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Radiative leptonic B decays in the light front model
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Within the light front framework, we calculate the form factors ## y transitions directly in the entire
physical range of momentum transfer. Using these form factors, we study the radiative deBay$:19f and
Bs(d)—w;’y. We show that the decay rates Bf~1v,y (I=¢e,x) and B—>v77 are larger than that of the
corresponding purely leptonic modes. Explicitly, in the standard model, we find that the branching ratios of
B—puv,y andBs—vry are 1.3<10°° and 2.0<10"%, in contrast with 2.% 10" and 0 forB— v, and
B— v, respectively[S0556-282(98)04209-X]

PACS numbsg(s): 13.20.He, 12.39.Ki, 13.40.Hq

. INTRODUCTION Bs—vry[9,11] areO(10°%) andO(10 ), in contrast with
that of O(10™ /) and 0 for the corresponding purely leptonic
It is known that the purely leptoniB decays ofB— 1y, modes, respectively, in the standard model. The measure-
could be used to determine the weak mixing elemenvgf| ments of the above decays in futuBefactories provide an
in the Cabibbo-Kobayashi-Maskawa matfri{ as well as the alternative way of knowing thé& decay constants and the
value of the B meson decay constdigt[2]. The decay rates Cabibbo-Kobayashi-Maskaw&KM) matrix element$2].

of these purely leptonic modes are given by In this paper, we concentrate on the radiative decays of
B—1lv,y andB— vvy. We will use the light front formula-
G2 m2 m2\ 2 tion [13,14 to evaluate the hadronic matrix elements. These
[(B—ly)= _F|V |2f2 m3l 1= — (1)  decays have been studied in various quark modeid 1]. It
| 87 ubl 'B 2 B 2 is k h h il . h
mg 5 is known that as the recoil momentum increases, we have to

start considering relativistic effects seriously. In particular, at

_ - the maximum recoil point, there is no reason to expect that
However, the rates foB—eve anduv,, in Eq. (1) are he-  the nonrelativistic quark model is still applicable. A consis-
licity suppressed with the suppression factorsngfmg with  tent treatment of the relativistic effect of the quark motion
I=e and wu, respectively, and one has tha3(B~  and spin in a bound state is a main issue of the relativistic
—€ ve,u v,)=(5.1x10"122.3x10"7) by taking |V,  quark model. The light front quark modéL5,1§ is the
=3x10"3, fg=180 MeV and r5-=1.62x10'? s [3].  widely accepted relativistic quark model in which a consis-
Clearly, it is difficult to measure these decays, especially fotent and relativistic treatment of quark spins and the center-
the light charged lepton mode. Although there is no suppresef-mass motion can be carried out. In this paper we calculate
sion for ther channel, it is hard to observe the decay experithe P—y (P: pseudoscalar mespform factors directly at
mentally because of the low efficiency. A similar helicity the timelike momentum transfers for the first time. We will
suppression effect is also expected in the flavor changingive their dependence on the momentum tranpfen the
neutral currenfFCNC) processes oBgq—1 "1 ~, which are  whole kinematic region of &p?<p?.,.

sensitive to new physics beyond the standard mptleFur- The paper is organized as follows. In Sec. Il, we present
thermore, to persevere the helicity conservation, the decaytbe relevant effective Hamiltonians for the radiative decays
of Bgqy— vv are forbidden in the standard model. of B—lw»y and Bgqy— vvy, respectively. In Sec. lll, we

Recently, there has been a considerable amount of thestudy the form factors in thB— vy transition within the light
retical attentio5—11] to the class of the radiativi®@ decays, front framework. We calculate the decay branching ratios in
such asB— vy, Bgg—1 71~y andBgg— vvy. These de- Sec. IV. We give our conclusions in Sec. V.
cays receive two types of contributions: internal bremsstrah-
lung (IB) and structure-depende(8D) [12]. The IB contri-
butioqs are still helicity sgppress@], while the SD ones To study the decays &— vy, we start with the effec-
contain the electromagnetic coupling constanbut they are  tive Hamiltonian forb—uly, at the quark level in the stan-
free of the helicity suppression. Therefore, the radiative degard model, which is given by
cay rates ofB—I;l;y (l;;=1,7) could have an enhance-
ment with respect to the purely leptonic modesBof: ;|
due to the SD contributions. Indeed, it has been shown that,
for example, the branching ratios &— wv,y [5-8] and 2

Il. EFFECTIVE HAMILTONIAN

G — _
Her(b—uly))= EVubUn(l— Ys)bvy, (1= vys)l.
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Ill. FORM FACTORS ON THE LIGHT FRONT

W
b AN From the effective Hamiltonians in Eq&) and (4), we
vt e see that to find the decay rates, we have to evaluate the
W hadronic matrix elements(y|J,|B), where J,=uy,(1
[CES [V, VoV, VAV, B 7

— y5)b with u representing the light quarks of up, down and
strange, respectively. The elements can be parametrized as
follows:

_ F
<y<q>|uy“y5b|8<p+q>>=ieM—’;[e*%p-q)—(e*-p)qﬂ],

_ F
(¥(@)|uy*b|B(p+q)) =ie—— e*“#e*pyq,, 6)
Mg

whereq and p+q are photon and meson four momenta,
F, and Fy are form factors of axial-vector and vector, re-
spectively, ance is the photon polarization vector.
The form factors in Eq(6) will be calculated in the light
. front quark model at the timelike momentum transfers in
FIG. 1. Loop diagrams that contribute te-quvv. which the physically accessible kinematic region is |
<p?.,. We consider that a meson bound state consists of a
For the radiativeB Qeqays, if we ne'glect the helicity sup- quarkg; and an antiquarsz with total momentum |6+ q).
pressed photon emission from the final lepton, from @). £ theB meson bound state we use the Gaussian type wave
we get function, given by[14,18,19

G _
Hei(B—1wy)= T;vubWIuy,L(l— v5)b|B) IB(|0+q)>=g;,2 [dki][dk,]2(27)°6°%(p+a—ki—kp)
X717, (1= ys)l. 3 X D 2(x,k, )by (kg ) dy (kg A2)[0),  (7)
wherek; ,) is the on-mass shell light front momentum of the

internal quarlb(u_). The light front relative momentum vari-
ables &,k ) are defined by

For the processes @&,— V|;|y (q=s,d;l=¢e,u,7), at the
quark level, they arise from the box adebenguin diagrams,
as shown in Fig. 1, that contribute to—qv,v, with the
photon emitting from the charged particles in the diagrams. kKi=x(p+a)*, Ky =x(p+Qq), +k, . ©)]
However, when the photon line is attached to the internal o - .
charge lines as th&/ boson andt quark lines, there is a The normalization conditions can be written as
suppression factor of/M2, in the Wilson coefficient in , ,

ppression * b Yw 7 (B(p)[B(p"))=2(2m)%p" &%(p—p"), (9)
comparison with those ib—qw,v, [5]. Thus, we need only
consider the diagrams with the photon from the externalvhich leads to

quarks. From the effective interactions fbrqu v, we

) . - — _ dxd?k
obtain the effective Hamiltonians fd@,— v,y as follows: f é@glxz(x,h”z: 1. (10)
Ao S 2(2m)
— Gr a SN :
Het(Bg— v 'y)=ﬁ mg—wvtbvz‘qD(xt) TheB meson wave funct|0|<i>-Bl .2(x,.kL). is chosen to be a
Gaussian type momentum distribution:
X(Yay,(1= y5)b[B)n v, (1= ys) v, SR
@) CD)\l)\Z(X,kJ_)=N ey " S
® Mg_(mu_mb)2
wherex,=mZ/M§, and _ dk, K2
Xu(ky A1) ¥°v(Ka,No) ik
5 x| 2+x  3x—6 I c 20
=g 1—xtJr (1—x)2 " ® (13)
. . . with
We note that in Eqsi4) and (5), only the leading contribu-
tions have been included and the additionahil/and dk*dk, o\ ¥
corrections to the result, which are small, can be found in [dKk]= 3 = (—2) ,
Ref.[17]. 2(2m) wg
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1 mi-m2 o K+md K +m? =0, (9+9-(0), with g-(x)=37"y"a(x), and A, is the
k,=|x— > Mo+ M — 1= transverse component of the gauge field in the light front
0 gauge.
_ m-+ Kk _ m— K From Egs.(14)—(16), we find the distribution oftIDXlxzx
2 uk MUk M) ===, 2 vk Nu(kN)==—5—,  4q
X k >\ k
(12

qL-€,

€q
(q kllk2) DX )\2{ 2 q+

A3A4A

where thew is a parameter related to the physical size of the
meson, which is of ordek ocp. The value ofw ranges from
0.3 to 0.6[20]. The spinors in Eq(11) approximately take

care of the relativistic spin kinematics of quarks inside Bhe e Vi k%_ M
mesons. LA ks
The gauged photon state with momentgmand spin\
can be described by vk —my
ey, A7
Ky
|p>\>=N’{a*(p,>\)+ > f[dkl]
Mohz with
Aok 3
X[dkz](b (p.k1,k2)2(27m)38%(p—ky—ky) qi ki_’_mi k§l+m§
ED=—— — - —. (19
Xb*(ky,N)d¥ (Ko, No }|o> (13) q ky Kz

Thus the gauge boson state wave function in (&8) can be
The second term in Eq13) corresponds to the photon state rewritten as
in QED in terms of quark pairs. Equatidi3) satisfies the

light front bound state |y(q)>=N’{a+(q,)\)+A§;, f (k[ dky]2(2)°

2
P
Huelp )= "lp), S X 5% ki~ ko) @2 (0 ky ko)

with
Xb;(klv)\l)dqi(k21)\2))|0>' (19
HLF:H0+H|! (15)
Since the transfer momenta in the decay processes are

timelike, it is convenient to choose the light front coordinate:
p"=0 andp, =0. By considering the %+ component in

whereHj is the free-energy Hamiltonian of quarks and pho-
tons, andH, is the QED interacting part between quarks and

; X e .
photons in the light front gauga™ =0, given by the weak current the matrix elements in E6). become
Hi=e fq+ —ziaiA‘— A i( -9, —im) + P +
) e P AP R A (N@lu ysb[B(p+a))=—iezy—(el-a)p”,
dx*d?%k,

1 : Fv
_(9_+(7L'07L+|m)‘y'AL CHT; (16) (y(q)|uib,|B(p+Qq))= e 6'16 qu+.

(20

and e, is the quarks’ electric change,, is the dynamical
component of the quark field on the light frong(x) The form factors of, andF,, in Eq. (20) are found to be

E (b)) iam fdx’dzk D) X [1-my+BKO 2m,~AKO o1
:I - 4 X! 1
AP B) 202m)3 + X(l X)[ m2+k2 3 mi+k?
x' d?k X' —x [1-mp—(1—x)(m,—myk?0® 2 m,—x(m,—myk?®
Fv<p2>=i4MBf—§ 2 [1 —my—(1-x)( - W) J—X(my— 2u> -
2(2) x(1-x)| 3 m2+k? 3 m2+k?
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0.50 T T IV. DECAY BRANCHING RATIOS
A BT=ltyy

040 | For the radiative decays & — | " v;y, we will only con-
sider the cases df=e and u. From the effective Hamil-
tonian in Eq.(3) and the matrix element in E¢R0), we find

030 | that the amplitude oB*™ — 1" v,y is
ieG,:Vub . v
020 | MB*HI*V}/:_TEMHM u(pV)YM(l_y5)v(p|)!
(24
0.10 | with
Fa Fv
— " _n'. ’ H _ VY qan'B
0.00 . . ! ! . H,LLV MB( p qg,uv_l—pp,qv)—{_le,uvaBMBq pr,
0.0 5.0 10.0 15.0 20.0 25.0 30.0
P’ (GeV)) (25)
FIG. 2. The values of the form factoFs, (solid curve andF 5 where P' and q are_B meson and pI’_loto_n four momgnta,
(dashed curveas functions of the momentum transfet. respectively, ance, is a photon polarization vector. Since
the form factorsF,, , depend on the transfer momentyoh,
we need to replacqa2 into (p’,q). In the physical allowed
region ofB" —1* 1,9, one has that
where mi<p?<M3. (26)
A=(1-2x")x(m,—m,)—2x"m,, To describe the kinematic of the decay, two variables are
needed. For convention, we defingd=2E,/Mg andy
B=[(1—2x")x—1]my+(1—2x")(1—x)m,, =2E, /Mg in the B meson rest frame in order to easily write
down momentunp? in terms ofx”, which has the form
2x(1—x Y2 [dk 2=M3(1—x"). 2
DO =N -0 |2 fk, p?=M3(1-X") (27)
Mg —(my—my) dx

We get the differential decay rate

K2
o] - 1. g

203 o 256773||\/| |2=Cp(x",\), (28)
1 dd(x,k?) whereh=(x"+y—1-r)/x",
oK) d e
, C_QGFMBNM , (29
x=x’(1— 'a—é) k= (K, ,k,). @3 4
p(X,N)=p (X", \)+p_(X",\), (30

To illustrate the form factors, we input the valuesrof
=0.3, m;=4.5, Mg=5.2, andw=0.57 in GeV to integral uith
whole range ofp?. The results ofF, and Fy in the entire
range of momentum transfef are shown in Fig. 2. We note 1 5
that the reason that the tails Bf; » at the large momentum P+ = 5|FatFy[>A(AX"+1)(1=x")=r],
transfer go down may be because the light front model does
not include the long-distance contribution associated Bith
B* -y vertex, etc. However, we expect that this contributionp_ = §|FA— Fy|2X"(1=M){(X"=D)[r+x"(A—1)]+r},
should not be essentially important.
It is interesting to note that the formulas in E¢21) and 5
(22) can be used for other pseudoscalar and photon transi- ™M,
tions as well once we put in the corresponding masses. For' = W
example, for K"—y at p?=0, we get that B
(Fa(0),F\(0))|k+_.,=(0.0429,0.0915), in comparison with \We write the physical region fax” and\ as
(0.0425,0.0945) found in the chiral perturbation theory at the
one-loop level21], which agrees with the experiments. o=x"<1-r,

(31)
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FIG. 3. The branching ratio &" — " v,y as a function of the
parameteiw.

(32

In Fig. 3, we show the branching ratio Bf —u v,y as a
function of the parametes, where we have useah,= 300
MeV, |V, p|=3x10"3, and r5+=1.62x10" 1% [3]. For w
=0.57 GeV, we get the integrated branching ratiosBof
—lTyy (I=e,u) as

Br(B*—I"v,y)=1.3x10"°. (33
From Eq.(33), we find that
I'BT—utvw
Ry B WY oo (34)
F(B+—>,u+vlu)

which is within the range of 1-30 as expected in Hél.
Our results in Fig. 3 and the branching ratios in E8Q)

X =2E /M,

FIG. 4. The differential decay branching ratiaB(Bg

—vwy)/dX as a function oiX=2E,/Mg.

where the form factors are given by Eq21) and(22) with
the replacement of the light quarkiX by s andd quarks,
respectively.

Similar to the decays discussed in the previous subsec-
tion, we also defin”=2E, /Mg andy=2E;/Mg in the B
meson rest frame in order to rescale the energies of the pho-
ton and antineutrino. By integrating the variahtein the
phase space of variablg we obtain the differential decay

rate ofB— vvy as

dr GFa

2
- _ 24 |E 2 x |2
dx’ 66“(167725'”20\/\/ (IFAl*+Fy[9) Vs Vil

(37)

where we have included the three generations of neutrinos.
Using my=300 MeV, mg=400 MeV, m;=176 GeV,
[Vio| =1, |Vis|=0.04, andw=0.57, the differential decay

X D2(x)X"3(1=x")M3,

agree well with that in Ref{6] where the light cone QCD branching ratiodB(Bs— vvy)/dx” as a function ofx”
sum rules were used in their calculations. However, the value

in Eq. (33) is about a factor of 2 smaller and larger than that 35

in Ref.[7] and Ref[8], respectively.

B. Bs(d)_) V;‘y
From the effective Hamiltonians f&,— vy in Eq.(4)
and the form factors defined in EQRO), we can write the
amplitude ofBy— v v,y as

Ge

=—j _L * * vy

X’Y,u,(l_’)/S)U(py)! (35)

with

Fa ’ ’ ; Fv apn’
HMV:M_B(_p .ngV+quV)+IEMVaBM_Bq p ‘8!
(36)

10° Br(B,—>wy)

1.5
150.0

170.0 180.0 190.0 200.0

m,

160.0

t

FIG. 5. The branching ratio d;— vvy as a function ofn,.
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=2E, /Mg is shown in Fig. 4. In Fig. 5, we give the branch- cal range of momentum transfer. Using these form factors,

ing ratio of Bs— v;y as a function ofm,. Here, we have
usedrg =1.61x 10" *’s and 75 = 1.56< 10" *s [3], respec-
tively. From the figure we find that, fam;=176 GeV and

|V,4|=0.01,
B(Bs— vvy)=2.0x10"8,

B(By— vvy)=1.4x10"°. (38)

We note that the branching ratios in E§8) are about the
same as that in Ref9], but about a factor of 3 smaller than

that in Ref.[11].

V. CONCLUSIONS

We have studied the form factors f&— y transitions

directly within the light front framework in the entire physi-

we have calculated the radiative decaysBx+1v,y and
Bsy— vvy. We have shown that the decays Bf-1v,y

(I=e,u) andB—vvy are dominated by the contributions
from the diagrams with photon emission from the external
quarks and thus overcome the helicity suppression effect. We
have found that, in the standard model, the branching ratios
of B—evey, B—uv,y and Bggy—vvy are 1.X 1076,
1.3x10 % and 2.0< 10" 8 (1.4x10° %), respectively. Some

of the modes are clearly accessible in the futBreactories.
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