
PHYSICAL REVIEW D 67, 034011 ~2003!
Constraints on models for proton-proton scattering from multistrange baryon data
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The recent data onpp collisions at 158 GeV provide severe constraints on string models: These measure-
ments allow us for the first time to determine how color strings are formed in ultrarelativistic proton-proton
collisions.
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I. INTRODUCTION

Recently, the NA49 Collaboration has published@1# the
rapidity spectra ofp, L, J as well as the correspondin
antibaryons inpp interactions at 158 GeV. These measu
ments provide new insight into the string formation proce
In the string picture, high energy proton-proton collisio
create ‘‘excitations’’ in the form of strings, being one
dimensional objects which decay into hadrons according
longitudinal phase space. This framework is well confirm
in low energy electron-positron annihilation@2# where the
virtual photon decays into a quark-antiquark string wh
breaks up into mesons (M ), baryons (B), and antibaryons

(B̄). An example of aq2q̄ string fragmenting into hadron
is shown in Fig. 1. Proton-proton collisions are more co
plicated due to the fact that even at 158 GeV proton-pro
collisions are governed by soft physics; thus, perturba
~PQCD! calculations cannot be applied. And the mechani
of string formation is not clear, as will be discussed in t
following.

One may distinguish two classes of string models:~i! lon-
gitudinal excitation~LE! models: ultrarelativistic quantum
molecular dynamics~UrQMD! @3#, HIJING @4#, PYTHIA @5#,
and FRITIOF @6#; and ~ii ! color exchange~CE! models: dual
parton model~DPM! @7#, VENUS @2#, and QGS@8#. In the LE
case the two colliding protons excite each other via a la
transfer of momentum between projectile and target, F
2~a!. In contrast, the CE picture considers a color excha
between the incoming protons, leaving behind two oc
states. Thus, a diquark from the projectile and a quark fr
the target, and vice versa, form color singlets. These
identified with strings, cf. Fig. 2~b!. The color exchange is a
soft process. The transfer of momentum is negligible. T
final result, two quark-diquark strings with valence quar
being their ends, however, is quite similar.

How are baryons and antibaryons produced? The ea
way to obtain baryons is to break the strings via qua
antiquark pair production close to the valence diquark. Si
the ingoing proton was composed of light quarks~qqq!, the
resulting baryon is ofqqqor qqstype. Thus nucleons,Ls or
Ss, are formed. Since these baryons are produced at
string ends, they occur mainly close to the projectile rapid
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or target rapidity~leading baryons!.
Multistrange baryons which consist of two or thre

strange quarks are produced near the quark end or the m
of the strings, viass2s̄s̄ production. Therefore the distribu
tions of multistrange baryons are peaked around centra
pidity and the corresponding yields of multistrange baryo
and their antiparticles should be comparable. A closer lo
reveals an interesting phenomenon: Theoretically one fi
the ratio of yields@9#

J̄1/J250.8;1.2.

Experimentally, however,J̄1s are less frequent than ex
pected. The ratio at midrapidity is@1#

J̄1/J250.4460.08.

The situation forVs is even more extreme: from string mod
els one gets@9#

V̄1/V251.6;1.9

at midrapidity. From extrapolatingL and J results ~and
from preliminary NA49 data! we expect@1#

V̄1/V250.5;0.8.

This is a generic situation; it is impossible to get theV̄1/V2

ratio smaller than unity from those two types of string mo
els. As addressed in@9#, this is due to the fact that the string
have a light quark~but not a strange quark! at the end, which
disfavors multistrange baryon production, and does not al
for V production in the fragmentation region.

FIG. 1. e1e2→g* →qq̄. The q2q̄ string fragments into had-
rons.
©2003 The American Physical Society11-1
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II. PROBLEMS WITH THE STRING MODEL APPROACH

So is there something fundamentally wrong with stri
models? To answer this question let us consider somew
more in detail how string models are realized. One m
present the particle production from strings via chains
quark lines@7# as shown in Fig. 3. It turns out that the tw
string picture is not enough to explain, for example, the la
multiplicity fluctuations in proton-proton scattering at co
lider energies: more strings are needed, one adds there
one or more pairs of quark-antiquark strings, as shown
Fig. 4. The variablesxi refer to the longitudinal momentum
fractions given to the string ends. Energy-momentum con
vation implies(xi51.

What are the probabilities for different string number
Here the Gribov-Regge theory comes to help, which tells
that the probability for a configuration withn elementary
interactions is given as

Prob~n interactions!5
xn

n!
exp~2x!,

wherex is a function of energy and impact parameter, s
Fig. 5. Here, a dashed vertical line represents an elemen
interaction~referred to as Pomeron!.

Now one identifies the elementary interactions~Pomer-
ons! from Gribov-Regge theory with the pairs of string
~chains! in the string model, and one uses the abo
mentioned probability forn Pomerons to be the probabilit

FIG. 2. Two string formation mechanisms forpp collisions are
presented:~a! longitudinal excitation~LE! and ~b! color exchange
~CE!.

FIG. 3. Two chains of quark lines~b! representing a pair o
strings~a!.
03401
at
y
f

e

ore
in

r-

s

e
ry

-

for configurations withn string pairs. Unfortunately this is
not at all consistent, for two reasons:~1! whereas in the
string picture the first and the subsequent pairs are of dif
ent nature, in the Gribov-Regge model all the Pomerons
identical;~2! whereas in the string~chain! model the energy
is properly shared among the strings, the Grivov-Regge
proach does not consider energy sharing at all~the x is a
function of the total energy only!. These problems have to b
solved in order to make reliable predictions.

III. BASIC IDEAS OF PARTON-BASED GRIBOV-REGGE
THEORY

We consider a new approach called the parton-ba
Gribov-Regge theory to solve the above-mentioned pr
lems. Here we still use the language of Pomerons as in
Gribov-Regge theory to calculate probabilities of collisio
configurations and the language of strings to treat part
production. Multiple interactions happen in parallel. An e
ementary interaction is referred to as Pomeron. The spe
tors of each proton form a remnant, see Fig. 6. A Pomero
finally identified with two strings, see Fig. 7. But we tre
both probability calculation and particle production in a co
sistent fashion:In both cases energy sharing is considered
a rigorous way@10#, and in both cases all Pomerons ar
identical. This is the new feature of our approach, and t
second point is exactly the solution to multistrange bary
problem mentioned above. In the following we discuss h
to realize the collision configuration and particle productio
respectively.

IV. COLLISION CONFIGURATION

The Gribov-Regge theory is applied inNEXUS to calculate
collision configurations. This calculation is performed und
the condition thatenergy sharing is considered rigorously.
Once a collision configuration is determined, not only t
number of Pomerons but also the energy sharing am

FIG. 4. Two pairs of strings~a! and the corresponding chain
~b!.

FIG. 5. Probabilities for configurations with one and two e
ementary interactions~Pomerons!, represented as dashed lines.
1-2
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Pomerons is fixed. This is different from other string mode
In the following we discuss how to realize it in a qualitativ
fashion.

A. Reminder: some elementary quantum mechanics

Let us introduce some conventions. We denote ela
two-body scattering amplitudes asT2→2 and inelastic ampli-
tudes corresponding to the production of some final statX
as T2→X ~see Fig. 8!. As a direct consequence of unitari
one has 2 ImT2→25(x(T2→X)(T2→X)* . The right-hand
side of this equation may be literally presented as a ‘‘
diagram,’’ where the diagram on one side of the cut
(T2→X) and on the other side (T2→X)* , as shown in Fig. 9.
So the term ‘‘cut diagram’’ means nothing but the square
an inelastic amplitude, summed over all final states, whic
equal to twice the imaginary part of the elastic amplitud
Based on these considerations, we introduce simple gra
cal symbols, which will be very convenient when discuss
multiple scattering, shown in Fig. 10: a vertical solid lin
represents an elastic amplitude~multiplied by i, for conve-
nience!, and a vertical dashed line represents the mathem
cal expression related to the above-mentioned cut diag
~divided by 2s, for convenience!.

FIG. 6. Multiple elementary interactions~Pomerons! in NEXUS.

FIG. 7. Multiple elementary interaction~Pomerons! in NEXUS.
An elementary interaction is identified with a pair of strings.
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B. Elementary interactions

Elementary nucleon-nucleon scattering can be conside
as a straightforward generalization of photon-nucleon s
tering: one has a hard parton-parton scattering in the mid
and parton evolutions in both directions toward the nucleo
We have a hard contributionThard when the first partons on
both sides are valence quarks, a semi-hard contributionTsemi
when at least on one side there is a sea quark~being emitted
from a soft Pomeron!, with a perturbative process happenin
in the middle of Pomeron, and finally we have a soft con
bution when no perturbative process happens at all~see Fig.
11!. The total elementary elastic amplitudeT2→2 is the sum
of all contributions.

The cutoff of virtuality between perturbative and nonpe
turbative processes,Q0

2, is independent of the beam energ

FIG. 8. An elastic scattering amplitudeT2→2 ~left! and an in-
elastic amplitudeT2→X ~right!.

FIG. 9. The expression(X(T2→X)(T2→X)* which may be rep-
resented as a ‘‘cut diagram.’’
1-3
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The perturbative part of Pomeron is strictly based on
standard Dokshitzer-Gribov-Lipatov-Alfarelli-Parisi~DG-
LAP! evolution with ordered parton virtualities in the ladd
diagram and the nonperturbative part is based on Regg
parametrization. The semihard Pomeron is a convolution
hard and soft. The total elementary elastic amplitudeT2→2 is
the sum of all these terms. Thus we have a smooth trans
from soft to hard physics: at low energies the soft contrib
tion dominates, at high energies the hard and semihard o
and at intermediate energies~which is where experiments ar
performed presently! all contributions are important.

The multiple scattering theory will be based on these
ementary interactions, the corresponding elastic amplit
T2→2 and the corresponding cut diagram, both being rep
sented graphically by a solid and a dashed vertical line.
also refer to the solid line as Pomeron and to the dashed
as cut Pomeron.

C. Multiple scattering

We first consider inelastic proton-proton scattering, s
Fig. 12. We imagine an arbitrary number of elementary
teractions to happen in parallel, where an interaction may
elastic or inelastic. The inelastic amplitude is the sum of
such contributions with at least one inelastic elementary
teraction involved. To calculate cross sections, we need
square the amplitude, which leads to many interfere
terms, as the one shown in Fig. 13~a!, which represents in-
terference between the first and the second diagram of
12. Using the above notations, we may represent the left
of the diagram as a cut diagram, conveniently plotted a
dashed line, see Fig. 13~b!. The amplitude squared is now th
sum over many such terms represented by solid and da
lines.

When squaring an amplitude being a sum of many ter
not all of the terms interfere—only those which correspo

FIG. 10. Conventions.

FIG. 11. The elastic amplitudeT2→2.
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to the same final state. For example, a single inelastic in
action does not interfere with a double inelastic interacti
whereas all the contributions with exactly one inelastic int
action interfere. So considering a squared amplitude,
may group terms together representing the same final s
In our pictorial language, this means that all diagrams w
one dashed line, representing the same final state, ma
considered to form a class, characterized bym51—one
dashed line~one cut Pomeron!—and the light cone moment
x1 andx2 attached to the dashed line~defining energy and
momentum of the Pomeron!. In Fig. 14 we show severa
diagrams belonging to this class; in Fig. 15 we show
diagrams belonging to the class of two inelastic interactio
characterized bym52 and four light-cone momentax1

1 ,
x1

2 , x2
1 , x2

2 . Generalizing these considerations, we m
group all contributions withm inelastic interactions (m
dashed lines5m cut Pomerons! into a class characterized b
the variable

K5$m,x1
1 ,x1

2 , . . . ,xm
1 ,xm

2%.

We then sum all the terms in a classK,

V~K !5( $all terms in classK%.

The inelastic cross section is then simply a sum over clas

FIG. 12. Inelastic scattering inpp.

FIG. 13. Inelastic scattering inpp. ~a! An interference term of a
cross section,~b! represented with our simplified notations.
1-4
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s inel~s!5 (
KÞ0

E d2b V~K !.

V depends implicitly on the energy squareds and the impact
parameterb. The individual terms*d2b V(K) represent par-
tial cross sections, since they represent distinct final sta
They are referred to as topological cross sections. One
prove

(
K

V~K !51,

FIG. 14. Class of terms corresponding to one inelastic inte
tion.
03401
s.
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which is a very important result justifying our interpretatio
of V(K) to be a probability distribution for the configura
tions K. This also provides the basis for applying Mon
Carlo techniques.

The function V is the basis of all applications of thi
formalism. It is the foundation not only for calculating~to-
pological! cross sections, but also for particle productio
thus providing a consistent formalism for all aspects o
nuclear collision.

V. PARTICLE PRODUCTION

Here we discuss how to produce hadrons with any giv
collision configuration determined according to the abo

c- FIG. 15. Class of terms corresponding to two inelastic inter
tions.
1-5
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section. As we discussed above, each cut Pomeron is id
fied as a pair of strings. Similar to other string models
Lorentz invariant string fragmentation procedure provide
transformation from strings to final-state hadrons inNEXUS.
However, the string formation mechanism inNEXUS is very
different from others because Pomerons are treated id
cally for calculating particle production.

A. Hard pomerons

As discussed above, each elementary interaction has h
soft, and semihard contributions. So each Pomeron has
tain probabilities to be of type soft, hard, and semihard. O
a collision configuration is determined according to t
above section, the number of each type of Pomerons is fi
To give a proper description of deep inelastic scattering d
hard and some of semihard Pomerons are connected to
valance quarks of the hadron. In order to conserve the in
hadron baryon content and to keep the simple factori
structure with the leading logarithmic approximation
quantum chromodynamics, we associate a ‘‘quasispecta
antiquark~of the same flavor! to each valence quark interac
tion. So a hard Pomeron is a two-layer ladder diagram wh
one of them is hard with ordered virtualities and the othe
soft. The hard ladder diagram gives a kinky string~each
string segment has a constant velocity and finally is ide
fied with those emitted perturbative partons!. The fraction of
hard Pomerons in total Pomerons is very subdominan
average proton-proton collisions. At CERN SuperPro
Synchrotron~SPS! energies hard and semihard Pomerons
not contribute at all, and even at collider energies the Pom
ons connected to valence quarks are rare. Therefore,
though all types of Pomerons are included in the Mo
Carlo, their contribution can be ignored in the following di
cussion.

B. Soft Pomerons

How to form strings from soft Pomerons? No matt
whether single-Pomeron exchange or multiple-Pomeron
change happens in a proton-proton scattering, all Pome
are treated identically. Because of this, it is a natural idea
take quarks and antiquarks from the sea as string ends
cause an arbitrary number of Pomerons may be involv
and valence quarks are not always available to be string e
due to their limited amount. This point is different from th
above-mentioned string models, where all the string ends
valence quarks. Letting all the valence quarks stay in re
nants, thus, string ends from cut Pomerons have comp
flavor symmetry and produce particles and antiparticles
equal amounts. In the old version ofNEXUS used in@9#, a sea
quark and an antiquark of the same flavor have been ta
from the sea as string ends to keep flavor conservation. In
new version,NEXUS 3.0, the flavors of the string ends a
independent. In order to compensate the flavor, whenev
quark or an antiquark is taken from the sea as a string en
corresponding antiparticle from the sea is put in the remn
nearby.
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C. Remnant

Remnants are a new object, compared to other st
models. The partonic content of a remnant is very cle
three valence quarks and the compensated partons. From
partonic structure one can estimate that its mass is of
order of proton mass. The 4-momentum of a remnant is
of an initial proton minus those being taken away by parti
pant partons. So the 4-momenta of projectile remnant
target remnant are fixed once the collision configuration
given. The remnant mass can be calculated according t
4-momentum and the on-shell condition; however, this va
of mass is not reliable. During the configuration calculati
one distributes energy of order 100 GeV to Pomerons
remnants where a proton mass is negligible. We justify
remnant mass with a distributionP(m2)}(m2)2a, m2

P(mmin
2 , x1s), wheres is the squared energy at center ma

system,mmin is the minimum mass of hadrons to be ma
from the remnant’s quarks and antiquarks, andx1 is the
light-cone momentum fraction of the remnant which is d
termined in the collision configuration. Through fitting th
data we determine the parametera51.5. Remnants deca
into hadrons according ton-body phase space@11#.

D. Leading order discussion

The configuration of leading order has only one c
Pomeron. The most simple and most frequent collision c
figuration has two remnants and only one cut Pomeron r
resented by twoq2q̄ strings as in Fig. 16~a!. Besides the
three valence quarks, each remnant has additionally a q
and an antiquark to compensate the flavor.

The leg of a cut Pomeron may be ofqqq type with small
probability Pqq, which means the corresponding string en
are a diquark and a quark. In this way we get quark-diqu
(q2qq) strings from cut Pomerons. Theqqq Pomeron leg
has to be compensated by the three corresponding antiqu
in the remnant, as in Fig. 16~b!. The (3q3q̄) remnant may
decay into three mesons (3M ) or a baryon and an antibaryo
(B1B̄). Since the 3M mode is favored by phase space, w
neglectB1B̄ production here.

For symmetry reasons, the leg of a cut Pomeron is ofq̄q̄q̄

type with the same probabilityPqq. This yields aq̄2q̄q̄
string and a (6q) remnant, as shown in Fig. 16~c!. The (6q)

FIG. 16. ~a! The most simple and frequent collision configur
tion has two remnants and only one cut Pomeron represente

two q2q̄ strings.~b! One of theq̄ string ends can be replaced by
qq string end.~c! With the same probability, one of theq string ends

can be replaced by aq̄q̄ string end.
1-6
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FIG. 17. Rapidity spectra of baryons and antibaryons calculated fromNEXUS 3.0 ~projectile remnant contribution: dashed lines; targ
remnant contribution: dotted lines; Pomeron contribution: dashed-dotted lines; sum: solid lines! and NA49 experiment@1# ~points!.
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remnant decays into two baryons. Sinceq2qq strings and
q̄2q̄q̄ strings have the same probability to appear from
Pomerons, baryons and antibaryons are produced equ
However, from remnant decay, baryon production is favo
due to the initial valence quarks.
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VI. RESULTS

Here we will concentrate on baryon-antibaryon produ
tion, because there we obtain strikingly different results co
pared to other models. However, we also carefully chec
mesons—essentially pion and kaon rapidity and transve
1-7
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momentum spectra, where the results are quite close to w
we obtained earlier withNEXUS 2 or VENUS.

Figure 17 depicts the rapidity spectra of baryons and
tibaryons fromNEXUS 3.0 with Pqq50.02 ~solid lines!. As a
comparison, we also show the preliminary data from
NA49 experiment@1# ~points!. The contributions of projec-
tile remnants~dashed lines!, target remnants~dotted lines!,
and cut Pomerons~dashed-dotted lines! to particle produc-
tion are also shown, respectively, in Fig. 17. Figure 17 de

TABLE I. Particle yields at midrapidity inpp collisions at 158
GeV.

Yield NEXUS 3.0 PYTHIA 6.2 NA49 data

p 9.1231022 4.8531022 9.2831022

p̄ 2.0031022 1.6431022 2.0531022

L 1.6131022 7.5331023 1.7931022

L̄ 5.8531023 4.0231023 5.5731023

J2 8.0831024 2.5331024 7.0831024

J̄1 4.7131024 2.2031024 3.1231024

V2 2.7931025 2.3331026 –

V̄1 2.1631025 2.9431026 –
1,
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onstrates thatNEXUS 3.0 describes reasonably the rapidi
spectra of baryons and antibaryons inpp collision at 158
GeV.

We also provide the particle yields at midrapidity,y
P(ycm20.5, ycm10.5), fromNEXUS 3.0 andPYTHIA 6.2 and
compare them to data in Table I.

From NEXUS 3.0, we get the ratios at midrapidity

J̄1/J250.58, V̄1/V250.77.

In conclusion, it seems that old string models fail to r

produce the experimentalJ̄1/J2 and anticipatedV̄1/V2

ratio so far. The string formation mechanism as employed
NEXUS 3.0 is able to reproduce the experimental data nice
The rapidity distributions of multistrange baryons as well
Ls and protons can be understood. The main point is the
that the final result of a proton-proton scattering is a syst
of projectile and target remnant and in addition~at least! one
Pomeron represented by two strings. At SPS energy, the
Pomerons dominate. In general the soft Pomerons
vacuum excitation and produce particles and antipartic
equally because their string ends are sea quarks. The val
quarks stay in remnants and favor the baryon production
compared to antibaryon production.
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