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1. INTRODUCTION - TWO WAYS TO SEE CP VIOLATION

Before 1964 the two kaon flavor eigenstates K° and K° carrying strangeness dbl were
believed to be CP - conjugate and mixed by a CP-conserving weak interaction into mass
eigenstates \Ks) and \KL) which were also CP eigenstates with opposite eigenvalues. Very
different lifetimes arise (T§ = 9 x 10~u sec; r j = 5x 10~8sec ) because the dominant 2JT decay
mode with largest phase space is allowed by CP only for Ks- KL —> 2;r was a transition
between CP-eigenstates with opposite eigenvalues and therefore forbidden.

So far the only experimental evidence for CP violation is the 1964 discovery1 of
Ki —> 2TC where the two mass eigenstates produced by neutral meson mixing both decay
into the same CP eigenstate. This result is described by two parameters,

Today e « its 1964 value, e' data are still inconclusive and there is no new evidence for CP
violation. One might expect to observe similar phenomena in other systems and also direct
CP violation as charge asymmetries between decays of charge conjugate hadrons H* —*• / * .
Why is it so hard to find CP violation? How can B Physics help? Does CP lead beyond
the standard model? We now present a pedestrian symmetry approach which exhibits the
difficulties and future possibilities of these two types of CP-violation experiments, neutral
meson mixing and direct charge asymmetry: what may work, what doesn't work and why.

2. CHARGE ASYMMETRIES -DIFFICULTIES AND POSSIBILITIES

2.1 How CPT complicates detection of CP Violation

Can decays of K+ and K~ be different? For decays to charge conjugate final states
described by the Fermi Golden Rule, CPT and hermiticity show there is no asymmetry,
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CPT also requires equal total widths of K+ and K~. Since s-wave elastic x**" scatterings
go into one another under CPT, <refi,(?r+ir<>) = Vei^i*'*0) is a very narrow Breit-Wigner
resonance at the kaon mass with the same width for both charge states,

r«(Jf+) = Tiot(K~) (2.26)

Thus the following conditions are necessary for observation of charge-asymmetric decays:

1. Golden rule breaks down. This is exact first order perturbation theory and can only
break down where higher order contributions are important. Second-order weak contri-
butions are negligible; thus higher order strong contributions are needed.

2. Conspiracy of several decay modes. Total widths must be equal. Any asymmetry
in the partial widths of a pair of conjugate modes must be compensated by opposite
asymmetries in other modes.

For kaons all charge asymmetry effects should be small. All principal decays lead to
approximate strong S-matrix eigenstates and the golden rule should be good. S-wave x±/x"
is an exact eigenstate of strong S since no inelastic channels are open. The 3x final states are
dominated by 1=1 s-wave and thus all nearly proportional to the same strong-S eigenstate.
The 1=3 component is A J = 5/2 and doubly suppressed by AI = 1/2.

8.2 Beating CPT for Charge Asymmetries in B Physics

Can decays of B+ and B~ be different? Here many more channels are open, different
decay modes can conspire to give the same total width and final state rescattering can beat
the Fermi golden rule via higher order transitions in strong interactions; e.g.

B~ - • K°-K- -> K~vo; B+ -> K°*+ -» K+T° (2.3)

where M(f±) = {/*| Hwk \B^) and Sei and Scex denote strong elastic and charge exchange
scattering. This has no simple counterpart in the kaon system. Here both (Kir) 'isospin
eigenstates 7 = 1 / 2 and I = 3/2 are A/ = 1 and equally allowed.

A CP-violating asymmetry can arise in a toy model with only B —* Kir decays. The
isospin eigenstates (Kir)i are exact strong-S eigenstates. However, asymmetries can occur
when final states are not strong eigenstates; e.g. K^ir", Thus for 1=1/2 and 3/2,

\A{(B+ -+ (K,)!}\ = \A{B~ - (fo) f}| (2.5)

rtot(B
+) = J2 Tis+ -»(tfx),} = rtot(B-) = 32 W -»(**)/} (2-6)

A{B± ^f*} = 32 C{\A{B± - (Kn)i]| • e±lHVs ' (2.7)

where C/ denotes isospin Clebsch-Gordan coefficients. Every isospin amplitude is written as
the product of its magnitude, and weak and strong phase factors e~iW' and eiS'. The weak



CP-violating phase reverses sign under charge conjugation; the strong CP-conserving phase
remains unchanged. Then 1=3/2 - 1/2 interference can produce charge asymmetry,

\A{B+ -+ K+*°}\2 - \A{B~ -> K-*°}\2 = -4C{c{\AiAi\sm(Wi - Wa)sin(Si - Si)

(2.Sa)
\A{B+ - • K°*+}\2-\A{B- -» K°T-}\2 = iC^C{\AiA%\sm{Wk-Wi)sm(Sh-Si) (2.86)

The asymmetries are seen to be equal and opposite for the two charge states, cancel
in the total rates as expected from CPT and vanish unless both Wi ^ Wi and Si £ Si.
The vanishing of the asymmetry when Si = Si is simply interpreted in view of eq. (2.4)
since Si = Si implies no charge exchange, Scex = 0. Thus the condition for observing an
asymmetry is that at least two amplitudes arising from different strong eigenstates must
contribute, and that they must have both different strong phases and different weak phases.

2.3 Charge Asymmetry in Standard Model - Trees and Penguins in B —* Kir Decays

In the standard model two diagrams with different weak phases contribute to B —• K-K
decays via two different strong eigenstates and can produce a CP asymmetry213. The tree
diagram gives only K±Tt°; the penguin only 1=1/2 K"K.

B+(lu) -*(,ree)-> U + W+ + U->U + U + S + U-*K++T° (2.9a)

B-(bu) -•(«,.«)-» u + W~ +U-H1 + U + S + U-4K- +TT° (2.96)

B+(lu) -» (penju in)-^ i + W+ + u - • s + u -> {Kx)I=l/2 (2.10a)

B~(bu) -»(pen9Uin)-^ t + W + u-^s + u-* (AV) /=t /2 (2.106)

So far no penguin contributions have been unambiguously identified and all model
calculations should be taken with a grain of salt. The tree has two suppressed weak Vertices,
6 —* u and s —* u; the penguin has no such suppression and may be strong enough to
compete with the tree and produce tree-penguin interference and CP violation.

Detection of B* -+ KSK*, forbidden in the simple tree diagram without final state
interactions, would indicate either penguin or tree with final state interactions. Comparison
with the K^r" modes can check relative tree-penguin strengths. The two CP-violating ratios

--.#<>*-}|* M d \A{B+->K+*°}p+\A{B-^K-*°}\* c a n t e s t o t ^ violation over a
i i d t t i b t i Thi l b th

U { } | + | { } | \ { } p + \ { } \
wide range of relative penguin and tree contributions. Their numerators are equal, but the
denominator for the tree-allowed K^v0 may be much larger if the penguin is relatvely small.

3. SYMMETRY ANALYSIS OF NEUTRAL MESON M° - M° MIXING

S.I A Quasispin Description of Neutral Meson Mixing

We describe neutral meson mixing by a quasispin SU(2) picture with the two flavor
eigenstates of the meson system, denoted by M and M defined as eigenstates of az with
"spin up" and "spin down" respectively4'5'6'7,

az\M
0) = \M°)- O,M°) = -\M<>) (3.1)



Strong and electromagnetic interactions conserve quasispin. Weak interactions break qua-
sispin. If CPT is conserved the mass eigenstates Ms and Mi are equal mixtures of M° and
M°. We can then choose phases and the direction of the quasispin x axis to make

\ML) = (1/V2)(\M°) + \M°)); ax \ML) = \ML) ; (ML\ az \ML) = {ML\ av \Mh) = 0 (3.2)

If CP is conserved, Ms and ML are eigenstates of both CP and crx. If CP is violated,
and ML are not necessarily orthogonal and both can decay into the same CP eigenstate | / } .
However, an orthonormal basis of linear combinations of the two mass eigenstates can always
be constructed to forbid a given decay mode |/) for one of the basis states,

0; < M > | M / ) = 0 (3.3)

This can be seen explicitly in the kaon case by using eqs. (1.1)

MO = \KL) ~ Voo \KS); <* V | T \K?) = 0 (3.4a)

>K°\T \KS)

(3.46)
The parameter e* expresses the difference between the states \Kf) and \K™). A \Kf) beam
should not decay to x+7r~, while the decay K* —» •K°-K° is proportional to e* and could be
used in a null experiment to determine e\

The basis (3.3) determines a direction in quasispin space. If M/ and M* are equal
mixtures of M° and M°, which often occurs when |/) is a CP eigenstate,

\Ml) = (1/V2)(e"> \M°) + e-i8'<2\M0}) = e**V*\ML) ; {Ms
v\<TX | M / ) = 0 (3.5a)

(1/V2)(e-^ \M°) - e-i6>>* \M°)) = -ie1"^^2 \ML); (M{\ <TZ \MJ) = 0 (3.56)

Then the state M/ defines an axis in the x — y plane at an angle 0j away from the x axis.
The values of Of for two different CP eigenstates are directly to the CP-violation parameters
e and c7 in the kaon case. If they are the same for two eigenstates, like T + T ~ and T0*0,
e* = 0. If CP is conserved, Of = 0 when / is a CP-eigenstate.

The EPR effect provides a means for creating beams of particles in the state M/ \
defined by eq. (3.3). The decay of the odd-parity <j> vector meson at rest into an odd-parity
state of two neutral kaons with momenta k and — k can be described both in the (K°; K°)
and (K±; X*) bases.

4 -» K'{i)K°{-i) - K°(-k)K°(k) = tf*(£)ff±(-S) - K?(-i)K?(k) (3.6)

If a decay K* —* w+ir~ is detected at — k, the wave function collapses to make if * beam at

k. This proposal8, called "An experiment for the future" in 1968 is now being implemented
at 4> factories.

A similar approach to the B system, using the basis (3.3) and the odd-parity T(4i>)
as the B analog of the </> gives

T(45) - B°(k)B"(-k) - B°(-k)B°(k) = fl/(fc)B^(-Jb) - £ # - * ) # ( £ ) (3.7)

The EPR effect is4n csssmon use in T(4£) B decay experiments9-7, noting that detecting a
B£ —» / at — k produces a B[ beam at k.



3.2 Quasispin Symmetry Breaking by Mass and Lifetime Differences

The lifetime difference is determined by phase space and independent of the standard
model. The mass difference is determined by dynamical effects depending upon standard
model. Lifetime symmetry breaking is dominant in the kaon system where a pure h'i state
can be produced simply by waiting. Mass breaking is dominant in heavy quark mesons and
can be described as a "magnetic field" in quasispin space.

In the B system where the lifetime difference is negligible we denote the mass eigen-
states as BL (light) and BH (heavy), rather than long and short, The states BL and BH are
orthogonal and eqs. (3.2) and (3.5) can be rewritten

\BL) =

\Bj) =

crx\BL) = \BL); {BL\tr, \BL) = (BL\<ry \BL) = 0 (3.8a)

H) = -\BH); (BH\<TZ\BH) = {BH\e,\BH) = 0
(3.86)

\B°)) = eia*'>'2 \BL); (Bl\ a, \B'U) = 0 (3.9a)$> \B°) + \

^ \B°) -1-"*'7 \B°)) = J-W \BH); {Bi\ az

A geometrical picture of the quasispin space is shown in Fig. 1

= 0 (3.96)

Figure 1. Geometrical representation of quasispin space
The time development of a general neutral B meson state is given by the product of

a common exponential decay for all states and a quasispin precession in the magnetic field.
Thus for a meson which is in the state |#(0)) at time t = 0

\B(t)) = (3.10)



where F is the decay width and w the mass difference between the two eigenstates.

3.3 Experiments as Quasispin Polarization Measurements

Many experiments can be described as polarization measurements in some direction
in quasispin space at time t of a beam polarized at t = 0. A neutral B produced at time t = 0
in a hadronic experiment together with another B can be tagged as B or B by observing the
decay of the other B. In many experiments the decay of the tagged B is observed to decay
at time t and the quantity of physical interest is the difference between the decay rates into
a given final state / for 2?'s tagged as B or B. This is proportional to the expression:

N(B° - / ) - N{B° - * / ) = | (Bl\ e-w*(</2) \B°) |2 - j {^ | e ^ - W ^ \B°) |2 (3.11a)

N(B° -> / ) - N(B" -» / ) = (Bf\ e - W ' / ^ e ' W t / s ) | ^ = ^ / | ^ f t - . t |#/^ =

= (Bl\<rtcas{u>t)+i<Tz<Txsm(ut) \B§ = {B^\(TZ | ^ ) c o s ( w t ) - ( ^ | a v |^)sm(arf) (3.11b)

where we have used quasispin algebra in the basis (Bfc Bl) defined by eq.(3.3).
For the case where the state 2?A is \B°) we obtain

N{B° -* B°) - N(B° -> B°) = cos(urf) (3.12)

This is just the well known B° — B° mixing independent of all CP violation, described here
as a quasispin polarization measurement in the z direction at time £ of a beam polarized in
the z direction at t = 0.

If | ^ ) i s an equal mixture of B° and B° eq. (3.9b) gives

-+ f) - N(B° -+f) = - (BH\ e-i<"e'/2o-ye
i'"et/2 \BH) sin(wf) = - sin(urf

(3.13)
The same approach can be applied to an experiment in which a B is tagged in some

state B A and its decay is observed after a time t in a mode allowed only for B or allowed
only for B; e.g. leptonic modes. The difference between the probabilities of decay into B or
B allowed modes; e.g. a lepton asymmetry, is just given by the quasispin polarization in the
z direction of the tagged state.

\BI) I2 - 1 {B°\ e-
w*<'/2> \BI) I2 = (BI\ e*~.{tmaae-*~.it

= (B*\ a, \B'V) cos(u;t) + (Bl\ ay \B[) sin(wi) (3.14a)

A common example of such an experiment is the T(45) decay, (3.7), where one B decays
into a CP eigenstate like Ksi}> and the other into a leptonic mode9. In the basis (B^; Bv)
where (Ks^\ T \BV) = 0 the second B is tagged to be in the state \BV) (3.9a) at the time
that the JKSV> decay of the other B is observed, and

| (B°\ e-
w*«/2> \B*) I2 - | (B°\ e-Wt/*) ^ p = _ s i n ^ sifl 0/ ^ M 6 )

In the same experiment, the case where leptonic decay occurs before the Ks*l> decay the
observed lepton asymmetry is given by eq. (3.13) but with opposite sign, since observing
a B° decay tags the other as B" and vice versa. Thus combining eqs. (3.13) and (3.14b)
shows that the lepton asymmetry observed at time t\ when a Ksi> decay is observed at a



later time t-i — ti + 1 is equal and opposite to that observed at time t2 = ti + t when a Ksi>
decay is observed at an earlier time ti. Thus the CP-violating lepton asymmetry cancels
out if the results are integrated over time. Since time measurements are difficult in the rest
frame of the T(45) where the two B mesons move very slowly "asymmetric B factories" have
been proposed to produce the T(4S) in flight so that the B mesons traverese a measurable
distance before decay. This cancellation is also shown by another quasispin algebra identity*,

a \B») j = | <£M| ctT"*/*) \B°) j =

= | (Bv\ e
lW-W2> \B°) | = | (B°\ e-^ 'W 2 ) \BV)* | (3.15)

The probability that a meson created as a B° at time t\ will be observed as a BM at time I?
equals the probability that a meson created as a Bv at time t\ will be observed as a 5° at
time t2- Thus

P{B°{U) - B^h)} = P{Bv(h) -» B°(t2)} (3.16)

= P{T(4S) -> fritiWh)} • P{B°{U) - BM(t2)} (3.17a)

= P{T(45) -+ ^ ( i j ) ^ ^ ) } • P{Bu{tx) -* B°(t2)} (3.17A)

P{T(45) -»JB°(t1)JBM(i2)} = P{T(45) -> 5M(fi)5°(<2)} (3.18)

4. HOW 5 AND AT PHYSICS DIFFER - GOOD AND BAD NEWS

No Dominant B Decay Mode
No Lifetime Difference
Mass Eigenstates Not Separated by Waiting

Many B Decay Modes
Rich Data - Small Branching Ratios m 1%
Final State Rescattering - Beats Golden Rule
Conspiracies Beat CPT Restrictions

B° — B° Oscillations During Decay
Time Dependence Confuses Measurements
CP Violation Observable in Mixing Phases

All Dominant Hadronic B decays involve 3 Generations
CP violation Observable in B Decays in Direct Diagrams 6 —• aid
CP Violation in c and s decays only via diagrams with virtual t and b quarks

5. CONCLUSION - THE LIPKIN APPROACH TO CP

In 1956, after a 100% parity violation10 was found in a difficult experiment, a much
simpler experiment11 showed that beta rays were polarized, proving parity violation. Anyone
who had started our experiment11 at the same time as Ambler et al10 would have obtained
results first and discovered parity violation. But the community had been brainwashed by
the theorists who insisted that parity violation violated the "standard model" of that time.
They only considered sensitive experiments where a negative result could shoot down this
cra?y theory, not a simple experiment that could only detect a 100% effect.

Moral for CP : Don't be brainwashed by the standard model. It might even fail to
explain CP and lead to new physics beyond. This would not challenge its validity in all
other areas. Keep it in mind but try to use a more general approach. Data inadequate for



testing standard model CP predictions will be available long before adequate data. These
preliminary data can supply information useful for planning subsequent experiments. There
may also be unexpected large effects. Look for easy experiments that even Lipkin can do
- even if theorists say no. Any indication of CP violation in B physics would be a great
breakthrough.

Among questions that can be investigated with early data and be useful for future
plans are: Is there CP violation in B physics? What is the ball park of CP violation?
What are the branching ratios for physically interesting final states like CP eigenstates?
Are there additional CP eigenstates not yet observed that can be useful; e.g. (a) States
containing i)c and other charmonium states, (b) States like ipK* where different partial
waves have different CP eigensvalues - perhaps one partial wave is dominant, (c) States like
Ks$' —* Ks*+x~X where the particle X is not observed but can be identified by missing
mass kinematics. How can one estimate penguin contributions?

6. ACKNOWLEDGEMENTS

We thank the Institute for Nuclear Theory at the University of Washington for its
hospitality and the Department of Energy for partial support during the completion of this
work. Work also supported in part by the U.S. Department of Energy, Division of High
Energy Physics, Contract W-31-109-ENG-38.

7. REFERENCES

1. J.H. Christensen et a]., Pkys. Rev. Lett. 13 (1964) 138.

2. Yosef Nir and Helen Quinn Phys. Rev. Lett. 67 (1991) 541

3. Harry J. Lipkin, Yosef Nir, Helen R. Quinn and Arthur E. Snyder, Phys. Rev. D44
(1991) 1715

4. T. D. Lee and C. S. Wu, Ann. Rev. Nuc. Sci. 16 (1966) 511

5. Harry J. Lipkin, Argonne preprint ANL-HEP-PR-88-66 Submitted to Nuclear Physics
B (1988)

6. Harry J. Lipkin, Phys. Lett. B219 (1989) 474

7. Harry J. Lipkin, In: "Developments in General Relativity, Astrophysics and Quan-
tum Mechanics", A Jubilee Volume in Honour of Nathan Rosen, Jerusalem, Edited
by F.Cooperstock, L.P. Horwitz and J. Rosen, Annals of the Israel Physical Society, 9
(1990) p. 315

8. Harry J. Lipkin, Phys. Rev. 176 (1968) 1715.

9. 1.1. Bigi and A. I Sanda, Nuc. Phys. B281, 41 (1987).

10. E. Ambler et al., Phys. Rev. 105 (1957) 1413.

11. A. de-Shalit et al., Phys. Rev. 107 (1957) 1459. DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those o. the
United States Government or any agency thereof.


