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T-violating triple-product correlations in hadronic b decays

Wafia Bensalem* and David London†
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We studyT-violating triple-product asymmetries in the quark-level decayb→suūwithin the standard model
~SM!. We find that only two types of triple products are non-negligible. First, the asymmetry in

pW u•(sWu3sW ū) or pW ū•(sWu3sW ū) can be as large as about 5%. It can be probed inB→V1V2 decays, whereV1 and

V2 are vector mesons. Second, the asymmetry insWb•(pW u3pW s) can be in the range 1–3 %. One can search for
this signal in decays such asLb→Lp1p2. All other triple-product asymmetries are expected to be small
within the SM. This gives us new methods of searching for new physics.
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I. INTRODUCTION

These are exciting times forB physics. Measurements o
sin 2b have been made@1#, and provide the first hints ofCP
violation outside the kaon system. It is expected that furt
measurements ofCP-violating rate asymmetries in theB
system will be made before too long. And in the near futu
data from DESY HERA-B and hadron colliders will add
our knowledge ofCP violation in theB system.

The purpose of all this activity is to test the standa
model ~SM! explanation ofCP violation. In the SM,CP
violation, which to date has been only seen in the kaon s
tem, is due to the presence of a nonzero complex phase i
Cabibbo-Kobayashi-Maskawa~CKM! quark mixing matrix
V. In this scenario, one expects largeCP-violating effects in
B decays, and the above experiments are searching for
signals.

The CP-violating signals which have been the most e
tensively studied are rate asymmetries inB decays@2#. Mea-
surements of such asymmetries will allow one to clea
probe the interior anglesa, b, andg of the unitarity triangle,
which will in turn provide important tests of the SM.

However, there is another class ofCP-violating signals
which has received relatively little attention: triple-produ
correlations@3#. In a given decay, it may be possible to me
sure the momenta and/or spins of the particles involv
From these one can construct triple products of the fo

vW 1•(vW 23vW 3), where eachv i is a spin or momentum. Suc
triple products are odd under time reversal~T! and hence, by
theCPT theorem, are also potential signals ofCP violation.

To establish the presence of a nonzero triple-product
relation, one constructs an asymmetry of the form

AT[
G„vW 1•~vW 23vW 3!.0…2G„vW 1•~vW 23vW 3!,0…

G„vW 1•~vW 23vW 3!.0…1G„vW 1•~vW 23vW 3!,0…
, ~1!

whereG is the decay rate for the process in question. Ho
ever, there is a complication: although the action ofT
changes the sign of a triple product, if a triple produ
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changes sign, it is not necessarily due to theT transforma-
tion. This is because, in addition to reversing spins and m
menta, the time reversal symmetryT also exchanges the ini
tial and final states. Thus, in a given decay, a nonzero tr
product is not necessarily a signal ofT ~andCP) violation.
In particular, triple-product correlations can be faked by t
presence of strong phases, even if there is noCP violation.
That is, one typically finds that

AT}sin~f1d!, ~2!

where f is a weak,CP-violating phase andd is a strong
phase. From this we see that ifdÞ0, a triple-product corre-
lation will appear, even in the absence ofCP violation ~i.e. if
f50). In what follows, we refer to the triple-product asym
metries of Eq.~1! asT-oddeffects.

Nevertheless, one can construct aT-violating asymmetry:

AT[
1

2
~AT2ĀT!, ~3!

where ĀT is the T-odd asymmetry measured in th
CP-conjugate decay process. This is a trueT-violating signal
in that it is nonzero only iffÞ0 ~i.e., if CP violation is
present!. Furthermore, unlike decay-rate asymmetries in
rect CP violation, a nonzeroAT does not require the presenc
of a nonzero strong phase. Indeed

AT}sinf cosd, ~4!

so that the signal is maximized when the strong phase
zero.

As with all CP-violating signals,~at least! two decay am-
plitudes are necessary to produce a triple-product correlat
Such correlations have been studied in semileptonicB de-
cays@4#. However, since there is only a single amplitude
the SM, any such signal can occur only in the presence
new physics.

To our knowledge, the only study of triple products in th
SM has been made by Valencia@5#, who examined the deca
B→V1V2, whereV1 andV2 are vector mesons. He looked
triple products of the formkW•(eW13eW2), whereeW1 andeW2 are
the polarizations ofV1 and V2, respectively, andkW is the
momentum of one of the vector mesons. Since the calc
©2001 The American Physical Society03-1
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tion was done at the meson level, estimates of the var
form factors were needed. The conclusion of this study w
that, within the SM, one could expect aT-violating asymme-
try at the level of several percent.

In this paper we re-examine the question of triple pro
ucts in the SM using a complementary approach. In part
lar, we search for triple-product correlations at the qu
level. The motivation is the following: if a significant triple
product correlation exists at the hadron level, it must a
exist at the quark level. After all, given that QCD~which is
responsible for hadronization! is CP-conserving, it is diffi-
cult to see how one can generate a largeT-violating asym-
metry at the hadron level if it is absent at the quark leve

Of course, the converse is not necessarily true: a la
T-violating effect at the quark level might be ‘‘washed ou
to some extent during hadronization, since the spins and
menta of the quarks may not correlate well with the sp
and momenta of the hadrons.~The most obvious example o
this is if spin-0 mesons are involved. In this case no inf
mation about the spins of the constituent quarks can be
tained.! Thus, a quark model is required to relate the asy
metries at the quark and meson levels. This suggests tha
study of triple products at both the quark and meson lev
may allow us to distinguish among the various quark mod

With this in mind, in this paper we examine the inclusi
decayb→suū within the SM. The branching ratios for th
corresponding exclusive decays are expected to be of o
1025. If there is a largekW•(eW13eW2) triple product in B
→V1V2, there should also be a large triple product at
quark level of the formpW •(sW3sW8), wherepW is the momen-
tum of one of the quarks, andsW andsW8 are the spins of two of
the light quarks. And indeed, we find that the qua
level T-violating asymmetry due to the triple produ
pW u•(sWu3sW ū) or pW ū•(sWu3sW ū) is about 5%. This strongly sup
ports Valencia’s conclusion that the SM predicts a meas
ableT-violating asymmetry inB→V1V2.

However, we also find another significantT-violating sig-
nal in b→suū. It is due to the triple-productsWb•(pW u3pW s),
which involves theb-quark spin and the momenta of thes
and u quarks. In the SM, this signal turns out to be in t
range of 1% to 3% of the total rate, which may be meas
able. It might be observable in decays such asLb
→Lp1p2.

Finally, it is also important to note whichT-violating sig-
nals arenot present. For example, we find that there are
significantT-violating asymmetries in the SM which involv
the spin of thes-quark. Thus, should such an asymmetry
measured, it would be a clear sign of new physics.

In Sec. II, we compute the triple products present in
decayb→suū, and estimate their sizes. We discuss poss
hadron-level applications in Sec. III. We conclude in Sec.

II. TRIPLE PRODUCTS IN b\sUū

In the inclusive decayb→suū, the amplitude has two
dominant contributions: the tree diagram~T! due toW-boson
exchange and the loop-level strong penguin diagram (P).
11600
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Furthermore, the penguin amplitude contains two domin
terms,P1 andP2 @6#. These various contributions are give
by

T5
4GF

A2
VubVus* @ ūgmgLb#@ s̄gmgLvu#eid t,

P152
asGF

A2p
F1

cVcbVcs* @ s̄tagmgLb#@ ūtagmvu#eid1,

P252
asGF

A2p
F2 imb

q2 F2GVtbVts* @ s̄tasmnqngRb#

3@ ūtagmvu#eid2. ~5!

In the above,gL(R)5(17g5)/2, the ta are the Gell-Mann
matrices, and thed i are the strong phases. InP2 , q is the
momentum of the internal gluon. The factorsF1

c andF2 are
functions of (mc

2/MW
2 ) and (mt

2/MW
2 ), respectively, and take

the valuesF1
c.5.0 andF2.0.2 for mt5160 GeV @6#. P1

and P2 are often called thechromoelectric dipole momen
term andchromomagnetic dipole momentterm, respectively.

The next step is the calculation of the square of the de
amplitude. We have

uMu25uTu21uP1u21uP2u212 Re~T†P1!12 Re~T†P2!

12 Re~P1
†P2!. ~6!

The dominant term here isuP1u2.
We find triple products in all of the interference term

above~i.e., the last three terms ofuMu2). Before giving the
specific forms of these triple products, we make the follo
ing general remarks:

In the calculation, we neglect the masses of the lig
quarkss, u, and ū, but we keep the spins~i.e., polarization
four-vectors! of these particles~at least to begin with!. It
turns out that there are no triple products involving the p
larization of thes quark. ~In other words, such terms ar
suppressed by at leastms /mb .) In light of this, in our results
below, we automatically sum over thes-quark spin states.

This is an interesting result: it suggests that if a trip
product involving thes-quark polarization is observed ex
perimentally, it is probably due to physics beyond the SM

Since the B meson has spin 0, triple products inB
→V1V2 cannot involve the spin of theb-quark. If one sums
over the spin of theb-quark, the only term which contain
triple products is theT2P1 interference term. We will there
fore use this term to estimate the size of theT-violating
asymmetry inB→V1V2 @5#.

If the spins of theu andū quarks cannot be measured, o
can then take them to be unpolarized, i.e., we sum over t
polarizations. In this case, only theT2P2 andP12P2 inter-
ferences contain a triple product. This unique signal takes
form sWb•(pW u3pW s).
3-2
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In all interference terms, there are triple products which involve the three polarizationssWb , sWu, andsW ū . Experimentally, such
signals will be extremely difficult to measure, and so are of less interest than the others described here.

A. TÀP1 interference

Keeping explicit the spins of theb-, u-, andū-quarks, theT-odd piece of theT2P1 interference term is

F (
s spins

2 Re~T†P1!G
T-odd

5
16asGF

2F1
c

3p
Im@Vcs* VcbVusVub* ei (d12d t)#$2~pb•su!emnrjpb

mpu
npū

r
sū

j
22~pb•pu!emnrjpb

msu
npū

r
sū

j

1mb
2emnrjpu

msu
npū

r
sū

j
1mb@~sb•su!emnrjps

mpu
npū

r
sū

j
2~sb•pu!emnrjps

mpū
n
sū

r
su

j

2~ps•pū!emnrjpu
msb

nsu
rsū

j
1~ps•sū!emnrjpu

mpū
n
sb

rsu
j #%. ~7!
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Here,pi is the 4-momentum of thei-quark andsi is its po-
larization four-vector. Triple products1 are found in the terms
emnrjv1

mv2
nv3

rv4
j .

In the above expression, we see that there are two cat
ries of triple products: those which involvesb , the b-quark
polarization, and those which do not. Those terms wh
include sb @the last four terms in Eq.~7!# also include the
polarizations of theu- and ū-quarks (su and sū). Since all
three spins must be measured, these triple products wil
extremely difficult to observe experimentally. Because
this, it is the first three terms of Eq.~7! which most interest
us, and we therefore isolate them by averaging oversb .

Of course, as written, the termsemnrjv1
mv2

nv3
rv4

j involve
only four-vectors, and therefore do not look like triple pro
ucts. In order to identify the triple products implicit in thes
terms, we have to choose a particular frame of reference.
most natural choice is the rest frame of theb-quark, in which
case Eq.~7! then takes the form

F1

2 (
b,s spins

2Re~T†P1!G
T-odd

5
16asGF

2F1
c

3p
Im@Vcs* VcbVusVub* eiD1t#mb

2

3$su
0pW u•~pW ū3sW ū!1EupW ū•~sWu3sW ū!

1sū
0
pW u•~pW ū3sWu!1EūpW u•~sWu3sW ū!%, ~8!

whereD1t[d12d t . We therefore see that there are, in fa
four distinct triple products in theT2P1 interference term.
These triple products depend on the polarization four-vec
of the u- and ū-quarks, whose most general form is@7#

si
m5S nW i•pW i

mi
,nW i1

nW i•pW i

mi~Ei1mi !
pW i D , ~9!

1Note that, due to the identitygabemnrj2gamebnrj2ganembrj

2garemnbj2gajemnrb50, not all terms of the form
v1•v2emnrjv3

mv4
nv5

rv6
j are necessarily independent.
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for i 5u,ū. In the above,nW i is the polarization vector of the
i-quark in its rest frame, and satisfiesunW i u51.

In order to compute the size of these triple-product asy
metries, in addition to integrating over phase space, we
need estimates of the sizes of the weak and strong phase
the Wolfenstein parametrization@8#, we can write theT-odd
combination of CKM and strong phases as

Im@Vcs* VcbVusVub* eiD1t#5A2l6@h cosD1t1r sinD1t#.
~10!

CP violation in the CKM matrix is parametrized by the pa
rameterh. As discussed in the Introduction, nonzero stro
phases can fake aT-violating signal. The termr sinD1t in the
above expression is an example of such a fake signal. H
ever, by forming a trueT-violating asymmetryAT @Eq. ~3!#,
one can eliminate this fake signal. In this caseAT
}h cosD1t .

At present,h is constrained to lie in the range 0.2<h
<0.5 @9#. As for the strong phase, the tree-level phased t is
usually assumed to be small: the logic is that, roughly spe
ing, the quarks will hadronize before having time to e
change gluons. On the other hand, for theb→suū penguin
amplitude, it is often assumed that strong phases come f
the absorptive part of the penguin contribution@10#. Since
P1 involves an internalc-quark, it is possible thatd1Þ0,
which of course implies thatD1tÞ0. Even so, for simplicity,
in our calculation we assume thatD1t is small enough that
cosD1t.1 is a good approximation. However, the read
should be aware that the asymmetries may be reduced sh
this strong phase be large.~Note that theT-violating signal is
maximal when cosD1t51. For comparison, direc
CP-violating rate asymmetries require the strong phase to
nonzero.!

We have performed the phase-space integration using
computer program RAMBO. In calculating the four
T-violating asymmetries@see Eq.~3!# A T

1 , A T
2 , A T

3 , and
A T

4 , which correspond respectively to the four trip

products of Eq. ~8!: su
0pW u•(pW ū3sW ū), EupW ū•(sWu3sW ū),

sū
0
pW u•(pW ū3sWu), andEūpW u•(sWu3sW ū), we have averaged ove

all directions ofsWu andsW ū . Our results are as follows:
3-3
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^A T
1,3&.0,

2.3%&^A T
2,4&&5.6%, ~11!

where the range ofA T
2,4 is due to the presently-allowed rang

for h.
Note that the triple product inB→V1V2 discussed by

Valencia@5# is of the formkW•(eW13eW2). In Eq. ~8!, it is the
termspW ū•(sWu3sW ū) andpW u•(sWu3sW ū) which could potentially
give such a triple-product signal. We have found that
asymmetriesA T

2 and A T
4 , which correspond to these tripl

products, can be reasonably big (&5%). This is consistent
with the results found by Valencia at the meson level, a
o

w
o
o
ca
:

e
e

n
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e

d

suggests that the SM does indeed predict a measur
T-violating asymmetry inB→V1V2 decays.

Finally, for comparison, consider the decay-rate asymm
try, calculated by Hou for the same process@11#:

aCP~b→suū!.1.4%. ~12!

We therefore see that one expectsT-violating triple-product
asymmetries inb→suū to be considerably larger than th
decay rate asymmetry.

B. P1ÀP2 interference

The T-odd piece of theP12P2 interference term is
F (
s spins

2 Re~P1
†P2!G

T-odd

5
4as

2GF
2F1

cF2mb

3p2q2
Im@Vts* VtbVcsVcb* ei (d22d1)#H @pb•~pu2pū!~12su•sū!2~sū•ps!~su•pū!

1~su•ps!~sū•pu!#emnrjpb
msb

npu
rps

j1F ~su•pū!~pu•ps!2
q2

2
~su•ps!Gemnrjpb

msb
nps

rsū
j

1F ~sū•pu!~pū•ps!2
q2

2
~sū•ps!Gemnrjpb

msb
nps

rsu
j J . ~13!
the

ng
-

es

t

.
e

Here, if we average over theb-quark spin states, there is n
T-violating signal at all.

We note that most of the terms in Eq.~13! correspond to
triple products in which three spins must be measured. As
have already discussed, such signals are very difficult to
serve experimentally, and so do not interest us. There is
term, however, which does not involve three spins, and it
be isolated by summing over theu- and ū-quark spin states

F (
u,ū,s spins

2 Re~P1
†P2!G

T-odd

5
16as

2GF
2F1

cF2mb

3p2q2
Im@Vts* VtbVcsVcb* ei (d22d1)#

3pb•~pu2pū!emnrjpb
msb

npu
rps

j . ~14!

In the rest frame of theb-quark, the triple product takes th
form mb

2(Eu2Eū)sWb•(pW u3pW s). Integrating over phase spac
with RAMBO, we find that theP12P2 T-violating asymmetry
is O(1025), which is negligible.

C. TÀP2 interference

Like P12P2 interference, theT2P2 interference term
contains two types of triple products:~i! those involving a
single quark polarization,sb , and ~ii ! those involving the
three polarization four-vectorssb , su, andsū . As usual, we
are not interested in triple products involving three spins, a
e
b-
ne
n

d

so we can therefore sum oversu andsū . TheT-odd piece of
the T2P2 interference term is then given by

F (
u,ū,s spins

2 Re~T†P2!G
T-odd

5
128asGF

2F2mb

3pq2
Im@Vts* VtbVusVub* eiD2t#

3ps•puemnrjpb
msb

npu
rps

j , ~15!

whereD2t[d22d t .
As was the case for theT2P1 interference term, the

T-violating asymmetryAT is proportional toh cosD2t . And,
as before, we expect thed t piece of the strong phaseD2t to
be small. However, there is a difference here compared to
T2P1 case: previously, the penguin amplitudeP1 involved
an internalc-quark, and so it was possible that the stro
phased1t , which is related to the absorptive part of the am
plitude, could be sizeable. Here, the triple product involv
only the t-quark penguin contributionP2, which is purely
dispersive, and so leads tod250. Thus, it is an excellen
approximation to setD2t.0.

In the rest frame of theb-quark, the triple-product of Eq
~15! is mbps•pusWb•(pW u3pW s). Integrating over phase spac
using RAMBO, and using the allowed range forh, we find
that the correspondingT-violating triple-product asymmetry
A T

b can be of the order of several percent:
3-4
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1.3%&A T
b&3.2%. ~16!

This could conceivably be measured at a future experim
Furthermore, if it is found that this asymmetry is cons

erably larger than the above values, it is probably a signa
new physics. For example, in some models of new phys
the chromomagnetic dipole momentF2 can be enhanced u
to ten times its SM value@12#. This will clearly have an
enormous affect on the above asymmetry.

III. APPLICATIONS

In the previous section, in our study of the quark-lev
decayb→suūwithin the SM, we found two classes of tripl
products whoseT-violating asymmetry is large. They are:~i!
EupW ū•(sWu3sW ū) and EūpW u•(sWu3sW ū), and ~ii ! mbps•pusWb

•(pW u3pW s). The next obvious question is then: how can o
test these results?

The ideal way would be to make triple-product measu
ments inclusively. If this were possible, then it would b
straightforward to compare the experimental values with
theoretical predictions. However, this may not be experim
tally feasible, in which case we must turn to exclusiveB
decays.

The first class of triple-product asymmetries can be st
ied in B→V1V2 decays which are dominated by the qua

level processb→suū. Examples of such decays includeBd
0̄

→rK* , Bs
0̄→K* 1K* 2, Bc

2→D* K* 2, etc. These have
been examined by Valencia, and we refer the reader to
@5# for details.

Turning to the second class of triple products, it is cle
that we cannot use decays ofB mesons to obtain these asym
metries: since theB-meson spin is zero, there is no way
measure the spin of theb-quark~which is the only spin con-
tributing to the triple product!. However, one possibility
would be to use theLb baryon, whose spin is largely that o
the b quark. For example, we can consider the processLb

→Lp1p2. The triple productsWb•(pW u3pW s) can be roughly
equated tosWLb

•(pW p13pW L). ~Note that the two-body deca

Lb→Lp cannot be used to probe this triple product since
the rest frame of theLb , the momenta of theL andp are
collinear.!

In all cases, since the underlying quark-level proces
b→suū, we expect the branching ratios for theB or Lb
decays to beO(1025). However, for certain decays, ther
may be a dynamical suppression, and this may affect
expected triple-product asymmetry. For example, supp
that thep1p2 pair in Lb→Lp1p2 comes mainly from a
virtual r-meson. In this case, due to isospin conservation,
gluonic penguin will not contribute to this decay, whic
means that the branching ratio will be considerably sma
than O(1025) @13#. More importantly, the triple-produc
asymmetry will vanish, since we no longer have two int
fering amplitudes. Should this occur, a better decay mod
which to look for thesWb•(pW u3pW s) triple product might be
Lb→LK1K2, which should not suffer a similar suppre
11600
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sion. The main lesson here is that it is important to search
triple products in a variety of decays.

For both types of triple-product asymmetries, it will b
necessary to use a quark model to make the connection
tween the experimental results and the quark-level calc
tions. In particular, we will want to know how the spin an
momentum of a hadron are related to the spin and mom
tum of the constituent quarks. Some of these relations are
relatively firm footing. For example, it is widely accepte
that the spin of theLb (L) is essentially equal to the spin o
the internalb-quark (s-quark! @14#. On the other hand, dif-
ferent quark models predict different relationships betwe
the spin of a vector meson and the spin of its internal qua
and similarly for the momenta of mesons and quarks. Th
the study of triple-product correlations may allow us to d
tinguish among the various quark models which have b
proposed.

Finally, we note that certain quark-level triple produc
are predicted to be small in the SM. For example, trip
products involving the spin of thes-quark are suppressed b
powers of its mass. Hence, if aT-violating asymmetry due to
a triple product involving thes-quark spin were found to be
sizeable, this would probably indicate the presence of n
physics. The decayLb→Lp1p2, which was mentioned
above, can be used to test this. The spin of theL is essen-
tially equal to thes-quark spin, so anyT-violating asymme-
try involving the spin of theL, such assWLb

•(sWL3pW L),
should be tiny in the SM.

As another example, recall that we found thatT2P1 in-
terference produced the triple productssu

0pW u•(pW ū3sW ū) and

sū
0
pW u•(pW ū3sWu). However, the correspondingT-violating

asymmetriesA T
1 and A T

3 turned out to be suppressed d
namically. Consider the decay of aB-meson to two vector
mesons,B→V1V2, where theV2 then subsequently decay
to two mesonsF1F2. Roughly speaking, one can rela
su

0pW u•(pW ū3sW ū) to eV1

0 pW V1
•(eWV2

3pW F1
). Thus, the measure

ment of a nonzero value for this latter triple-product asy
metry would be a signal for new physics.

IV. CONCLUSIONS

We have calculated the quark-level triple-product corre
tions in the decayb→suū within the standard model. Al-
though several such triple products are present, we find
only two types lead to sizeableT-violating asymmetries.

The first type includespW u•(sWu3sW ū) andpW ū•(sWu3sW ū). We
find that the correspondingT-violating asymmetries can b
as large as about 5%. This triple product can be probed
B→V1V2 decays, whereV1 andV2 are vector mesons@5#.

The second type issWb•(pW u3pW s), wheresWb is the polariza-
tion of theb-quark, andpW u andpW s are the momenta of theu-
and s-quark, respectively. We calculate that theT-violating
asymmetry for this triple product is in the range 1–3 %
which may be measurable. There are several ways to tr
search for this triple-product asymmetry. For example, o
could study the decayLb→Lp1p2, looking for a nonzero
triple productsWLb

•(pW p13pW L).
3-5
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The fact that we find only two large triple-product corr
lations has interesting consequences. If a triple produc
tiny at the quark level, it is probably tiny at the hadron lev
as well. After all, the hadronization of quarks into hadrons
a strong-interaction process, and QCD isCP-conserving. It
is therefore difficult to see how one can generate a la
triple-product correlation at the hadron level, given that it
small at the quark level. Thus, from the point of view
looking for physics beyond the SM, it is important to identi
those triple-product asymmetries which are expected to
small in the SM. If such asymmetries are found to be lar
this is probably a signal of new physics. For example,
find that triple products involving the spin of thes-quark are
98

11600
is
l
s

e

e
,

e

suppressed by powers of its mass. Thus, if, for instanc
sizeableT-violating asymmetry of the formsWLb

•(sWL3pW L)

were found in the decayLb→Lp1p2, this would be com-
pelling evidence for the presence of new physics, since
spin of theL is due largely to thes-quark spin.
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