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Abstract: We propose that the Pomeron is a Regge trajectory of tensor glueballs with the light-

est member having a mass in the 2. 2 GeV region and the quantum numbers /"= 0% 2% By us-
g £ 1

ing the well-established high-energy proton-proton elastic scattering differential cross sections, we

show that our conjecture is fully consistent with the observed & production data,
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1 Introduction

Befare the development of the quantum chro-
modynamics (QCD) field theory. Regge theorv'"
was successfully used in describing and predicting
hadron-hadron elastic scattering and diffractive dis-
sociation. Although Regge theory is not a field
theory. it is based upom a set of postulates {or ax-
ioms) about the S-marrix., which is Lelie ved to
govern the strong interaction physics. Consequent-
ly, the Regge theory can not be completely unre-
lated to QCD. In Regge theory., mesons and
baryons are organized into families of rrajectory
(the Regge trajectories). These trajectories play
an important role in hadronic dynamics. The most
tantalizing prediction of the theory 1s that when the
interaction energy approaches to infinity only ane
trajectory contributes ro hadron-hadron elastie
scattering. This unigue trajectory is called the
Pomeron trajectory, named after physicist I, Y.
Pomeranchuk, The constituent members of the

Pomeron trajectory all have the quatum numbers of
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a vacuum except their spins which follow the
Regge-trajectory spin rule.

Although no particles that fit the required
Pomeron prescription were observed during the
heydays of the Regge theory., many new particles
have been discovered due to a new generation of ac-
celerators. Some of these particles exhibit the
characteristics of the glueballs predicted only by
the QUD theory. As a result of this progress,
there is a surge of interests in understanding the
success of the Regge theory through connecting
glueballs with the Pomeron. . Because glueballs are
baund states of the glugns, they can only be under-
stond 1n terms of nonperturbative QCD. An estab-
lishment of the Pomeron /Glueball link would guide
us using the experience learned from the Regge
theary to devise new approaches fo nonpertubative

QCD.
2 The Regge Theory and Pomeron

Unlike QCD, the Regge theory does not make
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use of gauge particles. Instead. 1t explores the
consequences of a set of fundamental postulates af
the S-matrix. which the strong interaction physics
must obey. The most relevant postulates are the
Larentz invariance, the unitaritv. and the analyuc-
ity of the S5-matrix.

The Regge theory was motivated by the exper-
imental ohservation that at high cnergies (5 % 1
GeV® ) the hadron-hadron elastic scattering and
diffractive dissociation are mainly Jdiffractive, Be-
cause exchanging a particle in t-channel will guwve
rise to a forward-peaking. diffractive amplitude in
the s-channel. the Regge theory conjectures that
the high-energy hadronic dynamics is driven by t-
channel exchanges.

There is, however., an 1mportant difference
between the Regge theory and the meson-exchange
model used in medium-energy physics. Tt can be
shawn that the exchange of a particle of spin J in
the t-channel will necessarily lead to a total cross

', which diverges with s for J

section o™ {s) ~ 5~
>1.Hence, the naive particle-exchange model wll
lead 1o divergent energy-dependent cross sections,
which has to be rescued by introducing energy-cut-
off form factors. Regge theory overcame this diffi-
culty by not using particle exchanges but by using
trajectary exchanges with each trajectory carrying
a running spin, «{¢), depending an the value of the
exchanged 4-momentum . As a result, the Regge

21—l The c¢russ section no

theory gives o™ ~ 5
longer diverges with s because all trajectories assa-
ciated with the known particles have 2t 0)<Z1. On
the other hand, this last ineguality also imphes
that the contributicn of maost trajectaries will die
off at high energies.

However, it is observed”- experimentally that
the total cross sections do not vamsh asymptotical-
le. In fact, they rise slowly as s increases (see Fig.
1v. If one is to attribute this rise to the exchange
af a single Regge trajectory. then n follows that
In arder to

this trajectory must have atl) = 1.

further account for the fact that at high energies ¢,

=0+ Oty =0 and gy, =o%, as a whole, Pomer-

anchuk f{urther conjectured that this trajectory

must carry theé guantum numbers of vacuum™
ti,e. , B=Q=5S=I=0 and P=G={=+4) with
the exception of its spin a{r). which is not identi-
cally zero but is ¢-dependent. This unique trajecte-
ry has later been named the Pomeron trajectory

(sometimes called Pomeron., P, for briefness .
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Fig. 1 Energy dependence af the experimental o (s) {or pp

and pp elastic scartering at high energies.

The analytic property of the scattering ampli-
tude requires @(z) to be a complex-valued function
of ¢ in general. The connection of a trajectory to a
phyasiwcal particle having mass m and spin J is
Re atr=m"3]=.J. PBecause many particles can lie
on the same trajectory. the exchange of a trajecto-
rv is in fact the exchange of a family of parucles.
In this respect, a trajectory {sometimes also called

o Reggeon) can be considered as a family of

reggeized particles.

3  Gluonic Content of the Pomeron

Phenomenological fits to the pp cross sections
have led te the following linear {form for the
Pomeron trajectory™,

a(ty = a(0) + o't , tLy
where a{3*=1. 08 and &' ={. 20— 0. 25, indicating
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that the lightest Pomeran should have a spin J=
Re[a]=2, amass M=-"7 = 1.9 -2, 2 GeV, and
a positive parity.

Recent experimental data on large rapdity gap
events at HERA gave some evidence for the exis-
tence of the Pomeron. We caution, however, that
Pomeron in these events is asspviated with large
°. It is the so-called “hard”™ Pomeron and is.
therefore. not the original (or the"seft™Y Pomeron
encountered in the Regge theory. which is associ-
In terms of QCD, the hard
Pomeron is in the perturbative (pQCI)) regime
while the
CNpQCD .

Pomeron or vice versa is still an unreselved prob-

ated with small @Q°.

soft Pomeron is nonperturbative

The evolution from hard to soft
lem at this time. The availability of high-quality
data from DESY, TINL, and FNL can also pro-
vide means to explore the dynamics of the Pomeron
exchange. One should, however, keep in mind the
difference between soft and hard Ponrerons when
analyzing the data.

The idea of modeling the Pomeron with two
gluons was originated by Low'-. The maodel was
further developed by Nussinav!®- who rcansidered
more than two gluons. Subsequent more sophisti-
cated considerations led ta the development of
BKFL! and DGLAP™ equatiocns. All these models
use pQCD and all gave an ap(0)Y .3 1. indicating that
soft Pomeron must be modeled with NpQCIDD.
There are many studies of diffractive processes us-
ing hard or semi-hard Pomeron models, which
could be found in the literaturet®,

We now list the arguments in favur of the as-
sertion that Pomeron could be a glueball.

(1) Because particles that carry vicuum guan-
tum numbers cannot be the conventiunal mesons
and baryons, it follows that the Pomeron, if ex-
1sts» would most likely be exotic particles.

(2) In QCD., the simplest model for vacuum
exchange with properties similar to that of the
Pomeran 12 two 1nteracting gluons. Tlis was em-

phasized by Nachtmann who stated thai the * twa-

gluon Pomeron ” has all properties that a Pomeron
should possess™®-.

(3) As mentioned above, models involving
glurns but not gluonic bound states do not give the
correct value of #(0). Consequently. glueballs are
the viable candidates.

Scalar glueballs have been studied extensive-
ly-"-1-1 The coupling strength between a scalar
glueball and nucleon has been also derived with
Ml However, Eq. (1)

rules out spin-0 (the scalar) glueballs. Moreover.

QCD sum rule techniques

Levin argued that the process due to exchanging
scalar particle is not diffractive and becomes less
important as energy increases. Conseguently,
scalar glueball cannot be the Pomeron and from the
discussion given after Eq. (1) the 27" tensor glue-
ball is favored.

The first model for soft Pomeron was the Don-
nachie-Landshoff (DL model. However, the DL
mudel does not have gluonic bound state in it!'*. It
gives-7**- a coupling vertex of the Pomeron to the
nucleon . of the form 38¥* F, (t), which has the
character of a vector coupling, ¥*. implying that
the Pomeron behaves like an isoscalar photon,
Here. 5 is the coupling strength and the factor 3
comes from quark counting rule since there are 3
quarks inside the nucleon. and. finally £, (¢) is the

nucleon isoscalar form factor given':?'1 by

, A M — 28 ¢ )T
Pl(r)_mﬁ—: {“]. tg.l (2"

with 1, =0. 71 GeV2 (One can immediately see twa
serigus problems with the DL model. Firstly. the
¥* coupling is dubious as it changes sign under
charge conjugation, thus, in contradiction to the
vacuum character of the Pomeron. Secondly. the
form factor F,(¢) has pole-singularities in ¢ and is
manifesily not crossing symmetric. In our view,

the DL

s-channel data and ignored the analytictty., There

model was only constructed to fit the

are other criticisms of the DI. model and can be
found 1in Ref. [15].
In summary. it is

reasenable to  believe
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Pomeron being a glueball, The only viable candi-
date seems to be the tensor glueball with quantum

pumbers I =0%*2%*" and a mass 1n the 2 GeV re-

gion.
4 Pomeron and Tensor Glueball

In 1986. MARK X collaberation® at SLAC
observed narrow resonances, nameld £, in the decay
of 1/¥ to KgKsand K*K ™ channels. It was report-
ed that M;=2 230+ 15 MeV and I'e= 18%{{ + 10
and 26T8 4+ 7 MeV., and that J = {(even)>**. Ar
the same time, Alde et al. also gbserved!' a broad
enhancement (['<X150 MeV') at M=2 220 MeV 1n
the reaction x”p— aX., X— n7. The § was alsa
seen'® in K2KEand in the WASL collaboration-'T at
CERN. However, it was not seen 1n T decays and
in inclusive B decays. In 19%5. BES collabora-
ton™ at BEPC the
£(2 230) in the radiative decay of the J/¥ to pp,

reported observation of
KtK™, KiKi, atn™ two-body channels. It was al-
so reported that the data suggest a spin >2. How-
ever, the £(2 230) was not seen in experiments pp
- K"K, KsKs. @F. x* . In our opinion. these
seemingly contradictorv experimental results could
be an indication that the two-body decay channels
is only a small fraction of the total £(2 230) decay.
Indeed. the uncertainty on all the measured total
width of £ is of the same size as stztistical errors.
Measuring all the decay modes of the €. including a
repetition of the BEPC experiment with a much im-
proved statistics, will help clarify the situation.

The existence of a tensar gluehiall 27* in the
mass region of 2. 2 GeV is expected {rom many the-
oretical considerations*!. A mass-relation analysis
of all the cbserved isoscalar tensar states indicates
that while most of the tensor states are g — glue
hybrid states. the §(2 230) admits 4 pure glueball
solution.

Since the BEPC collaboration observed & 1n the
J/¥—¥E; E— Pp reaction and since the Bp channel

is related to the pp channel by crossing symmetry,

it 15 of value to investigate contributions by £ to
high-energy pp scattering. In particular, because
pp elastic scattering is purely a diffractive process
in which no quantum numbers are exchanged be-
tween the colliding particles. it creates ideal condi-
tons for investigating the Pomeron.

The idea of the analysis[**- of Liu and Ma is
that if the Regge-exchange of £ can describe the ob-
served pp elastic scattering as prescribed by the
Fomeron, then the agreement would be a strong
indication that the £(2 230) meson is a Pomeron
and a glueball. In the following., we clucidate the
key results of that work[#.

The s-channel pp elastic scattering is shown

by the diagram in Fig. 2. The corresponding
t - channel pp scattering is shown in Fig . 3. The
1 T3 3
P e > P
Pomeron
p - ——— 1
2 T 4
Fig. I Schematic representation of the Pomeron exchange
model for pp elastic scatrering at hugh energy wn
s-channel.
5 £ (2230) P
IGJPC =0+1++
r B
Fig. 3 Schematic representation of pp elastic scattering 1n

t-channel via the formation and decavy of the tensor

glueball £¢2 2300,

crossing symmetry relation {omitting spins) is

Appepp (541) = A (2.5 . (3)
It is very important to notice the ordering of Man-
delstam variables 5. ¢ in Eq. (3). This equation
shows that the scattering amplitude 1 the schan-

nel. A, . e can be cbtained from the calculations
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of the t-channel amplitude A, .., by analytcal con-
tinuation. and vice versa.

It 1s. however, physically more trunsparent to
start with the Regge amplitude n the t-channel.,
which has a clear identification with the Feynman
diagram of formation and decay of the cxchanged
particle {see below and Fig. 3}. Tle t-channel
Regge amplitude in the helicity basis is

:1‘;%;4; :],15{3 I

CamiZa b ey (— 1 T =

=

sinwia + A )
iz ) 140
The Bate) = 8o, .
= ¢1 s the Regge residue. The A is the helicity of

where C\=1/3, §=1¢., t=.. Ry
the particle 7, and @ = a(z) is the trajectory spin.
In Eq. (1), we have introduced for clarity the vari-
ables 5 = ¢z and 7z = 5 which denote. respectivelv.

the total ¢. m. energy and the momeniunr transfer

in the t-channel.

The crossing-symmetry relations betwren
spin-dependent amplitudes are
:;;w——pp\ ":I'li"il'.'z (5 ,f)
= -2(":,"45"2' s “'A:gf'"' T 23 57

Since there are five independent helicity ampli-
tudes ., & is a 5 5 unitary matrix.
The Feynman amplitude due to exchanging
(2 23027+ s
4w (2.0, + 1)
5

B (tes) = — 4ME 5
(A, | e# () A A d )l (=) . (B)
with
. Hf;a G H (1)
= M. — MJE,
7
where A=A, — ;. A= A&—4,, and 1) denates the

(A4, |t. wle(z) | Alalj} =

form factor of the £pP coupling vertex in the helici-
1y basis and (7 is the coupling constant. Further-
more, Mc=2.23 GeV , I, =154+ 6 MeV are the
mass and the total decay width of &2 2307,

The reggeization of f-exchange was realized

through projecting the discrete spin value of J: onto

the continuous spin @ of the Regge trajectory and

the result 1s?

.ty =— Re[e'] AMIGy H o, i (1) -
G.H a2 . (8)
Ey. (%) gives a Feynman description of the “residue
factorization” used extensively in the Regge theo-
ry. which also answers why we prefer to start with
the t-channel amplitude. We may also notice that
the factorization of the Regge residue # is achieved
at the same time of the reggeization.
The GH 1s directly related to the partial decay
width 1. . ; through .

Lo = Im ()]

ME a2
- 1 M lq"?‘lG,H,,ﬁ,,rE(q;)l-- (9)

2 ME 167" =
B

with ;= ME/4 — M (which we denote ¢,) and A=
A— A,. Eq. (9) shows that the vertex GH can be
ohtuined from calculating the self-energy It} of
the tensor state or {rom measuring i, Con-
versely, ane can determine GH {rom pp scattering
and to use 1t to predict M. ;5. The relevant equa-

twons are-

1 “ix
ahy = o5 E Im [ 13:1{,1”2:”#0

SA]l‘rJA]:

_ %Imft}.}f[“ b B ) s (10)
and

dat 1 N .
- A a
de 16w’ =, e,

EAC R ]

=Ly )
lo7s

[ IV e T {11

In the above egquations. 27" (;=1,3,5) are three

of the five independent helicity amplitudes carre-
sponding respectively to (A7 A4 = (+ +; +
+ — 3. 4+ +: -+ — ). The second

equality in Egs. (10) and (11} is due to ¢rossing

— 3, {— —

svmmetry properties of the amplitudes.

It s advanizageous o model the form factor H
in the L.S5-basis because in this laiter basis the form
facter has a well-known | g !’ threshold behavior

that can be explicitly incorporated into the model.
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The helicity basis is related to the LS-basis by a

unitary transformation. Hence,

S GH @1t = SIGuFis' ()

1
where F,5 and G;s denote, respectively, the form
factor and the coupling constant in the LS basis.
For the pp system with J*=2%%, the parity con-
servation leads to L=1. 3 and §=1 only. 1f the
form factor is defined in such a way that F, ,_,{z=
MEY=1. then
Iwgp o {gharism + £ioiamn) (13)
We have pointed out that the form factor in
the DL model is singular. It has two poles 1n the
vaniable ¢: one at +=4M?, the other at t =0. 71
GeVE:. Although these t-poles occur at ¢2>0 and do
not cause trouble in fitting the s-channel pp scat-
tering (where :=_(}), they do prevent the use of the
DL form factor in the crossed (i.e. . the pp? chan-
nel where :>> 0. Hence. the DI. model is not good
for Regge analysis where analyticity and crossing
symmetry of the amplitude are required. Liu and
Ma used the following crossing-symmetric and sin-
gularity-free form factor!J,
o) = (=0
i e 1 4o
R{—=z) + E'“:'J [R(_r,) + e

where t. =M. The first numerator {¢/4 — M, )" (to

J < (14

be denoted f.) equals to g*f. Tt gives the threshold
g"“-dependence of the F,. Thus, it is easy ta see
that F (t.)=1.

In Eq. (14), x,= (t —2M,)/A and x,= (1 —
2M2) /AL, The function R is defined by

ax

€

1157

which is analytic and rapidly changes from © to 1

Rix) = %(1 + tanh{ar)) =

when x changes from (0} to ¢. with 2 controling
the transition speed at x=0. With «>10, R will
be very close to a step function but does not have
the discontinuity of the latter. In facc. R and F,

are infinitely differentiable. Conseguently. the

form factor is a continnous function of . Because it
does not have singularity in either s- or t-channels,
it can be used to make analytic continuation of the
scattering amplitude between the direct and crossed
channels.

In the physical domain of the t-channel {i.e. .
rAMEY . [F o Flexple/A2] 7 % [1+expl(—
/A ]~ trexp(—2t/A) — 0 when t— +oc, ex-
hibittng the correct energy behavior in the t-chan-
nel. We can see that in the t-channel the A, con-
trols the form factor. In the s-channel, =< 0.
Hence, R{—ux.)=1 and R(x,) == 0. It follows that

fi
(1 —e)*e8)"

L

[Fin)]) =

P> — oo F 4
. [E_J”z']z-

Hence. A, controls the form factor in the s-chan-

(163

nel.

The [F ()] of Eq. (16) is the counterpart of
2.¢¢) of the DL model. A first-order expansion of
the denominator in the last egnation gives
exp {—/A8)== {1 — /%) .

Eq. ¢2). we see that A} plays the role of t,. This

Comparing this with

compariscon also shows that the (1—z/¢,7 of the DL
form factor is just an ad-hoc parametrization. The
deficiency of using the monopole form factor was
discussed in more detail in Ref. [22]. As to the
(irst dencominator (4M:-—- 1) in Eq. (2). we note
that 1t has its roots in the kinematical singularities
in the t-channel. which must be removed from ana-
lytic amplitudes. Many methods of regularization
are given in the literature. In Ref. [22] the regu-
larization was achieved through the use of Eq. (14)
where the threshold behavior ¢* cancels out the
In brief,

poles of the DL form factor do not lead to numeri-

kinematical singulanty. although the
cal trouble in fitting the s-channel data. their exis-
tence 1s not consistent with the analyticity and
would lead to difficulties in interpreting correctly
the values of the parameters cobtained.

Equations (10) — (15) were applied to the

analysis of pp elastic scattering at high energies.
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The results of predicted partial decay width e
from the measured pp total and differential cross
sections are given in Table 1. The width are about
1. 5 1o 2 MeV., This narrow width may explain
why 1t can only be determined with certainty by
means ol high-statistics measurements.

We note that the BES collaboration cited near-
ly equal branching ratios [or the four observed de-
cay modes of & Using these equal hranching ratios
and the above N (5=1.5—2. 0 MeV . we conclude
that the total decay width ', is, at least. § MeV.
In subsequent publicationsl?! the BES collabora-
tion also reported the observation of $—=="x", ¥,
7. Assuming again equal branching ratios. we
will have I'i. ; increased to —~ 14 MeV, which is
still compatible with the published estimatest™™,

The 2-body decay is most likely only a small
part ol the total decay of the §&. When all the many-
body decay channels are included, such as §&= 4=,

the '™ could turn out to be very large. Becausc at

the present time the reported width in each decay
channel is almost exactly equal to the experimental
resplution width and because of the still unsettled
experimental situation mentioned at the beginning
of this section. it is of capital importance that
§¢2 230) be measured with much more improved
resolution.

The spin of the & has not been suggested to be
identified with 4 because of an tnsufficient statistics
that prevented one from either making or rejecting
this identification. Our calculations also tend to fa-
vor J; =2 and exclude J:=4. This is because by
panty conservation the lowest partial wave for a J
=4 particle coupled to a pp system must be L.==3 ,
Tahle ] shows that the contribution from L =3
{i.e. gi—1 5=} is already very small in the case
with Je=2; inferring that J:= 4 being a very un-

likely possibility.

Table 1 Predictions of decay width of the tensor glueball into pp channel, Fe. .

from the measured pp cross sections at v 5§ =53 and 62 GeV

v ¢ [Ge¥ A./GeV A/GeV Ei—1.7—t £i1=3.5=) e vpp/MeV
53 0.65 — G. 467 F.43 — 3044 1.13 — 1. 14 2,205 — 0. 2849 1.85 — 1,88
62 O.66 — u. Ak .35 — 407 .Y — 113 G.277 — 0.360 1.65 — .03

S5 Conclusions

The soft Pomeron predicted by the Regge the-
ory cannot be conventional mesons or baryons, ner-
ther can it be scalar gluehalls. It 1s most likely to
be a Regge trajectory of tensor glueballs. Our
model ‘of 2%*-exchange is compatible with che
high-energy pp data and predicts important result
about the width of the &€ meson. In view of the fact
that only the Pomeron trajectory domunates the
high-energy pp scattering and that only exotic par-

ticles such as the tensor gluehalls can carry the
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