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T-violating triple-product correlations in hadronic b decays
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We studyT-violating triple-product asymmetries in the quark-level delbays uuwithin the standard model
(SM). We find that only two types of triple products are non-negligible. First, the asymmetry in
Pu- (SuXSy) or Py (S,X S;) can be as large as about 5%. It can be probesHnV,V, decays, wher®,; and
V, are vector mesons. Second, the asymmetrt;{)imﬁux 53) can be in the range 1-3 %. One can search for
this signal in decays such as,— A« 7. 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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[. INTRODUCTION changes sign, it is not necessarily due to Thezansforma-
tion. This is because, in addition to reversing spins and mo-
These are exciting times f@ physics. Measurements of menta, the time reversal symmeffyalso exchanges the ini-
sin 28 have been madg], and provide the first hints P tial and final states. Thus, in a given decay, a nonzero triple
violation outside the kaon system. It is expected that furtheproduct is not necessarily a signal Bfland CP) violation.
measurements o€ P-violating rate asymmetries in thB  In particular, triple-product correlations can be faked by the
system will be made before too long. And in the near future presence of strong phases, even if there irivviolation.
data from DESY HERA-B and hadron colliders will add to That is, one typically finds that
our knowledge ofCP violation in theB system. ,
The purpose of all this activity is to test the standard Arecsin(¢+6), @)

oo e o s o o oy S o ki sy LT 1 8 el CPvolating phase an i a srong
N y . yﬁ)hase. From this we see thatdf~ 0, a triple-product corre-
tem, is due to the presence of a nonzero complex phase in the

Cabibbo-Kobayashi-MaskawéCKM) quark mixing matrix Iatlon will appear, even in the absence(bl? violation (i.e. if
. . W S . ¢=0). In what follows, we refer to the triple-product asym-
V. In this scenario, one expects largé-violating effects in .
. ) metries of Eq(1) as T-odd effects.
B decays, and the above experiments are searching for such Lo
Nevertheless, one can construct-aiolating asymmetry

signals.

The CP-violating signals which have been the most ex- 1 o
tensively studied are rate asymmetrieBidecayq 2]. Mea- A= E(AT—AT), 3)
surements of such asymmetries will allow one to cleanly
probe the interior angles, B, andvy of the unitarity triangle,
which will in turn provide important tests of the SM.

However, there is another class GfP-violating signals

where KT is the T-odd asymmetry measured in the
CP-conjugate decay process. This is a tiueiolating signal
. . . . . ; in that it is nonzero only if¢#0 (i.e., if CP violation is
which has received relatively little attention: triple-product . ' S
correlationd 3]. In a given dec):/ay it may be possiFl))Ie ?o mea_presen)_ Furthermore, unlike decay-rate asymmetnes in di-
sure the momenta and/or spir;s of the particles involvedreCtCPV'OIatlon’ a nonzetdy does not require the presence

From these one can construct triple products of the formOf a nonzero strong phase. Indeed

v1-(vpXv3), where eachy; is a spin or momentum. Such Azocsin ¢ coss, (4)

triple products are odd under time rever§Bl and hence, by

the CP T theorem, are also potential signals@P violation. ~ soO that the signal is maximized when the strong phase is
To establish the presence of a nonzero triple-product corZ€ro.

relation, one constructs an asymmetry of the form As with all C P-violating signals{at least two decay am-
plitudes are necessary to produce a triple-product correlation.
F(Jl-(52x03)>0)—1“(51~(v2>< 53)<0) Such correlations have been studied in semilept@ide-

At (1) cays[4]. However, since there is only a single amplitude in
the SM, any such signal can occur only in the presence of
wherel is the decay rate for the process in question. How-"€W Physics. _ .
ever, there is a complication: although the action Tof 10 Our knowledge, the only study of triple products in the
+SM has been made by Valen¢fl, who examined the decay

changes the sign of a triple product, if a triple produc
g g pep Pep B—V,V,, whereV; andV, are vector mesons. He looked at
triple products of the fornk- (e, X €,), wheree; ande, are

*Email address: wafia@Ips.umontreal.ca the polarizations oV, and V,, respectively, and is the
TEmail address: london@Ips.umontreal.ca momentum of one of the vector mesons. Since the calcula-

I'(01- (0,X03)>0)+T (V- (V,X03)<0)’
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tion was done at the meson level, estimates of the variouBurthermore, the penguin amplitude contains two dominant
form factors were needed. The conclusion of this study waserms,P; and P, [6]. These various contributions are given
that, within the SM, one could expecflaviolating asymme- by
try at the level of several percent.

In this paper we re-examine the question of triple prod- 4G . .
ucts in the SM using a complementary approach. In particu- T= —FVubV’JS[Umnb][sy"nvu]ei o,
lar, we search for triple-product correlations at the quark \/E
level. The motivation is the following: if a significant triple-
product correlation exists at the hadron level, it must also
exist at the quark level. After all, given that QQWhich is P,=-
responsible for hadronizatipns CP-conserving, it is diffi- V2w
cult to see how one can generate a lafgeiolating asym-
metry at the hadron level if it is absent at the quark level.

CYSGF

FSVepVEd sty v bllut, y*v, Je' L,

. . . aSGF - imb .
Of course, the converse is not necessarily true: a large Po=— —— | —5—F, |V Vil st®o,,q" yrb]
T-violating effect at the quark level might be “washed out” V27l @
to some extent during hadronization, since the spins and mo- _ s
menta of the quarks may not correlate well with the spins xX[ut,y*v,]e' 5

and momenta of the hadrondhe most obvious example of

this is if spin-0O mesons are involved. In this case no infor-In the above,y, ry= (17 ys)/2, thet® are the Gell-Mann

mation about the spins of the constituent quarks can be olmatrices, and the; are the strong phases. y, q is the

tained) Thus, a quark model is required to relate the asymmomentum of the internal gluon. The factdt§ andF, are

metries at the quark and meson levels. This suggests that tignctions of (mﬁ/M\zN) and (th/M\ZN), respectively, and take

study of triple products at both the quark and meson levelghe yaluesFS~5.0 andF,~0.2 for m,=160 GeV[6]. P,

may allow us to distinguish among the various quark models, 4 P, are often called thehromoelectric dipole moment
With this in mind, in this paper we examine the inclusive yorm andchromomagnetic dipole mometetrm, respectively.

decayb— suu within the SM. The branching ratios for the  The next step is the calculation of the square of the decay

corresponding exclusive decays are expected to be of ordeinplitude. We have

1075, If there is a largek-(e; X e,) triple product in B

—V1V,, there should also be a large triple product at the | AM|2=|T|?+|P,|?+|P,|?+2 RET'P,)+2 RETTP,)

quark level of the fornp-(sxs’), wherep is the momen-

tum of one of the quarks, arglands’ are the spins of two of
the light quarks. And indeed, we find that the quark- . 5
level T-violating asymmetry due to the triple product The dominant term here 4]

5u'(§u><§® or 5} (§UX§® is about 5%. This strongly sup- We find triple products in all of the interference terms

- 2 . .
ports Valencia’'s conclusion that the SM predicts a measur‘:"bove("e" the last three terms ¢f\1|°). Before giving the

able T-violating asymmetry irB—V,V,. specific forms of these triple products, we make the follow-

. S2 I : ing general remarks:
However, we also find another S|gn|f|ca'm£|olaE|ng S1g- glr? the calculation, we neglect the masses of the light
nal in b—suu It is due to the triple-producs,- (p,X ps), ’

which involves theb-quark spin and the momenta of tke quarkss, u, andu, but we !<eep the sping.e., pplan;auon
and u quarks. In the SM, this signal turns out to be in thefour-vectoré. of these particlesat least to begin with It

range of 1% to 3% of the total rate, which may be measur:[ums out that there are no triple products involving the po-

. : larization of thes quark. (In other words, such terms are
a_k))If%J:Timlght be observable in decays such Ag suppressed by at leasi,/m, .) In light of this, in our results

Finally, it is also important to note which-violating sig- below, we automatically sum over tisequark spin states.

nals arenot present. For example, we find that there are no This i_s an i_nteresting result: it suggests that if a triple
significantT-violating asymmetries in the SM which involve product |nvol\_/|r_19 thes-quark polarlzatu_)n is observed ex-
the spin of thes-quark. Thus, should such an asymmetry beperlmentally, itis probably due to phys!cs beyond the SM.
measured, it would be a clear sign of new physics. Since theB meson has spin 0, triple products @

In Sec. Il, we compute the triple products present in the_’vlv2 cannot involve the spin of the-quark. If one sums

i o _ . over the spin of thé-quark, the only term which contains
decayb—suu, and estimate their sizes. We discuss possiblg e hroducts is tha — P, interference term. We will there-

hadron-level applications in Sec. Ill. We conclude in Sec. IV.¢5a yse this term to estimate the size of thaviolating
asymmetry inB—V,V, [5].
Il TRIPLE PRODUCTS IN b—sUU If the spins of theu andu quarks_ cannot be measured, one
can then take them to be unpolarized, i.e., we sum over their
In the inclusive decayp—suu, the amplitude has two Polarizations. In this case, only tie- P, andP,— P, inter-
dominant contributions: the tree diagrdi due tow-boson  ferences contain a triple product. This unique signal takes the
exchange and the loop-level strong penguin diagrd. ( form Sy- (pyXPs)-

+2 RgPIP,). (6)
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In all interference terms, there are triple products which involve the three polarizégios} and§;. Experimentally, such
signals will be extremely difficult to measure, and so are of less interest than the others described here.

A. T—P, interference

Keeping explicit the spins of thie-, u-, andU—quarks, theT-odd piece of thel — P, interference term is

GZ Cc
sGEF] (50— ; Y
:3—W|m[V:chqusV3bel(§l gt)]{z(pb'su)e,uwﬁpgpupﬁs%_ z(pb'pu)f,uvp§pgsupﬁsﬁ
T-odd

> 2RgTP))

L spins

2 ¢ ¢
+ ME€,pePl SUPLS T Mol (Sb”Su) €, ePE PUPESy— (Sb” Pu) €4 PE PSS,

- ( Ps- pﬂ) e,uvpfpﬁ'sgsﬁs% ( Ps SU) G#fopﬁpﬁsgsg]} . (7)

Here, p; is the 4-momentum of thgtquark ands; is its po-  for i =u,u. In the aboven; is the polarization vector of the
larization four-vector. Triple productare found in the terms i-quark in its rest frame, and satisfikﬁs|=1.

Ewpévagvgvi- ] In order to compute the size of these triple-product asym-

_ Inthe above expression, we see that there are two catedgyetries, in addition to integrating over phase space, we also
ries of triple products: those which invohsg, the b-quark  eeq estimates of the sizes of the weak and strong phases. In
polarization, and those which do not. Those terms whichpe Wolfenstein parametrizatid8], we can write theT-odd
include s, [the last four terms in Eq(7)] also include the  ompination of CKM and strong phases as

polarizations of theu- and u-quarks 6, ands;). Since all

three spins must be measured, these triple products will be Im[V*V Vo VE e 41]= A%\ 7 cosA ;+ p SinA ]

extremely difficult to observe experimentally. Because of (10
this, it is the first three terms of E¢7) which most interest
us, and we therefore isolate them by averaging syer CP violation in the CKM matrix is parametrized by the pa-

Of course, as written, the terms,,,.v4v5v4v5 involve  rameters. As discussed in the Introduction, nonzero strong
only four-vectors, and therefore do not look like triple prod- phases can fake&violating signal. The ternp sinAy in the
ucts. In order to identify the triple products implicit in these above expression is an example of such a fake signal. How-
terms, we have to choose a particular frame of reference. Thever, by forming a trud-violating asymmetryA; [Eq. (3)],
most natural choice is the rest frame of thguark, in which  one can eliminate this fake signal. In this casér
case Eq(7) then takes the form o 77 COSA ;.

At present,n is constrained to lie in the range &2
=<0.5[9]. As for the strong phase, the tree-level phasés

2, S%mSZRe(TTPl) usually assumed to be small: the logic is that, roughly speak-
' T-odd ing, the quarks will hadronize before having time to ex-
160 G2F¢ . . A2 change gluons. On the other hand, for the-suu penguin
ZTW[VcchqusVube 1jmj amplitude, it is often assumed that strong phases come from

the absorptive part of the penguin contributid]. Since
X{ng)u'(ﬁix Sy +Eupy (SyX Sp) P, involves an internak-quark, it is possible that;+#0,

which of course implies thak,;# 0. Even so, for simplicity,
+5Pu- (PaXSy) +Eqpy- (S,XSp}, (8  in our calculation we assume that, is small enough that
cosA=1 is a good approximation. However, the reader
whereA ;= 6, — 8,. We therefore see that there are, in fact,should be aware that the asymmetries may be reduced should
four distinct triple products in th&@ — P, interference term. this strong phase be largéote that theT-violating signal is
These triple products depend on the polarization four-vectorgiaximal  when cod;=1. For comparison, direct

of the u- andU—quarks, whose most general form[@ CP-vioIa)uing rate asymmetries require the strong phase to be
nonzerg

We have performed the phase-space integration using the
st= N pi |, (9) computer program RAMBO. In calculating the four
m mi(Ei+m;) T-violating asymmetrie§see Eq.(3)] A}, A2, A2, and
A%, which correspond respectively to the four triple
. 0~ e = S o =
Note that, due to the identitg,,s€,,pe— Juu€pupe— Jav€npps pg(zducES 9f Eqa (8); SuPu Spﬁsﬁr} EuPy (S”XZD’
—Oap€uvpe— Yat€urpg=0, not all terms of the form s;pu-(pp<su), %n EEp»U'(SUXSUj' we have averaged over
U1 U2€,,,:050 0505 are necessarily independent. all directions ofs, ands;. Our results are as follows:

ni-p;i - n-p;i -
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(A%’3>:0, suggests that the SM does indeed predict a measurable
T-violating asymmetry iB—V,V, decays.
2.3%<(A2%<5.6%, (12) Finally, for comparison, consider the decay-rate asymme-

try, calculated by Hou for the same proc¢ss]:
where the range oﬂ%“ is due to the presently-allowed range _
for 7. acp(b—suu=1.4%. (12

Note that the triple product ilBB—V,;V, discussed by L )
We therefore see that one expettsiolating triple-product

Valencia[5] is of the formk- (e, X &,). In Eq. (8), it is the e — _

> > - > - S . . asymmetries irb—suu to be considerably larger than the
termspy- (syXsy) andp,- (s,Xs,) which could potentially decay rate asymmetry,
give such a triple-product signal. We have found that the '
asymmetriesA% and A‘T‘, which correspond to these triple
products, can be reasonably big$%). This is consistent
with the results found by Valencia at the meson level, and The T-odd piece of thé®?,— P, interference term is

B. P,—P, interference

4a2GEFSF,m, .
[E 2 RgPIP,) =S—Im[vrsvtbvcsv:be'<52‘59][[pb«pu—pa)(l—susm—(sa-ps><su~pa>

g 2~2
s spins L—odd 3 q

2

14 q 14
+(Su Ps)(Sy- pu)]ep,vpfpgsbpﬁ §+ (Su-Pw)(Py-Ps) — E(Su' Ps) e,uvpfpgsbp!s)sﬁ

2

+{(55-Pu) (7 Po) — (5 Py

Euvp§pgsgpgsﬁ] . (13)

Here, if we average over tHequark spin states, there is no so we can therefore sum ovgr ands;. TheT-odd piece of

T-violating signal at all. _ the T— P, interference term is then given by
We note that most of the terms in E{.3) correspond to

triple products in which three spins must be measured. As we :
have already discussed, such signals are very difficult to ob- > - 2RET'Py)
serve experimentally, and so do not interest us. There is one U.u,s spins T-odd
term, however, which does not involve three spins, and it can
be isolated by summing over the andu-quark spin states: 128“5G§F2mb * % A
y g q p : =5 IM[V{VipVisVie' 2]
37q
> 2RePiP) X Ps Pu€unpePh SHPEPE (15)
u,u,s spins T-0dd
2R~2cC
_ 16aSGFF1F2mbIm[V*V V. V* il 0] whereA,=6,— 6. _
372q? ts¥tb¥es¥eb As was the case for th&—P, interference term, the

T-violating asymmetryA; is proportional ton cosA, . And,
X P (Pu= Pw) €upePESHPOPS - (14 as before, we expect th& piece of the strong phask,, to
be small. However, there is a difference here compared to the
In the rest frame of thé-quark, the triple product takes the T— P case: previously, the penguin amplitul¢ involved
form mﬁ(Eu—Eﬁ)gb'(ﬁuxﬁs)- Integrating over phase space &" internalc-quark, and so it was possible that the strong

with RAMBO, we find that the?; — P, T-violating asymmetry phaseélt, which is_related to the absorptive part of the am-
is O(10~5), which is negligibie plitude, could be sizeable. Here, the triple product involves

only the t-quark penguin contributio®,, which is purely
dispersive, and so leads #®=0. Thus, it is an excellent
C. T—P; interference approximation to sef ,=0.

Like P,—P, interference, theT— P, interference term In the rest frame of thé-quark, the triple-product of Eg.
contains two types of triple product§) those involving a (15 is mpps- PuSy- (PuX Ps). Integrating over phase space
single quark polarizations,, and (ii) those involving the using RAMBO, and using the allowed range foy, we find
three polarization four-vectors,, s,, ands;. As usual, we that the corresponding-violating triple-product asymmetry
are not interested in triple products involving three spins, and4$ can be of the order of several percent:
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1_3%5A$5 3.2%. (16) sion. The main lesson here is that it is important to search for
triple products in a variety of decays.

This could conceivably be measured at a future experimentn eggsrsgﬁtht;yfse; ;f mm[}%deﬁarﬁgfemtit:iznﬁeﬂilogebe-
Furthermore, if it is found that this asymmetry is consid- ween thg ex erimeﬂtal results and the quark-level calcula-
erably larger than the above values, it is probably a signal OE‘. P 4

- . ._lions. In particular, we will want to know how the spin and
new physics. For example, in some models of new phySICSmomentum of a hadron are related to the spin and momen-

the chromomagnetic dipole momeRj can be enhanced up . .
! : o2 tum of the constituent quarks. Some of these relations are on
;on;e:q Jlmesﬁgst i:\}/lﬂ\]/slggézge. E‘ll'h?m\%viltrclearly have an relatively firm footing. For example, it is widely accepted
fmous & ve asy Y- that the spin of the\, (A) is essentially equal to the spin of
the internalb-quark (s-quark [14]. On the other hand, dif-
I1l. APPLICATIONS ferent quark models predict different relationships between
. . . the spin of a vector meson and the spin of its internal quarks,
In the previous section, in our study of the quark-levelyy simijarly for the momenta of mesons and quarks. Thus,
decayb— suuwithin the SM, we found two classes of triple the study of triple-product correlations may allow us to dis-
products whos@-violating asymmetry is large. They aré)  tinguish among the various quark models which have been
Eupy (suXsy) and Egp,-(syXsy), and (i) myps-p,S,  Proposed.

-(PyX Ps). The next obvious question is then: how can one Finally, we note that certain quark-level triple products
test these results? are predicted to be small in the SM. For example, triple

The ideal way would be to make triple-product measure-Products involving the spin of thequark are suppressed by
mentsinclusively If this were possible, then it would be Powers of its mass. Hence, iffaviolating asymmetry due to
straightforward to compare the experimental values with thé triple product involving the-quark spin were found to be
theoretical predictions. However, this may not be experimensizeable, this would probably indicate the presence of new
tally feasible, in which case we must turn to exclusBe Physics. The decay\,—A#" 7, which was mentioned
decays. above, can be used to test this. The spin of Ahés essen-

The first class of triple-product asymmetries can be studtially equal to thes-quark spin, so anjf-violating asymme-
ied in B—V;V; decays which are dominated by the quark-try involving the spin of theA, such ass, -(s\Xpa),

level process—suu Examples of such decays inclug§ ~ should be tiny in the SM. _
— As another example, recall that we found that P, in-

—pK*, BJ—K**K*~, BJ—D*K*~, etc. These have : AP

been examined by Valencia, and we refer the reader to Rerr%rl‘ererjce Produced the triple produe&)u-(puxsp gnd

[5] for details. S Pu- (PuXsy). However, the corresponding-violating
Turning to the second class of triple products, it is clearasymmetriesA and A2 turned out to be suppressed dy-

that we cannot use decaysBinesons to obtain these asym- namically. Consider the decay of Btrmeson to two vector

metries: since th&-meson spin is zero, there is no way to mesonsB—V;V,, where theV, then subsequently decays

measure the spin of tHequark(which is the only spin con- to two mesons®;®,. Roughly speaking, one can relate

tributing to the triple produgt However, one possibility  s%p . (pyxsp) to 5315V1'(EV2X5¢1)' Thus, the measure-

n:outl)d he tl? que the,, belxryon, whose spl'r:j IS Itirgely tggt of ment of a nonzero value for this latter triple-product asym-
€ b quark. For e_xamp €, we can consider the procegs metry would be a signal for new physics.

—Axm" 7. The triple producs,- (p,X ps) can be roughly

equated tcs, - (p,+Xpy). (Note that the two-body decay IV. CONCLUSIONS

Ap— A cannot be used to probe this triple product since, in .
the rest frame of thev, , the momenta of thé. and 7 are We have calculated the quark-level triple-product correla

collinear) tions in the deca;bﬂsuﬂwithin the standard model. Al-

In all cases, since the underlying quark-level process idhough several such triple products are present, we find that

bsuu we expect the branching ratios for tBor A, only two types lead to sizeablBviolating asymmetries.

decays to beD(10°5). However, for certain decays, there | € first type includep,- (s,xs,) andpy- (s,xsy). We
may be a dynamical suppression, and this may affect thfind that the correspondmg-waatmg asymmetries can be _
expected triple-product asymmetry. For example, supposgS large as about 5%. This triple product can be probed in
that them* 7~ pair in A,—Am* 7~ comes mainly from a B V1V2 decays, wher&/, andV, are vector mesoris].
virtual p-meson. In this case, due to isospin conservation, the The second type isy- (pyX ps), Wheres,, is the polariza-
gluonic penguin will not contribute to this decay, which tion of theb-quark, andp, andps are the momenta of the
means that the branching ratio will be considerably smalleand s-quark, respectively. We calculate that theviolating
than O(10 °) [13]. More importantly, the triple-product asymmetry for this triple product is in the range 1-3 %,
asymmetry will vanish, since we no longer have two inter-which may be measurable. There are several ways to try to
fering amplitudes. Should this occur, a better decay mode isearch for this triple-product asymmetry. For example, one
which to look for thes,-(p,X ps) triple product might be could study the decaj,—A#" 7~ , looking for a nonzero
Ap—AKTK™, which should not suffer a similar suppres- triple products, - (p+Xp,).
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The fact that we find only two large triple-product corre- suppressed by powers of its mass. Thus, if, for instance, a

lations has interesting consequences. If a triple product igjzeableT-violating asymmetry of the form;A (SAXPy)
tiny at”th:ﬂquarllr It(:]ve:] 'fj's prott)ably 1t£|ny atkthe thaﬁrc()jn IeveIwere found in the decay,—A =" 7, this Would be com-
as well. After afl, the hadronization of quarks Into hadrons ISpeIImg evidence for the presence of new physics, since the

a strong-interaction process, and QCDG®-conserving. It
spin of theA is due largely to thes-quark spin.
is therefore difficult to see how one can generate a large P gely 9 P

triple-product correlation at the hadron level, given that it is

small at the quark level. Thus, from the point of view of

looking for physics beyond the SM, it is important to identify ACKNOWLEDGMENTS
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