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Semiclassical double-Pomeron production of glueballs andh8

Edward Shuryak and Ismail Zahed
Department of Physics and Astronomy, State University of New York, Stony Brook, New York 11794, USA

~Received 31 March 2003; published 5 August 2003!

A semiclassical theory of high energy scattering based on interrupted tunneling~instantons! or QCD sphale-
ron production has been recently developed to describe the growing hadronic cross section and properties of
the soft Pomeron. In this work we address double-Pomeron processes in this framework for the first time. We
specifically derive the cross section for central production of parity even and odd clusters, scalar and pseudo-
scalar glueballs, andh8 in parton-parton scattering at high energy. We show that the specific dependence of the
production cross section on all its kinematical variables compares favorably with the UA8 data on inclusive
cluster production, as well as the WA102 data on exclusive central production of scalar glueball andh8, in
double-Pomeron exchangepp scattering. The magnitude of the cross section and its dependence on kinematic
variables is correct, explaining in particular a large deviation from the Pomeron factorization at cluster masses
in the rangeMX,8 GeV reported by UA8.
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I. INTRODUCTION

A. Theoretical framework

Semiclassical tunneling in the QCD vacuum, described
instantons, is traditionally studied in relation with the QC
vacuum properties such as chiral symmetry breaking
hadronic spectroscopy, see review@1#.

More recently a number of authors@2,3# have suggested
that the semiclassical physics based on instantons and Q
sphalerons significantly contributes to semihard scatterin
QCD, in particular to the parameters of the so called ‘‘s
Pomeron.’’ The specific behavior of hadronic cross secti
at high energy, i.e. their growth with energys;s0.08, is re-
lated to the Pomeron trajectory intercept att50. The semi-
classical theory relates the small power of 0.08 to the barr
suppressed probability of tunneling in the QCD vacuu
Also, the small Pomeron sizea851/(2 GeV)25(0.1 fm)2

was found to be related in@2,3# to the small instanton size
r51/3 fm. As an unexpected bonus, it was found that
semiclassical scattering cannot produce anodderon, essen-
tially due to the inherentSU(2) color nature of the semiclas
sical fields. Recently, the same semiclassical reasoning
applied to the saturation problem at DESY collider HER
@4#.

The semiclassical approach to semihard processes is
tinct from many QCD models in a number of ways. It d
scribes field excitations from the under-the-barrier part of
vacuum wave function, becoming on-the-barrier states
ferred to as QCD sphalerons. They are specific topolog
clusters made of purely magnetic glue@5#. As quantum-
mechanical and semiclassical arguments show, it is the m
natural excitation of the glue from under the barrier. Wh
produced they explode@5,6#, creating on the way many ligh
quark pairs@7#.

The corresponding contributions to the soft Pomeron
be viewed as a ladder-type diagram, similar to the pertur
0556-2821/2003/68~3!/034001~10!/$20.00 68 0340
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tive Balitskiı̆-Fadin-Kuraev-Lipatov~BFKL! ones but with
different rungs@3,2#. The Lipatov vertex—2 virtual gluons
fusing into one physical gluon—is appended by a new ver
with a tunneling path ending at the unitarity cut at the ‘‘tur
ing state’’—the topological clusters.

Our logic in selection of diagrams is illustrated in Fig.
Perturbative color exchange shown in Fig. 1~a! leads to the
cross section which isO(as

2) and is nongrowing with energy
The corresponding color exchange due to instantons with
particle production leads to a cross sectionO(k2) ~see the
first of Ref. @2#! wherek5nr4;exp(22p/as);1022 is the
diluteness of the instanton ensemble: it is too small and is
shown. The instanton diagram with the clust
~5multigluon! production, Fig. 1~c!, gives a larger cross sec
tion O(k) and is, according to@3,2#, the major contribution
to the cross section growth with energy. If so, the ratio of
cross sections~c!/~a! is about the Pomeron intercepta(0)
21;.1. Therefore, in a selection of the dominant contrib

FIG. 1. Schematic diagrams for the cross sections of differ
processes associated with high energy collision of two qua
shown by horizontal solid lines. The vertical dash-dotted lines
unitarity cuts, they separate the amplitude from its complex con
gate.~a! Low-Nussinov or single-gluon exchange, leading to inela
tic collisions due to color exchange;~b! Low-Nussinov cross sec
tion, with no color exchange;~c! instanton-induced inelastic
collision with color transfer and prompt cluster production,~d!
combined instanton-gluon process leading to double-Pomeron
events with a cluster.
©2003 The American Physical Society01-1
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tion to the double Pomeron process with inelastic clus
production Fig. 1~d! we selected the combination of the tw
of them, a gluon exchange plus an instanton-induced clu
Substituting a gluon by another instanton means going fr
the penalty factor;as

2 to a much smaller one;k2.
At this point the reader may ask why one has to pay a

penalty at all, since extra gluons can be put into the inst
ton, and its fieldO(1/g) will compensateas . The answer to
that comes back to our first paper@2#: although it is true that
Wilson lines through the instanton contain any number
gluons, we found that only the term with exactly one co
matrix ~the ‘‘sin’’ term in Eq. ~10!! survives in the high en-
ergy limit, while the colorless ‘‘cos’’ ones do not. We ther
fore think that all diagrams in which two or more gluons a
emitted by partons in colorless combination and end up
the instanton must be 1/s suppressed.

In contrast to deep-inelastic scattering, high energy h
ronic collisions in the semihard regime have no large sc
Q2, and so the produced clusters have masses and size
are determined by the typical size of the instantons in
QCD vacuum. This leads to a mass of order 3 GeV for a s
of order 1/3 fm, as mentioned above.

B. Clusters and hadrons in double-Pomeron processes

A significant amount of clustering inpp collisions has
been known for a very long time@8#, where it was also
pointed out that those clusters have on average larger m
and multiplicity in comparison to the clusters produced
e1e2 annihilation. Unfortunately, a study of these cluste
and their identification has still not been done. In gene
from the analysis of secondaries inpp collisions it is hard to
tell which clusters are sphaleron-related and produ
promptly, and which are simply products of the string fra
mentation, a final state interaction unrelated to the unde
ing dynamics responsible for the cross section. In ordin
inclusivepp collisions only a bulk statistical analysis can b
performed.

That is why in the present work we focus on doub
Pomeron scattering, or processes in which there are two l
rapidity gaps separating the colliding two protons with
single cluster produced at midrapidity. In this case there is
place for color strings and their fragmentation, as all obj
involved are colorless. So, if our assumption about do
nance of the topological clusters is correct, we should be a
to describe the double-Pomeron data solely from the se
classical theory. The answer is yes, as we will detail belo

Important experimental findings oninclusivedouble dif-
fraction were recently reported by the UA8 Collaborati
@9#, based on its 1989 data sample at CERN Super Pro
Synchrotron (Sp̄pS) collider. We note in this work that th
reported data display a wide maximum around clus
masses of order few GeV, with a cross section that is
order of magnitude larger than the one predicted by Pome
factorization. Interestingly enough, the clusters with m
less than 5 GeV decay isotropically in their rest frame. U
fortunately, the UA2 detector used in this work was a sim
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calorimeter with poor mass resolution with sigma abou
GeV, which prohibited us from seeing mass structure in
Pomeron-Pomeron cross section.

The WA102 Collaboration at CERN carried a fixed targ
pp experiment atAs528 GeV, focusing on the double
Pomeron exclusive production into few hadron states. T
experiment was the first to discover a strong dependenc
the cross section on the azimuthal angle between the
menta transfered to two protons, a feature that was not
pected from standard Pomeron phenomenology. This re
inspired some phenomenological works@10–12# pointing to
a possible analogy between the Pomeron and vector
ticles. Close and his collaborators have even suggested to
this azimuthal distribution as a glueball filter, selecting t
hadronic states which peak at small difference in transve
momentumdPT of the protons. In particular, the productio
of scalars and tensors such asf 0(980), f 0(1500), f J(1710),
and f 2(1900) was found to be considerably enhanced
small dPT , while the production of pseudoscalars such
h, h8 was found to be peaked at mutually orthogonal m
mentum transfers of the protons. In our approach the p
duced QCD sphalerons can be regarded as precursor
glueballs or pseudoscalarh8 strongly coupled to glue. In the
double-Pomeron process the sphaleron production dwarfs
instanton–anti-instanton process@12# by 2 orders of magni-
tude, and contrary to the latter it triggers a rise in the cr
section.

The paper is organized as follows: In Sec. II we recall t
general expression for the total QCD cross section in
eikonal approximation, and check its perturbative~Low-
Nussinov! limit. In Sec. III we analyze the generic form o
the double-Pomeron cross section and show its direct r
tionship with the inelastic cross section through t
Pomeron. In Sec. IV, we discuss the double-Pomeron in
sive UA8 results in light of our results. In Sec. V, we deriv
explicit results for the even/odd double-Pomeron gluon p
duction. In Sec. VI we use the scale and U~1! anomaly to
derive the double-Pomeron cross sections for isosinglet
duction. In Sec. VII, we compare our results to the CER
WA102 results for the reported glueball andh8 states. Our
conclusions are in Sec. VIII.

II. TOTAL CROSS SECTION

In this section and to help streamline the definitions,
quote the general result for the instanton-induced contri
tion to the total cross section, and check its perturbat
limit.

A. General result

The generic form of the total cross section for parto
parton scattering through a generic gauge configuration
QCD reads at largeAs @2#
1-2
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s'
Im

VT (
CD

1

~2p!6 E dq11dq1'dq22dq2'E @dA#@dA8#eiS(A)2 iS(A8)1 iS(A,A8)

3E dx2dx'dy1dy'e( i /2)q11x22 iq1'x'1( i /2)q22y12 iq2'y'
„W2~`,x2 ,x'!21…AC„W1~y1 ,`,y'!21…BD

3E dx28 dx'8 dy18 dy'8 e( i /2)q11x28 2 iq1'x'8 1( i /2)q22y18 2 iq2'y'8 „W2~`,x28 ,x'8 !21…AC* „W1~y18 ,`,y'8 !21…BD* , ~1!
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-
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ll
clu-
which is the imaginary part of a retarded 4-point correlat
function in Minkowski space. The line integrals are along t
light cone with

W2~`,x2 ,x'!

5Pc expS 2
ig

2 E2`

1`

dx18 A2~x18 ,x2 ,x'! D , ~2!

and

W1~x11 ,`,x'!

5Pc expS 2
ig

2 E2`

1`

dx28 A1~x1 ,x28 ,x'! D . ~3!

B. Low-Nussinov limit

In perturbation theory, the line integrals can be expan
to give in the lowest perturbative order

W121'2
ig

2 E2`

1`

dx28 A1~x1 ,x28 ,x'! ~4!

and similarly forW2 . The correlator of two vector poten
tials is the gluon propagator, so the expression correspo
to a diagram shown in Fig. 1~a!. Inserting Eq.~4! into Eq.~1!
we obtain to leading order in perturbation theory
03400
e

d

ds

s'S as

p D 2 S Te

2

Tf

2 D
AA

S Te

2

Tf

2 D
BB
E dq'

p2

3U E db' e2 iq'b' E da db

3
v1•v2

~v1a2v2b!22b'
2 1 i0

U2

~5!

wherev6 are the 4-velocities on the light-cone with prope
time extentT. The result~5! is

s'S 4as

p D 2S 12
1

Nc
2D

3E dq'U E db' e2 iq'b' lnS T

b'
D U2

, ~6!

after proper color tracing, in agreement with the perturbat
result of Low-Nussinov@13#.

III. DOUBLE-POMERON CROSS SECTION

The exclusive cross section for the double-Pome
parton-parton scatteringqq→qqX whereX stands for a cen-
trally produced color singlet cluster is diagrammatically d
picted in Fig. 1~d!. The vertical ellipses indicate instanton
and the dashed line is an additional perturbative gluon tha
needed to enforce overall color neutrality for the stateX
emitted in the central region. The thin vertical lines in a
diagrams denotes the unitarity cut. The corresponding ex
sive cross section reads
s'
Im

VT

1

~2p!6E dq11dq1'dq22dq2'E @dA#@dA8#eiS(A)2 iS(A8)1 iS(A,A8)

3E dx2dx'dy1dy'e( i /2)q11x22 iq1'x'1( i /2)q22y12 iq2'y'S 2 ig

2 E
2`

1`

dz1A2~z1 ,x2 ,x'!W2~`,x2 ,x'! D
AA

3S 2 ig

2 E
2`

1`

dz2A2~y1 ,z2 ,y'! W1~y1 ,`,y'! D
BB

E dx28 dx'8 dy18 dy'8 e( i /2)q11x28 2 iq1'x'8 1( i /2)q22y18 2 iq2'y'8

3S 2 ig

2 E
2`

1`

dz18 A28 ~z18 ,x28 ,x'8 !W2~`,x28 ,x'8 ! D
AA

* S 2 ig

2 E
2`

1`

dz28 A28 ~y18 ,z28 ,y'8 !W1~y18 ,`,y'8 ! D
BB

*
. ~7!
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The leading order contribution to Eq.~7! stems from the perturbative part of the gluon exchanged in Fig. 1 around
semiclassical background attached to the eikonal partons. The former increases with the proper-length of the eik
trajectories spanned by the incoming partons. The result is

s'
Im

VT

1

~2p!6 E dq11dq1'dq22dq2'E @dA#@dA8#eiS(A)2 iS(A8)1 iS(A,A8)

3E dx2dx'dy1dy'e( i /2)q11x22 iq1'x'1( i /2)q22y12 iq2'y' 2as lnS T

ux'2y'u D
3S Ta

2
W2~`,x2 ,x'!D

AA

S Ta

2
W1~y1 ,`,y'!D

BB

E dx28 dx'8 dy18 dy'8 e( i /2)q11x28 2 iq1'x'8 1( i /2)q22y18 2 iq2'y'8

32as lnS T

ux'8 2y'8 u D S Tb

2
W2~`,x28 ,x'8 !D

AA

* S Tb

2
W1~y18 ,`,y'8 !D

BB

*
. ~8!

The nonperturbative parts of the gluon propagator in the Feynman background gauge have been dropped. The pertur
dominates through its logarithmic growth at large proper timeT.
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A. Approximations and details

The result~8! is general and holds in Minkowski spac
Following our previous arguments we assess the imagin
part by continuing to Euclidean space and saturating
double functional integral with an appropriate semiclass
background field.

Which field is the optimal one is a complex and ongoi
story, addressed in part in our recent work@6#, where one can
find more references on the subject. In general it should
clude the classical singular gauge solution at zero ene
prior to scattering, which is then excited to a classical so
tion at finite energy which finally results in a sphaleron-li
cluster at the unitarity cut. Unfortunately, only some limitin
cases of such solution are known, and even if we were
calculate exact Wilson lines and a quantum propagator f
gluon, it would still be a difficult task.1

This task can be considerably simplified if we only opt f
approximate evaluation of the cross section. We thus use
usual instanton solution for the background field, for whi
analytic and simple Wilson lines are known.

We also approximately factor out the exchange gluon.
though the 2-dimensional Coulombic law probes transve
distancesux'2y'u of the same order of the sphalero
instanton sizer, the longitudinal ones can be somewh
larger. The Euclidean timeT is of the order of the inverse
sphaleron mass 1/Ms . As a result and modulo color factor
the 2-dimensional Coulomb contribution brings about
overall factor of

1Even for the usual instanton, the expression for the gluon pro
gator in the background gauge derived by Brownet al. @20# is dif-
ficult to use in practice, since one should only keep in it the fract
of the gluon field orthogonal to all symmetry and gauge-related z
modes.
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4as
2 ln2~r Ms!54as

2 ln2S 4as

3p D . ~9!

The color factors can be unwound by using the Wilson l
in the general form

W5cosa2 iRaitani sina. ~10!

Specifically for the instanton solution~see e.g.@2# and Refs.
therein! the color rotation anglea and the unit vectorna

around which the rotation takes place are defined throug

W5expS 2 ip
ta~za2r a!

@~r a2za!21r2#1/2D
5exp~2 iptanaa!. ~11!

Specifically, the contribution

2 iRaini S Te

2
taD

AA

sina

32 iRb jnj S Te

2
tbD

BB

sina

31 iR8a8 i 8ni 8S Tf

2
ta8D

AA

*
sina8

31 iR8b8 j 8nj 8S Tf

2
tb8D

BB

*
sina8 ~12!

where theTe’s are SU~N c) generators withe51, . . . ,(Nc
2

21) and ta’s are SU~2! generators witha51,2,3, can be
simplified using the color averaging relation

a-

n
ro
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S Te

2
taD

AA

[
1

Nc
TrS Te

2
taD5

1ea

Nc
. ~13!

Thus, Eq.~12! becomes

1

Nc
4

n•nn8•n8 sina sina sina8 sina8. ~14!

B. Inclusive double-Pomeron cross section

Inserting Eqs.~9!–~14! into Eq. ~8! and following the
steps given in@2#, we obtain for the total singlet cross sectio

s~s!'CSpr2 ln sE dq1'dq2'K ~q1' ,q2'!

3 E
(q1'1q2')2

`

dM2sS~M !. ~15!

The constantCS is equal to

CS5
1

~2p!8

64

5Nc
2

as
25 ln2S 4as

3p D . ~16!

The partial cross sectionsS(Q) is the same as the one e
countered in the sphaleron-like production. To exponen
accuracy

sS~Q!5ImE dTeQT2S(T)

'ke(4p/a)[F(Q)2F(Ms)] , ~17!

where the holy grail functionF(Q) was evaluated in@14,6#
using singular gauge configurations. In the approximatio

sS~Q!'kd~Q22Ms
2! ~18!

the singlet cross section simplifies to

s~s!'CSpr2k ln sE dq1'dq2'K ~q1' ,q2'! , ~19!

which is analogous to the inelastic~Pomeron induced! cross
section derived in@2#with the substitutionCS→C where

C5
1

~2p!8

64

15
. ~20!

Note that the ratio of the semiclassical double-Pomeron c
section to the semiclassical inelastic cross section, as g
by diagrams Figs. 1~d! and 1~c! respectively, is independen
of the detailed dynamics, and involves mostly color fact
resulting from the singlet projection through the extra glu
exchanged

sDD

s IN
'

CS

C
5

3

Nc
2
as

2 ln2S 4as

3p D'0.125. ~21!
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C. The instanton-induced form factor

The form factor is

K ~q1' ,q2'!

5uJ~q1'!•J~q2'!1J~q1'!3J~q2'!u2, ~22!

with

J~q'!5E dx3dx'e2 iq'x
x'

uxu
sinS p uxu

Ax21r0
2D , ~23!

which is purely imaginary,

J~q'!52 i
q̂'

Aq'

E
0

`

dxJ3/2~q'x!

3F ~2px!3/2sinS puxu

Ax21r0
2D G . ~24!

HereJ3/2 is a half-integer Bessel function. In the weak-fie
limit the instanton contributes a term'1/Ax that causes the
instanton-induced form factor to diverge. This divergence
analogous to the one encountered inQQ→QQ. Apart from
the unphysical~perturbative! singularity at smallq' , the
instanton-induced form factor can be parametrized by
simple exponential

J~q'!'2 i q̂'50e21.3q'r0. ~25!

The divergence at smallq' can be removed by subtractin
the tail of the instanton through the substitution

p uxu

Ax21r0
2
→pS uxu

Ax21r0
2

21D e2auxu/r0. ~26!

This modification does not affect topology because we c
sider the instanton configurations in the singular gau
where the topological singularity is located at the instan
center. One can understand removal of the power tail as
ing from massless gluons to ones with some effective m
More discussion of this issue and references to partic
models for this cutoff can be found in our second paper@2#.
Rather than following any of those, we will try to fix th
modified instanton shape using the UA8 or other Pome
data.

IV. INCLUSIVE DOUBLE-POMERON: UA8

The UA8 experiment at CERN studied the reactionp̄p

→ p̄Xp whereX is a set of hadrons at midrapidity. There a
two sets of data: one in which both nucleons were detec
~AND! and one in which only one nucleon was detect
~OR!. Since the two triggers are different, the two data s
were measured at different kinematics. UA8 used the follo
ing model-dependent parametrization of their measured
ferential cross section:
1-5
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d6sDPE

dj1dj2dt1dt2df1df2

5FP/p~ t1 ,j1!•FP/p~ t2 ,j2!•sPP
tot~MX!, ~27!

where the variables (j i ,t i ,f i) describe the fraction of the
longitudinal momentum, momentum transfer squared and
azimuthal direction for each Pomeron. All the parameters
uniquely given by the measured parameters of the outgo
p,p̄. The Pomeron flux factor or structure function is defin
as

FP/p~ t,j!5K uF1~ t !u2 ebt j122a(t) ~28!

where uF1(t)u2 is the so called Donnachie-Landshoff@15#
nucleon form factor

F1~ t !5
4mp

222.8t

4mp
22t

1

~12t/0.71!2 . ~29!

The parameters were defined from single-Pomeron data
b51.0860.2 GeV22, and nonlinear Pomeron trajectory

a~ t !511e1a8t1a9t2

51.03510.165t10.059t2. ~30!

The parameterK50.74/GeV2 was not measured and was s
from the Donnachie-Landshoff fit. The specific parametri
tions ~27!, ~30! were used to set up the acceptances and
on. However, in the UA8 paper to be discussed below, it w
pointed out that the difference between the AND and O
data sets may suggest that the above parametrization
factorizable flux factors may be oversimplified.

The uncertainties related to the empirical extrapolat
from the covered to the full kinematical range notwithstan
ing, the UA8 data show a striking and an unexpected sh
and magnitude2 for the Pomeron-Pomeron cross secti
sPP

tot(MX) shown in Fig. 2. Only at the central cluster ma
MX.10 GeV was the cross section small,'0.1 mb, and
more or less in agreement with standard Pomeron calc
~more specifically with the Pomeron factorization append
by some Reggeon contributions decreasing withMX). At
smaller massesMX,10 GeV the observed cross section is
order of magnitude larger than what is expected from fac
ization. This was neither predicted prior to the experime
nor explained~to our knowledge! after the experiment. An-
other crucial finding is that the low-mass clusters decay
tropically ~in their rest frame!.

Now, let us see to what extent our semiclassical desc
tion is able to describe these observations. We start wi
qualitative argument of why the factorization does not wo
in our approach. This happens because instead of a s
universal Pomeron pole we view high energy scattering
the semihard regime as a superposition of two different p

2The extracted cross section is based on the value ofK quoted
above.
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nomena: color exchanges~which lead to a constant cros
section, that does not grow withAs) and the topological
cluster production. The single-Pomeron may be caused
the former component alone, while the double-Pomeron m
produce a visible cluster which we will try to associate w
the latter. Let us now compare the dependence of the dif
ent kinematical observables in the UA8 parametrizat
given above and in our semiclassical formulas.

The f-dependenceis explicitly3 absent in Eq.~27!. The
same is true in our expressions, if the total sum of the e
and odd parity combinations is taken.

The t1 ,t2-dependencefactorizes in both cases. Naturall
since the UA8 expression is written for nucleons while w
deal with partons, their expression has the nucleon form
tor and ours does not. The remaining factor in the UA8 p
rametrization is

FUA85e2q2[b12a8 log(1/j)]

'e2q22.6 GeV22
~31!

while we have a square of our basic form-factorFour
5uJ(q)u2. Although different in shape, they are not so mu
different in the ranget51–2 GeV2 in which the experiment
has been done. The main scale of the object involved
obviously very close in both cases. Below we will discuss
more detail the WA102 data, which have a wider covera
on thet-dependence,

3Implicitly there is some dependence due to kinematical limi

tions: not all values of the angle betweenqW 1 ,qW 2 lead to positive
MX .

FIG. 2. Mass dependence of the Pomeron-Pomeron total c
sectionsPP

tot , derived from the AND and OR triggered data, respe
tively. The dashed curve is the factorization prediction~independent
of K) for the Pomeron-exchange component ofsPP

tot . The solid line
is the fit to the OR points of a Regge-exchange term, 1/(MX

2)0.32,
added to this Pomeron-exchange term.
1-6
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The j-dependence.In the first approximation, putting
a(0)'1 into Eq. ~27!, one finds just dj1dj2 /j1j2
5dy1dy2 where y1,2 are Pomeron rapidities, giving a fla
rapidity distribution of a cluster. This contributes ln (s) to
the cross section. The same dependence is seen in ou
mulas as well. In the next approximation one has a corr
tion betweenj and the transverse momenta in Eq.~27!, but
this was most probably never really tested directly in tho
data, we think.

The MX-dependenceis of course the main issue. The UA
results are shown in Fig. 2 above. Our qualitative expe
tions are a peak at the sphaleron mass, around 3 GeV. Th
not in contradiction with the data, especially with the mo
kinematically constrained ‘‘AND’’ set. Unfortunately the low
statistics and rather crude resolution of the UA8 experim
in MX leaves many unanswered questions. As we h
shown in@6#, at this point we can only calculate the low an
high-MX parts separately, with the complete treatment in
tween still missing. So far we do not have a complete se
classical prediction for the exact shape of theMX depen-
dence, but we are working on it.

The magnitudeof the double-Pomeron cross section c
be estimated qualitatively. One of the reason for that is t
our quark-quark cross section should be extended toqg,gg
collisions and convoluted with appropriate structure fun
tions. Those should be normalized at the semihard scale
responding to2t;1 –2 GeV2 and the instanton size. How
to do so was discussed in@16#. In short, each gluon gets a
extra factor of 2 in the cross section relative to a qu
@SU~2! color scaling#. The total number of relevant parton
was defined there as the integrated structure functions a
j.0.01, giving aboutNg'4 gluons andNq'4 quarks~in-
cluding the sea and valence quarks!, and the elementary
instanton-induced cross section for quark-quark collis
sqq;.017 mb. Multiplying all with the extra factor for colo
singletness~double-Pomeron! as in Eq.~21!, we estimate the
total double-Pomeron cross section for two nucleons to
about sDD

NN;0.2 mb, or about 1 percent of the Pomero
related part of the cross section. Parametrically this sm
ness comes from the first power of the instanton diluten
parameterk5nr4;(1/3)4 and as in Eq. ~21! for the extra
gluon.

The experimental total double-Pomeron cross sectio
clearly in the same ball-park, although an accurate dete
nation by extrapolation of the UA8 data to the whole kin
matical region is too uncertain to quote any specific numb

V. PARITY EVEN AND ODD CLUSTERS

The cross section~15! can easily be separated into th
even/odd parity contributions following the natural par
separation in the form factor~22!. The even parity combina
tion is

uJ~q1'!•J~q2'!u25cos2fuJ~q1'!u2uJ~q2'!u2 ~32!

while the odd parity combination is

uJ~q1'!3J~q2'!u25sin2fuJ~q1'!u2uJ~q2'!u2 ~33!
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where f is the azimuthal angle between (q1' ,q2'). The
double-Pomeron cross sections for positive and negative
ity glue emission are therefore~per unit rapidityh)

ds1

dQ2dq1'dq2'dh
5cos2fCSpr2

3uJ~q1'!u2uJ~q2'!u2sS~Q!

ds2

dQ2dq1'dq2'dh
5sin2fCSpr2

3uJ~q1'!u2uJ~q2'!u2sS~Q!, ~34!

whereCS can also be rewritten as

CS5
3

Nc
2

as
2 ln2S 4as

3p D D~0!

k S E dq'J2~q'! D 22

~35!

with D(0)'0.1 the ‘‘Pomeron’’ intercept. The sum of th
two, as noted before, is thus predicted to be independen
f,

ds

dxdf dt1 dt2
Y ds

dQ2dq1'dq2'

5psx ~36!

for symmetric kinematics with

q15„~12x1!As,2q1' ,~12x1!As…

q25„~12x2!As,2q2' ,2~12x2!As…, ~37!

x15x2512x, t15t25t, uq1'u5uq2'u5A2t, and

Q25sx212t~11cosf!. ~38!

VI. ISOSINGLET SCALAR AND PSEUDOSCALAR
PRODUCTION

The double-Pomeron cross section for even/odd pa
gluon production can be readily translated to the isosing
scalar (s0) and pseudoscalar (h0) q̄q double-Pomeron cros
sections through the scale and U~1! anomaly in QCD. In the
instanton vacuum the induced interaction is given by@17#

S51E dz
1

2x*
@x~z!1 ix*

A2Nfh0~z!#2

1E dz
1

2s
*
2 @s~z!1 is

*
2 A2Nfs0~z!#2, ~39!

where s
*
2 and x* are the compressibility and topologica

susceptibility for fermionless QCD.
For small Q2 the sphaleron induced double-Pomer

cross section is mostly mediated by a singular instanto
anti-instanton configuration, which is about 1 quasiparti
before the unitarity cut. Thus the mixing~39! amounts to
respectively multiplying the gluon amplitudes by
1-7
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A2Nfx* r4

A2Nfs*
2 r4, ~40!

for the odd/even parities respectively. So we get from
parity even/odd double-Pomeron gluon cross sections to
parity even/odd double-Pomeron isosinglet cross section
multiplying the former with (A2Nf s

*
2 r4)2 ~even! and

(A2Nf x* r4)2 ~odd!. Theh0 is a mixture ofh8h with mix-
ing angleuM'20°.

Putting everything together, it follows that the doubl
Pomeron production ofh8 in pp scattering is given respec
tively by

1

Nc
2

dsh8
dq1'dq2'dh

5@A2Nfx* r4 cos~uM !#2 sin2f

3CSpr2uJ~q1'!u2uJ~q2'!u2

3sS~mh8
2

! ~41!

while the double-Pomeron production of heavy isosing
scalars reads

1

Nc
2

dss

dq1'dq2'dh
5~A2Nfs*

2 r4!2cos2f

3CSpr2 uJ~q1'!u2 uJ~q2'!u2

3sS~ms
2!. ~42!

VII. EXCLUSIVE DOUBLE-POMERON: WA102

The most natural general prediction which follows fro
our approach is that since the inclusive clusters are predi
to have a mass of about 3 GeV, the exclusive glueb
states—such as the scalar at 1.7 GeV and pseudoscalar a
2 GeV—can be significant. As the latter has not yet be
identified experimentally, we focused instead on theh8,
known to interact strongly with the glue.

Thef dependenceis the most dazzling empirical featur
of WA102. The data exhibit different azimuthal dependen
of the partial cross section for variousJPC quantum numbers
of the final states. In Fig. 3 we show the dependence onf for
two 021 channels,h,h8, which is clearly sin2(f). This is in
complete agreement with the dependence expected from
calculations.

FIG. 3. Dependence of the double-Pomeron cross section on
azimuthal anglef for 021 production in the final states from Re
@18#.
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On the other hand, for the scalar glueball the WA102 fin
a distribution with a maximum when two momentum tran
fers are parallel,f50 ~not shown here!, and a minimum
when they are antiparallel,f5180°. Our calculation pre-
dicts the distribution;cos2(f) which has both maxima.

The t-dependenceis also very important to compare. A
shown in our previous paper@2#, the form-factor basically
represents the size and the shape of the instantons, an
though the latter is established rather well withr'0.3 fm
@1#, the shape is not. So identifying the observedt depen-
dence with our form factor one can learn about the act
shape of the instantons in the QCD vacuum.

The measured dependence on the transverse mome
utu is shown in Fig. 4. It is best parametrized as@18#
b utune2butu with n'122, 103b'110 andb'11 GeV22.
This dependence in our case is carried by theF4 factor in the
differential cross section. The dependence ofF on A2t in
units of the instanton size is shown in Fig. 5 fora
50,1/4,1/2,3/4. Clearly, the empirical results are in agr
ment with a nonvanishinga as originally suggested in@2#,
and in disagreement with the Pomeron expectation. For la
utu the sphaleron induced form factor falls ase26 rA2t with
6 r'7 GeV21.

Figure 5 compares this experimentalt-dependence from
(ds/dt)1/4 to the instanton form factor. The 4 theoretic
curves are from our previous paper@2#. They show the pre-
dicted shape for 4 values of the instanton tail modificat
parametera. The experimental points show the same sha
as predicted. Furthermore, they are right in the middle of
a interval assumed, so thata'1/3 would fit very well. Note
that the relative errors~which are not shown! are large for
points on the right side of the experimental quotes.

he

FIG. 4. The WA102 measured dependence of the dou
Pomeron cross section forh8 production on the momentum transfe
utu @19#.
1-8
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An estimate of theh8 cross section inpp double-
Pomeron follows from our projected result~41!, i.e.

s~h8!

s IN
'~0.125!3~631024!3~1021! , ~43!

where the first factor is due to the singlet projection, t
second factor to theh8 projection and the third factor to th
fact that theh8 mass is lower than the sphaleron mass wh
is an extra penalty in the partial cross section. Fors IN'30
mb atAs'30 GeV, we predicts(h8)'225 nb in compari-
son to the 588 nb observed empirically@18#. Repeating the
same for the scalar glueball, withs

*
2 54n/b'(4/9) fm24

gives s(mS)'2 mb for mS51.7 GeV. The data@18# are
2.96.3 mb and 0.24560.065mb for f 0(1500) andf 0(1710)
respectively.

VIII. CONCLUSIONS

We have addressed the issue of inclusive and exclu
double-Pomeron scattering in the semihard regime, using

FIG. 5. The log of the form factoruJ(q')u versusq15rA2t
wherer is the instanton size. The 4 theoretical curves are for
instanton shape parametera50,1/4,1/2,3/4~top to bottom! @2#. The
crosses show the data points~without error bars! of the data shown
in the previous figure, as (ds/dt)1/4 with the same units ofq1
~arbitrary normalization!.
ev
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semiclassical theory of high energy collisions recently dev
oped. We have found that it works remarkably well, expla
ing even such details as correlation between the azimu
distributions and quantum numbers of the cluster.

We have shown that the semiclassical double-Pome
cross section relates simply to the semiclassical inela
cross section: overall it is about 10% of the latter due to
extra gluon and extra color restrictions. This corresponds
large cross section in absolute magnitude, well above
Pomeron factorization, as the UA8 experiment indeed
served. We also have shown that all the distributions of
UA8 inclusive data over 6D kinematical space is quite co
patible with our predictions.

The exclusive results from the WA102 experiment se
to confirm this theory even more. We have a very go
agreement for scalar glueball andh8 productions, which
show very different azimuthal dependence.

As an example of a disagreement let us mention tha
our theory central double-Pomeron semiclassical produc
of h is found to be suppressed by almost 2 orders of mag
tude in comparison toh8: a suppression of 1021 is due to the
mixing angle, and an extra suppression of 1021 is due to its
lower mass in the partial cross section. This strong supp
sion is not observed. We think that all light hadrons such
h andp0 and possiblyf 0(600) are too far from the sphale
ron mass scale of about 3 GeV to be reliably calculated in
same manner. We currently suspect their production to
on a different mechanism, and will report on it elsewhere

Since some sense has been made of the single-
double-Pomeron physics in the context of semiclassical
namics of the gauge fields, related with tunneling and top
ogy, new rounds of experiments seem to be justified in t
context more than ever. We believe that the RHIC detec
and especially STAR can do a lot in thepp mode, with and
without diffraction. Clearly they have a potential to clarif
further the nature and characteristics of the central prod
tion in the semihard regime.
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