ)�+�−

OS(P ) ∼ sLbR�(γ5)� Bd,s → µ+µ− Bd,s → τ+τ− b→ sτ+τ−

Table 3: FCNC vertices and where they can be tested.

upper 90 % C.L. bounds are B(Bd → µ+µ−) < 1.6 ·10−7 (Belle) and B(Bs → µ+µ−) < 9.5 ·10−7

(CDF Run II) [19]. The MFV MSSM predicts interesting correlations, namely barring large
cancellations that B(Bd,s → µ+µ−) and ∆ms cannot be both enhanced w.r.t. their SM values
[30] and that the ratio B(Bd → µ+µ−)/B(Bs → µ+µ−) � |Vtd/Vts|2 holds. The latter can be
broken by O(1) beyond minimal models [28]. Note that ∆md/∆ms does not follow this pattern
of CKM hierarchy in the MFV MSSM [31].

So far only a small fraction of Table 3 has been experimentally accessed. This program can
be extended by allowing for CP phases [32], taking more than the SM operators into account
[33], search for right handed currents, e.g. with polarization studies in Λb [34], radiative B [35]
and B → (K∗ → Kπ)�+�− decays [36]. Hadronic b-decays are sensitive to NP in Four-quark

operators and O(′)
8g , however, their interpretation in terms of the C

(′)
i suffers from hadronic

uncertainties. In some cases it is possible to identify classes of operators, e.g. [11, 14].

The term MFV can be defined within an effective field theory picture. Let the SM be valid
up to a cut-off Λ, the scale of NP L = LSM +

∑
iO

(n)
i /Λn [37, 38]. The gauge sector of the

SM, i.e. LSM with all the Yukawas switched off Yu = Yd = Y� = 0 possesses a GF = U(3)5

flavor symmetry. Postulate now that GF is exact but only broken by the Yukawas which are
interpreted as fields which get a vev Y �< φ >. Then the effective theory is called MFV
if all operators O(n)

i constructed from the SM and the “Y ” fields are invariant under GF .
Phenomenological bounds from meson mixing and rare decays give (with 1 Higgs doublet)
Λ >∼ few TeV, similar to the ones from electroweak precision data [38]. If nature turns out to
be of the MFV kind, this might be an appropriate model independent frame work also with
strong couplings at Λ.

4 Summary

With NP @ TeV the impact on low energy observables depends on the amount of flavor/CP
violation, the presence of large parameters (e.g. tanβ in models with two Higgs doublets), the
actual new particle spectrum and errors. Order one signals are possible in b → s processes
beyond MFV, e.g. in AFB(B → (Xs, K

∗)�+�−). This is very complementary to direct collider
searches which probe the flavor diagonal sector of the theory. “SM-zero” observables might
return surprises, such as searches for non-SM helicity operators or differences in CP asymmetries
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sin 2β(ccAK) − sin 2β(ccVK). While non-MFV models do have a richer phenomenology in
rare processes, there can be sizeable effects in MFV ones as well. For example, large MFV
contributions to the helicity flip operators q′LΓbR in the MSSM at large tanβ lead to an enhanced
B(Bd,s → µ+µ−) which at the same time strongly favors ∆ms to be below its SM value. A
precision long term study in semileptonic FCNC‘s b → s�+�−, sνν, s → d�+�−, dνν decays
is promising to test the SM within a potential MFV paradigm. Currently the most salient
indication for non-MFV physics beyond the SM is in B → φKS decays. Further experimental
study of rare processes will decide whether MFV is realized or not hopefully soon.
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Measurements of sin 2β in B decays

William T. Ford
Physics Department

University of Colorado
Boulder, Colorado 80309-0390, USA

I describe the experimental determination of the CKM angle β from measurements of the
decay time separation ∆t between B0 mesons produced as BB pairs in e+e− annihila-
tion. The current results from leading and non-leading decay modes are presented and
compared.

1 Introduction

A primary objective of particle physics since the 1964 discovery of CP non-conservation in
weak decays has been the understanding of the effect as a natural feature of the structure of
the weak interaction. A clue was offered in 1973 by Kobayashi and Maskawa in anticipation
of the discovery of a third fermion family. With three families the unitary transformation to
the weak isospin basis of the left-handed fermions has four parameters, including one complex
phase that breaks the CP symmetry of the flavor-changing transitions. In the Wolfenstein
parameterization the CKM matrix V is

V =

⎛⎜⎝ Vud = 1 − 1
2
λ2 Vus = λ Vub = Aλ3(ρ− iη)

Vcd = −λ Vcs = 1 − 1
2
λ2 Vcb = Aλ2

Vtd = Aλ3(1 − ρ− iη) Vts = −Aλ2 Vtb = 1

⎞⎟⎠ , (1)

where λ � sin θc � 0.22 and A ∼ 1. The unitarity equations, such as VudV
∗
ub+VcdV

∗
cb+VtdV

∗
tb = 0,

lead to “unitarity triangles” in which the angle of interest here is

β = φ1 = arg (−VcdV ∗
cb/VtdV

∗
tb). (2)

2 Time evolution of the decay and CP violation

For a neutral B meson that is in the state B0 at t = 0 we write the time-dependent amplitude
for its decay to final state f as

〈f |H|B0
phys(t)〉 = e−imte−Γt/2

[
Af cos

1

2
∆mt+ i

q

p
Af sin

1

2
∆mt

]
, (3)

where Af ≡ 〈f |H|B0〉 is the amplitude for flavor-definite B0 decay to the final state f , Af is the
corresponding amplitude for B0, and p, q give the weak eigenstates B0

L,H in the (B0, B0) basis:
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|B0
L,H〉 = p|B0〉 ± q|B0〉. The average and difference between H and L masses are m and ∆m,

respectively, and we’ve taken the approximation ΓH = ΓL = Γ for the decay rates. Particle-
antiparticle mixing is responsible for the non-exponential behavior. When f is accessible to
both B0 and B0 the violation of CP symmetry appears through the interference between mixing
(q/p) and decay (Af/Af), even if CP is conserved in both (|q/p| = |Af |/|Af | = 1). In Υ (4S)
decay a B0B0 pair is created in a C = −1 eigenstate, and the two mesons oscillate coherently
between B0 and B0 until one decays (Einstein-Podolsky-Rosen effect).

In the experiments there is no marker of t = 0; rather one must consider the time separation
∆t between the decay of one B to a flavor eigenstate (“tag”), and the decay of the other B to
the CP eigenstate f . The resulting decay rate in terms of ∆t is

dΓf±(∆t)

d∆t
∝ e−|∆t|/τ (1 ± Imλf sin ∆m∆t) , (4)

where λf ≡ q
p

Af

Af
, we’ve assumed |λf | = 1, and the +(−) sign labels a B0 (B0) tag. The ability

to measure ∆t depends on the motion of the Υ (4S) in the rest frame of the experiment, leading
to direct measurement of ∆z � βγc∆t (z being the boost axis). The boost magnitudes for the
two asymmetric B factories are βγ = 0.56 for PEP-II, and βγ = 0.425 for KEKB.

In the analysis one reconstructs the decay of one B meson in the final state f , assumed here
to be a CP -eigenstate. Coming from Υ (4S) → B0B0 (or B+B−), the B meson is nearly at rest
(p∗B � 325 MeV/c). This leads to a strong correlation between the reconstructed mass and the
missing mass of the partner B. The usual choice of an independent pair of kinematic variables
is

∆E = E∗
B −E∗

beam, mES =

√
E∗2

beam − |p∗
B|

2. (5)

Here the asterisk denotes Υ (4S) frame, and the subscript B denotes the reconstructed B. One
looks for central values of these variables peaked at ∆E = 0 andmES = mB. Typical resolutions
are σ(mES) � 3 MeV/c2 and σ(∆E) � 15 − 50 MeV

The other (tag) B is not fully reconstructed; we need to know only its decay point and
whether it’s B0 or B0. The particles left over from reconstruction of the B → f candidate are
therefore examined to form the recoil B vertex and to deduce its flavor. The resolution on ∆z,
of which the largest contribution comes from tag side, is � 180 µm, or ∼ 1.25 ps, and is similar
for BABAR and Belle.

Flavor tagging signatures include the sign of charge in (B0 → �+, B0 → �−), (B0 →
K+, B0 → K−), leading charged track, etc. The efficiency ε and mistag rate w for each
algorithm is measured with reconstructed flavor eigenstate decays. The effective efficiency is
given by Q = ε(1 − 2w)2. The average values of this figure of merit are (28.1± 0.7)% reported
by BABAR, and (28.8 ± 0.6)% by Belle.

After convolution with the resolution function R and provision for imperfect tagging the
formula for the decay rate becomes

1

Γf
dΓf±(∆t)

d∆t
=
e−|∆t|/τ

4τ
[1 ± (1 − 2w)Imλf sin ∆m∆t] ⊗R. (6)

Thus we are looking for an asymmetry between B0- and B0-tagged events having a sinusoidal
∆t dependence with known angular frequency ∆m and amplitude given by Imλf multiplied by
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Figure 1: (a) BB mixing diagram; (b) leading diagram for B → charmonium K0
S decays.

the known dilution factor 1 − 2w. The physics is in Imλf ; it contains the factor q/p, common
to all decay modes, that can be calculated from the diagram in Fig. 1a. With the heavy b
quark we have confidence in the short-distance calculation at parton level. The virtual t quark
dominates in the loop, since its large mass is responsible for violating the GIM mechanism that
otherwise suppresses the mixing. The result is

q

p
=
V ∗
tbVtd
VtbV

∗
td

, (7)

which in the Wolfenstein phase convention is e−2iβ .

3 sin2β from charmonium K0(∗) modes

The charmonium K0(∗) decays are well described in terms of the color-suppressed, CKM-favored
tree diagram of Fig. 1b. The ratio of amplitudes entering into λf is given by

Af
Af

= ηf

(
VcbV

∗
cs

V ∗
cbVcs

)(
p

q

)
K

= ηf

(
VcbV

∗
cs

V ∗
cbVcs

)(
V ∗
cdVcs
VcdV ∗

cs

)
= ηf , (8)

where ηf = +1 (−1) for a CP even (odd) final state f , and the last step assumes the Wolfenstein
phase convention. Combining with Eq. 7 we find, independent of phase convention,

λf = ηfe
−2iβ , Imλf = −ηf sin 2β. (9)

Thus the amplitude of the sine term in Eq. 6 gives directly sin2β.
BABAR [1] and Belle [2] have performed this measurement with samples combining several

charmonium K0
S modes, as well as J/ψK0

L (for which ηf = +1). The contributing modes are
listed in Fig. 2 which conveys a sense of the high purity of these samples. The exposures
correspond to 88 (85) million produced BB pairs for BABAR (Belle). The ∆t distributions
from both experiments are shown in Fig. 3. From a 34-parameter likelihood fit to 2641 tagged
events (with 78% purity), BABAR measure sin2β given in Eq. 10. The corresponding Belle
measurement, from 2958 tagged events (having 81% purity), is given in Eq. 11.

(with |λf | = 1) sin2β = 0.741 ± 0.067 ± 0.034 BABAR (10)

= 0.719 ± 0.074 ± 0.035 Belle (11)

These results agree well with each other, and together impose a significant new constraint on
the upper vertex of the CKM triangle, consistent with prior knowledge.
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4 sin2β and probes for new physics with rare B decays

Violations of CP symmetry can be also observed in a number of rarer B decays. In contrast with
the O(λ2) b→ ccs modes we’ve been discussing, these have couplings of O(λ3), or are expected
to be suppressed because their amplitudes contain penguin loops, or both. We include among
these the decays with Cabibbo-suppressed b→ ccd (e.g., charmonium π0, open charm pair) and
the gluonic penguin b → sqq (e.g., φK0

S
, η′K0

S
). These processes are sensitive to the presence

of possible new physics, because with their smaller amplitudes interference terms are relatively
more prominent, and because of possible virtual particles (e.g., SUSY) in penguin loops. These
experiments are harder because of lower rates, higher backgrounds, and complications in their
interpretation including the simultaneous presence of tree and penguin amplitudes, multiple
penguin amplitudes, uncertainties from long-distance effects, etc.

In the time-evolution formalism for these decays we account for effective direct and in-
terference CP -violating contributions by removing the assumption |λf | = 1 and introducing
coefficients Sf and Cf of the sine- and cosine-like terms: for a CP eigenstate f we have

1

Γf
dΓf±(∆t)

d∆t
=
e−|∆t|/τ

4τ
{1 ∓ ∆w ± (1 − 2〈w〉) [Sf sin(∆md∆t) − Cf cos(∆md∆t)]} ⊗ R, (12)

where

Sf ≡
2Imλf

1 + |λf |2
, −Af = Cf ≡

1 − |λf |2

1 + |λf |2
, (13)

∆w = w(B0) − w(B0), and as in section 2 we assume ΓH = ΓL. For reference, Sf = sin2β and
Cf = 0 (no direct CP violation in the decay) for B0 → J/ψK0

S
.

4.1 b → ccd decays
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Figure 4: Diagrams for b→ ccq decays; (a) color-suppressed tree; (b) external tree; (c) gluonic
penguin.

In section 3 we considered only tree (T ) decay amplitudes. In general we have a competition
between amplitudes like those shown in Fig. 4. There are two independent terms among the
penguins (P ) with (u, c, t) in the loop, and for the interpretation here we care about whether
these bring in weak phases different than that of the tree amplitude. The non-GIM-suppressed
pieces are Pc − Pt, which has the same CP phase as T , and Pu − Pt, which has a different CP
phase. For b→ ccs, such as J/ψK0

S
, the ratio of Pu−Pt to T is O(λ4/λ2), justifying our neglect

of it. But for Cabibbo-suppressed b→ ccd decays such as J/ψπ0, both are O(λ3), and thus the
P/T ratio becomes a theoretical systematic for the interpretation of b→ ccd decays.
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With this caveat, we quote the results of measurements in the b → ccd counterpart B0 →
J/ψπ0 of the charmonium-K0

S
decays: BABAR [3], with 40 ± 7 signal events from 88 × 106 BB

pairs find
SJ/ψπ0 = 0.05 ± 0.49 ± 0.16 CJ/ψπ0 = 0.38 ± 0.41 ± 0.09, (14)

and Belle [4], with 57 total events (86% purity) from 85 × 106 BB measure

SJ/ψπ0 = 0.93 ± 0.49 ± 0.11+0.27
−0.03 − CJ/ψπ0 = A = −0.25 ± 0.39 ± 0.06. (15)

Both measurements are preliminary. They are consistent with SJ/ψπ0 = sin2β, CJ/ψπ0 = 0,
within large errors.

BABAR have measured the time evolution for two modes with open charm pairs. Again the
quark-level process is b→ ccd (and so Pu − Pt again brings in a second weak phase), although
there is in this case no color-suppression of the tree (see Fig. 4b); the estimate is ∆β ∼ 0.1,
where ∆β is the deviation of the measured βeff from true β.

The D∗±D∓ decays are not CP eigenstates, but are accessible from B0 and B0. The decay
chains analyzed are D∗± → π±D0 with four D0 modes, and D+ → Kππ,K0

S
π. With 113 ± 13

signal events from 88 × 106 BB pairs the results are [5]

S−+ = −0.24 ± 0.69 ± 0.12 C−+ = −0.22 ± 0.37 ± 0.10 (16)

S+− = −0.82 ± 0.75 ± 0.14 C+− = −0.47 ± 0.40 ± 0.12. (17)

Here S+− corresponds to D∗+D−, etc., and if one assumes equal amplitudes for D∗−D+ and
D∗+D− one expects C−+ = C+− = 0; if penguins are negligible S−+ = S+− = − sin2β = −0.7.

The same quark-level amplitudes describe B0 → D∗±D∗∓. This, however, is a vector-vector
decay, with odd-CP P -wave and even-CP S- and D-wave contributions. The final state is
reconstructed in the chains D∗± → D0π±, D±π0, excluding B0 → D+D−π0π0. An angular
analysis [6] yields for the CP -odd fraction R⊥ = 0.063 ± 0.055 ± 0.009, i.e., this final state is
∼ 94% CP -even. With 156 ± 14 signal events (before tagging, 73% purity) from 88 × 106 BB
pairs, BABAR find the preliminary results∣∣∣λf+

∣∣∣ = 0.75 ± 0.19 ± 0.02, Imλf+ = 0.05 ± 0.29 ± 0.10, (18)

where λf+ refers to the CP -even component. We may compare this with the tree-level expec-

tation
∣∣∣λf+

∣∣∣ = 1 and Imλf+ = − sin2β.

4.2 b → sqq decays

For b→ sqq decays with no c-quarks in the final state, the tree is a CKM-suppressed b→ u with
both color and Cabibbo suppression at the internal vertex. Therefore the leading amplitudes
are gluonic b → s penguins. The ratio T/P is O(λ4/λ2). For B0 → η′K0

S
the internal gluon

converts to either an ss or dd pair, and these may interfere. The rather large (60 × 10−6)
branching fraction for this decay may in fact be the result of constructive interference of these
amplitudes. In the case of φK0

S
we have no tree, and only the penguins with g → ss. Estimates

of ∆β from “tree polution” are as small as 0.01 (0.025) for B0 → η′K0
S (φK0

S) [7].
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Figure 5: Tagged-sample ∆t distributions and asymmetry for (left) B0 → φK0
S and (right)

B0 → η′K0
S

(BABAR, preliminary). Tags in the right-hand plot are (a) B0 and (b) B0. Dashed
curves show background components of the best-fit functions.

For B0 → φK0
S

the φ is reconstructed from its K+ K− decay, and the K0
S

from π+ π−

(BABAR include also π0 π0). With 51 signal events (31 tagged), from 87 × 106 BB pairs the
BABAR preliminary results are [8]

SφK0
S

= −0.18 ± 0.51 ± 0.07 CφK0
S

= −0.80 ± 0.38 ± 0.12, (19)

(SφK0
S

= −0.26±0.51 when CφK0
S

is constrained to zero). Belle find with 53 total events (purity

67%) from 78 × 106 BB [9]

SφK0
S

= −0.73 ± 0.64 ± 0.22 AφK0
S

= −CφK0
S

= −0.56 ± 0.41 ± 0.16. (20)

The ∆t distributions are shown in the left-hand plots in Figs. 5 and 6, respectively. Taken
together these are somewhat at odds with the expectation SφK0

S
= sin2β = 0.7; the errors are

still large however.
From Belle there is also a measurement in non-resonant B0 → K+K−K0

S , a mixture of
CP -odd and even states. Their analysis indicates that it is in fact about 97% even (ξf = +1),
and with their 191 total events (purity 50%) they find (see center plot of Fig. 6) [9]

−ξfS = 0.49 ± 0.43 ± 0.11+0.33
−0.00 A = −C = −0.40 ± 0.33 ± 0.10+0.00

−0.26. (21)

The B0 → η′K0
S decay is reconstructed from η′ → ηπ+π− and η′ → ρ0γ. With Belle’s

sample of 299 total events (purity 49%) the measurements are (right-hand plot of Fig. 6) [9]

Sη′K0
S

= +0.71 ± 0.37+0.05
−0.06 A = −Cη′K0

S
= +0.26 ± 0.22 ± 0.03 (22)
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Figure 6: Tagged B0 (q = +1) and B0 (q = −1) ∆t distributions for b→ sqq decays (Belle).

(consistent with the charmonium value of sin2β), and from BABAR, with 109 tagged signal
events (purity 70%) from 89 × 106 BB pairs (right-hand plot of Fig. 5) [10]

Sη′K0
S

= 0.02 ± 0.34 ± 0.03, Cη′K0
S

= 0.10 ± 0.22 ± 0.03. (23)

This (preliminary) null result is still consistent within errors with sin2β = 0.7.

5 Summary

All of the measurements presented here are summarized in Fig. 7 [18]. The shaded bands show
results of averaging separately the measurements made with B decays to charmonium and with
the charmless penguin-dominated modes. Future confirmation of the separation of the two
bands would challenge the standard model, but considerable improvement in the theoretical
understanding as well as in the experimental measurements would be needed for a definitive
conclusion.

We have seen that CP non-conservation is well established in B0 decays, and the effect is
large in the interference between mixing and decay. The effect is well accommodated in the
universal weak interactions of the quarks embodied in the standard CKM model. We are just
beginning to explore further whether anything new is happening in processes where standard
model effects are suppressed. We see hints of inconsistencies in β from charmless decays, where
several channels are now being measured, with only more data needed for definitive results.
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Observation in BABAR of a narrow resonance in the Dsπ
0

system at 2317 MeV/c2
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The BABAR collaboration has observed a state of mass 2317MeV/c2 which decays to Dsπ
0,

using 91 fb−1 of data from asymmetric e+e− collisions of energy around 10.6 GeV produced
by the PEP-II storage ring. The observed width is compatible with the experimental
resolution, indicating that the state is narrow, with Γ < 10MeV. Properties of the state
are presented, and implications are discussed.

1 Introduction

Although the BABAR detector, like the asymmetric PEP-II B factory at which it runs, was built
for the prime purpose of studying CP violation in B mesons produced by the Υ (4S), it also has
many other possibilities for physics studies. We present here the observation of a new meson
in the charm-strange system, provisionally named the D∗

sJ(2317). The analysis was performed
on 91 fb−1 of data taken during the period 1999 to 2002, with centre of mass energy equal or
close to the mass of the Υ (4S). An account is given in [1].

2 Candidate Selection

We look for mass combinations in the Dsπ
0 system. As preliminary selections for good events

we require at least 3 charged tracks in the tracking chambers, at least 2 clusters in the electro-
magnetic calorimeter, and the ratio of Fox Wolfram moments H2/H1 below 0.9. (This removes
many of the isotropically decaying Υ (4S) → BB events.)

The mass plot of photon pairs in Figure 1a shows a clear π0 signal. π0 candidates are formed
from clusters above 100 MeV, with a probability for the kinematic and geometric fit to the π0

hypothesis above 0.1%, and neither photon associated with another possible π0 candidate.
The Ds is identified through its decay to K+K−π±. Particle identification is done using

information from the Čerenkov detector combined, using a neural network, with dE
dx

measure-
ments from the tracking chambers. The 3 tracks are required to have a vertex fit probability
greater than 0.1%. The mass spectrum (shown in Figure 1b) shows the Ds peak at 1.97 GeV/c2,
together with peaks from the Cabibbo-suppressed decay of the D± at 1.87 and from the D∗±

at 2.01 through its decay to D0π±. Although the signal peak is clear, the background is large.
It is reduced by a further set of cuts.
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a) b) c)

Figure 1: Mass distributions for (a) photon pairs, and for KKπ± combinations before (b) and
after (c) the cuts described

• We require the K+K− mass to be less than 1.84 GeV/c2, to eliminate the D∗+.
• As this Ds decay is known to proceed mostly through the two body states φπ and K∗K,

we require that either the K+K− mass lie between 1.010 and 1.030 GeV/c2 or that the K∓π±

mass lie between 0.842 and 0.942 GeV/c2.

• In both of these channels (for which the regions do not overlap) the decay of a scalar
meson to scalar + vector requires the vector particle (φ or K∗) to decay with a distribution in
the helicity angle θh proportional to cos2 θh. We therefore require that | cos θh| ≥ 0.5.

• We require a total cms momentum of the combined K+K−π±π0 system above 2.5 GeV/c.

The mass distribution after these cuts is shown in Figure 1c, and candidates are accepted
as Ds if the mass lies between 1955 and 1979 MeV/c2. In subsequent analysis the measured
mass of accepted Ds candidates is replaced by the standard value [2].

Having found clean π0 and Ds particles - the cuts above have been given in detail to show
their simplicity - we plot the invariant mass of the Dsπ

0 combination in Figure 2. This shows
a large, narrow and completely unexpected peak around 2320 MeV/c2. (The spike on the left
is produced by decays of the D∗

s(2112), for which this decay is just above threshold.)

Figure 2: The Dsπ
0 mass combination
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3 Checks and Properties

To check that this peak is not an artefact produced by known particle decays, we examine the
Monte Carlo simulation of the process e+e− → cc including the effects of detector simulation.
The mass plot (Figure 3) does not display any peak in this region, though it does provide a
good description of the K+K−π± mass combinations.

Figure 3: Monte Carlo simulation of the K+K−π± and Dsπ
0 mass combination

We make many further checks. There is no sign of this peak if events are selected from
sidebands in either the π0 or the Ds combinations. We see the same peak in both the φπ± and
the K±K∗0 decay modes of the Ds. We also observe it in the decay Ds → K+K−π±π0, i.e. in
the K+K−π±π0π0 configuration, with a consistent value for the mass.

We check that this is not an artefact produced by known resonances with a pion misidentified
as a kaon: if we take events in the signal peak and reassign one of the identified K± particles as
a π± there is no sign of a peak at the mass of the D+, D0, D∗ or elsewhere. Nor is it produced
by the D∗

s(2112) → Dsγ decay with an extra γ: if we remove events for which the mass of a Dsγ
combination is in the region of 2112 MeV/c2 the peak at 2317 MeV/c2 is actually enhanced.

Having verified that the peak is genuinely a new particle, we now investigate its properties.
The production of the state is studied by examining the mass plot in different regions of

p∗, the cms momentum of the K+K−π±π0 system, shown in Figure 4. The significance of the
peak rises with increasing p∗. This is what would be expected if the particle is produced in
e+e− → cc interactions, as opposed to arising in b→ c decays of the Υ (4S).

We select the region p∗ > 3.5 GeV/c as providing high statistics and good signal to noise,
and fit the mass as 2316.8±0.4 MeV/c2, using a single Gaussian and a polynomial background,
shown in the large plot of Figure 4. We therefore give it the provisional name of D∗

sJ(2317).
(The fit gives 1267 ± 53 events in the peak - so it is established with a statistical significance
of 24 standard deviations.) From comparison of other mass measurements with their standard
values we conservatively estimate the systematic uncertainty on this as better than 3 MeV/c2.

The single Gaussian provides a good fit to the data with an acceptable χ2. It fits the width
as σ = 8.6± 0.4 MeV/c2. From Monte Carlo simulation, and from the width in the data of the
Ds → K+K−π±π0 peak, we find this to be compatible with our experimental resolution. We
are thus unable to measure it, and can only say that it must be narrow: Γ ≤ 10 MeV/c2.
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Figure 4: The Dsπ
0 mass in bins of p∗ and for p∗ > 3.5 GeV/c showing the fit to the peak plus

background

The helicity angle (of the π0 in the D∗
s(2317) frame) is, after correcting for efficiency, con-

sistent with being flat. (The efficiency varies strongly with angle due to the loss of slow π0

particles.) This suggests that this is a J = 0 zero-spin particle, although it is consistent with
any spin assignment if the particle is produced in an unpolarised state.

We have searched for the DsJ(2317) in other decay modes: Dsγ, D
∗
s(2112)γ, Dsγγ, Dsπ

0γ
and Dsπ

0π0. In no case do we see a significant signal in the DsJ(2317) region.

Figure 5: The Dsγ mass

The Dsπ
0γ mode needs further comment. The mass distribution for the combination is

shown in Figure 5. There is no sign of any peak at 2317 MeV/c2 but a strong suggestion of one
at 2460. This is enhanced if one requires the Dsγ mass combination to be in the range 2096 to
2128 MeV/c2, the D∗

s region, giving the shaded histogram, which shows a very clear peak.
This needs careful interpretation. In this three body system there are known to be peaks in

the Dsπ
0 combination at 2317 and in the Dsγ combination at 2112. The coincidence of these

peaks corresponds to a total mass of around 2460. So there is certainly a contribution to this
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peak from a reflection of the 2317 and 2112. (Also, a state at 2460 will produce a peak in the
Dsπ

0 mass around 2317. But we have verified that this cannot account for the entire signal.)
If the 2460 peak does indeed contain a contribution from another new state, then this cross-

feeding means that a careful analysis is required to establish the production ratio and detailed
properties of the two particles [3]

4 Conclusions and Implications

The BABAR discovery [1] has now been confirmed by CLEO and BELLE [4, 5]. The natural
interpretation of this particle is as a cs L = 1 orbital excitation, with J = 0.

The two lowest-lying (L = 0) cs states are well known: the Ds(1969) is the S = J = 0
spin-opposed state and the D∗

s(2112) is the S = J = 1 spin-aligned state. It is believed that
the most appropriate quantum number description is through the total angular momentum j
of the s quark about the heavier c quark (i.e. using jj coupling rather than LS coupling). For
the L = 1 excitation, there should thus be one doublet with j = 1

2
and J = 0, J = 1, and a

second with j = 3
2

and J = 1, J = 2. The second doublet has been provisionally identified
with masses of 2536 and 2573 MeV/c2 respectively [2]. There is thus good reason, supported by
theoretical predictions [6], to suppose that the masses of the two j = 1

2
states would be similar.

Such a state is thus expected to be broad, appearing only through a phase shift analysis. But
if this is the L = 1, J = 0 state at a mass of only 2317 MeV/c2, it cannot undergo a normal
strong decay to DK, but can only access the isospin-violating mode Dsπ. The unexpectedly
narrow width is explained by the unexpectedly low mass.

That this state appears with such a low mass indicates either that it has some different
(unconventional) quark content or that the mass splittings in the cs system are very different
from what was generally expected: in either case this provides an illustration of the importance
for experimenters of looking at every channel they can for interesting new phenomena, not just
at the ones favoured by theorists.
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Using 13.5 fb−1 of e+e− annihilation data in the CLEO II detector at CESR, we have
observed a new narrow state decaying to D∗+

s πo, denoted the DsJ(2463)+. A possible
interpretation holds that this is a JP = 1+ partner to the D∗

sJ(2317)
+ state recently

discovered by the BaBar Collaboration which is consistent with JP = 0+. We have also
confirmed the existence of the D∗

sJ(2317)
+ in its decay to D+

s π
o. We have measured

the masses of both states, accounting for the cross-feed background that the two states
represent for each other, and have searched for other decay channels for both states. No
narrow resonances are seen in D±

s π
∓ or D±

s π
± modes.

1 Introduction

Prior to this year, the spectrum of cs mesons was believed to be well-understood. The weakly-
decaying ground state D+

s meson with mass 1969 MeV and JP = 0− was discovered by CLEO
in 1983. The excited 1− state at 2112.4 MeV, the D∗+

s meson, is also narrow, decaying to
the D+

s predominately via γ emission. It also has a 6% rate [1] for a strong transition via πo

emission [2], which violates isospin symmetry since all cs mesons are isospin singlets while the
pion is an isospin triplet. These states both have zero orbital angular momentum between the
two quarks.

Four states with L = 1 are expected, corresponding to a spin singlet and triplet, giving one
state with JP = 0+, two with 1+, and one with 2+. Considering the charm quark to be heavy,
it is more natural to think of these as two doublets with j = 1/2 and 3/2, where j is the angular
momentum sum of L with the spin of the strange quark. The j = 3/2 states are expected to
be narrow because their dominant (OZI- and isospin-favored) decays to D(∗)K will proceed via
D-wave. Indeed, the experimental observations of the DsJ(2573)+ (with JP consistent with
2+) and the JP = 1+ Ds1(2536)+ were made feasible by the fact that these states are narrow.
Most, but not all, potential models expected the unobserved j = 1/2 states to have comparable
masses, and to decay to same final states but with large widths, ∼200-300 MeV, since these
decays would proceed via S-wave.
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BaBar has recently reported the discovery of a new narrow state, the D∗
sJ(2317)+, in its

decay to D+
s π

o [3], its width consistent with experimental resolution. The low mass, below
DK threshold, implies that despite its isospin violation, the observed channel is the most likely
hadronic decay available, thus explaining the narrow width. The BaBar data is also consistent
with a 0+ spin/parity interpretation.

Various interpretations of this state have appeared in the literature. To give some examples:
Barnes, Close and Lipkin speculate that this could be “baryonia” or a DK molecule [4]. Van
Beveran and Rupp suggest a quasi bound scalar that arises due to coupling to the nearby
DK threshold [5]. Cahn and Jackson formulate an acknowledgely poor explanation using non-
relavistic vector and scalar exchange forces [6].

Bardeen, Eichten and Hill (BEH) [7] use HQET plus chiral symmetry to predict “parity
doubling,” where two orthogonal linear combinations of mesons transform as SU(3)L×SU(3)R
and split into (0−, 1−), (0+, 1+) doublets. Assuming that the D∗

sJ(2317) is the 0+ state expected
in the quark model, their concrete prediction is that the mass splitting between the remaining
1+ state and the 1− should be the same as the 0+ − 0− splitting.

2 Confirmation of the D∗
sJ(2317)

D+
s candidates are looked for in the φπ+ decay mode. The selection criteria are described in

detail in Ref. [8]. The D+
s π

o mass distribution is shown in Fig. 1 for mass combinations with
momenta above 3.5 GeV/c. Two peaks are evident: one near a mass difference of 0.1 GeV, due
to the decay of the D∗+

s into a D+
s π

o, and another, larger structure near a mass difference of
0.35 GeV, that confirms the existence of the D∗

sJ(2317)+. The measured width of this peak is
8.0+1.3

−1.2 MeV, somewhat wider than the detector resolution of 6.0±0.3 MeV. The curve shows our
Monte Carlo simulation of the mass distribution, absolutely normalized, without the presence
of any narrow states that decay into D+

s mesons. The CLEO Monte Carlo does an excellent
job of reproducing the size and shape of our background πo candidates.

The peak near 0.35 GeV is close to the mass reported by BaBar. Our mass determination
will be discussed later. We observe 165±20 events in this peak.

3 Observation of the DsJ(2463)

We also looked for decays of the D∗
sJ(2317)+ and possible additional narrow states in other

channels, notably D∗+
s πo. We use the D∗+ → γD+

s decay mode. Photon candidates were se-
lected from neutral energy clusters with lateral profiles consistent with electromagnetic showers
and absolute energies above 50 MeV. Fig. 2 shows the mass difference distributions for both
the peak and sideband regions of the D∗+

s signal.

We observe a peak consisting of 55±10 events, with a width of 6±1.0 MeV (r.m.s.) compared
with the detector resolution of 6.6±0.5 MeV. The mass difference value is also about 0.35 GeV.
The near equality of this mass difference with the previous one leads to the worry that there
could be cross-contamination between the two final states.
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Figure 1: The D+
s π

o candidate mass distribution shown as the difference with respect to the
D+
s mass. The curve shows our Monte Carlo simulation of the spectrum, absolutely normalized,

without narrow states decaying into D+
s .

4 Analysis of Cross Contamination

Many studies were performed to see if these two states could arise from reflections of other
known narrow states. These possibilities were excluded.

It is possible, however, for a higher mass state decaying D∗+
s πo to be reconstructed as a

lower mass state simply by ignoring the photon from the D∗+
s decay. In fact, taking the signal

D∗+
s πo events and ignoring the photon from the D∗+

s decay causes a peak in the D+
s π

o spectrum
at very nearly the same mass difference, but with a width of 14.9 MeV, considerably larger than
our resolution. The efficiency of this process is rather high: (84±4±10)%.

It is also possible for the lower mass state to pick up a random photon, fake a D∗+
s , and thus

be a candidate for the upper mass state. This is a much smaller probability, (9.0±0.7±1.5)% and
can be estimated from the D∗+

s sidebands. The number of actual signal events can be estimated
from these probabilities and the measured numbers of events in the peaks. Accounting for the
background in this way, the peak in the D∗+

s πo sample corresponds to 41±12 signal events.
The probability that this excess is due to a background fluctuation is in excess of 5σ. Thus
CLEO has made the first observation of a new state near 2460 MeV. (Although the BaBar data
also showed an excess of events in this mass region, the conclusion reached in Ref. [3] was that
further study was needed to resolve whether the peak received contributions from a new state
or was entirely due to a reflection of the D∗

sJ(2317).)

5 Mass Determinations

Because of the contamination of the lower mass state by the higher mass one, fitting the Dsπ
o−

Ds mass difference distribution to a single Gaussian could result in a biased mass determination.
Taking advantage of the the excellent mass resolution of the CLEO CsI calorimeter we fit the
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Figure 2: The D∗+
s πo candidate mass distribution shown as the difference with respect to the

D∗+
s mass. (a) D∗+

s signal region; (b) D∗+
s sideband region.

D+
s π

o mass difference peak to two Gaussians whose means and widths are allowed to float. The
fit determines one signal to be at a mean mass difference of 350.0±1.2 MeV with a width of
5.9±1.2 MeV and another wider Gaussian at 344.9±6.1 MeV with a width of 16.5±6.3 MeV,
characteristic of the feed-down background. We use this fit for our determination of the mass
difference, to which we assign a ±1.0 MeV systematic error.

Since the feedup from the first state to the second state is relatively small, ∼20% of the
signal of the higher mass state, we determine its mass by subtracting the D∗

s sidebands and
performing a fit. The subtracted spectrum and the fit are shown in Fig. 3. The resulting mass
difference is 351.2±1.7 MeV, to which we also assign a systematic error of ±1.0 MeV.

We note that a D+
s π

o system with L = 0 is a 0+ state, and a D∗+
s πo system with L = 0 is

a 1+ state. If the DsJ(2463) were a 0+ state it would be above threshold for decay into DK.
There is no evidence for this state in that decay mode and if that decay occurred the state
would be wide.

6 Upper Limits On Other Decay Modes

6.1 Neutral and Doubly Charged Modes

In Fig. 4 we show the D±
s π

∓ and D±
s π

± mass difference distributions. No signals are visible
and the production ratio times decay rate of any objects similar to the D∗

sJ(2317) are lower
by more than a factor of ten compared to the D∗+

s πo mode. This argues against a molecular
interpretation.
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Figure 3: The sideband subtracted D∗+
s πo candidate mass difference distribution. The curve

resents a fit to a signal Gaussian whose mean and width are allowed to float and a second order
background polynomial.

6.2 Other Decay Modes of the D∗
sJ(2317)

Upper limits on other decay modes relative to the D+
s π

o mode are given in Table 1.

6.3 Other Decay Modes of the DsJ(2463)

Limits obtained on other decays, relative to D∗
sπ

0, are summarized in Table 2.

This electromagnetic transition D∗
sJ(2317)+γ [9] presents a particularly difficult situation

as the final state particles are again a D+
s a πo and a γ with momenta similar to that in

the main D∗+
s πo mode. To reduce backgrounds from DsJ(2463)+ → D∗+

s γ, we required that

Final State Yield Efficiency Ratio (90% C.L.) Prediction
D+
s π

0 135 ± 23 (9.7 ± 0.6) % —
D+
s γ −19 ± 13 (18.1 ± 0.1) % < 0.052 0

D∗+
s γ −6.5 ± 5.2 (7.0 ± 0.5) % < 0.059 0.08

D+
s π

+π− 2.0 ± 2.3 (19.8 ± 0.8) % < 0.019 0
D∗+
s π0 −1.7 ± 3.9 (3.6 ± 0.3) % < 0.11 0

Table 1: The 90% C.L. upper limits on the ratio of branching fractions for D∗
sJ(2317) to the

the channels shown relative to the D+
s π

0 state. Also shown are the theoretical expectations
from Ref. [7], under the assumption that the D∗

sJ(2317) is the lowest-lying 0+ cs meson.
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Figure 4: Mass difference distributions for D±
s π

∓ (top) and D±
s π

± (bottom) candidate samples.

Final State Yield Efficiency Ratio (90% C.L.) Prediction
D∗+
s π0 41 ± 12 (6.0 ± 0.2) % —

D+
s γ 40 ± 17 (19.8 ± 0.4) % < 0.49 0.24

D∗+
s γ −5.1 ± 7.7 (9.1 ± 0.3) % < 0.16 0.22

D+
s π

+π− 2.5 ± 5.4 (19.5 ± 1.5) % < 0.08 0.20
D∗
sJ(2317)+γ 3.6 ± 3.0 (2.0 ± 0.1) % < 0.58 0.13

Table 2: The 90% C.L. upper limits on the ratio of branching fractions for DsJ(2463) to the
the channels shown relative to the D∗+

s π0 state. Also shown are the theoretical expectations
from Ref. [7], under the assumption that the DsJ(2463) is the lowest-lying 1+ cs meson.

the Dsπ
0 system be consistent with the decay of the D∗

sJ(2317), namely that |∆M(Dsπ
0) −

350.0 MeV/c2| < 13.4 MeV/c2 (∼ 2σ based on Monte Carlo simulations). We also required that
the Dsγ system be inconsistent with D∗

s decay at the 1σ level (the corresponding ∆M(Dsγ)
must deviate from the expected value for this decay by more than 4.4 MeV/c2), and that the
momentum of the π0 be inconsistent with the DsJ(2463) → D∗

sπ
0 transition, also at the 1σ

level. Using these cuts, we see no evidence for a signal in this mode.

We note that our upper limit for DsJ(2463) → D+
s π

+π− is considerably smaller than the
BEH prediction. For this prediction they calculate both the isospin-violating D∗+

s πo rate and
the decay into D∗+

s and a virtual σ meson that materializes as a π+π− pair. Although this is
a difficult calculation, we should not be far from seeing this decay.
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7 Conclusions

CLEO confirms the cs state near 2317 MeV discovered by BaBar, and measures a mass differ-
ence with respect to the D+

s of 350.0±1.2±1.0 MeV. This state is likely to have JP = 0+.
CLEO has made the first observation of a new state near 2463 MeV and has measured

M(DsJ(2463)) −M(D+
s ) = 351.2 ± 1.7 ± 1.0 MeV. This is likely to be a 1+ state. The mass

splittings are consistent with being equal, as predicted by BEH; the difference [((1+ − 1−) −
(0+ − 0−)] being 1.2±2.1 MeV. The two states are narrow and we limit the total decay widths
of both of them to be Γ < 7 MeV.

We also do not see evidence for any narrow states in D±
s π

∓ or D±
s π

±, which argues against
a molecular interpretation.

Theoretical applications of QCD, including exploitation of lattice QCD, sum rules, and
heavy quark and chiral symmetries, are necessary to extract information on fundamental pa-
rameters in the quark sector. By coupling HQET with chiral symmetry, the BEH model yielded
predictions about masses, widths and decay modes that were in conflict with conventional think-
ing based on potential models. The experimental results reported here provide powerful support
for the BEH approach.
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We report on a search for additional decay modes and partner states of the DJ
sJ(2317)

+.
To establish a benchmark for our analysis, we reconstruct some of the narrow known D∗∗

states. The search itself is performed looking for narrow resonances decaying to D+
s π

− or
D+
s π

−π+. No evidence of new charm meson states is found.

1 Introduction

At the end of April the Babar Collaboration announced the discovery of a new, narrow state,
the DJ

sJ(2317)+, decaying into D+
s π

0.[1]. One possible explanation of this state is that it is
one of the orbitally excited D∗∗

s states. Two narrow D∗∗
s states were already known, the 1+

Ds1(2536) and the DsJ(2573), which is expected to be a 2+. Two more states should exist, a
0+ and a second 1+. The 1+ and 2+ are P-wave decays, and are thus suppressed with widths
no more than about 20 MeV/c2. The 0+ and the other 1+ can readily decay through S-wave
transitions, giving rise to widths of hundreds of MeV/c2. These states were predicted to decay
to DK, since the theoretically favored mass was below Dsπ threshold.[2] Thus, the most glaring
anomalies of the Babar 2317 state are that it is narrow, with a width of less than 10 MeV/c2,
and that its mass is not consistent with theoretical expectations.

The Babar discovery has led to a large number of theoretical speculations. These specu-
lations run the gamut. Some interpret the new state as the 0+ D∗∗

s .[3] Others argue that the
DJ
sJ(2317)+ could be a four-quark state.[4] Other models describe the 2317 as a quasi-bound

state arising from non-perturbative dynamical coupling to the nearbyDK threshold./citeshapiro-
ref-quasi On the experimental side, the CLEO collaboration has confirmed the DJ

sJ(2317)+ and
has presented evidence for a second state at 2463 MeV/c2 which may be interpreted as the
other missing D∗∗

s .[6]
Because the interpretation of the DJ

sJ(2317)+ is still controversial, it is important to provide
as much experimental evidence as possible on this issue. We report here on a search for allied
narrow states in Dsπ and Dsππ modes.

2 CDF Search Strategy

The resolution of the CDF Electromagnetic Calorimeter is not adequate to efficiently search for
π0 mesons, so we cannot reconstruct the DJ

sJ(2317)+. We instead perform a search for allied
states that decay to all charged modes. This search concentrates on two modes:
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• DsJ → D+
s π

−

Observation of such a state would imply that the DJ
sJ(2317)+ is an isovector. This would

favor 4 quark interpretations and would disfavor the D∗∗
s interpretation.

• DsJ → Dsπ
+π−

A spin-parity assignment 0+ forbids this decay. If the assignment is 1+, then the decay
is allowed. We note that the Cleo experiment has searched for this decay and sees no
evidence for it.

At present, no prediction exists for the DJ
sJ(2317)+ production cross section in pp interac-

tions. Since CDF cannot reconstruct the already observed Dsπ
0 decay, we are left without a

good procedure to calculate our search sensitivity. We can, however, infer our sensitivity by
studying the well known D∗∗ → Dπ decays. These studies provide a demonstration of CDF’s
reconstruction capabilities and provide estimates of the relative D∗∗ to D production rates in
hadron colliders. The D∗∗ yields, together with the relative Ds to D production rates allow an
approximate estimate of sensitivity.

3 Reconstructed Charm Samples

Figures 1(a) through (c) show the reconstructed mass peaks for the decay modes D0 → Kπ,
D+ → Kππ and Ds → φπ respectively. The signal yields are: 735K D0, 572K D+ and 24.6K
Ds. We note that our Ds yield is roughly one third the size of the Babar sample and is therefore
adequate to perform a meaningful search. Approximately 88% of the D0 and D+ are directly
produced, as is ∼ 77% of the Ds, with the remainder coming from B decays.

4 Benchmark D∗∗ Modes

Starting with the D+ and D0 samples described in the previous section, we search for D∗∗

states by combining the charmed meson with an additional pion. All pions with a transverse
momentum above 350 MeV/c are combined with each candidate. The Dπ mass is determined
after performing fit that constrains the all tracks in the decay to come from a single vertex and
simultaneously constrains the D mass. With these constraints, we obtain a slightly better mass
resolution than we would obtain by plotting ∆M = M(Dπ)−M(D). We observe no qualitative
changes to the Dπ mass distributions when we compare these techniques. Figures 2(a) and (b)
show the relevant invariant mass plots. In theD+π− mode, a signal of 9100±300D∗

2
0 candidates

are observed, along with kinematic reflections from D0
1 and D∗

2
0 decays where a π0 is not

reconstructed. No structure is observed in the D+π+ case. For the D0π+ case, the dominant
structure is the D∗+. In addition, a yield of 5400 ± 400 D∗

2
+ events is observed, along with

reflections from the D+
1 and D+

2 with a lost π0. Some evidence of reflection structure is observed
in D0π−.
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Figure 1: Reconstructed charm samples in the decay modes (a) D → Kπ, (b) D+ → Kππ and
(c) Ds → φπ, φ→ K+K−
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5 Search Modes

We now turn to the search modes involving a Ds and one or two pions. These searches are
shown in Figures 3(a) and (b). No evidence of structure is observed in any of the decay modes.
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Figure 3: Search for resonances in the decay modes (a) Dsπ and (b) Dsππ

6 Conclusions

CDF has searched for the decays DsJ → Dsπ
± andDsJ → Dsπ

+π−. Out sensitivity is estimated
using benchmark D∗∗ modes. Starting with samples of 735K D+ and 572K D0, we observe
9.1K D∗

2
0 and 5.4K D∗

2
0. Applying similar selection criteria to a sample of 24.6K Ds mesons,

evidence for resonance production is observed in either the single or dipion modes. This result
is consistent with the negative Cleo search in the dipion mode and is the first search in the
single charged pion mode. Work is in progress to quantify the limits resulting from these data.
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In the neutral B meson system, it is possible to measure the CKM angle α using the decay
mode b→ uud in the presence of penguin pollution. Here the recent status of C violation
in B0 → π+π− and B0 → ρπ decays and the prospects are presented.

1 Introduction

In 1973, Kobayashi and Maskawa (KM) proposed a model where CP violation is accommodated
as an irreducible complex phase in the quark mixing matrix [1]. Recent measurements of the
CP -violating asymmetry parameter sin 2β by the Belle and BaBar Collaborations established
CP violation in the neutral B meson [2]. Measurements of other CP -violating asymmetry
parameters provide important tests of the KM model. Any mode with a contribution from
b→ uud is a possible source of measurement of the Cabibbo-Kobayashi-Maskawa (CKM) angle
α (= φ2) [3]. Here the status of CP violation in B0 → π+π− and B0 → ρπ decays [4] and the
prospects are presented.

2 B0 → π+π− decays

The KM model predicts CP -violating asymmetries in the time-dependent rates for B0 and B
0

decays to a common CP eigenstate, fCP . In the decay chain Υ (4S) → B0B
0 → fCPftag, in

which one of the B mesons decays at time tCP to fCP and the other decays at time ttag to

a final state ftag that distinguishes between B0 and B
0
, the B0 → π+π− decay rate has a

time-dependence given by

Pq
ππ(∆t) =

e−|∆t|/τB0

4τB0

[1 + q · {Sππ sin(∆md∆t) − Cππ cos(∆md∆t)}] , (1)

where τB0 is the B0 lifetime, ∆md is the mass difference between the two B0 mass eigenstates,

∆t = tCP−ttag, and the b-flavor charge q = +(−1) when the tagging B meson is a B0(B
0
). The

CP -violating asymmetry parameters Sππ and Cππ (= −Aππ) [5] defined in Eq. (1) are expressed
as Cππ = (1 − |λππ|2)/(1 + |λππ|2) and Sππ = 2Imλππ/(1 + |λππ|2), where λππ is a complex

parameter that depends on both B0-B
0

mixing and the amplitudes for B0 and B
0

decay to
π+π−. If the decay proceeded only via a b → u tree amplitude, Sππ = sin 2α and Cππ = 0. In

general, Sππ is given by
√

1 − C2
ππ sin 2αeff Here αeff−α depends on the magnitudes and relative
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weak and strong phases of the tree and penguin amplitudes. With significant contributions from
gluonic b → d penguin amplitudes, Sππ may not be equal to sin 2α and direct CP violation,
Cππ �= 0, may occur.

B candidates are reconstructed using two variables, the energy difference ∆E ≡ Ecms
B −Ecms

beam

and the beam-energy constrained mass Mbc ≡
√

(Ecms
beam)2 − (pcmsB )2 [6], where Ecms

beam is the cms
beam energy, and Ecms

B and pcmsB are the cms energy and momentum of the B candidate.
Charged tracks in B0 → h+h′− candidates are identified as charged pions or kaons. Here h
and h′ represent a π or K. The Belle Collaboration uses the likelihood ratio for a particle
to be a K± meson, which is the combined information from the Aerogel Cherenkov counter
and CDC dE/dx. The BaBar Collaboration uses the Cherenkov angle measurement θc from a
detector of internally reflected Cherenkov light. The probability density function (PDF) from
the difference between measured and expected values of θc is used in the extended likelihood
function for the fit to extract yields and CP parameters.

The qq continuum (q = u, d, s, c) background is suppressed by the event topology. The
Belle Collaboration forms signal and background likelihood functions LS and LBG from a Fisher
discriminant using six modified Fox-Wolfram moments [7] and the cms B flight direction. The
continuum background is reduced by imposing requirements on the likelihood ratio LR =
LS/(LS +LBG). The BaBar Collaboration uses the angle θS between the sphericity axis of the
B candidate and the sphericity axis of the remaining particles in the cms frame, and cut on
| cos θS |. The shapes of Fisher discriminant F [8] for signal and background events are included
as PDFs in the maximum likelihood fit.

Leptons, kaons, and charged pions that are not associated with the reconstructed B candi-
date are used to identify the flavor of the accompanying B meson.

The time difference ∆t is obtained from the measured distance between the z positions
along the beam direction of the B0

ππ and B0
tag decay vertices and the boost factor βγ of the

e+e− system.
Fig. 1 and Fig. 2 show ∆E distributions for events enhanced in signal π+π− and K∓π±

decays from the Belle Collaboration [9] and the BaBar Collaboration [10], respectively. They
obtained the following results based on 85×106 and 88×106BB pairs, respectively:

Cππ = −0.77 ± 0.27 ± 0.08, Sππ = −1.23 ± 0.41+0.08
−0.07 (Belle),

Cππ = −0.30 ± 0.25 ± 0.04, Sππ = −0.02 ± 0.34 ± 0.05 (BaBar).

The first and the second errors are statistical and systematic errors, respectively. The average
values of Cππ and Sππ are Cππ = −0.49±0.19 and Sππ = −0.47±0.26 [11]. In Fig. 3 and Fig. 4,
the ∆t distributions are shown from the Belle result [9] and the BaBar result [10], respectively.
Fig. 5 shows the two-dimensional confidence regions in the Aππ vs. Sππ. The case that CP
symmetry is conserved, Aππ = Sππ = 0, is ruled out at the 99.93% confidence level (C.L.), and
the 95.5% C.L. region of Aππ and Sππ gives 78◦ ≤ φ2 ≤ 152◦ from the Belle result [9].

Fig. 6 shows the pQCD prediction [12] and other predictions. As described in [12], the
pQCD approach predicts large direct CP asymmetry (16∼30%), while QCDF approach predicts
−6 ± 12% [13]. Other interpretations for the current results can be found in ref. [14].

Using isospin relations [15], we constrain θ ( = αeff − α ). From the central values of the
recent world average values of the branching ratios of B0 → π+π−, B+ → π+π0 and the 90%
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Figure 1: ∆E distributions for (a) π+π−and (b) K+π− candidates with LR > 0.825 from the
Belle Collaboration. The sum of the signal and background functions is shown as a solid curve.
The hatched area represents the π+π− component, the dashed curve represents the K+π−

component, the dotted curve represents qq background, and the dot-dashed curve represents
the charmless three-body B decay background.
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Figure 2: ∆E distributions for events enhanced in signal (a) π+π− and (b) K∓π± candidates
from the BaBar Collaboration. Solid curves represent projections of the maximum likelihood
fit, dashed curves represent qq and ππ ↔ Kπ cross-feed background.
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Figure 3: The raw, unweighted ∆t distributions for π+π− candidates with LR > 0.825 from

the Belle Collaboration: candidates tagged as (a) B0-tag and (b) B
0
-tag; (c) π+π− yields after

background subtraction; (d) the CP asymmetry for π+π−. In Figs. (a) through (c), the solid
curves show the results of the unbinned maximum likelihood fit to the ∆t distributions of the
whole π+π− candidates. In Fig. (d), the dashed (dotted) curve is the contribution from the
cosine (sine) term.
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C.L. upper limit on the B0 → π0π0 branching ratio [11] together with Cππ, the upper limit on
|θ| is 54◦.

3 B0 → ρπ → π+π−π0 decays

The CKM angle α can be measured in the presence of penguin contributions using a full Dalitz
plot analysis of the final state. In order to extract α cleanly, data with large statistics are
required. Following a quasi-two-body approach, the analysis is restricted to the two regions of
the π±π0h± Dalitz plot (h = π or K) that are dominated by ρ±h∓. The decay rate is given by

fρ±h∓
q (∆t) = (1 ±Aρh

CP ) e
−|∆t|/τ

B0

4τB0
× [1 + q·{(Sρh ± ∆Sρh) sin(∆md∆t) − (Cρh ± ∆Cρh) cos(∆md∆t)}], (2)

where ∆t = tρh − ttag as the time interval between the decay of B0
ρh and that of the other B0

meson. One finds the relations Sρπ±∆Sρπ =
√

1 − (Cρπ ± ∆Cρπ)2 sin(2α±
eff ± δ), where 2α±

eff =

arg[(q/p)(A
±
ρπ/A

∓
ρπ)], δ = arg[A−

ρπ/A
+
ρπ], arg[q/p] is the B0-B

0
mixing phase, and A+

ρπ(A
+
ρπ) and

A−
ρπ(A

−
ρπ) are the transition amplitudes of the processes B0(B

0
) → ρ+π− and B0(B

0
) → ρ−π+,

respectively. The angles α±
eff are equal to α if contributions from penguin amplitudes are absent.

The results on direct CP violation can be expressed as

A+− =
N(B

0
ρπ → ρ+π−) −N(B0

ρπ → ρ−π+)

N(B
0
ρπ → ρ+π−) +N(B0

ρπ → ρ−π+)
, A−+ =

N(B
0
ρπ → ρ−π+) −N(B0

ρπ → ρ+π−)

N(B
0
ρπ → ρ−π+) +N(B0

ρπ → ρ+π−)
. (3)

With 89×106BB pairs [16], the BaBar Collaboration measured the asymmetry parameters:

AρπCP = −0.18 ± 0.08 ± 0.03, Cρπ = +0.36 ± 0.18 ± 0.04, Sρπ = +0.19 ± 0.24 ± 0.03,

∆Cρπ = +0.28 ± 0.19 ± 0.04, ∆Sρπ = +0.15 ± 0.25 ± 0.03,

A+− = −0.62+0.24
−0.28 ± 0.06, A−+ = −0.11+0.16

−0.17 ± 0.04.

The raw time-dependent asymmetry dominated by kaons and leptons is shown in Fig. 7.

4 Prospects

Table 1 shows the expected errors on asymmetry parameters in B0 → π+π− and ρ±π∓ decays.
Fig. 8 shows the prospects of α − αeff in B → ππ decays [14]. Only a luminosity of around
10 ab−1 allows to separate the solutions. The detailed interpretation for B0 → π+π− and ρπ
can be found in [17].

5 Summary

The Belle and BaBar Collaborations obtain the CP -violating asymmetries in B0 → π+π−

decays:

Aππ = −0.77 ± 0.27 ± 0.08, Sππ = −1.23 ± 0.41+0.08
−0.07 (Belle),

Aππ = −0.30 ± 0.25 ± 0.04, Sππ = −0.02 ± 0.34 ± 0.05 (BaBar).
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Figure 7: Time distributions for events enhanced in the ρπ signal tagged as (a) B0-tag and (b)

B
0
-tag, and (c) time-dependent asymmetry between B0-tag andB

0
-tag [16]. The solid (dashed)

curve is a likelihood projection of the fit result (the sum of B- and continuum-background
contributions).

parameters 140 fb−1 400 fb−1 3 ab−1 30 ab−1

Aππ 0.21 0.13 0.05 0.02
Sππ 0.31 0.19 0.07 0.03
AρπCP 0.07 0.04 0.02 0.008
Cρπ 0.14 0.09 0.03 0.013
Sρπ 0.18 0.11 0.04 0.014

Table 1: The errors on asymmetry parameters in B0 → π+π− and ρ±π∓ decays at several
luminosities (L), assuming statistical and systematic errors are proportional to 1/

√
L and

1/ 4
√
L, respectively.
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Figure 8: α− αeff at several luminosities ( 87 fb−1, 500 fb−1, 2 ab−1, and 10 ab−1 ).

The asymmetry parameters in B0 → ρπ decays are obtained by the BaBar Collaboration:

AρπCP = −0.18 ± 0.08 ± 0.03, Cρπ = +0.36 ± 0.18 ± 0.04, Sρπ = +0.19 ± 0.24 ± 0.03,

∆Cρπ = +0.28 ± 0.19 ± 0.04, ∆Sρπ = +0.15 ± 0.25 ± 0.03.
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The current status of Run II at the Tevatron is covered. Upgrades of both the CDF and
D0 detectors are presented, along with many illustrations of the performance and potential
for significant physics measurements.

1 Introduction

The Tevatron is a copious source of B hadrons with a production cross-section four orders of
magnitude greater than that at B factories. However, this is still much smaller than the total
pp cross-seciton, making the the backgrounds large. Effective triggers and quality detectors are
essential to extracting results.

The Tevatron is currently a unique source of Bs mesons, Bc mesons, and B baryons. Few
properties of these hadrons are well measured. CDF and D0 are in a position to remedy this
in the near future.

For Run II, the Tevatron was upgraded to increase the luminosity. Both the CDF and
D0 detectors were upgraded to take take advantage of this increase for B physics studies, as
well as other physics. This note describes the current status of the Tevatron, CDF, and D0.
Also, preliminary results are presented to illustrate the potential for significant contributions
to charm and bottom physics from Run II at the Tevatron.

2 Tevatron Performance

2.1 Tevatron in Run II

In 1996, the Tevatron was shutdown for installation of the Main Injector. In summer, 2001,
the Tevatron began delivering beam for Run II.

For Run II, the beam energy is 980 GeV (compared to 900 GeV in Run I). The number of
bunches has been increased to 36 proton bunches colliding with 36 antiproton bunches, giving
a bunch crossing time of 396 ns. Originally it was planned to further increase the number of
bunches and hence reduce the bunch crossing time to 132 ns. This latter upgrade has been
indefinitely postponed.

At the Tevatron, the interaction region is approximately 30 cm long, necessitating long
vertex detectors. On the other had, the tranverse size of the beams is about 30 µm, which is
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small compared to typical B hadron decay lengths of about 450 µm, allowing precision lifetime
determinations.

2.2 Luminosity

Figure 1 shows the integrated and instantaneous luminosity histories for Run II. The instan-
taneous luminosity has been rising over the course of the run, reaching a highest value of
4.7×1031 cm2s−1 as of June 1, 2003. This is still a factor of two below the nominal luminosity
planned for Run IIa. This is due to a large number of small problems that will require time to
remedy.

Figure 1: The integrated and instantaneous Tevatron Run II luminosities to date.

3 CDF In Run II

The CDF detector [1] was significantly upgraded for Run II and is now known as CDFII (figure
2(a)). The primary improvements were (1) a new endplug calorimeter, (2) moving the forward
muon detector closer to the central detector, (3) a new silicon vertex detector, (4) a new central
drift chamber, (5) a new time-of-flight system surrounding the central tracker, (6) new front-
end, DAQ, and trigger electronics for the higher rates of Run II, and (7) a new trigger based
on displaced tracks (tracks with non-zero impact parameter with respect to the beams).

All of these upgrades improve CDF’s B physics capabilities, but the ones with the greatest
impact are the silicon vertex detector and the displaced track triggers [3]. The new vertex de-
tector is longer and has more layers than the one for Run I, increasing the fraction of tracks that
have useful vertex detector information. In addition, the innermost layer is much closer to the
beams, which significantly improves the decay length determination. This will be particularly
important for measurements involving Bs oscillations.

The displaced track trigger is already impacting charm and B physics in CDF. In Level 1
of this trigger, the fast track processor identifies high pT tracks using axial hits in the drift
chamber tracker. At Level 2, the Secondary Vertex Trigger (SVT) matches these tracks with
axial hits in the silicon vertex detector and identifies those tracks with large impact parameter
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Figure 2: The (a) CDF and (b) D0 Run II detectors.

d0 with respect to the beam line. Figure 3(a) shows a distribution of the impact parameter
determined online by the SVT. The 48 µm resolution includes the 33 µm transverse width of
the beams.

Currently, there are two general forms of the displaced track trigger implemented. Both
triggers define a displaced track as one with pT greater than 2 GeV/c and an impact parameter
greater than 100 µm. The first requires a lepton (electron or muon) along with a displaced
track. The second one requires two displaced tracks. The two displaced track trigger has two
subtypes. The first is designed to identify B → h+h− events and includes an invariant mass
requirement in order to reduce the backgrounds. The second subtype is aimed at multibody
B decays (such as, the very important Bs → Dsπ, which will be crucial to observation of Bs

oscillations). For the second subtype, additional kinematic requirements are imposed to reduce
backgrounds.

4 D0 In Run II

The D0 detector [2] (figure 2(b)) was also significantly upgraded for Run II. The major im-
provements were (1) a new 2 Tesla solenoidal magnet, (2) a new scintillating fiber tracker, (3)
a new silicon vertex detector, (4) preshower detectors, (5) forward muon detector, (6) forward
proton detector, (7) and new front-end, DAQ, and trigger electronics for the higher rates of
Run II.

The B physics capabilities of D0 are greatly enhanced by the addition of the magnetic
tracker system. This enables reconstruction of exclusive decay modes.

The D0 trigger system was upgraded to increase the acceptable trigger rate. In addtion,
integration of tracker and silicon based triggers is underway. As with CDF, the data taking
efficiency of the D0 detector has risen steadily as the detector has been commissioned during
Run II and now averages about 85%.
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Figure 3: (a) Distribution of track impact parameters d0 obtained online by the SVT in CDF.
The 48 µm resolution includes the 33 µm width of the beams. (b) D0 → Kπ decays from the
two displaced tracks trigger in CDF.

5 Charm Results

Although the CDF two displaced track trigger was designed for capturing hadronic B decays,
it has also been very successful at triggering on charm hadron decays. For example, figure 3(b)
shows a sample of 451,000 D0 → K−π+ decays [4] from 65 pb−1 of data.

First charm physics results are already coming out of CDFII. Figure 4 shows signals for
the decay D∗+ → D0π+ followed by the decays D0 → K+K−, K−π+, and π+π−. From
these, the relative partial widths are determined to be Γ(D0 → K+K−)/Γ(D0 → K−π+) =
(9.38± 0.18± 0.10)% and Γ(D0 → π+π−)/Γ(D0 → K−π+) = (3.686± 0.076± 0.036)%. These
values are in agreement with the current Particle Data Group (PDG) ones, but already have
smaller uncertainties.

In these events, the charge of the soft pion from the D∗ decay tags whether it is a D0 or a

D
0
, allowing a determination of the direction CP asymmetry ACP in these decays to be

AKKCP = (2.0 ± 1.7 ± 0.6)% (1)

AππCP = (3.0 ± 1.9 ± 0.6)%, (2)

where ACP is defined as

ACP =
Γ(D0 → f) − Γ(D

0 → f)

Γ(D0 → f) + Γ(D
0 → f)

, (3)

for final state f . For ACP , the uncertainties are comparable to current PDG values.
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Figure 4: D∗+ → D0π+, D0 → (a) K+K−, (b) K−π+, and (c) π+π− decays in CDF.

CDF has also searched for the rare decay D0 → µ+µ− and has found no candidates (fig-
ure 5(a)). The kinematically nearly identical D0 → π+π− events (figure 4(c)) are used for
normalization, resulting in an upper limit on the branching ratio of 2.4×10−6 at the 90% con-
fidence level.

Figure 5: (a) Search for D0 → µ+µ− in CDF data. No candidate events are seen. (b) Invariant
mass of φπ events at CDF showing the D+ and Ds. These events are used to determine the
Ds–D

+ mass difference.

The first CDF Run II publication has been submitted on the mass difference between the
Ds and D+. These are observed in the same decay mode D → φπ± → K+K−π± (figure 5(b)),
which means that most of the systematic uncertainties cancel. The mass difference is m(Ds)−
m(D+) = 99.41 ± 0.38 ± 0.21 GeV/c2, which agrees with the PDG value and has comparable
uncertainty. This measurement (along with the other plots in this paper) illustrate the excellent
mass resolution of CDF and that the mass scale is well understood in Run II.
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6 B Results

6.1 J/ψ Modes

As in Run I, CDF and D0 both have triggers that identify J/ψ → µ+µ− decays. These J/ψ’s
can then be used to find and study B’s. For example, figure 6 shows samples of Bd → J/ψKs

and Bd → J/ψK∗0 from D0. See Vivek Jain’s talk in these proceedings [5] for a discussion of
lifetime measurements extracted by D0 and CDF from these and similar decay modes.
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Figure 6: (a) Bd → J/ψKs and (b) Bd → J/ψK∗0 decays in D0.

CDF has used similar decays (figure 7) to make preliminary Run II measurements of the
B meson masses, giving m(Bs) = 5365.50 ± 1.26 ± 0.94 MeV/c2, m(B+) = 5279.32 ± 0.68 ±
0.94 MeV/c2, and m(B0) = 5280.30 ± 0.92 ± 0.94 MeV/c2. The values are in agreement with
the PDG values. The uncertainties, particularly for the B+ and B0 are somewhat larger than
the PDG values but will be reduced with more data.

Figure 7: Bs → (a)J/ψφ, (b) B+J/ψK, and (c) B0 → K0∗ decays in CDF.
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6.2 Hadronic Modes

Figure 8(a) shows the h+h− (here, h stands for hadron, namely K± or π±) invariant mass
of pairs of tracks that satisfy the CDF two displaced tracks trigger (after additional cuts to
enhance the signal to background). A clear B signal is seen, which is a combination of Bd →
π+π−, Bd → K+π−, Bs → K+K−, and Bs → K−π+. CDF does not have sufficient particle
identification to separate these decays on an event–by–event basis, but by using the available
dE/dx along with the excellent mass resolution and other kinematical variables, a statistical
separation is possible. For more details, see reference [6]. Eventually with sufficient statistics,
CDF will measure the CP violating asymmetries in these decays. From these, the CKM angle
γ can be extracted.

Figure 8(b) shows a sample from CDF of Bs → Dsπ
+, Ds → φπ− decays, illustrating the

power of the multibody two displaced track trigger. This is the golden mode for observing Bs

oscillations. The wide peak on the left is a reflection from the decay Bs → D
∗
sπ

+, where the γ
from the D

∗
s decay is not observed. These decays can also be used for studying Bs oscillations.

Note that about 1000 events are needed to observe Bs oscillations at the five standard deviation
level if ∆ms has the value expected in the Standard Model.

Figure 8: B signals from the CDF two displaced track trigger. (a) B → h+h− and (b) Bs →
Dsπ

+, Ds → φπ−.

Figure 9(a) shows a sample of Λb → Λcπ
−, Λc → pK−π+ from CDF, illustrating the

ability to identify B baryons. More details on this decay mode can be found in Mat Martin’s
contribution to these proceedings [6].

A sample of B+ → φK+ events from CDF is shown in figure 9(b), showing that CDF can
find relatively rare modes with manageable background levels.

7 Conclusions

Run II at the Tevatron is underway. Although the luminosity has been lower than hoped,
it is increasing. The CDF and D0 detectors are both functioning well and taking data at
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Figure 9: (a) Λb → Λcπ
−, Λc → pK−π+ events and (b) B+ → φK+ events from CDF.

high efficiency. Detector upgrades have significantly enhanced the B physics potential of both
detectors, with new results on charm and bottom physics already coming out and with the
promise of many more interesting observations in the near future.
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I review several methods for determining the CKM phases α ≡ φ2 and γ ≡ φ3 through CP
asymmetry measurements in hadronicB decays. The current status of these measurements
and the near future feasibility of the methods are discussed.

1 Introduction

The Kobayashi-Maskawa model for CP violation [1] passed in a remarkable way its first cru-
cial test in B decays [2] when a large CP asymmetry was measured [3, 4] in B0 → J/ψKS

in agreement with expectations. The virtue of this gold-plated decay mode is the absence of
hadronic uncertainties [5, 6] in predicting the mixing induced asymmetry in terms of a funda-
mental phase parameter β ≡ φ1 of the Standard Model. This opens a new era, in which other
CP asymmetries in B and Bs decays ought to be measured in order to test the KM mechanism
in an unambiguous way. One would hope that this will lead to a point where deviations from
the simple KM framework will be observed.

Very optimistically, one is looking forward to signals of new physics [7, 8], possibly exhib-
ited by large deviations from sin 2β in asymmetries for charmless strangeness changing penguin
dominated B0 decays to CP final states, such as φKS, η

′Ks or K+K−KS [4]. Moderate de-
viations from sin 2β are allowed within the KM framework, caused by amplitudes carrying a
different weak phase. These amplitudes involve hadronic uncertainties [9]. In order to make
a clear case for physics beyond the Standard Model, these effects must be carefully bounded
[10, 11] using flavor symmetry arguments and input from experimental data.

A systematic study of the CP violating phase structure of weak quark couplings requires a
measurement of the phase γ ≡ φ3, associated with CP violation in direct decays. The present

uncertainties in this phase and in the phase φ2 ≡ α = π−β−γ, combining γ with the B0 −B
0

mixing phase β, are about 40◦ [12],

38◦ ≤ φ3 ≡ γ ≤ 80◦ , 78◦ ≤ φ2 ≡ α ≤ 122◦ , (1)

while β is already known to within 7◦, 20◦ ≤ β ≤ 27◦.
The purpose of this review is to survey progress made recently in several promising methods

for measuring the phases γ and α. A major part of our discussion will concern charmless B
decays, in which interference of tree and penguin amplitudes leads to direct CP asymmetries.
In Section 2 we study α in the CP asymmetry of B → π+π−. The cleanest method, based
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on isospin symmetry alone, will be extended to a scheme using broken flavor SU(3). Flavor
symmetries are applied in Section 3 to B → Kπ decays in order to learn γ. The decays
B± → η(η′)π± are shown in Section 4 to potentially offer large CP asymmetries, which are
also related to γ. Decays into charmed final states, B → DK, lawhich are free of penguin
amplitudes and hadronic uncertainties, will be discussed in Section 5, and Section 6 concludes
this survey.

2 α from B → π+π−

The amplitude for B → π+π− consists of two terms with different weak and strong phases,

A(B0 → π+π−) = |T |eiγ + |P |eiδ . (2)

The weak phase γ changes sign under charge-conjugation. We use a convention [13] in which
“tree” (T ) and “penguin” (P ) amplitudes involve CKM factors V ∗

ubVus and V ∗
cbVcs, respectively.

The time-dependent decay rate for an initially B0 state is given by [5]

Γ(B0(t) → π+π−) ∝ e−Γt [1 + Cππ cos ∆(mt) − Sππ sin(∆mt)] , (3)

where

Sππ =
2Im(λππ)

1 + |λππ|2
=

√
1 − C2

ππ sin 2αeff �= sin 2α , (4)

−Aππ ≡ Cππ =
1 − |λππ|2
1 + |λππ|2

�= 0 , (5)

λππ ≡ e−2iβA(B
0 → π+π−)

A(B0 → π+π−)
. (6)

One measures three observables, the two asymmetries −Aππ ≡ Cππ and Sππ (which also

determine αeff) and the charged-averaged rate Γ ≡ 1
2
[Γ(B0) → π+π−) + (Γ(B

0
) → π+π−)].

Since these observables depend on four parameters, |T |, |P |, δ and γ, their measurements are
insufficient for determining γ or α. Another input can be obtained by using isospin or broken
flavor SU(3) symmetry.

2.1 The isospin triangles

One forms the amplitude triangle,
√

2A(B+ → π+π0) − A(B0 → π+π−) =
√

2A(B0 → π0π0) , (7)

and its charge-conjugate, by measuring also the rates for B+ → π+π0, B0 → π0π0 and the
charge-conjugate processes. The two triangles for B and B, which have a common base in an
appropriate phase convention, A(B+ → π+π0) = A(B− → π−π0), do not overlap because of
possible CP asymmetries in B → π+π− and B → π0π0. The mismatch angle between the two

triangles 2θ ≡ 2(αeff − α) = Arg[A(B0 → π+π−)A∗(B
0 → π+π−)] determines α [14]. One may
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include in this method a very small effect of an electroweak penguin amplitude which is related
by isospin to the tree amplitude [15].

The current world-average branching ratios, averaged over B and B, are in units of 10−6

[11, 16]:

B(π±π0) = 5.3 ± 0.8 , B(π+π−) = 4.6 ± 0.4 , B(π0π0) < 3.6 (90% c.l.). (8)

The sides of the isospin triangles which are difficult to measure are clearly B0 → π0π0 and

B
0 → π0π0. The upper bound on the combined charge-averaged branching ratio may be used

to set an upper limit on θ. Assuming that the maximum value for |θ| is obtained when the two

isospin triangles are right triangles, one finds [17] | sin θ| ≤
√

Γ(π0π0)/Γ(π±π0). A somewhat
stronger upper bound [18], depending on all three branching ratios, is obtained by avoiding this
assumption which may not apply to actual branching ratio measurements. The current upper
limit (at 90% confidence level) on B(π0π0), implying θ < 50◦, is not yet useful.

Whereas a nonzero value has not yet been measured for B(π0π0), it is encouraging to note
that the present data on B → π+π− and B± → π±π0, showing 2Γ(π±π0)/Γ(π+π−) > 1, already
imply a nonzero value for B(π0π0). It follows from the two isospin triangles for B and B that
[18]

B(π0π0) ≥
⎛⎝√

B(π±π0)

rτ
−

√
B(π+π−)

2

⎞⎠2

> 0.2 × 10−6 (90% c.l.) , (9)

where rτ ≡ τ(B+)/τ(B0) = 1.076 ± 0.013 [19]. This lower bound is expected to increase when
errors in the above central values of B(π+π−) and B(π±π0) are reduced, and when a nonzero
value is measured for Cππ [18]. A recent estimate [11], B(π0π0) = (0.4−1.6)×10−6, shows that
a direct signal for this mode may soon be measured if the branching ratio is near the upper
end of this range.

2.2 Applying broken flavor SU(3)

The amplitudes T and P occuring in B → π+π− may be related by flavor SU(3) to correspond-
ing amplitudes T ′ and P ′ describing B → Kπ decays [20, 21, 22]. Flavor SU(3) is not as good
a symmetry as isospin, and symmetry breaking effects must therefore be included. A favored
approach to SU(3) breaking, which can be checked experimentally, is based on an assumption
that tree and penguin amplitudes factorize, as argued within QCD [23]. One way of imple-
menting this idea [24] is to obtain the ratio |P/T | ∼ 0.3 by assuming that T can be related
to b → π�ν [25], while P may be related to a ∆S = 1 penguin amplitude which dominates
B+ → K0π+. Here we will describe an alternative approach [13, 26] which relies only on the
second assumption.

Writing

−A(B+ → K0π+) = |P ′|eiδ = |P |eiδ fK
fπ tan θc

, (10)

we neglect a very small term with weak phase γ, O(|V ∗
ubVus/V

∗
cbVcs|) ≈ 0.02, disregarding its

possible but unlikely enhancement by rescattering effects. This assumption and the factor-
ization hypothesis may be tested by comparing B+ → K0π+ with future measurements of

B+ → K
0
K+ [27].
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Figure 1: Plots of |Cππ| versus Sππ for selected values of α, calculated for given values of β and
B(B0 → π+π−)/B(B+ → K0π+). Small plotted points: δ = 0 (diamonds), δ = π (squares),
δ = π/2 (crosses).

Eqs. (3)–(6) and Eq. (10) provide three measurables, Sππ, Cππ and B(B0 → π+π−)/B(B+ →
K0π+), which determine |T/P |, δ and α, assuming a given value for β. Using β = 24◦ and
B(B0 → π+π−)/B(B+ → K0π+) = 0.23 ± 0.03 [11, 16], we plot in Fig. 1 |Cππ| versus Sππ
for four selected values of α separated by 20◦, including the averaged measured values [28],
Sππ = −0.49 ± 0.61 (χ = 2.3), Cππ = −0.51 ± 0.23 (χ = 1.2), in which errors are inflated by
rescaling factors as indicated. The plots are not very sensitive to the error in the above ratio
of branching ratios. However, the present experimental error in Sππ is too large to constrain α.

3 γ from B → Kπ

The three decay modes B0 → K+π−, B+ → K0π+ and B+ → K+π0 are self-tagging, and can
be used to learn γ in more than one way. The three processes are dominated by penguin ampli-
tudes, which can be related to each other by isospin alone. Subdominant electroweak penguin
contributions are either color-suppressed or can be related to corresponding tree amplitudes by
flavor SU(3), with small SU(3) breaking corrections. This provides two useful schemes, to be
described here [29], in which the number of measurables equals the number of unknowns, thus
allowing a determination of the weak phase γ between penguin and tree amplitudes. The decay
rate for B0 → K0π0 is related to the above three processes by an approximate sum rule [30].
A current discrepancy in the sum rule, showing an enhancement in modes involving a neutral
pion [31], indicates either a systematic underestimate of the efficiency for π0 detection or new
physics in ∆I = 1 transitions. The first effect may be canceled out by considering the product
of two ratios of rates involving all four processes [31]. We will mention briefly the information
on γ obtained when using this measurable.
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3.1 B0 → K+π− versus B+ → K0π+

Using isospin symmetry, we may write

A(B0 → K+π−) = |P ′|eiδ − |T ′|eiγ , (11)

where the first term describes also the amplitude (10) for B+ → K0π+. As mentioned, we
neglect a very small color-suppressed electroweak penguin contribution. Denoting r ≡ |T ′|/|P ′|,
we define a charge-averaged ratio of rates

R0 ≡
Γ(K±π∓)

Γ(K0π±)
= 1 − 2r cos δ cos γ + r2 ≥ sin2 γ , (12)

and a CP asymmetry

ACP(K+π−) ≡ Γ(K−π+) − Γ(K+π−)

Γ(K−π+) + Γ(K+π−)
= −2r sin δ sin γ/R0 , (13)

both of which are functions of r, δ and γ [32]. The inequality in (12) holds for all values of r
and δ, and would provide an interesting constraint on γ if R0 were smaller than one [33]. The
present experimental value [11], R0 = 0.99 ± 0.09, is however consistent with one.

We eliminate δ and plot in Fig. 2 [31, 35] R0 versus γ for the currently allowed 1σ range
[11, 16], |ACP(K+π−)| < 0.13. The parameter r, obtained by comparing B → Kπ and B →
ππ, involves a large theoretical uncertainty, 0.13 < rth < 0.21 [34]. The most conservative
constraints on γ are obtained for r = 0.13. We see that ±1σ bounds on R0 imply γ > 60◦,
excluding about half of the currently allowed values of γ in Eq. (1). A slightly more precise
measurement of R0 is needed in order to obtain new constraints on γ at a 95% confidence level.

3.2 B+ → K+π0 versus B+ → K0π+

The amplitude for B+ decays into |Kπ, I = 3/2〉 obtains contributions from tree and elec-
troweak penguin operators which are approximately proportional to each other [36]. The two
physical amplitudes for charged B decays may be written in terms of penguin (P ′) and tree
(T ′ + C ′) amplitudes, and the proportionality constant δEW = 0.65 ± 0.15,

√
2A(B+ → K+π0) = |P ′|eiδc − |T ′ + C ′|(eiγ − δEW) , (14)

−A(B+ → K0π+) = |P ′|eiδc . (15)

Denoting rc ≡ |T ′ + C ′|/|P ′|, and defining a ratio of rates Rc and an asymmetry ACP, one has

Rc ≡ 2Γ(K±π0)

Γ(K0π±)
= 1 − 2rc cos δc(cos γ − δEW) + r2

c (1 − 2δEW cos γ + δ2
EW) ,(16)

ACP(K+π0) ≡ Γ(K−π0) − Γ(K+π0)

Γ(K−π0) + Γ(K+π0)
= −2rc sin δc sin γ/Rc . (17)

Using the ratio of branching ratios for B+ → π+π0 and B+ → K0π+, a range of values,
0.18 < (rc)th < 0.22, is obtained for the parameter rc [37]. One then eliminates δc and plots
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Figure 2: R0 as a function of γ for r = 0.13 and |ACP(K+π−)| = 0.13 (solid curve) or
ACP(K+π−) = 0 (dashed curve). Horizontal dashed lines denote ±1σ experimental limits of
R0, while dot-dashed lines denote 95% c.l. limits. The lower branches of the curves correspond
to cos δ cos γ > 0.

Figure 3: Rc as a function of γ for rc = 0.22 and |ACP(K+π0)| = 0.11 (solid curve) or
ACP(K+π0) = 0 (dashed curve). Horizontal dashed lines denote ±1σ experimental limits of
Rc, while dot-dashed lines denote 95% c.l. limits. The lower branches of the curves correspond
to cos δc(cos γ − δEW) > 0.
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in Fig. 3 [31, 35] Rc versus γ for the 1σ allowed range [11, 16], |ACP(K+π0)| < 0.11. The
values rc = 0.22, δEW = 0.80 are used for the most conservative bounds on γ. We see that
the 1σ bounds [11], Rc = 1.31 ± 0.15, already imply γ > 58◦. For Rc > 1, the constraint on
γ is independent of the asymmetry [36]. Somewhat smaller errors in Rc are needed for useful
bounds on γ at a 95% confidence level.

3.3 B0 → K0π0

One may also use the measured decay rate for B0/B
0 → K0π0. An approximate sum rule

between the four B → Kπ decay rates [30] implies that, up to very small corrections, Rc ≈
Rn ≡ Γ(K±π∓)/2Γ(K0π0). The current measurement [11, 16] Rn = 0.81 ± 0.10 is almost 2σ
below 1, whereas Rc is 2σ above 1. This discrepancy may be caused either by new physics
or by underestimating the π0 detection efficiency. The latter effect may be canceled out by
considering the quantity (RcRn)

1/2, which is also described approximately by the right-hand-
side of Eq. (16). The current 1σ bounds, (RcRn)

1/2 = 1.03 ± 0.09, imply γ ≤ 77◦ [31].

4 The CP asymmetry in B+ → ηπ+

B+ decays into ηπ+ and η′π+ were anticipated to involve large CP asymmetries [38], originating
in an interference of tree and penguin amplitudes with comparable magnitudes. Indeed, a recent
BaBar result [39] favors a large asymmetry in B+ → ηπ+. The η and η′ correspond to octet-
singlet mixtures

η = η8 cos θ0 + η1 sin θ0 , η′ = −η8 sin θ0 + η1 cos θ0 , (18)

with θ0 = sin−1(1/3) = 19.5◦.
The amplitude for B+ → ηπ+, decomposed to its flavor contributions,

√
3A(B+ → ηπ+) = |T + C|eiγ + |2P + S|eiδc , (19)

contains a tree amplitude which governs B+ → π+π0,
√

2A(B+ → π+π0) = |T + C|eiγ . (20)

The amplitude of B+ → ηπ+ involves also the penguin amplitude P occuring in B → π+π−

multiplied by a factor two, and a small contribution from a new singlet term S. Denoting
rη ≡ |2P +S|/|T +C| and neglecting the small S term, the ratio of penguin to tree amplitudes
in this process is given by [11, 40]

rη ≡
|2P + S|
|T + C|

>∼ 2|P |
|T + C| =

fπ tan θc
fK

√√√√2B(K0π+)

B(π+π0)
= 0.51 ± 0.04 . (21)

Defining a ratio of rates for the two processes, Rη, and an asymmetry in B± → ηπ±, Aη, one
has

Rη ≡ 3Γ(ηπ±)

2Γ(π±π0)
= 1 + r2

η + 2rη cos δc cos γ , (22)

Aη ≡ Γ(ηπ−) − Γ(ηπ+)

Γ(ηπ−) + Γ(ηπ+)
= −2rη sin δc sin γ/Rη . (23)
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Figure 4: Rη as a function of γ for rη = 0.51 and |Aη| = 0.70 (solid curve) or Aη = 0 (dashed
curve). Horizontal dashed lines denote ±1σ experimental limits of Rη. The upper branches of
the curves correspond to cos δc cos γ > 0

In Fig. 4 we eliminated δc; we plot Rη versus γ for the measured 1σ range [39], Aη =
−0.51 ± 0.19. The 1σ bounds [11], Rη = 1.17 ± 0.30, do not constrain γ. We conclude that,
although a large CP asymmetry measurement is very important, by itself it would not improve
present constraints on γ. This would require a more precise measurement of Rη and reducing
the theoretical uncertainty in rη.

5 γ from B± → DK±

A theoretically clean method for determining γ, which avoids uncertainties in penguin am-
plitudes, was proposed some time ago [41], using strangeness changing B decays to neutral
charmed mesons. One makes use of an interference between tree amplitudes in decays of the
type B± → DK±, from b→ cus and b→ ucs, for which the weak phase difference is γ. Several
variants of this method were studied in the literature [42]. Here we will report the status of
applying the original scheme [43], based on decays to D0 flavor states and D0 CP eigenstates,
for which all the necessary observables were measured.

Denoting by r the ratio of amplitudes from b→ ucs and b → cus, its weak phase by γ and
its strong phase by δ, one finds for the two ratios of rates for even/odd CP and for flavor states,
R±, and for the two corresponding CP asymmetries, A±, expressions as in Section 3.1:

R± =
Γ(D0

CP±K
−) + Γ(D0

CP±K
+)

Γ(D0K−)
= 1 + r2 ± 2r cos δ cos γ , (24)
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Figure 5: R± as functions of γ for r = 0.22 and |A±| = 0.22 (solid curve) or A± = 0 (dashed
curve). Horizontal dashed lines denote 1σ experimental lower limits of R− and R+. The lower
and upper branches of the curves of R+ and R−, respectively, correspond to cos δ cos γ < 0.

A± =
Γ(D0

CP±K
−) − Γ(D0

CP±K
+)

Γ(D0
CP±K−) + Γ(D0

CP±K+)
= ±2r sin δ sin γ/R± . (25)

In principle, the three independent observables determine r, δ and γ. In practice, this may be
difficult if r is small. Since this ratio involves the ratio of CKM factors |V ∗

ubVcs/V
∗
cbVus| = 0.4−0.5

and a probably comparable color-suppression factor [44], a crude estimate is r ∼ 0.2 [43].

Averages of values measured by the Belle (Be) and BaBar (Ba) collaborations are [45]

R+ = 1.09 ± 0.16 (Be & Ba), R− = 1.30 ± 0.25 (Be) ⇒ r = 0.44+0.14
−0.22 , (26)

A+ = 0.07 ± 0.13 (Be & Ba), A− = −0.19 ± 0.18 (Be) ⇒ |A±|ave = 0.11 ± 0.11 .(27)

In order to obtain constraints on γ we eliminate δ, plotting in Fig. 5 R± versus γ for allowed A±.
Using 1σ bounds on R± and |A±|ave, we note that for these values of R−, the ratios R+ and R−
are described by the lower and upper branches, respectively, corresponding to cos δ cos γ < 0.
This implies a very strong constraint, γ > 72◦, and requires cos δ < 0 for allowed values of γ.
More precise measurements of R± are needed for constraints at a 95% confidence level. One
advantage of B → DK is that R+ and R− are described by different branches of the curves.
Since having both R± ≥ 1 is unlikely, either R+ < 1 or R− < 1 implies sin2 γ < 1 which would
provide also an upper bound on γ.
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6 Conclusions and comparison with other approaches

The phases α and γ affect direct CP asymmetries, which require interference of two amplitudes
with different weak and strong phases. Strong phases cannot be calculated reliably. In B →
π+π−, B → Kπ and B± → DK± ratios of interfering amplitudes are typically ∼ 0.2 − 0.3,
whereas in B± → ηπ± and B± → η′π± ratios of penguin-to-tree amplitudes are larger, ∼ 0.5
and ∼ 1, respectively. These modes are therefore susceptible to large CP asymmetries.

• The two B → π+π− asymmetry measurements [28] should converge before drawing any
conclusion about α. Indirect evidence for B → π0π0 already exists from the two isospin
related decays. A nonzero branching ratio for this decay mode is expected to be measured
soon if the branching ratio is near the upper end of estimated values. This would provide
a crucial step in performing a complete or a partial isospin analysis.

• Present experimental bounds on B → Kπ asymmetries are quite tight, and branching
ratio measurements are sufficient for constraining γ at a 1σ level to the range 60◦ ≤ γ ≤
77◦. Some more statistics is needed for new bounds at a high degree of confidence level.
In particular, one awaits a resolution of a current discrepancy in a sum rule among the
four B → Kπ rates, indicating an unexpected enhancement of the two processes involving
a π0.

• Current measurements of B± → DK± constrain γ at 1σ to γ > 72◦. Determining γ in
these processes (and in B → DKπ [43, 46]) at a higher confidence level requires more
accurate measurements of R±, and would benefit from studying a variety of D0 decay
modes including D0 → KSπ

+π− [47], in which CP and flavor quasi-two-body states
interfere.

Finally, we wish to make several comments, comparing our approach to charmless B decays
with two other approaches. As we have stressed, our arguments were based primarily on flavor
symmetries and SU(3) breaking factors used to obtain ratios of amplitudes. The assumption
that these effects are given to first order by factorization must be checked experimentally.
In the absence of such tests, one chooses values for ratios of amplitudes that imply the most
conservative constraints on γ. One must also allow for small rescattering corrections which turn
our curves into narrow bands, affecting constraints on γ by a few degrees. Future measurements
will test both the effects of SU(3) breaking and those of rescattering, thus permitting less
conservative and more restrictive constraints.

Two other approaches [23, 48], which we did not discuss, attempt to calculate within QCD
magnitudes and strong phases of weak hadronic B decay amplitudes. These calculations, which
differ from one another in their predictions for strong phases, neglect incalculable higher order
terms which may be large, and involve several phenomenological parameters depending on
meson wave functions. As we have shown, knowledge of certain ratios of amplitudes suffices
for constraining the weak phases. These ratios depend on SU(3) breaking factors, given in
these approaches by the meson wave functions which must be determined from data. In this
respect, our model-independent methods of learning weak phases are the essence of these more
ambitious approaches.
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Analytical methods in heavy quark physics are reviewed, with emphasis on
the problems of dynamical calculations

1 Introduction

Stimulated particularly by the perspective of elucidating CP violation, the study of heavy
quark physics has produced in a rather short time remarkable and unexpectedly strong results,
due to a very active and close cooperation of a community of theoreticians, and of experi-
mentalists. Although, at some places, recourse to heavy numerical methods of lattice QCD is
necessary, what is nevertheless also remarkable is the richness of analytical methods and re-
sults, and how far we can advance by the use of rather simple means. We must be necessarily
highly selective in this very short exposé. In particular, we choose to concentrate mainly on
the problems of heavy to heavy hadron transitions, especially heavy, b → c, currents. Then, as
a striking illustration, we will end by a discussion of the unexpectedly close connection which
exists between the λ1(µ

2
π) parameter and B → D∗∗π experiment.

Partial list of authors in the field covered by the talk
Isgur, Wise, Falk, Grinstein, Boyd, Ligeti, Leibovich, Neubert, Uraltsev, Bigi, Ball, Braun,

Bagan, Shifman, Blok, Mannel, Melikhov, Braun, Khodjamirian, Ruckl, Neubert, Sachra-
jda, Buras, Buchalla, Colangelo, de Fazio, Paver, Vainshtein, Golowich, Donoghue, Burdman,
Huang, Dai, Stech, Soares, Goity, Roberts, Eichten, Hill, Bardeen, Martinelli, Rosner, Quigg,
Lebed, Luke, Ali, Gambino, Pham, Nardulli, Fleming, Stewart, Jaus, Wyler, Pirjol, Lellouch,

and our own little community (with often D. Melikhov) :

{
Oliver, Raynal, Le Yaouanc, Pène
Becirevic, Charles, Morénas

Definition of quantities frequently under discussion

- ρ2: slope of ξ(w) = −dξ(w)

dw
- τ1/2 resp. τ3/2 : form factors for current transition from 0− to L = 1 j = 1/2 or 3/2 in the

mQ → ∞ limit

⎛⎜⎝ control
B → D∗∗�ν
B → D∗∗π

- Λ = mB −mb (to be simple)

- µ2
π =

1

2mB

< B| −D2|b >, controls 1/m2
b corrections to ΓB→Xc�ν with µ2

G ∼ 3
4
(m2

B∗ −m2
B)

- ρ3
D: controls the 1/m3

b corrections to ΓB→Xc�ν
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2 A short survey

2.1 Exact results

Exact results of infinite mass limit (mQ → ∞)

Concern both pure QCD (spectra, strong decays, ...) and hadron electroweak properties (form
factors, ...)

- Symmetries Ex. mD = mD∗ ; universality of form factors B(∗) → D(∗) → ξ(w)
- Small velocity (SV) sum rules , leading to lower bounds. Recent ones ex.: ρ2 ≥ 3/4,

for curvature σ2 = 2c ≥ 4ρ2+3ρ4

5
, (exist also for all higher derivatives).

NB There exists also finite mass dispersive bounds on form factor through t channel SR.

- Further properties with inclusion of light mesons
1) Union of χPT (chiral pert. th.) and heavy quark limit for soft pions

Ex. VMD (exact at 1/mQ included) in B → π�ν at q2
max.

2) B → π�ν with
Hard mesons
Eπ → ∞ (LEET)

⎧⎪⎨⎪⎩
new symmetries Ex. f0 ∼ Eπf+

asymptotic behaviour Ex. f+(0) ∼ E−2
π

approx. factorisation of B → ππ (”BBNS”)

- Finally, in exceptional cases, absolute predictions
For b → c, ξ(w = 1) = 1 ; ΓB→Xc�ν = Γb→c�ν perturbative (quarks + gluons) (NB The latter
requires knowledge of mb,c and αs, but these are basic parameters of QCD)

Finite mass corrections ; 1/mQ expansions

Now, to obtain physical results, one must nevertheless know what happens at finite masses mb,
mc. Among simplest results

Ex. : hA1(w = 1) = 1 + O
(

1
m2

Q

)
+ rad. corr.

Ex. : ΓB → Xc�ν = Γb→c�ν

(
1 + O

(
1
m2

b

))
In both cases, the “power” corrections have coefficient controlled by heavy meson-heavy meson
matrix elements of simple operators : at order 1

m2
b
, one has two of them, µ2

π (or −λ1), µ
2
G (or

3λ2).

Effective theories

One can exhibit these heavy quark limit properties in a Lagrangian formalism. Very simple
limit of QCD.

HQET mQ → ∞ L ∼ iQvv
µDµQv (Q or h)
→ spin symmetry

L(arge)E(nergy)ET
mQ → ∞
Eπ → ∞ L̃ ∼ iqn � v(nµDµ)qn

Q heavy quark ; q light quark, v velocity ofQ, n unit vector along the light meson momentum
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HQET allows to perform dynamical calculations or perturbative calculations in field theory in
heavy quark limit, and also to calculate the 1/mQ corrections.

Wilson operator product expansion (OPE)

Let us finally recall that OPE is central in heavy quark theory, since it lies behind the 1/mQ

expansion – for instance for effective theories. More generally, it allows to develop Green
functions in inverse powers of a large parameter, which may be also a large momentum (as
in QCDSR at mQ = ∞). The coefficients of the expansion are matrix elements of operators
between hadrons or over vacuum, times perturbative factors.

2.2 Dynamical calculations of hadronic Matrix Elements

- Need for dynamical calculations. Obviously, theory of heavy quark limit does not allow to
avoid dynamical calculations save in exceptional cases : B → D(∗) at w = 1. Inclusive Γ(B →
Xc�ν) at least requires basic QCD parameters, mb, mc (Λ), as well as αs. Matrix Elements (ME)
of currents, and related parameters like ρ2, ξ(w) remain unknown. 1/mQ expansion requires
new unknown ME like µ2

π or ρ3
D ... to be calculated (or determined empirically as recently by

CLEO and DELPHI). Let us concentrate on ME calculations.
- The most fundamental dynamical method (entirely based on QCD Lagrangian) is lat-

tice QCD method. It relies however on very heavy numerical calculations – and still rather
approximate.

2 mainly analytical methods
to calculate matrix elements

⎧⎪⎨⎪⎩
-QCD sum rules (QCDSR)
not to be confused with simple “sum rules”
-quark models

Those latter methods both involve approximations to QCD which cannot be reduced system-
atically, neither can error be safely estimated. In short, they are not very predictive. “Il n’y a
pas de voie royale pour QCD”.

1) QCDSR. The first step is the OPE expansion of Green functions, with large use of
perturbative QCD plus a limited non perturbative ingredient through vacuum condensates. This
is the well (QCD-) founded side. The other, more questionable, side is to extract the ground
state properties from the calculated Green function. This is not possible by a systematic
algorithm ; rather a matter of art, with a phenomenological model, and with various parameters
to fix : continuum threshold, fiducial range of M2, stability criteria ... The resulting accuracy
is then moderate and variable according to the problem under study.

2) Quark models. Useful in view of the uncertainties remaining in more “fundamental”
methods, lattice QCD as well as QCDSR. Have only qualitative relation to QCD through the
QCD inspired potential :

V (r) = λr − 4

3

α(r)

r

- The advantage of QM is to be founded on a direct intuition of bound state physics, unlike
QCDSR. Important since, after all, we deal really with bound states.

85



Alain Le Yaouanc Analytical methods in heavy quark physics

- However, bound state physics is something very complex beyond non relativistic (NR)
approximation. This complexity is reflected in the large variety of quark models. No “standard”
quark model. One then gets quite often a very large range of predictions. The thing to do is
then to understand what is behind each model. It requires time. Anyway, the accuracy in QM
too will remain quite variable for possibly quite a long time.

2.3 Models as testing bench

Before entering into more details about dynamical calculations, one must finally tell a word
about another important application of models, that is using them a testing bench for QCD.
Indeed,models may also help to analyse certain features of QCD, or problems of QCD methods,
in much simpler, although perhaps unphysical situations, where one can perform much more
explicit calculations.

Two important applications
- check of duality in inclusive decays
- checks of QCDSR approach.

Two types of models are useful : 1) ‘t Hooft model (QCD2, Nc → ∞), 2) quark models. The
NR model satisfies exact duality, and allows completely explicit calculations in the harmonic
oscillator case . On the other hand, Bakamjian-Thomas models are useful to check leading
order, SV sum rules (see below, 3.2.

3 Specific problems of (analytical)dynamical methods

As we have said, a general problem of QCDSR and quark models is that, to a different extent,
they are not definite approximations to QCD. However, in the present context of heavy quarks,
they have more specific problems, useful to recall in view of the discrepancies observed with
experiment (See 4.3).

3.1 QCDSR method

Here, the main problem seems the standard treatment of radial excitations (“continuum” model
on the hadronic, or phenomenological side, or “L.H.S.” in so called “three-point QCDSR”,
especially in HQET.

Let us indeed concentrate on the problem of ground state to ground state matrix elements
(M.E.) of an operator O = jµ or jµ5 for ρ2 and τ1/2 ; or �D2 for µ2

π, ... (ground state is meant for
lowest state in a channel of definite JP ). If one looks for < H ′|O|H >, one considers the Green
function : < 0|T (jH

′
,O, jH)|0 >. jH,H

′
are “interpolating” currents connecting the vacuum to

H and H ′ with factors fH,H′, whence a contribution ∼ fHfH′ < H ′|O|H >. Knowing fH,H′

from other QCDSR (two-point), and calculating the above Green function by OPE, one would
thus manage to obtain

< H ′|O|H >
?∼ < 0|T (jH

′
,O, jH)|0 >

fHfH′
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It is not so simple however. jH,H
′
also connects the vacuum to all the radial excitations H (n),

H ′(n′). Then one must get rid of these radial excitations. The standard way to do it is twofold :

1) One approximates the radial states by a continuum, itself calculated by OPE. This
introduces a first basic parameter, the continuum threshold sc.

2) This approximation introduces an error. One tries to reduce it by a Borel transforma-
tion, affecting the states of mass s, s′ by factors exp− s

M2 , exp− s′
M ′2 which reduce relatively the

contribution of radial excitations if M2, M ′2 sufficiently small. However M2 must not be too
small. Otherwise one has to calculate too much power corrections in the OPE calculation. ⇒
“Fiducial” window for M2 ; M ′2 : M2

min < M2,M ′2 < M2
max.

Now, both steps 1) and 2) may fail somewhat, precluding good accuracy (sometimes, very
large error):

- particulary in three-point sum rules in HQET, (not only) it may happen first that M2

cannot be made sufficiently low to reduce enough the excitation contribution (rapidly rising
spectral functions). This seems to be the case for µ2

π.

- second, in addition, in three-point sum rules, it may happen that the presentation of
excitations by the OPE continuum is defective, particularly because one may have strong
radial contributions with sign opposite to the ground state. This seems to be the case for the
ĝ ∼ gD∗Dπ calculation. Including a negative radial excitation restores stability in M2 and makes
ĝ twice larger, restoring agreement with experiment. According to a NRHO calculation, the
problem could appear in ρ2 QCDSR.

Possible symptoms of problems are
α) Lack of stability in M2 : µ2

π

β) too critical dependence on sc
But these symptoms

may be absent.

3.2 Quark models

Since there is a great variety of models, we have to make a selection. Nevertheless, we will try
to underline the physical problems leading to the various possible choices.

1) Non relativistic (NR) model

Basic one. Fully consistent (Hamiltonian model) and easy to use. Weaknesses : the ones of
NR mechanics in a rather relativistic world. To be specific : α) NR kinematics may seem very
rough for b→ c. Not absurd however at small recoil ; but this is misleading if one calculates a
derivative, e.g. ρ2, which is sensitive to relativistic boost effects.

β) still more worrying, internal velocities are not small in heavy-light systems : ∆ (excitation
energy with respect to ground state) ∼ m ∼ 0.35 GeV. Therefore v/c expansion may be totally
misleading unlike in the Υ system. As examples :

–ρ2 is too small ρ2 ∼ 0.5

–1/m2
Q corrections to hA1(1) (overlap effect in the NR approach) are much too small.

2) Relativistic models à la Bakamjian-Thomas

This class of models includes the well known light-front quark models. They are well adapted
to b→ c form factor calculations. Several qualities, starting from a much improved, relativistic,
treatment of the center-of-mass motion, in a full Hamiltonian formalism.
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Bakamjian-Thomas models present the following good properties :⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

- realistic ρ2 ∼ 1 ; corr. to hA1(1) sensible (related to < �p 2 >)
- covariance in the mQ → ∞ limit, as well as with Eπ → ∞ in B → π (LEET limit)
- symmetry relations of HQET and LEET
- relativistic form of Bjorken and Uraltsev sum rules as well as higher

derivative sum rules (curvature ...)
However they do not satisfy sum rules for higher moments, like Voloshin sum rule.

Another defect, which may become critical : approximation of free quark Dirac spinors,
essential to these models, may become too rough for light quark in Qq. Ex : corrections to
ĝ(gD∗Dπ) are too large : ĝ too low.

3) Dirac equation

Another answer to defects of NR model. Light quark in the field of a static source (quark b or
c). Much improved treatment of Dirac spinors, taking into account interaction. Restores agree-

ment for ĝ ∼ 0.6 ; convenient for

{
spectrum
elementary quantum π, γ, emission from the light quark

However, it is not adapted to b → c (no treatment of CdM motion). There exists extensions
of Dirac eq. to finite mQ and to moving hadrons. However, no attempt has been made to
calculate form factors.

3.3 Decays of radial excitations

Finally, let us quote a problem for all dynamical calculations. Namely, we lack a satisfactory
treatment of pionic decays of radial excitations D′, B′ ..., like D′(∗) → D(∗)π. Indeed :

- standard QCDSR are precisely fitted to predict only the properties of the lowest state in
each channel.

- Quark models are more suited to predict properties of radial excitations, since they give
their wave functions. However, as to strong decays, the elementary emission model does not
seem satisfactory (Roper P11 → N,∆π decays wrong by a factor 10). The Quark pair creation
model 3P0 is better. Good for Υ ′ → BB, ψ′ → DD. But, since it is completely NR for both
decay products, it cannot be quantitative for D′(∗) → D(∗)π.

Since decays of radial excitations are not either easily treated in lattice QCD, this is an
interesting challenge to theory.

4 Confrontation of experiment, dynamical calculations

and S.V. sum rules. Example of ρ2, τ1/2, µ
2
π (Λ, ρ3

D)

4.1 Theoretical sources for these quantities

1) ρ2 and τ1/2 have been calculated in dynamical approaches

- in QCDSR (“three-point” sum rule)

(ρ2)
MS ∼ 0.84 at 1.4 GeV, with rad. corr. included to two loops ; (ρ2)SR(1 GeV) should

not be far from this ρ2 (superindex ”SR” means the one defined by the SV sum rules) .
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τ1/2(1) = 0.22, enhanced by radiative corrections → 0.35 but very large uncertainty 0.2 - 0.4
due to dependence on continuum threshold. A much smaller result with another interpolating
current
-in quark models à la Bakamjian-Thomas
with Godfrey-Isgur wave eq.

{
ρ2 ≈ 1
τ1/2(1) = 0.225(� τ3/2(1) = 0.54)

2) The parameters Λ and µ2
π(λ1) can be calculated from QCDSR :

- Λ from mb, very safe QCDSR (2 points) Λ
SR

(1 GeV) ∼ 0.7 GeV
- µ2

π from 3-points QCDSR ( perhaps overestimated) µ2
π = 0.5 GeV2 + 0.17 GeV2 ∼ 0.7

GeV2

3) Bounds from sum rules (combinations of the basic SR)
ρ2 and τ1/2(1) are also related to each other by the bound

(ρ2)SR(1 GeV) >
3

4
+ 3τ 2

1/2(1)

at µ ∼ 1 GeV, estimated threshold of duality (∼ 3 states). Analogous bounds relate τ1/2 to Λ,
µ2
π, ρ

3
D

Λ
SR

> 2∆
(

1

2
+ 3τ 2

1/2(1)
)

µ2
π > µ2

G + 9∆2τ 2
1/2(1)

ρ3
D > ∆µ2

π

∆ ∼ 0.35 GeV: excitation energy
of L = 1 j = 1/2 states
with respect to L = 0
at mQ = ∞ (∆ conservatively small)

ALL THESE BOUNDS ARE VERY SENSITIVE TO τ1/2(1), because of the large coeffi-
cients in front.

4.2 Experimental sources

1) (ρ2)A1 not less than 1.2 ; several notably higher values (note the role of a curvature,
bounded from below, in enhancing ρ2) although it seems a rather difficult measure, with large
errors. Now, (ρ2)SR(1 GeV) must not be very far from ρ2

A1
(taking into account various rad.

corr.), with ±0.2 of unknown 1/mQ corrections ⇒ (ρ2)SR > 1.
2) τ1/2(1) appears very crucial. CLEO, and then BELLE with more statistics have performed

the measurement of B− → D∗∗(0+, 1+
1/2) π

− with D∗∗
1/2 well identified. This fixes τ1/2 (q2 = 0 or

w ∼ 1.3) assuming FACTORISATION in this class 3 decay (?)+ small finite mass corrections
(they should not be large, otherwise one would observe a strong difference between 0+ and 1+

1/2).

One finds τ1/2(1) > τ1/2(q
2 = 0) ∼ 0.4 consistenly from 0+ and 1+

1/2 ; τ3/2 is quite consistent

with B → D∗∗(1+
3/2)�ν (∼ 0.3 at q2 = 0). (Note added after the talk : In this estimate of

τ1/2, we are also neglecting the color suppressed diagram in B → D∗∗π. We thank BELLE
collaborators (A. BANDAR) for underlining that.)

3) Λ, µ2
π, ρ

3
D from fits to moment of b → sγ, b → c�ν

central
values
with large
errors

⎧⎪⎨⎪⎩
(Λ)SR(1 GeV) ∼ 0.6 to 0.72 GeV (converted from ΛHQET )
µ2
π ∼ 0.3 to 0.45 GeV2

ρ3
D ∼ 0.05
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4.3 Consequences to be drawn from experiment

1) Direct problems for dynamical calculations
- ρ2

A1
seems much too large for QCDSR, while it is better, although still large, for Bakamjian-

Thomas which predicts naturally a larger ρ2.
- τ1/2(q

2 = 0) ∼ 0.4 is too large for QCDSR : decreasing form factor leads to 0.2 at most at
q2 = 0 ; it is also too large for the Bakamjian-Thomas quark models : decreasing form factor
leads to 0.2 at q2 = 0. discrepancy by a factor 2

2) Bound from SV sum rules. With a τ1/2(w = 1) ∼ 0.4 (note that the w = 1 value should be
in fact larger than at q2 = 0), the first bound above gives (ρ2)SR > 1.25 which seems to confort
the large fitted values of ρ2

A1
.

The other bounds give

⎧⎪⎨⎪⎩
Λ
SR

(1 GeV) > 0.7
µ2
π(1 GeV) > 0.53
ρ3
D((1 GeV) > 0.18

(µ2
G from B∗ − B : 0.35 GeV2)

⇒ QCDSR estimates for Λ and µ2
π are in good agreement with these bounds, but once more

not the one for ρ2.
⇒ Although compatible within large present errors, the central values of HQET parameters

from fits to inclusive moments seem all below the corresponding lower bounds, especially for
µ2
π, which is somewhat strange.

5 Conclusions

a) Heavy quark theory has managed to establish a series of very strong relations between

apparently remote quantities e.g. strong bounds on

{
ρ2 from B → D∗∗

1/2π,D
∗∗ −D splitting

µ2
π from B → D∗∗

1/2π,D
∗∗ −D,D∗ −D

b) Up to now, (analytical)dynamical methods are not very predictive. There is need to
improve considerably QCDSR, as well as to formulate new quark models for form factors, in-
cluding the advantage of Bakamjian-Thomas and Dirac equation.

c) On the other hand, in view of the serious discrepancies observed above, checking the
experimental determination of B → D∗∗(j = 1/2)π and estimating the theoretical finite mass
corrections is very important. There is also need to check the experimental determination of ρ2.

d) Some lattice calculations are strongly needed to remove the uncertainty on crucial quan-
tities like τ1/2(1). A good precedent has been ĝ.
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Branching fractions and direct CP violation
in B → PP(PV) decays

Marcella Bona
Università di Torino and INFN, Sezione di Torino

via Pietro Giuria 1
10125 Torino, Italy

I present the results of searches for B meson decays into two charmless mesons. I take
into account final states made up of two pseudo-scalar (PP) or one pseudo-scalar and
one vector (PV). The measurements use the data samples collected and analysed by the
B-factory experiments at the Υ (4S) resonance energy: BABAR, Belle and CLEO.

1 Introduction

Charmless hadronic final states play an important role in the study of CP -violation. In the
Standard Model, all CP -violating phenomena are a consequence of a single complex phase in
the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix [1].

Charmless decays of B mesons may proceed by b → u, b → s, or b → d transitions. The
latter two mechanisms require flavor changing neutral currents which are not present at tree
level in the Standard Model, and therefore must occur through suppressed processes such as the
penguin mechanism. Such processes involve loops, which can get contributions from physics
beyond the Standard Model. Even in the absence of such new physics, interference among
competing amplitudes for a given decay mode can be exploited to measure CKM phases.

These charmless B decays in which CKM favored amplitudes are suppressed or forbidden
are rare decays and they typically have branching fractions (B) of less than 10−4. Even if the
branching fraction for these modes is expected to be so low, the present data samples available
to BABAR and Belle Collaborations together with the new analysis effort by CLEO allow for
measurements or stringent limits on many such modes.

In these years, the BABAR and Belle collaborations have reached solid results [2] on mea-
surements of CP -violating asymmetries in B decays into final states containing charmonium,
leading to strict constraints on the angle β of the CKM Unitarity Triangle.

In the Standard Model picture, the angle α can be related to time-dependent CP -violating
asymmetries in the analysis of the decay B0 → π+π− as well as in the case of three body
π+π−π0 decays in which such measurement would exploit interference between the B0 → ρ±π∓

modes and the color-suppressed B0 → ρ0π0.
Ratios of branching fractions for various ππ and Kπ decay modes are in principle sensitive

to the angle γ [3], even if the measured branching fractions of all the Kπ modes show a clear
path which seems to suggest the dominance of the penguin amplitude over the others [4]. As
a matter of fact the Kπ modes (together with the relative PV modes like K∗π, ρK, ωK) are
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sensitive to γ through the Cabibbo-suppressed amplitude term which is proportional to V ∗
ubVus

but an interference between the latter and the Cabibbo-allowed amplitude term is needed in
order to extract γ1.

The extraction of α from measurements of the time-dependent asymmetry in B0 → π+π−

is complicated by the interference of tree and penguin amplitudes with different weak phases.
The B → KK decays are characterized by similar penguin processes and, hence, can be used to

isolate the tree and penguin contributions to B0 → π+π−. For example K0K
0

is a pure b → d
penguin. The fact that no tree amplitude is possible, strongly reduces the expected branching
fraction, but also allows to estimate the size of penguin contributions in B → ππ, once the

B(B → K0K
0
) has been measured and SU(3) breaking effects have been taken into account.

K±K
0
has the same penguin as K0K

0
plus an annihilation contribution. The comparison of the

two branching fractions can be used to understand which is the real contribution coming from

annihilation terms. Moreover, the entire K0K
0

amplitude is equal to the penguin contribution
to the π0π0 channel, assuming SU(3). So, in the scenario of a large branching fraction for π0π0,

the measurement of the B(K0K
0
) can help to disentangle penguin contribution from other

subleading terms in π0π0 amplitude. These other terms can be deduced in a similar way from
K+K− decay which is a pure annihilation mode [5].

Also the decays of B-mesons to pseudo-scalar and vector particles provide opportunities for
investigating the phenomenon of CP violation. Of particular interest are the quasi-two-body
B → ρπ decays to three-pion final states. These can be used to measure the angles α and γ.

α can be determined from a full Dalitz plot analysis of the modes B0 → ρ±π∓ and B0 →
ρ0π0 [6]. The data sets available are still too small for this type of analysis. For the time
being though, the BABAR experiment also performed a simultaneous measurement of branching
fractions and CP -violating asymmetries in the decays B0 → ρ±π∓ and B0 → ρ−K+ (and their
charge conjugate) using a time-dependent maximum likelihood analysis. Following a quasi-two-
body approach [7], the BABAR technique is restricting the analysis to the two regions of the
π∓π0h± Dalitz plot (h = π or K) that are dominated by either ρ+h− or ρ−h+. From this kind
of analysis, the time-integrated and flavor-integrated charge asymmetries AρπCP and AρKCP that
measure direct CP violation can be extracted together with the quantities Sρπ and Cρπ for the
ρπ mode.

Since, like in the two-body case, the extraction of α from ρ±π∓ is complicated by the
interference of decay amplitudes with different weak and strong phases, another strategy is to
perform an SU(2) analysis using all ρπ final states [9]. Assuming isospin symmetry, the angle α
can be determined free of hadronic uncertainties from a pentagon relation formed in a complex
plane by the five decay amplitudes B0 → ρ+π−, B0 → ρ−π+, B0 → ρ0π0, B+ → ρ+π0 and
B+ → ρ0π+. These amplitudes can be determined from measurements of the corresponding
decay rates and CP -asymmetries. γ can be extracted from the interference of B+ → χc0π

+ and
B+ → ρ0π+ in B+ → π+π−π+ decays [8].

Also measurements of the charge asymmetries in the decay rates are reported according to

1For an example on this amplitude formalism see [5]
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the definition:

ACP =
Γ
(
B → f

)
− Γ (B → f)

Γ
(
B → f

)
+ Γ (B → f)

.

Here and throughout this paper charge conjugate modes are implied. We also make use of
the notation h± to represent a charged hadron that may be either a kaon or pion.

2 Analyses

The measurements presented in this paper are mainly based on the following data samples.
The analyses of BABAR are based on (87.9 ± 1.0) × 106 BB pairs collected between 1999 and
2002 with the BABAR detector at the PEP-II asymmetric-energy B Factory at SLAC. This
corresponds to an integrated luminosity of approximately 81 fb−1 at the Υ (4S) resonance. The
results from Belle are based on 78 fb−1 data sample which corresponds to 85×106 BB pairs. The
Belle detector[11] is a large-solid-angle general purpose spectrometer at the KEKB asymmetric-
energy e+e− storage ring. The current CLEO data set is made up from the full CLEO II and
CLEO III data samples totaling 15.3 fb−1. CLEO[12] is a general purpose solenoidal magnet
detector operated at the Cornell Electron Storage Ring (CESR), a symmetric-energy storage
ring tuned to provide center of mass energies near the Υ (4S) resonance.

Hadronic events are selected based on track multiplicity and event topology. Tracks are
identified as pions or kaons using the various Particle Identification (PID) techniques described
below. Candidate K0

S mesons are reconstructed from pairs of oppositely charged tracks that
form a well-measured vertex and have an invariant mass within a defined window around
the nominal K0

S
mass [16]. The candidate must have a displaced vertex and flight direction

consistent with a K0
S

originating from the interaction point. Candidate π0 mesons are formed
from pairs of photons with an invariant mass within a defined window around the nominal
π0 mass. The π0 candidates are then kinematically fitted with their mass constrained to the
nominal π0 mass [16].

Reconstructed B candidates are identified using two kinematic variables: the beam-energy

substituted mass (or beam-energy constrained mass) mES =
√

(ECM
beam)2 − (pCM

B )2 and the en-

ergy difference ∆E = ECM
B − ECM

beam, where ECM
beam is the beam energy, pCM

B and ECM
B are the

momentum and the energy of the reconstructed B meson in the center-of-mass system (CM).
In these charmless modes, the largest source of background comes from random combina-

tions of tracks and neutrals produced in the e+e− → qq continuum (where q = u, d, s or c).
These backgrounds are suppressed using the event topology. In the CM frame this background
typically exhibits a two-jet structure that can produce two high momentum, nearly back-to-back
particles, in contrast to the spherically symmetric nature of the low momentum Υ (4S) → bb
events. This topology difference is exploited by making use of event-shape quantities. Various
techniques and variables are used.

In the BABAR analyses, a preliminary requirement is applied on the angle θsph [15] between
the sphericity axes, evaluated in the CM frame, of the B candidate and the remaining tracks
and photons in the event. The distribution of the absolute value of cos θsph is strongly peaked
near 1 for continuum events and is approximately uniform for BB events.
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Figure 1: Examples of plots from the various two-body analyses and techniques. See text in
Sect. 3 for details.

Another similarly powerful variable is the flight direction of the B candidate given by
cos θB = p̂ · ẑ where p is the vector sum of the daughter momenta and z is the beam axis.
Since the vector Υ (4S) is produced in e+e− annihilation it has a polarization Jz = ±1, and
the subsequent flight direction of the pseudo-scalar B mesons is distributed as |Y ±1

1 (θ, φ)|2 ∼
sin2 θ = 1 − cos2 θ. Background events are flat in this variable.

Another quantity largely used in the charmless analyses is a Fisher discriminant F which
consists of an optimized linear combination of variables that distinguish signal from back-
ground [17].

BABAR analyses use a two-variable Fisher discriminant with
∑
i pi and

∑
i pi| cos θi|2 where

pi is the momentum and θi is the angle with respect to the thrust axis of the B candidate, both
in the CM frame, for all tracks and neutral clusters not used to reconstruct the B meson.

Belle’s technique consists of forming signal and background likelihood functions, LS and
LBG, from two variables. One is a Fisher discriminant determined from six modified Fox-
Wolfram moments [14] and the other is cos θB. Requirements are imposed on the likelihood
ratio LR = LS/(LS + LBG) for candidate events.

CLEO builds its Fisher discriminant as a linear combination of fourteen variables including
the direction of the thrust axis of the candidate with respect to the beam axis, cos θthr, and
the nine conical bins of a “Virtual Calorimeter”. They are the scalar sum of the momenta
of all tracks and photons (excluding the B candidate daughters) flowing into nine concentric
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mode BR (10−6) [UL @ 90% CL]
CLEO BABAR Belle WA

B0 → π+π− 4.5+1.4+0.5
−1.2−0.4 4.7 ± 0.6 ± 0.2 4.4 ± 0.6 ± 0.3 4.6 ± 0.4

B0 → K+π− 18.0+2.3+1.2
−2.1−0.9 17.9 ± 0.9 ± 0.7 18.5 ± 1.0 ± 0.7 18.2 ± 0.8

B0 → K+K− < 0.8 < 0.6 < 0.7 < 0.6
B+ → K0π+ 18.8+3.7+2.1

−3.3−1.8 22.3 ± 1.7 ± 1.1 22.0 ± 1.9 ± 1.1 21.8 ± 1.4
B+ → K+π0 12.9+2.4+1.2

−2.2−1.1 12.8+1.2
−1.0 ± 1.0 12.8 ± 1.4+1.4

−1.0 12.8 ± 1.1
B0 → K0π0 12.8+4.0+1.7

−3.3−1.4 11.4 ± 1.7 ± 0.8 12.6 ± 2.4 ± 1.4 11.9 ± 1.5
B+ → K0K+ < 3.3 < 2.5 < 3.4 < 2.5

B0 → K0K
0

< 3.3 < 1.8 < 3.2 < 1.8
B+ → π+π0 4.6+1.8+0.6

−1.6−0.7 5.5+1.0
−0.9 ± 0.6 5.3 ± 1.3 ± 0.5 5.3 ± 0.8

B0 → π0π0 < 4.4 < 3.6 < 4.4 < 3.6

Table 1: Branching Fraction results for PP charmless modes: ππ, Kπ and KK with all charge
combinations [18]. Also the world averages are given.

cones centered on the thrust axis of the B candidate, in the CM frame. Each cone subtends
an angle of 10◦ and is folded to combine the forward and backward intervals. In addition, the
momentum of the highest momentum electron, muon, kaon, and proton are used as inputs to
the Fisher discriminant taking advantage of the high quality particle identification in CLEO
III.

In the case of a candidate mode involving one or more charged pions or kaons, such as
B → Kπ or B → ππ0, each charged track must be positively identified as K or π.

PID in BABAR analyses is accomplished with the Cherenkov angle measurement from a
detector of internally reflected Cherenkov light (DIRC). The final fit to the data includes the

normalized Cherenkov residuals (θc − θπc ) /σθc and
(
θc − θKc

)
/σθc , where θc is the measured

Cherenkov angle of the charged primary daughter, σθc is its error, and θπc (θKc ) is the expected
value for a pion(kaon). The latter two quantities are measured separately for negatively and
positively charged pions and kaons, from a sample of D0 → K−π+ originating from D∗+ decays.

PID in Belle experiment is based on the light yield in the aerogel Cherenkov counter (ACC)
and dE/dx measurements on the central drift chamber. For each hypothesis (K or π), the
dE/dx and ACC probability density functions are combined to form likelihoods, LK and Lπ.
K or π mesons are distinguished by requirements on the likelihood ratio LK/(LK + Lπ).

The K/π identification in CLEO relies on the pattern of Cherenkov photon hits in the
RICH detector fitted to both a kaon and pion hypothesis, each with its own likelihood LK
and Lπ. Calibrated dE/dx information from the drift chamber is used to compute a χ2 for
kaon and pion hypotheses. The RICH and dE/dx results are combined to form an effective
χ2 difference, ∆Kπ = −2 lnLK + 2 lnLπ + χ2

K − χ2
π. Kaons are identified by ∆Kπ < δK

and pions by −∆Kπ < δπ, with values of δK and δπ chosen to yield (90 ± 3)% efficiency
as determined in an independent study of tagged kaons and pions obtained from the decay
D∗+ → π+D0 (D0 → K−π+).

Finally PV modes allow for the use of the vector particle helicity angle θh defined as the
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mode BR (10−6) [UL @ 90% CL]
CLEO BABAR Belle WA

B0 → ρ+π− 27.6+8.4
−7.4 ± 4.2 22.6 ± 1.8 ± 2.2 20.8+6.0+2.8

−6.3−3.1 22.7 ± 2.5
B+ → ρ0π+ 10.4+3.3

−3.4 ± 2.1 24 ± 8 ± 3 8.0+2.3
−2.0 ± 0.7 9.5 ± 2.0

B+ → ρ+π0 < 43 − − < 43
B0 → ρ0π0 < 5.5 < 10.6 < 5.3 < 5.3
B0 → ρ+K− 16+8

−6 ± 3 7.3+1.3
−1.2 ± 1.2 < 23 7.7 ± 1.7

B+ → ρ0K+ < 17 < 29 < 12 < 12
B+ → ρ+K0 < 48 − − < 48
B0 → ρ0K0 < 39 − < 12 < 12

Table 2: Branching Fraction results from the ρh modes with h being a π or a K with all charge
combinations.

angle between the direction of one of h daughters in the h rest frame and the direction of h in
the B rest frame.

3 Results

In general the charmless decay modes taken into account here have contributions from (a)
signal, (b) continuum qq background and (c) cross-feed from other B modes.

In order to extract the signal yields, BABAR and CLEO use unbinned extended maximum
likelihood fit. The input variables to the fit are in general mES, ∆E, Fisher discriminant F .
Some BABAR analyses take advantage of a Neural Network to fight the continuum background
instead of the Fisher discriminant. In CLEO analyses, the flight direction of the B candidate
cos θB is added to the fit inputs. Moreover most of the charmless decay analyses in BABAR

include also the Cherenkov angle in the fit to distinguish when necessary among differences in
the K/π content of the final states.

In Belle analyses, the signal yields are extracted by a binned maximum likelihood fit to the
∆E distribution in the mES signal window (5.271 GeV/c2 < mES < 5.289 GeV/c2, the lower
limit being 5.270 GeV/c2 in case of a π0 in the final state). The mES distributions are fitted as
a consistency check.

Tables 1, 2 and 3 show the Branching Fraction results of respectively the charmless two-
body hadronic B decays [18], the modes with a ρ in the final states [19], the modes with a K∗,
a φ or an ω in the final states [20]. The results shown are from all the three experiments and
also the relative world averages are reported.

In Figure 1 plots are shown from the various two-body analyses and techniques. The
top right left are two examples from BABAR analyses and represent the projections of the
mES distributions from the unbinned maximum likelihood fit for events that satisfy optimized
requirements on probability ratios for signal to background based on all variables except mES

itself. The bottom left plots show the distributions of −2 ln(L/Lmax) for CLEO II and CLEO
III combined for the Kπ and ππ modes with non-zero yields. The remaining right plots are
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mode BR (10−6) [UL @ 90% CL]
CLEO BABAR Belle WA

B+ → K∗0π+ 7.6+3.5
−3.0 ± 1.6 15.5 ± 3.4 ± 1.8 19.4+4.2+4.1

−3.9−7.1 12.3 ± 2.6
B+ → K∗+π0 < 31 − − < 31
B0 → K∗+π− 16+6

−5 ± 2 − < 30 16 ± 6
B0 → K∗0π0 < 3.6 − < 7 < 3.6
B+ → φK+ 5.5+2.1

−1.8 ± 0.6 10.0+0.9
−0.8 ± 0.5 9.4 ± 1.1 ± 0.7 9.3 ± 0.8

B0 → φK0 5.4+3.7−2.7 ± 0.7 7.6+1.3
−1.2 ± 0.5 9.0 ± 2.2 ± 0.7 7.7 ± 1.1

B0 → φK∗0 11.5+4.5+1.8
−3.7−1.7 11.1+1.3

−1.2 ± 0.8 10.0+1.6+0.7
−1.5−0.8 10.7 ± 1.1

B+ → φK∗+ 10.6+6.4+1.8
−4.9−1.6 12.1+2.1

−1.9 ± 1.1 6.7+2.1+0.7
−1.9−1.0 9.4 ± 1.6

B+ → ωK+ 3.2+2.4
−1.9 ± 0.8 5.0 ± 1.0 ± 0.4 6.7+1.3

−1.2 ± 0.6 5.4 ± 0.8
B+ → ωπ+ 1.3+3.3

−2.9 ± 1.4 5.4 ± 1.0 ± 0.5 5.9+1.4
−1.3 ± 0.6 5.3 ± 0.9

B0 → ωK0 10.0+5.4
−4.2 ± 1.4 5.3+1.4

−1.2 ± 0.5 < 7.6 5.6 ± 1.4

Table 3: Branching Fraction results for PV final states including K∗, φ or ω.

two examples from Belle and show the ∆E distributions in the mES signal region for π+π− and
K+π− respectively. The results of the fits used to extract the signal yields are also shown.

In Table 4 the asymmetry results are shown from all three collaborations. All the results
are compatible with zero and still statistical dominated.

The additional statistics that will be collected in the next years by BABAR and Belle will
provide exciting results in the physics of charmless decay.

mode BR (10−6) [UL @ 90% CL]
CLEO BABAR Belle WA

B0 → K+π− −0.04 ± 0.16 ± 0.02 −0.10 ± 0.04 ± 0.01 −0.07 ± 0.06 ± 0.01 −0.09 ± 0.03
B+ → K+π0 −0.29 ± 0.23 ± 0.02 −0.09 ± 0.09 ± 0.01 0.23 ± 0.11+0.01

−0.04 0.00 ± 0.07
B0 → K0π+ 0.18 ± 0.24 ± 0.02 −0.05 ± 0.08 ± 0.01 0.07+0.09

−0.08
+0.01
−0.03 0.01 ± 0.06

B+ → K0π0 − 0.03 ± 0.36 ± 0.09 − 0.03 ± 0.37
B+ → π+π− − 0.30 ± 0.25 ± 0.04 0.77 ± 0.27 ± 0.08 0.51 ± 0.19
B+ → π+π0 − −0.03+0.18

−0.17 ± 0.02 −0.14 ± 0.24+0.05
−0.04 −0.07 ± 0.15

B+ → ρ−π+ − −0.11+0.16
−0.17 ± 0.04 − −0.11 ± 0.17

B+ → ρ+π− − −0.62+0.24
−0.28 ± 0.06 − −0.62 ± 0.29

B+ → K+ρ− − 0.28 ± 0.17 ± 0.08 − 0.28 ± 0.19

Table 4: Direct CP asymmetry results for Kπ, ππ, ρπ and ρK modes
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Charmless B Decays Involving η, η′ and Vector Mesons

Hiroaki Aihara
Department of Physics

University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

Recent results on charmless B dacays involving η and η′ are presented. Also presented
are B → V P and V V decays, where V and P denote charmless vector and pseudoscalar
mesons, respectively. Finally, the first observation of B → φφK decay made by the Belle
collaboration is reported.

1 Two-body Decays involving η and η′

Search for direct CP violation in B decays has been one of the most active analysis efforts at
B factories and yet its observation has remained elusive. Study of charmless B decays is of
great interest since substantial direct CP asymmetry is anticipated in some modes and their
branching fractions provide the important information to understand the detail of B meson
decay mechanism. Charmless two-body decays with η and η′ in the final states have drawn
considerable attention because the observed branching fraction of B → η′K is 3–10 times larger
than initially expected and large direct CP violation in B+ → ηπ+ and B+ → η′π+ has been
predicted [1].

Figure 1 shows the energy substituted mass mES and energy difference ∆E distributions
for B+ → η′K+ and B0 → η′K0

S obtained by BABAR with a data sample corresponding
to 88.9 million BB pairs, where a η′ meson is reconstructed from its decay to η(γγ)π+π− or
ρ0(π+π−)γ [2]. The measured branching fractions are B(B+ → η′K+) = (76.9 ± 3.5(stat) ±
4.4(syst))×10−6 and B(B0 → η′K0) = (60.6±5.6±4.6)×10−6. Table 1 lists the results of B →
η′h (h = K,K∗, π, or ρ) by Belle, BABAR [2][4] and CLEO [3]. We find that B(B+ → η′K+)
is consistently larger than B(B0 → η′K0). Unlike large B(B → η′K), B → η′K∗ decay has not
been observed. This suggests that interference between two penguin diagrams of b → suu and
b→ sss is constructive for B → η′K, while it is destructive for B → η′K∗. There has been no
signal of B → η′π or η′ρ yet.

Taking advantage of the large branching fraction of B+ → η′K+, a direct-CP -violating
asymmetry value has been determined as Aη′K± = (−1.5±7.0±0.9)×10−2, (3±12±2)×10−2

and (3.7 ± 4.5 ± 1.1) × 10−2 by Belle [5], CLEO [6] and BABAR [2], respectively. The null
result for Aη′K± is consistent with theoretical predictions [7].

The charmless inclusive decay B → η′XS, whereXS is a hadronic recoil system containing an
s-quark, is also interesting because it is expected to be dominated by the b→ sg loop diagram
whose amplitude may receive significant contribution from virtual non-Standard Model particle
in the loop. CLEO used a semi-inclusive reconstruction technique to obtain the branching
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Figure 1: The B candidates mES and ∆E distributions for B+ → η′K+ (a,b) and B0 →
η′K0

S (c,d) obtained by BABAR with a data sample corresponding to 88.9 million BB pairs.
Points with errors represent the data, solid curves the full fit functions, and dashed curves the
background functions; the shaded histogram represents the η′ηππK subsets.

Mode Belle BABAR CLEO Avg.
32 M BB 89 M 10 M

B+ → η′K+ 78 ± 6 ± 9 76.9 ± 3.5 ± 4.4 80+10
−9 ± 7 78 ± 5

B0 → η′K0 68 ± 10+9
−8 60.6 ± 5.6 ± 4.6 89+18

−16 ± 9 77.6+4.6
−4.5

B+ → η′K∗+ < 90 < 12 < 35 < 12
B0 → η′K∗0 < 20 < 6.4 < 24 < 6.4
B+ → η′π+ < 7 < 4.5 < 12 < 4.5
B0 → η′π0 < 5.7 < 5.7
B+ → η′ρ+ 14.0+5.1

−4.6 ± 1.9 11.2+11.9
−7.0 13.3+5.1

−4.2

B0 → η′ρ0 < 14 < 12 < 12

Table 1: Branching fraction of B → η′h in units of 10−6.
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fraction of B(B → η′XS) = (4.6±1.1±0.4±0.5)×10−4 in the 2.0 < Pη′ < 2.7 GeV/cmomentum
range, where the uncertainties are statistical, systematic, and from subtractions of background
from B decays to charm, respectively [8]. HereXS is reconstructed by forming combinations of a
charged kaon or a KS → π+π− and n pions where n ≤ 4 (at most one of these pions is allowed
to be neutral). Figure 2(a) shows the continuum-subtracted and combinatorial-background
subtracted M(XS) distribution, where M(XS) > 2.5 GeV/c2 corresponds to Pη′ > 2.0 GeV/c.
BABAR also presents a preliminary measurement of B(B → η′XS) = (6.8+0.7

−1.0 ± 1.0+0.0
−0.5) ×

10−4 [9], as shown in Fig. 2(b), consistent with the CLEO result.

(a) CLEO (b) BABAR

Figure 2: (a) CLEO: The continuum-subtracted and combinatorial-background-subtracted
M(XS) distribution (points with error bars) with estimated background from B decays to
charm (histogram). The contributions from cascade decays (light gray), color suppressed
B0 → η′D0 + η′D0∗ decays (dark gray) and B0 → η′D0∗∗ (hatched area) are also shown.
(b) BABAR: Continuum-subtracted M(XS) distribution.

Table 2 summarizes the results of B → η′h (h = K,K∗, π, or ρ) by Belle [10], CLEO [3] and
BABAR [11]. Contrary to B → η′h, B → ηK∗ is enhanced over B → ηK, suggesting that the
interference between two penguin diagrams is constructive for B → ηK∗ while it is destructive
for B → ηK. BABAR has presented a new measurement of a direct-CP -violating asymmetry
as AηK± = −0.32+0.22

−0.18 ± 0.01 and Aηπ± = −0.51+0.20
−0.18 ± 0.01 [11]. The latter indicates ∼ 2.5σ

significance for CP violation.

2 Two-body Decays involving ω, φ and ρ

Charmless decay modes involving vector mesons such as ω, φ and ρ are measured with great
precision at B factories. Their angular distributions are sensitive to CP violation and/or to
final state interactions. Figure 3 shows the beam constrained mass Mbc and ∆E distributions
for B+ → ωK+, ωπ+, and B0 → ωK0, obtained by Belle using a data sample containing
85million BB pairs [12]. Table 3 lists the resulting branching fractions together with the
results by BABAR [13] and CLEO [14]. The results from the three experiments are in good
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Mode Belle BABAR CLEO Avg.
32 M BB 89 M 10 M

B+ → ηK+ 5.3+1.8
−1.5 ± 0.6 2.8+0.8

−0.7 ± 0.2 2.2+2.8
−2.2 3.2 ± 0.7

B0 → ηK0 < 4.6 < 9.3 < 4.6
B+ → ηK∗+ 26.5+7.8

−7.0 ± 3.0 25.7+3.8
−3.6 ± 1.8 26.4+9.6

−8.2 ± 3.3 25.9+3.5
−3.3

B0 → ηK∗0 16.5+4.6
−4.2 ± 1.2 19.0+2.2

−2.1 ± 1.3 13.8+5.5
−4.6 ± 1.6 17.8+2.1

−2.0

B+ → ηπ+ 5.4+2.0
−1.7 ± 0.6 4.2+1.0

−0.9 ± 0.3 1.2+2.8
−1.2 4.2+0.9

−0.8

B0 → ηπ0 < 2.9 < 2.9
B+ → ηρ+ < 6.2 10.5+3.1

−2.8 ± 1.3 4.8+5.2
−3.8 8.9+2.8

−2.5

B0 → ηρ0 < 5.5 < 10 < 5.5

Table 2: Branching fraction of B → ηh in units of 10−6.

agreement. These measurements provide stringent tests to the theoretical calculations based
on QCD factorization and perturbative QCD.
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Figure 3: The beam constrained mass Mbc and ∆E distributions for B+ → ωK+(a, b),
ωπ+(c, d), and B0 → ωK0(e, f), obtained by Belle.

First direct evidence for gluonic penguin decays was obtained from the observation of B →
φK decays. By now both B(B → φK) and B(B → φK∗) have been measured. Figure 4 shows
the Mbc(= mES) distributions for B0 → φK∗0 and B+ → φK∗+ form Belle and BABAR.
Their branching fractions, with those of B → φK, are listed in Table 4. In addition, AφK+ =
0.01 ± 0.12 ± 0.05 (Belle), 0.04 ± 0.09 ± 0.01 (BABAR) and AφK∗+ = 0.13 ± 0.29+0.08

−0.11 (Belle),
0.16 ± 0.17 ± 0.03 (BABAR) have been measured.
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Mode Belle BABAR CLEO Avg.
85 M BB 89 M 10 M

B+ → ωK+ 6.7+1.3
−1.2 ± 0.6 5.0 ± 1.0 ± 0.4 3.2+2.4

−1.9 ± 0.8 5.4 ± 0.8
B+ → ωπ+ 5.7+1.4

−1.3 ± 0.6 5.4 ± 1.0 ± 0.5 11.3+3.3
−2.9 ± 1.4 5.9 ± 0.9

B0 → ωK0 4.0+1.9
−1.6 ± 0.5 5.3+1.4

−1.2 ± 0.5 10.0+5.4
−4.2 ± 1.4 5.2+1.2

−1.0

Table 3: Branching fraction of B → ωh in units of 10−6.

φK*0

φK*0
φK

φK*+

*+

Figure 4: The beam constrained mass Mbc(= mES) distributions for B+ → φK∗+ (a,c), and
φK∗0 (b,d) decays by Belle and BABAR.

Mode Belle BABAR CLEO Avg.
85 M BB 89 M 10 M

B+ → φK+ 8.6 ± 0.8 ± 0.7 10.0+0.9
−0.8 ± 0.5 5.5+2.1

−1.8 ± 0.6 9.0 ± 0.7
B0 → φK0 9.0+2.2

−1.8 ± 0.7 8.4+1.5
−1.3 ± 0.5 5.4+3.7

−2.7 ± 0.7 8.3+1.2
−1.0

B+ → φK∗+ 6.7+2.1+0.7
−1.9−1.0 12.7+2.2

−2.0 ± 1.1 10.6+6.4+1.8
−4.9−1.6 9.7 ± 1.5

B0 → φK∗0 10.0+1.6+0.7
−1.5−0.8 11.2 ± 1.3 ± 0.8 11.5+4.5+1.8

−3.7−1.7 10.7 ± 1.1

Table 4: Branching fraction of B → φh in units of 10−6.

105



Hiroaki Aihara Charmless B Decays Involving η, η′ and Vector Mesons

Belle has performed an angular analysis of φK∗0, similar to J/ψK∗0. The decay amplitudes
of the three helicity states in the transversity basis, A0, A‖, and A⊥, are measured from the
angular distributions of the final state particles. Here, A0 denotes the longitudinal polarization
of the φ → K+K− system and A⊥ is the transverse polarization. The value of |A⊥|2 is the
CP -odd fraction in the B → φK∗0. Belle finds |A0|2 = 0.43±0.09±0.04, that is consistent with
the longitudinal polarization fraction of fL(φK∗0) = 0.65 ± 0.07 ± 0.04, reported by BABAR.
The measured value of |A⊥|2 = 0.41±0.10±0.04 shows that there is nearly equal fraction of CP
even and CP odd components in B0 → φK∗0 decays, in contract to the case of B0 → J/ψK∗0,
that is dominantly CP -even [15].

Finally, Belle reports the first observation of B+ → ρ+ρ0 decay and obtains a branching
fraction of B(B+ → ρ+ρ0) = (31.7 ± 7.1+3.8

−6.7) × 10−6 [16]. ∆E and Mbc fits to the B+ → ρ+ρ0

candidate events are shown in Fig. 5. An analysis of the ρ helicity-angle distributions gives a
longitudinal polarization of ΓL/Γ = (94.8±10.6±2.1)% and the direct CP violation in this mode
is found to be Aρ±ρ = 0.00±0.22±0.03. BABAR also finds B(B+ → ρ+ρ0) = (22.5+5.7

−5.4±5.8)×
10−6 [17], consistent with the measurement by Belle. BABAR reports the first observation of
B+ → ρ0K∗+, shown in Fig. 6, and obtains B(B+ → ρ0K∗+) = (10.6+3.0

−2.6 ± 2.4) × 10−6 [17].
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Figure 5: From Belle 85 million BB sample, ∆E (left) and Mbc (right) fits to the B+ → ρ+ρ0

candidate events are obtained. The signal component is shown as a dot-dashed line. The sum
of BB and continuum components is shown as a dashed line. The shaded areas represent the
BB background.

3 Observation of B → φφK Decay

Belle reports the first observation of the decay B → φφK, the first example of a b → sssss
transition, where M(φφ) is blow ηc mass of 2.85 GeV/c2 [18]. In the Standard Model (SM), this
decay channel requires the creation of an additional final ss quark pair than in b→ sss process,
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BABAR

Figure 6: From BABAR 89 million BB sample, mES distribution of B+ → ρ0K∗+ candidate
events is obtained. The histogram shows the data, which include K∗ → K0π+ andK∗ → K+π0,
while the shaded area is K∗ → K+π0 channel alone. The solid (dashed) line shows the signal-
plus-background (background only) contribution.

which has been previously observed in modes such as B → φK. In addition to improving our
understanding of charmless B decays, the φφK state may be sensitive to glueball production
in B decays, where the glueball decays to φφ [19]. Furthermore, with sufficient statistics, the
decay B → φφK could be used to search for a possible non-SM CP -violating phase in the b→ s
transition [20]. Direct CP violation could be enhanced to as high as ∼ 40% if there is sizable
interference between transitions due to non-SM physics and decays via the ηc resonance.

Figure 7 shows the φφ invariant mass spectrum for events in the B± → φφK± signal
region, where a clear ηc peak and some excess in the lower mass region are evident. For
M(φφ) < 2.85 GeV/c2, the region below the charm threshold, a maximum likelihood fit to
Mbc and ∆E gives an event yield of 7.3+3.2

−2.5 with a significance of 5.1σ. Projections of the ∆E
distribution (with 5.27 < Mbc < 5.29 GeV/c2 and of the Mbc distribution (with |∆E| < 30
MeV) are shown in Figs. 8(a,b). Figure 7(b) shows a scatter plot of the two K+K− invariant
masses for events in the B meson signal region with the φ mass requirements relaxed. A clear
concentration in the overlap region of the two φ bands can be seen. Belle determines the
branching fraction for charmless B± → φφK± with M(φφ) < 2.85 GeV/c2 to be B(B± →
φφK±) = (2.6+1.1

−0.9 ± 0.3) × 10−6. For the B0(B0) → φφK0
S mode, there are only four signal

candidates. By combining with the B± → φφK± mode and assuming isospin symmetry, Belle
obtains

B(B → φφK) = (2.3+0.9
−0.8 ± 0.3) × 10−6 for M(φφ) < 2.85 GeV/c2.
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4 Conclusion

We have presented charmless B decays involving η, η′, and vector mesons such as ω, φ and ρ.
With increasing statistics at B factories, a wealth of interesting results including rare decays
such as B → φφK has become available. Combining results from Belle, BABAR and CLEO,
we have begun to see a consistent picture of the B decay dynamics in detail. The author wishes
to thank the members of local organizing committee for their hospitality. The author would
like to acknowledge help provided by Paoti Chang for preparing this article.
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Branching Fractions (and Direct CPV) of Exclusive
Hadronic B to Charm Decays
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Recent branching fraction measurements of B decays in open-charm modes are reviewed.
The analyses presented here are performed with exclusive reconstruction of the full decay.
Measurements of direct CP asymmetry from hadronic charm decays are also presented.
These results are found to be consistent with zero.

1 Introduction

Studying B meson decays in several charmed modes allows precise, cross-checked investigation
of both hadronisation models as well as the underlying B→ c quark-level process.
Results presented here come from the high-luminosity Belle [1], BABAR [2] and CLEO [3] exper-
iments operating at the Υ (4S) resonance. CLEO is a symmetric collider experiment whereas
both Belle and BABAR use asymmetric beam energies to introduce a boost to the collision which
improves the separation and resolution of the decay products.
Results from CLEO are based on data-sets of size 9.15 or 15.3 fb−1; the Belle and BABAR results
are from data-sets of various sizes from 21.8 to 81.8 fb−1.
Throughout this report two kinematic variables will be commonly used: the energy differ-
ence ∆E = (

∑
iEi) − Eb, and the energy-substituted mass1 (a.k.a. beam-constrained mass),

mes =
√
E2
b − (

∑
i �pi)

2, where Eb =
√
s/2 is one-half the beam energy and �pi and Ei are the

momenta and energies of the decays products of the B meson in the centre of mass frame.
In order to suppress background from continuum e+e− → qq production several of the following
analyses form Fisher discriminants [4]. Fisher discriminants are a linear combination of event-
shape variables in a single likelihood variable. They are trained on control samples to provide
optimal distinction between continuum events and those in which bb pairs are produced.
The subjects included in this report are: measurements of color-suppressed B0 → D0h0 decays;
investigation of B0 → D0 K(∗)0, B0 → D+

s K− and B0 → D+
s π−; and results from the B−

→ D(∗)0K(∗)− family of decays which represent first steps toward future measurements of the
CKM angle γ. Inclusion of the charge-conjugate decay is implied throughout the report.
Other B decay-modes involving open charm, including measurements of B → D(∗)D(∗)K,
B− → D∗

sJD and B− → D∗∗0π−, are reported elsewhere in these proceedings [5].

1for certain analyses BABAR use a modified version of this definition; this will be indicated in the text.
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2 Colour-Suppressed B0 → D0h0 Decays

Decays of a B0 to a D0 and light-neutral hadron occur predominately through the internal
spectator diagram shown in Figure 1(a). The rate of this process is expected to be suppressed
with respect to the external spectator decay, B0 → D+ h− Figure 1(b), because the colour of
the u quark produced from the weak current must complement the colour of the c quark. Since
perturbative calculations of B decay rates are impossible, factorization models were used to
predict, prior to their observation, branching fractions of 3 − 7 × 10−5 for colour-suppressed
decays of the B0 [6].

0
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0h
d

d

d

c

u-W
(*)0D
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0
B

b

d

-h

c

d

d

u-W

(*)+D
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Figure 1: The colour-suppressed (a) and the colour-allowed (b) decay of the B0.

The Belle Collaboration produced a first observation of the colour suppressed modes in the
B0 → D0 π0, B0 → D0 η0, B0 → D0ω0 and B0 → D∗0 π0 channels on 21.3 fb−1 [7]. They
also presented evidence for B0 → D∗0 η0 and B0 → D∗0 ω0 modes. The light-neutral meson
candidates is constructed in the following channels: π0 → γ γ, η→ γ γ, η→ π+ π− γ and
ω → π+π−γ. The D0 candidates are reconstructed in the K− π+, K− π+ π0 and K−π+π−π+

modes and the D∗0 are reconstructed from D∗0 → D0 π0. The signal yields are extracted from
binned likelihood fits to ∆E distributions and the results are presented in Table 1.

Int. Luminosity Branching Fraction (10−4)
B0 → D0 π0 B0 → D0 η0 B0 → D0 ω0

CLEO 9.15 fb−1 2.74+0.36
−0.32 ± 0.55 - -

Belle 21.3 fb−1 3.1 ± 0.4 ± 0.5 1.4 ± 0.5 ± 0.3 1.8 ± 0.8 ± 0.6
BABAR 46.5 fb−1 2.89 ± 0.29 ± 0.38 2.41 ± 0.39 ± 0.32 2.48 ± 0.40 ± 0.32

B0 → D∗0 π0 B0 → D∗0 η0 B0 → D∗0 ω0

CLEO 9.15 fb−1 2.20+0.59
−0.52 ± 0.79 - -

Belle 21.3 fb−1 2.7 ± 0.8 ± 0.6 < 4.6 < 7.9

Table 1: The results of colour-suppressed B0 → D0h0 analyses from the B-factories.

CLEO immediately confirmed with a measurement of B0 → D0 π0 and B0 → D∗0 π0 on
9.15 fb−1 [8]. They used the same three modes D0 modes whereas they used both the D0 π0

andD0 γ modes to identifyD∗0 candidates. Their signal yields were extracted from an unbinned
maximum likelihood fit using four variables as input: mES, ∆E, a Fisher discriminant and the
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cosine of the B decay angle, defined as the angle between the D(∗)0 momentum and the B flight
direction calculated in the B rest frame.
Most recently BABAR have produced results from 41.8 fb−1 for B0 → D0 π0, B0 → D0η0

and B0 → D0 ω0 channels [9]. They confirm the higher-than-expected branching fractions for
colour-suppressed B0 decays; see Figure 2 and Table 1.
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Figure 2: BABAR extract clear signals using a least-squares fit of a Gaussian plus a background
Argus function [10] to the mES distribution of B0 → D0 π0. An unbinned maximum likelihood
fit of the same functions is used for B0 → D0 η0 and B0 → D0 ω0.

CLEO notes that this result completes the observations on B0 → D(∗)π final states. Using the
basic formulation of [11]: A(D0 π+) = A(D− π+) +

√
2A(D0 π0) and PDG [12] values for

B(D (∗)0π+) and B(D (∗)−π+), they find the relative phase between the isospin amplitudes to
be cos δI,D = 0.89 ± 0.08 for the Dπ final state and cos δI,D∗ = 0.89 ± 0.08 for the D∗π final
state.

3 B0 → D+
s π− and B0 → D+

s K−

The B0 → D+
s π− decay is an important ingredient for a proposed method for the extraction

of the CKM quantity sin(2β + γ) [13]. The B0 → D+
s K− decay can occur via W -exchange or

final-state rescattering contributions and cannot be described by a spectator diagram.
Both Belle [14] and BABAR [15] have conducted searches for B0 → D+

s π− as well as the
kinematically similar B0 → D+

s K− mode. These analyses compose D+
s candidates in the

following channels: D+
s → φ π+, D+

s → K∗0 K+ and D+
s → K0

S
K+ and both construct Fisher

discriminants to reduce backgrounds from the continuum. Belle extract a signal yield with a
binned two-dimensional likelihood fit to the ∆E and mass(D+

s ) distributions. Figure 3 shows
the ∆E and mass(D+

s ) projections in the signal region. A statistically significant signal of 6.4σ
is observed for the B0 → D+

s K− decay. Only evidence is reported for the B0 → D+
s π

− decay.
BABAR extract their signal with an unbinned fit to mES distributions after cutting on ∆E and
the mass of the D+

s . BABAR report only evidence for B0 → D+
s π− and B0 → D+

s K− decays.
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Figure 3: The left plots show the result of the Belle M(D+
s )-∆E simultaneous fit projected in

∆E and M(D+
s ) respectively. The D+ peak, corresponding to B0 → D+ π−/K− decays, can

also be seen in the M(D+
s ) projection. The right plot shows the fit to the mES distribution in

BABAR data. Evidence of B0 → D+
s K−,B0 → D+

s π− and B0 → D∗+
s π− decays is reported.

In the BABAR plots, the contributions from the three D+
s modes are shaded separately.

Int. Luminosity Branching Fraction (10−5)
B0 → D+

s K− B0 → D+
s π− B0 → D∗+

s π−

Belle 78.7 fb−1 4.6+1.2
−1.1 ± 1.3 1.4+1.0

−0.8 ± 0.7 -
BABAR 80.8 fb−1 3.2 ± 1.0 ± 1.0 3.2 ± 0.9 ± 1.0 1.9+1.2

−1.3 ± 0.5

Table 2: The branching fractions measured by BABAR and Belle from simultaneous fits to three
D+
s modes: D+

s → φπ+, D+
s → K∗0 K+ and D+

s → K0
S
K−.

4 B0 → D0 K(∗)0

The establishment of a higher-than-expected rate for the colour-suppressed B0 → D(∗)0 h0

decays (section 1) has give impetus to search for the rarer case of B0 → D0K(∗)0 decays.
These decays are of interest because their time-dependent decay rates are sensitive to the
CKM quantity sin(2β + γ) [16]. Belle have reported the first observation of B0 → D0K0 and
B0 → D0K∗0 from a data set of 78 fb−1 [17]. D0 candidates are selected in the K−π+, K−π+π0,
K−π+π−π+ modes; K∗0 are reconstructed from K− K+ pairs. Background from e−e− → qq
continuum is suppressed with a Fisher discriminant and a cut on | cos θthr| < 0.8 where θthr is
the angle between the thrust of the B and the rest of the event. Dangerous B-backgrounds
arise from B0 → D− π+ and B0 → D− K+ where the D− decay in such a way to reproduce the
same overall final state as the signal. These backgrounds are specifically excluded by vetoing
any event in which a combination of the final state particles comes within 3σ of a D− mass. The
signal is extracted from a simultaneous fit to ∆E and mES and the result is shown in Figure 4
and in Table 3. A statistical significance of 5.1σ and 5.6σ is reported for B0 → D0K0 and
B0 → D0K∗0 respectively. A search for B0 → D∗0K0

S
and B0 → D∗0K∗0 has been performed

with no significant signal found.
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Figure 4: ∆E (left) and mES (right) distributions for the B0 → D0 K(∗)0 candidates at Belle.
Points with errors represent the experimental data, hatched histograms show the D0 mass
sidebands and curves are the results of the fits.

Int. Luminosity Branching Fraction (10−5)
B0 → D0 K0 B0 → D0 K∗0

Belle 78 fb−1 5.0+1.3
−1.2 ± 0.6 4.8+1.1

−1.0 ± 0.5

Table 3: The branching fractions measured by simultaneous fits to three D0 decay-modes.

5 B− → D0 K−

Charged B decays involving the quark-level process B→ c u s have received wide attention in
the last decade as they are key ingredients of several proposed methods for the extraction of
the CKM angle γ, see [18]. In this section, we will first look at results where the D0 has been
reconstructed in the so-called “non-CP” modes, then we will look at results for the rarer case
where the D0 is reconstructed as a CP eigenstate.

5.1 B− → D(∗)0K(∗)−, D0 → non-CP modes

For these analyses, the D0 is reconstructed in the K− π+, K− π+ π0 and K− π+ π− π+

modes. CLEO [19], Belle [20] and BABAR [21] have completed analyses for B− → D0 K−.
Belle have measured the branching fraction of B− → D0 K∗− [22] and BABAR have measured a
branching fraction for B− → D∗0 K∗− [23]. For the D0 K∗− and D∗0 K∗− analyses, the K∗− is
reconstructed as a K0

S π
−; the D∗0 reconstruction uses both the D0 π0 and D0 γ modes. Fisher

discriminants and Fox-Wolfram moments are used to reduce continuum backgrounds.
For the D0 K∗− and D∗0 K∗− analyses, the authors quote their results as branching fractions.
For the D0 K− analyses, the result is quoted as a ratio R of branching fractions:

R =
B(B− → D0K−)

B(B− → D0π−)
(1)

Various methods are used to extract the signal. The B− → D∗0 K∗− analysis uses a binned
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maximum likelihood fit to the mES distribution2. Belle use a fit to their ∆E distribution in
the mES interval 5.27 < 5.29 MeV/c2 for their B− → D0 K− and B− → D0 K∗− analyses. For
the BABAR B− → D0 K− analysis a three-dimensional fit on ∆E, mES and θC , where θC is
the Cherenkov angle of the bachelor track in the DIRC particle identification sub-system [2].
Furthermore, BABAR choose to fit both B− → D0 K− and B− →D0 π− events together whereas
Belle cut-away the background from the more abundant D0 π− decays; see Figure 5.
A summary of results for B− → D0 K− (non-CP) analyses is shown in Table 4.
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Figure 5: Yield plots for BABAR (left) and Belle (right) for B− → D0 K− D0 → K− π+. The
BABAR analysis places no particle identification requirement on the bachelor track and fit the
full D0 π− and D0 K− peaks together. At Belle, a PID constraint is applied to the bachelor
track and the D0 π− peak is diminished.

Int. Luminosity R (%) Branching Fraction (10−4)
B− → D0 K− B− → D0 K∗− B− → D∗0 K∗−

CLEO 15.3 fb−1 9.9+1.4
−1.2

+0.7
−0.6 - -

Belle 21.3 fb−1 7.7 ± 0.5 ± 0.6 5.4 ± 0.6 ± 0.8 -
BABAR 46.5 fb−1 8.31 ± 0.35 ± 0.20 - 8.0 ± 1.0 ± 1.2

Table 4: The results of B− → D(∗)0K(∗)− analyses where the D0 is reconstructed in non-CP
modes. For B− → D0 K−, results are expressed in terms of R as defined in Eq. 1.

5.2 B− → D0 K−, D0 → CP modes

Although rarer than the non-CP modes, the partial decay rates of B− → D0 K− where the
D0 decays to CP-eigenstates is of particular interest because it allows a direct measurement of
time-independent CP-violation in B→ c u s transitions. These decays have been successfully
observed by both Belle [20] and BABAR [21] in the CP-even (A1) states D0 → K+K− and
D0 → π+π−, and by Belle in the CP-odd (A2) states D0 → K0

S
π0, D0 → K0

S
φ, D0 → K0

S
ω,

D0 → K0
S
η and D0 → K0

S
η ′.

The asymmetry in B → DK decays can be expressed in terms of three fundamental variables:
γ the weak phase, δ the strong phase and r the ratio of the rate colour-suppressed to that of

2For this analysis mES =
√
E2

b − | �pB|2 where Eb = (s/2 + �p0 · �pB)/E0. Ei is the total energy of the e+e−

system in the lab frame; �p0 and �pB are the momenta in the lab frame of the e+e− system and the B candidate.
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colour-allowed decays,

A1,2 =
B(Bp→ D0

1,2K
+) − B(Bm→ D0

1,2K
−)

B(Bp→ D0
1,2K

+) + B(Bm → D0
1,2K

−)
=

2r sin δ sin γ

1 + r2 + 2r cos δ cos γ
(2)

A similar but independent measurable can be defined [20] which is also related to r, γ and δ:

R1,2 =
RD0→CP±
RD0→K−π+

= 1 + r2 + 2r cos δ cos γ (3)

The two above observables can be independently acquired for CP even and for CP odd final
states. There is one internal relation, A1R1 = −A2R2 which reduces Eq. 2 and 3 to three
independent observables to extract three unknowns, one of which is the weak phase, γ. The
measurements of A1,2 R1,2 from Belle and BABAR are shown in Table 5 and plots of Belle’s
signal extraction in Figure 6.
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Figure 6: ∆E plots showing the partial-rate yields for B− and B+ decays to D0 K∓ where the
D0 is reconstructed in a either a CP-even or CP-odd state.

The expected ratio of colour-suppressed B− → D0 K− decays to colour-allowed decays is
expected to be O(10−2) leading to an expected asymmetry of about 15%. This is not a large
effect and with the current data sets from the B-factories, no significant asymmetry is observed,
see Table 5. The result of this search for direct CP violation in hadronic B-decays shows that
a 10-fold increase in statistics (≈ 1ab−1) may be required to achieve a systematics-limited
measurement of a CP-asymmetry in this mode.

CP-even modes CP-odd modes
A1 Belle 0.06 ± 0.19 ± 0.04 A2 Belle −0.19 ± 0.17 ± 0.05

BABAR 0.17 ± 0.23 ± 0.08

R1 Belle 1.21 ± 0.25 ± 0.14 R2 Belle 1.41 ± 0.27 ± 0.15
BABAR 1.06 ± 0.26 ± 0.17

Table 5: Result of a search for CP violation in the B− → D0 K− channel. The first error
is due to statistics, the second represents the systematic error. The value of R1 for BABAR is
calculated here for comparison. This quantity is not explicitly quoted in the original paper [21].

117



Malcolm John Branching Fractions of Exclusive Hadronic B to Charm Decays

References

[1] A. Abashian et. al. [Belle Collaboration], Nucl. Instrum. Meth. A 479 (2002) 117.

[2] B. Aubert et al. [BABAR Collaboration], Nucl. Instrum. Meth. A 479 (2002) 1

[3] T. S. Hill et. al. [CLEO Collaboration], Nucl. Instrum. Meth. A 418 (1998) 32.

[4] K. Abe et al. [Belle Collaboration], Phys. Lett. B 511 (2001) 151
Original use: D. M. Asner et al. [CLEO Collaboration], Phys. Rev. D 53 (1996) 1039

[5] K. Trabelsi, “B to Charmonium and Open Charm”, these proceedings pp. 277-284

[6] M. Neubert and B. Stech, Adv. Ser. Direct. High Energy Phys. 15 (1998) 294

[7] K. Abe et al. [BELLE Collaboration], Phys. Rev. Lett. 88 (2002) 052002

[8] T. E. Coan et al. [CLEO Collaboration], Phys. Rev. Lett. 88 (2002) 062001

[9] B. Aubert et al. [BABAR Collaboration],

[10] H. Albrecht et al. [ARGUS Collaboration], Phys. Lett. B 185 (1987) 218; 241 (1990) 278;

[11] J.L. Rosner, Phys. Rev. D 60 (1999) 074029

[12] D.E. Groom et al. (Particle Data Group) URL: http://pdg.lbl.gov

[13] I. Dunietz, Phys. Lett. B 427 (1998) 179

[14] P. Krokovny et al. [Belle Collaboration], Phys. Rev. Lett. 89 (2002) 231804

[15] B. Aubert et al. [BABAR Collaboration],

[16] D. Atwood and A. Soni,

[17] P. Krokovny et al. [Belle Collaboration], Phys. Rev. Lett. 90 (2003) 141802

[18] M. Gronau and D. Wyler, Phys. Lett. B 265 (1991) 172.

D. Atwood, I. Dunietz and A. Soni, Phys. Rev. D 63 (2001) 036005

[19] A. Bornheim et al. [CLEO Collaboration],

[20] S. K. Swain et al. [Belle Collaboration],

[21] B. Aubert et al. [BABAR Collaboration],

[22] K. Abe et al. [BELLE Collaboration], BELLE-CONF-0236

[23] B. Aubert et al. [BABAR Collaboration], “Measurement of the B.F. and Polarization for
the Decay B− → D∗0 K∗−”, (submitted to Phys. Rev. Lett.)

118



Lattice QCD and Heavy Quark Physics
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Lattice QCD results relevant to heavy quark physics are reviewed. In particular new
results will be shown that, for the first time, include dynamical quarks in the QCD vacuum
which are close enough to being realistic to allow accurate extrapolation to the physical
point. Agreement with experiment is found for a wide range of spectral quantities and
the implications of this for hadronic matrix elements needed for the extraction of CKM
elements from B factory experiments is discussed.

1 Introduction

Despite being thirty years old, lattice QCD is only just coming of age as a method for calculating
hadronic masses and matrix elements from first principles. Such calculations are sorely needed,
particularly by the B factory programme attempting to determine the elements of the CKM
matrix which couples quark flavours via the weak interaction and allows for CP violation in
the Standard Model.

In this review I will describe how and where calculations in lattice QCD are needed by
experiment, avoiding technical details. I will then discuss the current status of the field including
new results in which the systematic errors of lattice QCD are reduced below the few percent
level for the first time. The prospects for the future in the light of thesei results are very
encouraging.

2 Lattice QCD Calculations

Lattice QCD calculations proceed by the discretisation of a 4-d box of space-time into a lattice.
The QCD Lagrangian is then discretised onto that lattice. The spacing between the points of
the lattice, a, is ≈ 0.1fm in current calculations and the length of a side of the box is L ≈
3.0fm. Thus our simulations can cover energy scales from ≈ 2 GeV down to ≈ 100 MeV.

The Feyman Path Integral is evaluated numerically in a two-stage process. In the first stage
sets of gluon fields (‘configurations’) are created which are representative ‘vacuum snapshots’. In
the second stage, quarks are allowed to propagate on these background gluon field and hadron
correlators are calculated. The dependence of the correlators on lattice time is exponential.
From the exponent the masses of hadrons of a particular JPC can be extracted, and from the
amplitude, simple matrix elements [1].
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QCD as a theory has a number of unknown parameters, which presumably make sense in
some deeper theory. These parameters are the overall dimensionful scale of QCD and the bare
quark masses. To make predictions, these parameters must be fixed from experiment. In lattice
QCD we do this by using one hadron mass for each parameter. The quantity which is equivalent
to the overall scale of QCD on the lattice is the lattice spacing. It is clearly important to use
well-defined hadron masses in fixing the parameters i.e. the hadrons used should be stable ones
(in QCD), well below decay thresholds. The obvious one to use to fix the u and d quark masses
(taken to be equal in lattice calculations to date) is mπ and for the s quark mass, mK . Other
choices are sometimes made, however. In addition it is a good idea to set the scale using a
quantity which is well-known experimentally but which is not sensitive to the quark masses, to
save an iterative fixing procedure. Radial or orbital splittings in charmonium or bottomonium
are optimal for this.

Lattice calculations are hard and very time-consuming. Progress has occurred in the last
thirty years through gains in computer power but also, often more importantly, through gains
in calculational efficiency and physical understanding. One particular area which revolutionised
the field from the mid-1980s was the understanding of the origin of discretisation errors and
their removal by improving the lattice QCD Lagrangian. Discretisation errors appear whenever
equations are discretised and solved numerically. They manifest themselves as a dependence
of the physical result on the unphysical lattice spacing. In lattice QCD, as elsewhere, they
are corrected by the adoption of a higher order discretisation scheme. The complication in a
quantum field theory like QCD is the presence of radiative corrections to the coefficients in the
higher order scheme which must be determined.

Physical understanding of heavy quark physics on the lattice has also made a huge dif-
ference to the feasibility of calculating matrix elements relevant to the B factory programme
on the lattice. The use of non-relativistic effective theories requires the lattice to handle only
scales appropriate to the physics of the non-relativistic bound states and not the (large) scale
associated with the b quark mass. A very fine lattice would be needed to cover an energy scale
of 5 GeV and this is currently impossibly as would also be very wasteful. With the use of
non-relativistic effective theories, heavy quark physics is one of the areas where lattice QCD
can now make most impact.

One area which has remained problematic, but which this year’s results have addressed
successfully, is the handling of light quarks on the lattice. In particular the problem is that
of how to include the dynamical (sea) u/d/s quark pairs that appear as a result of energy
fluctuations in the vacuum. We can safely ignore b/c/t quarks in the vacuum because they are
so heavy, but we know that light quark pairs have significant effects, for example in screening
the running of the coupling constant and in generating Zweig-allowed decay modes for unstable
mesons.

The inclusion of dynamical quarks is numerically very expensive, particularly as the quark
mass is reduced towards the small values which we know the u and d quarks have. There are
several technical issues associated with discretising the quark action on the lattice and this has
led to a number of different formalisms for handling quarks. The different formalisms have
different levels of discretisation errors which can be improved as above, but also handle the
chiral symmetry of QCD in different ways. Some formalisms are much faster to simulate with
than others, but all require supercomputers to include dynamical quarks.
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Many calculations even today use the ‘quenched approximation’ in which the light quark
pairs are ignored. Results then suffer from a systematic error of O(20%). A serious problem
with the quenched approximation is the lack of internal consistency which means that the
results depend on the hadrons that were used to fix the parameters of QCD. Thus it is not even
possible to define a result as the result in quenched QCD, but only the result given a particular
method of fixing the parameters. This ambiguity plagues the lattice literature.

Other calculations have included 2 flavours of degenerate dynamical quarks, i.e. u and d,
but with masses much larger than the physical ones. This has led to some improvements over
the results in the quenched approximation but these improvements have often been hard to
quantify because of remaining large systematic errors. Results must be extrapolated to the
physical u/d quark mass and chiral perturbation theory is a good tool for this. However, chiral
perturbation theory only works well if the u/d quark mass is light enough and, for errors at
the few percent level, this means less than ms/2. This has been impossible to achieve in most
calculations.

2.1 Unquenching Lattice QCD

fπ

fK

3MΞ − MN

2MBs
− MΥ

ψ(1P − 1S)

Υ(1D − 1S)

Υ(2P − 1S)

Υ(3S − 1S)

Υ(1P − 1S)

LQCD/Exp’t (nf = 0)

1.110.9

LQCD/Exp’t (nf = 3)

1.110.9

Figure 1: A comparison of quenched (left) and unquenched (right) lattice QCD results [2]. The
unquenched results use 2+1 flavours of dynamical improved staggered quarks.

Real QCD has only one set of parameters, so results should be unambiguous and independent
of which (sensible) hadron masses were used to fix the parameters. Once the parameters
have been fixed using a particular set of hadron masses, then other quantities calculated as
predictions of QCD should agree with experiment.

This happy state of affairs has now been reached with new calculations from the MILC/
HPQCD/FNAL/UKQCD collaborations that include 2(u/d) + 1(s) dynamical quarks in the
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vacuum and with the u/d quark mass taking a range of values from ms/2 down to ms/8. These
are much lighter u/d masses than before and this explains the qualitative change in the outcome
of the calculation. Chiral extrapolations down to the physical u/d quark mass can now be done
without large uncertainties in the extrapolated results [2].

The major development has been the use of the improved staggered formalism for quarks
in lattice QCD. This formalism allows for much faster numerical simulations so that light u/d
masses can be reached and s quarks can also be included. A theoretical caveat is that a single
staggered quark field generates 4 species, or ‘tastes’, of quark. When the dynamical quarks are
included in the QCD action through the quark determinant, the fourth root of the determinant
must then be taken. Although this is straightforward numerically, it leaves some theoretical
uneasiness and so careful testing is necessary. The results above certainly confirm that no
problems show up across a wide range of simple quantities.

Figure 1 shows the results for lattice QCD divided by experiment for a range of quantities
from light mesons and baryons to heavy-light and heavyonium systems. The scale of QCD
(lattice spacing) was fixed using the radial excitation energy in the Υ system (M(Υ ′)−M(Υ ))
and the quark masses were fixed using mπ, mK , mDs, mψ and mΥ . The two plots contrast the
situation in the quenched approximation (nf flavours of dynamical quarks = 0) with the new
unquenched results (nf = 3) for 9 other well-defined quantities. The new unquenched results
show agreement with experiment for all the quantities. This also demonstrates, as described
above, that fixing the scale and quark masses is unambiguous since using any of the 9 quantities
shown here instead of the ones used (and not plotted) would have reproduced the same results.
This is clearly an enormous improvement over the situation in the quenched approximation,
and shows that accurate results from lattice QCD should now be possible.

2.2 Lattice input to the Unitarity Triangle

One of the key places where lattice QCD input is needed is in (over-)constraining the unitarity
triangle derived from the CKM matrix. Figure 2 shows the current status with error bars [3].
The sides of the triangle constrained to the dark and medium/light circles are given by B
semi-leptonic decay and mixing rates respectively. These rates are given by a weak interaction
part which contains the CKM element and the matrix element between B mesons or between
the B meson and the vacuum of a weak current. This latter part must be calculated in lattice
QCD. The attempt to pin down the vertex of the unitarity triangle will be limited by theoretical
errors on the matrix elements unless lattice QCD calculations with few % errors can be achieved.
The lattice errors will only be reliable if they are checked against other quantities well-known
experimentally, for example in Υ physics. Hence the importance of covering all sectors of the
theory, as in Fig. 1 above.

3 Lattice Results for BB and fB

Useful recent reviews of lattice QCD with an emphasis on heavy quark physics are given in [4].
I will concentrate here on the lattice calculation of the matrix element for the mixing of neutral
B mesons since that has most recent progress. B mixing proceeds through the ‘box’ diagram
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Figure 2: Recent status of constraints on the unitarity triangle, from CKMfitter [3].

of Fig. 3. On the lattice we do not simulate W bosons or t quarks so these are integrated out
to give the matrix element of a 4-quark operator of the effective weak Hamiltonian. This is
parameterised in terms of a ‘bag parameter’, BB, according to:

〈Bq|(bq)V−A(bq)V−A|Bq〉 =
8

3
M2

Bq
f 2
Bq
BBq . (1)

fBq is the decay constant, which is related to the decay rate for the (charged) B meson to decay,
via a W , entirely to leptons. The motivation for separating out this matrix element is clear
from Fig. 3. If we cut the right-hand diagram in half, each piece is equivalent to the leptonic
decay of a B (ignoring the distinction between charged and neutral Bs).

B0 B0 =

HW

Figure 3: B box diagram which mixes neutral B mesons.
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fB and BB are normally calculated separately on the lattice. Both are required for the
mixing matrix element to be combined with experimental results on neutral B oscillations.
Once mixing of Bs mesons has been observed, useful quantities will be the ratios of fB and BB

for Bs divided by the corresponding quantity for Bd. The required renormalisation of lattice
matrix elements to match a continuum renormalisation scheme cancels in this ratio so that it
should be more accurately calculated on the lattice than either number individually.

BB has been calculated so far in the quenched approximation and with 2 flavours of dy-
namical quarks with masses above ms/2 by the JLQCD collaboration [5]. It is a dimensionless
quantity so not directly sensitive to the ambiguities of fixing the scale in the quenched approx-
imation. It also seems to be very insensitive to the mass of the light quark in the B meson,
supported by chiral perturbation theory which has a very small coefficient for the dependence of
BBd

on the logarithm of the d quark mass. JLQCD quote 1.02(2)(+6-2) for the ratio BBs/BBd
.

It seems likely then that results for BB will not change markedly on including a more realistic
dynamical quark content although this calculation has yet to be done, and could surprise us.

The calculation of fB is a different picture and recently has become rather controversial. It
had generally been assumed, without very good justification, that the ratio of fBs/fBd

would
also not change significantly between quenched and unquenched results. The sensitivity to
ambiguities in the lattice spacing determination in the quenched approximation do cancel out.
However, the ratio is still sensitive to the difference between the s quark and the d quark in
the different B mesons. Chiral perturbation theory also expects fBd

to exhibit a significant
logarithmic dependence on md. The coefficient of the ‘chiral logarithm’ contains (1 + 3g2)
where g is the BB∗π coupling, thought to take a value g2 ≈ 0.35. All of these features mean
that it is important to calculate this ratio using a realistic QCD vacuum and using a light u/d
quark mass for which chiral extrapolations can be done reliably.

JLQCD results [5] on the same configurations as above yield a ratio of 1.13(3)(+13-2). This
is obtained from a linear extrapolation from mu/d > ms/2 down to the physical point. The
large positive error bar allows for the possibilities of chiral logarithms, but no curvature is seen
in the calculated results at the large light quark masses used.

Results on configurations with 2+1 flavours of dynamical improved staggered quarks are
shown in Fig. 4 [6]. The u/d quark masses extend down to well below ms/2. Although the
statistical errors at the lightest mu/d mass are still large, and fits to the full chiral perturbation
theory formula including chiral logarithms have yet to be done, the results indicate a ratio
significantly larger than 1.13. Once the physical ratio has been determined precisely it will be
important input to CKM fits. A larger value will increase the average radius of the medium
shaded circle in Fig. 2; a more precise value will reduce the width of the medium shaded band.

4 Conclusions

The impact of lattice QCD calculations has been hindered by the difficulty of including a
realistic QCD vacuum. This has led to an unacceptable level of systematic error for the results
needed by experimentalists, such as participating at B factories. New results this year look set
to herald a brighter future in which few percent errors are at last obtainable from lattice QCD
and we will be able to provide key input to the determination of the CKM matrix.
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Figure 4: Results for the ratio of ΦBs/ΦBd
where Φ = f

√
M and M is the meson mass. Results

are plotted against valence quark masses mu/d/ms for QCD with 2+1 flavours of dynamical
improved staggered quarks with various dynamical u/d quark masses [6].
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CDF Run II relative branching ratio measurements for 65 pb−1 of data in the channels
Bs → D∓

s π
±, Λ0

b → Λ±
c π

∓ and B → h+h− are presented. Further, an observation of
Bs → K±K∓ and a measurement of ACP are presented.

1 Introduction

CDF Run II is a unique opportunity to pursue a rich program of B-Physics. Until LHCB or
BTEV become operational, CDF is the only experiment currently taking data that can access
the B-baryons and the heavier (than Bd) B-mesons. A precision study of the Bs is currently
underway. Branching ratios, mass and lifetime are all being measured. A measurement that
would either observe or rule out SM Bs mixing is planned. Measurements of ∆ΓBs and γ are
also envisaged. CDF also has the world’s largest Λ0

b sample. Branching ratio, mass and lifetime
measurements are already underway, or planned in the near future. In the present paper,
relative branching ratio results for 65 pb−1 of data are presented for the channels Bs → D∓

s π
±,

Λ0
b → Λ±

c π
∓ and B → h+h−.

2 Hadronic Level 2 Trigger

The hardware that enables CDF to observe the fully hadronic B signals presented here is the
SVT[1] (Second level Vertex Trigger)1. The interaction rate at CDF is approximately 2.5 MHz.
This has to be reduced to a rate of the order 300 Hz to be written to tape. The critical
component of the hadronic trigger path are the impact parameter cuts made by the SVT at level
2. The SVT uses the Silicon detector data with the level-1 tracking information from the central
tracking chamber. The heart of the algorithm is a parallel look-up operation of previously
computed acceptable hit patterns. The legitimate hit patterns are then fed into a Track Fitter
stage which gives track parameters curvature, φ0 and most importantly impact-parameter. The
two hadronic trigger streams which are implemented at CDF are B → h+h− and B-multibody
respectively[3]. The impact parameter requirement for the B → h+h− stream is two tracks
with d0 > 100µm, while the B-multibody stream requires two tracks with d0 > 120µm. A plot
of the SVT impact-parameter distribution is given in figure 1.

1The CDF detector is described elsewhere[2]
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Figure 1: Level 2 SVT impact parameter distribution (µm)

3 Branching Ratios at CDF

At CDF, a branching ratio measurement is quoted as a ratio of branching ratios. For example,
in the case of Bs → D∓

s π
±, the quantity quoted is:

σb × fs ×BR (Bs → D∓
s π

±)

σb × fd ×BR (Bd → D∓π±)
=
εBd

×NBs × BR (D− → K−π+π+)

εBs ×NBd
×BR (D−

s → φπ−)
(1)

where fs, fd are B-meson production fractions, and εBs , εBd
are total observation efficiencies

(trigger and reconstruction). The primary advantage of this is that the systematic uncertainties
due to the trigger and reconstruction efficiencies cancel. Furthermore, the b production cross-
section cancels. At present, the B-meson production fractions used are the LEP/CDF combined
results[4]. However, it is intended that these be measured at CDF Run II. Currently existing
measurements are used for the daughter branching ratios. However, it is planned to normlaise
to the same channel semileptonic modes so that the daughter branching ratios would then
cancel.

4 Bd → D∓π±

The channel Bd → D∓π± is the normalisation mode for both Bs → D∓
s π

± and Λ0
b → Λ±

c π
∓.

The reconstruction cuts for the normalisation mode are chosen to be as similar as possible to
the signal mode cuts (to ensure the best cancellation of systematic errors). For the Bs → D∓

s π
±

analysis, the selection requirements for the normalisation mode are as follows. First the trigger is
confirmed by requiring that 2 of the 4 offline tracks be associated to SVT trigger tracks. Further
the pt, charge, transverse angle, and impact parameter of these offline tracks are required to
pass the trigger cuts. The reconstruction cuts are then: [The D± and Bd are reconstructed
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using a kinematic fitter]; [The D± mass is constrained to the PDG value]; [∆R (D±πB) < 1.5
(where πB is the pion from the B)]; [χBd

xy < 15, χD
±

xy < 10]; [PD±
t > 4GeV , and PBd

t > 6GeV ];

[LD
±

xy > 600 µm, LBd
xy > 100 µm 2]; [The impact parameter for the fully reconstructed Bd meson

is required to satisfy |dBd
| < 100 µm] The invariant mass distribution obtained can be seen in

figure 2. The smaller structure on the left is due to the mode Bd → D∗−π+.
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Figure 2: Invariant mass distribution of Bd → D∓π±, with the D∗− visible on the left.

5 Bs → D∓
s π

±

The selection requirements for the Bs → D∓
s π

± signal are identical to the Bd → D∓π± normal-
isation mode, except for the Lxy cuts3 on the Bs and Ds, and an invariant mass cut on the φ
from the Ds (Ds → φπ)4. The invariant mass distribution obtained can be seen in figure 3. As
with the Bd → D∓π± mass plot, the excited charm-meson state can be seen on the left hand
side of the plot. The systematic uncertainties of the analysis are summarized in table 1. The
branching ratio result is then:

fs × BR (Bs → D∓
s π

±)

fd × BR (Bd → D∓π±)
= 0.42 ± 0.11(stat) ± 0.11(BR) ± 0.07(syst) (2)

where the systematic uncertainty from the external Bd → D∓π± daughter branching ratio and
the analysis are quoted separately. Using the PDG[4] measurement:

fs
fd

= 0.273 ± 0.034 (3)

2where each LX
xy = −→

P
xy

t ·
(−→
Xxy −−→

XPV

)
is calculated with respect to the primary vertex

(−→
XPV

)
.

3LDs
xy > 400 µm, LBs

xy > 100 µm
4m (K+K−) ∈ [1.013, 1.028] GeV
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the result becomes:

BR (Bs → D∓
s π

±)

BR (Bd → D∓π±)
= 1.61 ± 0.40(stat) ± 0.40(BR) ± 0.26(syst) ± 0.20

(
PDG

fs
fd

)
(4)

Candidate Mass (GeV)
4.6 4.8 5 5.2 5.4 5.6 5.8

ev
en

ts
 (

20
 M

eV
/b

in
)

0

5

10

15

20

25

30

35

40

   April 3rd 2003   CDF Run 2 PRELIMINARY-1 4 pb±65 

sD*
sD

π (*)
s D→sB

π ϕ →sD
 KK→ ϕ

 11 events±   Yield:                  44 sD

 5 MeV±Uncorr. Mean:  5361 

 4 MeV±Sigma:                20 

Figure 3: Invariant mass distribution of Bs → D∓
s π

±, with the D∗−
s visible on the left.

Particle σ
(
NBs

NBd

)
Bs ± 0.008
Bd ± 0.008

Fit systematics

Source σ
(
εBs

εBd

)
XFT 1-miss[3] −0.00 +0.001
Min b quark pt −0.08 +0.00

B lifetimes −0.02 +0.04
D lifetimes −0.00 +0.04

Total −0.08 +0.06

Monte Carlo Systematics

Table 1: Bs → D∓
s π

± systematic uncertainties. The left table gives the contributions due to
the fit for the number of events. The right table gives the contributions due to the Monte-Carlo
calculation of the reconstruction efficiencies.

6 Λ0
b → Λ±

c π
∓

As with the Bs → D∓
s π

± analysis, there is a trigger confirmation required on the offline tracks.
The analysis cuts are then: [pt(P) > 2 GeV ]; [pt (π from Λ0

b) > 2 GeV ]; [pt (Λ
0
b) > 7.5 GeV ];

[pt (Λ
±
c ) > 4.5 GeV ]; [ct (Λ0

b) > 225 µm]; [ct (Λ±
c from Λ0

b) > −65 µm]; [Impact-Par (Λ0
b) <
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100 µm]; [(2.265 < m (Λ±
c ) < 2.303)]. The signal invariant mass distribution obtained can be

seen in figure 4. There are several different components to the unbinned liklihood fit shown.
The red curve is the contribution from fully reconstructed B-decays with 4 daughters (like the
signal).5 The sources of systematic error are given in table 2. The result is then:

fΛ0
b
×BR (Λ0

b → Λ±
c π

∓)

fd × BR (Bd → D∓π±)
= 0.66 ± 0.11(stat) ± 0.09(syst) ± 0.18(BR) (5)

where the systematic uncertainty due to the external Λ±
c branching ratio measurement and the

analysis systematics are quoted separately. Using the PDG[4] measurement:

fbaryon
fd

= 0.304 ± 0.053 (6)

the result becomes:

BR (Λ0
b → Λ±

c π
∓)

BR (Bd → D∓π±)
= 2.2 ± 0.4(stat) ± 0.3(syst) ± 0.7(BR+ FR) (7)

where the last source of uncertainty is the combined effect of the external measurements of the
Λ±
c branching ratio and the production fraction ratio.
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Figure 4: Λ0
b → Λ±

c π
∓ invariant mass dis-

tribution
Figure 5: B → h+h− invariant mass distri-
bution

7 B → h+h−

The h+h− are required to be the trigger tracks. The analysis cuts are then: [pt1+pt2 > 5.5GeV ];
[(| IP1 |, | IP2 |) > 150 µm]; [2D-Flight-Dist(B) > 300µm]; [| IPB |< 80µm]; [Isolation6 > 0.5].

5This shape is calculated from monte-carlo, and the size of the contribution in the fit agrees with the amount
of Bd → D∓π± observed in the Λ0

b signal region.
6Defined in a cone about the B axis : I =

∑
B−daughters

(pt)∑
All−Tracks

(pt)
(calibrated on data).
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central value variation range (%) change

B0 lifetime (µm) 462 457 − 467 ±0
Λ0
b lifetime (µm) 369 345 − 393 +4 − 5

Λ±
c Dalitz structure nonresonant +1

pt spectrum +1
Λ0
b polarization 0 ±1 ±7

XFT[3] 2 miss 1 miss +3
φ efficiency +3
subtotal ±9

Fit model( B0) ±6
Fit model( Λ0

b) ±8
BR(Λc→pkπ)
BR(D+→Kππ)

0 ±27% ±27%

Table 2: Systematic uncertainties for the Λ0
b → Λ±

c π
∓ BR measurement.

The invariant mass distribution obtained can be seen in figure 5, and a monte-carlo distribution
of the various signal components is shown in figure 6. This plot underlines how essential particle-
ID is to the analysis since the different signal contributions lie almost on top of each other7

The two forms of particle-ID employed are dE/dx and kinematic separation. While kinematic
separation is less effective than dE/dx, it is still useful. The two event variables used are the

invariant mass with the pion hypothesis, and the variable α =
(
1 − p1

p2

)
q1, where p1,2 are the

particle momenta, p1 < p2, and q1 is the charge of the lower momentum particle. The more
powerful dE/dx information is calibrated on a D∗ sample where the bachelor π charge identifies
which of the D0 daughters is the K, and which is the π. A separation plot can be seen in figure
7. The systematic uncertainties of the B → h+h− analysis are summarised in table 3.

Figure 6: B → h+h− MC distribution
showing differnent signal components

Figure 7: dE/dx separation for the D∗ cal-
ibration sample.

7The B → ππ and Bs → KK do in fact lie completely on top of each other.
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The results are then:

BR (Bd → π±π∓)

BR (Bd → K±π∓)
= 0.26 ± 0.11(stat) ± 0.055(syst) (8)

ACP =

(
B0
d → K−π+

)
− (B0

d → K+π−)(
B0
d → K−π+

)
+ (B0

d → K+π−)
= 0.02 ± 0.15(stat) ± 0.017(syst) (9)

and a yield: Bs → K±K∓ = 90 ± 17(stat) ± 17(syst) events, showing an observation in this
channel.

Effect BR(Bd→ππ)
BR(Bd→Kπ)

ACP (Bd → Kπ)

Bck. shape +0.019 − 0.015 +0.002 − 0.009
M (Bd) +0.004 − 0.004 +0.0003 − 0.0003
M (Bs) +0.006 − 0.005 +0.002 − 0.003

Mass width +0.004 − 0.009 +0.006 − 0.005
MC stat. +0.002 − 0.002 +0.007 − 0.007
dE/dx cal. +0.05 − 0.05 +0.01 − 0.01

Total 0.055 0.017

Table 3: Systematic uncertainties for the B → h+h− BR, and ACP measurements. The dE/dx
calibration dominates.

8 Conclusion

In conclusion, CDF has robust signals in the three channels: Λ0
b → Λ±

c π
∓, Bs → D∓

s π
±, and

Bs → K±K∓. The first measurements of the Bs → D∓
s π

±, and Λ0
b → Λ±

c π
∓ relative branching

ratios have been made, and the the Bs → K±K∓ signal is a first observation8. These constitute
exciting first steps in the CDF programme for B0

s and Λ0
b physics.
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The Bs-meson system is a key element in the B-physics programme of hadron colliders,
offering various avenues to explore CP violation and to search for new physics. One of the
most prominent decays is Bs → J/ψφ, the counterpart of Bd → J/ψKS, providing a pow-
erful tool to search for new-physics contributions to B0

s–B0
s mixing. Another benchmark

mode is Bs → K+K−, which complements Bd → π+π−, thereby allowing an extraction
of the angle γ of the unitarity triangle that is sensitive to new-physics effects in the QCD
penguin sector. Finally, we discuss new methods to constrain and determine γ with the
help of Bs → D

(∗)±
s K∓ decays, which complement Bd → D(∗)±π∓ modes. Since these

strategies involve “tree” decays, the values of γ thus extracted exhibit a small sensitivity
on new physics.

1 Setting the Stage

At the e+e− B factories operating at the Υ (4S) resonance, Bs mesons are not accessible, i.e.
their decays cannot be explored by the BaBar, Belle and CLEO collaborations. On the other
hand, plenty of Bs mesons will be produced at hadron colliders. Consequently, these particles
are the “El Dorado” for B-decay studies at run II of the Tevatron [1], and later on at the
LHC [2]. A detailed overview of the physics potential of Bs mesons can be found in [3].

An important aspect of Bs physics is the mass difference ∆Ms, which can be complemented
with ∆Md to determine the side Rt ∝ |Vtd/Vcb| of the unitarity triangle (UT). To this end,
we use that |Vcb| = |Vts| to a good accuracy in the Standard Model (SM), and require an
SU(3)-breaking parameter, which can be determined, e.g. on the lattice. At the moment, only
experimental lower bounds on ∆Ms are available, which can be converted into upper bounds on
Rt, implying γ <∼ 90◦ [4]. Once ∆Ms is measured, more stringent constraints on γ will emerge.

Another interesting quantity is the width difference ∆Γs. While ∆Γd/Γd is negligibly small,
where Γd is the average decay width of the Bd mass eigenstates, ∆Γs/Γs may well be as large
as O(10%) [5], thereby allowing interesting studies with “untagged” Bs decay rates of the kind

〈Γ(Bs(t) → f)〉 ≡ Γ(B0
s (t) → f) + Γ(B0

s (t) → f), (1)

where we do not distinguish between initially present B0
s or B0

s mesons [6].
The focus of the following discussion will be CP violation. If we consider the decay of a

neutral Bq meson (q ∈ {d, s}) into a final state |f〉, which is an eigenstate of the CP operator
satisfying (CP)|f〉 = ±|f〉, we obtain the following time-dependent CP asymmetry [3]:

Γ(B0
q (t) → f) − Γ(B0

q (t) → f)

Γ(B0
q (t) → f) + Γ(B0

q (t) → f)
=

[
Adir

CP cos(∆Mqt) + Amix
CP sin(∆Mqt)

cosh(∆Γqt/2) −A∆Γ sinh(∆Γqt/2)

]
, (2)
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where

Adir
CP ≡

1 − |ξ(q)
f |2

1 + |ξ(q)
f |2

and Amix
CP ≡

2 Im ξ
(q)
f

1 + |ξ(q)
f |2

, (3)

with

ξ
(q)
f = −e−iφq

[
A(B0

q → f)

A(B0
q → f)

]
, (4)

describe the “direct” and “mixing-induced” CP-violating observables, respectively. In the SM,
the CP-violating weak B0

q–B
0
q mixing phase φq is associated with the well-known box diagrams,

and is given by

φq = 2 arg(V ∗
tqVtb) =

{
+2β (q = d)
−2λ2η (q = s),

(5)

where β is the usual angle of the UT. Looking at (2), we observe that ∆Γq provides another
observable A∆Γ, which is, however, not independent from those in (3).

The preferred mechanism for new physics (NP) to manifest itself in (2) is through con-
tributions to B0

q–B
0
q mixing, which is a CKM-suppressed, loop-induced, fourth-order weak-

interaction process within the SM. Simple dimensional arguments suggest that NP in the TeV
regime may well affect the ∆Mq, as well as the φq. If NP enters differently in ∆Md and ∆Ms,
the determination of Rt from ∆Md/∆Ms would be affected. On the other hand, NP contri-
butions to φq would affect the mixing-induced CP asymmetries Amix

CP . Scenarios of this kind
were considered in several papers; for a selection, see [7]–[11]. Thanks to the “golden” mode
Bd → J/ψKS, direct measurements of sin φd are already available. The current world average
is given by sinφd ∼ 0.734, which is in accordance with the indirect range following from the
“CKM fits” [4]. Despite this remarkable feature, NP may still hide in the experimental value
for sin φd, since it implies φd ∼ 47◦ ∨ 133◦, where the former solution would be consistent with
the SM, while the second would require NP contributions to B0

d–B
0
d mixing. In order to explore

these two solutions further, we may complement them with CP violation in Bd → π+π− [12].
Following these lines [11], we obtain an allowed region in the ρ–η plane that is consistent with
the SM for φd ∼ 47◦. In the case of φd ∼ 133◦, we arrive at a range in the second quadrant,
which corresponds to γ > 90 and is consistent with the εK hyperbola. Interestingly, also this
exciting possibility cannot be discarded. The current Bd → π+π− data do not yet allow us to
draw definite conclusions, but the situation will significantly improve in the future. As far as
Bs decays are concerned, the burning question in this context is whether φs, which is tiny in
the SM, as can be seen in (5), is made sizeable through NP effects. In order to address this
issue, the Bs → J/ψφ channel plays the key rôle.

2 Bs → J/ψφ

This decay is the counterpart of Bd → J/ψKS, and exhibits an analogous amplitude structure:

A(Bs → J/ψ φ) ∝
[
1 + λ2aeiϑeiγ

]
. (6)

Here γ is the usual angle of the UT, and the hadronic parameter aeiϑ measures the ratio of
penguin to tree contributions, which is näıvely expected to be of O(λ), where λ = O(λ) =
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O(0.2) is a “generic” expansion parameter [10]. In contrast to Bd → J/ψKS, the final state
of Bs → J/ψφ is an admixture of different CP eigenstates, which can be disentangled through
an angular analysis of the J/ψ[→ �+�−]φ[→ K+K−] decay products [13]. Their angular
distribution exhibits tiny direct CP violation, whereas mixing-induced CP-violating effects
allow the extraction of

sinφs + O(λ
3
) = sinφs + O(10−3). (7)

Since we have φs = −2λ2η = O(10−2) in the SM, the determination of this phase from (7)
is affected by generic hadronic uncertainties of O(10%), which may become important for the
LHC era. These uncertainties can be controlled with the help of Bd → J/ψρ0 [14].

Another interesting aspect of the Bs → J/ψφ angular distribution is that it allows also
the determination of cos δf cosφs, where δf is a CP-conserving strong phase. If we fix the sign
of cos δf through factorization, we may fix the sign of cosφs, which allows an unambiguous
determination of φs [15]. In this context, Bs → D±η(′), D±φ, ... decays are also interesting [16].

The big hope is that experiments will find a sizeable value of sin φs, which would immediately
signal NP. There are recent NP analyses where such a feature actually emerges, for example,
within SUSY [17], or specific left–right-symmetric models [18].

3 Bs → K+K−

The decay Bs → K+K− is dominated by QCD penguins and complements Bd → π+π− nicely,
thereby allowing a determination of γ with the help of U-spin flavour-symmetry arguments [19].
Within the SM, we may write the corresponding decay amplitudes as follows:

A(B0
d → π+π−) ∝

[
eiγ − deiθ

]
, A(B0

s → K+K−) ∝
[
eiγ +

(
1 − λ2

λ2

)
d′eiθ

′
]
, (8)

where the hadronic parameters deiθ and d′eiθ
′
measure the ratios of penguin to tree contributions

to B0
d → π+π− and B0

s → K+K−, respectively. Consequently, we obtain

Adir
CP(Bd → π+π−) = function(d, θ, γ), Amix

CP (Bd → π+π−) = function(d, θ, γ, φd) (9)

Adir
CP(Bs → K+K−) = function(d′, θ′, γ), Amix

CP (Bs → K+K−) = function(d′, θ′, γ, φs). (10)

As we saw above, φd and φs can “straightforwardly” be fixed, also if NP should contribute to
B0
q–B

0
q mixing. Consequently, Adir

CP(Bd → π+π−) and Amix
CP (Bd → π+π−) allow us to eliminate

θ, thereby yielding d as a function of γ in a theoretically clean way. Analogously, we may fix d′

as a function of γ with the help of Adir
CP(Bs → K+K−) and Amix

CP (Bs → K+K−).
If we look at the corresponding Feynman diagrams, we observe that Bd → π+π− and

Bs → K+K− are related to each other through an interchange of all down and strange quarks.
Because of this feature, the U-spin flavour symmetry of strong interactions implies

d = d′, θ = θ′. (11)

Applying the former relation, we may extract γ and d from the clean γ–d and γ–d′ contours.
Moreover, we may also determine θ and θ′, allowing an interesting check of the second relation.
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This strategy is very promising from an experimental point of view: at CDF-II and LHCb,
experimental accuracies for γ of O(10◦) and O(1◦), respectively, are expected [1, 2, 20]. As
far as U-spin-breaking corrections are concerned, they enter the determination of γ through a
relative shift of the γ–d and γ–d′ contours; their impact on the extracted value of γ depends
on the form of these curves, which is fixed through the measured observables. In the examples
discussed in [3, 19], the result for γ would be very robust under such corrections.

As we have already noted, Bs → K+K− is not accessible at the BaBar and Belle detectors.
However, since we obtain Bs → K+K− from Bd → π∓K± through a replacement of the down
spectator quark through a strange quark, we have BR(Bs → K+K−) ≈ BR(Bd → π∓K±). In
order to play with the B-factory data, we may then consider

H =

(
1 − λ2

λ2

)(
fK
fπ

)2 [
BR(Bd → π+π−)

BR(Bd → π∓K±)

]
∼ 7.5. (12)

If we use (8) and (11), we may write

H = function(d, θ, γ), (13)

which complements (9) and provides sufficient information to extract γ, d and θ [19, 21]. This
approach was applied in the UT analysis sketched at the end of Section 1, following [11].
Interestingly, H implies also a very narrow SM “target range” in the Amix

CP (Bs → K+K−)–
Adir

CP(Bs → K+K−) plane [12]. The measurement of BR(Bs → K+K−), which is expected to
be soon available from CDF-II [22], will already be an important achievement, allowing a better
determination of H . Once also the CP asymmetries of this channel have been measured, we
may fully exploit the physics potential of the Bs → K+K−, Bd → π+π− system [19].

4 Bs → D(∗)±
s K∓

Let us finally turn to colour-allowed “tree” decays of the kind Bs → D(∗)±
s K∓, which com-

plement Bd → D(∗)±π∓ transitions: these modes can be treated on the same theoretical
basis, and provide new strategies to determine γ [23]. Following this paper, we may write
these modes generically as Bq → Dquq. Their characteristic feature is that both a B0

q and a

B0
q may decay into Dquq, thereby leading to interference between B0

q–B
0
q mixing and decay

processes, involving the weak phase φq + γ. In the case of q = s, i.e. Ds ∈ {D+
s , D

∗+
s , ...}

and us ∈ {K+, K∗+, ...}, these interference effects are governed by a hadronic parameter
xse

iδs ∝ Rb ≈ 0.4, where Rb ∝ |Vub/Vcb| is the usual UT side, and hence are large. On
the other hand, for q = d, i.e. Dd ∈ {D+, D∗+, ...} and ud ∈ {π+, ρ+, ...}, the interference
effects are described by xde

iδd ∝ −λ2Rb ≈ −0.02, and hence are tiny. In the following, we
shall only consider Bq → Dquq modes, where at least one of the Dq, uq states is a pseudoscalar
meson; otherwise a complicated angular analysis has to be performed.

The time-dependent rate asymmetries of these decays take the same form as (2). It is well
known that they allow a determination of φq + γ, where the “conventional” approach works as
follows [24, 25]: if we measure the observables C(Bq → Dquq) ≡ Cq and C(Bq → Dquq) ≡ Cq

provided by the cos(∆Mqt) pieces, we may determine the following quantities:

〈Cq〉+ ≡ (Cq + Cq)/2 = 0, 〈Cq〉− ≡ (Cq − Cq)/2 = (1 − x2
q)/(1 + x2

q), (14)
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where 〈Cq〉− allows us to extract xq. However, to this end we have to resolve terms entering
at the x2

q level. In the case of q = s, we have xs = O(Rb), implying x2
s = O(0.16), so that this

may actually be possible, though challenging. On the other hand, xd = O(−λ2Rb) is doubly
Cabibbo-suppressed. Although it should be possible to resolve terms of O(xd), this will be
impossible for the vanishingly small x2

d = O(0.0004) terms, so that other approaches to fix xd
are required [25]. In order to extract φq+γ, the mixing-induced observables S(Bq → Dquq) ≡ Sq
and S(Bq → Dquq) ≡ Sq associated with the sin(∆Mqt) terms of the time-dependent rate
asymmetry must be measured. In analogy to (14), it is convenient to introduce observable
combinations 〈Sq〉±. If we assume that xq is known, we may consider the quantities

s+ ≡ (−1)L
[
1 + x2

q

2xq

]
〈Sq〉+ = + cos δq sin(φq + γ) (15)

s− ≡ (−1)L
[
1 + x2

q

2xq

]
〈Sq〉− = − sin δq cos(φq + γ), (16)

which yield

sin2(φq + γ) =
1

2

[
(1 + s2

+ − s2
−) ±

√
(1 + s2

+ − s2−)2 − 4s2
+

]
. (17)

This expression implies an eightfold solution for φq + γ. If we assume that sgn(cos δq) > 0, as
suggested by factorization, a fourfold discrete ambiguity emerges. Note that this assumption
allows us also to fix the sign of sin(φq + γ) through 〈Sq〉+. To this end, the factor (−1)L, where
L is the Dquq angular momentum, has to be properly taken into account [23]. This is a crucial
issue for the extraction of the sign of sin(φd + γ) from Bd → D∗±π∓ decays.

Let us now discuss new strategies to explore CP violation through Bq → Dquq modes,
following [23]. If the width difference ∆Γs is sizeable, the “untagged” rates (see (1))

〈Γ(Bq(t) → Dquq)〉 = 〈Γ(Bq → Dquq)〉 [cosh(∆Γqt/2) −A∆Γ(Bq → Dquq) sinh(∆Γqt/2)] e−Γqt

(18)
and their CP conjugates provide A∆Γ(Bs → Dsus) ≡ A∆Γs and A∆Γ(Bs → Dsus) ≡ A∆Γs .
Introducing, in analogy to (14), observable combinations 〈A∆Γs〉±, we may derive the relations

tan(φs + γ) = −
[

〈Ss〉+
〈A∆Γs〉+

]
= +

[
〈A∆Γs〉−
〈Ss〉−

]
, (19)

which allow an unambiguous extraction of φs+γ if we assume, in addition, that sgn(cos δq) > 0.
Another important advantage of (19) is that we do not have to rely on O(x2

s) terms, as 〈Ss〉±
and 〈A∆Γs〉± are proportional to xs. On the other hand, we need a sizeable value of ∆Γs.
Measurements of untagged rates are also very useful in the case of vanishingly small ∆Γq, since
the “unevolved” untagged rates in (18) offer various interesting strategies to determine xq from
the ratio of 〈Γ(Bq → Dquq)〉 + 〈Γ(Bq → Dquq)〉 and CP-averaged rates of appropriate B± or
flavour-specific Bq decays.

If we keep the hadronic parameter xq and the associated strong phase δq as “unknown”, free
parameters in the expressions for the 〈Sq〉±, we may obtain bounds on φq + γ from

| sin(φq + γ)| ≥ |〈Sq〉+|, | cos(φq + γ)| ≥ |〈Sq〉−|. (20)
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If xq is known, stronger constraints are implied by

| sin(φq + γ)| ≥ |s+|, | cos(φq + γ)| ≥ |s−|. (21)

Once s+ and s− are known, we may of course determine φq + γ through the “conventional”
approach, using (17). However, the bounds following from (21) provide essentially the same
information and are much simpler to implement. Moreover, as discussed in detail in [23] for
several examples within the SM, the bounds following from Bs and Bd modes may be highly
complementary, thereby providing particularly narrow, theoretically clean ranges for γ.

Let us now further exploit the complementarity between the processes B0
s → D(∗)+

s K− and
B0
d → D(∗)+π−. If we look at the corresponding decay topologies, we observe that these channels

are related to each other through an interchange of all down and strange quarks. Consequently,
the U-spin symmetry implies as = ad and δs = δd, where as = xs/Rb and ad = −xd/(λ2Rb)
are the ratios of hadronic matrix elements entering xs and xd, respectively. There are various
possibilities to implement these relations [23]. A particularly simple picture emerges if we
assume that as = ad and δs = δd, which yields

tan γ = −
[

sin φd − S sinφs
cos φd − S cosφs

]
φs=0◦
= −

[
sin φd

cos φd − S

]
. (22)

Here we have introduced

S = −R
[
〈Sd〉+
〈Ss〉+

]
(23)

with

R =

(
1 − λ2

λ2

)[
1

1 + x2
s

]
, (24)

where R can be fixed with the help of untagged Bs rates through

R =

(
fK
fπ

)2 [
Γ(B0

s → D(∗)+
s π−) + Γ(B0

s → D(∗)−
s π+)

〈Γ(Bs → D
(∗)+
s K−)〉 + 〈Γ(Bs → D

(∗)−
s K+)〉

]
. (25)

Alternatively, we may only assume that δs = δd or that as = ad, as discussed in detail in [23].
Apart from features related to multiple discrete ambiguities, the most important advantage
with respect to the “conventional” approach is that the experimental resolution of the x2

q terms
is not required. In particular, xd does not have to be fixed, and xs may only enter through
a 1 + x2

s correction, which can straightforwardly be determined through untagged Bs rate
measurements. In the most refined implementation of this strategy, the measurement of xd/xs
would only be interesting for the inclusion of U-spin-breaking effects in ad/as. Moreover, we
may obtain interesting insights into hadron dynamics and U-spin-breaking effects.

In order to explore CP violation, the colour-suppressed counterparts of the Bq → Dquq
modes are also very interesting. In the case of the Bd → DKS(L), Bs → Dη(′), Dφ, ... modes, the
interference effects between B0

q–B
0
q mixing and decay processes are governed by xfse

iδfs ∝ Rb.
If we consider the CP eigenstates D±, we obtain additional interference effects at the amplitude
level, which involve γ, and may introduce the following “untagged” rate asymmetry [16]:

Γfs
+− ≡ 〈Γ(Bq → D+fs)〉 − 〈Γ(Bq → D−fs)〉

〈Γ(Bq → D+fs)〉 + 〈Γ(Bq → D−fs)〉
, (26)
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which allows us to constrain γ through | cos γ| ≥ |Γfs
+−|. Moreover, if we complement Γfs

+− with

〈Sfs〉± ≡ (Sfs
+ ± Sfs

− )/2, (27)

where Sfs
± ≡ Amix

CP (Bq → D±fs), we may derive the following simple but exact relation:

tan γ cosφq =

[
ηfs〈Sfs〉+

Γfs
+−

]
+ [ηfs〈Sfs〉− − sinφq] , (28)

where ηfs ≡ (−1)Lηfs

CP. This expression allows a conceptually simple, theoretically clean and
essentially unambiguous determination of γ [16]; further applications, employing also D-meson
decays into CP non-eigenstates, can be found in [26]. Since the interference effects are governed
by the tiny parameter xfd

eiδfd ∝ −λ2Rb in the case of Bs → D±KS(L), Bd → D±π0, D±ρ0, ...,
these modes are not as promising for the extraction of γ. However, they provide the relation

ηfd
〈Sfd

〉− = sin φq + O(x2
fd

) = sinφq + O(4 × 10−4), (29)

allowing very interesting determinations of φq with theoretical accuracies one order of magnitude
higher than those of the conventional Bd → J/ψKS, Bs → J/ψφ approaches (see Section 2).
In particular, φSM

s = −2λ2η could be determined with only O(1%) uncertainty [16].

5 Conclusions and Outlook

The most exciting question concerning Bs → J/ψφ is whether this mode will exhibit sizeable
mixing-induced CP-violating effects, thereby indicating NP contributions to B0

s–B
0
s mixing.

As we have seen, the Bs-meson system offers interesting avenues to extract γ. For example,
we may employ Bs → K+K−, which is governed by QCD penguin processes, to complement
Bd → π+π−, or may complement pure “tree” decays of the kind Bs → D(∗)±

s K∓ with their
Bd → D(∗)±π∓ counterparts. Here the burning question is whether the corresponding results for
γ will show discrepancies, which could indicate NP effects in the penguin sector. The exploration
of Bs decays is the “El Dorado” for B-physics studies at hadron colliders. Important first steps
are already expected in the near future at run II of the Tevatron, whereas the rich physics
potential of the Bs-meson system can be fully exploited by LHCb and BTeV.
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Madison, Wisconsin 53706–1390, USA

Radiative penguin decays provide an indirect probe for physics beyond the Standard Model
and contribute to the determination of the CKM matrix elements. Copious quantities of B
mesons produced at the B–Factories permit precision measurements of radiative penguin
decays. We review the experimental status of the radiative penguin processes B → s(d)γ.

1 Introduction

Radiative penguin decays are flavor–changing neutral current (FCNC) transitions that are
forbidden in the Standard Model (SM) at the tree level, but occur at the loop level. We will
focus on the transition with a photon in the final state which happens through penguin loops.
Additional contributions to the electromagnetic penguin loops could arise from New Physics
effects such as new gauge bosons, charged Higgs bosons or supersymmetric (SUSY) particles.
These interfere with the SM processes. Depending on the sign of the interference term enhanced
or depleted branching fractions (B’s) result. Moreover, due to the presence of new weak phases;
CP asymmetries that are small in the SM may be enhanced. This would make it possible to
observe indirectly New Physics from the study of the radiative penguin decays.

In addition, these decays are relevant to the determination of the CKM matrix elements.
The measurement of the photon energy spectrum, largely insensitive to New Physics, can be
used to improve the extraction of the CKM elements Vcb and Vub from inclusive semileptonic B
decays. Also, a direct estimate of the ratio of the CKM parameters |Vtd/Vts| can be obtained
from the ratio of the branching fractions for the processes b → dγ and b→ sγ.

In the following sections, the b→ sγ followed by the b → dγ process will be reviewed.

2 b→ sγ final states

The SM b → sγ branching fraction is predicted to be B(b → sγ) = (3.73 ± 0.3) × 10−4 [1] at
the next–to–leading order (NLO). The present theoretical uncertainty of ∼ 10% is dominated
by the mass ratio of the c–quark and b–quark and the choice of the renormalization scale. New
Physics contributions with e.g. charged Higgs exchanges or chargino–squark loops are at the
same level as the SM ones. In the Hamiltonian they could appear as new operators or new
contributions to the coefficients of the SM operators.

CP asymmetries provide another test of the SM. While small in the SM (≤ 1%) [2] they
can reach 10–50% in models beyond the SM [3].
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For the exclusive decay rate B → K∗γ two recent NLO calculations predict SM branching
fractions of B(B → K∗γ) = (7.1+2.5

−2.3) × 10−5 [4] and B(B → K∗γ) = (7.9+3.5
−3.0) × 10−5 [5]. The

errors are still dominated by the uncertainties in the form factors.
Differently from the branching fraction and CP asymmetry, the photon energy spectrum in

b→ sγ is not very sensitive to New Physics processes. Moments of the photon energy spectrum
can be used to measure the Heavy Quark Effective Theory (HQET) parameters which determine
the b–quark pole mass (Λ) and the kinetic energy (λ1) [6]. These parameters are needed to
obtain a precision value of |Vcb| from the b→ c�ν inclusive rate.

Moreover, the photon spectrum can be used for the determination of Vub from B → Xu�ν.
To lowest order in ΛQCD/MB, the B → Xsγ photon energy spectrum, where Xs refers to
inclusive strange hadronic states, is given by a convolution of the parton level b → sγ photon
energy spectrum with the light–cone shape function of the B meson, which describes all b to
light–quark transitions. At the same order in ΛQCD/MB, the B → Xu�ν lepton energy spectrum
is given by a convolution of the parton level b → u�ν lepton energy spectrum with the same
shape function [7]. Corrections enter at next order in ΛQCD/MB, and these are currently the
subject of active investigation [8].

2.1 The Exclusive Process B → K∗γ

The exclusive B → K∗γ modes have been studied by BABAR [9], Belle [10] and CLEO [14],
where Belle used the highest statistics sample. Utilizing kinematic constraints resulting from a
full B reconstruction in the B rest frame provides a substantial reduction of the qq (continuum)
background. The Belle beam–constrained 1 mass distribution is shown in Figure 2.1 for all the
K∗ decay channels.

The measured branching fractions from all the experiments and the corresponding average
are summarized in Table 1.

Due to the large theoretical errors of 35–40%, the average branching fraction measurement
is still consistent with the NLO SM predictions.

The direct CP asymmetry is defined, at the quark level, as:

ACP =
Γ(b→ sγ) − Γ(b→ sγ)

Γ(b→ sγ) + Γ(b→ sγ)
.

Table 1 summarizes the measurements of the direct CP asymmetry in B → K∗γ. These are
consistent with zero and are statistics limited.

1Results for exclusive B decays are typically presented using the following kinematic variables. If (E∗
B , �p

∗
B)

is the four–momentum of a reconstructed B candidate in the overall CM (Υ (4S)) frame, we define

∆E∗ ≡ E∗
B − E∗

beam ,

mES (or Mbc) ≡
√
E∗

beam
2 − p∗2B .

The latter is called the energy–substituted (BABAR) or beam–constrained (Belle, CLEO) mass. Signal events
peak at ∆E∗ near 0 GeV and mES (Mbc) near B meson mass; whereas continuum background lacks peaks.
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γ-π+(a) K
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Figure 1: Belle [10] beam–constrained mass distribution for the exclusive B → K∗γ for the four
K∗ final states.

Isospin asymmetry, ∆0+, is calculated by Belle using the world average value τB+/τB0 =
1.083 ± 0.017 [11]. The result is: ∆0+ = +0.003 ± 0.045 ± 0.018, where the first error is
statistical and the second systematic. It is consistent with no asymmetry, having assumed
equal production of charged and neutral B’s at the Υ (4S) mass peak. The isospin asymmetry
can be used to set limits on Wilson coefficients [12].

B(B0 → K∗0γ) × 10−5 B(B+ → K∗+γ) × 10−5 ACP
BABAR [9] (21 fb−1) 4.23 ± 0.40 ± 0.22 3.83 ± 0.62 ± 0.22 −0.044 ± 0.076 ± 0.012
Belle [10] (78 fb−1) 4.09 ± 0.21 ± 0.19 4.40 ± 0.33 ± 0.24 −0.001 ± 0.044 ± 0.008
CLEO [14] (9 fb−1) 4.55 +0.72

−0.68 ± 0.34 3.76 +0.89
−0.83 ± 0.28 +0.08 ± 0.13 ± 0.03

Average 4.18 ± 0.23 4.14 ± 0.33 −0.005 ± 0.037

Table 1: B → K∗γ branching fraction and direct CP asymmetry measurements.

In addition to the already established B → K∗γ decay, there are several known resonances
that can contribute to the Xs final state. Current measurements of higher than K∗(892) mass
systems are from Belle [13] and CLEO [14]. Note that the decay B → φKγ was observed
recently by Belle [15] for the first time. Theoretical predictions cover a wide range; results so
far are consistent with those from a relativistic form factor model as in Ref. [16].

2.2 Inclusive b→ sγ

Two experimental approaches have been used to measure the inclusive rate for the B → sγ
process. The “fully inclusive” method measures the high energy photon spectrum without
identifying the hadronic system Xs. Continuum backgrounds are suppressed with event shape
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information, and then subtracted using off–resonance data. B decay backgrounds are subtracted
using a generic Monte Carlo prediction, which is cross–checked with a b→ sπ0 analysis.

BABAR [17] has presented a preliminary result from a fully inclusive analysis in which the
“other” B is leptonically tagged to almost completely suppress the continuum background.
CLEO [18] has published a measurement combining several techniques to reduce the back-
ground 2.

A “semi–inclusive” method, which measures a sum of exclusive B → Xsγ decays, has
been used by both BABAR [20] and Belle [21]. The hadronic Xs system is reconstructed by
BABAR (Belle) in 12 (16) final states with a mass range up to 2.40 (2.05) GeV. This includes
about 50 % of all b→ sγ final states. Continuum and B decay backgrounds are subtracted by
a fit to the beam–constrained B mass in the same way as in an exclusive analysis.

Figure 2 summarizes the measurements of the b → sγ branching fraction. The theoretical
error is quoted as the extrapolation of the inclusive rate from the measured energy range to
the full photon spectrum. CLEO has a lower threshold (2.0 GeV) than BABAR (2.1 GeV)
and Belle (2.25 GeV). Presently, errors are slightly larger than the theoretical uncertainty.
Computing a world average is complicated by the correlated systematic and theoretical errors.
The fully inclusive method has a dominant systematic error from the B decay background
subtraction. The semi–inclusive method has a dominant systematic error from the efficiency
for reconstructing the final states, including a correction for missing final states that are not
considered. The average branching fraction reported, B = (3.40 ± 0.39) × 10−4, is computed
assuming the systematic errors uncorrelated, for simplicity. A first attempt to consider the
correlations among the errors can be found in [22].

The present B(B → Xsγ) measurements already provide a significant constraint on the
SUSY parameter space. For example limits on new physics contributions to B → Xsγ have been
calculated using the minimal supergravity model (SUGRA) [23] and charged Higgs bosons [1].

So far, only CLEO [24] has measured the direct CP asymmetry, using a technique which
does not suppress the background coming from b → dγ decays (which is expected to have a
large CP asymmetry). Thus, the measured direct CP asymmetry is 0.965×ACP (B → Xsγ) +
0.02×ACP (B → Xdγ) = (−0.079± 0.108± 0.022)× (1.0± 0.03). The first error is statistical,
while the second and third errors represent additive and multiplicative systematic uncertainties,
respectively. The theoretical expected B(B → Xdγ) is used. Results are consistent with no
asymmetry.

BABAR [20] and CLEO [18] have published a measurement of the photon energy spectrum
down to a threshold E∗

γ > 2.1 and 2.0 GeV, respectively, where E∗
γ is measured in the B 3 and

in the laboratory rest frame, respectively (see Figure 3).
From the measured spectrum BABAR and CLEO have extracted the first moment in the B

rest frame, 〈Eγ〉, finding 〈Eγ〉 = 2.35±0.04±0.04 GeV and 〈Eγ〉 = 2.346±0.032±0.011 GeV,
respectively. Using expressions in the MS renormalization scheme, to order 1/M3

B and order
α2
sβ0 [6], BABAR and CLEO obtain Λ = 0.37 ± 0.09 ± 0.07 ± 0.10 GeV and Λ = 0.35 ± 0.08 ±

2CLEO has recently published a search for baryons in b→ sγ events [19], setting upper limits on corrections
to the B and the photon energy spectrum, which are less than half of the combined quoted statistical and
systematical errors in Ref. [18].

3Note that in case of a semi–inclusive analysis results can be shown in terms of the mass of the hadronic

system Xs or, equivalently, in terms of the photon energy, Eγ , because Eγ =
M2

B−M2
Xs

2MB
in the B rest frame.
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0.10 GeV from the first moment. The errors are statistical, systematic (combined in the CLEO
measurement) and theoretical, respectively.

Moreover, CLEO has used their measured B → Xsγ photon energy spectrum to determine
the light–cone shape function. Using this information, CLEO extracts |Vub| = (4.08 ± 0.34 ±
0.44± 0.16 ± 0.24) × 10−3 [25], where the first two uncertainties are experimental and the last
two from theory.
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3 b→ dγ final states

Both inclusive and exclusive b → dγ decays, which are suppressed by | Vtd/Vts |2∼ 1/20
with respect to corresponding b → sγ modes, have not been seen yet. An NLO calculation,
which includes long–distance effects of u–quarks in the penguin loop, predicts a range of 6.0×
10−6 ≤ B(B → Xdγ) ≤ 2.6 × 10−5 [26] for the inclusive branching fraction. The uncertainty is
dominated by imprecisely known CKM parameters.

A branching fraction measurement of B → Xdγ provides a determination of | Vtd/Vts | with
small theoretical uncertainties. A determination of | Vtd/Vts | in the exclusive modes B → ρ(ω)γ
bears enhanced model uncertainties, since form factors are not precisely known.

The CP asymmetry predicted in the SM for the inclusive process is foreseen between ∼ 7 %
and ∼ 35 % [26].
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Studies of the b→ dγ decays for now focus primarily on searching for the exclusive process
B → ρ/ωγ. The corresponding branching fraction is predicted to be B(B → ργ) = (1.6+0.8

−0.5) ×
10−5 [4], while the CP asymmetry is of the order of 10% [4].

From the experimental point of view, the B → ρ(ω)γ is more difficult than B → K∗γ
because the backgrounds are bigger since this mode is CKM suppressed and uu, dd continuum
processes are enhanced compared to ss continuum processes.

The smallest upper limits on the exclusive decays B → ρ(ω)γ come from BABAR [27], which
uses a neural network to suppress most of the continuum background. The B → K∗γ events
are removed using particle identification to veto kaons, with a K → π fake rate of ≈1%. A
multi–dimensional likelihood fit is made to the remaining events (see Figure 4) to give 90 %
C.L. upper limits of 1.2, 2.1 and 1.0×10−6 on ρ0γ, ρ+γ and ωγ, respectively. Assuming isospin
symmetry, this gives a combined limit B(B → ργ) < 1.9× 10−6 (90 % C.L.). Limits from Belle
and CLEO can be found in Refs. [28] and [14], respectively.

Of particular theoretical interest is the ratio B(B → ργ) to B(B → K∗γ) as most of the
theoretical uncertainty cancels and so it can be used to determine the ratio | Vtd/Vts |.

As described in Ref. [29], the ratio can be written as:

B(B → ργ)

B(B → K∗γ)
= Sρ|

Vtd
Vts

|2
(

1 −m2
ρ/M

2
B

1 −m2
K∗/M2

B

)3

ζ2[1 + ∆R]

where Sρ is 1/2 (1) for ρ0 (ρ±) mesons, ζ is the ratio of the HQET form factors, ∆R accounts for
possible weak annihilation and long distance contributions which appear mainly in B+ → ρ+γ.
Eventually these can be checked by comparing ρ+γ and ρ0γ. Using the above equation the
constraint on the CKM elements | Vtd/Vts | is shown in the ρ/η plane in Figure 5. It is not
as tight as the constraint from Bs/Bd mixing. However, New Physics may appear in different
ways in penguin and mixing diagrams, so it is important to measure it in both processes.

4 Conclusions and Outlook

A review of recent experimental results of radiative penguin decays b → s(d)γ is presented.
The b → sγ process in the exclusive and exclusive final states is well established and more
statistics can be used to improve the limits (or indirectly find evidence) of New Physics and
to improve the measurement of the photon energy spectrum, toward a better determination of
the CKM matrix elements.

There is not yet evidence of b → dγ decays but BABAR and Belle expect to collect ≈ 500 fb−1

by 2005. This should be sufficient to observe B → ργ. It may also be feasible to measure the
inclusive b → dγ rate. For the measurement of |Vtd/Vts|, the ratio of b → dγ to b → sγ has
much smaller theoretical uncertainties than the ratio of the exclusive decays.
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Review of b → s�+�− and B0 → �+�− Decays

Akimasa Ishikawa
Department of Physics, Nagoya University, Furo-cho, Nagoya, Japan

Latest experimental results on flavor-changing neutral current B meson decays involv-
ing di-lepton are reviewed. This review covers exclusive B → K(∗)�+�−, inclusive
B → XS�

+�− and B0 → �+�−.

1 Introduction

In the Standard Model (SM), flavor-changing neutral current (FCNC) decays are forbidden
at tree level. However, FCNC decays are induced through loop diagrams, such as penguin
diagrams or box diagrams. These loop diagrams are sensitive to new physics, since heavy
particles beyond the SM, such as charged Higgs or SUSY particles, can contribute to additional
loop diagrams and thereby modify the branching fraction or kinematic variables. This feature
makes FCNC processes an ideal place to search for new physics.

2 b→ s�+�− Decays

The branching fraction of b → s�+�− decays are described in term of the Wilson coefficients
C7, C9 and C10. These coefficients are cleanly predicted in the SM, thus the deviation from the
SM can be translated as new physics effect.

The magnitude of C7 is strongly constrained by the measurements of branching fraction of
inclusive B → Xs�

+�− [1, 2, 3]. However sign of C7 have not determined yet and C9 and C10

was poorly known before Belle had observed the K�+�− [4].
Experimentally, exclusive K(∗)�+�− decays are easier to analyze than inclusive B → Xs�

+�−.
However exclusive decays suffer large theoretical uncertainty due to form factor, while inclusive
decay is theoretically clean.

2.1 Measurements of B → K(∗)�+�−

B → K(∗)�+�− decays were searched by Belle, Babar, CLEO and CDF [5, 6, 7, 8]. The analysis
techniques were different between e+e− B-factory experiments (Belle, Babar and CLEO) and
CDF. The e+e− B-factory experiments reconstructed eight decay modes: charged and neutral
B decay to Ke+e−, Kµ+µ−, K∗e+e− and K∗µ+µ−. Continuum background was reduced by
a Fisher discriminant based on event shape parameters. BB background was suppressed by
missing energy and B meson momentum direction. The signal events were selected using
two variables: the beam energy constrained mass Mbc and the energy difference ∆E. While
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CDF only searched for muon modes. Backgrounds were suppressed by track isolation, impact
parameter and vertex quality. The signal events were selected using B meson mass. All
experiments vetoed the backgrounds from J/ψ and ψ

′
by dilepton invariant mass cut.

Figs 1 show the Mbc distributions by Belle with 60 fb−1 data and Babar with 78 fb−1 data.
Both Belle and Babar observed a clear K�+�− signal. While K∗�+�− was not significant. In
calculating the combined branching fractions, isospin symmetry, lepton universality and equal
fraction of charged and neutral B meson production were assumed. However K∗�+�− has a
photon pole at q2 = 0, thus the branching fraction is different between K∗e+e− and K∗µ+µ−.
Belle assumed the ratio of branching fraction of K∗e+e− to K∗µ+µ− to be 1.33 [9] and took an
average of two modes, while Babar used 1.21 [10] and scaled the combined branching fraction
to electron mode. Branching fractions and upper limits are summarized in Table 1. Belle and
Babar combined branching fraction B(B → K�+�−) = (0.63+0.17

−0.15)× 10−6 is consistent with the
SM prediction and the error is already comparable to the theoretical error.

BF (×10−6) B → K�+�− B → K∗�+�−

Belle 0.58+0.17
−0.16 ± 0.06 < 1.4

Babar 0.78+0.24
−0.20

+0.11
−0.18 < 3.0

CLEO < 1.7 < 3.3
CDF < 5.2 < 4.0

Table 1: The branchinf fractions and upper limits for B → K(∗)�+�−
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Figure 1: The Mbc distributions with fits for B → K(∗)�+�− by Belle (left) and Babar (right).
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2.2 A First Measurement of B → Xs�
+�−

Belle had performed a first measurement of B → Xs�
+�− with 60 fb−1 data [11]. The Xs system

was reconstructed from either K+ or K0
S combined with 0 to 4 pions, of which up to one neutral

pion is allowed. This set of combination covers (81 ± 2)% of the total inclusive decays based
on a model discusses below.

To optimize the selection criteria and determine the signal efficiency, the Monte Carlo
simulation used theoretical models as input for the dilepton mass spectrum [9] and the hadronic
mass spectrum [12]. The hadronic system was produced according to JETSET. For MXs less
than 1.1 GeV/c2, the exclusive B → K(∗)�+�− were used based on the model of Ali et al. [9].
To remove the photon pole in electron mode, dilepton invariant mass was required to be greater
than 200 MeV/c2. This makes predicted branching fraction for the electron mode and muon
mode approximately equal; B(B → Xse

+e−) ∼ B(B → Xsµ
+µ−) = (4.2 ± 0.7) × 10−6.

Analysis procedure is almost same as exclusive one. Continuum background was suppressed
by a Fisher discriminant based on event shape parameters. BB background was reduced by a
Fisher discriminant based on missing energy and missing mass. When multiple candidates were
found in an event, the largest value of likelihood, which is formed based on energy difference
and cosine of the B candidate flight direction with respect to the e+ beam direction in the
c.m. frame, was selected. The backgrounds from J/ψ and ψ

′
were vetoed by dilepton invariant

mass. The veto windows are much wider than that in exclusive analysis since the J/psi events
whose dilepton invariant mass evade from the veto window can be background by adding pions
from the other B decay. The candidates with invariant mass of hadronic system greater than
2.1 GeV/c2 were rejected. This condition removes a large fractions of combinatrial background
while retaining (93 ± 5)% signal events. The signal events were selected from fit to the Mbc.

Figure 2.2 shows the results ofMbc fit. We can see a clear peak in bothXse
+e− andXsµ

+µ−.
Belle found 60.1 ± 13.9 signal events in the combined Xs�

+�− mode with a significance of 5.4.
The branching fraction obtained is (6.1 ± 1.4+1.4

−1.1) × 10−6. The systematic error was already
comparable to statistical error. Largest source was uncertainty in exclusive fractions(∼ 11%).
This could be reduce by using measured branching fractions. Second largest was track finding,
which could be reduced by half. Table 2 summarizes the branching fraction measured by Belle
together with CLEO’s search results [13].

Figure 3 shows a comparison between experiments and theories. The measured branching
fractions are consistent with the theoretical predictions, so far.

BF (×10−6) B → Xse
+e− B → Xsµ

+µ− B → Xs�
+�−

Belle 5.0 ± 2.3+1.3
−1.1 7.9 ± 2.1+2.1

−1.5 6.1 ± 1.4+1.4
−1.1

CLEO < 57 < 58 < 42

Table 2: The branching fractions and upper limits for B → Xs�
+�−
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2.3 Constraint on C9 and C10

The Wilson coefficients C9 and C10 can be constrained from measured branching fractions
of B → K�+�− and B → Xs�

+�−. Figure 4 shows allowed region in C9-C10 plane for C7

negative (left) case and positive (right) case [14]. A large area had been excluded, though the
sign of C7 had not been determined yet.
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Figure 4: Allowed region in C9-C10 plane. Left is C7 negative case and right is C7 positive case.

3 Searched for B0 → �+�−

B0 → �+�− decays are very rare since it proceeds through higher order diagrams, such as
penguin annihilation or box diagrams, and is suppressed due to helicity flip. The branching
fraction predicted in the SM is O(10−15) for B0 → e+e− and O(10−10) for B0 → µ+µ−.
However new physics can enhances the branching fraction by 2 to 3 order of magnitude larger.
The B0 → e±µ∓ is forbidden in the SM by lepton flavor conservation. However this decay can
occur via Pati-Salam leptoquark [15].

Babar, CLEO and CDF searched for B0 → �+�− decay [16, 17, 18, 19] and Belle showed new
results on the decay. At the e+e− B-factories, continuum is the dominant background source
to the decay modes. A tight continuum suppression based on event shape was applied. The
signal events were selected from the Mbc and the ∆E. At CDF, the background is suppressed
by track isolation, impact parameter and vertex quality. The signal event was selected using B
meson mass.

Figs 5 show the Mbc vs ∆E by Belle and Babar. Both experiments observed no event in
B0 → µ+µ− and B0 → e±µ∓ while observed one event in B0 → e+ e− which is consistent with
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background. The upper limits obtained by Belle and Babar are almost one order of magnitude
better than those by CLEO. The 90 % CL upper limits on the branching fractions were obtained
from the results and summarized in Table 3. The limit on the branching fraction of B0 → e±µ∓

can be translated as the lower limit on the mass of the Pati-Salam leptoquark. Belle gave the
most stringent limits MLQ > 54 TeV/c2.

Limit (×10−8) B(B0 → e+e−) B(B0 → µ+µ−) B(B0 → e±µ∓) MLQ (TeV/c2)
Belle < 20 < 8.3 < 9.1 > 54
Babar < 33 < 20 < 21 -
CLEO < 830 < 61 < 150 > 27
CDF - < 86 < 350 > 22

Table 3: Upper limits for the branching fractions of B0 → �+�− decays and lower limit for the
Pati-Salam leptoquark.
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Figure 5: Mbc vs ∆E for B → �+�− decays by Belle (upper) and Babar (lower).
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4 Conclusions

Rare B decays involving leptons have the potential to search for the new physics beyond the
SM. The measurements of B → K�+�− and inclusive B → Xs�

+�− already exclude the large
parameter space in the new physics. Searches for B → �+�− by Belle and Babar gave about
one order improvement on the upper limits of branching fractions.

Belle, Babar, CDF and D0 will give the precise measurement or stringent limits with coming
data.
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The Large Energy Expansion for B Decays: Soft
Collinear Effective Theory

Sean Fleming
Physics Department, Carnegie Mellon University

Pittsburgh, PA, 15213

I this talk I give an introduction to the soft collinear effective theory by considering in
detail the decay rate for B → Xsγ near the endpoint.

1 Introduction

Effective field theories provide a simple and elegant method for calculating processes with sev-
eral relevant energy scales [1, 2, 3, 4, 5, 6]. Part of the utility of effective theories is that they
dramatically simplify the summation of logarithms of ratios of mass scales, which would oth-
erwise make perturbation theory poorly behaved. Furthermore the systematic power counting
in effective theories, and the approximate symmetries of the effective field theory can greatly
reduce the complexity of calculations.

Consider as an example the semi-leptonic decay of a B-meson to aD-meson. In perturbation
theory the one-loop corrections will typically be enhanced by log(M/ΛQCD), where M is a
heavy quark mass. These logarithms are large enough so that αS log(M/ΛQCD) ∼ 1, and the
perturbative expansion breaks down. Furthermore the nonperturbative physics in the decay
process is parameterized in terms of two unknown form factors.

The power of effective field theories is demonstrated when we consider our example within
the context of heavy quark effective theory (HQET) [7]. In HQET heavy particles have been
removed from QCD so that logarithms in loop integrals are of the form log(µ/ΛQCD). Further-
more the complete series of leading logarithms αns logn(µ/ΛQCD) is straightforward to sum via
the renormalization group. The HQET Lagrangian has a spin-flavor symmetry which reduces
the number of form-factors to a single one: the Isgur-Wise function [8]. In addition HQET
tells us the normalization of the Isgur-Wise function at a kinematic point. Remarkably heavy
quark spin symmetry leads to additional relations among weak decay form factors. The four
form factors which are required to parameterize matrix elements of vector currents and the four
axial vector current form factors reduce to the single Isgur-Wise function in the heavy quark
limit.

This example clearly illustrates the power of effective field theories. To motivate soft
collinear effective theory (SCET) I will consider another example: the decay rate for B → Xsγ.
The dominant contribution to this decay arises from the magnetic penguin operator [9]

Ô7 =
e

16π2
mb s σ

µν 1

2
(1 + γ5)b Fµν , (1)
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where the strange quark mass has been set to zero. The operator product expansion (OPE)
for this decay is illustrated in Fig. 1. We write the momenta of the b quark, photon, and light
s quark jet as

pµb = mbv
µ + kµ, qµ =

mb

2
xnµ, pµs =

mb

2
nµ + lµ + kµ (2)

where, in the rest frame of the B meson,

vµ = (1,�0), nµ = (1, 0, 0,−1), nµ = (1, 0, 0, 1). (3)

Here kµ is a residual momentum of order ΛQCD, and lµ = mb

2
(1 − x)nµ, where x = 2Eγ/mb.

The invariant mass of the light s-quark jet

p2
s ≈ mb n · (l + k) = m2

b(1 − x+ k̂+) , (4)

(where k̂+ = k+/mb) is O(m2
b) except near the endpoint of the photon energy spectrum where

x → 1. Inclusive quantities are calculated via the OPE by taking the imaginary part of the

graphs on the left hand side of the double arrow in Fig. 1 and expanding in powers of kµ/
√
p2
s.

As long as x is not too close to the endpoint, this is an expansion in powers in kµ/mb, which
matches onto local operators shown graphically on the right hand side of the double arrow in
Fig. 1. This leads to an expansion for the photon energy spectrum as a function of x in powers

b

s

b

p
b

=mbv+k

ps =      n+l+k
mb

2
__

q=      x n
mb

2
__ _

Figure 1: The OPE for B → Xsγ.

of αs and 1/mb [10, 11]:

dΓ

dx
= Γ0(µ)

[
mb(µ)

mb

]2 {[
1 − αsCF

4π

(
2 log

µ2

m2
b

+ 5 +
4

3
π2

)]
δ(1 − x)

+
αsCF
4π

[
7 + x− 2x2 − 2(1 + x) log(1 − x) −

(
4
log(1 − x)

1 − x
+

7

1 − x

)
+

]

+
1

2m2
b

[
(λ1 − 9λ2)δ(1 − x) − (λ1 + 3λ2)δ

′(1 − x) − λ1

3
δ
′′
(1 − x)

]}
+O(α2

s, 1/m
3
b), (5)

where

Γ0(µ) =
G2
F |VtbV ∗

ts|2α|C7(µ)|2
32π4

m5
b , (6)
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and the subscript “+” denotes the usual plus distribution. The parameters λ1 and λ2 are matrix
elements of local dimension five operators.

Near the endpoint of the photon spectrum, x→ 1, both the perturbative and nonperturba-
tive corrections are singular and the OPE breaks down. The severity of the breakdown is most
easily seen by integrating the spectrum over a region 1−∆ < x < 1. When ∆ ≤ ΛQCD/mb the
most singular terms in the 1/mb expansion sum up into a nonperturbative shape function of
characteristic width ΛQCD/mb[12, 13]. The perturbative series is of the form

1

Γ0

∫ 1

1−∆

dΓ

dx
= 1 +

αsCF
4π

(
−2 log2 ∆ − 7 log ∆ + . . .

)
+O

(
α2
s

)
, (7)

where the ellipses denote terms that are finite as ∆ → 0. These Sudakov logarithms are large
for ∆ � 1, and can spoil the convergence of perturbation theory. The full series has been
shown to exponentiate [14, 15], which sums the leading and next-to-leading logarithms.

In general, “phase space” logarithms are to be expected whenever a decay depends on several
distinct scales. For example, in b → Xceνe decay the rate calculated with the OPE performed
at µ = mb contains logarithms of mc/mb, which become large in the mb � mc limit. In [16] an
effective theory was used to run from mb to mc, summing phase space logarithms of the ratio
mc/mb. Similarly, in b → Xsγ near the endpoint of the photon energy spectrum the invariant
mass of the light quark jet scales as mb

√
1 − x, and is widely separated from the scale µ = mb

where the OPE is performed. In order to sum logarithms of ∆ (or the more complicated plus
distributions in the differential spectrum, Eq. (5)) we would expect to have to switch to a new
effective theory at µ = mb, use the renormalization group to run down to a scale of order
mb

√
1 − x, at which point the OPE is performed. In fact, we will see that the situation is more

complicated than this.
We are then left with the question of the appropriate theory below the scale mb. To see

where we might begin let us return to the expressions for the s-quark momentum and the
invariant mass given in Eq. (2) and Eq. (4) respectively. For 1 − x ∼ O(ΛQCD/mb) we find
lµ ∼ kµ ∼ ΛQCD, and the invariant mass of the s-quark is O(mbΛQCD). On the other hand
the momentum of the s-quark has a large component of order mb in the light-cone direction nµ

with residual momentum of order ΛQCD. Thus in this kinematic region the s-quark is light-like.
Given that the form of the light-like momentum, pµs = (mb/2)nµ + k̃µ with k̃µ ∼ ΛQCD, is the
same as the form of the heavy quark momentum, pµb = mbv

µ + kµ, with the time like vector
vµ replaced with the light-like vector nµ it is very tempting to introduce an effective theory of
light-like Wilson lines, much as HQET is an effective theory of time-like Wilson lines[17]. Such
an effective theory, christened the large energy effective theory (LEET), was proposed many
years ago by Dugan and Grinstein[18]. However, a simple attempt at matching shows that
LEET does not reproduce the infrared physics of QCD [19]. The problem is that LEET only
describes the coupling of light-like particles to soft gluons, but does not describe the splitting
of an energetic particle into two almost collinear particles.

2 Soft Collinear Effective Theory

In the rest frame of the heavy hadron the light particles in the decay move close to the light
cone direction nµ and their dynamics is best described in terms of light cone coordinates
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p = (p+, p−, p⊥), where p+ = n · p, p− = n · p. For large energies the different light cone
components are widely separated, with p− ∼ Q being large, while p⊥ and p+ are small. Taking
the small parameter to be λ ∼ p⊥/p− we have

pµ = n · p n
µ

2
+ pµ⊥ + n · p n

µ

2
= O(λ0) + O(λ1) + O(λ2) , (8)

where we have used p+p− ∼ p2
⊥ ∼ Q2λ2 for fluctuations near the mass shell. Thus the light-cone

momentum components of collinear particles scale like kc = Q(λ2, 1, λ). The collinear quark
can emit either a gluon collinear to the large momentum direction or a gluon with momentum
scaling kus = Q(λ2, λ2, λ2) (referred to as an ultra-soft or usoft gluon). For scales above the
typical off-shellness of the collinear degrees of freedom, k2

c ∼ (Qλ)2, both gluon modes are
required to correctly reproduce all the infrared physics of the full theory. This was described in
[19], where it was shown that at a scale µ ∼ Q, QCD can be matched onto an effective theory
that contains heavy quarks and light collinear quarks, as well as usoft and collinear gluons.

The SCET Lagrangian can be obtained at tree level by expanding the full theory Lagrangian
in powers of λ [20]. We start from the QCD Lagrangian for massless quarks and gluons

LQCD = ψ i �D ψ , (9)

where the covariant derivative is Dµ = ∂µ− igT aAaµ. We begin by removing the large momenta
from the effective theory fields, similar to the construction of HQET. In HQET there are two
relevant momentum scales, the mass of the heavy quark m and ΛQCD. The scale m is separated
from ΛQCD by writing p = mv + k, where v2 = 1 and the residual momentum k � m. The
variable v becomes a label on the effective theory fields. Our case is slightly more complicated
because there are three scales to consider. We split the momenta p by taking

p = p̃+ k , where p̃ ≡ 1

2
(n · p)n + p⊥ . (10)

The “large” parts of the quark momentum n · p ∼ 1 and p⊥ ∼ λ, denoted by p̃, become a label
on the effective theory field, while the residual momentum kµ ∼ λ2 is dynamical.

The large momenta p̃ are removed by defining a new field ψn,p through

ψ(x) =
∑
p̃

e−ip̃·xψn,p . (11)

A label p is given to the ψn,p field, with the understanding that only the components n · p and
p⊥ are labels. Derivatives ∂µ on the field ψn,p(x) give order λ2 contributions. For a particle
moving along the nµ direction, the four component field ψn,p has two large components ξn,p
and two small components ξn,p. These components can be obtained from the field ψn,p using
projection operators

ξn,p =
n/n/

4
ψn,p , ξn,p =

n/n/

4
ψn,p , (12)

and satisfy the relations

n/n/

4
ξn,p = ξn,p , n/ ξn,p = 0 ,

n/n/

4
ξn,p = ξn,p , n/ ξn,p = 0 . (13)
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In terms of these fields the quark part of the QCD Lagrangian given in Eq. (9) becomes

L =
∑
p̃,p̃′

[
ξn,p′

n/

2

(
in ·D

)
ξn,p + ξn,p′

n/

2

(
n · p+ in ·D

)
ξn,p

+ξn,p′
(
p/⊥ + iD/⊥

)
ξn,p + ξn,p′

(
p/⊥ + iD/⊥

)
ξn,p

]
. (14)

Since the derivatives on the fermionic fields yield momenta of order k ∼ λ2 they are suppressed
relative to the labels n ·p and p⊥. Without the n ·D and D⊥ derivatives, ξn,p is not a dynamical
field. Thus, we can eliminate ξn,p at tree level by using the equation of motion

(n · p+ n · iD)ξn,p = (p/⊥ + iD/⊥)
n/

2
ξn,p . (15)

Eqs. (14) and (15) result in a Lagrangian involving only the two components ξn,p:

L =
∑
p̃,p̃′

e−i(p̃−p̃
′)·xξn,p′

[
n · iD + (p/⊥ + iD/⊥)

1

n · p+ n · iD (p/⊥ + iD/⊥)

]
n/

2
ξn,p . (16)

Here the summation extends over all distinct copies of the fields labelled by p̃, p̃′. The gluon
field in Dµ includes collinear and usoft parts, Aµ → Aµc + Aµus. The two types of gluons are
distinguished by the length scales over which they fluctuate. Fluctuations of the collinear gluon
fields Aµc are characterized by the scale q2 ∼ λ2, while fluctuations of the usoft gluon field Aµus
are characterized by k2 ∼ λ4. Since the collinear gluon field has large momentum components
q̃ ≡ (n · q, q⊥), derivatives acting on these fields can still give order λ0,1 contributions. To make
this explicit we label the collinear gluon field by its large momentum components q̃, and extract
the phase factor containing q̃ by redefining the field: Ac(x) → e−iq̃·xAn,q(x). Inserting this into
Eq. (16) one finds

L =
∑
p̃,p̃′,q̃

e−i(p̃−p̃
′)·xξn,p′

[
n · iD + ge−iq̃·xn · An,q +

(
p/⊥ + iD/⊥ + ge−iq̃·xA/⊥n,q

)
(17)

× 1

n · p+ n · iD + ge−iq̃·xn · An,q
(
p/⊥ + iD/⊥ + ge−iq̃·xA/⊥n,q

)]n/
2
ξn,p .

The covariant derivative is defined to only involve usoft gluons. We immediately notice a prob-
lem: derivatives in the the last term in brackets above can act on the phase factors associated
with the collinear gluon fields. Thus these derivatives can result in terms of order λ0, λ1, while
we want all derivatives to scale as λ2.

We need to split up the derivative into a piece that acts on the large components of the
collinear momentum, and a residual piece that is O(λ2). Towards this end we introduce a
projection operator P which only acts on the large label of the collinear fields [21]. For any
function f

f(P)φ†
q1 · · ·φ

†
qmφp1 · · ·φpn

f(n · p1 + . . .+ n · pn − n · q1 − . . . n− ·qm)φ†
q1 · · ·φ

†
qmφp1 · · ·φpn , (18)

165



Sean Fleming The Large Energy Expansion for B Decays: Soft Collinear Effective Theory

heavy quark collinear quark usoft gluon collinear gluons
Field hv ξn,p Aµus n · An,q n · An,q A⊥

n,q

Scaling λ3 λ λ2 λ0 λ2 λ

Table 1: Power counting for SCET fields.

where P ≡ n · P. Then we have

i∂µe−ip·xφn,p(x) = e−ip·x(Pµ + i∂µ)φn,p(x) , (19)

and the phases involving large momentum components can be removed from the Lagrangian
in Eq. 17 as long as we adopt a convention that there is an implicit sum over labels, and that
total label momentum is conserved.

Finally, we expand Eq. (17) in powers of λ. To simplify the power counting we follow the
procedure of moving all the dependence on λ into the interaction terms of the action to make
the kinetic terms of order λ0 [22, 23, 24]. This is done by assigning a λ scaling to the effective
theory fields as given in Table 1. The power counting in Table 1 gives an order one kinetic term
for collinear gluons in an arbitrary gauge. In generalized covariant gauge∫

d4x eik·x 〈0| T Aµc (x)Aνc (0) |0〉 =
−i
k2

(
gµν − α

kµkν

k2

)
(20)

and the scaling of the components on the right and left hand side of this equation agree. Note
that x must be rescaled as well: (x+, x−, x⊥) → (x+/λ2, x−, x⊥/λ). With this power counting
all interactions scale as λn with n ≥ 0, and the leading SCET Lagrangian for the collinear
quark sector is

L(0)
ξξ = ξn,p′

{
in ·D + iD/⊥c

1

in ·Dc
iD/⊥c

}
n/

2
ξn,p , (21)

where in ·D = in · ∂ + gn · An,q + gn · Aus, in ·Dc = P + gn · An,q, and iD⊥µ
c = P⊥µ + gA⊥µ

n,q.
As I mentioned at the beginning of the talk an important aspect of effective field theories

is the approximate symmetries that are manifest in the leading order Lagrangian. The SCET
Lagrangian presented above has a global helicity spin symmetry, which for example can lead
to a reduction in the number of form factors needed to parameterize heavy-to-light decays.
In addition SCET has a powerful set of gauge symmetries [25]. Specifically the collinear and
usoft fields each have their own gauge transformation that leave the Lagrangian invariant.
Collinear gauge transformations are the subset of QCD gauge transformations where ∂µU(x) ∼
Q(λ2, 1, λ), and usoft gauge transformations are those where ∂µV (x) ∼ Qλ2. The invariance
under each of these transformations is a manifestation of scales of order Q or greater having
been removed from the theory, since any gauge transformation that would change a usoft gluon
into a collinear gluon would imply a boost of order Q. The gauge transformations for the
SCET fields are shown in Table 2. The usoft field acts like a classical background field in which
the collinear particle propagates, and the collinear fields transform similarly to a global color-
rotation under a usoft gauge transformation. In a moment we will see why the gauge invariance
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Fields Collinear U Usoft V
ξn,p U ξn,p V ξn,p
Aµn,q U Aµn,q U

† + 1
g
U
[
iDµ U †

]
V Aµn,q V

†

qus qus V qus
Aµus Aµus V

(
Aµus + i

g
∂µ

)
V †

Table 2: Gauge transformations for the collinear and usoft fields. Here iDµ ≡ (nµ/2)P +Pµ
⊥ +

(nµ/2)in ·D.

structure is so powerful. But first I want to comment on something called reparameterization
invariance.

Reparametrization invariance (RPI) [26, 27] in SCET is a manifestation of the Lorentz
symmetry that was broken by introducing the vectors n and n. Lorentz symmetry tells us
that any choice of light-like vectors n and n is equally good as long as n2 = 0, n2 = 0, and
n · n = 2. This implies that SCET operators must be invariant under the most general set of
transformations that satisfy the conditions just enumerated. These transformations fall into
three catagories: I) n→ n+ ∆⊥, n→ n, II) n→ n, n→ n+ ε⊥, and III) n→ eαn, n→ e−αn,
where ∆⊥ ∼ λ and ε⊥, α ∼ λ0. Requiring invariance of operators under these transformations
results in powerful constraints on the forms of operators. In fact RPI is an essential tool for
deducing subleading corrections in SCET [28].

3 Heavy-to-Light current

Next I discuss matching the SCET heavy to light currents. To perform the matching, first
consider the simpler case of an Abelian gauge group. In this case calculating the full theory
graph with m gluons in Fig. 2, expanding in powers of λ, and putting the result over a common
denominator gives

cm(µ = mb) =
1

m!

m∏
i=1

1

n · qi
. (22)

The factor of 1/m! is from the presence of m identical Ac fields at the same point. Thus, we
have the tree level result

Jeft
had

∣∣∣∣
µ=mb

= ξn,p exp
(
g n · An,q
n · q

)
Γ hv . (23)

We can rewrite the exponential in the above expression using the projection operator P:

exp
(
g n · An,q
n · q

)
=

∑
perms

exp
(
g n · An,q

P

)
≡W † . (24)

Where we have given the above object a name since it will occur again and again. Why is W
so important? Consider a collinear gauge transformation on the current in Eq. (23). The field
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Figure 2: Matching for the order λ0 Feynman rule for the heavy to light current with n collinear
gluons. All permutations of crossed gluon lines are included on the left.

hv is invariant since collinear gluons do not couple to heavy quarks, on the other hand, the
collinear quark field transforms as ξn,p → eiα(x)ξn,p. Thus, the operator ξn,pΓhv is not gauge
invariant. However, we find that

exp
(
g n · An,q
n · q

)
→ exp

(
g n · An,q
n · q

)
exp

[
iα(x)

]
, (25)

and the last exponential exactly cancels the transformation of ξn,p. By gauge invariance the
current therefore has to be of the form in Eq. (23) for an arbitrary scale µ. It is convenient to
define a field that transforms as a singlet under a collinear gauge transformation

χn = Wξn,p . (26)

We will refer to χn as the jet field since it involves a collinear quark field plus an arbitrary
number of collinear gluons moving in the n direction.

Hard fluctuations in the full theory do not occur in the effective theory since they have been
integrated out. However, the physics of the hard fluctuations appears in the Wilson coefficients
of the effective theory as a result of matching. The SCET Wilson coefficients can therefore be
nontrivial functions of the large collinear momentum, C(n · pi). Fortunately collinear gauge
invariance restricts these coefficients so that they only depend on the linear combination picked

out by P . Thus the general Wilson coefficient in SCET will be a function C(P ,P†
) which must

be inserted between gauge invariant products of collinear fields and W . Thus in terms of the
χn field the leading order effective theory current for Qλ < µ < mb has the form

Jeft
had = χn Ci(µ,P

†
) Γ hv , (27)

where P†
acts to the left. For a non-abelian gauge group a similar gauge invariance argument

applies, however the matching in Fig. 2 is more complicated. In momentum space we find

χn =
∑
k

∑
perms

(−g)k
k!

(
n · An,q1 · · ·n · An,qk

[n · q1][n · (q1 + q2)] · · · [n · ∑k
i=1 qi]

)
ξn,p

=
∑

perms

exp
(−g n ·An,q

P

)
ξn,p = Wξn,p . (28)

4 Factorization

A remarkable consequence of the gauge symmetries of SCET is the factorization of usoft and
collinear effects. Towards this end we introduce the usoft Wilson line

Y (x) = Pexp
(
ig

∫ x

−∞
ds n · Aus(ns)

)
, (29)
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and redefine the collinear fields as follows:

ξn,p = Y ξ(0)
n,p Aµn,q = Y A(0)µ

n,q Y
† . (30)

Under these field redefinitions the usoft gluons decouple from the collinear fields. In other
words the leading Lagrangian in Eq. (21) becomes completely independent of the usoft fields.
At higher orders in the λ expansion this decoupling does not occur. Furthermore as we will
see decoupling of usoft gluons in the leading Lagrangian does not necessarily mean that usoft
gluons decouple in subleading operators or currents.

Let us now return to our example and study the consequences of the above field redefinition.
The inclusive photon energy spectrum can be written using the optical theorem as

1

Γ0(mb)

dΓ

dEγ
=

4Eγ
m3
b

(
−1

π

)
Im T (Eγ) , (31)

where the forward scattering amplitude T (Eγ) is

T (Eγ) =
i

mB

∫
d4x e−iq·x 〈B|TJ†

µ(x)J
µ(0)|B〉 , (32)

with relativistic normalization for the |B〉 states. The current is Jµ = s iσµνq
νPR b, and Γ0(mb)

is given in Eq. (6)
In the endpoint region we match the current in the time ordered product in Eq. (32) onto

SCET fields. At leading order in λ

Jµ = −Eγ ei(P
n
2
+P⊥−mbv)·x

{
[2C9(P, µ) + C12(P , µ)]Jeff

µ − C10(P, µ)J̃eff
µ

}
, (33)

where

Jeff
µ = ξn,pWγ⊥µ PL bv , J̃eff

µ = nµξn,pWPR bv . (34)

The SCET Wilson coefficients C9,10,12(P , µ) are given at one-loop in Ref. [20]. In Eq. (33) label
conservation sets P = mb and P⊥ = 0. The current J̃eff

µ does not contribute for real transversely
polarized photons so I drop it. Inserting Eq. (33) into Eq. (32) gives

4Eγ
m3
b

T (Eγ) ≡ H(mb, µ) T eff(Eγ, µ) , (35)

where T eff is the forward scattering amplitude in the effective theory

T eff = i
∫
d4x ei(mb

n
2
−q)·x 〈

Bv

∣∣∣T Jeff†
µ (x) Jeffµ(0)

∣∣∣Bv

〉
, (36)

with HQET normalization for the states. The hard amplitude is

H(mb, µ) =
16E3

γ

m3
b

∣∣∣C9(mb, µ) +
1

2
C12(mb, µ)

∣∣∣2 . (37)
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Next the usoft gluons are decoupled from the collinear fields by the field redefinitions in
Eq. (30) along with

W → YW (0)Y † , (38)

which is a consequence of Eq. (30). This gives

Jeff
µ = ξ

(0)

n,pW
(0)γ⊥µ PL Y

† bv , (39)

Thus, the time-ordered product of the effective theory currents is

T eff = i
∫
d4x ei(mb

n
2
−q)·x 〈

Bv

∣∣∣T [bvY ](x) [Y †bv](0)
∣∣∣Bv

〉
(40)

×
〈
0
∣∣∣T [W (0)†ξ(0)

n,p](x) [ξ
(0)

n,pW
(0)](0)

∣∣∣0〉 .
In the effective theory the Hilbert space of states is the direct product of the usoft and collinear
Hilbert states. As a consequence the B meson state contains no collinear particles, and the
collinear physics can be separated from the usoft physics. Next introduce the Fourier transform〈

0
∣∣∣T [W (0)†ξ(0)

n,p](x) [ξ
(0)

n,pW
(0)](0)

∣∣∣0〉 ≡ i
∫

d4k

(2π)4
e−ik·x J(P, k)

n/

2
, (41)

where P is sum of the label momenta carried by the collinear fields. By momentum conservation
P = mb. Because the collinear Lagrangian contains only the n·∂ derivative J(p, k) only depends
on the component k+ = n ·k of the residual momentum k. This allows us to perform the k−, k⊥
integrations in Eq. (41) which puts x on the light cone

T eff =
1

2

∫
d4x ei(mb

n
2
−q)·x δ(x+)δ(�x⊥)

∫ dk+

2π
e−

i
2
k+x−

〈
Bv

∣∣∣T [bvY ](x) [Y †bv](0)
∣∣∣Bv

〉
J(P, k+)

=
1

2

∫
dk+ J(P, k+)

∫
dx−

4π
e−

i
2
(2Eγ−mb+k

+)x−
〈
Bv

∣∣∣T [bvY ](n2 x
−) [Y †bv](0)

∣∣∣Bv

〉
. (42)

The typical offshellness of the collinear particles is p2 ∼ mbΛQCD so the function J(P, k+) can
be calculated perturbatively. At lowest order in αs(

√
mbΛQCD ), J(P, k+) is determined by the

collinear quark propagator carrying momentum (P + k)

J(P, k+) =
n · P

(P + k)2 + iε
=

1

n · k + P 2
⊥/(n · P ) + iε

. (43)

The remaining matrix element in Eq. (42) is purely usoft

S(l+) ≡ 1

2

∫ dx−

4π
e−

i
2
l+x−

〈
Bv

∣∣∣T [bvY ](n2 x
−) [Y †bv](0)

∣∣∣Bv

〉
. (44)

Inserting this into Eq. (42) and taking the imaginary part gives

1

Γ0

dΓ

dEγ
= H(mb, µ)

∫ Λ

2Eγ−mb

dk+ S(k+, µ) J(k+ +mb − 2Eγ , µ) . (45)

where

J(k+) ≡ −1

π
Im J(P, k+) . (46)

This result is valid to all orders in αs and leading order in ΛQCD/Q where Q = Eγ or mb.
The individual terms in Eq. (45) depend on the scale µ in such a way that the decay rate is µ
independent. In the next section I discuss the µ dependence of S and J in detail.
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5 Renormalization Group: Summing Logarithms

Eq. (5) gives the tree level and αs corrections to the B → Xs + γ decay rate. The leading
order contribution is proportional to δ(1 − x), and the next-to-leading order corrections have
contributions of the form αs ln(1−x)/(1−x), where x = 2Eγ/mb. Clearly when x ∼ 1−αs these
corrections are large and must be resummed. This can be accomplished in a straightforward
manner by using the renormalization group equations of SCET. The resummation is most easily
carried out by taking moments with respect to x, then the large corrections as x → 1 become
large logs of N in the expression for the Nth moment.

Taking moments of the factored decay rate in Eq. (45) gives∫ 1

0
dx xN

1

Γ0

dΓ

dx
= H̃(mb, µ)

∫ 1

0
dx xN

∫ 1

x
dξ S(ξ, µ) J(mb(ξ − x), µ) (47)

= H̃(mb, µ)
∫ 1

0
dξ ξN+1

∫ 1

0
du uN S(ξ, µ) J(mbξ(1 − u), µ) ,

where ξ = k+/mb + 1. In the last line we made the substitution x = u ξ. Since the large logs
come from the region ξ, x ∼ 1, the factor of ξ in the argument of the jet function can be set
equal to 1. Then the moments factor:

ΓN = H(mb, µ)SN(µ) JN(µ) , (48)

where

ΓN =
∫ 1

0
dx xN

1

Γ0

dΓ

dx
, (49)

SN =
∫ 1

0
dξ ξN S(ξ, µ) ,

JN(µ) =
∫ 1

0
du uN J(mb(1 − u), µ) .

We are only interested in the large N moments, so have used SN+1 = SN + O(1/N).
To resum logarithms we use the renormalization group equations for SN and JN The one

loop anomalous dimension for the jet function renormalization group equations is calculated
from the diagrams in Fig. (3). The result is

µ
d

dµ
JN (µ) =

[
2CFαs
π

log

(
µ2

m2
b

N

N0

)
+

3αs
2π

CF

]
JN(µ) , (50)

where N0 = e−γ . The one loop anomalous dimension of SN is determined from the diagrams
in Fig (4), and the renormalization group equation immediately follows:

µ
d

dµ
SN(µ) =

[
−2CFαs

π
log

(
µ

mb

N

N0

)
+
αsCF
π

]
SN(µ) . (51)

Defining y0 = (N0/N) logarithms in the hard, jet and usoft functions are minimized at the
scales mb, mb

√
y0 and mby0 respectively. Large logarithms of N are summed by evolving the
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+2x

Figure 3: Graphs needed to calculate the O(αs) counterterm to JN .

++

Figure 4: Graphs needed to calculate the O(αs) counterterm to SN .

jet and usoft functions to these scales. The evolution can also be done in one step by defining
separate renormalization scales for collinear and usoft loops [29]. Loops whose momenta scale
like (1, λ2, λ) come with a factor of µ4−D

c and loops whose momenta scale like (λ2, λ2, λ2) come
with a factor µ4−D

u . This idea is similar to the velocity renormalization group in NRQCD [30].
The renormalization group equations for JN and SN take the form

µc
d

dµc
JN = γNJ (µc)JN , (52)

µu
d

dµu
SN = γNS (µu)SN .

Factorization of usoft and collinear degrees of freedom guarantees that γJ is a function of µc
only and that γS is a function of µu only. The scales are however correlated, so that µc = mb

√
y

and µu = mby. Evolving the variable y from 1 to y0 simultaneously resums large logs in both
JN and SN .

Defining Γ̃N = JNSN , the evolution equation for Γ̃N as function of y is

y
d

dy
Γ̃N =

(
1

2
γNJ (mb

√
y) + γNS (mby)

)
Γ̃N . (53)

This equation is easily integrated to obtain the following expression for the resummed moments:

ΓN = H(mb)SN(mby0) e
log(N)g1(χ)+g2(χ), (54)

where

g1(χ) = −2CF
β0χ

[(1 − 2χ) log(1 − 2χ) − 2(1 − χ) log(1 − χ)] , (55)

g2(χ) = −8Γ2

β2
0

[− log(1 − 2χ) + 2 log(1 − χ)] − log(1 − χ)
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−2CFβ1

β3
0

[
log(1 − 2χ) − 2 log(1 − χ) +

1

2
log2(1 − 2χ) − log2(1 − χ)

]
−2CF

β0
log(1 − 2χ) − 4CF

β0
log(N0) [log(1 − 2χ) − log(1 − χ)] − 3CF

β0
log(1 − χ) ,

where χ = log(N)αs(mb)β0/4π, Γ2 = CF [CA(67/36− π2/12) − 5nf/18], β0 = (11CA − 2nf)/3,
and β1 = (34C2

A−10CAnf−6CFnf )/3. Γ2 is the O(α2
s) piece of the cusp anomalous dimension,

which was taken from Ref. [31, 32].
The expression in Eq. (54) gives the resummed expression for the moments of the differential

cross section to next-to-leading logarithmic order. To obtain the differential cross section, the
inverse-Mellin transform of Eq. (54) must be taken. Using the results of Ref. [33], we find:

dΓ

dx
= −

∫ 1

x

dξ

ξ
Γ0(mb)S (ξ) (56)

x
d

dx

{
θ(ξ − x)

exp[lg1(αsβ0l/(4π)) + g2(αsβ0l/(4π))]

Γ[1 − g1(αsβ0l/(4π)) − αsβ0l/(4π)g′1(αsβ0l/(4π))]

}
,

where l ≈ − log(ξ − x), αs ≡ αs(mb), and the shape function S contains no large logarithms.

6 Conclusion

By introducing soft collinear effective theory within the context of B → Xsγ decay near the
endpoint I hope I have been able to shed some light on some of the developments that have
taken place in this field recently. There has been much work that I have not been able to
cover. In particular I have not discussed the application of SCET to exclusive decays. For an
up-to-date discussion of recent progress on exclusive rare and semileptonic B decays I refer you
to Dan Pirjol’s talk [34].
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We summarize recent progress in the theory of exclusive rare and semileptonic B decays,
focusing on model-independent results. The heavy-to-light form factors parameterizing
these decays admit a model-independent description in two distinct kinematical regions.
In the large-energy limit of an energetic light meson, the Soft-Collinear Effective Theory
can be used to prove factorization formulas for the form factors. Near the zero-recoil point,
Heavy Quark Effective Theory gives useful relations among the form factors of different
currents. We present factorization formulas for all B → P, V form factors at leading order
in Λ/mb.

1 Introduction

The exclusive B decays are, in many ways, unique probes of the Standard Model and its
extensions. The semileptonic B decays to charmless states can give information about |Vub|,
while the exclusive radiative decays B → ρ(K∗)γ decays can be used to extract |Vtd|. In
addition, many of these decays are flavor changing neutral current processes, which proceed
only through loops. Therefore they are sensitive to the presence of new nonstandard particles
running in the loop, and can be used to search for new physics effects [1].

Experimental data on these decays is becoming available, including not only branching
ratios, but also spectrum shapes in semileptonic decays [2]. Interpreting this data for the
purpose of extracting CKM parameters and in searching for New Physics effects requires good
control over the Standard Model description of these decays. Many computations of these form
factors are available, using methods as varied as quark models, QCD sum rules (see [3] for a
recent review) and lattice QCD [4]. We will focus here on recent model independent results.

There are two kinematical regions where model independent results can be established,
corresponding to the two kinematical limits of: a) slow and b) energetic final light hadrons.
They are most naturally discussed in terms of two effective theories: a) Heavy Quark Effective
Theory (HQET) and b) Soft-Collinear Effective Theory (SCET). Rather than following the
historical order of events, we will discuss these two types of predictions starting from the
respective effective theory describing each of these two situations. The large energy limit will
be discussed in Sec. II and the case of the low recoil form factors is covered in Sec. III. An
Appendix contains a summary of the factorization formulas for the B → P, V form factors
contributing to rare and semileptonic B decays.
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2 Large energy limit and the SCET

The Soft-Collinear Effective Theory (SCET) was proposed in [5] as a systematic framework
for the study of processes involving energetic quarks and gluons, and was discussed in detail
in another talk at this Conference [6]. In this talk we summarize only a few points strictly
necessary for the discussion of the form factors.

The SCET separates the contributions from the different energy scales relevant in a physical
problem. This is done by introducing fields with well-defined momentum scaling, corresponding
to the modes relevant for reproducing the IR of the full theory. These modes include i) collinear
quarks ξn and gluons An with momenta pc ∼ Q(λ2, 1, λ), ii) usoft quarks q and gluons Aµ with
momenta pus ∼ Qλ2 and iii) soft modes qs, A

µ
s with momenta ps ∼ Qλ. The definition of the

expansion parameter λ depends on the specific problem being studied. We use here and below
light-cone component notation p = (n · p, n · p, p⊥), defined in terms of light cone unit vectors
n2 = n2 = 0, n · n = 2.

The couplings of the effective theory fields are described by the SCET Lagrangian. In a
theory containing only usoft and collinear modes, these couplings can be written as1

LSCET = Lξ + Lcg + Lqξ , (1)

where the first two terms describe couplings of collinear fields to each other (Lξ,cg) [5] and
usoft-collinear interactions (Lqξ) [9, 8], respectively. They can be expanded in λ as

Lξ = L(0)
ξ + L(1)

ξ + · · · , Lqξ = L(1)
qξ + L(2)

qξ + · · · , (2)

where the leading order collinear quark Lagrangian is (with iDµ
us = i∂µ + gAµus)

L(0)
ξ = ξn

{
n · iDus + gn ·An + i �D⊥c

1

n · iDc

i �D⊥c
}
n/

2
ξn (3)

The explicit form of Lcg can be found in Ref. [7]. Note the fact that the usoft-collinear La-
grangian Lqξ starts at subleading order with terms of O(λ). The weak current qΓb is analogously
matched onto SCET operators as [5, 7, 8]

qΓb =
∫

dωC0(ω)J0(ω) +
∫

dωC1a(ω)J1a(ω) +
∫

dωC1b(ω1, ω2)J1b(ω1, ω2) + · · · (4)

where the ellipses denote operators suppressed by O(λ2). The most general form of these
operators is given in Ref. [8] for all allowed Dirac structures Γ.

An important property of the effective theory is ultrasoft-collinear factorization at leading
order in λ. Since the usoft gluons couple to collinears only through the first term in Ref. (3),
their effects can be absorbed at this order into a Wilson line Yn[n · A] by performing a field
redefinition of the collinear fields [7]

ξn = Yn[n·Aus]ξ
(0)
n , Aµn = YnA

(0)µ
n Y †

n , Yn[n·A] ≡ P exp
(
ig

∫ 0

−∞
dsn·Aus(ns)

)
. (5)

The new collinear fields ξ(0)
n and A(0)

n do not couple to the usoft gluon field Aus, which now
appears only through the Wilson line Y [n · Aus].

1The complete case containing also soft fields is discussed in Refs. [7, 22, 19].
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2.1 Factorization in B → γ�ν

The simplest exclusive heavy meson process which can be described in this framework is the
leptonic radiative decay B± → γ�±ν. This decay proceeds through weak annihilation of the B
constituent quarks and does not suffer from the chirality suppression affecting the pure leptonic
decay B → �ν. Model dependent estimates [11] suggest branching ratios for this mode of the
order of ∼ 10−6, which should be within the reach of the B factories.

We will be interested in the kinematical region where the photon energy Eγ is much larger
than ΛQCD, but can be smaller or comparable with the heavy quark mass mb. In this region
there are three relevant energy scales: the hard scale Q, with Q = {mb, Eγ}, the collinear scale
p2
c ∼ QΛ, and the soft scale p2

s ∼ Λ2. The soft scale is introduced by the typical momenta
of the soft spectators in the B meson, and the collinear scale gives the typical virtuality of a
spectator quark after being struck by the energetic photon pc = psp + q. Finally, the hard scale
is associated with hard gluons with virtualities of the order of the heavy quark mass.

Using SCET methods, a factorization theorem was proved in [10] to all orders in αs, ex-
pressing the form factors for this mode at leading order in Λ/Q as (with Q = {mb, Eγ})

fV,A(Eγ) =
QqfBmB

2Eγ
CV,A(Eγ, µ)

∫
dk+

1

k+

J(Eγk+, µ)φ+
B(k+, µ) (6)

The three factors in this formula are connected with the three different scales in this problem:
the Wilson coefficients CV,A appear in the matching of the heavy-to-light currents uγµ(γ5)b onto
SCET operators, the jet function J(Eγk+, µ) = 1+O(αs(p

2
c)) accounts for effects associated with

the collinear scale, and the B meson light-cone wave function (normalized as
∫
dk+φ

+
B(k+) = 1)

accounts for fluctuations over the scale of the soft modes.
We mention here a few implications of the factorization formula Eq. (6). At tree level in

matching at the scale QΛ, it predicts that the form factors in B → γ�ν are proportional to the
first inverse momentum of the B light-cone wave function 〈k−1

+ 〉. The same moment appears in
many other factorization formulas for B meson decays. Therefore, measurements of the photon
spectrum in B → γ�ν could provide a model-independent extraction of this parameter. Second,
all LO form factors determining B → γ�ν, Bs → γ�+�− and B → γγ decays are given by one
single nonperturbative integral over the B wave functions [10, 12]. Therefore their ratios can be
computed in terms of the Wilson coefficients CV,A,T which have expansions in αs(Q) and contain
double Sudakov logs. For numerical evaluations of these coefficients see [11, 12]. Finally, the
corrections to the factorization formula Eq. (6) are suppressed by Λ/Q and come from matrix
elements of power suppressed operators in the SCET.

2.2 Factorization for heavy-light form factors

We consider next the case of the heavy-to-light form factor, relevant for the semileptonic decays
B → π(ρ)�ν, or the rare radiative decays B → K∗γ,K∗�+�−. The dynamics for this case is
more complicated than for the leptonic radiative decay due to the presence of the collinear
partons in the final state light meson.

Although it had been known for a long time that exclusive hadronic form factors admit a
systematic expansion in perturbative QCD at large momentum transfer Q [13], the extension
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a)

J(m)

Lξq
(n )′

b)

J(m)

Lξq

Lξξ
(n ′′ 

(n )′

)

Figure 1: Tree level contributions to the T -products (7) in SCETI .

of this approach beyond leading order in Λ/Q has been a difficult task. At subleading order
one quickly encounters difficulties connected with soft parton configurations, corresponding to
situations where one of the partons in a given hadron carries most of the hadron momentum. In
heavy-to-light problems, such effects appear already at leading order in Λ/mb. In the standard
hard scattering analysis, they lead to unintegrable singularities in the hard scattering kernels
[14, 15].

The heavy-light form factor was recently studied in [16] using the SCET, where a factoriza-
tion theorem at leading order in Λ/Q was established. The main points are:

• There are two relevant perturbative scales in this problem: Q and
√
ΛQ, where Q =

{mb, Eπ}. The effects associated with these two scales can be included using a two-
step matching: QCD → SCETI → SCETII . Here SCETI contains collinear modes with
p2
c ∼ QΛ and usoft modes with p2

us ∼ Λ2, and SCETII includes collinear and soft modes
with p2

c = p2
s = Λ2.

• The light meson state is purely collinear, and couples to the soft B meson state through
the weak currents J given in Eq. (4), and the usoft-collinear Lagrangian Lqξ in Eq. (2).
In SCETI , the weak current contributing to the heavy-to-light form factor is matched at
LO onto the T -products

TF
1 = T [J (1a), iL(1)

ξq ], T F
2 =T [J (1b), iL(1)

ξq ] , (7)

TNF = T [J (0), iL(1)
ξξ , iL

(1)
ξq ] + T [J (0), iL(2)

ξq ] + T [J (0), iL(1)
cg , iL

(1)
ξq ] + T [J (0), iL(1)

ξq ] .

These contributions are shown in a graphical form in Fig. 1.

• After usoft-collinear factorization Eq. (5), the T-products T F1,2 factor, and can be matched
directly onto SCETII operators. Their matrix elements give the ‘factorizable’ contribu-
tion. On the other hand, the NF T−products all involve J0, and their matrix elements are
parameterized in terms of three ‘soft’ form factors, appearing in the same combinations
as derived in [20].

In this way one finds that at leading order in Λ/Q, the heavy-to-light B → M form factors
can be represented by a factorization formula written schematically as

fi(q
2) = Cij(Q)ζMj (QΛ,Λ2) +

∫
dxdzdk+Cij(z,Q)Jj(z, x, k+)φ+

B(k+)φMj (x) (8)
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Here Cij are Wilson coefficients of SCETI operators, and Jj(z, x, k+) are jet functions appearing
as Wilson coefficients in matching onto SCETII operators. Both these quantities are computable
in perturbation theory. The nonperturbative effects in Eq. (8) occur in the form factors ζi, and
the light-cone wave functions of the B meson and of the light meson φ+

B(k+), φi(x). We give in
Appendix the explicit form of the factorization formulas for all B → P, V form factors relevant
for phenomenological applications.

A factorization formula for the heavy-light form factor involving a sum of soft and hard
(expressed as convolutions of light-cone wave functions φB(k+), φM(x) with a hard kernel) terms
was first proposed in Ref. [15], based on the study of low order contributions in perturbation
theory. The effective theory analysis in [16] establishes such a factorization theorem in the form
of Eq. (8) to all orders in αs, and at leading order in Λ/Q. Note that a complete separation of
the scales would still require factorizing the scales Λ2 and ΛQ in ζi.

The two terms in the factorization formula Eq. (8) are of the same order in λ = Λ/Q, such
that their relative numerical contributions can be comparable. Their scaling can be obtained
from a simple power counting argument as follows. The SCETI operators in Eq. (7) scale like
λ3. After matching onto SCETII the scaling of the collinear fields gets an additional λ [19]. This
gives for the total scaling of each of the two terms in Eq. (8) λ3 × λ× λ−1 × λ−3/2 = (Λ/Q)3/2,
where the remaining factors of λ−1 and λ−3/2 correspond to the scaling of the light meson and
B states, respectively.

Although the numerical value of the soft form factors ζ is not constrained by the effective
theory, and has to be obtained from a model computation or lattice QCD, the factorization
results have significant predictive power. For example, using as input the form factor f+(q2) as
measured in B → πeν, the remaining B → π form factors can be computed using Eqs. (16)-
(18). Finally, the explicit results in Eqs. (16)-(21) can be used to calculate Sudakov effects
from the RG running of the Wilson coefficients Ci, Bi. It will be interesting to see if the results
of this running agree with the results in Refs. [14, 21, 17, 18].

The factorization relations have to be extended for the case of the penguin mediated rare
radiative decays such as B → V γ and B → V �+�− (V = K∗, ρ), to account for the contributions
of weak 4-quark operators. These effects have been computed in Refs. [23, 24] and contribute
about 5-10% to the observed branching ratios.

3 Zero recoil region

In the low recoil region for the final meson, corresponding to maximal q2 ∼ (mB−mM )2, heavy
quark symmetry can be applied to describe the heavy-light form factors. For a heavy final meson
B → D(∗)�ν, the normalization is fixed from the symmetry, with the leading power corrections
of order Λ/mb vanishing for certain form factors [26]. No such information is available for light
final mesons, although several properties of the heavy-to-light form factors can be established
in a model-independent way.

The heavy mass scaling of the form factors can be straightforwardly derived from the mass
dependence of the |B〉 states implicit in their relativistic normalization |B(p)〉 ∼ √

mb. Adopt-
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ing the usual definition of the formfactors (see, e.g. [15]), one finds the scaling laws [25]

T1 +
m2
B −m2

V

q2
(T1 − T2) ∝ m

1/2
b , T1 −

m2
B −m2

V

q2
(T1 − T2) ∝ m

−1/2
b (9)

V (q2) ∝ m
1/2
b , A1(q

2) ∝ m
−1/2
b .

Relations among form factors of different currents can also be derived. There are three such
relations for a vector light meson, and one relation for the pseudoscalar meson. For example,
two of the B → V relations are [25]

T1 +
m2
B −m2

V

q2
(T1 − T2) =

2mB

mB +mV
V (q2) +O(m

−1/2
b ) (10)

T1 −
m2
B −m2

V

q2
(T1 − T2) = − 2E

mB +mV
V (q2) +

mB +mV

mB
A1(q

2) +O(m
−3/2
b ) . (11)

These relations are relevant for a method discussed in Refs. [27, 28] for determining the CKM
matrix element |Vub| from exclusive B decays. This method combines data on semileptonic
B → ρ�ν and rare radiative decays B → K∗�+�− near the zero recoil point, and |Vub| is
extracted from the ratio [27]

dΓ(B → ρeν)/dq2

dΓ(B → K∗�+�−)/dq2
=

8π2

α2

|Vub|2
|VtbV ∗

ts|2
1

|C9|2 + |C10|2
|AB→ρ

1 (q2)|2
|AB→K∗

1 (q2)|2
(mB +mρ)

2

(mB +mK∗)2

1

1 + ∆(q2)
(12)

The SU(3) breaking in this result can be eliminated using a Grinstein-type double ratio [29]
and data on semileptonic D → K∗(ρ)eν decays, resulting in a |Vub| determination at the 10%
level [28].

Recently, the leading power corrections to the heavy quark symmetry relations Eqs. (10),
(11) have been computed in Ref. [30]. Contrary to naive expectations, they have a very sim-
ple form and depend only on the form factors of the dimension-4 currents qiDµ(γ5)b. These
corrections are required for example to determine the tensor form factor T1(q

2) in terms of
V,A1 measured in exclusive semileptonic B → V �ν decays. It is easy to see that combining
the symmetry relations Eqs. (10), (11) in order to extract T1 is possible only if the leading

correction of O(m
−1/2
b ) to Eq. (10) is known (since the latter is of the same order as the terms

shown on the RHS of Eq. (11)).
We give here an alternative derivation of this relation, and generalize it beyond the low

recoil assumption implicit in the HQET derivation in [30]. Using the QCD equation of motion
for the quark fields one finds

i∂ν(qiσµνb) = −(mb +mq)qγµb+ 2qiDµb− i∂µ(qb) . (13)

Taking the B → V matrix element of this relation one finds

T1(q
2) =

mb +mq

mB +mV

V (q2) −D(q2) →
⎧⎨⎩ mB − Λ
mB +mV

V (q2) −D(q2) +O(m
−3/2
b ) (low recoil)

V (q2) −D(q2) +O(Q−3/2) (large energy)
(14)
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The first equality is exact and holds even in the large recoil region discussed in Sec. 2, while the
second relation gives its asymptotic form in the low recoil and large energy regions, respectively.
The form factor D(q2) (scaling like D ∝ m

−1/2
b in the low recoil region) is defined as

〈V (p′, ε)|q iDµb|B(p)〉 = −2iD(q2)εµνρσε
∗νpρp′σ , (15)

and vanishes exactly in the constituent quark model [30], which suggests that its value could
be small. It would be interesting to see if this suppression is confirmed by nonperturbative
methods such as QCD sum rules or lattice QCD.

Similar results are obtained in Ref. [30] for subleading power corrections to all the other
B → P, V form factor relations in the zero-recoil region. In all these cases the subleading terms
depend only on form factors of the local dimension-4 operators qiDµ(γ5)b. These results were
used in Ref. [31] to estimate the subleading corrections of O(Λ/mb) to the |Vub| determination
using Eq. (12). These corrections can be as large as 5%, and are dominated by one of the
(unknown) form factors of qiDµγ5b. Quark model estimates of this matrix element suggest that
the correction is under a few percent, and more precise determinations (lattice QCD) could
help to reduce or eliminate this source of uncertainty.
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Appendix

We present here the complete results for the form factors in factorized form. Adopting the
usual parameterization of the form factors, the explicit results for the B → P form factors are
[8] (we use here the notations of [8] for the Wilson coefficients of SCET operators)

f+(q2) =
(
C

(v)
1 +

E

mB
C

(v)
2 + C

(v)
3

)
ζP (16)

+N0

∫
dxdl+

{
2E −mB

mB

[
B

(v)
1 − E

mB − 2E
B

(v)
2 − mB

mB − 2E
B

(v)
3

]
Ja

+
2E

mb

[
B

(v)
11 − E

mB
B

(v)
12 −B

(v)
13

]
Jb

}
φπ(x)φ

+
B(l+)

mB

2E
f0(q

2) =
(
C

(v)
1 +

mB −E

mB
C

(v)
2 + C

(v)
3

)
ζP (17)

+N0

∫
dxdl+

{
mB − 2E

mB

[
B1 +

mB −E

mB − 2E
B

(v)
2 +

mB

mB − 2E
B

(v)
3

]
Ja

+
2E

mb

[
B

(v)
11 − mB −E

mB

B
(v)
12 −B

(v)
13

]
Jb

}
φπ(x)φ

+
B(l+)

mB

mB +mP

fT (q2) =
(
C

(t)
1 − C

(t)
2 − C

(t)
4

)
ζP (18)
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+N0

∫ 1

0
dxdl+

{
−

[
B

(t)
1 −B

(t)
2 − 2B

(t)
3 +B

(t)
4

]
Ja −

2E

mb
[B

(t)
15 +B

(t)
16 −B

(t)
18 ]Jb

]
φ+
B(l+)φ(x) ,

with N0 = fBfPmB/(4E
2).

The corresponding results for the B → V form factors read

mB

mB +mV

V (q2) = C
(v)
1 ζV⊥ −N⊥

∫ 1

0
dxdl+

[
−1

2
B

(v)
4 J (⊥)

a +
E

mb

(2B
(v)
11 +B

(v)
14 )J

(⊥)
b

]
φ+
B(l+)φ⊥(x)

mB +mV

2E
A1(q

2) = C
(a)
1 ζV⊥ −N⊥

∫ 1

0
dxdl+

[
−1

2
B

(a)
4 J (⊥)

a +
E

mb
(2B

(a)
11 +B

(a)
14 )J

(⊥)
b

]
φ+
B(l+)φ⊥(x)

A0(q
2) =

(
C

(a)
1 +

mB −E

mB
C

(a)
2 + C

(a)
3

)
ζV‖ (19)

+N‖
∫ 1

0
dxdl+

{[
mB − 2E

mB
B

(a)
1 +

mB − E

mB
B

(a)
2 +B

(a)
3

]
Ja

− 2E

mb

[
−B(a)

11 +
mB − E

mB
B

(a)
12 +B

(a)
13

]
Jb

}
φ+
B(l+)φ‖(x)

mBE

mB +mV
A2(q

2) − 1

2
(mB +mV )A1(q

2) = −
(
C

(a)
1 +

E

mB
C

(a)
2 + C

(a)
3

)
mV ζ

V
‖ (20)

+mVN‖
∫ 1

0
dxdl+

{[
mB − 2E

mB
B

(a)
1 − E

mB
B

(a)
2 − B

(a)
3

]
Ja

− 2E

mb

[
B

(a)
11 − E

mB
B

(a)
12 − B

(a)
13

]
Jb

}
φ+
B(l+)φ‖(x)

T1(q
2) =

mB

2E
T2(q

2) =
{
C

(t)
1 − mB − E

mB
C

(t)
2 − C

(t)
3

}
ζV⊥ (21)

−1

2
N⊥

∫ 1

0
dxdl+

{[
B

(t)
5 +

mB −E

mB
B

(t)
6

]
J (⊥)
a
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(t)
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(t)
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(t)
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(t)
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(t)
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ET3(q
2) − mB

2
T2(q
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(t)
1 − C

(t)
2 − C

(t)
4 )mV ζ

V
‖ (22)

+mVN‖
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0
dxdl+

{[
B

(t)
1 − B

(t)
2 − 2B

(t)
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(t)
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]
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(B

(t)
15 +B
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b
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where N⊥ = mB/(4E
2)fBf

T
V and N‖ = mB/(4E

2)fBfV . There are 2 jet functions Ja,b con-
tributing to B → P (defined as in [8]), and 2 other jet functions contributing only to B → V ,

denoted as J
(⊥)
a,b . At tree level they are equal Ja,b(z, x, l+) = παsCF

Nc

1
xl+

. The Wilson coefficients

satisfy C
(v)
1−3 = C

(a)
1−3 and B

(v)
1−4 = B

(a)
1−4 in the NDR scheme. Reparameterization invariance

constrains them as B
(v,a,t)
1−3 = C

(v,a,t)
1−3 , B

(v,a)
4 = −2C

(v,a)
3 , B

(t)
4 = C

(t)
4 , B

(t)
5 = 2C

(t)
3 , B

(t)
6 = −2C

(t)
4

[32]. At tree level they are given by C
(v,a,t)
1 = 1, B

(v,a,t)
1 = 1, B

(v,a)
13 = −1, B

(t)
17 = 1.
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Charm physics: theoretical review

Alexey A. Petrov
Department of Physics and Astronomy

Wayne State University
Detroit, MI 48201 USA

We review recent developments in charm physics, focusing on the physics of charmed
mesons. We discuss charm spectroscopy, decay constants and transition formfactors, as
well as searches for new physics with charmed mesons. We discuss D0D0 mixing and
CP-violation in charm decays.

1 Introduction

Charm physics plays a unique dual role in the modern investigation of flavor physics. Charm
decay and production experiments provide valuable checks and supporting measurements for
studies of CP-violation in measurements of CKM parameters in b-physics, as well as outstanding
opportunities for searches for new physics. Historically, many methods of heavy quark physics
have been first tested in charmed hadrons. The fact that a b-quark mainly decays into a charm
quark makes charm physics an integral part of any b-physics program. In many cases, direct
measurements of charm decay parameters directly affect the studies of fundamental physics in
B decays [1].

This year brought several interesting developments in some seemingly well-understood sec-
tors of charm physics, such as meson spectroscopy. Here I shall discuss theoretical implications
of these and other results. The experimental status of charmed meson spectroscopy was dis-
cussed in R. Chistov’s talk [2]. Resent results in the measurements of charmed meson formfac-
tors, lifetimes and D0D0 mixing parameters were discussed by W. Johns [3] and G. Boca [4].

2 Spectroscopy

Meson spectroscopy is an important laboratory for understanding quark confinement. Mesons
containing one heavy quark can provide invaluable information about the structure of the QCD
Lagrangian, as spectroscopic considerations simplify significantly in the limit of infinitely heavy
quark, mQ/Λ → ∞, where Λ represents a typical scale of hadronic interactions. While charm
quark hardly satisfies this conditions, it is nethertheless useful to apply these considerations
to the charmed quark systems. In this limit the heavy quark spin SQ decouples, so the total
angular momentum of the light degrees of freedom Jpl becomes a “good” quantum number.
Since parity of a meson can be obtained by knowing the angular momentum quantum number
l as (−1)l+1, this leads to an important prediction of heavy quark symmetry: the appearance
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of heavy meson states in the form of degenerate parity doublets classified by the total angular
momentum of the light degrees of freedom (see Table (1)),

Sp = Jpl ±
1

2
. (1)

This mass degeneracy is lifted with the inclusion of subleading 1/mQ corrections. This useful
picture is built into many quark-model descriptions of heavy meson spectra. The resulting
models have been very successful in explaining the spectrum of negative-parity scalar and
vector Jpl = 1/2− and positive-parity vector and tensor Jpl = 3/2+ states. A narrow resonance

L 0 1 2
Jl 1/2 1/2 3/2 3/2 5/2
S 0, 1 0, 1 1, 2 1, 2 2, 3

Table 1: Total angular momentum assignments for heavy-light mesons

in D+
s π

0 was recently reported by BaBar [5] and confirmed by the CLEO [6] and Belle [7]
collaborations. Its decay patterns suggest a quark-model 0+ classification, which would identify
it with the positive-parity Jpl = 1/2+ p-wave state. As in the D meson system, p-wave states for
the D+

s system are expected, and two narrow states, Ds1(2536) and Ds2(2573) were discovered
by ARGUS and CLEO, respectively [8]. In analogy to the D system, two broad states are also
expected.

The mass of the new state 2317.6±1.3 MeV appears surprisingly low and its width appears
to be too small for quark model practitioners. In fact, this state appears below DK threshold,
closing off the most natural decay channel for this state. This forces it to decay mainly via an
isospin-violating transition into the D+

s π
0 final state and makes its width quite narrow. Its mass

disagrees with most existing predictions of quark models [9, 10, 11, 12, 13, 14]. For example,
a mass of 2487 MeV is obtained in the recent potential model calculation by Eichten and Di
Pierro [10]. Quenched lattice calculations also seem to favor larger values of the mass of this
state [15] (see, however, [16]). This led to a lively discussion of the possible non-qq nature of

Reference 0+ mass 1+ mass
Ebert et al (98) [14] 2.51 GeV 2.57 GeV
Godfrey-Isgur (85) [9] 2.48 GeV 2.55 GeV
DiPierro-Eichten (01) [10] 2.49 GeV 2.54 GeV
Gupta-Johnson (95) [11] 2.38 GeV 2.52 GeV
Zeng et al (95) [12] 2.38 GeV 2.51 GeV
Experiment 2.317 GeV 2.463 GeV

Table 2: Theoretical predictions for masses of 0+ and 1+ Ds states

this state [18, 19, 20, 21]. A possibility of a state that is an admixture of a four-quark state and
a qq states was discussed in [27]. In addition, a second narrow state is observed in D∗+

s π0 at a
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mass near 2460 MeV [6, 7]. This state would naturally be identified as a spin 1 positive parity
p-wave meson. However, its mass also appears too low for the potential model expectations
(e.g. 2605 MeV [10, 28], see also Table 2). Its radiative decays to the ground state Ds meson
were observed with

Γ(DsJ(2460) → Dsγ)

Γ(DsJ(2460) → Dsπ0)
= 0.44 ± 0.10, (2)

while doubly charged states were not observed in D±
s π

± channels. Finally, DsJ states were also

observed in B-decays B → DD
(∗)
sJ .

The low values of the masses for these states, however, do not signal a breakdown of quark-
model descriptions of the heavy meson spectrum, as it is difficult to assess the accuracy of these
predictions, especially in the charm sector. Many authors make use of the non-relativistic nature
of the charm quark, taking into account 1/mc corrections only. For the 0+ state, quark model
predictions range from the values of 2387−2395 MeV [11, 13] (still above the DK threshold) on
the low end of the spectrum to 2508 MeV [14] on the high end. Since the described phenomena
are highly non-perturbative, one should be careful before making a judgment on the nature of
a given state based solely on the prediction of a given quark model. For example, as discussed
above, in the mc → ∞ limit the 0+ and 1+ states are expected to become degenerate in mass,
m0+ , m1+ → M . This can be emulated in quark models by neglecting heavy-quark symmetry-
violating 1/mc corrections. Yet, different quark models predict very different behavior in this
”heavy-quark limit”: for instance, one potential model [11] predicts that the mass M of the
(0+, 1+) multiplet will decrease to approximately 2382 MeV (which is less than the mass of the
0+ state predicted in this model with the full potential), while in a QCD string model [13] it
is expected to increase up to 2500 MeV (which is much greater than the mass of the 0+ state
predicted in this model with the full potential). In addition, quark models, modified to include
chiral symmetry constraints, generally predicted lower values of mass splitting between (0−, 1−)
and (0+, 1+) multiplets, of the order of 200− 300 MeV [17]. In addition, one has to remember
that most of the unusial details about these states, such as narrowness of their decay widths,
simply follows from the fact that the mass of that state is smaller than the D(∗)K threshold. It
is then only the fact that the new state appears below DK threshold and is almost degenerate
with a non-strange 0+ p-wave D state [22] is curious and deserves an investigation, although
could be purely accidental.

A combination of experimental measurements described above can shed some light onto the
nature of these states. For instance, molecular-type explanation of the low masses of these
states implies the existance of the doubly-charged states, which were not observed. On the
contrary, a possible disagreement of the observed branching ratios of B decays into these states
with calculations of their branching ratios in naive factorization could favor molecular nature
of these states [29]. But it could as well signal a breakdown of naive factorization in B decays
into the pair of 0−, 0+(1+) open-charm states, which was never really tested, or simply reflect
our ignorance of the decay constants of positive parity mesons [30]. The observation of the
radiative decay of DsJ(2460) favors qq (or maybe qq-four-quark-state admixture) explanation
of the nature of these mesons.
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3 Form-factors and decay constants

Since mb, mc � ΛQCD, both charm and bottom quarks can be regarded as heavy quarks.
Naturally, heavy quark symmetry relates observables in B and D transitions. As an example,
let us consider measurements in the charm sector affect determinations of the CKM matrix
elements relevant to top quark in BB0bar mixing.

A mass difference of mass eigenstates in BB0bar system can be written as

∆md =C
[
α(5)
s (µ)

]−6/23
[
1 +

α(5)
s (µ)

4π
J5

]
〈B0

d|O(µ)|B0
d〉, (3)

where C = G2
FM

2
W (Vtb

∗Vtd)
2 ηBmBS0(xt)/ (4π2) (see Ref. [31] for complete definitions of the

parameters in this expression ). The largest uncertainty of about 30% in the theoretical calcu-

lation is introduced by the poorly known hadronic matrix element A = 〈B0|O(µ)|B0〉. Eval-
uation of this matrix element is a genuine non-perturbative task, which can be approached
with several different techniques. The simplest approach (“factorization”) reduces the ma-
trix element A to the product of matrix elements measured in leptonic B decays Af = (8/3)

〈B0|bLγσdL|0〉〈0|bLγσdL|B0〉 = (2/3)f 2
Bm

2
B, where we employed the definition of the decay con-

stant fB,

〈0|bLγµdL|B0(p)〉 = ipµfB/2. (4)

A deviation from the factorization ansatz is usually described by the parameter BBd
defined

as A = BBd
Af ; in factorization BBd

= 1. Similar considerations lead to an introduction of the
parameter BBs defined for mixing of Bs mesons. It is important to note that the parameters
BBq depend on the chosen renormalization scale and scheme. It is convenient to introduce

renormalization-group invariant parameters B̂Bq

B̂Bq =
[
α(5)
s (µ)

]−6/23
[
1 +

α(5)
s (µ)

4π
J5

]
BBq . (5)

We provide averages of B̂Bq , as well as the ratio B̂Bs/B̂Bd
from the review [32] as well as from

two more recent evaluations [33, 34] in Table 3. Thus, at least naively, one can determine CKM
matrix element Vtd by measuring fB and ∆md and computing BBq .

This direct approach, however, meets several difficulties. First, leptonic decay constant fB
can in principle be extracted from leptonic decays of charged B mesons. The corresponding
decay width is

Γ(B → lν) =
G2
F

8π
f 2
B |Vub|2m2

lmB

(
1 − m2

l

m2
B

)
. (6)

This width is seen to be quite small due to the smallness of the CKM factor |Vub| and helicity
suppression factor of m2

l . In addition, experimental difficulties are also expected due to the
backgrounds stemming from the presence of a neutrino in the final state.

Second, computation of BBq is quite difficult and requires the use of non-perturbative tech-
niques such as lattice or QCD Sum Rules. Current uncertainties in the determinations of fB
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Method (reference) B̂Bd
B̂Bs/B̂Bd

Lattice, ’03 [32] 1.34(12) 1.00(3)
QCDSR, ’03 [32] 1.67 ± 0.23 ≈ 1
Lattice, ’03 [33] 1.277(88)(+86

−95) 1.017(16)(+56
−17)

QCDSR, ’03 [34] 1.60 ± 0.03 ≈ 1

Table 3: Renormalization-group independent B-parameters.

and BBq are quite large. It turns out that evaluation of the ratio of

∆md

∆ms

=
mBd

mBs

⎡⎣
√
BBd

fBd√
BBsfBs

⎤⎦2 ∣∣∣∣VtdVts
∣∣∣∣2 , (7)

is favored by lattice community, as many systematic errors cancel in this ratio. This gives a
ratio of |Vtd/Vts|, which provides a non-trivial constraint on CKM parameters in the ρ−η plane.

Instead, one can make use of ample statistics available in charm production experiments,
as heavy quark and SU(3) flavor symmetries relate the ratio of charm decay constants fDs/fD
to beauty decay constants fBs/fB

fBs/fB
fDs/fD

= 1 + O(ms) ×O(1/mb − 1/mc). (8)

Note that SU(3)-violating corrections can also be evaluated in chiral perturbation theory [35].
One still needs to rely on the theoretical determination of BBq .

Similar techniques of relating B and D decays can also be used to extract other CKM
matrix elements, like Vub [36], studies of lifetime patterns of heavy hadrons [37], and tuning
lattice QCD calculations [38].

4 Charm mixing and CP violation

One of the important areas of modern phenomenology where charm decays play an important
role is the indirect search for physics beyond the Standard Model. Indeed, large statistics
usually available in charm physics experiment makes it possible to probe small effects that
might be generated by the presence of new physics particles and interactions. A program of
searches for new physics in charm is complimentary to the corresponding programs in bottom or
strange systems. This is in part due to the fact loop-dominated processes such as D0D0 mixing
or flavor-changing neutral current (FCNC) decays are sensitive to the dynamics of ultra-heavy
down-type particles. Also, in many dynamical models, including the Standard Model, the effects
in s, c, and b systems are correlated.

The low energy effect of new physics particles can be naturally written in terms of a series
of local operators of increasing dimension generating ∆C = 1 (decays) or ∆C = 2 (mixing)
transitions. For D0D0 mixing these operators, as well as the one loop Standard Model effects,
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generate contributions to the effective operators that change D0 state into D0 state leading to
the mass eigenstates

|D1
2
〉 = p|D0〉 ± q|D0〉, (9)

where the complex parameters p and q are obtained from diagonalizing the D0 − D0 mass
matrix. The mass and width splittings between these eigenstates are given by

x ≡ m2 −m1

Γ
, y ≡ Γ2 − Γ1

2Γ
. (10)

It is known experimentally that D0D0 mixing proceeds extremely slowly, which in the Standard
Model is usually attributed to the absence of superheavy quarks destroying GIM cancella-
tions [39].

It is instructive to see how new physics can affect charm mixing. Since the lifetime difference
y is constructed from the decays of D into physical states, it should be dominated by the
Standard Model contributions, unless new physics significantly modifies ∆C = 1 interactions.
On the contrary, the mass difference x can receive contributions from all energy scales. Thus,
it is usually conjectured that new physics can significantly modify x leading to the inequality
x � y 1. The same considerations apply to FCNC decays as well, where new physics could
possibly contribute to the decay rates of D → Xuγ, D → Xul

+l− (with Xu being exclusive or
inclusive final state) as well as other observables [42]. One technical problem here is that in
the standard model these decays are overwhelmingly dominated by long-distance effects, which
makes them extremely difficult to predict model-independently. This problem can be turned
into a virtue [43].

Another possible manifestation of new physics interactions in the charm system is associated
with the observation of (large) CP-violation. This is due to the fact that all quarks that build up
the hadronic states in weak decays of charm mesons belong to the first two generations. Since
2×2 Cabbibo quark mixing matrix is real, no CP-violation is possible in the dominant tree-level
diagrams that describe the decay amplitudes. In the Standard Model CP-violating amplitudes
can be introduced by including penguin or box operators induced by virtual b-quarks. However,
their contributions are strongly suppressed by the small combination of CKM matrix elements
VcbV

∗
ub. It is thus widely believed that the observation of (large) CP violation in charm decays or

mixing would be an unambiguous sign for new physics. This fact makes charm decays a valuable
tool in searching for new physics, since the statistics available in charm physics experiment is
usually quite large.

As in B-physics, CP-violating contributions in charm can be generally classified by three
different categories: (I) CP violation in the decay amplitudes. This type of CP violation occurs
when the absolute value of the decay amplitude for D to decay to a final state f (Af ) is
different from the one of corresponding CP-conjugated amplitude (“direct CP-violation”); (II)
CP violation in D0D0 mixing matrix. This type of CP violation is manifest when R2

m = |p/q|2 =
(2M12 − iΓ12)/(2M

∗
12 − iΓ∗

12) �= 1; and (III) CP violation in the interference of decays with and
without mixing. This type of CP violation is possible for a subset of final states to which both
D0 and D0 can decay.

1This signal for new physics is lost if a relatively large y, of the order of a percent, is observed [40, 41].
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For a given final state f , CP violating contributions can be summarized in the parameter

λf =
q

p

Af
Af

= Rme
i(φ+δ)

∣∣∣∣∣AfAf
∣∣∣∣∣ , (11)

where Af and Af are the amplitudes for D0 → f and D0 → f transitions respectively and δ is
the strong phase difference between Af and Af . Here φ represents the convention-independent
weak phase difference between the ratio of decay amplitudes and the mixing matrix.

Presently, experimental information about the D0D0 mixing parameters x and y comes
from the time-dependent analyses that can roughly be divided into two categories. First, more
traditional studies look at the time dependence of D → f decays, where f is the final state
that can be used to tag the flavor of the decayed meson. The most popular is the non-leptonic
doubly Cabibbo suppressed decay D0 → K+π−. Time-dependent studies allow one to separate
the DCSD from the mixing contribution D0 → D0 → K+π−,

Γ[D0 → K+π−] = e−Γt|AK−π+ |2
[
R+

√
RRm(y′ cosφ− x′ sinφ)Γt+

R2
m

4
(y2 + x2)(Γt)2

]
, (12)

where R is the ratio of DCS and Cabibbo favored (CF) decay rates. Since x and y are small,
the best constraint comes from the linear terms in t that are also linear in x and y. A direct
extraction of x and y from Eq. (12) is not possible due to unknown relative strong phase δD of
DCS and CF amplitudes [44], as x′ = x cos δD + y sin δD, y′ = y cos δD − x sin δD. This phase
can be measured independently. The corresponding formula can also be written [40] for D0

decay with x′ → −x′ and Rm → R−1
m .

Second, D0 mixing can be measured by comparing the lifetimes extracted from the analysis
of D decays into the CP-even and CP-odd final states. This study is also sensitive to a linear
function of y via

τ(D → K−π+)

τ(D → K+K−)
− 1 = y cosφ− x sinφ

[
R2
m − 1

2

]
. (13)

Time-integrated studies of the semileptonic transitions are sensitive to the quadratic form x2+y2

and at the moment are not competitive with the analyses discussed above.
The construction of new tau-charm factories CLEO-c and BES-III will introduce new time-

independent methods that are sensitive to a linear function of y. One can again use the fact
that heavy meson pairs produced in the decays of heavy quarkonium resonances have the useful
property that the two mesons are in the CP-correlated states [45].

By tagging one of the mesons as a CP eigenstate, a lifetime difference may be determined
by measuring the leptonic branching ratio of the other meson. Its semileptonic width should be
independent of the CP quantum number since it is flavor specific, yet its branching ratio will
be inversely proportional to the total width of that meson. Since we know whether this D(k2)
state is tagged as a (CP-eigenstate) D± from the decay of D(k1) to a final state Sσ of definite
CP-parity σ = ±, we can easily determine y in terms of the semileptonic branching ratios of
D±. This can be expressed simply by introducing the ratio

RL
σ =

Γ[ψL → (H → Sσ)(H → Xl±ν)]
Γ[ψL → (H → Sσ)(H → X)] Br(H0 → Xlν)

, (14)
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where X in H → X stands for an inclusive set of all final states. A deviation from RL
σ = 1

implies a lifetime difference. Keeping only the leading (linear) contributions due to mixing, y
can be extracted from this experimentally obtained quantity,

y cos φ = (−1)Lσ
RL
σ − 1

RL
σ

. (15)

The current experimental upper bounds on x and y are on the order of a few times 10−2,
and are expected to improve significantly in the coming years. To regard a future discovery of
nonzero x or y as a signal for new physics, we would need high confidence that the Standard
Model predictions lie well below the present limits. As was recently shown [41], in the Standard
Model, x and y are generated only at second order in SU(3)F breaking,

x , y ∼ sin2 θC × [SU(3) breaking]2 , (16)

where θC is the Cabibbo angle. Therefore, predicting the Standard Model values of x and y
depends crucially on estimating the size of SU(3)F breaking. Although y is expected to be
determined by the Standard Model processes, its value nevertheless affects significantly the
sensitivity to new physics of experimental analyses of D mixing [40].

Standard Model mixing predictions
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Figure 1: Standard Model predictions for |x| (open triangles) and |y| (open squares).
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Theoretical predictions of x and y span several orders of magnitude. The predictions ob-
tained in the framework of the Standard Model are not exception, as evidenced from Fig. 12.
Roughly, there are two approaches, neither of which give very reliable results because mc is in
some sense intermediate between heavy and light. The “inclusive” approach is based on the
operator product expansion (OPE). In the mc � Λ limit, where Λ is a scale characteristic of
the strong interactions, ∆M and ∆Γ can be expanded in terms of matrix elements of local
operators [47]. Such calculations yield x, y < 10−3. The use of the OPE relies on local quark-
hadron duality, and on Λ/mc being small enough to allow a truncation of the series after the
first few terms. The charm mass may not be large enough for these to be good approximations,
especially for nonleptonic D decays. An observation of y of order 10−2 could be ascribed to
a breakdown of the OPE or of duality, but such a large value of y is certainly not a generic
prediction of OPE analyses. The “exclusive” approach sums over intermediate hadronic states,
which may be modeled or fit to experimental data[48]. Since there are cancellations between
states within a given SU(3) multiplet, one needs to know the contribution of each state with
high precision. However, the D is not light enough that its decays are dominated by a few final
states. In the absence of sufficiently precise data on many decay rates and on strong phases,
one is forced to use some assumptions. While most studies find x, y < 10−3, Refs. [48] obtain
x and y at the 10−2 level by arguing that SU(3)F violation is of order unity, but the source
of the large SU(3)F breaking is not made explicit. It was also shown that phase space effects
alone provide enough SU(3)F violation to induce y ∼ 10−2 [41]. Large effects in y appear
for decays close to D threshold, where an analytic expansion in SU(3)F violation is no longer
possible. Thus, theoretical calculations of x and y are quite uncertain, and the values near the
current experimental bounds cannot be ruled out. Therefore, it will be difficult to find a clear
indication of physics beyond the Standard Model in D0D0 mixing measurements alone. The
only robust potential signal of new physics in charm system at this stage is CP violation.
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The higher statistics available for charm decays are allowing us to probe for new physics
with rare decays and see new effects in semileptonic analyses. We explore new limits
for rare decays from CLEO, CDF and FOCUS. There is a first result from CLEO[1]
for the decay D0 → γγ, an improved measurement of D0 → µ+µ− from CDF[2], and
measurements of D+

(s) → h±µ∓µ+ from FOCUS[3] which has implications for MSSM. We
also discuss results that exploit the detailed angular decay distributions in semileptonic
decays. FOCUS[4] see evidence for a scaler-like interference in the decay D+ → K

∗0
µ+ν.

In addition to measuring form factor ratios and a pole mass for the decay Λ+
C → Λ0e+ν,

CLEO[7] sets a limit for Λ+
C CP asymmetry by measuring the decay asymmetry αΛ+

C
.

Finally we compare semileptonic branching ratios and form factor ratios from FOCUS[5][6]
to other experiments.

1 Introduction-Rare Decays

Standard Model rates for the rare decays in this review are expected to be small. Long range
effects can enhance the rates, but, as we will see, predictions remain below experimental sensi-
tivities.

1.1 CLEO[1] D0 → γγ

The excellent hermeticity, efficiency and resolution of the CLEO calorimeter allow an upper
limit for the topologically difficult decay D0 → γγ to be estimated. The CLEO result for the
branching ratio of D0 → γγ at the 90% C.L. of 2.9 × 10−5 is a first and is described below.

Cuts optimized for the decay D0 → π0π0 are used to search for 2 photons with an invariant
mass within 2.5σ of the D0 mass. In order to suppress backgrounds from decays where a π0

is present, candidates are vetoed if unused photons form a π0 mass (±3σ) with one of the
candidate photons. Charged pions consistent with D momentum and particle ID cuts are then
used to form Q = M(D∗+) −M(D0). The data distribution is fit to a Gaussian (width and
center are fixed to Monte Carlo values) and a threshold function and normalized to the decay
D0 → π0π0. In 13.8 fb−1 of data, 19.2±9.3 events are measured at the location where D0 → γγ
decays are expected.

They find a relative branching ratio of D0 → γγ to D0 → π0π0 of 0.0194±0.0094. An upper
limit result of 0.033 is obtained by considering what Gaussian with the above error would have
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90% of its area above the result. Using the measurement BR(D0 → π0π0) = (8.4± 2.2)× 104,
they set the limit for the branching ratio D0 → γγ.
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Figure 1: The Q distributions from the CLEO analysis of D0 → γγ. The normalizing mode is
shown in a) and the result of the D0 → γγ search is shown in b).

1.2 CDF[2] D0 → µ+µ−

The CDF measurement for the branching ratio of D0 → µ+µ− employs clever techniques for
inferring efficiencies and backgrounds from data sources wherever possible. Their result of
BR(D0 → µ+µ−) < 2.4 × 106 at the 90% C.L. is the worlds best.

Cuts are optimized using the normalizing modeD0 → π+π− in ratio to background estimates
coming from sidebands of this decay where a single pion is misidentified (gives the combinatoric
component) and the decay D0 → k+π− where both particles are misidentified a muon (gives
the peaking component).

Candidate D0’s are formed and combined with charged pions to form a mass difference
M(D∗+)−M(D0). Candidates are accepted if they are within about 2.5σ of the expected mass
difference. Backgrounds entering the D0 → µ+µ− mass region are estimated using 2 sources.
The number of events expected from a double misidentification of D0 → π+π− is estimated by
taking the number of D0 → π+π− events in the mass region and multiplying by the squared
misid probability. This source is estimated to contribute 0.22±0.2 events. The number of events
expected to enter the signal region from combinatoric background is estimated by looking at a
high µ+µ− mass sideband (scaled accordingly). This source is expected to contribute 1.7± 0.7
events. Since the signal optimization and background estimation are performed with the signal
region masked, and the background used in the optimization is essentially de-coupled from the
background estimation used for the signal region, the analysis is “blind.”
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When CDF looks in a ±2σ region around the expected D0 mass, no events are seen where
roughly 2 are expected. For a result with no background expected and no signal seen, one
would expect a 90% C.L. upper limit of about 2.4 × 10−6 for the branching ratio by using the
yield of the normalization mode, 1371 ± 53, in a direct ratio. This is in fact the quoted CDF
result for 69 pb−1 of data, and is a bit lower than the anticipated sensitivity for the quoted
background.
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Figure 2: The D0 → π+π− and D0 → µ+µ− histograms used in the CDF search for the decay
D0 → µ+µ−.

1.3 FOCUS[3] D+
(s) → h±µ∓µ+

FOCUS used a dual-bootstrap approach for optimization and to determine the final result.
Briefly, the initial data sample is bootstrapped (sampled with replacement) twice. One sample
is used to search a cut grid for cuts that will optimize the sensitivity (i.e. the signal region
is blocked). The cuts from the first sample are then used on the other sample and a new
sensitivity as well as branching ratio upper and lower limits are calculated. After this process
is repeated 10000 times, the median value from the returned trials is used to quote a final
result. As a check, another method, which finds a single best set of cuts from 10000 trials is
applied to the data set once in the spirit of a more traditional blind analysis, and an upper
limit is calculated. The normalization modes used in the analysis are shown in Figure 3. A
more thorough explanation of the analysis can be found in the reference. The results for the
modes of the D+ and D+

s are shown in Table 1.3. There is a slight indication that the result
for D+ → K−µ+µ+ is higher than the expected sensitivity, but FOCUS thinks this likely due
to background from the copious decay channel D+ → K−π+π+.

1.4 Rare Decay Round-up

In Figure 4 we compare the results presented here to previous experimental results (where
possible) and theory. It is interesting to note that some modes are within a factor of 10 of
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Figure 3: Modes used to normalize the FOCUS rare decay modes. The solid histograms repre-
sent the loosest cuts employed in the analysis, while the superimposed cross-hatched histograms
represent data which has had the tightest cuts used in the analysis applied.

Decay Sensitivity F-C R-L R-L incl. Single Cut
Mode σr incl. σr

D+ → K+µ+µ− 7.5 11 9.1 9.2 12
D+ → K−µ+µ+ 4.8 13 13 13 12
D+ → π+µ+µ− 7.6 9.3 8.7 8.8 7.4
D+ → π−µ+µ+ 5.5 4.6 4.8 4.8 5.1
D+
s → K+µ+µ− 33 31 33 36 38

D+
s → K−µ+µ+ 21 11 13 13 20

D+
s → π+µ+µ− 31 20 24 26 18

D+
s → π−µ+µ+ 23 29 26 29 22

Table 1: FOCUS results for raw sensitivities, 90% upper limits calculated using the method
of Feldman-Cousins (FC), Rolke-Lopez (RL), Rolke-Lopez including systematic error, and the
result using the cross check described in the text. All branching ratios are (×10−6).

the Standard Model prediction (D+ → π+µ+µ−& D+
s → π+µ+µ−), while more are orders of

magnitude away from existing predictions. The FOCUS result for the branching ratio D+ →
π+µ−µ+ of 8.8×10−6 at the 90% C.L. sets a new limit for a MSSM R-Parity violating constraint.

2 Introduction-Semileptonic Decays

When a charm meson decays to a vector particle and an electron–neutrino, there are 3 helicity
terms to consider. Pole dominance is assumed for the q2 dependence of the form factors in the
helicity terms, and this choice is somewhat justified since the q2 range of the decay, and hence
the influence of the form factor at different values of q2, is limited by the large mass of the
vector particle. When a Λ+

C baryon decays into the Λ0 baryon and an electron–neutrino, the
rough effect of the baryon spin is to add in another helicity term.
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Figure 4: Compilation of Rare modes to previous experiments, Standard Model predictions
and predictions beyond the standard model. Note that experimental results are still above the
predictions, but the FOCUS result for D+ → π+µ+µ− sets a new constraint.

2.1 FOCUS[4][5][6] D+ → K
∗0
µ+ν & D+

s → φµ+ν

Perhaps the most interesting result from FOCUS is the fact that an extra term to the matrix

element is required in order to describe the decay distribution of D+ → K
∗0
µ+ν. This S-wave

term creates an interference effect which is clearly observed in the data and accounts for roughly
5.5% of the D+ → Kπµ+ν rate. The data and the effect are highlighted in Figure 5.

FOCUS has also measured form factor ratios for the decay D+ → Kπµ+ν and branching
ratios for both D+ → Kπµ+ν and D+

s → φµ+ν. FOCUS results, the new world average
including the FOCUS results and the PDG 2002 values are shown in Table 2.1.

2.2 CLEO[7] Λ+
C → Λ0e+ν

CLEO fits the decay distribution for Λ+
C → Λ0e+ν to determine a pole mass for the form factors,

a ratio of the two form factors and the asymmetry parameter. Four dimensions, t, cos θΛ, cos θW
and χ are used in the fit, and a discrete transform is performed to account for resolution effects
during the fit. They achieve about a signal to noise of 4 to 1 with their cuts. The results are
based on 13.4 fb−1 of data. The result of the fit to the four dimensions is shown in Figure 6.

CLEO finds the ratio of form factors f2/f1 = −0.31± 0.05± 0.04 and Mpole = 2.13± 0.07±
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Figure 5: Data error bars weighted by the angular distribution are on the left. The solid line
represents the data simulation where an S-wave interference term has been added to the decay
matrix element. The dashed line represents the data simulation with no such term added. The
plot on the right indicates that the data sample used in this analysis is very clean.

Measured FOCUS New PDG
Quantity Avg 2002

Rv 1.504 ± 0.057 ± 0.039 1.62 ± 0.05 1.82 ± 0.09
R2 0.875 ± 0.049 ± 0.064 0.83 ± 0.05 0.78 ± 0.07

Γ(D+ → K
∗0
l+ν)/Γ(D+ → K−π+π+) 6.32 ± 0.011 ± 0.022 0.62 ± 0.02 0.53 ± 0.04

Γ(D+
s → φl+ν)/Γ(D+

s → φπ+) 0.540 ± 0.033 ± 0.048 0.54 ± 0.04 0.54 ± 0.05

Table 2: FOCUS semileptonic results compared to the PDG and used in the computation of a
new world average.

0.10 GeV/c2 which agrees nicely with the theory estimate in the reference. They also find the
asymmetry parameter to be αΛC

= −0.85± 0.03± 0.02. With this result they measure the CP

asymmetry of the Λ+
C to be AΛC

=
(αΛC

+α
ΛC

)

(αΛC
−α

ΛC
)

= 0.01 ± 0.03 ± 0.02, consistent with zero.
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In this talk recent results on charm spectroscopy are presented. These include the mea-
surement of the ηc(2S) mass by Belle, BaBar and CLEO, observation of new cu and cs
states and new results on the Ω0

c mass and semileptonic decays.

1 Introduction

New results on charm spectroscopy have come from the e+e− experiments Belle, BaBar and
CLEO. With the large BB and e+e− → cc data samples recorded by these experiments it is
possible to search for new particles and test theoretical predictions. Moreover, e+e− experiments
have low backgrounds that permits them to study rare decays of charmed hadrons and perform
new searches by analyzing e+e− → cc continuum events as well as B decays.

2 Observation of ηc(2S) production and its mass mea-

surement

Belle recently observed ηc(2S) production in exclusive B decays toKKK0
Sπ, where the ηc(2S) is

reconstructed in the K±K0
Sπ

∓ final state. The mass was measured to be (3654±6±8) MeV [1]
that is much larger than the previous Crystal Ball measurement of 3594±5 MeV [2]. This year
Belle observed the ηc(2S) production (108±24 events)in e+e− → J/ψηc(2S) double charmonia
events and confirm high ηc(2S) mass [3]. The weighted average of two Belle measurements is
M(ηc(2S)) = 3645.4 ± 4.8 MeV.

BaBar and CLEO observed ηc(2S) production in γγ collisions by reconstructing the same
K±KSπ

∓ decay channel. Fig. 1 presents the K±Ksπ
∓ invariant mass distributions in γγ

events from the CLEO Collaboration [4]. Table 1 shows recent ηc(2S) mass measurements by
Belle, BaBar and CLEO in comparison with the previous Crystall Ball value. The observation
of ηc(2S) (except for hc(1P )) completes the below-threshold charmonium spectrum. These
new measurements provide useful information about the spin-spin part of the charmonium
potential [5].
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Figure 1: The M(K0
sK

±π∓) distribution in γγ events from the CLEO Collaboration. The low
and high mass peaks are due to the γγ → ηc and γγ → ηc(2S), respectively.

Experiment Method ηc(2S) mass, [MeV]
Belle B → ηc(2S)K, ηc(2S) → K0

sK
±π∓ 3654 ± 6 ± 8

Belle e+e− → J/ψηc(2S) 3630 ± 8
BaBar γγ → K0

sK
±π∓ 3632.2 ± 5.0 ± 1.8

CLEOII γγ → K0
sK

±π∓ 3642.7 ± 4.1 ± 4.0
CLEOIII γγ → K0

sK
±π∓ 3642.5 ± 3.6

Crystal Ball ψ(2S) → ηc(2S)γ 3594 ± 5

Table 1: Summary of ηc(2S) mass measurements.

3 Measurement of Ω0
c mass and observation of Ω0

c →
Ω−l+ν

The experimental study of charmed baryons, especially the least well understood Ω0
c is an

important test for many theoretical models that give quantative predictions of the properties
of heavy hadrons. The range of theoretical predictions for the Ω0

c mass is quite large: 2610-
2786 MeV [6]. CLEO published a Ω0

c mass measurement [7] of 2694.6 ± 2.6 ± 1.9 MeV that is
lower than all previous results [10]. Using the largest sample of fully reconstructed Ω0

c → Ω−π+

decays containing 80.5 ± 10.8 events, Belle measured the mass of Ω0
c to be 2693.9 ± 1.1 ±

1.4 MeV [8]. Fig. 2 shows the Ω−π+ invariant mass distribution for the scaled momentum
xp(Ω

−π+) greater than 0.5. The Belle result is in good agreement with the CLEO measurement,
has the better statistical accuracy and supports lower value of the Ω0

c mass.

CLEO also published observation of the Ω0
c semileptonic decay Ω0

c → Ω−e+ν [9]. They

measured the ratio of B(Ω0
c→Ω−π+)

B(Ω0
c→Ω−l+ν) to be 0.41± 0.19± 0.04. Belle observed the Ω0

c semileptonic

decay both in electron and muon modes [8]. After background subtraction the number of
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Ω0
c → Ω−µ+ν and Ω0

c → Ω−e+ν signal events was found to be 33.1 ± 8.2 and 31.9 ± 71.1,

respectively. From this the ratio B(Ω0
c→Ω−π+)

B(Ω0
c→Ω−l+ν) is found to be 0.8±0.2±0.1, in marginal agreement

with the CLEO result.
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Figure 2: Belle: the M(Ω−π+) distribution for xp(Ω
−π+) > 0.5.

4 Observation of 0+ and 1+ cu states

The spectroscopy of charmed mesons tests HQET and potential model predictions for their
masses, widths and decay modes. There were two well established P-wave cu mesons (referred
as D0

1 and D∗0
2 ) with JP = 2+, 1+ and light quark total angular momentum jq = 3/2 [10]. Two

other P-wave states (with jq = 1/2) are broad (referred as D∗0
0 and D

′0
1 ) since the decay via

S-wave is allowed for them. Previously, there was only one measurement reported by CLEO
concerning one of the broad state: M(D

′0
1 ) = (2461+48

−42) MeV, Γ(D
′0
1 ) = (290+110

−90 ) MeV [11].
To search for the broad states, Belle studied exclusive B decays to D(∗)+π−π− [12], [13]
and observed all P-wave states (Fig. 3): (D∗0

0 , D
∗0
2 ) → D+π− and (D0

1, D
′0
1 ) → D∗+π−.

The parameters of the broad states were measured to be M(D∗0
0 ) = (2308 ± 17 ± 15 ±

28) MeV, Γ(D∗0
0 ) = (276 ± 21 ± 18 ± 60) MeV and M(D

′0
1 ) = (2427 ± 26 ± 20 ± 15) MeV,

Γ(D
′0
1 ) = (384+107

−75 ± 24 ± 70) MeV. The parameters of the narrow states were measured to
be M(D∗0

2 ) = (2461.6 ± 2.1 ± 0.5 ± 3.3) MeV, Γ(D∗0
2 ) = (45.6 ± 4.4 ± 6.5 ± 1.6) MeV and

M(D0
1) = (2421.4±1.5±0.4±0.8) MeV, Γ(D0

1) = (23.7±2.7±0.2±4.0) MeV consistent with
the world average values [10].

5 Observation of new states DsJ(2317)+ and DsJ(2457)+

The observation of a new charmed meson at a mass of 2317 MeV decaying to D+
s π

0 by the
BaBar (Fig. 4 (right)) has triggered a number of publications on the possible interpretation on
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Figure 3: Belle: the minimal Dπ(left) and D∗π mass distributions for B− → D+π−π− and
B− → D∗+π−π− events respectively.

the nature of new resonance [14]. CLEO observed another new charmed meson at the mass of
2463 MeV [15]. It was suggested that both new resonances belong to the doublet of P-wave cs
mesons with jq = 1/2 [16] and quantum numbers JP = 0+(lower mass, referred as DsJ(2317)+)
and JP = 1+(higher mass, referred as DsJ(2457)+).

Belle confirmed both resonances and measured masses for 0+ and 1+ states to be (2317.2±
0.5 ± 0.9) MeV and (2456.5 ± 1.3 ± 1.1) MeV respectively. Table 2 summarizes the mass
measurements of DsJ(2317)+ and DsJ(2457) states by the three Υ (4S) experiments. The mass
of the DsJ(2317)+ is in good agreement between the experiments, but the CLEO value of
M(DsJ(2457)) [15] is significantly higher than the Belle measurement. Note, that the masses
of these states are nearly the same as those measured by Belle in the cu system (see above).

Experiment DsJ(2317) mass, [MeV] DsJ(2457) mass, [MeV]
BaBar [14], [17] 2316.8 ± 0.4 2458 ± 1.0

CLEO [15] 2318.5 ± 1.2 ± 1.0 2463.6 ± 1.7 ± 1.0
Belle [20] 2317.2 ± 0.5 ± 0.9 2456.5 ± 1.3 ± 1.1

Table 2: Summary of DsJ(2317) and DsJ(2457) mass measurements.

To clarify the nature of these resonances, it is necessary to determine their quantum num-
bers and also their decay modes. QCD sum rules in HQET predict that P-wave mesons with
jq = 1/2 are abundantly produced in B decays rather than with jq = 3/2 [18]. Belle re-
ported the observation [13] [19] of exclusive B → DsJ(2317)D and B → DsJ(2457)D de-
cays (Fig. 4 (left)). Through the study of these procesess, Belle observed the radiative decay
DsJ(2457) → Dsγ (Fig. 4 (c)(left)). This decay mode has also been observed in the e+e− con-

tinuum by Belle(Fig. 5). The ratio of B(DsJ (2457)+→D+
s γ)

B(DsJ (2457)+→D∗+
s π0)

was extracted to be 0.63±0.15±0.15

and 0.38 ± 0.11 ± 0.04 for continuum and B decays, respectively. The observation of this
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radiative decay mode rules out the 0+ quantum number assignment for the DsJ(2457)+ state.
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Figure 4: BaBar: the M(D+
s π

0) distribution: a) D+
s → φπ+, b) D+

s → K
∗0
K+(right). Belle:

the M(DsJ ) distribution (left) for events in the B → DsJD-signal region: (a) DsJ(2317) →
D+
s π

0; (b): DsJ(2457) → D∗
sπ

0 ; (c): DsJ(2457) → D+
s γ.
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An experimental review of the present status of the measurements related to the D0D0

mixing and of the lifetimes of the singly charmed mesons and baryons will be presented.
For the D0D0 mixing the lifetimes ratio, the ’Wrong Sign’ (WS) hadronic decays, and
WS semileptonic decays are the types measurements existing today. All the experimental
results exclude mixing (and CP violation) generally at about the 1% level.
As far as the lifetime of the singly charmed particles is concerned, nowadays measurements
are as precise as 0.5-1 % for the mesons and the Λc, up to about 20% for the Ω0

c , and so they
stimulate and challenge theoretical calculations which, for charm (and beauty) particles,
are generally based on an Operator Product Expansion whose coefficients contain powers
of 1/mQ, the inverse of mass of the heavy quark.

1 D0D0 mixing measurements

The formalism used in this case is the same as the one used for the B0B0 and K0K0 systems and
can be found for instance in [1]. Experimentally, presently three are the types of measurements
one can perform with the D0D0 system (unless otherwise stated, charge conjugate states are
implied in this proceeding) :

1. the ratio of lifetimes :

ycp ≡
τ(D0 → K−π+)

τ(D0 → K−K+)
− 1 or ycp ≡

τ(D0 → K−π+)

τ(D0 → π−π+)
− 1 (1)

Note that if CP is conserved in the D0D0 system (and this is experimentally known to
be true at the 1% level) then ycp = γ1−γ2

γ1+γ2
≡ y (where γ1 is the total decay width of D1,

the more massive state, and, if CP is conserved, the state with CP = +1, while γ2 is the
total decay width of the D2 state).

2. The ratio between the number of Wrong Sign hadronic decays of the D0 and the number

of CF decays, using typically the Kπ decay channel : N(D0→K+π−)
N(D0→K−π+)

. If CP is conserved in

the D0D0 system, the time dependence of this ratio is given by the well known formula :

1

total RS

dWS(t)

dt
= γe−γt[RD +

√
RDy

′γt+
1

2
RMγ

2t2] (2)
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with γ ≡ (γ1 + γ2)/2; x ≡ (m1 −m2)/γ; RD ≡
∣∣∣∣<K+π−|Hw|D0>

<K+π−|Hw|D0>

∣∣∣∣2 =
∣∣∣∣<K−π+|Hw|D0>
<K−π+|Hw|D0>

∣∣∣∣2;
x′ ≡ x cos δ+y sin δ; y′ ≡ −x sin δ+y cos δ; δ ≡ arg

(
−<K+π−|Hw|D0>
<K+π−|Hw|D0>

)
= arg

(
−<K−π+|Hw|D0>

<K−π+|Hw|D0>

)
;

RM ≡ 1
2
(x2 + y2). The time integrated ratio is given by :

total WS

total RS
= RD +

√
RDy

′ +RM . (3)

If CP is not conserved, (2) and (3) still hold, but RD, y′ and RM are defined in a slightly
more general way, and-at least in principle-they may have different values for D0 and D0.

3. The ratio of the number of WS semileptonic decays of the D0 over the number of RS
decays; i.e. :

N(D0 → K+l−ν)
N(D0 → K−l+ν).

(4)

If CP is conserved then

1

total RS

dWS(t)

dt
= γe−γt

1

2
RMγ

2t2 (5)

Again, if CP is not conserved, this time evolution is described by the the same formula
but the definition of RM changes and it may have different values for the D0 and the D0.

There are several theoretical calculations on the mixing parameters x and y for the D0D0

system; all of them predict x, y ≤ 10−2[2]. Therefore larger values would be signals of new
physics. Also CP violating effects, in the sense of difference for RM , RD, y′ for D0 and D0, are
expected to be very small (≤ 10−3) and again, if detected larger, would be signals of physics
beyond the Standard Model.

1.1 Measurements of the ratio of lifetimes

The latest measurements of ycp were performed by the experiments BaBar (preliminary result),
Belle, Cleo 2.5, Focus and E791. They all are summarized in Table 1. The average ycp of the
experiments in the Table 1 is consistent with 0 and the precision on this measure has reached
the half percent level. BaBar and Belle should improve this limit in the near future since they
are still running and will collect more statistics.

1.2 D0 WS hadronic decays

The ratio of WS over the RS hadronic decays in the D0D0 system has been measured by several
of experiments in the decay channel D0 → K+π−. BaBar[8] and Cleo 2.5[9] performed the
time dependent analysis (formula (2)), the only one allowing the simultaneous determination
of RD, y′, RM . BaBar preliminary result can be summarized in essence as follows : the CP
violation parameters are zero within errors. In a fit with no CP violation allowed, x′2 ≤ 0.2%
and -2.7% ≤ y′ ≤ 2.2% at the 95% CL. Cleo 2.5 also finds that the CP violation parameters
are zero within errors and in a fit without CP violation it measures -2.8% ≤ x′ ≤ 2.8% and
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Experiment measured ycp ( % ) year

BaBar[3] 0.8 ± 0.4+0.5
−0.4 2003 (preliminary)

Belle[4] 0.5 ± 1.0+0.7
−0.8 2002

Cleo 2.5[5] −1.2 ± 2.5 ± 1.4 2002

Focus[6] 3.42 ± 1.39 ± 0.74 2000

E791[7] 0.73 ± 3.30 1998
Average 0.96 ± 0.52
PDG 2002 −0.2 ± 1.1

Table 1: summary of the latest ycp measurements. Note that the E791 result has been derived
since they didn’t measure ycp directly but rather τKπ and γ1 − γ2. The penultimate line of the
table is the weighted average of the results in this table.

-5.2% ≤ y′ ≤ 0.2% at the 95% CL. Moreover BaBar and Cleo 2.5 and all the other experiment
listed in Table 2 measured the time integrated ratio and extract RD under the assumption of
no mixing and no CP violation.

Experiment measured RD ( % ) year
(no CP violation, no Mixing)

BaBar[8] 0.359 ± 0.020 ± 0.027 2003

Belle[10] preliminary 0.372 ± 0.025+0.009
−0.014 2002

Focus[11] 0.404 ± 0.085 ± 0.025 2001

Cleo 2.5[9] 0.332+0.063
−0.065 ± 0.040 2000

Average 0.366 ± 0.020
PDG 2002 0.39 ± 0.06

Table 2: summary of the latest measurements of RD for the channel D0 → K+π− under the
assumption of CP conservation and no mixing. The average refers to the values quoted in the
table.

The average of RD has a precision better than 10%.
Several other ’Wrong Sign’ measurements of hadronic decays of the D0 were performed in the
recent past and for page limitation I cannot show them all in these proceedings. Here I would
like to mention only the Dalitz analysis performed by Cleo 2.5 on the decay D0 → Ksπ

+π−[12]
that allowed to measure directly the strong phase δ between the CF decay channel D0 →
K∗−(890)π+ and the DCS decay channel D0 → K∗+(890)π−. Under the assumption of no CP
violation, this angle is consistent with zero : δ = 90 ± 150.

1.3 D0 WS semileptonic decay

Presently the only published result is the relatively old E791 paper[13] that fitted the time
evolution of the WS decay D0 → K+l−ν (where l− = µ−, e−) assuming no CP violation. They
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gave an upper limit on RM ≤ 0.005 at 90% CL.

1.4 D0D0 mixing measurements - conclusions

Experiments have reached the half percent precision in the measure of ycp, and they can give
95% CL intervals, for y′ and x′ in the Kπ decay channel, covering regions of few percent around
0. They also find no evidence of CP violation in mixing. So far the experimental results are in
agreement with theory, i.e. no mixing, no CP violation at the percent level. To start checking
theoretical predictions more closely, we will need to improve precisions at least at 0.1% level;
this will be probably achieved by the future generation of (beauty-)charm collider experiments.

2 Lifetimes of the singly charmed mesons and baryons

The lifetimes of the singly charmed particles are a challenging test for theory. Non perturbative
QCD plays an essential role in the determination of their decay widths. The latter are usually
calculated by means of an Operator Product Expansion in powers of 1/mQ, the inverse of mass
of the heavy quark[14][15]. Up to now, the exact form of the OPE is known only for the terms
of the expansion up to 1/m3

Q. Theoreticians use this technique to calculate inclusive quantities
for beauty and charm. However predictions for the charm lifetime are less reliable than for
beauty. In fact, since the charm quark mass is lighter, the so called pre-asymptotic effects are
important and it is not clear how many terms in the expansion should be considered to have
reliable predictions (in contrast with the case of the beauty particles where the mass of the
beauty quark is heavy enough to ensure almost an ’asymptotic’ regime and only terms up to
1/m2

b in the OPE need to be calculated). Up to now terms up to 1/m3
c are included.

Nowadays several experiments have measured the singly charmed particles lifetime with pre-
cision that can reach fractions of % for the most long-lived particles; only one (Focus) has
measured the lifetimes of all the singly charmed particles.. Therefore experimentally, not only
the charm baryon lifetime hierarchy is reasonably established, but also ratios between lifetimes

of charm particle (for instance τ(D+
s )

τ(D0)
and τ(D+)

τ(D0)
) have reached the % precision.

2.1 Charmed mesons

The only recent result on the D+ lifetime is from Focus[16] that measured τ = 1039.4±4.3±7.0
fs, thus reaching the half percent precision, using the ’golden mode’ decay channel D+ →
K−π+π+. This result is in good agreement with the PDG 2002 average (1051 ± 13 fs). Con-
sidering also the result of Cleo (1999), E687 in 1994 and in 1991 and E691 (1988) I calculate a
weighted average of τ = 1042.7 ± 7.0.
The latest results on the D0 lifetime were reported by Focus[16] and Selex[17] both using the
D0 → K−π+ and D0 → K−π+π+π− decay channels. They measured τ = 409.6 ± 1.1 ± 1.5 fs
and τ = 407.9±6.0±4.3 fs respectively. Also in this measurement Focus reached a precision of
half percent. Both results are in good agreement with PDG 2002 that quotes τ = 411.7 ± 2.7
fs. The weighted average calculated also considering the results of Cleo (1999), E687 in 1994
and 1991, is τ = 410.0 ± 1.6
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For the D+
s lifetime, Selex published[18] the result in 2001 of τ = 472.5 ± 17.2 ± 6.6 fs using

the decay channels D+
s → φπ and D+

s → K∗K. So far, in conferences, Focus has quoted only
a preliminary results of τ = 508.7± 5.1 (statistical error only) obtained analysing only 50% of
its sample of D+

s → φπ. Thus it looks as they can reach a precision better than 1% once the
full sample is analysed. The weighted average including these results and also those of Cleo
(1999), E791 (1999) and E687 (1993) is τ = 504.1 ± 4.4 fs.
Using all these weighted averages I calculated the theoretically interesting ratios of charm me-

son lifetimes : τ(D+
s )

τ(D0)
= 1.23 ± 0.01 and τ(D+)

τ(D0)
= 2.54 ± 0.02 that are precise at 1 % level.

2.2 Charmed baryons

Many theoretical papers in the past predicted the lifetime differences and establish the ’lifetime
hierarchy’ of the charmed baryons[14][15]. Nowadays one can say this hierarchy is rather firmly
established experimentally as more and more measurements (especially of the most short-lived
baryons) has become available.

In recent years Focus[19] and Cleo 2.5[20] have published results on the Ξ+
c lifetime. Focus anal-

ysed several decay channels (Ξ−π+π+, Σ+K−π+, pK−π+ ΛK−π+π+) obtaining τ = 439±22±9
fs, while Cleo 2.5 analyzed the Ξ−π+π+ channel obtaining τ = 503± 47± 18 fs. The weighted
average, considering also the result of E687 (1998), is τ = 439 ± 20 fs (namely it is dominated
by Focus measurement errors). The precision on this lifetime is now around 5%, much better
than just few years ago; however probably it will not improve in the near future, since BaBar
and Belle cannot be very competitive with the charmed baryons.
The lifetime of Λc is the best measured among the charm baryons; Focus recently reached a
2% precision level. In Table 3 the latest results are summarized. All experiments analyzed the
pKπ decay channel. The weighted average of has a precision better than 2%.

Experiment measured τ(Λ+
c ) (fs) year

Focus[21] 204.6 ± 3.4 ± 2.5 2002

Cleo 2.5[22] 179.6 ± 6.9 ± 4.4 2001

Selex[17] 198.1 ± 7.0 ± 5.6 2001

E687[23] 215 ± 16 ± 8 1993
Average 199.7 ± 3.4

Table 3: summary of the latest measurements of τ(Λ+
c )

As far as the Ξ0
c baryon is concerned, few measurements of its lifetime exists at all. Recently

Focus[24] measured τ = 118+14
−12 ± 5 fs using the decay channels Ξ0

c → Ξ−π+ and Ξ0
c → Ω−K+.

Taking into account also the measurements of E687 (1993) and ACCMOR (1990) I calculate a
weighted average of τ = 111 ± 11.
Finally for the lifetime of Ωc only 3 measurements presently exist. Focus in 2003[25] measured
τ = 72 ± 11 ± 11 fs, using the decay channels Ω0

c → Ξ−K−π+π+ and Ω0
c → Ω−π+. Taking
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RESULTS
(ξ = 1, ΛQCD = 300MeV ,µ = 1GeV ) EXP. DATA
mc = 1.4GeV mc = 1.35GeV

Lifetimes in units 10−13 s

τ(Λ+
c ) 2.03 2.18 1.998 ± 0.034

τ(Ξ+
c ) 2.42 2.70 4.39 ± 0.20

τ(Ξ0
c ) 0.87 0.94 1.11 ± 0.11

τ(Ω0
c ) 0.58 0.63 0.69 ± 0.13

Lifetime ratios

τ(Ξ+
c )/τ(Λ+

c ) 1.19 1.23 2.20 ± 0.11
τ(Ξ0

c )/τ(Λ
+
c ) 0.43 0.43 0.56 ± 0.06

τ(Ω0
c )/τ(Λ

+
c ) 0.28 0.29 0.35 ± 0.07

τ(Ξ+
c )/τ(Ξ0

c ) 2.76 2.87 3.96 ± 0.43

(mc = 1.4GeV, ΛQCD = 300MeV ,µ = 1GeV ) EXP. DATA
ξ = 1 ξ = 0.75

Lifetimes in units 10−13 s

τ(Λ+
c ) 2.03 2.03 1.998 ± 0.034

τ(Ξ+
c ) 2.42 3.41 4.39 ± 0.20

τ(Ξ0
c ) 0.87 0.98 1.11 ± 0.11

τ(Ω0
c ) 0.58 0.76 0.69 ± 0.13

Table 4: Predictions for lifetimes of charmed baryons[15] given for two values of the charmed
quark mass mc, and in dependence of the parameter ξ. The experimental values are calculated
using the weighted average of the lifetimes in the previous tables.

into account also the measurements of E687 (1995) and WA89 (1995) (although the latter is
dubious since to my knowledge the WA89 collaboration has withdrawn this result) I calculate
a weighted average of τ = 69 ± 13.
With these measurements nowadays the charm baryon lifetime hierarchy is reasonably estab-
lished : τ(Ωc) < τ(Ξ0

c ) < τ(Λc) < τ(Ξ+
c ) and the lifetime differences experimentally known

with precisions ranging from 10 to 20 fs. Theoretical predictions don’t have the same degree
of precision yet. In Table 4, I compare the latest theoretical predictions for baryons I could
find in literature[15] with the experimental average lifetimes calculated in the previous tables.
I think the agreement is good, perhaps surprisingly, except for the values involving the Ξ+

c .
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Physics with kaons:
experimental status and perspectives

Marco S. Sozzi
CERN, Geneva1

A brief overview of recent achievements and future perspectives of particle physics mea-
surements involving kaon decays is presented.

1 Introduction

These are exciting times for flavour physics, and especially for one of its most interesting
features, namely CP violation. After a thunderous start almost 40 years ago, and a long cold
winter, the first long-awaited signs of the incoming spring came just in the last five years: the
blossoming of a single precious orchid as direct CP violation in kaon decays, and the beginning
of the flowering of the multi-coloured garden of B meson physics, of which we just started
appreciating the wonderful hues and scents.

The kaon system represents the “minimal” flavour laboratory, with some nice features such
as long lifetimes, large mixing and tiny mass difference among the physical neutral states,
which allow a wide variety of experimental measurements to be carried out. With all kinds
of CP violation present, a look at the most recent PDG summary tables [1] will make clear2

the central importance and uniqueness of kaons for the investigation of this aspect of physics:
neutral kaons shaped our current understanding of CP violation. Unfortunately the theoretical
difficulties in linking experimental results to the fundamental parameters of the underlying
theory also affect kaon physics, without even the benefit of large masses: while the constraint
on the unitarity triangle arising from indirect CP violation in KL decays to two pions was for
a long time the only one preventing a collapse on the “real” axis, it is not from such common
(nowadays!) decays that a large improvement is expected to pin down possible inconsistencies of
the Standard Model, due to such theoretical problems. Still, kaons can provide fruitful insight
also on such an issue, and this is indeed the direction towards which experimental investigations
are now heading.

2 Recent results

One of the significant achievements of recent years was the clarification of the long-standing
issue of direct CP violation. For more than 30 years, the puzzling phenomenon of CP violation

1Permanent address: Scuola Normale Superiore, Piazza dei Cavalieri 7, 56126 Pisa, Italy.
E-mail: marco.sozzi@sns.it

2Although, admittedly, this will be less evident in future editions.
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only showed up in neutral kaons, in such a way that it could be fully described by the asymmetry
between the probability of a virtual K0 → K0 transition and its inverse, through the parameter
ε (indirect CP violation). The question of whether CP violation is a peculiarity of neutral
kaons, possibly induced by an effective “super-weak” interaction, or a universal feature of weak
interactions also present in decay processes, resisted a long and intense experimental scrutiny
until recent times. In 1999, with the first results from the latest round of experiments, E832
(KTeV) at FNAL [2] and NA48 at CERN [3], the issue was finally settled, and the existence of a
tiny direct CP violation effect, measured by the parameter ε′, was finally proven, by measuring
a difference in the amount of CP violation to π+π− and π0π0 decays, which cannot be ascribed
to a property of the initial state such as its mixing.

The above two experiments, exploiting decays of kaons in the 100 GeV/c momentum range,
have broad similarities in their high-rate detector concept, high-performance calorimetry (pure
CsI crystals for KTeV and a liquid Krypton ionization chamber for NA48), but several impor-
tant differences: the technique used for producing KS (with a regenerator in KTeV and with
a close target in NA48), for distinguishing KS and KL events (using displaced beams in KTeV
and a time-of-flight proton tagging technique in NA48), and the analysis approach (maximising
the statistics at the price of a large Monte Carlo acceptance correction in KTeV, and minimiz-
ing such a correction by event weighting at the price of statistics in NA48). Discussions of the
two approaches can be found in [4] and [5].

The experiments have since produced new improved results: the final value from the com-
plete 1997-2001 running of NA48 is [6] Re(ε′/ε) = (14.7 ± 2.2) · 10−4, while the KTeV result
from 1997 data [7] Re(ε′/ε) = (20.7 ± 2.8) · 10−4 is still expected to improve when the analysis
of the comparable 1999 data sample will be completed. The published results are limited by
systematics, for both experiments the most significant single contribution to the systematic
error being the understanding of the reconstruction of the π0π0 state, due to effects such as
energy non-linearities, knowledge of the absolute energy scale, position reconstruction, energy
sharing between close showers, etc.

Figure 1 summarises the current experimental situation: with the current world average

Re(ε′/ε) = (16.7 ± 2.3) · 10−4 (1)

(where the error has been inflated according to the PDG procedure) direct CP violation is finally
shown to exist at a statistical significance above 7 standard deviations; while the consistency of
the measurements might not be fully satisfactory yet, the final KTeV analysis and, hopefully in
the future, a new measurement with completely different systematics from KLOE at DAΦNE,
could improve the situation.

However, while the experimental value of Re(ε′/ε) turned out to be somewhat higher than
most theoretical predictions within the Standard Model (see e.g. [8] [9]), it does not challenge
its validity, within the large theoretical errors. The ball is now in the field of our theoretician
colleagues now, which hopefully will soon be able to make the best use of such a rather precise
measurement for testing the Standard Model in a deeper quantitative way; lattice QCD is
expected to play the leading role in this game, although difficulties still abound, despite the
amazing improvements in recent years. Nevertheless, the significance of the non-zero value of
ε′ as an important test of our picture of CP violation was made clear above; in terms which
might be more familiar to the B physics community this implies:
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Re(ε’/ε)

Average: (16.7 ± 2.3) 10-4

E731
(7.4±6.0)10-4

NA31
(23.0±6.5)10-4

KTeV
(20.7±2.8)10-4

NA48
(14.7±2.2)10-4

0 0.002 0.004 0.006

Figure 1: Recent experimental results on the direct CP violation parameter Re(ε′/ε).

ACP =
Γ(K0 → π0π0) − Γ(K0 → π0π0)

Γ(K0 → π0π0) + Γ(K0 → π0π0)
= (−11.1 ± 1.7) · 10−6 (2)

As byproducts of the search for direct CP violation, the two above experiments also provided
a wealth of precise measurements of neutral kaon system parameters, such as masses and mass
differences [7] [10], KS lifetime [7] [11], and CPT tests through measurements of the weak
phases of the ππ decay amplitudes [7], among which we quote the KTeV result on direct CPT
violation:

Im(ε′/ε) = (−22.9 ± 29.1) · 10−4 (3)

More precise or qualitatively new measurements of phenomena driven by indirect CP viola-
tion were also obtained, such as the charge asymmetry in KL semileptonic (Ke3) decays, with
samples of several 108 events [12] [13]:

δ
(e)
L = (3.322 ± 0.058 ± 0.047) · 10−3 (KTeV) (4)

δ
(e)
L = (3.309 ± 0.070 ± 0.071) · 10−3 (NA48) (5)
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and the first exploitation of π+π−e+e− decays. Such rare decays

BR(KL → π+π−e+e−) = (3.38 ± 0.27) · 10−7 (6)

BR(KS → π+π−e+e−) = (4.7 ± 0.3) · 10−5 (7)

where first observed by KTeV [14] and NA48 [15] respectively, and give an experimental handle
on the polarisation of the virtual photon in K → π+π−γ∗ processes, allowing the observation
of a large CP asymmetry for the KL mode, in the distribution of the angle φ between the π+π−

and e+e− decay planes, induced by the interference of inner bremsstrahlung and direct photon
emission amplitudes [16] [17]:

A
(φ)
CP (KL → π+π−e+e−) = (13.5 ± 1.5)% (8)

fully consistent with expectations.
The availability of intense kaon beams allowed both experiments to obtain new results on

several rare KL decays: for many of them the measurements of branching ratios and spectra
represent good tests for the current theoretical approach to low-energy dynamics, namely chiral
perturbation theory. Recent preliminary results from KTeV are [18]:

BR(KL → e+e−γ) = (10.13 ± 0.04 ± 0.06 ± 0.29) · 10−6 (9)

BR(KL → e+e−e+e−) = (4.07 ± 0.12 ± 0.11 ± 0.16) · 10−8 (10)

BR(KL → e+e−µ+µ−)z>0.95 = (2.69 ± 0.24 ± 0.12) · 10−9 (11)

where the quoted errors are respectively statistical, systematic and normalisation, and z ≡
m2
eeµµ/m

2
K is the radiative cutoff; improved accuracies are expected when the complete 1999

sample will be analysed. NA48 obtained [19] [20]:

BR(KL → γγ)/BR(KL → 3π0) = (2.81 ± 0.01 ± 0.02) · 10−3 (12)

BR(KL → π0γγ) = (1.36 ± 0.03 ± 0.03 ± 0.03) · 10−6 (13)

φ factories are unique sources of pure KS beams: using the hadronic interaction of a KL in the
calorimeter as a tag for the accompanying KS, KLOE started obtaining preliminary results,
among which the first measurement of the charge asymmetry for KS → πeν [24]:

BR(KS → πeν) = (6.81 ± 0.12 ± 0.10) · 10−4 (14)

δ
(e)
S = (1.9 ± 0.7 ± 0.6) · 10−2 (15)

The NA48/1 program, with the main data taking period in 2002, exploited an intense KS

beam from the close target to perform rare decay studies with the NA48 detector. Among its
main results is a new (preliminary) limit on indirect CP violation in KS → 3π0 decays [21]
obtained by the study of the KS −KL interference term:

Re(η000) = (−2.6 ± 1.0 ± 0.5) · 10−2 (16)

Im(η000) = (−3.4 ± 1.0 ± 1.1) · 10−2 (17)
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which is a significant improvement on the previous measurements, even if the precision is not
yet at the level required to see the expected indirect CP violation. The improved limit on this
branching ratio provides a better CPT test by constraining the CPT-violating parameter δ in
the effective quasi-hamiltonian describing state mixing, through the Bell-Steinberger unitarity
relation: Im(δ) = (−1.2±3.0) ·10−5, which translates, assuming CPT conservation in the decay
amplitudes, to the rather impressive

mK0 −mK0 = (−1.7 ± 4.2) · 10−19 GeV/c2 (18)

A second important result from NA48/1 is the first observation of the KS → π0e+e− decay
[23], with 7 events and negligible (0.15 events) background:

BR(KS → π0e+e−) = (5.8+2.8
−2.3 ± 0.3 ± 0.8) · 10−9 (19)

where the first error is statistical, the second systematic and the third is the theoretical one
due to the extrapolation to the full phase space from the measured region. This measurement
directly determines the indirect CP-violating contribution to the KL → π0e+e− decay, which
turns out to be the dominant component, as discussed in the following section.

In addition, new measurements of rare KS decay branching ratios, constraining chiral per-
turbation theory parameters at the next-to-leading order, were provided by NA48/1, such as
the first measurement of KS → π0γγ [21]:

BR(KS → π0γγ)z>0.2 = (4.9 ± 1.6 ± 0.8) · 10−8 (20)

BR(KS → γγ) = (2.78 ± 0.02 ± 0.04) · 10−6 (21)

where z ≡ m2
γγ/m

2
K0.

The search for transverse (to the decay plane) muon polarisation in semileptonic kaon
decays has a long experimental history: such a quantity is T-violating in absence of final state
interactions, and is actually predicted to be negligible in the SM, so it is actually a good probe
for new physics. The E246 experiment at the KEK PS measured such transverse polarisation
with stopped K+ decays, and recently published its updated result from 8.3 million analysed
decays [27]:

P
(µ)
T (K+ → π0µ+ν) = (−1.12 ± 2.17 ± 0.9) · 10−3 (22)

consistent with no T-violation3. The same experiment also presented recently the first mea-
surement of transverse muon polarisation in radiative Kµ2 decays [29]:

P
((µ)
T (K+ → µ+νγ) = (−0.64 ± 1.85 ± 0.10) · 10−2 (23)

The HyperCP experiment, devoted to the search of CP violation in hyperon decays, also
collected as a byproduct a large sample of K± decays to three charged particles, and obtained
some interesting preliminary results from the analysis of part of the available statistics [30]:

BR(K± → π±µ+µ−) = (9.8 ± 1.0 ± 0.5) · 10−8 (24)

as well as a limit on CP violation in 3π decays of charged kaons (see next section); more accurate
results are expected from a final analysis.

3The only direct measurement of T-violation still being the CPLEAR one [28] using semileptonic decays of
neutral kaons.
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3 Ongoing projects

The KLOE experiment at the Frascati φ factory DAΦNE is starting to exploit the machine
luminosity (� 8 · 1031 cm−2 s−1 peak in 2002), which is ramping up towards the design value
(5 · 1032 cm−2 s−1). With 500 pb−1 (1.5 · 109 φ) collected so far, the first physics results are
coming out, such as the precise ratio of charged to neutral ππ decays of KS [26], which can
clarify the issue of strong phase shifts.

The extraction of the CKM matrix element Vus from semileptonic kaon decays is at present a
very interesting issue, in view of the possible lack of unitarity suggested by older results but not
confirmed by the recent BNL E865 measurement [25]; also on this respect preliminary results
from KLOE for neutral kaons are showing up [31], which seem to confirm the “standard” value
of Vus, slightly at odds with unitarity (see fig. 2). New results from KLOE and NA48 could
soon help improving the picture.

Figure 2: Recent results (the ones from KLOE being preliminary) on the Vus element of the
CKM matrix, obtained from semileptonic kaon decays.

The NA48/2 experiment, currently taking data, uses the NA48 detector on a new simulta-
neous unseparated narrow band (60 GeV ±5%) K+ and K− beam, providing ∼ 5 · 106 kaons
per pulse every 16.8 s, superimposed in space and time (see fig. 3).

A new high-rate beam spectrometer, based on micro-mesh chambers, allows the measure-
ment of the incident kaon momentum for each event, thus over-constraining the kinematics also
for events with neutrinos in the final state. The main goal of the experiment is the search for
direct CP violation in charged kaon decays by measuring the asymmetry Ag of the Dalitz plot
slopes for K± → π±π+π− decays, to an accuracy of ∼ 10−4, by exploiting several systematic
cancellations, similarly to the ε′/ε approach. While Standard Model predictions are usually
somewhat below the experiment sensitivity, some super-symmetric models predict larger ef-
fects, leaving room for probing new physics. The most recent measurement of such quantity,
with 0.5% error, is more than 30 years old, while a preliminary partial analysis of HyperCP
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Figure 3: Schematics of the NA48/2 beam arrangement, with the twin achromat pairs and the
kaon beam spectrometer (KABES) shown.

data yields [32]:

A(π±π+π−)
g = (2.2 ± 1.5 ± 3.7) · 10−3 (25)

The intense kaon flux allows many other decay modes of charged kaons and CP-violating
asymmetries to be studied in NA48/2, aiming at improved measurements of the ππ interaction
in Ke4 decays, of direct CP violation in K± → π±π0π0 Dalitz plot slopes, and of several rare
decay modes, together with their CP-violating asymmetries thanks to the simultaneous beams.

The same main goal is shared by the OKA experiment [33] on the new separated beam at
the Protvino PS, in construction. By using 15 GeV kaons and a new magnetic detector, large
samples of K → 3π decays of both signs will be collected, although not simultaneously, aiming
at the same 10−4 accuracy for the Dalitz plot slope asymmetry, besides rare decay studies.

4 Future perspectives

After being a successful testing ground for the search of flavour-changing reactions, the kaon
system is now being exploited for searches of very rare decay modes, for which theoretical pre-
dictions are very reliable and have a straightforward connection to the underlying fundamental
parameters, similarly to the Bd → J/ΨKS mode in B physics. Such golden modes are the
flavour-changing neutral current processes K → πll (l = e, µ, ν), for which the single hadron in
the final state allows a reliable estimation of the transition matrix element from semileptonic
kaon decays; with QCD corrections under control, such decay modes are very good probes for
the SM, but unfortunately very challenging from the experimental point of view, with very small
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branching ratios, huge and sometimes irreducible backgrounds, and in some cases unconstrained
kinematics, requiring long dedicated efforts for their study.

For charged kaons all such decay modes have been seen; K± → π±e+e− and K± → π±µ+µ−

branching ratios are at the 10−7 ÷ 10−8 level, and CP asymmetries of their decay widths are
out of experimental reach.

An intense experimental program at BNL led to the measurement of the K+ → π+νν decay,
with 2 events observed by E787 using stopped kaons, resulting in [34]:

BR(K+ → π+νν) = (1.57+1.75
−0.82) · 10−10 (26)

with a central value twice as large as the Standard Model prediction BR = (0.75±0.29) ·10−10.
Such short-distance loop-induced decay is theoretically very clean (uncertainty � 5% from

the charm loop contribution) and represents one of the best modes to constrain the CKM
parameters ρ and η. The successor of E787, experiment E949 at BNL, was prematurely stopped
and is now analysing data.

A major program to undertake a high-sensitivity study of this decay mode is in preparation
at Fermilab: the CKM experiment [35], using an RF-separated beam of 22 GeV kaons decaying
in flight, is expected to start data-taking in 2007 and aims at collecting 100 events, with a
background of 10, using highly redundant measurements of kaon and pion parameters based
on double spectrometers and RICHs.

For neutral kaons decays (KL → π0ll) three contributions are present in general: a CP-
conserving one induced by KL → π0γγ, an indirect CP-violating one originating from KS →
π0ll and a short-distance “direct” CP-violating one, which can be predicted reliably and is most
interesting to constrain CKM matrix parameters.

The current experimental limits (at 90% CL) are from the KTeV experiment [18] [36] [37]:

BR(KL → π0e+e−) < 2.8 · 10−10 (27)

BR(KL → π0µ+µ−) < 3.8 · 10−10 (28)

BR(KL → π0νν) < 5.9 · 10−7 (29)

For the π0e+e− and π0µ+µ− modes the so-called “Greenlee” background from the process
KL → l+l−γγ is a limiting factor, and a measurement would require a precise background sub-
traction. The predictions for the short-distance “direct” CP-violating contribution isBR(KL →
π0e+e−)CP dir = (4.3 ± 2.1) · 10−12, and 5 times smaller for the muon mode.

Ancillary measurements are required to assess the situation for such decays, and these are
now available through the recent measurements of KL → π0γγ [20] [22] and KS → π0e+e−

[23], fixing the first two contributions above to rather small values; with the CP-conserving
component small as indicated by [20], the total branching ratio for the KL → π0e+e− decay lies
in the range 1÷4·10−11, and depending on the unknown relative sign of the two (interfering) CP
violating components, such branching ratio might be sensitive to the most interesting “direct”
CP-violating part.

The KL → π0νν mode is the golden mode of kaon physics: the CP-conserving contribution
and indirect CP-violating contributions are effectively absent in this case, and therefore the
branching ratio can be predicted with negligible intrinsic (� 2%) uncertainty to be 3 · 10−11.
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The decay is CP-violating, and a measurement of its branching ratio, being proportional to
|Im(V ∗

tsVtd)|2 would yield the most accurate determination ever of this combination of CKM
parameters, directly measuring the height of the unitarity triangle, better than can be ob-
tained from B decays; also for other parameters of the CKM matrix, the bounds from such a
measurement would be competitive with the ones from B physics before the LHC era.

While the experimental limits are at present 4 orders of magnitude away from predictions,
two major projects are underway for the search of this very challenging mode: photon vetoing
power and measurement redundancy are the key elements for the rejection of the huge and
poorly constrained background.

The KEK E391a experiment [38], expected to run in 2004 at the KEK-PS, uses a low energy
(3.5 GeV) pencil beam decaying in a hermetic double vacuum chamber surrounded by photon
vetos and CsI calorimeter (see fig. 4); a successful engineering run was performed in 2002.
While not reaching the SM level of sensitivity, this effort represents a pilot project for a full
experiment proposed for the new 50 GeV PS machine at JPARC, currently under construction,
which aims to collect 1000 SM events, starting in 2008.

Figure 4: Schematics of the KEK-E391a detector.

The KOPIO (E926) experiment at the Brookhaven AGS [39], scheduled to start in 2007, will
exploit a KL beam micro-bunched to 25 MHz, allowing the measurement of kaon momentum
by time-of-flight, and a pre-shower detector in front of the electro-magnetic calorimeter to get
redundant measurements of the decay kinematics (see fig. 5); the goal is to collect 50 events
with a signal to background ratio of 2 .
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Figure 5: Schematics of the BNL-E926 (KOPIO) detector.

5 Summary and conclusions

Physics with kaons is a valuable approach to address the fundamental issues of flavour physics
within and beyond the Standard Model. The liveliness and perspectives of the field can be
judged by the number of recent results, ongoing experiments and projects in preparation.

The wild and amazing growth of the glowing heavy-meson garden could bring some shadow
on the kaon flower-bed, but the hot summer is expected to bring fruits everywhere, and kaons
still have a bright future as precious tools for allowing us to disclose and better understand
some of the most intriguing and fascinating secrets of Nature.
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d’Aoste, La Thuile (Italy), March 2003.

[22] A. Alavi-Harati et al. (KTeV collaboration), Phys. Rev. Lett. 83 (1999) 217.

[23] M. Patel (for the NA48 collaboration), CERN seminar, June 10th 2003. To appear on
Phys. Lett. B.

[24] C. Gatti (KLOE collaboration), Ph.D thesis, University of Pisa 2003 (unpublished).

[25] A. Sher, preprint hep-ex/0305042, June 2003.

237



Marco S. Sozzi Physics with kaons: experimental status and perspectives

[26] A. Aloisio et al. (KLOE collaboration), Phys. Lett. B 538 (2002) 21.

[27] M. Abe et al. (KEK-E246 collaboration), preprint hep-ex/0211049, November 2002.

[28] A. Angelopoulos et al. (CPLEAR collaboration), Phys. Lett. B 444 (1998) 43.

[29] V.V. Anisimovsky et al. (KEK-E246 collaboration), preprint hep-ex/0304027, April 2003.

[30] E.C. Dukes (for the HyperCP collaboration), talk at XXXVII Rencontres de Moriond, Les
Arcs (France), March 2002.

[31] M. Moulson (for the KLOE collaboration), talk at Conf. on Intersections of Particle and
Nuclear Phys. CIPANP03, New York (USA), May 2003.

[32] W-S. Choong, Ph.D. thesis LBNL-47014 (Berkeley, 2000).

[33] V.F. Obraztsov, L.G. Landsberg (for the OKA collaboration), Nucl. Phys. (Proc. Suppl.)
B 99 (2001) 257.

[34] S. Adler et al. (BNL-E787 collaboration), Phys. Rev. Lett. 88 (2002) 041803.

[35] H. Nguyen (for the CKM collaboration), Nucl. Phys. (Proc. Suppl.) 115 (2003) 364.

[36] A. Alavi-Harati et al. (KTeV collaboration), Phys. Rev. Lett. 84 (2000) 5279.

[37] A. Alavi-Harati et al. (KTeV collaboration), Phys. Rev. D 61 (2000) 072006.

[38] KEK Experiment E391a proposal, KEK note 96-13, Tokyo (1996).

[39] D.A. Bryman (for the KOPIO collaboration), in Proc. KAON 2001 Int. Conf. on CP
violation, Pisa, June 12-17, 2001, F. Costantini et al. eds. (INFN, Frascati, 2002) 633.

238



New Physics and B → V1V2 Decays

David London
Laboratoire René J.-A. Lévesque, Université de Montréal,

C.P. 6128, succ. centre-ville, Montréal, QC, Canada H3C 3J7

I discuss several techniques for observing new physics using measurements of B → V1V2

decays. Within the standard model, all CP-violating triple-product correlations (TP’s)
involving light vector mesons are expected be very small or to vanish. However, these TP’s
can be large in models with new physics (NP). If a time-dependent angular analysis of B →
V1V2 can be performed, there are numerous additional tests for NP in the decay amplitudes.
Should a signal for NP be found, one can place constraints on the NP parameters.

1 Triple Products

It is well known that B → V1V2 decays cannot be simply used to measure indirect CP-violating
asymmetries and obtain clean information about weak phases. The reason is that the state
V1V2 is not a CP eigenstate – it involves three helicity amplitudes. Two of these (A0, A‖)
are CP-even, while the third (A⊥) is CP-odd. As a function of these helicity amplitudes, the
B → V1V2 decay amplitude can be written as [1]

M = A0ε
∗L
1 · ε∗L2 − 1√

2
A‖�ε∗T1 · �ε∗T2 − i√

2
A⊥�ε∗T1 × �ε∗T2 · p̂ , (1)

where p̂ is the unit vector along the direction of motion of V2 in the rest frame of V1, and
ε1,2 are polarizations of vector mesons. In the above, ε∗Li = �ε∗i · p̂, and �ε∗Ti = �ε∗i − ε∗Li p̂. On
the other hand, it is also well known that one can separate the helicity amplitudes using a
(time-dependent) angular analysis. In this way one can measure the indirect CP asymmetries
in each individual helicity state.

However, this angular analysis contains a great deal more information, due to the interfer-
ence of CP-even and CP-odd amplitudes. The time-integrated differential decay rate contains
6 angular terms. Two of these are [1]

−Im(A⊥A∗
0)

2
√

2
sin 2θ1 sin 2θ2 sinφ−

Im(A⊥A∗
‖)

2
sin2 θ1 sin2 θ2 sin 2φ . (2)

We have assumed that both vector mesons decay into pseudoscalars, i.e. V1 → P1P
′
1, V2 → P2P

′
2.

In the above, θ1 (θ2) is the angle between the directions of motion of the P1 (P2) in the V1 (V2)
rest frame and the V1 (V2) in the B rest frame, and φ is the angle between the normals to the
planes defined by P1P

′
1 and P2P

′
2 in the B rest frame. The key point is that these two terms

involve the triple product �ε∗T1 × �ε∗T2 · p̂. Triple products (TP’s) are odd under time reversal (T)
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and hence, by the CPT theorem, also constitute potential signals of CP violation. (Note that
a full angular analysis is not necessary to measure TP’s.)

Now, it is well-known that triple product signals are not necessarily CP-violating – even
if the weak phases vanish, nonzero TP signals can be produced by strong phases. In order to
obtain a true CP-violating signal, it is necessary to compare the TP in B → V1V2 with that in
B → V 1V 2 [2]. Note that the TP signal �ε∗T1 × �ε∗T2 · p̂ is odd under P. As a consequence, the
true CP-violating triple product is found by adding the two T-odd asymmetries:

AT ≡ 1

2
(AT + AT ) . (3)

This is an important point: since one has to add AT and AT , neither tagging nor time depen-
dence is necessary to measure TP’s! In principle, one can combine measurements of charged
and neutral B decays to obtain a triple-product signal.

Triple products are of particular interest because they are complementary to direct CP
asymmetries. Both signals can be nonzero only if there are two interfering decay amplitudes in
a given B decay. However, denoting φ and δ as the relative weak and strong phases, respectively,
between the two interfering amplitudes, the expressions for the two signals can be written

Adir
CP ∝ sin φ sin δ , AT ∝ sinφ cos δ . (4)

If the strong phases are small, as may well be the case in B decays, all direct CP-violation
signals will be tiny as well. On the other hand, TP asymmetries are maximal when the strong-
phase difference vanishes. Thus, it may well be more promising to search for triple-product
asymmetries than direct CP asymmetries in B decays.

2 Triple Products in the Standard Model

As mentioned above, all CP-violating effects require the interference of two amplitudes, with
different weak phases. Certain decays in the standard model (SM), such as those dominated by
b→ ccs or b→ sss, do not satisfy this. Thus, no triple products are expected in B → J/ψK∗,
B → φK∗, B → D∗

sD
∗, etc. However, other processes (b → uus, b → ccd, etc.) receive both

tree and penguin contributions. Thus, it may be possible to produce TP’s in decays such as
B → D∗D

∗
, B → ρK∗, etc. [3].

Consider now B → V1V2 decays within factorization. The amplitude is∑
O,O′

{〈V1| O |0〉 〈V2| O′ |B〉 + 〈V2| O |0〉 〈V1| O′ |B〉} . (5)

Note that TP’s are a kinematical CP-violating effect – unless a given decay includes both
of the above amplitudes, with a relative weak phase, no TP will be produced. For ex-
ample, even though the decay B0

d → D∗+D∗− receives both a tree (V ∗
cbVcd) and a penguin

(V ∗
tbVtd) contribution, there is no TP. The point is that both of these amplitudes contribute to

〈D∗+| O |0〉 〈D∗−| O′ |B〉; there is no 〈D∗−| O |0〉 〈D∗+| O′ |B〉 amplitude. (Equivalently, in the
SM one has only b→ c transitions; b → c does not occur.) Thus, in the SM, no TP is predicted
in B0

d → D∗+D∗−.
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This then begs the question: which B → V1V2 decays are expected to yield large triple
products in the SM? The answer is simple: NONE [3].

This can be understood via the following points:

1. If V1 = V2, no TP is possible, since there is only a single kinematical amplitude. Therefore,
if V1 and V2 are related by a symmetry [e.g. isospin, flavour SU(3)], the TP is suppressed
by the size of symmetry breaking.

2. The longitudinal amplitude A0 is much larger than the transverse amplitudes A‖,⊥. There-
fore, TP’s are suppressed by at least one power of mV /mB.

3. The interfering amplitudes are typically different in size, leading to further suppression
of TP’s.

All of these factors lead to the suppression of TP’s. The net effect is that all TP’s involving
light vector mesons are either expected to vanish or be very small in the SM. Note also that
nonfactorizable effects do not change this conclusion [3].

Since all TP’s in B → V1V2 decays with light vector mesons are expected to be small, this
is an excellent place to search for new physics (NP). For example, at present the indirect CP
asymmetry in B0

d(t) → φKS differs from that in B0
d(t) → J/ψKS [4]. If this discrepancy holds

up — it is not yet statistically significant — it would require a NP amplitude in B0
d → φKS [5].

If present, this new amplitude would also contribute to B → φK∗, leading to triple products in
this decay. One of the many possibilities for this new physics is supersymmetry with R-parity
violation [6]. Although the TP in B → φK∗ vanishes in the SM, we find that one can get large
TP asymmetries, in the range 15–20%, in this model [3]! This shows quite clearly that triple
products are an excellent way to search for physics beyond the SM.

3 Time-Dependent Angular Analysis

Consider now a B decay which in the SM is dominated by a single amplitude (e.g. B → J/ψK,
φK, etc.). Suppose that there is a new-physics amplitude, with a different weak phase, which
contributes to this decay. As I have argued above, such an amplitude can be detected by
looking for both direct CP violation and triple products. However, as can be seen below, much
more information can be obtained if a time-dependent angular analysis of the corresponding
B0(t) → V1V2 decay can be performed.

We write

Aλ ≡ Amp(B → V1V2)λ = aλe
iδa

λ + bλe
iφeiδ

b
λ , (6)

Aλ ≡ Amp(B → V 1V 2)λ = aλe
iδa

λ + bλe
−iφeiδ

b
λ , (7)

where λ = {0, ‖,⊥}. The aλ’s and bλ’s are the SM and NP amplitudes, respectively, φ is the
NP weak phase, and the δa,bλ are the strong phases. The time-dependent decay rate is given by

Γ(B
(—)

(t) → V1V2) = e−Γt
∑
λ≤σ

(Λλσ ±Σλσ cos(∆Mt) ∓ ρλσ sin(∆Mt)) gλgσ , (8)
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where the gλ are known functions of the kinematic angles θ1, θ2, φ. There are 18 observables,
all functions of the Aλ and Aλ. For example,

Λλλ = 1
2
(|Aλ|2 + |Aλ|2) , Σλλ = 1

2
(|Aλ|2 − |Aλ|2) , (9)

Λ⊥i = −Im
(
A⊥A∗

i − A⊥Ai
∗)

, ρλλ = ∓Im
(
q
p
A∗
λAλ

)
. (10)

For a given helicity λ, Λλλ essentially measures the total rate, while Σλλ and ρλλ represent the
direct and indirect CP asymmetries, respectively. The quantity Λ⊥i (i = {0, ‖}) is simply the
triple product discussed earlier.

Now, if there is no new physics (i.e. bλ = 0), there are only 6 theoretical parameters: 3 aλ’s,

2 strong phase differences, and the phase of B0–B
0

mixing (q/p). This implies that there are
12 relations among the observables:

Σλλ = Λ⊥i = Σ‖0 = 0 , ρii/Λii = −ρ⊥⊥/Λ⊥⊥ = ρ‖0/Λ‖0 ,

2Λ‖0Λ⊥⊥ (Λ2
λλ − ρ2

λλ) =
[
Λ2
λλρ⊥0ρ⊥‖ +Σ⊥0Σ⊥‖ (Λ2

λλ − ρ2
λλ)

]
,

ρ2
⊥iΛ

2
⊥⊥ = (Λ2

⊥⊥ − ρ2
⊥⊥) (4Λ⊥⊥Λii −Σ2

⊥i) . (11)

The violation of any of these relations will be a smoking-gun signal of NP [7]. There are thus
many more ways to search for new physics if a time-dependent angular analysis can be done.

But there’s more! Suppose that a signal for new physics is found, implying that bλ �= 0. In
this case there are 13 theoretical parameters: 3 aλ’s, 3 bλ’s, 5 strong phase differences, and two
weak phases (φ and q/p). However, at best one can measure the magnitudes and relative phases
of the 6 decay amplitudes Aλ and Aλ. That is, there are really only 11 independent observables
in Eq. 8. Naively, one would imagine that, with 11 measurements and 13 unknowns, one
cannot get any information about the new physics, even if there is a NP signal. However, this
is not correct: because the expressions relating the observables to the theoretical parameters
are nonlinear, one can actually constrain the NP parameters [7].

For example, if Σλλ �= 0,

b2λ ≥
1

2
Λλλ

[
1 −

√
1 −Σ2

λλ/Λ
2
λλ

]
. (12)

Similarly, if Σλλ = 0, but Λ⊥i �= 0,

2(b2i ∓ b2⊥) ≥ Λii ∓ Λ⊥⊥ −
√

(Λii ∓ Λ⊥⊥)2 ± Λ2
⊥i . (13)

Also

Λii cos ηi + Λ⊥⊥ cos(η⊥ − 2ηi) ≤
√

(Λii + Λ⊥⊥)2 − Λ2
⊥i ,

Λii cos ηi − Λ⊥⊥ cos η⊥ ≤
√

(Λii − Λ⊥⊥)2 + Λ2
⊥i , (14)

where ηλ ≡ 2
(
q
p
meas

λ
− q

p
mix

)
. If Λ⊥i �= 0, one cannot have ηi = η⊥ = 0. Thus, one obtains a

lower bound on the difference between the measured value and the true value of the phase of

B0–B
0

mixing.
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4 Conclusion

B → V1V2 decays contain an enormous amount of information, especially if an angular analysis
can be performed. One very useful class of measurements is triple-product correlations (TP’s):
�ε∗T1 × �ε∗T2 · p̂. A true CP-violating triple-product signal can be obtained by adding the TP’s
found in B → V1V2 and B → V 1V 2. Thus, neither tagging nor time dependence is necessary
to measure TP’s – in principle, the measurements of charged and neutral B decays can be
combined.

We have examined the size of TP’s in the standard model (SM). We find that all TP’s
involving light vector mesons are either expected to vanish or be very small. This makes triple
products an excellent place to search for new physics. Indeed, we have found that TP’s which
vanish in the SM can be large (15–20%) in the presence of new physics.

If a full time-dependent angular analysis can be performed, much more information is avail-
able. First, there are many more signals of new physics. And second, should a signal for new
physics be found, one can place a lower limit on the size of the new-physics amplitudes, as well

as on their effect on the measurement of the phase of B0–B
0

mixing.
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We consider the problem of factorization in B decays and illustrate calculation of nonfac-
torizable contributions employing the QCD light-cone sum rule method. More detailed
we present the calculation of the “charming penguin” contributions as a potential source
of the substantial nonfactorizable O(1/mb) effects in the B → ππ decay. Although the
predicted corrections are not sizable, by calculating the CP asymmetry we illustrate how
such corrections can accumulate to a visible effect. In a conclusion, nonfactorizable con-
tributions in color-suppressed B decays are briefly discussed.

For a long time the naive factorization method, in which the matrix element of the four-quark
operator is approximated by the product of two matrix elements of the bilinear quark currents
was considered as a sufficiently precise tool for estimating the weak matrix elements emerging
in the amplitude of B decays. Nowadays, in order to make real use of already very precise
experimental results, we are forced to provide more accurate estimation of nonleptonic decays,
in particular of nonperturbative parts of the amplitude. Therefore, the question about the
applicability of the factorization and the size of nonfactorizable corrections naturally emerged.
The question was particularly raised in the work [1], where it was argued that in the charmless
decays they could exist large O(ΛQCD/mb) corrections and large strong phases coming from
the ”charming penguins”.

They are several models in which one can approach the calculation of matrix elements of
B-meson weak decays beyond the naive factorization [2, 3, 4]. By using QCD factorization
approach [3] one can show that the exclusive B-decay amplitudes in the mb → ∞ limit can
be expressed in terms of the factorizable part and calculable O(αs) nonfactorizable corrections.
But, because of the arguments discussed above, the subleading effects in the decay amplitude
suppressed by inverse powers of mb could be important and have to be investigated. Quan-
titative estimates of nonfactorizable contributions, including the power-suppressed O(1/mb)
contributions can be obtained [4] using the method of QCD light-cone sum rules (LCSR) that
application on the B decays is going to be presented here. In particular, nonleptonic decays
such as B → ππ and B → πK become interesting for constraining the γ = arg(Vub) angle of the
CKM matrix. It is worth to mention that there are also several strategies used to determine the
γ angle from B → ππ and B → πK based on the isospin and SU(3) relations. Unfortunately,
the theoretical accuracy of these relations is limited and it has to be improved by calculating
the SU(3) breaking effects, that can be also addressed in the LCSR method [5].
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1 Matrix elements for B → ππ from LCSR

The LCSR expression for the B → ππ hadronic matrix element of the Oi operator of the
weak Hamiltonian is derived from the procedure described in detail in [4, 8]. One starts by
introducing the correlation function:

F (Oi)
α = i2

∫
d4x e−i(p−q)x

∫
d4y ei(p−k)y〈0|T{j(π)

α5 (y)Oi(0)j
(B)
5 (x)}|π−(q)〉

= (p− k)αF
(Oi)(s1, s2, P

2) + ... , (1)

where j
(π)
α5 = uγαγ5d and j

(B)
5 = imbbγ5d are the quark currents interpolating pion and B

meson, respectively. By employing the dispersion relation technique and by assuming the
quark-hadron duality at work, we can write the LCSR expression for the hadronic matrix

element A(Õi)(B
0
d → π+π−) ≡ 〈π−(p)π+(−q)|Õi|B

0
d(p− q)〉 as

fπfBA
(Õi)(B

0
d → π+π−)e−m

2
B/M

2
2 =

sB
0∫

m2
b

ds2e
−s2/M2

2

{ sπ
0∫

0

ds1e
−s1/M2

1 Ims2Ims1F
(Oi)(s1, s2, P

2)

}
P 2→m2

B

,(2)

where M1 and M2 are the Borel parameters in the pion and B-meson channels, respectively.
The parameter sπ0 (sB0 ) is the effective threshold parameter of the perturbative continuum in the
pion (B-meson) channel. In the sum rule (2) the finite mb corrections are taken into account,
but numerically very small corrections of order sπ0/m

2
B are neglected.

j5
B(p+q)

jν
π(p-k)

k

π(q)

O1
u(0)b

d u
d

u

x y

(a) (b) (c)

Figure 1: Contributions in the emission topology: (a) factorizable contribution from the Ou
1

operator; (b) an example of O(αs) correction; (c) an example of the nonfactorizable diagram
from the Õu

1 operator.

1.1 Emission topology

The leading contributions in the emission topology are shown in Fig.1. The factorizable part
(Fig.1a) stems from the contribution of the leading operator Ou

1 , reproducing mainly the naive
factorization result. The hard corrections (Fig.1b) haven’t been yet addressed in LCSR, but
the corresponding contributions calculated in QCD factorization [3] appeared to be small. The
soft nonfactorizable contribution due to the Õu

1 operator (which is the color-octet counterpart
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c,u c,u

(a) (b)

Figure 2: Contributions in the penguin topology: (a) an example of O(αs) nonfactorizable
penguin amplitude; (b) an example of the chirally enhanced twist-3 contribution to the penguin
amplitude. The square stands for O1−6 and O8g operators.

of Ou
1 )), and which express the exchange of a soft gluon between two pions (Fig.1c) was shown

[4] to be small, although of the same size as O(αs) corrections calculated in QCD factorization
approach.

1.2 Penguin topology

Types of the dominant penguin diagrams are shown in Fig.2 [7]. The main effect which we
calculate arises from the c-quark loop annihilation into a hard gluon (Fig.2a). In addition,
there is the quark-condensate contribution (Fig.2b) which we consider as a natural upper limit
for all neglected contributions of multiparticle DA’s. The nonfactorizable O(1/mb) corrections
from penguin loops appear to be mainly of the perturbative origin, and both contributions from
Fig.2. generate the strong rescattering phases in B → ππ perturbatively by the well-known BSS
mechanism [6]. We have also investigated the effect of the soft (low-virtuality) gluons coupled
to the c-quark loop [7], but haven’t found significant contributions involving soft gluons. The
soft-gluon effects in the sum rule approach manifest as multiparticle DA’s and are therefore
suppressed at least by O(αs/mb).

2 CP asymmetry in B
0
d → π+π−

Penguin contributions appear to produce a noticeable effect in the direct CP asymmetry. There-
fore, the CP asymmetry appears also to be a good testing ground for the influence of the 1/mb

corrections in the charming penguin contributions. Following [7], here we concentrate on the
direct CP asymmetry in B0

d → π+π− decay, which is given as

adir
CP ≡ (1 − |ξ|2)/(1 + |ξ|2) (3)

where ξ = e−2i(β+γ)(1+Reiγ)/(1+Re−iγ) and R ≡ −P/(RbT ). Here T is the contribution to the
B → ππ amplitude proportional to VubV

∗
ud = |VubV ∗

ud|e−iγ. It contains the tree amplitude, the
penguin-loop contractions of the current-current operators Ou

1,2, and also VubV
∗
ud proportional

penguin operator contractions. The remaining contributions, being proportional to VcbV
∗
cd are

contained in P . The penguin-loop contractions of the current-current operators Oc
1,2 represent
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Figure 3: Direct CP asymmetry in B0
d → π+π− as a function of the CKM angle γ. The

upper curve is the result obtained for mb → ∞. The dark region is the LCSR result, with
all uncertainties from the method included (uncertainties in the CKM matrix elements are not
taken into account). The light region shows the deviation from the mb → ∞ limit result.

the main contribution to this part. The factor Rb = |Vub||Vud|/(|Vcb||Vcd|) is the ratio of the
CKM matrix elements.

Both T and P amplitudes have strong phases; therefore we have T = |T |eiδT and P = |P |eiδP
and the CP asymmetry for B0

d → π+π can be written as

adir
CP =

−2|R| sin(δP − δT ) sin γ

1 − 2|R| cos(δP − δT ) cos γ + |R|2 . (4)

We have to include in T and P all contributions from the penguin contractions of the operators
Oc

1 and Ou
1 and from the tree and penguin contributions of the penguin operators O3−6. The

LCSR result for the gluonic penguin contribution of the dipole operator O8g is also included
[8]. The electroweak penguin contributions to B → ππ are color-suppressed and negligible.

The hard O(αs) corrections to T and P amplitudes are known in mb → ∞ limit from QCD
factorization [3]. We have examined the influence of these contributions to the phases δT and
δP . It appeared that they are highly suppressed in comparison to the phases emerging from
the penguin-loop contributions. Therefore, we neglect O(αs) corrections in (4).

In Fig. 3 we show adir
CP as a function of γ, calculated by using the penguin contributions

estimated from LCSR at finite mb (dark region) and compare the result to the infinite-mass
limit that agrees with the QCD factorization prediction [3] (upper curve). Both results are
taken at the same scale µb ∼ mb/2 as used in LCSR.

The prediction shown in Fig.3 is not final, annihilation effects are missing and the uncer-
tainty in the CKM matrix elements are also not taken into account. However, the figure nicely
illustrates the size of O(1/mb) corrections and the difference between the results obtained at
the finite mb and in the mb → ∞ limit (the light region in Fig.3).
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3 Conclusion

We have discussed the factorization in nonleptonic B meson decays and have presented the
LCSR calculation of the B → ππ decay. It was shown that the leading contribution factorize,
while the corrections beyond the factorization can be systematically approached.

Numerically the nonfactorizable corrections in B → ππ are not large, but the situation in
the nonleptonic color-suppressed decays seems to be somewhat different. Recent measurements

of the color-suppressed B
0 → D(∗)0π0 decays, B → J/ψK and particularly B → χcJK de-

cays show large discrepancy with the naive factorization prediction and provide clear evidence
for large nonfactorizable contributions. The B → χc0K and B → χc2K decays are particu-
larly interesting because their branching ratios predicted in the naive factorization are exactly
zero, and the measurements yield branching ratios ∼ O(10−4), and therefore comparable with
BR(B → J/ψK). This should not come out as a surprise, because the LCSR calculation shows
the existence of large nonfactorizable corrections in B → J/ψK of the order of 70% [9], and
the corresponding large corrections can be also expected for B → χcJK decays.
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PQCD Approach for B Decays1

Emi Kou
IPPP, University of Durham, South Rd., Durham, DH1 3LE, U.K.

We discuss the pQCD approach in the hadronic two body B decays. Emphasising an
importance of the annihilation diagrams, we show our prediction for the angle φ2. We
next discuss the meson distribution amplitude which causes the theoretical uncertainty
in the pQCD approach and show the recent development for an evaluation of one of the
parameters in B meson distribution amplitudes in the framework of the light-cone QCD
sum rule. We finally show our latest results on the B → Dπ process, which are in good
agreement with the recent measurements.

1 Introduction

While there are various physics programs by using hadronic two body B decays such as φ2(φ3)
determination by the B → ππ(Kπ) process [1] or a study of beyond the standard model by B →
φKS [2] as well as B → η′KS [3] the obstacle comes from our inability of handling the strong
interaction. Traditionally, these processes have been computed by using the so-called naive
factorisation approximation (see e.g. [4]), in which an amplitude of the decay process is written
as a product of the Cabbibo-Kobayashi-Maskawa matrix element, the Wilson coefficients which
describe the four-Fermi interaction including the QCD corrections with scale of order mb,
and the nonperturbative properties, the decay constants and the form factors. However, as
experimental errors become less and less, a method which in particular, can include non-
factorisable contributions had been called for. Several attempts to go beyond the factorisation
approximation have been made in recent years (see e.g.[5, 6]). The pQCD approach which we
are going to present is one of them. The reminder of the paper is organised as follows. In
section 2, we will show the theoretical framework of the pQCD approach and some results. We
will show the importance of the annihilation diagram and its impact on the CP asymmetry in
B → π+π−. In section 3, we will discuss the theoretical uncertainty originated from the meson
distribution amplitudes. The recent improvements in the B meson distribution amplitude by
using the B → γlν process are also shown. Section 4 is devoted for discussions on the test of
the pQCD approach. The latest result on the non-factorisable contribution to the B → Dπ
process is also discussed.

1This talk is based on the works by the pQCD collaboration: C.H. Chen, Y.Y. Keum, T. Kurimoto, H-n.
Li, C.D. Lü, M. Matsumori, S. Mishima, M. Nagashima, A.I Sanda, N. Shinha, R. Shinha, K. Ukai, M.Z. Yang,
T. Yoshikawa.
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2 PQCD Approach for Hadronic B Decays

2.1 Theoretical Framework

The pQCD approach is based on the perturbative QCD treatment of exclusive processes, the so-
called Lepage and Brodsky method [7]. It was applied at the first place for the computation of
the pion electromagnetic form factor with large momentum transfer. The schematic explanation
of the method is shown in Fig. 1. When a (anti-)quark inside of π is kicked by the photon
with large momentum transfer, to have π in the final state (an exclusive process) is almost
impossible without large momentum exchange between quark and anti-quark in π. Therefore,
the diagram in Fig. 1 (a) is strongly suppressed, which is also justified by including the Sudakov
suppression [8], and Fig. 1 (b) is the leading order diagram for exclusive processes.

When a very heavy B meson decays into very light mesons, the momentum transfer is very
large. Thus, the same arguments have been applied for a computation of the B → π transition
form factor [9, 10] . We will show that the fact that the one gluon exchange is necessary for
exclusive processes will play an important role in B physics.

π

γ∗Q2

π

d d

d d(a)

π

γ∗Q2

π

d d

d d(b)

g→

Figure 1: Schematic explanation of the pQCD approach. The diagram (a) is suppressed in
exclusive processes and the one gluon exchange diagram (b) is the leading order contribution.

Let us briefly show the computation in the pQCD approach (see e.g.[11] for more in detail).
For example, the B → π transition form factor is expressed as a convolution of the distribution
amplitudes and the hard kernel:

〈π(P2)|bjµu|B(P1)〉 =
∫ 1

0
dx1dx2

∫ ∞

0
db1db2Pπ(x2, b2, P2, µ)TH(x1, x2, b1, b2, Q, µ)PB(x1, b1, P1, µ)

(1)
where xi and bi are, respectively the momentum fraction and impact parameter of the quark
inside the meson and Q2 = −(P2 − P1)

2. The distribution amplitudes are written as

PM(x, b, P, µ) = exp

[
−s(x, b, Q) − s(1 − x, b, Q) − 2

∫ µ

1/b

dµ

µ
γq(g(µ))

]
ΨM(x, 1/b, P ) (2)

where s(x, b, Q) is a Sudakov exponent [8] and ΨM denotes the wave function of the meson M ,
which we explain in the next section. The hard scattering kernel can be modelled by including
the one gluon exchange as

TH(x1, x2, b1, b2, Q, µ) ∼
∫
d2k⊥1,2

(2π)2
exp[−ik⊥1,2 · b1,2]

CF
[x2M

2
B + k2

⊥2][x1x2M
2
B + (k⊥1 − k⊥2)2]

exp

[
4
∫ t

µ

dµ

µ
γq(g(µ))

]
(3)
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Figure 2: Annihilation diagram

where t is the largest scale appearing in TH , t = max(
√
xMB, 1/b). Notify that we keep

small parton transverse momenta k⊥, which is most important to smear out the end-point
singularities causing the Sudakov suppression [12].

Since there is an additional gluon exchange in the calculation the order counting for diagrams
is different in the pQCD approach, namely for contributions from the non-factorisable diagrams
and the annihilation diagrams. We shall discuss the annihilation diagrams here and postpone
the discussion on the non-factorisable contributions to section 4. In the naive factorisation
approximation, the annihilation diagrams have been neglected due to three reasons. Firstly, it
is αs suppressed. Since to have two mesons in the final state, we need one more gluon emission
(see Fig. 2). Therefore, the annihilation diagram is higher order in αs in other methods however,
in pQCD approach there is always one gluon exchange, thus, it is not the case. The second
reason is the 1/mb suppression, which in fact pQCD approach also obtains. The annihilation
diagrams are 1/mb suppressed comparing to the emission type of diagrams. In another word,
the diagrams with one gluon exchange from the spectator quark (the light quark inside the
B meson) which appears in the emission diagrams is a factor of mb enhanced due to the
asymmetric B meson wave function. The third reason is the angular momentum conservation
which suppress the V − A current by a factor of m2

π such as the π → eν process is suppressed
by a factor of m2

e. Thus, the tree contributions and a part of the penguin contributions (in
operator language, O1∼4) are negligible. However, we have found that the other part of the
penguin contributions, V + A currents (O5,6), to annihilation diagrams are significantly large.
The reason is that the annihilation diagrams always require the Fiertz transformation which
transfers V +A current to S+P and we obtain a factor m2

π/(mu+md) instead of m2
π (the chiral

enhancement, see [13]). As a whole, the annihilation contributions from V +A current are 1/mb

suppressed but m2
π/(mu +md) enhanced, thus its contribution is not negligible. Furthermore,

we have found that the large absorptive part arises from cuts on the intermediated states (see
Fig. 2) and the strong phase coming from annihilation diagrams is nearly 90◦ in B → ππ as
well as B → Kπ [11, 14].
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2.2 CP Asymmetry in B → π+π−

In this section, we show the pQCD prediction of the CP asymmetry of B → π+π− and dis-
cuss measurement for the angle φ2 by using the imaginary part from annihilation diagrams
discussed above as a source of the strong phase (see [15] more in details). The difficulty of the
determination of φ2 is caused by the unknown parameters Rc = |P/T | (penguin-tree ratio of
the amplitude) as well as δ = δP − δT (the strong phase difference between penguin and tree
diagrams). In Fig. 3, experimental results of Sππ and Aππ by Belle and BaBar are shown where
the following definition is used:

ACP =
Γ(B

0 → π+π−) − Γ(B0 → π+π−)

Γ(B
0 → π+π−) + Γ(B0 → π+π−)

= Sππ sin ∆MB∆t+ Aππ cos ∆MB∆t (4)

with

Sππ =
2Im(λππ)

|λππ|2 + 1
, Aππ =

|λππ|2 − 1

|λππ|2 + 1
(5)

The dashed line represents the so-called physical range, S2
ππ + A2

ππ = 1. The solid ovals in the
physical range are drawn for different values of φ2 and Rc by fixing φ1 = 24.0◦ and varying δ.
Starting from left end of an oval (δ = 0), δ increases anti-clockwise. The size of ovals represents
Rc for a given φ2. The ovals move continuously from right to left as φ2 grows as can be seen
from Fig. 3, thus, knowledges of Rc and δ are necessary to extract φ2 from data. The pQCD
predictions for Rc and δ which is induced by the phase from annihilation diagrams are obtained
as: ∣∣∣∣PT

∣∣∣∣ = 0.23+0.07
−0.05, δ = −41◦ ∼ −32◦ (6)

Using these values, we plot our result for φ2 = 150◦, 100◦ and 60◦ in Fig. 3.

3 Distribution Amplitudes and Theoretical Uncertainty

3.1 Distribution Amplitudes of Light Mesons

The light meson wave function is written as:

ΨM(P, x, ζ) ≡ /PφAM(x) +mM
0 φ

P
M(x) + ζmM

0 (/v/n− v · n1)φσ′M(x) (7)

where φAM , φPM and φσM represent the axial vector, pseudoscalar and tensor components of the
wave function, respectively which are defined as:

〈π−(P )|d(z)γµγ5u(0)|0〉 ≡ −i fπ
Nc
Pµ

∫ 1

0
dxeixP ·zφAπ

〈π−(P )|d(z)γ5u(0)|0〉 ≡ −i fπ
Nc

mπ−
0

∫ 1

0
dxeixP ·zφPπ

〈π−(P )|d(z)σµνγ5u(0)|0〉 ≡ −i fπ
6Nc

mπ−
0

∫ 1

0
dxeixP ·zφσ′π

We include up to the second (first) terms of the Gegenbauer expansion of the distribution am-
plitudes φAπ and φPπ (φTπ ) in our calculation. For the coefficients of the higher Gegenbauer terms,
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pQCD

Figure 3: CP Asymmetry in B → π+π−

we use the results from the light-cone QCD sum rule [16]. The definition of the parameters
mM

0 and the values which we use are:

mπ
0 ≡ m2

π

(mu +md)
= (1.4 ± 0.3) GeV, mK

0 ≡ M2
K

md(u) +ms

= (1.7 ± 0.5) GeV. (8)

The errors in these parameters give rise to a relatively large theoretical uncertainty in our
approach.

3.2 Distribution Amplitude of B Meson and B → γlν Process

For the B meson, we use the following model wave function [17, 18]:

ΨB(x, b) = NBx
2(1 − x)2 exp[−1

2
(
xMB

ωB
)2 − ω2

Bb
2

2
] (9)

where x is the momentum fraction carried by the spectator and b is the impact parameter.
We vary the parameter ωB in a range of ωB = (0.4 ± 0.2) GeV. Since the wave function is
normalised by ∫ 1

0
dxΨB(x, b = 0) =

fB
2
√

2NC

(10)
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NB can be fixed for a given value of fB and for instance, we find NB = 91.78 GeV for fB = 0.19
GeV and ωB = 0.4 GeV. We would like to emphasise that our choice of ωB which represents
the off-shellness of the b quark should be process-independent. Thus, our analysis for various
decay processes [19] narrow down the value of ωB and our present best fit value is ωB � 0.4
GeV.

In recent years, there are several efforts to extract an information on the B meson wave
function by using the B → lνγ process in which the only hadron in the process being B meson
make it easier to focus on the properties of ΨB [20, 21, 22, 23, 24]. A factorisation formula in
the framework of the QCD factorisation has been obtained [21]:

F hard(Eγ) =
fBmBQu

2
√

2Eγ

∫ ∞

0
dk+

φB+(k+)

k+

≡ fBmBQu

2EγλB
. (11)

where λB is equivalent to ωB in the QCD factorisation and φB+ is a decomposition of the wave
function in the positive direction of the meson momentum (see [21] more in detail). As can be
seen from this factorisation formula, 1/λB is formally given as the first negative moment of the
distribution amplitude,

∫∞
0 dk+φ

B
+(k+)/k+. In general, one can argue that λB = ΛQCD and use

λB � 0.35 GeV.
Now we would like to show the latest estimate of λB by using the light-cone QCD sum-rule

[24]. The sum-rule for the B → γ form factor is written as:

e−Λ/τ
f 2
Bm

2
B

mb

Eγ
1

λB
=

3

π2Eγ

∫ ω0

0
dωωe−ω/τ (12)

where τ and ω0 are related to the the Borel parameter M and the continuum threshold s0 at the
heavy quark limit, as M2 → 2mbτ and s0 → m2

b + 2mbω0. Since the sum-rule for the statistic
limit of the decay constant f 2

stat = f 2
Bm

2
B/mb is also known, we can write λB as:

λB =

∫ ω0
0 dωω2e−ω/τ∫ ω0
0 dωωe−ω/τ

(13)

Using the optimised values of the continuum threshold and the Borel parameter, which depend
on the mb = (4.22 ± 0.08) GeV [25], we obtain λB = 0.56 ∼ 0.60 GeV which leads to

ωB = 0.48 ∼ 0.51 GeV (14)

where the error comes only from the b quark mass ambiguity. So far, the pQCD best fit value of
ωB is slightly smaller than the one estimated in the light-cone QCD sum-rule but in a relatively
good agreement considering that both calculations are at the leading order.

4 Future Prospects

4.1 Theoretical Test

Since we are working within a perturbative regime, the next leading order (NLO) calculation
is crucial. We have already started climbing this high mountain. A good news is that the
calculation of a part of the higher order correction, the chromomagnetic operator contribution,
has been completed [26].
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4.2 Phenomenological Test

While the complete NLO calculation would take some time to be achieved, we have been
proposing various ways to test the pQCD approach. As we have discussed in section 2, one of
the most interesting consequences from the pQCD approach is the large annihilation diagram
contributions. Thus, to use of the pure annihilation type of processes such as B → DsK

0(∗)

and test the size of the annihilation diagrams would be interesting [27].
The pQCD approach also allows us to compute the non-factorisable contributions to hadronic

two body decays. The importance of the non-factorisable contributions have been emphasised
by the recent measurements of the B → Dπ process, which indicate a rather large value of a2

and a large imaginary part in a2/a1 (see Fig. 4 and 5 for definition of a1,2). Our latest result
using the pQCD approach have successfully explained this phenomena [28]. In the charmless
hadronic decays, we found that the non-factorisable contributions are very small due to the
cancellation of the two diagrams; one gluon exchange from the spectator to quark and anti-
quark lines of the emitted meson (see Fig. 4 (c) and 4 (d)). However, this is true only when
the wave function of the emitted meson is symmetric like π’s. Therefore, the diagrams in Fig.
5 (c) and 5 (d) do not cancel exactly due to the asymmetric D(∗) meson wave function. And
we found that the difference of these two diagrams is positive to the amplitudes, which leads
to larger a2.

B D(∗)

π

b

(a)

B D(∗)

π

b

(b)

B D(∗)

π

b

(c)

B D(∗)

π

b

(d)

Figure 4: Contributions to a1: Color-allowed emission diagrams for the B → D(∗)π decays.

B π

D(∗)

b

(a)

B π

D(∗)

b

(b)

B π

D(∗)

b

(c)

B π

D(∗)

b

(d)

Figure 5: Contributions to a2: Color-suppressed emission diagrams for the B → D(∗)π decays.

Our numerical result is shown in Table 1, from which one can find the tendency described
above. The prediction of the branching ratio for B → D(∗)π and the experimental data are
shown in Table 2 where the pQCD prediction of a2/a1 ratio with and without annihilation
diagrams are also given. Our predictions for B → Dρ,Dω can be also found in [28].
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Amplitudes CD = 0.6 CD = 0.8 CD = 1.0
fπξext 6.90 7.46 8.01 → Class I factorisable
fDξint −1.44 −1.44 −1.44 → Class II factorisable
fBξexc −0.01 − 0.03i −0.02 − 0.03i −0.02 − 0.03i → Annihilation factorisable
Mext −0.24 + 0.57i −0.25 + 0.60i −0.27 + 0.65i → Class I non-factorisable
Mint 3.34 − 3.02i 3.22 − 3.07i 3.10 − 3.12i → Class II non-factorisable
Mexc −0.26 − 0.89i −0.31 − 0.95i −0.37 − 1.02i → Annihilation non-factorisable

Table 1: Predicted B → Dπ decay amplitudes in units of 10−2 GeV. CD is a paramter entering
to the wave function of D meson, which can be determined by the semileptonic B → Dlν
process.

Quantities CD = 0.6 CD = 0.8 CD = 1.0 Data

B(B
0 → D+π−) 2.37 2.74 3.13 3.0 ± 0.4

B(B
0 → D0π0) 0.26 0.25 0.24 0.29 ± 0.05

B(B− → D0π−) 4.96 5.43 5.91 5.3 ± 0.5
|a2/a1| (w/o anni.) 0.47(0.51) 0.43(0.46) 0.39(0.42)
Arg(a2/a1) (w/o anni.) −42.5o(−61.5o ) −41.6o (−63.5o) −41.9o(−65.3o)

Quantities CD∗ = 0.5 CD∗ = 0.7 CD∗ = 0.9 Data

B(B
0 → D∗+π−) 2.16 2.51 2.88 2.76 ± 0.21

B(B
0 → D∗0π0) 0.29 0.28 0.27 0.17 ± 0.05

B(B− → D∗0π−) 4.79 5.26 5.75 4.60 ± 0.40
|a2/a1| (w/o anni.) 0.52 (0.55) 0.47 (0.50) 0.43 (0.47)
Arg(a2/a1) (w/o anni.) −40.5o (−61.4o) −40.7o (−63.1o) −40.8o (−64.8o)

Table 2: Predicted B → Dπ and B → D∗π branching ratios in units of 10−3, |a2/a1|, and
relative angle Arg(a2/a1) in units of degree.

5 Conclusions

PQCD approach is one of the most promising attempts to go beyond the naive factorisation
approximation. We emphasised the importance of the annihilation diagrams, which produce a
large strong phase through O5,6. We showed our result for the CP asymmetry in B → π+π−.
Our predictions P/T = (0.23+0.07

−0.05) and δP − δT = −41◦ ∼ −32◦ accompanied by the BaBar
result determine φ2 = 55◦ ∼ 100◦. We discussed the theoretical errors in our calculation, which
is mainly caused by the parameters in distribution amplitudes of mesons. We showed that
our best fit value of the parameter characterising B meson, ωB � 0.4 is comparable to the
latest light-cone QCD sum-rule result. We finally proposed some phenomenological tests of the
pQCD approach. The pQCD approach allows us to compute non-factorisable contributions,
which reveals themselves in the B → Dπ process. We found that the experimental data of
B → Dπ can be successfully reproduced by the pQCD approach.
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Aspects of the OPE-based QCD theory of B decays are discussed. We have at least one
nontrivial precision check of the OPE at the nonperturbative level in inclusive decays. The
data suggest proximity to the ‘BPS’ limit for B mesons. Its consequences are addressed
and their accuracy qualified. It is suggested that theory-wise B→D �ν near zero recoil
offers an accurate alternative way to measure |Vcb|. It is shown that the OPE is in a good
standing when confronted by experiment. The alleged controversy between theory and
data on certain decay channels is found to be an artefact of oversimplifying the OPE in
presence of high experimental cuts severely degrading the effective hardness. The effects
exponential in the latter are missed in the traditionally used expressions, yet they do not
signify a breakdown of the 1/mb expansion proper. They typically increase the apparent
b quark mass in B→Xs + γ by 70MeV or more, together with an even more dramatic
downward shift in the kinetic expectation value. The utility of the second moment of Eγ
is emphasized once the aforementioned effects have been included. Incorporating them
brings different measurements into a good agreement, provided the OPE-based theory
employs the robust approach.

1 Introduction

The QCD-based theory of inclusive heavy flavor decays by now has made a long journey from
its first fundamental results beginning with the QCD theorem [1] which established absence of
the leading ΛQCD/mb power corrections to total decay rates. Based on the Wilsonian OPE,
the heavy quark expansion is now a well developed field of QCD with many nontrivial phe-
nomenological applications [2, 3]. The new generation of data provides accurate measurements
of many inclusive characteristics in B decays. In practical terms,
• An accurate and reliable determination of some heavy quark parameters is available directly
from experiment;
• Extracting |Vcb| from Γsl(B) has good accuracy and solid grounds;
• We have at least one nontrivial precision check of the OPE at the nonperturbative level.
The latter comes comparing the average lepton energy with the invariant hadronic mass, as
explained in Sect. 3.

The present theory allows to aim for a percent accuracy in |Vcb|. Such a precision becomes
possible owing to a number of theoretical refinements. The low-scale running masses mb(µ),
mc(µ), the expectation values µ2

π(µ), µ2
G(µ), ... are completely defined and can be determined

from experiment with an in principle unlimited accuracy. Violation of local duality potentially
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limiting theoretical predictability, has been scrutinized and found to be negligibly small in total
semileptonic B widths [4]; it can be controlled experimentally with dedicated high-statistics
measurements. Present-day perturbative technology makes computing αs-corrections to the
Wilson coefficients of nonperturbative operators feasible. It is also understood how to treat
higher-order power corrections in a way which renders them suppressed [5].

The original motivation for the precision control of strong interaction effects in B decays was
the quest for |Vcb| and |Vub| as means to cross check the Standard Model. Interesting physics lies,
however not only in the CKM matrix; knowledge of heavy quark masses and nonperturbative
parameters of QCD is of high importance as well.

Some of the heavy quark parameters like µ2
G are known beforehand. Proper field-theoretic

definition allows its accurate determination from the B∗−B mass splitting: µ2
G(1 GeV) =

0.35+.03
−.02 GeV2 [6]. A priori less certain is µ2

π. However, the inequality µ2
π > µ2

G valid for any
definition of kinetic and chromomagnetic operators respecting the QCD commutation relation
[Dj, Dk] = −igsGjk, and the corresponding sum rules essentially limit its range: µ2

π(1 GeV) =
0.45±0.1 GeV2.

The important feature of the heavy quark parameters – in particular the nonperturbative
ones – is that they represent well-defined physical quantities which take universal values inde-
pendent of a process under consideration. As such they can be determined separately in quite
different processes with b quarks. The best example is mb itself – it can be measured through
the near-threshold production e+e− → bb, or in inclusive B decays. The extracted value must
be the same, for it is just an actual b quark mass in actual QCD.

Recent experimental data on inclusive B decays generally show a nontrivial agreement
between quite different – and a priori unrelated – measurements at the nonperturbative level,
on one hand, and consistency with the QCD-based OPE theory. It is fair to note that some
discrepancies have been reported as constituting obvious problems for the OPE. In my opinion,
however, these claims are unjustified and rather rooted in a sloppy application of the heavy
quark expansion, in particular of the OPE. The proper treatment, in fact seems to yield a good
agreement between different measurements, well within correctly assessed theoretical accuracy.
I shall illustrate this later in Sect. 3. At this point it is interesting to note that all data seem to
point at a relatively low kinetic expectation value µ2

π
<∼ 0.4 GeV2; the individual uncertainties

are sizable, though.

2 BPS limit

An intriguing theoretical environment opens up if µ2
π(1 GeV) is eventually confirmed to be close

enough to µ2
G(1 GeV) as currently suggested by experiment, say it does not exceed 0.45 GeV2.

If µ2
π−µ2

G � µ2
π it is advantageous to analyze strong dynamics expanding around the point

µ2
π = µ2

G [6]. This is not just one point of a continuum in the parameter space, but a quite
special ‘BPS’ limit where the heavy flavor ground state satisfies functional relations �σ�π|B〉=0.
This limit is remarkable in many respects; for example, it saturates the bound [7] �2 ≥ 3

4
for

the slope of the IW function. It should be recalled that already quite some time ago there were
dedicated QCD sum rules estimates of both �2 [8] and µ2

π [9] yielding literal values nearly at
the respective lower bounds, supporting this limit.
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The SV heavy quark sum rules place a number of important constraints on the nonpertur-
bative parameters. For instance, they yield a bound on the IW slope

µ2
π−µ2

G=3ε̃2(�2− 3
4
), 0.4 GeV<∼ ε̃ <∼ 1 GeV (1)

so that �2 can barely reach 1 being rather closer to 0.85. It is interesting that this prediction
[6] turned out in a good agreement with the recent lattice calculation [10] �2 = 0.83+.15+.24

−.11−.01. It
leaves only a small window for the slope of the actual B→D∗ formfactor, excluding values of
�̂2 in excess of 1.15−1.2. This would be a very constraining result for a number of experimental
studies, in particular for extrapolating the B → D∗ rate to zero recoil. Since there is a
strong correlation between the extrapolated rate and the slope, this may change the extracted
value of |Vcb|. Therefore, it is advantageous to analyze the B → D∗�ν data including the
above constraint as an option, and I suggest our experimental colleagues explore this in future
analyses.

The experimentally measured slope ρ̂2 differs from �2 by heavy quark symmetry-violating
corrections. The estimate by Neubert that ρ̂2 is smaller than �2, ρ̂2 � �2−0.09 seems to be
ruled out by experiment. It is not clear if a better estimate can be made in a trustworthy way.

The whole set of the heavy quark sum rules is even more interesting. Their constraining
power depends strongly on the actual value of µ2

π. When it is at the lower end of the allowed
interval, the BPS expansion appears the most effective way to analyze all the relations.

2.1 Miracles of the BPS limit

A number of useful relation for nonperturbative parameters hold in the limit µ2
π = µ2

G: they
include �2 = 3

4
, Λ=2Σ, ρ3

LS =−ρ3
D, relations for nonlocal correlators ρ3

πG=−2ρ3
ππ, ρ

3
A+ ρ3

πG=
−(ρ3

ππ+ ρ3
S), etc.

This limit also extends a number of the heavy flavor symmetry relations for the ground-state
mesons to all orders in 1/m :
• There are no formal power corrections to the relation MP =mQ+Λ and, therefore to mb−mc =
MB−MD. The routinely used spin-averaged mass difference, however is not stable.
• For the B→D amplitude the heavy quark limit relation between the two formfactors

f−(q2) = −MB−MD

MB +MD
f+(q2) (2)

does not receive power corrections.
• For the zero-recoil B→D amplitude all δ1/mk terms vanish.
• For the zero-recoil formfactor f+ controlling decays with massless leptons

f+((MB−MD)2) =
MB +MD

2
√
MBMD

(3)

holds to all orders in 1/mQ.
• At arbitrary velocity power corrections in B→D vanish,

f+(q2) =
MB +MD

2
√
MBMD

ξ
(
M2

B+M2
D−q2

2MBMD

)
(4)
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so that the B→D decay rate directly yields Isgur-Wise function ξ(w).
It is interesting that experimentally the slope of the B → D amplitude is indeed smaller
centering around ρ̂2

(D)≈1.15 [11], indicating qualitative agreement with the BPS regime.
What about the B→D∗ amplitude, are the corrections suppressed as well? Unfortunately,

the answer is negative. The structure of power corrections indeed simplifies in the BPS limit,
however δ1/m2 , δ1/m3 are still very significant [6], and the literal estimate for FD∗(0) falls even
below 0.9. Likewise, we expect too significant corrections to the shape of the B→D∗ formfac-
tors. Heavy quark spin symmetry controlling these transitions seems to be violently affected
by strong interactions for charm.

A physical clarification must be added at this point. Absence of all power corrections in
1/mQ for certain relations may be naively interpreted as implying that they would hold for
arbitrary, even small quark masses, say in B → K transitions. This is not correct, though,
for the statement refers only to a particular fixed order in 1/mQ expansion in the strict BPS
limit. In fact the relations become more and more accurate approaching this limit only above
a certain mass scale of order Λ, while below it their violation is of order unity regardless of
proximity of the heavy quark ground state to BPS.

2.2 Quantifying deviations from BPS

Since the BPS limit cannot be exact in actual QCD, it is important to understand the accuracy
of its predictions. The dimensionless parameter describing the deviation from BPS is

β = ‖π−1
0 (�σ�π) |B〉‖ ≡

√
3
(
�2− 3

4

)
= 3 (

∑
n
|τ (n)

1/2|2
) 1

2 . (5)

Numerically β is not too small, similar in size to generic 1/mc expansion parameter, and the
relations violated to order β may in practice be more of a qualitative nature only. However, the
expansion parameters like µ2

π−µ2
G ∝ β2 can be good enough. Moreover, we can count together

powers of 1/mc and β to judge the real quality of a particular heavy quark relation. Therefore
understanding at which order in β the BPS relations get corrections is required. In fact, we
need classification in powers of β to all orders in 1/mQ.

Relations (2) and (4) for the B → D amplitudes at arbitrary velocity can get first order
corrections in β. Thus they may be not very accurate. The same refers to equality of ρ3

πG and
−2ρ3

ππ. The other relations mentioned for heavy quark parameter are accurate up to order β2.
The other important BPS relations hold up to order β2 as well:
• MB−MD = mb−mc and MD = mc+Λ
• Zero recoil matrix element 〈D|cγ0b|B〉 is unity up to O(β2)
• Experimentally measured B→D formfactor f+ near zero recoil receives only second-order
corrections in β to all orders in 1/mQ:

f+

(
(MB−MD)2

)
=

MB+MD

2
√
MBMD

+ O(β2) . (6)

This is an analogue of the Ademollo-Gatto theorem for the BPS expansion.
The similar statement then applies to f− as well, and the heavy quark limit prediction for

f−/f+ must be quite accurate near zero recoil. It can be experimentally checked in the decays
B→D τντ .
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As a practical application of the results based on the BPS expansion, one can calculate
the B → D decay amplitude near zero recoil to use this channel for the model-independent
extraction of |Vcb| in future high-luminosity experiments. For power corrections we have

MB+MD

2
√
MBMD

f+

(
(MB−MD)2

)
= 1 +

(
Λ

2
−Σ

)(
1

mc

− 1

mb

)
MB−MD

MB +MD

−O
(

1

m2
Q

)
. (7)

We see that this indeed is of the second order in β. Moreover, Λ−2Σ is well constrained through
µ2
π−µ2

G by spin sum rules. Including perturbative corrections (which should be calculated in
the proper renormalization scheme respecting BPS regime) we arrive at the estimate

2
√
MBMD

MB +MD
f+(0) = 1.03 ± 0.025 (8)

It is valid through order β2 1
mc

accounting for all powers of 1/mQ to order β1. Assuming the

counting rules suggested above this corresponds to the precision up to 1/m4
Q, essentially better

than the “gold-plated” B→D∗ formfactor where already 1/m2
Q terms are large and not well

known. Therefore, the estimate (8) must be quite accurate. In fact, the major source of the
uncertainty seems to be perturbative corrections, which can be refined in the straightforward
way compared to decade-old calculations.

3 Inclusive B decays, OPE and heavy quark parameters

Inclusive distributions in semileptonic and radiative decays are the portal to accurately deter-
mining the nonperturbative heavy quark parameters controlling short-distance observables in
B decays. In this way one can extract the most precise and model-independent value of Vcb
from Γsl, and possibly of Vub if a number of experimental problems can be overcome.

High accuracy can be achieved in a comprehensive approach where many observables are
measured in B decays to extract necessary ‘theoretical’ input parameters. It is crucial that
here one can do without relying on charm mass expansion at all, i.e. do not assume charm
quark to be really heavy in strong interaction mass scale. For reliability of the 1/mc expansion
is questionable. Already in the 1/m2

Q terms one has 1
m2

c
>14 1

m2
b
; even for the worst mass scale

in the width expansion, 1
(mb−mc)2

is at least 8 times smaller than 1
m2

c
. There are indications

[6] that the nonlocal correlators affecting meson masses can be particularly large – a pattern
independently observed in the ’t Hooft model [12]. This expectation is supported by the pilot
lattice study [13] which – if taken at face value – suggests a very large value of a particular
combination ρ3

ππ+ρ3
S entering in the conventional approach. On the other hand, non-local

correlators are not measured in inclusive B decays, so that assumptions about them can hardly
be verified.

The approach which is free from relying on charm mass expansion [14] was put forward at
the CKM-2002 Workshop at CERN. It allows to utilize the full power of the comprehensive
studies, and makes use of a few key facts [15, 16]:
• Total width to order 1/m3

b is affected by a single new Darwin operator; the moments depend
also on ρ3

LS , albeit weakly.
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• No nonlocal correlators ever enter per se.
• Deviations from the HQ limit in the expectation values are driven by the maximal mass
scale, 2mb (and are additionally suppressed by proximity to the BPS limit); they are negligible
in practice.
• Exact sum rules and inequalities hold for properly defined Wilsonian parameters.

The strategy and how it works in practice has been described in detail in Refs. [14, 17].
Here I only recall a few salient facts.

The gross features of the lepton energy distribution are mainly shaped by the parton ex-
pressions and get only slightly corrected by nonperturbative effects. Consequently, a few lowest
lepton moments depend primarily on one and the same combination of the heavy quark masses,
mb−0.7mc, with insufficient sensitivity to the nonperturbative operators. This does not allow in
practice to constrain more than one combination of the quark masses. Yet even these moments
turn out informative for Vcb, since Γsl depends on nearly the same combination of mb and mc.

Moments of invariant mass square M2
X in the final state of semileptonic B decays appear

more important in constraining the nonperturbative parameters, since it is ab initio dominated
by nonperturbative terms. However, the first hadronic moment 〈M2

X〉 turns out to depend on
practically the same combination mb−0.7mc+0.1µ2

π−0.2ρ3
D as the lepton moment. (Here and

below all coefficients are assumed to be in the corresponding powers of GeV.) Not very con-
straining, this provides, however a highly nontrivial check of the HQ expansion. For example,
taking DELPHI’s central value for 〈M2

X〉 we would predict 〈E�〉=1.375 GeV, while experimen-
tally they obtain 〈E�〉 = (1.383 ± 0.015) GeV [18]. In this respect such a comparison is more
critical than among the lepton moments themselves. In particular, these two first moments
together verify the heavy quark sum rule for MB−mb with the accuracy about 40 MeV!

The higher hadronic moments (with respect to the average) are already more directly sen-
sitive to nonperturbative parameters µ2

π and ρ3
D. Ideally, they would measure the kinetic and

Darwin expectation values separately. At present, however, we have only an approximate eval-
uation and informative upper bound on ρ̃3

D. The current sensitivity to µ2
π and ρ̃3

D is about
0.1 GeV2 and 0.1 GeV3, respectively. A more accurate measurement would also require refined
theoretical description which is possible once the modified higher hadronic moments are mea-
sured at B-factories [17].

The experimental constraints on the combination driving Γsl(B) appear stronger for the
hadronic moment. Using it instead of 〈E�〉 we would arrive at

|Vcb|
0.042 =1 + 0.14 [〈M2

X 〉−4.54GeV2] − 0.03 (mc−1.15GeV)+ 0.1 (µ2
π−0.4GeV2)+0.1 (ρ̃3

D−0.12GeV3) .

One finds that measuring the second and third hadronic moments which directly constrain
µ2
π and ρ̃3

D is an essential step in implementing the comprehensive program of extracting |Vcb|
(see figures in [19, 18]). To illustrate, neglecting possible theoretical uncertainties in the above
relations, we get

|Vcb| = 0.0418 (1 ± 0.01SL width ± 0.02HQpar) (9)

from only the DELPHI hadronic moments. It is crucial that this extraction carries no hidden
assumptions, and at no point we rely on 1/mc expansion. Charm quark could be either heavy,
or light as strange or up quark, without deteriorating – and rather improving – the accuracy.

268



Nikolai Uraltsev Recent Advances in Semileptonic B Decays

Incorporating other measurements further decreases the experimental uncertainty associated
with the heavy quark parameters. However, another limiting factor becomes important – the
accuracy of the theoretical expression for the moments used in the analyses. All the theoretical
expressions relied upon have a limited accuracy, a fact discarded above for simplicity.

A similar analysis can be applied to the moments with a cut on lepton energy; in particular,
CLEO measured a few lepton energy moments for E�>1.5 GeV with unprecedented accuracy.
They also fix more or less the same combination of masses and nonperturbative parameters.
The value comes out close, but does not literally coincide with that obtained by DELPHI. This
sometimes is referred to as a problem for theory. My opinion is different – we do not see here a
convincing evidence of the theory failure: the intrinsic theory accuracy is essentially degraded
by the relatively high cut employed, with the effective hardness deteriorated. The additional
theoretical uncertainties are typically overlooked here.

3.1 Cuts and extracting heavy quark parameters

In order to enjoy in full the potential of a small expansion parameter provided by the heavy
quark mass, the observable in question must be sufficiently inclusive. However experimental
cuts imposed for practical reasons – to suppress backgrounds etc. – often essentially degrade the
effective hardness Q of the process. This brings in another expansion parameter 1/Q effectively
replacing 1/mb in certain QCD effects. The reliability of the expansion greatly deteriorates for
Q�mb. This phenomenon is particularly important in b→s+ γ decays where experiments so
far have imposed cut Eγ>2 GeV or even higher.

The theoretical aspects of such limitations have been discussed during the last couple of
years [20, 14, 17]. In particular, the effective ‘hardness’ of the inclusive b → s + γ decays
with Eγ > 2 GeV amounts to only about 1.25 GeV, which casts doubts on the precision of the
routinely used expressions incorporated into the fits of heavy quark parameters.

Ref. [21] has analyzed the numerical aspects and it was shown that these effects turn out
significant, lead to a systematic bias that often exceeds naive error estimates and therefore can-
not be ignored. Evaluating them in the most straightforward (although somewhat simplified)
way we find, for instance for b → s+ γ decays

m̃b � mb + 70 MeV

µ̃2
π � µ2

π − (0.15 ÷ 0.2) GeV2 (10)

where m̃b and µ̃2
π are the apparent values of the b quark mass and of the kinetic expectation

value, respectively, as extracted from the b→ s+ γ spectrum in a usual way with Eγ>2 GeV.
Correcting for this bias eliminates alleged problems for the OPE in describing different data and
rather leads to a too good agreement between the data on different types of inclusive decays.

Moreover, this resolves the controversy noted previously: while the values of Λ and µ2
π

reportedly extracted from the CLEO b→s + γ spectrum were found to be significantly below
the theoretical expectations, the theoretically obtained spectrum itself turned out to yield a
good description of the observed spectrum when we evaluated it based on these theoretically
preferred values of parameters [20].

The origin of these effects and why they are routinely missed in the standard application of
the OPE and in estimates of the theoretical accuracy, have been discussed in detail in Ref. [17].
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Conceptually this is related to the limited range of convergence of the OPE for the width,
determined in this case by the support of the heavy quark distribution function. Referring to
the original publications [17, 21] for details, here I give only the numerical estimates for the
cut-induced bias in b→ s + γ decays. Namely, we can compare the apparent values of the
b quark mass m̃b and of the kinetic operator µ̃2

π with the true ones mb, µ
2
π which would be

measured if no cut were imposed, Fig. 1. The deficit in Λ turns out quite significant.
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Figure 1: The shifts m̃b−mb in the quark mass (a) and µ2
π−µ̃2

π in the kinetic operator (b) introduced
by imposing a lower cut in the photon energy in B→Xs+γ. Blue (bold) and maroon (light) curves
correspond to two different ansätze for the heavy quark distribution function.

The naive extraction of the kinetic expectation value through the variance of the truncated
distribution undercounts it even more dramatically as Fig. 1b illustrates, since higher moments
are more sensitive to the tail of the distribution.

Why are the effects of the cut so large? They are exponential in the inverse hadronic scale
µhadr, but are governed by the hardness Q�mb−2Ecut rather than by mb:

Λ− Λ̃(Ecut) ∝ µhadr e
− Q

µhadr , µ2
π − µ̃2

π ∝ µ2
hadr e

− Q
µhadr (11)

(the exponent may have a form of a power of Q/µhadr). Even at mb → ∞ these effects survive
unless Q is made large as well!

From this comparison we conclude:

• the value of mb as routinely extracted from the b→s + γ spectrum is to be decreased by an
amount of order 70 MeV;

• relative corrections to µ2
π are even more significant and can naturally constitute a shift of

0.2 GeV2. This arises on top of other potential effects.

3.2 Practical implications

One can imagine a dedicated analysis of the consistency of the OPE predictions for inclusive
B decays through a simultaneous fit of all available experimental data with the underlying
heavy quark parameters. For illustrative purposes here I adopt instead a much simpler and
transparent procedure which yet gives convincing evidence that the OPE is in a good shape,
and elucidates the actual root of alleged problems. Let me assume a rather arbitrary choice
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mb=4.595 GeV, mc=1.15 GeV, µ2
π=0.45 GeV2, ρ̃3

D =0.06 GeV3 and ρ3
LS =−0.15 GeV3, natural

from the theoretical viewpoint. The precise values of the quark masses are adjusted, however to
literally accommodate 〈M2

X〉E�>1GeV now well measured by BaBar and CLEO. We then obtain

〈M2
X〉 � 4.434 GeV2 [cf. (4.542 ± 0.105) GeV (DELPHI) ]

〈M2
X〉E�>1.5GeV � 4.177 GeV2 [cf. 4.180 GeV2 (BaBar), 4.189 GeV2 (CLEO) ]

〈E�〉 � 1.389 GeV [cf. (1.383 ± 0.015) GeV (DELPHI) ]

〈Eγ〉Eγ>2GeV � 2.329 GeV [cf. (2.346 ± 0.034) GeV (CLEO) ]

〈E2
γ−E

2
γ〉Eγ>2GeV � 0.0202

0.0233 GeV2 [cf. (0.0226 ± 0.0066 ± 0.0020) GeV2 (CLEO) ] (12)

The moments of the photon spectra have been calculated including the perturbative corrections
as in Ref. [21], i.e. they incorporate the above ‘exponential’ cut-related shifts at face value.1

Their counterpart for the semileptonic decays has not been included here, however. I also show
in Fig. 2 the E�

cut-dependence of 〈M2
X〉 as it comes from the literal OPE expressions with the

above values of parameters. Experimental data are from Refs. [18, 22, 23, 24].
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Figure 2: Experimental values of the average hadronic mass square 〈M2
X〉 in B → Xc �ν at differ-

ent lower cuts in E� and the literal OPE prediction (continuous curve) for the stated heavy quark
parameters. The DELPHI point assumes no cut on E�.

A quick glance shows that there is hardly any disagreement with theory, for both semilep-
tonic and b→ s + γ channels. Moreover, even the E�

cut-dependence is naturally reproduced.
This radically differs from the results reported in [25]. I believe that what we have heard from
Ligeti in this respect at this conference about the alleged problems for the OPE in describing
the data, is not true.

As mentioned above, the first leptonic moment 〈E�〉 with cut at 1.5 GeV, the CLEO’s R1

comes out slightly different: 1.776 GeV vs. 1.7810 GeV measured by CLEO. The difference is
certainly significant if viewed experimentally. However, is it really, if examined by theory?

1The two values for the second Eγ-moment correspond to different light-cone ansätze; they are obtained
discarding higher-order power corrections to the light-cone distribution function.
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Cuts in semileptonic moments

It was argued in Ref. [17] that similar cut-related ‘exponential’ biases missed in the naive
OPE applications affect the truncated moments in the semileptonic decays as well. Their
description, even simplified is less transparent and would be more involved, though, being
given by a more complicated and non-universal object rather than the light-cone heavy quark
distribution. Although the numerical aspects are rather uncertain, it is understood that they
can be significant: the effective hardness

Qsl � mb −Ecut −
√
E2

cut +m2
c (13)

at Ecut =1.5 GeV is about 1.25 GeV [14], nearly the same as for B→Xs + γ with Eγ >∼ 2 GeV.
Ref. [21] estimated that the exponential terms in semileptonic decays with Ecut �1.5 GeV can
introduce effects of the same scale as shifting mb upward by up to 25 to 30 MeV (assuming
fixed mc and other heavy quark parameters). This rule of thumb – although very tentative –
is useful to get an idea of the ultimate theoretical accuracy one can count on here.

For example, the CLEO’s cut moment R1 =〈E�〉E�>1.5GeV
is approximately given by [14]

R1 =1.776 GeV + 0.27(mb−4.595 GeV) − 0.17(mc−1.15 GeV) at |Vub/Vcb|=0.08 (14)

(the above mentioned values of the nonperturbative parameters are assumed). An increase in
mb by only 20 MeV would then change

R1 → R1 + 0.0055 GeV (15)

perfectly fitting the central CLEO’s value 1.7810 GeV. It is worth noting that the above equa-
tions make it evident that the imposed cut on E� degrades theoretical calculability of R1 far
beyond its experimental error bars, the fact repeatedly emphasized over the last year. Unfortu-
nately, this was not reflected in the fits of parameters which placed much weight on the values
of R0 –R2 just owing to their small experimental uncertainties, whilst paying less attention to
actual theoretical errors.

Even stronger reservations should be applied to the theoretical predictability for CLEO’s
R2 representing the second moment with the cut, keeping in mind that the effective hardness
deteriorates for higher moments.

The CLEO’s ratio R0 is the normalized decay rate with the cut on E� as high as 1.7 GeV,
and for it hardness Q is below 1 GeV. A precision – beyond just semiquantitative – treatment
of nonperturbative effects is then questionable, and far more significant corrections should be
allowed for.

We see that – contrary to what one could typically hear over the last year about experimental
check of dynamical heavy quark theory – there is a good agreement of most data referring
to sufficiently ‘hard’ decay distributions with the theory based on the OPE in QCD, if the
‘robust’ OPE approach is used. The latter was put forward [14] to get rid of unnecessary
vulnerable assumptions of usually employed fits of the data. This consistency likewise refers
to the absolute values of the heavy quark parameters necessary to accommodate the data.
Theory itself reveals, however that the expansion becomes deceptive with an increase in the
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experimental cuts. Here I mentioned the clearest effects, those from the variety of ‘exponential’
terms in the effective hardness. While presently not amenable to precise theoretical treatment,
they can be estimated using most natural assumptions and are found to be very significant
for E�

cut
>∼ 1.5 GeV and Eγ

cut
>∼ 2 GeV often employed in experiment. Taking these corrections at

face value and incorporating in our predictions, we get a good, more than qualitative agreement
with “less short-distance” inclusive decays as well.

A dedicated discussion of what may be wrong in a number of analyses claimed problems
for the OPE goes far beyond the scope of the present talk. Two elements must be mentioned
largely responsible for this, they have been emphasized early enough [20, 14], yet were mostly
ignored. One is imposing unnecessary and dangerous constraint on the mass difference mb−mc

which relies on the too questionable 1/mc expansion, and applying the corresponding power
counting rules which are inadequate numerically. The second is blind usage of the naive OPE
expressions where their validity is severely limited by barely sufficient effective hardness. The
terms exponential in the latter – yet invisible in the naive approach – blow up there. Rephrasing
Ben Bradley, one may then think that the alleged problems originate from “Dealing in the
expressions, not necessarily in (OPE) truths”. I would also mention that using the proper
Wilsonian version of the OPE with running quark masses and nonperturbative parameters
is helpful in arriving at correct conclusions, and is probably indispensable for reaching the
ultimate numerical precision in extracting the underlying parameters.

3.3 Semileptonic decays with τντ

Experimental studies of the semileptonic decays B→Xc+τντ are much more difficult, however
even accurate measurements may be feasible at future high-luminosity super–B-factories. Rel-
evant to physics discussed in Sect. 2, the B→D τντ amplitude does not vanish at zero recoil
when �q→ 0 keeping the contribution of f− (still suppressed by the τ mass). This opens an
interesting way to check the BPS relation (2) and its accuracy dictated by the theorem (6).
This would complement an independent determination of Vcb through the small-recoil B→D
decay rate with light leptons.

Since the velocity range is rather limited for decays into τ leptons, 1≤w≤ 1.43 the total
BR(B→D τντ ) can be predicted in terms of �2− 3

4
, at least in the BPS regime.

Inclusive decay width Γ(B→Xc+ τντ ) is very sensitive to mb−mc, in contrast to mb−0.6mc

for conventional decays (the same applies to decay distributions), which would finally provide
a constraint on an alternative mass combinations.

On the other hand, energy release is limited here, mb−mc−mτ � 1.6 GeV. These decays
therefore can be more sensitive to higher power corrections and represent a better candidate for
studying local duality violations. One can also detect possible effects of the nonperturbative
four-quark operators with charm quark, 〈B|bc cb|B〉; their potential role was emphasized in
Ref. [5].

I am curious if it is possible to measure here separately the decay widths induced by vector
and axial-vector currents. As emphasized in Sect. 2, this makes a big difference for the non-
perturbative effects in the exclusive transitions to D and D∗, respectively. Yet for inclusive
decays there should be no much difference once one enters the short-distance regime. Therefore,
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such analysis would provide interesting insights into the difference between the heavy quark
expansion for inclusive and exclusive decays.

4 Conclusions

The theory of heavy quark decays is now a mature branch of QCD. Recent experimental studies
of inclusive decays yielded valuable information crucial – through the comprehensive application
of all the elements of the heavy quark expansion – for a number of exclusive decays as well. This
signifies an important new stage in the heavy quark theory, since only a few years ago exclusive
and inclusive decays were often viewed as largely separated, if not as antipodes theory-wise.

Generally speaking, there is ample evidence that heavy quark symmetry undergoes signifi-
cant nonperturbative corrections for charm hadrons. However, there appears a class of practi-
cally relevant relations which remain robust. They are limited to the ground-state pseudoscalar
B and D mesons, but do not include spin symmetry in the charm sector.

The accuracy of these new relations based on the proximity to the “BPS limit” strongly
depends on the actual size of the kinetic expectation value in B mesons, µ2

π(1 GeV). The
experiment must verify it with maximal possible accuracy and reliability, without invoking ad
hoc assumptions often made in the past with limited data available. This can be performed
through the inclusive decays already in current experiments. If its value is confirmed not
to exceed 0.45 GeV2, the B → D decays can be reliably treated by theory, and the estimate
F+(0) � 1.03 can provide a good alternative element in the comprehensive program of model-
independent extraction of |Vcb|.

There are many other important consequences of the BPS regime. The slope of the IW
function must be close to unity, and actually below it. The related constraints on the slope ρ̂2

of the experimentally observed combination of B→D∗ formfactors should be incorporated in
the fits aiming at extrapolating the rate to zero recoil.

Contrary to what is often stated, the OPE-based theory of inclusive decays so far is in
good shape when confronted experiment. A nontrivial consistency between quite different
measurements, and between experiment and QCD-based theory, at the nonperturbative level,
has been observed. Yet this refers to a thoughtful application of the OPE using the robust
approach instead of doubtful approximations. There are good reasons to hope that new round
of data will not reverse the tendency, and that the comprehensive approach shall indeed allow
us to reach a percent level of reliable accuracy in translating Γsl(B) to |Vcb|, as was proposed
last year.

A final note – I think that the semileptonic decays with τ lepton and ντ have an interesting
potential for both inclusive and exclusive decays at high-luminosity machines.
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Open charm and charmonium production in B decays
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Results on B decays to hadronic states are presented based on data collected by ex-
periments running at the Υ (4S) resonance. Results are given for the B− → D∗∗0π−,
B → DsJD, B → DDK, B− → ψ(3770)K− and B− → J/ψpΛ channels.

1 Introduction

The decay of B mesons to open charm and charmonium provides an excellent laboratory for
the study of hadronic B decays. The huge dataset collected by the experiments running at the
Υ (4S) resonance (more than 250 millions of B pairs) allows them to test models of B decay in
more modes and with greater precision than ever before.
Since the B mesons are produced via e+e− → Υ (4S) → BB, the energy of the B in the Υ (4S)
frame is given by the beam energy, E∗

beam, which is measured more precisely than the energy
of the B candidate. Therefore, to isolate the B meson signal, two kinematic variables are
used: ∆E, the difference between the reconstructed energy of the B candidate and the beam
energy in the center of mass frame, and mbc, the beam constrained mass (also called beam

energy substituted mass, mES), defined as
√
E∗2
beam − p∗2B where p∗B is the momentum of the

reconstructed B in the Υ (4S) frame. Signal events will have ∆E close to 0 and mbc (or mES)
close to the B meson mass, 5.279 GeV/c2.

2 B decays to open charm states

2.1 B → D∗∗π decays

The study of the production of D-meson excited states, collectively referred to as D∗∗’s, which
are P-wave excitations of quark-antiquark systems containing one charmed and one light (u,
d) quark, provides tests of Heavy Quark Effective Theory (HQET) and QCD sum rules. In
the heavy quark limit, the heavy quark spin �sc decouples from the other degrees of freedom
and the total angular momentum of the light quark �jq = �L + �sc is a good quantum number.
There are four P-wave states with the following spin-parity and light quark angular momenta :
0+(jq = 1/2), 1+(jq = 1/2), 1+(jq = 3/2) and 2+(jq = 3/2), which are usually labeled as
D∗

0, D
′
1, D1 and D∗

2 respectively. The two jq = 1/2 states, which are narrow (width on the order
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of 20 MeV), were observed [1] with masses in agreement with model predictions [2, 3, 4, 5].
The remaining jq = 3/2 states decay via S-waves and are expected to be broad. Although they
have not yet been observed directly, their total production rate has been measured in B-meson
semileptonic decays [6].
In its study, the Belle Collaboration concentrated on charged B decays to D(∗)±π∓π∓ [7].
Using a data sample of 60.4 fb−1 (65.4 million BB events) collected at the Υ (4S) resonance,
Belle selected B− → D+π−π− and B− → D∗+π−π− candidates, reconstructed in the D+ →
K−π+π+ and D∗+ → D0π+ modes, respectively. The D0 candidates are reconstructed in the
K−π+ and K−π+π+π− channels. This is the first observation of D+π−π−; the signal yield
obtained is 1101±46 events, providing a branching fraction of B(B− → D+π−π−) = (1.02 ±
0.04 ± 0.15) × 10−3, consistent with the upper limit previously obtained by CLEO, B(B− →
D+π−π−) < 1.4 × 10−3 [8]. For the D∗+π−π−, the observed signal yields are respectively
273± 21 and 287± 22 events for the K−π+ and K−π+π+π− channels, providing the following
branching fraction calculated from the weighted average of the values obtained for the two
modes : B(B− → D∗+π−π−) = (1.25 ± 0.08 ± 0.22) × 10−3, consistent with the world average
value (2.1 ± 0.6) × 10−3 [1].
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Figure 1: The minimal D(∗)π mass distributions for the B− → D+π−π−(left) and B− →
D∗+π−π−(right) events. The hatched histogram shows the background obtained for the ∆E
sidebands.

To extract the amplitudes and phases of the different intermediate states, the mass and
width of these resonances, an unbinned likelihood fit to the Dalitz plot is performed using a
method similar to CLEO’s fit [9]. The minimal D(∗)π mass distributions for D+π−π− and
D∗+π−π− modes respectively are shown in Fig 1. For D+π−π− case, the best fit is obtained
with the presence of a broad state interpreted as the scalar D∗0. The fit gives the following
parameter values :

MD∗0
0

= (2308 ± 17 ± 15 ± 28) MeV/c2, ΓD∗0
0

= (276 ± 21 ± 18 ± 60)MeV. (1)
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The values of the narrow resonance mass and width obtained from the fit are :

MD∗0
2

= (2461.6 ± 2.1 ± 0.5 ± 3.3) MeV/c2, ΓD∗0
2

= (45.6 ± 4.4 ± 6.5 ± 1.6)MeV. (2)

The following branching ratio products are obtained :

B(B− → D∗0
2 π

−) × B(D∗0
2 → D+π−) = (3.4 ± 0.3 ± 0.6 ± 0.4) × 10−4,

B(B− → D∗0
0 π

−) × B(D∗0
0 → D+π−) = (6.1 ± 0.6 ± 0.9 ± 1.6) × 10−4,

(3)

and the relative phase of the scalar and tensor amplitude is

φD∗0
0

= −2.37 ± 0.11 ± 0.08 ± 0.10. (4)

Using a similar method for the D∗+π−π− final state, the following parameters are obtained
for D1 :

MD0
1

= (2421.4 ± 1.5 ± 0.4 ± 0.8) MeV/c2, ΓD0
1

= (23.7 ± 2.7 ± 0.2 ± 4.0)MeV. (5)

These parameters are in good agreement with the world average values : MD0
1

= (2422.2 ±
1.8)MeV/c2, ΓD0

1
= (18.9+4.6

−3.5)MeV [1]. The broad D
′0
1 resonance parameters are :

MD
′0
1

= (2427 ± 26 ± 20 ± 15) MeV/c2, ΓD′0
1

= (384+107
−75 ± 24 ± 70)MeV. (6)

Observation of a similar state was reported by CLEO [10] consistent with the above result of
Belle. The following branching ratio products are obtained :

B(B− → D1π
−) × B(D1 → D∗+π−) = (6.8 ± 0.7 ± 1.3 ± 0.3) × 10−4,

B(B− → D∗0
2 π

−) × B(D∗0
2 → D∗+π−) = (1.8 ± 0.3 ± 0.3 ± 0.2) × 10−4,

B(B− → D
′0
1 π

−) × B(D
′0
1 → D∗+π−) = (5.0 ± 0.4 ± 1.0 ± 0.4) × 10−4.

(7)

2.2 DsJ in B decays

The BaBar Collaboration reported on the observation of a new Dsπ
0 resonance with a mass of

2317 MeV/c2 and a narrow width [11] which can naturally be interpreted as a P-wave cs quark
state below the DK threshold, which accounts for the small width [12]. As for the D∗∗ case
mentioned in the previous section, one expects two doublets of cs states with quantum number
JP = 0+, 1+ and 1+, 2+ and this interpretation is supported by the observation of a D∗

sπ
0

resonance by the CLEO Collaboration [13]. The second doublet has already been observed in
D(∗)K decays [1]. The mass difference between the two observed states is consistent with the
expected hyperfine splitting of the P-wave Ds meson doublet with total light quark angular
momentum jq = 1/2 [12]. However, the masses of these states are considerably below potential
model expectations and are nearly the same as the corresponding cu states recently measured
by Belle (as shown in Eqs. 1 and 6). To clarify the nature of these states (referred as DsJ), it

279



Karim Trabelsi Open charm and charmonium production in B decays

is necessary to determine their quantum numbers and decay branching fractions by searching
for them in exclusive B meson processes. The Belle Collaboration searched for decays of the
type B → DDsJ [14], expected to be the dominant exclusive DsJ production mechanism in B
decays, in a 90 fb−1 data sample. D+

s mesons are reconstructed in the φπ+, K
∗
(892)0K+ and

K0
SK

+ decay channels and K
∗0

mesons from K−π+ pairs. D∗+
s mesons are reconstructed in

the D∗+
s → D+

s γ decay channel. The D mesons are D
0

and D− mesons reconstructed in the
K+π−, K+π−π−π+, K+π−π0 and K+π−π− channels. Finally D candidates are combined with
a D(∗)+

s and a π0, γ or π+π− pair to form B mesons.
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Figure 2: ∆E(left) and M(DsJ )(middle) distributions for the B → DDsJ candidates with
DsJ(2460) → Dsγ. Points with errors represent the experiment data, hatched histograms
show the sidebands and curves are the results of the fits. The right figure shows the helicity
distribution.

For illustration, the ∆E and DsJ candidate’s invariant mass (M(DsJ)) distributions for

B → DDsJ(DsJ(2460) → Dsγ) candidates are shown in Fig. 2 where all D
0

and D− modes
are combined. Each distribution is the projection of the signal region for the other param-
eter. Signals are observed with more than 5σ significance for the DDsJ(2317)[Dsπ

0] and
DDsJ(2460)[D∗

sπ
0, Dsγ] final states. The fit results are summarized in Table 1 with the ob-

tained branching fraction (or upper limit at 90% CL) and the corresponding significance. As
an additional cross check, the helicity distribution for the DsJ(2460) → Dsγ decay is shown in
Fig. 2, consistent with MC expectations for the J = 1 hypothesis for the DsJ(2460).

2.3 B → D
(∗)
D(∗)K decays

Until 1994, it was believed that the cs quarks would hadronize dominantly as D+(∗)
s mesons.

Therefore, the branching fraction b → ccs was computed from the inclusive B → DsX,
B → (cc)X and B → ΞcX branching fractions, leading to B(b → ccs) = 15.8 ± 2.8% [15].
Theoretical calculations are unable to simultaneously describe this low branching fraction and
the semileptonic branching fraction of the B meson [16]. It has been conjectured [17] that
B(b→ ccs) is in fact larger and that the B → DDX decays could contribute significantly.
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Decay channel ∆E yield B, 10−4 Significance
B → DDsJ(2317)[Dsπ

0] 18.8+5.4
−4.8 9.9+2.8

−2.5 ± 3.0 5.3
B → DDsJ(2317)[D∗

sγ] < 12.7 < 8.7
B → DDsJ(2460)[D∗

sπ
0] 16.7+4.8

−4.1 25.8+7.0
−6.0 ± 7.7 6.0

B → DDsJ(2460)[Dsγ] 21.8+5.8
−5.1 5.3+1.4

−1.3 ± 1.6 5.9
B → DDsJ(2460)[D∗

sγ] < 10.6 < 6.1
B → DDsJ(2460)[Dsπ

0] < 3.5 < 1.4
B → DDsJ(2460)[Dsπ

+π−] < 3.5 < 1.1

Table 1: Branching fractions B → DDsJ decays.

Using 75.9 fb−1 of data collected at the Υ (4S) resonance,the BaBar Collaboration presented

measurements or limits of the branching fractions for all the possible B → D
(∗)
D(∗)K0 and

B → D
(∗)
D(∗)K+ decay modes, using events in which both D(∗) (which can be either a D0,

D∗0, D+ or D∗+) are fully reconstructed [18]. The ∆E and mES distributions of the selected
events are shown in Fig. 3 for the sum of all the decay modes, separately for B0 and B+. The
∆E spectra are shown for events in the signal region defined by 5.27 < mES < 5.29 GeV/c 2

whereas the mES spectra for the signal region are shown for events with ∆E within ±2.5σ∆E

of the central value for the signal. A significant signal in mES (more than 4σ) was obtained for
11 of the 22 B modes studied. After summing over all sub-modes, the branching fractions of

the B0 and of the B+ to D
(∗)
D(∗)K+ are found to be

B(B0 → D
(∗)
D(∗)K) = (4.3 ± 0.3 ± 0.6)%

B(B+ → D
(∗)
D(∗)K) = (3.5 ± 0.3 ± 0.5)%

(8)

The B → D
(∗)
D(∗)0K+ decay modes are also used to probe the possible presence of intermediate

DsJ resonances, D+
s1(2536) and D+

sJ(2573), two of the P-wave excitations of the cs system
mentioned in the previous section, decaying into D(∗)0K+. A search was made for D+

s1(2536) in

the final state D∗0K+ for the four decay modes B → D
(∗)
D∗0K+ and for D+

sJ(2573) in the final

state D0K+ in the four decay modes B → D
(∗)
D0K+. Looking at the distributions of ∆m =

m(D(∗)0K+) −m(D(∗)0) for the events reconstructed in the signal region (5.27 < mES < 5.29
GeV/c 2), no significant signal was found.

2.4 B+ → ψ(3770)K+ decay

In contrast to the charmonia seen so far in B decays, the ψ(3770) state is just above charm
threshold and decays dominantly to pairs of D mesons [1]. Experimental study of ψ(3770)
in B decays tests theoretical models and provides additional information on the structure of
ψ(3770) wave-function. The Belle Collaboration made a search of this state in the B decays
B → DDK where D stands for D0 or D+, a similar final state to the ones mentioned in the
previous section.
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Figure 3: The ∆E and mES spectra (a,c,e) for the sum of all the B0 → D
(∗)
D(∗)K modes

and (b,d,f) for the sum of all the B+ → D
(∗)
D(∗)K modes. (a,b): ∆E for 5.27 < mES < 5.29

GeV/c2. (c,d): mES for |∆E − ∆Eshift| < 2.5σ∆E . (e,f): mES for ∆E > 50 MeV (background
control region) demonstrating the shape of the background as an Argus function.

Belle reported also measurements of the B+ → D0D
0
K+ and B+ → D+D−K+ with a data

sample consisting of 88 fb−1 : they measured the branching ratio B(B+ → D0D
0
K+) = (1.17±

0.21±0.25)×10−3 and the upper limit B(B+ → D+D−K+) < 0.79×10−3 (90% CL). By looking

at the D0D
0

invariant mass spectrum from B+ → D0D
0
K+ candidates (Fig. 4), Belle observed

a peak with mass near 3770 MeV/c2 attributed to the exclusive B+ → ψ(3770)K+ decay. The
fit yields a ψ(3770) signal of (33.6±8.3) events with a statistical significance of 5.9σ and provides

a branching ratio : B(B+ → ψ(3770)K+)×B(ψ(3770) → D0D
0
) = (0.34± 0.08± 0.08)× 10−3.

3 B decays to charmonium states

The inclusive production of charmonium mesons in B decays at the Υ (4S) resonance has been
studied by CLEO [19], Belle [20] and recently BaBar [21]. The J/ψ momentum spectrum in the
e+e− center-of-mass frame is consistent with the distribution predicted by non-relativistic QCD
calculations [22], except for an excess in the low momentum region which has been observed
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0
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by these experiments. In order to explain this excess, several theoretical hypotheses have been
proposed : an intrinsic charm component of the B meson [23], the production of an sdg hybrid
in conjunction with a J/ψ [24], or the possibility that the excess arises from B → J/ψ baryon
anti-baryon decays [25]. The decay rate could be enhanced by an intermediate exotic state such
as bound state of Λ and p, J/ψ and Λ or J/ψ and p. In this case, the momentum distribution
of J/ψ, Λ or p in the rest frame of B would be clustered at a particular value.
BaBar [26] and Belle have searched for the decay B− → J/ψΛp using more than 80 million
of BB pairs. BaBar observed four candidates in the signal region determined with the kine-
matic variables ∆E and mES for an expected background of 0.21 ± 0.14, from which they
derived a branching fraction of B(B− → J/ψΛp) = 11.6+8.5

−5.6 × 10−6, where the uncertainty
includes both statistical and systematic components. For Belle data, no statistically signif-
icant signal was found (3.7 ± 2.3 signal yield with 2.3 σ significance). An upper limit of
B(B− → J/ψpΛ) < 3.0 × 10−5 on the branching fraction at 90% confidence level was set.
In a similar way, BaBar looked for the Cabibbo-suppressed mode B0 → J/ψpp for which a
limit of B(B0 → J/ψpp) < 1.9 × 10−6 was obtained.
In conclusion, these modes can’t explain the significant fraction of the observed excess in the
low momentum region of J/ψ from B decays.
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B meson semileptonic decays are a crucial tool in our studies of the quark mixing parame-
ters Vcb and Vub. The interplay between experimental and theoretical challenges to achieve
precision in the determination of these fundamental parameters are discussed.

1 Introduction

In the framework of the Standard Model, the quark sector is characterized by a rich pattern of
flavor-changing transitions, described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix:

VCKM =

⎛⎜⎝ Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎞⎟⎠ . (1)

Since the CKM matrix must be unitary, it can be expressed as a function of only four pa-
rameters. It is expected that a detailed experimental study of the quark mixings may lead to
uncover discrepancies and may define the path towards a more satisfactory understanding of
flavor.

B meson semileptonic decays allow the determination of the magnitudes of the quark mixing
parameters |Vcb| and |Vub|, discussed by M. Calvi [1] and E. Thorndike [2]. The goal of precision
measurements of these quantities is strongly affected by our progress in evaluating hadronic
matrix elements. While theorists develop calculation tools of increasing sophistication, the
experimental program can pin down important theoretical parameters and perform crucial
tests of the theory. I will focus my discussion on how we can use experimental studies of B
meson semileptonic decays as probes of strong interaction dynamics.

2 The inclusive decay B → Xc�ν.

Three decades of experimental and theoretical studies have lead to considerable progress in
our understanding of the Cabibbo favored inclusive decay B → Xc�ν. The Operator Product
Expansion (OPE) yields the heavy quark inclusive decay rates as an asymptotic series in inverse
powers of the heavy quark mass. In actuality, several mass scales are relevant: the b quark
mass mb, the c quark mass mc and the energy release Er ≡ mb −mc [3]. The uncertainties in
the predicted Γsl/Vcb have been discussed in numerous theoretical papers [4]. In parallel, it is
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important to probe the theory with a variety of approaches that allow to test the consistency
of the overall picture.

The key parameter in the theoretical expression for the semileptonic width is mb. As the
bare quark mass is affected by perturbative and non-perturbative contributions, considerable
attention has been devoted to its proper definition [5], [6]. Similarly, mc is a parameter in the
hadronic matrix element and, recently, it has been argued that an independent experimental
determination of this parameter is opportune [4]. Previous determinations of the OPE param-
eters have relied on the value of the difference (mb − mc) obtained the spin averaged meson
mass difference (MB −MD) [7].

The leading non-perturbative corrections arise only to order 1/m2
b and are parameterized

by the quantities µ2
π (or − λ1) [7], [8] related to the expectation value of the kinetic energy of

the b quark inside the b hadron, and µ2
G (or λ2) [7], [8] related to the expectation value of the

chromomagnetic operator. Quark-hadron duality is an important ab initio assumption in these
calculations. While several authors [9] argue that this ansatz does not introduce appreciable
errors as they expect that duality violations affect the semileptonic width only in high powers
of the non-perturbative expansion, other authors recognize that an unknown correction may
be associated with this assumption [10]. Arguments supporting a possible sizeable source of
errors related to the assumption of quark-hadron duality have been proposed [11]. Most of
the experimental studies have focused on the lepton energy and the invariant mass MX of the
hadronic system recoiling against the lepton-ν pair.

I will start the discussion with the experimental studies of the moments of inclusive dis-
tributions. CLEO published the first measurement of the moments of the M2

X distributions.
This analysis includes a 1.5 GeV/c momentum cut, that allows them to single out the desired
b → c�−ν signal from the “cascade” b → c → s�+ν background process. The hermeticity of
the CLEO detector is exploited to reconstruct the ν 4-momentum vector. Moreover, the BB
pair is produced nearly at rest and thus it allows a determination of MX from the ν and �

momenta. They obtain < M2
X −MD

2
>= 0.251 ± 0.066 GeV2 and < (M2

X −MD
2
>)2 >=

0.576 ± 0.170 GeV4, where MD is the spin-averaged mass of the D and D� mesons. The lep-
ton momentum cut may reduce the accuracy of the OPE predictions, because restricting the
kinematic domain may introduce quark-hadron duality violations. The shape of the lepton
spectrum provides further constraints on OPE. Moments of the lepton momentum with a cut
pCM� ≥ 1.5 GeV/c have been measured by the CLEO collaboration [12]. The two approaches
give consistent results, although the technique used to extract the OPE parameters has still
relatively large uncertainties associated with the 1/m3

b form factors. The sensitivity to 1/m3
b

corrections depends upon which moments are considered. Bauer and Trott [13] have performed
an extensive study of the sensitivity of lepton energy moments to non-perturbative effects.
In particular, they have proposed “duality moments,” very insensitive to neglected higher or-
der terms. The comparison between the CLEO measurement of these moments[12] and the
predicted values shows a very impressive agreement:

D3 ≡
∫
1.6GeV E

0.7
�

dΓ
dE�

dE�∫
1.5GeV E

1.5
�

dΓ
dE�

dE�
=

{
0.5190 ± 0.0007 (T)
0.5193 ± 0.0008 (E)
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D4 ≡
∫
1.6GeV E

2.3
�

dΓ
dE�

dE�∫
1.5GeV E

2.9
�

dΓ
dE�

dE�
=

{
0.6034 ± 0.0008 (T)
0.6036 ± 0.0006 (E)

(2)

(where “T” and “E” denote theory and experiment, respectively).
More recently, both CLEO and BaBar explored the moments of the hadronic mass M2

X

with lower lepton momentum cuts. In order to identify the desired semileptonic decay from
background processes including cascade decays, continuum leptons and fake leptons, CLEO
performs a fit for the contributions of signal and backgrounds to the full three-dimensional
differential decay rate distribution as a function of the reconstructed quantities q2, M2

X , cos θW�.
The signal includes the components B → D�ν, B → D��ν, B → D���ν, B → Xc�ν non-
resonant and B → Xu�ν. The backgrounds considered are: secondary leptons, continuum

leptons and fake leptons. Fig. 1 shows the extracted < M2
X −M

2
D > moments as a function

of the minimum lepton momentum cut from these two measurements, as well as the original
measurement with p� ≥ 1.5 GeV/c. The results are compared with theory bands that reflect
experimental errors, 1/m3

b correction uncertainties and uncertainties in the higher order QCD
radiative corrections [14]. The CLEO and BaBar results are consistent and show an improved
agreement with theoretical predictions with respect to earlier preliminary results [15]. Moments
of the MX distribution without an explicit lepton momentum cut have been extracted from
preliminary DELPHI data [16] and give consistent results.
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2-M
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2〉 and B→Xsγ 〈Eγ〉

Elepton cut (GeV)

〈

Figure 1: The results of the recent CLEO analysis [17] compared to previous measurements [18,
19] and the HQET prediction. The theory bands shown in the figure reflect the variation of the
experimental errors on the two constraints, the variation of the third-order HQET parameters
by the scale (0.5 GeV)3, and variation of the size of the higher order QCD radiative corrections
[14].

Experiments operating at the Υ (4S) center-of-mass energy use a dilepton sample to separate
the decay process b → c�−ν (primary leptons) from the b → c → s�+ν (cascade leptons).
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This technique allows a direct determination of the primary lepton spectrum over almost all
the range kinematically allowed. Thus the semileptonic branching fraction extracted from
this measurement has almost no model dependence. Fig. 2 shows a summary of the Υ (4S)
measurements of inclusive semileptonic branching fractions. The overall experimental error is
of the order of 2%, quite impressive given the number of systematic effects that need to be
addressed in this measurement.

) [%]ν X l →B(B 
8 10 12

) [%]ν X l →B(B 
8 10 12

ARGUS 
 0.39± 0.50 ±9.75 

BABAR (breco) 
 0.46± 0.50 ±10.40 

BELLE (l tag) 
 0.50± 0.12 ±10.96 

BABAR (e tag) 
 0.29± 0.18 ±10.91 

BELLE (breco)
 0.31± 0.20 ±11.19 

CLEO (l tag, 2003)
 0.30± 0.08 ±10.91 

Average
 0.23±10.90 

HFAG
LP 2003

/dof = 5.0/ 5 (CL = 41.8%)2χ

Figure 2: Summary of model independent semileptonic branching fraction measurements per-
formed at the Υ (4S) center-of-mass energy.

At LEP, B(b → X�ν) is measured with dedicated analyses [20], [21], [22], [23], summarized
in (Table 1). The average LEP value for B(b → X�ν) = (10.59 ± 0.09 ± 0.30)% is taken
from a fit [24], [25] which combines the semileptonic branching ratios, B0 − B0 mixing, and
Rb = Γ(Z → bb)/Γ(Z → had). In this average, Artuso and Barberio use the modelling error
quoted by [20] rather than the error from the combined fit, as the ALEPH procedure is based
on more recent information. The dominant errors in the combined branching fraction are the
modelling of semileptonic decays (2.6%) and the detector related items (1.3%).

3 Exclusive B charmed semileptonic decays

The exclusive decay channels B → D��ν and B → D�ν have been studied extensively because
they provide an alternative avenue to extract the CKM parameter Vcb. In this case, the theo-
retical tool to extract the hadronic matrix element is Heavy Quark Effective theory (HQET)
[26]. HQET relates the differential partial decay width dΓ/dw, where w is the inner product of
the B and D� meson 4-velocities.
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Experiment B(b→ �ν)%
ALEPH 10.70 ± 0.10 ± 0.23 ± 0.26
DELPHI 10.70 ± 0.08 ± 0.21 ±+0.44

−0.30

L3 10.85 ± 0.12 ± 0.38 ± 0.26
L3 (double-tag) 10.16 ± 0.13 ± 0.20 ± 0.22
OPAL 10.83 ± 0.10 ± 0.20 ±+0.20

−0.13

LEP Average 10.59 ± 0.09 ± 0.15 ± 0.26

Table 1: B(b → �) measurement from LEP and their average. The errors quoted reflect
statistical, systematic and modelling uncertainties respectively.

In particular, dΓ/dw for the decay B → D��ν is given by:

dΓ

dw
(B → D��ν) =

G2
F |Vcb|2
48π3

K(w)F(w)2, (3)

where K(w) is a known phase space factor and the form factor F(w) is generally expressed
as the product of a normalization factor F(1) and a function, g(w), constrained by dispersion
relations [27]. By virtue of Luke’s theorem [28], the first term in the non-perturbative expansion
in powers of 1/mQ vanishes. This property, as well as the large branching fraction, make this
decay the central focus of the experimental determination of Vcb from exclusive semileptonic
decays in recent years. It has been studied both at the Υ (4S) and at the Z0 resonance center-
of-mass energy at LEP.

The Υ (4S) has the advantage that the BB pair is produced nearly at rest, so that kine-
matical constraints can be used to determine the ν momentum and separate the signal from
the dominant sources of background. Yields are obtained as a function of the variable w. The
LEP experiments have a uniform efficiency as a function of the lepton momentum because of
the higher boost at their center-of-mass energy. However, there is no simple kinematic tool
to separate signals from background. In particular, contributions from higher mass charmed
final states are evaluated using models that apply only to narrow resonances. Thus a detailed
knowledge of the yet unknown broad resonances and of non-resonant D(�)nπ production have
to be acquired to provide reliable systematic errors in this method.

New interest on the decay B → D�ν has been spurred by recent developments [29] in
lattice gauge calculation techniques that include the decay B → D�ν among a selected class
of “golden modes” whose hadronic matrix element will be calculated with high precision. This
decay mode is more challenging to experimental study because of its smaller branching fraction.
Nonetheless both the branching fraction and differential decay distributions such as dΓ/dw have
been measured by several experiments.

Table 2 summarizes our present knowledge on the branching fractions to the “ground state”
decay modes D�ν and D��ν. One interesting question is whether the composition of the total
semileptonic width is consistent with our theoretical understanding of semileptonic decays. In
the Shiftman-Voloshin limit, the total semileptonic width is expected to be saturated by these
ground state decay modes. All other states contribute to the decay width only to order 1/m2

b

because of heavy quark symmetry. However, if we consider the present world averages for the
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inclusive and exclusive decay modes, we note that about 30% of the semileptonic width includes
orbitally excited final states or higher mass objects. A more detailed knowledge of the final
states and the dynamics involved in this poorly known component of the semileptonic decay rate
is very important to assess our understanding of b meson semileptonic decays. In particular, a
study of the differential decay rate dΓ/dMX in the MX mass region about 3 GeV [30] have been
proposed as a check of quark-hadron duality violations. In fact, earlier predictions of possible
sizeable duality violation [11] have also indicated high mass tails as the possible manifestation
of such effects.

Experiment B(B → D��ν)(%) Remarks
CLEO[31] 6.25 ± 0.19 ± 0.39 both D�+ and D�o final states
BaBar[32] 4.68 ± 0.03 ± 0.28 preliminary
Belle[33] 4.78 ± 0.23 ± 0.43

ALEPH[34] 5.75 ± 0.26 ± 0.36
OPAL [35] 5.44 ± 0.19 ± 0.41 Full reconstruction
OPAL [35] 6.15 ± 0.27 ± 0.58 Partial reconstruction

DELPHI[36] 5.02 ± 0.13 ± 0.36 Partial reconstruction
DELPHI[36] 5.70 ± 0.20 ± 0.41 Full reconstruction (prelim)

Average 5.20 ± 0.19 HFAG Summer 03 Average

Experiment B(B → D�ν)(%)
CLEO [37] 2.11 ± 0.13 ± 0.17
Belle [38] 2.11 ± 0.13 ± 0.17

ALEPH [34] 2.42 ± 0.20 ± 0.50
Average 2.14 ± 0.20 HFAG Summer 03 Average

Table 2: Exclusive branching fractions for B(B → D(�)�ν) rescaled to common inputs by the
Heavy Flavor Averaging Group (HFAG) [39]

4 The inclusive charmless semileptonic decay B → Xu�ν

Charmless B meson semileptonic decays constitute only about 1% of the total semileptonic
width. Thus the big experimental challenge is the high suppression needed for this dominant
background. Typical strategies involve severe cuts on the phase space that destroy the con-
vergence of the OPE expansion [40]. Two approaches have been taken: CLEO, ARGUS, and,
more recently, BaBar and Belle have used a lepton momentum cut to minimize the charm
background. Alternatively, the invariant mass MX of the hadron system recoiling against the
lepton-ν pair, has been used to identify the charmless component, typically involving lighter
MX . Both these approaches involve kinematic regions where the differential decay rate is very
sensitive to the details of the wave function of the b quark inside the B hadron [41]. One
can reduce this theoretical uncertainty by considering more complex kinematic cuts [42], or by
measuring the universal structure function, which describes the distribution of the light-cone
component of the residual momentum of the b quark in some other processes [41], [43].
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CLEO [44] uses the shape of the γ spectrum in B → Xsγ to determine the quantity fu(p)
giving the fraction of the lepton spectrum in B → Xu�ν comprised within a given momen-
tum cut. Table 3 summarizes the CLEO results as well as a similar measurement performed
by BaBar. They restrict their measurement to the lepton interval 2.3-2.6 GeV and use the
fu(2.3 GeV) measured by CLEO to extrapolate to the whole momentum interval. Note that
the lower the momentum cut the larger the uncertainty induced by subleading corrections and
by weak annihilation graphs [40]. Hopefully future measurements will involve larger momentum
intervals. Moreover, a precise comparison between D and DS semileptonic decays will enable
us to determine weak annihilation effects more precisely [45].

Experiment B(B → Xu�ν)(×103) Remarks
CLEO [44] 1.77 ± 0.29exp ± 0.38fu p� = 2.2 − 2.6 GeV/c
BaBar [46] 2.05 ± 0.27exp ± 0.46fu p� = 2.3 − 2.6 GeV/c +CLEO fu
Babar[48] 2.24 ± 0.27stat ± 0.26sys ± 0.39th (MX)
Belle[49] 2.62 ± 0.63stat ± 0.23sys ± 0.05b→c ± 0.41B→u Prelim. (MX)
Belle [49] 1.64 ± 0.14stat ± 0.36sys ± 0.28b→c ± 0.22B→u Prelim. - Advanced ν reco.

Table 3: Inclusive B(B → Xu�ν) data.

BaBar and Belle have also explored also studies of inclusive charmless semileptonic decays
using the invariant mass of the hadronic system MX recoiling against the lepton-ν pair as a
discriminant of the b → u transition. These collaborations have started exploiting the high
statistics data samples that they are collecting by performing these studies with tagging B’s.
BaBar uses a sample of B → DY events, where Y denotes a collection of hadrons with total
charge ±1 composed of n1π

± + n2K
± + n3KS + n4π

0, where n1 + n2 < 6, n3 < 3, and n4 < 3.
They consider leptons with minimum momentum in the B rest frame p�� > 1 GeV/c. Fig. 3
shows the results of a χ2 fit to the MX distribution for the B → Xu�ν enriched sample. Note
that the complex set of cuts considered [48] still allows a significant b → c�ν background
component. Belle [49] uses B → D(�)�ν as a tagging sample, relying on the well known features
and relatively large branching fractions of these decays. Fig. 4 shows preliminary results from
this approach. In addition, Belle is pursuing a more complex ν reconstruction through an
“annealing” technique to sort decay products into tagging and b → u�ν. Preliminary results
have been reported [50] and are included in Table 3. Older measurements from LEP have
used the invariant mass MX of the hadronic system produced as a discriminant of charmless
semileptonic transition. The background from b → c transitions was significant: the average
branching fraction for b→ u�ν from all the LEP experiments was found to be (1.74±0.37exp±
0.38b→c ± 0.21b→u) × 10−3 [47].

5 Exclusive B charmless semileptonic decays

A considerable body of experimental and theoretical work has been focused on the final states
involving the lightest hadrons in the final states, namely π, η and ρ/ω). In this case, the
weak decay involves a heavy to light quark transition, thus HQET does not apply directly.
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Figure 3: A χ2 fit to the MX distribution for the B → Xu�ν enriched sample: shown are the
data (points) and the 3 fitted distribution (BaBar)[48].

It has been invoked to relate heavy to light transitions in the charm and beauty sector [51].
This strategy invokes relationships between form factors in charm semileptonic decays such as
D → π�ν to the corresponding ones in B → π�ν decays. A precise measurement of the former
would shed some light on the latter. Alternatively, lattice gauge calculations predict the full
QCD matrix element calculation. Indeed, the decay B → π�ν is one of the of the “golden
modes” for which a precision lattice gauge calculation is planned in the next few years [29].
The B → ρ�ν poses the additional challenge of involving an unstable hadron in the final state.
This is because unstable hadrons are strongly affected by finite lattice volume, e.g. the π’s in
fluctuations ρ → ππ → ρ can be on-shell and propagate freely to lattice boundary [52]. In
absence of rigorous evaluation of the full matrix element, a variety of models have been used to
study these decays, from quark models [53], [54], [55], to unquenched lattice calculations [56].
These different approaches have been very helpful in understanding key dynamical features of
these decays, but they all suffer from the difficulty of assessing their uncertainty in a manner
that can systematically be improved (e.g. with an asymptotic series). There is a considerable
spread in the predictions, as different ansatzs lead to different differential distributions in the
Dalitz plot. In particular, the q2 differential distribution has considerable discriminant power
[57].

¿From the experimental point of view, there are two important goals in studying exclusive
charmless semileptonic decays. The first is to lower the minimum lepton momentum cut, to
minimize the extrapolation required to derive the partial width to a specific final state. The
second is to devise analysis methods that minimize uncertainties arising from the q2 dependence
of the form factors. Great strides have been made in exploiting the hermeticity of detectors
such as CLEO in developing an efficient ν reconstruction. This has lead to two important
advantages. On one hand, the phase space of this decay included in the analyses has become
considerably larger. For example, a recent CLEO result [58] uses lepton momenta as low as 1.5
GeV/c. The reconstructed ν 4-momentum vector allows to perform a full reconstruction of the
decay, thus exploiting the same analysis methods used in hadronic B decays. One interesting
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Figure 4: Efficiency corrected MX distribution for data (solid square with errors) and for a
hybrid Monte Carlo model (histogram) (Prelim. Belle) [49].

feature of this analysis is that the branching fractions are determined independently in three q2

regions. Fig. 5 shows the measured branching fractions in the restricted q2 intervals, as well as
the best fit to the predicted dΓ/dq2 in 4 different models. It can be seen that this comparison
already shows some discriminant power, that will be fully exploited in the future.

6 Conclusions

Experimental studies of B meson semileptonic decays have reached a level of great sophisti-
cation, but several issues still need to be addressed. Progress will involve a close interplay
between experimental and theoretical work. Experimental studies that are crucial to further
progress include:

- a full understanding of the composition of the B meson semileptonic width;

- a precise determination of the OPE expansion parameters;

- overall checks of the consistency of the theoretical picture, including extent of quark-
hadron duality violation and effects of neglected terms in the perturbative and non-
perturbative expansion;

- study of inclusive charmless semileptonic decays in selected phase space domains sensitive
to different theoretical effects;

- detailed studies of the kinematic properties of charmless semileptonic decays with tagged
samples.

The theoretical challenge is to increase the reliability and the precision of the evaluation
of hadronic matrix elements in a regime where non-perturbative effects are quite important.
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Figure 5: Measured branching fractions in the restricted q2 intervals for B0 → π−�+ν (left)
and B0 → ρ−�+ν (right). In addition to the data points, the best fits to the predicted dΓ/dq2

(histograms) for the three models used to extract both rates and |Vub| are shown as histograms.
The data points have small horizontal offsets introduced for clarity. The last bin has been
artificially truncated at 24 GeV2 in the plot – the information out to q2

max has been included in
the work [58].

An example of a winning strategy is the lattice community plan to pursue the calculation
of a whole host of ”golden modes” [29]. This program is structured as a two prong approach.
Predictions on golden modes in the charm sector will be tested in precision studies at upcoming
charm factories, such as CLEO-c, that is presently starting its experimental program at the ψ′′.
This validation will be critical to develop the confidence on the errors in theoretical quantities
relative to b decays.

The completion of this complex and ambitious program will lead to precise measurements of
the CKM parameters Vcb and Vub and thus will provide a unique contribution to the multifaceted
challenge to the Standard Model through the study of beauty and charm decays.
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Inclusive and Exclusive |Vub| Measurements

Edward H. Thorndike
University of Rochester

Rochester, New York 14627, USA

I review measurements of branching fractions for inclusive and exclusive charmless semilep-
tonic B decays, b→ u�ν, and the derivations of the CKM matrix element |Vub| therefrom.
|Vub| ranges from 3.2× 10−3 to 5.0× 10−3. Errors are typically ±17%, and are dominated
by theoretical uncertainties. Information needed to understand the correlations among the
errors of the different measurements is not publicly available. An agreed-upon, systematic
procedure for evaluating the theory errors is urgently needed. Using a light-cone shape
function obtained from the B → Xsγ photon energy spectrum is suggested.

1 Introduction

In this talk I’ll review several determinations of the magnitude of the CKM matrix element
|Vub|. These include both inclusive and exclusive approaches. The inclusive approaches include
the classic, endpoint analysis, but also analyses using the hadronic recoil mass MX , and the
lepton-neutrino invariant mass-squared q2. In all cases, systematic errors dominate. Typically,
they involve theoretical uncertainties. If an objective assessment of the dominant systematic
errors cannot be made, and made in a way that people external to the analysis can replicate,
then my view is that that measurement is of little use, and should not be used.

2 Lepton Endpoint Analysis

Because the rate for b → c�ν is ∼ 100 times larger than the rate for b → u�ν, measurements
of the inclusive rate for b → u�ν must necessarily be over restricted regions of phase space,
regions which enhance b→ u�ν relative to b→ c�ν.

The first method used [1] to enhance the rate for B → Xu�ν relative to that for B → Xc�ν
was the endpoint technique. Because the u quark is considerably lighter than the c quark, the
lepton endpoint for b → u�ν is ∼300 MeV higher than that for b → c�ν, and this difference
persists for the dressed decays B → Xu�ν vs. B → Xc�ν. Thus a requirement E� > Ecut

�

enhances b → u relative to b → c. It was by this technique that |Vub| was first shown to be
non-zero [2], and it remains a competitive technique for the determination of |Vub| [3].

The basic procedure is: (i) Pick a lepton momentum cut (e.g., 2.2 GeV/c). (ii) Measure the
yield of leptons above the cut on the Υ (4S) resonance and below the resonance. (iii) Subtract
the “Below” yield from the “ON” yield. (iv) Determine the contribution from B → Xc�ν,
and subtract that also. (v) Extrapolate from the B → Xu�ν yield above the cut to the total
B → Xu�ν yield. (vi) Finally, obtain |Vub| from the total B → Xu�ν yield (branching fraction).
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There are two problems with the earlier endpoint analyses [2, 4], both addressed in CLEO’s
most recent analysis [3]. The first is that the continuum background is huge, and thus continuum
suppression cuts must be used. These cuts can, and in earlier measurements [4] did, introduce
q2 dependence to the efficiency, and with it a model depencence to the result. In CLEO’s most
recent measurement [3], care was taken to develop continuum suppression cuts with reduced
q2 dependence, resulting in a factor of 3 less model dependence from this source, compared to
CLEO’s most recent prior measurement [4].

The second problem with earlier endpoint analyses is in the extrapolation from the yield
above the lepton energy cut to the total yield. In the earlier analyses, this was done with
phenomenological models of B → Xu�ν, and the error in the extrapolation taken to be the
spread among the different models. CLEO’s most recent analysis uses a much more robust
approach. The parton-level process, b → u�ν, can be calculated to accuracy quite adequate
for endpoint analysis purposes. The difficulty comes in converting that to the dressed process
B → Xu�ν. This has been done in the past via a spectator model approach. It can be done
rigorously by convoluting the parton-level rate with the appropriate light cone shape function.
This light cone shape function is not readily calculable. However, it has been recognized [5]
that information supplied by a measurement of the photon energy spectrum in B → Xsγ can
be put to good use. The shape function that convolutes b → sγ into B → Xsγ and the shape
function that convolutes b → u�ν into B → Xu�ν are the same, to leading twist, both being
for a b→ light quark transition. So, CLEO has taken parameterizations of the shape function,
convoluted b→ sγ into B → Xsγ, adjusted the shape function parameters to fit their measured
photon energy spectrum, thereby determining, to some accuracy, the light cone shape function
appropriate for b→ Xsγ, and hence to leading twist also appropriate for B → Xu�ν.

CLEO’s measured lepton energy spectra, ON Υ (4S) resonance, and Below resonance, are
shown in Fig. 1 of Ref. [3]. Also shown is the spectrum expected for B → Xc�ν. Shown in the
lower panel is the subtracted spectrum, ON - Below - (b→ c). For momenta below 2.2 GeV/c,
the (b→ c) subtraction becomes huge.

The |Vub| values obtained from the spectrum, for lepton endpoint cuts varying from 2.0 to
2.4 GeV/c, are given in Table 1. The errors are, in order, from the uncertainty in the endpoint
yield, from uncertainties in the B → Xsγ spectrum used to determine the shape function, from
the uncertainty in obtaining |Vub| from the B → Xu�ν total branching fraction, and from the
approximation of using the b → sγ shape function for b → u�ν. CLEO’s preferred lepton cut
is 2.2 GeV/c. Values obtained with other cuts agree well.

BaBar has also reported [6] a preliminary endpoint measurement, using a 2.3 GeV/c cut.
As they used CLEO’s determination of the fraction of the spectrum above 2.3 GeV/c, their
errors and CLEO’s, for all but the error on yield, are 100% correlated.

3 The LEP Analyses

All four LEP experiments have reported measurements of |Vub| [7]. Each experiment has a
few million hadronic Z0 decays. Each selects Z0 → bb events containing a lepton. Then each
experiment looks for variables that distinguish between b → u�ν and b → c�ν. ALEPH and
OPAL feed their variables into a neural net, and fit the distribution in the net output. L3 and
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P(GeV/c) |Vub| (10−3)

CLEO
2.0 – 2.6 3.90 ±0.84 ±0.35 ±0.22 ±0.12
2.1 – 2.6 3.98 ±0.46 ±0.40 ±0.22 ±0.16
2.2 – 2.6 4.11 ±0.34 ±0.44 ±0.23 ±0.24
2.3 – 2.6 4.30 ±0.24 ±0.47 ±0.24 ±0.34
2.4 – 2.6 4.08 ±0.28 ±0.45 ±0.23 ±0.45

BaBar
2.3 – 2.6 4.43 ±0.29 ±0.50 ±0.25 ±0.35

Table 1: Endpoint Results, from CLEO [3] and BaBar [6]. Errors are from yield, B → Xsγ
spectrum, theoretical on branching fraction to |Vub|, and theoretical on using b → sγ shape
function for b → u�ν. CLEO’s published numbers have been rescaled by 1.0072, to use the
LEP Working Group expression (PDG2002, p708) for going from branching fraction to |Vub|.

DELPHI cut on their variables, count yield, and subtract the b→ c backgrounds.
The four LEP results have been combined by a LEP averaging group. They obtain

|Vub| = (4.09 ± 0.37 ± 0.44 ± 0.34) × 10−3. (1)

The first error is statistical plus experimental systematics, the second b → c systematics, and
the third B → Xu�ν systematics. Two comments: (1) The b → c backgrounds are large, 5
- 20 times the signal, so the systematic error from b → c modelling is important. The 11%
error quoted implies that the b→ c backgrounds have been determined to ±2% of themselves.
Considering the environment, Z0 → bb, this sounds optimistic.

(2) The efficiency (in DELPHI and L3), or the sensitivity (in ALEPH and OPAL) varies
over the 3D phase space (Elep, q

2, MX) in a way not evident to an individual external to
the analyses. Consequently, it is not possible for an outsider to evaluate the determination
of the systematic error from B → Xu�ν modelling. Assuredly, that systematic error should
be reevaluated using contemporary techniques, e.g., light-cone shape function with parameter
range as given by the B → Xsγ photon energy spectrum.

4 Analyses Using the Hadronic Recoil Mass

By “reconstructing” the neutrino in semileptonic decays B → X�ν, it has become possible to
measure the hadronic mass MX [8, 9]. Since for B → Xc�ν, MX ≥ MD, while for B → Xu�ν,
the region MX < MD is populated, a requirement MX < M cut

X enhances b → u relative to
b → c. This approach was first attempted by CLEO [8], and is now being used by BaBar [10]
and Belle [11]. To use this technique, one needs to know what fraction of the total rate for
B → Xu�ν lies below some hadronic mass M cut

X .
Given “measurement” of both charged lepton and neutrino in the semileptonic decay B →

X�ν, one can calculate q2, the mass-squared of lepton plus neutrino (the virtual W ). The q2
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distribution for B → Xc�ν cannot extend above (MB − MD)2 = 11.6 GeV2, while that for
B → Xu�ν can extend up to (MB −Mπ)

2 = 26 GeV2. So, a requirement q2 > q2
cut enhances

b → u relative to b → c. Belle has used this approach in combination with the MX approach
[11]. To use this technique, one needs to know what fraction of the total rate for B → Xu�ν
lies above some q2 value q2

cut.

4.1 Belle Measurements

The two recent Belle analyses [11] go by the names of “D(∗)�ν tag” and “Advanced ν Recon-
struction”. Each analysis used 85 million BB events. In D(∗)�ν tag, one is looking for events
of the form B1 → D(∗)�1ν1; B2 → X�2ν2. (Here D(∗) implies D or D∗.) If one detects D(∗)

and �1, then the constraint m2
ν1

= (P µ
B1

− P µ
D(∗)�1

)2 = 0 gives one cos θB1−D(∗)�1, and one now

knows a cone, about the D(∗)�1 momentum vector, on which the B1 momentum vector must lie.
Similarly, for the other B, the constraint m2

ν2
= (P µ

B2
− P µ

X�2
)2 = 0 gives a cone about the X�2

momentum vector, on which the B2 momentum vector must lie. This calculation is performed
in the overall center-of-mass system, where B1 and B2 are back-to-back. So, if one has things
right, the two cones will intersect.

So, Belle selects events containing two oppositely charged leptons and a D or D∗, forms
the cones, and keeps the event if the two cones intersect (or nearly do). They further require
net charge equal zero (to reduce the number of events with missed tracks), and reject events if
the system X contains a charged kaon. For the surviving events, they calculate MX , using the
charged particles and photons assigned to the system X. Their final cuts are MX < 1.5 GeV,
P�2 > 1.0 GeV/c. With these cuts, they have a signal-to-noise ratio near 1:2. The bulk of the
background is a b → c contribution, which they subtract, being left with a B → Xu�ν signal.
They determine the fraction of all B → Xu�ν events that would pass their cuts (not clear to
me how they do this), obtaining the B → Xu�ν total branching fraction, and from that, |Vub|.
Their (preliminary) result is:

|Vub| = (5.00 ± 0.60 ± 0.23 ± 0.05 ± 0.39 ± 0.36) × 10−3 , (2)

where the errors, in order, are statistical, experimental systematic, b→ c modelling, B → Xu�ν
modelling, and theoretical, in going from the B → Xu�ν total branching fraction to |Vub|.

To properly understand the uncertainty from B → Xu�ν modelling, one needs to know how
the efficiency varies over the 3D phase space, e.g., (MX , q

2, E�). Or, one would like to see |Vub|
as a function of the light-cone shape function parameters used for the modelling of B → Xu�ν.

In their “Advanced ν Reconstruction” analysis, Belle selects events with the signal B de-
caying semileptonically and the other B decaying hadronically. They then sort all particles
(charged particles and photons) into those belonging to the signal B and those belonging to
the other B. This is done by a procedure called “annealing”. They make cuts to throw out
events that “have annealed poorly.” Now knowing which particles belong to the signal B, and
which belong to the other B, they can calculate MX and q2. They require MX < 1.5 GeV,
q2 > 7 GeV2, count events, estimate b → c background, subtract it. They are left with 1148
signal events, with a signal-to-noise ratio of 0.27. From this yield, they obtain the B → Xu�ν
total branching fraction, and from that, |Vub|. Their (preliminary) result is:

|Vub| = (3.96 ± 0.17 ± 0.44 ± 0.34 ± 0.26 ± 0.29) × 10−3, (3)
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where the errors, in order, are statistical, experimental systematic, b→ c modelling, B → Xu�ν
modelling, and theoretical, in going from the total branching fraction for B → Xu�ν to |Vub|.

It is not clear to me how they have modelled B → Xu�ν, to go from the yield inside their
cuts to the total B → Xu�ν yield. As with their “D(∗)�ν tag” analysis, one needs to know how
the efficiency varies over the 3D phase space, or (better), one would like to see |Vub| results as
the light-cone shape function parameters, used for calculating B → Xu�ν, are varied.

4.2 A BaBar Measurement

BaBar’s approach [10], using 88 million BB pairs, is to fully reconstruct one B and then study
the semileptonic decay of the other B. They try many B decay modes — over 1100! They use
the relatively clean modes, requiring the purity to be greater than 9% to 24%. They keep 0.3%

of B0B
0

events, 0.5% of B+B− events, a total of 350,000 events with one B reconstructed.
Next they require a high-momentum lepton (P > 1.0 GeV/c) from the other B. They are left
with a sample of 30,000 events, with a purity (correct reconstruction/all) of 67%.

The interest is in B → X�ν. With the event containing one fully reconstructed B, X is
composed of all particles not used for the fully reconstructed B, and the neutrino 4-momentum
is taken as the missing 4-momentum. They perform a kinematic fit to the event, and determine
MX to ±350 MeV. They then apply clean-up cuts, i.e., net charge equal zero, only one lepton
above 1.0 GeV/c, m2

miss small, thereby improving the MX resolution. They require that X
contain no K± or K0

S, and apply a B → D∗�ν partial reconstruction veto, thereby suppressing
b→ c�ν relative to b→ u�ν.

Their MX distribution is shown in Fig. 3 of Ref. [10]. For MX < 1.55 GeV, the signal-to-
noise ratio is 2:1, which is impressive. They fit the MX distribution. The region for MX > 1.55
GeV, where B → Xc�ν dominates, fixes the scale of B → Xc�ν, allowing an extrapolation to
MX < 1.55 GeV. The region for MX < 1.55 GeV, with B → Xc�ν subtracted, gives B → Xu�ν.

Because the signal-to-noise ratio is so good, the systematic error from modelling the b→ c
backgrounds is small. Systematic errors from modelling B → Xu�ν are not small. BaBar has
determined the fraction of B → Xu�ν lying within their MX , E� cuts by convoluting b → u�ν
with a light-cone shape function. For that shape function, they have approximated the shape
function parameters Λ, λ1 with the HQET parameters of the same names, as determined by
CLEO [9]. The systematic error from modelling B → Xu�ν is determined by varying CLEO’s
HQET Λ and λ1 within their errors, allowing for the correlation between Λ and λ1 errors.

BaBar finds:

|Vub| = (4.62 ± 0.28 ± 0.27 ± 0.40 ± 0.26) × 10−3, (4)

where the first error is statistical, the second is systematic errors other than from B → Xu�ν
modelling, the third is the systematic error from B → Xu�ν modelling, and the fourth is from
the relation between the B → Xu�ν total branching fraction and |Vub|.

BaBar has not included an error for their approximation of shape function parameters Λ, λ1

with HQET parameters Λ, λ1. What error to include for this, or how best to handle this, is
under discussion. My estimate is that the systematic error of ±0.40 for B → Xu�ν modelling
might increase by as much as 50%, to ±0.60.
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5 Exclusive b→ u�ν Measurements

The first exclusive b → u�ν measurements, B → π�ν and B → ρ�ν, were made by CLEO
in 1996 [12]. Subsequently, CLEO [13] and BaBar [14] measured the branching fraction for
B → ρ�ν. More recently, CLEO [15] has studied B → π�ν, B → ρ�ν, and B → η�ν. All
measurements “detect” the neutrino via the missing 4-momentum in the event.

CLEO’s latest analysis [15] uses 9.7 million BB pairs, three times more than their original
analysis [12], which it supercedes. Considerable effort was made to reduce model-dependent
systematic errors. The lepton momentum cuts were lowered to 1.0 GeV/c for B → π�ν and 1.5
GeV/c for B → ρ�ν, as compared with 1.5 and 2.0 GeV/c in the original analysis [12]. Most
important, the branching fractions were measured over three q2 intervals, reducing the model
dependence coming from the uncertain form-factor shape.

Summing the three q2 intervals, CLEO obtains:

B(B0 → π−�+ν) = (1.33 ± 0.18 ± 0.11 ± 0.01 ± 0.07) × 10−4 , (5)

B(B0 → ρ−�+ν) = (2.17 ± 0.34+0.47
−0.54 ± 0.01 ± 0.41) × 10−4 . (6)

where the errors are statistical, experimental systematic, π�ν form factor shape uncertainty,
and ρ�ν form factor shape uncertainty. Note that by splitting into three q2 intervals, the error
from π�ν form factor shape uncertainty is rendered negligible. That from the uncertainties in
the shapes of the three ρ�ν form factors is still significant.

To obtain |Vub|, CLEO uses light-cone sum rules with the branching fraction for 0 < q2 <
16 GeV2, and lattice QCD with the branching fraction for 16 GeV2 < q2 < q2

max. The two
results are combined, giving a |Vub| from B → π�ν and a |Vub| from B → ρ�ν. Those two results
are combined, with a 0.7:0.3 π : ρ weighting. The results:

|Vub| = (3.24 ± 0.22 ± 0.13+0.55
−0.39 ± 0.09) × 10−3 from π�ν , (7)

|Vub| = (3.00 ± 0.21+0.29 +0.49
−0.35 −0.38 ± 0.28) × 10−3 from ρ�ν , (8)

|Vub| = (3.17 ± 0.17 ± 0.17+0.54
−0.39 ± 0.03) × 10−3 combined . (9)

The errors are statistical, experimental systematic, theoretical, and ρ�ν form factor shape, in
that order. Far and away the dominant error is the theoretical one, the uncertainty in the form
factor absolute scale from the lattice QCD and light-cone sum rule calculations.

6 Summary and Comments

In Fig. 1, I plot nine measurements of |Vub|. The errors shown are quadratic sums of all types
of errors — statistical, systematic, theory. The straight arithmetic average of the central values
of these nine measurements is 4.03 × 10−3. The straight arithmetic average of the errors is
±0.66 × 10−3. The r.m.s. spread of the central values is ±0.61 × 10−3. So, no evidence of
any problems. The average of the central values of the results from exclusive vs. inclusive
measurements are 3.35 × 10−3 vs. 4.37 × 10−3, so there is a weak hint of an exclusive vs.
inclusive difference.
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Figure 1: Nine measurements of |Vub|. The straight arithmetic average of central values plus-
or-minus the straight arithmetic average of the errors, is shown as the shaded band.

The obvious question at this point is: Can’t one, shouldn’t one, perform a more sophisticated
average, combining all the existing measurements of |Vub|, with relative weights that minimize
the final error, taking correlated errors into account? The not-so-obvious answer is: Maybe
not. It looks like a nightmare to me. Partially correlated errors that must be treated in
a consistent fashion include those from modelling b → c, for backgrounds, and those from
modelling B → Xu�ν, for signal. Certainly any analysis to be included in such an average
would need to undergo substantial reanalysis. And then there are the “unquantifiable errors”,
higher twist, power corrections from non-local operators, local quark-hadron duality. As other
errors shrink, from averaging, these would begin to rear their heads.

Maybe it would be better to include only those measurements that have uniform sensitivity
over a well-defined region of phase space. (Certainly this would make the task much easier.)
Maybe it would be better to average inclusive and exclusive measurements separately, taking
the difference of those two averages as an indication of theoretical uncertainty.

I close with two observations.
“Soon” there will be unquenched lattice QCD calculations ofB → π�ν, over the full q2 range,

accurate to ∼ ±10% in rate, therefore ±5% in |Vub|. Experiment (CLEO, 9.7M BB events)
already gives B(B → π�ν) to ±17%, with the statistical error of 14%, combined systematic
errors of 10%. Thus a 12% measurement in rate is possible with data already in hand, taken
by BaBar or Belle. This is a very promising route to |Vub| to better than ±10% accuracy.

The best way to get a systematic error from the modelling of B → Xu�ν is from the shape
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function, obtained from the photon energy spectrum from B → Xsγ. Currently there is only
one decent measurement of this spectrum. There is an urgent need for a second measurement
of the spectrum, down to 2.0 GeV at least, preferably down to 1.5 GeV.
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This paper reviews recent results on Vcb obtained from exclusive and inclusive B decays
measurements.

1 Introduction

The test of the CKM description of flavour mixing and CP violation require the precise knowl-
edge of the Vcb matrix element. Measurements of Vcb are based on the exclusive reconstruction
of the B0

d → D∗+�−ν or B0
d → D�−ν decays, or on the measurements of the inclusive B semilep-

tonic branching ratio and of the B lifetime. The exclusive and the inclusive determination are
somehow complementary and recent results on both approches have reached an outstanding
precision.

2 Vcb from exclusive B0
d → D∗+�−ν decays

The differential rate for the B0
d → D∗+�−ν decay is related to Vcb through the relation:

dΓ

dw
= K(w)F2(w)|Vcb|2

where K(w) is a known phase space term and F(w) is the hadronic form factor for the decay.
The variable w is the product of the four-velocity of the D∗+ and the B0 mesons and gives the
boost of the D∗+ in the B0 rest frame. It is related to the square of the four-momentum transfer
from the B0 to the �−ν� system:

w =
m2

D∗+ +m2
B0

− q2

2mB0mD∗+
q2 = (pB0 − pD∗+)2 (1)

and ranges from 1, when the D∗+ is produced at rest in the B0 rest frame, to 1.504.
Heavy Quark Symmetry assures that in the heavy quark limit (mb → ∞), at zero recoil

(w = 1) there is only one form factor which coincide with the Isgur-Wise function, which is
normalized to unity F(1) = ξ(1) = 1. Experiments measure the differential rate as a function
of w and extrapolate to w = 1 in order to extract F(1)|Vcb| . Some theoretical assumptions on
the form factor shape are used in order to decrease the uncertainty in the extrapolation.
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Decay rate measurements have been performed in this channel both at the Υ (4S) [1, 2], and
at LEP [3, 4, 5, 6]. D∗ are exclusively reconstructed in the D∗ → Dπ,D → Kπ(π) channels, in
order to increase the statistics also a partial D∗ reconstruction was used at LEP.

The advantages of the Υ (4S) measurements are the good w resolution and the possible use
of kinematic constraints to reduce the background. However the efficiency near w = 1 is low,
since it needs the detection of low energy pions from the D∗+ decay. The detection efficiency is
higher for π0 and B− → D∗0�−ν events are also used by CLEO. At LEP, in Z0 → bb events, the
w resolution is slightly worse, since a neutrino reconstruction is involved and no constraint on
the B meson momentum is available; background suppression is also more difficult. However a
fairly flat efficiency can be obtained as a function of w, thanks to the boost of the B meson.

The angle between the B meson and the D∗� system is used at the Υ (4S) for background
suppression. Assuming that the only unreconstructed particle is the neutrino, it can be ex-

pressed as: cos(θB−D∗�) =
2EBED∗�−m2

B−m2
D∗�

2|pB||pD∗�| . Background events, with additional undetected

particles, tend to populate the unphysical regions. A fit to the cos(θB−D∗�) distribution in
different bins of w is performed by CLEO [2] to exctract the amount of signal in the selected
sample, while in the BELLE analysis [1] a cut on the same variable is used to select the signal
sample.

In the DELPHI analysis [6] the background contribution is reduced by using a topological
discriminating variable to reject events having other particles in the b vertex in addition to
the D0, π+ and �−. The remaining background is mainly due to decays to excited D states
b → D∗+X�ν ( collectively called D∗∗). The total D∗∗ rate is fitted on data while the relative
fractions of different states is taken from the model of ref. [7]. The maximum variation of the
model parameters, compatible with available measurements of D∗∗ branching ratios, is used to
derive the systematic uncertainty.

For the extrapolation of the decay rate down to w = 1 different assumptions on the shape
of the form factor F(w) have been used. In first measurements of Vcb it was approximated with
an expansion around w = 1: F(w) = F(1)[1 − ρ2

F (w − 1) + cF (w − 1)2]. Dispersive relations
have been recently used in order to constraint the form factor shape [8, 9]. F(w) is expressed
as a function of the form factor hA1(w) and the form factors ratios R1(w) and R2(w). The term
hA1(w) is expanded in the new variable z = (

√
w + 1 −

√
2)/(

√
w + 1 +

√
2) as a function of a

single parameter ρ2
A1

representing the slope at zero recoil

hA1(w) = hA1(1) × {1 − 8ρ2
A1
z + (53ρ2

A1
− 15)z2 − (231ρ2

A1
− 91)z3}

and hA1(1) = F(1). R1 and R2 have been calculated using QCD sum rules: R1(w) ∼ 1.27 −
0.12(w − 1) + 0.05(w − 1)2, R2(w) ∼ 0.80 + 0.11(w − 1) + 0.06(w − 1)2 and have been also
measured by CLEO[10]: R1(1) = 1.18±0.30±0.12, R2(1) = 0.71±0.22±0.07. The uncertainty
on the values of R1 and R2 is at present the major source of systematic uncertainty in the
determination of ρ2

A1
, but it should improve with the future measurements.

A fit to the data is performed over the whole w range, measuring F(1)|Vcb| and ρ2
A1

. Fit
results obtained by CLEO and DELPHI are shown in Figure 1. A list of LEP and Υ (4S) results
is displayed in Table 1. The values from each experiment have been corrected by the HFAG
working group [11] rescaling published results to common input parameters and assumptions.
The error ellipses of the corrected measurements and of the average are shown in Figure 2. The
confidence level for the χ2 of all measurements is 2.9%.

308



Marta Calvi Inclusive and Exclusive Vcb Measurements

0

50

100

150

200

250

300

350

400

0 2 4 6 8 10

q2 (GeV2)

E
ve

nt
s/

1.
07

 G
eV

2

DELPHI●

■

■

■

■

■

■

■

DATA
Fit D*+

b → D*+X l ν
–

b → D*+D
–

 X
b → D*+τ- X
Z → cc

–

Fake leptons
Combinatorial

 

Figure 1: Left. Combined fit to the CLEO B0
d → D∗+�ν (a) and B− → D∗0�ν (b) yields as a

function of w. Result of the fit is superimposed as a continuous line. In (c) the yields are shown
after correcting for efficiency, smearing and all terms in the decay rate apart from F(w)|Vcb|.
Right. Fit to the q2 distribution of reconstructed B0

d → D∗+�ν events in DELPHI.

Corrections to F(1) = 1 have been calculated to take into account the effects of finite quark
masses and QCD corrections. Results obtained from quark models, sum rule and lattice QCD
are in good agreement and yield [12]: F(1) = 0.91 ± 0.04. Future calculations of lattice QCD
in the unquenched approximation should be able to reduce this uncertainty. Using the average
F(1)|Vcb| reported in Table 1 we get:

|Vcb| = (41.9 ± 1.1(exp.) ± 1.8(theo.)) × 10−3

Experiment F(1)|Vcb|(×10−3) ρ2
A1

ALEPH [3] 34.0 ± 2.1 ± 1.6 0.75 ± 0.25 ± 0.37
OPAL(partial reco.) [4] 38.9 ± 1.2 ± 2.5 1.25 ± 0.14 ± 0.39

OPAL (excl.) [4] 39.6 ± 1.6 ± 1.9 1.49 ± 0.21 ± 0.26
DELPHI(partial reco.) [5] 37.4 ± 1.4 ± 2.5 1.52 ± 0.14 ± 0.37

DELPHI (excl.) [6] 39.0 ± 1.8 ± 2.1 1.32 ± 0.15 ± 0.33
BELLE [1] 36.6 ± 1.9 ± 1.9 1.45 ± 0.16 ± 0.20
CLEO [2] 43.6 ± 1.3 ± 1.8 1.61 ± 0.09 ± 0.21
Average 38.6 ± 1.1 1.58 ± 0.15

Table 1: F(1)|Vcb| and ρ2
A1

as determined from exclusive B0
d → D∗+�ν decays.
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Figure 2: F(1)|Vcb| versus ρ2
A1

from different experiments and global average.

3 Vcb from exclusive B0
d → D�−ν decays

The exclusive reconstruction of B0
d → D�−ν decays has also been used to determine Vcb [3,

13, 14]. The D channel, in comparison with the D∗ one, suffers for a branching ratio which is
lower of appoximately one fourth. The differential decay rate is much heavily suppressed near
w = 1, due to the helicity mismatch between the initial and the final states. Moreover first
order corrections in the mass expansion of the form factor are not suppressed, contrary to the
D∗ case. However this measurement provides an interesting cross check of the previous one and
the comparison of the two form factors and the two slope parameters give useful constraints to
the theory. Recent results are shown in Table 2.

Experiment G(1)|Vcb|(×10−3) ρ2
G1

ALEPH [3] 40.5 ± 10.0 ± 6.5 1.02 ± 0.98 ± 0.37
CLEO [13] 44.6 ± 5.8 ± 3.5 1.27 ± 0.25 ± 0.14
BELLE [14] 41.8 ± 4.4 ± 5.2 1.12 ± 0.22 ± 0.14

Average 42.4 ± 3.7 1.17 ± 0.16

Table 2: Vcb determined from exclusive reconstruction of B0
d → D�−ν decays

Using G(1) = 1.04 ± 0.06 [12] we obtain:

|Vcb| = (40.8 ± 3.6(exp.) ± 2.4(theo.)) × 10−3

BELLE [14] has compared the results on D+ and D∗ obtaining: G(1)/F(1) = 1.16± 0.14±
0.12 and ρ2

D − ρ2
D∗ = −0.23 ± 0.29 ± 0.20, compatible with theory expectations.
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4 Vcb from inclusive semileptonic B decays

The alternative way to determine Vcb is from the measurement of the inclusive semileptonic
width for B mesons decays. Experimentally, the semileptonic decay width is determined from
the semileptonic branching ratio and the lifetime.

Using the semileptonic branching ratio as measured at the Υ (4S) [11] BR(B → Xc�ν) =
(10.89 ± 0.23)% and the average Bd mesons lifetime τB = (1.598 ± 0.010) ps the semileptonic
width turns out to be: Γ(B → Xc�ν) = (0.449 ± 0.010) × 10−10MeV .

From all LEP measurements we get [16] BR(b→ Xc�ν) = (10.65± 0.23)%, where the error
includes a contribution of 0.14 % for the modelling, and BR(b → Xu�ν) = (0.17 ± 0.05)%.
Using the average b-hadron lifetime: τb = 1.573 ± 0.007 ps the semileptonic width: Γ(B →
Xc�ν) = (0.439 ± 0.010) × 10−10MeV is obtained. The two results are fully compatible and
their combination gives a world average Γw.a.sl = (0.444 ± 0.007) × 10−10MeV .

The partial width for semileptonic decays is related to Vcb by:

BR(b→ Xc�ν)

τb
= Γ(B → Xc�ν) =

GF

192π3
m5
b |Vcb|2f(

mc

mb
,
m�

mb
)γc

where f is a known phase space factor, depending on the b and the c quark masses, and
γc represents perturbative and non perturbative corrections to the muon decay formalism.
Operation Product Expansion evaluates the semileptonic width using a double expansion in
αs and 1/mB. Several parameters are introduced at different orders: at first two orders Λ, λ1

and λ2, which are related to the energy of the light degrees of freedom inside the heavy meson,
to the kinetic energy of the b quark inside the meson and to the chromo-magnetic coupling of
the b spin to the light degrees of freedom, respectively. At third order six more parameters
appear: ρ1, ρ2, T1, T2, T3 and T4. Only λ2 is relatively well known, from the B∗−B meson mass
difference.

The uncertainties on the values of the non-perturbative parameters and on the assumptions
of the theoretical prediction, notably quark-hadron duality, provided until recently the dom-
inant contribution to the Vcb uncertainty [15]. However the measurement of other inclusive
variables can be used to constraint the non-perturbative parameters of the heavy quark expan-
sion. These are the moments of the photon energy spectrum in B → Xsγ decays and moments
of the hadronic mass spectrum and of the lepton energy spectrum in B → Xc�ν decays. More-
over, the comparison of results on parameters obtained from different measurements provides
a test of consistency of the theoretical predictions and of the underlying assumptions.

The first derivations of OPE parameters from spectral moments used the CLEO measure-
ment of the photon energy spectrum in B → Xsγ decays [17], the hadronic mass spectrum in
B → Xc�ν decays [18] and the pole mass expansion [19, 20]. A minimum energy of Eγ > 2 GeV
and p� > 1.5 GeV/c were required. A new constrain on Λ and λ1 has been obtained by CLEO
from the precise measurement of the lepton energy spectrum in B → Xc�ν decays [21, 22]. Two
moments of ratios of truncated lepton spectra have been determined:

R0 = 0.6187 ± 0.0014 ± 0.0016 R1 = ( 1.7810 ± 0.0007 ± 0.0009) GeV

where

R0 =

∫
1.7GeV dΓsl/dE�∫
1.5GeV dΓsl/dE�

R1 =

∫
1.5GeVE�dΓsl/dE�∫

1.5GeV dΓsl/dE�
.
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The dependence of R0 and R1 on the parameters Λ and λ1 is shown in Fig. 3. The allowed
region corresponds to the values

Λ = ( 0.39 ± 0.03 ± 0.06 ± 0.12) GeV λ1 = (−0.25 ± 0.02 ± 0.05 ± 0.14) GeV 2

where the quoted uncertainties are statistical, systematic and theoretical, respectively. The
derived constraints are in good agreement with those previously determined, as shown in Fig-
ure 3.

Figure 3: Constraints on the Λ and λ1 parameters obtained from CLEO measurements. The
∆χ2 = 1 contour for the total experimental uncertainty is shown for the measurements of R0

and R1 moments. The bands corresponding to the measurements of the first moment of photon
energy spectrum and hadronic mass spectrum, respectively, are also shown.

Using as input Γsl = (0.43 ± 0.01) × 10−10MeV the following value of |Vcb| has been ob-
tained [21]:

|Vcb| = (40.8 ± 0.5(exp.) ± 0.4(Λ, λ1) ± 0.9(theo.)) × 10−3.

The first measurement of moments in b hadron semileptonic decays at Z0 center of mass
energies has been performed by the DELPHI Collaboration [23]. The main advantage at the
Z0 pole is the large boost acquired by the b quark (EB ∼ 30 GeV) which gives access in the
laboratory frame to the low region of the lepton energy spectrum. This makes these results
both easier to interpret and complementary to those obtained at the Υ (4S). The challenge in
this case is the complete reconstruction of the B system.

Moments of lepton (electrons and muons) energy spectrum have been measured in inclusive
b-hadron semileptonic decays. The B energy has been determined adding the lepton energy
and the neutrino energy to the energy at the charm vertex. Leptons have been boosted in the
B rest frame.

For the measurement of moments of the hadronic mass distribution B0
d → D∗∗�ν events

have been exclusively reconstructed. A fit to the variable ∆M = m(D(∗)π)−m(D(∗)) has been
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performed, with contributions of narrow and broad resonant states D∗+
0 , D∗+

1 , D+
1 and D+

2 as
well as non resonant Dπ states left free in the fit. Constraints on available measurements on
narrow states have also been applied. The total rate for D∗∗ production resulting from the fit is
well compatible with previous measurements. From the fitted mass distributions the first three
moments of the D∗∗ mass distribution have been evaluated.

From the measured spectral moments constraints on the non-perturbative parameters of the
OPE have been obtained [24] with the formalism based on low scale running masses [25] which
does not rely on a 1/mc expansion. Here mb(µ) and mc(µ) are independent parameters, µ2

π has
a similar meaning to λ1, and the only parameters appearing at the order 1/m3

b are ρ3
D and ρ3

LS .
Expressions for non-truncated lepton spectrum have been used and higher moments have been
included to gain sensitivity on 1/m3

b parameters. A multi-parameter χ2 fit has been performed
to the first three moments of the hadronic mass spectrum and lepton energy spectrum with the
following results:

mb(1GeV ) = ( 4.59 ± 0.08 ± 0.01) GeV
mc(1GeV ) = ( 1.13 ± 0.13 ± 0.03) GeV
µ2
π(1GeV ) = (0.31 ± 0.07 ± 0.02) GeV 2

ρ3
D(1GeV ) = (0.05 ± 0.04 ± 0.01) GeV 3

A good consistency between all measurements has been obtained, demonstrating no need to
introduce higher order terms to establish agreement with data, within the present accuracy.
Fig. 4 shows the constraints extracted in the µ2

π −mb and ρ3
D −mb planes.

Figure 4: The constraints on the µ2
π − mb (left) and ρ3

D − mb (right) plane obtained from
the combination of the first three moments of the lepton energy spectrum and hadronic mass
spectrum. The bands correspond to the total experimental accuracy on each moment, and are
given by keeping all the other parameters at their central values. The ellipses represent the 1σ
contour.
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A similar analysis has been performed in [26] using CLEO and DELPHI measurements and
consistent results have been obtained.

An approximate formula which displays the dependence of |Vcb| on the OPE parameters
extracted above is the following [27]

|Vcb| = |Vcb|0 {1− 0.65 [mb(1)− 4.6 GeV ] + 0.40 [mc(1)− 1.15 GeV ] + 0.01 [µ2
π(1)− 0.4 GeV 2]

+0.10 [ρ3
D − 0.12 GeV 3] + 0.06 [µ2

G(1) − 0.35 GeV 2] + 0.01 [ρ3
LS + 0.17 GeV 3]}

from which we get the following value of |Vcb|

|Vcb| = (42.1 ± 0.3(exp.) ± 0.6(fit) ± 0.4(αs)) × 10−3

having updated the input value of the semileptonic width with the world average Γw.a.sl pre-
viously quoted. The first uncertainty is from the semileptonic width, the second is from the
uncertainties in the non-perturbative parameters determined from the fit and the third is from
the variation of αs scale.

5 Conclusions

Several measurements of Vcb from exclusive B decays have been performed and new precise
results from the B factories are foreseen in the near future based on a large statistics of B0

d →
D∗+�−ν decays. The present precision ≈ 5% is limited by systematic uncertainties, both from
experimental sources and theoretical inputs in the extrapolation to w = 1 and in corrections
to F(1) = 1. On the other hand experimental inputs to inclusive measurements are very
precise. A major limit to the intrinsic precision of the inclusive Vcb measurement related to
possible quark-hadron duality violation has often been advocated. Measurements of spectral
moments do not show evidence of violation effects, at the level of present sensitivity. The
derived constraints on the non-perturbative parameters allow to reduce the uncertainty on Vcb

to ≈ 2%. Future results on moments expected from the B-factories will further clarify and
improve the picture.
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|Vcb| and |Vub|: Theoretical Developments

Zoltan Ligeti
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University of California, Berkeley, CA 94720, USA

The determinations of |Vcb| and |Vub| from semileptonic B decays are reviewed with empha-
sis on recent developments and theoretical uncertainties. Future prospects and limitations
are also discussed.

1 Introduction

Since sin 2β, the CP asymmetry in B → ψKS and related modes [1], is consistent with εK ,
||Vub||, and Bd,s mixing, searching for new flavor physics will require a combination of “redun-
dant” and precise measurements that relate in the Standard Model (SM) to the same CKM
elements. The determination of ||Vcb|| is important because the uncertainties in εK and in
K → πνν are proportional to ||Vcb||4, while the uncertainty of |Vub| dominates the error of
a side of the unitarity triangle. Some of the best strategies to look for new physics include
comparing angles and sides of the unitarity triangle, and results from tree and loop processes,
and semileptonic decays are crucial for this. Processes mediated by flavor-changing neutral
currents, such as b → q γ, b → q �+�−, and b → q νν (q = s, d) are sensitive probes of the SM,
and the theoretical tools to analyze these are the same as for |Vxb|. It is the accuracy of the
theory that ultimately limits the sensitivity to new physics [2].

To illustrate where the future might take us, Fig. 1 shows CKM fits assuming that sin 2β
equals its present central value with half the error, and that ||Vub|| is about 1.5σ lower [higher]
than its central value with 5% experimental and theoretical errors: |Vub| = (3.0±0.15±0.15)×
10−3 [(5.0 ± 0.25 ± 0.25) × 10−3]. These fits are motivated by the fact that recent exclusive
[inclusive] measurements of |Vub| appear to be on the low [high] side [3]. The resulting central
values of the angle γ differ by 25◦, and the SM value of ∆ms is near the minimum [maximum]
of its presently allowed range. Clearly, an accuracy of σ(|Vub|) ∼ 5% is very desirable.

To believe at some point in the future that a discrepancy between measurements is due
to new physics, model independent predictions are crucial. Results that depend on modeling
nonperturbative strong interaction effects cannot prove that there is new flavor physics beyond
the SM. Model independent predictions are those where the theoretical uncertainties are sup-
pressed by powers of small parameters, typically ΛQCD/mb, ms/ΛχSB, αs(mb), etc. Still, in most
cases, there are uncertainties at some order, which cannot be estimated model independently.
If the goal is to test the Standard Model, one must assign sizable uncertainties to such “small
corrections” not known from first principles.

Over the last decade most of the theoretical progress in understanding B decays utilized
that mb is much larger than ΛQCD. However, depending on the process under consideration, the
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Figure 1: CKM fits with hypothetical values, |Vub| = (3.0 ± 0.15 ± 0.15) × 10−3 (left) and
(5.0± 0.25± 0.25)× 10−3 (right), and sin 2β = its present world average with half the error [4].

relevant hadronic scale may or may not be numerically much smaller than mb (and, especially,
mc). For example, fπ, mρ, and m2

K/ms are all of order ΛQCD, but their numerical values span
an order of magnitude. In most cases experimental guidance is needed to decide how well the
theory works for various processes.

2 B → Xc�ν

2.1 |Vcb| exclusive: Heavy Quark Symmetry

In mesons composed of a heavy quark and a light antiquark (plus gluons and qq pairs), the
energy scale of strong interactions is small compared to the heavy quark mass. The heavy
quark acts as a static point-like color source with fixed four-velocity, which cannot be altered
by the soft gluons responsible for confinement. Thus, the configuration of the light degrees of
freedom (“brown muck”) become insensitive to the spin and flavor (mass) of the heavy quark.

Heavy quark symmetry (HQS) [5] is especially predictive for B → D(∗) semileptonic decays.
When the weak current changes suddenly (on a time scale � Λ−1

QCD) the flavor b → c, the
momentum �pb → �pc, and possibly the spin, �sb → �sc, the brown muck only feels that the four-
velocity of the static color source in the center of the meson changed, vb → vc. Therefore,
the form factors that describe the wave function overlap between the initial and final mesons
become independent of the Dirac structure of weak current, and can only depend on a scalar
quantity, w ≡ vb · vc. Thus all form factors are related to a single Isgur-Wise function, ξ(vb · vc),
which contains all the low energy nonperturbative hadronic physics relevant for these decays.
Moreover, ξ(1) = 1, because at “zero recoil”, w = 1, where the c quark is at rest in the b
quark’s rest frame, the configuration of the brown muck does not change at all.

The determination of |Vcb| from exclusive B → D(∗)�ν decay uses an extrapolation of the
measured rate to zero recoil, w = 1. The rates can be schematically written as

dΓ(B → D(∗)�ν)
dw

= (known factors) |Vcb|2
{

(w2 − 1)1/2 F2
∗ (w) , for B → D∗,

(w2 − 1)3/2 F2(w) , for B → D .
(1)

In the heavy quark limit F(w) = F∗(w) = ξ(w), and in particular F(∗)(1) = 1, allowing for a
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model independent determination of |Vcb|. The corrections to the mQ → ∞ limit (Q = b, c)
can be organized in a simultaneous expansion in αs(mQ) and ΛQCD/mQ, of the form

F∗(1) = 1(Isgur-Wise) + cA(αs) +
0(Luke)
mQ

+
(lattice or models)

m2
Q

+ . . . ,

F(1) = 1(Isgur-Wise) + cV (αs) +
(lattice or models)

mQ
+ . . . . (2)

The perturbative corrections cA = −0.04 and cV = 0.02 are known to order α2
s [6], and higher

order terms should be below the 1% level. The order ΛQCD/mQ correction to F∗(1) vanishes
due to Luke’s theorem [7]. The terms indicated by (lattice or models) are only known using
phenomenological models or quenched lattice QCD at present. This is why the determination
of |Vcb| is more reliable from B → D∗�ν than from B → D�ν, although both QCD sum rules [8]
and quenched lattice QCD [9] suggest that the ΛQCD/mb,c correction to F(1) is small (giving
F(1) = 1.02 ± 0.08 and 1.06 ± 0.02, respectively). The rate near w = 1 is larger in B → D∗�ν
than in B → D�ν, because of the w2 − 1 helicity suppression of the latter, yielding [10]

|Vcb| F∗(1) = (36.7 ± 0.8) × 10−3 , |Vcb| F(1) = (42.1 ± 3.7) × 10−3 . (3)

Using F∗(1) = 0.91 ± 0.04 (an estimate unchanged for many years [11] and supported by a
recent quenched lattice calculation [12]), yields |Vcb| = (40.2 ± 0.9exp ± 1.8th) × 10−3. The
B → D�ν data is consistent, but to make a real test (and to further reduce the theoretical error
of ||Vcb||), unquenched lattice calculations of F(∗)(1) are needed.

Another important theoretical input is the shape of F(∗)(w) used for fitting the data. Ex-
panding about zero recoil, one writes F(∗)(w) = F(∗)(1) [1 − ρ2

(∗)(w − 1) + c(∗)(w − 1)2 + . . .].

Knowing the slope, ρ2
(∗), is important because it has a large correlation with the extracted

value of |Vcb| F∗(1). Analyticity imposes stringent constraints between ρ2
(∗) and the curvature,

c(∗) [13], which is used in the fits to obtain Eq. (3). The B → D�ν measurement is also impor-
tant, because HQS constrains the differences ρ2

∗ − ρ2 and c∗ − c [14], and computing F(1) on
the lattice is not harder than F∗(1). Sum rules have also been used to constrain F(∗)(1) and
the slope parameter [15], and very recently a new set of recursive bounds on all derivatives of
the Isgur-Wise function at zero recoil were obtained [16]

(−1)n ξ(n)(1) ≥ 2n + 1

4

[
(−1)n−1 ξ(n−1)(1)

]
⇒ (−1)n ξ(n)(1) ≥ (2n+ 1)!!

22n
. (4)

An important ingredient in the sum rules are the excited states’ contributions, so their precise
understanding will improve the determination of |Vcb| from both exclusive and inclusive decays.
How to best use all the information on the shapes (of both the B → D∗�ν form factors and the
w-spectra) still appears a somewhat open question where progress could be made.

2.2 |Vcb| inclusive: OPE and HQET parameters

In the large mb limit, there is a simple argument based on a separation of scales that the
inclusive rate may be modeled by the decay of a free b quark. The b quark decay mediated by
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the weak interaction takes place on a time scale that is much shorter than the time it takes
the quarks in the final state to hadronize. Once the b quark has decayed, the probability that
the decay products will hadronize somehow is unity, and we need not know the (uncalculable)
probabilities of hadronization to specific final states.

The above argument can be made precise using an operator product expansion (OPE).
When the energy release to the final hadronic state is large, the forward scattering amplitude
(whose imaginary part gives the decay rate) can be expanded in local operators,

b b

p
b
=mbv+k

p=mbv-q+k

q

µ ν

=

�
�
�
�

�
�

�
�

�

�
�

�
�

�
�
�
�

�

�

�
�
�

�
�
�
�

+
0
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�
�
�

�
�
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�

�
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+
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b
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�

�
�
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�

�

�
�
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+ . . . . (5)

The OPE allows the model independent computation of inclusive semileptonic B decay rates
in a series in ΛQCD/mb and αs(mb) [17], schematically as

dΓ =
(
b quark
decay

)
×

[
1 +

0

mb
+
f(λ1, λ2)

m2
B

+ . . .+ αs(. . .) + α2
s(. . .) + . . .

]
. (6)

It proves that semileptonic rates in the mb → ∞ limit are given by b quark decay, and the lead-
ing nonperturbative corrections suppressed by Λ2

QCD/m
2
b can be parameterized by two HQET

matrix elements, λ1 and λ2. Most quantities of interest have been computed including the order
Λ3

QCD/m
3
b nonperturbative corrections (which are parameterized by six more hadronic matrix

elements, ρ1,2 and τ1,...4), while the perturbation series at leading order in ΛQCD/mb are known
including the αs and α2

sβ0 terms (β0 = 11−2nf/3 is the first coefficient of the QCD β-function,
and this term often dominates at order α2

s).
For fully inclusive quantities, such as the B → Xc�ν rate, the OPE calculation should

be under good control. The theoretical uncertainties in this case come from the error in a
short distance b quark mass (whatever way it is defined), the perturbation series, and the
nonperturbative corrections. There has been a lot of recent progress in determining a correlated
range of ||Vcb||, mb, λ1 and the HQET matrix elements at order Λ3

QCD/m
3
b from measurements

of shape variables. The idea is to compare the OPE predictions with data for shapes of decay
distributions (spectral moments) that are independent of CKM elements. Since different spectra
have different dependence on mb, λ1, etc., a simultaneous fit to many moments and to the
semileptonic width allows both the determination of the hadronic parameters and |Vcb|, and
tests the validity of the whole approach. The observables which received the most attention are
the charged lepton energy [18, 19] and hadronic invariant mass [20, 19] spectra in B → Xc�ν,
and the photon energy spectrum in B → Xsγ [21]. Their measurements show improving
consistency, and were discussed elsewhere at this conference [22].

Two recent global fits used somewhat different, but in principle equivalent, approaches. In
Ref. [23] both the B∗ − B and D∗ −D mass differences are used to constrain linear combina-
tions of λ2 and some of the Λ3

QCD/m
3
b matrix elements, and the fit contained seven unknowns:

|Vcb|, mb, λ1, ρ1, τ1 − 3τ4, τ2 + τ4, τ3 + 3τ4. In Ref. [24] no expansion in mc is performed, and
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in this case the seven free parameters are: |Vcb|, mb, mc, λ1, λ2, ρ1, ρ2 (note that Ref. [24]
fitted fewer parameters). The difference between the two approaches is of order Λ4

QCD/(m
2
cm

2
b).

The results are |Vcb| = (40.8 ± 0.9) × 10−3 [23] and |Vcb| = (41.1 ± 1.1) × 10−3 [24].
Comparing these shape variables is also the most promising approach to constrain exper-

imentally the accuracy of OPE, including possible quark-hadron duality violation. Quark-
hadron duality [25] is the notion that averaged over exclusive channels, hadronic quantities can
be computed at the parton level. This is implicitly assumed in the OPE. Duality violations
are believed to be small for fully inclusive semileptonic B decay rates, however, it is hard to
quantify how small [26]. One can further test the theory by weighing the lepton spectrum with
suitably chosen fractional powers of E� to reduce the nonperturbative corrections. As shown in
Table 1, predictions and data for such “Bauer-Trott moments” [27] are in excellent agreement.

R3a R3b R4a R4b D3 D4

0.302 ± 0.003 2.261± 0.013 2.127± 0.013 0.684 ± 0.002 0.520± 0.002 0.604± 0.002
0.3016± 0.0007 2.2621± 0.0031 2.1285± 0.0030 0.6833± 0.0008 0.5193± 0.0008 0.6036± 0.0006

Table 1: Predictions [23] (above) and data [28] (below) for Bauer-Trott moments.

In the future it will be important to determine the B → D(∗)�ν branching ratios with
higher precision, to model independently map out the higher mass charm states in semilep-
tonic B decay, and to measure the B → Xsγ spectrum to as low photon energies as possible.
Completing the full two-loop calculation of spectra would also be useful. If these measure-
ments are consistent as they get very precise, the theoretical limitation appears to be around
σ(|Vcb|) ≈ 3.5 × 10−4 and σ(m1S

b ) ≈ 35 MeV [23].

3 B → Xu�ν

3.1 |Vub| exclusive: few comments

In B decays to light mesons there is a much more limited use of heavy quark symmetry than
in B → D(∗), since it does not apply for the final state. One can still derive relations between
the B → ρ�ν, K∗�+�−, and K∗γ form factors in the large q2 region [29]. In the small q2 region
when the energy of the light hadron is large, Soft-Collinear Effective Theory (SCET) [30] can
be used to prove a factorization theorem for form factors [31]. The nonfactorizable part satisfies
form factor relations [32], while the factorizable part does not. These two terms are of the same
order in ΛQCD/mb. How they compare numerically, or in the mb → ∞ limit when effects of

order αs(mb) and αs(
√
mbΛQCD) are fully accounted for is an open question.

To determine |Vub| with sub-10% error, model independent determination of the form factors
is needed. This can be achieved in future unquenched lattice QCD calculations, as discussed
elsewhere at this conference [33]. Another possibility is to combine heavy quark and chiral sym-
metries to form “Grinstein-type double ratios” [34], whose deviation from unity is suppressed
in both symmetry limits. For example,

fB
fBs

× fDs

fD
= 1 + O

(
ms

mc

− ms

mb

,
ms

1 GeV

αs(mc) − αs(mb)

π

)
, (7)
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and lattice calculations indicate that the deviation from unity is at the few percent level. If three
quantities on the left-hand side are measured, the forth is determined with small uncertainty.
Similar double ratios can be constructed for the semileptonic decay form factors [35]

f (B→ρ�ν)

f (B→K∗�+�−)
× f (D→K∗�ν)

f (D→ρ�ν)
, (8)

or for appropriately weighted q2-spectra in these decays, and may be experimentally accessible
soon. Recently the leading power corrections to the HQS relations between the B and D decay
form factors were analyzed [36]. Replacing K∗�+�− by K∗νν that may be accessible at a super-
B-factory would make the deviation of this double ratio from unity very small. With data from
hadronic- and super-B-factories the double ratio [37]

B(B → �ν)

B(Bs → �+�−)
× B(Ds → �ν)

B(D → �ν)
, (9)

could give a determination of |Vub| with theoretical errors at the few percent level.

3.2 |Vub| inclusive: cuts on B → Xu�ν spectra

If it were not for the huge B → Xc�ν background which is ∼ 50 times larger than the B → Xu�ν
signal, measuring |Vub| would be as “easy” as |Vcb|. The fully inclusive B → Xu�ν rate can be
calculated in the OPE with small uncertainty [38],

|Vub| = (3.04 ± 0.06(pert) ± 0.08(mb)) × 10−3
(B(B → Xu�ν)

0.001

1.6 ps

τB

)1/2

, (10)

where the first error is from the perturbation series and the second is from the b quark mass,
m1S
b = 4.73 ± 0.05 GeV. If this rate is measured without significant cuts on the phase space,

then |Vub| can be determined with less than 5% theoretical error.
The behavior of the OPE can become significantly worse if kinematic cuts are imposed to

distinguish the b→ u signal from the b→ c background. All such proposed cuts imply (directly
or indirectly) mX < mD. Even if many different resonances can be produced in the final state,
and therefore the inclusive description is expected to be appropriate, such cuts may still distroy
the convergence of the OPE. One may think of the OPE as an expansion of the diagram on
the left-hand side of Eq. (5) in powers of k (which is of order ΛQCD), the residual momentum
of the b quark in the B meson,

1

(mbv + k − q)2
=

1

(mbv − q)2 + 2k · (mbv − q) + k2
. (11)

In the mb � ΛQCD limit this expansion converges in most of the phase space. If cuts are applied
to the final state phase space, the expansion in k only converges if the three terms of different
orders in k on the right-hand side exhibit a hierarchy. For mX � mB this implies that the
range of hadronic final states that are allowed to contribute should satisfy

m2
X � EXΛQCD � Λ2

QCD . (12)

Thus, depending on whether the allowed invariant mass and energy of the hadronic final state
(in the B rest frame) satisfies Eq. (12), there are three qualitatively different regions:
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theory
breaks
down

���� ������

Figure 2: Dalitz plots for B → X�ν in terms of E� and q2 (left), and m2
X and q2 (right).

(i) m2
X � EXΛQCD � Λ2

QCD: the OPE converges, and the first few terms are expected to
give reliable result. (This is the case for the B → Xc�ν rate relevant for measuring |Vcb|.)

(ii) m2
X ∼ EXΛQCD � Λ2

QCD: an infinite set of equally important terms in the OPE must be
resummed. The OPE becomes a twist expansion and nonperturbative input is needed.

(iii) mX ∼ ΛQCD: the final state is dominated by resonances, and it is not known how to
compute inclusive quantities reliably.

The charm background can be removed by several different kinematic cuts:

1. E� > (m2
B −m2

D)/(2mB): the endpoint region of the charged lepton energy spectrum;

2. mX < mD: the small hadronic invariant mass region [39, 40, 41, 42];

3. EX < mD: the small hadronic energy region [43];

4. q2 ≡ (p� + pν)
2 > (mB −mD)2: the large dilepton invariant mass region [44].

These contain roughly 10%, 80%, 30%, and 20% of the rate, respectively. Measuring any other
variable than E� requires the reconstruction of the neutrino momentum, which is challenging
experimentally. Combinations of cuts have also been proposed, q2 with mX [45], q2 with E� [46],
or mX with EX [47]. These regions of the Dalitz plot are shown in Fig. 2.

The problem is that both phase space regions 1. and 2. belong to the regime (ii), because
these cuts allow mX up to O(mD) and EX up to O(mB), and numerically ΛQCDmB ∼ m2

D.
The region mX < mD is better than E� > (m2

B −m2
D)/(2mB) inasmuch as the expected rate is

larger, and the inclusive description is expected to hold better. But nonperturbative input is
needed formally at the O(1) level in both cases, which is why the model dependence of the |Vub|
measurement from the mX spectrum increases rapidly as the mX cut is lowered below mD [40].

The spectrum in the large E� and small mX regions are determined by the b quark light-
cone distribution function that describes the Fermi motion of the b quark inside the B meson
(sometimes called the shape function). Its effect on the spectra are illustrated in Fig. 3, where
we also show the q2 spectrum unaffected by it. This nonperturbative function is universal
at leading order in ΛQCD/mb, and is related to the B → Xsγ photon spectrum [48]. These
relations have been extended to the resummed next-to-leading order corrections [49], and to
include effects of operators other than O7 contributing to B → Xsγ [50]. Weighted integrals
of the B → Xsγ photon spectrum are related to the B → Xu�ν rate in the large E� or small
mX regions. Recently CLEO used the B → Xsγ photon spectrum as an input to determine
|Vub| = (4.08 ± 0.63) × 10−3 [51] from the lepton endpoint region.
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Figure 3: E� (left), m2
X (center), and q2 (right) spectra. Dashed curves show b quark decay to

order αs, solid curves include a Fermi motion model, shading shows the b→ c kinematic limit.

The dominant theoretical uncertainty in this determination of |Vub| is from subleading twist
contributions suppressed by ΛQCD/mb, which are not related to B → Xsγ [52]. The B → Xu�ν
lepton spectrum, including dimension-5 operators and neglecting perturbative corrections is [17]

dΓ

dy
=

G2
F m

5
b |Vub|2

192 π3

{[
y2(3 − 2y) +

5λ1

3m2
b

y3 +
λ2

m2
b

y2(6 + 5y)
]
2θ(1 − y)

−
[
λ1

6m2
b

+
11λ2

2m2
b

]
2δ(1 − y) − λ1

6m2
b

2δ′(1 − y) + . . .
}
. (13)

The behavior near y = 1 is determined by the leading order structure function, which contains
the terms 2[θ(1− y)−λ1/(6m

2
b) δ

′(1− y)+ . . .]. The derivative of the same combination occurs
in the B → Xsγ photon spectrum [53]

dΓ

dx
=

G2
F m

5
b |VtbV ∗

ts|2 αC2
7

32 π4

[(
1 +

λ1 − 9λ2

2m2
b

)
δ(1 − x) − λ1 + 3λ2

2m2
b

δ′(1 − x)

− λ1

6m2
b

δ′′(1 − x) + . . .
]
. (14)

At subleading order, proportional to δ(1−y) in Eq. (13) and to δ′(1−x) in Eq. (14), the terms
involving λ2 differ significantly, with a coefficient 11/2 in Eq. (13) and 3/2 in Eq. (14). Because
of the 11/2 factor, the λ2 δ(1− y) term is important in the lepton endpoint region [52, 54, 55],
giving rise to an order 10% uncertainty. There may also be a sizable uncertainty at sub-
subleading order from weak annihilation [56, 52], discussed below.

In contrast to the above, in the q2 > (mB −mD)2 region the first few terms in the OPE
determine the rate with no dependence on the shape function [44]. This is the only differential
rate known to order α2

s [57]. The q2 cut implies EX <∼ mD and mX <∼ mD, and therefore the
m2
X � EXΛQCD � Λ2

QCD inequality is satisfied. This relies, however, on mc � ΛQCD, and so
the OPE is effectively an expansion in ΛQCD/mc in this region [58]. The uncertainties come from
order Λ3

QCD/m
3
c,b nonperturbative corrections, the b quark mass, and the perturbation series.

Weak annihilation (WA) suppressed by Λ3
QCD/m

3
b is important, because it enters the rate as

δ(q2 −m2
b) [56]. Its magnitude is hard to estimate, because it is proportional to the difference

of two matrix elements, which are equal in the factorization limit. Assuming a 10% violation
of factorization, WA could be ∼ 2% of the B → Xu�ν rate, and in turn ∼ 10% of the rate in
the q2 > (mB −mD)2 region. The uncertainty of this estimate is large. Since this contribution
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is also proportional to δ(E� −mb/2), it is even more important in the lepton endpoint region.
Experimentally, WA can be constrained by comparing |Vub| measured from B0 and B± decays,
and by comparing the D0 and Ds semileptonic widths [56].

Combining the q2 and mX cuts can significantly reduce the theoretical uncertainties [45].
The right plot in Fig. 2 shows that the q2 cut can be lowered below (mB−mD)2 by imposing an
additional cut on mX . This raises the scale of the expansion to mbΛQCD/(m

2
b − q2

cut), resulting
in a significant decrease of the uncertainties from both the perturbation series and from the
nonperturbative corrections. At the same time the uncertainty from the b quark light-cone
distribution function only turns on slowly. The results in Table 2 show that it may be possible
to determine |Vub| with a theoretical error at the ∼ 5% level using up to ∼ 45% of the rate.
Such accuracy can also be achieved with cuts somewhat removed from the b → c threshold.
The experimental status of these measurements was reviewed elsewhere at this conference [3].

Cuts on q2 and mX Fraction of events Error of |Vub| [σ(mb) = 80/30MeV]
(mB −mD)2, mD 17% 15%/12%

6GeV2, mD 46% 8%/5%
8GeV2, 1.7GeV 33% 9%/6%

Table 2: |Vub| from combined cuts on q2 and mX [45].

In the future there are several ways to reduce the uncertainties: (i) it is important to try to
get the experimental cuts as close to the charm threshold as possible; (ii) more precise deter-
minations of mb will be useful, since the decay rate is proportional to m5

b , and this sensitivity
is even stronger in the presence of cuts; (iii) constrain weak annihilation by comparing |Vub|
extracted separately from B± and B0 decays, or by comparing the D0 and Ds semileptonic
widths; (iv) improve measurement of B → Xsγ photon spectrum (lower cut) and use it di-
rectly in the analysis of the E� or mX spectra instead of via intermediate parameterizations;
(v) calculate the full α2

s corrections (beyond α2
sβ0), which is only known for the total rate and

the q2 spectrum, but not for others. Clearly, the different ||Vub|| determinations have different
advantages and different sources of uncertainties. One needs to measure |Vub| in several ways
to gain confidence that the uncertainties are as small as estimated.

4 Summary
• |Vcb| is known at the ∼ 4% level, error may soon become half of this. The inclusive

measurement can be improved with more precise and consistent data on spectral moments;
while the exclusive determination needs F(∗)(1) from unquenched lattice QCD.

• Model independent determination of |Vub| with ∼ 10% error seems possible in the near fu-
ture. To improve the inclusive determination, neutrino reconstruction with large statistics
is crucial; the exclusive needs unquenched lattice form factors or use of double ratios.

• For both |Vcb| and |Vub|, it is important to pursue both inclusive and exclusive measure-
ments, as they provide powerful crosschecks.

• Progress in SCET in understanding B → π/ρ �ν, K∗γ, K(∗)�+�− form factor relations in
the q2 � m2

B region and its experimental tests will affect the sensitivity to new physics
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in these decays, and may also impact our understanding of charmless nonleptonic decays.

• The theoretical limit in determining |Vcb| and |Vub| (without lattice QCD) appear to be
about 1% and 4%, respectively (achieving these might require a super-B-factory).
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The status and the physics of the LHCb detector

Clara Matteuzzi
Dipartimento di Fisica G.Occhialini
Universitá Milano-Bicocca e I.N.F.N.

Piazza della Scienza 3 2016 Milano, Italy

A description of the LHCb experiment is given. The status of the detector construction
is described and some expected performances, namely for the angle γ, are discussed.

1 Introduction

The LHCb detector is a single arm spectrometer with angular acceptance of 300(250) mrad in
the bending (non bending) plane, dedicated to the study of the mechanism of CP violation and
other rare phenomena in B meson decays. The detector will operate in pit 8 at the 14 TeV
LHC machine.
While providing, with precision measurements, a deep understanding of quark flavour physics
in the framework of the Standard Model, this experiment may also reveal a sign of new physics
beyond it. In order to achieve its goals, the LHCb detector has been designed to have a high
track reconstruction efficiency, π–K separation capability from a few to ∼100 GeV/c, very good
proper-time resolution and high trigger efficiencies.

Because the material deteriorates the detection capability of electrons and photons, increases
the multiple scattering of charged particles, and increases occupancies of the tracking stations,
an effort has been made to keep low the material budget of the spectrometer. The amount of
radiation (nuclear interaction) length before RICH2 is 40% X0 (12% λI).

2 LHCb detector description and perfomance

Figure 1 shows the layout of the detector [1]. It is described in the different TDRs of each
subsystem [2].

The trigger is one of the biggest challenges of the LHCb experiment. Details of the trigger
implementation and performance are discussed in the trigger TDR [3]. It is designed to distin-
guish minimum-bias events from events containing B mesons through the presence of particles
with a large transverse momentum (pT) and the existence of secondary vertices. Events are
accepted by the first level trigger (Level-0) if they contain at least one lepton or hadron with
a pT exceeding 1 to 3 GeV/c. This reduces the event rate to 1 MHz. The second level trigger
(Level-1) is significantly improved by not only using information from the VELO, but also
adding pT information to tracks with a large impact parameter. A rough pT estimate is made
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Figure 1: LHCb detector layout.

possible by the introduction of a small amount of magnetic field in the region of RICH1. The
trigger efficiencies are typically around 30%, depending on the decay channel.

The first (25 mrad cone) section of the beam pipe will be made from pure beryllium. The
middle section (10 mrad cone) is foreseen to be made from beryllium-aluminium alloy. The last
section, passing through the calorimeter and muon systems, is made of stainless steel.

The VELO design consists of 21 stations with sensors 220µm thick. The material budget
amounts to 16% X0 and 3.8% λI . A particle sees in average 7 stations.

The dipole magnet construction is almost completed and is being installed in the pit 8 hall.

The number of tracking stations is four. The first station after the VELO, the Trigger
Tracker (TT), is in front of the magnet and just behind RICH1. It consists of four planes of
silicon strip detectors. They are split into two pairs of planes separated by 30 cm. Together
with the VELO, the TT is used in the Level-1 trigger. The three remaining stations are placed
behind the magnet with equal spacing. Each station consists of an Inner Tracker (IT) close to
the beam pipe and an Outer Tracker (OT) surrounding the IT. The OT is made of straw tubes
and the IT of silicon strip detectors.

Exploiting the correlation between the emission angle and the momentum of a particle, the
RICH system of LHCb is divided into two subdetectors, RICH1 and RICH2, the first covering
low momenta range (2-50 GeV), while the second the range of momenta 30-100 GeV. The
Cherenkov radiators chosen are 1 solid (5 cm of aerogel) with refraction index of 1.03 and
two gases, 85 cm of C4F10 and 180 cm of CF4, with n=1.0014 and 1.0005, respectively. The
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Cherenkov photons are focused by mirrors to detector planes located outside the spectrometer
acceptance. Hybrid Photodiodes (HPDs) with pixel have been chosen as photodetectors.
The RICH1 material budget is kept low by adopting mirrors made from either carbon-composite
or beryllium. The mirror supports are outside the acceptance. The entrance window has been
removed, connecting the front face of RICH1 to the flange of the VELO exit window. Iron
shielding boxes for the photon detectors are necessary for protecting the photon detectors from
the magnetic field, and helping to focus the magnetic field in the region where it is needed for
the momentum measurement of the Level-1 trigger.

The RICH2 is under construction and its assembly is advancing in hall 156 at CERN.

The calorimeter system provides high transverse energy hadron, electron and photon can-
didates for the first level trigger. It identifies electrons for flavour tagging and reconstructs π0

and prompt photons for exclusive B decays study. The system consists of a scintillator pad
detector (SPD) tagging a charged particle as the following single layer preshower (PS) does.
They are followed by a Shashlik electromagnetic calorimeter (25 X0 thick). A scintillating-tile
geometry is used for the hadron calorimeter, which is 5.6 λI long. The electromagnetic and the
hadron calorimeters are well advanced in the construction.

The muon system consists of five stations, M1 in front of the calorimeter system and M2-M5
behind the calorimeter, interleaved with iron shielding plates. In order to reduce the material
budget seen by the calorimeter, M1 consists of two layers of Multi Wire Proportional Chambers,
while the other four stations are made from four layers.

The luminosity will be locally controlled to a value of 2 × 1032 in order to keep low the
probability of multiple interactions in a beam crossing.

Charged tracks are reconstructed with a high efficiency of ∼ 95% with a low ghost rate.
The momentum resolution for tracks passing all the tracking elements is ∆p/p ∼ 0.38%. The
resolution on the bb production vertex in the directions longitudinal (z) and transverse (x, y) to
the beam are tipycally around 44 and 8 µm, for bb events passing the trigger. With the excellent
momentum and vertex resolutions, the proper time of B0

s meson decays can be measured with
a resolution of ∼ 40 fs, depending on the channel. Fig. 2(left) shows the case of Bs → DsK,
for which the proper time resolution is 33 fs for 69% of events. The RICH system is essential:
an example of decays which will require a highly performant particle identification is given in
fig. 2(right) by the decay Bs → K+K−, which must be separated from the more abundant
Bd,s → Kπ and from other topologies which mimic a two prong decay, like Bd → π+π− or
Λ→ πp [4].

3 Physics performance

With the currently known values of |Vcb|, |Vub|, |Vtd| and |Vts|, and the direct measurement of
the phase sin 2β from BaBar and BELLE, the CKM triangle is approximately known in the
frame of the Standard Model. For example, the Standard Model analysis [5] predicts γ ∼ 65◦.
If new physics such as SUSY is there, it must contribute to oscillations and various decay modes
which are generated by the loop diagrams, e.g. penguins and boxes.

For a comprehensive study of CP violation including possible contributions from new physics,
the Bs meson plays an essential role.
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Figure 2: Left: proper time resolution for the decay Bs → DsK. Right: invariant mass
distribution of triggered Bs → KK candidates. The light-shaded (yellow) histogram is the
signal and the dark (red) one represents the background from Bd → ππ, Bd → Kπ, Bs → πK
Λb → pK− and Λb → pπ− decays.

As an example, let’s take the measurement of the angle γ. Several final states can be used.

The Bs → DsK decays involve two tree amplitudes and can be used to extract the angle γ
in a theoretically clean way, even in presence of new physics in loop diagrams. The study of the
time-dependent rates of Bs decaying into D±

s K
∓ [6] determines φs + γ. The angle φs (the B0

s

mixing phase), is measured from the decay Bs → J/ψφ. This channel is the SU(3) analogue
of Bd → J/ψKS: the CKM picture predicts that this phase is very small. The observation of
a large CP asymmetry in this channel would therefore be a striking signal for physics beyond
the Standard Model. The proper-time resolution for selected Bs → J/ψφ decays is 38 fs [7].
To reduce the large background from prompt J/ψ and φ production, the proper time and its
resolution are very effective variables. A cut on the proper-time resolution and the proper-time
significance removes all events from a simulated sample of 350k events with a prompt J/ψ in
the forward direction.

The combination of the Bd → ππ and Bs → KK measurements provides a promising
strategy to determine the CKM angle γ [8]. Under the assumption of exact U-spin symmetry,
γ can be determined from the time-dependent CP asymmetry for Bd and Bd decaying into
π+π− and that for Bs and Bs decaying into K+K−. The sensitivity on γ explored for different
values of the physics parameters like γ, ∆ms, and ∆Γs, result to be in the range σγ ∼4◦-8◦ for
one year of data. The validity of the U-spin symmetry can be checked from the data itself.

It is important to note that the phase γ measured in the first method will not be affected
by the possible existence of new particles. The second method makes an explicit use of the
penguin processes where new particles can contribute to the loops. Therefore, the extracted
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value of γ could be affected by new physics.
The Bs → Dsπ decay mode constitutes the most serious background channel for the Bs →

DsK analysis. It is a flavour-specific B decay in which only a single tree diagram contributes.
From this asymmetry the Bs oscillation frequency ∆ms and the decay width difference ∆Γs
can be determined. An observation with a statistical significance of at least 5σ is satisfied up
to ∆ms =68 ps−1 in one year of data.

4 Event yield

Table 1 shows the event yield, calculated for a nominal annual integrated luminosity of Lint = 2
fb−1 (107s at 2×1032cm−2s−1) and a bb production cross section of σbb = 500µb. The high-level
trigger (HLT), which is expected to have a very high efficiency, and the flavour tagging are not
included.

Channel Yield
B0 → π−π+ 26k
B0 → π−K+ 135k
Bs → K+K− 37k
Bs → π+K− 5.3k
B → J/ψK0

S 241k
B → J/ψK∗0 670k
Bs → D−

s π
+ 80k

Bs → D∓
s K

± 5.4k
Bs → J(µµ)φ 100k
Bs → J(ee)φ 20k

Table 1: Untagged annual event yields

The abundant production of Bs mesons at LHC plays a crucial role in studying with high
accuracy many decay modes, affected differently by new physics. It gives a distinct advantage
to hadron machines over e+e− B-factories operating at the Υ (4S). Bc mesons and b baryons are
also an exclusive domain of hadron machines. For interesting CP-violating Bd decay modes such
as π+π−, K±π∓ and K∗�+�−, the LHCb experiment will be able to collect several times more
statistics in one year than that obtained by BABAR and BELLE by the time LHC becomes
operational.

5 Conclusions

The status of the LHCb detector has been described. Many subdetectors systems are already
under construction. The construction schedule and the assembly foreseen in 2005, assures that
the experiment will be ready to take data in april 2007, starting the full physics programme as
soon as the LHC will become operational.
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The LHCb experiment can trigger and reconstruct many different B-hadron decay final
states with high statistics. This will enable LHCb to extract the CKM parameters and disentan-
gle possible new physics. However, in order to exploit the large statistical samples, systematic
errors due to acceptance, detection efficiency, decay-time resolution, production asymmetries,
tagging performance and trigger efficiency, must be well understood.
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ATLAS and CMS experiments are designed primarily for high-pT physics. However, they
will be able to make precise measurements of B-hadron production, CP violation and rare
decays. For a number of channels, ATLAS and CMS will be competitive and complemen-
tary to dedicated B-physics experiments such as LHCb and will cover a large region of
unexplored phase space.

1 Introduction

The cross section for the production of bb pairs at LHC is expected to be much higher than
at the e+e− B factories and σ(bb)/σtot is significantly higher at LHC than at the Tevatron. A
value of σ(bb)=500 µb has been assumed.

ATLAS [1] and CMS [2] are multi-purpose detectors optimized for high-pT physics (for
instance Higgs and Supersymmetry searches). However, their design is such that B-physics
studies can easily be accommodated in their physics programmes.

Most of the B-physics studies are planned for the first period of low-luminosity running
when the LHC will not yet have reached the design luminosity of 1034 cm−2 s−1. During this
period triggering and reconstruction of low-pT events, as required for B physics, will be easier.

As described below, precision measurements are possible in ATLAS and CMS in several
channels thanks to the high statistics. The achievable precision will be better than at the
Tevatron and at the e+e− B factories and is in some cases competitive with LHCb, the LHC
experiment dedicated to B physics.

The B-physics possibilities of ATLAS and CMS cannot be fully described in these proceed-
ings. Some benchmark channels have been looked in great detail, using full detector simulation
and sophisticated analysis method. Some of these results are summarized here.

2 Trigger and B selection strategies

For ATLAS, a flexible trigger strategy has been developed. A dimuon trigger will be used to
select events for B-physics studies even at high luminosity. At lower luminosity, where there
are sufficient resources in the trigger system, additional triggers will be included. These will
require a low-pT jet or electromagnetic cluster in addition to a single muon in the first-level
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ε(%) D

lepton (OS) 4 0.4
jet charge (OS) 65 0.18
B − π (SS, ATLAS) 82 0.16
B − π(SS, CMS) 21 0.32
jet charge (SS) 65 0.18

Table 1: Indicative efficiencies and dilution factors for flavour-tagging algorithms studied by
ATLAS and CMS. The first two rows refer to Opposite Side (OS) tagging algorithms and the
remaining ones to Same Side (SS) algorithms.

trigger (level-1). All level-1 objects will guide reconstruction in the second-level trigger (level-
2), and results of level-2 will seed reconstruction in the Event Filter. The di-muon trigger
provides a very effective selection of several important channels, e.g. Bd → J/ψ(µ+µ−)K0

s ,
B0
s → J/ψ(µ+µ−)φ and Bd,s → µ+µ−X. For example, at a luminosity of 1033 cm−2 s−1, pT

thresholds of 6 GeV and 5 GeV for first and second muons in the event respectively would give
a trigger rate of 180 Hz after sharp muon-pT cuts. The jets-muon trigger will cover hadronic
final states, e.g. B0

s → Dsπ, B0
s → Dsa1 and Bd → π+π−. All the processes will contain a muon

which can be used to tag the B-hadron flavour. The electron muon trigger is used to select
channels such as Bd → J/ψ(e+e−)K0

s with opposite-side muon tag, or Bd → J/ψ(µ+µ−)K0
s

with opposite-side electron tag. After one year, the ATLAS trigger system could deliver to
permanent storage about 108 events with beauty hadron decays.

Several characteristics of the ATLAS and CMS designs are well suited for B-physics studies.
Good secondary-vertex resolution is guaranteed by the presence of pixel detector layers (three
layers in the barrel region) close to the interaction point. In CMS low-pT muon identification is
done by the muon spectrometer and low-pT electron identification is possible thanks to a high
resolution crystal calorimeter together with the tracking system. Similarly in ATLAS low-pT
muons can be reconstructed, and the finely-segmented liquid-argon calorimeter together with
the transition-radiation tracker provide electron identification. The stronger field in CMS than
in ATLAS (4 T with respect to 2 T) has the consequence that a better mass resolution is
achievable.

Neither ATLAS nor CMS have dedicated detectors for hadron identification. However, in
ATLAS a limited π/K separation will be obtained indirectly by using dE/dx energy loss in
the straw tracker. The separation obtained is about 1.0 σ (it is pT dependent) and, used on a
statistical basis, has proven to be very useful in some of the analyses.

Many of the flavour-tagging algorithms developed in the past years by the LEP experiments
and by CDF appear feasible in ATLAS and CMS. Indicative efficiencies1,ε, and dilution factors2,
D, are summarized in Table 1.

1ε is the ratio of the number of tagged signal events to the total number of signal events: Nobs
tag = εNobs.

2The observable asymmetry is aobs(t) = DaCP (t) = D sinφM sin∆mst where D combines all the experimen-
tal dilution factors due to mistagging, decay time resolution, fit statistics and background.
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∆Γs Γs φs(xs = 20) φs(xs = 40)
ATLAS 12% 0.7% 0.03 0.05
CMS 8% 0.5% 0.014 0.03

Table 2: ATLAS and CMS relative statistical uncertainties on ∆Γs, Γs and absolute uncertainty
on φs for two different values of xs after three years of running at 1033 cm−2 s−1.

3 Some benchmark channels

3.1 Bs studies and precise measurements

LHC era will be the ”El Dorado” of Bs studies. The decay B0
s → D+

s π
− with D+

s → φπ+

can be used to measure the oscillation parameter ∆Ms. ATLAS also considers the decay
B0
s → D+

s a
−
1 with D+

s → φπ+ and a−1 → ρ0π
− → π+π−π−. Good resolution is achievable on

the B0
s proper decay time to resolve the rapid oscillations. ATLAS estimates a proper-time

resolution of about σ(τ) = 50 fs while CMS estimates σ(τ) = 70 fs. After one year of data
taking at low luminosity, each experiment would have a 95 % CL sensitivity up to ∆Ms of
about 30 ps−1. This is well above the allowed range in the Standard Model. Indications from
experimental searches [3] and fits to the CKM matrix [4] are that ∆Ms should not be larger
than 25 ps−1. In this hypothesis the Tevatron experiments should be able to observe the B0

s

oscillations before the LHC start. So it may be more interesting to evaluate the precision on
∆Ms measurement. For example, assuming an already-observed mixing of ∆Ms = 20 ps−1, an
uncertainty of σ(∆Ms) = 0.11 ps−1 has been estimated.

Large and clean samples of B0
s → J/ψφ decays will also be available in ATLAS and CMS.

It is estimated that ATLAS will reconstruct about 100k of these (untagged) events in one
year of data taking, and CMS will reconstruct about twice this number (with S/B of about
6 and 10, respectively). This decay may be used to probe the B0

s − B0
s weak mixing phase

φs = −2δγ = −2λ2η (where δγ is an angle related to the other non-squashed unitary triangle
of the CKM matrix and λ and η are Wolfenstein parameters). The J/ψφ final state in this
decay is an admixture of different CP eigenstates and an angular analysis of the decay products
J/ψ(l+l−)φ(K+K−) is needed. In principle, eight independent parameters could be extracted by
this analysis. However, as was done in Ref [5], because of the experimental precision available,
one can extract only φs, two unknown amplitudes |A⊥(0)| and |A‖(0)|, the decay-rate difference
∆Γs = ΓH − ΓL and the mean decay rate Γs = (ΓH + ΓL)/2 of the mass eigenstates B0

H and
B0
L, and fix the remaining parameters, i.e. two strong phases δ1 and δ2 and the mass difference

∆Ms. The precision available after three years of running at low luminosity on some of these
parameters is summarized in Table 2. Note that the observation of CP-violation in this channel,
significantly beyond the Standard-Model expectations, would be a clear sign of new physics.

Large and clean samples ofB0
d → J/ψK0

s will be available in ATLAS and CMS. It is expected
that about 165k events will be collected by ATLAS in one year and about 450k events/year
by CMS. The higher CMS yield is due to the presence of a lower-pT dimuon trigger. ATLAS
may be able to increase its sample size by lowering its thresholds. This channel is universally
considered the golden channel to measure the angle β of the unitary triangle of the Cabibbo-
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Signal Bs → µ+µ− Signal Bd → µ+µ− background
ATLAS 92 14 660
CMS 26 4 < 6

Table 3: Signal and background numbers of reconstructed Bs → µ+µ− and Bd → µ+µ− for one
year of running at a luminosity of 1034 cm−2 s−1.

Kobayashi-Maskawa (CKM) quark-mixing matrix. In fact, to a very good approximation this
decay is dominated by only one CKM amplitude in the Standard Model and the time-dependent
CP asymmetry. The large number of events available in ATLAS and CMS implies an excellent
resolution for the measurement of sin 2β. After just one year of data taking, a precision of
σ(sin 2β) = 0.017 for ATLAS and σ(sin 2β) = 0.015 for CMS can be obtained. The direct
component of the time-dependent CP asymmetry in this decay, AdirCP , is expected to be very
small in the Standard Model. In a study performed by ATLAS [6], it has been estimated that
a 5 σ discovery could be obtained if AdirCP is at least 0.10.

3.2 Rare decays

Flavour-changing neutral-current decays b → s, b→ d occur only at loop-level in the Standard-
Model (SM) and come with small exclusive branching ratios Br < O(10−5). However, they are
sensitive to new physics. Within the SM, these decays are sensitive to CKM matrix elements
|Vtd| , |Vts|. In the era before LHC, some rare decays are accessible at e+e− factories and the
Tevatron. Although the Process B → K∗µµ can be seen, the mass and angular distributions
can only be studied at LHC. Purely muonic rare decays will be observed before LHC only if
they are drastically enhanced comparing to SM predictions Br(Bd → µ+µ−) = (3.5± 1.0) 10−9

and Br(Bs → µ+µ−) = (1.5 ± 1.0) 10−10 [7].

Using a simulation of the ATLAS detector response, it has been demonstrated that purely
muonic decays can be selected by the trigger and reconstructed at both low and high luminosities
of 1033 cm−2 s−1 and 1034 cm−2 s−1 respectively. It was assumed that the performance of the
inner detector will not be degraded in the higher-luminosity case. The expected signal and
background statistics for Bs → µ+µ− and Bd → µ+µ− are summarized in Table 3 [5]. Already
after one year at high luminosity ATLAS and CMS will be able to observe Bs → µ+µ− and
measure its branching ratio, and perform a high-sensitivity search for Bd → µ+µ−.

Assuming the SM to be valid, the measurement of branching fractions of decays B0
d →

ρ0µ+µ− and B0
d → K∗0µ+µ− gives, in principle, the possibility to extract the ratio of CKM

elements |Vtd| , |Vts|. Using detector simulation, ATLAS has estimated that the branching
fraction ratio can be measured with a statistical accuracy of 14%. ATLAS estimates a precision
on the measurement of the forward backward asymmetry of about 5% in each of three bins
of dimuon mass squared, in B0

d → K∗0µ+µ− for 3 years at low luminosity. The accuracy of
ATLAS will be sufficient to distinguish between SM and its extension, i.e. a significant part of
MSSM parameter space.
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3.3 B hadron production and QCD tests

LHC will probe kinematic regions of strong interactions that have not yet been explored. Com-
pared with previous hadron experiments it will have a higher collision energy, 14 TeV, and
a wider Bjorken-x region (ATLAS will be sensitive down to x∼ 10−4 [8]). The high beauty
cross section and luminosity at LHC will allow one to extend b-production measurement up
to transverse momenta of several hundred GeV and to investigate correlations between b and
b quarks, as well as studying multiple heavy flavour production. ATLAS performance studies
were done for two channels selected to measure the azimuthal-angle difference ∆φ(bb) between
b and b quarks: b → Bd → J/ψ(µµ)K0; b → µX and b → Bs → J/ψ(µµ)φ; b → µX. The
number of events expected after three years at 1033 cm−2 s−1 are 4.8 104 and 3.2 104 re-
spectively [9]. Beauty-production studies will be extended to semi-inclusive events containing
bb → J/ψ(µ+µ−)X and to b-jets to access the very high-pT region.

4 Conclusions

The LHC experiments can significantly contribute to the knowledge of B physics and CP
violation due to the unprecedented statistics available. In many channels ATLAS and CMS
can give a substantial contribution to the overall LHC performance. A brief and incomplete
summary of these studies, including some new results, has been given here. More details of the
B-physics potential of the LHC experiments can be found in Ref [5].
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Exploring the large number of heavy quarks produced at Fermilab’s Tevatron collider,
the BTeV experiment is designed to make precision measurements of Standard Model
parameters and to perform an exhaustive search for physics beyond the Standard Model.
In my presentation at FPCP 2003 I presented some highlights of the BTeV physics program
and discussed a few of the many technological challenges the BTeV collaboration faces
designing and building the detector

1 Introduction

The BTeV collaboration is in the middle of an active research and development program which
causes the interesting details of the experiment to change much faster than the time scales
typical for the publication of conference proceedings. Acknowledging this fact my report
will not provide a detailed discussion of the BTeV detector, the status of B physics in the
Spring of 2003 or the BTeV physics program. Instead, I will give a brief description of the
major components of the BTeV spectrometer and some of the physics studies but otherwise
provide links to more up-to-date information on the World Wide Web. General information
about BTeV is available on the collaboration’s web site which can be accessed using the URL
http://www-btev.fnal.gov/. The transparencies of the presentation can be found on the
conference web site (http://polywww.in2p3.fr/actualites/congres/fpcp2003/) or can be
downloaded from the author’s web site at
http://www-physics.mps.ohio-state.edu/~klaus/research/talks/fpcp_btev.pdf.

2 B Physics at Hadron Colliders

Most of our current knowledge onB mesons and their decays comes from experiments performed
at electron positron colliders. Recent results further constrain the elements of the Kobayashi-
Maskawa quark mixing matrix (CKM) and the success of the B-factories at KEK and SLAC
has led to the observation of CP violation in the B meson system. To date no conflict with
the Standard Model has been reported. The physics of B mesons, however, had had its share
of surprises (long lifetime, B-B oscillation) and in order to confirm - or to go beyond - the
Standard Model description of heavy quark decays it is necessary to embark on a program to
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measure all CKM elements and all CP phases with high precision. Several orders of magnitudes
more B meson decays than are available in today’s data samples will be required for this
effort. Compared to e+e− machines the b production cross section is much larger at a hadron
collider. Unfortunately, the total inelastic cross section is even larger so that the signal to
background ratio (the b fraction) at a hadron collider detector becomes quite unfavorable (see
Table 1). Given the poor signal to background ratio the single most important component for

Tevatron LHC
Energy 2 TeV 14 TeV
b cross section 100 µb 500 µb
c cross section 100 µb 300 µb
b fraction 2 × 10−3 6 × 10−3

Inst. luminosity 2 × 1032 1033 - 1034

Bunch spacing 396 ns (132 ns) 25 ns
Int./crossing < 6 > (< 2 >) < 1 >
Luminous region 30 cm 5.3 cm

Table 1: Some key parameters for B experiments at hadron colliders

a B experiment at a hadron collider is the trigger. Other detector requirements include a high
resolution vertex detector for decay length measurements and time dependent studies, excellent
particle identification over the entire momentum range and an electromagnetic calorimeter to
reconstruct photons and πo’s that are present in most B decays. A multi-purpose, high p⊥
experiment requires large solid angle coverage but for a dedicated B experiment such as BTeV
it is advantageous to use a forward, spectrometer-like geometry:

• significantly lower costs.

• easy access to all detector components

• the large Lorentz boost in the forward/backward direction increases the reconstruction
efficiency for B decays and improves the proper time resolution.

• strong correlations between bb production angles significantly improve flavor b tagging
efficiencies.

3 The BTeV Detector

A schematic view of the detector is shown in Figure 1. The geometry is complementary to that
used in current collider experiments. Instead of the central region the spectrometer covers only
the forward direction, 10 - 300 mrad, with respect to the colliding beams.

Charged particle tracking and vertexing is accomplished by a combination of a silicon
pixel vertex detector and a forward tracker. The pixel detector will contain approximately
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3 × 107 rectangular pixels, each 50 µm × 400 µm, connected to a custom designed read-
out circuit by a “bump bond”. The pixel detector is arranged in 31 stations each consist-
ing of two 10 cm × 10 cm planes. A 12 mm × 12 mm hole is cut out for the colliding
beams. Details of the BTeV pixel detector and the custom designed readout electronics can
be found at http://www-btev.fnal.gov/public/hep/detector/pixel/index.shtml. The
forward tracker consists of 4-mm diameter straw tube driftchambers and silicon strip de-
tectors in the high occupancy areas near the beam pipe. Further details are available at
http://www-btev.fnal.gov/public/hep/detector/straw/index.shtml.

Figure 1: Schematic view of the BTeV Spectrometer.

Particle identification over a wide momentum range will be provided by ring-imaging Cherenkov
counters (RICH). Access http://www-btev.fnal.gov/public/hep/detector/rich/index.shtml
for more information on the BTeV RICH detector.

The BTeV design includes an electromagnetic calorimeter for photon and neutral pion re-
construction as well as electron identification. The BTeV calorimeter will be built using PbWO4
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crystals, very similar to the CMS calorimeter. Detailed information on the design. performance
and readout of the BTeV EM calorimeter is available at http://www-btev.fnal.gov/public/
hep/detector/emcal/index.shtml.

The BTeV muon detector provides independent momentum measurements for muon candi-
dates using two 1 m long steel toroid magnets at 1.5 T. The active detection planes are built out
of stainless steel proportional tubes (http://www-btev.fnal.gov/public/hep/detector/muon
/index.shtml).

Of central importance to the BTeV physics program is the detached vertex trigger. Using
information from the silicon pixel detector this trigger searches every beam crossing for detached
vertices, the characteristic signature of b quark decays. This first level trigger together with
higher trigger levels and a high performance data acquisition system will give BTeV high
efficiency for interesting b decays combined with excellent background suppression. Further
information on the trigger and data acquisition systems can be found at:
http://www-ese.fnal.gov/eseproj/trigger/web/default.htm and
http://www-physics.mps.ohio-state.edu/~klaus/research/talks/rt2003_btev.pdf.

4 The Physics Goals

Over the years many experimental observations have demonstrated the need for New Physics,
i.e. physics beyond the Standard Model. The baryon asymmetry of the universe, dark mat-
ter, the hierarchy problem, the plethora of fundamental parameters to name just a few. The
BTeV experiment is well positioned to search for New Physics via rare decays and via CP
violating phases. It will perform precision measurements of CKM elements with small model
dependence. In addition, the BTeV collaboration will complete a broad program in heavy flavor
physics including semileptonic transitions, Bs, Λb and Bc decays and b spectroscopy. A detailed
description of the BTeV physics potential can be found on the BTeV web site at
http://www-btev.fnal.gov/public/hep/general/proposal/index.shtml. Updated reviews
can be found at the P5 web site (http://doe-hep.hep.net/p5/agenda0303.html) and at
http://www-physics.mps.ohio-state.edu/~klaus/research/talks/cipanp.ppt.

5 Summary

Heavy quark physics at hadron colliders provides a unique opportunity to measure fundamental
parameters of the Standard Model with no or only small model dependence, to discover New
Physics in CP violating amplitudes or rare decays, and to interpret new phenomena found
elsehwere, e.g. at the LHC. Some scenarios are clear today - others will be a surprise. This
program requires a general purpose detector with an efficient, unbiased trigger and a high per-
formance DAQ system, a superb charged particle tracking system combined with good particle
identification and excellent photon detection. This program requires the BTeV experiment.
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The status of BaBar experiment is described after 4 years of run together with some of its
physics achievements, future plans, possible physics goals toward the end of the present
decade and upgrades to the detector are discussed.

1 Introduction

The BABAR experiment is a true international enterprise. Its members are 579 physicists from
75 institutions of 10 countries, nearly half of the collaboration is from USA and half from
outside countries, mainly from Europe. The BABAR detector in Interaction Region 2 of PEPII
has been in full operation since November 1999, after receiving its first beam in May 1999. The
goals of the experiment are to perform a comprehensive study of CP violation in the Bd meson
system, to carry out high-sensitivity searches for and measurements of rare B decays, and to
make precision measurements in the charm and τ sectors. After the discovery in 1964 of the
CP violation in the famous K meson Brookhaven experiment [1] the mission of BABAR was
originally focused on establishing CP violation in the b flavor sector. This goal was achieved
in 2001 when BABAR [3] has firstly observed CP violation in Bd decay, soon after confirmed by
Belle [4].

PEPII machine was performing particularly well in Run I, II and III delivering to BABAR be-
fore June 10, 2003 about 133fb−1 of integrated luminosity. BABAR has shown a very high
efficiency (97%) and has collected nearly 123 million B meson pairs at the Y(4S) resonance
and an additional 12 fb−1 taken 40 MeV below the resonance (figure 1). The BABAR physics
program is now focused on three main targets:

• perform a comprehensive set of CP-violating asymmetries in B meson decays;

• study of rare decay processes;

• perform detailed studies as contribution to the understanding of the dynamics of processes
involving heavy quarks.

The first two goals focus on testing the Standard Model, measuring its parameters, and search-
ing for the effects of new physics, while the third goal is designed to build a solid foundation by
elucidating the interplay between electroweak and strong interactions in heavy quark processes.
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Figure 1: BABAR integrated luminosity since May 1999(left), the BABAR detector(right)

2 BABAR Detector

The 4π detector (figure 1), with excellent vertex detection and particle identification, and the
asymmetric energies of the PEP II beams, were specifically designed for precise measurements of
CP-violating time-dependent asymmetries expected in the B system, however it is an excellent
environment for a more general study of flavor physics and rare τ channels.

The apparatus was optimized for the measurement of time independent asymmetries in the
decay of B and B mesons. The principle of the measurement is shown in the following fig 2.
The figure illustrates the decay of one B semileptonic (with µ−) and the other B meson into a
CP eigen-state (J/ψ K0

S
).

The time dependent rate can be expressed in the following formula

dN ∝ e
− |∆t|

τB (1 ±D(S sin(∆m∆t) − C cos(∆m∆t))) ⊗R (1)

the coefficients S and C are defined as S = 2Imλ
1+|λ|2 C = 1−|λ|2

1+|λ|2 and λ is defined as λ = ηCP
q
p
ACP

ACP

and ηCP is the eigenvalue of CP eigenstate q/p is related to the B0 B0 mixing and the Standard
model predicts its value very close to unity∣∣∣∣∣qp

∣∣∣∣∣ − 1 ≈ 4π
m2
c

m2
t

sin β ≈ 5 × 10−4 (2)

therefore
∣∣∣ q
p

∣∣∣ �= 1 implies both CP and T violation in mixing. S �= 0 implies the CP violation
in the interference between mixing and decay, C �= 0 implies direct CP violation in decay and
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defining z as

z = 2
δM − (i/2)δΓ

∆m− (i/2)∆Γ
(3)

�= 0 implies CP and CPT violation. In the usual analysis for channels with charmonium
S = sin 2β and it is assumed z =0,

∣∣∣ q
p

∣∣∣ = 1.

 

 

Figure 2: Schematic representation of the CP violation measurement in the J/ψ K0
S

decay mode
(left), Result from the unbiased analysis in the |z|, |q/p| − 1 plane(right)

In an unbiased analysis the parameters z,λ, q/p, ∆Γ/Γ are left free in the fit to B0 →flavor
and B → CP eigenstates

sgn(ReλCP )∆Γ
Γ

= −0.008 ±0.037 (stat.) ± 0.018 (syst.) [ −0.084 , 0.068 ] ,
|q/p| = 1.029 ±0.013 (stat.) ± 0.011 (syst.) [ 1.001 , 1.057 ] ,

(ReλCP/ |λCP |) Rez = 0.014 ±0.035 (stat.) ± 0.034 (syst.) [ −0.072 , 0.101 ] ,
Imz = 0.038 ±0.029 (stat.) ± 0.025 (syst.) [ −0.028 , 0.104 ] .

The above intervals are statistically referred to 90%C.L. The results are presented in the fol-
lowing fig. 2. With present statistics the result is compatible with the usual analysis and
sin(2β) = 0.741 ± 0.067stat ± 0.033syst.

The sin 2β measurement of BABAR is reported in the left hand side of figure 3 inside a more
general CKM fit. Results are CKM compatible. The sin 2β situation can be summarized in the
right hand side of figure 3 where possible discrepancies (indication of new physics) can come
from channels as Bd → ΦKS whose amplitude is a pure penguin b → sss ,where the loop can
be sensitive to contributions from new heavy quanta.

To complete the present short summary on CP achievements, preliminary results on ππ [5]
are reported. From time dependent analysis Sππ(the coefficient of sin(∆m∆t)) and Cππ( the
coefficient of cos(∆m∆t)) are measured. Sππ in absence of penguin pollution is proportional to
the sin 2α, since there is penguin pollution instead of α it contains αeff = α + δ where δ is a
strong phase, Cππ is the term related to direct CP violation in the decay.

Based on equal statistics of 80 fb−1 the central values of BaBar and Belle[6] appear quite
different (tab. 1), they are however not statistically inconsistent.

In addition to the tremendous amount of BB BABAR has also recorded an equivalent
sample of charm and τ pairs. It allows the study of rare decays including channels with lepton
flavour violation, or D0D0 mixing. One of the most exciting recent result of BaBar has been
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Figure 3: Fit of the CKM matrix (method as in [2])
including the sin 2β measurement from BABAR (left),
summary of the sin 2β measurements in BABAR (center)
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Figure 4: Feynman diagram
of the B0 → ΦK0

S decay
mode

Param BABAR Belle
Sππ 0.02 ± 0.34 ± 0.05 −1.23 ± 0.41(+0.05− 0.07)
Cππ −0.30 ± 0.25 ± 0.04 −0.77 ± 0.27 ± 0.08

Table 1: BABAR and Belle CP violation results for the ππ decay mode

the unexpected discovery of a new and intriguing particle with a mass of 2317MeV/c2[7] later
confirmed and studied by CLEO [8] and Belle[9][10] . This particle has been discovered in the
decay channel D+

s π
0. The left fig. 5 shows the signal of the new particle when Ds

+(1980) is
reconstructed in the channel D+

s → K+K−π+ ,where instead the plot on the right is obtained
combining π0 with D+

s (1980) coming from the decay into K+K−π+π0.

Figure 5: D+
s π

0 invariant mass ditribution

If the state is identified as a cs meson and the D+
s γ , D+

s ππ decay modes are absent then
spin and parity are consistent with 0+, in addition the isospin violation in the observed decay
mode is consistent with the measured small width of 8.6 + ±0.4MeV/c2.
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3 Future Plans

The PEPII team has plans for upgrading the luminosity of the machine in this decade from the
present peak value of about 5 × 1033cm−2s−1 to some units in 1034 .

A new interaction region with a small crossing angle of the beams is also planned for 2005.
It would allow a gain in the machine performance.

The machine upgrade plan has some very ambitious goals: integrate a luminosity of 0.5
ab−1 by the end of 2006 and between 1 and 2 ab−1 by the end of the decade. These increased
luminosity allows some easy projections on the Physics achievements, some simple extrapolation
on the precision measurement of sin 2β in golden modes with charmonium. After 2006 the
statistic error becomes comparable to the systematic, that will become hard to reduce below
0.018.

Of course there are some decay channel as b → sss , where , within the Standard Model
CKM, a time dependent asymmetry gives sin 2β as the charmonium channels (for example
B → ΨK0

S) . However penguin diagrams give contribution to decays and the loops in those
diagrams are sensitive to the presence of new physics, particularly clean to make comparison
with charmonium is the B → ΦK0

S
channel that is a very clean pure penguin amplitude. The

present BaBar measured value based on an integrated luminosity of 80 fb−1 is[11] : S =
sin 2β = −0.19+0.52

−0.50(stat.) ± 0.09(syst.).

CKM parameters BABAR Error(2 ab−1)
sin 2β(charmonium) 0.015stat/0.018syst
sin 2β(penguins b → sss) 0.10 stat
sin 2αeff (B

0 → π+π−) 0.06 stat
αeff − α(B0 → π0π0) < 10o

sin(2β − γ)(B0 → D∗π0π0 ) 0.15
γ (B → DK) 7o

|Vub| 1.4%+ Theor. Err.(now at best 10%)

Table 2: Projected errors with 2 ab−1

But in addition to the precise measurements on the CKM parameters we expect at the end
of the decade with a total 2 ab−1. The e+e− Bfactory is in fact an unique laboratory that allows
measurements with a pure B meson beam. Since at the Υ (4S) peak only pure BB mesons are
produced, once one of the two, let us say B, is completely reconstructed what remains in the
event (the recoil part) is a pure B. This method makes accessible channels with neutrinos
otherwise very problematic as in hadron machine experiments. The table 2 contains some
possible rare decays accessible with BaBar and the estimate number of events reconstructed
assuming a given Branching Fraction and a luminosity of 2 ab−1

It is quite evident the complementarity between programs of future experiments exploring
B sector at the hadron machines ( That includes for instance precision measurements involving
Bs ) and what achievable with a Bfactory at several inverse ab of integrated luminosity.
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Channel BF BABAR Statistics(2 ab−1)
b→ sγ 3.3 ± 0.3 × 10−4 44.0K

6.8KBtag
B → K∗γ 510−5 24.0K
B → ρ(ω)γ 2 × 10−6 1.2K
b→ sµ+µ− 6.0 ± 1.5 × 10−6 1.2K
b→ se+e− 1.4K
B → K∗µ+µ− 2.0 ± 1 × 10−6 0.5K
B → K∗e+e− 0.6K
b→ sνν 4.1 ± 0.9 × 10−5 30
B → K∗νν 5.0 × 10−6 6
B → τν 5 × 10−5 70
B → µν 5 × 10−7 35
τ → µγ < 10−8

Table 3: Projected statistics with 2 ab−1

4 Detector Upgrades

BABAR has evaluated possible improvements to the detector to allow the continuation of its
experimental program with a peak luminosity greater than 1034. The result of the evaluation is
that BABAR is a highly performing detector able to take data troughout this decade. The only
possible intervention can refer to the innermost (SVT) and to the outermost (IFR) subdetector.
SVT is 98% efficient. No effect of general degradation due to irradiation has been observed
so far. SVT components have been tested for radiation hardness up to 4 MRad and they
haven’t shown any relevant effect. Radiation tests and accurate measurement of the indicators
of damage, are still going on in our laboratories.

Figure 6: Silicon Vertex Tracker
mounted on the B1 magnets during the
2002 shutdown

Figure 7: Barrel RPSs efficiency as a
function of time since 1999

The possibility of replacement of some internal SVT modules laying on the horizontal plane
has been however considered to take place at earliest by 2005, meanwhile almost 50% of all
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modules of SVT have been built as spare and are sitting on the shelf. The major upgrade
intervention will in fact concern the IFR. In our present detector the sensor is made of bakelyte
Resistive Plate Chambers, that haven’ t demonstrated a sufficient robustness. Figure 7 shows
the degradation observed in the efficiency of RPC since the installation of the system in 1999.

Recently BABAR has taken the decision to replace the bakelite RPC of the IFR barrel with
chambers using more robust sensors (Limited StreamerTube) to increase the muon filtering
capability, of the system by adding more absorber with the insertion of brass slabs in some of
the gaps of the flux return of the magnet. Such intervention will take place in the down periods
of summer 2004 and 2005.
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Super B Factory Project at KEK

Masa Yamauchi
KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan

An upgrade plan of the KEKB asymmetric e+e− B factory is discussed. The target
luminosity is 1035/cm2/sec, which will enable us to accumulate more than 3000 fb−1 in
the first five years. Using the large data sample, precise measurements of the KM unitarity
triangle will be done as well as searches for new physics in rare B and τ decays.

1 Introduction

Two B factories in the world, KEKB at KEK and PEP-II at SLAC, have been operated
very successfully, allowing Belle and BaBar to record 100 million BB pairs each. Based on
those B decay samples, many important measurements of B decays have been done including
the discovery of CP violation in the neutral B meson system. Both B factories continue to
accumulate more B decays for more precise test of the Kobayashi-Maskawa scheme of CP
violation. At the same time, KEKB has a plan of upgrading the luminosity by one or two
orders of magnitude for even more precise test of the KM scheme and search for new physics
in B and τ decays. We discuss physics potential of the upgraded B factory with much higher
luminosity of 1035 to 1036, and the upgrade plan of the KEKB collider in this article.

The KEKB collider consists of the injection linac and two rings of 3 km circumference,
one for 8 GeV electrons and the other for 3.5 GeV positrons [1]. The center of mass energy
is 10.58 GeV, the mass of Υ (4S), which is boosted with βγ=0.425 by the energy asymmetry
between e+ and e−.

The most important achievement of KEKB collider is its high luminosity. KEKB has
achieved the world record of luminosity, 10.6×1033, which enables us to design the machine
upgrade to increase it to >1035.

The most important scientific result is, of course, the discovery of CP violation in BB
system, which strongly supports the conjecture based on the Kobayashi-Maskawa scheme of CP
violation [2]. The CP violating parameter, sin 2φ1 was obtained as 0.714±0.074±0.034, which
is in agreement with the Standard Model prediction as shown in the ρ − η plane (Fig.1) [3].
This discovery is not only an important scientific result, but also it has been demonstrated
by Belle and BaBar that the time dependent CP violation in BB system can be measured
with small systematic error at asymmetric e+e− B factories. This demonstration is also an
important achievement of the B factories.

It should be emphasized that the observation of FCNC process, b → s�+�−, is another
important achievement, because this will play an important role in search for new physics in
B decays [4]. Branching fractions, B(B → K�+�−, K∗�+�−) and B(B → Xs�

+�−) have been
measured by Belle and BaBar, and the invariant mass distributions of �+�− have been measured
for these decays.
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Figure 1: Constraint of sin 2φ1 expressed in ρ− η plane.

2 Physics Potential of Super B Factory

Measurements of the CKM unitarity triangle are the most fundamental measurements at B
factory experiment. The Vcb and Vub will be measured with a few percent and 5% precisions,
respectively, with 300 fb−1 that is a reach of the present B factories. The Vub measurement will
be improved to of the order of 1% with 3000 fb−1. However, the theoretical uncertainties in
these quantities are 5% and 10-20%, respectively. It is highly desired to improve them to below
5% to search for effects of new physics in the unitality triangle.

Similarly, the angles of the unitarity triangle will be measured precisely in the B factory
experiments. The sin 2φ1 will be measured with 0.04 error with 300 fb−1, which will be improved
to 0.01 with 3000 fb−1, which is already close to the theoretical uncertainty of 1%. The
measurement of CP asymmetry in B → π+π− will be measured accurately with 0.06 error with
3000 fb−1, but translation of this quantity to φ2 requires the isospin analysis, which will be done
with 7 degree error, if the bracnching fraction, B → π0π0, is 1×10−6. The measurement of φ3

can be made by various methods, which will be made with 3 to 5 degree error with 3000 fb−1.

As a consequence of these, the unitarity traiangle will be constrained precisely with 3000 fb−1

as shown in Fig.2, leading to a very precise test of the KM scheme of CP violation. It is obvious
that the higher luminosity B factory is useful for this purpose.

Next, several examples of searches for new physics with B decays are discussed. The first
example is CP violation in penguin decay. The b quark decays to sss through a penguin
diagram, with final states, φKS, ηKS and so on. Here the CP asymmetry in φKS and ηKS

must be identical to the one in J/ψKS in the Standard Model to a good approximation, because
there is no additional complex phase in the penguin graph of the Standard Model. However,
in the new physics, if new particles contributes in this loop having coupling constants with
new complex phase, it may change this relation. Belle measured these CP asymmetries in the
summer 2003 [5]. The CP asymmetry for φKS is −0.96 ± 0.50 ± 0.10, which is inconsistent
with sin 2φ1 measured in J/ψKS by 3.5σ. It is important to measure this quantity with higher
accuracy to confirm this inconsistency, which will indicate new physics. The error in φKS
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Figure 2: Expected precision of the measurements of the unitarity triangle with 300 and
3000 fb−1.
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Figure 3: The �+�− invariant mass distribution (left) and the forward-backward charge asym-
metry (right) expected in the Standard Model and in SUSY models. The points with errors in
right figure show the expected errors with 3000 fb−1 [6].

asymmetry will be 0.09 with 3000 fb−1 and 0.06 for ηKS, while the error for sin 2φ1 will be
0.01. Those measurements can also be made at e+e− asymmetric B factory.

The next example is to search for effects of SUSY particles in B to K(∗)�+�− decays. The b
quark decays to s�+�− through penguin diagram, where the intermediate state consists of two
heavy objects: top quark ad W boson in the Standard Model. If new physics contributes to
the penguin loop, it will change the amplitude of this decay, and therefore, the decay provides
a model independent probe for new physics.

Fig.3 shows the distribution of µ+µ− invariant mass in this process calculated by A.Ali [6].
The deviation from the Standard Model distribution is expected, if SUSY particles contribute
to the loop. The forward-backward charge asymmetry of this decay provides clearer signal of
new physics. The solid curve is the Standard Model prediction and the points with the error
bars show the expected errors with 3000 fb−1. SUSY particle contribution may change this
asymmetry depending on the SUSY parameters, which will be seen with 3000 fb−1.
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Figure 4: Theoretical calcuration of B(B → Dτν) normalized by B(B → Dµν) as a function
of mH and tanβ. [7]

The third example is a search for charged Higgs particle with tree decay. B decays toD(∗)µν,
which is one of the most well-known decay modes of B, and it also decays to D(∗)τν, where
charged Higgs contributes as well as W boson. The charged Higgs contribution to D(∗)µν is
very small because of the small muon mass. The advantages of this measurement are the large
branching fraction of the order of 1%, and that the uncertainty in the form factor will cancell
in part in the ratio, D(∗)τν to D(∗)µν (Fig.4) [7]. This ratio is caluculated in the Standard
Model to be approximately 0.6 with small error, which will be changed, if the charged Higgs
contributes, depending on it mass and coupling strength. The deviation from the Standard
Model prediction will be sizable even with 600 GeV charged Higgs, if tanβ=50.

It is also obvious that the higher luminosity B factory is very useful to search for new
physics, namely, new sourcs of the flavor mixing and CP violation.

3 Accelerator Upgrade

The parameters of the present KEKB collider and the upgrade plan are summerized in Table
1, where the beam current will be increased up to 9.4 A for LER to achieve 1035.

At present KEKB, the luminosity is limited by the photo-electron instability, which causes
a beam blow-up when the beam current is incresed further. This will be avoided by replacing
the entire vacuum chamber by the one with an antechamber (Fig.4) in solenoidal manetic
field. Synchrotron radiation hits the inner wall of the beampipe at the antechamber and photo-
electrons will not be attracted by the positron beam due to the solenoidal magnetic field. This
new beam pipe will reduce the photo-electron instability drastically, and will allow to increase
the beam current without blow-up of the beam.

In the upgraded KEKB, the energies of e+ and e− beams will be exchanged to ensure the
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Table 1: Parameters of the present KEKB and its upgrade plan.

Luminosity (/cm2/s) 1034 (now) 1035

Number of bunches 1223 5018
βy∗ (mm) 7 3
βx∗ (cm) 60 30
Beam-beam parameter 0.05 0.05
Bunch length (mm) 5.6 3.0
Horizontal emittance (nm) 18 33
Half crossing angle (mrad) 11 15
Vertical beam size at IP (µm) 2.6 2.5
HER current (A) 0.9 4.1
LER current (A) 1.5 9.4

Beam

SR

Cooling Water

Ante-chamber

Pump

Figure 5: A vacuum pipe with antechamber.

stability of the e+ beam, in other words, 8 GeV e+ and 3.5 GeV e−. The energy of the injector
linac has to be upgraded to accelerate e+ to 8 GeV, while the present 8 GeV injector accelerates
e− to 4.5 GeV using the first half of the linac to produce e+, which are accelerated to 3.5 GeV
using the second half of it. Also, the intensity of the beams of the injector have to be increased
to 5 nC (e+) and 1.2 nC (e−) per bunch to fill the KEKB ring in short enough time. For these
purposes, the injector will be upgraded as illustrated in Fig.6, where e+ will be cooled down in
the damping ring, and then, fed back to the beginning of the J-shaped linac.

4 Conclusions

An upgrade project of the KEKB asymmetric e+e− B factory is being considered. The target
luminosity is 1035 or higher, which will allow us to accumulate 3000 fb−1 in five years. This
Super KEKB is useful for precise measurements of CKM unitarity triangle and search for new
physics in B and τ decays. A detailed design of the accelerator is being done including the
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Figure 6: Upgrade plan of the injector linac for Super KEKB

vacuum chamber with an ante-chamber to suppress photo-electron instability, and upgrade of
the injector linac.
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Rare Decays of Tau Leptons: an Experimental Review

Jon Urheim
School of Physics and Astronomy,

University of Minnesota
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I review the current experimental situation with regard to searches for rare decays of
τ leptons. The recent progress in this area has been made by the BELLE and BaBar
collaborations thanks to their impressive datasets and detection capabilities, attention to
backgrounds, and careful statistical treatments of the data. After summarizing the present
status, the review concludes with look at the future prospects for these searches.

1 Introduction

The τ lepton offers unique possibilities for searches for physics beyond the Standard Model
(SM). By virtue of being a heavy lepton, neutrino-less decays to lighter charged leptons can be
probed experimentally. These transitions are typically “lepton flavor violating” (LFV). That
is, the additive quantum numbers (Le, Lµ, Lτ ) associated with the three lepton flavors are not
all conserved in these decays, in contrast with all observations of known interactions. Lepton
flavor conservation is not associated with a known symmetry, and thus remains an unexplained
aspect of the SM. In fact, LFV processes are natural features of many models for new physics.

By virtue of being the heaviest lepton, the τ has more LFV final states accessible than the
other leptons. On the other hand, searches for lepton flavor violation in rare decays of muons,
pions and kaons benefit by virtue that these particles can be produced in copious quantities.
However, it is possible that, for example, LFV interactions that involve third generation parti-
cles are more prevalent, enhanced perhaps by mass-dependent couplings. A recent exploration
of the constraints on the scale of new physics imposed by existing experimental limits on various
processes involving τ -µ flavor violation [1] demonstrates the sensitivities that can be attained
in searches for neutrino-less τ lepton decays.

In this talk, I report on recent experimental progress on rare τ lepton decays, focussing
on neutrino-less channels that are forbidden in the SM. Time limitations prevent me from
discussing the status of searches for SM-allowed, but highly-suppressed, channels (i.e., those
such as τ− → π−ηντ in which G-parity is not conserved) where new physics might also appear.

2 The Classic Decay τ− → µ−γ

The decay τ → µγ (see Fig. 1) is analogous to the µ → eγ decay that has been the subject of
a number of dedicated experiments. The current 90% CL upper limit on the branching ratio,
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µτ

γ

Figure 1: Feynman diagram for τ → µγ. Particles in the loop could include heavy neutrinos,
supersymmetric particles, heavy neutral bosons, etc.

B(µ → eγ) < 1.2 × 10−11 from the MEGA experiment [2], is already quite impressive and
future experiments are being planned [3]. Considering models with mass-dependent couplings,
comparable sensitivity to the new physics can be attained in τ → µγ at only the 10−6 − 10−8

level in branching fraction [4].

With τ -pair production in e+e− collisions, experimenters have two main kinematic handles
on τ → µγ. First, the reconstructed µγ invariant mass M(µγ) must equal the τ mass. Second,
the deviation ∆E = Eµ+Eγ −Ebeam where all quantities are evaluated in the e+e− CM frame,
must be consistent with zero. The latter condition holds only approximately with the presence
of initial state radiation (ISR). Additional requirements on the system recoiling against the µγ
system can be placed to ensure that the event is compatible with being due to τ -pair production.

Until recently, the most stringent limits on τ → µγ came from the CLEO-II experiment
operating at the Cornell Electron Storage Ring (CESR) at energies in the Υ energy region. An
analysis in 1992 [5] of 1.6 fb−1 of data (∼ 1.4 × 106 produced τ -pairs) yielded no candidate
events and a 90% CL upper limit of 4.2 × 10−6 on B(τ → µγ).

This analysis was most recently updated in 1999 [6] with a sample of Nττ ∼ 12.6 million
τ -pairs, which yielded a limit of B(τ → µγ) < 1.1× 10−6, while six events were observed in the
signal region in the ∆E −M(µγ) plane, consistent with 5.5± 0.5 expected background events.
The improvement in the limit at a rate faster than 1/

√
Nττ despite the presence of background

was facilitated by the use of an extended unbinned maximum likelihood fit (a “cut-and-count”
analysis yielded a limit of 1.8 × 10−6).

In the past year, BaBar and Belle have investigated this decay, both with considerably larger
data samples. From the CLEO experience, the immediate question is whether τ → µγ isn’t
already background-limited. The two main background sources are (1) radiative µ-pair events
(e+e− → µ+µ−γ), and (2) τ -pair events in which one τ decays to the common µνν final state.
In the latter case, a radiative photon can be emitted in the decay, and thus, if the neutrinos
are soft enough, one is left with the same kinematics as in τ → µγ decay. Alternately, the
muon from τ → µνν can be combined with an ISR photon. The τ backgrounds tend to give
∆E values less than zero, while the µµγ background can yield ∆E values greater than zero.

The preliminary BaBar analysis [7], presented at ICHEP and at the Tau Lepton Workshop
in summer 2002, is based on a sample of 56 million τ -pairs. A fully “blind” analysis was
carried out, with signal and background control regions excluded from the determination of
selection criteria. With careful attention to suppression of the µµγ background, the total
residual background was estimated based on extrapolation from sideband regions in the data
to be 7.8 ± 1.4 events, with an acceptance for τ → µγ decays of (5.2 ± 0.5) % (the acceptance
for the CLEO cut-and-count analysis of ∼ 12.7%). The background estimation method was
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validated by Monte Carlo simulations of background processes, as well as through comparisons
of estimated yields in sideband regions with observed yields.

The final event sample from the BaBar analysis is shown in the left plot in Fig. 2. The
signal region contains 13 events, a yield higher than, but consistent with, the background
estimation. The 90% CL upper limit on the τ → µγ yield of 11.5 events leads to a limit
B(τ → µγ) < 2.0× 10−6, actually less stringent than the CLEO limit. This is due to the lower
detection efficiency and the apparent upward fluctuation in the background.
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Figure 2: Left plot: Final sample of selected events in the BaBar τ → µγ analysis, plotted as
MEC(µγ) vs. ∆E, where MEC(µγ) is the beam energy constrained µγ mass. The τ → µγ signal
region is indicated by the distorted ellipse. Right plot: The corresponding selected sample from
Belle, plotted as ∆E vs. M(µγ) (the ‘raw’ µγ mass). The boxes represent the distribution from
τ → µγ Monte Carlo events, and the signal region is indicated by the ellipse. The different
orientations of the ellipses in the two plots reflects the different correlations of the two variants
of µγ mass with ∆E for signal events.

A preliminary Belle analysis [8] of τ → µγ, based on Nττ = 29.7 million, was also presented
at the Tau 2002 Workshop. The final event sample is shown as the right plot in Fig. 2. This
analysis lacked some of the nice features of the BaBar analysis, namely the ‘blind’ approach
and the attention to suppression of the µµγ backgrounds. On the other hand, careful studies
of the backgrounds, including the use of identified µµγ events in the data to estimate this
background, and a higher detection efficiency (9.0%) are strong elements of the Belle analysis.

Unlike BaBar, the Belle analysis was not ‘unlucky’ with regard to the observed yield in the
signal region: one candidate event is observed while the background expectation was 2.5 ± 0.6
events. This leads to an upper limit on the τ → µγ yield of 4.1 events and B(τ → µγ) < 6×10−7,
a considerable improvement over the CLEO limit.

Since this conference, Belle has presented an updated analysis [9], based on 86.3 fb−1 (Nττ ∼
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79 million). In this update, Belle has adopted a blind analysis approach similar to that of BaBar,
and also employs a likelihood analysis similar to that of CLEO. In an enlarged signal region
(a box of dimension ±3σ in both M(µγ) and ∆E), 19 events are observed with an expected
background of 20.2. The result is B(τ → µγ) < 3.2 × 10−7.

3 Searches for Other Neutrino-less Decays

Other neutrino-less channels of the type τ → 3 leptons (illustrated in Fig. 3) and τ →
e/µ+hadrons are also of great interest, potentially being sensitive to different interactions
than τ → µγ. Like τ → µγ these violate separate lepton number conservation, and in some
cases (such as τ− → e+π−π−) fail to conserve total lepton number. The decays τ → 3 leptons
are analogous to µ → eee, while the decays with hadrons are analogous to LFV decays of kaons
as well as µ → e conversion in a nuclear field, for all of which stringent limits exist [10].

τ
e

X
e

e

Figure 3: Possible diagram for τ → eee, mediated by a heavy neutral boson X.

Prior to the asymmetric B-factories, the most sensitive searches for many (∼ 32) neutrino-
less decay modes of the types described above had been carried out by CLEO [11, 12] yielding
typical branching fraction limits in the range 1 − 8 × 10−6. Belle has presented preliminary
results [13] on eight channels based on 48.6 fb−1 of data, the results for which are shown in
Table 1. Since this conference, Belle has also presented results [14] on the decay τ → µη,
motivated by the suggestion [15] that the rate for this channel might be enhanced relative to
other LFV τ decays. The 90% CL limit obtained is B(τ → µη) < 3.4 × 10−7.

4 Summary

The experimental search for τ lepton decays decays forbidden in the Standard Model continues
to be an active area of research. The present scene is dominated by the B-factories, in particular
by preliminary results from Belle where impressive sensitivities at the few ×10−7 level have
already been attained. We can expect steady progress from both BaBar and Belle in the
coming years. However, several points are worth noting:

• The τ → µγ decay suffers serious background issues. With the hope that the two exper-
iments will increase their data samples by at least a factor of five over the next several
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Decay Mode CLEO limit [11, 12] BELLE limit [13]
(Preliminary)

e−e+e− 2.9 × 10−6 2.7 × 10−7

µ−µ+µ− 1.9 × 10−6 3.8 × 10−7

e−µ+µ− 1.8 × 10−6 3.1 × 10−7

µ−e+e− 1.7 × 10−6 2.4 × 10−7

e+µ−µ− 1.5 × 10−6 3.2 × 10−7

µ+e−e− 1.5 × 10−6 2.8 × 10−7

e−K0
s 9.5 × 10−7 2.9 × 10−7

µ−K0
s 9.5 × 10−7 2.7 × 10−7

Table 1: The 90% C.L. upper limits on branching fractions for τ lepton decays to the final
states shown.

years, additional work will be needed if the sensitivity for this decay is to reach below the
10−7 level.

• The importance of a ‘blind’ analysis approach cannot be overstated, particularly in the
situation where there are many decay modes being explored. I found it interesting to note
that in the Belle analyses [8, 13] where such an approach was not used, the observed yields,
summed over related channels, were consistently lower than the background expectations.
For example, in the τ → 3 leptons samples the total number of events in each signal region
was zero while the summed background expectation was 1.7±0.6 events. In the τ → KS+
lepton analysis, zero events were observed while 3.7± 0.7 were expected. Together, these
results appear to be improbable, and so one’s confidence in the integrity of the reported
limits might have been buoyed had a blind approach been employed.

The question of the future beyond the current B-factory era is a more uncertain one. Sub-
stantial upgrades to the existing facilities to “super-B-factory” status are being considered,
however the prospects for further progress in rare τ decays is not clear in light of the back-
ground issues. Detector and data analysis strategy issues are paramount in understanding these
prospects.

Rare τ decay studies have so far come ‘for free’ as part of the larger program of heavy quark
and lepton physics accessible with high-luminosity e+e− colliders. A dedicated rare τ decay
experiment may have to be considered, as already has been done in the case of rare muon and
kaon decay searches, if significant progress is to continue.

367



Jon Urheim Rare Decays of Tau Leptons: an Experimental Review

References

[1] D. Black, T. Han, H.-J. He, and M. Sher, Phys. Rev. D66, 053002 (2002).

[2] MEGA Collaboration, M. L. Brooks et al., Phys. Rev. Lett. 83, 1521 (1999).

[3] See MEG Experiment web site: http://meg.web.psi.ch/.

[4] For a discussion of interesting theoretical prospects for τ → µγ, see R. Kitano, presentation
at CIPANP 2003, Conference on the Intersections of Particle and Nuclear Physics, New
York, May 2003.

[5] CLEO Collaboration, A. Bean et al., Phys. Rev. Lett. 70, 138 (1993).

[6] CLEO Collaboration, S. Ahmed et al., Phys. Rev. D61, 071101 (2000).

[7] C. Brown, presentation at the Seventh International Workshop on Tau Lepton Physics,
Santa Cruz, Sept. 2002, arXiv:hep-ex/0212009.

[8] K. Inami, T. Hokuue, and T. Ohshima, presentation at the Seventh International Workshop
on Tau Lepton Physics, Santa Cruz, Sept. 2002, arXiv:hep-ex/0210036.

[9] BELLE Collaboration, K. Abe et al., BELLE-CONF-0329.

[10] For a summary as well as a discussion of the planned MECO µ→ e conversion Experiment,
see P. Yamin, presentation at CIPANP 2003, Conference on the Intersections of Particle
and Nuclear Physics, New York, May 2003,
http://meco.ps.uci.edu/presentations/2003 presentations/yamin cipanp03.pdf.

[11] CLEO Collaboration, D. Bliss et al., Phys. Rev. D57, 5903 (1998).

[12] CLEO Collaboration, S. Chen et al., Phys. Rev. D66, 071101 (2002).

[13] Y. Yusa, T. Hayashii, T. Nagamine, and A. Yamaguchi, presentation at the Seventh Inter-
national Workshop on Tau Lepton Physics, Santa Cruz, Sept. 2002, arXiv:hep-ex/0211017.

[14] BELLE Collaboration, K. Abe et al., BELLE-CONF-0330.

[15] M. Sher, Phys. Rev. D66, 057301 (2002).

368



Top: Latest Results From the Tevatron -
Cross Section and Mass

Mircea Coca
University of Rochester

Department of Physics and Astronomy
Rochester, NY, 14627, USA

The Tevatron is presently the world’s only source of top quark production. This presen-
tation summarizes the latest Run II results on top physics obtained by the CDF and DØ
collaborations, using data taken until mid-January 2003. The first cross section measure-
ments at 1.96 TeV in dilepton and lepton+jets channels agree with the NLO (Next-to-
Leading-Order) theoretical predictions. Two top mass measurements, one by CDF using
Run II data and another by DØ using an improved technique anticipate the improvements
to come in the near future.

1 Introduction

The top quark was discovered at the Tevatron by the Fermilab CDF and DØ collaborations
in 1995 [1, 2]. At the current Tevatron energies (ECM = 1.96 TeV), top quarks are produced
mainly in pairs through the strong force mediated processes qq → tt (85%) and gg → tt (15%).
The single top mechanism involves the electroweak production of a single top via the Wtb
vertex, with about half the strong production cross section and much larger backgrounds. The
single top mode was not observed in Run I and it is one of the goals of Run II.

Within the Standard Model (SM) framework the top quark decays almost always into a W
and b quark. Therefore the decay modes of a tt pair are classified based on how the W decays
into three distinctive event topologies: a dilepton final state when both W bosons decay lepton-
ically, with two high-pT isolated leptons, two jets and large �ET 1, due to undetected neutrinos;
a lepton+jets final state when one W boson decays hadronically, the other leptonically, with
a high-pT lepton, four jets and large �ET ; and an all-jets state with both W bosons decaying
hadronically, consisting of six jets. While the dilepton channel is the cleanest, it amounts to
only 5 % of the total tt sample 2, whereas the all-jets channel has a branching ratio of 44%,
but suffers from large backgrounds. The lepton+jets state, accounting for 30% of events, is the
best compromise between purity and statistics.

1The missing energy �ET is energy imbalance in the transverse plane to the beam direction.
2By leptons we mean electrons or muons, which are directly reconstructed, taus are not considered in this

paper.
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2 The Tevatron collider and the detectors in Run II

For Run II the Fermilab accelerator complex underwent a major upgrade. As a result the
Tevatron operates at a higher energy ECM=1.96 TeV, with a bunch spacing of 396 ns and higher
instantaneous luminosities than in Run I. By mid-January 2003, the Tevatron had delivered
about 150 pb−1 of data, with typical instantaneous initial luminosities of 3-4 x 1031cm−2s−1.
This dataset provides the basis for the results presented here.

The CDF and DØ detectors underwent extensive upgrades for Run II. While the central
calorimeter, the solenoid and part of the muon system are inherited from Run I, all the other
CDF detectors are entirely new. There is a new tracking system made of three silicon detectors
(L00, SVX and ISL) and a central drift chamber (COT). Also the new plug calorimeter and
extended muon coverage allow CDF to extend the lepton identification in the forward regions.
The DØ detector has a new inner tracking which consists of a silicon microvertex tracker
surrounded by a scintillating fiber tracker inside a new 2 T superconducting solenoid. DØ also
has an improved muon detector and new preshower detectors. Both CDF and DØ have new
DAQ and trigger systems to cope with the shorter interbunch time.

3 Top Production Cross Section Measurements

By measuring the tt production cross section σtt in many channels we can test the prediction of
perturbative QCD in greater detail. Also the cross sections are benchmark measurements and
they are sensitive to new physics beyond the SM. It is also crucial to understand top behavior
very well given it is an important background in Higgs searches.

3.1 σtt measurements in the dilepton channel

There are two types of background processes that could mimic a top dilepton signature: physical
processes such as Drell-Yan (Z∗/γ→e+e−, µ+µ−), Z0→τ+τ−, W+W−/W±Z0 and processes
with a real lepton and a jet or a track that fakes a second lepton.

Dilepton event selection begins with 2 high-PT (PT > 20 GeV/c) leptons (e or µ) oppositely
charged. Both leptons are required to be well isolated from nearby calorimeter activity, greatly
reducing Wbb and bb background contamination; in these processes the leptons are produced by
semileptonic heavy flavors decays. We reject the dielectron and dimuon events with the dilepton
invariant mass, Mee or Mµµ in the interval 76 − 106 GeV/c2, mainly to reduce Z0→�+�−X
background. DØ separates tt from Z’s in this window by demanding larger �ET than in the
region outside.

Large �ET ( �ET > 25 GeV) is required due to the two undetected neutrinos from W decays. In
addition CDF requires that ∆φ( �ET , � or j) > 200 if |�ET | < 50 GeV 3 to eliminate instrumental
contributions to the �ET due to mismeasured energies of lepton or jets and also to reduce the
background due to Z→ τ+τ− (see Figure 1 left).

Each b-quark fragments and hadronizes generating a collinear shower of hadrons known
as a jet. We require at least two highly energetic jets in each event. They are much harder

3∆φ(�ET , � or j) is the azimuthal angle between −→�ET and the nearest lepton or jet.
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(typically about 50 GeV) than the soft jets originating from initial state QCD radiation. Finally,
we require that HT

4 be large. The results from CDF and DØ are summarized in Tables 1 and
2. In Run I we observed few events with improbable large �ET or lepton PT based on the SM
expectations. The current limited number of events does not show the same behavior (Fig 1).
However larger datasets are needed to draw any conclusion.
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Figure 1: Left: the 5 CDF tt dilepton candidates observed in 72 pb−1 are shown in the plane
∆φ( �ET , nearest � or j) versus �ET in comparison with Monte Carlo (MC) Herwig tt. Right:
the highest lepton PT vs the second highest lepton PT are shown for the 5 CDF candidates
compared with the MC Herwig tt.

Source ee µµ eµ ��
Backgrounds 0.103±0.056 0.093±0.054 0.100±0.037 0.30±0.12
Expected tt→�ν�b�

′
ν�′b 0.47±0.05 0.59±0.07 1.44±0.16 2.5±0.3

Data 1 1 3 5

Table 1: Run II CDF results in the tt dilepton channel for a data sample of 72 pb−1

3.2 σtt measurements in the lepton+jets channel

The event selection consists of two phases: both CDF and DØ start with a preselected sample
of events with a high-PT , isolated lepton and large �ET . Cosmic rays, photon conversions, Drell-
Yan and tt dilepton candidate events are removed. The second phase of the selection reduces
further the background, and depending on the approach chosen, we differentiate three analyses:
a CDF analysis which relies on the identification of a b-jet using the displaced secondary vertex
(SECVTX) of a b-jet due to the long lifetime of a b quark, a DØ topological analysis, which

4HT is the scalar sum of transverse energies of reconstructed objects in an event
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Source ee µµ eµ
L(pb−1) 48.2 42.6 33.0
Backgrounds 1.00±0.49 0.60±0.30 0.07±0.01
Expected tt→�ν�b�

′
ν�′b 0.25±0.02 0.30±0.04 0.50±0.01

Data 4 2 1

Table 2: Run II DØ results in the tt dilepton channel. Luminosities in each channel are shown
in the table.

requires four or more energetic jets in the event and a second DØ analysis which requires at
least a b-jet tagged using a Soft Muon Tag (SMT).

The CDF Secondary Vertex Tag analysis selects the events with one e or µ with PT >
20 GeV/c, �ET > 20 GeV and at least 3 high ET jets. To further increase the signal-to-
background ratio, CDF uses the silicon detector to identify the b-quark displaced vertices. A
jet is b-tagged if it contains a secondary vertex with at least two charged tracks and Lxy

σxy
> 3

5. Typical displacement Lxy is about 3 mm, while σxy is about 150 µm. The efficiency for
identifying at least one of the b quarks from tt decays is (45 ±1± 4) %. The mistags from
light quarks and gluon jets are evaluated using the negative rate of Lxy extracted from inclusive
jet data and applied to W+ multijets data. The W/Z+heavy flavor (g→bb, cc) background is
evaluated from W+ multijets data, the b tag rate and the flavor composition in W+ multijets
events. The non-W background is evaluated from W+multijets data by extrapolation from a
low isolation, small �ET region to the signal region (see results in Table 3).

Source W+1jet W+2jets W+3jets W≥4jets
Background 33.8±5.0 16.4±2.4 2.88±0.05 0.87±0.2
SM Background plus tt 34.0±5.0 18.7±2.4 7.4±1.4 7.6±2.0
Data before tagging 4913 768 99 26
Data (≥1b-tag) 31 26 7 8

Table 3: Run II CDF results in the tt lepton plus jets analysis with displaced vertex b-tagging.
The sample luminosity is 57.5 pb−1.

The DØ topological analysis does not make use of b-tagging. A data sample enriched
with W events is first preselected by demanding an e or µ with PT > 20 GeV/c, �ET >
20 GeV . Then, the QCD background is evaluated from data for each jet multiplicity. The
W + ≥4 jets background is estimated using the Berends empirical scaling law [3]. To further
reduce background the topological cuts are applied: at least four energetic jets and large values
of HT and A 6 are required (see results in Table 4).

5Lxy is the distance in the transverse plane to the beam direction, between the secondary and the primary
vertex. σxy is the resolution in the determination of Lxy.

6The aplanarity A measures the relative activity perpendicular to the plane of maximum activity; it is a

372



Mircea Coca Top: Latest Results From the Tevatron - Cross Section and Mass

The DØ Soft Muon Tag analysis has the same preselection as the topological analysis. The
topological requirements on HT and A are looser and at least 3 high-ET jets are required.
Background is highly reduced by asking for one low momentum µ in a jet. This µ is coming
from the semileptonic b decays (see results in Table 5).

Channel All BG Exp Signal Nobs L(pb−1)
e+jets 2.7±0.6 1.8 4 49.5
µ+jets 2.7±1.1 2.4 4 40

Table 4: Run II DØ results in the tt lepton plus jets topologic analysis

Channel All BG Exp Signal Nobs L(pb−1)
e+jets 0.2±0.1 0.5 2 49.5
µ+jets 0.7±0.4 0.8 0 40

Table 5: Run II DØ results in the tt lepton plus jets Soft Muon Tag analysis

Summary of Top Cross Section Measurements

The tt production cross sections in pp collisions at
√
s = 1.96 TeV has been determined based

on the number of observed tt candidates in a given channel, the estimated background, the
integrated luminosity L and the tt acceptance A for a top mass of 175 GeV/c2 :

σtt =
Nobs −Nbkg

A · ∫ L . (1)

We obtain the following Run II results:

• CDF dilepton channels: σtt = 13.2 ± 5.9(stat) ± 1.5(sys) ± 0.8(lum) pb.

• CDF lepton plus jets channels: σtt = 5.3 ± 1.9(stat) ± 0.8(sys) ± 0.3(lum) pb.

• DØ dilepton channels: σtt = 29.9+21.0
−15.7(stat)

+14.1
−6.1 (sys) ± 3.0(lum) pb.

• DØ lepton plus jets channels: σtt = 5.8+4.3
−3.4(stat)

+4.1
−2.6(sys) ± 0.6(lum) pb.

• DØ all combined channels: σtt = 8.5+4.5
−3.6(stat)

+6.3
−3.5(sys) ± 0.8(lum) pb.

All results are in agreement with the NLO prediction: 6.70+0.71
−0.88 pb [4].

4 Top Mass Measurements

Radiative corrections to the W-boson mass relates the W-boson mass with the top quark mass
and Higgs boson mass. Precise measurements of the top mass together with W-boson mass
provide an indirect constraint on the SM Higgs boson mass.

measure of the flatness of the event, larger values of A correspond to spherical events.
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4.1 CDF Run II Top Mass in the Lepton+jets Channel

The events are selected as for the CDF cross section measurement in the lepton+jets channel,
except that at least 4 high-ET jets are required to compensate for the fact that no b-tagging is
used.

For each event there are up to 24 solutions compatible with the tt lepton+jets decay hypoth-
esis. 12 corresponds to different assignments of jets to primary partons. For each of these there
are up to 2 solutions for the longitudinal momentum of the neutrino pνz. Energy-momentum
conservation at production and decay vertices together with additional constraints such as mt

= mt, theoretical value of Γt, PDG values of MW and ΓW provide a system of 20 constraints
with 18 unknowns. A 2-C fit is used to determine the top mass and pνz. Out of the many
possible solutions for an event, the one with the minimum χ2 is chosen as the best top mass
estimate.

Mass templates are generated for top masses from 150 to 200 GeV/c2 with a 5 GeV/c2

steps. To extract the top mass and the statistical uncertainty a continuous likelihood is used.
Using a data sample of 72 pb−1, 33 events pass all the selection cuts, with an estimated 13

background events. Assuming these events are tt lepton+jets, their mass is reconstructed (Fig
2a) and fitted to a distribution of tt and W+jets templates. The constrained fit returned a
mass Mtop=171.2 ±+14.4

−12.5(stat) ±+9.9
−9.9(syst) GeV/c2.

The systematic uncertainty is quite large and is mainly dominated by the uncertainty on
the jet energy scale, which is around 9.3 GeV. This will be reduced once a better understanding
of the calorimeter is achieved (Run I uncertainty was 4.4 GeV). By using silicon detector to
tag at least a b-jet and by lowering the PT to 8 GeV for the fourth jet CDF obtained a sample
of 11 events with 1 background event in a sample of 57.5 pb−1. This is a 3 times increase in
S/B when requiring at least a b-tag. The mass distribution for these events (Fig 2b) is very
promising and a result will be available in the summer.
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4.2 DØ improved Run I top mass measurement in the lepton+jets

channel

The standard method DØ used in Run I to measure the top mass in the lepton+jet channel was
similar with the one used recently by CDF (Section 4.1). As we mentioned for an event there
could be up to 24 solutions when no b-jets are tagged. This method has some drawbacks. Out
of all these solutions few of them could have acceptable χ2, but we keep only the one with the
smallest χ2. In many cases this might not be correct one. The number of wrong assignments
reduces when extra knowledge like tagging a b-jet or more is used.

DØ has developed a likelihood method proposed by Kondo et al [5]. Each event has asso-
ciated a probability to be signal Ptop or background Pbck. The probability for background is
defined purely in terms of the matrix element contained in VECBOS. The only background
considered is W+4 jets (80 % of total background), the other backgrounds being negligible.
The signal probability uses the leading-order matrix element for the tt production and decay,
therefore only events with 4 jets are considered. Each probability is convoluted with a transfer
function which relates objects at the parton level to the objects observed (after reconstruction)
in the detector.

For this measurement 125 pb−1 of data taken in Run I by DØ is used. Out of the 91 events
selected and used by the previous analyses, only 77 are kept after requiring exactly four jets.
To further reduce the background only the events with a low Pbck are further selected (Fig. 1 a,
left). The remaining 22 events are used in a global likelihood fit (Fig. 1 a and b, right) to extract
a top mass Mtop = 180.1 ± 3.6 (stat) ± 4.0 (syst) GeV/c2. The previous best measurement
published by DØ was Mtop = 173.3 ± 5.6 (stat) ± 5.5 (syst) GeV/c2. The reduction in the
statistical uncertainty corresponds to an increase by a factor of 2.4 in statistics. This is mainly
due to the fact that all the right combinations enter in the final likelihood fit. The systematic
error is dominated by the jet energy scale uncertainty and there are studies underway trying to
reduce it. One can fit the W mass (Fig. 1 c and d) at the same time as top mass. This might
help to better constrain the jet energy scale so as to reproduce the W mass very precisely.

5 Summary and Prospects

Top Physics in Run II, still in an early stage, is getting close to the precision achieved in
Run I and has great future potential. The benchmark measurements were reestablished and
many improvements are underway (better detector understanding, increase of the b-tagging
efficiencies, inclusion of the forward leptons into analyses). We are enthusiastic about the top
physics prospects at the Tevatron until the first LHC results and we will be able to test the
SM to even greater precision in the next few years.

Using the first 2 fb−1 we should measure the top quark mass to at least 2 % precision and
the total cross section to less than 7 % precision. In addition, we should observe single top and
measure its production cross section with 20 % uncertainty. Also we will be able to search for
new physics such as non-SM tt production, non-SM decays of top quark or supersymmetry.
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Figure 3: DØ Run I Mass Measurement. Left: a) Background probability distribution; shaded
histograms correspond to background and signal events; the events with Pbck are rejected. b)
Ratio Ptop/(Pbck+ Ptop) shows the discriminating power of the method. Right: a) and b) -
ln(likelihood) shows the fitted top mass value and its uncertainty. c) and d) -ln(likelihood)
shows the fitted W mass value when the top mass is fixed to its fitted value.
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After a short presentation of the neutrino mass-mixing parameters, the core of the paper
will be devoted to the recent experimental results from SNO, KamLAND and K2K. As a
conclusion, I will discuss possible CP violation measurements with neutrinos.

1 Neutrino Oscillations Physics

Neutrino oscillations in vacuum would arise if neutrinos were massive and mixed [1] similar
to what happen in the quark sector. If neutrinos have masses, the weak eigenstates, να (α =
e, µ, τ, ...), produced in a weak interaction are, in general, linear combinations of the mass
eigenstates νi (i = 1, 2, 3, ....).

In the simpler case of two-family mixing, one has:(
να
νβ

)
=

(
cos θ sin θ
− sin θ cos θ

)(
ν1

ν2

)
. (1)

Starting from a flavor eigenstate |να〉, the probability for detecting a state 〈νβ| at a distance L
is given by:

P (να → νβ) = sin2 2θ sin2 (p1 − p2)L

2
� sin2 2θ sin2

(
κ

∆m2
12L

E

)
. (2)

In (2) κ is 1/4 in natural units (h̄ = c = 1) or 1.27 in practical units : energy in GeV, the
distance in km and the mass difference squared in eV2.

In the three-family scenario, the general relation between the flavor eigenstates να and the
mass eigenstates νi is given by the 3x3 mixing matrix V = UA, where the matrix A contains
the Majorana phases

A =

⎛⎜⎝ eiα 0 0
0 eiβ 0
0 0 1

⎞⎟⎠ (3)

that are not observable in oscillation experiments, and U is the PMNS matrix [1, 2], which is
usually parameterized by [3]

U =

⎛⎜⎝ Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

⎞⎟⎠ =

⎛⎜⎝ c12c13 s12c13 s13e
−iδ

−s12c23 − c12s13s23e
iδ c12c23 − s12s13s23e

iδ c13s23

s12s23 − c12s13c23e
iδ −c12s23 − s12s13c23e

iδ c13c23

⎞⎟⎠ (4)
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Figure 1: Representation of the rotation between the
flavor and mass neutrino eigenstates.

where, for the sake of brevity, we write
sij ≡ sin θij , cij ≡ cos θij . The relations
between mass and flavor eigenstates can
be visualized as rotations in a three-
dimensional space, with the angles de-
fined as in Fig. 1. With a derivation
analogous to the two-family case, the os-
cillation probability for neutrinos reads

P (να → νβ) =
∑
jk

Jαβjke
−i∆m2

jk
L/2E (5)

where Jαβjk = UβjU
∗
βkU

∗
αjUαk.

For anti-neutrinos, the probability is obtained with the substitution Jαβjk → J∗
αβjk. As Jαβjk

is not real in general, due to the phase δ, neutrino and anti-neutrino oscillation probabilities
are different, and therefore CP is violated in the neutrino mixing sector.

As an example, the full oscillation probability for the oscillation νµ → νe is:

P (νe → νµ) = P (νµ → νe) =

4c213[sin
2 ∆23s

2
12s

2
13s

2
23 + c212(sin

2 ∆13s
2
13s

2
23 + sin2 ∆12s

2
12(1 − (1 + s2

13)s
2
23))]

+
1

4
|J̃ | cos δ[cos 2∆13 − cos 2∆23 − 2 cos 2θ12 sin2 ∆12]

− 1

4
|J̃ | sin δ[sin 2∆12 − sin 2∆13 + sin 2∆23], (6)

where we have used the notation ∆jk ≡ ∆m2
jkL/4E and the complex Jarlskog determinant

J̃ [4]

J̃ = c13 sin 2θ12 sin 2θ13 sin 2θ23e
iδ.

Oscillations in a three-generation scenario are consequently described by six independent
parameters: two mass differences (∆m2

12 and ∆m2
23), three Euler angles (θ12, θ23 and θ13)

and one CP-violating phase δ. The present experimental knowledge on neutrino oscillation
parameters indicates ∆m2

12 ≡ ∆m2
sol � ∆m2

23 ≡ ∆m2
atm and small values for θ13 [5], so that νe

or νµ disappearance experiments can be safely analyzed in the two families formalism.

This formalism has to be modified for neutrino propagation through matter. Because matter
contains electrons and no µ or τ , the electron neutrino is singled out, having charged-current
interactions with electrons in addition to the neutral-current interactions. This is the so-called
MSW matter effect [6].
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2 New results in solar neutrinos

Electron neutrino are produced in the sun through fusion reactions, leading to the production
of 4He, 4p →4 He + 2e+ + 2νe + 27MeV. Expected solar neutrino fluxes are given on fig. 2
according to the Standard Solar Model (SSM) [7] for the various branches of the production
mechanism.

Figure 2: Solar neutrino fluxes from the SSM.

Flux×10−10 Error
(cm−2s−1)

pp 5.96 ± 1%
pep 1.410−2 ± 1.5%
hep 9.310−7 ±?%
7Be 4.8210−1 ± 10%
8B 5.0510−4 +20

−16 %

Above 5 MeV, which is the threshold for
water Cerenkov detectors, like SuperK or
SNO, one expects ≈ 5 × 106cm−2s−1 νe
(mainly 8B) from the sun.

The so-called solar neutrino
problem (SNP) is summarized
on fig. 3 where neutrino fluxes
measured by the pre-SNO so-
lar neutrino experiments are
compared with the SSM pre-
dictions [8]. All experiments
(radiochemical [9],[10],[11] for
which the neutrino fluxes are
expressed in Solar Neutrino
Units (1SNU ≡ 10−36 neutrino
captures target atoms−1s−1), or
water Cerenkov [12, 13], fluxes
normalized to the SSM predic-
tion) see a clear deficit of solar
neutrinos. Figure 3: The solar neutrino problem [8].
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Figure 4: Oscillation parameters allowed regions before
SNO and KamLAND [14].

Interpreting these results in terms of
oscillation of νe to νµ − ντ defines
four regions in the plane ∆m2−tan2 θ
(fig. 4, ”solar” part.):

• three regions obtained by an-
alyzing these data including
matter effects [6] : small mix-
ing angle (SMA), large mixing
angle (LMA), and low (LOW)
∆m2;

• and one for pure oscillation in
vacuum (VAC).

Note however that those pre-SNO ex-
periments were almost only sensitive
to νe.

Experiment reaction sensitivity
νe + 37Cl

Homestake → νe
37Ar + e−

Gallex νe +71 Ga
& → νe

Sage 71Ge+ e−

νx + e−
SuperK → νe + 0.15

νx + e− (νµ + ντ )

2.1 The SNO experiment

The SNO detector [15] was indeed designed to be equally sensitive to the three neutrino flavors
and check if the solar neutrino deficit could be explained by νe transformation into νµ,ντ . SNO
is a one kt D2O Cerenkov detector located at Sudbury (Canada). Thanks to the presence of
deuterium, this detector can measure

• the Neutral Current (NC) reaction νx + d → νx + p + n, followed by a neutron capture
n+ d→ t+ γ(6.3MeV ), this reaction has precisely the same cross-section for νe, νµ, ντ ;

• the Charged Current (CC) reaction νe + d→ νe + p+ p, in addition to

• the elastic scattering (ES) reaction νe + e− → νe + e−, the ”standard” process used by
SuperK to detect solar neutrinos.
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With 306 live days (11-1999 to 5-2001), SNO [15] has recorded ≈ 2800 neutrino events. As-
suming that the neutrino spectrum shape follows the SSM prediction, the NC, CC and ES
events can be separated (fig. 5). The SNO collaboration has measured 1967.7+61.9

−60.9 CC events,
263.6+26.4

−25.6 ES events, and 576.5+49.5
−48.9 NC events. Translated into fluxes, these events yield to

ΦCC = (1.76 ± 0.05 ± 0.09) × 106cm−2s−1 = Φνe ,

ΦES = (2.39 +0.24
−0.23 ± 0.12) × 106cm−2s−1 = Φνe + 0.15

(
Φνµ + Φντ

)
,

ΦNC = (5.09 +0.44
−0.43

+0.46
−0.43) × 106cm−2s−1 = Φνe + Φνµ + Φντ ,

from which it easy to extract the νe and νµ-ντ fluxes

Φνe = (1.76 ± 0.05 ± 0.09) × 106cm−2s−1;

Φνe−ντ = (3.41 ± 0.45 +0.48
−0.45) × 106cm−2s−1.
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Figure 5: Distribution of cos θsun and electron kinetic energy, compared with NC, ES, CC Monte
Carlo predictions assuming SSM neutrino spectrum shape.

One can thus conclude that

• SNO is an appearance experiment, their data yield a νe − ντ flux 5.3 σ above zero;

• the total neutrino flux measured by SNO, Φνe+Φνµ +Φντ = (5.09 +0.44
−0.43

+0.46
−0.43)×106cm−2s−1,

is in good agreement with the SSM prediction, Φ
8B
SSM = (5.05 +1.01

−0.81) × 106cm−2s−1.

The impact of these data on the neutrino parameters allowed region (fig. 4, ”solar” part.)
is simple, only the LMA solution remains at 95%CL :(

2 × 10−5 ≤ ∆m2(eV 2) ≤ 2 × 10−4
)

;
(
0.2 ≤ tan2 θ ≤ 0.7

)
.

The collaboration is now analyzing the data taken since may 2001 with two tons of salt added
to the heavy water in order to raise the NC neutron capture efficiency : n +35 Cl →36 Cl +
Σγ(8.6MeV ). Preliminary results are expected during the summer. This fall, 3He proportional
counters will be deployed in the heavy water tank allowing the detection of the NC breakup of
the deuteron on an event by event basis.
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2.2 The KamLAND experiment

KamLAND [17] is a nuclear reactor anti-neutrino disappearance experiment designed to study
the Solar Neutrino Problem with ”man” made (anti-)neutrinos. Located in the former Kamio-
kande site in the Kamioka mine, it consists of one kt (again) of liquid scintillator contained in
a 13 meters diameter balloon. Anti-neutrinos are detected via the coincidence of the prompt
signal from the positron annihilation produced by the CC reaction ν+p→ e++n, and a delayed
signal from the neutron capture on hydrogen n+ p→ d+ γ(2.2MeV ). The νe flux seen by the
KamLAND detector is dominated by a few reactors located at a mean distance of 180 km. 79%
of the flux arises from 26 reactors within a distance range 138-214 km, opening the possibility to
measure, for some sub-regions of the LMA parameters (typically 10−5 ≤ ∆m2(eV 2) ≤ 4×10−5),
an energy spectrum distorsion of the νe, in addition to a flux reduction.
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Figure 6: Prompt and delayed energy
distribution.

The published data correspond to 7 months of data taking
(03-2002 to 09-2000). Defining a window around the 2.2
MeV delayed signal (see fig. 6) and setting the prompt en-
ergy threshold at 2.6 MeV to get rid of the geo-neutrinos,
result in Nobs = 54 observed νe candidates. The back-
ground is estimated to be NBG = 0.95 ± 0.99 events,
mainly originating from radioactive spallation products
that are (β+delayed neutron) emitters, like 8He and
9Li. The corresponding reactor νe events expected with-
out oscillation is Nexp = 86.8 ± 5.6.

There is thus a clear deficit of νe events, Nobs−NBG

Nexp
= 0.611± 0.085± 0.041. The probability

that this result be compatible with a no disappearance hypothesis is only 0.05% (4.1 σ).

The positron energy, Ee = Eprompt − me, obtained
from the measured prompt signal, allows the estima-
tion of the anti-neutrino energy via

Eνe = (Ee + ∆)

[
1 +

Ee
Mp

]
+

∆2 −m2
e

2Mp
,

where ∆ is the neutron-proton mass difference. The
corresponding Eprompt spectrum is plotted on fig. 7.
For comparison, the expected spectrum without os-
cillation, including contribution from the 238U and
232Th geo-neutrinos, is also given. This spectrum is
consistent at the 93 % C.L with a distorted shape
with oscillation parameters sin2 2θ = 1 and ∆m2 =
6.9×10−5eV 2, but a renormalized no-oscillation shape
also agrees with the data at 53 % CL.
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ters after KamLAND first results.

The KamLAND data define at 95 % CL two sub-
regions in the LMA sector (fig. 8)

5.8 × 10−5 ≤ ∆m2(eV 2) ≤ 9.1 × 10−5 (I),

6.4 × 10−4 ≤ ∆m2(eV 2) ≤ 2.0 × 10−4 (II),

with a best fit point at ∆m2 = 6.9 × 10−5eV 2.
KamLAND is currently accumulating more statistics.
After 5 years of data taking they expect to constrain
the LMA sub-regions within (at 95 % CL.)

6.4 × 10−5 ≤ ∆m2(eV 2) ≤ 7.2 × 10−5 (I)

1.3 × 10−4 ≤ ∆m2(eV 2) ≤ 1.5 × 10−4 (II)

2.3 Solar neutrino conclusions

SNO and Kamland have demonstrated that neutrino oscillation with LMA parameters is likely
to be the solution to the solar neutrino problem. We are entering the precision era in the
determination of the parameters governing the neutrino flavor evolution, and more data are
expected from SNO (soon), KamLAND and SuperK-II. To conclude this section, let me quote
what was writing G. Fogli [18] in a recent paper, published soon after the Nobel prize was
awarded to Davis and Koshiba : ”The year 2002 is likely to be remembered as the annus
mirabilis of solar neutrino physics.”

3 New results in atmospheric neutrinos

The allowed parameter region for νµ → νx oscillation (fig. 4, ”atmospheric” part.) is mainly
constrained by the SuperK atmospherics neutrinos zenith distribution data [19], which have
established in 1998 that neutrinos are massive 1. The new results in this sector comes from the
K2K experiment [22], a long (250 km) baseline (LBL) νµ disappearance experiment between
KeK and SuperK [23]. Again, K2K was designed with the goal of testing the oscillation of
atmospheric neutrinos with ”human” made neutrinos. Taking the central value of the allowed
SuperK parameter region, ∆m2 = 2.6 × 10−3eV 2, the disappearance would be maximum for
1 GeV νµ at a distance of 374 km, not so far from the actual KeK-SuperK distance. The K2K
collaboration has put a lot of effort on the prediction of the neutrino spectrum that would be
measured at SuperK without oscillation.

1Waiting that the Miniboone [21] experiment cross-checks the LSND results [20], I will forget the LSND
claim of evidence of neutrino oscillation at high ∆m2 ≈ 0.2 − 10eV 2
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A 1 kt (again !) water Cerenkov de-
tector (KT), a ”mini” SuperK, located
280 meters after the end of the decay
tunnel, allows the measurement of the
νµ flux before any significant oscilla-
tion has started. In SuperK the en-
ergy of the νµ is extracted for single
ring µ-like events from the muon angle
and momentum measurements assum-
ing CC quasi-elastic (QE) scattering :

Eν
rec =

MNEν −m2
µ/2

MN − (Eν − pµ cos θµ)
.

The ratio between QE and non QE
CC neutrino cross sections in H2O has
thus to be constrained as precisely as
possible.
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Figure 9: muon momentum and angle distribution from
νµ events as measured by the K2K front detectors: KT
and FGD, compared to the MC prediction. The shaded
area represents the MC predicted QE fraction.

A 6 tons fine grained detector (FGD) consisting of scintillating fibers layers interleaving wa-
ter target tanks and located just downstream the KT detector allows to measure the QE/nonQE
ratio and to determine the neutrino energy spectrum for high energy events (pµ ≤ 1GeV ). The
low energy part of the spectrum is measured by the KT detector (fig. 9). The expected neu-

trino energy spectrum at SuperK, without oscillation,
[
dN
dEν

rec

]SK
is thus computed from the

neutrino energy spectrum measured by the near detectors
[
dN
dEν

rec

]ND
extrapolated to SuperK

via a ”Far-Near” transfer function F
N

, determined from a full Monte Carlo simulation, including
the QE/nonQE ratio measured by the FGD:

[
dN

dEν
rec

]SK
=
F

N

[
dN

dEν
rec

]ND
.

The published data were taken from June 1999 to July 2001, just before the SuperK accident
and corresponds to (5 × 1019POT ). Nobs = 56 νµ events have been measured in SK with an
accidental background estimated to be NBG < 10−3 events. The expected νµ events without
oscillation is Nexp = 80.1 +6.2

−5.4. Again, there is a clear deficit of νµ events

Nobs −NBG

Nexp
= 0.70 ± 0.09 +0.054

−0.047.

The probability that this result be compatible with a no disappearance hypothesis is 1% (2.8 σ).
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the best fit oscillation analysis (red curve).

The energy spectrum for the 29 single ring
µ-like events of the 56 νµ events seen in Su-
perK is plotted on fig. 10. The data are
compatible (KS test at 79% CL) with an
oscillation hypothesis with(

∆m2 = 2.8 × 10−3eV 2; sin2 2θ = 1
)
.

The impact of K2K on the neutrino mass-
mixing parameters has been analyzed in
a recent paper by Fogli [24]. At 90%
CL, the mass bounds evolve from ∆m2 =
(2.6 +1.2

−0.7)×10−3eV 2, without K2K to ∆m2 =
(2.6 +0.7

−0.7)×10−3eV 2; whereas the bounds on
sin2 2θ are entirely dominated by SuperK.
K2K is thus confirming the atmospheric
neutrinos oscillation with man made neu-
trinos.
The experiment has resumed data taking
early this year after the partial SuperK re-
construction and should reach the 3.5σ level
in 2005 (10 × 1019POT ).

The atmospheric precision era should start with the launching of the US LBL MINOS [25]
experiment early 2005.

4 Opening the road toward a measurement of neutrino

CP violation ?

After these exciting results, several neutrino properties are still to be determined :

1. What is the mass hierarchy ?

2. What is the mass of the lightest neutrino ?

3. Are neutrinos Majorana particles ? and in case of a positive answer, what are the values
of the Majorana CP phases ?

4. What is the value of the Dirac CP phase δ ?

There are numerous projects to improve our knowledge on all these questions, but since this
talk was given at a conference devoted to CP physics, I will, as a conclusion, focus on the
experimental paths to determine the Dirac CP phase.
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The golden experiment to measure the Dirac CP phase would be an asymmetry measurement
between the appearance probability P (νµ → νe) and P (νµ → νe) or reciprocally between the
appearance probability P (νe → νµ) and P (νe → νµ).

For example in the νµ → νe case, at the atmospheric oscillation maximum (∆23 = π/2) this
asymmetry reads (using Eq. 6 with θ23 = π/4 and θ13 � 1)

ACP ≈ P (νµ → νe) − P (νµ → νe)

P (νµ → νe) + P (νµ → νe)
≈ sin δ

sin 2θ12
sin θ13

sin ∆12..

This type of experiment could in principle be performed with a neutrino factory [26], a neutrino
superbeam [27] or a neutrino beta beam [28]. But the number of events being proportional
to sin2 2θ13 and ACP ∝ 1/ sin θ13, it is important first to better constrain the value of θ13, for
which only the CHOOZ [5] upper limit θ13 < 10o is available. In practice, it is considered that
such an experiment would be possible for θ13 > 0.5o.

The JHF-ν [29] collaboration is currently designing a third generation LBL experiment
to improve this limit at the 2.3o level after 5 years of running. The experiment will use the
50 GeV, 0.75 MW proton synchrotron JPARC (140× KeK PS) under construction in Japan on
the JAERI site at Tokai. Like K2K, SuperK will be used as the far detector, and the experiment
is expected to start data taking early 2008. A few years later2, we will know if the road toward
a measurement of neutrino CP violation is practicable or not...
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Flavour and CP Violation in the Lepton Sector
and New Physics

Stéphane Lavignac
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CH-1211 Genève 23, Switzerland1

We give a pedagogical review of flavour and CP violation in the lepton sector, with a
particular emphasis on new physics – and in particular supersymmetric – contributions to
flavour and CP violating observables involving leptons.

1 Introduction

In the quark sector, the only source of flavour and CP violation, in the Standard Model, is
the CKM matrix. A number of observables, mainly in the K and B meson sectors, allow to
constrain the mixing angles and the phase of this matrix and to check the consistency of the
CKM picture. If there is new physics beyond the Standard Model, new sources of flavour and CP
violation are generally present. Their contributions to flavour and CP violating processes may
lead to observable deviations from the Standard Model predictions. A well-known example of
this is the explanation of the possible discrepancy between SJ/ΨKS

and SΦKS
by supersymmetric

loop contributions to B → ΦKS [1], while B → J/ΨKS is dominated by the Standard Model
tree-level contribution.

The situation in the lepton sector is very different. The only experimental evidence for
flavour violation comes from neutrino oscillations. These imply the existence of a non-trivial
lepton mixing matrix, the so-called PMNS (Pontecorvo-Maki-Nakagawa-Sakata) [2] matrix U ,
which is the analogue of the CKM matrix for leptons. This non-trivial mixing matrix induces
in turn lepton flavour violating (LFV) processes like µ → eγ, µ → 3 e or K0

L → µe, and, if it
contains nonzero CP-violating phases, dipole electric moments for charged leptons. Due to the
smallness of the neutrino masses, however, the corresponding observables are negligibly small
and unaccessible to experiments. For example, the branching ratio for µ → eγ is suppressed
by (mνi

/MW )4 [3]:

BR (µ→ eγ) =
3α

32π

∣∣∣∣∣∑
i

U∗
µiUei

m2
νi

M2
W

∣∣∣∣∣
2

. (1)

For mνi
< 1eV, one obtains BR (µ → eγ) < 10−48, well below the present experimental upper

limit. As for charged lepton electric dipole moments (EDMs), in the absence of CP-violating
phases in the PMNS matrix, they are induced by δCKM beyond the 3-loop level [4], which gives
de < 10−38 e.cm [5], well below the present experimental limit. If the PMNS matrix contains

1Permanent address: Service de Physique Théorique, CEA-Saclay, F-91191 Gif-sur-Yvette Cédex, France.
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CP-violating phases, again the EDMs of charged leptons arise at the multiloop level and are
unobservably small.

It follows from these considerations that the observation of any flavour violating process in
the lepton sector other than neutrino oscillations, or the measurement of charged lepton EDMs,
would be a direct signature of new physics2. This is a strong difference with the quark sector,
in which new physics contributions come in addition to the Standard Model ones.

We have summarized in Table 1 the current upper limits on some LFV processes and on
the charged lepton EDMs, as well as the expected improvement in the experimental sensitivity.
“SM prediction” refers to the prediction of the Standard Model with Dirac neutrinos. There
are many other observables of interest, such as K0

L → µe, K+ → π+µ−e+, the rates of µ − e
conversion in nuclei, or the CP asymmetries in LFV decays of taus and muons.

2 CP violation in neutrino oscillations

Let us first write the standard parametrization of the PMNS matrix:

U =

⎛⎜⎝ c13c12 c13s12 s13 e
−iδ

−c23s12 − s13s23c12 e
iδ c23c12 − s13s23s12 e

iδ c13s23

s23s12 − s13c23c12 e
iδ −s23c12 − s13c23s12 e

iδ c13c23

⎞⎟⎠ × P , (2)

where P = 1 for Dirac neutrinos, and P = Diag (1, eiΦ2 , ei(Φ3+δ)) for Majorana neutrinos. This
reflects the fact that, in the case of Dirac neutrinos, the PMNS matrix can be parametrized by
3 angles and 1 CP-violating phase δ, exactly like the CKM matrix. In the case of Majorana
neutrinos, the PMNS matrix contains 2 additional CP-violating phases Φ2 and Φ3 [6, 7] which
play a rôle in neutrinoless double beta decay [7] (for recent discussions, see e.g. Refs. [8]).

The only source of information we have so far on the PMNS matrix are neutrino oscillation
experiments, which also constrain the squared mass differences ∆m2

ij ≡ m2
νi
−m2

νj
. θ23 and ∆m2

32

(resp. θ12 and ∆m2
21) are associated with oscillations of atmospheric (resp. solar) neutrinos;

both have been found to be large, and possibly maximal for θ23. The third angle θ13 has
not been measured yet, but is constrained to be smaller than the Cabibbo angle by nuclear
reactor experiments [9]. A recent 3-neutrino fit [10] of all available oscilation data [11] gives
the following allowed ranges of parameters at the 1σ (3σ) confidence level3:

(1.5) 2.2 < ∆m2
32/10−3 eV2 < 3.0 (3.3) , (3)

(0.45) 0.75 < tan2 θ23 < 1.3 (2.3) , (4)

(5.4) 6.7 < ∆m2
21/10−5 eV2 < 7.7(10) and (14) < ∆m2

21/10−5 eV2 < (19) , (5)

(0.29) 0.39 < tan2 θ12 < 0.51 (0.82) , (6)

sin2 θ13 < 0.02 (0.052) . (7)

2New physics could also play a subdominant rôle in neutrino oscillations.
3Since then, the SNO collaboration has published new neutral current data which strongly disfavour the

high ∆m2
21 region [12].
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SM
observable prediction present experimental limit future expected limit

BR (µ → eγ) < 10−48 1.2 × 10−11 [MEGA] 10−14 (PSI)
10−15 (ν factories)

BR (τ → µγ) < 10−48 5.0 × 10−7 [Belle] 10−8 (B factories)
BR (τ → eγ) < 10−48 2.7 × 10−6 [CLEO] 10−8 (B factories)
BR (µ → eee) < 10−50 1.0 × 10−12 [SINDRUM] 10−16 (ν factories)
BR (τ → µµµ) < 10−51 8.7 × 10−7 [Belle] ?
de (e.cm) < 10−38 1.6 × 10−27 (Regan 02) 10−32 (nucl-ex/0109014)
dµ (e.cm) < 10−35 dµ = (3.7 ± 3.4) × 10−18 (Bailey 78) 10−24 (BNL)

5 × 10−26 (ν factories)
dτ (e.cm) < 10−34 −2.2 < Re(dτ) < 4.5 (10−17)

−2.5 < Im(dτ ) < 0.8 (10−17) [Belle] ?

Table 1: Current experimental limits on some flavour and CP violating observables in the
lepton sector.

The mixing pattern in the lepton sector is very different from the quark sector, which has only
small mixing angles, but the mass hierarchy is much less pronounced in the neutrino sector
than in the up and down quark sectors.

CP is violated in neutrino oscillations if oscillation probabilities are different for neutrinos
and antineutrinos of the same flavour, i.e. Pνα→νβ

�= Pνα→νβ
for any two lepton flavours α and

β [13]. The oscillation probabilities in vacuum depend on the entries of the PMNS matrix Uαi,
on the mass squared differences ∆m2

ij and on the ratio L/E, where E is the neutrino energy
and L the distance travelled by the neutrino between the production and detection points. For
any two distinct neutrino flavours α and β:

Pνα→νβ(να→νβ) = − 4
∑
i<j

Re
(
UαiU

�
βiU

�
αjUβj

)
sin2

(
∆m2

jiL

4E

)

± 2J

[
sin

(
∆m2

21L

4E

)
+ sin

(
∆m2

32L

4E

)
− sin

(
∆m2

31L

4E

)]
, (8)

where the last term is CP-odd and takes a minus sign for να → νβ and (α, β, γ) (with γ �= α, β)
an even permutation of (e, µ, τ), and a plus sign for να → νβ and (α, β, γ) an even permutation
of (e, µ, τ). J is the Jarlskog invariant [14] associated with the PMNS matrix:

J ≡ Im
(
Ue2U

�
µ2U

�
e3Uµ3

)
=

1

8
cos θ13 sin 2θ23 sin 2θ13 sin 2θ12 sin δ . (9)

We immediately see that the Majorana phases Φ2 and Φ3 drop from the oscillation formulae, so
that CP violation in oscillations probes only the ”CKM-like” phase δ [6, 7]. Using the hierarchy
∆m2

21 � ∆m2
32, one can write:

Pνα→νβ
− Pνα→νβ

� ± 8J

(
∆m2

21L

2E

)
sin2

(
∆m2

31L

4E

)
, (10)
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with a minus sign for the “golden channel” νe → νµ. Like in the quark sector, CP viola-
tion effects are proportional to the Jarlskog invariant J , which is itself proportional to sin δ
and sin θ13. We also see that the CP asymmetry in neutrino oscillations is proportional to
∆m2

21L/2E. The conditions for observing CP violation effects in oscillations are therefore the
following: (i) ∆m2

21 and θ12 should be large, which we know is the case since the KamLAND
experiment has identified the so-called LMA (Large Mixing Angle) solution, characterized by
both a large θ12 and a high ∆m2

21, as the origin of the solar neutrino deficit observed on the
Earth; (ii) θ13 should not be too small; (iv) the CP-violating phase δ should be large; and (v)
the baseline should be long enough so that subdominant oscillations, which are governed by
the solar squared mass difference, can develop.

The best experimental conditions for observing CP violation in oscillations would be pro-
vided by a neutrino beam produced from muon decays at a neutrino factory, and a very long
baseline (typically 3000 km or 7000 km). For such large distances, matter effects [15] – which
induce an apparent CP asymmetry, due to the fact that matter effects are different for neutri-
nos and antineutrinos – must be taken into account. Another, less ambitious option is to use
neutrino superbeams (which could be produced by JHF in Japan, NuMI in Fermilab or the
SPL at CERN). These beams are characterized by a lower energy and therefore allow for CP
violation searches on shorter baselines (resp. 130, 300 and 730 km). The SPL superbeam could
be used in combination with a “beta beam”. For a review on these projects, see e.g. Ref. [16].

3 Lepton flavour violating processes

As already mentioned in the introduction, LFV processes are unobservable in the Standard
Model with Dirac neutrinos, and more generally if the only source of flavour violation at low
energy is the PMNS matrix. On the other hand, most extensions of the Standard Model include
new sources of flavour violation (and of CP violation) which, depending on the case, may be
related to the mechanism responsible for neutrino masses or not. Let us mention, as examples of
such extensions, models in which Majorana neutrino masses are generated radiatively or through
couplings to an SU(2)L Higgs triplet, supersymmetric extensions of the Standard Model with
or without a seesaw mechanism, and supersymmetric Grand Unified Theories (GUTs). In the
following, we discuss lepton flavour violation in models with radiative generation of neutrino
masses and in supersymmetric extensions of the Standard Model.

3.1 Models with radiative generation of neutrino masses

In this subsection, we consider models in which neutrino masses are generated at the quantum
level by non-standard interactions of the neutrinos. These interactions necessarily violate lepton
flavour and therefore induce LFV processes, generally at much larger a rate than the PMNS
matrix itself, although they may still be too weak to be observable.

The prototype of models with radiative generation of neutrino masses, the Zee model [17],
is now excluded by solar neutrino experiments. We could consider more sophisticated models
that pass all experimental data; however this would only complicate our discussion of LFV
processes, and we prefer to stick to the Zee model. This model has two identical Higgs doublets
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H , H ′ and a charged Higgs SU(2)L singlet h+, which couples to two lepton doublets with
antisymmetrized SU(2)L indices:

fαβ
(
νTLαCeLβ − eTLαCνLβ

)
h+ + h.c. , (11)

where C is the charge conjugation matrix, and the couplings fαβ = −fβα are antisymmetric,
hence flavour violating. Neutrinos are strictly massless at the tree level, but (Majorana) neu-
trino masses are induced by the fαβ couplings at the one-loop level. The one-loop neutrino
mass matrix has the following structure:

Mν = m

⎛⎜⎝ 0 a b
a 0 c
b c 0

⎞⎟⎠ , (12)

where a = feµ(
mµ

mτ
)2, b = feτ and c = fµτ , and the mass scale m depends on the physical charged

Higgs boson masses and mixing angles. This structure implies a very large solar mixing angle,

tan2 θ12 = 1 − ∆m2
21

2∆m2
32

≈ 0.98, which is now excluded by solar neutrino data (see Eq. (6)). As

mentioned above, the fαβ couplings induce LFV processes at the one-loop level; in particular
the branching ratio for µ → eγ is found to be [18]:

BR (µ→ eγ) =
α

48π

(
feτfµτ

M
2
GF

)2

, (13)

whereM is a function of the physical charged Higgs boson masses, andGF is the Fermi constant.
For values of the parameters relevant for neutrino masses, e.g. fαβ ∼ 10−5 and M ∼ 1 TeV,
one typically finds BR (µ → eγ) ∼ (10−25 − 10−30). This is well above the contribution of
the PMNS matrix itself, although still orders of magnitude below the experimental limit. The
reason is that small neutrino masses require small values of fαβ/M . A similar conclusion holds
for models in which neutrino Majorana masses are generated from Yukawa couplings involving
an SU(2)L Higgs triplet [19]; however, one can play with the value of the triplet vev so as to
increase the value of the flavour violating Yukawa couplings.

There are many other models which realize the idea of generating neutrino masses through
loop diagrams, and may lead to larger branching ratios for LFV processes. Let us just mention
an interesting possibility that arises within supersymmetric extensions of the Standard Model
without R-parity [20], a discrete symmetry usually imposed in order to forbid dangerous baryon
number and lepton number violating couplings. In these theories, lepton number violating cou-
plings4 such as λijkẽjLekRνiL and λ′ijkd̃jLdkRνiL, where ẽL and d̃L are the supersymmetric scalar
partners of the left-handed charged leptons and down quarks, respectively, induce (Majorana)
neutrino masses at the one-loop level [21] and can lead to a viable mass and mixing pattern.
They also contribute to a number of LFV processes [21] which could well be accessible ex-
perimentally, such as µ → eγ, µ → eee and µ − e conversion in nuclei (see e.g. Ref. [22]).
The phenomenology of supersymmetry without R-parity is actually very rich and signatures at
high-energy colliders are also expected if R-parity violation is responsible for neutrino masses.

4Since the simultaneous presence of baryon number and lepton number violating couplings could lead to an
unacceptably short proton lifetime, we assume baryon number conservation.
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3.2 Supersymmetric extensions of the Standard Model

In supersymmetric extensions of the Standard Model like the MSSM (Minimal Supersymmetric
Standard Model), new sources of lepton flavour violation, and of CP violation, can be present
in the slepton (the supersymmetric scalar partners of the leptons) sector. Indeed, while at the
supersymmetric level sleptons and leptons are degenerate in mass, supersymmetry breaking
generates new contributions to the slepton mass matrices of the form:

(m2
L̃
)αβ L̃

†
αL̃β + (m2

ẽ)αβ ẽ
†
RαẽRβ +

(
Aeαβvd ẽ

†
RαẽLβ + h.c.

)
, (14)

where L̃Tα = (ν̃Lα ẽLα) (resp. ẽRα) is the supersymmetric partner of the lepton doublet LTα =
(νLα eLα) (resp. of the lepton singlet eRα), m

2
L̃

and m2
ẽ are 3×3 hermitean mass matrices, Aeαβ is

a 3×3 complex matrix, and vd is the vev of Hd, the Higgs doublet which couples to down quarks
and charged leptons in the MSSM. The last term in Eq. (14) mixes ”left” and ”right” states
and is known as A-term. Since the mechanism responsible for supersymmetry breaking is not
known, the soft supersymmetry breaking parameters m2

L̃
, m2

ẽ and Aeαβ are arbitrary matrices
in flavour space. In particular, they need not be diagonal in the flavour basis defined by
the charged lepton mass eigenstates, and this results in flavour violating couplings of sleptons
to leptons and charginos/neutralinos (mass eigenstate combinations of the supersymmetric
partners of the gauge and Higgs bosons), such as ẽ+µ−χ̃0 or ν̃e µ

−χ̃+. These couplings induce
large contributions to LFV processes [23], potentially above the present experimental limit.

In practice, one often works in the mass insertion approximation [24], which allows to relate
the rates for LFV processes to the off-diagonal entries of the slepton mass matrices5:

δLLαβ ≡
(m2

L̃
)αβ

m2
L

, δRRαβ ≡ (m2
ẽ)αβ
m2
R

, δRLαβ ≡
Aeαβvd

mRmL
, δLRαβ ≡ δRL�βα , (α �= β) (15)

where m2
L (resp. m2

R) is the average left (resp. right) slepton mass. For instance, the branching
ratio for µ→ eγ is given by, at leading order [25, 26]:

BR (µ→ eγ) =
3πα3

4G2
F cos4 θW

{∣∣∣fLL δLL12 + fLR δ
LR
12

∣∣∣2 +
∣∣∣fRR δRR12 + f �LR δ

LR�
21

∣∣∣2} tan2 β , (16)

where fLL, fRR and fLR are functions of the superpartner masses and of the ratio of the vevs of
the two MSSM Higgs doublets, tan β =<H0

u>/<H
0
d>. For moderate and large values of tanβ,

say tan β > 10, BR (µ → eγ) approximately scales as tan2 β, unless |δLR12(21)| � |δLL12 |, |δRR12 |.
From the present experimental limit on BR (µ → eγ), one can extract upper bounds on the
δ12’s as functions of the supersymmetric parameters. This is illustrated in Fig. 1, in which
mSUGRA relations between the soft terms, i.e. universality relations at the Planck scale,
have been assumed. We can see that the δ12’s are constrained to be rather small, unless the
supersymmetric partners are very heavy [27]. The upper bounds on the δ23’s and δ13’s, which
come from the present experimental limit on BR (τ → µγ) and BR (τ → eγ), respectively,

5The mass insertion approximation consists in expanding the off-diagonal slepton propagators around the
diagonal, treating the off-diagonal entries of the slepton mass matrices as small perturbations. Here the lepton
basis is the mass eigenstate basis, and the slepton basis is such that the slepton-lepton-chargino (-neutralino)
couplings are diagonal, so that all lepton flavour violation is encapsulated in the δ’s.

396
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Figure 1: Upper bounds on |δLL12 | tan β10
, |δRR12 | tanβ

10
and |δLR12,21| as functions of the average right

slepton mass mR and of the bino (supersymmetric partner of the hypercharge gauge boson)
mass M1. The light (dark) grey region is unphysical (excluded by cosmology). From Ref. [26].

are significantly weaker, though quite stringent. This shows that supersymmetry can lead
to observable LFV processes, but their rates are controlled by the mechanism responsible for
supersymmetry breaking rather than by the parameters associated with neutrino masses. The
requirement that the corresponding rates are below the experimental limits actually constitutes
a strong constraint on supersymmetry breaking.

Interestingly, the above conclusion can be evaded if the mechanism responsible for super-
symmetry breaking is flavour-blind, as might be necessary in order to satisfy all constraints
from quark and lepton flavour violating processes. If neutrino masses are generated from the
seesaw mechanism [28], the LFV rates are then controlled by the seesaw parameters [29], as we
discuss now. In the seesaw mechanism, the smallness of neutrino masses naturally arises from
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the couplings of the ordinary LH neutrinos to heavy Majorana RH neutrinos:

YkαNRkLαHu +
1

2
(MR)klN

T
RkCNRl + h.c. , (17)

where Y is the Dirac mass matrix and MR the RH neutrino Majorana mass matrix. At low
energy, the effective light neutrino mass matrix is given by (from now on, we work in the bases
in which both MR and the charged lepton mass matrix Me are diagonal):

Mν = −Y TM−1
R Y = U� Diag(mν1 , mν2, mν3)U

† . (18)

For Dirac couplings of order one, mν3 �
√

∆m2
atm is obtained for right-handed neutrino masses

of the order of 5×1014 GeV, remarkably close to the scale at which gauge couplings unify in the
MSSM (2 × 1016 GeV). Now if at some high scale MU > MR the soft supersymmetry breaking
masses are universal in the slepton sector:

(m2
L̃
)αβ = (m2

ẽ)αβ = m2
0 δαβ , Aeαβ = A0 Y

e
αβ , (19)

the Dirac couplings Ykα, which violate lepton flavour, will induce flavour off-diagonal entries
through loops of heavy RH neutrinos. One thus obtains, at low energy:

(m2
L̃)αβ � − 3m2

0 + A2
0

8π2
Cαβ , (m2

ẽ)αβ � 0 , Aeαβ � − 3

8π2
A0yeαCαβ , (20)

where the coefficients Cαβ ≡ ∑
k Y

�
kαYkβ ln(MU/Mk) encapsulate the dependence on the seesaw

parameters. Putting back Eq. (20) into Eqs. (15) and (16), one sees that BR (µ→ eγ) ∝ |C12|2,
BR (τ → µγ) ∝ |C23|2 and so on. Fig. 2 shows the upper bound on |C12| associated with the
present experimental limit on BR (µ → eγ), and the upper bound on |C23| that would be
obtained if the experimental limit on BR (τ → µγ) were improved by 3 orders of magnitude.

Since the neutrino mass matrixMν and the coefficients Cαβ depend on different combinations
of the seesaw parameters, it is not possible to relate the rates of LFV processes to the observed
values of neutrino masses and mixing angles. Rather experimental limits on LFV processes can
be used to discriminate between different classes of seesaw models. In particular, in models in
which the heaviest right-handed neutrino contributes significantly to the atmospheric neutrino
mass scale, the relation |C23| ∼ |Y33|2 ln(MU/M3) holds. Assuming that Y33 is of order one, as
happens e.g. in SO(10) Grand Unified Theories, this implies that BR (τ → µγ) > 10−9 over
a large portion of the MSSM parameter space [30]. Therefore, if the experimental sensitivity
reaches 10−9 and still τ → µγ is not observed, this class of models will be disfavoured over
most of the MSSM parameter space. As for µ → eγ, its branching ratio is generally predicted
to be large in supersymmetric seesaw models (see e.g. Refs. [25, 31]), with good chances of
being detected in forthcoming experiments, but it is much more model-dependent [30].

4 Dipole electric moments (EDMs) of charged leptons

While charged lepton EDMs arise only at the multiloop level in the Standard Model, and are out
of reach of foreseen experiments, they are generated at the one-loop level in its supersymmetric
extensions [32] and can have much larger values. One can distinguish between two types of
contributions:
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Figure 2: Upper bounds on |C23| and |C12| associated with, respectively, BR (τ → µγ) < 10−9

and BR (µ → eγ) < 10−11, as functions of the average right slepton mass mẽR
and of the bino

mass M1, for tanβ = 10 and A0 = m0. From Ref. [30].

• flavour conserving contributions from phases in flavour diagonal parameters, i.e. the
A-terms and the supersymmetric Higgs mass parameter µ;

• flavour violating contributions from phases in the δ’s (off-diagonal entries of the slepton
mass matrices).

At present, only the experimental limit on the electron EDM yields significant constraints on
these phases, but future experiments may be sensistive to values of the muon EDM that are
typically expected in supersymmetric models.

The flavour conserving contributions are proportional either to Im(Ai − µ tanβ)mei
or to

Im(µ) tanβ mei
. Unless there is a strong hierarchy among the Ai, it follows that the charged

lepton EDMs approximately satisfy the scaling relation di ∝ mei
, where di is the EDM of

the ith charged lepton, and mei
is its mass. The experimental limit on the electron EDM,

|de| < 1.6 × 10−27 (90 % C.L.) [33], strongly constrains the phase of the µ parameter (see
Fig. 3), while the constraint on ImAe is much weaker. Note that the upper bound on sin Φµ

cannot be relaxed by lowering the value of |µ|, since the latter is constrained by the condition of
electroweak symmetry breaking. The present experimental limits on dµ and dτ do not yield any
significant constraint on sin Φµ and ImAµ,τ . Moreover, the scaling relation di ∝ mei

, together
with the experimental limit on the electron EDM, implies a strong upper bound on the muon
EDM, which is smaller by 7 orders of magnitude than the present experimental limit and lies
below the sensitivity of the planned BNL experiment [34]:

dµ|th(FC) <
mµ

me

de|exp = 3 × 10−25 e.cm . (21)

This fact is illustrated in Fig. 3, where the upper bound on sin Φµ that would correspond to
a limit of 10−25 e.cm on the muon EDM (right) is compared with the upper bound obtained
from the present experimental limit on the electron EDM (left).
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as functions of the average right slepton mass mẽR
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Since EDMs are flavour diagonal quantities, the flavour violating contributions necessarily
involve two δ’s. For instance, the following combinations contribute to di:

∑
k Im (δLLik δ

LR
ki ),∑

k Im (δLRik δ
RR
ki ),

∑
kmk Im (δLLik (A�k − µ tanβ)δRRki ),

∑
kmk Im (δLRik (Ak − µ� tan β)δLRki ). These

contributions do not satisfy the scaling relation di/dj ≈ mei
/mej

; in particular, it is possible to
have dµ � mµ

me
de|exp, in the sensitivity range of the future BNL experiment [35]. Note that the

experimental upper limit on the electron EDM provides better constraints on the (imaginary
part of the) products δ13δ31 than the LFV decay τ → eγ.

Let us finally add that, in supersymmetric seesaw models with flavour-blind supersymmetry
breaking, the phases present in the Dirac couplings can induce complex off-diagonal slepton
masses, connecting the values of the charged lepton EDMs to the seesaw parameters.

5 Conclusions

We have seen in this short review that flavour and CP violation have a very different status
in the lepton and in the quark sectors. Indeed, if the PMNS matrix is the only source of
flavour and CP violation in the lepton sector, neutrino oscillations are likely to be the only
manifestation of lepton flavour violation that can be accessed experimentally, as well as the
only place (together with neutrinoless double beta decay if neutrinos are Majorana particles)
where one can possibly test leptonic CP violation.

LFV processes involving charged leptons and charged lepton EDMs are therefore a unique
probe of new physics. The observation of e.g. µ → eγ, or the measurement of a nonzero
muon EDM would definitely testify for physics beyond the Standard Model. A significant
improvement of the experimental upper limits on BR (µ→ eγ) and BR (τ → µγ) would already
provide strong constraints on supersymmetry breaking and on supersymmetric seesaw models.
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We describe the role of CP violation in the generation of the baryon asymmetry of the
Universe, in the framework of baryogenesis through leptogenesis, with emphasis on the
possible relationship between CP violation at low energies and that required by leptogen-
esis. It is emphasized that a direct link between these two manifestations of CP violation
only exists in the framework of specific flavour structures for the fundamental leptonic
mass matrices.

1 Introduction

The phenomenon of CP violation has profound implications for Cosmology, since it is one of
the necessary ingredients [1] for generating the observed baryon asymmetry of the Universe
(BAU). During the last few years, the data collected from the acoustic peaks in the cosmic
microwave background radiation [2] has allowed to obtain a precise measurement of BAU. The
MAP experiment [3] and the PLANCK satellite [4] planned for the near future should further
improve this result. At the present time, the measurement of the baryon-to-entropy ratio
YB = nB/s is

0.7 × 10−10 <∼ YB <∼ 1.0 × 10−10 . (1)

A great challenge for Particle Physics is finding a plausible mechanism capable of reproduc-
ing this ratio. Although there are various possible scenarios for baryogenesis one of the most
appealing ones is that provided by leptogenesis [5], where first the out-of-equilibrium decay
of righthanded neutrinos creates a lepton asymmetry which is then converted into a baryon
asymmetry through B-violating but (B-L) conserving sphaleron mediated processes [6]. In any
baryogenesis scenario, a fascinating question which naturally arises is whether low energy data
on CP violation obtained from terrestrial experiments could give us information on the pro-
cesses responsible for the creation of BAU. More specifically, in the context of leptogenesis,
one may wonder whether it is possible to relate CP violation necessary to generate BAU, to
leptonic CP violation at low energies [7], [8], [9], observable through neutrino oscillations. It
has been shown that this connection exists only in specific models [8], [9].
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2 A Minimal Extension of the Standard Model

In order to understand the relationship between CP breaking at low energies and CP violation
responsible for leptogenesis, one has to specify the particle physics framework one is considering.
We will work within a minimal extension of the Standard Model (SM) which consists of adding
to the standard spectrum, one right-handed neutrino per generation. At this stage, no other
assumption is beeing made, so our framework is quite general and it is indeed the simplest
extension of the SM capable of generating non vanishing but naturally small neutrino masses.
Before gauge symmetry breaking, the leptonic couplings to the SM Higgs doublet φ can be
written as:

LY = −Yν
(
�

0

L , ν
0
L

)
φ̃ ν 0

R − Y�
(
�

0

L , ν
0
L

)
φ � 0

R + H.c. , (2)

where φ̃ = iτ2φ
∗. After spontaneous gauge symmetry breaking, the leptonic mass terms are

given by:

Lm = −
[
ν 0
LmDν

0
R + 1

2
ν0 T
R CMRν

0
R + �

0

Lm� �
0
R

]
+ H.c.

= −
[

1
2
nTLCM∗nL + �

0

Lm� �
0
R

]
+ H.c. , (3)

where mD = v Yν is the Dirac neutrino mass matrix with v = 〈φ 0〉/
√

2 � 174 GeV, MR and
m� = v Y� denote the right-handed Majorana neutrino and charged lepton mass matrices, re-
spectively, and nL = (ν0

L, (ν
0
R)

c
). Among all the terms, only the right-handed neutrino Majorana

mass term is SU(2) × U(1) invariant and, as a result, the typical scale of MR can be much
above the electroweak symmetry breaking scale v, thus leading to naturally small left-handed
Majorana neutrino masses of the order m2

D/MR through the seesaw mechanism. In terms of
weak-basis eigenstates the leptonic charged current interactions are given by:

LW = − g√
2
W−
µ �

0

L γ
µ ν 0

L + H.c. . (4)

It is clear from Eqs. (3) and (4) that it is possible to choose, without loss of generality, a weak
basis (WB) where both m� and MR are diagonal, real and positive. Note that in this WB,
mD is a general complex matrix which contains all the information on CP-violating phases as
well as on leptonic mixing. Since we are considering a standard Higgs sector, in the present
framework there is no ∆L = 2 mass term of the form 1

2
ν0T
L CMLν

0
L at tree level. The total

number of CP-violating phases for n generations is then given by n(n − 1) [10] since one can
eliminate n of the initial n2 phases of mD. All CP violating phases are contained in mD in this
special weak basis1.

In the physical basis (i.e. the mass eigenstates basis ) all CP violating phases are shifted to
the leptonic mixing matrix appearing in charged weak currents. We recall that the full 6 × 6
neutrino mass matrix M is diagonalized via the transformation:

V TM∗V = D, (5)

1The counting of independent CP-violating phases for the general case, where besides mD and MR there is
also a left-handed Majorana mass term at tree level has been discussed in Ref. [11].
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where D = diag(m1, m2, m3,M1,M2,M3), with mi and Mi denoting the physical masses of the
light and heavy Majorana neutrinos, respectively. It is convenient to write V and D in the
following form, together with the definition of M :

V =

(
K Q
S T

)
, D =

(
dν 0
0 DR

)
, M =

(
0 mD

mT
D MR

)
. (6)

From Eq. (5) one obtains, to an excellent approximation, the seesaw formula:

dν � −K†mDM
−1
R mT

D K
∗ ≡ K†Mν K

∗ , (7)

where Mν is the usual light neutrino effective mass matrix. The leptonic charged-current
interactions are given by:

− g√
2

(
�L γµKνL + �L γµQNL

)
W µ + H.c. , (8)

where νi and Ni denote the light and heavy neutrino mass eigenstates, respectively. The matrix
K which contains all information on mixing and CP violation at low energies can then be
parametrized, after eliminating the unphysical phases, by K = UδP with P = diag(1, ei α, ei β)
(α and β are Majorana phases) and Uδ a unitary matrix which contains only one (Dirac-type)
phase δ. In the limit where the heavy neutrinos exactly decouple from the theory, the matrix K
is usually referred as the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix, which from now on
we shall denote as Uν . It is clear from Eq.(7) that in general and without further assumptions
the phases α , β and δ are complicated functions of the six independent phases appearing in
mD ( we are considering 3 generations ) in the weak-basis where ml and MR are diagonal,
real and positive. As we will see in the sequel, this is the essential reason why in general and
without further assumptions, it is not possible to establish a direct connection between the
phases appearing at low energies and those relevant for leptogenesis.

3 CP Violation in Neutrino Oscillations

It has been shown [8] that the strength of CP violation at low energies, observable for example
through neutrino oscillations, can be obtained from the following low-energy WB invariant:

TCP = Tr [Hν , H� ]
3 = 6 i∆21 ∆32 ∆31 Im [ (Hν)12(Hν)23(Hν)31 ] , (9)

where Hν = Mν M†
ν , H� = m�m�

† and ∆21 = (mµ
2 − me

2) with analogous expressions for
∆31, ∆32. This relation can be computed in any weak basis. This is specially useful since most
of the ansatze for the leptonic mass matrices are written in a WB where neither Hν nor H�

are diagonal. The above WB invariant enables one to investigate whether a specific ansatz
leads to CP violation in neutrino oscillations or not, without performing any diagonalization
of leptonic mass matrices and without computing Uν . The low-energy invariant (9) is sensitive
to the Dirac-type phase δ and vanishes for δ = 0. On the other hand, it does not depend on
the Majorana phases α and β appearing in the leptonic mixing matrix. The quantity TCP can
be fully written in terms of physical observables since

Im [ (Hν)12(Hν)23(Hν)31 ] = −∆m2
21 ∆m2

31 ∆m2
32JCP , (10)
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where the ∆m2
ij ’s are the light neutrino mass squared differences and JCP is the imaginary part

of an invariant quartet appearing in the difference of the CP-conjugated neutrino oscillation
probabilities P (νe → νµ) − P (νe → νµ). One can easily get:

JCP ≡ Im [ (Uν)11(Uν)22(Uν)
∗
12(Uν)

∗
21 ]

= 1
8
sin(2 θ12) sin(2 θ13) sin(2 θ23) cos(θ13) sin δ , (11)

where the θij are the mixing angles appearing in the standard parametrization adopted in [12].
Alternatively, one can use Eq. (10) and write:

JCP = −Im [ (Hν)12(Hν)23(Hν)31 ]

∆m2
21 ∆m2

31 ∆m2
32

. (12)

This expression again has the advantage of allowing the computation of the leptonic low-energy
CP rephasing invariant JCP , without resorting to the mixing matrix Uν .

It is also possible to write WB invariants useful to leptogenesis [8] as well as WB invariant
conditions for CP conservation in the leptonic sector relevant in specific frameworks [11], [13].

4 CP Asymmetries in Heavy Majorana Neutrino Decays

The starting point in leptogenesis scenarios is the CP asymmetry generated through the in-
terference between tree-level and one-loop heavy Majorana neutrino decay diagrams. In the
simplest extension of the SM, such diagrams correspond to the decay of the Majorana neutrino
into a lepton and a Higgs boson. Considering the decay of one heavy Majorana neutrino Nj ,
this asymmetry is given by:

εj =
Γ (Nj → � φ) − Γ (Nj → � φ †)
Γ (Nj → � φ) + Γ (Nj → � φ †)

. (13)

In terms of the Dirac neutrino Yukawa couplings the CP asymmetry (13) is [14]:

εj =
1

8π(Y †
ν Yν)jj

∑
k �=j

Im[ (Y †
ν Yν)

2
jk ] f

(
M 2

k

M 2
j

)
, (14)

where the index j is not summed over in (Y †
ν Yν)jj . The loop function f(x) includes the one-loop

vertex and self-energy corrections to the heavy neutrino decay amplitudes,

f(x) =
√
x
[
(1 + x) ln

(
x

1 + x

)
+

2 − x

1 − x

]
. (15)

From Eq. (14) it can be readily seen that the CP asymmetries are only sensitive to the CP-
violating phases appearing in Y †

ν Yν (or equivalently in m†
DmD) in the WB where MR and m�

are diagonal.
Let us consider the hierarchical case M1 < M2 � M3. In this case only the decay of the

lightest heavy neutrino N1 is relevant for leptogenesis, provided the interactions of N1 are in
thermal equilibrium at the time N2,3 decay, so that the asymmetries produced by the latter are
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erased before N1 decays. In this situation, it is sufficient to take into account the CP asymmetry
ε1. Since in the limit x� 1 the function f(x) can be approximated by2 f(x) � −3/(2

√
x), we

have from Eq. (14)

ε1 = − 3

16π(Y †
ν Yν)11

∑
k=2,3

Im[ (Y †
ν Yν)

2
1k ]

M1

Mk
, (16)

which can be recast in the form [15]

ε1 � −3M1

16 π

Im
[
Y †
ν Yν D

−1
R Y T

ν Y ∗
ν

]
11

(Y †
ν Yν)11

=
3M1

16 π v2

Im
[
Y †
ν Mν Y

∗
ν

]
11

(Y †
ν Yν)11

, (17)

using the seesaw relation given in Eq. (7).

5 On the Link between Leptogenesis and Low-Energy

CP Violation

In this section we analyze the possible connection between CP violation at low energies, mea-
surable for example through neutrino oscillations, and leptogenesis. Of particular interest are
the following questions:

• If the strength of CP violation at low energies in neutrino oscillations is measured, what
can one infer about the viability or non-viability of leptogenesis? In particular, can one
have viable leptogenesis even if there is no CP violation at low energies (i.e.no Dirac and
no Majorana phases at low energies)?

• From the sign of the BAU, can one predict the sign of the CP asymmetries at low energies,
namely the sign of JCP?

We will show that having an explicit parametrization of mD (or equivalently of Yν = mD/v) is
crucial not only to determine which phases are responsible for leptogenesis and which ones are
relevant for leptonic CP violation at low energies, but also to analyze the relationship between
these two phenomena.

From the available neutrino oscillation data, one obtains some information on the effective
neutrino mass matrix Mν which can be decomposed in the following way:

Uν dν U
T
ν = Mν ≡ LLT , L ≡ imDD

−1/2
R . (18)

The extraction of L from Mν suffers from an intrinsic ambiguity [16] in the sense that, given a
particular solution L0 of Eq. (18), the matrix L = L0R will also satisfy this equation, provided
that R is an arbitrary orthogonal complex matrix, R ∈ O(3, C), i.e. RRT = 1. It is useful to
take as a reference solution L0 ≡ Uν d

1/2
ν , so that:

L ≡ Uν d
1/2
ν R . (19)

2This approximation can be reasonably used for x >∼ 15.
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Since three of the phases of mD can be eliminated, the matrix L has 15 independent parameters.
The parametrization of L given in Eq. (19) has the interesting feature that all its parameters
are conveniently distributed among Uν , dν and R, which contain 6 (3 angles + 3 phases), 3 and
6 (3 angles + 3 phases) independent parameters, respectively. Of the 18 parameters present
in the Lagrangian of the fundamental theory described by mD and DR, only 9 appear at low
energy in Mν through the seesaw mechanism. To further disentangle mD from DR in L, one
needs the 3 remaining inputs, namely the three heavy Majorana masses of DR.

Coming back to the connection between leptogenesis and low-energy data, it is important
to note that Uν does not appear in the relevant combination for leptogenesis Y †

ν Yν , in the same
way as R does not appear in Mν . Indeed, one has:

m†
DmD = D

1/2
R R† dν RD

1/2
R . (20)

From the above discussion, it follows that it is possible to write mD in the form mD =
−i Uν d1/2

ν RD
1/2
R in such a way that leptogenesis and the low-energy neutrino data (contained

in Mν) depend on two independent sets of CP-violating phases, respectively those in R and
those in Uν . In particular, one may have viable leptogenesis even in the limit where there
are no CP-violating phases (neither Dirac nor Majorana) in Uν and hence, no CP violation at
low energies [9]. Therefore, in general it is not possible to establish a link between low-energy
CP violation and leptogenesis. This connection is model dependent: it can be drawn only by
specifying a particular ansatz for the fundamental parameters of the seesaw, mD and DR, as
will be done in the following sections.

The relevance of the matrix R for leptogenesis can be rendered even more explicit [17] by
rewriting the ε1 asymmetry by means of Eq. (20) and defining Rij = |Rij|eiϕij/2, ∆m2

� ≡ ∆m2
21

and ∆m2
@ ≡ ∆m2

32. In the case of hierarchical heavy Majorana neutrinos, say M1 �M2 �M3

one obtains

ε1 �
3

16π

M1

v2

∆m2
@|R31|2 sinϕ31 − ∆m2

�|R11|2 sinϕ11

m1|R11|2 +m2|R21|2 +m3|R31|2
, (21)

and we recover what one would have expected by intuition, namely that the physical quantities
involved in determining ε1 are just M1, the spectrum of the light neutrinos, mi, and the first
column of R, which expresses the composition of the lightest heavy Majorana neutrino in terms
of the light neutrino masses mi.

As stressed before, different ansätze for R have no direct impact on CP violation at low en-
ergy; the impact is in a sense indirect because R specifies if dominance of some heavy Majorana
neutrino is at work in the seesaw mechanism [18].

In conclusion, the link between leptogenesis and low-energy CP violation can only be es-
tablished in the framework of specific ansätze for the leptonic mass terms of the Lagrangian.
In order to derive a necessary condition for such a link to exist, it is convenient to use the
following triangular parametrization for mD :

Triangular parametrization

It can be easily shown that any arbitrary complex matrix can be written as the product of
a unitary matrix U with a lower triangular matrix Y. In particular, the Dirac neutrino mass
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matrix can be written as:

mD = v U Y , (22)

with Y of the form:

Y =

⎛⎜⎝ y11 0 0
y21 e

i φ21 y22 0
y31 e

i φ31 y32 e
i φ32 y33

⎞⎟⎠ , (23)

where yij are real positive numbers. Since U is unitary, in general it contains six phases.
However, three of these phases can be rephased away by a simultaneous phase transformation
on ν 0

L , � 0
L, which leaves the leptonic charged current invariant. Under this transformation,

mD → PξmD, with Pξ = diag
(
ei ξ1 , ei ξ2 , ei ξ3

)
. Furthermore, Y defined in Eq. (23) can be

written as:

Y = P †
β Ŷ Pβ , (24)

where Pβ = diag(1, ei β1, ei β2) with β1 = −φ21, β2 = −φ31 and

Ŷ =

⎛⎜⎝ y11 0 0
y21 y22 0
y31 y32 e

i σ y33

⎞⎟⎠ , (25)

with σ = φ32 − φ31 + φ21. It follows then from Eqs. (22) and (24) that the matrix mD can be
decomposed in the form

mD = v Uρ Pα Ŷ Pβ , (26)

where Pα = diag(1, ei α1 , ei α2) and Uρ is a unitary matrix containing only one phase ρ. Therefore,
in the WB where m� and MR are diagonal and real, the phases ρ, α1, α2, σ, β1 and β2 are the
only physical phases characterizing CP violation in the leptonic sector.

A necessary condition

The phases relevant for leptogenesis are those contained in m †
DmD. From Eqs. (24)-(26) we

conclude that these phases are σ, β1 and β2, which are linear combinations of the phases φij . On
the other hand, all the six phases of mD contribute to the three phases of the effective neutrino
mass matrix at low energies [8] which in turn controls CP violation in neutrino oscillations.
Since the phases α1, α2 and ρ do not contribute to leptogenesis, it is clear that a necessary
condition[19] for a direct link between leptogenesis and low-energy CP violation to exist is
the requirement that the matrix U in Eq. (22) contains no CP-violating phases. Note that,
although the above condition was derived in a specific WB and using the parametrization of Eq.
(22), it can be applied to any model. This is due to the fact that starting from arbitrary leptonic
mass matrices, one can always make WB transformations to render m� and MR diagonal, while
mD has the form of Eq. (22). A specific class of models which satisfy the above necessary
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condition in a trivial way are those for which U = 1, leading to mD = v Y. This condition
is necessary but not sufficient to allow for a prediction of the sign of the CP asymmetry in
neutrino oscillations, given the observed sign of the BAU together with the low-energy data.
More restrictive class of matrices mD in triangular form have been considered and it was shown
that, in an appropriate limiting case, these structures for mD lead to the ones assumed by
Frampton, Glashow and Yanagida in [20]. Let us consider the following form for mD:

mD = v Y = v

⎛⎜⎝ y11 0 0
y21 e

i φ21 y22 0
y31 e

i φ31 y32 e
i φ32 y33

⎞⎟⎠ (27)

Then, from Eq. (14) the CP asymmetry generated in the decay of the heavy Majorana neutrino
Nj is

εj = − 1

8π(H)jj

∑
i�=j

Im[(H)2
ij ] fij , (28)

where

H = Y †
Y , fij = f

(
M 2

i

M 2
j

)
, (29)

with f(x) defined in Eq. (15).
From Eqs. (27) and (29) we readily obtain

Im[(H)2
21] = y2

21 y
2
22 sin(2φ21) + 2 y21 y22 y31 y32 sin θ1 + y2

31 y
2
32 sin θ2 ,

Im[(H)2
31] = y2

31 y
2
33 sin(2φ31) ,

Im[(H)2
32] = y2

32 y
2
33 sin(2φ32) , (30)

with θ1 = φ21 + φ31 − φ32 and θ2 = 2 (φ31 − φ32).
All the information about light neutrino masses and mixing is fully contained in the effective

neutrino mass matrix Mν which is determined through the seesaw formula given by Eq. (7).
In this case

Mν =
v2

M1

⎛⎜⎝ y2
11 y11y21e

i φ21 y11y31e
i φ31

y11y21e
i φ21 y2

21e
2i φ21 + y2

22
M1
M2

y21y31e
i(φ31+φ21) + y22y32

M1
M2

eiφ32

y11y31e
iφ31 y21y31e

i(φ31+φ21) + y22y32
M1
M2

eiφ32 y2
31e

2iφ31 + y2
33
M1
M3

+ y2
32
M1
M2

e2iφ32

⎞⎟⎠(31)

It follows from Eqs. (28)-(31) that, in principle, one can obtain simultaneously viable values
for the CP asymmetries εj and a phenomenologically acceptable effective neutrino mass matrix
in order to reproduce the solar, atmospheric and reactor neutrino data. This can be achieved
by consistently choosing the values of the free parameters yij, Mi and φij . Yet, a closer look
at Eqs. (28)-(30) shows that there are terms contributing to εj which vanish independently
from the others. This means that a non-vanishing value of εj can be guaranteed even for
simpler structures for Yν , which can be obtained from Y assuming additional zero entries in
the lower triangle3. A systematic study of the various possible textures, with emphasis on the
link between low energy data and leptogenesis has been done [19].

3Notice however that the vanishing of diagonal elements in Y� would imply det (mD) = 0 and consequently,
det (Mν) = 0, leading to the existence of massless light neutrinos.
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6 Concluding Remarks

The phenomenon of CP violation plays a crucial role both in Particle Physics and Cosmol-
ogy. In the context of Particle Physics, the breaking of CP is closely connected to the least
established sectors of the SM, namely the Higgs sector and the Yukawa sector. The study of
CP violation can thus be a good ground for the search for New Physics [21] . It is natural
to wonder whether the various manifestations of CP violation ( at low energies in the quark
and lepton sectors and at high energy in the existence of BAU ) have all a common origin
[22]. We have presented here a brief review of the role of CP violation in generating BAU
through leptogenesis, with emphasis on a possible connection between CP violation responsible
for leptogenesis and leptonic CP violation at low energies, measurable through neutrino oscil-
lations. We have emphasized that such a connection is only possible within specific ansatze for
the flavour structure of the fundamental leptonic mass matrices. This essentially means that
the problem of connecting CP violation present in leptogenesis to CP violation detectable in
neutrino oscillations cannot be separable from the general flavour problem.
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Experimental Summary for the FPCP 2003 Conference

Thomas E. Browder
Department of Physics and Astronomy

University of Hawaii at Manoa
Honolulu, HI 96822, USA

I summarize the experimental results presented at the third conference on Flavor Physics
and CP Violation held at the Ecole Polytechnique in Paris, France.

1 Introduction

As is customary in all conference summaries, let me apologize for not being comprehensive and
for my strong personal prejudices. I will also tend to emphasize the results in B physics.

To add some coherence to the overview, the results are sub-divided into the following cat-
egories: experimental techniques, hadrons and hadronic decays, measurements of the sides of
the CKM triangle, CP violation and rare decays, and future projects.

2 Experimental Techniques

Developments in accelerator physics and detector technology make progress in flavor physics
and CP violation possible. Two especially notable ones that have had a profound impact were
reported at FPCP03.

Both of the asymmetric energy B factories have now integrated over 100 fb−1. This has
allowed the clear and unambiguous observation of CP violation outside of the kaon sector
as well as rapid progress on many rare B decays. This year, the KEKB storage ring passed a
remarkable milestone and achieved an instantaneous luminosity in excess of 1.0×1034/cm2/sec,
its design value.

A second important technical achievement was reported from the hadron collider experi-
ments. CDF has sucessfully implemented a detached vertex trigger that allows them to select
hadronic B and D decay modes. In the past, they could only use modes with leptons.

With this trigger, they find a clear signal of 301 ± 27 events for B → hh decays, where h
denotes a charged hadron[1],[2]. CDF also has some modest kinematic and dE/dx separation
between the various Bd and Bs modes that contribute to the signal. They are thus able to
observe the mode Bs → K+K− (90 ± 17 events) for the first time. They can also observe
B± → φK± as well as hadronic modes of the Bs and Λb. At this meeting, CDF showed a
signal for B(∗)

s → Dsπ, D+
s → φπ+ containing 42 ± 8(56 ± 15) events (see Fig. 1 ). This is the

golden mode for Bs − Bs oscillation studies since there is no missing neutrino. However, for a
competitive mixing measurement that surpasses LEP or SLD sensitivity, about 103 such events
are needed.
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Figure 1: Example of the performance of the new vertex trigger at CDF: observation of the
hadronic decay mode B±

s → D(∗)
s π±.

3 Selected Topics in “Brown Muck”

The late Nathan Isgur coined the term “Brown Muck” to describe colorfully the hadronic
degrees of freedom of heavy mesons and baryons that are so difficult to predict from first
principles. At this meeting in the hot topics session, there was intense and lively discussion of
several recent discoveries in hadronic or “brown muck” physics.

3.1 Unexpected new resonances

The first surprise was the discovery of a narrow state that decays to D+
s π

0 by A. Palano of the
BaBar collaboration. This new state, shown in Fig. 2 was found in the e+e− continuum at a
mass of 2316.8 ± 0.4 ± 3.0 MeV with a width consistent with experimental resolution[3]. The
state was quickly confirmed by CLEO, who found a second new state in the channel D∗+

s π0 at
a mass near 2460 MeV[4]. This second state is shown in Fig. 3. Both states were also quickly
confirmed by Belle[5].

The p-wave Ds states were predicted long ago by heavy quark theorists. There are four
expected states with JP = 0+, 1+, 1+ and 2+. The first two have jl = 1/2 for the light degrees
of freedom, while the remaining two have jl = 3/2. Two narrow states, a 1+ and 2+, were
observed in DK and D∗K decays by ARGUS and CLEO. These are the jl = 3/2 states. The
remaining states were assumed to be very broad since they decay via an S-wave (with widths
of order 200 MeV) and should be extremely difficult to find in the D(∗)K mass spectrum.

However, the new states are narrow with widths that are consistent with the experimental
resolution. Since the D(∗)+

s π0 mode violates isospin, this suppresses the decay width and makes
it narrow. Thus the low mass of the new states (below D(∗)K threshold) ensures their narrow
widths.

The most natural interpretation is that the new states are the missing 0+ and 1+ p-wave
Ds states. However, the masses of these new states are anomalous and below the expectations
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from most potential model and lattice calculations. This led some authors to propose that the
new states are DK molecules or other 4-quark states[6].

Figure 2: The new Dsπ
0 resonance in BaBar data. The signal in D+

s → φπ+ is shown in (a)
while (b) shows the signal in a second Ds decay mode, D+

s → φπ+π0

It is interesting to note that large signals for both of the new DsJ states were present in the
data samples of at least three experiments for many years. Guided by theoretical prejudices
from potential models on the mass values of the D∗∗

s resonances, experimentalists before Palano
did not examine the D+

s π
0 final state above the D∗

s mass region[8]. There is clearly a moral
here about excessive reliance on theory when analysing experimental data.

New measurements that provide clues to the interpretation were presented. Belle reported
on the first observations of these new states in B decays. They observe B → DDsJ , DsJ →
D(∗)
s π0 at a large rate (see Fig. 4)[9]. They also use the kinematic constraints of B decay to

see the radiative decay mode, DsJ(2460) → Dsγ. The observation of this decay shows that
the DsJ(2460) meson cannot be a spin zero state. The angular distribution of the radiative
decay also disfavours the tensor hypothesis and suggests that the DsJ(2460) is a 1+ state, as
expected.

BaBar searched for the production of the jl = 3/2 states in B decays and found that they
are highly suppressed in contrast to the jl = 1/2 states[9]. CDF searched for the all-charged
decay mode DsJ(2460) → Dsπ

+π− but did not find any clear signal[7]. Belle, CLEO and BaBar
looked for D(∗)

s π and doubly charged decay modes that might be expected in a 4-quark scenario,
but did not find any signals[4],[3].

Belle also examined B− → D+π−π− and B− → D∗+π−π− final states to observe the p-wave
D∗∗ states. The kinematic constraints from the B decay dramatically reduce the background
compared to e+e− continuum production. In addition, although a full Dalitz amplitude analysis
is required to extract the resonant substructure there are no complications from resonances in
the π−π− system.
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Figure 3: The new D∗
sπ

0 resonance in CLEO data. This resonance is referred to as DsJ(2460).
The data in the D∗

s signal region is shown in (a), while the D∗
s sideband is shown in (b).

Belle observes the expected narrow jl = 3/2 states: a tensor 2+ state with mass 2461.6 ±
2.2±0.5±3.3 MeV and a 1+ state with mass 2421.4±2.0±0.4±0.8 MeV. In addition, they see the
broad jl = 1/2 states: a 1+ state with mass 2427±26±20±15 MeV and width 384+107

−75 ±24±70
MeV and a 0+ state with mass 2308± 17± 15± 20 MeV and width 276± 21± 18± 60 MeV[9].
It is remarkable that the 0+ and 1+ D∗∗ are nearly degenerate with the 0+ and 1+ DsJ states.
This is hard to explain in potential models or within the chiral pertubation framework[6]. It
seems reasonable to examine other possibilities. For example, it is possible that the new DsJ

states mix with 4-quark states that are located above D(∗)K threshold[10]. This could explain
the peculiar mass values. However, we then should expect to find new broad states in D(∗)K.

3.2 The puzzle of e+e− → J/ψ(cc)

To explain the large cross-sections seen for J/ψ and ψ′ production seen at the Tevatron, color-
octet contributions were invoked by the non-relativistic quantum chromodynamics (NRQCD)
theorists. The parameters of these color-octet contributions are tuned from data. Unfor-
tunately, such models then have trouble accounting for polarization measurements at the
Tevatron[12].

Measurements of J/ψ production in the simpler e+e− environment can also test these
NRQCD ideas. Both Belle and BaBar measured the cross-sections for J/ψ production in contin-
uum as well as angular distributions[11]. Belle also found surprisingly large cross-sections for the
process e+e− → J/ψ(cc), where the final state has four charm quarks. Evidence for this process
is observed in the exclusive mode e+e− → ηcJ/ψ and in semi-inclusive e+e− → J/ψD(∗)X[13].
For the semi-inclusive case, Belle reports an updated value: σ(e+e− → J/ψ(cc)/σ(e+e− →
J/ψX) = 0.82 ± 0.15.

For e+e− annihilation via a single virtual photon, e+e− → J/ψJ/ψ is forbidden by angu-
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Figure 4: Signals for DsJ production in exclusive B → DDsJ decay from Belle data: (a)
DsJ(2370) → Dsπ

0. (b) DsJ(2460) → D∗
sπ

0 and (c) the radiative decay, DsJ(2460) → Dsγ.

lar momentum conservation. In the original analysis of double charmonium production Belle
neglected this possibility. In a recent PRL, Braaten et al. point out that a 2-photon process
does not have this restriction and could lead to abundant e+e− → J/ψJ/ψ that could be mis-
classified as e+e− → J/ψηc and inflating the observed cross-section[14]. At this meeting, this
possibility was examined and a tight upper limit on this 2-photon contribution was reported,
σ(e+e− → J/ψJ/ψ)(J/ψJ/ψ → two − charged) < 8 fb[15]. Thus, the disagreement with
NRQCD and other calculations remains.

4 Measurements of the sides of the CKM triangle.

I now discuss weak interaction physics and will mention the measurements of |Vcb| and |Vub|.
In exclusive B → D∗�ν decays, one may determine |Vcb| by measurement of the rate near the
kinematic limit q2 = q2

max, where the “brown muck” is undisturbed by the weak decay and
the form-factor is nearly unity. This technique is now quite refined; measurements from the
Υ (4S) and LEP experiments are being reported. DELPHI provided an updated value at this
conference[17]. In general, the experimental results are in good agreement except for the CLEO
result, which is an outlier. CLEO attributes the difference from other results to their treatment
of B → D∗∗�ν. However, the other experiments do not find a large systematic effect from this
source.

Inclusive B → Xc�ν decays can also provide a measurement of |Vcb|. In addition to the
branching fraction, it is possible to measure moments of the semileptonic decay. The BaBar
measurement of the hadronic moment < M2

X > as a function of the lepton momentum cut was
the subject of especially heated discussion by Artuso[16], Ligeti[20] and Uraltsev[21]. Although
this measurement was apparently in disagreement with theory expectations at the time of
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FPCP, updated results with more data were presented at EPS and at other conferences in
which the disagreement is much less dramatic.

New measurements of |Vub| were also discussed at this conference. Traditionally, one mea-
sured |Vub| in inclusive B → Xu�ν by looking for leptons that were too energetic to originate
from b→ c decay. This “endpoint” method requires large background subtractions and is only
sensitive to a relatively small fraction of the b → u phase space. As a result, the |Vub| results
from the endpoint have a substantial model dependence. One way to substantially alleviate this
problem is to use b→ sγ data (b → sγ allows a determination of non-perturbative parameters
such as mb) to determine the extrapolation factor[18].

However, if one can instead reconstruct the neutrino momentum using the hermiticity of
the detector, then one can measure q2 = M(�ν)2 or MX in B → Xu�ν. By cutting on either q2,
MX or both, one can remove most of the b → c background and preserve a much larger fraction
of the b → u phase space. As a result, these new methods may reduce the model dependence.
The MX method has been tried previously at LEP. Now B factory experiments are providing
results using these techniques.

BaBar showed their result on inclusive |Vub| using fully reconstructed B tags and the MX

variable. This method requires the large statistics of the B factories to reconstruct a useful
number of tags. BaBar measures a partial branching fraction with MX < 1.5 GeV and then
obtains

|Vub| = (4.62 ± 0.28(stat) ± 0.27(sys) ± 0.40(thy extr) ± 0.26(theo)) × 10−3 (1)

The first two errors are experimental. The third error is due to the theory extrapolation to the
full MX range. The fourth error is due to perturbative and non-pertubative theoretical errors
in the extraction of |Vub| from the full rate[23].

Belle showed a result using “annealing” or “advanced neutrino reconstruction”. In this case,
the decay products are iteratively sorted into the combination that has the highest probability
of being from the B and B mesons. Detector hermiticity also is used for the determination of the
neutrino 4-momentum and hence the measurement of q2. The annealing allows the measurement
of MX . Although the backgrounds are worse than in the case of fully reconstructed tags, the
efficiency is quite good. Here cuts on both MX and q2 are applied. (MX < 1.5 GeV, q2 > 7
GeV2). Belle then finds

|Vub| = (3.96 ± 0.17(stat) ± 0.44(sys)± 0.34(b→ c) ± 0.26(b→ u) ± 0.29(theor)) × 10−3 (2)

Here the third error is due the b → c subtraction, the fourth error is due to uncertainty in
the b → u background and the last error is the theoretical uncertainty. Belle also presented
a preliminary result using D∗�ν tags and a MX < 1.5 GeV requirement, which has somewhat
worse statistical errors but smaller backgrounds, and found

|Vub| = (5.02 ± 0.60(stat) ± 0.23(sys)± 0.05(b→ c) ± 0.39(b→ u) ± 0.36(theor)) × 10−3 (3)

It is clear from examination of these results that the dominant errors in the |Vub| determina-
tion from inclusive decays are systematic[18]. Many of these systematic errors are theoretical in
origin, although it might be argued that if experimenters could only measure the entire b → u
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phase space such errors would vanish. Some theorists now argue that the best approach to
minimizing theory uncertainties is to use an optimized combination of MX and q2 cuts[20].
Interestingly, an analysis using only a MX cut (e.g. MX < 1.8 GeV) is inferior to one using
the same MX cut and a q2 requirement that avoids the region where perturbation theory is
singular[20]. This is somewhat counterintuitive - usually the more phase space that is observed,
the better. Belle and CLEO have shown examples of such an analysis with combined cuts on
q2 and MX [18]. This will probably be one of the main directions for future work on inclusive
determinations of |Vub|.

Because systematics are such a significant component of the errors, it is a difficult problem to
combine all the existing measurements to obtain a world average. The Heavy Flavor Averaging
Group (HFAG) cannot yet reach a consensus on how to do this (see Fig. 5). Thus, at the
moment, only “private” world averages of |Vub| exist[18],[19].

Exclusive modes may also be used to determine |Vub|. The preferred mode is B → π�ν.
CLEO has presented results on this mode and on B → ρ�ν and was able to reconstruct q2 using
detector hermeticity. They could then divide the data into bins of q2 and compare the resulting
rough q2 distribution to models. With present statistics, all models are consistent. Using the
entire kinematic range they find,

|Vub| = 3.17 ± 0.17(stat)
+0.16(exp)+0.53(thy)
−0.17(exp)−0.39(thy) ± 0.03(ρ�ν FF ) (4)

In the future when detailed q2 measurements are possible, measurements of B → π�ν near the
kinematic limit q2 = q2

max where lattice QCD can predict the form factor will provide another
orthogonal path to a reliable determination of |Vub|.

]-3 10×|  [ub|V
2 4 6
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2 4 6

ALEPH 
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L3
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Figure 5: Inclusive measurements of |Vub| compiled by the Heavy Flavor Averaging Group.
Note that no final world average is reported.
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5 CP Violation and Rare Decays

At a previous FPCP meeting, Lincoln Wolfenstein said: “I invented ρ and η and I don’t care
what their values are, so why should you ?? The physics here is to determine if the breadth
of CPV phenomena are really described by this simple description.” In other words, does the
single irreducible complex phase introduced by Kobayashi and Maskawa account for all the
observed CP violation ?

Before discussing CP violation any further, we need to introduce notation. The original
notation introduced by Sanda, Bigi and Carter refers to the interior angles of the unitarity angle
as φ1, φ2, φ3 as shown in Fig. 1. This notation is favored at Belle and KEK. Another common
notation preferred at BaBar and SLAC refers to these same angles as β, α, γ, respectively.

In 2001, Belle and BaBar presented the first signals for CP violation outside of the kaon
sector. In contrast, to the kaon system, the CP violation observed in b → ccs CP eigenstates
is of the order unity. In the kaon system, effects are small and of order 2 × 10−3.

Now with much larger data samples, the two experiments have published improved measurements[24].
With 81 fb−1, BaBar finds

sin(2φ1) = 0.741 ± 0.067 ± 0.033 (5)

while with 78 fb−1, Belle finds

sin(2φ1) = 0.719 ± 0.074 ± 0.035 (6)

These measurements are in very good agreement. The sources of systematic uncertainty are
also well understood and the measurement of CP violation in b → ccs channels is becoming
a precision measurement[26]; for example, recently BaBar physicists discovered a small new
source of systematic uncertainty due to CP violation in b → cud processes on the tagging
side[25]. The size of this new effect for sin 2φ1 is of order 0.008.

CP violation in B → π+π− remains a subject of experimental controversy. At the time
of FPCP03, both experiments reported results on data samples of comparable sizes[27]. Belle
observes indications of large mixing induced CP violation (see Fig. 6), while BaBar sees none.
Belle finds a hint of large direct CP violation, while BaBar sees no effect. The results are given
in terms of two parameters Sππ, a measure of mixing-induced CP violation and Aππ, the direct
CP violating asymmetry. With 78 fb−1 of data, Belle finds

Sππ = −1.23 ± 0.41+0.08
−0.07 (7)

Aππ = 0.77 ± 0.27 ± 0.08 (8)

while with 81 fb−1, BaBar finds

Sππ = 0.02 ± 0.34 ± 0.05 (9)

Aππ = 0.30 ± 0.25 ± 0.04 (10)

The statistics for these measurements are low and the disagreement between the two experi-
ments is only at the 2σ level[27].
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Figure 6: Left panels: Belle data for CP violation in B → π+π− with 78 fb−1. Right panels:
BaBar data for CP violation in B → π+π− with 81 fb−1. The Belle time distributions in the
signal region are shown in (a) and (b). The Belle background subtracted time distributions
and time dependent asymmetry are shown in (c) and (d) of the left panels. The BaBar time
distributions and asymmetry are shown in (a), (b) and (c) of the right panel. In contrast to
BaBar, Belle finds large mixing induced CPV and direct CPV.

Measurements of branching fractions for B → ππ decays can provide additional clues. A
particularly interesting ratio is Γ(B0 → π+π−)/2Γ(B+ → π+π0). An updated value of this
ratio 0.45 ± 0.13 ± 0.05 was reported by Belle with 78 fb−1 at this conference. Similar values
are obtained by BaBar and CLEO[32]. The deviation of this ratio from unity indicates either
φ3(γ) > 900, or large final state interactions (FSI), or a large color-suppressed contribution.
Since unitarity triangle fits disfavour φ3 > 900[31], this may be a hint for large FSI.

Another piece of puzzle is the measurement of B → π0π0. Only upper limits on this mode
were available in Paris[32]. Later in the summer of 2003, both BaBar and Belle reported
evidence for this decay mode. The branching fractions for this mode can be used to constrain
the extent of penguin pollution in B → π+π−, that is the deviation of the parameter Sππ from
sin(2φ2). To proceed to the next step and solve the B → ππ isospin triangle requires separate

measurements of B0 → π0π0 and B
0 → π0π0.

A second approach to the CP angle φ2 is possible using neutral B → ρπ decays. BaBar
has analyzed the final state B → π+π−π0, making cuts on combinations that are consistent
with ρ+π− and ρ−π+ and excluding the interference regions of the 3π Dalitz plot[27]. The
time dependence is somewhat more complicated because of the contribution of four distinct

processes: B0 → ρ+π−, B
0 → ρ−π+, B0 → ρ−π+ and B

0 → ρ+π−.
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f ρ
±h∓

B0 tag = (1 ±AρhCP )
e−t/τ

4τ
[1 + ((Sρh ± ∆Sρh sin(∆md∆t) − (Cρh ± ∆Cρh))] (11)

f ρ
±h∓

B
0
tag

= (1 ± AρhCP )
e−t/τ

4τ
[1 − ((Sρh ± ∆Sρh sin(∆md∆t) − (Cρh ± ∆Cρh))] (12)

The parameters Cρπ, Sρπ and Aρπ are CP violating, while the remaining parameters ∆S(ρπ)
and ∆C(ρπ) are CP conserving and are connected to hadronic dynamics.

With 81 fb−1 and a fit to the data shown in Fig. 7, Babar finds

Aρπ = −0.18 ± 0.08 ± 0.03 (13)

Cρπ = 0.36 ± 0.18 ± 0.04 (14)

Sρπ = 0.19 ± 0.24 ± 0.03 (15)

∆Cρπ = 0.28 ± 0.19 ± 0.04 (16)

∆Sρπ = 0.15 ± 0.25 ± 0.03 (17)

These B → ρπ measurements, especially the first two parameters, suggest that there is direct
CP violation with a significance somewhat above the 2σ level.

For φ3 (γ) determinations, there are a number of strategies that were discussed in the
review by Golutvin[28]. All require very large data samples of order 1000 fb−1 or more to
achieve useful precision. One approach introduced by Gronau, London and Wyler uses the
decay B± → DCPK

±, where DCP denotes a CP eigenstate decay of the D0 meson. In this case,
there are contributions from a Cabibbo suppressed diagram proportional to Vcb and a color-
suppressed contribution proportional to Vub that are comparable in size and that interfere. The
phase of Vub is φ3 (γ) and hence the interference, which results in direct CPV and modifications
of the pattern of branching fractions for these modes, is sensitive to φ3.

Another approach uses time dependent measurements of neutral B → D∗+π− and is sen-
sitive to the combination sin(2φ1 + φ3) (sin(2β + γ). Here the interplay of mixing and a Vub
diagram produce asymmetries that are of order O(2%). This also requires very high statistics

A number of variations on the theme have also been discussed. The mode B− → D0K−,
where the D0 → K0

Sπ
+π− Dalitz plot is used, seems to be an especially promising approach[28].

5.1 Prospects for direct CP violation.

After 36 years of experiments in the kaon system, direct CP violation is now conclusively
demonstrated at the 7σ level. The world average for the parameter ε′/ε is (16.7±2.3)×10−4[29].
In the B system, the effects may be five orders of magnitude larger but as discussed above there
are only hints of direct CP violation at present.

A few examples are the 2.2σ hint in B → π+π− from Belle, the 2σ hint in B → ρπ time
dependent measurements and in B± → ηπ± from BaBar and hints from both B-factories in
B → K±π∓. At next year’s conferences the B factory data samples may be large enough to
make a convincing observation in one of these cases.

In the kaon system CP violating triple product correlations have been observed by KTeV and
NA48 in KL → π+π−e+e− by examining the asymmetry in the angular distribution between
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Figure 7: BaBar data for CP violation in B → ρ+π− with 81 fb−1. The raw time dependent
asymmetry is shown in (c). A hint for direct CPV, a cos(∆m∆t) modulation, is found.

the two decay planes defined by the π+π− and e+e− systems[29]. The asymmetry is O (13-14%)
in agreement with expectations from the Standard Model. Datta and London have discussed
triple product correlations in B decays to final states with two vector mesons[30]. Examples
of such modes include B → φK∗, or two modes recently observed B+ → K∗+ρ0 (BaBar) and
B+ → ρ+ρ0 (Belle)[33]. Unlike direct CP violating rate asymmetries, these asymmetries do not
require tagging and are proportional to cos(δ), where δ is a strong phase difference, rather than
to sin(δ). In the Standard Model, the triple product asymmetries are expected to be small but
they may be dramatically increased by New Physics[30].

5.2 CP Violation in b→ sqq decays

The measurements of sin 2φ1 were extensively discussed and are in good agreement with Stan-
dard Model expectations and the results from indirect measurements of the lengths of the sides
of the unitarity triangle[31]. It is particularly interesting to compare the measurement of CP
violation in b → sqq decays with the results from b→ ccs charmonium modes. In the Standard
Model Vts, the coupling constant that appears in the b → s penguin loop does not have a
complex weak phase. Therefore, in the Standard Model we expect that the CPV phase of the

b → s modes will be determined by the phase of B0 − B
0

mixing. New physics contributions
from heavy particles in the penguin loop may modify this expectation.

At the conference, both B factory experiments reported results on B → φK0
S, the theoreti-

cally cleanest example of a b→ sqq mode. Belle obtained

sin 2φeff
1 = −0.73 ± 0.64 ± 0.22 (18)

while BaBar found
sin 2φeff

1 = −0.18 ± 0.51 ± 0.09 (19)

The world average calculated from these results is 2.7σ from the Standard Model World average
0.734 ± 0.055. Since the time of the conference there have been further developments on this
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mode with larger datasets. The Belle result moved to a value 3.5σ from the Standard Model,
while the BaBar value shifted somewhat closer to the Standard Model.

Clearly, there is a need for much more data to make more precise measurements of CPV in
b → s modes such as B → φK0

S. There is also a new realization that CPV measurements in
this class of decay modes are a powerful tool to measure New Physics phases.

The exclusive decay B → η′K0
S is mediated by a b→ s transition should also have the same

asymmetry as the b→ ccs charmonium modes. Here with 81 fb−1 BaBar finds,

sin 2φeff
1 = 0.02 ± 0.34 ± 0.03 (20)

while with 78 fb−1 Belle obtains

sin 2φeff
1 = 0.71 ± 0.37+0.05

−0.06 (21)

Although there is no clear discrepancy from the Standard Model, the errors are still large. It
is also interesting to recall the lingering and possibly related problem of inclusive B → η

′
Xs

decays. The inclusive rate for these decays has been remeasured more precisely by CLEO
and BaBar[33],[34] and is found to agree with the original large CLEO value. One explanation
originally proposed by Atwood and Soni as well as by Hou and Tseng invokes the gluon anomaly
contribution[35]. This can account for the three-body M(Xs) spectrum, but requires a slowly
falling η

′
gg form factor. Kagan and Petrov[36] as well as Ali and Parkhomenko[37] argue that

CLEO Υ (1S) → η′X data rule out this possibility. Thus the large rate for B → η
′
Xs remains

a theoretical puzzle.

5.3 Radiative and Electroweak Penguins

CLEO established the existence of b → sγ and provided the first precise measurement of its
photon energy spectrum. BaBar and Belle are now working to improve these measurements
with the large B-factory data samples.

Di Lodovico showed results on radiative b → dγ decays. By taking ratios to b → sγ
decays, limits on the ratio |Vtd|/Vts| can be obtained. In contrast to b → sγ, the direct CPV
asymmetries are expected to be large in the Standard Model.

The good performance of the DIRC particle identification system (80% efficiency and 1−2%
fake rates up to 3 GeV) allowed BaBar to obtain the most stringent limits on exclusive decay
modes in this class e.g. B(B0 → ργ) < 1.2 × 10−6 at 90% C.L. [39]. This can be compared to
the expected rate of (0.49±0.18)×10−6 in the model of Ali and Parkhomenko. The sensitivity
is becoming very interesting as the data samples increase.

Ishikawa showed the measurements of exclusive and inclusive electroweak penguins. The
existence of the exclusive process B → K�+�− and inclusive process b→ s�+�− were established
by Belle[40]. Later in the summer of 2003, the decay B → K∗�+�− was observed by Belle and
BaBar.

The next step is to use these decays to search for new physics. For b → sγ decays, it
is interesting to examine direct CP violating asymmetries, which are expected to be smaller
than 1% in the Standard Model. One of the most powerful and discriminating observables for
b → s�+�− decays is the forward-backward asymmetry in B → K∗�+�−[38]. This is analogous
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to the forward-backward asymmetries studied at the Z pole as it involves the interference of a
virtual photon and virtual Z contribution to the decay. The forward-backward asymmetry is a
function of q2 = M(�+�−)2 system and passes through zero. The location of the zero for AFB
and its shape as a function of q2 can be used to diagnose new physics [38].

6 The Future

6.1 Complementary Measurements

One common question that one often hears in the hallways is, “why look for new physics at a
super B-factory or LHCB/BTeV when you have the LHC that produces new particles directly
?” The simplest answer is that they are complementary. The LHC does masses, the super
B-factory does phases and couplings.

This complementarity is clearly illustrated by the presentation on the top quark measure-
ments at the Tevatron by Coca[46]. Beautiful and sophisticated measurements of the top quark
mass from D0 and CDF were shown. However, no information on the couplings |Vtd|, |Vts| and
most importantly on the phase of Vtd are available from direct top production.

6.2 Future Facilities

The “killer applications” for the high luminosity B facilities are CP violation in penguin decays
such as B → φKS and B → η′KS, forward-backward asymmetries in B → K∗�+�−, and CP
violation in b → sγ or b→ s�+�−. All of these are powerful probes of new physics[38].

The upgraded and super e+e− B-factory facilities were discussed by Yamauchi and Giorgi
while the hadron collider experiments were discussed by Honscheid (BTeV), Matteuzzi (LHCB)
and Ohlsson-Malek (ATLAS/CMS)[41],[42], [43].

Yamauchi showed a possible path to an order of magnitude higher luminosity, 1×1035/cm2/sec,
at the KEKB e+e− B-factory [45]. The path is a combination of brute force, much higher beam
currents and a new vacuum chamber, with crab cavities. Crab cavities are special (radio-
frequency) RF cavities that rotate the bunches so that they collide head-on at the interaction
point even though the beams are crossing at a ±11 mrad angle. The crab cavities could be
installed as early as 2005. Giorgi showed an approach incorporating a small crossing angle,
a smaller β∗ (stronger focussing) and more beam current that would allow PEP-II to reach
2 × 1034/cm2/sec after 2005[44].

LHCB has already installed a magnet and is preparing detector components[42]. The com-
peting experiment BTeV will come on later but is equipped with good photon detection and
improved vertex trigger capabilities[41]. These could significantly extend its physics reach. Al-
though the hadron B experiments must operate in harsh radiation environments with fairly
high track densities, the ratio of the b-cross section to the total is orders of magnitude more
favorable than the cross-section at HERA-B or early FNAL fixed target B efforts and compa-
rable to the situation for charm at FNAL fixed target experiments such as E691, FOCUS and
E791.

429



Thomas E. Browder Experimental Summary for the FPCP 2003 Conference

The CLEO τ−charm facility has started at Cornell. In addition to performing many engi-
neering and calibration measurements for B physics such as absolute charm branching fractions,
CLEO-c will measure decay constants and other important quantities that are needed to verify
lattice QCD. CDF has shown charm results that use their vertex trigger, results on charm
physics are also anticipated from D0. In addition, a major upgrade at BES and a new low en-
ergy proton-antiproton experiment, PANDA, at GSI are also expected to contribute to charm
physics. The possibility of finding new physics in the charm sector in D −D mixing, CPV, or
in rare decays should not be neglected[6],[47],[48].

Finally, Cavata discussed plans for neutrino physics. One of the highlights of the future
program is the effort to measure the neutrino mixing matrix element V13[49]. This is the
neutrino counterpart of Vub. If it is found to be non-zero, there is the possibility of CP violation
in the neutrino sector although this will require a difficult and lengthy project to achieve a useful
sensitivity.
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Outlook: FPCP 2004 in Seoul, Korea

Youngjoon Kwon
Institute of Physics & Applied Physics

Yonsei University
Seoul 120-749, Rep. of KOREA

In this short note, we will take a very preliminary look at the next FPCP conference to
be held in Seou, Korea.

The main subject of the FPCP conference is the physics of quark flavors. The flavor struc-
ture of quarks provides us surprisingly rich physics phenomena such as flavor mixing, CP
violation, number of generations, etc. Ever since a CP violation was first discovered in the
neutral K meson decays, physicists worked very hard to understand the basic mechanism of
such a rich structure in the quark flavors.

In the electroweak sector of the Standard Model (SM), there are 17 free parameters (not
including the neutrino masses and resulting mixing parameters) the physical origins of which
we do not understand yet: they are GF , α, sin2 θW , 3 lepton masses, 6 quark masses, 4 quark
flavor mixing parameters (also known as CKM parameters), and Higgs mass. No less than 10
of these are directly related with the quark flavor structure. In other words, we still do not
know much about flavor structure after several decades of learning.

Attending the FPCP 2003 was a very good opportunity for me to learn new things in heavy-
flavor physics. For one, I had a chance to learn about SCET and I could proudly talk with my
theorist friends at home that at least I now got to know what it is all about. For another, I
can tell my colleagues about all the excitements on the new DsJ particles and its mysteries. Of
course, I learned lots more in other aspects of flavor physics, too.

Still we need more FPCP’s for there are many exciting and important subjects that demands
us more extensive investigations. Just to mention a few of them:

• The results of the time-dependent CP asymmetry measurements in theB0 → π+π− decays
are not consistent between BaBar and Belle experiments. Resolving this inconsistency
(hopefully by accumulating and analyzing more data) is important for the search of direct
CP violation in B decays as well as for measuring one of the CKM angles φ2(= α).

• The measurement of time-dependent CP asymmetry parameter in B0 → φK0
S decays from

Belle experiment is not consistent with the SM expectation. Moreover, there is approxi-
mately 2σ level difference between Belle and BaBar experiments on this measurement. If
Belle’s result can be confirmed, it will have immense effects on our views beyond the SM.
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• Precision in the CKM matrix element Vub needs to be much improved. On one side, we
may expect improvements in the lattice QCD calculation of the B → π�ν form-factors,
etc. On the other size, full reconstruction technique can come of age. It may not be really
crazy to anticipate that by the end of 2004, Belle and BaBar together may accumulate
almost 0.5 ab−1 of BB event sample. Then we can have on the order of million fully-
reconstructed B decays, which will open up a new era in the precision measurements.

• Observing b → d penguin decays would be great, too. And, of course, there are many
more.

During the FPCP 2002 in Philadelphia, Tony Sanda sent a few of us – Korean physicists
working on experimental and phenomenlological sides of heavy-flavor physics – an email in
which he asked whether it would be possible for us to host the FPCP 2004 in Korea. We all
took it as a great opportunity for particle physics community in Korea, hence we accepted
this suggestion. The local organizing committee (LOC) for FPCP 2004 was formed during the
Korean Physical Society meeting in April, 2003. Then the LOC decided to send one member
to FPCP 2003 in Paris, giving him (me!) the mission of learning as much about organizing
the conference as possible. Hence, they sent me to this conference. Attending the conference
with such a mission, I learned a lot from this beautifully organized conference, for which I
thank all the members of the international advisory committee, local organizing committee,
and supporting staffs.

The date for FPCP 2004 is decided tentatively as Oct.11-15, and it will be held somewhere
in Seoul, Korea. This is a little deviation from the previous two FPCP’s which were held before
the major summer conferences. In our case, the LOC decided that by having FPCP after the
summer conferences where we expect a host of new results coming in, physicists – especially,
theorists – can have enough time to digest the new results and bring them to the floor for
in-depth discussion at FPCP.

As a matter of fact, October in Seoul is one of the most comfortable time of the year for
foreign tourists. The air is cool and crisp and the nearby mountains will be clad in full colors.
It is a season of harvest festival and there will be many cultural activities going on in the town.
Seoul is a very big modern city of more than 10 million population, while at the same time it
has over 10 centuries of history, including the last 600 years as the capital city of Korea.

In preparing for co-hosting the “2002 FIFA Worldcup Korea-Japan”, Koreans learned a lot
from the success of the previous Worldcup hosted by France in 1998; then we had our own
successful event last year. We hope that the same thing will happen for the FPCP, too, hence
continue a great tradition of FPCP in Seoul, Korea. Thank you.
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Carré des Sciences, Poincaré Amphitheatre
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FPCP03 Scientific Program

Tuesday, June 3, 2003

8:30 Registration and Breakfast

10:00 Welcome Gérard Bonneaud
10:10 Technical information Denis Bernard

Marc Verderi

Chair: Ahmed ali

10:15 Present knowledge of the CKM matrix Heiko Lacker
10:45 Phenomenology of new physics Gudrun Hiller
11:15 sin(2β) (including phi K0

s) Bill Ford

Experimental Hot Topics

11:45 BABAR Roger Barlow
12:00 CLEO Sheldon Stone
12:15 CDF Marjorie Shapiro
12:30 Belle Alex Bondar

12:45 Lunch Break

Chair: David Hitlin

14:00 CP violation in B→ ππ, ρπ Hiroyuki Sagawa
14:30 First B physics results from TEVATRON Craig Blocker
15:00 Phenomenological methods for UT angles Michael Gronau

15:30 Coffee Break

More Experimental Results
and Theoretical Interpretations Chair: David London

16:00 Reaching for γ (present and future) Andrey Golutvin
16:30 Analytical methods for B decays Alain Le Yaouanc
17:00 Lattice QCD for B decays Damir Becirevic

17:30 Cocktail on Conference site
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Wednesday, June 4, 2003

Subdominant Bd and Bs decays,
B lifetime, mixing, etc. Chair: Marjorie Shapiro

9:00 Branching fractions and direct CPV in B → PP(PV) Marcella Bona
9:30 More branching fractions and direct CPV

in charmless B decays (B→PV, VV) Hiroaki Aihara
10:00 Branching fractions (and direct CPV)

of exclusive hadronic B→ charm decays Malcolm John

10:30 Coffee Break

Chair: Peter Dornan

10:50 B lifetime, BB mixing Vivek Jain / Scott Menary
11:20 Theory including results from lattice QCD Christine Davies
11:45 Branching ratios from Bs and Λb Mathew Martin
12:10 CP Violation and New Physics in Bs Decays Robert Fleischer

12:35 Lunch Break

Radiative and other B decays Chair: Michael Gronau

13:50 B → ρ(K∗) γ, b→ d(s) γ Francesca Di Lodovico
14:15 B → ρ(K∗) �+�−, b→ d(s) �+�− Akimasa Ishikawa
14:40 The large energy expansion for B decays Sean Fleming
15:05 Phenomenology of radiative and

semileptonic penguin decays Dan Pirjol

15:30 Poster Session and Coffee Break

Charm Physics Chair: Sheldon Stone

16:20 Theory introduction to charm physics Alexey Petrov
16:45 Semileptonic and rare charm decays Will Johns
17:10 Charm spectroscopy Ruslan Chistov
17:35 D mixing and lifetimes Gianluigi Boca

Public Talk

20:00 Où est passée l’antimatière ? Hubert Reeves
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Thursday, June 5, 2003

Kaon Physics Chair: A. I. Sanda

9:00 Kaon Physics: experimental status and perspectives Marco Sozzi
9:40 CP violation and rare Kaon decay Guido Martinelli

Theoretical Contributions

10:15 New Physics and B → VV decays David London
10:35 Some aspects of charmless B decays from LCSR Blazenka Melic

10:50 Coffee Break

Theory for hadronic B decays,
charmonium and semileptonic, etc. Chair: Marie-Hélène Schune

11:10 pQCD approach for B decays Emi Kou
11:40 Recent developments in Semileptonic B decays Nikolai Uraltsev
12:10 B → charmonium decays and open charm production Karim Trabelsi

12:35 Lunch Break

Chair: Marcello Giorgi

14:00 Semileptonic B decays Marina Artuso
14:25 Inclusive and exclusive Vub measurements Ed Thorndike
14:55 Inclusive and exclusive Vcb measurements Marta Calvi
15:25 Vub and Vcb: theoretical developments Zoltan Ligeti

16:00 Coffee Break

Experiments Chair: Brigitte Bloch-Devaux

16:30 LHCb status and physics program Clara Matteuzzi
16:50 ATLAS and CMS status and physics program Fairouz Ohlsson-Malek
17:10 BTeV status and physics program Klaus Honscheid
17:30 BABAR plans for the future Marcello Giorgi
17:50 Belle plans for the future Masa Yamauchi

20:00 Banquet - Maison des Polytechniciens
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Chair: Youngjoon Kwon

9:00 charm: BES, VEPP-4M, PSI, CLEO-c Jon Urheim / Marina Artuso
9:25 Top: latest results from Tevatron -

cross-section and mass Mircea Coca
9:55 Outlook (FPCP’04) Youngjoon Kwon

10:10 Poster Session and Coffee Break

Neutrino physics Chair:Jérome Charles

11:10 Neutrinos: summary of new results Christian Cavata
11:45 CPV and new physics in the neutrino sector Stéphane Lavignac

12:20 Lunch Break

Cosmology and Summary Chair: Klaus Schubert

14:00 Cosmology and CP violation Gustavo Branco
14:35 Conference Summary Part I: Theory Patricia Ball

15:10 Coffee Break

Chair: François Le Diberder

15:45 Conference Summary Part II: Experiment Thomas Browder
16:45 Acknowledgements Gérard Bonneaud

and Denis Bernard

End of FPCP 2003
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Papers Contributed to FPCP 2003

A. Ali and An analysis of the Inclusive Decays Υ (1S) → η′X and
A. Parkhomenko Constraints on the η′-Meson Distribution Amplitudes

CERN-TH/2003-096; BUTP-2003/09; HEP-PH/0304278

Hai-Yang Cheng Hadronic Charmed Meson Decays Involving Axial Vector Mesons
Hadronic Charmed Meson Decays Involving Scalar Mesons
Hadronic Charmed Meson Decays Involving Tensor Mesons

Hai-Yang Cheng and Charmless Exclusive Baryonic B Decays
Kwei-Chou Yang Hadronic B Decays to Charmed Baryons

Non resonant Three-body Decays of D and B Mesons
Penguin-Induces Radiative Baryonic B Decays
Three-Body Charmful Baryonic B Decays B → D(D∗)NN

D. Silverman, Effects of Right-handed Gauge Bosons in BB Mixing
W.K. Sze and H. Yao and CP Violation

443



444



Posters

445



446



Posters presented to FPCP 2003

Ernest Aguilo Pulseshape Simulation for the SPD Sub-detector at LHCb

Ezequiel Alvarez Correlated B meson decays into CP eigenstates

Emi Kou Supsersymetric Contributions to the CP asymmetry
of B → φKs and B → η′Ks

Veronique Page Search for new physics in B → ρ, π

Alexander Parkhomenko An Analysis of the Inclusive Decay Υ (1S) → η′X and
Constraints on the η′-Meson Distribution Amplitudes

Dennis Sylverman Effects of Right-handed Gauge Bosons in BB Mixing
and CP Violation
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