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Abstract

The detailed dependences of central meson production on the azimuthal angle ¢, t and the meson J® are shown to be
consistent with the hypothesis that the soft Pomeron transforms as a non-conserved vector current. Further tests are
proposed. This opens the way for a quantitative description of ¢g and glueball production in pp — p M p. © 1999 Elsevier

Science B.V. All rights reserved.

1. Introduction

In order to understand the dynamics of the pro-
posed glueball filter [1] and to separate glueballs
from qg states in central production [2] it is neces-
sary to establish the transformation properties of the
Pomeron at low momentum transfers. The observa-
tions [3] of non-trivial dependence on the azimuthal

1 0On leave from Rutherford Appleton Laboratory, Chilton,
Didcot, Oxfordshire, OX11 0QX, UK; supported in part by the
EEC-TMR Programme, Contract NCT98-0169.

2Heisaenberg Fellow; supported in part by the EU Fourth
Framework Programme ‘‘ Training and Mobility of Researchers’”,
Network ‘* Quantum Chromodynamics and the Deep Structure of
Elementary Particles’, contract FMRX-CT98-0194 (DG 12-
MIHT).

angle ¢ of the outgoing protons in pp— pp+ M
shows ? that the effective spin of the Pomeron can-
not be simply zero [6,7]. Recently we have shown [6]
that many features of the central production of sev-
eral established qg mesons in pp — pp + M, in both
the azimuthal, ¢, and glueball filter, k;, dependence
can be understood if the Pomeron behaves as a
conserved vector current. However, there are both
empirical [6] and theoretical reasons [7,8] to believe
that this cannot be the whole story and that current

$At least for M =fy(1500), fo(980), f,(1285) or f,(1270)
where the energy dependence has been measured and establishes
Pomeron dominance [3-5]; contrast e.g. p production where the
rate falls with energy as expected for a process driven by Regge
exchange. For f,(1525) the dominant S content argues against
Regge exchange being important. For n,m" production, the energy
dependences are unknown and so a separation of Pomeron and
Regge is not available.
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non-conservation is important, especialy at the cen-
tral meson production-vertex.

In this letter we show that the data clearly require
that the Pomeron transforms effectively as a non-
conserved vector with a behaviour of a specific type.
We propose further tests of this hypothesis and
discuss the practicalities of differentiating glueballs
from g in 0**,2** meson production.

As in our study of the conserved vector-current
(CVO) case [6] we consider the central production of
a JP* meson M in high-energy proton—proton scat-
tering. We have shown, with current conservation at
the proton—Pomeron vertex (see also [7]), that the
Cross section may be written as

do/dt dt,dpdxe ~t, t, (o, + oy + 09) (1)
where the subscripts i denote the helicity states of
the meson and the suppressed pre-factor has the
following properties: it is concentrated at xp = 0,
steeply falling with decreasing four-momentum
transfers, t;, and finite for t; approaching t™" =0
(i.e. approximately proportional to exp{b(t; + t,)}).
In the kinematic regime of interest, |t,| << M? and
X; = (Jx¢+4M?/s £ x.)/2 < 1, we have
0y = %Ai—
oy =A +AL —2né AL AL, cosd
oo=(AL— & AL COS¢)2 (n=+1)
=A%, dnp (n=-1), (2)
where the subscripts + and L refer to the Pomeron
helicities, ¢ are sign factors, and 7 is the product of
the naturality of the meson and the two currents,
n=m,1m,My = 1. The genera structure of the ¢

dependence as a function of J” is then as follows,
from which we will abstract specific tests:

do[07 ] ~t, t, A2, sin% (3
do[07] ~( Ll Al — §1MA++ COS¢)2 (4)

do[17]~t t, AZ, Sir12‘15"'(‘3‘(311T_quT)z
(aquT ALl B=m& 0 AL, OrB=0ir Ay,
a=mné, Ot ALL) ©)

2
do[27] ~( tt, AL — &yt t, AL cos¢>)
+(atr—Bhr) +t,3A . (6)

do[27]~t t, A, sSnp+(aayr — B Q2T)2
FLGIA (7)

(i) JP=0"

The pseudoscalar cross sections behaves as do ~
t,t, A2, sin%. The ¢ dependence is hence inde-
pendent of the 0~ being a glueball or a quarkonium
state [9,10] and thereby provides an immediate test
of the transformation properties of the exchanged
Pomeron or Reggeon. The observed n and ' indeed
have the sin% behaviour (see, for example, Fig. 1).
They aso exhibit the te®' behaviour [3]. There is
the interesting possibility that glueball production
might have a compensating (t,t,)”* Pomeron—
Pomeron—glueball vertex that could give a finite
cross section as t;, > 0 and provide a dynamical
discrimination.

The t, t, factor in (3) originates from the fusion
of two transversely-polarized currents (TT) and is
hence independent of whether the current is con-
served or not. The question of current conservation
becomes testable if longitudinal polarization (L) can
contribute, as in the case of all other states,

So the general conclusion of our analysis for
I =0, 0-* production is that vector quantum num-
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Fig. 1. The sin% prediction compared to %' production at WA102
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bers are exchanged; however, as the energy depen-
dence of n, ' production is unknown, we cannot
with certainty tell whether it is driven by the Pomeron
or by Regge (e.g. p) exchange. For the production of
stateswith JP¢=0%*, 1** 2** theratesare known
to be energy independent, as expected for Pomeron-
exchange dominance. Hence in these cases our anal-
ysis specifies the Pomeron properties rather directly.
(The establishing of the energy independence is a
result of the ¢ dependences, as follows, having been
measured; historically data had been analysed under
the incorrect assumption that the distributions are
isotropic [11].)

The 1" sate is also interesting because Bose
symmetry (A, , o (t, —t,)? in (5)) suppresses the
TT part (with helicity zero) and leaves TL (with
helicity one) dominant. As such this becomes sensi-
tive to (non)-conserved vector effects.

In order to exploit current (non)-conservation we
consider three scenarios:

i) Current conservation (Model C):

g-M=0. (8)

ii) Non-conservation (Model B):

q-M=0(1), (9
or (Model A):
q-M=0(V-1). (10)

We shall show how data discriminate among these
aternatives and provide a consistent solution. In
(8-10) g (t=0g?) denotes the four-momentum of
the current (i.e. g =g, or g,). Since the longitudinal
polarization vector €, ~ q/V—1t as t — 0 we obtain
€ M~q-M/V—t incontrastto e .- M= 0O(1) a
small |t|. Model C thus corresponds to the con-
served-vector hypothesis (CVC): M /M
~V =t /u, where p is a mass scale. Model B is
what was argued [7] to correspond to the soft
(“* Donnachie-Landshoff’’) Pomeron, M, /M; ~
w/V—t where =M, the mass of the produced
meson. Contrary to [7], we anticipate that w is a
rather small mass scale, related to constituent bind-
ing or to instanton size. Finally, model A is a
possible further aternative where longitudina and

transverse amplitudes have similar strengths,
M, /M; ~ 1. We now illustrate this in the case of
1+,

(i) JP=1"

Here we concentrate on the fusion of two identi-
ca currents (i.e. photon-photon or Pomeron-
Pomeron). Then o, is as for the pseudoscalars but
obeying Bose symmetry

2 02 ('[1_'[2)2 . o
t1t20'o=t1t2/.L A++TSH"I¢. (11)
Here and in the following the hatted quantities de-
note the residual, dimensionless amplitudes, which,
in general, are of order one*. As for the pseu-
doscalars, the helicity-zero part is independent of the
model assumption.

Bose symmetry allows us to determine the sign of
&, in oy, (2), (5), and we find

L, .
tltzcrl=;u2t1t24sm25AfL (model A)

u*k2 A2 (model B)
t,t, k2 A2 (modelC). (12)
Recdl that k; — 0 implies ¢ -0 but ¢ —0

yields k; — 0 only if t,/t; = 1. We can make this
manifest by introducing the following quantities:

Jtit t

_ 122’ _ |2 (13)
e t

so that

t,—t, 1—r?

WS

k L6 (-1’

— =de|sinP— + ——— (14)

2 4r

* That is we generally assume that A, =~ +1 at small |t].
Additional dynamics might change this and yield, for example,
AL = ckr / p.
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This allows us to write the 1* cross section as

A

T~ 6(2 m AL )2 Py {Sinzg Pt pssinzﬁb} ,

(15)
where
Model Variable
P1 P, P3
A € 0 €’F
B 1 K e’F
C €? K eF
_@a-r? F_E(l—rz)z AL\
4r 4 r AL
(16)

Note that p,; characterizes the strength of the helic-

ity-zero part relative to the helicity-one component.
The kinematics of the WA 102 experiment is such

that in average r > 0.6, i.e. close to unity. We make

the following observations.
- Héelicity-one dominance in al cases for integrated
cross sections. This is seen in the WA102 data
[3]. It is amusing that a dominant helicity-one
component was observed already at the ISR 15
years ago [12]. This was regarded as an ‘‘ unusual
feature’’ and, to the best of our knowledge, has
remained a puzzle until now. We predict an en-
hanced helicity-zero part for ¢ around 7/2 and
asymmetric t values (implying small F).

- Vanishing cross sections for k; — 0 in al cases,
aso in agreement with data [3,13] (recal that
k; = 0implies r — 1).

- A strong t; t, suppression for model A and an
even stronger one for model C, which is not
observed in the data. There are, however, indica
tions [5] that data do not simply follow an eb!
distribution but exhibit a weak turn-over at small
t, precisely asis predicted in model B. Hence we
favour model B.

- Owing to the smallness of the helicity-zero part
( p5) we expect a dominant sin®( ¢ /2) distribution
for model A. Indeed, since r is close to unity, this

is aso the dominant behaviour for models B and

C, modulated by an additional isotropic term.

Fig. 2 shows a comparsion with the f(1420) data
from WA102 exhibiting the dominance of the
sin’(¢/2) term. An excellent description is de-
scribed in both model B, or in C, with a small
isotropic term ( p, = 0.15) and a very small helicity-
zero contribution ( p; = 0.005). If we fix p, to its
theoretical value using { —t;) =0.145GeV? and
(—1,>=0.240GeV?, we can determine the mass
scde w by taking A++/A+L =1 We find pu=
0.34GeV for f,(1285) and u = 0.40GeV for f(1420)
based on the fit values p; = 0.27 and 0.11, respec-
tively.

To test our prediction further, we propose that
experimental data on the ¢ distributions should be
analyzed for various r bins. Lowering r from 1to 0
we predict a change from sin?(¢/2) to a distribution
essentialy flat in ¢, see Fig. 3.

We now turn to scalars and tensors; these are
interesting as both potential glueballs as well as
established quarkonia are known to arise. Further it
is known that, both in the scalar and tensor sector,

do/do

1400 |
1200 |
1000 |
800 |
600 [
400 |

200 |

PP P BRI B NP PP B
0 20 40 60 80 100 120 140 160 180
o

Fig. 2. The ¢ distribution of f,(1420) production at WA102 [3]
fitted to (15). Solid line: the form of models B and C with p, and
p, asfree parameters (fit values are p, = 0.15and p; = 5x1073);
Dashed line: ditto but with p, = k = 0.03 fixed to the theoretical
value (16) for r = 0.78 (fit value is p; = 0.11); Dotted line: the
form of model A, i.e. p, =0, with p; as free parameter (fit value
is p;=0.15).
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Fig. 3. Predictions for the normalized ¢ distribution of 1*
production for various values of t, /t,: 0.5 (solid), 0.1 (dashed),
0.05 (dotted), 0.01 (dashed-dotted). The helicity-zero contribution
has been neglected.

there are some mesons that are suppressed at low k;
and others that do not show this feature [3]. There-
fore it is interesting to separate the Pomeron from
the meson dynamics.

(i) 3P =0"*

Obviously o, = 0, =0 but o,= (A —
& A, cos¢)? depends on the model:

do~u?t,t, A2, (R—cos¢)’ (model A)
“ € 2
wb AZ (1 = cos¢) (model B)

ult t, A2, (Re—cos¢)’® (model C).

(17)
For all cases,
/QLL

R=¢ — (18)
++

is, in general °, a number with absolute value of
order one, | Rl = O(1). Note that the sign of R cannot
be fixed from first principles.

® See footnote 1.

Experimentally the t; distributions seem to con-
tinue to grow at small |t;| [4] indicating that non-con-
serving parts must be present in the cross section. In
model B we have the possibility to compensate the
factor t,t, in (1) through the 1/—t enhanced
longitudinal amplitude.

Focussing now on model B we note that the ¢
dependence is very sensitive to the ratio 6=€/R
= /t; t, /(Ru?). The ¢ distribution changes from
isotropic at small & to cos% at large 8. Data thus
alow the determination of the size of w. The inter-
esting regimeiswhen | 8| = 1. If, as suggested by the
1" analysis, w is of the order of Aqcp, the con-
stituent-quark mass, the average k., or the inverse
instanton size, then this would occur for the typical
t; ~ 0.2 of WA102. In such a case, depending on
whether 6 = +1, one expects cos*(¢/2) or
sn*(¢/2), see Fig. 4.

Data on f,(980) and f,(1500) show no suppres-
sion at small k; [3]. Thisimplies & is negative and
we predict a dominant cos*(¢/2) dependence. Con-
versely, the f,(2000), which is observed to vanish as
k: — 0 [3], will have & positive and hence be maxi-
mum as ¢ — . To further probe the dynamics of
scalar production we propose that the ¢ distributions
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Fig. 4. Predictions for the normalized ¢ distribution of 0*
production in model B, do /d¢ ~(1— §cos¢)?, for various
values of §=¢€/R —10 (solid), —1 (dashed), 0 (solid), +1
(dotted), + 10 (dashed-dotted).
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of the data be analyzed for various bins of t; t, , see
Fig. 4.

(iv) JP=2%

The cross section in the various models is given
by

2

~ € 2 K2 A+L
do®~pu® A3 (1——cos¢>) +— | =
R AL
~ 2
+le?| == (19)
ALL
dcrA~,LL2t1t2{AA\f+(R—cos¢)2
S S
+A2 4st2E + %AE_} (20)
doC~u2t,t,{ A2, (e R— cos¢)’
k2 . ,\
+?T2AiL+%Ai_}. (21)

The three terms for each case correspond to meson
helicity zero, one, and two, respectively. Here we
have again made use of Bose symmetry to fix the
sgnin o;. ~

In CVC, the residua amplitude A, _ is naturally
of order one; hence a large helicity-two component
is expected for quarkonium states. The central-pro-
duction data [3] do not agree with this even though
helicity-two dominance is well established and un-
derstood for e*e™ [14,15]. This marked difference
was commented on in our earlier paper and is an-
other mativation for non-CVC dynamics.

As for scalar-meson production, experimental
hints [4] for a continuous growth of the t distribu-
tions at small |t| favour the current non-conserving
aternative B. Let us see whether we can find a
consistent picture.

Well-established quarkonia are known to be sup-
pressed at small k; [3]. Referring to (19) this implies
that

~ ~ 2
2(A,_/AL) <1 and 5=¢/R=+1. (22)

If this was the case we would predict a helicity
hierarchy, namely o, > o, > o,. Thislooks consis-
tent since preliminary WA102 data on f,(1270) and
f,(1525) [16] seem to support this ordering. More-
over, the condition |5|= 1 is also what we aready
found from our analysis of scalars.

If 8= +1 (in accord with the suppression as
k: — 0) then it is sensible to expand in powers of

sin’(¢/2)

A L, P L
doB~4ub A2 { pzsm“E + plstE +p0},

(23)
where
p2=52
A\ 2
+L
p,=(1-8)+e|—= )
ALL
~ 2
e (L-1)° [ A
po= (1) 4= U0 [An
4 r AL
e2 [ A, :
+— | = (24)
8 ALL

We see that helicity zero contributes to al p;, helic-
ity one to p, and p,, and helicity two to p, only.
Hence we predict that both the helicity structure and
the ¢ dependence should vary with t.

If, as has been suggested elsewhere [1], 2* glue-
balls survive as k; — 0, then we would expect a ¢
distribution more similar to f,(980,1500) than to
f,(1270).

(v) JP=2"

The cross section in model B is given by

do[27]~t t, u?A2, sin’p+ p’ p? A2,

2
i tltz(tl_tz) <2

2/-"“2 +-= (25)
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where the three terms on the rhs correspond to
helicity zero, one, and two, respectively. The expres-
sion for models A and C are given by replacing the
helicity-one term by (12) with the substitutions k;
— p; and sin(¢/2) — cos ¢p/2). We can write (25)
as

do[27 ] ~eub e A2, sin%

. ¢ (1—-r1)°
+4 A2, cosz—+u
2 4r
€2 (1—r? 2 n
+? ; ) A37 . (26)

Experimentally the 2~ states are known to be sup-
pressed at small k; [3]. Thisimplies that the reduced
helicity-one amplitude A_,(k; — 0) is suppressed.
This happens in the non-relativistic quark model
coupling to two photons, where A, is identically
zero. If this is also true in the QCD case, then we
predict:
- Cross sections that behave as te”' at small t,
similar to the 0~ ones.
- A small helicity-one contribution.
- A helicity-zero contribution that behaves as sin%.
- A helicity-two contribution that is isotropic in ¢.
- A rdtio o,/0, that vanishes for t,=t; and
increases with increasing difference |t, — t,|.

In summary, we eagerly await new results on the
¢ and t dependences for centra meson production
enabling the parameters, as described in this paper,
to be determined. Once these parameters are deter-
mined, the dynamical nature of the mesons will
become clear.

Acknowledgements

We thank A. Donnachie, A. Kaidalov, A. Kirk, N.
Kochelev and P. Landshoff for discussions.

References

[1] F.E. Close, A. Kirk, Phys. Lett. B 397 (1997) 333.

[2] D. Robson, Nucl. Phys. B 130 (1977) 328; F.E. Close, Rept.
Prog. Phys. 51 (1988) 833.

[3] WA102 Collaboration (A. Kirk et al.), hep-ph/9810221;
WA 102 Collaboration (D. Barberis et a.), Phys. Lett. B 440
(1998) 225, Phys. Lett. B 432 (1998) 436; Phys. Lett. B 427
(1998) 398; Phys. Lett. B 397 (1997) 339.

[4] WAT6 Collaboration (T.A. Armstrong et a.), Z. Phys. C 51
(1991) 351.

[5] A. Kirk, private communications.

[6] F.E. Close, G.A. Schuler, hep-ph/9902243, Phys. Lett. B in
press.

[7] T. Arens, O. Nachtmann, M. Diehl, P.V. Landshoff, Z. Phys.
C 74 (1997) 651.

[8] A.B. Kaidalov, private communications.

[9] P. Castoldi, R. Escribano, JM. Frére, Phys. Lett. B 425
(1998) 359.

[10] N.I. Kochelev, hep-ph/9902203; N.I. Kochelev, T. Morii,
A.V. Vinnikov, hep-ph/9903279.

[11] WA102 Collaboration, (D. Barberis et al.), A coupled chan-
nel analysis of the centrally produced K* K~ and #*#7~
final states in pp interactions at 450 GeV, in preparation.

[12] P. Chauvat, Phys. Lett. B 148 (1984) 382.

[13] F.E. Close, Phys. Lett. B 419 (1998) 387.

[14] See, for example, M. Poppe, Int. J. Mod. Phys. A 1 (1986)
612.

[15] F.E. Close, Nucl. Phys. B (Proc. Suppl.) 21 (1991) 423; T.
Barns, F.E. Close, Z. Li, Phys. Rev. D 43 (1991) 2161; G.A.
Schuler, F.A. Berends, R. van Gulik, Nucl. Phys. B 523
(1998) 423.

[16] WA102 Collaboration (D. Barberis et a.), hep-ph,/9903042,
hep-ph /9903043, to be published in Phys. Lett. B.



