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Abstract

Some recent physics results obtained from the DELPHI Collaboration in the sector of 6-
physics are reported, with a special emphasis to lifetimes and spectroscopy of 6-hadrons.

The mean b lifetime has been measured to be TB = -1.600 ± 0.010 (stat) ± 0.028 (syst) ps
investigating its decay length distribution. The lifetime of the B° meson has been determined
using 4 independent and complementary methods and the combined result tums out to be rgo
= 1.54-io'lfjfc 0.06 ps. The Htiaryon has been observed and its lifetime estimated: r=b = 1.5

As for the spectroscopy, precise determinations of the B* production and decay properties
are presented together with the observation of the orbitally excited meson states B"d, B*" and
of the baryon states £(,, ££ and Ef,. For all these fr-hadron states masses (or mass differences)
together with production and decay parameters are reported.

1 Invited talk given at the Ilnd Rencontres du Vietnam, Physics at the Frontiers of the Standard Model, Ho Chi Minh
City, Vietnam, October 21-28,1995. A condensed version will appear in the Proceedings.
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1 INTRODUCTION

To prepare this talk I have decided to take the following attitude:

• give priority to original results, namely results where DELPHI has been either pioneering or
"unique";

• give priority to results which have been made possible due to some "unique" DELPHI sub-
detector (and RICH is certainly one of those);

• take into account my own personal taste too.

Following these guidelines I will then concentrate on the following subjects:

4* lifetimes, with expectations and results on inclusive r, r (£?°) and r (E&);

4k excited fr-hadrons, with expectations and results on Bm, B**d, B " , S ^ and Eb.

2 HEAVY FLAVOR LIFETIMES

An accurate determination of the lifetimes of weakly decaying hadrons containing a heavy2 quark
is important for a variety of reasons. First of all the lifetime is a fundamental property in itself, like
the mass; furthermore it allows to measure the CKM matrix element | Vcb |:

Finally it is essential to understand non-perturbative hadron dynamics and to study time-dependent
B° «• B° mixing and CP violation in the 6-sector.

Fig. l(a) shows a sketch of the decay of a meson
V V < \ containing a heavy quark Q. This diagram is the so-called

!L q M — Z <L-yF "spectator diagram" since only the heavy quark undergoes
?,- jf a decaj^ while its partner light quark acts as a spectator;

this mechanism is considered to be the dominant decay
Figure 1: a) Spectator diagram for a diagram. Since the spectator diagrams are essentially the
semileptonic and hadronic decay of a me- s a m e f o r a11 particles containing a given heavy quark, one
son containing a heavy quark Q; b) muon could expect that all these particles have the same lifetime,
decay diagram. This simple scheme of a pure light quark spectator

model is in disagreement with the data in the c-sector,
where we know that T(D±) « 2.5 T(D°), indicating significant non-spectator effects. Model de-
pendent qualitative predictions for the c-sector are:

r(D+) > r(D°) « r(Dt) > r(Ac
+) (2)

which are well satisfied experimentally.
For the fe-sector, since the spectator model is expected to be a much better approximation, one

has a similar predicted hierarchy:

T(B+) > r(B°) a r(B°3) > r(A°) (3)

2To quantify the term "heavy" one usually assumes mQ » \QCD . Since \QCD « 350 MeV, the 6-quark is certainly
heavy and the c-quark is heavy to a lesser extent.
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but, since the magnitude of differences scales as w ^ - , the various b lifetimes will differ by

< 0(10%).
I will not describe here the entire DELPHI detector(1) but since lifetime measurements are heav-

ily based on the quality of track and vertex reconstructions close to the interaction point I cannot
avoid to mention the heart of the tracking system especially designed to detect short living particles,
namely the Vertex Detector (VD). This device(2) surrounds the LEP beryllium beam pipe of 5.5 cm
radius and consists in three concentric layers of silicon microstrip detectors with average radii of
6.3 cm, 8.8 cm and 10.9 cm. The VD has been recently upgraded from two coordinate (R<f> only) to
three coordinate readout {R4> and z) and uses novel techniques to obtain the third coordinate. The
superb performances of this VD can be summarized by a single hit precision of 8 //m (including
alignment uncertainties) with a hit efficiency of 98%.

An overview of DELPHI activity in the sector of B lifetimes can be found in Ref. 3 that contains
a summary of DELPHI'S current-best B &C physics numbers.

2.1 Average lifetime of b-hadrons

This measurement^ uses the data collected with the DELPHI detector from 1991 to 1993 and up-
dates a previous result (contained in Ref. 5) based on a smaller statistics. Secondary vertices are
found with a two step procedure. The first part is to define which charged particles belong to candi-
date vertices; the second part is to refine these vertices by removing misassociated charged particles.

Initial candidate vertices are reconstructed
pairing each charged particle with every other
charged particle. Intersection points are then
clustered into candidate vertices depending on
the separation between each pair of intersection
points. Candidate vertices are then refined to
remove wrongly associated charged tracks and
hence improve the secondary vertex resolution.
For each candidate vertex (i) the average intersec-
tion point (< Vi >) is computed; a more precise
vertex position is obtained by minimizing:

X = (4)

91 -9.J DtlFHf Dcto Preliminary

i 2
Decay Length (cm)

Figure 2: Result of the fit to the decay length dis-
tribution, where TB = 1.600 ±0.010 ps. The lower
curve shows the background assumed in the fit.

where S3 is the distance of closest approach (in the
/?<£-plane) of the charged particle j to the vertex
Vi (ASj is its associated error). A charged particle
is removed fronj the vertex if /3j > 2.5. If any
charged particle is removed then a new vertex po-
sition is calculated and this process repeated until no further charged particles could be removed.
The reconstructed vertex resolution turns out to be (301 ± 24) fim.

6-enrichment is obtained requiring a radial distance from the beam crossing above 1 mm (to
reduce background), a vertex mass above 1.7 GeV (to reject light quark contamination) and finally
accepting only vertices with a charged multiplicity > 4 (to reduce random crossing from primary).
A full detector simulation shows that this procedure results in a 5-purity of (93.5 ± 0.3)% with an
efficiency of (7.87 ± 0.09)%.



The decay length L is calculated using the measured momentum, \PVi,\, defined to be the vec-
tor sum of the momenta of the individual charged particles associated with each vertex, and the
corresponding transverse momentum, Ptvi, = JPfvis + P ^ , . Then:

L = R
tvia

= Rj sin 9 (5)

where 0 is the angle between the line of flight and the beam axis.
The decay length distributions are extracted from the simulation separately for 66, cc and light

quark events. The L distributions for the cc and light quark events are parametrized by the sum
of two exponentials. The 66 signal is parametrized by a single exponential. These parametrized
decay length distributions are converted into probability distributions. Using these probability dis-
tributions and the purity determined from the simulation, a likelihood fit is performed on the data
to extract the slope of the exponential for the signal. This slope varies as a function of the 6-hadron
lifetime. This variation is linear over a wide range of lifetimes. The 6-hadron lifetime, in the data,
is determined from this linear relationship.

Table 1: Systematic sources of uncertainty in the measurement of T&.
Source of Uncertainty
B Fragmentation
Monte Carlo Statistics
Cascade c Decays
A0
Fit Range
AL
B Purity
Total

A-H3 (ps)

± 0.019
± 0.014
±0.010
±0.007
±0.005
±0.005
±0.003
± 0.028

Fig. 2 shows the result of the fit yielding a value for the 6-hadron lifetime of (1.600 ±0.010
± 0.028) ps. The systematic error is due to the various sources of systematic uncertainties consid-
ered and reported in decreasing order in Table 1.

2.2 B® meson lifetime

B° mesons3 are produced during the hadronization of 6 quark jets emitted from a Z° boson decay
via a combination with a strange antiquark of an ss pair. Since the probability of this occurring is
only about 10%, far fewer 5° mesons are produced than non-strange B mesons. For this reason,
decay channels which allow a good rejection against non-strange 5-hadrons have to be used.

DELPHI has recently measured(6) the lifetime of the B® meson using 4 different and comple-
mentary methods in which the B° purity (i.e. the fraction of B° decays) lies between 50% and 90%:

=> Df — t* events where the lepton £ has large transverse momentum4 and opposite sign to the
candidate;

3Unless explicitly stated otherwise, charge conjugate states are always implied.
4The lepton transverse momentum, pfut, is measured with respect to the axis of the jet it belongs to, after having

removed the lepton from its jet.



=£• Df —/iT events where the hadron has large momentum and opposite sign to the Df candidate;

=>• <f> — £* events where the lepton has large transverse momentum;

=> events with a Df meson candidate.

Figure 3: The four diagrams which contribute to Df - £* final states with lepton and D, in the same jet.
There is no channel for same-sign lepton-Ds correlations.

Due to lack of time I will describe here in some detail only the first method which studies the
correlations between a Df meson and a lepton of opposite charge produced in the same hemisphere.
Once the Df meson is identified, there are four processes, all from B decays, contributing to Df —
£* — X final states, with lepton and Df observed in the same jet. Two come from direct B meson
semileptonic decay and the others from semileptonic cascade decays (see Fig. 3: the process in a) is
the signal). The identification of a lepton emitted at large transverse momentum relative to its jet axis
reduces the fraction of indirect semileptonic B meson decays (b —> c —> £) and of fake leptons. The
enrichment in B° isobtained by requiring the presence of a Df meson. This is produced at a higher
rate in B° than in B% or B+ semileptonic decays because of the presence of the spectator s quark
in the B° meson. When combined, these two criteria are predicted to provide a sample of events
highly enriched in 5° decays. At large transverse momentum of the lepton, pjuf > 1.2 GeV/c,
about 90 % of the events are expected to originate from a B° semileptonic decay.

Df mesons are reconstructed in the three decay modes (essentially those having sizeable branch-
ing ratios):

Df
Df
Dt

A'*°A'+ K*°
7T + 7T

Using the measured position of the Df decay vertex and the Df momentum (with their corre-
sponding errors) a Df pseudotrack is constructed and extrapolated back to form a common vertex
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(the candidate B° vertex) with an identified lepton (electron or muon) of opposite charge belong-
ing to the same hemisphere. Leptons are selected with high momentum (p > 3 GeV/c) and high
transverse momentum (p™* > 1.2 GeV/c). Further background reduction is obtained by requiring
a D+ — t invariant mass between 3.0 and 5.5 GeV/c2 and a total momentum above 12 GeV/c.

1.7S \» 1JB I f \at 1 UK 2.1 1.19
M(K K n) G«V/e*

1.7S U IJ6 1.9 IJ9 2 2.00 2.1 11» 2.2

M(K K n) GeV/c*

K°K

1.75 IJ 1J8 1.1 1J5 1 i a M MS 2J

1.75 1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 2.2

M(D.) GeV/c2

Figure 4: Invariant mass distributions for D+ candidates accompanied by a high pr lepton of opposite sign
belonging to the same hemisphere (left: for each of the three analyzed decay channels, right: overall). The
shaded areas contain the "wrong-sign" combinations.

In the Df mass region a clear excess of "right-sign" combinations (Df — £*) with respect to
"wrong-sign" combinations (Df — £*) is observed in each channel (Fig. 4). The overall mass dis-
tribution is fitted using two gaussian distributions of the same width to account for the signals in the
Df and D+ mass regions, and an exponential to describe the combinatorial background. In total
85 ± 13 Df candidates are found in the "right-sign" combinations (Fig. 4), centered at a mass of
(1.968 ± 0.002) GeV/c2 with a width of (13 ± 2) MeV/c2. No signal is visible in the "wrong-sign"
combinations.

To get the B® decay proper time (and its error) the B° decay length is obtained projecting
the vector joining the primary and the B° decay vertex, measured in a plane transverse to the beam
direction, along the B° flight direction, as estimated from the D+-t momentum vector. The decay
length resolutions are found to be 270 //m and 890 fim in 77% and 23% of events respectively for the
07r+ and K*°K+ decay channels. Resolutions of 370 fim and 2.5 mm for 60% (40%) of the events
are found in the K°K+ channel. The B° meson momentum is evaluated from the momentum of
the Df-i system using a MC linear correlation: this parametrization gives a momentum resolution
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The B® lifetime and the combinatorial background shape are fitted simultaneously by using
events within a mass interval of ±2<r centered on the measured Df mass in the "right-sign" sam-
ple and all "wrong-sign" events (see Fig. 5: in this figure the points are the data and the curves
correspond to the different components contributing to the selected events).

Considering the various sources of systematic errors,
the maximum likelihood fit result is:

rB-o = ±0.06ps

As for the other methods mentioned at the beginning
of this section the Ba lifetime values are:

Tgo 1.57 t?A*

TB° =TB°

0.37

i 4 r +0.20
1-40 _0_23

i fii +0.34
1 - D 1 -0.29

+0.15
-0.14 P S

+0.32
-0.16 P S

+0.18
-0.13 PS

Df - hf

inclusive

and they are combined (properly taking into account
the existing statistical correlations) to give the current
DELPHI value for the B° lifetime (1991 to 1994 statis-
tics):

±0.06ps

3 B-HADRON SPECTROSCOPY

Figure 5: a) Likelihood fit for events in
the signal mass region, b) The same as in
a) for "wrong-sign" events.

There is an emerging evidence^ that the fi-hadron spectroscopy can be satisfactorily described by
the Heavy Quark Effective Theory(8) (HQET). As a matter of fact the 6-sector seems to be the ideal
place for testing various HQET predictions.

At LEP a copious production of 66 events offers a laboratory for B meson spectroscopy. The 6
quarks produced in the decay Z —> bb receive a significant Lorentz boost that is largely transmitted
to the B hadrons in the hadronization process. A substantial fraction of Z° —> 66 decays are ex-
pected to lead to B* meson production. An estimate of the relative abundance of B* to B mesons
can be made based on their inherent spin structure differences since their mass splitting is small com-
pared with the average B energy. The number of spin degrees of freedom for a particle of spin J is
(2J -f 1). Under the assumption of uniform population of these states, the production ratio should
be 3:1 for vector to pseudoscalar mesons, and the ratio of transverse (T) to longitudinal (L) B" po-
larization states should be 2:1, independent of the 6-quark polarization. Furthermore the mass dif-
ference between the pseudoscalar B meson and its vector partner B* is about 46 MeV/c2(9) and then
all strong decays are kinematically forbidden and the electromagnetic Ml transition, £?* -» S7, is
the dominant decay mode. At LEP energies these decays result in a photon spectrum that extends
up to just 800 MeV.

6-quark fragmentation is capable of producing primary mesons with orbital excitation (com-
monly labeled B"*), as indicated by the sizeable D*m production rate in S-decays and in c-quark
fragmentation. In the quark model one expects for each spectator flavour four different B meson
states with orbital angular momentum L = 1. The expected main decay modes of B**d mesons
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are Bn and B'ir. Since in DELPHI the B and B* mesons cannot be distinguished in these decays
they are labeled as 5 ( s ) . If the B*s* meson mass is above the B^K threshold, this will be the dom-
inant decay mode, since B3ir is forbidden by isospin conservation (note that this mechanism will
deplete the number of Bs found in the final state and this is bad for the study of the time-dependent
B° & B° mixing).

HQET groups the above four states into two doublets per B-flavour according to the vector
sum of the light quark's spin and the orbital angular momentum jq = sq + L; jq = 3/2 : Jp =
l + , 2 + a n d j , = 1/2 : Jp = 0 + , l + . The members of the first doublet should be very narrow
compared to typical strong decay widths, because only L — 2 decays are allowed. This is due to
angular momentum and parity conservation for the 2+ state and to a dynamical prediction for the 1+

partner. In the D-meson sector the two narrow states have been clearly identified experimentally*9)
and their spin-parity and decay characteristics have been found to be in agreement with the HQET
predictions.

Some HQET predictions00) for the orbitally excited states B"+ (bu) and B"° (Id) are summa-
rized in Table 2 while Table 3 contains similar predictions for the 4 B" (is) states.

Table 2: HQET predictions for B"+ (bu) and B"° (bd)

Name

B;

BJ

B,

B;

Jp 0,)

^2 + (3/2)

1+ (3/2)

1+ d/2)

0+ (1/2)

Mass (GeV/c2)

5.771

5.759

* 5.670

w 5.670

Width (MeV/c2)

25

21

broad

broad

Decay

(B*7T)L=2 (Bn)L=2

(B*TT)L=2

(B*7T)L=0

(B7T)L=0

Table 3: HQET predictions for the B*' (bs) states

Name

B:2

Ba l

B9l

B ^

JP 0 , )

2+ (3/2)

1+ (3/2)

1+ d/2)
0+ (1/2)

Mass (GeV/c2)

5.861

5.849

* 5.750

« 5.750

Width (MeV/c2)

4

1

7

7

Decay

(B* K) or (BK)

B*K

B , 7

(B*K)or(B,7)

3.1 Inclusive B meson reconstruction

DELPHI has developed an algorithm<n) for inclusive particle reconstruction motivated by the small
branching ratios of B hadrons into exclusive final states.

There is first an enrichment in 66 events(12) taking advantage of the lifetime and decay multi-
plicity differences between B and lighter D mesons. These characteristics result in a distribution
of impact parameters that is larger in B meson events than in events without B mesons. The prob-
ability is calculated for each event that all the well-measured tracks originate from a single vertex
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compatible with the beam spot. Selecting events where this probability is less than 1% results in an
efficiency of (52 ± 3)% and a purity of (80 ± 4)% for bb events.

Simulation studies show that the rapidity y = 0.5 • \og((E + pz)/(E — pz)) of B mesons along
the event thrust axis is strongly peaked at y = ±2.4, with some spread towards lower \y\ due to
hard gluon radiation. Furthermore the B meson decay products have a gaussian distribution in ra-
pidity space with a width of about 0.8 units. In 6-events the fragmentation process mainly generates
particles at lower rapidities, and their distribution can be described by two gaussians of width 1.05
units, centered at ±1.03.

The events are then divided into two hemispheres defined by the thrust axis. Particles outside
a central rapidity window of ±1.5 units are considered to be B meson decay products and their 4 -
momenta are added together in each hemisphere to arrive to a B meson energy estimate. With some
additional cuts to cure peculiar configurations the energy resolution is 7% for 75% of the B mesons,
the remainder constituting a non-gaussian tail towards higher energies. The angular resolution in
9 and <f> can be parameterized as double gaussians with widths of 15 mrad for 60% of the data and
38 mrad for the remaining 40%.

The general philosophy of this inclusive method consists in attaching to this inclusive J5-object
a high quality track from primary vertex (x = 7, •n±, K*) and search for enhancements in the Q-value
M(Bx) - M(B).

800

3.2 B* production

The photon energy spectrum in the decay B" —>•
B*y extends up to 800 MeV/c and then it is not in a fa-
vorable region for the DELPHI e.m. calorimeter HPC
which has a relatively high energy threshold. For this
reason this search has used photons converted to e+e~
in the material in front of the main DELPHI tracking
device TPC.

Photon conversions in front of the TPC are recon-
structed by an algorithm that examines charged tracks
reconstructed in the TPC. If two oppositely charged
conversion candidates are found with compatible de-
cay point they are linked together to form one con-
verted photon. For ambiguous associations a best x2

criterium is used. A constrained fit is then applied
to the electron-positron pair candidate which forces a
common conversion point with zero opening angle and
collinearity between the momentum sum and the line
from the beam sbot to the conversion point. Radia-
tion losses are also considered. Monte Carlo simula-
tion shows that the reconstruction precision of these
converted photons (whose energy spectrum is down to
« 250 MeV) has been determined to be 1% in energy
and 1.5 mrad in polar and azimuthal angles 9 and 4>.

Low energy asymmetric conversions are also rescued (single electron conversions represent
25% of all converted photons in the data and reduce the acceptance threshold from 250 MeV to

i 600

400

200 -

400 -

300 -

200

100 -

0.12 0.14
AMIC4V/C*)

Figure 6: a) B7 - B mass difference; b) sig-
nal after background subtraction.
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« 100 MeV) with an energy resolution of ~ 10%.
The entire procedure has been tested on n° reconstruction: the fitted n° peak in the real data is

(135.2 ±0.2) MeV/c2.

Figure 7: Decay angular distri-
bution for B" photons in the B*
rest frame. The dashed and dot-
ted curves are the contributions
from the transverse and longitu-
dinal states.

The Bf - B mass difference is reported in Fig. 6 for the 1991
to 1994 statistics;(I3) the signal corresponds to 3009 ± 108 ± 65
events and a fit using a background shape from simulation gives a
mass difference of:

AM(B" -B) = (45.5 ± 0.3 ± 0.8) MeV/c2

in good agreement with other LEP and non-LEP results. Note
that this value represents a mean mass difference over different fla-
vors; data show that this difference is the same for B+, B° and Ba

within 6 MeV (95% CL).
The ratio of the number of B* mesons to hadronic Z decays

is 0.28 ± 0.01 ± 0.03; taking into account a (10 ± 4)% ^-baryon
contribution, the B* to B cross section ratio turns out to be:

- 0.72 ± 0.03 ± 0.06

This value is expected to be 3/4 = 0.75 from spin statistics but the observed sizeable B" pro-
duction can appreciably alter this expectation.

Experiment

ALEPH(14)

(91-94)

DELPHI(13)

(91-94)

L3<15>
(91-93)

PDG 94(9)

Table A
Statistics

3 106

2.3 106

1.6 106

V. Summary of B*
AM (MeV/c2)

45.3
± 0.4 ± 0.9

45.5
± 0.3 ± 0.8

46.3
±1.9

46.0 ± 0.6

—> By results
o(B') (W,

<r(B')+o(B) \/{l)

11
±3±7

72
± 3 ± 6

76
±8±6

33
±6±5

32
±4±3

Since B* mesons are vector particles they can be described by the polarization states ±1 and
0 along their direction of flight. The two transverse (T) helicity states (Jz = ±1) each lead to an
angular distribution proportional to (1 + cos2 O')/2, where 0" is the angle between the direction of
flight of the B* meson in the laboratory frame and the photon in the B" rest frame. The longitudinal
(L) helicity state (Jz = 0) leads to a sin2 6* distribution. If the helicity states are equally populated,
i.e. uj : &L = 2 : 1, the photon angular distribution should be isotropic.

The helicity angular distribution is fitted with the decay distribution functions, with the two
degrees of freedom being the relative strength of the longitudinal polarization state and the overall
normalization (note that there is essentially no acceptance for cos 6' below —0.5).
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The relative longitudinal contribution is determined to be:

OLI{°L + CT) = 0.32 ± 0.04 ± 0.03

The result of the fit is reported in figure 7. Table 4 shows a summary of the most significant B'
results.

3.3 Observation of B*u*d -> B& -K production

DELPHI has recently updated(16) its previous observation(17) of this orbitally excited state including
the 1994 data (and then doubling the available statistics).

If the mass of B" mesons is above the B"ir but below the Bp threshold, B" mesons will mainly
decay into Bn or B'ir. Since the B" decays strongly, the pion should originate from the primary
vertex and not from the B decay vertex.

The quantity which is best accessible experimentally using an inclusive B reconstruction is the
Q-value of the decay:

Q = m(Blm)w) - m(flW) - m(n) = m{B") - m(£('>) - m(ir).

The symbol B
method.

^ denotes both B and B' states, which cannot be distinguished with the present

A DELPHI

h . . i . , . i , . , i . . . i , . , i , .-100

/ G«V

Figure 8: (a) Distribution of the Q-value of B^n pairs (data points) along with the Monte Carlo expectation
without B" production (shaded area), (b) Background subtracted B^it pair Q-value distribution. The fit
is a simple gaussian.

Pion tracks are selected which are compatible with the primary vertex and not with a secondary
B decay vertex. The distribution of the measured B^n Q-values is shown in figure 8a.
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There is a significant excess of combinations on top of a smoothly falling background. This
background is well described by the Monte Carlo prediction in which the B" decay pions have
been suppressed. Figure 8b shows the background subtracted signal, which is fitted to a simple
gaussian with central value:

and gaussian width:

Q(B" -> £<•>*) = (285 ± 5 ± 12) MeV/c2

a = (79 ± 5 ± 8) MeV/c2

The signal has a statistical significance of 18 standard deviations.
Possible reflections from B" -> B^K decays are expected to contribute in the Q-value range

between 50 and 250 MeV/c2 at the level of 10% to the expected B"d signal. Additional uncertainties
are introduced by the possible production of £& ->• A<,7r and reflections from the decay B"d —>
B^p. These reflections have been considered in evaluating the systematic errors.

The total B"d rate is found to be:

aB'u'J<Tb-jct = 0.26 ± 0.015 ± 0.05

In this rate calculation it was assumed that 2/3 of all B" decay into charged pions and 1/3 into
(unobserved) TT0, according to isospin rule for an / = 1/2 decay into an isovector and an isospinor.

The signal of Figure 8b can be qualitatively described by a mixture of broad and narrow states,
as expected from HQET (see Table 2). However the decay of a B" to a B'ir produces a Q-value
which is shifted downwards by the B'-B mass difference of « 45 MeV/c2 compared to the Q-
value of a Bn decay. Therefore, for the determination of a B" mass from the measured Q-value,
an assumption about the B'/B ratio in the signal has to be made. Assuming a B*n:Bn = 2:1 the
cross-section-weighted mean mass of the 4 HQET expected states is (if fitted with a single state):

< M{B"4 > = (5734 ± 5 ± 17) MeV/c2

r = (120±21)MeV/c2

Note that the error on the mass is dominated by the systematic (it accommodates a B'/B ratio
ranging from 1/1 to 3/1).

Table 5 shows a summary of the most significant B"d -> B^ir results.

Experiment

DELPHI
(91-94)

OPAL(18)

(91-94)

ALEPH(H>

(91-94)

Table 5:

Q (MeV/c2)

285
± 5 ±12

262
±6

284

±4± 10

Summary of B

<r (MeV/c2)

72

±5±8
60
±8
53

±3±9

**d -> B^'TT results

Mass (MeV/c2)

5734
±5 ±17

5712
±11

5734

± 3 ±16

B(Z^B»d) (Of.)
B(Z-*b->BUid) \ / 0 /

34
±2±8

27.0
±5.6

27.9

± 1.6 ±7 .6
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3.4 Observation of Bs ^K production

The analysis described above is repeated but the candidate track from primary has to be an identified
kaon. Particle identification requires:

=> for 1 < p < 3 GeV a kaon ring in the liquid RICH;

=» for p > 3 GeV either the veto mode in the gas RICH or a dE/dx measurement in the TPC.

Further background suppression is obtained using quark flavor tagging. Since B'a* can decay —>•
B~ K+ (or -»> B° K°) while Bm

3
m -> B+ K" is forbidden, the K+ will be accompanied by a 6jet in the

opposite hemisphere. One can thus enhance the signal applying cuts on the variable (Qjet,opVo3ite -
Qjet,same) x Q,K, where Qjet denotes the jet-charge. Simulation shows that (83 ± 3)% of the signal
is filtered while only (60 ± 0.5)% of the background survives the cuts.

The Q-value is reported in fig.9 for the DELPHI 1991
to 1994 statistics. The data show a resolved double bump
with a signal of 577 ± 49 ± 70 events. The fitted Q~values
are (70 ± 4 ± 8) MeV/c2 for the first peak and (142 ± 4
± 8) MeV/c2 for the second. The corresponding gaussian
widths (consistent with resolution) are respectively (21 ±
4 ± 4) MeV/c2 and (13 ± 4 ± 4) MeV/c2.

The most obvious interpretation of this spectrum is
in terms of B** production. Accepting this interpretation
(namely identifying the lower bump with B3l decaying ->•
B'K and the higher bump with B't2 decaying -+ BK) the
masses and widths of the two states are determined to be:

M(fl,i) = (5888 ± 4 ± 8) MeV/c25

T(Bsl) < 60 MeV/c2 (95%CL)

M(fl;2) = (5914 ± 4 ± 18) MeV/c2

T(5;2) < 50 MeV/c2 (95%CL)

AM = (26 ± 6 ± 8) MeV/c2

This mass difference does not agree very well with the
HQET prediction of A M as 12 MeV/c2 reported in Ta-
ble 3, indicating that there is still room for theoretical (and
experimental) improvements

Combining the above results with those obtained from

-29 -

OilS 0.1 0.19 OJ 0.26 OJ 0J9 OA
OCB«*IO/C«V

Figure 9: (a) Distribution of the Q-value
of B^K pairs (data points) along with
the Monte Carlo expectation without B"
production (shaded area), (b) Background
subtracted B^K pair Q-value distribu-
tion. The fit is two simple gaussians.

the B"d production one can measure the following relative rates:

=> (4£r££ = 0.142 ±0.028 ±0.047

± 0 005 ± 0

=
o—jet

(BU-+BK) =
o—jet

5This is consistent with the OPAL(18) observation of an unresolved peak with M = (5884 ± 15) MeV/c2 and T
(47 ± 22) MeV/c2.
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3.5 First evidence for Ej and ££ production

The first experimental evidence(19) for S4 and ££ production is obtained by DELPHI with an anal-
ysis of the Aj,7r - A& mass difference. This procedure is essentially motivated by the theoretical
predictions*20* existing for the non-strange 6-baryon states; these predictions are summarized in
Table 6.

Table 6: Theoretical )redictions for the non-strange fr-baryon states.

S6

1/2®

Sqq

0

1

1

J

1/2

1/2

3/2

Name

Afc

Ek

AM (MeV/c2)

-

200 ±20

230 ± 20

Width (MeV/c2)

-

3.5

19

Decay

weak

A{,7r (strong)

A(,7r (strong)

/

0 0.029 0.09 OL07S 0.1 0.129 0.19 0.178 03 0-22 >

Q(\w) IGeV/ci

0 0.029 0.0S 0.078 0.1 0.129 0.18 0.179 0.2 O22

Q(\7t) IGeV/ci

Figure 10: Distribution of the Q-value of
A(,JT pairs. The background (shown also in the
lowest part) is from the data with a baryon an-
ticut.

B-hadrons are reconstructed inclusively; the
main difference with respect to the B" analysis con-
sists in an enrichment of A& decays using a baryon
enriched sample obtained requiring among the two
most energetic particles in the hemisphere the pres-
ence of a A0 or an identified proton or a neutral hadron
shower above 10 GeV. Proton identification exploits
information from the gas RICH, the liquid RICH and
dE/dx measurement in the TPC. The working point
leads to ~ 30% proton purity with an efficiency of
«70%.

The analysis is performed in terms of the Q-value
of the decay:

Q = m(A67r)-m(At)-m(7r) = m(S ( ' ))-m(A6)-m(7r).

Charged pions from the main vertex are added to
the inclusive k-baryon object; the Q-value of the decay
is reported in Figure 10. There is an excess of combi-
nations on top of an almost constant background. The
background is obtained from the data itself reversing
the baryon enrichment cut (its shape is also reproduced
by the Montecarlo). The excess of combinations (937
± 108 ± 270 events) consists in a 9-cr double bump;
guided by the expectations of Table 6 this excess is fit-
ted with two gaussians giving:

Q(E6 -> Afc7r) = (33 ± 3 ± 8) MeV/c2

Q(Ll -» A6TT) = (89 ± 3 ± 8) MeV/c2

One cannot completely rule out the possibility that one of observed peaks comes from a A£
decay. However this A£ baryon has never been observed experimentally; accepting the E

> Ao nn
and SJ
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interpretation one can then deduce:

AM(S 6 - A6) = (173 ± 3 ± 8) MeV/c2

J - A6) = (229 ± 3 ± 8) MeV/c2

Their gaussian widths are found to be consistent with the expected experimental resolutions (10
and 16 MeV/c2 respectively):

T(E t) < 32 MeV/c2

J) < 39 MeV/c2

The total signal corresponds to a production rate of Efr + ££ per b-jet of 0.048± 0.006± 0.015; the
production ratio crEb/(^Et+^E;) is measured to be 0.24± 0.06± 0.10. The relatively high production
rate implies a At, depolarization, since only primary A;, are expected to be largely polarized. This
depolarization seems to be confirmed by the suppression of the ££ Jz = ± 3/2 helicity states.

3.6 Evidence for the production of strange B-baryons decaying into E*-lT

pairs

Although this argument is not, strictly speaking, in the line of the excited 6-hadron sector, I find it
anyway exciting and then worth presenting.

In addition to the A°(bud), quark models predict the existence of three strange 6-baryon states
which are expected to decay through the weak interaction: the Ej(bsu), the H^(bsd) and the fl^(bss).

d

i u

d d

« 1

ME

I
sd sd

Figure 11: Different mechanisms which contribute to the production of E-£ pairs with E originating from
heavy flavour decays.
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In the semileptonic decay of heavy hadrons, the flavour of the light spectator system contained
in the initial state is transmitted to the final state. This property has been used previously to isolate
different species of B-hadrons and a particular case has been illustrated in section 2.2 for the B°
lifetime.

Following the same idea, DELPHI*21* has investigated the production rates of E* accompanied
in the same jet by a lepton of same or opposite charge. Because of the strangeness content of ET

hyperons, this can be a way to identify the production of Ef, baryons. In the following, same-sign
E T — £T pairs will be called "right-sign" pairs because the signal from B-baryon decays is expected
in these events; opposite-sign pairs will be called "wrong-sign" pairs.

A schematic description of the processes contributing to the production of 3-1 pairs in which
the E originates from heavy flavour decays is shown in Fig. 11. This figure can be easily interpreted
in the following way:

=> the signal (actually a mixture of E£ and Ê " : Fig. lla) will show up as an excess of right-
sign E T - / T pairs intersecting in the same hemisphere and can be enhanced imposing p^ >
lGeV;

=*> the physical backgrounds consist of:

® semileptonic A° -*• E~- /" (Fig. lib): although this state has a larger initial production
rate its contribution is expected to be small due to measured*22* BR(AC -» E~ X) as 3
10-3;

® A£ ->• / Ec K
+ X (Fig. lie): this is expected to be negligible;

® E from fragmentation are expected to give equal contribution to right-sign and wrong-
sign events and are anyway reduced requiring p= > 3 GeV/c.

M,- 1321.210.2 M*V/e*

- 7.8±0.S U«V/c*

JLK •
13 1.305 131 1315 132 1.325 1.33 1335 134 1345

M(\%) (CtVIc2)

S Ni-2179*97
M,- 1J2IJ±0.1 mV/e1

- 8.1±0.4HW/c*

13 1305 131 1315 132 1.325 133 1335 134 1345
M(Ax) (GtVIc1)

10

6

4

2

n

DELPHI
a) right sign

1
\ i

I
4
m

p;> i

DATA

(vfthout^.

•fflitt

G«V/c

t
126 128 13 1.32 1.34 136 1.38 1.4

b) wrong sign

126 128 13 1.32 134 1.36 138

Figure 12: Left: Aff mass distributions for events reconstructed in the "HT" and "An" mode. Right: com-
parison between measured and expected numbers of right-sign and wrong-sign Z-t pairs. The simulation
is not expected to account for the combinatorial background under the signal.
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Evidence for E~ —>• A°n~ (A0 ->• p7r") production is shown in the left part of Fig. 12. There
are two ways of detecting and reconstructing E particles:

=*• "HT' mode (hyperon tracking) where the E" trajectory is directly measured in the VD (cr
= 4.91 cm). This mode has high purity (92±3%) but low efficiency (2.0±0.1)% (for p > 3
GeV/c);

=> "An" mode: only the E decay products are measured by the tracking system. This mode has
lower purity but higher efficiency ((7.0±0.1)% for the same momentum cut p > 3 GeV/c).

Finally evidence for E° / E£ production is reported in the right
part of Fig. 12 which shows an excess of right-sign events relative to
a Montecarlo prediction without 5-baryon decays. The same figure
shows also that the wrong-sign events are well described by the sim-
ulation.

Using 10 "HT" right-sign E* -£* events obtained from the 1991
to 1993 statistics the E& lifetime is estimated using a maximum like-
lihood fit (see Fig. 13):

Figure 13: Proper time dis-
tribution for 10 "HT" right-
sign ET - £T events.

X
J «

1

4

I

»

j

DELPHI

JJ
\
Ik

- i - MTA

\l 1k _
isk = i.5t2:I ± 0.3

4 CONCLUSIONS

. . i . . .

8 lifetime

—

u

summary

1.57 t<LM

r

i.Mtltf

A l

f.mner

T(ps)

Figure 14: Summary of B lifetimes.

In closing this presentation I would like to put my results into some context. If we consider the
summary(23) of the various lifetimes contained in Fig. 14 we notice that the world averages have
already an appreciable accuracy: w 3% for B+ and B°,« 6% for B° and At. We also observe that
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the qualitative expected pattern of formula (3) is satisfied. However the A° lifetime appears to be
significantly lower than predicted. While the ratios T ( 5 + ) / T ( 5 ° ) = 1.02 ± 0.04 and T(B°)/T(B$) =
1.01 ± 0.07 are in line with the expectations, the ratio T(\b)/T(B%) = 0.76 ± 0.05 is « 5 standard
deviations away from unity, indicating perhaps something wrong in the theory.

In the near future no substantial improvements in statistical errors are expected from LEP (the
prospects for the systematic errors are more appealing due to better understanding of the detectors);
one has thus to wait for Tevatron results to shed some light on this problem.

As for the 6-hadron spectroscopy:

4k B" and B" are observed (both inclusively and exclusively); P-wave mesons are qualitatively
described by the theory;

Sk B" production and polarization follow the predictions from simple spin counting;

$ the baryons £& and ££ have been seen and the ££ production rate implies A;, depolarization;

Sk the strange b-baryon E(, has been seen and its lifetime "estimated".

The only remaining 6-flavored meson to be discovered is the B+ (6c) with a predicted mass
of « 6.3 GeV and a predicted production rate of a few hundred events per million Z°. Also its
lifetime, ranging from 0.5 to 1.4 ps depending on the model, seems to be accessible to the today
LEP experiments. The discovery of this object containing two heavy quarks is thus a real challenge
for both experimentalists and theorists.

Also in this field significant improvements are expected from Tevatron.
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