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Deep electroproduction of exotic hybrid mesons
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We evaluate the leading order amplitude for the deep exclusive electroproduction of an exotic hybrid meson
in the Bjorken regime. We show that, contrarily to naive expectation, this amplitude factorizes at the twist 2
level and thus scales like usual meson electroproduction when the virtual photon and the hybrid meson are
longitudinally polarized. Exotic hybrid mesons may thus be studied in electroproduction experiments at JLAB,
HERA ~HERMES! or CERN ~Compass!.
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The study of hadrons outside the constituent quark mo
multiplets is an interesting topic@1–4# which is of funda-
mental importance to understand the dynamics of quark c
finement. Deep exclusive meson electroproduction~see, for
instance@5,6#! is well described in the framework of th
collinear approximation where generalized parton distri
tions~GPDs! @7# and distribution amplitudes encode the no
perturbative parts of a factorized amplitude@8#. In this Rapid
Communication we focus on the investigation of the elect
production of an isotriplet exotic meson withJPC5121

which we will denote asH. Candidates for such states in
clude p1(1400) @9# which is mostly seen through itsph
decay. Our derivation applies as well to exotic hybrid mes
with other quantum numbers. However, our analysis of
normalization of the amplitude is only valid for the 121

state. Theoretically these states are the subject of inte
studies@1#, mostly through lattice simulations@4#. A naive
argument based on a constituent quark picture of the ex
hybrid meson would lead to the expectation that the am
tude has a vanishing twist 2 component and then that the
of such processes is suppressed at largeQ2 with respect to
usual meson electroproduction. This is not true since
quark-antiquark correlator on the light cone includes a g
onic component due to gauge invariance and leads to a l
ing twist hybrid light-cone distribution. We study such a co
relator in detail and calculate its contribution to the hyb
electroproduction amplitude. The reactionsg* p
→H0p,g* p→H1n,g* n→H0n,g* n→H2p, or the coher-
ent reaction on deuteron@10# g* d→H0d may be studied to
experimentally access this amplitude. In this paper we
strict ourselves to the first of them and to longitudinally p
larized virtual photon and hybrid meson.

Let us consider the hybrid-to-vacuum matrix element
the bilocal quark operators. As mentioned before, we s
pose that the hybrid is the isotriplet state withJPC5121

quantum numbers. In the quark model where mesons
described as quark-antiquark states, such quantum num
are forbidden.

Nonlocal quark operators necessarily involve gluon o
erators due to color gauge invariance. The key problem
whether this gluon admixture allows this quark matrix e
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ment to have exotic quantum numbers such asJPC5121.
To answer this question we define, as usual, the meson
tribution amplitude through the Fourier transformed co
relator taken atz250,

^H~p,l!uc̄~2z/2!gm@2z/2;z/2#c~z/2!u0&

5 i f HMHF S em
(l)2pm

e(l)
•z

p•z D E
0

1

dyei ( ȳ2y)p•z/2fT
H~y!

1pm

e(l)
•z

p•z E
0

1

dyei ( ȳ2y)p•z/2fL
H~y!G , ~1!

where ȳ512y; f H denotes a dimensionful coupling con
stant of the hybrid meson, so that the distribution amplitu
fH is dimensionless. We will discuss its normalization lat

For the longitudinal polarization case

em
(0)5

e(0)
•z

p•z
pm

only fL
H contributes, so that

^H~p,0!uc̄~2z/2!gm@2z/2;z/2#c~z/2!u0&

5 i f HMHem
(0)E

0

1

dyei ( ȳ2y)p•z/2fL
H~y!. ~2!

In Eqs.~1! and~2!, we insert the path-ordered gluonic exp
nential along the straight line connecting the initial and fin
points@z1 ;z2# which provides the gauge invariance for bilo
cal operator and equals unity in a lightlike~axial! gauge. For
simplicity of notation we shall omit from now on the indexL
from the hybrid meson distribution amplitude.

Let us now prove that it is possible to describe in this w
an exotic J51 meson state with quantum numbersPC
521. From charge conjugation invariance, one can imm
diately deduce for the neutral member of the isotripletH0

with the flavor structure 1/A2(ūu2d̄d) that the parametriz-
ing functionfH is antisymmetric, i.e.,
©2004 The American Physical Society01-1
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fH~y!52fH~12y!. ~3!

Isospin invariance and G-parity imply the same relation
charged hybrids. The property~3! is similar to the case o
two pion distribution amplitude@11#. In particular, the anti-
symmetric property implies

E
0

1

dyfH~y!50. ~4!

Let us pass to the analysis of the remaining quantum num
parity. For this purpose, it is convenient to expand the le
hand side of Eq.~1! in a Taylor series, which is possibl
because the matrix element is assumed to be UV regular
and does not contain any singularities inz ~these singularities
only appear in the hard scattering coefficient function!. As a
result, the hybrid-to-vacuum matrix element of this opera
may be rewritten in the form:

^H~p,l!uc̄~2z/2!gm@2z/2;z/2#c~z/2!u0&

5 (
n odd

1

n!
zm1

. . . zmn

3^H~p,l!uc̄~0!gmDJ m1
. . . DJ mn

c~0!u0&, ~5!

whereDm is the usual covariant derivative andDJ m5 1
2 (DW m

2DQ m). Due to the positive charge parity ofH0, see Eq.~3!,
only odd terms in Eq.~5! do contribute. The simplest case
provided by then51 twist 2 operator

Rmn5 S(mn)c̄~0!gmDJ nc~0!, ~6!

where S(mn) denotes the standard symmetrization opera
@S(mn)Tmn51/2(Tmn1Tnm)#. Rmn is proportional to the
quark energy-momentum tensor, i.e.,Rmn52 iQmn . Its ma-
trix element of interest is

^H~p,l!uRmnu0&5
1

2
f HMH S(mn)em

(l)pn

3E
0

1

dy~122y!fH~y!. ~7!

Note that it is the symmetry inmn of the energy momentum
tensor which selects the twist-2 function.

To determine the parity one should treat the meson po
ization with some care. The equationeLm;pm /MH holds for
a fast longitudinally polarized vector meson. On the oth
hand, the meson is an eigenstate of the parity operatorP only
in its rest frame. In this framepm has only a zeroth compo
nent, whileem has a vanishing zeroth component. This lea
to the negative parity of the relevant componentsR0k with
k51,2,3.

P~S(k0)c̄~0!gkDJ 0c~0!!52. ~8!
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This explicitly shows that the nonlocal matrix element~2!
may describe an exotic hybrid meson and its light-cone d
tribution amplitude is a leading twist quantity with vanishin
first moment~3!.

The nonzero matrix element of the quark energ
momentum tensor between vacuum and exotic meson s
was explored long ago@12#. It may be related, by making us
of the equations of motion, to the matrix element of qua
gluon operator and estimated with the help of the techniq
of QCD sum rules@13#, which allows to fix the normaliza-
tion factor, or the coupling constant,f H . One of the solutions
corresponds to a resonance with mass around 1.4 GeV
the coupling constant at this scale@14#

f H'50 MeV. ~9!

Note that the same exotic quantum numbers~except isospin!
were found@2# for the gluonic energy momentum tensor~at-
tributed therefore to the gluonium!. It was noticed there tha
energy momentum conservation leads to a zero coupling
the operator to such an exotic state. This argument would
applicable in our case for the isosinglet combination, if t
quark gluon interaction, leading to the nonconservation
both quark and gluon energy momentum tensor~while the
sum is conserved!, is assumed to be negligible. Howeve
there is no reason to expect it to be applicable to isove
combinations or to each quark flavor separately. Moreo
even for isosinglet combination~including the pure gluonium
case!, this argument is no more applicable to the local ope
tors of higher spin (n53,5 . . . ). Theappearance of extra
covariant derivatives,

^H~p,0!uRmn1 . . . nn
u0&

5 i n11f HMH S(mn1 . . . nn)em
(0)pn1

. . . pnn

3E
0

1

dyS y2
1

2D n

fH~y!, ~10!

preserves all the quantum numbers, but spoils the argum
of the operator conservation, as it is not the ener
momentum tensor anymore. Such a situation is comple
similar to the case of tensor spin structure or fragmenta
function @15,16#, which have two zero moments.

In summary, the hybrid light-cone distribution amplitud
is a leading twist quantity which should have a vanishi
first moment~3! because of the antisymmetry. This distrib
tion amplitude obeys usual evolution equations@17# and has
an asymptotic limit@18#

Fas
H 530y~12y!~122y! ~11!

with assumed normalization of the distribution amplitu
fH(y) as

E
0

1

dy~122y!fH~y!51. ~12!

The coupling constantf H is the subject of evolution given by
the formula, see e.g.@19#,
1-2
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f H~Q2!5 f H•S aS~Q2!

aS~MH
2 !

D K1

, K15
2gQQ~1!

b1
, ~13!

where the anomalous dimensiongQQ(1)516/9 andb1511
22nf /3. The exponentK1 is thus a small positive numbe
which drives slowly to zero the coupling constantf H(Q2).
Since experiments are likely to be feasible at moderate
ues of Q2, we neglect this evolution and in the followin
estimate we use the value from Eq.~9!.

The calculation of the production amplitude, at leadi
order inas , is now straightforward and leads to an expre
sion completely similar to the one for the production of lo
gitudinally polarized vector meson, see e.g.@5# and notation
therein. It is well known that a leading twist estimate of t
r electroproduction cross section overestimates the exp
mental rate, but we think that it is still reasonable to estim
the ratio of hybrid tor electroproduction cross section
through their Born order expression. We obtain

Ag
L* p→H

L
0p5

epasf HCF

A2NcQ
@euH uu

2 2edH dd
2 #V H, ~14!

where

H f f
65E

21

1

dxFU~p2!n̂U~p1!H f f~x,j!

1U~p2!
ismanmDa

2M
U~p1!Ef f~x,j!G

3F 1

x1j2 i e
6

1

x2j1 i eG , ~15!

and

V H5E
0

1

dyfH~y!F1

y
2

1

12yG .
Note that the simple pole iny in Eq. ~14! does not lead to any
infrared divergency since the functionfH(y) is expected to
vanish, as usual, when the fractiony goes to zero or unity.

We leave for a further work a full phenomenologic
study of hybrid electroproduction. Let us just note that t
order of magnitude of hybrid electroproduction may be e
ily deduced through a direct comparison withr meson elec-
troproduction amplitude@5#. We thus estimate that the rati
of hybrid andr electroproduction cross sections is

dsH~Q2,xB ,t !

dsr~Q2,xB ,t !
5U f H

f r

~euH uu
2 2edH dd

2 !V H

~euH uu
1 2edH dd

1 !V rU2

, ~16!

where ther meson soft integralV r is defined as

V r5E
0

1

dyfr~y!F1

y
1

1

12yG ,

01150
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and f r5216 MeV. Note that the symmetry underx→2x of
the nucleon GPD’s in the numerator of Eq.~16! corresponds

to the ‘‘nonsinglet,’’ i.e.,q2q̄, combination of quark distri-
butions, while the antisymmetric form in the denominator

the ‘‘singlet,’’ i.e., q1q̄, combination.
If we neglect the antiquarks contribution, i.e., if we r

strict thex integral to@0,1#, one sees that the imaginary par
of the amplitudes for both meson electroproduction are eq
in magnitude up to the factorV M. The ratio of the real parts
depend much on the model used for guessing the genera
parton distributions. Since the imaginary part dominates
some kinematics, it is not unreasonable as a first estimat
the ratio of the cross sections, to assume that the full am
tude ratio is driven by the same quantity. Using t
asymptotic forms for the hybrid andr mesons distribution
amplitudes, which for ther-meson case is supported b
QCD sum rule@20#, we thus estimate that

dsH~Q2,xB ,t !

dsr~Q2,xB ,t !
'S 5 f H

3 f r
D 2

'0.15. ~17!

Exotic hybrid meson can be therefore electroproduced in
experimentally feasible way in actual experiments at JLA
HERMES or Compass. Their study in high statistics expe
ments at JLAB should be fruitful. The signal may be disco
ered through a missing mass measurement provided the
coil proton energy-momentum is well measured. This allo
to study all decay channels of these poorly known states
one decay channel turns out to be dominant, as for instan
ph channel@21#, the formalism of generalized distributio
amplitudes@22# may be used for estimating cross sectio
and interference signals@23#.

As already noted above, higher twist corrections are lik
to be sizable at measurableQ2 @24#. Twist 3 contributions
have already been considered in the case of deeply vir
Compton scattering@25# where their presence was dictate
by gauge invariance. They have also been considered
transversely polarized vector mesons@26# where the leading
twist 2 component vanishes. The analysis of such contri
tions is left for future work.

Let us finally note that hard exclusive electroproducti
turns out to be a useful tool not only for studying the hyb
meson discussed in this paper but also for probing the st
ture of other exotic states like the recently discovered p
taquark@27#. In all cases, the scaling of the amplitudes is t
same as the observed one forr electroproduction. The nor
malization of the cross sections is a more delicate story,
may turn in some cases to unobservable rates@28#.

We acknowledge useful discussions with A. P. Bakulev
Balitsky, V. Braun, M. Diehl, G. Korchemsky and C
Roiesnel. This work is supported in part by INTAS~Project
00/587! and RFBR~Grant 03-02-16816!. The work of B. P.,
L. Sz. and S. W. is partially supported by the French-Pol
scientific agreement Polonium.
1-3



no
.

ar

et

B

s.

ys.

D

RAPID COMMUNICATIONS

ANIKIN et al. PHYSICAL REVIEW D 70, 011501~R! ~2004!
@1# F.E. Close and P.R. Page, Phys. Rev. D52, 1706 ~1995!; T.
Barnes, F.E. Close, and E.S. Swanson,ibid. 52, 5242 ~1995!;
S. Godfrey, hep-ph/0211464; S. Godfrey and J. Napolita
Rev. Mod. Phys.71, 1411~1999!; F. Close and J. Dudek, Phys
Rev. Lett.91, 142001~2003!; Phys. Rev. D69, 034010~2004!.

@2# R.L. Jaffe, K. Johnson, and Z. Ryzak, Ann. Phys.~N.Y.! 168,
344 ~1986!; G.S. Bali, Phys. Rep.343, 1 ~2001!.

@3# C.E. Carlson and N.C. Mukhopadhyay, Phys. Rev. Lett.67,
3745 ~1991!.

@4# C. Bernardet al., Phys. Rev. D68, 074505~2003!.
@5# K. Goeke, M.V. Polyakov, and M. Vanderhaeghen, Prog. P

Nucl. Phys.47, 401 ~2001!, and references therein.
@6# M. Diehl, Phys. Rep.388, 41 ~2003!, and references therein.
@7# D. Müller et al., Fortschr. Phys.42, 101 ~1994!; X. Ji, Phys.

Rev. Lett.78, 610 ~1997!; A.V. Radyushkin, Phys. Rev. D56,
5524 ~1997!.

@8# J.C. Collins, L. Frankfurt, and M. Strikman, Phys. Rev. D56,
2982 ~1997!.

@9# Particle Data Group Collaboration, K. Hagiwaraet al., Phys.
Rev. D66, 010001~2002!.

@10# E.R. Bergeret al., Phys. Rev. Lett.87, 142302~2001!; F. Cano
and B. Pire, Eur. Phys. J. A19, 423 ~2004!.

@11# M. Diehl, T. Gousset, B. Pire, and O. Teryaev, Phys. Rev. L
81, 1782 ~1998!; M.V. Polyakov, Nucl. Phys.B555, 231
~1999!; M. Diehl, T. Gousset, and B. Pire, Phys. Rev. D62,
073014~2000!.

@12# A.V. Kolesnichenko, Yad. Fiz.39, 1527~1984!.
@13# I.I. Balitsky, D. Diakonov, and A.V. Yung, Z. Phys. C33, 265

~1986!; Sov. J. Nucl. Phys.35, 761 ~1982!.
01150
,

t.

t.

@14# Our f H corresponds to 2A2 f R in the notations of Ref.@13#.
@15# A.V. Efremov and O.V. Teryaev, Sov. J. Nucl. Phys.36, 557

~1982!.
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