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Radiative decays of heavy hadrons from light-cone QCD sum rules in the leading order
of HQET
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The radiative decays of heavy baryons and the lowest three doublets of heavy mesons are studied with the
light cone QCD sum rules in the leading order of heavy quark effective theory.@S0556-2821~99!05311-4#

PACS number~s!: 12.39.Hg, 12.38.Lg, 13.40.Hq
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I. INTRODUCTION

Heavy quark effective theory~HQET! @1# provides a
framework to study the heavy hadron spectra and the tra
tion amplitude with a systematic expansion in terms
1/mQ . Using the light cone photon wave function~PWF!,
radiative decay processes such asB→ lng, B→rg have
been studied@2–6# with QCD sum rules~QSR! @7#. Recently
a similar approach was employed to analyze the coupling
pions with heavy hadrons@8#. In this work we will study the
radiative decays of heavy baryons and the lowest three d
blets of heavy mesons using the light cone QSR~LCQSR!
@9# in the leading order of HQET. With LCQSR the con
tinuum and excited states contribution is subtracted m
cleanly, which is in contrast with the analysis of meson
diative decays using the external field method in QSR@10#.
The LCQSRs for the radiative decays of heavy baryons
presented in Sec. II. Section III discusses radiative decay
lowest three doublets of heavy mesons. The following s
tion is a discussion of the parameters and the photon w
functions. The last section is the numerical analysis an
short summary.

II. RADIATIVE DECAYS OF HEAVY BARYONS

We first introduce the interpolating currents for the hea
baryons:

hL~x!5eabc@uaT~x!Cg5db~x!#hv
c~x!, ~1!

hS1~x!5eabc@uaT~x!Cgmdb~x!#g t
mg5hv

c~x!,
~2!

hS11*
m

~x!5eabc@uaT~x!Cgnub~x!#

3S 2gt
mn1

1

3
g t

mg t
nDhv

c~x!, ~3!

wherea, b, c is the color index,u(x), d(x), hv(x) is the up,
down and heavy quark fields,T denotes the transpose,C is
the charge conjugate matrix,gt

mn5gmn2vmvn, g t
m5gm

2 v̂vm, andvm is the velocity of the heavy hadron.
The overlap amplititudes of the interpolating curren

with the heavy baryons is defined as

^0uhLuL&5 f LuL , ~4!
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^0uhSuS&5 f SuS , ~5!

^0uhS*
m uS* &5

f S*

A3
uS*

m , ~6!

whereuS*
m is the Rarita-Schwinger spinor in HQET. In th

leading order of HQET,f S5 f S* @11#.
The coupling constantsh i are defined through the follow

ing amplitudes:

M ~Sc→Lcg!5 ieh1ūLc
smnqmenuSc

, ~7!

M ~Sc*→Lcg!5 ieh2emnabūLc
gnqaebu

S
c*

m
, ~8!

M ~Sc*→Scg!5 ieh3emnabūSc
gnqaebu

S
c*

m
, ~9!

whereem andqm are the photon polarization vector and m
mentum, respectively, ande is the charge unit.

In order to derive the sum rules for the coupling consta
we consider the correlator

E d4xe2 ik•x^g~q!uT„hS~0!h̄L~x!…u0&

5e
11 v̂

2
g t

mg5emabseaqbvsGS,L~v,v8!,

~10!

E d4xe2 ik•x^g~q!uT„hS*
m

~0!h̄L~x!…u0&

5e~eaqn2enqa!
11 v̂

2 S 2gt
mn1

1

3
g t

mg t
nD

3enabseaqbvsGS* ,L~v,v8!, ~11!

E d4xe2 ik•x^g~q!uT„hS*
m

~0!h̄S~x!…u0&

5e
11 v̂

2
g t

ag5S 2gt
mn1

1

3
g t

mg t
nD

3~eaqn2enqa!GS* ,S~v,v8!, ~12!
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where k85k2q, qm
t 5qm2(q•v)vm , v52v•k, v85

2v•k8 andq250.
Let us first consider the functionsGS,L(v,v8) etc. in

Eqs.~10!–~12!. As functions of two variables, they have th
following pole terms from double dispersion relation:

24ih1f S f L

~2L̄S2v8!~2L̄L2v!
1

c

2L̄S2v8
1

c8

2L̄L2v
, ~13!

24ih2

A3

f S* f L

~2L̄S* 2v8!~2L̄L2v!
1

c

2L̄S* 2v8
1

c8

2L̄L2v
,

~14!

4h3

A3

f S* f S

~2L̄S* 2v8!~2L̄S2v!
1

c

2L̄S* 2v8
1

c8

2L̄S2v
,

~15!

where f S* , etc. are constants defined in Eqs.~4!–~6!, L̄S*
5mS* 2mQ .

Keeping the two particle component of the photon wa
function, the expression forGS* ,L(v,v8) with the tensor
structure reads

22E
0

`

dtE dxe2 ikxd~2x2vt !

3Tr $@C^g~q!uu~0!ū~x!u0&TCgmiS~2x!g5#

1@CiST~2x!Cgm#^g~q!uu~0!ū~x!u0&g5#%, ~16!

where iS(2x) is the full light quark propagator with both
perturbative term and contribution from vacuum fields:

iS~x!5^0uT@q~x!,q̄~0!#u0&

5 i
x̂

2p2x4
2

^q̄q&
12

2
x2

192
^q̄gss•Gq&

2 igs

1

16p2E
0

1

duH x̂

x2
s•G~ux!

24iu
xm

x2Gmn~ux!gnJ 1••• . ~17!

The light cone two-particle photon wave functions are@2#

^g~q!uq̄~x!smnq~0!u0&

5 ieqe^q̄q&E
0

1

dueiuqx$~emqn2enqm!

3@xf~u!1x2g1~u!#1@~qx!~emxn2enxm!

1~ex!~xmqn2xnqm!2x2~emqn2enqm!#g2~u!%,

~18!
11401
e

^g~q!uq̄~x!gmg5q~0!u0&

5
f

4
eqeemnrsenqrxsE

0

1

dueiuqxc~u!. ~19!

Because of the choice of the gaugexmAm(x)50, the path-
ordered gauge factorP exp„igs*0

1duxmAm(ux)… has been
omitted. Thef(u),c(u) is associated with the leading twis
two photon wave function, whileg1(u) and g2(u) are
twist-4 PWFs. All these PWFs are normalized to uni
*0

1du f(u)51.
Expressing Eq.~16! with the photon wave functions, we

arrive at

GS* ,L~v,v8!52~eu2ed!

3E
0

`

dtE
0

1

duei (12u)(vt/2)eiu(v8t/2)

3H ^q̄q&F 1

p2t3 xf~u!1
1

p2t

3„g1~u!2g2~u!…G1
f

24
c~u!t

3S ^q̄q&1
t2

16̂
q̄gss•Gq& D J 1••• .

~20!

Similarly we have

GS,L~v,v8!5GS* ,L~v,v8!, ~21!

GS* ,S~v,v8!5~eu1ed!

3E
0

`

dtE
0

1

duei (12u)(vt/2)eiu(v8t/2)

3H f

4p2t2 c~u!1
^q̄q&

6

3S ^q̄q&1
t2

16̂
q̄gss•Gq& D

3@xf~u!1t2
„g1~u!2g2~u!…#J 1••• ,

~22!

where ^q̄q&52(225 MeV)3, ^q̄gss•Gq&5m0
2^q̄q&, and

m0
250.8 GeV2. For large Euclidean values ofv andv8 this

integral is dominated by the region of smallt, therefore it can
be approximated by the first a few terms.

After Wick rotations and making double Borel transfo
mation with the variablesv andv8 the single-pole terms in
Eqs. ~13!–~15! are eliminated. Subtracting the continuu
contribution which is modeled by the dispersion integral
the regionv,v8>vc , we arrive at
5-2
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h1f S f L52
1

64p4 ~eu2ed!ae(LS1LL)/T

3H xf~u0!T4f 3S vc

T D24@g1~u0!2g2~u0!#

3T2f 1S vc

T D1
2p2

3
f c~u0!S 12

m0
2

4T2D J , ~23!

h2f S* f L52
A3

64p4~eu2ed!ae(LS* 1LL)/T

3H xf~u0!T4f 3S vc

T D24@g1~u0!2g2~u0!#

3T2f 1S vc

T D1
2p2

3
f c~u0!S 12

m0
2

4T2D J , ~24!

h3f S* f S5
A3

32p2~eu1ed!e(LS* 1LS)/T

3H f c~u0!T3f 2S vc

T D2
a2

6p2 S 12
m0

2

4T2D
3Fxf~u0!T f0S vc

T D2
4

T
„g1~u0!2g2~u0!…G J ,

~25!

where f n(x)512e2x(k50
n xk/k! is the factor used to sub

tract the continuum,vc is the continuum threshold.u0
5T1 /(T11T2), T[T1T2 /(T11T2), T1 ,T2 are the Borel
parametersa52(2p)2^q̄q&. We have used the Borel trans
formation formula:B̂v

Teav5d(a21/T).
Due to the heavy quark symmetry,LS5LS* and f S

5 f S* in the limit mQ→`. So from Eqs.~23! and ~24! we
have h25A3h1. For the decaysSc*

0→Sc
0g and Sc*

11

→Sc
11g, we need make replacement (eu1ed)→2ed ,2eu in

Eq. ~25!.

III. RADIATIVE DECAYS OF HEAVY MESONS

We shall confine ourselves to the lowest lying three d
blets and consider all possible radiative decay proce
among them in the leading order of 1/mQ expansion. Denote
the doublet (11,21) with j l53/2 by (B1 ,B2* ), the doublet
(01,11) with j l51/2 by (B08 ,B18) and the doublet (02,12)
by (B,B* ).

The interpolating currents are given in@12# as

J1,1,3/2
†a 5A3

4
h̄vg5~2 i !SD t

a2
1

3
g t

aDtDq, ~26!

J2,1,3/2
†a1 ,a25A1

2
h̄v

~2 i !

2 S g t
a1D t

a21g t
a2D t

a12
2

3
gt

a1a2DtDq,

~27!
11401
-
es

J1,2,1/2
†a 5A1

2
h̄vg t

aq, J0,2,1/2
†a 5A1

2
h̄vg5q, ~28!

J0,1,1/2
† 5

1

A2
h̄vq, J1,1,1/2

†a 5
1

A2
h̄vg5g t

aq. ~29!

(11,21)→(02,12)1g
The decay amplitudes are

M ~B1→B* g!5eqee* mvseb* ha

3H @emnbsqt
a1~a↔b!#qt

ngD
1 ~B1 ,B* !

1FemnbsS qt
aqt

n2
1

3
qt

2gt
anD2~a↔b!G

3gD
2 ~B1 ,B* !1emabsgS~B1 ,B* !J , ~30!

where the tensor structure associated withgD
1 (B1 ,B* ) and

gD
2 (B1 ,B* ) is symmetric and antisymmetric under the e

change of (a↔b), respectively:

M ~B1→Bg!5eqeeb* haH S qt
aqt

b2
1

3
qt

2gt
abD

3gD~B1 ,B!1gt
abgS~B1 ,B!J , ~31!

M ~B2*→Bg!5eqeeb* ha1a2
qnvs@ebna1sqt

a2

1~a1↔a2!#gD~B2* ,B!, ~32!

M ~B2*→B* g!5eqeha1a2
hb*

3H et
bS qt

a1qt
a22

1

3
qt

2gt
a1a2D

3gD
1 ~B2* ,B* !1Fet

a1S qt
bqt

a22
1

3
qt

2gt
ba2D

1~a1↔a2!GgD
2 ~B2* ,B* !

1@et
a1gt

a2b
1~a1↔a2!#gS~B2* ,B* !J ,

wherehmn , hm andem are polarization tensors for states 21,
11, and 12, respectively, andeqe is the light quark electric
charge.

Due to heavy quark symmetry, there exist only tw
independent coupling constants for the D-wave and
wave decay respectively. Letgd[gD(B2* ,B) and gs

[2gS(B2* ,B* ). Then we have

A6

2
gS~B1 ,B* !5

A6

4
gS~B1 ,B!5gs , ~33!
5-3
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A6

3
gD

1 ~B1 ,B* !5A6gD
2 ~B1 ,B* !

5
A6

2
gD~B1 ,B!

52
1

2
gD

1 ~B2* ,B* !5gD
2 ~B2* ,B* !

5gd . ~34!

The above relation is confirmed by our detailed calculati
For deriving the sum rules for the coupling constants

consider the correlator

E d4xe2 ik•x^g~q!uT„J0,2,1/2~0!J1,1,3/2
†a ~x!…u0&

5eqeH eb* S qt
aqt

b2
1

3
qt

2gt
abDGB1B

D ~v,v8!

1et*
aGB1B

S ~v,v8!J . ~35!

The functionsGB1B
D,S(v,v8) in Eq. ~35! have the following

double dispersion relation:

f 2,1/2f 1,3/2gD,S~B1B!

~2L̄2,1/22v8!~2L̄1,3/22v!
1

c

2L̄2,1/22v8

1
c8

2L̄1,3/22v
, ~36!

whereL̄P, j l
5mP, j l

2mQ and f P, j l
are constants defined as

^0uJj ,P, j l

a1•••a j~0!u j 8,P8, j l8&5 f P j l
d j j 8dPP8d j l j l8

ha1•••a j .

~37!

Applying the same procedure as in Sec. II we obtain

GB1B
D ~v,v8!52

A6

24E0

`

dtE
0

1

duei (12u)(vt/2)

3eiu(v8t/2)uH 2
i t

4
f c~u!1^q̄q&

3@xf~u!1t2
„g1~u!2g2~u!…#J 1••• ,

~38!

GB1B
S ~v,v8!52

2

3
qt

2GB1B
D ~v,v8!

5
1

6
~v2v8!2GB1B

D ~v,v8!. ~39!

Finally we have
11401
.
e

gdf 2,1/2f 1,3/25
1

8
e(L2,1/21L1,3/2)/T

3H f u0c~u0!1
a

2p2 u0

3Fxf~u0!T f0S vc

T D
2

4

T
„g1~u0!2g2~u0!…G J , ~40!

gsf 2,1/2f 1,3/252
1

96
e(L2,1/21L1,3/2)/T

3H f
d2
„uc~u!…

du2
T2f 1S vc

T D
1

a

2p2Fx
d2
„uf~u!…

du2
T3f 2S vc

T D
24

d2
„@ug1~u!2ug2~u!#…

du2

3T f0S vc

T D G J U
u5u0

. ~41!

Here we have used integration by parts to absorb the fa
(q•v)2, which leads to the second derivatives in Eq.~41!. In
this way we arrive at the simple form after double Bor
transformation.

(01,11)→(02,12)1g
There exists only one independent coupling constant, c

responding to S-wave decay. The decay amplitudes are

M ~B18→B* g!5eqeemsabemvsha8eb* gS~B18 ,B* !, ~42!

whereha8 is the polarization vector ofB18 .

M ~B18→Bg!5eqeeaha8gS~B18 ,B!, ~43!

M ~B08→B* g!5eqeet
bebgS~B08 ,B* !. ~44!

The processB08→Bg is forbidden due to parity and angula
momentum conservation. Due to heavy quark symmetry,
have

gS~B18 ,B* !5gS~B18 ,B!52gS~B08 ,B* ![g1 . ~45!

We consider the correlator

E d4xe2 ik•x^g~q!uT„J0,1,1/2~0!J1,2,1/2
†b ~x!…u0&

5eqeebGB
08B* ~v,v8!, ~46!

where
5-4
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GB
08B* ~v,v8!52

1

4
^q̄q&~q•v !

3E
0

`

dtE
0

1

duei (12u)(vt/2)eiu(v8t/2)

3$xf~u!1t2g1~u!%1••• . ~47!

g1f 2,1/2f 1,1/25
a

16p2e(L2,1/21L1,1/2)/T

3H x
df~u!

du
T2f 1S vc

T D
24

dg1~u!

du J U
u5u0

. ~48!

(11,21)→(01,11)1g
There exists only one independent coupling constant,

responding to P-wave decay. The decay amplitudes are

M ~B1→B18g!5eqehah8b* em* H F S qt
agt

bm2
1

3
qt

mgt
abD

1~a↔b!GgP
1 ~B1 ,B18!

1~qt
agt

bm2qt
bgt

am!gP
2 ~B1 ,B18!J , ~49!

M ~B1→B08g!5eqeemsnahae* mvsqngP~B1 ,B08!,
~50!

M ~B2*→B08g!5eqee* mha1a2F S qt
a1gt

a2m
2

1

3
qt

mgt
a1a2D

1~a1↔a2!GgP~B2* ,B08!, ~51!

M ~B2*→B18g!5eqeemsrbh8be* mha1a2

3F S qt
a1gt

a2r
2

1

3
qt

rgt
a1a2D1~a1↔a2!G

3gP~B2* ,B18!. ~52!

Due to heavy quark symmetry we have

A6

3
gP

1 ~B1 ,B18!5A6gP
2 ~B1 ,B18!5A6gP~B1 ,B08!

5gP~B2* ,B08!5gP~B2* ,B18![g2 . ~53!

We consider the correlator
11401
r-

E d4xe2 ik•x^p~q!uT„J0,1,1/2
a ~0!J2,1,3/2

†a1a2 ~x!…u0&

5eqeemF S qt
a1gt

a2m
2

1

3
qt

mgt
a1a2D

1~a1↔a2!GGB
2* B

08
~v,v8!, ~54!

where

GB
2* B

08
~v,v8!52

1

8
^q̄q&~q•v !

3E
0

`

dtE
0

1

duei (12u)(vt/2)

3eiu(v8t/2)u$xf~u!1t2g1~u!%1••• ,

~55!

g2f 1,1/2f 1,3/25
a

32p2e(L1,1/21L1,3/2)/T

3H x
d„uf~u!…

du
T2f 1S vc

T D
24

d„ug1~u!…

du J U
u5u0

. ~56!

B18→B08g

M ~B18→B08g!5eqeeamnsha8em* qnvsg3 . ~57!

In order to deriveg3, we consider the correlator

E d4xe2 ik•x^g~q!uT„J0,1,1/2~0!J1,1,1/2
†a ~x!…u0&

5eqeeamnsemqnvsGB
18B

08
~v,v8!, ~58!

where

GB
18B

08
~v,v8!5

i

4E0

`

dtE
0

1

duei (12u)(vt/2)eiu(v8t/2)

3H i t

4
f c~u!1^q̄q&@xf~u!

1t2
„g1~u!2g2~u!…#J 1••• , ~59!

g3f 1, 1/2
2 52

1

4
e2L1,1/2 /TH 2 f c~u0!

1
a

2p2Fxf~u0!T f0S vc

T D
2

4

T
„g1~u0!2g2~u0!…G J . ~60!
5-5
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B*→Bg

M ~B*→Bg!5eqeeamnseaem* qnvsg4 . ~61!

In order to deriveg4, we consider the correlator

E d4xe2 ik•x^g~q!uT„J0,2,1/2~0!J1,2,1/2
†a ~x!…u0&

5eqeeamnsemqnvsGB* B~v,v8!, ~62!

where

GB* B~v,v8!5
i

4E0

`

dtE
0

1

duei (12u)(vt/2)

3eiu(v8t/2)H 2
i t

4
f c~u!1^q̄q&

3@xf~u!1t2
„g1~u!2g2~u!…#J 1••• .

~63!

Note this coupling was calculated in@3# using LCQSR. But
there the contribution from the photon wave functionc(u)
has not been taken into account:

g4f 2,1/2
2 52

1

4
e2L2,1/2 /TH f c~u0!1

a

2p2

3Fxf~u0!T f0S vc

T D2
4

T
„g1~u0!2g2~u0!…G J .

~64!

B2*→B1g

M ~B2*→B1g!5eqeeamnsemqnvshb* ha1a2

3S gt
a1rqt

a21gt
a2rqt

a12
2

3
gt

a1a2qt
rD

3~2qt
bgt

ra1gt
abqt

r!g5 . ~65!

In order to deriveg5, we consider the correlator

E d4xe2 ik•x^g~q!uT„J1,1,3/2
b ~0!J2,1,3/2

†a1a2 ~x!…u0&

5eqeeamnsemqnvs

3S gt
a1rqt

a21gt
a2rqt

a12
2

3
gt

a1a2qt
rD

3~2qt
bgt

ra1gt
abqt

r!GB
2* B1

~v,v8!, ~66!

where
11401
GB
2* B1

~v,v8!52 i
A6

16E0

`

dtE
0

1

duei (12u)(vt/2)

3eiu(v8t/2)u~12u!H 2
i t

4
f c~u!1^q̄q&

3@xf~u!1t2
„g1~u!2g2~u!…#J 1••• ,

~67!

g5f 1,3/2
2 5

A6

16
e2L1,3/2 /Tu0~12u0!

3H f c~u0!1
a

2p2Fxf~u0!T f0S vc

T D
2

4

T
„g1~u0!2g2~u0!…G J . ~68!

IV. DETERMINATION OF THE PARAMETERS

The leading photon wave functions receive only sm
corrections from the higher conformal spins@9# so they do
not deviate much from the asymptotic form. We shall use@4#

f~u!56uū, ~69!

c~u!51, ~70!

g1~u!52
1

8
ū~32u!, ~71!

g2~u!52
1

4
ū2, ~72!

with ū512u, f 50.028 GeV2, andx524.4 GeV2 @13# at
the scalem51 GeV. Using this value ofx, the octet, de-
cuplet and heavy baryon magnetic moments have been
culated to a good accuracy@14–16#.

We need the mass parametersL̄ ’s and the coupling con-
stantsf ’s of the corresponding interpolating currents in t
leading order ofas as input. The results are@11,8#

L̄L50.8 GeV, f L5~0.01860.002! GeV3,

L̄S51.0 GeV, f S5~0.0460.004! GeV3. ~73!

L̄1,3/250.82 GeV, f 1,3/250.1960.03 GeV5/2,

L̄1,1/251.1 GeV, f 1,1/250.4060.06 GeV3/2,

L̄2,1/250.5 GeV, f 2,1/250.25 GeV3/2. ~74!

We choose to work at the symmetric pointT15T252T,
i.e.,u05 1

2 . Such a choice is very reasonable for the symm
ric sum rules~25!, ~60!, ~64!, and~68! sinceSc* andSc , and
the three meson doublets are degenerate in the leading o
5-6
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of HQET. Moreover, the mass difference betweenSc* and
Lc is only about 0.2 GeV. The (01,11) doublet lies only
slightly below (11,21) doublet. Due to the large values o
T1 ,T2 used below, the choice ofT15T2 is also reasonable
for sum rules~23! and ~56!.

Note the choiceT15T2 is not unique for the asymmetri
sum rules~40!, ~41!, and~48! since the initial and final me
sons have different masses. But the choiceT15T2 will en-
able the clean subtraction of the continuum contributi
which is cruicial for the numerical analysis of the sum rule
In our case the sum rules are stable with reasonable v
tions of the Borel parameterT1 andT2. Such a choice doe
not alter significantly the numerical results. Based on th
considerations we adoptu05 1

2 for for the sum rules~40!,
~41!, and~48!, too.

V. NUMERICAL RESULTS AND DISCUSSION

A. Numerical analysis of the baryon sum rules

We now turn to the numerical evaluation of the sum ru
for the coupling constants. Since the spectral density of
sum rules~23!–~25! r(s) is either proptional tos2 or s3, the
continuum has to be subtracted carefully. We use the va
of the continuum thresholdvc determined from the corre
sponding mass sum rule at the leading order ofas and 1/mQ
@11#.

The lower limit ofT is determined by the requirement th
the terms of higher twists in the operator expansion is r
sonably smaller than the leading twist, say<1/3 of the latter.
This leads toT.1.3 GeV for the sum rules~23!–~25!. In
fact the twist-four terms contribute only a few percent to t
sum rules. The upper limit ofT is constrained by the require
ment that the continuum contribution is less than 50%. T
corresponds toT,2.2 GeV.

The variation ofh1,3 with the Borel parameterT andvc is
presented in Fig. 1 and Fig. 2. The curves correspond
vc52.4,2.5,2.6 GeV from bottom to top, respectively. S
bility develops for the sum rules~23! and ~25! in the region
1.3 GeV,T,2.2 GeV, we get

h1f S f L5~7.060.9!31024 GeV5, ~75!

FIG. 1. Dependence off S f Lh1 on the Borel parameterT for
different values of the continuum thresholdvc . From top to bottom
the curves correspond tovc52.6, 2.5, and 2.4 GeV.
11401
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h3f S* f S5~3.960.5!31024 GeV5, ~76!

where the errors refer to the variations withT andvc in this
region. And the central value corresponds toT51.6 GeV
andvc52.5 GeV.

Combining Eq.~73! we arrive at

h15~1.060.2! GeV21, ~77!

h35~0.2460.05! GeV21. ~78!

B. Numerical analysis of the meson sum rules

We now turn to the numerical evaluation of the sum ru
for the coupling constants. The lower limit ofT is deter-
mined by the requirement that the terms of higher twists
the operator expansion is less than one third of the wh
sum rule. This leads toT.1.0 GeV for the sum rules~40!,
~41!, ~48!, ~56!, ~60!, ~64!, and ~68!. In fact the twist-four
terms contribute only a few percent to the sum rules for s
T values. The upper limit ofT is constrained by the require
ment that the continuum contribution is less than 30%. T
corresponds toT,2.5 GeV. With the values of photon wav
functions atu05 1

2 we obtain the left hand side of these su
rules as functions ofT. The continuum threshold isvc
53.060.2 GeV exceptvc52.460.2 GeV for the sum rule
~64!. Stability develops for the sum rules in the region 1
GeV ,T,2.5 GeV. The results are shown in Figs. 3–
Numerically we have

gdf 2,1/2f 1,3/252~3.060.2!31022 GeV2, ~79!

gsf 2,1/2f 1,3/252~1.960.2!31022 GeV4, ~80!

g1f 2,1/2f 1,1/252~1.560.5!31022 GeV3, ~81!

g2f 1,1/2f 1,3/252~5.560.4!31022 GeV3, ~82!

g3f 1,1/2
2 5~0.2860.04! GeV2, ~83!

FIG. 2. Dependence off S* f Sh3 on T with vc52.6, 2.5, and 2.4
GeV.
5-7
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g4f 2,1/2
2 5~8.960.5!31022 GeV2, ~84!

g5f 1,3/2
2 52~2.360.3!31022 GeV2, ~85!

where the errors refer to the variations withT in this region
and the uncertainty invc . And the central value correspond
to T51.5 GeV andvc53.060.2 GeV except that we us
vc52.460.2 GeV for the sum rule~64!.

With the central values of f’s in Eq.~74! we get the ab-
solute value of the coupling constants:

gd52~0.6360.10! GeV22, ~86!

gs52~0.4060.05!, ~87!

g152~0.2060.06!, ~88!

g252~0.7260.07! GeV21, ~89!

g35~1.860.3! GeV21, ~90!

g45~1.460.2! GeV21, ~91!

g552~0.6460.08! GeV23. ~92!

FIG. 3. Dependence ofgdf 2,1/2f 1,3/2 on T with vc53.2, 3.0,
and 2.8 GeV.

FIG. 4. Dependence ofgsf 2,1/2f 1,3/2 on T with vc53.2, 3.0,
and 2.8 GeV.
11401
Note we have only considered the uncertainty due to
variations of the Borel parameter and the continuum thre
old in the above expressions. There are other sources o
certainty. The input parametersx and f are associated with
the photon distribution amplitude. Especially the value ofx
has been estimated with QCD sum rules@13# and with the
octet baryon magnetic moments as inputs using the exte
field method@15#. Both approaches yield consistent resu
x'24.4 GeV. With this value the octet, decuplet and hea
baryon magnetic moments derived using the external fi
method are in good agreement with the experimental d
So we expect its accuracy is better than 30%. The valuef
has been estimated with the vector meson dominance m
also with an accuracy of 30%@2#.

The light cone sum rules for the coupling constantsgi and
the mass sum rules for the heavy hadrons in HQET b
receive large perturbative QCD corrections. But their ra
does not depend on radiative corrections strongly becaus
large cancellation@17#. In the present case, the uncertainty
the coupling constantsgi due to radiative corrections is ex
pected to around 10% while the couplingsf L , etc. are af-
fected significantly.

Another possible source of error is the truncation of t
light cone expansion at twist four. We take the sum rules
h1 for example. At T51.5 GeV, the twist-four term in-
volved with g1 ,g2 is only 22.5% of the leading twist term

FIG. 5. Dependence ofg1f 2,1/2f 1,1/2 on T.

FIG. 6. Dependence ofg2f 1,1/2f 1,3/2 on T with vc53.2, 3.0,
and 2.8 GeV.
5-8
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after making double Borel transformation to Eq.~20!. Even
after the subtraction of the continuum and excited states c
tribution the twist-four term is only215% of the twist-two
one in Eq. ~23!. So the light cone expansion converg
quickly. We expect the contribution of higher twist distrib
tion amplitudes to be small.

We have calculated the coupling constant in the lead
order of HQET. The 1/mQ correction is sizable for the charm
system. But for the bottom system the 1/mQ correction is
typically around 5–10 % for the pionic coupling constan
@8#. We expect the 1/mQ correction to the electromagnet
coupling constants is of the same order. The inherent un
tainty of the method of QCD sum rules is not include
which is typically about 10%.

C. Decay widths of heavy hadrons

With these coupling constants we can calculate the de
widths of heavy hadrons.

The decay width formulas in the leading order of HQE
are

G~Sb→Lbg!54h1
2auqW u3,

G~Sb*→Lbg!5h2
2auqW u3

3mi
21mf

2

3mi
2 ,

FIG. 7. Dependence ofg3f 1,1/2
2 on T with vc53.2, 3.0, and 2.8

GeV.

FIG. 8. Dependence ofg4f 2,1/2
2 on T with vc52.6, 2.4, and 2.2

GeV.
11401
n-

g

r-
,

ay

G~Sb*→Sbg!5h3
2auqW u3

3mi
21mf

2

3mi
2 ,

G~B1→B* g!5
2

3
eq

2aS 14

9
gd

2UqWU51gs
2UqWU D ,

G~B1→Bg!5
4a

3
eq

2aS 1

18
gd

2uqW u51gs
2uqW u D ,

G~B2*→Bg!5
2

5
eq

2agd
2uqW u5,

G~B2*→B* g!5eq
2aS 64

45
gd

2uqW u514gs
2uqW u D ,

G~B18→B* g!5eq
2ag1

2uqW u,

G~B18→Bg!5
1

2
eq

2ag1
2uqW u,

G~B08→B* g!5
3

2
eq

2ag1
2uqW u,

G~B*→Bg!5
1

3
eq

2ag4
2uqW u3, ~93!

whereuqW u5(mi
22mf

2)/2mi , mi , mf is the parent and deca
heavy hadron mass.

We apply the leading order formulas obtained above
the excited states of bottomed hadrons using the central
ues of the coupling constants in the previous section:

G~Sb→Lbg!51313S uqW u
165 MeV

D 3

keV,

G~Sb*
0→Lbg!53133S uqW u

224 MeV
D 3

keV,

FIG. 9. Dependence ofg5f 1,3/2
2 on T with vc53.2, 3.0, and 2.8

GeV.
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G~Sb*
1→Sb

1g!52.23S uqW u
63.4 MeV

D 3

keV,

G~Sb*
0→Sb

0g!50.143S uqW u
63.4 MeV

D 3

keV,

G~Sb*
2→Sb

2g!50.563S uqW u
63.4 MeV

D 3

keV,

G~B* 0→B0g!51.43S uqW u
137 MeV

D keV,

G~B* 1→B1g!55.53S uqW u
137 MeV

D keV,

G~B1
0→B0g!584.43S uqW u

490 MeV
D keV,

G~B1
1→B1g!53383S uqW u

490 MeV
D keV,

G~B1
0→B* 0g!542.23S uqW u

377 MeV
D keV,

G~B1
1→B* 1g!51693S uqW u

377 MeV
D keV,

G~B2*
0→B0g!55.83S uqW u

537 MeV
D keV,
.

.

l.

l.

11401
G~B2*
1→B1g!5233S uqW u

537 MeV
D keV,

G~B2*
0→B* 0g!52113S uqW u

408 MeV
D keV,

G~B2*
1→B* 1g!58443S uqW u

408 MeV
D keV.

~94!

The uncertainty of the decay width is typically about 30%
We do not present numerical results for the radiative

cay widths for the charmed hadrons since 1/mQ corrections
are sizable for the charm system while such corrections
only a few percent of the leading order term for the botto
system@8#.

In summary we have calculated the coupling constants
photons with the heavy baryons and the lowest three he
meson doublets using the light cone QCD sum rules with
photon wave functions in the leading order of HQET. W
hope these calculations will be tested in the future exp
ments.
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