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Radiative B decays to the axialkK mesons at next-to-leading order
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We calculate the branching ratiosBf- Ky at next-to-leading orddiNLO) of ag whereK is the orbitally
excited axial vector meson. The NLO decay amplitude is divided into the vertex correction and the hard
spectator interaction part. The one is proportional to the weak form fac®eK, transition while the other
is a convolution between light-cone distribution amplitudes and the hard scattering kernel. Using the light-cone
sum rule results for the form factor, we hav&(B°—K(1270)y)=(0.828+0.335)x10 ° and B(B°
—K9(1400)y)=(0.393+0.151)x 10" °.

DOI: 10.1103/PhysRevD.69.114007 PACS nuniderl3.20.He, 12.38.Bx

I INTRODUCTION factories can now make a lot &B pairs, enough to check

the anomalous couplings through the measurement of the
RadiativeB decays into kaons provide abundant issues folphoton polarization.

both theorists and experimentalists. After the first measure- As for the axia"(l, unfortunate|y, current measurements
ment at CLEOB—K* y is now also measured in Belle and give only upper bounds foB— Ky [17]:
BaBar:

B(BT—K; (1270 7)<9.9x10 °, ©)
B(B®—K*0y)
(4.09+-0.21+-0.19X10 ° Belle [1]
—={ (4.23+0.40+0.22xX10° %> BaBar [21, For the decays (B—>K2(14_130)y, _CLEO and theB factories
(4.55+0.70+0.34x 105 CLEO [3] have reported the branching ratios

B(B*—K; (1400 y)<5.0x 10 °. (4

B(B—K%y)=(1.66'3%5+0.13 X 10 ° CLEO [3],

B(BT—K*"y) 5
(4.40+0.33+0.249x10° > Belle [1] B(BO—K%0%)
—{ (3.83:0.62-0.22x 10 °> BaBar [2]. (2)

876+ 0.8650.98X10-5 CLEG [3 B (1.3+0.5+0.1)x 10 ° Belle [17] ©
3. ' 28 (3] ~[(1.22£0.25+0.1)x10"°> BaBar [18]’

Theoretical advances B— K* y have been noticeable for a B(B*—K%*y)=(1.44+0.40+0.13 X 10 ° BaBar [18].
decade. QCD corrections at next-to-leading ord¢rO) of 7
O(as) have already been considered in R@fls-6]. Further-

more, relevant Wilson coefficients have been improv&8]  Since the higher resonant kaons are rather heatyGeV, it

up to three-loop calculations. Recent developments of thés quite natural and attractive to consider them as heavy me-
QCD factorizatior{ 9] helped one calculate the hard spectatorsons. The advent of heavy quark effective theGAQET)
contributions systematically in a factorized form through theprovoked many studies. Although the HQET simplifies the
convolution at the heavy quark limjil0—-123. B—~K*y is  analysis by reducing the number of the independent form
also analyzed in the effective theories at NLO, such as largéactors involved, other nonperturbative methods are needed
energy effective theory13] and the soft-collinear effective to complete the phenomenological explanation. These
theory (SCET) [14]. HQET-based analyses include HQET-ISGM¢gur-Scora-

In addition toK*, higher resonances of kaon also deserveGrinstein-Wis¢ [19] and HQET-NRQM (nonrelativistic
much attention. Especially, it was suggested tBatK,.s  quark model[20]. Other model calculations have been done
(—Karm)y can provide a direct measurement of the photonin Refs.[21-24.
polarization [15]. In particular, it was shown thaB In this paper, the branching ratios Bf~ K,y at NLO of
—K1(1400)y can produce large polarization asymmetry of a4 are calculated. We adopt the QCD factorization frame-
~33% in the standard model. In the presence of anomalousork where the hard spectator interactions are described by
right-handed couplings, the polarization can be severely rethe convolution between the hard-scattering kernel and the
duced in the parameter space allowed by current experimetint-cone distribution amplitude¢DA) at the heavy quark
tal bounds ofB—Xgy [16]. It was also argued that th®  limit. All the nonperturbative nature are encapsulated in the

DA while the hard kernel is perturbatively calculable. Basi-
cally, B—K;y shares many things witB—K* y. The only
*Email address: jplee@phya.yonsei.ac.kr difference is the DA for the daughter mesons. Vector and
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axial vector mesons are distinguished by the in the

gamma structure of DA and some nonperturbative param-

eters. But the presence ¢f does not alter the calculation,

giving the same result for the perturbative part. As for the Y
nonperturbative parameters, the decay constant is most im-
portant. If higher twist terms are included, the Gegenbauer
moments in the Gegenbauer expansion are also process de- b
pendent. For simplicity, we will not consider higher twists.

Another NLO contribution is the vertex corrections to the 07
relevant operators. They are all proportional to the leading
operatorO,. The matrix elements dD, are parametrized by
several form factors. For the radiative decays where the emit-
ted photons are real, only one form factor enters the decay FIG. 1. Leading order contribution by operaio .
amplitude. However, other nonperturbative calculation is
needed for the value of the form factor. We use the light-congdere i,j are color indices, and we neglect the Cabibbo-
sum rule(LCSR) results for it[25]. Kobayashi-Maskaw&CKM) elementV,,Vi; as well as the

Thus at NLO,B—K* y andB— K y are characterized by s-quark mass. The leading contribution Bs~K;y comes
the weak form factoF Y™ and decay constant, plugged by from the electromagnetic operat@;, as shown in Fig. 1.
the common perturbative and kinematical factors. WithThe matrix element 0D is described by the transition form
B(B—K*y) at hand, near future measurements Bf factorsF% o Which are defined by
— K,y will check this structure. '

The paper is organized as follows. General setup an . = Y
leading contribution tdB— K,y are given in the next sec- ?Kl(p e)si T b|B(p))

tion. Section il is devoted to the NLO corrections. The re-  —pA(g2)[(e*-q)(p+p’),— -(p2—p'2) ]+ FA(q?)
sulting branching ratios and related discussions appear in oo
Sec. IV. We conclude in Sec. V. Fo(g?)e* -q
X[(e - ), — €07+ —————[(p*~p'*)q,
Il. LEADING-ORDER CONTRIBUTION 8
—(p+p"),.a%], (109

Let us start with the effective Hamiltonian fbor— sy,

8

G Ki(p’,€)|sic,,ysq"b|B
Her(b—sy)= = ZVuVi 3, ClwO(w),  (®) Kalp", 9ISt 7, 750DIB(P))

=iF2 (0% €4,ap€" "q%(p+p")P, (10D

where

. . wherem and e* are the mass and polarization vectorkof,
O1=(siCj)v-alCibi)v-_a, respectively, andj=p—p’ is the photon momentum. In the

- - case of real photon emissiog%=0), only F% is involved
O2=(siCi)v-a(Cjbj)v-a, as
Os=(sb)v_a> (4;0))v_a, (O7)a=(K1(p',€)v(q,e)|07|B(p))

q

J— J— erno ,

o4=<sib;>v_A§ (0jd)v-a, = PO aptp) et
T

_ _ —e e (p’=p'?
Osz(sibi)V—AE (Aj9j)v+as . T aY:i
q +|E,u,va,8e € q (p+p) ]1 (11)

06=(§ib,—)v—A2 (ajqi)V+A1 with e* being the photon polarization vector. The decay rate
q is straightforwardly obtained to be
em,—
O7=——=sic""(1+ y5)biF ,,, GZamim3 i
8m I'(B—Kyy)= WWthtJ
gsMp— 3
Og= sio*(1+ y5)T2b; G2, . 2
8= g, 25 (1+y5)TibiG,, wl1- _2) IFAZ SO, (12)
€) Mg
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FIG. 2. NLO corrections td,. These diagrams are absorbed
into the weak form factoF” .

wherea is the fine-structure constant a6§™? is the effec-
tive Wilson coefficient at leading order.

IIl. MATRIX ELEMENTS AT NEXT-TO-LEADING ORDER

At next-to-leading order ok, there are other contribu-
tions from the operator®, andOg. We simply neglect the
annihilation topologies. Explicitly, the decay amplitudeis
given by

Ge
—=VipVi(CE(O7) + Cx(0,) + CE Og)),

13

where{O;)=(K;y|O;|B). Every(O;) has its vertex correc-
tion (O;)yc and hard spectator interaction te®;)ys as
shown in Figs. 2 and 3:

(0i)=(Oi)vct{Oi)ns-

As for (O5), all the subleading contributions shown in Fig. 2
are absorbed into the form factsf} while the correspond-
ing Wilson coefﬁcientC%eff contains its NLO part,

i L5

(14

(a)
DD
8
(b)

FIG. 3. Vertex corrections to the operatge O, and(b) Og.
Crosses denote the possible attachment of the emitted photon.
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C7'()=C7" ) +

()
S (). a9

On the other hand, the leading ordet” and CE"® are
sufficient forC, andCg sinceO, andOg contributions begin
at NLO.

The vertex corrections are directly proportional to the
form factorF% . They are given byFig. 3) [6,8]

416

g1 " (16)

(O2)ve= yp <O7>( +r2

Oghve= —2(0 3 5! Mo 33-2
( 8>VC_E< 7 - “_+—( 2

+6i77)}, (17)

where

2
5 43{ 833+ 1447%7%?+[1728- 180m? — 1296/(3)
+(1296- 3247?)L + 1082+ 36L%]z+ [ 648+ 7272

+(432—216m2)L +36L%] 2%+ [ — 54— 847%+ 1092

ro=

_ 2153 -16_77_ a2 2
756.%12%) +i g {~5+[45- 377+ 9L +9L%)z

+[—372+9L2|22+[28-12L]2%}, (18
with z=m2/m2, L=
function.

Hard spectator corrections are well described by the con-
volution between the hard kern€](&,u) and the light-cone
distribution amplitudes of the involved mesong(¢) and
®4(u), in the heavy quark limit:

Inz, and {(x) being the Liemann{

1
(Oi)ns= fo dédudg(§)Ti(£,u)Pa(u). (19

The light-cone distribution amplitudes are defined by

(0[b(0)q' (2)|B(p))

if 1 :
TR brma)ys | de e [y(g)

+ I Dgy(£)], (209
(A(p’,€)|a(2)q(0)|0)
fl o
:Zysa./w P, f duéup Z(I)L(u) (u=1-u),
(20b)
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0, TABLE I. Summary of input values.
ViV 0.0396+ 0.0020[13]
+ g+ (1.674+0.018) ps
Tgo (1.542+0.016) ps
Mg 5.28 GeV
fg 0.18 GeV
g 0.35+0.15) GeV
( )
(a) mp(my) 4.2 GeV
mc(my) (1.3£0.2) GeV
Os
(O7)a 4maCr fafal 1
(Og)us= U ThHi(E
§ + § FA©) Ne m2 |12
Qsp =1y 4 o2
(b) g (U +2um9 )| (23

FIG. 4. Hard spectator interactions @ O, and(b) Og. First

diagrams are leading contributions at the heavy quark limit. . .
9 9 v HereN, is the number of color witlCz=(NZ—1)/2N,, and

Qsp is the electric charge of the spectator quark. The expec-

wheren#=(1,0,0;-1) is parallel to the outgoing meson. To tation values over the distribution amplitudes are defined by

calculate the hard spectator contributions, following kine-
matics for Fig. 2 is adopted:

1
(f(u))LEJ duf(u)®x(u), (243
ph=mpv*, 0
| | _[*
= e T, (eNy,= fo dé NDg(¢). (24b)
g*=wn* (w=mgl/2), Relevant functiond\F,, Aig, andAi,5 as well as the argu-

mentsz{') are given in Refs[13,26].
ké=UEn“+kt+0(k?),
IV. BRANCHING RATIOS FOR B—K;y
Kg=UEn*—Kt+O(k}) The branching ratio oB— Ky is simply given by

(E=mg/2), (21)
B(B—Kyy)=1g 2
wheren#=(1,0,0,1) andu is the relative energy fraction. 32m

Direct calculation of each diagram in Fig. 4 plugged with A 2 % 12| ~eff
Eg. (20) yields X[FL(0) 7| Vip Vil “ICF (1)

3
Géamﬁm%( m,";)

2
Mg

+AvctAug?. (25
(O7)a 4maCe fafa [1
(O2)ns= —x NS mom 1_2<U AR (Z9)), o

F{(0) c bMe At the heavy quark limit,

3
+ 1—6Qsp<u‘1AFl(zg°))>l TABLE Il. F2(0) andf, from light-cone sum rules.

1 B Axial K, K,(1270) K,(1400)
— (€ D A2 2.0, - 1.273 GeV 1.402 GeV

. fa 0.122 GeV 0.091 GeV
_ 5(?‘1Ai25(zgc),z(f),0)h , 22 Fi0) 0.14+0.03 0.098-0.02
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TABLE lll. Componential contributions to the decay amplitude. results from the light-cone sum rules by Sdf5], whose

Mp my(my) =4.2 GeV mp ps=4.6 GeV
CEMO( ) -0.321 -0.316
CEMM () 0.602 0.522

CM( ) -0.310 -0.307
Avc(mp) —0.075-10.014 —0.082-10.013
yom VAgmy(my)=1.45 GeV  my(mp)=4.2 GeV
ARKLA270) —0.021-i0.019 —-0.013-i0.013
AR 4,1) —0.022-i0.020 —0.014-i0.013

a 32 m, 4
Aye= S(“b)(cgﬁ(ﬂb){——mﬂ—su—?(s?,—zw?

A 9

m,

Mb

16
+ Cz(Mb)[

:477015(MH)CF fg fl
"s Ne  AgmgFA(0)

1/ Aig(29,0,0)
—c2<uH)l—2<5°+> ] (26)
1

{ (MH) <U ol

u

where the negative moment dfg; is parametrized byg
NO(AQCD) as

0 £ g @

fldfq)sl(g) Mg

The renormalization scale is fixed at= u,=

u=pun~VAgcomp. In the following analysis, we sefy,
=m, and uy=+Aym, whereA=0.5 GeV.

The scale dependence @-) is absorbed into the prod-

uct of b-quark mass and the form factgt2]:

as(w) 32 m
(my F) ] = (my FA)[my]| 1+ =52 T in =),

M
(28)

O(m,) for the
vertex corrections while for the hard spectator interactions

values are listed in Table II. In Table IIl, each contribution to
the decay amplitudes is listed from the central values of
Tables | and Il. Note that the NLO corrections contribute
positively, excepCS™®) | The reference scale for the present
analysis is

(s en) = (Mp(My), VApmMp(My))= (4.2 GeV,1.45 G(gg-)

As a comparison, results for another scalgy (uy)
=(Mp ps,(My(m,)) are also given in Table Ill, where
my ps=4.6 GeV is the so-called potential-subtracted mass
[27]. It should be emphasized that in Table W™ and A ¢

are process independent, and encodes QCD effects only. On
the other handAy s contains the key information of the out-
going meson. AIthougHFﬁ(O) in Ays is canceled, nonper-
turbative properties of a daughter meson still remairfjn
and(---), . When averaging ove®,(u), process depen-
dence is encapsulated in the coefficients of the Gegenbauer
expansion, which vanish gi—«. We simply neglect the
expansion here, retaining as its asymptotic form,

dL(u)~D:E9(u)=6uu. (30)

Keeping the hadronic parameters specifically, we have

3
0 kO \_ _m_2 A . :
B(B"—Kjy)=0.003 1 > |F+(0)( 0.385-i0.0149
Mg

+(f3/GeV)(—0.024-i0.022 2. (31

Final results for the decay amplitudes and the branching ra-
tios are listed in Table IV. Uncertainties in the branching
ratios are from those in the form factor. For the charged
modes, one has only to multiply the lifetime ratig- / rzo to
the above equation.

In Eq. (31), the coefficient of F£(0) is C&(wy)
+ Ayc( ), while that off; is Ays(uy) X F2 (0)/f5 . Since
the presence ois in Eq. (20b) does not change the trace
calculation for getting Eq(22) and the form ofd£@ is
universal, the numerics in E¢31) are common to botlB
—Kyy andB—K,v, irrespective of the species &f, or
Ka. This is quite an interesting point considering the fact
that the measurements fBr— K,y are near at hand. Most of

Other input values are summarized in Table I. Contrary to théll, the mass hierarchy oy <1 GeV<my, might impose

B—K* 1y, there are few reliable values chrA(O) and f

some doubts about the common framework for Kéthand

both in theory and experiment in the literature. We adopt theK ;. Actually, the scale 1 GeV is very delicate because the

TABLE IV. Decay amplitudes and branching ratios for different scales.

(pp . ) (GeV) (4.2,1.45 (4.2,4.2 (4.6,1.45 (4.6,4.2
(CS"™+Avc+Ang)kiazrg ~ —0.406-i0.033  —0.399-i0.027 —0.410-i0.033 —0.402-i0.026
B(B°—KJ(1270)y) X 10° 0.828+0.335 0.79%0.329 0.814-0.341 0.782-0.335
(CS"™+Ayc+Ans)kiiaon) —0.408-i0.034  —0.400-i0.027 —0.412-i0.034 —0.403-i0.027
B(B°—KY(1400)y) X 10° 0.393+0.151 0.376:0.148 0.386:0.154 0.37@:0.150
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TABLE V. Comparison with other results, in units of 19 for the involved mesons. At the heavy quark limit, only the
terms proportional td¢~*);~O(1/Acp) survive. And the
Branching ratio  B(B—K(1270)y) B(B—K(1400)y) NLO o effects are

JPL 0.828 0.393 |C$ﬁ(0)|2

Ref. [24] 0.02-0.84 0.003-0.80 = 5 ~62%, (32
Ref. [25] 0.493 0.241 |7+ Avct Angl

Ref.[23] 0.45 078 for both Ky(1270) and K;(1400) at (up,pmp)
Ref.[20] 1.20 0.58 =(4.2 GeV,1.45 GeV). Higher twist effects are nontrivial
Ref.[22] 0.3-1.4 0.1-0.6 and process dependent in general. Bor:K* vy, the non-
Ref.[19] 1.8-4.0 2.4-5.2 asymptotic correction oK* at higher twist through the Ge-
Ref.[21] 1.1 0.7 genbauer moments to the opera@y amounts to~ —20%

[13]. Similar effects are expected K.

chiral symmetry is broken around it. Recall that in calculat- V. CONCLUSIONS

ing thg hard spectator interactions it is assumed_thaF the axial RadiativeB decays to the kaon resonances provide a rich
kaon is nearly massless. Although the assumption is acceplporatory to test the standard model and probe new physics.
able formKl< mg, it is also possible that nonzero mass ef-g_, k* y is a well established process, and Belle and BaBar
fects are sizable. So far, there is no systematics to deal withre now measuring the decay modes of higher resonances for
it. The compatibility of Eq.(31) with experimental observa- the first time. In a theoretical side, deeper understandings
tions for bothB— K* y andB— Ky will cast some clues to have been accomplished for a decade. For example, relevant
this issue. In the kinematically opposite limit whelkg is ~ Wilson coefficients are known up to the three-loop level. The
very heavy, Refs[19,20 predicted branching ratios of idea of the QCD factorization reduces model or process de-
higher kaon resonances. Their results as well as those froRndences. And various versions of effective theories of
other methods are listed in Table V for a comparison. In theQCD such as HQET or SCET have simplified the analysis
heavy quark scheme, hard spectator interaction is inconceiframatically. o .

able since almost all the momentum of initial heavy meson is In this paper, radiativd8 decays to the axial kaons are
transferred to the final one. The typical scale of interactiorexamined at NLO 0D(«s). This was already done f&t* a
with the spectator is~Aqcp Where the perturbative ap- few years ago, and many aspects are common. Especially,
proach breaks down. Thus checking the validity of hardthey share the same perturbative QCD part and only the
spectator contribution plays an important role in determiningveak form factor as well as some static properties of the final

which approach is more reliable. K,es discern the specific process, at the leading twist and
The biggest uncertainty in theoretical prediction lies inheavy quark limit. _ _
calculation of the form factoF” . The QCD sum rule is On the other hand, the largest uncertainty of theory is the

among the most reliable. But recent analysis Bm-K*y  form factor for which we used the LCSR calculations. Since

reveals that LCSR results for the relevant form factor lead tdh€ results of LCSR for thB— K* form factor turn out to be
a very large branching ratio compared to the measured orfdlite large compared to the experiments, the reliability is
[13]. Unfortunately, there is no way to explain the discrep-rather low. A clear explanation of the discrepancy will re-

ancy up to now. The will-be-extracted valuesrdf from the main a good challenge. In this respect, near future measure-

experiments therefore provide much interest to see whethdf€nts forB—K,y and extraction of the form factor are

the LCSR predicts larger form factors again. c31uite exciti?g. They also check the po;sible mixing between
Another issue 0B— K,y is mixing. If experiments mea- 1 and "P, states to form physicalk,(1270) and

sure very different values oB(B—K;(1270)y) and B(B K1(1400).

—K4(1400)y), then the maximal mixing oK;, andK;g,

which correspond tc®P; and 'P; quark model states, re-

spectively, is more favore[®4]. One can be about 40 times  The author thanks Heyoung Yang and Mikihiko Nakao for

larger than the other. their reading of the manuscript and giving comments. This
Present analysis is done at the heavy quark limit, at NLQvork was supported by the BK21 Program of the Korean

of ag, and at the leading twist of the distribution amplitudes Ministry of Education.
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