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Double vector meson photoproduction,psg ,G→VVdp, mediated by a scalar glueballG is investigated.
Using vector meson dominance(VMD ) and Regge/pomeron phenomenology, a glueball enhancement is pre-
dicted in the invariantVV=rr andvv mass spectra. The resonant cross-section profile is sensitive to the total
glueball width,GG, but is discernable forGG=125 MeV or less. The scalar glueball is assumed to be the
lightest physical state on the daughter pomeron trajectory governing diffractive vector meson photoproduction.
In addition to cross sections, calculations for hadronic and electromagnetic glueball decays,G→VV8sV,V8
=r ,v ,f ,gd, and gvV→G transition form factors are presented based upon flavor universality, VMD, and
phenomenological couplings fromf photoproduction analyses. Due to limited phase space, the predicted
glueball VV decay widths are sensitive to the uncertain glueball mass, however the extracted glueballVV
coupling constant is similar to an independent theoretical study. Possible signatures for glueball detection are
also discussed.
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I. INTRODUCTION

Even though quantum chromodynamics(QCD) is the ac-
cepted theory of hadronic physics, realistic nonperturbative
QCD predictions for reaction amplitudes are still not avail-
able. However, quantum hadrodynamic(QHD) calculations
continue to provide a reasonable framework for the analysis
of data. Related, the historical success of vector meson domi-
nance(VMD ) and Regge theory has led to an established
legacy for investigating both electromagnetic and hadronic
processes. Because of the wide interest in the gluonic aspects
of QCD, especially glueballs, and new experimental oppor-
tunities at electromagnetic accelerator facilities, such as Jef-
ferson Lab, this work combines QHD, VMD, and Regge/
pomeron physics to study double vector meson
photoproduction,psg ,G→VVdp, mediated by a scalar glue-
ball, G. Investigating gluonic degrees of freedom via photo-
production processes compliments proposed[1,2] glueball
searches at CLEO-c and BES usinge+e− annihilation.

Although QCD predicts the existence of glueballs, experi-
mental confirmation is still lacking. There is general agree-
ment that the 0++ state should be the lightest glueball, how-
ever calculations for the scalar glueball mass vary from
around 1 to 1.8 GeV. Quenched lattice[3–6], QCD sum rules
[7], and constituent gluon models[8,9] report a scalar glue-
ball near the upper mass range, while other studies[10,11]
yield a lower mass near 1 GeV. Since glueballs have zero
isospin, the scalar can mix with 0++ isoscalar quark states,
and several mixing analyses[12–14] also report a wide range
of glueball masses and widths. Clearly there is a need for
further study and additional insight.

This work is a different approach to glueballs and is based
upon the pomeron-glueball hypothesis(PGH) [9,15,16],
which connects the pomeron with the even signatureJPC

=2++, 4++, … glueball Regge trajectory. Indeed, both theo-
retical [9,15–19] and experimental[20] evidence continues
to accumulate which supports this conjecture. The PGH pro-
vides an attractive, logical framework for determining all
glueball-hadron couplings from established pomeron phe-
nomenology as well as the glueball mass, which is taken to
be 1.7 GeV(see Sec. III).

In this study, we use the PGH to extend the effective
Lagrangian model developed forf photoproduction[21] and
timelike virtual Compton scattering(TVCS) [22] to double
vector meson photoproduction mediated by a scalar glueball.
The necessary glueball-vector mesonsV=r ,v ,fd hadronic
and electromagnetic couplings are uniquely determined from
PGH, VMD, and isospin symmetry(flavor independence) of
the glueball-hadron couplings. In addition to cross sections,
we predict theJPC=0++ glueball partial decay widths for
double vectorsG→VV8d, one-photonsG→Vgd, and two-
photon sG→ggd decay channels. Since the vector meson
leptonic decay constants are known, we also apply VMD to
derive the radiativesgvV→Gd, transition form factors re-
quired for scalar glueball electroproduction calculations. Our
key finding is the prediction of a measurablepsg ,G
→VVdp cross section and, depending upon glueball mass
and total width, a glueball enhancement in therr and vv
invariant mass spectra near 1.7 GeV. Although we have omit-
ted glueball-meson mixing, this effect will predominantly al-
ter the glueball mass, which is already uncertain. Provided
the glueball mass is above theVV threshold, the excitation
and decay mechanism in this approach remains the same for
a mixed glueball state. This will be especially true for states
having a dominant glueball component such as predicted by
lattice calculations[13] for the f0s1710d. Further, for the pur-
poses of glueball searches, our unmixed glueball production
cross-section magnitude should be sufficient for count rate
predictions.
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This paper spans six sections. In Sec. II, we review the
essential features off electromagnetic production and TVCS
[22] that are relevant for formulatingVV photoproduction.
Then we detail the QHD model in Sec. III, and in Sec. IV we
present the VMD relations, glueball radiative transition form
factors, and decay widths. Section V contains our main re-
sults with theoreticalpsg ,VVdp cross sections documenting a
measurable glueball enhancement and a possible novel sig-
nature decay. Finally, in Sec. VI we summarize and comment
on future investigations.

II. f PHOTOPRODUCTION AND TVCS MODEL
SUMMARY

Vector meson photoproduction is known to be dominated
by diffractive scattering at low momentum transfer and high
energy. The diffractive amplitude has a clear exponentialt
dependence, presumably generated by a tower of gluon
t-channel exchanges, collectively known as the pomeron
[23]. At low energy and for large momentum transfer, vector
meson photoproduction is complicated by nondiffractive
mechanisms such as pseudoscalar mesonsp ,h ,h8d exchange
[21,24], nucleon resonances, and two-gluon exchange[25].

In f photoproduction, there are additional nondiffractive
amplitudes due to strangeness knockout[26,27] and Okubo-
Zweig-Iizuka (OZI) [28] violating/evading fN couplings
[21]. The f photoproduction reaction is especially interest-
ing for probing the intrinsic strangeness content of the
nucleon[26,27] and yields important constraints for the(off-
shell) nucleon form factors in the vector meson resonance
region accessible in TVCS,gp→e+e−p [22]. For example,
OZI evadingfN vector and tensor couplings contribute to
the nucleon strangeness radius, strange magnetic moment,
and provide an improved description of the neutron electric
form factor,GE

nsq2d [29–33].
Our previous results documented that precisionf photo-

production and dilepton TVCS data near thef production
threshold will provide important constraints for disentan-
gling the complicated diffractive/nondiffractive amplitude
components. In this work, we apply the same effective La-
grangian used to calculatet-channel pomeron exchange in
psg ,Vdp, to scalar glueball photoproductionpsg ,G→VVdp.
An important feature in the photoproduction/TVCS model is
the photon-pomeron-vector meson vertex coupling associ-
ated with thet-channel pomeron exchange. Again, we utilize
this and now interchange the role of the pomeron and vector
meson to considert-channelr, v, andf exchange leading to
pomeron, or via the PGH, glueball photoproduction. We also
interpret the scalar glueball as theJ=0 physical state on the
daughter pomeron trajectory and make predictions corre-
sponding to this trajectory as well.

III. QHD MODEL DETAILS

We formulate the double vector meson photoproduction
reaction as a two-step mechanism mediated by a scalar glue-
ball, G,

gsq,ld + psp,sd → psp8,s8d + Gsq8d

→ psp8,s8d + Vsv1,l1d + V8sv2,l2d,

where the energy-momentum 4-vectors(helicities) for the
photon, proton, glueball, recoil proton, and vector mesons
are given byqsld, pssd, q8=v1+v2, p8ss8d, and vi=1,2slid,
respectively. The general case is considered involving
photoproduction of a glueball that may be on-,MG=Îq82, or
off-shell (virtual), MGÞÎq82, and decays into two, possibly
different, vector mesonsVV8=rr, vv, ff, or vf having
massesMV=Îv1

2, MV8=
Îv2

2. The three-body final-state diffe-
rental cross section factorizes

ds

dt dMVV8
=

dsv

dt
FkVV8uGl, s1d

whereMVV8=
Îq82 is the invariantVV8 mass anddsv/dt is

the virtual glueball photoproduction cross section,

dsv

dt
=

p

vcm
2 zkGpuT̂ugplz2. s2d

The vector meson flux,FkVV8uGl, resulting from the glueball
decay can be expressed in terms of phase space,PVV8, the
glueball propagator,PGsq8d, and theG→VV8 decay ampli-
tude,kVV8 uGl,

FkVV8uGl = PVV8uPGsq8du2zkVV8uGlz2, s3d

PVV8 =
uq8u

256p4Mp
2

vcm
2

vlab
2 , s4d

PGsq82d =
Îq82

q82 − MG
2 + iÎq82GG

Ss− sth

s0
DaPsq82d

, s5d

kVV8uGl =
gGVV8

2M0
Fmn

V sv1,l1dFV8
mnsv2,l2d. s6d

In these equations,v refers to the photon energy(in the
appropriate frame), Mp is the proton mass,GG is the glueball
total width,gGVV8 is the glueball-vector meson coupling con-
stant,M0 is a reference mass(set to 1 GeV) which permits a
dimensionless glueball coupling, andFmn

V is the vector meson
current tensor specified below. The effective glueball propa-
gator is a generalization of the empiracle spacelike pomeron
prescription[21] with the pole mass fixed atMG=1.7 GeV,
consistent with the lightest scalar glueball typically predicted
by lattice calculations. Following Ref.[23], we have in-

cluded in Eq.(5) the Regge factor,fs−sth/ s0
gaPsq82d

, which
describes the high-energy behavior. Here,s=sq+pd2 is the
usual cm energy Mandelstam variable andaPsq82d is the
pomeron trajectory of even signature glueballs with estab-
lished linear formaPstd=a0+a8t. Because Regge theory
only governs the asymptotic high-energy behavior, we intro-
duce the parametersth s0østhøs0d to describe the low-
energy double meson production amplitude with the refer-
ence energy,Îs0, fixed at the threshold,s0=sMp+MV

+MV8d
2. In previous, successful analyses off photoproduc-

S. R. COTANCH AND R. A. WILLIAMS PHYSICAL REVIEW C70, 055201(2004)

055201-2



tion using this prescription[21,22], the available data clearly
selected the maximum value,sth=s0, which is used through-
out this paper. If we omit the Regge factor, the effective
gluonic propagator takes a standard hadron(glueball) form
and thus we loosely distinguish between pomeron(Regge)
mediated or glueball(non-Regge) production. In Sec. V, we
compare cross-section predictions for both propagators as
well as for a daughter pomeron trajectory,aDstd=a0

D+a8t, to
which the scalar glueball is consigned.

In the helicity representation, the glueball photoproduc-

tion amplitude,kGpu T̂ugpl, is

kGpuT̂ugpl = emsldHs8s
m , s7d

whereesld is the photon polarization 4-vector in the helicity
basis andHs8s

m is the hadronic current obtained by applica-
tion of Feynman rules to the tree levels, t=sq8−qd2, andu
=sp8−qd2 channel QHD diagrams. The hadronic current is
evaluated in the totalcmsystemsq+p=q8+p8=0d with thez
axis taken alongq. In this frame, the two photon polarization
vectors are

esld = −
l

Î2
s0,1,il,0d sl = ±d. s8d

The Gs0++d→Vs1−−dV8s1−−d decay helicity amplitude,
kVV8 uGl, involves the vector meson current tensors
Fmn

V sv1,l1d andFV8
mnsv2,l2d given by

Fmn
V svi,lid = vimeinsvi,lid − vineimsvi,lid s9d

with spin polarization 4-vectors,eisvi ,lid, subject to the Lor-
entz conditionvi ·ei =0 for i =1, 2. These polarization vectors
satisfy

o
li

ei
msvi,lidei

n*svi,lid = − gmn + vi
mvi

n/Mi
2, s10d

wheregmn=gmn is the standard metric tensor. The invariant
helicity decay amplitude involves the contraction

Fmn
V FV8

mn = 2sv1 ·v2e1 · e2 − v1 · e2v2 · e1d s11d

and can be evaluated in the glueball rest frame where, with
v1 along thez axis, the mesons 4-momenta are

v1 = sE1,v1d = sE1,0,0,kVd s12d

v2 = sE2,v2d = sE2,0,0,−kVd. s13d

The 3-momentumkV= uv1u= uv2u depends on the vector meson
and the glueball(invariantVV8) masses

kV =
1

2Îq82fsq82 + MV
2 − MV8

2 d2 − 4q82MV
2g1/2. s14d

In this frame, the meson polarization vectors are

e1sl1 = ±d = −
l1

Î2
s0,1,il1,0d, s15d

e1sl1 = 0d =
1

MV
skV,0,0,E1d, s16d

e2sl2 = ±d = −
l2

Î2
s0,1,il2,0d, s17d

e2sl2 = 0d =
1

MV8
s− kV,0,0,E2d. s18d

If the spins of the final-state mesons are not detected, the
cross section entails a helicity sum giving the factor

S; o
l1l2=0,±1

zkVV8uGlz2 s19d

=
gGVV8

2

M0
2 o

l1l2=0,±1
fv1 ·v2e1sl1d · e2sl2d

− v1 · e2sl2dv2 · e1sl1dg2. s20d

Using the above specific kinematical representation forvi
and ei or, more generally for any frame, Eq.(10), the sum-
mation reduces to the invariant result

S=
gGVV8

2

M0
2 f2sv1 ·v2d2 + MV

2MV8
2 g s21d

→ gGVV
2

2M0
2 fsMVV

2 − 2MV
2d2 + 2MV

4gsV = V8d.

s22d

The effective QHD Lagrangian for the strong and electro-
magnetic interactions generates the following contributions
to the hadronic current.

t-channel V=r ,v ,f exchange amplitudes,

Hs8s
m = egVNN

kGVg

M0
Ftst;lcutdPVstdūsp8,s8d

3Fgm + i
kV

T

M0
smaqa8Gusp,sd. s23d

s-channel proton-glueball coupling amplitude,

Hs8s
m = egGNNsp8,s8d

sp + qd · g + Mp

s− Mp
2 + op

ssd

3Fgm + i
kp

2Mp
smbqbGusp,sd. s24d

u-channel proton-glueball coupling amplitude,

Hs8s
m = egGNNsp8,s8dFgm + i

kp

2Mp
smbqbG

3
sp8 − qd · g + Mp

u − Mp
2 + Spsud

usp,sd. s25d

Heree=Î4pae and each hadronic current term has an effec-
tive coupling strength involving a glueball hadronic or elec-
tromagnetic coupling constant. The factorkV

T in Eq. (23) is
the tensor to vector coupling constant ratio for ther, v, or f
nucleon vertex andkp=1.793 is the proton anomalous mag-
netic moment.
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In the t channel, the hadronic form factor,Ftst ;lcutd, in-
corporates the composite nucleon and vector meson structure
which can be calculated in constituent quark models and is
important for regulating the energy and momentum transfer
dependence in meson photoproduction[34,35]. However, to
preserve the covariance and crossing properties of our
model, we employ the phenomenological form factor[21,22]

Ftst;lcutd =
lcut

4 + tmin
2

lcut
4 + t2

, s26d

normalized to unity attmin= tsugG
cm=0d. Fitting the psg ,fdp

data yields the optimum cutoff parameterlcut=0.7 GeV.
Also note that, unlike vector meson electromagnetic produc-
tion, for t-channelJPC=J++ glueball (pomeron) production,
pseudoscalar meson exchange is prohibited byC-parity con-
servation. Hencep exchange only contributes to the produc-
tion of C=odd glueball states which have much higher
masses and are also more difficult to detect.

In the s andu channels, the highly virtual proton propa-
gation requires an off-shell form factor prescription. Because
the s- and u-channel diagrams must combine to produce a
conserved hadronic current, we incorporate the off-shell ef-
fect as a self-energy correction. Constrained by gauge invari-
ance and the proton mass, the self-energy function must van-
ish at the proton pole and also be an odd function ofs−Mp

2.
Hence we take

Spssd = aof f

ss− Mp
2d3

Mp
4 . s27d

The dimensionless off-shell parameter,aof f=1.29, was deter-
mined by fitting recentf photoproduction data[36].

The model parameters for the pomeron and daughter am-
plitudes are listed in Table I and the vector meson coupling
constants are specified in Table II. The glueball-vector meson
couplings are assumed to be flavor-independent(universality
hypothesis) due to isospin/flavor invariance of gluonic inter-
actions.

IV. GLUEBALL DECAY WIDTHS AND TRANSITION
FORM FACTORS

In this section, we present our VMD formulation for the
proton, vector meson, and glueball transition form factors. In
our previousf photoproduction/TVCS calculations, we uti-

lized a hybrid VMD approach[32,33] that was a generaliza-
tion of the model developed by Gari and Krümpelmann[31].
This formalism incorporatesSUFs3d symmetry relations and
Sakurai’s universality hypothesis to describe the baryon octet
EM form factors, predominantly constrained by nucleon
data. Our treatment provided a good quantitative description
of the data using the vector meson-nucleon couplings,
CrsNd=0.4, CvsNd=0.2, andCfsNd=−0.1 [see Ref.[32],
where the value ofCfsNd was optimized to describeGE

n

data]. HereCVsNd=gVNN/ fV is the ratio of the vector meson-
nucleon hadronic coupling,gVNN, to the vector meson-
leptonic decay constant,fV. Using

GV→e+e− =
4pae

2

3

MV

fV
2 s28d

for thef→e+e− decay yields,ff=−13.1, giving thefN cou-
pling gfNN=1.3. Recent, preliminaryGE

n measurements from
Jefferson Lab indicate a reduction at higher momentum com-
pared to previous data, which suggests an even largerfN
coupling. Although there is uncertainty ingfNN, which is
governed by the currently unknown nucleon strangeness con-
tent (as well as the small, but better known,u and d quark
content of thef), the valuegfNN=1.3 accurately reproduces
[22] both old, low, and new, high,t f photoproduction data.
The ratio of the fN to the vN coupling constant is
gfNN/gvNN=0.37, slightly smaller but still consistent with
Ref. [37].

The gp→gv, gh→gv, andgG→gv transition form fac-
tors are computed from VMD using the vector meson propa-
gators,PV=r,v,fsq2d, with observed widths,GV,

PVsq2d = −
MV

2

q2 − MV
2 + iÎq2GV

s29d

and couplings determined directly from thef→gp, f
→gh, v→gp, v→gh, r→gp, andr→gh decays,

GV→Xg =
ae

3

kX
3

M2
0kXVg

2 s30d

for X=p, h, and G. Again the mass,M0=1.0 GeV, is an
arbitrary scale in theXVg Lagrangian andkX is the rest frame
3-momentum of the decay particles, given by a relation iden-
tical to Eq.(14). VMD then yields

kpggF
gp→gv

sq2d = o
V=r,v,f

CpVgPVsq2d, s31d

khggF
gh→gv

sq2d = o
V=r,v,f

ChVgPVsq2d, s32d

kGggF
gG→gv

sq2d = o
V=r,v,f

CGVgPVsq2d, s33d

where the dimensionlessC coefficients are ratios of transi-
tion moments and decay constants,

CpVg =
kpVg

fV
, s34d

TABLE I. Pomeron/glueball hadronic coupling and Regge tra-
jectory parameters.

gGNN gGVV8 a0 a0
D a8sGeV−2d

44.0 3.43 1.0 20.78 0.27

TABLE II. Vector meson coupling constants.

grNN gvNN gfNN kr
T kv

T kf
T

2.014 3.411 1.306 6.100 0.140 1.820
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ChVg =
khVg

fV
, s35d

CGVg =
kGVg

fV
. s36d

The pomeron/glueball radiative and transition decay con-
stants are not directly known, however they have been indi-
rectly extracted fromf photoproduction data and the VMD/
universality relation[21,22]

kGVg = gGVV8F 1

fr

+
1

fv

+
1

ff
G = 0.62. s37d

Using the most recently measured vector meson radiative
and leptonic decay widths[38], we obtain the VMD coupling
constants summarized in Table III.

The pseudoscalarp→gg and h→gg radiative decay
widths

GX→gg =
pae

2

4

MX
3

M0
2kXgg

2 s38d

provide a VMD consistency check for thep andh transition
form factors, Eqs.(31) and (32), due to the normalization
conditions[F

gp→gv
s0d=1, etc.]

kpgg =
kprg

fr

+
kpvg

fv

+
kpfg

ff

, s39d

khgg =
khrg

fr

+
khvg

fv

+
khfg

ff

. s40d

Using recent data[38], we obtain excellent agreement be-
tween experiment and the VMD predictions, experiment[Eq.
(38)]:

kpgg = 0.27, khgg = 0.26,

VMD [Eqs.(39) and (40)]:

kpgg = 0.30, khgg = 0.27.

The glueball hadronic widths are calculated using

GG→VV =
gGVV

2

4p

kV
3

M0
2 , s41d

with final-state momentumkV given by Eq.(14). Therr and
vv widths are sensitive to the scalar glueball mass since its
value is near their thresholds. Using the value of 1.7 GeV
yields theG→rr and vv widths of 133.2 and 34.2 MeV,

respectively, while for a scalar glueball with mass 1.6 GeV it
produces the corresponding widths 28.7 and 4.5 MeV. Note
because ther is an isovector, the fullrr width is three times
larger than ther0r0. This range is in rough agreement with a
prediction from an independent glueball mixing and decay
analysis[12], which predicts 46 and 12 MeV, respectively.
Because of the phase space sensitivity, it is more appropriate
to compare effective glueball couplings instead, and using
the glueball mass and widths in Ref.[12] yields the coupling
gGVV=4.23 which is close to our value of 3.43. The electro-
magnetic widths, using Eq.(30), are presented in Table IV.
The vector meson photon decay widths are also shown for
comparison.

We can also calculate the glueball two-photon radiative
decay width by first evaluating Eq.(33) for q2=0,

kGgg = kGVgF 1

fr

+
1

fv

+
1

ff
G = 0.11, s42d

where again universality is invoked for allV. The VMD
prediction from Eq.(38) for the G→gg decay width is then
GG→gg=2.6 keV, which is comparable to theh decay width,
Gh→gg=0.46 keV.

Depending upon glueball mass, combining the above val-
ues yields a total hadronicVV scalar glueball width between
33.2 and 167.4 MeV, which of course only represents a lower
bound for the full width. Indeed, there are several other de-
cay channels involving lighter mesons(p, h, K, a1) which
will compete, and Ref.[12] estimates the total width could
be up to 250 MeV. The actual width is between these two
limits and perhaps closer to the observed widths for the
f0s1500d and f0s1710d glueball candidates which are 109 and
125 MeV, respectively.

It is instructive to compare ourVV glueball widths with
previous studies of scalar hadron decays. An analysis[3] of
BESJ/c decays finds that the 0++ states decay mainly byss
while the 2++ resonances decay predominantly byrr. A re-
analysis[39] of Mark III J/c decay data also reportsss is
the dominant scalar decay butrr decay is listed as well for
the f0s1750d with a branching ratio 4.7 times smaller. The
most recent update to the PDG listings[38] reports several
new 0++ and 2++ states in this mass region. Although there is
limited information, thef2s1910d decays predominantly to
rr andvv while the f2s2010d decays toff. Theoretically,
there are alsonn sn=u,dd quarkonia estimates[40] for the
f0s1700d predicting appreciablerr andvv decay, suggesting
that VV decay is not unique to glueballs. It would be inter-
esting to see if such models also predict radiative decays
comparable to the VMD results listed in Table IV. Clearly,
additional experimental decay measurements of scalar had-

TABLE III. VMD couplings from measured decays[38]. The
flavor-independent glueball couplings are from Refs.[21,22].

V kpVg khVg kGVg f
V

r 0.901 1.470 0.62 5.0

v 2.324 0.532 0.62 17.1

f 0.138 0.715 0.62 213.1

TABLE IV. VMD glueball electromagnetic decays in keV.

V→ r v f

GG→Vg 866 844 454

GV→pg 102 717 6

GV→hg 36 6 59
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rons are needed and photoproduction represents a potential
source as documented by measurable cross sections in the
next section.

Finally, glueball electroproduction via intermediate virtual
photons will require form factors for the transitiongvV→G.
Again, simple application of VMD yields the appropriate
gvV→G transition form factors

kGVgFgV→Gsq2d = o
V8=r,v,f

gGVV8

fV8
PV8sq

2d. s43d

V. CROSS-SECTION PREDICTIONS

This section summarizes the key cross-section findings
and presents results for a variety of kinematics. Figure 1
displays the exclusive photoproduction cross section versus
theVV invariant mass. The three solid curves, corresponding
to different glueball widths, represent production and decay
to the rr or vv final states using the pomeron trajectory.
Because of universality(gGrr=gGvv) and the near degen-
eracy of ther andv masses, therr andvv production cross
sections are essentially equal so one curve represents both
channels. The two short dashed curves are forff produc-
tion, which has a higher threshold.

The long dashed curve is the non-Regge prediction using
GG=80 MeV, which is the average of the interval spanned
by theVV width. It is also close to the upper bound value of

77 MeV of Ref. [12], which also showed width kinematic
sensitivity. This is the result using the gluonic propagator
without the Regge factor and, as discussed previously, can be
regarded as production mediated by more conventional had-
ron (glueball) formation. Notice that it is about a factor of 4
larger than the Regge(pomeron) prediction using the same
width (top solid line). A similar increase occurs for the two
other widths(not shown).

The dot-dashed curves in Figs. 1 and 2 correspond to the
daughter pomeron trajectory, again for the 80 MeV width,
which exhibits a different energy dependence from the
pomeron trajectory. Note that from Regge theory[23], the
daughter trajectory has the same coupling but different en-
ergy dependence due to lower intercept. Because the 0++

glueball is on the daughter trajectory, one could argue that
this is the more consistent cross-section prediction and it is
interesting that it is almost identical(it is for q82=MG
=MVV, see below) to the non-Regge result.

The two dashedff production curves, corresponding to
the minimum and maximum glueball widths, are essentially
the same since theff threshold is well above the on-shell
glueball masssMG=1.7 GeVd and only a small effect is
present from the off-shell gluonic propagator. Consequently,
ff production is predicted to be devoid of a light scalar
glueball enhancement. This is also why therr (or vv)
curves converge at higher invariantVV mass, a region of
interest for effects from a tensor,JPC=2++, glueball that is
expected to have mass near 2 GeV. Related, Ref.[38] lists
several f2, possible glueball, states above 2 GeV with ob-
servedff decays.

FIG. 1. Cross sections forpsg ,G→VVdp vs the invariantVV
mass. Solid lines represent therr (or vv) cross sections for differ-
ent glueball widths. The short dashed curves representff photo-
production. The long dashed curve omits the Regge energy depen-
dence. The dot-dashed curve is the daughter pomeron result.

FIG. 2. Comparison of Regge(pomeron, solid line; daughter,
dot-dashed line) and non-Regge(glueball, dashed line) mediated
production vs lab energy. The on-shell daughter pomeron and non-
Regge results are identical.
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To document sensitivity to the uncertain glueball width,
three values are displayed for the pomeron trajectory. The
upper solid curve depicting the distinct resonant glueball
structure assumes that vector meson decay saturates the en-
tire glueball width and uses the average value of 80 MeV.
The lower curve corresponds to a width of 238 MeV, which
is taken as an upper bound and is also the numerical width
necessary to completely suppress the glueball cross-section
enhancement. The middle curve usesGG=125 MeV, which,
as discussed in Sec. IV, may be closer to the physical glue-
ball value. Hence, if the actual width is roughly of order 100
MeV, a clear glueball enhancement can emerge.

The cross-section kinematics reflect the capability of the
envisioned Hall D facility at Jefferson Lab. Depending on
the choice of gluonic propagator, there is sensitivity to the
incident photon energy, as indicated in Fig. 2. While the
energy behavior of the non-Regge prediction(dashed line)
and daughter pomeron(dot-dashed line) are relatively flat,
the Regge calculation(solid curve) increases with higher
beam energy. There is little energy ors dependence in the
non-Regge calculation since the cross section is at forward
angles(t-channel dominated). It is also equal to the on-shell
daughter pomeron cross section, which varies ass2aDsq82d

=1 since for on-shell,q82=MG
2 andaDsMG

2 d=0. Because the
Regge formulation is more phenomenologically based, our
daughter pomeron prediction is preferred. However, it would
be interesting to confront all results with multiple vector me-
son production data at low and high energies. Interestingly,
the different formulations yield similar cross sections(and
measurable production rates) near 7 GeV, which is a fre-
quently cited Jlab upgraded photon energy. Hence it should
be feasible to confirm the possible gluonic enhancement pre-
dicted in Fig. 1.

There is significant sensitivity to the production final-state
angle,ucm, or momentum transfer. This is reflected in Fig. 3,
which details a falling, then rising cross section with increas-
ing angle. Note this result uses the pomeron propagator, and
the minimum cross section occurs forucm=90°. This predic-
tion is for Eg

lab=6.0 GeV and corresponds to the intermedi-
ate, more representative glueball width. As expected for
small angles(low t), t-channel vector meson exchange domi-
nates, withr exchange(dense dot curve) being the most
important. At larger angles(higher t), s- andu-channel am-
plitudes emerge(dashed curve) corresponding to production
from glueball-proton coupling. Because boths and q8 are
fixed, the Regge and non-Regge(not shown) results have
identical t-channel relative contributions and variations.

We also comment on uncertainties in our off-shell photon-
pomeron-vector meson coupling treatment. Because our
model is based upon field theory and VMD, it fully respects
crossing symmetry and is thus valid for both spacelike and
timelike kinematics. We can therefore use the analytical ver-
tex fromf photoproduction, which was phenomenologically
fitted over a wide kinematic region, and interchange the
pomeron(or daughter) andf meson. From previous off-shell
studies[21,22], the uncertainty due to our vertex treatment is
less than the overall model sensitivity due to the different
glueball widths or alternative exchange Regge scenarios
documented in our figures. For the purposes of count rate

predictions and experimental planning, our cross-section es-
timate should be sufficient.

It is important to relate these predictions to the expected
backgroundVV production from nonglueball mediated pro-
cesses. Unfortunately, to our knowledge there are no specific
model calculations in this energy region. However, other
double meson photoproduction calculations exist, and Refs.
[41,42] predict cross sections comparable in magnitude to
those calculated here. Further, Ref.[41] investigates possible
exotic, JPC=1−+, meson excitation ingp→r0p+n and pre-
dicts a similar resonance profile to our glueball production
result.

Finally, we note possible detection signatures predicted by
this analysis. Because of the dominantr→pp, v→ppp,
and f→KK decays, the presence of a glueball excitation
should be correlated with a four and sixp decay around 1.7
GeV in the invariantrr and vv mass spectra, respectively.
Further, and depending on the proximity of the glueball mass
to thevf threshold, there also may be a novelp+p−p0K+K−

decay near or above 1.8 GeV in thevf spectrum. The latter
may be a unique signature as there are no hadrons listed with
this decay. This would be an ideal experiment for the envi-
sioned Hall D large acceptance spectrometer.

VI. CONCLUSIONS

This work combines the time-honored tools of quantum
hadrodynamics, vector meson dominance, and Regge theory
with the pomeron-glueball connection hypothesis to predict
glueball production and decay processes. Using a minimal
set of parameters independently determined from recent had-

FIG. 3. Relatives-, t-, andu-channel contributions.
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ronic and electromagnetic analyses, a measurable cross sec-
tion is predicted forpsg ,G→VVdp with a possible scalar
glueball enhancement near 1.7 GeV in therr andvv invari-
ant mass spectra. This resonant cross-section structure is sen-
sitive to the total glueball width and should be discernable if
the width is of order 100 MeV. If the actual width is signifi-
cantly larger, say greater than 200 MeV, it may still be pos-
sible to detect a scalar glueball via hadronic or radiative de-
cays, especially if the glueball mass is high enough to
observe a correlatedp+p−p0K+K−, which would be a unique
decay signature from a scalar hadron. Such measurements
would be ideal for the envsioned JLab energy upgrade and
new Hall D wide acceptance spectrometer.

Future work will address other scalar glueball decay chan-
nels. Related tensor glueball production and decay will be
investigated, which should be especially interesting since a
strong VV decay is expected and the 2++ glueball mass is
very likely above the clear signatureff decay threshold.
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