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The CP-violating asymmetries in the exclusive decgw K*I"1~ (I=e,u,7) are predicted to be exceed-
ingly small in the standard modéEM), thereby offering an opportunity to assess various new-physics sce-
narios. We derive quantitative predictions for various integrated observab@s»ih*,u*,u‘ decay in the
presence of physics beyond the SM with additioB& phases and an extended operator basis. In particular, a
model-independent analysis ©F asymmetries that require the presence of unitarity phases, in addit®R to
violation, is performed. We find that in the low dimuon invariant mass regiop2M ,+ ,-<My;,, theCP
asymmetries are highly suppressed by small dynamical phases, assuming that new physics is unlikely to
significantly alter the Wilson coefficients of the operators governing two-body hadBosécays. Taking into
account current experimental data on the measbredy rate and the upper limit o(B°—K*%u* ™),
CP-violating effects of a few percent are estimated, even in the presence of new physi€SRvithases of
O(1). By contrast, in the high dimuon invariant mass regibh, <M ,+,-<(Mg—My+) significant
CP-violating effects are possible. Given a branching ratio of<118 ¢, the CP asymmetries can be quite
substantial -20% or morg, and thus may serve as a means of discovering physics transcending the SM.
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[. INTRODUCTION pared with the SM prediction of (1:90.7)x 10~ [4].
The object of the present work is to explore the possibility

CP violation has been observed so far only in the neutrabf sizable CP asymmetries inB—K*| "1~ decay, whose
kaon system. Within the standard mod8M), the experi- observation would clearly indicate the presence of physics
mental results on indirecte) and direct €'/ex) CP vio-  beyond the SM. We perform a largely model-independent
lation can be explained by the complex phase of theanalysis by considering a new-physics scenario with addi-
Cabibbo-Kobayashi-MaskawéCKM) matrix if one takes tionalCP phases and an extended operator basis, taking into
into account the large theoretical uncertainties associategiccount existing experimental dataBr-Xsy and the upper
with the hadronic matrix elements that enter the analysis obound onBO—K*Opu .

€'l ek [1]. It therefore remains an open question whether the Our paper is organized as follows. Section Il contains the
CKM mechanism ofCP violation can account for the new SM operator basis and short-distance matrix element for the

experimental result oa’/ e . process§—>K*I+I*. A formalism for dealing with reatc
A great deal of effort is given to the study GfP violation  intermediate states such dsy,y' entering via the decay
in the B system, which will provide invaluable information chain §—>K*VCE—> K*1*1~ is described. In Sec. Ill, we

on the pattern o€ P violation and open up the possibility to briefly discuss possible extensions of the SM including those
look for new physics. In this paper we are concerned with theyith an extended operator basis. Section IV is concerned
exclusive deca®— K*1 "1~ which is of special interest be- with the parametrization of the hadronic matrix elements and
cause(i) it probes the underlying effective Hamiltonian de- gives the differential decay spectrum as well as the forward-
scribing flavor-changing neutral currei®CNC) processes in  backward asymmetry. The correspondi@g-violating ob-

B decay,(ii) the analysis ofC P-violating effects in decays servables are discussed in Sec. V. Numerical estimates for
governed byb—sl|"l1~ may offer a deeper insight into the integrated observables B—K*u*u~ decay in the pres-
mechanism ofC P violation since the SM prediction f&P  ence of new physics are given in Sec. VI. Particular attention
asymmetries is extremely small, typicallg10™° [2], and s paid to theCP-violating partial-rate asymmetry and the
(iii) the procesB—K*u*u~ is a very promising decay CP-violating effect related to the angular distribution @f
mode since it is likely to be observed in the next roundBof in B and B decays. Our conclusions are contained in Sec.
physics experiments. The most stringent limit has been sef||,

by the Collider Detector at FermiladCDF) of B(B°

—K*0u "1 ")<4.0x10 ® at the 90% C.L[3] to be com- Il. EFFECTIVE HAMILTONIAN

A. Short-distance contributions

*Email address: krueger@gtae3.ist.utl.pt The effective Hamiltonian for the dec§—> K*I*17 in
"Email address: lunghi@sissa.it the standard model is given 1)$,6]
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TABLE I. Numerical values of the Wilson coefficients, . .
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. ,C1p at w=m, within the SM.

Cy C, Cs3 Cy Cs

eff
Ce C7 Co Cio

—-0.249 +1.108 +0.011 —0.026

+0.007

—0.031 -0.314 +4.216 —4.582

10

4Gk .
He= — ﬁvtbv ;1ciw)am)+xu{cl<m[ol<m
—O1(p) ]+ o W[ O5(1) = Ox() 1} 1, (2.0)

where we have used the unitarity of the CKM matrl,

=V pVidVipVis, and the operator basis is defined as fol-

lows:
O1=(S,7,PLCp) (Cp7*PLb,),
O4=(5,7,PLup) (Ug¥*PLb,),
0= (S 7uPLCL) (Ca¥*PLby),

O8=(Sa¥,PLUL) (Ugy*P bp),

03=<?mPLba)q (apY“PLAp),

>
=u,d,s,c,b

04=@7MPLbB>q (ApY*PL0a),

>
=u,d,s,c,b

05:(;ahp|_ba) >
g=u,d,

(957"PrAp),
s,c,b

Og=(S.v,PLbg) 2
q=u,d,s,c

b (aﬁ’yﬂPRqa)l

07= @Saaw(mbp,ﬁ- msP )b, F~”,
O—gsT (m,Pr+m.P )b ;G2
8~ 1672 aﬁU,w bFR sPL)Pg
e? _ _
Og= 2say“PLbaI Yl

O10= S, v*“P b, y,vsl, 2.2
10 1672 Y PR YL Ys (2.2

wherea, B are color indicesa labels the S(B) generators,
and P g=(1= ys)/2. Evolution of the Wilson coefficients
ci(un) in Eq. (2.1 from the weak scalg.= M,y down to the

low energy scalew=m, by means of the renormalization

group equation§RGE’s) then leads to the QCD-corrected
matrix element in the next-to-leading logarithmic approxi-
mation[5,6]

M= E2y v*{
\/§7T thVts

Pl _ _
— 5 (K*(W)sio,,q"(MyPr+msPL)b|B(p))

(&= c10(K* (K)[s7,PLb|B(p)|

XI_'}/’“PLI +(Clo—>_clo)|_’yMPRl} . (23)
Here g=p—k, s=q? is the invariant mass of the lepton
pair, and the effective Wilson coefficien§" has the form

cf=cqe+Y(s), (2.9

with
Y(s)=g(m.,s)(3c,+Cy+3C3+Cy+3C5+Cg)

+A[9(mc,8)—g(my,s)](3c,+C2)

1 1
~59(Ms,8)(C3+3Cq) — 59(My,5)(4C3+4C,

2
+3cg+Cg) + §(3c3+ Cc4+3Cs+Cg)+ -,

(2.5

where the ellipsis represents the ordey correction to the
matrix element of the operatd?y, which can be regarded as
a contribution to the form factorf7], and hence will be
omitted in the calculations that follow. Table | summarizes
our results for the Wilson coefficients(m,). Observe that
c?ﬁ, Cg, andcqg are real in the framework of the SM. The
functiong(m; ,s) in the above formula arises from the one-
loop contributions of the four-quark operat@ds—Og, and is
given by (at w=my,)

8
g(m;,s)=—glIn(m;/my)+ o=+ 9y. (2+y.)v1 yil
1+Vi-y|
Sl E= =TRY
1
+0(y;—1)2 arct (2.6)
(y;— )arcanT]

with y;=4m?/s. This expression reduces to

8 4
———In(s/mb)+

9(05)= 5

(2.7)
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in the limit m;—0. A few remarks are in order here. with the properties of the vector mesons summarized
(i) The Wilson coefficienbgﬁ, Eq. (2.4), has absorptive in Ref.[11].

parts fors>4m? ands>4m?, and thus contains dynamical ~ To account for experimental data on direkéty produc-

(unitarity) phases. As will become clear, these are prerequition via the relation

sites, besides @ P-violating phase, for observinGP asym- o o

metries in partial rates. Since the remaining coefficieﬁffs B(B—K*V—K*1 "1 )=B(B—=K*V ) B(Ve—1"17),

andc,ydo not contain any strong phases, the unitarity phases (212

below thecc threshold are generated by light quark contri-

) 5 , : ) whereV =J/¢, ', ..., oneusually modifies the Breit-
butions, whereas fos>4m; they arise mainly frontc in-

: Wigner distribution in Eq.(2.11) by introducing anad hoc
termediate states. S L - factor ky [7,12). This suggests that the factorization ansatz
(i) within the SM, CP violation inb—sI™I™ transition  jnherent in the approaches that have been advocated to in-
is caused by the ratio of CKM factors appearingdf, corporate resonance effectsin-sl*1~ (see, e.g., Ref13])
namely \,~\* (A\=V,s=0.22), which is further reduced is inadequate for two-body hadronic decaysBoimesons.

by a factor of order (8;+c,)/cg=0.085. As a result, the ysing the set of form factors that will be discussed below,
effective Hamiltonian forb—sI™1~ essentially involves gne findsky,=1.7, k, =2.4, whereas for the remaining
only one independent CKM factdf,Vy;, so thatCP vio-  resonances we shall takes in Ref[4]) k=2. In Fig. 1, we
lation in this channel is unobservably small. Thus, the nUghow the real and imaginary parts @fm,,s) based on Eq.
merical effect of\, in Eq. (2.5 is negligible for decays 2.10 functi £ o/M2 ¢

based on the transitiob—s|™| . (2.10, as a function 0b=s/Ms.

B. Resonance contributions lll. EFFECTIVE HAMILTONIAN AND NEW PHYSICS

In addition to the short-distance contributions discussed The new-physics contribution to the decay mote
so far, there are possible quark antiquark resonant interme-sl”1~ can manifest itself in two distinct waysi) The
diate states likep,J/ ¢, ' etc. Since thes-quark contribu- absolute values and phases of the Wilson coefficients at the
tions in Eq. (2.5 are suppressed by small Wilson coeffi- electroweak scale are modifiedi) New operators in addi-
cients, and terms proportional ¥q, may be dropped in the tion to the ones defined in E(.2) arise. We consider them
case ofb— s transition, we are left with thé/y family. in turn.

Following the procedure in Ref8], we implement the
charmonium resonances utilizing"e™ annihilation data. A. Wilson coefficients and new physics
The absorptive part of the one-loop functignEg. (2.6), can

be related to the experimentally accessible quantity The non-standard contributions can be divided into three

main groupd 14]: first, models with tree-level contributions
R(s)=o(e"e” —hadrons/o(e’e  —utu™) to the four-quark operators such as supersymm@hSY)
(2.8)  with broken R parity or models withZ-mediated flavor-
changing neutral currents; second, models with contributions
by virtue of the optical theorem. Specifically, it is found that at the one-loop level with new particles running in the loop

(8] like SUSY with conservedR parity or models with four
quark generations; third, models with no significant effect on
Im g(m,,s)= ZRW(S), (2.9 the above Wilson coefficients including multi-Higgs-doublet
3 models with natural flavor conservation and left-right sym-
_ metric models.
with RY?(s)=RSS (s)+RY{(s), whereas the dispersive  Let us begin with the Wilson coefficientss, . . . ,cg Of
part Reg(m.,s) may be obtained via a once-subtracted dis-the QCD penguin operators. It follows from the RGE analy-
persion relation sis that their numerical values at=m, are essentially de-
termined by the Wilson coefficiemt, of the four-quark op-
S (= RYY(s") erator O, at the electroweak scale. Thus, in order to have
g(m,s)=g(m,0)+ §LM2 mds’, €—~+0,  considerable deviations from the SM predictions for the co-

(2.10 efficientsc;—cg, one needs large new-physics contributions
to the short-distance coefficien$, which in turn would af-

with g(m¢,0)= — 8/9 In(m./m,)—4/9. The continuum contri- fect the theoretical branching ratio for two-body non-leptonic
cc B decays. Recent studid45] suggest, however, that the

butions, R, can be determined using experimental data : o -
from Ref. [9], while the narrow resonances are well de. Short-distance coefficients of the SM can account for existing

scribed by a relativistic Breit-Wigner distributid®,10] data if one allows departures from the naive factorization
' prescription.
For the numerical analysis here, we adopt the SM values
RYY(s)= > for the Wilson coefficientg,, ... ,cg sSummarized in Table
res 2 2,2 21V2 ! o : :
v=dlgy', ... a° (S—My) + Myl I. Furthermore, it is convenient for later use to parametrize
(2.1)  the new-physics contributions to the remaining coefficients

95 BV—1"17)T'igl hag

014013-3



F. KRUGER AND E. LUNGHI
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FIG. 1. The predicteds dependence og(mc,é) using experimental data oa"e” —hadrons via a dispersion relation, EQ.10),
including the effects oEc resonancessolid curve. Note that Img(m.,s) #0 is entirely due to unitarity phases. Also shown is the result

of the perturbative calculation according to Eg.6) (dashed curve
¢, c&", and ¢, by the following ratios(defined at the
scaleu=my):

R,=cS"/cS"M=|R,|e'¢7, (3.19

Rg=Cq/C5"=|Rg|€' %, (3.1b

Og:iPLbaﬂ,
O?OZgQPLbaI_’ySI ’
05 =s,Prb,ll,

O36=5.Prbal 75l 3.3

involve the lepton mass in most extensions of the SM, and
Rio= Clo/CfSAE|R10| gl P10 (3.19 hence will give only small contributions in the caselefe
or u. Moreover, possible tensor-type operatses, bl o*’l
andsio,,blo,gl e*’*# can be safely neglected since their
where we recall Eq2.4), and numerical contributions have been found to be sit].
This leaves an extended operator basis which consists of

ci=cPM+cMev, (3.2

with ¢ shown in Table I. Note that the Wilson coefficient
Cio In the above does not depend on the renormalization
scale, and thus;g=c1o(My).

B. Extended operator basis

It is conceivable that physics beyond the SM induces new
operator structures containing scalar, pseudoscalar, and ten-
sor interactions, in addition to the SM operator basis,
Eqg. (2.2.

The Wilson coefficients of the scalar operators

014013-4

the SM operators and the opposite-chirality operdtbés17]

e _
07: @Sa(fﬂu(mbPL—i_mSPR)baF# )

’_ 9s — a apv
OS—WSaTaﬁaﬂv(mpr‘i‘ mSPR)bﬁG » y

2

e’ _ _
Og= 16472507MPRb01| Yl

e2

O10= @SayMpral Yu Vsl (3.9
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TABLE Il. LCSR predictions for theB—K* form factors with
f(s)=f(0)expE,s+c,59), s=9M3 [4]. Recall thatA, is given in
terms ofA; andA, via Eq. (4.3).

\% A, A, Ag T, T, Ts
f(0) 0.457 0.337 0.282 0471 0.379 0.379 0.260
Cy 1.482 0.602 1.172 1.505 1519 0.517 1.129
(3 1.015 0.258 0.567 0.710 1.030 0.426 1.128

IV. DECAY DISTRIBUTION FOR B—K*|*|~
A. Form factors

The hadronic matrix elements appearing in E23) can
be expressed in terms sfdependent form factorgecall s
=q?), namely[18]

(K*(K)[sy,PLgrb/B(p))

V(s)

=ie e piqf———
pral Mg+Myx

+51 €u(Mpt M)Ay (s)—(€"-0)(2p—0),,

Aa(s) M«

X —
MB+MK* S

(e*-q)[As(s) —Ao(S)]qM] :
4.1

with the conventioreg;o5=+1, q=p—k, and
(K*(K)[sio,,0"Pr b[B(p))
— vk B +1 * 2 2
__Ie,u,vaﬁe p-q Tl(s)—z [e,u,(MB_MK*)
—(e"-q)(2p—q) 1 Ta(s) +(€" - q)

X Ay 4.2

s
_W(ZP_Q)M T3(3)],

B K*

whereT;(0)=T,(0), ande* is the K* polarization vector.
The form factorA; can be written in terms o&; andA,, i.e.

MB_ MK*
——Ay(s), (4.3
oM 2(s), (4.3

K*

Mg+ M

As(s)= (s)—

1
K*

with the relationA3(0)=A,(0). Theterms proportional to
q, in Egs.(4.1) and(4.2) do not contribute to the differential

PHYSICAL REVIEW D 63 014013

B. Differential decay spectrum

Squaring the matrix elemeii2.3), summing over spins,
and introducing the shorthand notation

N(a,b,c)=a%+b?+c?—2(ab+bc+ac), (4.4
Mi=M;/Mg, m=m/Mg, S=s/M3,
(4.5
1 12,4 & w12
XIE)\ (1131MK*)1 (46)

the spectrum oB—K*|*]~ decay with respect te and 0,
the angle betweeh and the outgoing hadron in the dilepton
center-of-mass system, [i$9]

5
% ViV 2X

dr(B—K*I*17) GEa’M ) 4m?
s

dsd cosé, 2975

X [A(S) +B(s)cosé,+ C(s)cos6,].

decay rate when the final leptons are massless. For the results

presented below, we adopt tle—+K* form factors of Ref.

[4] which have been obtained using light cone sum rule

(LCSR) results, and are displayed in Table Il. Throughout

our discussion, we assume the above form factors to be real,

in the absence of final-state interactions.

4.7
The quantitiesA, B, C are defined as follows:
2 o4
~ 2 anp ~ 1 2SM (4
A(s)=A—i* sMK*fl(s)JrZ 1+ N
X f5(S)+X?f5(S)+f4(s) | +2mPI(s), (4.9
. 4m? "
B(s)=8X\/ 1— ——Re{ci]cg sAA,
s
—c5"(ABy+ABY T}, 4.9
.o2x? me\[. .y .1
C(s)==5| 1— —||sMi.f1(s)— ~Ta(s)
K* S 4
—X?f5(8)—f4(9) |, (4.10
with the auxiliary functions
1(S)=4X?f () +fo(S)+f5(3), (4.11)
~ | eff|2
f1(8)=(|c§"*+|c1d )AL+ 2 5
4 Re(cScg™
- *AXB)(: (412
S
f2(8)=F1(S)yy,  Fa(9)=F1(S)y .z, (4.13

014013-5
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~ 1 A
fa(8)= 5(1=5=Mi)| ([c5*+[cad®) AA,
4lc5"?

2 7

2 Re(cce™)
z- -~

- (A,B,+AB,)

(4.19

2

X
2p2 2
—8X2AZ—-3AZ+ —

K*

f5(S)=]Cyl2 {[2(1+ M) —S]A,

axz
+ 2Ay}Az+ T{M K* (A3_Ao)

PHYSICAL REVIEW D63 014013

By=—Ta(S)(my+my),

By=—(1—NMZ,)T2(S)(My—my), (4.17)
. s o
B,=| Ta(s) + st(S) (mp—my), (4.18

with the form factors listed in Table II.
A further observable of interest is the forward-backward
(FB) asymmetry ofl ~, defined as

S V K*
- fld ) dr fo q ; dr
11— — cos)——— costy————
[A=Mic) AT A As=Ao) | (4.19 - 0 'dsdcoss, -1 'd5d cosé,
Arg(s)= )
. 1 dar 0 dr
In these equations, J d cos¢9|A—+J dcosf————
i A 0 dsd cosé, -1 dsd cosé,
VIS A (1+Mx)AL(S), A AalS) 19
= = s = * S s = — = ,
T i 2 14+ M
(4.16  and we obtain
|
. am? Re{c{cS"sA A, — cS(A,B, +A,B,)
AFB(S)=12X 1— AI { 1({ 9 X yA 7 Ax y yPx ]} (4'20)
S [3A(s)+C(s)]
|
Note that the Wilson coefficients in the above expressions |A|2—|Z|2 —2rsingsiné
are defined through E@3.2). The decay distributions in the Acp= = (5.3

presence of new physics with additional operators are dis-

|A]2+| A2 1+2r cos¢ coss+r2’

cussed further in Sec. VI. We now proceed to a discussion of

CP-violating observables in the proce§5—> K*1 "1,

V. CP-VIOLATING OBSERVABLES

Suppose the decay amplitude fBr~F has the general
form

A(B—F)=g%1A,e"%1+ 27,6 %2, (5.1)

whereA; , are real matrix elements; and ¢; are the strong
phases C P-conserving and weak phase<(P-violating) re-

with r=A,/A;, ¢=¢d1— ¢,, and 6= 65,— 5,. Notice that
in the limit r<1 the asymmetry is approximatekp~
—2r singsiné. Inspection of Eq(5.3 reveals that a non-
zero partial-rate asymmetry requir€P violation (¢+#0)
and the presence of dynamical phasé< Q), the latter be-
ing provided by the one-loop functiay(m; ,s) present in the
Wilson coefficientc™ [Eq. (2.4)].

To determine the impact of the strong phases onGife
asymmetries, it is useful to separate those contributions to
the decay amplitude that generate absorptive parts. To this
end, we choose’;=¢,=0 in Eq. (5.1) and require that
A,e'%2 vanish whenY(s)—0. Moreover, as discussed in
Sec. lll, the corrections to the short-distance coefficients of

spectively. UsingCPT invariance, which requires that the the SM multiplying the absorptive parts of the decay ampli-
total decay rate for particle and antiparticle be equal, thdude are not expected to be large in many extensions of the
decay amplitude for the conjugate process takes the form SM or required by current data on two-body hadroBide-

A(B—F)=e 191A,61%1+ e 142,61 %2, (5.2

giving rise to theCP asymmetry

cays[15]. Consequently, the strong phasesir-sI™l~ de-

cay are essentially unaffected by possible new interactions
transcending the SM, so that the non-standard effectS®n
asymmetries can be described by the two parametarsd

.

014013-6
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(a) Low-§ region: 4m? < § < M}/w (b) High-§ region: Mz, <5< (11— Mg)?

—0.06

~0.08 1
~0.61
Ry RY
—0.1
-0.12 0.8
—0.14 1
0.05 0.1 0.1 02 0.25 03 -1 0.55 0.6 0.65
s s

FIG. 2. The quantitRy=—Im[Y(s)]/|Y(s)| in b—sl*l~ decay vss for the lows (a) and highs (b) regions, withs=s/M3.

In order to get a quantitative idea of the magnitude of L dr
unitarity phases itn—sl|™|~ transition, we plot in Fig. 2 the J ldsJ d cosf) ————
parameteRy= —Im[Y(s)]/|Y(s)]| for two different regions (AR )= % 7P dsd cosé ’

of the dilepton invariant mass, namely s~ [T1 dl'gym
f” dsf dcosf————
So -1 dsd cosé,

4ﬁ'||2$§$(|\7|:]/¢_ ecut)zl (M¢’+6(’:ut)2$§$(l_l\7lK*)21 ;1 -~ drdiﬁ
5.4 . dsfdcosmA—
(5.4 s S0 s dsd cosé,
(Agp)=— - , (5.5
S ~
. . . _ j ldsf d cosf ——
which we refer to as the low- and highs region So -1 dsd cosé,
respectively: As we alluded to earlier, in the low-region
the strong phase is suppressed by small Wilson coefficient¥here
of the QCD penguin operators, whereas in the Highgion 1 0
it can be large. f EJ If : (5.6
Figure 3 shows the dependencefof onr for different b.s Jo /-1
choices of the weak phase shin the lows and highs I —T(BoK*|*] )4+ T(B—K* |1~ 5
regions. Observe that the asymmetry is maximized when sur=1'(B= )+ ), 67
=1 (i.e. the two interfering amplitudes are of comparable Fdiﬁ=F(§ﬂK*l+l‘)—F(BHE*IJ’I‘). (5.9

size but is strongly suppressed if eithex1 orr<1.

Using the two-dimensional decay distribution Notice that the asymmetmp2, is a CP-violating effect in
dI'/dsd cosé derived in the preceding section, we may de-the angular distribution df~ (or equivalently the Dalitz-plot
fine the following averag€ P asymmetries: distribution in B and B decays whileA3, represents the

asymmetry in the partial widths of these decays. The special
feature of the former is that it can be determined even for an

We useey,=0.2 GeVMg and €,,=0.1 GeVM5 in the case untagged equal mixture & andB events, i.e. without flavor
of u*u™ in the final state. identification. We emphasize that both asymmetries are odd

014013-7
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01l A 05 A
i {a)sind = —0.1 l\“-.‘ (b) sind = —0.5
0081 | 0.41
et sim¢=1 | | N e sing =1
. N e sing = 0.6 i N T sin¢ = 0.6
0.067 | sing = 0.2 03 ; sing =0.2
Acp AN Acp
0.04 | 024
| - ; VAN .
™ T / - T
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FIG. 3. CP-violating asymmetnAcp, Eq. (5.3, as a function of for (a) the low-s region with sind=—0.1 and(b) the highs region
with sin 6=—0.5.

underCP but even under “naive’T, and thus vanish in the Employing the leading-order result foB(B—Xgy) (see,
limit that there are no strong phas%s. e.g., Ref[22]), useful bounds can be placed on the absolute
value ofR;: namely,

VI. NUMERICAL ANALYSIS

In the remainder of this paper, we wish to focus on the 0.881<|Ry| <1.321. ©3

B—K*u™u~ mode. We start this section with a brief dis-

cussion of the experimental constraints that we shall be using B. Integrated observables inB—K*p*p~

in our subsequent calculations. L
Below we present our predictioris for the non-resonant

invariant mass spectrum of the muon pair &jid for the
A. Experimental constraints low-s and highs region, as defined in Eq5.4). The reso-
Constraints on the parametd®s, Eqs.(3.1), are provided nance effects are taken into account by employing E49)

by the following experimental result§) The CDF Collabo- and(2.10.

ration has recently obtained the upper bound (i) The branching ratio resulting from the SM operator
basis given in Eq(2.2) can be conveniently written as

B(B°—K*Outu)<4.0x10© (6.1

B:[ao+al|Rlo|2+a2|R7|2+a3|R9|2+a4|m R7+a5|m Rg

at 90% C.L.[3]. (ii)) The measurement of the inclusive +agRe(R;R%)+as;Re R, +agRe Ry] X 107 7. (6.4)
branching ratio3(B— Xgy) yields[21]

— Here we have introduced the coefficielats= «; + 38; which
2,010 *<B(B—Xsy)<4.5x10 * (95% C.L). allow us to incorporate the effects of new operat®fs[Eq.
(6.2 (3.4)] into our computation of the branching ratio by simply
replacing

2For a review ofC P-odd observables, we refer the reader to Ref. , ,
[20]. (it B)F(R)—af(R+R)+Bf(R-R/), (6.9
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TABLE Ill. Numerical estimate of the coefficientg=«;+ 3; 109
entering the expressions for the_integrated branching Btind the <A§P>'°W:(aolm R;+a;Im Rg)(TOW) , (6.8
average FB asymmetAgg) in B—K* u* 1~ decay, as described B
in the text.
: 1078
Coefficients B Blow B <AS >h'gh (aglm Rz+a4Im Rg)( hlgh)’
(@0,B0) (0.03,0.12) (0.02,0.08) (0.02,0.13) (6.9
(a1,B1) (1.89,8.64) (0.62,3.84) (0.36,1.76)
(ay,B7) (1.05,1.06) (0.95,0.90) (0.01,0.04) and
(a3,B3) (1.62,7.34) (0.54,3.26) (0.30,1.50)
(aq,B4) —(0.07,0.18) —(0.01,0.02) —(0.02,0.10) 10-9
(as,Bs) (0.23,0.93) (0.01,0.07) (0.11,0.60) (A2p)"=—agsin ¢, Ry m) (6.10
(as.Bs) —(1.52,3.12) —(0.90,1.59) —(0.13,0.52) B
(a7,87) —(0.15,0.30) —(0.12,0.21)  (0.02,0.07)
(ag,Bsg) (0.33,1.41) (0.18,0.91) —(0.08,0.44) D \high 10°8
, Acp) "= —agsing o Ryl | = |,
Coefficients (Ag)™ (Agg)'™" (Agg)Man (Ace) osin¢10/Rsd Bhisn
6.1
(@0,B0) (0.33,0.33) (0.16,0.16) —(0.05,0.05) (613
(a1.B1) —(1.27,1.42) —(0.69,0.77) —(0.16,0.18)

BE(B+B)/2 being theCP-averaged branching ratisee
Egs.(5.1) and(5.2)]. It is obvious thafAZp) is sensitive to
the CP-violating phases¢; and ¢o, while (A3, also
probes the phasé;y. The predictions for the coefficients
are reported in Table IV.

(a0, B5) (3.29,3.29) (0.94,0.94) (0.82,0.82)
(a3, B3) (0.25,0.25) (0.01,0.01) (0.16,0.16)

where we have defined the quantitigs analogous to those
in Egs. (3.1). Our numerical results for the coefficients
and B; are listed in Table IlI. C. Numerical results and predictions

(it) Similarly, we parametrize the average FB asymmelry e first analyze th€ P asymmetries in the context of the

SM operator basis, Eq2.2). To determine the implications
07 of new physics for theCP asymmetries, we adopt the fol-
_ % lowing procedure. The absolute value Rf is chosen such
(Arg) = —[Re Rifay+a;Ry+a;Ry) +agim RlO](T : that it satisfies the constraints implied by the measuyed
(6.6) —svyrate, Eq.(6.3), while the remaining parametelRs and
R,o are required to be consistent with the current experimen-
with the values ofa; tabulated in Table Ill. As before, the tal upper limit on the non-resonant branching raf(B°
average FB asymmetry in the presence of chirality- fllppeWK %" n") given in Eq.(6.1). To gain predictivity we
operators can be obtained from H§.6) by the following take|R;| to be unity, so that we end up with a set of free
replacements: parameters comprising,, ¢q, and|R9| In fact, imposing
the requirement that the non-resonant branching ratio coin-
i , b P D / cide with the experimental upper bound or, alternatively,
(@ B)T(R7.Re,Rag) = aiT(Rr=R7,Re = Rs. Riot Ryo) with the SM prediction, the quantitg,q is computed for any
+Bif(R;+R} Ry given set of the parametets; , q,|Rg|.2 This enables us to
consider a scenario where the predicbed sy fraction co-
+Rg,Ri0— Ry). (6.7 incides with the SM expectation while the non-resonant

branching ratio oB— K*u* ™ may well be accessible in
(iii ) Our results for theCP asymmetries are as follows: the next round oB experiments.

as

TABLE IV. Values of the coefficients;= «;+ 3; for CP-violating observables iE—>K*,u+,u‘.

Coefficients (AZp)'oW (AS pyhih (AD ylow (ADyhigh
(@0, B0) —(0.99,1.76) —(0.25,1.03) (1.05,1.05) (1.62,1.62)
(a1,B1) (1.20,7.22) (1.16,5.98) — —

3As far as newC P-violating phases are concerned, we note that in the context of a specific model one has also to take into account the
severe constraints on the electric dipole moments of electron and neutron.
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0.125 1

0.12

27

FIG. 4. The parametersand sin¢g [see Eq(5.3)] vs ¢; and ¢4 in the low dimuon invariant mass region. For simplicity, we have taken
|R;|=|Rg|=1 while R,y is chosen to coincide with the experimental upper limit on the non-resonant branching ratiB,"e4.0
X107,

As mentioned above, the value of the strong phase enter-

ing the amplitude of th—K* u " u~ process depends on
the Wilson coefficientx, . . . ,cg which we have assumed
to be unaffected by new-physics contributions. Hence, the
value of the strong phase siris fixed, and estimated to be

—0.07 and—0.51 in the lows and highs domain respec-
tively.

Last, using the parametrization for the amplitude given in
Eqg. (5.1), and employing the integrated expressions above,
we determiner and sing numerically as a function of

¢7!¢91 and|R9| .

0.006

0.003
low
(&) o
1. CP asymmetry in the partial widths -0.003 1

Figures 4 and 5 show the parametersin ¢, andAgp in
the low dimuon invariant mass region as a function of the
phases¢; and ¢q, taking |Rg|=1 and requiring that3"™" o
=4.0x10 ©.% It may be noted that the predictions for the
averageCP asymmetry depend very little on the phage
and its absolute value is no greater than 1%, regardless c
the size of theCP-violating phases. If we allow for devia-

—0.006

3r/2 3m/2
2 2w

“The impact of new phases on the partial-rate asymmet@ in FIG. 5. CP-violating average asymmetryAép) in the low
—K*1*1~ decay for the case dR;|=1 has also been studied in dimuon invariant mass region ws; and ¢4, with the parameters
Ref. [23]. IRi| (i=7,9,10) as in Fig. 4.
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21 2w

FIG. 6. The parametersand sing appearing iMAcp, Eq.(5.3), as a function ok, and ¢4 for the high dimuon invariant mass region,
with |R;|=|Rg|=1. The ratioR,q is chosen to be consistent with the experimental upper limit on the non-resonant branching ratio given in
Eq. (6.1).

tions from |Rg|=1, the magnitude of th€€ P asymmetry
does not change significantly. We may therefore conclude
that the partial-rate asymmetry, indicative ©P violation,

in the lows region is too small to be observahlassuming
that the indispensable strong phase does not receive any su
stantial non-standard contributions

We now turn our attention to the highregion. It is clear
from the above discussion that physics beyond the SM car< Asp>high
give rise to sizabl€€ P asymmetries above thg' resonance
where we expect to have an appreciable strong phase but als

a lower branching ratio. In fact, in the highregion we find

the approximate relation9"=2r'"" whereas the numerical

value of the weak phase sihis of the same order of mag-

nitude in both the low and the high dimuon invariant mass -0.11
region. This can be seen in Figs. 6 and 7, where we show ou 0
results forr, sing, andAZ,. For certain values of the phases

¢, and ¢g, the CP asymmetry can be of order 10%. As

far as theoretical uncertainties are concerned, we merely re

mark that the numerical estimates for aver&je asymme-

tries are largely independent of the parametrizations of form

factors, so that the theoretical uncertainty associated witl

real cc intermediate states discussed in Sec. Il gives by far

the largest uncertainty in the predict€d asymmetry. FIG. 7. CP-violating average asymmetgAZ,) in the high in-
Next we consider the case where we allow for highervariant mass region of the muon pair, as a functionpefand ¢.
values of|Rg|. We begin by noting that foiRg| >1.75 some  The parametertR;| (i=7,9,10) have been chosen as in Fig. 6.

0.1

0

2 2w
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21 27

FIG. 8. The quantitRep=(A2:)"9sin ¢, [cf. Eq.(6.1D)] as a function ofp; and ¢ with |[R;|=1. (a) |Ryd=1.9 and|R,| is chosen
such that it coincides with the upper limit d®(B°—K*°u" 7). (b) |Ryd=1.2 and the SM branching fraction of X80 ¢ has been
adopted.

part of the (;,dg) parameter space is already excluded bycompatible with the experimental results described above.
the experimental upper bound on the non-resonant branchirl@emembering thalR,, contributes only to the branching ra-
ratio, Eq.(6.1). Exploiting the fact thaiAgp depends only tio, we setR1,=0 in order to get the highest possible value
weakly on the phase,, we may takep,=4.8 (see Fig. .  for the CP asymmetry(see Sec. Y. Consequently, the inter-
Then, setting Rg|=1 we find a magnitude of the average ference of the termR; andRgy now plays an essential role as
CP asymmetry varying from—0.05 to 0.12, whereas for the branching ratio diminishes for certain values¢gf and
|Rg|=1.75 we predict the range 0.15<(AZp)=<0.20. In  sOr can be unity(which corresponds to the maximal size of
this latter case, numerical valuesrobetween 0.26 and 0.33 the CP asymmetry. In this case, th€P asymmetry(AZ;)
are estimated while si#h can be maximal. In particular, for varies considerably and can take on any value between
|Rg|=1.75 the weak phase siis nearly unity if we de- —0.5 and 0.4 forB™ ranging from 5.10° 7 to 1.6
mand the non-resonant branching fraction to bex4l.0 . X107°.

Let us now discuss a scenario in which we abandon the
assumption of having a non-resonant branching ratio of 4.0

%10 8. We focus here on the higan-region as we do not 2. CP asymmetry in the angular distribution of 1
expect any significant deviatio_n from our results obtained in A similar analysis has been carried out for the asymmetry
the region below the charmonium resonances. We first cong

sider the case where the branching ratio is still fixed to the_¢F’ Eq. (5.5, which is of conS|_derabIe Interest since it
SM value of B"=1.8x 10 °. Further, we takep,=4.8 and probes the phase 61, Here again th&€P asymmetry in

|Ro|=0.9. (Note that larger values ¢R,| are not consistent the lows domain is fairly small, typically:a few percent, and
with the SM branching ratip.As a result, the weak phase we therefore concentrate on the highregion where
sin¢ exhibits almost the samé,-dependent behavior as in CP-violating effects are not suppressed by small unitarity
the previous case with maximum branching ratio presentlphases. Results for the ratRep=(A2p)""sin¢y, as a
allowed by experiment. In addition, a smaller value B  function of ¢; and ¢4 are displayed in Fig. 8. Demanding
leads to a wider range af namely 0.4%r<0.70. As for that |Rq| reproduce the experimental upper bound on the
CP violation, an average asymmetry of anything between non-resonant branching ratio leads to the predictions shown
—0.20 and 0.30 is predicted. in Fig. 8@. Moreover, the quantitir,o obeys the constraint

It is also interesting to analyze the case in which the|R;g=<1.9. On the other hand, assuming the SM prediction
branching ratio is not fixed to any particular value but is still of B"=1.8x 10" °, we obtain the results shown in Figl8.
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In this case, present experimental data df(B°
—K*%% " u") lead to the upper bounfR;o<1.2. In both
cases, th€ P asymmetry in the angular distribution af " in

B andB decays turns out to be abotit10%°

Finally, taking|Re|=0 we find that theCP asymmetry
can be as large as 25% for a rather lowR;g|, which cor-
responds to a non-resonant branching fractio©¢10 *).
If we consider instead a branching ratio Bf"'~10 6, the
asymmetry can reach to values 6f15%.

3. Comment on CP violation and additional operators

PHYSICAL REVIEW D 63 014013

trum. Even so, studies df P-violating effects in the lovs
region will provide a crucial test of the SM, since any indi-
cation of CP violation would represent new physics. On the
other hand, in the high dimuon invariant mass regibp:
<M,+,-<(Mg—My«) appreciableCP-violating effects
can show up, which are consistent with current experimental
data on theb— sy branching fraction and the upper bound
on B(B°—K*%u* ™). We find thatC P asymmetries up to
30% can arise for a non-resonant branching ratio of 1.8
X108, That is, new physics gives the same rate as in the
SM while largeC P-violating effects may occur. It should be
kept in mind that our numerical results for tldP asymme-
tries in the high dimuon invariant mass region are plagued

As seen in the preceding, within the framework of the SMwith theoretical uncertainties due mainly to real interme-
operator basis it is possible to account for the maximunyiate states, so that precise predictions are more difficult in

values of theC P-violating asymmetries. Hence our quanti-

tative results forCP violation in the decay§—> K*u ™
are not affected by the chirality-flipped operatpes). (3.4)]

this case. Nevertheless, tEP asymmetries provide a par-
ticularly useful tool for discovering new physics and their
study may gain insight into the mechanism®@P violation.

once existing experimental constraints are taken into acgjven an asymmetry of 20% and a branching ratio of 3.0

count. In other words, the observation of an apprecia@de
asymmetry alone does not provide a test of the chiralit

% 10~ 7 in the highs region, a measurement atr3evel will

y

structure of operators that enter the effective HamiltonianNecessitate at least A0 bb pairs, which seems to be
and thus is not sufficient to disentangle different new-physicgchievable in thé-factory era(see, e.g., Ref25]). In this

scenarios.

VIl. SUMMARY AND CONCLUSIONS

We have performed a largely model-independent analysi

of the exclusive decaB—K*1*1~ in the presence of phys-

ics transcending the SM. In particular, we have investigate

the implications of newC P-violating phases for the decay

B—K*u"u~, and derived analytic expressions for the

branching ratio, the FB asymmetry, and cert@iB-violating

d

connection it is worth pointing out that the asymme@tgrp,
which is aCP-violating effect related to the angular distri-

bution of «™ in B andgdecays, has the piquant feature that
it does not require flavor identification and can be obtained

from a measurement of the sum BfandB events.

As far as new operators are concerned, we have argued
ﬁwat in the case of massless leptons,lizee or u, the domi-
ant contributions may come from operators with a non-SM
hirality structure. However, since the SM operator basis can
accommodate maximur@P asymmetries, the inclusion of
new operator structures does not affect the main conclusions
of our analysis, but it is worth considering once sufficient

observables. The formalism presented is applicable to anY~ia are accumulated. We are thus eagerly awaiting the up-

effective Ham"to”"’?‘” containing th.e .SM operator basis ascomingB experiments which will provide useful information
well as operators with a different chirality structure. We have . . .

o ) T . ~on the short-distance coefficients governing FCNC processes
studied in some detail th€ P asymmetries in the partial

dth lar distributi o — 7 like b—syandb—sl"I".
rates and the angular distri gt|on pf. n B_’K_ Ko We conclude that th&€ P asymmetries in the exclusive
and B—K*u*u~ decays, which require the simultaneous

¢ K and st h Adonting the SM decayB—K*| "I~ can serve as an important test of the SM
presence ob weak and strong phases. Adopting € SM ORpachanism ofCP violation and hence provide a testing
erator basis and assuming that new-physics contributions

wo-bod lentoniB d likelv to be sianif tQround for new physics. A measurement of these asymme-
Wo- ohndF())n—. elp oni " ecays arr]e ;': I<el\/)|l 0 be '\s/llgm " tries in forthcomingB experiments would signal the presence
cant, theCP-violating effects in the ,<M,+,-<My, ot non-standard physics and rule out the SM as a primary
domain are estimated to be smalip to at most a few per-

i . . source ofCP violation.
cend. Ultimately, this result is a consequence of the small-
ness of the dynamical phase associated with the absorptive
part of the penguin diagram; thus, the presence of large non-
standardC P-violating phases does not necessarily imply siz-
ableCP-violating effects in the lower part of the decay spec-
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