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Contributions of vector meson photoproduction to the Gerasimov-Drell-Hearn sum rule

Qiang Zhao,1,* J. S. Al-Khalili,1 and C. Bennhold2
1Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom

2Department of Physics, Center for Nuclear Studies, The George Washington University, Washington, D.C. 20052
~Received 8 November 2001; published 5 February 2002!

An improved version of a recently developed quark model approach to vector meson photoproduction is
applied to the investigation of contributions of vector meson photoproduction to the Gerasimov-Drell-Hearn
~GDH! sum rule. We find that the sum rule converges at a few GeV’s. Contributions to the proton channel are
found to be small while to the neutron are relatively large.
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The GDH sum rule@1# connects the nucleon resonan
phenomena to the nucleon’s magnetic moments, which
static properties of the groundstate nucleons,

I GDH5E
n0

`

@s1/2~n!2s3/2~n!#
dn

n
52

2p2aek
2

mN
2

, ~1!

wheremN is the nucleon mass;ae is the fine structure con
stant; k is the nucleon anomalous magnetic moment;s1/2
and s3/2 respectively denote photoabsorption cross secti
for the nucleon and photon helicities antiparallel and para
with each other;n0 denotes the threshold energy for sing
pion production in lab system. Experimental and theoret
studies of exclusive reactions provide another means of
ing this sum rule, which can lead to better understanding
the internal degrees of freedom of nucleons. The availab
of high intensive electron and photon beam facilities giv
access to precise measurements of meson photoproduc
Recently, the GDH- and A2-Collaboration reported their
sults at the photon energies from 200 to 800 MeV@2#. Other
experimental projects at JLab, MAMI, GRAAL, ELSA, an
SPring8 will make it possible to test this sum rule indepe
dently and extend it to higher energies. In theory, extens
investigations@3–10# from the low-energy limit to around 2
GeV photon energies have been carried out for the light
son production channels. The most recent study by the M
group @10# including pN,hN,ppB ~Born terms!, and
ppD13(1535) showed that contributions from those cha
nels accounted for the sum rule for the proton up to 97
while large descrepancies were found for the neutron. In
estingly, these theoretical evaluations including the ab
channels led to results smaller than the absolute values
both proton and neutron, which suggests that contributi
from higher energy production channels might add instea
cancel certain terms in the exclusive sumI GDH in Eq. ~1!. In
Ref. @11# contributions of the kaon photoproduction to th
GDH sum rule was estimated up to 2 GeV. It was found t
the kaon contribution increased the calculated value of G
sum rule for the neutron, while might decrease that for
proton. To satisfy the GDH sum rule by exclusive study, o
might have to go up to a higher energy region. On the o
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hand, there might be still significant contributions from tho
light meson productions. On the other hand, open chan
above the kaon channels could start to play a role. Thi
one of our motivations for investigating the contributio
from the vector meson production channels, for which
thresholds are just above the kaon production. Kinematica
the light vector meson (v and r) production is the next
contribution that should be included in the exclusive calc
lations. Certainly, the energy suppression in the integ
could have made the vector meson contribution trivial. B
such an effort is by no means trivial due to the diffracti
features in vector meson photoproduction. It would be
challenge for any model to show how the spin-depend
feature changes to spin-independent at high energies a
quired by the sum rule. A reasonable estimation of the c
tributions of vector meson photoproduction to the GDH su
rule will also provide a test for the model.

It should be noted that in Ref.@12# contributions above
the resonance regions to the GDH sum rule were estim
using a Regge parametrization, which accounted for a la
fraction of discrepancies between the sum rule and contr
tions from the single pion photoproduction. This result cou
suggest that an explicit study of higher threshold proces
should be necessary.

We employ a recently developed quark model approac
vector meson photoproduction@13–17# for this purpose. It
allows not only the study of resonance excitations in
v,r, andf meson photoproduction, but also the inclusion
the diffractive contributions with a mixed Pomeron exchan
model. Thus, the model can be extended to photon ener
of a few GeV’s. Unlike the study of various polarizatio
observables, the most essential question arising from the
rule study is the role played by the diffractive processes
principle, the sum rule requires integrating the cross sec
difference up to infinite energy, while in vector meson pr
duction the diffractive cross sections tend to a constant va
at high energies. This leaves the question of whether
spin-dependent terms can be averaged out efficiently at
energies. An analytical illustration is not available yet. Ho
ever, qualitatively, based on this specific model, we can
later that this approach allows us to make an energy cut
few GeV’s, where the spin-dependent terms have been s
ciently suppressed and averaged, and the dominant ter
the diffractive process has spin-independent feature. A
©2002 The American Physical Society01-1
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consequence, the integral of the cross section difference
converge and be reliably estimated at a few GeV’s.

The transition amplitude forgN→VN8 can be expresse
by 12 independent helicity amplitudes:

H1lv
5^lv ,l f511/2uT ulg511,l i521/2&,

H2lv
5^lv ,l f511/2uT ulg511,l i511/2&,

H3lv
5^lv ,l f521/2uT ulg511,l i521/2&,

H4lv
5^lv ,l f521/2uT ulg511,l i511/2&, ~2!

whereT is the dynamic operator for this transition;lg and
lv(50, 61) are helicities for the incident photon an
outgoing vector meson, respectively, whilel i and l f are
helicities for the initial and final state nucleons. For simpl
ity, we have fixed the photon polarization vector
eg52(1,i ,0)/A2. Parity conservation will give amplitude
for eg5(1,2 i ,0)/A2, which are not independent from th
former. For exclusive photoproduction, apart from the kin
matic factors, one can see that

s1/2
v }H1lv

2 1H3lv

2 ,

s3/2
v }H2lv

2 1H4lv

2 . ~3!

The contribution from vector meson photoproduction is e
pressed as

I GDH
v 5E

nv

`

Ds~n!
dn

n
52

2p2aekv
2

mN
2

, ~4!

whereDs(n)[s1/2
v 2s3/2

v is the photoabsorption cross se
tion difference and the total cross section for the unpolari
vector meson production iss tot5(s1/2

v 1s3/2
v )/2; kv denotes

the contribution from vector meson production to t
nucleon anomalous magnetic moment;nv is the threshold
energy for the vector meson in the lab system~i.e., the
nucleon rest frame!. For the v meson,nv51.108 GeV,
while for r,nr51.086 GeV. Using the recent quark mod
developed by Zhaoet al. @13–17#, we shall explicitly calcu-
late the photoabsorption cross sectionss1/2

v ands3/2
v .

In this model, there are three processes that contribut
the transition amplitudes for the neutral vector meson pho
production: ~i! the s- and u-channel resonance excitation
and the nucleon pole terms;~ii ! the t-channel light meson
exchange~i.e., pion exchange inv production ands meson
exchange inr production!; and ~iii ! the t-channel Pomeron
exchange in the neutral vector meson production~i.e., gN
→vN andgN→r0N).

In the helicity frame, thes-channel resonance excitatio
amplitude can be expressed as the product of the reson
electromagnetic excitation helicity amplitudeAL i

g (L i

51/2,3/2) and its vector meson decay amplitudeAL f

v (L f

51/2,3/2) for the transverse polarization andSL f

v (L f51/2)

for the longitudinal polarization. For a resonance of t
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SU(6)^ O(3)quark model with spinJ, its 12 independent
transition amplitudes can be written

H11
J 5d1/2,3/2

J ~u!A1/2
v A3/2

g ,

H10
J 5d21/2,3/2

J ~u!S21/2
v A3/2

g

5~21!Jvd1/2,3/2
J ~p1u!S1/2

v A3/2
g ,

H121
J 5d23/2,3/2

J ~u!A23/2
v A3/2

g

5~21!Jv11d3/2,3/2
J ~p1u!A3/2

v A3/2
g ,

H21
J 5d1/2,1/2

J ~u!A1/2
v A1/2

g ,

H20
J 5d21/2,1/2

J ~u!S21/2
v A1/2

g

5~21!Jvd1/2,1/2
J ~p1u!S1/2

v A1/2
g ,

H221
J 5d23/2,1/2

J ~u!A23/2
v A1/2

g

5~21!Jvd3/2,1/2
J ~p1u!A3/2

v A1/2
g ,

H31
J 5d3/2,3/2

J ~u!A3/2
v A3/2

g ,

H30
J 5d1/2,3/2

J ~u!S1/2
v A3/2

g ,

H321
J 5d21/2,3/2

J ~u!A21/2
v A3/2

g

5~21!Jvd1/2,3/2
J ~p1u!A1/2

v A3/2
g ,

H41
J 5d3/2,1/2

J ~u!A3/2
v A1/2

g

52d1/2,3/2
J ~u!A3/2

v A1/2
g ,

H40
J 5d1/2,1/2

J ~u!S1/2
v A1/2

g ,

H421
J 5d21/2,1/2

J ~u!A21/2
v A1/2

g

5~21!Jvd1/2,1/2
J ~p1u!A21/2

v A1/2
g ,

~5!

where in some of the above equations, parity conserva
allows us to relateA2L f

v with AL f

v for each SU(6)̂ O(3)

state with spinJ which then decays into a vector meson a
a nucleon with relative angular momentumJv ,

A2L f

v ~J!5~21!1/22J2JvAL f

v ~J!, ~6!

where the factor 1/2 denotes the spin of the final st
nucleon. The parity of such a state is (21)N, whereN is the
main quantum number of the harmonic oscillator she
Meanwhile, the final state system has a parity (11)(21)
(21)Jv which is determined by the parity of the nucleo
vector meson, and their relative angular momentum. Equ
lence of these two parities gives (21)N5(21)Jv11, and
thus

A2L f

v ~J!5~21!(1/22J)2(N21)AL f

v ~J!. ~7!
1-2
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So far, the dynamics of the reaction has not been explic
involved. Note that the change of the rotation functions h
been taken into account in Eq.~5!. The symmetric feature fo
each state of SU(6)̂O(3) quark model can be seen clear
The nodal structure is determined by the interfering am
tudes, therefore can be studied in an explicit model.

Equations~5! and~7! add some interesting relations to th
12 independent transition amplitudes. For example, a
from the rotation function and phase factors, we can see
H1lv

J 5H3(2lv)
J , andH2lv

J 5H4(2lv)
J , whereH denotes the

product ofAv(Sv) andAg in Eq. ~5!. Thus, the correspond
ing amplitudes have the same dynamical parts. Note tha
phase factor and the rotation function carry informati
about the resonance partial waves and symmetries, and
dynamical part carries information about the resonance st
tures, which are generally spin-dependent. Therefore, w
we add the amplitudes for resonance excitations together
calculate the cross section differences, interferences am
resonances of different quark model representations
arise. At low energies, such interferences produce non
contributions to the sum rule. We show in Fig. 1 the sp
dependent phenomena near threshold with the study of c
sections for four reactions. We shall see below that at
energy very close to threshold, the strongD33(1700) will
lead to an overestimation of the total cross sections forgp
→r0p. However, instead of presenting details for the stu
of resonance excitations, our special attentions will be p
to their high energy behavior. We expect that at high en
gies, the spin-dependent terms will die out, while sp
independent terms will dominate and result in converge
of the cross section difference.

Certainly, the convergence of the cross section differe

FIG. 1. Differential cross sections for four isospin channels. T
solid curves denote full-model calculations, while the dotted a
dot-dashed curves denote the exclusives- andu-channel processe
and Pomeron exchanges, respectively. The dashed curve de
pion exchange forv production ands exchange forr0 production,
respectively. Data come from Ref.@21#.
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is not obvious in such an approach. However, several b
aspects can be outlined. Firstly, the quark model wave fu
tions guarantee the theory to be unitary when all the bar
resonances are included. The spatial integrals provide f
factors which are proportional toe2(k21q2)/6a2

in the transi-
tion amplitudes. This factor results in the disappearance
resonance contributions at high energies, which correspo
to high uku and uqu. For higher excited states, as shown
Ref. @14#, in the process of photon and meson coupling to
same quark, the form factor for the harmonic oscillator sh
N is

FNl~k,q!5
1

~N2 l !! S k•q

3a2D N2 l

e2(k21q2)/6a2
, ~8!

while in the process of photon and meson coupling to diff
ent quarks,

FNl8 ~k,q!5
1

~N2 l !! S 2
1

2D NS k•q

3a2D N2 l

e2(k21q2)/6a2
,

~9!

whereN> l when summed over all permittedN and l. Ap-
parently, an additional factor (21/2)N suppresses the proces
that the photon and meson couple to different quarks at h
energies. Meanwhile, for a givenN, the dominant contribu-
tion comes from terms withl 50.

FIG. 2. Total cross sections and cross section differences for
v and r meson photoproduction. The solid, dashed, dotted,
dot-dashed curves denote the calculations fors tot@5(s1/2

1s3/2)/2#,s1/2,s3/2, and Ds(5s1/22s3/2), respectively. Data
come from Refs.@21–23#.
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The dying-out trend governed by the form factor provid
a possible way to bypass difficulty arising from resonan
excitations. A simple analytical argument can be made
assuming that those degenerate resonances are on their
shells and have the same width. Then, the transition am
tudes can be factorized out as

Halv
5Salv

~k,q! (
N50

`

FN0~k,q!

5Salv
~k,q!e2(k2q)2/6a2

, ~10!

whereSalv
(k,q) is a sum of all the spin-dependent and i

dependent parts. Note that, we neglect the process of ph
and meson coupling to different quarks, and take the lead
contribution of l 50. The second line of Eq.~10! could be
regarded as a good approximation for the resonance ex
tions at n→`. The behavior of the exponent, despite
angular-dependence, suppresses the amplitudes with inc
ing energies, especially at backward direction. This featur
very helpful since those spin-dependent terms generally h
large effects at large angles. Remember thatSalv

(k,q) con-
tains both spin-dependent and independent terms, a sim
survey over these amplitudes indeed suggests that the
dependent terms are strongly suppressed at high energi
can be seen quite explicitly that the spin-independent t
(ev3q)•(eg3k)(5ev•egq•k2ev•keg•q) plays a dominant
role, whereev is the transverse polarization vector for th
vector meson. This feature is the first aspect that guaran
the convergence of the integral at a few GeV’s.

The spin-dependence of the Pomeron exchange in
cross section difference calculations is also not obvious
to interferences among different spin operators. Fortuna
however, some typical features of the Pomeron excha
model @18–20# can help us understand its behavior at hi
energies. Since the Pomeron, which accounts for the diff
tive process, is rather like a charge conjugationC511 vec-
tor meson, this feature means that its dominant contribu
is located at smallutu. The longitudinal amplitude become
negligible at high energies. As discussed in detail in R
@15#, the dominant term is proportional toeg•ev in the c.m.
system, which is spin-independent. Whenn→`, we can im-
mediately see that its contribution to the cross section dif
enceDs(n) is zero, i.e.,H1lv

2 1H3lv

2 5H2lv

2 1H4lv

2 . In other

words, the Pomeron exchange contribution to the GDH s
rule becomes negligible at high energies, although it is do
nant over all other processes.

Explicitly, the equivalence,H1lv

2 1H3lv

2 5H2lv

2 1H4lv

2 ,

can be satisfied in the exclusivep0 ~for v and f) and s
exchange~for r0) due to the feature that no spin carried
the exchanged pion ands meson. Undoubtedly, the interfe
ences from the resonance excitations at low energies
violate the equivalence. However, beyond the resonance
gion, all these contributing processes will be dominated
the spin-independent terms, which will result in vanishing
Ds(n). Numerically, we find that whenn'6 GeV, Ds(n)
becomes negligible. Above the energy, the effects from s
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dependent terms will only make a change to the fourth de
mal place in the integrals. This gives confidence of cutt
off the photon energies at a few GeV’s for our model.

In Fig. 2, we report the calculations of the cross sect
differences of six isospin channels. The parameters are
tracted from thev production channel. We do not attempt
fit data for ther productions. This requires more subtle co
siderations. In fact, the prediction gives an overall agreem
with the data, which suggests that isospin conservation
been roughly kept for thev andr mesons. A sensible featur
arising between thev and r production is that isospin 3/2
resonances will contribute in ther meson production but be
eliminated in thev production, as required by isospin con
servation. Meanwhile, the quark model symmetry elimina
those states of quark model representation@70,4 8# from con-
tribution in the proton target reactions@24#. This feature re-
sults in an interchanging of the relative positions between
dashed (s1/2) and dotted curves (s3/2) in gp→vp and gn
→vn. Similar phenomena can be also seen ingp→r1n and
gn→r2p. It is still worth noting that theD33(1700) is found
to play an important role in ther meson production nea
threshold. Details of this will be reported and discussed e
where.

The contribution of thev andr channels to the GDH sum
rule are listed in Table I to compare with other channel co
tributions predicted by other studies. The neutralr produc-
tion has a relatively smaller contribution to the proton a
neutron sum rule, while contributions from thev and r6

channels are more than one order of magnitude larger. H

TABLE I. Contributions of vector meson photoproduction to th
GDH sum rule in comparison with other exclusive channels. C
tributions from pN,hN,ppB ~Born terms!, and
ppD@D13(1520) resonance# are from Mainz group study@10#;
kaon channel contributions are from Ref.@11#; experimental data
are from Ref.@2#.

Proton I GDH(mb) Neutron I GDH(mb)

gp→p0p 2150 gn→p0n 2154
gp→p1n 221 gn→p2p 130
gp→hp 115 gn→hn 110
gp→ppB 230 gn→ppB 235
gp→ppD 215 gn→ppD 215
gp→K1L 11.66 gn→K0L 24.78
gp→K1S0 11.53 gn→K1S2 11.59
gp→K0S1 10.83 gn→K0S0 11.21
gp→vp 22.01 gn→vn 10.93
gp→r0p 10.05 gn→r0n 20.05
gp→r1n 12.22 gn→r2p 22.93

sum of above 2196.72 sum of above 2168.03
GDH 2205 GDH 2233
exp. results 2210a exp. results not available

aIn Ref. @2#, I GDH5222665(stat)612(syst)mb was reported in
the energy range 200,n,800 MeV, while taking into account the
missing contributions fromn,200 MeV, a deduced value
2210 mb was estimated.
1-4
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ever, when we sum over those reaction channels for the
ton and neutron, we find that the overall magnitude of
contribution to the proton (I GDH

v 510.26mb) is much
smaller than to the neutron (I GDH

v 522.05mb). In particular,
the sign of the sum (I GDH

v ) suggests that the contribution t
the proton sum rule will cancel a small number of previo
results@10#, while the contribution to the neutron will add
relatively larger one. This trend is fairly consistent with t
exclusive studies of Ref.@10#.

In conclusion, we have evaluated the contributions of v
tor meson photoproduction to the GDH sum rule using
quark model with an effective Lagrangian. Although mo
detailed study at resonance region is needed, we show
the cross section differences converge with the increa
energy, thus, leads to a reasonable energy cut at 6 GeV.
C

ov
th
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main contributions of vector meson photoproduction a
found from the resonance region. Although the total valu
are small, their corrections to the sum rule are shown to b
the right direction. This study provides a test for our a
proach for vector meson photoproduction though more ac
rate data from experiments are needed to constrain
model. Nevertheless, it provides some insights into the
evance of the exclusive vector meson photoproduction to
GDH sum rule.
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