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New-physics effects on triple-product correlations inA, decays
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We adopt an effective-Lagrangian approach to compute the new-physics contributibrgtating triple-
product correlations in charmless, decays. We use factorization and work to leading order in the heavy-
quark expansion. We find that the standard-md&®ll) predictions for such correlations can be significantly
modified. For example, triple products which are expected to vanish in the SM can be enormous
(~50%) in the presence of new physics. By measuring triple products in a variety, decays, one can
diagnose which new-physics operators are or are not present. Our general results can be applied to any specific
model of new physics by simply calculating which operators appear in that model.

DOI: 10.1103/PhysRevD.66.094004 PACS nuniber13.30.Eg, 11.30.Er

I. INTRODUCTION means that, in contrast 8 decays, one is sensitive to the
spin of theb-quark[4], as it is expected to provide the domi-
The origin of CP violation remains one of the important nant contribution to the spin of th&,,.
open questions in particle physics. Within the standard model In a recent papef5], we used factorization to study the
(SM), CP violation is due to the presence of phases in thesM predictions for triple products in charmless two-batly
Cabibbo-Kobayashi-Maskaw&KM) quark mixing matrix.  decays. We considered decays which are generated by the
The B factories BaBar and Belle have been built to test th'S:quark-IeveI transitiond—sqq or b—dqq. These decays

if the SM explanation is correct, we expect to observe Iargetake the formA,— F,F,, whereF, is a light spin baryon

CP-violating rate asymmetries iB decayq1]. To date, one :
of the CP phases of the unitarity triangle has been measureaszUCh aP, A, efc., and=, is a pseudoscaldP) or vector(V)

sin28=0.78+0.08[2], which is consistent with the SM. meson. There was only one decay in which there was a large

Although the main focus has been on rate asymmetriese,ﬁeCt the triple-product asymmetry foA,—pK- was
there is another type of P-violating signal which could found to be 18%. For all other decays, the asymmetries are
potentially reveal the presence of physics beyond the smfound to be at most at the percent level. ,
Triple-product correlations of the form;ll- (52><53) Where The fact that all these triple-product asymmetries are ex-

eachy; is a spin or momentum, are odd under time reversaPeCted to be small in the SM suggests that this is a good area

(T). Therefore, by th€ PT theorem, these are also signals of to look for physics beygnd the .SM‘ In this paper, we examine
CP violation. A nonzero triple-product correlation is sig- the effect of new physics on triple products in charmlags

nalled by a nonzero value of the asymmetry decays. . In order to study this,' we adopt an effect.ive—
Lagrangian approach: we write down all possible
Ty (v2X03)>0)—T(v1- (v2X0v3)<0) dimension-6 new-physics four-Fermi operators at the quark
(1) level. Then, using factorization, we compute their contribu-
tions to the various triple-product correlationsAn decays.

. ; . There are several advantages to this approach. First, we
wherel is the decay rate for the process in question. How- . . . S
y b q re able to establish which triple products can be signifi-

ever, there is a well-known caveat: strong phases can pr@antl frected by the presence of n hvsics. Second. we
duce a nonzero value &+, even if the weak phases are y aflected by presenc ew physics. nd, w

zero(i.e. CP violation is not really presentThus, to be sure can also determine specifically which new-physics operators

that one is truly probing” andCP violation, one must com- contribute to these triple products. Thus, by measuring a
: — N number of different triple-product correlations, we may be
pare the value ofA; with that of A, which is theT-odd

. ) able to diagnose which operators are or are not present. Fi-
asymmetry measured in tf@P-conjugate decay process.  pgly, these operators include all possible models of new

Triple-product  correlations can be measured B  physics. Therefore one can apply our results to a specific
— V1V, decays, wher&/,; andV, are vector meson8]. In- mqdel by simply calculating which new-physics operators
the rest frame of thes, the triple product takes the form appear in that model. We will give examples of this proce-
p-(g1Xe,), wherep is the momentum of one of the final- dure.
state particles, and; is the polarization of th&/;. One can The paper is organized as follows. In Sec. Il, we introduce
also consider triple-product correlationsAn, decays. Since the new-physics operators used in our analysis. We also give
many such triple products involve the spin of thg, this  two examples of specific models which generate some of

these operators: supersymmetry WRkparity breaking, and
Z- and Z'-mediated flavor-changing neutral currents. We

Ar

T (0,X05)>0)+T(v;- (V,X03)<0)’

*Email address: wafia@Ips.umontreal.ca compute the contributions of the new-physics operators to
"Email address: datta@Ips.umontreal.ca triple-product correlations inh, decays in Sec. Ill. Here we
*Email address: london@Ips.umontreal.ca retain only the leading term in the heavy-quark expansion
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since it is very unlikely that new physics contributes to sub-;AB 99,? andhé? to be naturally oD(M%V/AZ)~1O‘2 for a

leading processes without affecting the leading-order proh%{/\;-physics scale of about 1 TeV.

cesses. In Sec. IV, we estimate the size of the various triple £yen so these new-physics effects can be quite signifi-
products in the presence of new physics. By comparing triple. o+ |n the SM, one finds only operators of the form
products inA,— F;P andA,— F;V decays, we examine the Sviv ba- ith both color assianments. These oo-
“diagnostic power” of this approach, i.e. the extent to which 5¥ ¥L°dY,7Lrq, WIth LOIN '9 - Ihese op
ators are typically multiplied by one of two factors: either

one can determine which new-physics operators are preserztg ) e ' .
We also show how our results can be applied to the specific: the CKM matrix elementd/,V;s times a Wilson coeffi-

_2 .. . . .
models of new physics discussed previously. We conclude iffi€nt of O(10"%), or (i) Vi,V times a Wilson coefficient
Sec. V. of O(1). In either case, new-physics operators with coeffi-

cients of O(10™2) would actually dominateover the SM
contributions.(This is, in part, what allows us to put con-
straints on specific models of new physjcBhe bottom line
We are interested in charmleds decays, which are gov- is that the new operators of E¢) can contribute substan-

erned by the quark-level procesdesssqq or b—dqq. In  tially to charmless\, decays. _ o
what follows we will concentrate on the— s transitions: it As noted above, by construction the effective Hamiltonian
is straightforward to adapt our analysis to the-d case. of Eg. (2) includes all possible models of new physics. Of
Taking into account the two different color structures, ascoUrse, in a particular new-physics model, only a subset of
well as all possible Lorentz structures, there are a total of 2¢h€ new operators will appear. Our general analysis can then
dimension-6 new-physics operators which contribute to eache applied to that specific model by retaining only the coef-

of theb— sqq transitionsg=u,d,s. These can be written as f|C|ents_ of the nonzero operators. In order to show explicitly
how this works, below we give two examples of such spe-

cific models.

II. NEW PHYSICS

F(ABZ —
HA = TOF1A8s )
NP ABSLR \/5{ q,15«YA0g0YBA

A. Supersymmetry with R-parity breaking

ABZ. W ABZ ’
T 1q.257abAYBA+ 0q 18,7 YaD4Up Y, vBUa In supersymmetric models, the-parity of a field with

+g{;§§yﬂyAbEyﬂqu zpe)ln S baryon numbeB and lepton numbet is defined to
+hQ?§aO'”‘V’}’Abﬁaﬁa',uv’qua R:(_1)2S+SB+L_ (3)
+h39s0 yAbqo ., vea}, @)

where we have definegk ,= 1(1= vs). Note: although we Ris +1 .for aII_the SM part_icles_and—l_ for all Fhe super-
have written the tensor operators in the same compact forfyMmetric particlesR-parity invariance is often imposed on
as the other operators, it should be noted that those witthe Lagrangian in order to maintain the separate conservation

ya# vg are identically zero. Thus, one can effectively set®f Paryon number and lepton number. ImpositiorReparity
HR_RL conservation has some important consequences: superpar-
a.i— Vg Y

_ ticles must be produced in pairs in collider experiments and
All models of new physics which contribute tb—~sqq  the lightest superparticléSP) must be absolutely stable.
will generate operators found in the above effective Hamil-The LSP therefore provides a good candidate for cold dark

tonian. These can arise at tree leteh. supersymmetry with matter.
R-parity breaking,Z- andZ’'-mediated flavor-changing neu-  Despite the above-mentioned attractive features of
tral currents, models with flavor-changing neutral scalarsR-parity conservation, this conservation is not dictated by
etc) or at loop level(e.g. minimal supersymmetry, left-right any fundamental principle such as gauge invariance, so that
symmetric models, four generations, &{6]. In some cases there is no compelling theoretical motivation for it. The most
one will obtain operators of the foropObs®’q, but one can general superpotential of the MSSM, consistent with
perform a Fierz transformation to put them into the form of SU(3)XSU(2)X U(1) gauge symmetry and supersymme-
Eg. (2). Note that, in general, models of new physics do nottry, can be written as
lead directly to tensor operatorbﬁ('?), since typically only
vector or scalar particles are involved. However, such tensor
operators can arise when other operators are Fierz- W=Wr+ Wk, (4)
transformed into the above form, so they must be included in
our analysigthe scalar operatagbsq is such an example ) . . ]

Because the new-physics operators are of dimension 6, ByfhereWVg is theR-parity conserving piece, andx breaksR
dimensional analysis we expect them to be suppressed byR&rity. They are given by
factor A2, whereA is the scale of new physics. However,
with the normalization in Eq(2), the suppression factor is
only M2,. We therefore expect the size of the coefficients Wr=hijLiH2Ej +h{jQiHD{+h{QH,U}, (5
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1 NN (1#1)<1.03X 1072, 9
le?zz)\[ij]kLiLjEE_l'}\i’jkLinDﬁ | |12>\|13|( ) ( )
where a squark mass;=100 GeV has been assumed. We
1, therefore find
+ E)‘i[jk]UiCDjCDE"'MiLin- (6) e e

|9a1] =194,/ =<7.6x10"°. (10

Here L;j(Q;) and E;(U;,D;) are the left-handed lepton  \We now turn to thel-violating couplings. In terms of
(quark doublet and leptortquark singlet chiral superfields, four-component Dirac spinors, these are giver{ b§]
wherei,j,k are generation indices arddenotes a charge - _
conjugate fieldH, , are the chiral superfields representing £ ,,=—\/, [ v} dkd] +d} div| + (df)* (v})°d] —e digul
the two Higgs doublets. . L .

In the R-parity-violating superpotentidlEq. (5)], the A —ul d&el —(dk)* (el )ul 1+H.c. (11)

and\’ couplings violate lepton number conservation, while ] )
the \” couplings violate baryon number conservatiag;, There are a variety of sources which bound the above cou-

is antisymmetric in the first two indices and;,; is antisym- plings [8,9]. For the sake of brevity we will only quote the

metric in the last two indices. There are therefore\2type boundsfand not their sfqu(rjcehs. Assuming a corgmorg sfermion
couplings and 9 each of the and\” couplings. While it is Mass of 100 GeV we find the most stringent bounds are

theoretically po_SS|bI_e to hav_e both baryo_n-number and IN A (1 £ 1) =<1.7x 1073,

lepton-number violating terms in the Lagrangian, the nonob-

servation of proton decay imposes very stringent conditions NN Fl<4.4x 1074

on their simultaneous presenf#]. One therefore assumes MiAiid =4 ’

the existence of eithek-violating couplings orB-violating roy ok —4

! i NN 2 =<1.4x10" ",

couplings, but not both. The terms proportionalt@re not Mz

relevant to our present discussion and will not be considered 1yt -

forther P INJEN e <4.7X 1074,
We_begln with theB-violating couplings. The transition INL NG <4.7% 1074,

b—suu can be generated at tree level through the t-channel

exchange of the-squark,dg, with strength proportional to INT1N 154 =<2.2x107°,

|)\’1’12>\*1*1"§. However, this product of couplings is already
constrained to be-10" 8 from n—n oscillations and double
nucleon decay8]. There are therefore no significant contri-
butions to the new-physics operators of E2). correspond-
ing tog=u.

Similarly, the antisymmetry of th8-violating couplings,
\i{jk In the last two indices implies that there are no opera-

tors that can generate the—sss transition, so that all the

INs N a3d<2.2x 1073,
INjpNsad=<2.2x 1073,
INjgh i3] =<8.2x1074,

INs3hba | <1.3x 1073,

operators in Eq(2) vanish forg=s. N\ =<1.3x1073
Finally, the operators that generate the>sdd transition s '
are given by[9] INjgh i3] =<1.2x1072,
)\.”12)\.”1*3 _ _ |)\£32>\£;ﬂ <12x10 %,
Leti=—, 7 (da7u7rdaSs7, vebg
u [N33oh 53] <2.3x 1072,
_dQYpVRdBSBYMbea)' (7) |)\:’|.22}\:’L;3|<18X 10_3'
Hence the only nonvanishing operators in E2). are INJph 3 <4.4% 1072
RR_ RR_ \/E )\i”12)\i”f3 |)\é22}\é§3‘ <2.7X 1071' (12)
941779427 T 5. 1o 8 B
Ui There is a single contribution to the—suu transition:
As mentioned above, the constraint pPrf;,\774 is at the N1\ (15— —
1078 level. However, the constraint of\/] A/ 5|, 1#1, Ler=— om2 Ua ¥ YLU5SE Y, VRO (13
127 e
comes only from the nonleptonic decBy —K°#~ [9], and
is much weaker: Hence the only nonvanishing operator fpru in Eq. (2) is
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RL_ \/§ )\Ilz}\ll3
gu,l_ GF smg . (14)

€

Using the bounds of Eq12), we find

lgni<2.6x1072. (15)

Turning now to theb— sdd transition the relevant Lagrang-
ian is

)\I )\ %
o= 2N s+ AT e
A 12)\ 13+
- ?damndpswﬂab
A 31)\ 21
~ o7 Ga¥uYrdsSeY, i ba (16)
The nonvanishing operators in E@) are then
LR_V< \/E )‘|32)‘|11 RL_ V< \/E )\Ill |23
d,2 GF 4m§ ’ dz2 GF 4m§}
\/E )\.’ )\./*
RLx i31vi21
g5 , (17
9d1 Qua 94 Gr 8m;2}_
with
fiR<1.4x1073%, |fRY<6.6x1073,
d,2 d,2
gRt=<2.6x10°% |gRl=<2.0x10°%. (18
d,21 da

Finally, turning to theb—sss transition, the relevant La-
grangian is

eff:)\(gz)nzzs—yR E’)’Lb"_&gs_ﬂ)’Lsgﬂ)’Rb (19
allowing the identification
LR_ \/E N3\ % RL_ \/E N2\ %3
2 a2 %G 4w P
with
1fs5<0.7, |ff5]<0.8. (21)

B. Z- and Z’-mediated FCNC'’s

PHYSICAL REVIEW D 66, 094004 (2002

is different from that of the ordinary quarks, flavor-changing
neutral current§FCNC’s) involving the Z are induced 11].

The Zbs FCNC coupling, which is of interest to us here, is
parametrized by the independent paramlatég:

(22

‘CFCNC UngLYMbLZ,L-

2 COSO\y

Note that it is only the mixing between the left-handed com-
ponents of the ordinary and exotic quarks which is respon-
sible for the FCNC: sincsg, bg andhg all have the same
SU(2). XxU(1)y quantum numbers, their mixing cannot
generate flavor-changing couplings of tde Models with
Z-mediated FCNC's will therefore generate g, andgg3
new-physics operators E(). These are the same operators
that appear in the SM, so that this model does not generate
new operators(That is, these are effectively new contribu-
tions to the electroweak penguin operators of the )SM.

The strongest constraint d#é, comes from the measure-
ment of B(B—¢"¢ X). The most recent result from
BELLE gives[12]

B(B—Xe'e )=<1.01x10 5, (23
leading to the constraint
|UZ|<7.6x104 (24)

With this constraint, it is straightforward to compute the
maximal size of the couplinggg andgg5. We find

lggsl<2.7x1074, [g55/<1.1x10%,
945 =lgs5l=<3.2x107%,
l0g5 =]9s5]<6.1x10>. (25

These couplings are therefore comparable in size to those of
the SM.

Of course, since no new operators are generated in this
scenario, and since the new-physics effects are about the
same size as in the SM, one does not expect large deviations
from the SM predictions due t@-mediated FCNC’s. How-
ever, models of new physics which contain exotic fermions
also predict, in general, the existence of additional nedttal
gauge bosons. If the, b- andh-quarks have different quan-
tum numbers under the nel(1) symmetry, their mixing
will induce FCNC's due t&Z’ exchangg13].

In general, as was the case mediated FCNC's, such
flavor-changing couplings will be constrained by the mea-
surement oB(B— ¢ "¢~ X). However, if theZ' is leptopho-
bic, i.e. it does not couple to charged leptons, one can evade
the constraints due to ER3). Such models were considered

In these models, one introduces an additional vectorin Ref.[14]. In this case, it is the mixing of the right-handed

singlet charge- 1/3 quarkh, as is found inEg grand unified

components of the ordinary and exotic quarks which is most

theories, and allows it to mix with the ordinary down-type important, and we parametrize the flavor- changmg)s
quarksd, s, andb. Since the weak isospin of the exotic quark coupling as
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20 g 27— , where p* and s/ are the 4-momentum and polarization of
LEeNC™ ~ 5 agag UsbSRY*DRZ,, . (260 particlei. In the rest frame of the\,, this takes the form
2 CcOoSOyy - R -
_ P (SE, XSy)-
Thus, these models will generate new operators. In particu- \jthin factorization, one can write
lar, the coefficientgfy 5 andgf5 will be nonzero.
Even though theZ’ is leptophobic, there are constraints
on Uﬁb coming from the ALEPH limitB(b—svv)<6.4
X 10" [15]. In addition, in realistic models, leptophobia is . — B
realized only approximately—there will always be threshold =ifp0“(F1/a17,(1— y5)b[Ap)Xp
effects which produce a small coupling of thé to charged ifoa™E ey (14 v bl ALY 31
leptons, in which case there are constraints from @28). PaY l|q1y“( 75)blAp)Ye, (3D
The constraints from both of these sources turn out to bgyhere we have defined the pseudoscalar decay corfstast
similar in size, and lead t(l4] B
M2 ifpg*=(Plazy*(1- ¥5)q3|0), (32)
UZ| —=<6x10"2, 27)
M2,

A(Ap—F1P)= 2 (P|O|0)(F4|O’|A})
0,0’

where q“EpAb—p’F‘1 is the four-momentum transfer. The

key point here is that, in order to obtain a nonzero triple-
With this constraint, one can estimate how large the newproduct correlation, one must have two interfering ampli-

physics coefficients can be. One finds tudes, i.eXp andYp must both be nonzero, and must have a
AB relative weak phase. Furthermore, the triple product will be
lgqal<(1-2)x1073, large only if Xp andYp are of similar size.
One can also show that the parameteasdb of Eq. (29)
AB=RRRL,g=u,d,s, (28)  can be written as
which is about an order of magnitude larger than the coeffi- a=fp(Xp+Yp)(my —mg )fq,
cients of Eq.(25). Thus,Z’-mediated FCNC's can contribute ° !
significantly to charmless hadronit, decays, and can lead b= fP(XP_YP)(mAb+ mFl)gl, (33)

to significant deviations from the SM predictions for triple

products in such processes. where we have dropped terms(’r)(mp/mAb), andf, andg;

. TRIPLE PRODUCTS are Lorentz-invariant form factors:

In this section, we compute the contributions from the . u _ “w i v f_3 ©
new-physics operators to triple-product correlationsAip (FalQuy*DlAp)=Ug,| fry+i mAb(r vt mAbq Uy,
decays. In all cases, we retain only the leading term in the
heavy-quark expansion, and neglect terms of ordkmAb, _ _ 9
wherem is the mass of the light meson. The main reason is (F1asy"ysb[Ap)=ug, 917’M+'E"qu
that it is very unlikely that new physics will contribute at b
subleading order, but not at leading order. Indeed, as we will g3
see, this situation can arise only in fine-tuned scenarios. A o9 vsUa,, (39
secondary reason is that the subleading terms are quite a bit Ao
smaller, e.gmy /my, ~15%. From Eqgs.(30) and(33), we therefore see explicitly that the

We begin with a review of the results of the SM. triple product in A,—F;P is proportional to Imé&b*)

~IM(XpYE).
A. SM results In the SM, there is only one class of decays which is

In this subsection, we summarize the predictions of the¥XPected to show a significant effdé]: the triple-product
SM for triple products im\, decays. The discussion is some- orrelation forA,—pK™ is found to be~18%. For decays
what cursory, and we refer to the reader to RBf.for more  such asA\,—A 5, Ap—A 75’ andA,—nKP, the triple prod-

details. uct is less than 1%. The fundamental reason for this is that
We first consider the decay,—F;P, whose amplitude A,—pK™ is governed by the quark-level transition
can be written generally as —suu, which has both a tree and a penguin contribution,

whereas the other decays are dominated bythes penguin

amplitude. Thus, foA,— A 7,A 7’ KO, there is essentially
) . . ) only a single decay amplitude, which precludes &B® and
The calculation of M p|° yields a single triple-product term: T-violating effects.
In the above discussion, the size of the triple products has
* MmooV P o 1
Im(ab )EWPUpFlsFlpAbSAb’ (30 been estimated within factorization. However, it is well-

Mp=A(Ay—FP)=iug (a+bys)uy,. (29)

094004-5



WAFIA BENSALEM, ALAKABHA DATTA, AND DAVID LONDON PHYSICAL REVIEW D 66, 094004 (2002

known that nonfactorizable effects can be important\in ~ O(m./m,)3. This implies that even for exclusive decays
decays. For example, the decdy,—3" ¢ has been ob- such nonfactorizabl&V-exchange terms are expected to be
served 16], and this can only proceed viaaonfactorizable ~ small. This was confirmed in Ref5]: the W-exchange con-
W-exchange diagram. This then begs the question of whetheributions toA,—pK™ were estimated using a pole model,
nonfactorizable effects might be importantAy, decays. In  and the ratio of nonfactorizable to factorizable contributions
fact, the answer is thad, decays arenot expected to be was found to be tiny. For these reasons, here and below we
significantly affected by such effects. In R¢lL7], it was ignore all nonfactorizable effects v, decays.

found that thew-exchange contributions to inclusivig, de- Turning toA,— F,V, the general decay amplitude can be
cays are suppressed relative to those Ap decays by written as[18]

My=Amp(Ag, —BV)=ug eX[(P4 +PE ) (@+Dys) + ¥ (X+yys) Uy, (35
Wheres; is the polarization of the vector meson. In calculatig |2, one finds many triple-product terms:
| M V|'[2.p. =2Im(ab*)|ey- (pAb+ pF1)|26/.LVpUpéls;1p5)\bSKb+ 2Im(Xy*) €appl Ev- SFlpglpﬁbSKbS\V/_ ey pFlsglpﬁbSKbe\V,
+ey- Sy PE S eUPR, — v Pa PR SE USRI+ 28y (Pa, * Pr)) €apunl IM(@X* +DY*)PE SE P4 eV
+my, Im(bx* +ay*)pg sf sk ey—Im(ax* —by*)pg pX sk ey—me Im(ay* —bx*)sg pf sk ev]. (36)

Similar to A,— F,P decays, using factorization, one can write

A(Ap—F1V)=mygy 8;<F1|al7’”(1_ ¥s)b[Ap)Xy+ 8:1(':1517”(14‘ ¥5)b[Ap)Yy

_ A — B
+te-(pa,* p,:l)qM<F1|q1y"(1—75)b|Ab>m—2V+s-(pAb+ Pe,)d,(Falary(1+ 75)b|Ab>m_2V]a (37)
Ap Ap

where the decay constag{ has been defined as My, — Mg,
91+m—92
Ap

yy=—mygy [XU—Yul, (39)

myGye® =(V[d27,93/0). (39)

where\ denotes the polarization of the final-st&eand we

_ _ T have again dropped subleading term&¢fy /m, ). If any
andBy have the same dimensionsXgandYy . This differs 6 of the four terms in Eq37) above have a relative weak
from Ref.[5]. Also, note that, since the magnitudespf,,  phase, their interference can lead to triple products.

Pr, andq are all of ordem, , the Ay andBy, operators are In the SM, one finds thah, =B, ~0, and thaty,,~0 for
not a priori smaller than theX,, andY,, operators. Hence, a longitudinally polarized/. For a transversely polarized
using factorization, the quantitiess b, x andy of Eq. (36) Yy can be nonzero, but is still quite small. Thug,—F,V
can be expressed as decays are dominated by a single amplit{idhe X,, term in
Eq. (37) abovd, so that triple products in such decays are

(Above we have included explicit factors Uﬁb so thatA,

¢ me —m expected to be tiny. Specifically, one findg that the triple-
A 2 A yh AL TR DY SN product asymmetry iM\,—pK* ™ is O(1%) for atrans-
ay=m — (XytYy) +fi———(Ay+BY) |, . b~ N .

v=MvBv mAb( ARZARE m3 (Av+BY) versely polarizedK* ~, while for a longitudinally polarized

K*~ the asymmetry is<1%. ForAp,—A¢ [19] and A,
—nK*%, the asymmetries essentially vanish since these de-

(o My, Mg, cays are dominated by a single weak decay amplitiioe
bi\/:ranV - E(XC_YC)+91—2(AO_B<\/) ) b—s penguin.
b Ap
m. 4+m B. A,—FP: New-physics
A F
xy=mygy| f1— :n L, [X+ YA, ~We begin by considering the new-physics contributions to
I Ap triple-product correlations iM\,— pK~ decays. Although
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this process is governed by the quark transitieAsuu, one

still has to perform Fierz transformations on the operators in

Eqg. (2) to put them in a form appropriate for this decay.
Using the relations

if«g#=(K|sy*(1— ys)u|0),

. if . m2
(K[s(1= 76)u|0)= F——%

mg+m,’

_ I _
(plU(L y5)b|Ap) = ,?q—b<plun<1: yoblAp),  (40)

we find that the new-physics contributionsXg andYy [Eq.
(31)] are

Gel1 1
1= Zal B oo bEc+acf e
Ge[ 1 1
P~ S| - Jaliv- ol iR b 3ein
(41)
where
B 2mz "
XK:(ms'l'mu)mb’ ( )
and we have defined
Q?—fAlJr—fqz,
AB_ AB 1 AB
bq,lzgq,1+N_gq,2*
C
ABEhAB ihAB (43)

Note that we can obtaiiY}" from X", up to an overall
minus sign, simply by changing the chiralities—R.

As discussed in the previous subsection, within the SM

the triple-product correlation fok,— pK™ is expected to be
large, ~18%. However, since the new-physics operators o
Eq. (2) can contribute to botXx andYy, this prediction can
easily be modified.

We now turn to the decayx,— A n(#’), which receives
contributions from all three quark-level processes sqq,
g=u,d,s. The calculation is similar to that above. FAf,
— A n we find

Ge
[xu+xd+xs+ 3(:S 1X 7, 1,

N

NP_
Xy =

1
RL RR LL LR
Xu(d) = Mu(a) E(au(d),Z_ au(d),Z)szu(d) + by 2~ bu(d),z)} ,

PHYSICAL REVIEW D 66, 094004 (2002

1
Xs=Tr asz a52+2asl 2bsl)X7;S

512

+| b5 +bs5

1
b52+ asl

Gr
Y?‘7P=E[yu+yd+ys— 3csix ),

1
— LR LL
Yu(e) = ru(d)[g( ~ A 2 Bue) 2 X 7o

+(— bu(d) otb u(d) 2)}

1
LR LL LL LR
Ys= rs[z —ag,tag,— Eas,1+ 2bs,1) X

1
—bJ1—bgi+bgz—5ags] |, (44)

with
(45)
and

AB_ §AB AB
ag=fqot —f

Nfal (46)

1
bg2=dg2" - Yaz-

Cc
In the above, we have defineg 4 ;=f%%%f ., where

ifUp%=(nluy*(1—ys)u|0)

=(7[dy*(1—y5)d|0),

if5ph=( nlsy*(1— ys)s|0). (47)

The amplitude forA,— A ' has the same form as E@L4)
with the replacemenyy— 7'.

Finally, we consider the decay,— nK®, which is related

py isospin toA,—pK™. This is a pure penguin decay, with

b—sdd. This decay will be very difficult to detect experi-
mentally. Nevertheless, we include it here for completeness.
We find

Ge|1
NP_ 9F B B B
K~ 2la 736X+ 5 ag+ b~ bg it 3¢5 i
G 1 1
=S i 3ok OB k- ke
(48)
where
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5 _
e 2my . 49) (V]a27,(1* v5)q3|0) =mygye’ ,
(Ms=+mgy) my,

(V[020,,,03/0) = —igi[e}0,—¢3a,].  (52)
For each of the decays\,—A7n, Ap—A7n' and A,
—nK?, the triple product is tiny in the SM. This is due Thus, we see that it is only the tensor matrix element which
essentially to the fact that these decays are dominated bycould potentially contribute té\,, . However to leading or-
single weak decay amplitudéhe b—s penguin. However, der in the heavy-quark expan5|oa ~qM, so that the
this is no longer true in the presence of new physics; on théensor matrix element vanishes Thus, we haRe
contrary, there may be several decay amplitudes. The new=0O(m,,/m, ) even in the presence of new-physics opera-

physics operators may therefore lead to sizeable triple prodpyrs, and we neglect it. This argument applies also toBthe

ucts in these decays. amplitude of Eq.(37). [By comparisonX,, andY,, are ex-
pected to beO(1), i.e., leading order in the heavy-quark
C. A,—F,V: New-physics expansion].

We now examine the new-physics contributions to triple Neglecting theAy andBy terms, Eq(39) reduces to

products inA,—F,V decays. Before turning to specific de- f

cays, one can make some very general observations. a\A/:ngV_Z[X\A/Jr Y21,
First, the amplitude for the production of a transversely My,

polarized vector bosoN is suppressed relative to that for a

longitudinally polarizedV by a factorm,,/Ey. Since Ey \ 92 o

~m,, /2, this means that this production amplitude is sub- by= —ngVK[XV—YV],

leading in the heavy-quark expansion, and can be neglected. °

In other words, in our analysis, we will assume the vector

. . . . m,: + mA
meson in the deca,— F,V to be essentially longitudinally xy=mygy| f1— ! b 2 [[ XN+ YN,

polarized. As explained earlier, this is justified by the fact My,
that it is very unlikely that the new physics will affect the
production of a transversely polariz&twithout also affect- my, — Mg

b
91+—92
mAb

ing that of a longitudinally polarized. yv=—MyGy (XY= Y] (53
Second, in the rest frame of thk,, we can write the

4-momentum of the final state vector meson ag
=(Ey,0,0|py|), so that the longitudinal polarization vector , N
by andyy,.

takes the formaz=°:(1/mv)(|p\,|,.0,0.Ey). In the heavy- Now consider again the triple-product terms of E86).
quark limit, Ey>my. Thus, in this limit, the longitudinal = ag giscussed above, to leading order in the heavy-quark ex-

Note thata), andx{, now have the same weak phase, as do

polarization vector can be written approximately as pansion, only longitudinally polarized vector mesons need be
1 m2 considered, antiA 0~qM in this limit. Thus, we see that
= \%
82 O_m_v(q“+ E n#>, (50)  triple products of the formsaﬁﬂ,,pplpA sk ev are of sub-

leading order, and we neglect them. In fact to leading order,

with n,=(~1,0,0,1). In other words, to leading order in the there is only a single triple product which remains:

heavy- quark expansma % is proportional tag,, . This has 4
two important consequences Myl2. =~ —¢ @ B qug? —2Im(ab*)|q- 2
Consider first thed, amplitude of Eq(37), which is one Ml m? apuPRS3,07SF, (ab™)lg- Py,

of the four amplitudes describing,—F,V decays: . .
+IM(Xy*)q-pa,+9-Pa [(My, + Mg )Im(ay*)

_ Ay B *
Mygve - (Pa, T Pr)du(F1ld17*(1— ys)b[Ap) ——. My, = me) IM(BX) - (54)
A
(51)  All other triple products are expected to be smaller, by a

factor of ordermV/mAb.
Since p‘F‘l=(EFl,O,O,—|5|), one sees that{‘,-(pAbJr PF,) We now turn to specific decays, and start with,
will be nonzero only for a longitudinally polarized. Now, ~ —PK* ™. First, for the tensor operators, one needs to evalu-
writing the quark content of th&/ asazqg,, the operators ate matrix elements of the form

ﬂhlch correspond_to the/ take the forqu(l_i vs5)03, (V020 (1= 75) Q3| O)(F[ 030, (1= ¥5)b| Ap). (55)
dov*(1£ys5)qs or d,0*"(1£ys5)qs. In calculating theV
matrix elements, these yield However, as we have argued above, the tensor matrix ele-
. ment vanishes to leading order in the heavy-quark expansion.
(V]da2(1% y5)g3/0)=0, Therefore the tensor operators will not contribute to this de-
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cay. The same does not hold true for the scalar/pseudoscalprevious exercise is still useful for several reasons. First, the
and vector/axial vector new-physics operators, and we findpattern of nonzero triple products provides information about
the type of new-physics operators which may be present.

SNPA_ Ge| 1 R L And second, one can apply the above general analysis to
«=—=|—za;1t+b;ils i ; ; )

K 2l 2™ : specific models of new physics to obtain model-dependent

predictions. These are the issues we explore in this section.

G 1 We begin with the model-independent analysis. The first

NP\ F RL_, KRR ion is si . i ; i
Yiw = _{ — Eau’lju by 7). (56) observation is simple: if one sees no new effect in a particu-
V2 lar decay, this implies that certain new-physics operators are

. . absent(barring fine-tuned cancellations among these opera-
Note that, as expected, the new-physics operators contnbu{grs)_ For example, suppose that the triple-product asymme-
equally to longitudinally and transversely polariZ¢s. It is try in A,—pK*~ is found to be tiny, as in the SM. This
therefore reasonable to concentrate on the longituditeal .« that(ﬂfzo [Eq. (56)], so thata®:=bRR=0. (Note:

which dominate the decay,—pK* . : ) . _
Ap—p since Yix=0, X+ could still be nonzero, since the triple

- 0 : : . .
The expressions for the decay,—nK™ can be easily roquct is proportional to the product of these two quanti-

obtained from those above by the replacementd. ties) This in turn suggests that each tﬁli fﬁ,év gLFiFle and

Finally, for A,— A ¢, we have . . -
¥ b AP g5 vanish, since they make upl; and by;. Similarly,

Gl 1 should no new effects be seen My— A 7, each of the 30
X’;')P”‘=—[ - 5a§§+ bsi+b55+bs5], operators inY),” [Eq. (44)] must vanish.
V2 Of course, one can obtain more information by combining
measurements, since the same operators can contribute to
svr__ CF Wt e 1 1 more than one decay. In fact, one can even partially test the
Xe =— Evtbvts taytas— 58, 58 assumption that there are no fine-tuned cancellations. For
example, suppose that the triple-product asymmetrj jn
1, c o o 1 .1 . —pK™ is found to agree with the SM, but that in,
T80 a3m At S a7t 589t 585 —pK*~ does not. The latter result implies theff; and/or
bffff are nonzero. However, these operators also contribute to
YNF’"‘—% B EaRL+ BRRL R} pRL YRP [Eq. (4D)]. Thus, in order to_obtail’YQP:O, there must
b = 2l 2 s1 7M1 T M2 Vs 2| be cancellations among the various operators. Should such a
result be found, it would be necessary to explain these can-
ySMA_q (57) cellations, either via a symmetry, or by construction within a
¢ ; given model.

where we have included the standard model contribution We now trn to the mo_del-depe_ndent analy5|s._The Very
without the tiny dipole contribution. The definitions of the g_e_neral results of the previous section can b:_a applied to spe-
various coefficients, as well as their values, can be found cific models of new phyS|c§. Of course, in agien model, not
in Ref. [5] n ' all the operators of Eq2) will appear. In addition, it may be

n a-II of.the above decavy. is expected to be very small that the coefficients of those operators which do appear are
in the SM. so that the trip)lle’\;:)rodugts iy F,V areypre- related in some way. As examples of this behavior, we ex-

. : . amine those models described in Sec. I, but this analysis can
dicted to be at mogD(1%). However, this can change sig- be applied to any models of new physiesg. supersymyme—
nificantly in the presence of new physics—from the abovet left-right symmetric models, efc '

expressions one sees that the new-physics operators can e‘%Consider first supersymmetric models witR-parity
lly produce a nonzerdy. The triple products i, —F,V breaking (Sec. 11A). If only B-violating couplings are
may well be sizeable in the presence of new physics. present, then the only new-physics operators are vector op-

erators contributing tb—sdd [Eq. (8)]. This leads to a clear
IV. DIAGNOSTIC POWER pattern of predictions: no new-physics effects are expected in

In the previous section, we saw that the presence of newthe decays of &, to pK™, pK* ™ andA ¢. Indeed, if mea-
physics operators can significantly modify the SM predic-surements of these tnple-prqduct asymmt_atrles disagree with
tions for triple-product correlations ib—s A, decays. In the SM predictions, this particular model is ruled out.
particular, triple products which were expected to be tiny in  On the other hand, the decags— A 7, nK® andnK*°
the SM may now be sizeable. This is not at all surprising:can be affected in this model. How big can these effects be?
most of those triple products are vanishingly small becausén general, they can be enormous. As we have already noted,
the decays are dominated by a single wéaks penguin  the new-physics contributions to these rare decays are still
decay amplitude. However, in the presence of new physicsjllowed by data to be comparable to, or even larger than, the
one can have several decay amplitudes and, consequent§M contributions. If the two interfering amplitudes are of
large triple-product asymmetries. similar size, the triple-product asymmetry can be as large as

Although this particular result is entirely expected, the ~50% (to be contrasted with the SM prediction ef0).
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This also holds for the other models discussed below. but not at leading ordefAlso, the subleading terms are quite
Turning to theL-violating couplings, one sees that more a bit smaller, e.g.my« /mAb~ 15%.)

operators may be presefgs. (14), (17), and(20)]. In this We have found that all\, triple products can be signifi-

case, all decays may be affected, exceptto pK™. Thisis  cantly modified by new physics. Of course, this to be ex-

a quite distinctive signature for this model. pected. Most of the triple products are vanishingly small in

Finally, we consider leptophobiZ’-mediated FCNC’s the SM because the decays are dominated by a single weak
(Sec. IIB. There are only six nonzero new-physics coeffi-b—s penguin decay amplitude. Thus, in the presence of new
cients, given in Eq(28), and these all depend on the param-physics, there may be several decay amplitudes which can
eters|UZl;| andM,. [Eq. (27)]. In this case, all\, decays intgrfere with the SM amplit_ude. quever, in order to obtain
will be asffected. However, note that, within this model, there sizeable asymmetry, the interfering amplitudes must be of

are more observable®) than there are theoretical param- similar size. We note that the constraints on the new-physics

. . . . operators are sufficiently weak that they can be comparable
eters(2). This means that if deviations from the SM predic- to, or even larger than, the SM contributions. Thus, triple

tions are measured, we will be able to get a handléUf|  products which vanish in the SM can be as large-&0%
and My, . Conversely, if no new-physics effects are ob-with new physics.
served, we will be able to place strong constraints on these We have demonstrated how the measurement of triple-
guantities. product asymmetries provides diagnostic information about
the new-physics operators present. For example, all operators
V. CONCLUSIONS which affectA,— pK* ™ also affectA,—pK™, but not vice
versa. Thus, if the triple product in,—pK™ is found to

In the standard mode(SM), (almos} all T-violating  agree with the SM, we would also expect no new effects in
triple-product correlations in charmless, decays are ex- A,—pK* . If this were found not to hold, then we would
pected to be tiny.(The one exception is the decay, conclude that there must be cancellations among the opera-
—pK~, for which the asymmetry is 18%This is therefore tors in A,—pK™, and this would have to be explained in
a good place to look for physics beyond the standard modesome way(e.g., symmetry, specific model, etc.

In this paper, using an effective-Lagrangian approach, we Finally, we have also applied this general approach to two
have computed the effects of new physics on such tripl@pecific models: supersymmetry wilhparity breaking, and
products. This approach has the advantage of indicatin%fptOPhOb'CZ"med'ated flavor-changing neutral currents. In
which specific new-physics operators affect each ofae POth cases, we have worked out the new-physics operators
triple-product correlations. Thus, the measurement of a num¥hich appear in those models, and used the previous formal-
ber of different triple products permits us to determine which!SM {0 calculate which\,, triple products can be affected.
new-physics operators are or are not present. Furthermorg,Or example, in the case & parity breaking mode!s, th.ere. ,
the approach is completely general—the effects of any spdS @ clear pattern of effects. One such model predicts signifi-
cific model can be obtained by simply calculating which op-cant new effects in the decayig,— A 7, nK® andnK*®, but
erators appear in that model. notin A, to pK™, pK* ™ and A ¢. Any deviation from this

The neW_physiCS effects on trip]e products are calculatedpattern would rule out this model. Other models of new
using factorization. In addition, we work only to leading or- Physics can be treated similarly.
der in the heavy-quark expansion, neglecting terms of order
m/mAb, wherem is the mass of the light final-state meson.

The justification for this is that it is only in fine-tuned sce-  This work was financially supported by NSERC of
narios that the new physics contributes at subleading ordeGanada.
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