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The contributions of the double pomeron exchange (DPE) to the production of
high-energy p+ p(p) collisions are calculated using both the Ingelman-Schlein model and
the Donnachie-Landshoff model of the parton distribution functions for the pomeron ().
For the I-S model, in which gluons dominate the pomeron, the cross sections at high

energy increase with energy \/5 as In’S or InS. Its total cross section, o(S), is about
10°-10° nb in the TeV energies region. For the D-L model, in which P is considered a
nonperturbative gluons system and its coupling with quarks is something like isoscaler
photons with C = +1, its cross-section behavior with energy is a bit complicated. In the
same energy range as in the I-S model, cross sections in the D-L model are only 1-3 nb,
which is smaller than that of the former by 2-3 orders of magnitude. So if we assume
that the parameterizations of both models are reliable, their J/y production processes
should themselves become a good means of testing these models.
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1. INTRODUCTION

It is well known that in Regge theory the trajectory with the vacuum quantum number called
pomeron, 2, plays a particular and very important role for soft processes in high-energy strong
interactions. Although many physicists have tried to study the nature of pomeron in the framework of
QCD, no one has yet gotten a clear understanding of its dynamical properties and its reality structure
[1]. But groups at CERN and DESY have reported the clear observation of typical hard processes such
as large p; jets, B-meson production, and large gap events in rapidity distributions in high-energy
p+p(P) and e+p diffraction collisions [2]. The analysis of these hard diffractive processes must
involve the problem of the structure of 2. So far there exist two approaches for elucidating the
structure of pomeron. One is the model proposed by Ingelman-Schlein, which followed and developed

early conjectures about pomeron from QCD and suggested that the pomeron is mainly composed of

- gluons [3]. The other model was proposed by Donnachie-Landshoff [4], in which the P are rather like

an isoscaler (C = +1) photon phenomenologically and are dominated by q(g). It is very interesting
to see if one of these models could reflect the reality of nature. Since gluons are flavorless, one cannot
differentiate these two models effectively from the deep inelastic scattering process. Some physicists
[4] thought they may be differentiated by h-h collision processed with a moderate pr jet in its final
states. In this paper we point out that the J/y production process with double pomeron exchange (DPE)
in high-energy p+p(p) collisions may be an effective approach to differentiating these two models,
because in TeV energy ranges, the difference of the cross sections obtained from both models can be
very large, sometimes by a factor of hundreds! We have computed cross sections o(S) of the mentioned
process with energies from SppS to LHC range and have plotted them out. Owing to the lacking of
deep understanding of the nature of P, there are inevitable ambiguities in both models. At the end of
this paper we have made some comments about them.

2. FORMULATION OF DPE AND PARTON DISTRIBUTION FUNCTIONS OF THE
INGELMAN-SCHLEIN MODEL

Since the details of kinematics and the mechanism of the hard diffractive scattering process of
J/y production as well as its formulations have been given in our previous papers [5], we only make
some recapitulations here. As indicated in Fig. 1, the DPE process demands the longitudinal

momentum fraction of P, z; is limited in 0 < z; < 0.1 (xg; = (2p}y/ \/E ) = 0.9), and the square of
momentum transfer, || < 1 GeV?, is less than S, S;, and M3, at least by a factor of hundreds. So we
have

M:% =~ (1 e ixp,xl)(l - lxv.zl)s =~ 2,2,

M? o ~_ Mk
S, = (1 — |xp.])S = (_ljim_), S, (1 ETRIDN (1= |z52]) N

From the Regge pole theory and the factorization theorem the differential cross section for Fig. 1 is

88— = Lz (it MEDgi(r)gh() () PO (S epew
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where gZ(r) = g3(0)e®™ is the PPP coupling "constant," o¥, is the total cross section of - collisions,
which experimentally are approximately z-independent and become a function of M3 only when M3 »
mi. op() = 1 — 0.25 GeV~% is the Regge trajectory of 2 at small |z].

For the hard semi-inclusive process p+p(p) = p+p(P) +J/¥+X, as shown in Fig. 1(b), the cross
section is easily obtained in place of 63:(M3) bY 0545.54+x il Eq. (2). After integrating Eq. (2) with
t(i = 1, 2) and using Eq. (1), we get



Volume 19, Number 2 175

P(P)
)
Fig. 1
r o, (1—2¢)S
do_ _ __ Oepersm(MDE(0) [ 2okla e+ R
2
dME g pia (Za;,m <E§—2> + R§> | za;,m(l—_l-_T) + R% 3)
X

where C = 0.9 is the lower limit of x; ;. Given the parton distribution functions of ®, convoluted with
cross sections of the hard subprocess, we get the cross section Oosoayg+x(M3).

The I-S model assumes that gluons dominate the pomeron. By analogy with that of the nucleon,
the gluon distribution functions of pomeron are parameterized as follows:

Gi(®) = 42(1 — z)’, GR(x) = 6(1 — x)

B
G5 -4——?(1 Go%)

GE@ = 2 (1 ==Y, Gh@ = L1 -, @

It should be noted that as emphasized in [3], these distributions obey the momentum sum rule J Ol
xGF(x)dx = 1, as that of a nucleon.

Processes of J/ production by gluon-gluon fusion include two hard subprocesses as shown in
Figs. 2(a) and (b). Their cross sections were given in [5]. Those are

2 A
o ny o (20 + 1 - = 5
da573($) ,Z;,“ ﬁs_’n;Q r(% —>gg)B(X, = J/yY)s <m§ 1) (52)
A(8) = Sai(mPIR(D* [2(r+ 1) _ __4Inr 2(r — 1)
dd3/4(4) 9m3 {rz(r —-1) r(r —1)? i r(r+1)
41nr o 2
R 1)3} (r = 38/m3) (5b)

After convoluting Eq. (4) with Egs. (5a) and (5b), we get DPE cross sections

1 1 ®
Terenim (ML) = [ dnGP(x) [ dnGP(5)d6,00) ©
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(b) y

Fig. 2

Putting Eq. (6) into Eq. (3) and integrating it over M%, we obtain the cross sections of the p+p(p) -
p+p(P) + J/Y+X process in the I-S model. : .

0.015/M.

2
0.018 XT
o(8) = S dMi do  _ S du 99 (,, = ﬂ.ﬁ.)
"o aM% I du Mk,

N
where the lower limit is the threshold of M% (i.e., m? and m} for Figs. 2(a) and (b), respectively).

3. THE POMERON MODEL OF DONNACHIE-LANDSHOFF AND ITS INDUCED
CROSS-SECTION EXPRESSIONS

Based on analysis of the additive quark rule in h-h collisions, the increasing total cross section
a(S) with energy, the behavior of do/dz at small |¢|, and the single- and double-diffractive dissociation
were studied from the field theory model [6]. Donnachie-Landshoff asserted that the 2, as a
nonperturbative multigluon system, was rather like an isoscaler (C = +1) photon when coupling with
a quark (antiquark). They have emphasized that, like-a photon, the pomeron structure function consists
of two pieces; one resembles that of a hadron (hadronlike part), the other (a point-like part) is peculiar
to the pomeron, which is the same as that of a photon. Here we have two different modes for the DPE
J/Y production; one is the exclusive mode as shown in Figs. 3 and 4, and the other is the
semi-inclusive mode as shown in Fig. 5.

We discuss first the exclusive mode as shown in Fig. 4(a). Since now the coupling of 2 to a quark
(antiquark) is like that of a photon, and the expression of a hard subprocess in Fig. 4 completely
corresponds with gluon-gluon fusion process g+g - J/y/++, the formulations have been accounted
for in detail in [7]. Thus we could write out directly the matrix element of Fig. 4(b):

M= ZNAeg(M. -+ Mb =+ Mc)aﬂpsu(Pl)eB(Pz>sp(Y) (8)

where factor N is the suppression factor due to the finite size of P(R,~0.05 fm), factor 4 is the
"coupling constant” of ¢(¢) with J/y in color-singlet model, and e, = 2/3e is the charge of ¢ quark.
From the symbols labeled in Fig. 4(b),

Masts = ey — s THE — mTa(UCP + B + m1y(iC = &) — mo)7a}

Interchanging (q,2¢,, =) and (¢, —k, B™p), we can obtain expressions M, .z, and M, .,
respectively, from that of M, ,.

It should be emphasized that since  does not couple to a conserved current (the same as in the
case of a virtual photon), the sum of the polarization vectors of the P is determined by the scattering
tensor form of incident particles P(P):
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From Eq. (8) and the Feynman rule of  given in [8], the square of the matrix element for Fig. 4(a)
is

| |2 = | Dp(23,)Dp(t:) |*L1ar Loss M ago M &g o7 218 o€/ (10)

where Dy(t) = 3G3(w/E)'~2*9, F\(2) is the effective propagator of 2, while is the electric form factor
of nucleon, and

4m? — 2.8t ( z >'2
F - 1 —
n(8) 4ml — 1 0.7GeV?

For Fig. 4(a), the differential cross section of P+p(p) = P+p{)+J/¥+X, is

1 +
do = (2= )' 2| A |*5*(ps — Pi)
4[(p, - p2)F — m]
w_ &yl Pk &p

The phase space factor may be rewritten as

dp1 &p) . S 7
25, 2E, RS dzds,dw,dw, =~ 5 dz,dz,dw,dew,

Integrating over the phase space of the final state we get the total cross section of the process shown
in Fig. 4(a): :

1 ° 0 ﬁ ﬂ 3 3
cr(S)——zg ds, ( dtzjzo dwlj20 dwzg &’k [ &’y
882 Ja1 v -1 ™3 ™y ’ (Zz)SZko J (Zﬂ)JZEJ
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Since pomeron does not couple with a conserved current, the calculations for |m|? are rather
complicated. Aftertedious algebraic manipulations, |7 | can be represented as sum of scalar functions
of §, 7, and &. Taking all terms proportional to mj as zero approximately, |m|* can be further
simplified. Putting the evaluated |m|? and Eq. (10) into Eq. (12), we get finally the cross section with
Fig. 4:

oo MR (1.257 — 3,7 20\
aS—47.5N’j ds g"’d v w< L)
(5 - Imy, wl(3.52 —2,)%0.7 — z,)* ' \/S

Ys
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where as [8] we take N2 = 0.001, and f{(r) (r = 4w,w,/m?) is the sum of rational fraction terms with
Inr emerged in the numerator. Comparing f(r) with the corresponding expression of conserved current
in the parentheses of Eq. (5b), it can be seen that the denominators of all terms in both expressions are
the same as one by one. Furthermore, after integrating over r, both of their results have only a small
difference.

The approach of evaluating the exclusive process shown in Fig. 3(a) is nearly the same as that
for Fig. (4), only easier. The matrix element and differential cross section do/dp;, which corresponds
to Fig. 3(a), had been calculated in [8] in discussing the odderon (the Regge trajectory with vacuum
quantum number but C = —1). Results are obtained by integrating it over p;.

Donnachie and Landshoff have also given the quark distribution functions in their model for
pomeron, and we can use them to compute the contribution of the semi-inclusive process. Production
of J/y through DPE at the lowest order o, in QCD is shown in Fig. 5(a).'

The photonlike distribution function of the c(¢) quark in P is [4,9]:

(14)

1 -1 Ozl — 5
Fop(®) = - Comz(l —2) Al — T (15)

! In describing J/y particle with nonrelativistic color-singlet model, the absolute value of
momentum of the c¢(¢) quark coupled with J/y must be equal to each other and half of that of J/y,
(i.e., p;/2). Therefore, a pair of ¢ and € emitted independently from two pomerons could satisfied
this kinematic limit only if they have exchanged a gluon between themselves.
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where, as [4,9] show, C, = 0.045, u, = 1.1 GeV, and m, = 1.5 GeV. The hadronlike distribution
functions of pomeron are

2
FY4 = (.02 <———£—) S(—2+ 0.36)]1"%x75(1 — x)° o
p(x,2) o+ 0.36 [ap( 1% ( x) 201 St

where & = 0.085. On account of diffractive kinematic limit ( [t| < 1Gev?) and because F'L(x,t) varies
smoothly with 7, it can be written approximately as

. 2
1t =0, 10—2 -t l — 5 Ho
Flo(x) = 0.85 X 278( z) TR g 16

which is an expression for Fll; at t = —0.2 GeV2.
Using the nonrelativistic color-singlet model once more for J/y, the matrix element of Fig. 5(b)
is

J
Mfi = g’Az-;(xﬂz)Yp 1‘_5 é_(.@l 2'17’;‘1‘(1'141) aaﬂaﬂvz
4 24/ 2 2 <x141 - %") — i€ (17)

After some manipulations we get

644 n’a? 5
Bl = P [ o 6515 g — deveCar e 2)(a - 2] -
81 (xlql — ?J-) i

(18)
Substituting it into following expression for subprocess c+& — J/y/ yields

. 1 dp
dGgay () = ZIMy1*(27)*8* (219, + 1,9, — p;) —=LL—
\/(3141 °© 2,4,) — m! o o ! (2”)325.1

and after integrating over p,, we get

2 « #2%?| R,(0)]?

94/ 3 m}

&ci-.l(-a) =

8(8 — m}) (19)
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RO

where 4’ = ,§ = (xq, + %9,)* = xx,M2%. After convoluting Eq. (19) with Egs. (15) or

2nm,
J
(16), we get the cross section for semi-inclusive process =+ = J/y+X":

1 1
opp-inx(Mi) = L dxch/P(xx)L dx,F p(2,)6 0y ($) (20)

Putting Eq. (20) into Eq. (3) and integrating over M3 analogy with that of Eq. (7), the cross section
for the D-L model on DPE semi-inclusive J/y production in p+p(p) collision can be obtained:

0y
S I (—) + 2.435
a'(8) = 9.73 X 10? 5"" du 1 In ( L2 )
ow (m(i) +4.74) 2=l
“w /
[ ar— (=) =)
1 2(1 —0.352)(0.35 — ux) 21

5
= In (—) + 2,435
a(S8) = 3.007 - r" du L In< B >
t “,.m(m(i> + 4.74> 9.303
u

. s‘ s (1 —2Y(1 — uzx)’
1 (1 —0.352)(0.35 — ux)

The unit of all preceding cross sections is the nano-barm (nb).
4. RESULTS AND DISCUSSIONS

The total cross sections ¢(S) computed from the I-S and D-L models are shown in Figs. 6 and 7.
In Fig. 6, curves labeled with numbers from 1 to 5 denote results obtained from gluon distributions
G, G, G, Gy, and G, respectively, of the I-S model in Eq. (4). It is shown in [5] that for G}
mode, which behaves like 1/x in the small x region, the cross section increases as In’S at \/5 > 1
GeV. Likewise, for G;,, mode, which has a 1yx singularity as x — 0, the cross section increases
nearly in the same way when /§ is larger than several TeVs. Only for G; mode, which is regular as
x =0, the cross section increases with energy as InS at the TeV region. From Fig. 6 we can also see
that in the TeV region, although the cross sections for various gluon distributions are different from
each other, they all lie in the range of 10*-10° nb.

In contrast, all the cross sections of D-L model as shown in Fig. 7 are very small in the
contributions of both exclusive processes. Curves labeled J = 0, 1, and 2 are obtained from Fig. 3(a)
with three intermediate states x; (/ = 0, 1, and 2); their sum is shown by the curve Z. The result of
the other exclusive process shown in Fig. 4(a) is represented by the curve F. The semi-inclusive cross
sections obtained from Egs. (21) and (22) are represented by curves I and II, respectively. We see
from Fig. 7 that the behavior of these curves is quite different, but all of them are no larger than
several nb in the whole TeV region and smaller than those of the I-S model by a factor of 10? to 10°!
Therefore, if the parameters used in both models are reliable, it may be possible to test and
differentiate these two models with the DPE J/y production process from high-energy P+p(p)
collisions as suggested here.
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We have yet no clear understanding of the partonic structure and the QCD dynamics of
pomerons, so any model in existence is inevitably fraught with ambiguities. About the two models
discussed previously we would like to make the following comments.

The I-S model is a phenomenological model that attacks the problem of the structure of pomerons
from QCD. With the assumption of the compact form of gluon distribution functions of P and the
analogy with nucleons, this model is rather appealing for physicists. Yet there are some doubts. The
most doubtful point of this model is not the assumption of gluon dominance in pomerons, but why the
gluon distributions in pomerons would also satisfy the momentum sum rule like nucleons, since the
pomeron could never be an on-shell particle and or even an ordinary hadron!

The D-L model is based on analysis of h-h soft processes at high energies. It depends heavily on
the "additive quark rule” in the total cross sections of h-h scattering. Just upon this point, the D-L
model suggests that the P analogy with a (C = +1) photon is present and asserts that in P, as in the
case of a virtual photon, no momentum sum rule for parton distribution is allowed. The D-L model
also has assumed that the "blackness" of the pomeron is the same as that of a proton, and that from
this the radius of a pomeron and the suppression factor N? in Eq. (8) could be determined. But if N
varies to a large degree, the results of this model would be altered dramatically. In addition, some
recent papers have questioned the additive quark rule; no doubt this would have serious consequences
for this model.

102 103 104
VS (GeV)

Fig. 7
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Of course, all the preceding comments would also have brought the same queries on other
processes for testing the partonic structure of pomerons. On the whole, it seems that the study of the
mysterious pomeron, although very interesting, is still in the exploratory stage, both in experimental
and in theoretical aspects.
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