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Hybrid baryons via QCD sum rules
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Hybrid baryons, consisting of the three light quarks and a gluon, are investigated using the OCD sum rule

method. We find that the mixed condensate (0~ PcrGQ~O) =mo(0~ pti1~0) plays a dominant role in hybrid

baryons in contrast with the quark condensate in the nucleon case. For the standard value of mz =0.8 GeV, the

mass of the lowest hybrid state is found to be approximately 1.5 GeV, about the observed mass of the Roper
resonance.

PACS number(s): 12.39.Mk, 11.55.Hx, 12.38.Lg, 14.20.Gk

One of the important predictions of QCD is the existence
of so-called exotic hadrons, in which the gluonic degrees of
freedom play an explicit role. The theoretical and experimen-
tal investigations to isolate such states, which have been car-
ried out for some time [1],are concentrated in two areas. The
first is to search for "extra" states with quantum numbers
that cannot be explained by the conventional quark potential
models. For example, in the meson sector a qqG state may
have J =1 +, which cannot be constructed from qq
alone. The second aspect involves a study of the transition
properties, such as selection rules [2], which might provide
us an experimental signature of gluonic degrees of freedom.
The recent investigations [3,4] of the electromagnetic transi-
tions of baryon resonances have shown that there is good
evidence that gluonic degrees of freedom might play an ac-
tive role. In particular, the photo and electroproduction am-

plitudes for the Roper resonance P»(1440) and the reso-
nance P33(1600) show [4,5] very different behaviors for
hybrid qqqG and normal qqq models, which can be tested
in the Continuous Electron Beam Accelerator Facility
(CEBAF) experiments. Moreover, hybrid pictures for the
resonances P»(1440) and P33(1600) may help us to under-
stand the longstanding puzzle that the masses of these reso-
nances are lower than expected [6] in the conventional quark
model.

However, the nature of hybrid baryons, as well as their
spectrum, are not well understood theoretically. The studies
of hybrid states in phenornenological quark models, such as
the bag model [7] and quark potential models [8], estimate
the mass of the ground hybrid state to be around 1.7 GeV.
More recently, the QCD sum rule method [9] has been
widely used in hadron spectroscopy. In an early application
[10] it was shown that the method predicts masses of the
nucleon and other baryons which are consistent with experi-
ment. For a review of the method and the work using QCD
sum rules before 1985 see Ref. [11].The QCD sum rule
technique establishes a direct connection between the bound
state problem and QCD, and has been quite successful in
describing mesons as well as baryons.

The studies of the mass of hybrid mesons using the QCD
sum rule method [12]have concentrated on the exotic quan-
tum number J = 1 . The investigation of hybrid baryons
with quantum numbers J = 1/2+, I= 1/2 by QCD sum rules

ri(x) =[u'(x)Cy~u ( )]xy G" (x)[T"d(x))'e' ', (1)

which was also used in Ref. [13],where u(x) and d(x) are
operators of the u and d quarks, G"„(x) is a gluon field
strength, a, b, c = 1,2,3 are the color indices, C is the charge
conjugation matrix, and T"=X"/2 is the generator of the
SU(3) color group. The resulting correlations of the current
operator in Eq. (1) lead to two independent invariant func-
tions:

II (q)=i e' '(O~T[rl (x)il (0)]~0)

=IIi(q )q ~+112(q )8 t', (2)

where q P=(y„) t'q~.
The coefficients of the operator product expansion (OPE)

are calculated to dimension 6. Thus, in addition to the lead-
ing perturbative contribution, the nonperturbative contribu-
tions are proportional to the first and second power of the
quark condensates (0~ $$~0), to the gluon condensate
(0]cr,G /m(0), to the mixed condensate (0] Po.GQ[0), and
to the triple gluon condensate (0~g fG ~0). We use the fac-

was done by Martynenko [13],who concluded that the mass
of the ground hybrid baryons is around 2.1 GeV. However,
unlike the hybrid meson case, the current operator for the
hybrid states has the same quantum number as that for nucle-
ons; thus it is unavoidable that there are some contamina-
tions from the contributions of nucleons. The calculations by
Braun et al. [14]using QCD sum rules show that the gluonic
component in the nucleon is very significant. Therefore,
analysis of the sum rules for hybrid baryons with quantum
numbers J = 1/2+, I= 1/2 without considering the nucleon
contributions might be inconsistent.

The focus of the present paper is to give an improved
calculation using QCD sum rules for hybrid baryons, with
the suppression of the contributions of the nucleon. We find
that the mass of the ground state JP=1/2+, I=1/2 hybrid
baryons is approximately 1.5 GeV, about the observed mass
of the Pii(1440).

The current operator for the Jp= 1/2+, I= 1/2 hybrid
states is not unique. Various forms have been discussed in
Refs. [13,14]. We use the form
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torization of the four quark vacuum matrix elements [9] as-
suming vacuum state dominance. The calculation is fairly
standard, and carried out in the x representation, in which the
light quark and gluon propagators can be written as

1 gf' 'G'„„(0)
D'„,(x) =g„„P 2 2+ 2 ln( —x ), (4)

x xo."'+o.~ xS' (x)=i 2 4
6' —ig(T, )' G', (0)

+5'„(x)

and

(3)

where x = y„x", f'"' is the structure constant of
SU(3) symmetry, o ~"=i [y~, y']/2, and 5'„(x)
=(OlT[q'(x)q"(0)]lo) is the nonperturbative part of the
propagator evaluated by the OPE in terms of the conden-
sates. The resulting invariant functions IIt 2(q ) are

256 272
II,(q )(16m) = 2( —q ) ln( —q ) — (Olu, G /halo)( —q ) ln( —q )

~ &6384~'

9 (oI ~~/lo)'- (Olg fG lo) ( —
q )ln( —q )

and

1024
11,(q')(16~)'= (ol t/ t/lo)( —q')'ln( —q') —320(0I p~G ~/lo)(- q')'ln( —q'), (6)

in which the coefficients for the gluon, the triple gluon, and
the mixed condensate are different from the results obtained
by Martynenko although the Feynman diagrams in both cal-
culations are the same. The most significant difference is the
coefficient of the gluon condensate term in II &, which differs
in sign and a factor of 1/2 from the corresponding term in
Ref. [13].

Furthermore, the contributions from the nucleon are in-
cluded in our calculations. As we show below, this is essen-
tial for a reliable analysis of the hybrid mass. Thus, the phe-
nomenological side of the sum rules can be written as

ImIIt(s) = mk&GM&b'(s —MN)+ mkGMGB(s —MG)

+ continuum

and

ImIIz(s) = mk~GM~B(s M~) + m.k—oMG 8(s MG)—

+ continuum, (8)

where X.&G and XG are the coupling constants for the gluonic
component of the nucleon and the hybrid baryons, respec-
tively. Note that X&G, whose magnitude compared to X& of
the usual QCD sum rule calculations for the nucleon is of
great interest, will be eliminated in the present calculation.
We shall evaluate it in future work. The contributions from
the higher excited states can be suppressed by the Borel
transformation; however, the contributions from the nucleon
are important after the Borel transformations. The continuum
in Eqs. (7) and (8) are defined as 8 functions multiplied by
the imaginary parts of Eqs. (5) and (6). From these equations
we obtain the sum rule after the Borel transformation:

rr, (M') =(~',M'e™'I + X',M', e™G™).(16~)'

256
2 E4(s, /M )—272

(Ola, G /mlo)E2(s, /M )+
16384m

2
64

(Olg'fG'lO) lE, ( , sM/) (9)

and

5 —M2 tM' 2 5 —M2/'M2II2(M )=(k~GM~e &' +KGMGe G~ )(16m) = (Olfe l)oE(3s2/M) —640(olpaG(halo)E2(s2/M ),
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FIG. 1. The mass of the ground hybrid state from the sum rule

equation (13), which ma = 0.8 GeV .

where M is the Borel parameter, and

To obtain the mass and the coupling constant of the hybrid
states, one has to remove the contributions of the nucleon
from the sum rule. If we assume the mass of the nucleon is
known, MN=0. 938 GeV, we can obtain the following sum
rules for the hybrid states after simple derivation:

2 2

y 2 M4 ~MG MN)/M
2 2 2MG MN

d 2 2
III (M )e~&~ ] (12)dM

and similar expression for the sum rule II2(M ). Therefore,
the mass of the hybrid states is

d 2 2

dM
[11 (M )e N™]

MG=
d 2 2

dM
[II (M2)eM~/M ]

(13)

The standard value of the parameters in Eqs. (9) and (10)
are used, (OI ~r, G /ml0) = 0.012 GeV, (OI QQIO)
=(—0.25) GeV, (Olg fG IO)=(0.6) GeV,
(OlgoGQIO)=mo(OIQQIO), and mo=0. 8 GeV (we have
followed the convention of Ref. [13],which differs from that
of Ref. [10]).The numerical results for the mass of hybrid
states are shown in Fig. 1, and the coupling constant is
shown in Fig. 2. They are obtained in the region of the reso-
nance M =MG. The resulting mass of the ground hybrid
baryon is around 1.5 GeV, and the corresponding threshold
parameters are found to be s&=2.80 GeV and s2=2.95
GeV . These parameters, which are needed for the evalua-
tion of the functions EI used to account for the continuum

FIG. 2. The coupling constant Xz in units of 10 GeV from
the sum rule equations (9) and (10).

contributions [see Eqs. (9) and (10)] have the values ex-
pected for the extraction of the pole term at 1.5 GeV.

As we discussed above, the differences in our work from
that of Ref.

I 13] are our correction of errors in certain Wilson
coefficients and our analysis that includes a gluonic compo-
nent of the nucleon. The major reason that our results differ
from those in Ref. [13],is the contribution from the nucleon
to the sum rule; and our calculation shows that the resulting
hybrid mass would be significantly higher if the contribution
from the nucleon is not included. As a consequence, we pre-
dict that the lowest hybrid state is in the second resonance
region rather than in the 2.0 GeV region, and suggests that a
major component of the Pzt(1440) Roper resonance is of a
hybrid nature.

The coupling constant of the hybrid states P G is around

3.1 X 10 GeV . Our value for ) z is much smaller than the
corresponding parameter of the nucleon, which typically I 10]
has a value of kN= 2—3 X 10 . This is a very important
result for future studies of possible experimental tests of the
picture which emerges from the present analysis: that the
Roper resonance might be mainly a hybrid baryon.

Notice that the quark condensate in the invariant function
II2(M ) gives a negative contribution; thus, the mixed con-
densate, (Ogo.GQIO), plays a very important role in deter-
mining the properties of the hybrid baryons. Therefore, they
are very sensitive to the parameter mo, which is not well
understood compared to the quark condensate. If we increase

m& from 0.8 to 1.0 GeV, the resulting mass of the ground
hybrid state is found to be 1.8 GeV. Therefore, the uncer-
tainty due to the relatively unknown parameter mo is signifi-
cant. The terms that depends on the current quark masses can
also be evaluated and we find that the current quark masses
only lead to order of 10 MeV corrections, which is within the
uncertainty of the sum rule. As seen from the figures, we find
stable solutions and expect that our results have a 15—20%%uo

accuracy typical of sum rule mass calculations, with the larg-
est uncertainty being the mo parameter.

Our result is quite interesting and significant: it supports
the possibility of the Roper resonance Ptt(1440) as a hybrid
state. Further studies of the electromagnetic transitions
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within the framework of the QCD sum rules are needed in
order to provide possible experimental signatures of hybrid
states. For consistency this must be carried out with both the
nucleon and the Roper treated with mixed hybrid and stan-
dard baryon currents. This work is in progress. %e expect

that future experiments at CEBAF will give a definite answer
about the existence of the hybrid states.

This work was supported by U.S. National Science Foun-
dation Grant No. PHY-9319641.
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