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Abstract: We study the gluonic content of the Pomeron through relating the Pomeron trajectory to

the observed I¢ J"©=072"" isoscalar tensor mesons. Four of these mesons satisfy the spin-mass

relation of the Pomeron. These Pomeronian candidates may be hybrid states. One of them, the

f, (2 220) meson, can have a predominant glueball component. We address the unsettled experi-

mental situation about the width of this meson and give a theoretical lower bound for it. We also

show why this meson has not been seen in pp experiments.
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1 Introduction

Before the advent of the quantum chromody-
namics (QCD) field theory, Regge theory was suc-
cessfully used in describing and predicting hadron-
hadron elastic scattering and diffractive dissocia-
tion™ . Although Regge theory is not a field the-
ory. it is based upon a set of postulates (or axi-
oms) about the S-matrix, which is believed to gov-
ern the strong interaction physics. Consequently,
the Regge theory can not be completely disconnect-
ed from QCD. In Regge theory, mesons and bary-
ons are organized into families of trajectory (the
Regge trajectories or Reggeons) which play an im-
portant role in hadronic dynamics. The most tanta-
lizing prediction of the theory is that when the in-
teraction energy becomes very large only one traj-
ectory contributes to hadron-hadron elastic scatter-

ing. This unique trajectory is called the Pomeron

* Received date: 28 Sep. 2007 ; Revised date: 23 Feb. 2008

trajectory or Pomeron, named in honor of physicist
Pomeranchuk™. The members of the Pomeron
trajectory all have the quantum numbers of a vacu-

um except their spins.

Although no particles that fit the Pomeron
properties were observed during the heyday of the
Regge theory, many new particles have since been
discovered thanks to a new generation of accelera-
tors. Some of these particles may be the glueballs
predicted only by the QCD theory. As a result of
this progress, there is a surge of interests in under-
standing the success of the Regge theory through
connecting glueballs with the Pomeron. Because
glueballs are bound states of the gluons, they can
only be understood in terms of non-perturbative
QCD. An establishment of the Pomeron-Glueball
link could aid our understanding of non-perturba-

tive QCD.
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The Pomeron is a successful mediator in de-
scribing high energy strong interaction diffractive
processes, such as pps pp, and y* p—>Vp with V
being the vector mesons w, ps J/¢» ¢ and v. How-
ever, the gluonic origin and particle nature of the
Pomeron are still unknown at present. No known
particle lies on the Pomeron trajectory. Most cur-
rent studies of Pomeron physics are in conventional
level in which people analyse the Pomeron coupling
to the nucleon and derive the intercept ap (0) and
slop a'p of the Pomeron trajectory ap(¢) = ap(0) +
o'p t. Namely, they are phenomelogical studies. In
this paper we investigate the Pomeron physics
using the fundamental theory of strong interaction
QCD and initially study the gluonic origin and ten-
sor glueball nature of the Pomeron. We point out
the Pomeron could be a tensor glueball with mass
of 2. 23 GeV, decay width of I'. =~ 100 MeV and
quantum numbers I°J% =07 27", This is a very
important point of our present paper. According to
our best knowledge, we have not found, so far,
any other publications in literature which has pro-
posed the same idea as ours.

The paper is organized as follows: In section
2, we recapitulate the main results of the Regge
theory on the Pomeron. In section 3, we discuss
the gluonic content of the Pomeron. We show in
section 4 the connection between the Pomeron and
tensor mesons with a focus on the f,(2 220)/&
meson because of the reported flavor-symmetry de-
cay and the unsettled experimental situation. We
give a lower bound for the width of &, with which
the seemingly opposing results given by different
experiments can be explained. The conclusions are

given in section 5.

2 Regge Theory and Pomeron

Unlike QCD field theory, the Regge theory
does not involve gauge particles. Instead, it ex-
plores the consequences of a set of fundamental
postulates of the S-matrix; in particular, the

Lorentz invariance, the unitarity, and the analytic-

ity of the S-matrix. The Regge theory was motiva-
ted by the experimental observation that at high
energies the hadron-hadron (hh) elastic scattering
and diffractive dissociation are mainly diffractive.
Because exchanging a particle in t-channel will give
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 important difference
between the Regge theory and the meson-exchange
model used in medium-energy physics. It can be
shown 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 ¢*' (s) ==’
>>1. Hence, simple particle-exchange models will
lead to divergent energy-dependent cross sections,
which have to be cured by introducing ad-hoc ener-
gy-cutoff form factors. Regge theory overcame this
difficulty by not using particle exchanges but by
using trajectory exchanges with each trajectory car-
rying a running spin «(¢), which is a complex-val-
ued function of the exchanged 4-momentum z. The
connection of a Regge trajectory, «(¢), to a physi-
cal particle having mass m and spin J is that | =
Ge [a(t=m") ]. In other words, a Regge trajectory
or a Reggeon is a family of reggeized particles con-
strained on a spin trajectory a(z).

As a result of trajectory exchange, the Regge

theory gives ¢ &= s 7',

Because all the trajecto-
ries associated with the known particles” have
a(0) < 1, the cross section no longer diverges. In
fact, this last inequality implies that the contribu-
tion of a given trajectory will die off at very high
energies. However, experimental total cross sec-
tions do not vanish asymptotically™. Instead, they
rise slowly as s increases. The high-energy total
cross sections of the pp, pp, ®  p» m p reactions

are found to follow the energy dependence!®

Ot = As® %% 4+ By %% (mb) , (D

where A and B are constants. The appearance of a
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universal exponent 0. 080 8 indicates unequivocally
that if one attributes this mild rise of the cross sec-
tions to the exchange of a single Regge trajectory,
then this trajectory has «(0) =~ 1. 08.

The s-dependence of the cross sections is
shown in Fig. 1 where at high energies ¢ (pp) =
o(pp) and 6(x" p) =0(x p). The equality ¢Chp)
=45(hp) at very high energies was foreseen by Po-
meranchuk™ . In order to account for it, this
Regge trajectory must carry the quantum numbers
of vacuum, except its spins. In other words, it has
B=Q=S=1=0and P= G = C = -+ but
with spin J given by «(z). This unique trajectory

was named the Pomeron trajectory (or Pomeron).

80

i P sl sl el PRI
10? 10° 10* 10° 10°
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Fig.1 The s-dependence of the total cross sections for vari-
ous reactions.
The top two curves denote pp and pp elastic scattering while

the low two curves stand for = p and =~ p elastic scattering.

Although the Regge trajectory o (¢) can be a
nonlinear function of z, it can be well approximated
by a linear function at low ¢’s. For the purpose of

studying the Pomeron, it suffices to use the form
a(t) = 1.08 +4a't . (2)

In contrary to a(0) . the value of the slope o is less
unanimous. The most extensively quoted value of
o« =0.25740. 02 was first given in Rel. [6], resul-
ted from fitting the slope of the pp elastic differen-
tial cross sections at small momentum transfers.

There are two other methods that have been used

for determining the «’. One method used an effec-
tive trajectory approach (£6. 8e of Ref. [2]) which
gave” an o =0.2010. 01. The other ') used the
600 (5) /00 (s) = 16 (b + 24" In(s)),

with & being the slope of the experimental elastic

relation™”

diffraction peak. The pp total and elastic cross sec-
tions then gave™ an o'= 0.2040. 02. Hence, the
last two methods gave the same result.

One should note, however, that the analysis
of Ref. [6] that led to «' = 0. 25 is model-depend-
ent. More precisely, the theoretical formula em-
ployed for fitting the data was based on a phenome-
nological quark model and on valence quark count-
ing rule. Consequently, it is not possible to know
the systematic uncertainty of the o , arising from
using such a theoretical model. In contrast, the
methods of Refs. [2] and [ 7] are model independ-
ent. In particular, in spite of the use of very differ-
ent data sets, these two different methods gave the
same o'. For this reason, the value of «' = 0. 20
should be chosen.

In Fig. 2 we plot the Pomeron trajectory zone
defined by different values of «'. We also plot, in
ascending mass order, the isoscalar tensor reso-
nances f,'(1525), f, (1 565), f, (1 640),
f,(1 810), f,(1950), {f,(2010), {,(2150),
f,(2 2200, {,(2 300), {,(2 340). As we can see,
the £, (2 010), {,(2 150), {,(2 220) are inside the
zone bordered by the solid lines. The f, (1 950) is
marginal because it is inside the zone only when the
higher value of 0.25 (the chain-dotted line) is
used.

To this end, we caution that in the literature
two kinds of Pomerons, hard and soft, have been
discussed. The hard Pomeron is associated with
large momentum transfer. Recent experimental da-
ta on large rapidity gap events at HERAM! gave

some evidence for the existence of large Q* . hard

% The uncertainties were not given in the original articles and are the results of refitting the same inputs by us.

% % More precisely, the relation is 6% (s) /6 (s) =167 (b + 24" In(s)) /(1 + ©?) with p being the ratio of the real to imaginary parts of the for-

ward amplitude. However, in the energy region of interest, (p*+ 1)==1.
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Fig. 2 Zone of the Pomeron trajectory.
The threshold of pp is at t =3. 25 (GeV)? where the open
squares stand for 10 isoscalar tensor resonances as we dis-

cussed in Sect. 2.

Pomeron. It is not the original or the soft Pomeron
conjectured in Regge theory; the latter is associat-
ed with small Q*. The four tensor resonances men-
tioned in the previous paragraph are, therefore,
the candidates for the soft Pomeron. In terms of
QCD, the hard Pomeron is in the perturbative
(pQCD) regime while the soft Pomeron must be
studied with non-perturbative method. The evolu-
tion from the hard to soft Pomeron or vice versa is
still an unresolved problem. There are many stud-
ies of diffractive processes using hard or semi-hard

[5,9]

Pomeron models We shall not discuss these

models and will concentrate on the soft Pomeron.

3  Gluonic Content of the Pomeron

In QCD, the simplest model for vacuum ex-
change with properties similar to that of the
Pomeron is two interacting gluons. This was em-
phasized by Nachtmann""', who stated that the
two-gluon system has all the properties that a
Pomeron should possess. The idea of modelling the
Pomeron with two gluons was originated by

[ The model was further developed by

[12]

Low
Nussinov''* who considered more than two gluons.
Subsequent and more sophisticated considerations
led to the development of BKFL!'* and DGLAPH"
equations. All these models use pQCD and all gave
an ¢(0)>1. These studies indicate, therefore, that

models involving gluons but not bound gluons can-

not describe the soft Pomeron. Consequently, if
gluons are the constituents of the soft Pomeron,
they must be in a bound state.

The existence of bound states of gluons (the
glueballs) is a consequence of self-coupling of glu-
ons in QCD. Lattice calculations and other theoret-
ical models''® ') have predicted that the lightest
glueballs have J™= 017 (scalar glueball) and 277
(tensor glueball).

Although scalar glueballs have been studied

07181 they cannot be the soft Pomeron

extensively
because spin= 10 is ruled out by Eq. (2). Moreo-
ver, Levin noted™®” that the process due to exchan-
ging scalar particle is not diffractive and becomes
less important as energy increases. From the dis-
cussion given after Eq.(2), the lightest soft
Pomeron must have spin J=2. Fig. 2 indicates that
four J =2 isoscalar tensor resonances in the 2 GeV
mass region are compatible with the Pomeron traj-
ectory. Can one of them be a tensor glueball?
Calculated glueball spectra predict™® ¥ 27 that
the lightest 27" tensor glueball has a mass about
(2.240. 3) GeV. Because in lattice calculations
the quark masses are taken to be infinite and the qq
loops are neglected, the mixing of qq and glueball
states can not occur in those calculations. Howev-

2++

er, the existence of a tensor glueball in the 2

GeV mass region is also predicted by other theoret-

ical models®" %7,

In addition, a mass-equation
analysis of all the observed isoscalar tensor states
has indicated"®” that while f,’ (1 525) and f, (1 640)
are definitely quarkoniums, the tensor states of
larger masses can be qq-gluons hybrids. The mass
equation also has a solution corresponding to
f, (2 220) being almost a tensor glueball.

In summary, the soft Pomeron can not be un-
bound gluons or scalar glueballs. The pomeronian
candidates have I°(J™)=0" (2"") and a mass in
the 2 GeV region. Some analyses suggest that they
are hybrid states and one of them, the f, (2 220),

may be a tensor glueball.
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4 f£,(2220)/& Meson

In 1986 the MARK III collaboration"** at
SLLAC observed a narrow resonance, named &, in
the decay of J/¢ to KsKs and K" K~ channels. It
was reported that M,=(2 230415) MeV and I'.=
(18%,; £10) and (2675 =7) MeV respectively,
and that J™ = (even) ' ".
et al. also observed™? a broad enhancement (I" <C
150 MeV) at M=2 220 MeV in the reaction =~ p—
nX, X— 7171" The & was also seen™’ in KKS and
in the WA91 collaboration™ at CERN. However,

At the same time, Alde

it was not seen in y decays and in inclusive B de-
cays. In 1996, BES collaboration'®® reported the
observation of £(2 230) in the radiative decay of
the J/¢ to pp, K"K, K¢KL. n' n channels. The
data also suggest a spin J =2 or 4. However, the
£(2 230) was not seen in experiments’
K"K, KsKs, ¢, ' n .

seemingly contradictory experimental results do

* pp —

In our opinion, these

not necessarily rule out the existence of £. We will
come back to this point toward the end of this sec-
tion. In the following discussion we will use inter-
changeably the notations f,(2 220) and &.

Because the BES collaboration observed & in
the J/¢— v&; £€— pp reaction and because the pp
channel is related to the pp channel by crossing
symmetry, it is of value to investigate contribu-
tions by & to high-energy pp scattering in the
framework of Regge theory. In particular, because
pp elastic scattering is a diffractive process® in

which no quantum numbers are exchanged between

the colliding particles, it is an ideal place for inves-

tigating the Pomeron. If the Regge-exchange of a
tensor meson can describe the observed pp elastic
scattering as does the Pomeron, then it would be a
strong indication that meson is a Pomeron.

We have carried out such analysis in Ref.
[31]. The original analysis was done for the &, we
now extend it to all f, mesons of interest. Al-
though the Regge analysis alone is not sufficient to
uniquely determine which tensor state is the
Pomeron, as we shall see, it gives a definite pre-
diction on the partial decay width I'; .,; which can
be used to analyze experiments to pin down the
Pomeron. Once the identification of the tensor
meson to the Pomeron is achieved, the gluonic con-
tent of that meson will be the gluonic content of
the Pomeron.

The results obtained from applying the theory
to fitting simultaneously the pp total cross section
and to the diffraction peak of the pp elastic differ-
ential cross sections are summarized in Table 1. The
form factor ranges (., A,) and the coupling con-
stants (g, , g;) are result of the fit. On the other
hand, the partial decay widths Iy . ,; are theoreti-
cal predictions based on the fit (see Appendix).

As mentioned at the beginning of this section,
there are currently opposing experimental results
about the existence of the f, (2 220)/& meson. In
particular, this resonance was not seen in the pp
experiments, which seems to contradict the results
reported in Ref. [28]. We believe that the partial
decay width given by our analysis can shed lights
on how to understand the unsettled experimental

situation.

Table 1 Predicted partial decay widths to the pp channel from the pp scattering at/s= 53 and 62 GeV
Mesons Js /GeV As/GeV A/ GeV g1 g3 F[z - oo/ MeV
f,(2 220) /¢ 53 0. 65 0.67 3.79 3.82 1.70 1.72 0. 00 0.02 1.94 1.99
62 0. 66 0.68 3.74 3.79 1.67 —1.70 0. 00 0.01 1. 88 1.94
(2 150) 53 0. 66 3.88 — 3.99 1.53 — 1.56 0.00 — 0.04 1.49 — 1.53
62 0.67 3.89 — 3.96 1.49 — 1.55 0.00 — 0.05 1.41 — 1.53
f,(2 010) 53 0. 66 0.67 3.42 .35 1.04 1. 18 0. 00 0. 54 0.70
62 0.67 3.94 — 4,18 1.12 — 1.15 0. 00 0.62 — 0.65
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(a) We see from Table 1 that the partial decay
widths of all the f, mesons are extremely narrow.
Furthermore, g;<< g, indicating the {-wave (L=
3) component of the vertex is negligible. Both are
the consequence of the fact that the masses of these
mesons are very close to the pp threshold. The
narrowness of the partial width indicates that the
pp decay channel must be a small part of the total
decay of these f, mesons.

(b) The BES collaboration reported similar
branching ratios(BR) for &= pp, K"K, KK,
n' n  decay modes. In subsequent publica-
tions™? **) the BES collaboration reported the ob-
servation of &= n"x", 7. Tml , 7)’7)’. It is indicated
that the BR for n’x” is similar to that for =" = .
However, in Ref. [32] the width I was not given
by the analysis but was prefixed at 20 MeV. As to
the BR for . 7)71” 1,’ 1,’, a much higher upper
bound was given™. Assuming equal BRs for all
these 8 decay modes and taking from Table 1 the
average value of I'. . ,; = 1. 94 MeV, we obtain a
I~ 16 MeV. Taking into account the experi-
mental uncertainties of the widths given in Ref.
[28], this 16 MeV width represents already the
observed value, implying there are no other decay
modes left unobserved. This is a very unlikely pos-
sibility.

It was also reported in Ref. [28] that the BR
of & decaying into " n is equal to or less than
2%. Assuming again equal BR, then the 2%-frac-
tion and I'.. ,, = 1. 94 MeV imply that ' = 1. 94/
0.02 = 97 MeV which is very large compared with
the value of ~20 MeV given in Ref. [28]. In order
to obtain 20 MeV, the 2%-fraction would require
the predicted I'.. ,, to be reduced by a factor of 5,

i. e. » reducing the coupling constant g, by a factor

of /5. We could not find such a solution in our
analysis. Referring to Fig. 1, one can see that at s
=2 800 to 3 600 (GeV)?, the Pomeron exchange is
already a good description of the data. This led us
to believe that the uncertainty of the prediction, as

could arise from assuming the Pomeron exchange

alone, cannot be as big as a factor of five. Conse-
quently, we believe that the currently reported I't"
=(22£8) MeV' is most likely an underestimate.

(¢) A broad width is also consistent with the
non-observation of a resonance structure in the
2. 23 GeV region in the pp experiments-*!, We re-
call that there are many broad resonances in the
neighborhood of 2. 23 GeV. Consequently, to pp
reaction cross section is given by

Cd3jCjsa f(t)

(%)a'a - ZSM?+iMjF}O‘ s (3)

where s and ¢ are the total energy and the momen-
tum transfer, f(¢) is the #-dependence of the dif-
ferential cross section. The indices a¢ and a’ de-
note, respectively, the initial (pp) and the final
(hh) channels, with ¢;,,ocI"?, and ¢, ,;oc T'V?, be-
ing the coupling of the initial and final states to the
resonance j. Clearly, a resonance structure will
not show up in the energy dependence of the cross
section if ¢;,, =0, i.e., if the resonance j does not
exist. However, we advocate that even if the reso-
nance does exist the structure may still not be seen
in the data.

We have examined the general feature of the
energy dependence of the pp—hh reaction by firstly
considering the case where only one single reso-
nance, the f, (2 220)/&, contributes. Our calcula-
tions have shown that the shape of this energy de-
pendence is very sensitive to the value of the I'}".
A resonance peak can be clearly seen in the mass
region 2 200 to 2 500 MeV when I'Y"" is narrower
than 50 MeV. However, the peak is no longer sig-
nificant when I't" is 75 MeV, and disappears when
I'?" reaches ~ 100 MeV. This last value is in line
with the 97 MeV mentioned in (b). We have also
noted that including other resonances in the calcu-
lation led to a further reduction of the peak-to-
background ratio but left the above main feature
unaltered.

The pp experiment of Ref. [29] only scanned
the mass region 2 222. 7 to 2 239. 7 MeV. Conse-
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quently, that experiment can only confirm the ex-
istence of a narrow f, (2 220) /& resonance. In other
words, a non-observation of the resonance struc-
ture is not a sufficient ground for rejecting the ex-
istence of &, as it may just indicate that & has a
broad width. Our analysis puts, therefore, a lower
bound of about 100 MeV for I'Y™.

(d) It is generally accepted that the total decay
width of a tensor glueball is narrow. However,
current theoretical methods are still incapable of
giving a quantitative statement about this narrow-
ness. It is unclear whether 100 MeV is too broad

for a glueball.

5 Conclusions

The lightest particle that can be the soft
Pomeron must have a spin of 2 and a mass in the
2.2 GeV region. Three isoscalar tensor mesons,
£,(2 010), f,(2 150), and f,(2 220) /&, fit this re-
quirement. Regge analysis can predict the f,— pp
partial decay width which, when used in combina-
tion with the experimental branching ratios, can
determine the total decay width of the meson.
Comparison between the theoretical and experi-
mental total widths will pin down the Pomeron.

There is a great deal of interest in the
f,(2 220)/& meson because the reported'® flavor-
symmetry decay and narrow width of this meson fit
what one expects from a glueball decay. However,
the experimental situation is far from being set-
tled. In particular, the & was not seen in the pp—>
n’n’, qn experiments. Our interest in the & is re-
lated to the search for Pomeron, as this meson,
with spin 2, is situated on the Pomeron trajectory
(cf. Fig.1). Our analysis has shown that the &
must have a width much broader than the reported
22 MeV. A broader width does not necessarily rule
out the & as a glueball, but it does explain why the
meson cannot be seen in the pp experiments.

We have noted there are other tensor states
that satisfy the Pomeron trajectory, among others,

the f, (2 150) and f, (2 010) mesons. However,

good experimental information about their decay to
the pp channel is sparse. Better information on the
branching ratios of their various decay modes will
allow analysis to be carried out at the same level as
for the &.

If the spin of f;(2 220)/& is confirmed to be 2
and if the improved measurement gives a width
compatible with what has been inferred from our
Pomeron analysis, then the & can be identified with
the Pomeron. In this case, the Pomeron will be a
tensor glueball or at least have a dominant tensor
glueball component. It is, however, still of great
interest to carry out more detailed experimental
studies of the f, (2 150) and f, (2 010) mesons as
well as more refined theoretical studies on the glu-
onic content of their wave functions. By comparing
the decay branching ratios of these two mesons
with those of the &, one would better understand
the Pomeron.

Finally, we note that other diffractive proces-
ses where the Pomeron exchange is believed to be
dominant, such as diffractive dissociation of had-
rons, electro-production of vector mesons from the
proton, virtual Compton scattering, etc. , should
also be used to improve our understanding of the

soft Pomeron and tensor states.

6 Appendix

We recapitulate the key results of Ref. [31].
The standard definition of the Mandelstam varia-
bles, helicities, and residue functions are em-
ployed. The t-channel Regge amplitude in the heli-
7.

city basis® is.

A;;)A“).I/\E (;92) -
— 4 (2a + DBy (D) (— D %[1 +(— 1]
sin(a +21")
i (2, )

X

C

where C; =1/2, s =¢, t =s5s. The By () =
Bisa, sayi (s) is the Regge residue. The A; is the heli-
city of the particle i, and = « (1) is the trajectory

spin. In Eq. (4), we have introduced for clarity the
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variables s and ¢ which denote, respectively, the
total c. m. energy and the momentum transfer in
the t-channel.

On the other hand, the Feynman amplitude

due to exchanging a meson of spin J, is

AD s (s 9 = —4 M} fn ). ¥ D) (2]22 Do
Qad | M) | 2y A5) dly (20 )

with
Azdy | M2 () | A A9)
B Gy Hiz (DG, Hiz (D
zt—M§2 +iM, Iy, ™ '

(6)

InEq. (6), J,=2, A =2 — A3, and A’ = Az —A..
The H(z) denotes the form factor of the pp f, ver-
tex in the helicity basis with G being the coupling
constant, and M[2 s F};" , respectively, the mass and
the full(total) decay width of the f, meson.

The reggeization of f,-exchange was realized
through projecting the discrete spin value J, onto
the continuous spin value « of the Regge trajectory

and the result ist"

Bu (1) = —ax’ AM GvH oy, (OGH 00 (D)
7
where o'x= Re[a']. Eq. (7) gives a Feynman de-
scription of the residue factorization used exten-
sively in the Regge theory, which also answers
why we started 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 is directly related to the partial decay
width I' . 5 throught*’

%F{Z spp — Im I:H{Z (Z)]
M | q. | )
— C,M?‘Z T DG H (@) [P (8

A

where ;= t¢,/4 — M= M%Z /4 — M:and A = A, —
2;. The g, is the on-shell pp relative momentum in
the c. m. of the meson. Eq. (8) shows that the
vertex GH can be obtained from calculating the

self-energy II;, (#) of the tensor state. Conversely.,

one can determine GH from pp scattering and to
use it to predict I .
The s-channel amplitude is obtained through

crossing-symmetry which reads

() —
(pp = pp) AzA, 54y 4,

a o (9)
4 /13/11/\1/\2:/1§/1 1/\1/1§ (pp—~ pp)/\EA ,1:/\1/\3'

Since there are five independent helicity ampli-

tudes, % is a 5 X 5 unitary matrix®®. The cross
sections are given by!*!
1 As
o = 2 2 Im[<'~/§:;;,1;A]Az] | i=o
‘5/13/11;).1).2
= S Im[4/ P +840T [ 0s (10)
2s
and
de™ 1 . ‘
_ ACHRNE
1 1|2 D |4 PORE
= Ll a4 sl .
167s

(11D
A (=1, 2, 3) are three

of the five independent helicity amplitudes corre-

In the above equations,

sponding respectively to (Az A, A,43) = (+ +, +
+), (+—5 +—)., (++; + —). The second
equality in Egs. (10) and (11) is due to crossing
symmetry properties of the amplitudes.

It is advantageous to model the form factor H
in the L S-basis because in this latter basis the form
factor has a well-known | q |" threshold behavior
that can be explicitly incorporated into the model.
The helicity basis is related to the LS-basis by a

[34]

unitary transformation Hence,

2 | GAHAPAI;;JZ(':) |2 = Z | gisFis () %

A LS
12)
where Fis 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 S=1 only. If the
form factor is defined in such a way that F,;s(¢,) =

1, then

M
M

| q. |
167*

o

r..,, = C (g%,:l,szl +gi:3.s:1> .

~

f.

o5

(13)
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Because there is only one value of S, the label S
will be dropped but understood in what follows.

It is important to use a form factor which is
analytic in both the direct and crossed channels.
Liu and Ma proposed the following singularity-free
form factor™!,

t/4— M; )" «

F0r = ([

2

)( L+e* /2" ?

ezr/).; 2
<R(—1,‘\)+e”‘2 Rz)+e'/ A3> » (14

where the first factor on the r. h. s. is equal to(q**/
q?*). Here, q and q, are, respectively, the off- and
on-shell pp relative momentum in the c. m. of the
f; meson. The F, has, therefore,

threshold ¢"-dependence. In Eq. (14), the A, A,

the correct

are the ranges of the form factor, x.= (+—2M.)/
A2y and 2, = (t—2M:)/A}. The function R is de-
fined by

axr

R(2) — 21+ tanh(az)) = —< (15)
2 e e “

ar

which is analytic and varies rapidly from 0 to 1
when & changes from (0) to 0., with a controlling
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 fact, R and F,
are infinitely differentiable.

The above analytic properties are absent in the
commonly used hadronic form factors in the litera-
ture, which are either of an exponential form or of
a multiple form. We emphasize that these conven-
tional form factors are unsuitable to analysis invol-
ving channel-crossing. For example, the exponen-
tial form factor exp(z/A*) is analytic in the s-chan-
nel where < 0 but diverges in the t-channel where
t>>0. The multiple form factor [A*/(A*—1) )" (n=
1, 2,...) has no pole on the real axis of 7 in the s-
channel (where t<C 0) but will have it in the t-
channel (where 1>>0). Conversely, if we use exp
(—t/A*) or [A*/(A*+1)]", then the situation will
be reversed.

The form factor of Eq. (14) does not have

these singularities. In the physical domain of the t-

channel (i.e., z > 4M}),

2L

(F(1))? ¢ ———4 —
(e"" ) (14 e % )?
t—> + oo -
T (16
e 1

which goes to zero, exhibiting the correct energy
behavior in the t-channel. We can see that in the t-
channel the A, controls the form factor. In the s-
channel, t<C 0. Hence, R(—x, )=~ 1 and R(x,) =~
0. It follows that

2L
(F(1))? oc L ——
(1 + e[,’/{‘ )2 ( e*t,'/l> )Z

L

txte e"‘tT . (an
Hence, A, controls the form factor in the s-chan-
nel. This singularity-free form factor satisfies the
analyticity requirement of the Regge theory and can
be used for making analytical continuation between
direct and crossed channels. Two remarks are in
order. (a) Eq. (6) is given for the sole purpose of
making the connection between the t-channel
Regge and Feynman amplitudes. It is not needed in
fitting the pp scattering data. Hence, the width
I'" is not an input to the Regge analysis in Ref.
[31]. As to the mass M, . it enters the analysis
through the quantity ¢,(= M; ) in the form factor,
which amounts to a redefinition of the normaliza-
tion factor and is, therefore, also not an input of
dynamics. (b) The important physics inputs are the
spin of the meson, J,, which determines the val-
ues of L in the form factor F; (¢), and the proper-
ties of the Pomeron trajectory. Egs. (4), (7),
(10), (11) and (14) were used to fit the pp total
and elastic differential cross sections simultaneous-

ly. The results are given in Table 1.
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