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Strong and electromagnetic decays ofp-wave heavy baryonsLc1 ,Lc1*

Shi-Lin Zhu
Department of Physics, University of Connecticut, U-3046, 2152 Hillside Road, Storrs, Connecticut 06269-3046

~Received 2 December 1999; published 9 May 2000!

We first calculate the binding energy and the pionic and electromagnetic coupling constants of the lowest-
lying p-wave heavy baryon doubletLc1 , Lc1* in the leading order of heavy quark expansion. Then we calculate
the two-body decay widths with these couplings and compare our results with other approaches. Our results are
G(Lc1→Scp,Scg,Sc* g)52.7,0.011,0.001 MeV andG(Lc1* →Scp,Scg,Sc* g,Lc1g)533,5,6,0.014 keV, re-
spectively. We find thatLc1 ,Lc1* →Lcg is strictly forbidden in the leading order of heavy quark expansion. At
the order ofO(1/mc) their widths are 36 and 48 keV, respectively.

PACS number~s!: 14.20.Lq, 13.40.Hq, 13.75.Gx
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I. INTRODUCTION

Most of the ground state charm baryons have now b
found experimentally@1#. Important progress has been ma
in the search for orbitally excited heavy baryons. The A
GUS @2#, E687 @3#, and CLEO@4# Collaborations have ob
served a pair of states in the channelLc

1p1p2, which were
interpreted as the lowest-lying orbitally excited stat
Lc1(2593) with JP5 1

2
2 and Lc1* (2625) with JP5 3

2
2. The

total decay width of theLc1(2593) is 3.621.3
12.0 MeV while

only an upper limit of,1.9 MeV has been set forLc* (2625)
up to now@1#. Recently there emerges evidence for theJc1*

1

with JP5 3
2

2, the strange partner of theLc1* (2625). Its width
is less than 2.4 MeV. In the near future much more data
be expected. We will focus on the strong and electrom
netic decays of theLc1 doublet since they are the only wel
established states@1#.

There exist many theoretical discussions on this topic
@5# the single-pion and two-pion strong decays and radia
decays of theLc1 doublet were discussed within the fram
work of heavy baryon chiral perturbation theory. Because
unknown coupling constants in the chiral Lagrangian, no
tual decay widths were given. Within the same framewo
the pionic decay widths were calculated assuming that
heavy quark effective theory is still valid for the stran
quark @6#. The coupling constants in the chiral Lagrangi
were fixed using thep-wave strange baryon decay width
which were later used to predict the strong decays of
p-wave charm baryons@6#. The two-pion width ofLc1 was
estimated to be around 2.5 MeV, which was comparable
the total one-pion width of 3.0 MeV. And the decay ofLc1*
was suppressed by more than an order@6#. In @7# thep-wave
doublet was treated as the bound state of the nucleon
heavy meson. It was found that the decaysLc1 ,Lc1* →Lcg
were suppressed due to the kinematic suppression of
electric dipole moment@7#. In @8# the constituent quark
model was employed to study the orbitally excited hea
baryons. Sum rules were derived to constrain the coup
constants. The light front quark model, together with und
lying SU(2Nf)3O(3) symmetry for the light diquark sys
tem, was used to relate and analyze the pionic coup
@9–12#. However, the results have strong dependence on
constituent quark massmq . Varying mq from 220 MeV to
340 MeV, the decay widths increase by more than a facto
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2 @12#. Within the same framework the electromagnetic d
cays of thep-wave baryons were calculated in@13#. In @14#
both strong and radiative decays were calculated usin
relativistic three-quark model. After this paper was subm
ted there appeared an interesting paper discussing the r
tive decays of the ground state heavy baryon multiplets
the framework of heavy baryon chiral perturbation theory.
some cases the loop corrections yield sizable enhanceme
the decay widths@15#.

It will be helpful to extract these pionic and photon
coupling constants at the quark gluon level using a Q
Lagrangian. We will treat this problem using QCD sum rul
~QSRs! @16#, which have been successful in extracting t
low-lying hadron masses and couplings. In this approach
nonperturbative effects are introduced via various cond
sates in the vacuum. The light cone QCD sum rule~LCQSR!
differs from conventional short-distance QSRs in that it
based on an expansion over the twists of the operators.
main contribution comes from the lowest twist operato
Matrix elements of nonlocal operators sandwiched betwee
hadronic state and the vacuum define the hadron wave f
tions. In the present case our sum rules involve the pion
photon wave functions. When the LCQSR is used to cal
late the coupling constant, the double Borel transformatio
always invoked so that the excited states and the continu
contribution can be subtracted quite cleanly. We have ca
lated the pionic and electromagnetic coupling constants
decay widths of the ground state heavy hadrons@17–19# and
possible hybrid heavy mesons@20#. In this work we extend
the same framework to study the strong and radiative dec
of the lowestp-wave heavy baryons, i.e.,Lc1 doublet.

Our paper is organized as follows: Section I is an int
duction. In the next section we derive the mass sum rule.
light cone sum rules for the pionic coupling constants
derived in Sec. III. Numerical analysis is presented. In S
IV we extend the same framework to analyze the elec
magnetic processesLc1→Scg, etc. In Sec. V we discuss th
processesLc1 ,Lc1* →Lcg and compare our results wit
other theoretical approaches. The last section is a summ

II. MASS SUM RULES FOR THE HEAVY HYBRID
MESONS IN HEAVY QUARK EFFECTIVE THEORY

A. Heavy quark effective theory

The effective Lagrangian of heavy quark effective theo
~HQET!, up to order 1/mQ , is
©2000 The American Physical Society19-1



e

-

n

ts

T.

or-

tate
ri-

d

ar-
us

e
rast

be
are

SHI-LIN ZHU PHYSICAL REVIEW D 61 114019
Leff5h̄v iv•D hv1
1

2mQ
K1

1

2mQ
S1O~1/mQ

2 !, ~1!

where hv(x) is the velocity-dependent field related to th
original heavy quark fieldQ(x) by

hv~x!5eimQv•x
11v”

2
Q~x!, ~2!

andvm is the heavy hadron velocity.K is the kinetic operator
defined as

K5h̄v ~ iD t!
2hv , ~3!

where Dt
m5Dm2(v•D) vm, with Dm5]m2 ig Am the

gauge-covariant derivative, andS is the chromomagnetic op
erator:

S5
g

2
Cmag~mQ /m! h̄v smnGmnhv , ~4!

where Cmag5@as(mQ)/as(m)#3/b0, and b051122nf /3.
Note that the heavy quark propogator has a simple form
coordinate space:

^0uT$hv~x!,h̄v~0!%u0&5E
0

`

dtd~x2vt !
11 v̂

2
. ~5!

B. Interpolating currents

We introduce the interpolating currents for the releva
heavy baryons:

hLc
~x!5eabc@uaT~x!Cg5db~x!#hv

c~x!, ~6!

hS
c
1~x!5eabc@uaT~x!Cgmdb~x!#g t

mg5hv
c~x!, ~7!

h
S

c
11*

m
~x!5eabc@uaT~x!Cgnub~x!#G t

mnhv
c~x!, ~8!

hLc1
~x!5eabc@uaT~x!Cg5db~x!#g t

mg5Dm
t hv

c~x!, ~9!

hLc1

m ~x!5eabc@uaT~x!Cg5db~x!#G t
mnDn

t hv
c~x!, ~10!

wherea, b, c are color indices,u(x), d(x), andhv(x) are the
up, down, and heavy quark fields,T denotes the transpose,C
is the charge conjugate matrix,G t

mn52gt
mn1 1

3 g t
mg t

n , gt
mn

5gmn2vmvn, g t
m5gm2 v̂vm, andvm is the velocity of the

heavy hadron.
The overlap amplititudes of the interpolating curren

with the heavy baryons are defined as

^0uhLc
uLc&5 f Lc

uLc
, ~11!

^0uhLc1
uLc1&5 f Lc1

uLc1
, ~12!

^0uh
L

c1*
m uLc1* &5

f L
c1*

A3
u

L
c1*

m
, ~13!
11401
in

t

^0uhSc
uSc&5 f Sc

uSc
, ~14!

^0uh
S

c*
m uSc* &5

f S
c*

A3
u

S
c*

m
, ~15!

whereu
L

c1*
m

, u
S

c*
m

are the Rarita-Schwinger spinors in HQE

In the leading order of HQET,f Sc
5 f S

c*
and f Lc1

5 f L
c1*

due

to heavy quark symmetry.

C. LQ1 mass sum rules

In order to extract the binding energy of thep-wave heavy
baryons in the leading order of HQET, we consider the c
relators

i E d4xeikx^0uT$hLc1
~x!,h̄Lc1

~0!%u0&5P~v!
11 v̂

2
,

~16!

with v5k•v.
The dispersion relation forP(v) reads

P~v!5E r~s!

s2v2 i e
ds, ~17!

wherer(s) is the spectral density in the limitmQ→`.
On the phenomenological side,

P~v!5
f Lc1

2

Lc12v
1continuum. ~18!

In order to suppress the continuum and higher excited s
contribution we make a Borel transformation with the va
ablev to Eq. ~17!. We have

f Lc1

2 e2(L̄Lc1
/T)5E

0

s0
r~s!e2s/Tds, ~19!

whereL̄Lc1
is theLc1 binding energy in leading order an

s0 is the continuum threshold. Starting froms0 we have
modeled the phenomenological spectral density with the p
ton like one including both the perturbative term and vario
condensates.

The spectral densityr(s) at the quark level reads

r~s!5
3

140p4 s72
1

384p4 ^gs
2G2&s31

m0
2a2

128p4 d~s!,

~20!

where a524p2^q̄q&50.55 GeV3, ^gs
2G2&50.48 GeV4,

^q̄gss•Gq&5m0
2^q̄q&, and m0

250.8 GeV2. An interesting
feature of Eq.~20! is that the gluon condensate is of th
opposite sign as the leading perturbative term, in cont
with the ground state baryon mass sum rules. This may
interpreted as some kind of gluon excitation since we
9-2
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STRONG AND ELECTROMAGNETIC DECAYS OFp-WAVE . . . PHYSICAL REVIEW D 61 114019
consideringp-wave baryons. In the present case the gluon
the covariant derivative also contributes to various cond
sates.

Two common approaches exist to extract the masses.
is the derivative method:

L̄Lc1
5

E
0

s0
sr~s!e2s/Tds

E
0

s0
r~s!e2s/Tds

. ~21!

The other is the fitting method, which involves fitting the le
hand side and right hand side of Eq.~19! with the most
suitable parametersL̄Lc1

, f Lc1
,s0 in the working region of

the Borel parameter. With both methods we get consis
results

L̄Lc1
5~1.160.2! GeV,

f Lc1
5~0.02560.005! GeV4,

sLc1

0 5~1.4560.2! GeV ~22!

in the working region 0.5–1.3 GeV for the Borel parame
T. For later use we also need the mass and overlapping
plitude of theS, L heavy baryon doublet,L̄Sc

, L̄Lc
, f Sc

,

f Lc
in leading order ofas @21,22#:

L̄Sc
5~1.060.1! GeV,

f Sc
5~0.0460.004! GeV3,

sSc

0 5~1.2560.15! GeV, ~23!

L̄Lc
5~0.860.1! GeV,

f Lc
5~0.01860.004! GeV3,

sLc

0 5~1.260.15! GeV. ~24!

III. LCQSR FOR THE PIONIC COUPLINGS

A. Correlator for pionic couplings

We introduce the following amplitudes:

M ~Lc1→Scp!5gsūSc
uLc1

, ~25!

M ~Lc1* →Scp!5A3gdūSc
g5qm

t q̂u
L

c1*
m

, ~26!

M ~Lc1→Sc* p!5A3gd
1ūSc

m g5qm
t q̂uLc1

, ~27!
11401
n
-

ne

nt

r
m-

M ~Lc1* →Sc* p!5ūSc

m Fgs8gmn
t 13gd

2S qm
t qn

t 2
1

3
gmn

t qt
2D GuL

c1*
n

,

~28!

where q̂5qmgm, qm is the pion momentum. Only the firs
two decay processes are kinematically allowed. Becaus
heavy quark symmetry,gs85gs , gd

15gd
25gd in the limit of

mQ→`. In other words there are two independent coupli
constants corresponding tos-wave andd-wave decays. Note
we are unable to determine the sign ofgs andgd . And we
are mainly interested in the decay widths of thep-wave
heavy baryons. In the following our convention is to let bo
couplings be positive.

We consider the following correlators:

E d4x eik•x^0uT@hLc1
~x!h̄Sc

~0!#up~q!&

5
11 v̂

2
Gs~v,v8!, ~29!

E d4x eik•x^0uT@h
L

c1*
m

~x!h̄Sc
~0!#up~q!&

5
11 v̂

2
qaqnG t

mag t
ng5Gd~v,v8!, ~30!

wherek85k2q, v5v•k, v85v•k8, andq25mp
2 50.

The functionGs,d(v,v8) has the following pole terms
from double-dispersion relation. ForGs we have

f Lc1
f Sgs

~L̄Lc1
2v8!~L̄Sc

2v!
1

c

L̄Lc1
2v8

1
c8

L̄Sc
2v

. ~31!

B. Pion light cone wave functions

To go further we need the two- and three-particle pi
light cone wave functions@23#

^p~q!ud̄~x!gmg5u~0!u0&

52 i f pqmE
0

1

du eiuqx@wp~u!1x2g1~u!1O~x4!#

1 f pS xm2
x2qm

qx D E
0

1

du eiuqxg2~u!, ~32!

^p~q!ud̄~x!ig5u~0!u0&

5
f pmp

2

mu1md
E

0

1

du eiuqxwP~u!, ~33!
9-3
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^p~q!ud̄~x!smng5u~0!u0&

5 i ~qmxn2qnxm!
f pmp

2

6~mu1md!
E

0

1

du eiuqxws~u!,

~34!

^p~q!ud̄~x!sabg5gsGmn~ux!u~0!u0&

5 i f 3p@~qmqagnb2qnqagmb!2~qmqbgna

2qnqbgma!#E Da i w3p~a i !e
iqx(a11va3),

~35!

^p~q!ud̄~x!gmg5gsGab~vx!u~0!u0&

5 f pFqbS gam2
xaqm

q•x D2qaS gbm2
xbqm

q•x D G
3E Da iw'~a i !e

iqx(a11va3)1 f p

qm

q•x
~qaxb2qbxa!

3E Da iw i~a i !e
iqx(a11va3), ~36!

and
11401
^p~q!ud̄~x!gmgsG̃ab~vx!u~0!u0&

5 i f pFqbS gam2
xaqm

q•x D2qaS gbm2
xbqm

q•x D G
3E Da i w̃'~a i !e

iqx(a11va3)

1 i f p

qm

q•x
~qaxb2qbxa!E Da i w̃ i~a i !e

iqx(a11va3).

~37!

The operatorG̃ab is the dual ofGab . G̃ab5 1
2 eabdrGdr.

Here Da i is defined asDa i5da1da2da3d(12a12a2
2a3). Because of the choice of the gaugexmAm(x)50, the
path-ordered gauge factorPexp@igs*0

1 du xmAm(ux)# has been
omitted.

The wave functionwp(u) is associated with the leadin
twist-2 operator,g1(u) andg2(u) correspond to twist-4 op-
erators, andwP(u) andws(u) to twist-3 ones. The function
w3p is of twist 3, while all the wave functions appearing
Eqs. ~36!, ~37! are of twist 4. The wave functionsw(xi ,m)
(m is the renormalization point! describe the distribution in
longitudinal momenta inside the pion, the parametersxi
(( ixi51) representing the fractions of the longitudinal m
mentum carried by the quark, antiquark, and gluon.

The wave function normalizations immediately follo
from the definitions~32!–~37!: *0

1 du wp(u)5*0
1 du ws(u)

51, *0
1 du g1(u)5d2/12, *Da iw'(a i)5*Da iw i(a i)50,

*Da i w̃'(a i)52*Da i w̃ i(a i)5d2/3, with the parameterd
defined by the matrix element:̂ p(q)ud̄gsG̃amgauu0&
5 id2f pqm .
e

C. Pionic sum rules

Now the expressions ofGs , Gd at the quark level read

Gs~v,v8!5 i f pE
0

`

dtE
0

1

duei (12u)vteiuv8tH 6mp

p2t4 wP~u!1
mp

3p2t4 $3ws8 ~u!1@uws~u!#9%1S ^q̄q&1
t2

16̂
q̄gss•Gq& Dg2~u!

1S ^q̄q&1
t2

16̂
q̄gss•Gq& D @uwp~u!#91t2@uG2~u!1ug1~u!#9

3t2 J 1
i

p2 f 3pE dt

t2E
0

1

du~12u!

3E Da ie
ivt[12(a11ua3)]eiv8t(a11ua3)@~q•v !22 i t ~q•v !3~a11ua3!#w3p~a i !

2
2i

p2 f 3pE dt

t2E
0

1

duuE Da ie
ivt[12(a11ua3)]eiv8t(a11ua3)~q•v !2w3p~a i !, ~38!

Gd~v,v8!5 i f pE
0

`

dtE
0

1

duuei (12u)vteiuv8tH mp

3p2t2 ws~u!1
1

3 S ^q̄q&1
t2

16̂
q̄gss•Gq& D $wp~u!1t2@G2~u!1g1~u!#%J

2
i

p2 f 3pE dt

t2E
0

1

du~12u!E Da ie
ivt[12(a11ua3)]eiv8t(a11ua3)@12 i t ~q•v !~a11ua3!#w3p~a i !

2
i

p2 f 3pE dt

t2E
0

1

duuE Da ie
ivt[12(a11ua3)]eiv8t(a11ua3)w3p~a i !, ~39!

wheremp51.65 GeV,f p5132 MeV,F8(u)5dF(u)/du, andF9(u)5d2F(u)/du2. There are two three-particle terms in th
9-4
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form of w3p in Eqs. ~38!, ~39!. The gluon arises from the light quark propagator in the first term and from the cova
derivative in the second term. For large euclidean values ofv and v8 this integral is dominated by the region of smallt;
therefore, it can be approximated by the first few terms with lowest twists.

After Wick rotations and making a double Borel transformation with the variablesv andv8 the single-pole terms in Eq
~31! are eliminated. Subtracting the continuum contribution which is modeled by the dispersion integral in the regios,s8
>s0, we arrive at

gsf Lc1
f Sc

5
f p

p2
e(L̄Lc1

1L̄Sc
)/2TH 6mpwP~u0!T5f 4S s0

T D1
f 3p

f p
~2I 32I 42I 6!T5f 4S s0

T D1
mp

3
$3ws8 ~u0!1@uws~u!#u0

9 %T5f 4S s0

T D
1

a

12
@uwp~u!#u0

9 S 12
m0

2

16T2DT3f 2S s0

T D2
a

4 H g2~u0!1
1

3
@uG2~u!1ug1~u!#u0

9 J S 12
m0

2

16T2DT f0S s0

T D J , ~40!

where f n(x)512e2x(k50
n xk/k! is the factor used to subtract the continuum, ands0 is the continuum threshold.u0

5T1 /(T11T2), T[T1T2 /(T11T2), andT1 , T2 are the Borel parameters. The functionsI i are defined below. In obtaining
Eq. ~40! we have used the Borel transformation formulaB̂v

Teav5d(a21/T) and integration by parts to absorb the facto
(q•v) and 1/(q•v). In this way we arrive at the simple form after the double Borel transformation.

Similarly we have

gdf L
c1*

f Sc
5

f p

p2
e(L̄L1

* 1L̄Sc)/2TH mp

3
u0ws~u0!T3f 2S s0

T D2
f 3p

f p
~ I 11I 21I 5!T3f 2S s0

T D1
a

12
u0wp~u0!S 12

m0
2

16T2DT f0S s0

T D
2

a

12T
u0@G2~u0!1g1~u0!#S 12

m0
2

16T2D J . ~41!

The functionsG2(u0), I i are defined as

G2~u0!52E
0

u0
g2~u!du, ~42!

I 15E
0

u0
da1E

0

12u0
da2

u02a1

a3
2 w3p~a i !, ~43!

I 25E
0

u0
da1E

0

12u0
da2

12u02a2

a3
2 w3p~a i !, ~44!

I 35E
0

u0
da1

d

da3
Fw3p~a1 ,12a12a3 ,a3!

a3
GU

a35u02a1

2E
0

u0
da1

w3p~a1 ,12u0 ,u02a1!

~u02a1!2

1E
0

12u0
da2

w3p~u0 ,a2 ,12u02a2!

~12u02a2!2
, ~45!

I 45E
0

12u0da3

a3
Fdw3p~a1 ,12a12a3 ,a3!

da1
GU

a15u0

1E
0

u0
da1

w3p~a1 ,12u0 ,u02a1!

~u02a1!2
2E

0

12u0
da2

w3p~u0 ,a2 ,12u02a2!

~12u02a2!2
,

~46!

I 552E
0

12u0
u0

da3

a3
w3p~u0,12u02a3 ,a3!1E

0

u0
da1E

0

12u0
da2

2u0211a2

a3
2 w3p~a i !, ~47!
114019-5
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I 65
d@a1w3p~a1 ,12a12a3 ,a3!#

da1
U

a3512u0

a15u0

2E
0

12u0
da3

d2

da1
2 Fw3p~a1 ,12a12a3 ,a3!

a1

a3
G

a15u0

1Fw3p~a1 ,12a12a3 ,a3!
a32a1

a3
2 GU

a35u0

a150

1E
0

u0
da3E

0

u02a3
da1

d

da1
Fw3p~a1 ,12a12a3 ,a3!

a32a1

a3
2 G

1Fw3p~a1 ,12a12a3 ,a3!
a32a1

a3
2 G

a3512u0

a15u0

2E
0

12u0
da3

d

da1
Fw3p~a1 ,12a12a3 ,a3!

a32a1

a3
2 GU

a15u0

22Fw3p~a i !

a3
G

a35u0

a150

22E
0

u0
da3E

0

u02a3
da1

d

da1
Fw3p~a1 ,12a12a3 ,a3!

a3
G

22E
0

u0
da3E

0

u02a3
da1

w3p~a1 ,12a12a3 ,a3!

a3
2

12E
0

12u0
da3E

0

12u02a3
da2

w3p~12a22a3 ,a2 ,a3!

a3
2

, ~48!
f

he

y
he

dl

a
ee
on

d

-

.

ity
wherea3 anda1 are the longitudinal momentum fraction o
gluon and down quark inside the pion, respectively.

D. Determination of the parameters for pionic sum rules

The mass difference betweenLc1 and Sc is only about
0.1 GeV in the leading order of HQET. And the values of t
Borel parameterT1 ,T2 are around 2 GeV in the working
region. So we choose to work at the symmetric pointT1
5T252T, i.e., u05 1

2 , which diminishes the uncertaint
arising from the pion wave functions and enables a rat
clean subtraction of the continuum contribution.

The pion wave functions and their values at the mid
point are discussed in@23–25#. At the scalem51.0 GeV the
values of the various functions appearing in Eqs.~40!,~41! at
u05 1

2 are wp(u0)5(1.560.2) @25#, wP(u0)51.142,
ws(u0)51.463, g1(u0)50.034 GeV2, G2(u0)50.02
GeV2 @24#, ws8 (u0)50, g2(u0)50, @uwp(u)#u5u0

9

5@uws(u)#u5u0
9 526, @ug1(u)1uG2(u)#u5u0

9 520.29, I 1

51.17, I 251.17, I 3531.9, I 45231.9, I 5521.64, I 6
5247.5, f 3p50.0035 GeV2. We have used the forms in@24#
for w3p(a i) to calculate integralsI i . The three-particle wave
functions have been known to next order in the conform
spin expansion up to now. The second derivatives n
knowledge of the detailed shape of the pion wave functi
at the middle point. Various sources indicate thatwp(u) is
very close to the asymptotic form@25#, which is exactly
known. Based on these considerations we have employe
asymptotic forms to extract the second derivatives forws(u)
andwp(u).

E. Numerical analysis of pionic sum rules

Note that the spectral density of the sum rule~40!,~41! is
either proptional tos2 or s4; the continuum has to be sub
tracted carefully. We uses05(1.360.15) GeV, which is the
average of the thresholds of theLc1 andSc mass sum rules
The variation ofgs,d with the Borel parameterT and s0 is
presented in Fig. 1 and Fig. 2. The curves correspond tos0
11401
r

e

l
d
s

the

51.2,1.3,1.4 GeV from bottom to top respectively. Stabil
develops for these sum rules in the region 0.5 GeV,T
,1.5 GeV; we get

gsf Lc1
f S5~0.560.3!31023 GeV7, ~49!

gdf L
1*

f S5~2.860.6!31023 GeV5, ~50!

where the errors refer to the variations withT ands0 in this
region. And the central value corresponds toT51 GeV and
s051.3 GeV.

Combining Eqs.~22!, ~23! we get

gs5~0.560.3!, ~51!

gd5~2.860.6! GeV22. ~52!

FIG. 1. Dependence ofgsf Lc1
f Sc

on the Borel parameterT for
different values of the continuum thresholds0. From top to bottom
the curves correspond tos051.4,1.3,1.2 GeV.
9-6
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We collect the values of the pionic couplings from vario
approaches in Table I. Note that in our notation 3gd corre-
sponds to that in@14#.

We use the following formulas to calculate the pion
decay widths of p-wave heavy baryons:

G~Lc1→Scp!5
gs

2

2p

mSc

mLc1

uqu, ~53!

G~Lc1* →Scp!5
gd

2

2p

mSc

mL
c1*

uqu5, ~54!

where uqu is the pion decay momentum. We use the valu
mLc1

52.593 GeV,mL
c1*

52.625 GeV,mSc
52.452 GeV@1#.

In theLc1 decays, as a result of isospin symmetry violatio
of the pion andSc multiplet masses, the pion decay mome
tum is 17,23,32 MeV for the final state
Sc

11p2,Sc
0p1,Sc

1p0, respectively. This effect causes
significant difference in the decay widths, which are c
lected in Table II. Summing all the three isospin channels
get G(Lc1→Scp)52.7 MeV andG(Lc1* →Scp)533 keV.
The latter is nearly suppressed by two oders of magnit
due tod-wave decays.

FIG. 2. Dependence ofgdf L
1*
f Sc

on T, s0.
11401
s

s
-

-
e

e

From Table II we see that our results are numerica
close to those from fixing the unknown coupling consta
from thep-wave strange baryon strong decay widths assu
ing heavy quark effective theory could be extended to
strange quark case@6#. The values ofd-wave decay widths
from the above approach and ours are much smaller t
those from the quark models@14,10,12#. As for thes-wave
decays various approaches yield consistent results.

IV. RADIATIVE DECAYS OF p-WAVE HEAVY BARYONS

A. Correlator

The light cone photon wave functions have been used
discuss radiative decay processes in@26–30,19# in the frame-
work of QCD sum rules. We extend the same formalism
extract the electromagnetic coupling constants for theLQ1
doublet decays.

The radiative coupling constants are defined through
following amplitudes:

M ~Lc1→Scg!5eebnrmqben* ūSc
@ f sgt

ra

1 f dqavr#ga
t g t

muLc1
, ~55!

M ~Lc1→Sc* g!5A3eebnrmqben* ū
S

c*
a

@ f s
1gt

ra

1 f d
1qavr#g5g t

muLc1
, ~56!

M ~Lc1* →Scg!5A3eebnrmqben* ūSc
@ f s

2gt
ra

1 f d
2qavr#g5ga

t uLc1

m , ~57!

M ~Lc1* →Sc* g!53eebnrmqben* ū
S

c*
a

@ f s
3gt

ra1 f d
3qavr#uLc1

m ,

~58!

TABLE I. Pionic coupling constants.

Coupling Our results Ref.@14# Ref. @10#

gs 0.560.3 0.52 0.66560.135
3gd (8.461.8)GeV22 21.5 GeV22 50.85614.25 GeV22
TABLE II. Single-pion decay widths.

Our results Ref.@6# Ref. @14# Ref. @10# Experiment
s-wave transitions

Lc1;S(2593)→Sc
0p1 0.86 MeV 0.8960.86 MeV 0.8360.09 MeV 1.77560.695 MeV 0.8620.56

10.73 MeV
Lc1;S(2593)→Sc

1p0 1.2 MeV 1.760.49 MeV 0.9860.12 MeV 1.1860.46 MeV G(Lc1;S)53.621.3
12.0 MeV

Lc1;S(2593)→Sc
11p2 0.64 MeV 0.5560.55

1.3 MeV 0.7960.09 MeV 1.4760.57 MeV 0.8620.56
10.73 MeV

d-wave transitions

Lc1;S* (2625)→Sc
0p1 0.011 MeV 0.013 MeV 0.08060.009 MeV 0.46560.245 MeV ,0.13 MeV

Lc1;S* (2625)→Sc
1p0 0.011 MeV 0.013 MeV 0.09560.012 MeV 0.4260.22 MeV G(Lc1* ),1.9MeV

Lc1;S* (2625)→Sc
11p2 0.011MeV 0.013 MeV 0.07660.009 MeV 0.4460.23 MeV ,0.15 MeV
9-7
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whereem(l) andqm are the photon polarization vector an
momentum, respectively, ande is the charge unit. Because o
heavy quark symmetry, we havef s

15 f s
25 f s

35 f s , f d
15 f d

2

5 f d
35 f d . As in the case of pionic couplings there are on

two independent coupling constants associated withE1 and
M2 decays.

We consider the correlator

E d4x e2 ik•x^g~q!uT@hLc1
~0!h̄Sc

~x!#u0&

5e
11 v̂

2
ga

t g t
mebnrmvben* $Fs~v,v8!gt

ra

1Fd~v,v8!qavr%, ~59!

where Fs,d(v,v8) has the same pole structures
Gs,d(v,v8).

The light-cone two-particle photon wave functions a
@26#

^g~q!uq̄~x!smnq~0!u0&

5 ieqe^q̄q&E
0

1

dueiuqx$~emqn2enqm!

3@xf~u!1x2h1~u!#

1@~qx!~emxn2enxm!1~ex!~xmqn2xnqm!

2x2~emqn2enqm!#h2~u!%, ~60!

^g~q!uq̄~x!gmg5q~0!u0&

5
f

4
eqeemnrsenqrxsE

0

1

dueiuqxc~u!. ~61!

The f(u),c(u) are associated with the leading twist-2 ph
ton wave function~PWF!, while g1(u) andg2(u) are twist-4
PWFs. All these PWFs are normalized to unity,*0

1du f(u)
51.

We want to emphasize that the photon light cone wa
functions include the complete perturbative and nonpertu
tive electromagnetic interactions for the light quarks in pr
ciple. Yet the interaction of the photon with the heavy qua
is not parametrized and constrained by the photon light c
wave functions. It seems possible that the photon cou
directly to the heavy quark line. This is different from th
QCD sum rules for the pionic couplings since pions can
couple directly to the heavy quark. However, the real pho
coupling to heavy quarks involves a spin-flip transitio
which is suppressed by a factor of 1/mQ @9#. So it vanishs in
the leading order of 1/mQ expansion. Since we are interest
in the leading order couplingsf s,d , it is enough to keep the
photon light cone wave functions for the light quarks onl

Expressing Eq.~59! with the photon wave functions, w
arrive at
11401
e
a-
-
k
e

es

t
n
,

Fs~v,v8!5
1

p2 ~eu2ed!^q̄q&

3E
0

`

dtE
0

1

duei (12u)vteiuv8tH F 1

t4 xf~u!

1
1

t2 @h1~u!2h2~u!#G1
p2

24
f c~u!tJ 1•••,

~62!

Fd~v,v8!5
i

p2 ~eu2ed!^q̄q&

3E
0

`

dtE
0

1

duei (12u)vteiuv8tuH F 1

t3 xf~u!

1
1

t
@h1~u!2h2~u!#G1

p2

24
f c~u!tJ 1•••.

~63!

The final sum rules are

f sf Lc1
f Sc

52
a

4p4 ~eu2ed!e(L̄Lc1
1L̄Sc

)/2TH xf~u0!T5f 4S s0

T D
2@h1~u0!2h2~u0!#T3f 2S s0

T D
1

p2

24
f c~u0!T1f 0S s0

T D J , ~64!

f df Lc1
f Sc

52
a

4p4 ~eu2ed!e(L̄Lc1
1L̄Sc

)/2Tu0

3H xf~u0!T4f 3S s0

T D2@h1~u0!

2h2~u0!#T2f 1S s0

T D1
p2

24
f c~u0!J . ~65!

B. Numerical analysis of the photonic sum rules

The leading photon wave functions receive only sm
corrections from the higher conformal spins@23#, so they do
not deviate much from the asymptotic form. We shall u
@27#

f~u!56u~12u!, ~66!

c~u!51, ~67!

h1~u!52
1

8
~12u!~32u!, ~68!

h2~u!52
1

4
~12u!2, ~69!
9-8
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with f 50.028 GeV2 and x524.4 GeV2 @31–34# at the
scalem51 GeV.

The variation off s,d with the Borel parameterT ands0 is
presented in Fig. 3 and Fig. 4. Stability develops for the s
rules~64!, ~65! in the region 0.5 GeV,T,1.5 GeV; we get:

f sf Lc1
f S5~2.060.8!31024 GeV6, ~70!

f df Lc1
f S5~4.861.2!31024 GeV5, ~71!

where the errors refer to the variations withT ands0 in this
region. And the central value corresponds toT51.0 GeV
ands051.3 GeV. Our final result is

f s5~0.2060.08! GeV21, ~72!

f d5~0.4860.12! GeV22. ~73!

The decay width formulas in the leading order of HQE
are

FIG. 3. Dependence off sf Lc1
f Sc

on T, s0.
11401
G~Lc1→Scg!516auqW u3
mSc

mLc1

F f s
21

1

2
f d

2uqW u2G ,
G~Lc1→Sc* g!58auqW u3

mS
c*

mLc1

F f s
21

1

2
f d

2uqW u2G ,

G~Lc1* →Scg!54auqW u3
mSc

mL
c1*

F f s
21

1

2
f d

2uqW u2G ,

G~Lc1* →Sc* g!520auqW u3
mS

c*

mL
c1*

F f s
21

1

2
f d

2uqW u2G ,
~74!

where uqW u5134,72,164,103 MeV is the photon decay m
mentum for the above four processes. The d-wave de
width is negligible. The decay width values are collected
Table III. The uncertainty is typically about 50%.

FIG. 4. Dependence off df Lc1
f Sc

on T, s0.
TABLE III. Radiative decay widths.

Our results Ref.@13# Ref. @14# Others Experiment@1#

Lc1;S(2593)→Lc
1g 0.036 MeV 0 0.11560.001 MeV 0.191cRT

2 MeV @5# ,2.3620.85
11.31 MeV

0.016 MeV@7#

Lc1;S(2593)→Sc
1g 0.011 MeV 0.071 MeV 0.07760.001 MeV 0.127cRS

2 @5#

Lc1;S(2593)→Sc*
1g 0.001 MeV 0.011 MeV 0.00660.0001 MeV 0.006cRS

2 @5#

Lc1;S* (2625)→Lc
1g 0.048 MeV 0 0.15160.002 MeV 0.253cRT

2 MeV @5# ,1 MeV
0.021 MeV@7#

Lc1;S* (2625)→Sc
1g 0.005 MeV 0.13 MeV 0.03560.0005 MeV 0.058cRS

2 @5#

Lc1;S* (2625)→Sc*
1g 0.006 MeV 0.032 MeV 0.04660.0006 MeV 0.054cRS

2 @5#
9-9
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The decaysLQ1→SQg do not occur in the leading orde
in the bound state picture@7#. Because of the unknown cou
pling constantcRS in the chiral Lagrangian for the heav
quark electromagnetic interactions, no numerical values
available@5#. However, the decay width ratios of the fou
final states are exactly the same as ours if we ignore
isospin violations of the heavy multiplet masses in the he
quark limit. Our results are much smaller than those fr
various versions of quark models@13,14#, which may indi-
cate that the 1/mc correction is important.

V. PROCESSLc1\LCg, etc.

As can be seen later the radiative decay processes o
p-waveLc1 doublet toLc is quite different from those in the
previous section. We present more details here. The pos
E1 decay amplitudes are

M ~Lc1→Lcg!5ehpem* ūLc
@gt

mnv•q2vmqn#gmg5uLc1
,

~75!

M ~Lc1* →Lcg!5A3ehp8em* ūLc
@gt

mnv•q2vmqn#uL
c1
n .

~76!

As a result of heavy quark symmetry,hp5hp8 .
We consider the correlator

P5 i E d4x eik•x^g~q!uT@hLc1
~x!h̄Lc

~0!#u0&

5
11 v̂

2
em* @gt

mnv•q2vmqn#gmg5Hp~v,v8!. ~77!

We first calculate the part solely involved with the lig
quark, which can be expressed with the photon wave fu
tions. We get

P52i E
0

`

dtE d4x eik•xD̂td~x2vt !g5

11 v̂
2

3$Tr@g5CiSu
T~x!Cg5^g~q!ud~x!d̄~0!u0&#1~u↔d!%,

~78!

where a summation over color has been performed. There
two types of terms with eveng matrices in the trace. The
first one is connected withc(u) and the trace looks like
Tr@g5Cx̂TCg5gmg5#. The second is involved with
f(u),h1(u),h2(u) and the trace looks like
Tr@g5C1Cg5smn#. In bothLQ1 ,LQ states the up and dow
quarks are in the 01 state, which leads to the presence
g5C andCg5 in both traces. Clearly both traces vanish. Th
property results from the underlying flavor and spin struct
of the light quark sector. In other words the light quark co
tribution is zero to all orders of the heavy quark expansion
the framework of the LCQSR with the commonly used
terpolating currents~6! and ~9! for LQ and LQ1, respec-
tively. The decaysLQ1→LQg andLQ1* →LQg happen only
when the photon couples directly to the heavy quark line
11401
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Now let us move to the part involved with the heav
quark. At first sight there are two types of terms in the lea
ing order of heavy quark expansion. The first one com
from insertion of the operatori * h̄v(y) iv•Dhv(y)d4y in Eq.
~77!, which contributes a factorv•e* (l) to the decay am-
plitude. For the real photonv•e* (l)50, so it drops out.
The other possible term arises from the covariant deriva
in hLc1

, which leads to a nonzero correlator. For the ten

structurei ê* g5(11 v̂)/2 we have

P~v,v8!52
e

p4E
0

`

dteiv8tH 6

t6 1
^gs

2G2&
64t2 2

a2

96J , ~79!

where the photon field has contributed a factore2 iq•x. It is
important to note that only the variablev8 appears in Eq.
~79!. It is a single-pole term which must vanish after w
make a double Borel transformation to the variablesv,v8
simultaneously. We have shown that there is no leading
der E1 transition in Eq.~75! arising from the photon cou
plings to the heavy quark line in the leading order of hea
quark expansion. Based on the same spin and flavor con
eration we know that radiative decay processes likeSQ1
→LQ1g, LQ1→LQ1g, SQ1→SQ1g are also forbidden in
the leading order of 1/mQ expansion, where we have use
notations in@9#.

We may rewrite the decay amplitudes as

M ~Lc1→Lcg!5e fpFmnūLc
smng5uLc1

, ~80!

M ~Lc1* →Lcg!52A3e fp
1FmnvmūLc

uL
c1
n , ~81!

M ~Lc1* →Lc1g!52A3e fp
2FmnūLc1

g t
mg5uL

c1
n . ~82!

As a result of heavy quark symmetry, we have

f p5 f p
15 f p

2 . ~83!

Note thatf p5
1
4

hp .

In these decays we know that the light quarks do
contribute. However, theJP of the light diquark changes
from 12 to 01 which ensures that the decayLc1→Lcg is an
E1 transition. The angular momentum and parityJP5 1

2
1 of

the heavy quark do not change, so the coupling constantf p is
the same as that for the heavy quarkM1 transition, which is
induced by the magnetic moment operator

f p5
mc

2
5

ec

4mc
. ~84!

Another approach is to consider the three-point corre
tion function for the tensor structureêtg5(11 v̂)/2,
9-10
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i E d4xd4zeikx2 ik8z^0uT

3H hLc1
~x!,

K~0!1S~0!

2mc
,h̄Lc1

~z!J u0&

5P3~v,v8!
11 v̂

2
, ~85!

with v5k•v,v85k8•v:

P3~v,v8!5
2ec

mc

1

p4E
0

`

dt1dt2eivt11 iv8t2H 18

~ t11t2!8

1
^gs

2G2&
64~ t11t2!4J , ~86!

After the double Borel transformation and continuum su
traction we get the sum rule forhp :

hp~L̄Lc1
2L̄Lc

! f Lc1
f Lc

e2(L̄Lc1
1L̄Lc

)/2T

5
1

p4

ec

mc
H 36T8f 7S s0

T D1
^gs

2G2&
32

T4f 3S s0

T D J .

~87!

Dividing Eq. ~87! by Eq. ~19! we get

hp5
ec

mc
e2(L̄Lc1

2L̄Lc
)/2T

f Lc1

3~L̄Lc1
2L̄Lc

! f Lc

3

T8f 7S s0

T D1
^gs

2G2&
1152

T4f 3S s0

T D
T8f 7S s0

T D2
^gs

2G2&
6912

T4f 3S s0

T D1
m0

2a2

8192

. ~88!

Numerically we havehp'ec /mc , which is consistent with
Eq. ~84!. The decay width formulas are

G~Lc1→Lcg!5ec
2auqW u3

mLc

mLc1
mc

2
,

G~Lc1* →Lcg!5ec
2auqW u3

mLc

mL
c1*

mc
2

,

G~Lc1* →Lc1g!5ec
2auqW u3

mLc1

mL
c1*

mc
2

. ~89!

The decay momentum is 290,320,32 MeV, respectively.
take mc51.4 GeV. The numerical values are collected
Table III. These widths come solely from theO(1/mQ) cor-
rection. But their numerical values are greater than th
leading order widths for the channelsScg,Sc* g. The reason
is purely kinematical. The decay momentum for the fin
11401
-

e

e

l

stateLcg is 3 times larger. For theE1 decay there appear
an enhancement factor of 27.

These widths in Eqs.~89! are proportional toec
2/mc

2 .
Therefore the corresponding radiative decaysLb1→Lbg,
Lb1* →Lbg, Lb1* →Lb1g are further suppressed by a fact
@(eb /ec)/(mc /mb)#2;40. The widths of the first two decay
are around 1 keV.

If we use naive dimensional analysis to letcRT @5# in
Table III be of the order of unity or simply assume that t
E1 transition coupling constanthp in Eq. ~75! is of the same
order as theM1 transition one@9#, we would get a width
O(100) keV. Our result is in strong contrast with those fro
the bound state picture@7#, where G(Lc1 ,Lc1* →Lcg)
516,21 keV andG(Lb1 ,Lb1* →Lbg)590,119 keV. Future
experiments should be able to judge which mechanism
correct.

It was noted that the radiative decayLQ1→LQ was for-
bidden in the leading order of heavy quark symmetry assu
ing one-body transition operators, which arises from a co
plete cancellation due to the specific spins of lig
constituent quarks in the antisymmetric initial and final sta
@13#. The point is consistent with our observation of the va
ishing contribution of the light quark sector to this radiati
process.

From our calculation we know that thed-wave single-
pion width of Lc1* is 33 keV and the estimate in@6# yielded
35 keV for the two-pion decay width. It is interesting to no
that the radiative decay widths are 48,5,6,0.014 keV for
final statesLcg,Scg,Sc* g,Lc1g, respectively. The width of
the decay channelLcg is bigger than either of that of the
strong decay modes. TheLc1* should be a narrow state wit
a total width about 130 keV.

The two-pion width ofLc1 is about 2.5 MeV@6#. From
Tables II and III the one-pion and electromagnetic widths
G(Scp,Lcg,Scg,S* g)52.7,0.048,0.011,0.001 MeV. It
total width is about 5.4 MeV.

It is believed thatLb1 lies below theSbp,Lbpp thresh-
old. If so, its dominant decays are electromagnetic. From
calculation we see thatG(Lb1→Lbg,Sbg,Sb* g)51,11,1
keV if we assume the same decay momentum as in theLc1
decays. Its total width is about 13 keV. It will be a ve
narrow state. Clearly the radiative channelsSbg will be very
useful to find them experimentally.

The major decay modes ofLb1* might bed-wave one-pion
decay and electromagnetic decays to aSb doublet if the two-
pion mode is not allowed. Their widths areG(Lb1*
→Sbp,Lbg,Sbg,Sb* g)533,1,5,6 keV if we assume th
same decay momentum as in theLc1* case. It is also a very
narrow state with a width of 45 keV.

Before ending this section we want to improve our pre
ous calculation of radiative decays of excited heavy mes
@19#. ~1! First thes-wave terms involved withgs should not
appear in (11,21)→(02,12)g processes. All decays ar
M2 transitions. Thegs

2 in the decay width formulas shoul

be replaced by1
9 gd

2uqW u4. The last eight widths in Eq.~94!
should read 2,8,3,11,6,23,7,27 keV, respectively, which
much smaller than original wrong ones.~2! The E1 transition
9-11
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(01,11)→(02,12)g decay was identified ass-wave decay.
This was misleading. The factor (q•v) should be in the ten-
sor structure to ensure theE1 transition structure in Eq.~47!
in @19#. We present the correct sum rules forg1 below:

g1f 2,1/2f 1,1/252
a

4p2e(L2,1/21L1,1/2)/2TH xf~u0!T f0S s0

T D
2g1~u0!

1

TJ , ~90!

wheres05vc/25(1.560.2) GeV. Numerically we haveg1
5(1.660.2) GeV21.

VI. DISCUSSIONS

In our calculation only the errors due to the variations
T ands0 are included in the final results forgs,d , f s,d . The
various input parameters such as quark condensate, g
condensate,x, f, etc., also have some uncertainty. Amo
these the values of the pion and photon wave functions
troduce largest uncertainty. Although their values are c
strained by either experimental data or other QCD sum
analyses, they may still lead to a;25% uncertainty. Keep-
ing the light cone wave functions up to twist 4 also leads
some errors. However, the light cone sum rules are do
nated by the lowest twist wave functions. Take the sum r
~65! for f d for an example. AtT51 GeV, the twist-4 term
involved with h1 ,h2 is only 9% of the leading twist term
after the continuum subtraction. In other words the light co
expansion converges quickly. So we expect the contribu
of higher twist terms to be small. There are other source
uncertainty which are difficult to estimate. One is the QC
s

44

11401
f

on

-
-

le

o
i-

le

e
n

of

radiative correction, which is not small in both the mass s
rule and LCQSRs for the pionic coupling constants of t
ground state heavy hadrons in HQET. But their ratio depe
only weakly on these corrections because of a large can
lation @35#. Numerically the radiative corrections are arou
10% of the tree level result.

Another possible source is the 1/mQ correction for the
charmedp-wave baryons. The leading order coupling co
stantsgs,d , etc., will be corrected by terms such asgs,d8 /mQ ,
which will affect the decay widths. For the charmed hadro
1/mQ corrections are sizable and may reach 30% while s
corrections are generally less than 10% of the leading o
term for the bottom system@17#. Especially for theE1 tran-
sition coupling constantf s , the correction is of the orde
ec/4mc , which may be comparable with the leading ord
one for the charm system. One is justified in using the
coupling constants to calculate the decay widths of
p-wave bottom baryons. Unfortunately data are still n
available for thep-wave bottom baryons. So we have calc
lated thep-waveLc1 doublet decay widths with some rese
vation.

In summary we have calculated the pionic and elect
magnetic coupling constants and decay widths of the low
p-wave heavy baryon doublet. We compared our calculat
with different approaches in the literature. We hope the
results will be useful in future experimental searches
Lb1 ,Lb1* baryons.
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