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A systematic approach to long-distance effects in exclusive radiative Bekgcays is presented, based on
a combination of the heavy quark limit with perturbative QCD. The dominant long-distance effects, connected
with weak annihilation andN-exchange topologies, can be computed in a model-independent way using
experimental data oB radiative leptonic decays. Nonfactorizable corrections vanish in the chiral limit and to
leading twist. The left-handed photon amplitudes are shown to be enhanced relative to the right-handed ones,
both in the long- and short-distance parts ofﬁdecay amplitudes. Recent CLEO dataB®n:K* y decays
are consistent with standard model estimates of the long-distance contributions, and disfavor an enhanced
gluonic penguin contribution. We discuss the implications of our results for the extractidiqhf

PACS numbse(s): 13.40.Hg, 12.40.Vv, 14.40.Nd

I. INTRODUCTION to the leading order of a twist expansion, in powers\dE ,
andA/p,.=A/mg, with p, the light-cone component of the
Rare radiative decays & mesons received considerable vector meson momentum. Since the photon energyBin
theoretical attention due to their special sensitivity to physics—p(K*)y decays is€,=2.6 GeV, the higher twist correc-
beyond the standard mod@M). Alternatively, if the valid-  tions can be expected to be well under control. We find that,
ity of the SM is taken for granted, these decays can offeto leading twist, the photons emitteddecay are predomi-
useful information on the magnitude of the Cabibbo-nantly left handed. Second, the nonfactorizable corrections
Kobayashi-Maskaw&CKM) parameters. So far, most of the turn out to be computable in terms of the light-cone wave
theoretical effort has been concentrated on aspects of incldunctions of theB andV mesons. Furthermore, in the chiral
sive decay$— sy, which can be treated with the help of an limit, the nonfactorizable corrections vanish exactly to one-
operator product expansid®PE) combined with the heavy 100p order. The remaining factorizable contribution can be
quark expansiof1]. The corresponding strong interaction determined in a model-independent way using experimental
effects can be quantified in terms of a few nonperturbativélata on radiative leptoniB decaysB— yev. o
matrix elements. Experimental results on the branching ratio 1hese results can be used to assess the feasibility of the

for inclusiveB— X,y decayd2,3] appear to be in agreement determination of the ratitv,y/V,¢ from a comparisop of the
with the predictions of the standard model. B—K*y andB— py decays. The Appendix describes cer-

On the other hand. the treatment of exclusive radiativ%ain constraints on radiative decay form factors following
decays such aB—»K*,y or B—py is considerably more rom a Ward identity expressing the conservation of the elec-

difficult. This is due to the fact that bound state effects mus{romagnetlc current.

be taken into account, which are essentially nonperturbative

in nature. In addition to the matrix element of the penguin Il. FLAVOR SU (3) PREDICTIONS FOR B—Vy

operator(short-distance compongnt nonlocal contribution DECAY AMPLITUDES

must be included too, arising from a product of the electro- _

magnetic coupling with the weak nonleptonic Hamiltonian In the standard model, the radiatize-Vy decaydwith

(long-distance componentThese effects have been esti- V. @ member of the S(3) octet of vector mesorsare domi-

mated using various methods, such as perturbative QCDated by the operatorg)€s,d) (see, e.g.[16])

combined with the quark modé#i—8], dispersion methods

[9], vector meson dominandd.0,11] and QCD sum rules 4G

[12-14. raa= =MD 3 Ciw)OO(u)+(s—d), (1)
Recently the CLEO Collaboration measured the branch- V2 i=78

ing ratios for several exclusive radiative decags-Vvy,

with V=K*° K** [15], and gave upper limits on th¥

=p,w modes. A more detailed study of these decays is (q) _ Yoy

therefore well motivated. 07"= 162 P00 ,(MoPrt MgPLID, @
In this paper we propose a different approach to the cal-

culation of the dominant long distance contributionsBo

— Vv decayqwith V a member of the S(3) octet of vector @_ 9s — v

mesong arising from weak annihilation ard-exchange to- Og"= @qaw(mbPFﬁ— mgPL)G*"D, ©)

pologies. We start by parametrizing all these decays in terms
of a few common amplitudegfor each photon helicityx

=L,R), using SU3) symmetry. It can be shown that the = :E(1+ )
structure of these universal amplitudes simplifies very much RL=Z=78):
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We denote here and in the following the combination of b

K
CKM matrix elements{1)=VV% . In addition to this, \\/r/’/
there are also contributions mediated by the usual weak not M

o
ol
w

leptonic Hamiltonian

q q; q
Hu= 2E \P[Cy(b)y_a(s0) b
W= | MR va(SWv-a (a) (b)
Ca(sh)y-a(U)y- ] +A{T[C1(Cb)y-a(SC)y - b @ b .
B B 10
Ca(sb)y-a(CO)y-al =M 2 ciQ§S)+<st>] @
with (EQZ)VfA(aBCM)VfA:[al'yMPqu][%')’MPLqﬂ- In «— X« T T
these diagrams, the photon attaches to the internal qua (c) d)
lines with the usual electromagnetic coupling. We will ne- ¢ (
glect in the following the contributions of the penguin opera- b » q

tors Qz_419, Which are suppressed relative to those of the
current-current operators by their smaller Wilson coeffi-

cients.

In a quark diagram language, &8l Vy, decay ampli-
tudes are parametrized by nine independent3s@mpli- «—X <
tudes, for each individual photon helicity=L,R. They ap- (e)

pear together in fewer combinations, such that a certain B

predictive power is still retained. They include penguin-type FIG. 1. Quark diagrams contributing 88— V+y decays. The
amplitudesP,, . —corresponding to topologies withua, c-  cross marks the attachment of the photon lif@ . Weak annihila-
and t-quark running in the loop, the weak annihilation tion amplitudesA®, with i=1,2,3 correspondlng to the photon at-
(WA)-type amplitude A, the W-exchange amplitudeE, taching to each of the three quark lin@s,qs,qs; (b) W-exchange

penguin-annihilation amplitudePA, and amplitudes with amplitudesE®”, i=1,2,3;(c) penguin amphtude@ (the photon
one insertion of the gluonic penguin Opera@é’ which will s attached to thg=d,s quark or the quark’ =u,c running in the
be denotedVl; (see Fig. 1 In the pengumP and M® loop) and P(z) with the photon attached to the spectator quéd;

amplitudes we distinguish between diagrams W|th the photoanmhllatlon penguin amplitude®A,, ; (e) amplitudes with one in-
coupling to the loop quark or the other emerging light quarksertion of the gluonic penguib () (photon attaching to the line)
(i=1) and diagrams with the photon coupling to the spectaandM(® (photon attaches to the spectator qiafthe box denotes
tor quark {=2). We adopt the usual phase conventions forone insertion of the operat@s.

the_ vector states p(+ pp)= (ud, (112 )(dd uu)
—du), (K*O K* )= (sd —su) (K** K*0) = (us ds) short-distance contribution, in contrast to the long-distance
¢(8)—(1/\/—)(Zss—uu dd) and for the heavy mesons amplitude, arising from nonlocal insertions of the weak

(B*,B%B,) = (bu,bd,bs), (B B°B S) (bu —bd, bs) Hamiltonian (4) with one photon attachment. In hadronic

The weak annihilation amplitude&® contribute only to  language, the penguin amplitud®§’ receive contributions
the B* radiative decays, where they appear always in thdrom rescattering effects of the for*—{p~p%—p*7y,
same combinatio=2AM+2A@ - 1AG) [see Fig. 13)].  and the charmed penguii®) arise from rescattering pro-
Writing explicitly the contributions of the penguin ampli- cesseB*—{D**D*°} {yp }—p 7.

tudes one has The B® decay amplitudes contain th&-exchange topol-

(@) p(D) ) ogy, parametrized by the graphical amplitude® [Fig.
AB—p M) =N (PR + QUPH AL 1(b)]. All the decays discussed below contain these ampli-
FAO(PL+Q,PR) tudes in the same combinatida= 3E?+ 3E®) - ED:

AP +MP+QMP) (5) L @pW4 o p@
l 2 A(B— p%y, )_E)\ [Pux’+QuPuy — By
AB™—K* ~3) AP (PR+ QPR+ A))

A PR+ QPR —(Qu=Qu)PAL]+ [A‘dtP(”
AP PuEMP+QMP). () +QuPE)—(Qu=Qu)PAG]
The penguin amplitude with an internadjuark P;, (aris- + i)\gd)(pwr M§1)+ le\/lg\z)) 7
ing from the penguin operato®;) is usually called the N
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A(goﬂg*o%\) =7\ﬁs)(P$\)+Qde,2x)) w_h|ch arise from d|agr§ms similar A, [.see Fig. 1d)] but
with the photon attaching to the quark in the loop or to the
FAP(PY+QePY) spectator in thé8 meson:
FAPPa+MP QM) (®)

— 1
. A(B® = 60y == = MPLIT QPR+ Evt S
AB®— 6Oy =— AP+ QuPRE,

1
_ _)\(d)(p(l)+ de(2)+s )\)
+(Qut+ Qg—2Qg) PAL] V3 ‘

1 1
—=NIPE+ QPR - M PR M QM) (13

V6

+(QutQq—2Q9)PA,)
=} (1) 1 () p(1) (2)
1 § L ) A(Bsg’(ﬁ 'YA):ﬁ)\u (Pu)\+QdPu)\+E)\+Su)\)
—%AE (P +MP+QeMP). (9)

1
_ + AOPW+QP?+s
Finally, the correspondinB decays are written in terms J3 ¢ (Pe+ Qq o)
of the amplitudes previously introduced as

1
_ + AOPE+ MO+ QM BP).
A(Bs_)K*O,yx):_)\Eld)(pE&)_F Qspg\))_)\gd)(pg\) 3t T A dVIx

+QPE) NPy + MP+QMP) (14)
(10 The decay amplitudes into the physical statiesw are

obtained by combining the octet and singlet amplitudes with

— 1 a mixing angled, as
A(Bsﬂp%)=Ex‘uS)[EmQu—Qd)PAm] g angiety

d=¢®cosh,— pMsingy, (15)
1
+—=A(Q,—QyP 11 :
\/E)\C (Qu=Qa)P Ay (1 0= ¢®sing,+ ¢Mcosdy . (16)
o 1 The physical value of the mixing angle is closg to &an
A(Bs— ¢®yy) =~ %Xﬁs)[zp(lbr 2Q;PR)—E, =1/J2, corresponding to ideal mixingg=ss, ®
=(—1/y/2)(uu+dd). Combining the amplitudes for decays
—(QutQy—2Q-)PA,] into SU3) eigenstates one finds the following amplitudes for

decay into physical states, ¢:
1
- =AJ[2PR)+2Q,PY)

G

A<§°~wm=—ix5"’( P +QuP{)+E,
~(Qu+Qu—2Qy)PA, ] V2

2 1
- \[gkﬁs)(Ptﬁ M{P+QMP). +3 PAWL 3sux) - E)\(d)( P4 QPR

(12 1 2 1
: : . . +—PAC}\+—SC)\)——)\gd)(P&)—I—Mgl)

Note that the long-distance penguin-type amplitudes with an 3 3 J2
internalu andc quark are different irB* andB®,B4 decays, @
due to the different electric charge of the spectator quark in + QM) 17)
the two cases. This is different from the conclusion reached
in [6]; present experimental data from CLE&ee Eqs(56), 1 @
(57) below] appear to confirm the presence of these Iong-A(B —¢n)=3 " (—PAn+S))
distance contributions at thesllevel.

Decays to the S(B) singlet vector meson ¢

1
- = == (@)
=(—1/J3)(uu+dd+ss) introduce new amplitudesS,, F3he (= PATSa), (18)
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and

1 ©) 1 2
+E)\C §PAC)\+§SC)\ (19)

— 1
ABs— )=~ Mﬁ( PIV+ QPR — 3 PA

1
+ §Su>\) - x@( PR+QPR
1 1
—3PALH §scx) APy +MY

+QM ). (20

PHYSICAL REVIEW D62 093002

The relevant quantity is the form factgr, at the kinematical
point g>=0. This has been computed using light-cone QCD
sum rules(LCSR9 [17,1§ and lattice QCD[19], with re-
sults which are in reasonable agreement with each other. The
most recent LCSR calculation gagé(0)=0.29+0.04 and
g€*)(0)=0.38+0.06 [18], which compares well with the
lattice resultg<")(0)=0.32"99% [19]. A somewhat larger
value g€")(0)=0.4 was recently extractefR0] from the
D—K*ev semileptonic form factors using heavy quark
symmetry relation$21].

Using the latter value fog. (0), onefinds, for the short-
distance penguin amplitudes with an interbagluark,

Py= —8\/§G|: C7(mb)mmeEyg+(q2:0)

1672

g+(0)) ( m,(GeV)

0.4 4.2 )Gev (24)

=(1.8x 106)(

The radiative decay widths are given, in terms of these am-

plitudes, by

(21)

_ E _
I(B—Vy)=—25 > |AB=Vy)%
8mmg M=L.R

A. Short-distance amplitude

Because of the smallness of the light quark massgs
m, appearing in the short-distance Hamiltonid, relative

andP;r=0. We used in this numerical estimate the leading-
logarithmic value for the Wilson coefficienC,(m,)=
—0.31. In the following section we will prove a similar sup-
pression of the right-handed amplitude relative to the left-
handed one for the weak annihilatiofd) and the

W-exchanggE) amplitudes inB decays, to leading order in
an expansion in powers ofB/.

B. Weak annihilation and W-exchange amplitudes

to theb-quark mass, it couples predominantly to left-handed e start by assuming factorization; the corrections to this
photons. The amplitude for emitting right-hand polarizedapproximation will be discussed below. The factorized weak
photons is suppressed relative to the one for left-handed phemninilation amplitude contributing to the~— p~y decay

tons by the quark mass ratipPr/Py|=O(mys/mp).

Therefore, the right-handed amplituég; can be neglected

to a good approximation.

The left-handed short-distance amplitude can be ex-
pressed in terms of th8—V form factors of the tensor

current, defined as

(V(p'",€)[do,,b|B(P) =0+ (092 1noeX (P+P'),
+9- (0% moer (P—P o
+(9%) e na(PF P
X(p=p")s(€*-p). (22)

Using the relationr,, ys= (i/Z)SM,,aBO'aB (corresponding to
£%12°=1), one finds

(V(p',€)[do,,,7sb|B(p)) = ~ig . (a*)[eh(p+p"),
—ex(p+p’)]—ig (97
X[e,(p—p"),— € (P—p"),]
—ih(g*)(e*-p)
X[(p+p")(p—p"),

—(p+tp)(p—p).]. (23

is written as

Gr I
A)\:Eal{_ fePe.(p T (du)§_A|0)

+m,-f,-(€) (nl(ub)_ABT)}, (29

corresponding to the photon coupling to € or to thep™
constituent quarks respectively. To the tree level, the Wilson
coefficienta, is given bya;=C;(my)+C,(m,)/N.=1.02
[16]. The first term can be computed exactly in the chiral
limit with the result

Peu(p” N(du)f_A|0y=—(p~ nli &#(Eu)67A|O>
=—em,-f,-(€;-&)+0(m,;,my).
(26)

We used here the following relations for the divergence of
the isovector and isoaxial vector currents in the presence of
an electromagnetic fieldl (with e>0):

i9,(qy,N'a)=—eAa QN Tnag—am)lg (27)

m#(a%n’s)\iQ) == eAﬂ[ Q,k‘]nvsq—a{rﬁ.ki}vsq-
(28
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O=diag ¢,—%,—%) and m=diag (m,,my,ms) are the resultsin typical values of arouriR=2.5+0.5 GeV 1[24].

quarks’ electric charge and mass matrix, respectively. Th¥Ve will use this central value in our estimates below.
result(26) is analogous to a similar one obtained 22] for It is possible to give a model-independent lower bound
the long-distance contribution to the dedy- me*e™. for the R parameter, in terms of thg meson binding energy
The remaining contribution can be expressed in terms ofA\ =mg—mj,. At the tree level this bound read®=3/(4A)
the two form factorsfy A(E,) parametrizing the radiative [24]. This can be used together with Eq80) and (31) to
leptonic decayB ™ — yev: derive a lower bound on the magnitude of the amplitude
(corresponding t®8 ™ —p~ y decay$.

1 — _
(7(d,€0)[qy,(1— v5)b|B(v)) 3Q,fgm
Vadma g ALZ\/EGFalempffpf%
=ie(p, e ,v,Qf(E,)+[e,(v-q)—q,lex v)]
B o [a1)[fsMeV)|[ 350

1 . =(0.5410°%)| 75| | T || =

XfA(E'y)_E_(Qq_Qb)meB(U'E)\)U,u,! (29 . A(MeV)
Y

(32)
wherev denotes thé8 meson velocity fg=mgv). The last
term is present only for chargd8l mesons, and is required \We used in this estimaté,- =216 MeV, as determined
for the gauge invariance of the complete decay amplitudefrom the leptonic decay width of the® meson.
including also the lepton part. Although it is not relevant for  To leading order in H,, the right-handed amplitudég

real photon processes, it does contribute to decays involvingeceives contributions only from the first term in E0):
virtual photons, which can probe the=0 component of the

electromagnetic current. A detailed derivation of this term is

G
presented in the Appendix. Ag=— —Falempffpffsz —(0.07X10° %) GeV,
Combining the two terms in E¢25) one finds the follow- V2
ing result for the weak annihilation helicity amplitudas : (33

Ge - - where we used the same values for the hadronic parameters
ALr=——=aem,-f,{fg+E[f& (E)FP NE)I}. as above. Comparing with E¢32) one can see that the left-
2 to-right-handed/N A amplitude ratio is enhanced by a factor
(30 of more than 8.

Eventually the form factor$y A(E.,) will be extracted from The W-exchange amplitude is given by an expression

: : : : logous to Eq(25), with a different phenomenological
the doubly differential s ectruméyF/dE dE, in the radia-  2"&O9OUs e

tive Ieptozic deca)Bi*f’)er, which W?II alylow a model- factorization - coefficient a,=Cx(Mp) +C1(mMy)/Nc=0.17
independent calculation of the weak annihilation amplitude$16]- The result corresponding to the dedgf— p°y is writ-
A_r. A considerable simplification can be achieved if thet€n as

WA amplitudes are expanded in powers/ofE,, using the

methods of perturbative QCD for exclusive proce$&a$. It Ex=Gras{— faPa,(p°7,l (Uw)§_Al0)
has been shown if24] that the leading terms in the expan- . _ —
sion [of order O(LE,)] of fy(E,) andfA(E,) are related, +myof o(€5) {7 [(db)_A[B%)}. (34
and can be expressed in terms of the valence light-cone wave
function of theB meson as In the chiral limit only the second term contributes, which
gives[with f o= (1/y2)f -]
+ + fgm A?
fEE,) =+ E,)=—2 B(QUR—% +0| = |. _ _
2E, Mo ; EL am — Fajemof (ELFENE,) T FEIE )],
(31) ) \/E PP Y Y Y

35
R is a hadronic parameter given by an integral over Bhe 39
meson light-cone wave functiorR=/qdk. ¢g(k:)/k  The form factors appearing on the right-hand siRelS) are
[with the normalizationf ok, (k) =1]. A similar result  given by an expression analogous to E§1) (the sign

is obtained in the quark model, with the identificatién change is due to our phase convention for Biestats:
—1/m,, with m;=350 MeV the constituent light quark

mass[25,6,26. The relation(31) amongfy A(E,) implies fm Q A2
that a measurement of the photon spectrunBin— yev f§/§°)(E ):_fsg")(E )=— BB QdR——b +(9< —)
should be sufficient for their extractidwithout any knowl- 7 7 2E, My E?
edge of theB meson light-cone wave functign (36)

For the moment, in the absence of such data, the param-
eterR can be estimated using model wave functions, whichTo the leading order il\/E,,, one finds the lower bound
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3|Qqlfsms a, B~ —p~ vy. The weak decay amplitude in E¢38) can be
E = ﬁGFaZe%ofP+T:(O.05x 106)( 0.175) estimated using factorization, with the result
fs(MeV) 350 A(B—Hp—lp(n)):%A(d)a f Mym)
X( ) _ (37) \/E c @2ty ¥
175 ]\ A(MeV)
2V(Mim).

Th . . . —Is(f*rpBrp 16*)

e W-exchange amplitud& is suppressed relative to the mg+m, v pree
WA amplitudeA by color suppression in the ratay /a; and ) . .
by an additional factofQq/Q,|=1/2. The right-hande&g — (Mg +my)A(M; ) (€, €;)

amplitude receives contributions only from the higher twist 2

terms in Eq.(36) and is therefore suppressed relative to the n 2A2(m¢(n))

left-handed amplitud&g by a factor ofA/E,=0.15, corre- mg+m,

sponding to a photon energy iB— p(K*)y decaysE,

=2.6 GeV. This gives the estimater=0.15, >(0.007

X107°%) GeV. The form factors appearing here are defined in the usual way
The remaining amplitudeB, . are considerably more dif- (with q=p’—p):

ficult to evaluate. A great deal of effort has been put into

attempts to calculate them, with methods such as simple vec- (p*(p’,e)|UyMb|B*(p)>

tor meson dominancgs,10,11, dispersion techniques com-

(€5 -a)(ey Pa) |-

(39

bined with Regge theor}d] and light-cone QCD sum rules 2V(9?) |
[12—-14. In the following section we will revisit some of e ie(u,p,p’,€) (40
these estimates, putting them into perspective relative to the BT

effects computed in this sectiqeee Table)l. L _
P ° : (™ (p" €) Uy, 75bIB~(P))

C. Long-distance amplitudes with internal € -q
c- and u-quark loops =2m,Aq(q?) 7 0, +(mg+m,)A;(q%)

The long-distance amplitudé®;, induced by theb
—ccq part of the weak Hamiltoniaf¥) is usually assumed
to be dominated by the diagram wherein the photon couples
to the charm quark loop. In hadronic language, this contri-
bution arises from the weak decay of tBeneson intov (" mg—m;
(with (™ acc state with the quantum numbers of the pho- X ( e qu) ’ (41)
ton), followed by the annihilation of the)("™ state into a a
photon[10,11). For an arbitrary photon virtuality®, this  and the decay constant of the state is given by
long-distance amplitude can be written as a sum over 'nter{0|?y#c|¢(q,e)>=m¢f J€,. Inserting Eq/(39) into the sum

mediate states: (38) and performing the sum over th&" polarization one
finds the following result for the long-distance charmed pen-
guin contribution to theB™ — p~ y amplitude:

*. *.
*
e* —

x| €n 92 Ap

—A2(q2)

mg+m,

2 2

AB— VM —Vy,)

(0lcy- 3 c|y™(q,en))A(B— VM)

=QeX , . G 2mg )
n.en QP?—M2+iM I, Pa(B™—p Vx)—chEaszTmp; fm

(38) .
><{\/(0)|8(q!€~}}\c 16: ,U)_Az(O)[(U CI)

The lowest-lying state contributing to the sum is the), X(GZ'G’;)_(U'EI)(Q'GZ)]}- (42)
with a mass of 3.097 GeV. Therefore, for a real photon, the
J/ propagator denominator is large, such that its contribu- To put the result into thigexplicitly gauge-invariant
tion can be expected to be strongly suppressed. These heferm, one must assume the following relation between the
ristic arguments are supported by an explicit QCD sum ruldorm factorsA; andA, atq?=0 [11]:
calculation[14], where the charmed penguin amplitugg,
is found to be less than 5% of the dominant short-distance
amplitudeP;, . This result is confirmed by existing experi-
mental data, as discussed below.

In the following we will substantiate these qualitative ar- While the approximate numerical values of these form fac-
guments with an estimate of the su88), truncating it to a  tors VB?(0)=0.34A%"(0)=0.26 A5"(0)=0.22[18] do not
few lowest states. For definiteness we consider the decasatisfy exactly the relatiof¥3), it is worth noting that it does

mg—m,
e (43

Al(o):AZ(O)

093002-6



LONG-DISTANCE EFFECTS INB—Vy RADIATIVE WEAK . .. PHYSICAL REVIEW D 62 093002

TABLE |. Estimates of the short-distance and long-distance am- A(§HVV’HV)/ )
plitudes inB— py decaygin units of 10 6 GeV). The estimates of A

the WA and W-exchange amplitudesA, and E, used R ; o

-25 Gev'h ’ P ' ' e <0|Je.m.-8§|V’2(q,§)>Ac(B—>VV’).
V':po,w,... qz_MV;+|leFV/

Photon helicity [Pl [Pl [Pul |A] 1N (48)

A=L 1.8 0.16 0.03 0.6 0.05

A=R 0 0.04 0.007 0.07 0.007

The weak amplitude&\(B—VV’) receive, in general, both
color-allowed and color-suppressed contributiGnsontrast
r}t:() the decayB— V¢ which are purely color-suppresged
or example, ilB~—p~ v decay, the color-allowed compo-
B meson into a light pseudoscakaecto) meson have been nent gives avA-type contributipn fo the radiative decay. To
gvmd double counting of amplitudes, we will keep therefore

analyzed using an effective theory for the final state quark )
[28]. To leading twist, all these form factors can be ex—.Only the color-suppressed component of the weak amplitude

. : : in Eq. (48) (symbolized by the subscri@). Our analysis is
pressed in terms of wo universal functiogs(E,) and different in this respect from other vector meson dominance

hold true to leading order in a large energy expansion i
powers of 1E,,. In [27], the form factors for the decay of a

GI(Ey): (VMD) estimates of this amplitudel1].
Keeping only the contributions of the lowest two states
m V'=p° w, one finds
V(g?h)=|1+ m—") £.(E,) (44)
B
Gr 2mg oo fo
2E Pir=—7=e&f, m, —E | —+ —
Ad@) = =, (E,) (45) vz mretemgtm, T, - m,
B p
X[V(0)=A,(0)]. (49)
2[4, Me _ M iy : .
Axg9)=|1+ e {1 (Ep) E JI(Ep) |- (46)  In writing this result we used the nonet symmetry relation
P

(0|Uyﬂu|p°>=(0|ayﬂu|w>, valid in the largeN,, limit or the

) ) ) ] ) . quark model. The corresponding numerical results are shown
The leading twist form factors satisfy certain relations, whichj, Taple 1.
are very similgr(bu_t not completely identic;iltp relations The enhancement of the left-handed photon amplitudes
previously derived in the quark modg9]. This is not com-  rgjative to the right-handed ones in the long-distance contri-
pletely unexpected, considering that to leading twist only thg, tions we found is somewhat surprising. Calculations of
meson’s valence degrees of freedom are relevant, which eg;ege amplitudes using different methods such as QCD sum
entially coincides with the quark model picture. _ rules[12—-14 and perturbative QCIP5] find a similar resuilt.
~ Using the relation$45), (46) one can see that the condi- gch an enhancement does not necessarily hold in the pres-
tion (43) is indeed satisfied, up to corrections of higher ordergnce of new physics. In certain extensions of the standard

inm,/E,, proportional tof; . The relationd44), (46) imply  model, such as the left-right symmetric model, the right-
also that only left-handed photons are emitted to leadingyanded helicity amplitude can become latgeoportional to
twist. The relevant helicity amplitudes are given by the virtual heavy fermion mas$30]. Such effects lead to
observable consequences such as significant mixing-induced
CP asymmetries in weak radiati®— V+y decayd 31].
E,[V(0) iAz(O)]E fzw(n)- To summarize the results of this section, the rare radiative
n decays are dominated by the amplitudes corresponding to
(47) left-handed photons. The dominant long-distance contribu-
tion to theB™ — p~ y decay comes from thé&/ A mechanism;

Using the realistic values for form factors quoted above, ondéh€ corresponding amplituda, is calculable in a model-

finds that the left and right-handed helicity amplitudes ratioindependent way from experimental data. The left-handed

is enhanced by about a factor of 5. Absolute values for thé@mplitudes satisfy an approximate hierarchy of sizes:

|Pcy| helicity amplitudes obtained by keeping only the low-

est two states in Eq38) are quoted in Table I. The corre- E=P,=0.4P,, P.=02A, A=0.3P,. (50)

sponding decay constants can be extracted from their lep-

tonic widths and are given byf,1)=395 MeV, f 2

=293 MeV[11]. The relative magnitude of the components with different
A similar analysis can be performed for the long-distanceCKM coefficients can be obtained by combining these esti-

amplitude P, describing quark diagrams witlu-quark  mates for the amplitudes with the corresponding CKM fac-

loops, which is given by a sum analogous to E2B): tors.

b Ge mg
= e —ay————
cL,R QC \/E 2mB+mp
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D. Nonfactorizable corrections final quarksTy=0(m, q4). Technically, in this limit, thep
The leading corrections to the factorization re@s) for side of the matrix element contains only traces of an odd

the WA amplitudes come, in perturbation theory, from the "Umber ofy matrices, which vanish.

graphs in Fig. 2, with one gluon exchanged betweenBhe None of these conclusions depends on the fact that the
andp quarks. ' photon is on shellg?=0, such that a similar result can be

. T . )

Let us take for definiteness the final vector meson to b&lerived forB—p, e"e™ decays, mediated by a virtual pho-
moving along the positive axis. Momentum conservation ton. However, a nontrivial nonfactorizable correction is ob-
mgv =g+ p is expressed in terms of light-cone componentsta'ned for a longitudinally polarized or a pion in the final
asp, =mg andmg=2E+p_ (we define the light-cone co- Stat€: _ _ _
ordinates ap.. = p°= p3). Then to leading orde®(1) in an In conclusion, the one-loop nonfactorizable correction
expansion in powers ok/p, = A/mg the p meson can be vanishes identically in the chiral limit and to leading-twist

. g ' — . order. Therefore the factorized res(6) can be expected to

represented by its valence componéqtp,)q(p,)) with

parallel momenta py=(yp..0..,0,) and p,=((1 give a very good approximation to the weak annihilation
1=(yP+.,0-, U, 2=

. litudeA.
—y)p.,0_,0,). In tensor language this corresponds to theampl ude

p wave function
I1l. APPLICATIONS

\/N_C (51) A. Implications from experimental data

(\I,p)aB:_\/—p+(’yfé)a,B¢L(y)
8v2 The CLEO Collaboration[15] recently reported the

. X " )
where ¢, (y) is the twist-2 chiral-odd structure function as branching ratios for th&— K=y exclusive modes

appropriate for a transversely polarizedneson. It satisfies B(B*—K**y)=(3.76"38%+0.29 x10°%  (56)
the normalization condition '
) 3 B(B°—K*%y)=(4.55'3{3+0.34x10°°5.
fo dyé ()= \x 7. (52) (57
C

These results give the following ratio for the charge-
where the decay constalhl=(160i 10) MeV [32] is de-  averaged radiative decay widths:
fined as

I'(B%—K*%) 5= B(B*—K*%)

Uc - —ifT - = =1.29+0.55.
<0|U0"u,,d|p (p!8)> pr(s,upv svpu)' (53) F(Bt—>K*t’y) TgO B(B:—>K*i’}/)
The B meson is represented by the tensor wave fundidh (58)
IN. 144 We used here the lifetime ratio of charged and neuBal
(\PB)aB=—°¢B(k+,kl) (k++aL'kJ_)A+T'yS , mesonsr(B*)/7(B°%) =1.066+ 0.024[34].
vk, ap Isospin symmetry constrains the short-distance amplitude
P;. to be the same in both deca{s6), (57). Therefore the
A= Y-V+ (54) deviation of the ratio58) from 1 can only come from the
T4 long-distance contributiomM ®— P{?) arising from the pho-

ton coupling to the spectator quark. Using the unitarity of the
In contrast to the light mesons or p, the leading twist CKM matrix one can rewrite\gs):_)\ff)_)\gs) in Egs. (6)
description of a heavy meson involves in genébalyond the  anq(8). Furthermore, neglecting the small CKM factd ,

tree leve] also the transverse motion of the heavy quark. hese amplitudes can be written to a good approximation as
Each of the four diagrams in Figs(é2—2(d) contains IR

divergences; however, an explicit calculation shows that they
cancel in the sum. Therefofat least to one-loop ordgrthe A(B™—K* ‘y)=)\§3)
leading-twist nonfactorizable contribution is computable in

P+ (M®—p)

perturbation theory as a convolution of tBeand p light- 2 ) 5
cone wave functions with a IR-finite hard scattering ampli- + §(M( )—P{ ))) (59)
tudeTy:
o0 1 B 5 _ 1
St AL= f dk, f dya, (v, ) a(ks ) Tk Y.p) A(B —K* ) =\ P+ (MO —PEY)
0 0

. . 1
+ higher twist. (59 ~3(M @) Pff))) : (60)

(This is analogous to a result recently found &3] for non-
leptonic decay8— m7.) However, it is easy to see that the  The short-distance amplitude, alone would give the
hard-scattering amplitude vanishes in the limit of massles#ollowing branching ratios:
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5 = B = B. Determining |V 4|
112778 43 (600007, 4 .. . . .
é»‘ % « % The main interest in observing the exclusive charmless
] radiative decayB*— p~y is connected with the possibility
2 of determining the CKM matrix elemen¥,4|. The ampli-
q q 1 q tude for this decay is related hy-spin symmetry to that for
! 2 ! 2 theb—sy modeB*—K**y:
_ @ o) AB—p v =2 Pa A%,
b q3 b qs
A(B —K* y)=A®a/ +1\Fp, . (64)
g
3 F ’
A i, 666“@ In the SU3) symmetry limit a,=a/=A_—P. ,p.=p/
q  Cowees q; q e 2 =P, +M_ —P, . Inthe absence of the,a’ terms, the ratio
of the two amplitudes is equal {a.{V/\{9|=|Vq/V, [up
(c) (d) to SUE3) breaking correctior}s which offers a way for de-
. - termining |Vq|.
FIG. 2. Corrections to factorization iB—Vy decays. Only In the genera' case, however tm (’YL) amp“tude can

those diagrams are shown which contain IR divergences. The tot§e \ritten as
IR divergence cancels in their sum. The cross denotes the attach-

ment of the photon line.
DN

AB —p y)=AVp| 1-——el%,e'?|, (65
Bs_d‘(Bt—>K*i’y):4.6><1075, ( —pP yL) t p( | (d)| A ( )

Bs 4(B®—K*%y)=4.5x105, (61)  with epe'?A=a/p=A_/P, (where, following the estimates
of Sec. Il, we neglected the charmed pengBin and glu-
onic penguinM amplitudes relative to the short-distance
amplitudeP;, and theWA amplitudeA,). The estimates of
the preceding section give,=0.3, and¢$,=0 to leading
twist. Furthermore, global analyses of the unitarity triangle
suggest that the ratio of CKM factors appearing in this am-
t;ghtude is subunitary36]:

where we used the estimate @y, shown in Table | together
with A{¥=0.039. TheB meson lifetimes were taken ag-
=1.64+0.02 ps, 7go=1.55+-0.03 ps[34]. Assuming that
the central values of the experimental numbgsé), (57)
will be confirmed by future, more precise determinations,
one is led to conclude therefore that the long-distance effec
interfere among themselves destructively Bf decays,
whereas irB* they could be significant, and contribute up to |)\f,d)| Vub
10% of the total amplitude. This agrees with the theoretical |)\(d)| Vcb
estimates of5] and disfavors a non-SM explanation of the t
isospin breaking in the rati(68) based on an enhanced glu-
onic penguin as proposed [B5]. The estimates of Sec. IIB show that the total rate for
In the SU3) limit the long-distance contributions B8° B~ (B™) radiative decay is dominated by left-hafright-
and B decays are the sanjeee Eqs(7)—(12)]. Therefore hand polarized photons. Neglecting the small right-handed
one can use the observBd— K*°y branching ratio to make (left-handed component, which gives only a second order
predictions for other strangeness-changing radiative decay®ntribution to the ratio, one finds, for the ratio of the
of these mesons. Neglecting the Okubo-Zweig-lizukazl)  charge-averaged rates,
suppressed amplitudes,, and PA.,, one obtains the fol-
lowing prediction(together withrg_= 1.46+0.06 ps[34]) BB —p )+ BB —p*y)

Vis
Vig

~0.4. (66)

B(B"—K* y)+B(Bt—=K**y)
_"BY% 0 %0 -5
B(Bs— ¢y)=_—B(B°—K*Oy)=4.8x10"°. (62
B, 2
=( il [Via

. . . . . "V

Using the estimate foE, in Table I, and neglecting again p’] [Vid

the contributions of the OZI-suppressed annihilation penguin ( |)\(d)| )2]
u

N
1- T (d)|sACOSacos¢A

PA and SU3) singlet S amplitudes, one can predict very T (67)
small rates for theB; modes (we used hergV,,|= N9
X 107?):
The factor in the braces is bounded from above and below by
B(Bs— p°y)=B(Bs— wy)=0.3x 108, (63)  using the inequality
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1+ X+ X?<1—XCOSa COSPhp+ X><1—Xx+X?, dependence of the leading long-distance effectsBin
—p~ vy decays, and achieve a better control over the theoret-
|)\Ejd)| ical error in the corresponding determination|ofgy|.
X= WSA:O.lz. (68)
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lattice QCD calculations will hopefully improve the preci-
sion with which this ratio is known. Adding these errors in -\ 5. \WARD IDENTITIES FOR LONG-DISTANCE
guadrature one finds a theoretical error in the determination MATRIX ELEMENTS
of |V,4| from the ratio(67) of about 35%. The leading twist
result =0 implies that theCP asymmetry inB*—p~y We present in this appendix a set of constraints on certain
can be expected to be very small{pocSing,). long-distance contributions to weak radiative decaysBof

The above estimate for the long-distance contribuign mesons. These constraints follow from a Ward identity ex-
is in general agreement with the quark mode[®fL1] and  pressing the conservation of the electromagnetic current. Let
QCD sum ruled12,13 calculations. The advantage of our us consider the following matrix element of a local operator
approach will become apparent once experimental data o, to first order in electromagnetism and to all orders in the
radiative leptonicB decays become available. Such datastrong coupling:
could be used, as discussed in Sec. Il, to actually determine
';]haeti\(/)\/nA amplitudeA, and thereby the long-distance contami- (y(q,€)f|O(0)|B(v))

EA-

=—iee;f d4xeiq'x(f|TjZ'm(x)(9(0)|B(v)),
IV. CONCLUSIONS

Present experimental data from CLEO on exclusive radia- (A1)

tive weak decay$15] are sufficiently precise such that the o

long-distance effects are beginning to be observable. A gootpr any hadronic final staté. The operator© can be any

control over the magnitude of these effects is important foduark bilinear including gluon fields or even a four-quark

an assessment of the uncertainty they induce into the extra@Perator. The electromagnetic current includes contributions

tion of [Vi4| by combiningB™—p~y andB™ —K* "y de-  from both the light and heavy quarkg,;"=qQv,q

cays[6,11]. Unfortunately, these effects have proved notori-+§cyﬂc_%b7#b_ A relation similar to Eq.(Al) can be

ously difficult to treat in any systematic way. written for the matrix element with the photon replaced with
In the present paper we focus on a certain class of longa dilepton pair in the final state, coupling through a virtual

distance contributions, arising from weak annihilation andphoton to the hadronic system.

W-exchange quark diagram topologies. We argue that the The conservation of the electromagnetic current implies,

former gives the dominant long-distance correction to thgn the standard way, a Ward identity for the matrix element

amplitude forB~—p~y decays. These corrections can beof the time-ordered product in E¢AL):

computed reliably using factorization, in terms of form fac-

tors observable in radiative leptonic dec®/s— ye* v. The

nonfactorizable corrections are shown to be very small, as _iun d*x eI ([T S™x) O(0)|B(v))

they appear only at nonleading twist. A similar method can

be used to compute th&-exchange-type long-distance con- . R R

tribution, relevant for the weak radiati&, and B decays. :f d*xe™ X (FI[jgM(x),0(0)]|B(v)).  (A2)
Furthermore, to the leading order of an expansion in pow-

fA/E h hat th li f left-h . _ .
ers of A/E,, one can show that the coupling of left anded'dl'he commutator on the RHS is nonvanishing only if the

photons in the long-distance amplitude is greatly enhance . ) .
relative to that of right-handed photons, just as in the Short_pperator(’) carries an electric charge, as in the case of decays

distance part of the amplitude. Such an enhancement hgduced by the weak charged current suchBds—ye" v,
been previously observed in QCD sum rule calculations oB— 7(p)ye" v or B—D®)ye" ». In the following we ana-
the long-distance amplitudé 2]; our approach clarifies the lyze the simplest such case, the radiative leptonic decays of a
theoretical limit in which this enhancement holds and quanB meson, for whichO=by,ysq and|f)=|0).
tifies the magnitude of the corrections to it. The equal-time commutator on the RHS of E42) can
Our results should allow one to reduce the model-be computed explicitly, with the result
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—iqMJ d*x€4 (0| Tj & ™(x) (b, 50)(0)|B(v))

=(Qb—Qqg){0|by, ¥50|B(v))
=(Qp—Qq)feMav,, . (A3)

PHYSICAL REVIEW D 62 093002

(v fa+ 9% 4,=(Qp— Qg fems,
f1+9%f3+(v-q)fs=0. (A5)

For the case of a real photayf=0, these constraints fix
uniquely the form factof,(Owv - q), and relatef (O, - q) and

The most general parametrization of the matrix element orfs(Ov - @). From Eq.(A1) one finds thus the following result
the LHS can be written in terms of five form factors for the matrix element of the axial weak current:

fi(a?v-q):
~i [ dxe(0[TiE 00 (b, 750)(0)Bw))

= flg,u.v—’_ fZU,U.U V+ f3q,u.q1/+ f4q/.LvV+ fSU,uqv'
(Ad)

(7(0,€)f[by,ys0/B(v))=—fs[(v-Q) el — (v €*)q,,]

1
+(U~E*)vﬂﬁ

X(Qp—Qq)famg, (A6)

The Ward identity(A3) implies two constraints on these which is the same as the result presented in the text(Z=y.

form factors:

with the identificationfs="f 4 .
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