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Abstract

The production of J PCs1qq,0yq and 2yq mesons in double tagged eqey™eqeyR is calculated and found to have
the same polarisation and dynamical characteristics as observed in pp™ppR. Implications for the spin structure of the
Pomeron are considered. Production of 0qq,2qq mesons in these two processes may enable the dynamical nature of these
mesons to be determined. q 1998 Elsevier Science B.V.

Recently it has been discovered that the pattern of
resonances produced in the central region of double
tagged pp™pqpqR depends on the vector dif-
ference of the transverse momentum recoil of the

w x Žfinal state protons 1,2 even at fixed four-momen-
tum transfers t;yk 2 ,tX

;yk 2 , see Fig. 1 for1T 2T
. Žkinematic definitions . When this quantity dk 'T

< <. Ž Ž ..k yk is small, FO L , all well estab-T 1 T 2 QCD

lished qq states are observed to be suppressed while
the surviving resonances include the enigmatic
Ž . Ž .f 1500 , f 1710 which have been proposed as0 J

w xglueball candidates 3 . At large dk , by contrast, qqT

states are prominent, there appearing to be some
correlation between their prominence and the inter-

1 E-mail: fec@v2.rl.ac.uk.

nal angular momentum of their qq system such that
high L states turn on more with increasing dk thanT

w xdo their low L counterparts 4 . It has been suggested
that this might form the basis of a glueball – qq
filter since 0qq,2qq glueballs need no internal angu-

3lar momentum in contrast to the analogous qq P0,2
w xcombinations 1 and the dynamics may thereby

favour glueballs as dk ™0.T

In order to gain insight, we have computed the
production in a simple model where high energy pp
interactions are mediated by a preformed colour

w xsinglet object that couples to the proton ;g 5 .m

We find that when the resonance, R, has J P C s1qq,
0yq or 2yq the predicted dk dependence appearsT

to be identical to that empirically observed in pp™

pqpqR implying that central production of reso-
nances is mediated by conserved vector currents
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Fig. 1. Kinematics for central production of a resonance.

independent of the nature of the meson, R. In con-
P C Ž .qqtrast, we find that for J s 0,2 the structure of

R can be important enabling in principle a filtering
of qq from glueballs to be realisable.

To be explicit, we shall calculate the production
ra te an d m o m en tu m d ep en d en ces o f
Ž qŽ . yŽ . qŽ . yŽ . .s e p e p ™e p qe p qR as this1 2 3 4

is well defined in QED and shares topological simi-
larities to the hadronic processes of interest. First we
shall generalise Cahn’s analysis of single tagged

q y w x Ž ) .e e 6 g g™R to the double tagged case
Ž ) ) . qqg g ™R for a general 1 state. We define the
production amplitude

X )2 )MMse u p eu u p u p eu u pŽ . Ž . Ž . Ž .3 1 4 2

=
1

Xmne T e , 1Ž .m n2 2k k1 2

where for 1qq production the e T mne
X may be writ-m n

w x Ž .ten 7,8 with k 'p yp and k 'p yp1 1 3 2 2 4

mn X w qqxe T e 1m n

sA k ;k e j bŽ .1 1 2 mna b

= G mn Gad k qG mn Gad kŽ .1 2 d 2 2 1 d 1

qA k ;k e j k d yk d G mn Gab , 2Ž . Ž .Ž .2 1 2 mna b d 1 2 1 2

where we use the shorthand G lk e ye k andmn m n m n

the convention that G refers to k ,e ; the1Ž2. 1Ž2. 1Ž2.
Ž .A k ;k are form factors to be determined experi-i 1 2

mentally and j is the spin polarisation vector for the
axial meson.

3For the special case of non-relativistic P QQ one1
w xhas 7,8 A '0. It is straightforward to verify that2

the tensors multiplying A may be written '1
b Ž .n Ž .a Ž 2 m 2 m.e j e 1 e 2 k k yk k as in Cahn’s Eq.mna b 1 2 2 1

Ž .A1 . In this case the double tagged differential cross
section is

ds

Xdxdydtdt df

2 < X < 2e A t ,tŽ .1
' 4 X 22512p s t t

= 2 2 X < < 2d m qP yxysy xqy tq t M ,Ž . Ž .Ž .T

3Ž .

where

2 X X X X X X< <M '2 tt t suqs u q t su qs uŽ . Ž .

2m
X X X'y2cosf tt uu sqs yž /2

2Xtq tŽ .
X X 2q 8uu tt sin f22m

2 2X Xq sys q uyu , 4Ž . Ž . Ž .

Ž . Ž . Ž .which reduces to Cahn’s Eqs. A18 , A19 , A23
as t™0. Here s,t,u are standard and sX s2 p Pp ;tX

3 4

sy2 p Pp ;uX sy2 p Pp which are related to2 4 2 3

the mass m of the resonance by sqsX q tq tX quq
uX sm2 and P is the recoil transverse momentumT

of the produced resonance. Furthermore we define
cosf'p Pp when p are aligned along the zˆ ˆ ˆ3T 4T 1,2

Žaxis; note for future reference that the dk phe-T

nomenon observed in pp™pqpqR is equivalent
.to a f dependence of the cross section . We can

w xmake contact with the formalism used in Ref. 1 by
defining x, y as the fractional energy loss of the
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z Ž . z z Ž . zbeams such that p f 1 yx p , p f 1yy p .3 1 4 2
Ž .Then Eq. 4 may be written in the symmetric form

2< <M 2Xs t 1yy 1q 1yxŽ . Ž .X 2y2 tt s
2q t 1yx 1q 1yyŽ . Ž .

X(q2cosf tt 1yx 1yyŽ . Ž .

=
xy

1q 1yx 1yy yŽ . Ž .
2

2Xtq tŽ . 2y 1q 1yyŽ .ž24m

=
21q 1yxŽ .

y4 1yx 1yy cos2f . 5Ž . Ž . Ž ./
Consider now the particular limit, analogous to

X 2 Ž .that in the pp process, t,t <m . Writing t 1yx
2 XŽ . 2syk and t 1yy syk and then taking theT 1 T 2

1Ž . Ž .limit x, y™0 , Eq. 5 collapses to's

2 2 2X X2 2< < < < < <M s4 tt s = k yk '4 tt s dk .T 1 T 2 T

Hence as dk ™0 we predict thatT

ds
q y q yLim dk ™0 e e ™e k e k RŽ . Ž . Ž .Ž .T T 1 T 2dkT

™0. 6Ž .
We note that this is the same phenomenon observed

w xin the pp analogue 1,2 .
We find also that the 1qq should be spin po-

larised in the g )g ) c.m. frame. Following the ap-
w x X 2proach of Refs. 9,10 we predict that when t,t <m

qqthe 1 QQ will be produced dominantly with
ls"1, specifically

2X
s ls0 ty tŽ . Ž .

s . 7Ž .X 2s ls"1 2 tq t mŽ . Ž .
Here again, the phenomenon predicted for eqey is
apparently manifested empirically in pp ™ ppR
w x4,11 , suggesting that the production is driven by
conserved vector currents.

The suppression of 1qq as dk ™0 is moreT

general than for the specific QQ case considered
Ž .above. Inspection of the general amplitude, Eq. 2 ,

shows that the tensor multiplying A vanishes as2

k yk ™0. The production rate therefore also1T 2T
Ž . Žvanishes even when A k ;k /0 assuming there2 1 2

.is no pathological singularity in the A form factor .2

Hence vanishing of axial meson production in this
kinematic configuration is general for any production
mechanism driven by conserved vector currents.

The similarity in behaviour between that observed
in pp™pqpqR and that predicted in the analo-
gous eqey arises for R'0yq too. As noted by

w x yqCastodi and Frere 12 the production of 0 will`
naturally vanish as dk ™0 if it is due to conservedT

vector current exchanges since in this case the pro-
duction amplitude is proportional to

mn X w yqx mna be T e 0 'P k ;k e G G , 8Ž . Ž .m n 1 2 mn a b

which may be rewritten, in the meson rest frame, as
Ž . Ž . Ž . Ž .2 MP k ,k e k yk e 1 e 2 . Hence in the1 2 i jk 1 2 i j k

absence of a singular form factor this will vanish as
w xk yk ™0. The data of Refs. 2,4 exhibit such a1T 2T

Ž X .behaviour in pp™ppqh h . For non-relativistic
yq yqŽ .QQ spin singlets, 0 ,2 etc , where the produc-

tion amplitude is proportional to derivatives of the
Ž Ž ..wavefunction, the above structure Eq. 8 will be

Ž yq w x.generic e.g. 2 in Ref. 13 . Hence this sequence
should disappear as k yk ™0. This also is found1T 2T

Ž . Ž .to be true empirically for the h 1620 and h 18752 2
w xin pp™ppqh 4,14 .2

From the above analysis we infer that the dk ™0T

suppression for 0yq, 2yq and 1qq production and
the polarisation of the 1qq will all arise if the
initiating fields are conserved vector currents. Thus
they will naturally occur in pp™ppR if the reso-
nance production is driven by conserved vectors, e.g.
if the pomeron acts as a single hard gluon with

Žcolour neutralisation even at small t comapre and
w x.contrast Ref. 15 and that production of qq is via

gluon-gluon fusion. This is suggestive though not a
proof. However, it can already be concluded from

Ž w x.the WA102 phenomenon Refs. 1,2 that the
pomeron must have a non-trivial helicity structure in

w xorder to generate non-trivial f dependence 16 .
Thus the Pomeron cannot be simply a scalar or
pseudoscalar, in contrast to some outdated folklore,
nor can it transform as simply the longitudinal com-

Ž . w xponent of a non-conserved vector 16,17 . The
implications of the Donnachie-Landshoff pomeron
for f dependence in central production merit study
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as do the general implications of f dependence for
the spin content of the Pomeron.

For the particular case of gg fusion, or for gg

production, we may generalise the above analyses to
qq qq w x0 and 2 following Refs. 7,8,18 .

A linearly independent set of Lorentz and gauge
invariant production amplitudes for Jqq states is

w x yq qqgiven in 8,18 . The forms for 0 and 1 in Eqs.
Ž . Ž . w x qq2 and 8 are as defined in Refs. 8,7 . The 0
and 2qq cases are written

PrsXmn qq 1 2w xe T e 0 s S k ,k G GŽ .m n 1 1 2 m r ns'3

m 1 2 nqS k ,k k G G k , 9Ž . Ž .2 1 2 1 m r ns 2

Xmn qq 1 2w xe T e 2 se T k ,k G GŽ .m n rs 1 1 2 m r ms

qT k ,k k rk sG1 G2Ž .2 1 2 1 2 mn mn

qT k ,k k mG1 G2 knŽ .3 1 2 1 m r ns 2

r s m 1 2 nqT k ,k k k k G G k ,Ž .4 1 2 1 2 1 m r nr 2

10Ž .
where

P Pr s
P 'g y , 11Ž .rs rs 2m

for a resonance with mass m and momentum P .m

Here e is the polarization tensor satisfyingrs

1 1
X X X X X X X Xe e s P P qP P y P P .Ž .Ý rs r s rr ss rs sr rs r s2 3

e

12Ž .

The number of form factors reflects the number
of independent helicity amplitudes for the gg where,

Ž . Ž .for transverse T or longitudinally polarised L
photons one forms

0qq:ls0; TT or LL,
0yq:ls0; TT ,
1qq:ls0; TT :ls"1; TL,

2qq:ls0; TT , LL :ls"1; TL :ls"2; TT . 13Ž .
Ž .The functional forms of the F k ,k depend on thei 1 2

composition of R. In the particular case where the
w xform factor is modelled 19,20,8 as a QCD analogue

w x w x21 of the two photon coupling to positronium 22 ,
the various F /0 while F s0: this has been1 2,3,4

w xdiscussed in Ref. 7 . In this case there arise specific

relations among the helicity amplitudes which is the
qq Ž .source of the polarisation for the 1 in Eq. 7 . In

w xthe NRQM approximation 8
Xmn qqe T e 0 qqŽ .m n

1
X a a 2sc G G m qk PkŽ .( mn mn 1 26

2n a a ry2k G G k r k Pk , 14Ž . Ž .1 mn m r 2 1 2

2 2X 2 1a 2 a'c m G G P r k Pk , 15Ž . Ž .( am an mn 1 23

and

2X Xmn qq 2 a a mn'e T e 2 qq sc 2 m G G e r k Pk ,Ž . Ž .m n m r nr 1 2

16Ž .

where the constants cX are proportional to the deriva-
tive of the radial wavefunctions at the origin:

1
X X2c sg R 0 . 17Ž . Ž .(s 3m p

qq 3This structure implies that 2 P qq will be2

produced polarised with the ls0 in the sense of
Ž . Ž . Ž X 2 .Eqs. 7 , 13 suppressed at O tt rm . This selec-

tion rule is expected to be realised even in the more
w xphysically relevant limit of light quarks 9 .

The form factor for 0qq and 2qq glueballs in
w xRef. 23 can be considered a natural relativistic

generalization of TE mode glueballs in a cavity
approximation such as the MIT bag model and the

w xproduction amplitude takes the form 7

G1aG2 a
m r nrXmn qq Ž J .e T e J G sPP F k ;k , 18Ž . Ž . Ž .m n mn 1 2k Pk1 2

Ž0. Ž2.'where PP 'P r 3 and PP 'e . The formmn mn mn mn

Ž .factor F k ;k is determined by the glueball radial1 2

wavefunction common to the 0qq and 2qq states, so
that the relative magnitudes of their form factors are
fixed and the ensuing dk dependences will beT

qq qqsimilar. The behaviour of 0 and 2 qq also will
be similar to one another but in general will differ
from those of the glueballs. We shall not speculate
here on particular models for such form factors but
address some general features.

Ž .qqFor 0,2 in general,any difference in the glue-
ball and qq production will be driven by the form
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factors which are functions of two variables. The
large momentum transfer behaviour of PywaÕe qq

P C Ž .qqand SywaÕe glueballs with J s 0,2 may be
w xconstrained by power counting arguments 7,24 .

When R is an Ls0 bound state of two constituents,
Ž .the leading large k Pk behaviour of F k ;k is1 2 1 1 2

1 Ž . Ž .k y k P k q k1 2 1 2Ž . Ž .f z where z ' . Thek P kŽ .1 2 k P k1 2

Ž .F k ;k entering the production amplitudes withi 1 2

additional factors of k m have correspondingly more1,2

rapid falloff. For Ls1 systems at large k Pk one1 2

expects an additional m2rk Pk suppression, where1 2

m is a scale reflecting the variation of the wavefunc-
tion at the origin.

The behaviour of the Ls0 and Ls1 wavefunc-
tions will also be expected to differ in general as
their internal relative momenta dp ™0. A sugges-T

tive model is if dk correlates with the internalT

momentum dp such that in the L-th partial waveT

< < LF k ;k ; dk =c t ;t .Ž . Ž .1 2 T 1 2

3< <In such a situation as dk ™0, P qq states willT 0,2

be killed while 0q,2q states controlled by S-waves
Ž ysuch as glueballs or strong coupling to pairs of 0

.mesons in S-wave would survive. It is an open
question whether the dk /0 of the productionT

mechanism is transferred into the relative momentum
of the composite meson’s wavefunction. In the

Ž Ž .. Ž .NRQM of Eqs. Eq. 14 – 17 this does not occur;
2 2Ž .in the t-channel of gg™qq where k yk Fm ,1 2 q

the massive quark propagator that is implicit in the
Ž .derivation of Eq. 17 dilutes any such correlation.

However, in the light quark limit there is the possi-
bility for the singular behaviour of non-perturbative

w xpropagators 25 to cause a strong correlation be-
Ž .tween dk and the internal angular momentum.T

This may be tested by measuring the dk ™0 depen-T

dence of 0qq,2qq,4qq in eqey™eqeyR and test if
< <the dk transmits to the wavefunction giving aT

< < Ldk dependence. Our suggested strategy is asT

follows.
The similarity between the observed properties of

0yq 2yq and 1qq production in pp™ppR and
those calculated for eqey™eqeyR suggest that ei-
ther diffractive scattering is driven by a colour sin-
glet state transforming as a conserved vector current
orrand that gg™R is the elemental process in the
pomeron-pomeron interaction. This needs to be tested

quantitatively. If verified, we may extend the con-
w xcept of ‘‘stickiness’’ 26 . The recommended strat-

R Ž . q y q yegy is to measure F k ;k in e e ™e e R andgg 1 2
R Ž .compare with the analogous F k ;k in pp™g g Ž?. 1 2

ppR. Observation of an identical k ,k dependence1 2

in pp™ppR for the production of established qq
Ž .states, such as f 1270 , would establish the con-2

served vector current dynamics of the double-
pomeron production process. Conversely, the appear-
ance of prominent states in pp™ppR that are sup-

q y q y Ž w x.pressed in e e ™e e R ‘‘sticky’’ states 26
and thereby are glueball candidates, would enable

Ž .extraction of their F k ;k . Such information wouldi 1 2

enable comparison of the production of qq states and
the enigmatic states, thereby untangling their struc-
ture and dynamics.

Our general conclusions are as follows.
Ž . yq yqi The observed suppression of 0 ,2 and

1qq as dk ™0, and also polarisation of the 1qq
T

will arise if the production mechanism involves con-
served vector currents.

Ž . qq qqii The production of 0 ,2 is richer. In these
cases it will be the dynamical behaviour of the form

Ž .factors F k ;k , and hence the internal dynamics ofi 1 2

the resonance R, that will determine the outcome.
Thus there exists the possibility that qq and glueball
states may be distinguishable in the 0qq,2qq sec-
tors. It is already clear that not all states of a given

P C 3J behave the same; the established qq P2
Ž .f 1270;1525 disappear as dk ™ 0 whereas2 T
Ž . w xf 1930 survives 2,4 . To investigate the source of2

Ž .this it is necessary to measure the various F k ;ki 1 2
Ž . Ž .and to compare F k ;k with F k ;k .Žgg . 1 2 g g Ž?. 1 2
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