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Abstract

Feasibility of setting limits on C'PT violating parameters for the
case of both C'P conjugate and semileptonic decays of neutral By
mesons were examined. For the case of semileptonic final states of
neutral Bg meson decays, bounds on C'PT violating parameters at
the level of few percent can be easily obtained. This sensitivity is
better than the similar analysis using the C'P conjugate final states
of neutral B; meson decays mainly due to the substantial increase
on the statistics.
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Feasibility of setting limits on C'P7T violating parameters for the case of both C'P
conjugate and semileptonic decays of neutral B; mesons were examined. For the
case of semileptonic final states of neutral B; meson decays, bounds on CPT
violating parameters at the level of few percent can be easily obtained. This
sensitivity is better than the similar analysis using the C'P conjugate final states
of neutral B; meson decays mainly due to the substantial increase on the statistics.

1 Introduction

The C'PT is known to be an exact symmetry of any local relativistic quantum
field theory and all known particle interactions are consistent with the hypoth-
esis. Thus, discovery of C'PT violation in any form will signal new physics
beyond the present particle paradigm. In fact, in a more general context,
such as those arising from quantum gravity and superstring—inspired scenar-
108, C'PT violating processes do occur, but are suppressed to levels consistent
with presently existing experimental upper bounds.

At present, the most stringent bounds on C'PT violations are obtained
from the kaon sector 2 and are usually expressed in terms the impressively
small limit on the K® — K mass difference: |mgo — mga|/mgo < 9 x 10719,
Note that due to the poor knowledge we have about the possible C'PT violating
mechanisms, there may be C' PT violating reactions which would be invisible to
the most sensitive experiments. Therefore, though less sensitive in an absolute
sense, other manifistations of C'PT violations, like the corresponding bounds
achievable in the D and B sector are being investigated >*. The realization of
the proposed asymmetric B—factories, i.e. the PEP-II storage ring and BABAR
detector at SLAC?®, and the KEK-B storage ring and Belle detector at KEK
6. will open a new possibility for testing C'PT invariance.

After the preliminary study of Kobayashi and Sanda 7, the possibility of
testing C'PT in the B system has recently received a considerable attention
8910 In the present paper we will reconsider the problem, focusing on the
semileptonic decays of B; mesons ''. Similar study with CP conjugate final
states of B; mesons was discussed elsewhere 12.
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2 Mixing and decay amplitudes

The time evolution of the neutral B system is described, within quantum me-
chanics, by a 2 x 2 non-hermitian Hamiltonian and the corresponding eigen-
vectors are given by

|Bs) = =5 [(1+ep+65)|B°) + (1 —ep —68)|B")] ,

-5

|BL) = NG [(1+ e —068)|B°) = (1 —ep +65)|B")] . (1)

In the limit of exact C'PT symmetry ép = 0, whereas eg = 0 and ép = 0 if
C'P is conserved. Bounds on both real and imaginary parts of g at the level
of 10% have been obtained 3, and recently the imaginary part of 6 has been
improved to few percent level *. Note that these limits are derived under the
assumption that both direct C'PT violating effects (i.e. C'PT violation in the
decay amplitudes) and AB = —AQ transitions are negligible.

We conclude this section by introducing the most general parametrization
of B® and B° semileptonic decay amplitudes.

At = ABY = ITvh™) = Fp(1 — )

A = A(BO — l_I/h+) =Fr(l+y),

At = A(BO —Tvh™) =2, (1 — y)

AT = ABY = I"vh) =2 Fr (1 + ), (2)

where h* is a generic charged hadron. The exact C'PT symmetry implies
yn = 0 and xp = Zp; the invariance under 7 requires all the amplitudes to be
real; the AB = AQ rule implies z, = &, = 0.

3 Time dependent distributions

The decay amplitude to the final state |a(?,t1))|b(— E,tz)) is given by
ASY (1, At) o %{A“Ab(l 4 2e5) F(AL) — A“A%(1 = 2¢5) F(AL)
+A%AY[G(AL) — 265 F(At)] — A®AP[G(AL) 4 265 F(AL))] } , (3)

where
_titts

t ;
2

At =t —ty, (4)



and

F(At) = —sinh (AFAt) cos (AmAt) + ¢ cosh (AFAt) sin (AmAt) , (5)

4 2 4 2
G(At) = +cosh (AiAt) cos (An;At) — ¢ sinh (AZAt) sin (An;At) . (6)

~ The four terms in (3) represent the contributions due to B°B° B°BY
BYBY and BB transitions to the final state. A useful observable is the so—
called time difference distribution defined by

T (At) :/0 dtydts| A% (11, 12))26(t) —to — At) = /IAtI dt| A (t, AL)? . (T)

This quantity is proportional to N (At), i.e. to the number of events
where two decay B — a and B — b occur separated by a time difference At
(in the T(4S5) rest frame). The time difference distributions we are interested
in are those with two semileptonic decays.

Substituting in the general expression (3) the amplitudes (2) and expand-
ing in small quantities (i.e. AB = —AQ terms, C'P— and C'PT-violating
parameters, AT'At) up to linear terms, we obtain

IT=(At) = I7F(=At) = NeT1At [1 + cos(AmAt) — 2AR(ATAL) — 4A 1 sin(AmAt)| |
IFE(AL) = Ne 1o [1 + AR(ep — yh)] [1 — cos(AmAt)| 8)

where the final states have been labeled according to the lepton sign, N is a
normalization factor and Ag r are defined by
Tp— T x x
Ap=Rop+R LI A,:%BJ&%. (9)
As can be deduced from the above formulae, the experimental study of
the time difference distributions of semileptonic final states is to constraint the
following three quantities: Agr, Ay and R(ep — yn).

e Ap is certainly the most interesting observable, since it 1s a pure in-
dex of C'PT violation. Moreover, R6p (and thus Apg) is the dominant
C PT—-violating term in the limit where direct C'PT—violation is negli-
gible. However, Ag 1s also the most difficult quantity to be measured,
because it 1s multiplied by the small coefficient AT'Af in the time differ-
ence distribution (8).



e Ay is an index of C'PT violation in the limit where it is possible to
neglect the suppressed C'P-violating and AB = —AQ term S(zp, + Zp).
Given the present bound on C'P-violation and AB = —AQ amplitudes
in semileptonic decays, we can safely neglect the non—C' PT—-violating
component of A; at the level of 1072,

A way of extracting Agr and Ay is to measure the time—dependent asym-
metries which are possible to do at asymmetric B—factories such as BABAR.
For example, the ratio of same—sign to opposite—sign di-lepton events

It Ay +I77(AY
I+=(A¥)
_ (1 — cos(AmAt)) (10)
1+ cos(AmAt) — 2Ar(ATAt) — 4Arsin(AmAt)

R(A1) =

and the asymmetry on the production time of opposite—sign di-lepton events
It=(At) - It (AY

T+=(At) + I-+(Al)

_ —2AR(ATAL) — 4Asin(AmAt)

R'(At) =

o 1+ cos(AmAt) (11)
serve the purpose. Whereas, the time-integrated asymmetry such as
N+t L N—— 2
R= + _ it . (12)
N+- T+ (14+865)(1+x3)
where x4 = A?m and N** N*t- denote number of equal and opposite-sign

di—lepton events respectively, provides a bound on the magnitude of é5. We
derived the equation (12) under the assumption that both direct C'PT violating
effects and AB = —A(Q transitions are negligible.

Note that the time—dependent asymmetry is linear in 6 whereas the time—
integrated one is quadratic on g hence less sensitive than the time—dependent
one when the ép 1s small.

o R(ep—yp) is presumably dominated by the T—violating parameter R(ep).
The extraction of this quantity is the simplest one since the time depen-
dence cancels out in the following asymmetry distribution z.e.,

A= ItH(AY) — I77(AY)
U7 T (A + T (AL

= 4%(63 - yh) . (13)

As noticed in reference 3, an independent measurement of the direct

C' PT—violating parameter R(yp) can be in principle achieved by look-
ing at the time-integrated inclusive asymmetries. Denoting Nhi(> 0)
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the total number of events where the semileptonic decay B — [TvhF
occur before any other decay (i.e. summing over all possible channels for
the second vertex), one has

NS>0 =N, (>0)
A= NE(>0)+ N (>0) ~ 2R - (14)

4 Experimental sensitivities

A way of extracting C'PT violating parameters can be itemized as follows.

o Firstly, measure the time-integrated asymmetry R in equation (12) to
extract the magnitude of ép in the limit of both direct C'PT violating
effects and AB = —AQ transitions are negligible.

e Secondly, look at the time—-dependent asymmetries such as R(At) of
equation (10) and extract Ag and Aj.

e Thirdly, the above extractions on C'PT violating parameters are quite
sensitive to the error on asymmetry R. The error on asymmetry R can be
estimated assuming a binomial distribution for equal and oppisite—sign
di-lepton events 1°

o(R)=(1+ R)* 2]\7"']\—77?])\7""" (15)

where, N denotes total number of equal and oppisite—sign di-lepton
events.

For exmaple, assuming a total luminosity of 30 f6=!', BaBar expects
1.5 x 107 BYBY pairs. With semileptonic branching fraction of 10.5%
and typical lepton tagging efficiency of 50% gives about 10* same-sign
and 5 x 10* oppsite-sign di-lepton events. The small value of o(R)
indicates that we can tightly constrain the C'PT violating parameters to
few percent level.

o Lastly, we can extract the T—violating parameter R(ep) and the direct
C' PT-violating parameter R(ys) from the di-lepton asymmetry Ay of
equation (13) and the inclusive single-lepton asymmetry A; of equa-
tion (3). If the asymmetry is small, the error on A can be written as
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(A) ~ “;F (16)

where S and B denote number of signal and background events.

For exmaple, assuming % =1, we expect to get o(A) = 0.01 with a total
luminosity of 30 f6~1.

5 Conclusions

In summary, we studied the feasibility of setting limits on C'P7T violating pa-
rameters for the case of both C'P conjugate and semileptonic decays of neutral
Bg mesons. For the case of semileptonic final states of neutral B; meson de-
cays, bounds on C'PT violating parameters at the level of few percent can be
easily obtained with a total luminosity of 30 f6—'. This sensitivity is better
than the similar analysis using the C'P conjugate final states of neutral By
meson decays mainly due to the substantial increase on the statistics.
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