
PHYSICAL REVIEW D 72, 037901 (2005)
T violation in �B0 ! � �p��
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We study T violation in the three-body charmless baryonic decay of �B0 ! � �p�� through the T-odd
triple product correlation in the standard model. We discuss the difference between T violating triple
product correlation and direct CP violating rate asymmetries by showing the explicit strong and weak
phase dependences. We find that the T violating asymmetry is 10%, which is accessible to the current B
factories at KEK and SLAC, while the CP violating one 1:1%. We emphasize that this triple product
correlation would be the first measurable direct T violating effect predicted in the standard model, which
provides a reliable test of the Cabbibo-Kobayashi-Maskawa mechanism of T violation.
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CP violating effects are sought after as to get the idea on
the origin of CP violation. In that pursuit, most of interests
are now focussed on in B decays which are expected to
exhibit CP violation ‘‘visibly‘‘. A component of CP vio-
lation induced by the B� �B mixing in the Cabbibo-
Kobayashi-Maskawa (CKM) framework [1] of the stan-
dard model, namely sin2�, has already been measured by
Belle and BABAR collaborations at KEK and SLAC re-
spectively [2,3]. In these studies, both theory and experi-
ment, the objective now turns out to be three folded: to test
the CKM paradigm of CP violation, to fix its limitations
and to unfold the physics beyond it.

Characteristic observables of CP violation are rate
asymmetries and momentum correlations. The direct CP
asymmetries arise if both the weak (	) and strong (
)
phases are nonvanishing

ACP / sin	 sin
: (1)

Whereas the correlations among spin and momenta of the
initial and final state particles constitute a measure of
T-violating observables. The correlations known as triple
product correlations (TPC’s), of the T-odd form ~v1 � � ~v2 �
~v3�, where ~vi’s are spin (~si) or momentum ( ~pi), are used to
probe T-violation, for early works see Refs. [4–13]. In the
framework of local quantum field theories, T-violation
implies CP-violation (and vice versa), because of the
CPT invariance of such theories. Experimentally, T viola-
tion has been only observed in the neutral kaon system [14]
so far. Moreover, no violation of CPT symmetry has been
found [11]. Still, it will be worthwhile to remember that
outside this framework of local quantum field theories,
there is no reason for the two symmetries to be linked
[16]. Therefore, it would be interesting to directly inves-
tigate T violation in B decays, rather than infering it as a
consequence of CP-violation.

Existence of a nonzero TPC is given by

AT 	
�� ~v1 � � ~v2 � ~v3�> 0� � �� ~v1 � � ~v2 � ~v3�< 0�

�� ~v1 � � ~v2 � ~v3�> 0� � �� ~v1 � � ~v2 � ~v3�< 0�
;

(2)
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where � is the decay rate of the process in question. In
comparison with the conjugate process, TPC asymmetry
(TPA), AT is expressed as

A T 	
1

2
�AT � �AT�: (3)

By expressing so, we reaffirm the TPC is indeed due to
weak phase. Otherwise, the nonzero TPC in Eq. (2) can
occur due to only strong phase. Then TPA turns out to be:

A T / sin	 cos
: (4)

This is in contrast with the CP asymmetry in Eq. (1). TPA
is protected from strong interaction effects encoded in the
phase, 
. In the vanishing limit of the strong phase, the
TPA is maximal, see Refs. [11,12]. We note that there is no
contribution to AT in Eq. (3) from final state interaction
due to electromagnetic interaction.

In this letter, we consider the three-body charmless
baryonic process of �B0 ! � �p�� looking for TPC of the
type ~s� � � ~p �p � ~p��. It has been emphasized in Ref. [17]
that the � polarization can be detected from its decaying to
p��. It is interesting on its own to note that the branching
ratio of three-body baryonic decay is much larger than that
of the two-body one with the same baryon pair as observed
[18,19]:

Br�B0 ! ��p��� 	 �3:27�0:62
�0:51 
 0:39� � 10�6;

Br�B� ! � �p�< 4:9� 10�7:
(5)

The enhancement of three-body decay over the two-body
one is due to the reduced energy release in B to� transition
by the fastly recoiling � meson that favors the dibaryon
production [20]. Theoretical estimations on the modes in
Eq. (5) and other baryonic B decays are made [21–26], in
consistent with the experimental observations.

In the factorization method, the decay amplitude of
�B0 ! � �p�� contains the �B0 ! �� transition and � �p
baryon-pair inducing from the vacuum. The contributions
to the decay at the quark level are mainly from O1, O4 and
O6 operators defined in Refs. [27,28]. From those operators
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and the factorization approximation, the decay amplitude is given by [22]

M 	 M1 �M4 �M6;

Mi 	
Gf���
2

p �iaih�
�j �u	��1� 	5�bj �B

0ih� �pj �s	��1� 	5�uj0i; �i 	 1; 4�;

M6 	
Gf���
2

p VtbV�
ts2a6h��j �u	��1� 	5�bj �B0i

�p� � p �p��

mb �mu
h� �pj�s�1� 	5�uj0i; (6)

where �1 	 VubV
�
us, �4 	 �VtbV

�
ts and a1 	 ceff1 � ceff2 =Nc, a4 	 ceff4 � ceff3 =Nc, a6 	 ceff6 � ceff5 =Nc with ceffi �i 	

1; 2; . . . ; 6� being effective Wilson coefficients (WC’s) given in Refs. [27–30] and Nc color number. We note that
ceffi =Nc are included to express the color-octet terms. The �B0 ! �� transition matrix is given by

h��j �u	��1� 	5�bj �B0i 	

�
�pB � p��� �

m2
B �m

2
�

�pB � p��
2 �pB � p��

�
�
FB!�1 �t� �

m2
B �m

2
�

�pB � p��
2 �pB � p��

�FB!�0 �t�; (7)

where t � �p� � p �p�
2 and FB!�1;0 �t� can be found in Ref. [31]. As for the baryon pair form factors involving the vector,

axial vector, scalar and pseudoscalar currents in Eq. (6), we have

h� �pj �s	�uj0i 	 �u�p��
�
�F1�t� � F2�t��	� �

F2�t�
m� �m �p

�p �p � p���

�
v�p �p�;

h� �pj �s	�	5uj0i 	 �u�p��
�
gA�t�	� �

hA�t�
m� �m �p

�p �p � p���

�
	5v�p �p�

h� �pj �suj0i 	 fS�t� �u�p��v�p �p�; h� �pj�s	5uj0i 	 gP�t� �u�p��	5v�p �p�: (8)

In Eq. (8), the baryonic form factors are defined b [17]

F1�t� � F2�t� 	 �

���
3

2

s
GpM�t�; gA�t� 	 �

1���
6

p �DA�t� � 3FA�t��; hA�t� 	 �gA�t�
�m� �m �p�

2

t

fS�t� 	 �

���
3

2

s
nqG

p
M�t�; gP�t� 	 �

1���
6

p �DP�t� � 3FP�t��; :

(9)
It is noted that GpM�t� is the nucleon magnetic (Sachs) form
factor, while DA�P��t� and FA�P��t� are the similar parame-
trized functions in the QCD counting rules. nq is defined by
nq � �m� �m �p�=�ms �mu�, and we fix it to be 1.3 to
account for the SU(3) breaking effect.The functions of
GpM�t�, DA�t�, FA�t�, DP�t� and FP�t� have been expanded
in terms of t and their fitting results can be found in
Ref. [21–23].

We now study the TPC involving the � spin from
Eq. (6), and we get

jMj2 	 jM1j
2 � jM4j

2 � jM6j
2 � 2Re�M1M

y
4 �

� 2Re�M1M
y
6 � � 2Re�M4M

y
6 �: (10)

In our calculation, we will sum over the proton spin. We
note that TPC can only arise from the interference terms,
i.e., Re�M1M

y
4 �, Re�M1M

y
6 � and Re�M4M

y
6 �. However, as

we will show next, the T-odd term in Re�M1M
y
4 � disap-

pears sinceM1 and M4 have the same current structures as
seen from Eq. (6).

To describe the triple momentum correlations explicitly,
we write the four components of the � spin as �s0; ~s� 	
� ~p� � ~,=m�; s0 ~p�=�E� �m�� � ~,�, where the ~, is an unit
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vector along the � spin in its rest frame. By defining the
unit vectors along the longitudinal, normal, and transverse
components of the � polarization to be ~eL 	

~p�=j ~p�j; ~eN 	 ~p� � � ~p� � ~p �p�=j ~p� � � ~p� �

~p �p�j; ~eT 	 ~p �p � ~p�=j ~p �p � ~p�j; the partial decay width
with the polarized � for �B0 ! � �p�� is given by

d� 	
1

�2��3
jMj2

32M3
B

dm2
� �pdm

2
�p�; (11)

with the squared amplitude

jMj2 	 00�1� �PL ~eL � PN ~eL � PT ~eT� � ~,�; (12)

where m� �p�m �p�� � p� � p �p�p �p � p��, 00 is the distri-
bution density which is free of the � spin and its integrated
value is equal to �=2, and three components of Pi are
defined by

Pi 	
d�� ~ei � ~, 	 1� � d�� ~ei � ~, 	 �1�

d�� ~ei � ~, 	 1� � d�� ~ei � ~, 	 �1�
�i 	 L;N;T�;

(13)

respectively. Explicitly, the transverse polarization asym-
metry PT , which is related to TPC, is found to be
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PT 	
8G2

FmBj ~p �p � ~p�j

00
f�V � S� A � P�

� �Im�VubV
�
usVtbV

�
tsa1a

�
6 � VtbV

�
tsVtbV

�
tsa4a

�
6��g;

(14)

where

V 	 FB!�1 �t��F1�t� � F2�t��; A 	 FB!�1 �t�gA�t�;

S 	 2cFB!�0 �t�fS�t�; P 	 2cFB!�0 �t�gP�t�:
(15)

with 2c � �m2
B �m

2
��=�mb �mu�. It is obvious that V � S

(A � P) term is from vector-scalar (axial-vector-
pseudoscalar) interference and there is no T-odd term
from Re�M1M

y
4 � due to the same current structures. From

Eq. (13), we may also define the integrated transverse �
polarization asymmetry by

AT 	

R
d�� ~eT � ~, 	 1� �

R
d�� ~eT � ~, 	 �1�R

d�� ~eT � ~, 	 1� �
R
d�� ~eT � ~, 	 �1�

: (16)

In our numerical calculations, the CKM parameters are
taken to be [15] VubV�

us 	 A�4�0� i3� and VtbV
�
ts 	

�A�2 with A 	 0:853, � 	 0:2200, and 0 and 3 are ex-
pressed as functions of the weak phase 	 by 0 	 Rb cos	
and 3 	 Rb sin	with Rb �

jVubj
jVcbj

=� 	 0:403 [15]. We note
that the current allowed values of �0;3� are �0:20

0:09; 0:33
 0:05� [15]. To distinguish the origin of CP
violation, we use the weak phases 	 	 60� and 0� corre-
sponding to �0;3� 	 �0:20; 0:35� and �0:40; 0�, respec-
tively. We remark that a1, a4 and a6 [27,28,30] contain
both weak and strong phases, induced by 3 and quark-loop
rescatterings, respectively. Explicitly, at the scale mb and
Nc 	 3, we obtain a set of �a1;a4;a6�	 �1:05; ���388�
8:53�3:70�� i��115
3:73�8:50���10�4; ���556�
8:53�3:70�� i��115
3:73�8:50���10�4� for b!
s ( �b! �s) transition. As an illustration, we would also
like to turn off the strong phase (
 	 0), by taking the
imaginary parts of the quark-loop rescattering effects to be
zero. It is noted that from Eq. (11), when summing over all
spins, the decay branching ratio of �B0 ! � �p�� is found to
be 3:26� 10�6, which reconfirms the result in Ref. [22]
and agrees well with the experimental data in Eq. (5). This
result also confirms that the factorization approximation is
valid in this mode.

Using Eq. (16), the numerical values for TPAs of AT
( �AT) and AT 	 �AT � �AT�=2 are shown in Table I.
TABLE I. Triple product correlation asymmetries (in percent)
of AT ( �AT) for �B0 ! � �p�� (B0 ! ��p��) and AT 	 �AT �
�AT�=2.

AT; �AT;AT 	 	 60� 	 	 0�


 � 0 9:9;�5:2; 7:6 3:4; 3:4; 0

 	 0 10:4;�10:4; 10:4 0; 0; 0
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From the table, we see explicitly that TPAs are indeed
nonzero and maximal in the absence of the strong phase.
We note that in our calculations we have neglected the final
state interactions due to electromagnetic and strong inter-
actions, which are believed to be small in three-body
charmless baryonic decays [22]. It is interesting to point
out that in order to observe the TPAs in �B0 ! � �p�� and
B0 ! ��p�� being at 10� 7%, we need to have about
�1� 2� � 108 B �B pairs at 24 level. This is within the reach
of the present day B factories at KEK and SLAC and others
that would come up. It is clear that an experimental mea-
surement of AT is a reliable test of the CKM mechanism
of CP violation and, moreover, it could be the first evi-
dence of the direct T violation in B decays.

We now illustrate the difference between the TPAs and
the rate CP asymmetry defined by

ACP 	
�� �B0 ! � �p��� � ��B0 ! ��p���

�� �B0 ! � �p��� � ��B0 ! ��p���
: (17)

The decay width can be obtained from the Eq. (16) by
integrating and summing over the spins of the final state
particles. Nonzero contributions on ACP can be induced
from the interferences among M1, M4 and M6. Explicitly,
we find that ACP for �B0 ! � �p�� is 1:1%, which is about 1
order of magnitude smaller than that of AT . It is clear that
without strong or weak phase there is no direct CP violat-
ing asymmetry as seen in Eq. (1).

To conclude, we have shown that the T violating triple
product correlation asymmetries in �B0 ! � �p�� and
B0 ! ��p�� are O�10%� in the standard model, which
are large enough so that they can be interesting measure-
ments. In fact, they would be the first measurable direct T
violating effects in B physics.

Finally, several remarks are given as follows: (i) We
have also explored T violating effects in a large class of
interesting charmless baryonic decays such as B! � ��K
[26] and we have found that they are small [32]. (ii) Many
three-body charmless baryonic B decays [21–26] such as
p �pK���, � ��K���, ���0� �p	 and � �p� have been studied
with QCD counting rules based on the factorization ap-
proximation and all results are agree well with the experi-
mental data. This clearly assures the validity of the
factorization in these three-body decays. In particular, for
the considered mode of �B0 ! � �p�� in this study, we have
used the generalized factorization hypothesis (GFH) [33]
in which Nc is taken to be as an effective color number to
incorporate nonfactorizable effects. We have checked our
results with Nc 	 2 and 1 and we have found that they are
insensitive to the value of Nc. Note that other factorization
methods beyond the GFH such as QCD factorization
(QCDF) [34] and perturbative QCD (PQCD) [35] have
not been extended to three-body baryonic B decays.
(iii) The errors in our numerical results due to the CKM
parameters and QCD uncertainties are expected to be less
than 10%. (iv) In this letter, we have considered only the
-3
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possible standard model contributions to TPAs. The impli-
cations of alternative models on the sizes of the asymme-
tries in various three-body baryonic B decays will be
presented elsewhere [32].
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