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CP violation in fermion pair decays of neutral boson particles
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We study CP violation in fermion pair decays of neutral boson particles with spin 0 or 1. We
study a new asymmetry to measure CP violation in 7, K — p*p~ decays and discuss the possibility
of measuring it experimentally. For the spin-1 particles case, we study CP violation in the decays of
J/v to SU(3) octet baryon pairs. We show that these decays can be used to put stringent constraints

on the electric dipole moments of A, ¥, and E.
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I. INTRODUCTION

CP violation has only been observed in the neutral
kaon system [1]. In order to isolate the source (or sources)
responsible for C'P violation, it is important to find C P
violation in other systems. In this paper we study CP
violation in fermion pair decays of a neutral boson parti-
cle, which is a CP eigenstate and has spin 0 (S) or spin
1(V).

A.S—>ff

The most general decay amplitude for S decays into a
pair of spin-1/2 particles ff can be parametrized as

M(S = ff) = as(p1,51)(as + ivsbs)v(p2,82) , (1)

where as and bg are in general complex numbers. If both
as and bg are nonzero, CP is violated. One can define a
density matrix R for the process S — ff, where the f(f)
is polarized, and the polarization is described by a unit
polarization vector sy(z) in the f(f) rest frame. With
the amplitude in Eq. (1) the CP-violating part of the
density matrix in the rest frame of S is given by

Rcp = Ng{Im(asbs)p - (s1 — s2)
—Re(asbs)p - (s1 X s2)} , (2)

where N is a normalization constant, and p is the three-
momentum of the fermion f. Rcp contains all informa-
tion about CP violation in the decay. The CP violating
parameter Im(agb¥) can be measured by the asymmetry

A(S) = %—;%—: : ®3)

where N, (_ indicates the decay events with s; - p >
(<)0. In terms of the parameters in the decay amplitude,
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_ Im(asby)
A(S) = ﬂfﬂ?!aslz ¥ IbSP
_ ,B?Mslm(asbg)

T (4)

where T'; is the decay width for § — ff, B; =
JV1- 4m§/M5, and my and Mg are the masses of the

fermion f(f) and the scalar S, respectively. This asym-
metry is nonzero provided CP is violated and a nonzero
absorptive part of the decay amplitude exists because
of CPT invariance. The asymmetry AS has been stud-
ied extensively for n, K — p*p~ decays [2-5]. Addi-
tional CP violating observable can be constructed with
Re(agbs). We construct the following asymmetry B to
probe this CP violating parameter:

N+t - N~

B =§yriw- ®)

where N () indicates the decay events with (s; xs3)-p >
(<)0. In terms of the parameters in the decay amplitude,
we have

m Re(agb¥)
4" Bas|? + [bs[?

B%MsRe(asbs)

=y (6)

B(S)

To experimentally measure A and B, one must know
the polarizations of the fermions in the final state. The
polarizations can be analyzed by using certain decay
channels of f and f. Assuming that the polarizations
of f and f are analyzed by the decays f — f'(ps) + X
and f — f (7)) + X, with density matrices given by

pf =1+ ass1-Pyg,
pf=1—azsy - Ps, (7

where o #(f) are constants, and the caret on the momen-
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tum indicates the unit vector in the direction of the mo-
mentum. Using this information, we define a more con-
venient asymmetry:

A(S) = Ne —N- _ asA(S),
N, +N_
- N+ —-N-

where N, (_) and N*+(-) indicate events with ps - p >
(<)0 and (Ppy x P7) - Py > (<)0, respectively.

]
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B.V o ff

The most general decay amplitude for this decay can
be parametrized as

M(V = ff) = e*az(p1)[vu(a + bys) + (Pru — P24)
x(c + idys)lvz(p2) 9)

where ¢# is the polarization of V and in its rest frame
e, = (0,€). If CP is conserved, d = 0. The constants
a, b, c, and d are in general complex numbers.

The density matrix for this decay in the rest frame of
V, up to a normalization constant, is given by

Rij = {aa(p1,51)[%i(a + bys) + (p1i — p2i)(c + id7s)|va (P2, 52)
x Tz (p2,82)[vi(a* + b*7s) + (p1j — p2;)(c” + id™ys)]ua(p1,81)} (10)

where ¢ and j label three-vector components.

The CP violating part of this density matrix is given by

Rij=rij +75;

. M2 oM
rij = i2ad’p; (T(Sl =52 3 T om,
+i 2Myv

ZM[SI -p(pP X s2); —s2 - P(P X Sl)i])

(s1 —s2) - PPi + imMy (s1 X s2);

+2ibd‘Mij{Sz,'Sl P — S1iS2° P + 1,[p X (51 — Sg)]j} + 4icd‘Mvp,-pj{—(sl - Sz) P + i(Sl X Sz) . p}, (11)

where My is the mass of V. In general, V is produced
with polarization, and the polarization depends on how
V is produced and is different in different productions.
However, we can construct a similar asymmetry as for
the spin-0 decay case, which is independent of the po-
larization due to rotation invariance, to probe the CP
violating parameters [6], Re(da*), Re(dc*):

N+t - N~
N+ +N-
_B’My

— * M2 _ 2 *
96T, [2msRe(da”) + (My — 4m})Re(dc")],

Rt N~
N++N-
= —aja;B(V). (12)

B(V) =

B(V)

Here § = /1 —4m% /M. N+(=) and N*+(-) are defined

in the same way as for the spin-zero case.

II. CP VIOLATION IN S — FF

In this section we study the asymmetry B for n, K1, —
ptu~ decays. CP violating tests in these systems have
been studied before [2,3]. All of them concentrated on
the asymmetry A. Here we show that the asymmetry B
is also a good quantity to study CP violation. It reveals

—

information not contained in A:
n—ptu”.

Because 7 is a pseudoscalar, if CP is conserved, a,, = 0.
The CP violating contributions are expected to be small.
We can use the decay width to determine b,. Imb, is
determined from n = yy — p*p~ with the two inter-

mediate photons on shell. Using experimental data for
1 — v [7], one obtains

_ Gemmyu) 1+8 1/2
[lmby | = 25 o In = 5647 (1 = 27)/m,)

=159x107°. (13)

This amplitude is close to the experimental amplitude
determined from the branching ratio B(n — ptp~) =
(5% 1) x 107° [8]. The real part of the amplitude is
|Reb| = 0.7 x 10~°. Using these numbers we find

|B(n)| = 2 x 10*|Rea,, + 2.3Ima,| . (14)

Here we have assumed that Reb, and Imb,, have the same
sign. The asymmetry A is 5.8 x 10*(Rea, — 0.44Ima,,).
The parameter a,, is model dependent. In many mod-
els a, is very small [2,3]. In lepton-quark models, the
constraint on a,, is from the neutron electric dipole mo-
ment. If one assumes no cancellations among different
contributions to the neutron electric dipole moment, a,
is constrained to be less than 2 x 10~°. However, if one
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allows cancellations between different contributions, it is
possible to have relatively large a, [3]. The asymmetry
B can reach 1073 or even larger. The polarization of the
muons from 7 — utp~ can be analysed by p — evely,.
In this case a. = 1/3. The 7 factory at Saclay can reach
a sensitivity for A and B at the level a few % in the near
future [9]. It may provide interesting information about
CP violation.

K; — y.+y,_

Using data from K; — 2y and Ky — putu~, we ob-
tain, [Imbg| = 2 x 1072, and |Rebx| = (0.14 + 0.16) x
10712, The contributions to the asymmetries A and B
from direct CP violation are given by

|A(KL)| = 3.6 x 10''|Reax — 0.07Imag| ,
|B(Kr)| =2 x 10'|0.1Reay + 1.4Imak]| . (15)

We have used the central values for Rebx and Imbg. In
the above analysis we have assumed that K is a pure
CP egeinstate. This is, however, not the whole story.
K7, is not a pure CP eigenstate,

Kp= ——

V14 |el?

where CP|K;) = —|K,), CP|K;) = |K;), and the mix-

ing parameter € is measured to be 2.27 x 10~ 3¢"/4, The

asymmetries A and B are related to Im[bz (a2 + €b;)] and

Re[bz(az + €b1)], respectively. Here a; and b; are the am-

plitudes for K; — u*tpu~. The parameter b; is not zero.

Using the values for the real and the imaginary parts of
b determined in Ref. [10], and set a; = 0, we obtain

B(KL)|ag=0 ~ 0.3 x 1073, (17)

The asymmetry A(Kp)|s, &~ 1073, If experiments mea-
sure larger value for A and B, there must be new physics
due to large a;. In many models the paramter a3 is pre-
dicted to be very small. However, there are models which
can produce large ap [4]. B can be as large as 1072. A
kaon factory may be able to see CP violation.

In both n = putu~ and Ky — ptu~ decays, the ex-
perimental sensitivities for the asymmetry A is better
than for B. For the asymmetry A, It will be sufficient
to just measure the polarization of u*. For the asymme-
try B it is necessary to measure the polarizations of u*
and p~. In principle this can be done by stopping muons
in some materials and analyze their decays. However,
the measurement of the u~ polarization is more difficult
than that of u* because there are additional depolariza-
tion mechanisms for 4~ when it is stopped [11]. Extra
care must be taken when carrying out this analysis. If
Rea is larger than or the same order of magnitude as
Ima, the asymmetry A is a better quantity to measure.
However, if it turns out that Ima > Rea, the asymmetry
B may be the better one. This situation may happen if
there is significant C P violation in the decay amplitude
for K1 — 2+.

The decay B4(B,) — ptu~ can be used to study
CP violation also. However, in the standard model, the
branching ratios for these decays are very small [12]. If

(1K2) + €| K1) , (16)

the standard model prediction is correct, it is very diffi-
cult to test CP violation using these decay modes. One,
of course, should keep in mind that should this decay be
discovered with a branching ratio larger than the stan-
dard model predictions, there must be new physics and
large CP violation may be observed. The same com-
ments apply to D® — u*u~. The same analysis can also
be carried out for Higgs particle decays [13].

III. V —» FF

The decays V — ff provide new tests for CP viola-
tion. In a previous paper we have studied a particular
case, J/¢ — AA, and shown that this is a good place to
look for CP violation [6]. In this section we will carry
out a more detailed analysis by including more decay
channels.

A. J/'l/’ — BQBQ

The branching ratio for J/v¢ decays into baryon pairs
Bg and Bjg of the SU(3) octet is typically 10~3. With
enough J/v decay events, we may obtain useful infor-
mation about CP violation. In Eq. (9), the b term is a
P-violating amplitude and is expected to be significantly
smaller than the P-conserving a and ¢ amplitudes. We
will therefore neglect the contribution to the branching
ratio from b. The relative strength of the amplitude a and
c can be determined by studying angular correlations be-
tween the polarization of J/v and the direction of Bg mo-
mentum. Because of the large experimental uncertainties
associated with the constants which determine the angu-
lar distribution, a and ¢ cannot be reliably determined
separately at present [7]. In our numerical estimates we
will consider two cases where the decay ampiltudes are
dominated by (1) the a term, and (2) the ¢ term, respec-
tively. Assuming a and b are real and using the exper-
imental branching ratios compiled by the Particle Data
Group, we obtain numerical values for the asymmetry B.
The results are given in Table L.

The CP violating d term can receive contributions
from different sources, the electric dipole moment, the
CP violating Z -Bg coupling, etc. In the following we es-
timate the contribution from the electric dipole moment
dp, of Bs. Here dp, is defined as

dp, ,
Lgipole = 'L'_ZB'EBBUMV'YSB&F“ , (18)

where F*¥ is the field strength of the electromagnetic
field. Exchanging a photon between Bs and a c-quark,
we have the CP violating c-Bs interaction

2 _
— 75 dA (P} — p5)Cy.cBgivsBs . (19)

Le-n= =52

From this we obtain

d=—- est . (20)
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TABLE I. The asymmetry B.

Decay mode

a term dominates [in unit d(GeV)]

b term dominates [in unit d(GeV)]

na 3.5 x 10° 9.0 x 10°
PP 3.2 x 102 8.2 x 10?2
AA 3.8 x 102 8.4 x 10?2
P 3.7 x 10? 7.6 x 102
=8 3.1 x 10?2 6.1 x 102

Here we have used the parametrization, (0|cy,c|J/v¥) =
€ugv. The value |gy| is determined to be 1.25 GeV? from
J/v — ptup~. There are additional contributions to d,
for example, exchanging a photon between the final Bg
and Bg. We have checked several contributions of this
type and find them to be small if electric dipole moment
is the only source of C'P violation. Using the above infor-
mation, we can express the asymmetry B in terms of the
electric dipole moment of the baryons. The asymmetry
B can be used to put constraints on the electric dipole
moment. In Table II we give the asymmetry B in terms
of the electric dipole moment of Bg. Note that because
photons are off shell, dp, is measured at ¢> = M3 / from
the measurement of B. If we assume that the extrap-
olation follow the same g% dependence as the magnetic
dipole moment of Bs, dp,(¢*> = M? /) is smaller than

dg,(q¢> = 0). However, the ¢> dependence of the elec-
tric dipole moment may be completely different from the
magnetic dipole moment. It is possible that dp, does not
change very much from ¢2 = 0 to ¢ = M-Zf)/tt"

The polarizations of Bg and Bg in J [ — BgBg, can be
analyzed by certain decay channels of Bg and Bg. There
are many decay channels available to carry out such anal-
ysis [7]. The neutron polarization can be analyzed by
n — pev.. The proton polarization may be analyzed by
rescattering. It may be difficult to carry out such analy-
sis. We list it here for completeness. The polarization of
A can be analyzed by, for example, A — pw~. This decay
mode has a large branching ratio (64%) and a large ax
(0.642). The polarization of ¥ can also be analyzed. For
Y7, one can use ¥~ — nw~. This decay mode has a
large branching ratio (99.85%) with ax- = —0.068. The
polarization of X° can be analyzed by ¥° — A~. This is
the dominant decay channel for £° (100%). The polariza-
tion of ¥t can be analyzed by &+ — pm®. The branch-
ing ratio is 51.6% and has a large value for axg+(—0.98).
The polarization of Z° can be analyzed by Z° — Axn°.
This is the main decay channel (100%) and the parameter
azo = —0.411. The polarization of =~ can be analyzed
by E= — An~, again this decay mode is the dominant

one (100%) and has a large value for az-(—0.456).

The asymmetry B may not be useful in providing up-
per bounds for the electric dipole moment for neutron
and proton because their electric dipole moments have
been constrained to be very small, d,, < 1.2 x 10726ecm
[14] and d, < 10~22ecm [15]. However, useful informa-
tion about the electric dipole moments for A, X, and E
can be extracted. The experimental upper bound on d, is
1.5 x 107 8¢ cm [7]. There are constraints on the strange
quark electric dipole moment and colour dipole moment
from the neutron electric dipole moment d,,, which follow
if one assumes that the contributions to d,, do not can-
cel each other [16]. There may be constraints also from
SU(3) chiral peturbative theory [17]. However, it is pos-
sible that cancellations do occur for d,, but not dj, and
the constraints from d,, do not necessarily lead to strong
constraints on d. Alternative experimental approaches
to dp, such as that presented here, should therefore be
pursued. If d5 indeed has a value close to its experimen-
tal upper bound, the asymmetry B can be as large as
~ 1072, Using A — pr~ to analyze the polarization,
we can obtain B as large as 1072. With 107 J/%, it is
already possible to obtain some interesting results. This
experiment can be performed with the Beijing ete™ ma-
chine. If 10° J/4 can be produced, one can improve the
upper bound on dj by an order of magnitude. This can
be achieved in future J/1 factories. There is not much
information about the electric dipole moment of ¥ and
Z. The observable B can thus be used to put an upper
bound on the electric dipole moments of ¥ and Z. With
10° J /1 decays, the sensitivity for the electric dipole mo-
ment is typically 10~ 7e cm.

Our analysis can also be used for J/¥ — [Tl~. Assum-
ing that the d term is mainly due to the electric dipole
moment d; of the lepton, we have

d,ﬂ' \/1 —4’!77.,2/M2 (21)

T ed ™ 1y 2m/M

where m is the lepton mass. For J/1 — ptu~, we have,

TABLE II. The asymmetry B in terms of the electric dipole moment of Bs.

Decay mode

a term dominates (in unit 10'*/ecm)

b term dominates (in unit 10'*/ecm)

n 1.38d,
D 1.25d,
AA 1.48d,
$3) 1.46dx
== 1.22ds

3.5d,
3.2d,
3.3da
2.9dx
2.4dz
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B =4x10""(d,/107!° ecm) which may be too small to
be measured experimentally.

B. Y ff

In principle the asymmetry B can be used to probe C P
violation in T — BgBg. For these decays the branching
ratios are not measured yet. They are smaller than the
branching ratios for J/¢ — BgBsg, e.g., B(T — pp) <
9 x 10™%. In order to reach the same sensitivity for CP
violating parameters as for J/1 — BgBsg, more Y events
are needed. It may not be practical to study CP violation
using these decay modes.

It may be possible to observe CP violation in Y — 1.
One particular interesting decay mode is ¥ — 777
The tauon polarization can be analyzed by the decays
T — 7w, 2nv, 37y, evd, and pvo. It has been shown
that these decay channels provide reasonable sensitivity
for tauon polarization analysis [18]. Assuming the elec-
tric dipole moment of the tauon is the source for CP
violation in this decay, B = 7 x 1073d,/(107!¢ ecm).
The experimetal upper bound on d, is 1.6 x 1071 ecm,
so the asymmetry B can be as large as 1072, Values of
d, as large as 10 '%ecm can be obtained in model cal-
culations. The leptoquark model is one of them. In this
model there is a scalar which can couple to leptons and
quarks. The couplings of the leptoquark scalar to the
third generation are weakly constrained [19]. It is possi-
ble to generate a large d, by exchanging a leptoquark at
the one-loop level.

Similar experiments can be carried out for other sys-

tems, for example, p, ¢ — ptp~, and Z — Il [20]. In
particular the ¢ factory may provide useful information
about CP violation in ¢ — ptpu~.

IV. CONCLUSION

We studied C P violation in fermion pair decays of spin-
0 and spin-1 particles using a CP odd and CPT even
observable. The asymmetry B studied in this paper pro-
vides another test for CP violation in , K7, — u* ™~ de-
cays. This asymmetry can reveal new information which
is not contained in the asymmetry A studied previously
in the liturature. For spin-1 particle case, we studied CP
violation in the decays of J/9 to the SU(3) octet baryon
pairs. We showed that these decays can be used to put
stringent constraints on the electric dipole moments of
A, ¥, and E. Using the J/1 events accumulated at the
Beijing ete™ collider, one may already obtain interest-
ing information about C'P violation. We encourage our
experimental collegaues to carry out such analysis.
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