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Pomeron and multiparticle production
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A new model for high energy hadron-hadron interactions based on the Pomeron containing both
"soft" and perturbative contributions is presented. Its intercept is expressed through the intercept
of the Reggeized gluon. The multigluon intermediate state of hadronic interactions is obtained from
the equation of the perturbative +CD Pomeron. Implementing the model in a Monte Carlo event
generator, a systematic study of a broad range of data in a wide energy range is performed. The
energy dependence of rapidity and transverse momentum spectra, the violation of the Koba-Nielsen-
Olesen scaling of multiplicity distribution, and the increase of the correlations among final state
particles are shown to be simultaneously well described. Predictions of the model up to the energies
of the future supercolliders are given.

PACS number(s): 13.85.Hd, 12.39.—x, 12.40.Nn

I. INTRODUCTION

It has been suggested by many authors that the pro-
duction of jets with transverse momenta of a few GeV
(minijets), although not resolvable in distinct jets, may
be at least partially responsible for a variety of phenom-
ena in high energy hadronic interactions, such as the rise
of the total cross section and the height of the pseudo-
rapidity plateau with increasing energy, the violation of
the Koba-Nielsen-Olesen (KNO) scaling of multiplicity
distribution, the growth of the average transverse mo-
mentum, and the two-particle correlation strength [1—9].
Several Monte Carlo models have been developed to take
the minijet component of hadronic interactions into ac-
count [7, 10—12]. However, in all these models, the lowest-
order matrix elements of perturbative QCD (PQCD) to-
gether with the parton model are used to calculate the
cross section for parton-parton scattering with a mini-
mum momentum exchange pz"' + (introduced in order
to avoid infrared divergencies), and a phenomenological
"K factor" is applied to account for higher-order correc-
tions. The models differ in the assumptions applied in
the calculation of the relative weight of the PQCD pro-
cesses as compared to the "soft" ones. In some of the
models (HIJING [10], PYTHIA [11]) initial and final state
evolution of the partons participating in a hard interac-
tion is performed.

In this paper I present a new model based on the Regge
asymptotics of PQCD in the leading logarithmic approx-
imation (LLA) [13—15] and the perturbative Reggeon cal-
culus [16],combined with a very simple phenomenological
ansatz to convert the "8"-channel multigluon intermedi-
ate state of the Pomeron into final state hadrons. In
many aspects the model is guided by basic ideas of the
dual parton model (DPM) [17—20] (for a recent review
see Ref. [21]). Let me emphasize the main new features
of this new model: All orders of PQCD in the LLA are
simultaneously taken into account; the Pomeron contains
the contributions from both PQCD and "soft physics. "
Its intercept can be expressed through the intercept of
the Reggeized gluon.

These two features will be discussed in more detail in
the next section, where the basic equations describing
the perturbative Pomeron (PP) are presented. In Sec.
IIA the equation of the PP is used to construct a simu-
lation procedure for the multigluon intermediate state of
the PP. The coupling of the QCD ladder to the hadrons
is discussed in Sec. II B: With a simple ansatz a for-
mula is found, describing the energy dependence of the
total cross section for Pomeron exchange and the relative
weights of the "soft" and perturbative contributions. In
Sec. III is shown how unitarity corrections to the sin-
gle Pomeron amplitude can be taken into account and
the model parameters are fixed from a fit to the total
and elastic cross sections in pp and pp collisions. In Sec.
IV the transition of the multigluon intermediate state of
the Pomeron into hadrons is discussed. In Sec. V the
model results are compared with existing experimental
data. Finally, Sec. VI concludes with a summary.

II. THE POMERON

Recently it has been shown by Fippel and Kirschner
how the PP equation can be used to obtain a simulation
procedure for the intermediate multigluon state of high
energy hadronic interactions [22]. Then the authors of
Ref. [22] construct a simple model for multiparticle pro-
duction reproducing well the rise of the average charged
multiplicity and the height of the pseudorapidity plateau
in pp interactions in the range from 60 GeV to 1.8 TeV.
Although this section is partially based on the results of
Ref. [22], I present the basic equations because of their
importance for the further discussion. Furthermore, con-
trary to the results of Ref. [22], I find that the s-channel
hadronic intermediate states contributing to the PP show
rising rapidity distributions with increasing energy (see
Sec. V and for more details Ref. [23]).

The Regge asymptotics of QCD has been investigated
in the LLA in Refs. [13—15]. In this approximation the
PP results from a sum of generalized gluon ladder graphs.
The two gluons exchanged in the t channel are Reggeized
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gluons with the trajectory 1+o(r):

g2N
AK = 3K

K

K —K K n, P;s (( K, ,

2oi+iPis—
In the above expression g is the @CD coupling and N
the number of colors. The leading logarithms arise if
the momenta of the s-channel gluons (k; —k,+i) obey
the conditions of multi-Regge kinematics. In terms of
Sudakov components

In the following we set a; & 0 and P, ) 0. The Pomeron
equation is usually formulated in terms of t-channel par-
tial waves, related in the high energy asymptotics to the
Pomeron amplitude A(s, q, e) by Mellin transformation:

2 2~ip2 + Apl + Kii 2plp2 si pi p2 (2) A(s, q, K) =
HOO

f(cu, q, K)
2+x sp)

(4)

these conditions read with the partial-wave equation

g N
f(~, q, r) = fp(w, q, K) +

d2v. ' (, (q —K')' r.' + K" (q —K)' l
~'2 (q —K') 2 K —K

g2N

(2~)s2cu

d K' (K (q —K)

(K —r')2 l, K12 (q —K')2) (5)

with so being the hadronic scale, q the momentum trans-
fer, and fp(w, q, K) the driving term for the perturbative
expansion,

g2N
fp(ur, q, K) =

The leading singularity of the partial wave in the complex
angular momentum plane determines the asymptotic be-
havior of the scattering amplitude and was found in Refs.
[24, 25) to be a branch point located at 1 + 6, with

6 = —Nln2 = 12ln2 — 0.5, o., 0.2 .g A~

7r2 7r

This is the famous "intercept of the @CD Pomeron" lead-
ing very quickly to violation of unitarity. However, if we
consider real processes between hadrons the amplitude
A(s, q, K) has to be integrated over K together with an
unknown nonperturbative function Gi(xi, K)G2(x2, K),
where G, (z, K) describe the coupling of the @CD lad-

I

der to a parton from the hadron h, , with the momentum
fraction x, and the virtualness K. This problem will be
addressed in the second part of this section.

A. The multigluon states of the +CD Pomeron

First, I critically review the simulation procedure for
the multigluon intermediate state of the PP introduced in
Ref. [22]. Let me consider the imaginary part of the elas-
tic scattering amplitude for zero momentum exchange,

A(s, K) = ImA(s, q = 0, K),

for two ofI'-shell partons having the four-momenta p'~, pz
with

&2 I2 2 I I 2»» = -& (» + p2) = '
Up to normalization factors A(s, K) gives the total cross
section. Then Eq. (5) simplifies to

f(~, K) = fp+ g N
2K QJ

d K' 2K 2
(d)K ——0! K (d, K

K2 K K 2 '
Cu

(10)

Inverting the Mellin transformation, a power of cu becomes a derivative with respect to ln sp/s and we get [22]

d 2gN K

, , A(s, K') —2n(K)A(s, r) .

K', fr. —r.' f' ) p'. (12)

Note that the infrared singularities on the right-hand side
cancel each other. For the numerical simulation it is con-
venient to introduce a cutoff parameter p in order to
regularize the singularities in both terms demanding

Note that in addition to regularizing the two terms of
Eq. (11),y, also determines the lowest possible subenergy
s, & p, . Furthermore, in order to guarantee the applica-
bility of the perturbative result, p, has to be of the same
order as the hadronic scale, i.e. , p so. Therefore, in

the following so is replaced by p.
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As discussed in Ref. [22] Eq. (11) can be considered
to describe an evolution process, similar to the Lipatov-
Altarelli-Parisi (LAP) equation. A(s/s;, r) represents
the upper part of the ladder in Fig. 1 down to the suben-
ergy

s, =P, (l+o.,)s.
The subsequent decrease &om s; to s;+~ may induce the
emission of the next s-channel gluon. This situation is
described by the first term of Eq. (11). The second term
gives the probability that no s-channel gluon is emitted:

Based on this observation the simulation procedure for
creating the multigluon state can be constructed. Start-
ing with sz ——s one samples the new subenergy according
to the "decay probability" (14). If s;+q ( p the iter-
ation stops. Otherwise the new transverse momentum
K,+q has to be sampled from Eq. (11). In order to do
that the following substitution is introduced:

) 2n(~)

A(s, r) =
~

—
~

A(s, r).
5 p')

t' s,
ur(s;, s,+,) = exp

~

—2o. (K, ) ln
si+1 )

(14)
Together with Eq. (11) we get

2g'X
d ln p2/s (2')s r'2 r —r'~2 q)u2)

A(s, r.') . (16)

Therefore, the new transverse momentum K,;+q has to be chosen from the distribution

K d K' ( ) 2[n(v. ,+g ) —n(~;)]

,0(K'+~ —
) ) 0(IK* —~*+~I —s) Ir.,+, )

r.; —K,+, (

(17)

Assigning a mass m to the produced s-channel gluon,
the kinematics of the considered branching is Axed com-
pletely. For simplicity and in order to avoid additional
&ee parameters we set m = 0. Note, that the last s-
dependent factor of Eq. (17) is not taken into account in
Ref. [22]. However, this factor is of great importance to
reproduce the hardening of the intermediate multigluon
state with increasing energy (see Sec. IV). ~t ~-s, 6-05 (18)

I

to be convoluted with the PP-hadron couplings (depend-
ing on r) which cannot be calculated from PQCD. From
Regge arguments it should be expected that this convolu-
tion would not introduce additional energy dependence.
Thus, the total hadron-hadron cross section should be-
have at high energies like

B. The coupling to the hadron

Now I discuss the coupling of the PP to the incoming
hadrons. The amplitude A(s, q, r) describes the proper-
ties of the PP. In order to obtain the "physical" elastic
amplitude for the process hqh2 —+ hqh2, A(s, q, r) has

A(s/s, )

A(s, +1/p')

P2

FIG. 1. Graphical representation of Eq. (11).

[see Eq. (7)]. However, phenomenologically hadronic
cross sections rising like

s', e 0.08

are observed, e being nearly constant up to +s = 1.8 TeV
(see the next section). Therefore, it may be concluded
that next-to-leading contributions to the PP may be im-
portant in order to obtain the right asymptotic behavior
of the total cross sections [26]. In the present paper, I as-
sume that the QCD ladder does not couple to the incom-
ing hadrons as a whole, but instead this coupling is de-
termined by the coupling of the Grst t-channel Reggeized
gluon. It will be shown in the following that with this as-
sumption the intercept of the Pomeron can be expressed
through the intercept of this Reggeized gluon given in
Eq. (1).

We are interested in the total cross section for the col-
lision of two hadrons hq, h2 with four-momenta pq and
p2, (pq + p2) = s. Let us consider partons from hq

and h2 with p~ = xqpq + ~ and p2 = x2p2 + ~, respec-
tively. Up to now we have considered the evolution of
the QCD ladder in the case, where in every step an s-
channel gluon with a transverse momentum larger than
p, is emitted. However, there is the possibility that in the
first step of the evolution the new subenergy chosen from
Eq. (14) is below p . In this case, the considered gluon
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pz evolves from sq ——x~x2s down to p with no s-channel
gluon emission with a transverse momentum larger than
p, . The imaginary part of the forward amplitude for this
"pure soft" interaction will be denoted by A, (zix2s, r-).
According to Eq. (14) the probability for this "pure soft"
situation is

( z, x2s ) (x,z2s )
up —exp

~

—2c (K) ln'
v' ) ( ~' r

(20)

On the other hand this probability is given by the ratio

of the "soft" divided by the total cross section:

A, (xiz2s, r) A, (ziz2s, K)
~o =

A, (xiz2s, K) + A(ziz2s, r) A,„,(ziz2s, K)

(21)

In the above expression, the "total" amplitude A«was
introduced, containing the perturbative and soft contri-
butions. Combining (20) and (21) and summing over
all possible energy fractions and virtualities of the initial
gluons we obtain the total cross section for the interac-
t, ion of the two hadrons via the exchange of a. @CD ladder
with inclusion of the soft contributions:

2~ (I-.)
2 (xiz2s

cri« —— dzidzqd KGi(zi, r)G2(z2& K) l, A. (ziz2s~ +) . (22)

The functions G, (z, K) describe the properties of the hadron 6, and has to vanish rapidly for r & p, . On the other
hand o.(K) becomes a constant for large K It can .be expected that A„representing the soft part of the interaction
would not be an increasing function of v. Therefore, the K integration can be replaced by the value of the integrand
at some average value Kp with Kp p:

2M(KO) 2~(Ko )

dzidz2F1 (z1)F2 (z2) Aq (z1z2s, Kp) crp
I

(23)

In the above expression, I have introduced

F, (z, ) = z, i"'lG, (z, , Kp) . (24)

C', (z, , r;)

ap is the cross section for the interaction with no mini-

jet production (Fig. 2) and will be assumed to be en-

ergy independent. The energy dependence of the total
cross section is simply determined by the intercept of the
Reggeized gluon, calculated at rp with a regularization
cutoff p. The object described by Eq. (23) and including
the contributions from both the perturbative Pomeron
and the "pure soft" interaction will be called in the fol-

lowing a Pomeron.
Let me now summarize the results of this section.

Based on the results of Ref. [22] an evolution procedure
for the multigluon intermediate state of the PP is con-
structed. Making some very simple and rather general

]

assumptions on the structure of a hadron, a formula is

found, describing the total cross section for high energy
hadron-hadron collisions given by Pomeron exchange and
the relative weight of the soft part as compared to the
perturbative part of the interaction. The free parameter
h, p will be fixed in the next section.

III. CROSS SECTIONS

As shown by Donnachie and Landshoff [27, 28] a simple
Regge fit of the form

fr~, ——Xs'+ Ys" (25)

gives a very good description of all available experimen-
tal data on hadronic total cross sections. In the above
expression, the first term arises from Pomeron exchange
and the second from p, w, f, a exchange. c and r~ are re-
lated to the value of the Pomeron and Reggeon trajecto-
ries n~(q ') and aR(q ) for q = 0:

r = u~(0) —1, q = crR(0) —l. (26)

In Ref. [28] it was found that the best fit is obtained for

~ = 0.0808, g = —0.4525. (27)

A, (z, xg.~, K) As shown in the previous section the intercept of the
Pomeron can be expressed through the intercept of the
Reggeized gluon:

o.r (0) = 1+ 2n(rp) (28)

I'IG. 2. The "pure soft" interaction.

It can be easily checked by numerical integration of Eq.
(1) with condition (12) that for any reasonable value of
the regularization parameter p and the @CD scale A, 'i
parameter value vo of order p can be found with
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2n(rp) = e. (29)

It has been discussed in [28] that e is an effective
power also including effects from multi-Pomeron ex-
change. These multiple exchanges reduce e with increas-
ing energy, but the data indicate that the variation of
e with the energy is rather small. Furthermore, it was
pointed out by Collins and Gault [29], that an almost
constant power causes no problems with the Froissart-
Martin bound, because at present energies that bound is
about 10 b, way above the data. However, while studying
particle production, I have found that it is in principle
possible to describe some of the experimental data, such
as the average charged particle multiplicity and the rise
of the pseudorapidity plateau height within a model with
single Pomeron exchange. But it turns out that multi-

plicity fluctuations and two-particle correlations cannot
be satisfactorily reproduced [23]. Thus, although correc-
tions to the total cross section due to multiple Pomeron
exchange may be small, they are important when we

consider multiparticle production in high energy hadron-
I

Al(s t) gl(t)g2(t) exp [( ' ~&(t)] (30)

with ( = ln(s/p, ) —i~/2. Because we are interested in
calculating total and elastic cross sections, it is sufhcient
to consider a linear Pomeron trajectory and exponential
couplings:

oR(t) = nR(0) + n&t = 1+ 2n(Kp) + Apt,

(t) = g, (0) exp(b, t), g1(0)g2(0) = op. (31)

Let me now introduce the impact parameter representa-
tion of (30):

hadron collisions. Indeed, it would be very nice if we

were able to take unitarity corrections from PQCD di-

rectly but at present we cannot do that. Therefore some
additional assumptions are necessary to account for the
effects of multiple Pomeron exchange and to calculate the
relative weight for an n-Pomeron graph.

We consider the single Pomeron amplitude for the in-

teraction hlh2 ~ hlh2..

op (' b'
yp(s, b) = dtJo(bd t)A—1(s, t) = exp

~

— + 2o'(&o) ( ~

4vrs 8zbp ( 4bJ r
(32)

where bR = bp + n&(, b& ——b1+ b2 If we a.pproximate the n-Pomeron-hadron coupling by the product of the n
single Pomeron-hadron couplings,

G„(t1,t2, . . . , t„) = g(t, ), (33)

we obtain, for the n-Pomeron amplitude (Fig. 3) [30],

A (s, t) = . bdb Jp(b~t) [
—yR(s, b)]

Ln 0

Summing over all n we get the elastic hlh2 scattering amplitude in the eikonal form

A(s, t) = ) A (s, t) = 8ms bdb Jp(bg t)—exp [
—yR(s, b)] —1

n=1 0

[We use the normalization o't q
—— ImA(s, t = 0)/s. ]

Equation (35) can be simply generalized to the case,
when we consider more than one Reggeon. The only
difference is that y~ has to be replaced by the sum of
the different Reggeon amplitudes.

The experimental data are most extensive for pp and

pp collisions. Because we are interested in describing

I

particle production in the collider energy range, it is in
principle sufhcient to consider only Pomeron exchange.
However, as pointed out in [28], the constraint on the
Pomeron intercept is much stronger due to the data in
the energy range from ~s = 10 GeV to CERN Inter-
secting Storage Rings (ISR) energy, where the contri-
bution from p, u, f, a exchange, although small as com-
pared to the Pomeron, cannot be neglected. We take
this contribution into account by an effective trajectory
o.R(t) = nR(0) + n'Rt:
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yR(b, s) = yR (b, s) + yR (b, s) for pp,

yR(b, s) = yR (b, s) —yR (b, s) for pp, (36)

yR (b, s) = . exp
~

— .
)
+nR(0)(', i = 1,2,(') ~R ()&
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FIG. 3. The n-Pomeron amplitude. where $( ) ( ) = ln(s/p ) ~ i7r/2. The Reggeon slopes are
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TABLE I. Pomeron parameters as obtained from the At

to the total and elastic cross sections.

~T'~} "
T r r t I I I I

o

1.0922

n~* (GeV ')
0.25

ao (mb)

24.86

b"} (G.V-'}

given as in the Pomeron case by bR
——b&

' + n'R(~* .

The model parameters are fixed by simultaneously fit-
ting the experimental data [31] on the total and elastic
cross sections ot t and o.,1..

b)
&~0—

(mb)

o tot —87'

o,1
———8'

bdb Im
xp [

—XJ (, b) —Xa(, b)] —1

2i

exp [
—gp(s, b) —y~(s, b)] —1

'
. 37

2i

I

10 100

}

1000

+s (C'eU}

I

10000

1 dotot
eff' =

oqot din s
(3S)

A,g is almost equal to ~.

(2) Although an eikonal formula for the elastic scat-
tering amplitude is used, I want to emphasize that the
presented model is not a geometrical one. The rise of
the cross sections does not reflect the fact that hadrons
become "bigger" and "blacker, " but represents the prop-
erties of what is exchanged, the Pomeron. In this model
the Pomeron properties are expressed through the prop-
erties of the Reggeized gluon, a general and interaction
independent object. Thus, the experimentally observed
universal rise of hadronic total cross sections can be ex-
plained by the model.

(3) The precise value of n'I, cannot be fixed in a unique
manner from the pp and pp total and elastic cross sec-
tions. We have used the usual value o.&

——0.25 GeV
With this, we predict o t t ——113 mb at the Supercon-
ducting Super Collider (SSC) energy. However, changing
o» in the range 0.2—0.3 Gev, the fit quality remains
almost unchanged, while the total cross section at SSC
energy varies from 110 mb to 117 mb.

in the energy range 10 GeV ( +s ( 1800 GeV and are
summarized in Tables I and II. The parameter denoted
with a star was not included in the fitting procedure. In
Figs. 4—6, o't, t, o',}, and p = ImA(s, t = 0)/ReA(s, t = 0)
are compared with the experimental data. The agree-
ment is excellent, as already indicated by the Z /XDp =
1,05.

In conclusion of this section let me make some com-
ments.

(1) The "bare" Pomeron intercept was found to be
2n(Kp) = 0.0922. This value is not far from the effective
power discussed in the beginning of this section. More-
over, if we define

IV. PARTICLE PRODUCTION

The inelastic cross section is given by the absorptive
part of the elastic scattering amplitude. The absorp-
tive part of the single Pomeron amplitude will be called
as usual a cut Pomeron. In Fig. 7 we show the difer-
ent contributions to a single cut Pomeron. The first
term on the right-hand side of Fig. 3 represents the
"pure soft" interaction, the sum over all other graphs is

equal to the absorptive part of the PP amplitude convo-

luted with Gy(sy, lop)G2(x2, Kp). From the Abramovski-
Gribov-Kancheli (AGK) cutting rules [32] and Eq. (34)
the topological cross sections for having n-cut Pomerons
can be calculated:

a„= 2~ bdb
' - exp [

—2y (s, b)I .
[2~"(, b)

"

~ 0 n 0

(39)

Here (and in the following), the Reggeon contribution
was neglected for simplicity because the cross section to
have a cut Reggeon is below 1'Fo in the collider energy
range. The generalization of (39) to the case of differ-
ent Reggeon trajectories is straightforward. In Eq. (39)
y~ =—Re(y~). Note that

&n = Oin = tTtot t'-7el- (40)

When we consider n-cut Pomerons, we have to specify
the momentum fractions x,-, y, of the n gluons from the
projectile and from the target with the virtualness vo
between which the Pomerons are exchanged. As has been

I"IG. 4. The fit on the total cross section ot t as compared
with experimental data.

TABLE II. Reggeon parameters as obtained from the At to the total and elastic cross sections.

a(O)*
[

' * (G V ')
ohio

~

o8

~„" (mb)

144.5

(GeV '}
}

cr (mb)
~

b ' (GeV )

i

22.18
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4 p I I I & I III I I II ~ II

30
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&el
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(1nb)
FIG. 7. The contributions to the cut Pomeron.
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FIG. 5. The 6t on the elastic cross section cr, ~ as compared
with experimental data.

discussed in Sec. II, in the one Pomeron case, the z
distribution of the gluons is given by F(z). We want to
assume that the n-gluon distribution function F„ is

F (zi, . . . , z )=0 1 —) z,
i=1

F(z'). (41)

It remains to specify F(z). In some sense, the situation
here is similar to the case when the LAP equations are
used to evaluate the hadron structure function. There,
one needs a starting distribution f (z, Q20) (1 —z) /z J.
Therefore, I have fixed

F(z) = C(I —z) (42)

C being a normalization constant. The I/zJ behavior
for small x values is then obtained through the evolution
of the PP ladder.

Equations (39) and (40) determine the probability to
have an event with n-cut Pomerons. Equations (41)
and (42) describe the distribution function of the gluons
which initiate the PP-ladder evolution. Therefore, to-
gether with the simulation procedure discussed in Sec.
II, the 8-channel multigluon intermediate state of the
Pomeron is completely specified. As a first check of the
model, the transverse momentum distribution of the glu-
ons in ~rl~ & 1.5 in pp collisions at +s = 200 and 900
GeV was calculated and is compared in Fig. 8 with the
minijet cross section measured by the UA 1 Collabora-
tion [33]. The agreement is very good. Here and in the
following, the values of p, A, and a were fixed to

p= 1 GeV,

A = 0.25 GeV,

a = 5. (43)

PG, (z) = — z' + (1 —z) ' (44)

For the splitting of the valence remnants Regge argu-
ments are used again. This implies for a valence quark
(or antiquark),

Pq (z)
(1 - )"'

(45)

Let me now discuss the hadronization of the Pomeron
intermediate state. The gluons are splitted into a qq pair
according to the Altareli-Parisi splitting functions

0.,3 I I ~ II I I ~ I I I I I I I I I I III I I I I I IIII I I I
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FIG. 6. The resulting ratio of the real to the imaginary
part of the forward elastic scattering amplitude compared to
experimental data.

pz (GeV)

FIG. 8. Invariant minijet cross section in ~rJ~ & 1.5 calcu-
lated by LIpJET (tustograms) and compared to UA1 data [33].
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in the case of a baryon, and

1
P, (~) =-

~zV'1 —z
(46)

in the case of a meson [21]. Then a color configuration
is chosen randomly and q —q, q

—qq, q
—qq, qq —qq color

singlets are formed. The resulting "strings" or "chains"
are converted into hadrons by the fragmentation code
BAMJET [34, 35] or optionally JETSET 7.3 [36, 37].

V. RESULTS

In this section I study particle production in pp col-
lisions in a wide energy range, from
+s = 50 GeV up to Fermilab Tevatron en-

ergy v s = 1800 GeV with the Monte Carlo im-
plementation of the presented model, the code
LIPJET. Note that, in addition to the parameters de-
scribing the &agmentation of the strings, the only free pa-
rameters are given in (43). The initial virtualness Ko and
the probability distribution for having an n-cut Pomeron
event are fixed from the fit on the total and elastic cross
sections. In all calculations the fragmentation code BAM-

JET with the same set of parameters is used. I have
checked that there is no significant difference in the re-
sults when the code JETSET with default settings is used,
except in the transverse momentum distribution of high

p~ charged hadrons. This difference arises from the dif-
ferent fragmentation functions of both models (see Sec.
V C). Because in the present version of the model diffrac-
tive excitations are not taken into account, in the follow-

ing all results calculated by the model are compared with
measurements in non-single-diffractive events.

(47)

are plotted in Fig. 11, together with experimental data.

g, )

I IPJET

li)
l () '() :&() l () )() (1() l () ~()

from the ISR [38], UA5 [39, 40], and E735 [41] collabo-
rations. The energy dependence of (%,) is reproducecl
very good. In Fig. 10 the charged particle multiplicity
distributions at +s = 200 and 900 GeV as measured by
the UA5 [39] are found to be in good agreement with the
results of the model. In order to show the violation of
KNO scaling, the energy dependence of the normalized
moments of the distributions

A. Charged multiplicity and multiplicity
distributions

In Fig. 9 the average charged multiplicity (X,) as cal-
culated by LIPJET is compared with experimental results

l 10 I I ' I I I If (b)

~. =- t)00(; i
T""

1'2P—

ISR +»
UA5 ~
E735 &-»

LIPJET

)i
.
) )-++

LIPJE'I'--

100—

)

&) -=
M J.

&)

&)

&) ) r)
&) &)

100 1000

I

10000
(10

FEG. 9. Average charged multiplicity in pp collisions as
calculated by LIPJET (line) and compared to ISR, UA5, and
E735 data [38—41].

FIG. 10. The charged multiplicity distribution in pp col-
lisions from our model (histogram) and from the UA5 data
(points): (a) ~s = 200 GeV, (b) ~s = 900 GeV The data.
are from Ref. [39].
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B. Rapidity distributions

The rapidity y and pseudorapidity g of a particle are
de6ned by

1 E+pL,
2 E —p)'

1 p+ pL,
g = —ln

2 p pl

UA5, = 53 GeV ~
UA5, = 200 GeV ~
UA5 +s = 546 GeV ~
CD&, +s = 1.8 TeV ~

LIPJET

I 1 I I I I I I I I I I I I I

data ~
LIPJET

C'g

100 1000 10000

I I I ~ I I I I I I I I I

LIPJET

with pL, the momentum component in beam direction.
In Fig. 12 the pseudorapidity distributions of charged
particles calculated by LIPJET at y s = 53, 200, 546 and
1800 GeV are shown to be in good agreement with the
UA5 [42], and Collider Detector at Fermilab (CDF) [43]
data. Both, the overall widening of the distributions and
the increase of the central pseudorapidity density p(0)
are well reproduced. In Fig. 13 I show the rise of p(0)
with the energy together with UA1 [44], UA5 [42] and
CDF [43] data.

In [22] it was found that the hadronic intermediate
state of a single Pomeron shows an energy-independent
middrapidity density. This is indeed due to the fact

0—10 10

FIG. 12. Charged particle pseudorapidity distribution
from the LIPJET calculation together with UA5 [42] and CDF
[43] data.

that in the model of Ref. [22] the gluons (having a fix
mass of m = 10 GeV) are converted independently from
each other into hadrons, violating in this manner the
color conservation. In my model, the hadrons coming
from one-cut Pomeron show rising with energy rapidity
plateau. We have in the average 1.5-cut Pomerons at
+s = 50 GeV and 2.3-cut Pomerons at +s = 40 TeV,
while p(0) grows from 2 to 7.9. This corresponds to
a pseudorapidity density per cut Pomeron of about 1.33
at v s = 50 GeV and 3.41 at the SSC energy. Moreover,
if we consider a model with a single Pomeron exchange
and assume that partons with the maximal distance in
phase space form the colorless strings, it is possible to
reproduce the observed rise of p(0) with the energy [23].

By the UA7 Collaboration was measured the vr ra-
pidity distribution in the fragmentation region at +s =

C'l

I

100 1000 10000

1 0 I I I I I I I I I I & I I I I I I I I I

UA5 ~
UA1 ~
CDF ~

LIPJET

data ~
LIPJET

"„'(n = 0j

C'4

I

100 1000
I

10000 I

100 1000
I

10000

FIG. 11. The increase of the moments of the multiplicity
distribution with the energy. The experimental data are from
Refs. [39,40].

FIG. 13. The rise of the pseudorapidity density at g = 0.
Data are from [42—44] data.
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630 GeV [45]. The UA7 results are shown to be described
well by LIPJET in Fig. 14.

]03

102

UA1, +s = 200 GeV ~
G

C. Transverse Row
10' I-

There are two sources for transverse momenta in the
presented model ~

(1) The transverse momenta from the string fragmen-
tation. In the fragmentation code BAM JET they are cho-
sen from the distribution

&00
p~ I~o

(mb/GeV')
10

] 0-2

dX = Cexp( b—
pJ dpi'

2~ + m'), (48) 10-3

with C a normalization constant, m the particle mass,
and 6 = 8 GeV

(2) The transverse momenta of the s-channel gluons
of the Pomeron. For p~ ) p the transverse momentum
distribution of these gluons is described by PQCD via
the equation of the PP [(11) and (17)]. In the case p~ (
p, (this is the case when in the first step of the ladder
evolution the new subenergy is below p, ) the p~ is chosen
from a uniform distribution in the range 0 ( p~ ( p.

Shown in Fig. 15 are the inclusive invariant cross sec-
tions for charged particle production as a function of p&
from the LIPJET calculation as compared to the experi-
mental data at ~s = 200 and 900 GeV [44]. The agree-
ment is good. The light overprediction of LIPJET for
p~ & 4 GeV can be explained as follows: We assume
for simplicity that high p~ hadrons come from the first
step of the hadronization of a string and carry a frac-
tion z of the momentum of the string end. If we then
neglect the hadron mass and the additional transverse
momentum from the fragmentation, we can write

pp ~ ~"A g; = 630 (.i~%
I

t'tY( M i
tl..k t

LIPJET

10-4
0 3

p~ (Gcv j

FIG. 15. Invariant cross section for the production of a
charged hadron in [q ( 2.5 as a function of the transverse
momentum. The points represent the UA1 results [44], the
histogram the LIPJET calculation.

d2 Xg

pi "pi"0 p~dp~, , f (z)dzb(pg —zp~)
pg dp~ dg

d2X

p~dp~dy (p~ )
(49)

D. Kaon production

Here, f (z) denotes the fragmentation function, the sub-
script h stands for "hadron" and p for "parton. " From
the above expression it is clear that the precise shape of
the p~ distribution in LIPJET depends on the fragmenta-
tion function f(z) Rememb. er that the pJ dependence
of the minijet cross section is reproduced very well by the
model (Fig 8). Indeed, I have checked that it is possible
to better reproduce the experimental data, if different pa-
rameters in the hadronization of chains with transverse
momenta of the chain ends larger than p, are used. How-
ever, because I am interested in having a model with
a minimum of assumptions and free parameters for all
strings the same default set is used.

() '2

Rapicl i ty

FIG. 14. Comparison of the rapidity distribution of a at
~s = 630 GeV in the fragmentation region. The data are
from Ref. [45], the histogram is the LIpJET result.

In Fig. 16 the transverse momentum distribution of
kaons at two diferent energies as calculated by LIPJET is
compared with the results from the UA5 Collaboration
[46]. The agreement is excellent. In Fig. 17 the K rapid-
ity distribution is shown together with the experimental
data. The increase and widening of the distribution with
the energy is reproduced. It seems that LIPJET slightly
overestimates the kaon rate. Note, that the number of K
mainly depends on the parameters of the hadronization.
In all calculations, the BAM JET parameters as fixed from
e+ e data are used. I have checked that with a small
modification of the parameter describing the probability
to produce a given q Havor, the K production rate can
be better described. In Fig. 18 the K/7r ratio is plotted
as a function of the transverse momentum together with
UA5 data [47].
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FIG. 16. Transverse momentum distribution of kaons in

[y~ & 2.5 measured by the UA5 Collaboration [46] together
with our results (histogram).

p~ (GeV)

FIG. 18. K/vr ratio as a function of the transverse mo-
mentum at v s = 546 GeV. Data are from [47].

E. Particle correlations

C(gl 92) p(91 92) p(gl )p(92) (50)

The study of the correlations between the final state
particles are important in order to reveal the properties
of the underlying production mechanism in more detail.
First, we consider two-particle correlation in rapidity.
The most common models to explain the observed two-
particle correlations are cluster models [48, 49], in which
the final state particles are created from the isotropic de-
cay of the clusters. From a general point of view, the
&agmentation of minijets can be considered as the decay
of clusters with a constant width in rapidity, as found in
the experimental study of jet profiles [33].

The two-particle correlation in the pseudorapidity is
defined as

C, (rh, F2) = ) P„C„(rig,g2) (51)

with P„ the probability to find an event with the mul-
tiplicity n. Cs(r/q, r/2) is usually referred to as a "short
range" correlation function, because as we will see below
that is sharply peaked at gq ——g2.

In Fig. 19, our calculated C(0, q) is plotted together
with the UA5 data [50] at Vs = 200 and 900 GeV. The

where p(r/q, r/2) is the two-particle density which is pro-
portional to the probability of joint particle production
at gq and g2. Similarly one can define the semi-inclusive
two-particle correlation function C„(gq, q2) for events
with a fixed multiplicity n. An intrinsic correlation func-
tion Cs(gq, q2) can be expressed in terms of C„(r/q, r/2)
as

0.4

0.35—
UA5, +s = 200 GeV ~
UA5, +s = 900 GeV ~

LIPJET, +s = 200 GeV-
LIPJET, +s = 900 GeV—

12

10—
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0
0

FIG. 17. Rapidity distribution of kaons as calculated by
LIpJET together with the measurement by the UA5 Collabo-
ration [46].

FIG. 19. The two-particle correlation function C(p, g) at
vs = 20»nd 900 GeV. The lines correspond to the i,ip&ET
calculation, the points to the UA5 data [50).
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about 25% underprediction of LIPJET at t) = 0 is not
understood at present. Note, that in the model HIJING
a similar underprediction is observed [8]. In Fig. 20
C, (0, tl) is compared to the experimental data [50]. The
qualitative shape of the "short range" correlation is re-
produced by LIPJET.

The long range forward-backward correlation can be
studied by looking at particle production in two rapidity
bins with the size bq separated by a rapidity gap Ax].
Let me denote the number of particles with rapidities
between At)/2 and At)/2 + btI as nF and those between
—ArI/2 and —ArI/2 —bt) as n)J. For a system with (n~) =-

(n~) and (n+) = (n&), the forward-backward correlation
strength is de6ned by

Z

Z

1.i A;.).
t 'A,i,
tlA~.

I IPJET,
LIPJET,
LIPJET,

fg L

+~ = '2QQ+ = 546
+~ = 9QQ

+s = '2QQ

+~ = 546
+i = 9QQ

(let
Ceh'
( .x'
Col
Gch
E:( X

6= (nP n J) )
—(n~) '

(n2~) —(n~) ' (52)
() 1

As can be seen in Fig. 21, where the correlation strength
b at +s = 200, 546, and 900 GeV is plotted as a function
of the gap size Ag, LIPJET reproduces the variation of 6
with Ag and with the energy.

F. Two-particle correlations in the azimuthal angle

( ( iilidl (~ l]) )IZ(

FIG. 21. The strength of the forward-backward correla-
tion at vts = 200, 546, and 900 GeV as a function of the
central gap size Aq. The lines represent the results from our
model, the points are from Ref. [50].

It was proposed by Wang [51], to study the role of
minijets in high energy hadronic interactions via the nor-
malized two-particle correlation in the azimuthal angle (I'):

p((b~ 42)
1) 2 (53)

where p((b) is the single- and p((bq, (b2) the two-particle
density in (b. It was argued in Ref. [51] that calculating
C((bt, p2) for samples of particles with pJ & p&"', the in-
fluence of the underlying "soft" interaction on this corre-
lation can be reduced. The higher the p&", the more the
correlation should look like the profile of high p~ jets. In
Fig. 22, C(0, A(b) calculated by LIPJET for p&" ——0, 0.5.
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PEG. 20. The two-particle "short range" correlation func-
tion C, (0, t)) at ~s = 200 and 900 GeV. The lines correspond
to the LIPJET calculation, the points to the UA5 data [50].

FIG. 22. The two-particle correlation in the azimuthal an-
gle C(0, AP) calculated for different values of the p&"' in the
whole rapidity range.
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1.0, and 1.5 GeV in the whole rapidity range is shown for

~s =200 and 1800 GeV. We find a qualitative agreement
with the results of Ref. [51]. Unlike high p~ back-to-back
jets which are both kinematically bound to the central
rapidity region, in my model minijets can be easily pro-
duced with a large rapidity gap between them. Therefore
if we calculate the two-particle correlation in a limited ra-
pidity window, the minijet contribution to C(0, b, P = vr)

(from events, where a pair of minijets is produced) will
mostly drop out, but the contribution to C(0, AP = 0)
still remains. Shown in Fig. 23 is C(0, AP) calculated
in ~r)~ & 1. As expected, the correlation at 4P = m is
reduced as compared to Fig. 22.

So far my results are in qualitative agreement with
the calculations with the model HIJING [51]. However,
in HIJING the multigluon intermediate state of the reac-
tion is obtained through multiple 2 ~ 2 parton scatter-
ing. Therefore, every parton pair is moving back-to-back.
This implies a stronger correlation at b,P = m as in my
model, where the multigluon intermediate state is ob-
tained Rom the equation of the PP and a considerable
fraction of the cut Pomerons has more then two 8-channel
gluons. Let me clarify this feature in a simple toy model
where particle production proceeds only via independent
2 ~ 2 parton scatterings and the hadrons from a parton
are perfectly bundled in the parton direction. If we now

assume that the hadron multiplicity distribution &om a
jet pair has a Poisson form (as, for example, done in Ref.
[52]) with an average multiplicity n;,t, we get an average
contribution to the two-particle distribution p(0, vr) equal
to n, t/4 and an average contribution to p(0, 0) equal to

n, ,t/4 —n;,t/2. With this, it is clear that in the consid-
ered toy model the two-particle correlation for b,P = vr

will be ever stronger as for b,P = 0. Indeed, in reality the
particles from a minijet are smeared over some P region.
Furthermore, in HIJING initial and final state radiation is
included. Therefore, in [51] it was found that

b, C(x) = C(0, AP = 0) —C(0, AP = ~)

approaches zero at energies above the Tevatron. In Fig.
24(a) AC(m) as calculated by I.IPJET is plotted as a func-
tion of +s. It can be seen that in my model AC(x) grows
continuously with the energy and does not show satura-
tion up to SSC energy for p&" & 1 GeV. Moreover, for

p~ = 1.5 GeV AC(vr) is greater than zero already at
+s = 1 TeV. The difference between my model and the
results presented in [51] is even more comprehensive if we
consider
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FIG. 23. The same as in Fig. 22 but calculated in ~r)~ & l.

FIG. 24. The difference between the two-particle correla-
tion C(0, AP) at b,P = 0 and AP = vr as a function of the
c.m. s. energy. (a) Calculation with no r) cut, (b) calculation
for ~rl~ & l.
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~C(7r/3) = C(0, h, p = 0) —C(0, ~p = 7r/3). (55)

AC(7r/3) measures the contribution to the two-particle
correlation of the minijets as compared to the back-
ground. Contrary to what was found in Ref. [51], in my
model AC(vr/3) increases with energy up to V s = 40 TeV
independent of the p&" applied as can be seen in Fig.
25(a). For completeness, EC(7r) and AC(7r/3) calcu-
lated in a limited rapidity range ~rI] & 1 are shown i»
Figs. 24(b) and 25(b).

In this subsection, the difFerence between my model
and a model where the multiparton intermediate state
of high energy hadronic interactions is described in the
form of multiple independent 2 ~ 2 scatterings is clearly
demonstrated. It can be concluded that the systematic
experimental study of the two-particle correlation in the
azimuthal angle P may provide a powerful tool to reveal
the properties of the underlying dynamics.

VI. SUMMARY AND OUTLOOK
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In the present paper it was shown that the equation
of the PP resulting from the summation of all orders of
PQCD in the LLA can be used to construct a simulation
procedure for the multigluon intermediate state of high

energy hadronic interactions. With a simple and rather
general ansatz for the coupling of the PP on the hadrons,
the intercept of the Pomeron containing both "soft" and
perturbative contributions was expressed in terms of the
trajectory of the Reggeized gluon calculated with a, given
regularization cutofF p. In this manner, no additional as-

sumptions are necessary to obtain the relative weights
of the "soft" and the perturbative part, of the interac-
tion. Moreover, in the presented model the intermediate
gluon state in the case of a "pure" soft situation difFers

from the driving term of the perturbative expansion only

by the transverse momentum exchange by t;he t-channel

Reggeized gluon, being ( p, in the first case and ~ p i&i

the second.
Unitarity corrections to the single Pomeron amplitude

and the exclusive multi-Pomeron cross sections neces-

sary to describe particle production are calculated in the
framework of perturbative Reggeon calculus in the pre-
sented model. An excellent description of the total and
elastic cross sections and the ratio of the real to the imag-

inary part of the elastic scattering amplitude is obtained.
Implementing the model in the form of a Monte Carlo

event generator, particle production in pp collisions was

studied in the energy range from gs = 50 GeV up to
the energy of the SSC. A reasonable agreement with a
wealth of experimental data was found. Let me iiien-

tion the increase of the average charged multiplicity, t, he

multiplicity distributions and the violation of the KNO
scaling, the rise of the pseudorapidity density at g = 0
with the energy, the pseudorapidity and tra. nsverse rno-

mentum distributions, and the increase of the correc, —

tions among the final state particles. The detailed study
of intermittency within the model will be presented in a
separate paper.

A( '(;, ,'43

I ()(] ] ( l(}() ] ()(3()( )

FIG. 25. The di6'erence between the two-particle correla-
tion C(0, AP) at Ag = 0 and AP = vr/3 as a function of the
c.m. s. energy. (a, ) Calculation with no rl cut, (h) calculation
for lg '-' 1.
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It has been shown that the difFerences of the presented
model, where all orders of PQCD in the LLA are simulta-

neously taken into account to a model, where the multi-

gluon intermediate state of the collision results from mul-

tiple independent 2 ~ 2 scatterings with associated ini-

tial and final state radiation can be studied via, the two-

particle correlation in the azimuthal angle.
Finally, I want to note that in the framework of a vector

dominance model (VDM), the model can be applied to
study particle production in pp collisions without, any
additional assumptions. A forthcoming paper ]53] on this

is planned.
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