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Abstract

We demonstrate that the azimuthal dependence of central meson production in hadronic collisions, when suitably binned,
provides unambiguous tests of whether the Pomeron couples like a conserved vector-current to protons. We discuss the
possibility of discriminating between qq and glueball production in such processes. Our predictions apply also to meson
production in tagged two-photon events at electron–positron colliders and to vector-meson production in ep collisions at
HERA. q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The production of mesons in the central region of
Ž .proton–proton collisions pp™ppM via a gluonic

Pomeron has traditionally been regarded as a poten-
w xtial source of glueballs 1 . However, well-estab-

Ž .lished quark–antiquark qq mesons are also known
to be produced and this has led to searches for a
selection mechanism that could help to distinguish
among such states. As a result it has been discovered
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w x2 that the pattern of resonances produced in the
central region of double tagged pp™ppM depends
on the vector difference k sq yq of theH 1H 2 H
transverse momentum recoils q of the final pro-i H

Žtons even at fixed four-momentum transfers t si
2 . < < Žyq . When this quantity k s k is small Fi T H

Ž ..OO L all well-established qq states were ob-QCD
w xserved to be suppressed 3 while the surviving reso-

Ž .nances included enigmatic states such as f 1500 ,0
Ž . Ž .f 1710 and f 1910 that have variously been sug-J 2

Ž .gested to be glueballs or to reside on the gluonic
Pomeron trajectory. At large k , by contrast, qqT

states are prominent.
However, these k dependences for at least 0y

T

and 1q production have been shown to arise if the
ŽPomeron or perhaps a hard gluonic component that

.produces M by gg fusion transforms as a conserved
w xvector current 4 . In order to help determine the

extent to which the double tagged reaction pp™ppM
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depends on a vector production or the dynamical
Ž .structure of the meson M of spin J and parity P ,

we develop the earlier analysis to all JF3.
While the k phenomenon has turned out to be aT

sharp experimental signature, we shall propose here
Žthat the azimuthal f dependence between the two

.proton scattering-planes in the pp c.m.s. provides a
rather direct probe of dynamics. In particular, obser-
vation of non-trivial f dependences requires the
presence of non-zero helicity transfer by the diffrac-

Ž . w xtive agent Pomeron, gluon, . . . 5 and so the
Pomeron cannot simply transform as having vacuum
quantum numbers: a spin greater than zero is needed.
We analyse here the simplest case, where the process
is driven by the fusion of two spin-1 currents. Impos-
ing current conservation it immediately applies to
eqey™eqeyM and, empirically, already exhibits
features seen in pp™ppM. We find that current
non-conserving andror scalar contributions are
needed to accommodate the data.

At extreme energies where non-diffractive contri-
butions are negligible, we show the following prop-
erties for meson production in the central region.
1. The f dependence of 0y production provides a

clear test for the presence of a significant vector
component of the production Pomeron, indepen-
dent of the t dependence. Preliminary data on h

and h
X production confirm this.

2. The production of 1q mesons reinforces this: The
Ž .conserved vector-current CVC hypothesis im-

Ž .plies i the cross section will tend to zero as
Ž . qk ™0, and ii 1 mesons are produced domi-T

nantly in the helicity-one state. Both features are
prominent in the data.

3. The 0q cross section survives at small k for theT

CVC hypotheses. Moreover, for q <M, wei H
must either observe a cos2f distribution or a

Ž y.small relative to 0 cross section. However, at
q Ž Ž ..least one 0 state the f 2000 appears to be0

suppressed at small k . Unlike 0y or 1q produc-T

tion, the production of 0q will be particularly
sensitive to a scalar andror non-conserved vector
component to the Pomeron. In particular the van-

Ž . o 4Ž .ishing of f 1500 as f™180 like sin fr2 ,0

would be natural if longitudinal and transverse
helicity amplitudes have similar strengths but op-
posite phase as may be possible in some simple
glueball models.

4. The 2q production depends on the dynamics of
the meson as well as the helicity structure of the

ŽPomeron. In the non-relativistic qq model a par-
.ticular realization of the CVC hypothesis , we

predict at small q <M a 2q cross section thati H
Ž . Ž .is i basically flat in cosf, ii finite for k ™0,T
Ž .and iii dominated by the helicity-two part. For

the CVC hypothesis a suppression at small k isT

obtained only for peculiar relations between the
helicity amplitudes. Hence again, data show that
the CVC Pomeron is not the full story. In particu-
lar, 2q states at 2 GeV are seen to have a differ-

qent f dependence than the established qq 2
states.
Our analysis can also be applied to ep™ep M

where M is a vector meson. As t™0 we find that
the longitudinal polarization of the meson grows
initially as Q2rM 2 relative to the transverse, with a
characteristic f dependence.

Readers interested in the results may proceed
directly to Section 3. Their detailed derivation is
summarized in Section 2.

2. Derivation of the results

Consider the central production of a J Pq meson
M in the high-energy scattering of two fermions with
momenta p and p , respectively,1 2

f p q f p ™ f X pX q f X pX qM , 1Ž . Ž . Ž . Ž . Ž .1 1 2 2 1 1 2 2

proceeding through the fusion of two conserved
spin-1 vector currents V and V :1 2

V q ,l qV q ,l ™M J , J . 2Ž . Ž . Ž . Ž .1 1 1 2 2 2 z

Here l s"1, L are the current helicities 3 in thei

meson rest frame with current one defining the z
axis. In the case of electron–positron collisions, Vi

Ž .in 2 is a photon, while for central production in
proton–proton collisions, V could be a Pomeron, ai
Ž .colour-less multi-gluon state, or in some models,

Ževen a single gluon accompanied by Coulomb

3 Ž .Our longitudinal-helicity polarization vector e L is orthogo-m

nal to the momentum vector as are the two transverse polarization
Ž .vectors. Hence in the meson rest frame e L has both a 0 and a 3m

component. Consequently, our scalar polarization vector is propor-
tional to the momentum vector.
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Ž . .gluon s to ensure colour-conservation . For our pur-
pose here what matters is the assumed spin-1 nature

Ž .of the production field s and their conservation. We
shall comment upon the consequences of current
non-conservation at the end of the next section.

In order to investigate the helicity structure of the
diffractive agent it proves useful to examine the

4 ˜dependence of the cross section on cos nf, where
f̃ is the azimuthal separation between the two pro-

Ž .ton scattering planes of 1 in the current-current
c.m.s. An experimental analysis is complicated by

˜two facts. First, what is measured is not f but the
azimuthal angle f in the proton–proton rest frame.
Second, experimental cuts andror an inconvenient

˜choice of kinematical variables might spoil the f

dependence predicted by theory.
This is easily understood when one recalls that the

Ž . Ž 3 X X . Ž 3 X X .phase space for 1 , ; d p rE d p rE , de-1 1 2 2

pends on only four non-trivial variables if the meson
is either stable or has a width much smaller than
its mass since one relation is provided by W

2 Ž .(' q qq sM the meson mass . These fourŽ .1 2

variables are often chosen as four invariants, for
2 Ž .(example, Q s yq and suitably defined frac-i i

tional current energies x , or as the scattered protonsi
Ž .energies and polar angles or transverse momenta .

ŽFor whatever choice, the expression of the fixed
.variable W in terms of these variables explicitly

˜ Ž .involves the angle f or f , which introduces addi-
tional ‘‘spurious’’ azimuthal dependences. More-

˜over, the relation between f and the measurable f

is rather complicated.
However, as we shall detail below, in the kine-

matic regime of experimental interest, we have, to
˜good approximation, fff. Also for the WA102

experiment, we estimate the effect of the extra kine-
matic factors to have no significant impact on the
effects discussed here.

ŽIn the approximation of single-particle single-
. Ž .trajectory exchange one at each vertex the cross
Ž .section for 1 factors into the product of three terms,

namely two density matrices and the amplitude for
Ž . Ž .2 . Consider the unnormalized density matrix for

4 ˜P and T invariance forbid sinnf contributions.

the emission from particle 1. For a conserved vector-
current its general form is

q m qn
1 1mn mn 2r sy g y C qŽ .1 1 12ž /q1

m n
2 p yq 2 p yqŽ . Ž .1 1 1 1 2y D q . 3Ž .Ž .1 12q1

Here C and D are form factors associated with the1 1
Žnon-pointlike nature of particle 1 for a lepton,

Ž 2 . Ž 2 . Ž 2 .C q s1sD q , while for a proton C q se e p
2 Ž 2 . Ž 2 . Ž 2 2 Ž 2 . 2 2 Ž 2 ..G q , D q s 4m G q y q G q rM p p E M

Ž 2 2 .4m yq , where G and G are the protonp E M
. Ž 2 .electromagnetic form factors . A factor 1r y2 q1

in r is introduced for convenience 5 since current1
Ž . mŽ .aconservation guarantees 2 p y q 2 p y q1 1 1 1

Mwa bM mn Aq2.1

In the following we shall be working in the
current–current helicity basis. The density-matrix el-
ements in the helicity basis are defined with the help

mŽ . Ž .of the polarization vectors e l of the space-like1 1
w xcurrent one as 6

X l ql
X

Xl ,l m mn n1 11 1r s y1 e l r e l , 4Ž . Ž . Ž . Ž .1 1 1 1 1 1

where lŽX . label the helicity of the current one,1

lŽX .s"1, L. Owing to the hermiticity relations of1

the density matrix and the polarization vectors

r mn w sr nm
1 1

e aw "1 sye a .1 , e aw L sye a L ,Ž . Ž . Ž . Ž .1 1 1 1

5Ž .

the helicity-density matrix is determined by four real
qq L L < qL < < qy <parameters, for example, r , r , r , and r .1 1 1 1

The phases of the latter two matrix elements are
˜ ˜ ˜Ž . Ž .exp if and exp 2 if , respectively, where f is1 1 1

the azimuthal angle of p in the current–current1
˜Žc.m.s. With the analogous definition of f we have2

˜ ˜ ˜ .fsf qf .1 2

5 With this choice, the matrix elements of the first term are
Ž . Ž . Ž .simply "C or zero , see 6 and 12 .1
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< i k <The expressions of r in terms of invariants1

and the form factors C and D can be derived from1 1
w xthe formulas in 6

2 2u yn 4 mŽ .2 11qqr sC q D y1q1 1 12 2X q1

2u ynŽ .2L Lr syC qD1 1 1 X

< qy < qqr sr yC1 1 1

qL qy L L< < < <r s r r qC . 6( Ž .Ž .1 1 1 1

Here we have introduced u s2 p Pq , nsq Pq2 1 2 1 2
Ž 2 2 2 . 2 Ž .2 2s W yq yq r2, W s q qq , and Xsn1 2 1 2

yq2 q2.1 2

In this work we are interested in the dominant
Ž .and experimentally accessible region of phase space

2 Ž w x.(Q ' yq <W. Then and only then 7 the den-i i

sity matrix r mn depends on only variables of cur-1

rent-one, namely its fractional momentum x sp P1 2
Ž 2 .q rp Pp su r sy2m and its virtuality Q .1 2 1 1 1 1

Moreover, we can use

Q ,qi iH

q Pq p X Pp X

1H 2 H 1H 2 H
f̃s ,fs , 7Ž .X Xq q p p1H 2 H 1H 2 H

Ž X .where q p is the transverse momentum ofi H i H
Ž .current i scattered proton i in the current-current

Ž .proton–proton c.m. system. In addition, the depen-
˜ ˜ ˜dence of WsM on the azimuthal angle fsf qf1 2

2 Ždisappears, and we simply have W sx x s x s1 2 2
Ž 2 ..u r sy2m . Since m and m are much smaller2 2 1 2'than the c.m. energy s we obtain

2 rqqs2 C q 1yd rŽ . ˆ1 1 1 1

r L L sD yC q r̂1 1 1 1

< qy <2 r s 1yd rŽ . ˆ1 1 1

qL' < <2 r s 1yd r D qr , 8(Ž . Ž .Ž .ˆ ˆ1 1 1 1 1

where we have introduced

4
2 2r s 1yx D , d sQ rQ . 9Ž . Ž .ˆ1 1 1 1 1min 12x1

Ž .For the production 1 of mesons at fixed-target
Žexperiments and even more so at electron–positron

.colliders the meson mass is much smaller than the
c.m. energy. This implies that x <1 and thusi

2 2
qq qy< <r , r1 11yd 1yd1 1

2
qL L L< <, r ,r ,r . 10Ž .ˆ1 1 1(1yd1

Ž . Ž .Relations analogous to 6 – 10 hold also for the
density matrix of current two, r l2 ,l2

X

.2
Ž .Before continuing we have to make sure that 10

is not spoiled by the behaviour of the form factors,
i.e. we have to make sure that r 4C . This isˆ1 1

certainly true if C ,D for all Q2. To investigate1 1 1
Žthis a bit further we assume that Pomerons e.g.

.Pomeron one couple to fermions like the current

k
X 2 2 aJ su p F q g q F q is qŽ . Ž . Ž .m 1 1 1 m 2 1 ma½ 52m

=u p . 11Ž . Ž .1

Ž .Then we can actually calculate the density matrix 3
defined by

y1
mn wr s J J . 12Ž .Ý1 m n22 q1 spins

Noting the minus sign in
wX au p is q u pŽ . Ž .Ž .1 ma 1

Xasyu p is q u p ,Ž . Ž .1 ma 1

Ž .we obtain the form 3 with

2 2C s F qk F 'GŽ .1 1 2 M

q2 4m2 G2 yq2 G2
1 E 1 M22D sF y k F ' .Ž .1 1 22 2 24m 4m yq1

13Ž .

Note that a pure g coupling gives C sD sF 2.m 1 1 1

Hence for two-photon production at eqey colliders
Ž .F s1, F s0 our assumptions are well satisfied:1 2

even at CLEO energies the typical x values arei
Ž . 2small enough x ;0.1 to ensure 1rx 41 and, ini i

turn, r 4C . Moreover, the tagging setup of theˆ1 1

scattered electrons assures that d <1.i

The situation may be different in fixed-target
proton–proton collisions. First, at WA102 energies
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'Ž .12.8- s rGeV-28 the experimentally accessi-
ble x values range between about 10y3 and 0.2i

guaranteeing thus 1rx 2
41. The minimum x val-i i

ues result in minimum virtualities of Q2 fimin

10y4 GeV 2. Hence if we assume that measurements
are done in a range, say 10y3 -Q2rGeV 2 -0.5i
Ž .statistics limits larger values then still d <1. Thisi

holds certainly for the recoil proton since it can only
be detected for Q2 larger than about 0.05 GeV 2. The
scattered proton can, however, be measured down to
very low Q2. For completeness, we shall keep the
Ž .1yd terms in the following.i

Central production in proton–proton collisions
may differ in another aspect from the eqey case:
unlike the photon the Pomeron might have a domi-

Ž .nant s -type coupling. The requirement for 10 tomn

hold, namely r 4C , yields for zero F the condi-ˆ1 1 1

tion Q2
4Q2 . Hence as long as very low Q2

1 1min
Ž .values of the scattered proton are excluded, 10

continues to hold. There is one difference, however:
Ž 2 2 .if F dominates then the typical t tsq syQ2

Ž . Ž 2 .distribution Aexp ybt with b;6rGeV is
Ž .modified by an extra factor yt .

Let us now continue with the current–current–
Ž .meson vertex. If 2 proceeds through the fusion of

two conserved vector-currents, then conservation of
P and T as well as total helicity conservation for
forward scattering, implies that the cross section for
f q f ™ f X q f X qX, for arbitrary final state X, de-1 2 1 2

pends on eight independent helicity structure func-
Ž X X .tions, W l ,l ;l ,l out of which only six can be1 2 1 2

measured with unpolarized initial-state fermions:

ds;2 rqq rqq
1 2

= W qq,qq qW qy,qy� 4Ž . Ž .
q2 rqq r L L W qL,qLŽ .1 2

q2 r L L rqq W Lq , LqŽ .1 2

qr L L r L L W LL, LLŽ .1 2

qy qy ˜q2 r r W qq,yy cos2 fŽ .1 2

qL qLy4 r r1 2

= ˜W qq, LL qW Lq ,yL cosf .� 4Ž . Ž .
14Ž .

Ž X X .Note that W l ,l ;l ,l /0 only if l yl sJ1 2 1 2 1 2 z

sl
X yl

X . Both the structure functions W and the1 2

Ž .invariant amplitudes A defined below in 15 are
functions of the invariants W, Q2, Q2 only 6.1 2

Ž .For the present case, 1 , where X is a single
particle, the number of independent parameters in
Ž .14 can be reduced further. First observe that if
Ž . Ž .A l ,l denotes the V V c.m.s. helicity ampli-1 2 1 2

Ž .tude for 2 , then we have

W l ,l ;lX ,lXŽ .1 2 1 2

sA l ,l Aw l
X ,lX

d W 2 yM 2 , 15Ž . Ž . Ž . Ž .1 2 1 2
2 Ž .2where W s q qq and M denotes the meson1 2

mass. Second, if h denotes the naturality 7 of cur-i

rent V and h that of the meson M, theni M

A yl ,yl sh A l ,l , h'h h h ,Ž . Ž .1 2 1 2 1 2 M

16Ž .
and there are five independent helicity amplitudes
Ž .A l ,l . Finally, owing to the T-invariance relation1 2

W l ,l ;lX ,lX sW l
X ,lX ;l ,l , 17Ž . Ž . Ž .1 2 1 2 1 2 1 2

which implies

A l ,l Aw l
X ,lXŽ . Ž .1 2 1 2

scsgn A l ,l csgn A l
X ,lXŽ . Ž .1 2 1 2

=
X XA l ,l A l ,l , 18Ž . Ž . Ž .1 2 1 2

we are left with five real parameters. Here
Ž .q1 Re z)0 or Re zs0 and Im z)0

csgn zs 19Ž .½ Ž .y1 Re z-0 or Re zs0 and Im z-0 .

< Ž . <Defining A s A l ,l andl l 1 21 2

j scsgn A qq csgn A LLŽ . Ž .1

j scsgn A qL csgn A Lq , 20Ž . Ž . Ž .2

we find

ds;2 rqq rqq A2
1 2 qy

q2 rqq r L L A2 q2 r L L rqq A2
1 2 qL 1 2 Lq

qL qL ˜y4 h r r j A A cosf1 2 2 qL Lq

qr L L r L L A2
1 2 L L

qL qL ˜y4 r r j A A cosf1 2 1 qq L L

qq qq qy qy ˜q 2 r r q2 h r r cos2 f� 41 2 1 2

=A2 . 21Ž .qq

6 If instead one chose to replace one of these variables by f

then different f dependences could emerge, see, for example,
Ž . w x Ž . w x5.14 in 6 or 13 in 8 .

7 Ž . JA boson is said to have naturality q1 if P s y1 and y1
Ž . Jy1if P s y1 .
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For the kinematic regime of interest, x <1 andi
˜ Ž . Ž .Q <M, fff, 7 , and 10 allows us to approxi-1

mate

4 rqq rqq 2 rqq r L L
1 2 1 2L L L Lr r f f1 2 1yd 1yd 1ydŽ . Ž .1 2 1

L L qq qL qL2 r r 2 r r1 2 1 2
f f

1yd 1yd 1yd(Ž . Ž .2 1 2

qy qy4 r r1 2
f . 22Ž .

1yd 1ydŽ . Ž .1 2

If we decompose the cross section into components
Ž . < <subscript i on S that correspond to J s2, 1,i z

and 0, then we obtain

ds;S qS qS2 1 0

1 2S s 1yd 1yd AŽ . Ž .2 1 2 qy2

S s 1yd A2 q 1yd A2Ž . Ž .1 1 qL 2 Lq

y2 h j 1yd 1yd A A cosf(Ž . Ž .2 1 2 qL Lq

2S sA y2 j 1yd 1yd A A cosf(Ž . Ž .0 L L 1 1 2 qq L L

1 2q 1yd 1yd 1qh cos2 f A .Ž . Ž . Ž .1 2 qq2

23Ž .

Introducing

AL L
rs , 24Ž .

Aqq

Ž .and making use of 1yh rs0, we can rewrite the
Ž .J s0 part in 23 asz

2
2S sA d ryj 1yd 1yd cosf(Ž . Ž .ž /½0 qq h ,1 1 1 2

1qd 1yd 1yd 1ycos2 f .Ž . Ž . Ž . 5h ,y1 1 2 2

25Ž .
Ž .Which of the two terms in 25 contributes depends

on the naturality factor h, see Table 1.
So far we have not yet made use of Bose symme-

try, which states

JA l ,l Q ,Q s y1 A l ,l Q ,Q ,Ž . Ž . Ž . Ž . Ž .1 2 1 2 2 1 2 1

26Ž .
2(where Q s yq is the virtuality of boson i. Iti i

Table 1
Model-independent features of helicity amplitudes up to J P s3q;
0: amplitude is identical to zero; D: amplitude is proportional to

Ž 2 2 . 2Ds Q y Q rM ; d : amplitude is proportional to d s1 2

Q Q rM 2 for Q < M; 1: amplitude is of order one, in general.1 2 i
Ž . Ž . ŽAlso given are the values of h, 16 , and k , 29 for the case

.h h sq11 2

PJ h A A A kL L qq qy

y0 y 0 1 0 1
q0 q d 1 0 0
y1 q Dd D 0 1
q1 y 0 D 0 0
y2 y 0 1 D 1
q2 q d 1 1 0
y3 q Dd D D 1
q3 y 0 D 1 0

Ž .implies that in the CVC hypothesis the amplitudes
A and A must be proportional toqq L L

Q2 yQ2
1 2

Ds 27Ž .2M

Ž .for odd-integer J. When combined with parity, 16 ,
the amplitude A AD for some J P, see Table 1.qy

Bose symmetry has one more consequence,
Ž .namely that both amplitudes A and A in 23Lq qL

can be replaced by only one of them, say A .qL
Ž .Moreover, the sign in 18 is then fixed in a model-

< <independent way. We can rewrite the J s1 part ofz

the cross section as

S s 1yd A2 Q ,QŽ . Ž .1 1 qL 1 2

q 1yd A2 Q ,QŽ . Ž .2 qL 2 1

y2 1y2 k 1yd 1yd(Ž . Ž . Ž .1 2

=A Q ,Q A Q ,Q cosf , 28Ž . Ž . Ž .qL 1 2 qL 2 1

where we have introduced the variable
J1yh y1Ž .

ks , 29Ž .
2

whose values, one or zero, are given in Table 1 for
states up to J P s3q.

We can exploit one more constraint, namely cur-
rent conservation, which requires

A AQ rM for Q <M"1, L 2 2

A AQ rM for Q <ML ,"1 1 1

A AQ Q rM 2 for Q <M . 30Ž .L , L 1 2 i
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Ž .Then 7 implies that

q2 H
A ,aqL qL M

Q Q q q1 2 1H 2 H
A ,a d , d' ,L L L L 2 2M M

q2 yq2
1H 2 H

D, , 31Ž .2M

where a are coefficients of order one. Hence S ini j 1
Ž .28 behaves as

a2 p2rM 2 , for ks1qL T
S s 32Ž .1 2 2 2½ a k rM , for ks0 ,qL T

where

2
2p s 1yd q q 1yd q( (ž /T 2 1H 1 2 H

2
2k s 1yd q y 1yd q . 33Ž .( (ž /T 2 1H 1 2 H

Note that k ™0 implies f™0 and q ™q .T 2 H 1H
However, the opposite is not true: f™0 does not in
general imply k ™0.T

3. Results

The above analysis enables some immediate con-
clusions to be drawn according to the J P C of the
meson.
1. J P s0y: Only J s0 contributes and, with hsz

Ž .y1 in 25

ds
12AA 1yd 1yd 1ycos2 fŽ . Ž . Ž .qq 1 2 2df

sA2 1yd 1yd sin2f . 34Ž . Ž . Ž .qq 1 2

This follows independent of the dynamical inter-
nal structure of the 0yq meson, and is simply a
consequence of parity. Since f™0 as k ™0T

w xwe recover the result of 4,9,10 who noted that
yq Ž .the production of 0 by conserved vector cur-

rents would vanish as k ™0. Our result aboveT

provides a clear test for the vector nature of the
Ž .production Pomeron component by the explicit

prediction for the f dependence, independent of
the t-dependence.

Preliminary indications are that the production of
X Ž X.h and h in pp™pph h is compatible with

w xsuch a f dependence 3 .
P q < <2. J s1 : Since J F1 the azimuthal distributionz

Ž . Ž .is given by the sum of 25 with hsy1 and
Ž . Ž .28 with ks0 . Since Bose symmetry yields
A sa D we find with the help of Table 1qq qq

Ž .and 31 in the region of small Qi

ds k 2
T2 2;a qa 1yd 1ydŽ . Ž .qL qq 1 22df M

=

22 2q yqŽ .1H 2 H2sin f . 35Ž .4M

From this we can draw conclusions, which are
independent of the internal structure of the 1qq

meson and thus hold for both eqey collisions and
diffractive proton–proton collisions mediated by
a vector Pomeron. First, the cross section will
tend to zero as k ™0. And second, 1q mesonsT

are produced dominantly in the helicity-one state.
Both of these phenomena are seen in the central
production of 1qq mesons in pp collisions which
further supports the importance of the vector
component of the effective Pomeron.
The tendency for large k to correlate with largeT

f may cause the apparent dsrdf to rise as
f™180 o. The f distributions should be binned

Ž .in k to extract the full implications of 35 .T

3. J P s0q: In this case the f dependence depends
on the internal structure of the meson and dynam-
ics, specifically via the magnitude of A rAL L qq
'r

ds 2
2sA 1yd 1yd j cosfyr .(Ž . Ž .ž /qq 1 2 1df

36Ž .

At small Q , Q <M in eqey collisions, wei i

have r,c d,c q q rM 2 with csa r1H 2 H L L
Ž .A sO 1 , in general.qq

For the particular case of two photons coupling to
w xa non-relativistic quark-antiquark one has 11,12

j sq1 and cs4r3 since1

Q Q M 2 4 q q1 2 1H 2 H
rs f 37Ž .2 2 2 2 23n qn M yQ Q M1 2
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at q <M. Hence for tagged two-photon eventsi H
in eqey collisions we predict a cross section that
survives the k ™0 limit and the f distributionT
Ž . 236 , which for q <M is a pure cos f distribu-i H
tion.
This will also hold true for qq and glueball
production in pp collisions if the Pomeron is a
conserÕed vector current. So far we have taken
the simplest assumption needed for a nontrivial f

distribution, namely CVC. This is immediately
relevant to eqey but encouragingly shows consis-
tency with pp. The 0y is a direct test with its
sin2f distribution which is verified for h, h

X in
WA102. For 1q the k ™0 vanishing and theT

helicity-1 dominance are verified. The 0q, 2q

data clearly go beyond this.
The non-trivial f dependence required JPomeron

)0 to be present but leaves open the question of
whether there is a spin-0 component in addition to
the CVC andror whether there is a non-con-
served vector current. Note that the 0y produc-
tion is not sensitive to any 0q component in the
Pomeron. The simplest manifestation of a scalar
component or a non-conserved vector piece, is to
allow R to be larger than its CVC suppression

2 q qŽ .O t t rM . The 0 , 2 data are consistent( 1 2
Ž .with this. The f 1500 production, in particular,0

< < Ž .is well described if R is negative with R ;O 1 ,
4Ž .in which case its f distribution is ;sin fr2 .

This sign and magnitude are natural for the pro-
duction of a gluonic system if the dynamics for
M rM is driven by the Clebsch–Gordon co-L L qq

² < : ² < :efficients 10,10 00 r 11,1y1 00 sy1. We
leave the discussion of the phenomenology and
specific models to a later publication.

4. J P s2q: The azimuthal distribution is given by
Ž . Ž .the sum of S , 23 , S , 28 with ks0, and2 1

Ž .S , 25 with hsq1. Using the small-Q ap-0 i

proximation for S we have1

k 2
T1 2 2ds; A 1yd 1yd qaŽ . Ž .qy 1 2 qL2 2M

2
q ryj 1yd 1yd cos f(Ž . Ž .ž /1 1 2

=A2 . 38Ž .qq

< <As we can see the J s1 part is suppressed as isz
Ž .A recall r;d at small Q . However, inL L i

general, the other two amplitudes are of order
one, i.e. A ;A ;1.qy qq

Ž 2In the non-relativistic quark model, A , Q qqq 1
2 . 2 w xQ rM at small Q 13,11 and is thus very2 i

Ž .much suppressed relative to A , which is O 1 .qy
Hence in eqey collisions at small q <M wei H

q Ž .predict a 2 cross section that is i basically flat
Ž . Ž .in cosf, ii finite for k ™0, and iii dominatedT

by the helicity-two part. We necessarily obtain
the same behaviour, namely flat f distribution
and k ™0 survival, in diffractive pp collisionsT

mediated by a conserved vector Pomeron, pro-
vided the helicity-two component is the dominant
one.
If the Pomeron–qq coupling were dominantly

Ž‘‘magnetic’’ flipping the spins of the produced
.qq pair but leaving them in an L s0 state thez

helicity-two amplitude A would be sup-qy
pressed. In this case the helicity-one amplitude
would also be suppressed as k ™0 and theT

helicity-zero amplitude would dominate with a
Ž .characteristic f dependence unless A s0 .qq

Moreover, the 2q cross section continues to sur-
vive the k ™0 limit since r is small for CVC.T

Again we conclude that, as for 0q production, a
Žnon-conserved vector piece or a large scalar

.component is needed to accommodate for the
Ž .observed small-k suppression of f 1270 andT 2

X Ž .f 1520 . In the scenario discussed above this2
Ž .follows if j r;O 1 . We point out that these1

predictions assume Pomeron–Pomeron or
gluon–gluon fusion and hence do not apply to f2

production if the latter has a substantial contribu-
Žtion from f exchange i.e. from f qPomeron2 2

Ž . Ž™ f . A detailed comparison of f ss 1525 for2 2
.which this contribution is suppressed and f2

Ž . Ž .uu 1270 where Pomeron–f is possible could2

help settle this.
5. J P s2y: Here we find with the help of Table 1

Ž .and 31

ds; 1yd 1ydŽ . Ž .1 2

=

22 2q yqŽ .1H 2 H1 2 2 2a qsin f Aqy qq2 4½ 5M

p2
T2qa . 39Ž .qL 2M



( )F.E. Close, G.A. SchulerrPhysics Letters B 458 1999 127–136 135

The helicity-two component vanishes as k ™0,T

as does the helicity-zero also. However, the helic-
Ž 2 .ity-one component Ap stays non-zero, in gen-T

eral. In the quark model coupling to two photons,
w xboth a and a are zero 13,11 , and so in thisqy qL

model the cross section will have the same fea-
tures as that of a 0yq meson, namely a f distri-
bution Asin2f, a cross section that vanishes for
k ™0, and helicity-zero dominance.T

For central production in hadronic reactions medi-
ated by a vector Pomeron we have to distinguish
two cases, namely a /0 or s0. In both casesqL

the helicity-two component is suppressed. In the
first case we have a cross section that survives at
small k . Moreover, at small k we expect helic-T T

ity-one dominance and a flat f distribution. In
the second case, i.e. for a suppressed helicity-one

Ž . yamplitude, we predict i a vanishing 2 cross
Žsection for k ™0 recall, both q yq andT 1H 2 H

2 .sin f vanish for k ™0 , and, provided A /0,T qq
helicity-zero dominance as well as a sin2f distri-

Ž Ž 2 2 .2 4bution since q yq rM is smaller at low1H 2 H
2 .k than sin f .T

6. J P s3q and 1y, 3y: With the help of Table 1
Ž .and 31 it is straightforward to find the k and fT

q Ždistributions for the 3 states and possible non-
yq yq.qq 1 and 3 states.

k 2
T1q 2 2w xds 3 ; A 1yd 1yd qaŽ . Ž .qy 1 2 qL2 2M

qD2 a2 1yd 1yd sin2fŽ . Ž .qq 1 2

1y 2 2w xds 3 ; D a 1yd 1ydŽ . Ž .qy 1 22

p2 aT L L2 2 2qa qD a dqL qq2 ž aM qq

2

yj 1yd 1yd cos f(Ž . Ž .1 1 2 /
p2 aT L Ly 2 2 2w xds 1 ;a qD a dqL qq2 ž aM qq

2

yj 1yd 1yd cos f .(Ž . Ž .1 1 2 /
40Ž .

Here we have used that A sDd a for 1y andL L L L

3y mesons.
As a specific example 8 we illustrate the 1yy

which can be most immediately relevant in ep™

ep V. Note that Bose symmetry is now not valid
Ž .and so both the form of the first term in 40 is

changed and the factor D2 is absent in the second
term. We find

aLq
ds; 1yd q( 2 1Hž M

2aqL 2yh j 1yd q qA(2 1 2 H qq/M

=
2

ryj 1yd 1yd cosf .(Ž . Ž .ž /1 1 2

41Ž .

In the particular case of forward electroproduc-
tion, where t ™0 but q2 sQ2 is small, we2 1H
have approximately

Q2
22 2ds; a qA rycosf . 42Ž . Ž .Lq qq2M

If for some reason we still have A sD a orqq qq
Ž . 2if A Q ,Q s0 ;Q thenqq 1 2 1

Q2
22ds;a q rycosf . 43Ž . Ž .Lq 2M

Thus we would expect dominance of trans-
versely-polarized vector-mesons and a longitudi-
nally-polarized component of a characteristic f

dependence.
In this section we have given explicit formulae for

the CVC case only. While this applies to eqey™

eqeyM , we have noted that some data involving the
Pomeron in proton–proton collisions go beyond this
hypothesis. We will discuss elsewhere the detailed
phenomenology for both pp and ep-induced reac-
tions.

8 A word of caution is appropriate: So far we have not used
w xconservation of charge conjugation; independent of C Pomeron ,

the meson is Csq1. In order for the ep application to hold we
assume in the following the Pomeron to be Csq1 although it
couples like a Csy1 photon.
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