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Abstract. The process of baryon number transfer due to string junction propagation in rapidity space is
considered. It leads to a significant effect in the net baryon production in pA collisions at mid-rapidities
and an even more significant effect in the forward hemisphere for the cases of πA interactions. The results
of numerical calculations in the framework of the Quark-Gluon String Model are in reasonable agreement
with the data. Special consideration is given to Λ produced in π−A collisions extracted from the data of
the WA89 Collaboration.

PACS. 25.75.Dw Particle and resonance production

1 Introduction

The Quark-Gluon String Model (QGSM) and the Dual
Parton Model (DPM) are based on the Dual Topological
Unitarization (DTU) and describe many features of high-
energy production processes, both in hadron-nucleon and
hadron-nucleus collisions [1–5] quite reasonably. In these
models high-energy interactions proceed via the exchange
of one or several pomerons and all elastic and inelastic pro-
cesses result from cutting through or between pomerons [6]
using the reggeon counting rules [7]. Each cut pomeron
leads to the production of two strings of secondaries. In-
clusive spectra of hadrons are in this way related to the
corresponding fragmentation functions of quarks and di-
quarks at the end of the strings.

In the string models baryons are considered as configu-
rations consisting of three strings attached to three valence
quarks and connected in a point called “string junction”
(SJ) [8–11]. String junctions are modelled as objects of
nonperturbative QCD. It is very interesting to understand
their role in the dynamics of high-energy hadronic inter-
actions, in particular in the processes of baryon number
transfer [12–16].

Important results connected with the transfer of
baryon charge over long rapidity distances in string mod-
els were obtained in [17] and following papers [18,19]. In
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the present paper we consider such processes with trans-
fers away from nuclear targets.

In nuclear targets these discussed transfers are en-
hanced due to two reasons. First, the usual production of
secondaries (which can be considered as a background for
string junction effects) in the beam fragmentation region
is suppressed due to nuclear absorption [3,20–22]. Second,
the probability of the baryon number transfer should be
proportional to the number of inelastic interactions in the
nuclear matter, 〈ν〉hA. In the case of baryon beams the SJ
effects are the most visible in the central (mid-rapidity)
region [17,18]. Most interesting for meson-nucleus colli-
sions is the forward region. The rapidity range available
for SJ effects is drastically expanded in this way.

2 Baryon as 3q + SJ system

In QCD hadrons are composite bound-state configura-
tions built up from the quark ψi(x), i = 1, . . . , Nc and
gluon Gµ

a(x), a = 1, . . . , N2
c − 1 fields. In the string mod-

els baryons are considered as configurations consisting of
three strings attached to three valence quarks and con-
nected in a point called the “string junction” (SJ) [8–11].
The correspondent wave function can be written as

B = ψi(x1)ψj(x2)ψk(x3)J
ijk , (1)

J ijk = Φii′(x1, x)Φ
j
j′(x2, x)Φ

k
k′(x3, x)ε

i′j′k′ , (2)

Φii′(x1, x) =

[

T exp

(

g

∫

P (x1,x)

Aµ(z)dz
µ

)]i

i′

. (3)
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Fig. 1. Composite structure of a meson (a), a baryon (b) and
a quarkless baryonium (c) in string models.

In the last equation P (x1, x) represents a path from x1
to x which looks like an open string with ends in x1 and
x (see fig. 1b). Such baryon wave function can be defined
as a “star” or “Y” shape, which is preferable [8,10], in
comparison with “triangle” (“ring”) or “4” shape. The
meson wave function

M = ψi(x1)Φ
i
i′(x1, x2)ψ

i′(x2) (4)

has the form of an “open string” with quark, respec-
tively, antiquark on its end. Quarkless states (glueballs,
see fig. 1c) are quite natural in this approach.

Such a picture leads to several phenomenological pre-
dictions. In the additive quark model the dynamic of the
strings is attributed to its ends. This means that a meson
consists of two constituent quarks as depicted in fig. 1a,
and that a baryon consists of four constituent objects,
three constituent quarks and a junction line (SJ), as it
is shown in fig. 1b. The picture has an immediate conse-
quence for the cross-sections. The ratio of nucleon-nucleon
and meson-nucleon total cross-sections at high energies
increases [23] in comparison with classical result [24] of
σ(N −N)/σ(π−N) = 3/2. Accounting for the possibility
of SJ interaction with a target one gets

σ(N −N)

σ(π −N)
=

3

2
+
σ(SJ −N)

2σ(q −N)
, (5)

where the additional term σ(SJ − N)/(2σ(q − N)) can
be estimated [23] to be equal 1/5 ± 1/7. This correction
results in better agreement [25] with experimental data.

Flavor-dependent quark antiquark annihilation will in-
troduce corrections to this simple picture. The SJ an-
nihilation in BB̄ cross-section, σann, is not necessarily
the dominant effect. It is not equal to the difference
∆σ = σtot(BB̄)− σtot(BB) [10].

The existence of SJ in a baryon structure changes the
quark counting rules for reactions with large momenta
transfer [12,13].

The reaction p̄p→ Ω̄Ω can occur now without break-
ing the OZI rules. The ratio of Ω̄/Ω production for the
collisions of non-strange hadrons is predicted to be smaller
than unity [13] contrary to many models for multiparti-
cle production. This prediction is in agreement with the
experimental data [26] and their description in [17,18]. In
the case of inclusive reactions the baryon number trans-
fer to large rapidity distances in hadron-nucleon reactions
can be explained by SJ diffusion [17].

In this paper we consider the effects of string junction
for hadron-nucleus inelastic interactions.

3 Production of secondaries on nuclear

targets in QGSM

As mentioned above, high-energy hadron-nucleon and
hadron-nucleus interactions are considered in the QGSM
and in DPM as proceeding via the exchange of one or
several pomerons. As said, each pomeron corresponds to
a cylindrical diagram, and thus, when cutting a pomeron
two showers of secondaries are produced. The inclusive
spectrum of secondaries is determined by the convolu-
tion of diquark, valence quark and sea quark distribu-
tions u(x, n) in the incident particles and the fragmenta-
tion functions G(z) of quarks and diquarks into secondary
hadrons.

The diquark and quark distribution functions depend
on the number n of cut pomerons in the considered dia-
gram. In the following we use the formalism of QGSM.

In the case of a nucleon target the inclusive spectrum
of a secondary hadron h has the form [1]:

xE
σinel

dσ

dx
=

∞
∑

n=1

wnφ
h
n(x) , (6)

where x = 2p‖/
√
s is the Feynman variable xF and where

xE = 2E/
√
s.

The functions φhn(x) determine the contribution of di-
agrams with n cut pomerons and wn is the probability of
this process. Here we neglect the contributions of diffrac-
tion dissociation processes which are comparatively small
in most of the processes considered below. They can be
accounted for separately [1,2].

In this paper we consider mainly the πA interactions,
so we present the formulae for πp collisions

φhπp(x) = fhq̄ (x+, n)f
h
q (x−, n) + fhq (x+, n)f

h
qq(x−, n)

+2(n− 1)fhs (x+, n)f
h
s (x−, n) , (7)

where

x± =
1

2

[

√

4m2
T /s+ x2 ± x

]

, (8)

where the transverse mass of the produced hadron is

mT =
√

m2 + p2T

and where fqq, fq and fs correspond to the contributions
of diquarks, valence quarks and sea quarks, respectively.
They are determined by the convolution of the diquark
and quark distributions with the fragmentation functions,
e.g.,

fhqq(x−, n) =

∫ 1

x−

uqq(x1, n) ·Gh
qq(x−/x1) dx1 . (9)

In the case of nuclear targets we must consider the
possibility of one or several pomeron cuts in each of the
ν blobs of hadron-nucleon inelastic interactions as well as
cuts between pomerons. For example, for a πA collision
one of the cut pomerons links a valence antiquark and a
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Fig. 2. One of the diagrams for inelastic interaction of an
incident pion with two target nucleons N1 and N2 in a πA
collission.

valence quark of the projectile pion with a valence quark
and diquark of one target nucleon. The other pomerons
link the sea quark-antiquark pairs of the projectile pion
with diquarks and valence quarks of other target nucleons
or with sea quark-antiquark pairs of the target.

For example, one of the diagram for inelastic interac-
tion with two target nucleons is shown in fig. 2. In the blob
of the πN1 inelastic interaction one pomeron is cut, and
in the blob of πN2 interaction two pomerons are cut. It is
essential to take into account every possible pomeron con-
figuration and permutation on all diagrams. The process
shown in fig. 2 satisfies the condition that the absorptive
parts of hadron-nucleus amplitude are determined by the
combinations of the absorptive parts of hadron-nucleon
interactions.

In the case of inelastic interactions with ν target nu-
cleons let n be the total number of cut pomerons in hA
collisions (n ≥ ν) and ni the number of cut pomerons con-
necting with the i-th target nucleon (1 ≤ ni ≤ n− ν +1).
We define the relative weight of the contribution with ni
cut pomerons in every hN blob as whN

ni
. For the inclusive

spectrum of the secondary hadron h produced in a πA
collision we obtain [3]

xE

σprodπA

dσ

dxF
=

A
∑

ν=1

V
(ν)
πA

{

∞
∑

n=ν

n−ν+1
∑

n1=1

· · ·
n−ν+1
∑

nν=1

ν
∏

l=1

wπNnl

×
[

fhq̄ (x+, n)f
h
q (x−, nl)+f

h
q (x+, n)f

h
qq(x−, nl)

+

2nl−2
∑

m=1

fhs (x+, n)f
h
s (x−, nm)

]

}

, (10)

where V
(ν)
pA is the probability of “pure inelastic” (non-

diffractive) interactions with ν target nucleons, and we
should account for all possible pomeron permutation and
for the difference in quark content of the protons and neu-
trons in the target.

In particular, the contribution of the diagram in fig. 2
to the inclusive spectrum is

xE

σprodπA

dσ

dxF
= 2V

(2)
πAw

πN1

1 wπN2

2

{

fhq̄ (x+, 3)f
h
q (x−, 1)

+fhq (x+, 3)f
h
qq(x−, 1) + fhs (x+, n)[f

h
qq(x−, 2)

+fhq (x−, 2) + 2fhs (x−, 2)] } . (11)

Fig. 3. QGSM diagrams describing the secondary baryon B
production by diquark d: initial SJ together with two valence
quarks and one sea quark (a), together with one valence quark
and two sea quarks (b) and together with three sea quarks (c).

In the case of a nucleon beam the valence antiquark
contributions of incident particle should be changed by
the contribution of valence diquarks.

The diquark and quark distributions as well as the
fragmentation functions are determined from Regge inter-
cepts. Their expressions are given in appendix 1 of [17]
(see also [18]).

According to [17,18] we account three possibilities that
the secondary baryon can consist of the SJ together with
two valence and one sea quarks (a), with one valence and
two sea quarks (b) or with three sea quarks (c). They are
shown in fig. 3.

The fraction of the incident baryon energy carried by
the secondary baryon decreases from (a) to (c), whereas
the mean rapidity gap between the incident and secondary
baryon increases.

The processes shown in figs. 3a and b are the standard
ones in QGSM and DPM. They determine the main con-
tribution to the multiplicity of secondary baryons B in the
fragmentation region. The most interesting for us at high
energies is the case shown in fig. 3c, which leads to the dif-
ference in baryon and antibaryon production at rapidities
far from the incident baryon (baryon charge diffusion in
rapidity space). In the case of secondary baryon produc-
tion with mass m in high-energy meson-nucleus collisions
for positive (forward hemisphere) and not very small xF
the value x− ≈ m2

T /(xF s) and the correspondent contri-
bution to the target diquark fragmentation function (see
eq. (9)) has the form

Gh
SJ(z) ∼ εz1−αSJ . (12)

Here ε is the relative suppression of the discussed contribu-
tion in comparison with the processes (a) and (b), and αSJ
is the intercept of the SJ Regge trajectory. In the present
calculations we use the values ε = 0.024, αSJ = 0.9, and
aN = 1.33 as in [18]. Following the modern experimental
data, we increase the portion of strange quarks in the sea,
S/L [27,17] from S/L = 0.2 to S/L = 0.32.

To illustrate the expected effects of SJ contributions
we present in fig. 4 the predicted inclusive cross-sections
of π−Cu→ ΛX and π−Cu→ Ω−X reactions with (solid
curves) and without (dashed curves) the SJ contributions
of fig. 3c. These reactions were selected as the secondary
baryons and the correspondent antibaryons Λ̄ and Ω+

have symmetrical quark states with respect to the incident
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Fig. 4. The QGSM predictions for the inclusive cross-sections
of Λ and Ω− production in π−Cu collisions at 400GeV/c with
(solid curves) and without (dashed curves) SJ contributions.

π−. So the SJ contribution equals to the difference be-
tween solid and dashed curves in fig. 4. It can be measured
experimentally, as the difference in Λ−Λ̄, or Ω−−Ω+ pro-
duction at high energies.

In general the SJ contribution shown in fig. 3c increases
the inclusive cross-sections of Λ and Ω− production. The
spectra of antibaryons are not affected. However, numeri-
cally these effects are rather small, for example, the mean
multiplicity of the secondary Λ in the forward hemisphere
should increase about 15% which should be compensated
by the correspondent decrease of the secondary nucleon
multiplicity in the target region.

4 Comparison with the data

In fig. 5 we show the data [28] on the mid-rapidity in-
clusive densities, dn/dy, at |yc.m.| < 0.5 of secondary Λ,

Λ̄, Ξ−, Ξ+ and the sum Ω− + Ω+ produced in pBe and
pPb collisions at 158GeV/c. These data are in reasonable
agreement with the QGSM calculations and this agree-
ment is better when taking the SJ contributions for sec-
ondary baryons into account.

In the case of pion-nucleus collisions at fixed target
energies the SJ effects are more important. In fig. 6 we
present the NA49 Collaboration data [29] on the xF dis-
tributions of net protons (p− p̄) produced in πp and πPb
interactions at

√
s = 17.2GeV. The beam π is determined

in [29] as (π++π−)/2. The data are described rather well
with the full model by taking the SJ diffusion into account
(solid curves in fig. 6) and the variant without SJ contri-
bution (dashed curves) underestimates the data several
times at xF > 0.1.

The experimental data of the WA89 Collaboration [30]

on Λ, Ξ− Λ̄ and Ξ+ production from C and Cu targets
by 345GeV/c π− beam are shown in fig. 7. The yields

Fig. 5. Yields of Λ (closed squares), Λ̄ (triangles), Ξ− (points),
Ξ+ (turned over triangles) and the sum Ω− +Ω+ (stars) per
unit of rapidity at central rapidity as a function of the tar-
get atomic weight for pA collisions at 158GeV/c. QGSM pre-
dictions with SJ contribution are shown by solid curves and
without SJ contribution by dashed curves.

Fig. 6. Feynman-x distributions of net protons (p − p̄) pro-
duced in πp (squares) and πPb (points) interactions at

√
s =

17.2GeV. Solid and dashed curves show the QGSM description
with and without SJ contribution, respectively.

of secondary hyperons are in agreement with QGSM pre-
dictions accounting for the SJ contributions (solid curves
in figs. 7a, b). The calculations without SJ contributions
(dashed curves) are in disagreement with the data.

The yields of Λ̄ and Ξ+ [30], which do not depend
on SJ contribution, are shown in fig. 7c. These data are
described by QGSM on the reasonable level.

The data presented in [30] allow one to calculate the
asymmetries of secondary Λ/Λ̄ production defined as

AΛ =
NΛ −NΛ̄

NΛ +NΛ̄

. (13)
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Fig. 7. Feynman-x distributions of secondary Λ (a), Ξ− (b),
Λ̄ and Ξ+ (c) produced in π−C and π−Cu interactions at
345GeV/c. Solid and dashed curves show the QGSM predic-
tion for secondary hyperon spectra with and without SJ con-
tribution. The QGSM predictions for antihyperon production
in (c) are shown by dash-dotted curves (c).

They are presented in fig. 8a for the cases of π−Cu (points)
and π−C (squares) interactions. The curves show the
QGSM calculations for the cases of copper (dotted curve),
carbon (dashed curve) and nucleon (solid curve) targets.
We predict some A-dependence of the asymmetry for the
beam fragmentation region. The agreement with the data

Fig. 8. The asymmetries of secondary Λ/Λ̄ production in π−C
(squares) and π−Cu (points) interactions at 345GeV/c (a).
The same asymmetries for π−A collisions at 250GeV/c (b).
Solid, dashed and dotted curves show the QGSM predictions
for nucleon, carbon and copper targets, respectively.

is good in the central region, but the asymmetry is under-
estimated in the forward region.

In fig. 8b we present the data of [31] for the same asym-
metry, eq. (13), obtained for π− interactions with multi-
foil target with different atomic weights, see [31]. Here the
QGSM predictions even for π−p interactions (solid curve),
i.e. neglecting the A-dependence, overestimate the data at
xF > 0.1. In the central region, |xF | ≤ 0.1, our calcula-
tions are in agreement with the data of both [30] and [31]
as well as of [26]. Here we predict the practical absence
of A-dependence (or weak dependence) for Λ/Λ̄ asymme-
tries, as was assumed in [17].

The comparison of the data shown in figs. 7a and c
allows us to obtain the direct results for the SJ contribu-
tion to the hyperon production cross-section. Λ has the
valence quark content uds, so the fast incident π− (ūd)
should fragment into secondary Λ and Λ̄ with equal prob-
abilities, i.e. the π− → Λ, respectively, π− → Λ̄ fragmen-
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Table 1. The values of the n parameter in eq. (14) obtained
in [32] and [30] for Λ and Λ̄ production in high-energy π−p and
π−A collisions.

Reaction n

π−p→ Λ [32] 2.0± 0.1

π−C→ Λ [30] 2.12± 0.02

π−Cu→ Λ [30] 2.71± 0.02

π−p→ Λ̄ [32] 2.0± 0.1

π−C→ Λ̄ [30] 5.23± 0.04

π−Cu→ Λ̄ [30] 5.53± 0.04

Fig. 9. The extracted SJ contributions to the spectra of Λ in
π−A collisions at 345GeV/c and their description by QGSM.

tation is flavour symmetrical, contrary, say, to the case of
π− → p, respectively, π− → p̄ fragmentation.

The contributions of the processes of figs. 3a and b are
negligible at xF > 0.1 and the difference in the spectra of
secondary Λ and Λ̄ determines the SJ contribution of the
process shown in fig. 3c.

This difference is obtained to be rather large in [30]
but very small in [32]. To show the disagreement between
the data of [30] and [32] we present in table 1 the values
of the parameter n for the parametrization

dσ/dxF = C(1− xF )n , (14)

which were obtained in [30] and [32] for secondary Λ and
Λ̄ production.

The values of n for the secondary Λ production ob-
tained both in [30] and [32] on nucleon and on nuclear tar-
gets are in agreement with a natural weak A-dependence.
The value of n slightly increases with A that demonstrates
a well-known effect of nuclear absorption [3,20–22]. The
values of n for Λ̄ production obtained in [32] and [30] are
absolutely different. The data of [32] show the absence or
the very small contribution of SJ diffusion in the case of
Λ and Λ̄ production, in contradiction with other results,
see for example [26].

It is possible to extract the SJ contribution from the
experimental data of [30] only. The SJ contributions to

Fig. 10. The rapidity dependence of p̄/p ratios for pp col-
lisions at

√
s = 200GeV. Solid and dashed curves show the

QGSM description with and without SJ contribution and the
dash-dotted curve shows the QGSM predictions for the Λ̄/Λ
ratio (a). The p̄/p ratio as a function of “centrality” for dAu
collisions at

√
s = 200GeV (open squares) together with the

QGSM with SJ (solid curve) and without SJ (dashed curve)
and with the DPMJET-III model (closed points) predictions.
The QGSM predictions for the Λ̄/Λ ratio are shown by dash-
dotted curves.

the spectrum of secondary Λ in π−Cu and π−C collisions,
obtained by such a way are presented in fig. 9.

The xF distributions of the Λ produced from copper
target are in reasonable agreement with QGSM calcula-
tions, however, in the case of carbon target we obtain the
disagreement coming mainly from the unsatisfactory de-
scription in fig. 7a and also from some overestimation of Λ̄
production in fig. 7c. A reminder, the data [32] would lead
to very small SJ contribution in this region way below the
model.

There exists only a few data on secondary production
in nucleon-nucleon and nucleon (deuteron) -nucleus colli-
sions at RHIC energies. In fig. 10a we present the rapidity
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(in c.m.) distribution of the ratio p̄/p in pp interactions
at
√
s = 200GeV [33]. The QGSM calculation with the

same SJ contribution (solid curve) is in reasonable agree-
ment with the data, and the same calculations without SJ
contributions (dashed curve) overestimate the discussed
ratios.

In fig. 10b the dependence of p̄/p ratios at |yc.m.| = 0 in
dAu collisions is shown as a function of “centrality” at

√
s

= 200GeV [34]. The experimental data are shown here by
open squares and the QGSM predictions with SJ contribu-
tion by the solid curve which is very close to the constant.
The calculations without SJ contribution (dashed curve)
again lead to high values of p̄/p ratios. The close points
in fig. 9b present the predictions of the DPMJET-III
model [35] and they are in agreement with the data as
well as with QGSM calculations. Dash-dotted curves in
figs. 10a, b show the QGSM predictions for Λ̄/Λ ratios.

The predictions of several other models [36–38] are in
some disagreement with the data of [34] (see fig. 4 in [34]).
The extrapolation of the predictions of these models to
ν = 1 give the values of p̄/p in pp interactions larger than
0.9 that contradicts the data presented in fig. 10a.

5 Conclusions

We presented the role of string junction diffusion for
the baryon charge transfer over large rapidity distances
mainly for the case of collisions with nuclear targets.
Without this contribution shown in fig. 3c the data for
baryon/antibaryon yields and asymmetries are in dis-
agreement with the data. The discussed string junction
effects have A-dependences which are in general in agree-
ment with the QGSM predictions (see, for example, fig. 6).

It is necessary to note that the existing experimen-
tal data are not enough for the determination of the SJ
parameters with the needed accuracy. Some data are in
disagreement with other ones, for example, the behaviour
of Λ̄ spectra at xF > 0 obtained by [32] and [30], see ta-
ble 1, and the Λ/Λ̄ asymmetries in [30] and [31] which are
presented in figs. 8a and b.
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