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Excited heavy baryon masses to orderLQCD ÕmQ from QCD sum rules
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The masses of thep-wave excited heavy baryons have been calculated toLQCD/mQ order using the QCD
sum rule method within the framework of heavy quark effective theory. Numerical results for the kinetic
energyl1 and chromomagnetic interactionl2 are presented. The splitting between spin 1/2 and 3/2 doublets
derived from our calculation is given; the agreement with the current experiment is good.
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I. INTRODUCTION

In the past decade continuous progress has been ma
the investigation of excited heavy baryons. The lowest ly
orbitally excited charmed statesLc(2593) andLc(2625)
have been observed by several collaborations@1#; the excited
states ofJc have also been reported recently@2#, and more
data are expected in the near future. From the theore
point of view those data need to be studied comprehensiv
Furthermore, with the collection of more experimental d
for excited heavy baryon states, it is useful to make so
theoretical predictions about their spectroscopies.

Heavy baryons containing a single heavy quark can
described exactly by heavy quark effective theory~HQET!
@3–5# in the heavy quark limit. This fact should contribute
the spin-flavor symmetry of the system comprised of in
nitely heavy quarks. HQET has been applied successfull
learn about the properties of heavy mesons and baryons
cluding spectroscopy and weak decays. The mass form
for a spin symmetry doublet of heavy baryons up to or
1/mQ corrections can be written as

M5mQ1L̄2
1

2mQ
~l11dM l2!, ~1!

where the parameterL̄ is the effective mass of the ligh
degrees of freedom in themQ→` limit, and l1 andl2 are
related to the heavy quark kinetic energy and the chrom
magnetic energy of HQET, respectively,

l15^B~v !uh̄v~ iD'!2hvuB~v !&,

dMl25 K B~v !Uh̄vsmn

gs

2
GmnhvUB~v !L . ~2!

The constantdM characterizes the spin-orbit interaction
the heavy quark and the gluon field; it is zero for the sing
and 1,2 1

2 for the spin 1/2, spin 3/2 doublets, respective
Thus the splitting of the spin 1/2 and 3/2 doublets is

MB
Q*

2
2MBQ

2 5
3

2
l2 , ~3!
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whereBQ andBQ* denote the spin 1/2 and 3/2 doublets, r
spectively.

The heavy baryon mass parametersl1 andl2 play a most
significant role in our understanding of the spectroscopy@6#
and inclusive decay rates@7#. They must be estimated in
some nonperturbative approaches due to the asymptotic
dom property of QCD. A viable approach is the QCD su
rules @8# formulated in the framework of HQET@9#. This
method allows us to relate the hadronic observables to Q
parameters via the operator product expansion~OPE! of the
correlator. In the case of the ground state heavy baryon,
dictions about the mass spectroscopy have been mad
leading and next-to-leading order inas @10,11# and to order
1/mQ @12,13# using the QCD sum rule method. As to excite
baryon mass spectroscopy, only results to leading orde
1/mQ expansion have been obtained from the QCD sum ru
@14,15#. In @13# we calculated the baryonic parametersl1
and l2 for the ground stateLQ and SQ baryons using the
QCD sum rules in the HQET. Employing the baryonic cu
rents from@14#, we now derive these parameters for excit
L- andS-type baryons following the same procedure.

The remainder of this paper is organized as follows.
Sec. II A we introduce the interpolating currents for excit
state heavy baryons and briefly present the two-point s
rules. The direct Laplace sum rule analysis for the ma
elements is presented in Sec. II B. Section III is devoted
numerical results and our conclusions. Some comments
also available in Sec. III.

II. DERIVATION OF THE SUM RULES

A. Heavy baryonic currents and two-point sum rules

In this work we adopt the currents constructed from t
Bethe-Salpeter equation in Ref.@14# as

j SQk1
5eabc~q1

T atCg5Dt
m1q2

b!G8hv
c , ~4a!

j LQk0
5eabc~q1

T at Cg t
mDtmq2

b!G8hv
c , ~4b!

j LQk1
5eabc~q1

T atCem1nsrg t
nvr Dt

sq2
b!G8hv

c ,
~4c!
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j LQK1
5eabc~q1

T atCg5q2
b!G8Dt

m1hv
c , ~4d!

j SQK0
5eabc~q1

T atCg t
mq2

b!G8Dtmhv
c , ~4e!

j SQK1
5eabc~q1

T atCem1nsrg t
nvrq2

b!G8Dt
shv

c ,
~4f!

in which C is the charge conjugation matrix,t is the flavor
matrix, which is antisymmetric forL-type baryons and sym
metric for S-type baryons,G8 are some gamma matrice
anda,b,c denote the color indices.G8 can be chosen cova
riantly as

G85g tm1
g5 ~5!

for theSQk1 ,LQk1 ,LQK1 ,SQK1 doublet spin 1/2 baryon, an

G85Gm1r1
52

1

3
~gtm1r1

1g tm1
g tr1

! ~6!

for the SQk1 ,LQk1 ,LQK1 ,SQK1 doublet spin 3/2 baryon, in
which gtm1r1

andg tm1
are perpendicular to the heavy qua

velocity v, defined asgtmn5gmn2vmvn ,g tm5gm2v” vm .
For the singletsLQk0 and SQK0, the G8 is simply the unit
matrix I. The notation used here to describe excited s
heavy baryons is the same as that used in Refs.@5,14#: k
denotesl k51 and l K50 whereasK denotesl k50 and l K
51, wherel k is the orbital angular momentum describin
the relative motion of the two light quarks and the orbi
angular momentuml K describes the orbital motion of th
center of mass of the two light quarks relative to the hea
quark. Q denotes the heavy quark and the number in s
script is the total angular momentum of the light diqua
system. As for ground state baryons, the flavor configura
of L-type baryons is antisymmetric and that ofS-type bary-
ons is symmetric. Depending on the number of derivative
the form of G8, the interpolating current can have form
different from those listed above and may also be used
applications@14,15#.

In the following analysis we will use those currents
interpolate excited heavy baryon states. At the leading o
of the 1/mQ expansion, they do not mix with each other ev
with the same quantum number, but to the next-to-lead
order mixing of interpolating currents will appear. In o
subsequent calculations we use only those currents an
not consider the effect resulting from the mixing of interp
lating currents, because Refs.@10,16,17# have shown that the
stability criterion for QCD sum rule applications exclud
the existence of interpolating currents mixing; even if mixi
does exist, the numerical result will not change drastica
compared with the case without mixing.

The baryonic coupling constants in HQET are also nee
in our calculation. They are defined as follows:

^0u j uB~v !&5Fu, ~7!

whereuB(v)& denotes the excited baryon state andu can be
the ordinary spinoru or the Rarita-Schwinger spinorua in
HQET, corresponding to the spin 1/2 or spin 3/2 doub
03401
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respectively. Irrespective of an irrelevant constant factor
the leading order, the coupling constants for spin 1/2 a
spin 3/2 doublets are equivalent because of their ident
spin-parity of the light degrees of freedom.

In order to determine the effective mass of the exci
baryons, we analyze the two-point correlator defined as

i E d4xeik•x^0uT$ j ~x! j̄ ~0!%u0&5
11v”

2
Tr@tt1#P~v!,

~8!

wherek is the residual momentum andv5v•k. For large
negative values ofv, P(v) can be expressed in terms o
perturbative and nonperturbative contributions. The nonp
turbative effects can be accounted for by including quark a
gluon condensates ordered by increasing dimension, givin
series of power corrections in the ‘‘small’’ 1/v variable. The
Borel transformation in the variablev can help to improve
the convergence of these nonperturbative series.

With those interpolating currents listed in Eq.~4! it is
straightforward to obtain the two-point sum rules:

FLQk0

2 e2L̄LQk0
/T5

18T8

p4
d7~vc /T!1

T4

4 p2 K as

p
G2L

1
m0

2

16
^q̄q&2e2m0

2/8T2
, ~9a!

FSQk1

2 e2L̄SQk1
/T5

90T8

p4
d7~vc /T!2

3T4

25 p2 K as

p
G2L

1
m0

2

16
^q̄q&2e2m0

2/8T2
, ~9b!

FLQk1

2 e2L̄LQk1
/T5

216T8

p4
d7~vc /T!2

T4

4p2 K as

p
G2L

1
m0

2

8
^q̄q&2e2 m0

2/8T2
, ~9c!

FLQK1

2 e2L̄LQK1
/T5

216T8

p4
d7~vc /T!2

T4

8 p2 K as

p
G2L

1
m0

2

4
^q̄q&2e2m0

2/8T2
, ~9d!

FSQK1

2 e2L̄SQK1
/T5

288T8

p4
d7~vc /T!2

3T4

2 p2 K as

p
G2L

1
m0

2

2
^q̄q&2e2m0

2/8T2
, ~9e!
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FIG. 1. Nonvanishing dia-
grams for the kinetic energy. The
kinetic energy operator is denote
by a white square, the interpolat
ing baryon currents by black
circles. Heavy quark propagator
are drawn as double lines.
no
sa

d.
-
FSQK0

2 e2L̄SQK0
/T5

504T8

p4
d7~vc /T!2

T4

8 p2 K as

p
G2L

1
m0

2

4
^q̄q&2e2m0

2/8T2
. ~9f!

In calculations we adopted the Gaussian ansatz for the
local quark condensate to get the dimension 6 conden
ri-
m
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te
th
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en
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1
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te

contribution. DimensionD.6 condensates are not include
The functionsdn(vc /T) arise from the continuum subtrac
tion and are defined in@13#.

B. Sum rules for l1 and l2

For the evaluation of the matrix elementsl1 and l2 we
consider the three-point correlators as follows:
i 2E d4xE d4yeik•x2 ik8•y^0uT$ j ~x!h̄v ~ iD'!2hv~0! j̄ ~y!%u0&5
11v”

2
Tr@tt1#TK~v,v8!,

i 2E d4xE d4yeik•x2 ik8•yK 0UTH j ~x!h̄vsmn

gs

2
Gmnhv~0! j̄ ~y!J U0L 5dM

11v”
2

Tr@tt1#TS~v,v8!, ~10!
do

ns,
-

-

nd
sid-
he
where the coefficientsTK(v,v8) andTS(v,v8) are analytic
functions in the ‘‘off-shell energies’’v5v•k and v85v
•k8 with discontinuities for positive values of these va
ables. By saturating the three-point functions with the co
plete set of baryon states, one can isolate the part of inte
the contribution of the lowest lying baryon states associa
with the heavy-light currents, as one having poles in both
variablesv andv8 at the valuev5v85L̄.

Confining ourselves to taking into account these lead
contributions to the perturbation and operators with dim
sion D<6 in the OPE, the relevant diagrams in our theor
ical calculations for the kinetic energy are shown in Fig.
-
st,
d
e

g
-
-
.

The relevant diagrams for the chromomagnetic interaction
not differ from those for the ground state baryons@13#, so we
do not show them here. Using the dispersion relatio
TK(v,v8) andTS(v,v8) can be cast into the form of inte
grals of the double spectral densities. Following Refs.@18–
20#, introducing new variablesv15 1

2 (v1v8) andv25v
2v8, performing the integral overv2 , assuming quark-
hadron duality inv1 , and employing the Borel transforma

tion Bt
v , Bt8

v8 to suppress the continuum contributions a
subtractions, we then obtain the desired sum rules. Con
ering the symmetry of the correlator, it is natural to set t
parameterst,t8 to be the same and equal to 2T, whereT is
9-3
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the Borel parameter of the two-point functions. We end
with the set of sum rules

l2
SQK1F2e2L̄/T5

2113

p4

as

p
T10d9~vc /T!2

2T6

p2 K as

p
G2L

1
16m0

2T2as

3p
^q̄q&2e2m0

2/16T2
, ~11a!

l2
LQK1F2e2L̄/T5

2103

p4

as

p
T10d9~vc /T!2

3T6

p2 K as

p
G2L

1
4m0

2T2as

3p
^q̄q&2e2m0

2/16T2
, ~11b!

l2
SQk1F2e2L̄/T5

2835

p4

as

p
T10d9~vc /T!2

T6

2p2 K as

p
G2L

1
m0

2T2as

3p
^q̄q&2e2m0

2/16T2
, ~11c!

l2
LQk1F2e2L̄/T5

2935

p4

as

p
T10d9~vc /T!2

3T6

p2 K as

p
G2L

1
4m0

2T2as

3p
^q̄q&2e2m0

2/16T2
, ~11d!

2l1
LQK1F2e2L̄/T5

26335T10

p4
d9~vc /T!1

19T6

2p2 K as

p
G2L

1
5m0

4

16
^q̄q&2e2m0

2/8T2
, ~11e!

2l1
SQK0F2e2L̄/T5

26345T10

p4
d9~vc /T!1

113T6

4p2 K as

p
G2L

1
5m0

4

16
^q̄q&2e2m0

2/8T2
, ~11f!

2l1
SQK1F2e2L̄/T5

28325T10

p4
d9~vc /T!2

3T6

p2 K as

p
G2L

1
5m0

4

8
^q̄q&2e2m0

2/8T2
, ~11g!

2l1
SQk1F2e2L̄/T5

243217T10

p4
d9~vc /T!1

21T6

8p2 K as

p
G2L

1
3m0

4

64
^q̄q&2e2m0

2/8T2
, ~11h!
03401
p
2l1

LQk0F2e2L̄/T5
24327T10

p4
d9~vc /T!2

17T6

8p2 K as

p
G2L

1
3m0

4

64
^q̄q&2e2m0

2/8T2
, ~11i!

2l1
LQk1F2e2L̄/T5

263211T10

p4
d9~vc /T!2

5T6

2p2 K as

p
G2L

1
3m0

4

32
^q̄q&2e2m0

2/8T2
. ~11j!

The unitary normalization of the flavor matrix Tr@tt1#51
has been applied to get these sum rules, as was done fo
two-point sum rules.

III. NUMERICAL RESULTS AND CONCLUSIONS

In the following analysis, the standard values for the co
densates are adopted@8#. From the two-point sum rules th
effective mass can be obtained via a derivative of the Bo
parameter asL̄5T2dlnE/dT, whereE denotes the right hand
side of the obtained two-point sum rule. Then, complyi
with the standard procedure of sum rule analysis, we cha
the continuum thresholdvc and Borel parameterT to find
the optimal stability window, and the numerical value of t
effective mass is determined within this window. For the su
rules obtained above, we found that the typical value for
continuum threshold isvc;1.6 GeV and the typical interva
for the Borel parameter isDT;0.4 GeV, which is narrower
than the window for the ground state baryon. The only e
ception to this assertion isLQk0, for which we found a much
lower continuum thresholdvc;1.2 GeV and a narrower in
terval DT;0.3 GeV. Also it is worth noting that forLQk0
the main contribution does not come from the perturbat
part. The condensate contributions play an important role
the determination of the stability window. Indeed, if on
keeps only the gluon condensate contribution, there will
no stability window at all, just as in the case in Ref.@14#. But
if we assume the perturbative dominance and omit cond
sate contributions, we only end up with a better stability, a
the numerical value is almost exactly the same. For the o
sum rules for the effective mass the case is different. T
dominant contribution to those sum rules comes from
perturbative part, and the dimension 4 and dimension 6
erators in the OPE only amount to 20% and 10% within
stability windows, respectively. The numerical results a
presented in Fig. 2. For clarity we give our numerical av
age for the effective masses in Table I.

In order to get the numerical results for the two 1/mQ
order parameters, we divide our three-point sum rules
two-point functions to obtainl1 andl2 as functions of the
continuum thresholdvc and the Borel parameterT. This pro-
cedure can eliminate the systematic uncertainties and ca
the parameterL̄. From the experience of QCD sum ru
applications in the field of heavy quark physics, it is we
known that three-point sum rule receives heavier contam
9-4
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FIG. 2. Sum rules of the effective massL̄ for ~a! LQk0, ~b! LQk1, ~c! SQk1, ~d! LQK1, ~e! SQK1, and~f! SQK0 baryons. The different
choices of the continuum thresholdvc corresponding to different curves are designated in the individual figures. Curves are plotted a
the Borel parameterT.
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tion from the continuum modes than the two-point one, a
the stability is not as good as that for the two-point sum r
@10,13,17,21#. Our results for thel1 sum rules of these ex
cited heavy baryons are shown in Fig. 3, and in Fig. 4
results for thel2 sum rules are presented. The typical val
of the continuum threshold isvc;1.8 GeV and vc
;2.4 GeV for thel1 and l2 sum rules, respectively. Th
typical interval of the stability window is alsoDT
;0.3 GeV for both. Thel1 sum rule for theSQK0 baryon is
an exception to the above statement, for which the typ
value of the continuum threshold isvc;1.4 GeV and the
interval isDT;0.2 GeV. As for the convergence of the OP
within the stability windows for these sum rules, we wou
like to state some facts. For thel1 sum rules, except the cas
of LQk1, in which the dimension 4 and 6 operators give r
to contributions almost equal to that of the perturbative p
all the other sum rules behave well; in then the contributio
of the dimension 4 and 6 operators amount to 50% and 2
of that of the perturbative part. On the other hand, for thel2
sum rules, the dimension 4 operator still contributes at
most 50% compared to the perturbative part, but the dim
sion 6 operator gives only a negligible contribution, typica
less than 10%. The numerical results are also listed
Table I.

With these values and the heavy quark masses give
03401
d
e

e

al

t,
s
%

l-
n-

in

in

@13#, mc51.41 GeV andmb54.77 GeV, the masses of th
excited heavy baryons to order 1/mQ can be obtained imme
diately. We give the masses in Table II. Our results are co
parable to the predictions for the excited heavy bary
masses obtained by using the quark potential model@22#.

The splitting between the spin 1/2 and spin 3/2 doubl
can be obtained by multiplyingl2 by a factor of 3/2@cf. Eq.
~3!#. It is 0.1360.02 GeV2, 0.1660.05 GeV2, 0.20
60.02 GeV2, and 0.1960.04 GeV2 for LQK1 , LQk1 , SQK1
and SQk1 doublets, respectively. The approximately equ
values forLQK1 and LQk1 , SQK1 and SQk1 may be inter-
preted as signal which implies that the current mixing eff
cannot be large. If we take the middle value as the theoret
prediction for the physical state, then the splittings for t
excited baryon states are

LQ1* 22LQ1
2 50.1560.03 GeV2,

SQ1* 22SQ1
2 50.2060.03 GeV2. ~12!

Based on the current experimental data@23#, the splitting of
the excitedLc doublet is 0.17 GeV2, which is in agreement
with our theoretical result. When it is scaled up to the botto
quark mass scale there will be a factor of approximately
due to the renormalization group improvement.
TABLE I. Effective mass in GeV, and kinetic energy and chromomagnetic interaction energy in GeV2 for
excited heavy baryons. Errors quoted are due to the variation of the Borel parameterT and continuum
thresholdvc .

LQk0 SQk1 LQk1 LQK1 SQK1 SQK0

L̄ 1.0460.17 1.1260.22 1.3660.18 1.3060.13 1.2760.11 1.2160.09

2l1 1.2060.26 1.0260.25 0.8460.15 1.1660.11 1.4860.18 1.4260.25
l2 0.1360.03 0.1160.03 0.0960.01 0.1360.01
9-5
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TABLE II. Masses in GeV for excited heavy baryons.

LQk0 LQk1 LQk1* SQk1 SQk1* LQK1 LQK1* SQK1 SQK1* SQK0

Q5c 2.863 3.019 3.076 2.831 2.900 3.083 3.129 3.148 3.219 3.113
Q5b 5.934 6.205 6.222 5.977 5.998 6.185 6.199 6.182 6.203 6.127

FIG. 3. Sum rules of the kinetic energy for~a! LQk0, ~b! LQk1, ~c! SQk1, ~d! LQK1, ~e! SQK1, and~f! SQK0 baryons. Other details are
the same as in Fig. 2.

FIG. 4. Sum rules of the chro-
momagnetic interaction for~a!
LQk1, ~b! SQk1, ~c! LQK1, and~d!
SQK1 baryons. Other details are
the same as those in Fig. 2.
034019-6
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To conclude, we have calculated the 1/mQ order correc-
tions to the excited heavy baryon masses from the QCD
rules within the framework of the HQET. From the spectru
thus obtained for thec quark case, we found that theLQk0
and SQk1 baryons lie;600 MeV above the ground stat
baryonLc , while LQk1 , LQK1, andSQK1, lie ;800 MeV
aboveLc and for theSQK1 baryon this value is;900 MeV,
typically with an error;300 MeV. When it comes to theb
quark case, the result is that theLQk0 andSQk1 baryons lie
;300 MeV above the ground state baryonLb , while LQk1 ,
LQK1 , SQK1, and SQK1 lie ;550 MeV aboveLb , for
which the typical error is;200 MeV. For thec quark case,
i

,
,

s.

s.

s

o

03401
m
the 1/mQ order corrections are;400 MeV, which is not
small because of the large value of the kinetic energy. For
b quark case, these corrections will be suppressed by the
largerb quark mass. Our theoretical predictions for the do
blet splitting are in agreement with the current experimen
data.
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