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Abstract. The process of baryon number transfer due to string junction propagation in rapidity space is
analyzed. It has a significant effect on the net baryon production in pp collisions at mid-rapidities and an
even larger effect in the forward hemisphere in the cases of πp and γp interactions. The results of numerical
calculations in the framework of the quark–gluon string model are in reasonable agreement with the data.

1 Introduction

The quark–gluon string model (QGSM) and the dual par-
ton model (DPM) are based on the dual topological uni-
tarization (DTU) and describe quite reasonably many fea-
tures of high energy production processes, including the
inclusive spectra of different secondary hadrons, their mul-
tiplicities, KNO distributions, etc., both in hadron–
nucleon and hadron–nucleus collisions [1–4]. High energy
interactions are considered to proceed via the exchange of
one or several pomerons and all elastic and inelastic pro-
cesses result from cutting through or between pomerons
[5]. The possibility of exchanging a different number of
pomerons introduces absorptive corrections to the cross
sections which are in agreement with the experimental
data on the production of hadrons consisting of light
quarks. Inclusive spectra of hadrons are related to the
corresponding fragmentation functions of quarks and di-
quarks, which are constructed using the reggeon counting
rules [6].

In the present paper we discuss the processes con-
nected with the transfer of baryon charge over long ra-
pidity distances. In the string models baryons are consid-
ered as configurations consisting of three strings attached
to three valence quarks and connected in a point called
the “string junction” [7,8]. Thus the string junction has a
non-perturbative origin in QCD.

It is very important to understand the role of the string
junction in the dynamics of high energy hadronic inter-
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actions. In this paper we will study this problem using
experimental information on the inclusive production of
baryons and antibaryons in hadronic interactions.

There are several experimental results concerning such
processes. First of all the data [9] clearly show that in
the forward hemisphere the number of secondary protons
produced in π+p interactions is significantly larger than
the number of p̄ produced in π−p collisions. This difference
cannot be described [4] without the assumption that the
baryon charge is transferred from the target proton to the
pion hemisphere.

Similar data on the differences of p–p̄ yields in (1/2)
(π+p+π−p) collisions at 158 GeV/c were presented by the
NA49 Collaboration [10].

A second group of data concerns the energy depen-
dence of the differences in yields of baryons and anti-
baryons in pp interactions [11–16].

Another sample of data includes the measurements of
hyperon production asymmetries in 500 GeV/c π−-nucleus
interactions [17].

Finally, the proton–antiproton asymmetry in photo-
production was recently measured at HERA [18].

In this paper we present a simultaneous description of
all these data and extract information on the properties
of the string junction dynamics.

2 Inclusive spectra
of secondary hadrons 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 sev-
eral pomerons. Each pomeron corresponds to a cylindrical
diagram (see Fig. 1a), and thus, when cutting a pomeron
two showers of secondaries are produced (Fig. 1b). The
inclusive spectrum of secondaries is determined by the
convolution of diquark, valence and sea quark distribu-
tions u(x, n) in the incident particles and the fragmenta-

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.2     Für schnelle Web-Anzeige optimieren: Ja     Piktogramme einbetten: Ja     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 2834.5 2834.5 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 600 dpi     Downsampling für Bilder über: 900 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: Warnen und weiterEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren     Methode: StandardArbeitsbereiche:     Graustufen ICC-Profil:      RGB ICC-Profil: sRGB IEC61966-2.1     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2Geräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Nein     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: NeinANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile ()     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /sRGB     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



82 G.H. Arakelyan et al.: Baryon number transfer in hadronic interactions

Fig. 1a–d. Cylindrical diagram corresponding to the one-
pomeron exchange contribution to elastic pp scattering a and
its cut which determines the contribution to the inelastic p̄p
cross section b (the string junction is indicated by a dashed
line). The diagram for elastic pp scattering with SJ exchange
in the t-channel is shown c and its s-channel discontinuity is
shown d which determines the contribution to the annihilation
p̄p cross section

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

wnφh
n(x), (1)

where x is the Feynman variable xF and xE = 2E/(s)1/2

The functions φh
n(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. This can be
accounted for separately [1,2,4].

For pp collisions we have

φh
pp(x) = fh

qq(x+, n)fh
q (x−, n) + fh

q (x+, n)fh
qq(x−, n)

+ 2(n − 1)fh
s (x+, n)fh

s (x−, n), (2)

x± =
1
2

[√
4m2

T /s + x2 ± x

]
, (3)

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

fh
q (x+, n) =

∫ 1

x+

uq(x1, n)Gh
q (x+/x1)dx1. (4)

Fig. 2a–c. Three different possibilities of secondary baryon
production in pp interactions: string junction together with two
valence quarks and one sea quark a, together with one valence
and two sea quarks b, and together with three sea quarks c

In the case of a meson beam the diquark contributions
in (4) should be changed by the contribution of valence
antiquarks:

φh
πp(x) = fh

q̄ (x+, n)fh
q (x−, n) + fh

q (x+, n)fh
qq(x−, n)

+ 2(n − 1)fh
s (x+, n)fh

s (x−, n). (5)

The diquark and quark distributions as well as the frag-
mentation functions are determined from the Regge inter-
cepts. Their expressions are given in Appendix 1.

The net baryon charge can be obtained from the frag-
mentation of the diquark giving rise to a leading baryon
(Fig. 2a). A second possibility is to produce a (leading)
meson in the first break-up of the string and the baryon
in a subsequent break-up (Fig. 2b).

As discussed above, in the approach of [7,8] the baryon
consists of three valence quarks together with the string
junction (SJ), which is conserved during the interaction1.
This gives a third possibility for secondary net baryon
production in non-diffractive hadron–nucleon interactions
(Fig. 2c).

The secondary baryon consists of the SJ together with
two valence quarks and one sea quark (Fig. 2a), one va-
lence and two sea quarks (Fig. 2b) or three sea quarks
(Fig. 2c). The fraction of the incident baryon energy car-
ried by the secondary baryon decreases from (a) to (c),
whereas the mean rapidity gap between the incident and
secondary baryon increases.

The diagram 2b has been used for the description of
baryon number transfer in QGSM [1]. It also describes fast
pion production by a diquark.

The probability to find a comparatively slow SJ in the
case of Fig. 2c can be estimated from the data on p̄p an-
nihilation into mesons (see Fig. 1c,d). This probability is
known experimentally only at comparatively small ener-
gies where it is proportional to sαSJ−1 with αSJ ∼ 0.5.
However, it has been argued [20] that the annihilation
cross section contains a small piece which is independent
of s and thus αSJ ∼ 1. This possibility will be discussed
in the Conclusion.

1 At very high energies one or even several SJ pairs can be
produced
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The main purpose of this paper is the determination
of the contribution of the graph in Fig. 2c to the diquark
fragmentation function. Its magnitude is proportional to a
coefficient which will be denoted by ε (see the appendix).

Note that the string junction (as well as strings) has a
non-perturbative origin in QCD and at present it is impos-
sible to determine αSJ from QCD theoretically. Thus we
treat αSJ and ε as phenomenological parameters, which
should be determined from the experimental data. In the
present calculation we shall use

αSJ = 0.5. (6)

3 Comparison with the data

The mechanism of the baryon charge transfer via SJ with-
out valence quarks (Fig. 2c) was not accounted for in pre-
vious papers [1–4].

The data at comparatively low energies (s1/2 ∼ 15 ÷
40 GeV) can be described with αSJ = 0.5. Unfortunately,
the value of ε cannot be determined in a unique way. Many
sets of data can be described with ε = 0.05. However,
other data sets favor a value four times larger, ε = 0.2.
Because of this, we will present our results for these two
values of ε, leaving all other parameters in the model un-
changed. Thus, the results for meson and antibaryon pro-
duction are the same in the two cases.

The inclusive spectra of secondary protons and an-
tiprotons produced in pp collisions at laboratory energies
of 100 and 175 GeV [9] are shown in Fig. 3a,b together
with the curves calculated in the QGSM at 175 GeV (the
energy dependence here is rather weak). The diffractive
peak in Fig. 3a is obtained by adding the triple-reggeon
contribution. The agreement of our results with ε = 0.05
with the data is quite reasonable, on the same level (or
even better) as in the previous papers which did not in-
corporate the SJ mechanism of Fig. 2c. The variant with
ε = 0.2 gives a too large multiplicity of secondary protons
at small xF. We see that the description of the antiproton
yields is reasonable.

The data of [12] are, in some regions of xF, in disagree-
ment with the data of [9] as well as with our calculations.
However, one can see from Fig. 3c,d that the experimental
points cannot be described by any smooth curve. Proba-
bly this is connected with the use of different detectors for
different xF regions and to the influence of the trigger in
[12]. Again, the value ε = 0.05 is preferable.

The data on secondary proton and antiproton produc-
tion in pp collisions at ISR energies [11] at 90◦ in c.m.s. are
presented in Fig. 4a,b. Their differences, which are more
sensitive to the baryon charge transfer, are presented in
Fig. 4c. One can see that this difference, as well as the
yields of protons and antiprotons separately, are described
quite reasonably by QGSM with ε = 0.2. However, it is
necessary to note that the systematic errors in [11] are
of the order of 30%, so the value ε = 0.05 cannot be ex-
cluded. Thus the disagreement between the ISR data [11]
and more recent data [9,12] on the spectra of protons in
pp collisions does not allow one to determine uniquely the
value of ε.

The data on baryon production in the pion fragmen-
tation region [9] are presented in Fig. 5. The spectra of
antiprotons produced in π−p collisions, shown in Fig. 5a,
allow one to fix the fragmentation function of a quark
into baryon/antibaryon. If the contribution of the baryon
charge transfer were negligibly small, the inclusive spectra
of the reactions π−p → p̄X and π+p → pX in the pion
fragmentation region would be practically the same [4].
Actually, the data for the second reaction are significantly
higher than for the first one, providing evidence for baryon
charge transfer due to SJ propagation. The difference of
the inclusive spectra in the two considered processes al-
lows one to estimate quantitatively the contribution of
the baryon charge transfer, and the parametrization of
these processes given in the appendix leads to a reason-
able description of the proton yields in π+p collisions with
ε = 0.2. The value ε = 0.05 seems to be too small here.
Note, however, that our factorized formulae, (4) and (7),
imply that the slowed down proton is made out of SJ
and three sea quarks (see Fig. 2c). Thus, they should be
modified for the reaction π+p → pX in the pion fragmen-
tation region due to the possibility of SJ recombination
with a pion valence quark – which would change the ra-
tio of protons and neutrons. A simple estimate based on
the quark combinatorics given in the appendix leads to
an increase of the proton yield in the reaction π+p → pX
by about 50%. In this case the value of ε = 0.05 can be
consistent with the data. This problem disappears if we
consider the sum of π+p and π−p. Preliminary data on
(1/2)(π+p+π−p) → (p− p̄)X were obtained by the NA49
Collaboration [10]. One can see from Fig.4c that they are
in good agreement with our calculations with ε = 0.05
and in total disagreement with ε = 0.2.

The data on Λ and Λ̄ production in pp collisions [13–
16], presented in Fig. 6, are also in agreement with QGSM
and the value ε = 0.05 is again favored.

In Fig. 7 we show the data [17] on the asymmetry of
strange baryons produced in π− interactions2 at 500 GeV/
c. The asymmetry is determined by

A(B/B̄) =
NB − NB̄

NB + NB̄

(7)

for each xF bin.
The theoretical curves for the data on all asymmetries

calculated with ε = 0.05 are in reasonable agreement with
the data with the exception of Ξ−/Ξ+ at positive xF.
However in this region the effect of recombination of SJ
with a valence (d) quark of π− can be important and can
lead to an increase of the cross section analogous to the one
in π+p → pX discussed above. In the case of Ω/Ω̄ produc-
tion we predict a non-zero asymmetry in agreement with
the experimental data. Let us note that the last asymme-
try is absent, say, in the naive quark model because Ω

2 These data were obtained from pion interactions on a nu-
clear target where different materials were used in a very com-
plicated geometry. We assume that the nuclear effects are small
in the asymmetry ratio (9), and compare the pion–nucleus data
with calculations for π−p collisions
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Fig. 3a–d. The spectra of secondary protons a,c and antiprotons b,d in pp collisions at 100, 175 GeV/c [9] a,b, NA49 data
for the antiproton at 158 GeV/c [10] b and at 400 GeV/c [12] c,d and their description by QGSM at 175 GeV and 400 GeV. In
all cases the calculation with ε = 0.05 is shown by solid curves and the variant with ε = 0.2 is shown by dashed curves

and Ω̄ have no valence quarks in common with the inci-
dent particles. The value ε = 0.2 seems to be excluded.

We come back to these results in the next section.
Preliminary data on p/p̄ asymmetry in ep collisions at

HERA were presented by the H1 Collaboration [18]. Here
the asymmetry is defined by

AB = 2
Np − Np̄

Np + Np̄
, (8)

i.e. with an additional factor 2 in comparison with (9).
The experimental value of AB is equal to 8.0± 1.0± 2.5%
[18] for secondary baryons produced at xF ∼ 0.04 in the
γp c.m. frame. QGSM with ε = 0.05 predicts here 2.9%,
i.e. a smaller value, whereas the calculation with ε = 0.2
gives the value 7.7%, in agreement with the data. The
experimental value AB was predicted in [19] using αSJ =
1. We will come back to this point in the next section.
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Fig. 4a–c. Secondary proton a and antiproton b yields at ISR
energies [11] at 90◦ in c.m.s. and their difference c together with
QGSM predictions. In all cases the calculation with ε = 0.05 is
shown by solid curves and the variant with ε = 0.2 is shown by
dashed curves

4 Conclusions

We have demonstrated that experimental data on high en-
ergy hadronic interactions support the possibility of
baryon charge transfer over large rapidity distances. Prob-
ably, the most important one is the baryon–antibaryon
asymmetry in Ω and Ω̄ [17] in π−p collisions, where both
secondary particles have no common valence quarks with
the incident particles. This asymmetry is provided by
baryon charge transfer due to string junction diffusion.

Also the production of net baryons in πp and γp in-
teractions in the projectile hemisphere provides good evi-
dence for such a mechanism.

As for the values of the parameters αSJ and ε which
govern the baryon charge transfer we have seen that the
data, at comparatively low energies (s1/2 ∼ 15÷ 40 GeV),
without providing a clear cut answer, strongly favor the
values αSJ = 0.5 and ε = 0.05. Indeed, as discussed above,
the data which favor ε = 0.2 have either a large system-
atic error [11] or correspond to situations where effects
not incorporated in the present version of the model are
expected to be important (as in π+p → pX; see the dis-
cussion in Sect. 3).

At HERA energies the situation is different. Here the
observed asymmetry is better described with ε = 0.2.
Note, however, that the HERA data are preliminary and
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Fig. 5a–c. The spectra of secondary antiprotons in π−p collisions a
and of protons in π+p collisions b at laboratory energies of 100 and
175 GeV [9] and its description by QGSM. The difference dN/dx of
p–p̄ yields in (1/2)(π+p+π−p) collisions at 158 GeV/c is compared
to preliminary data from NA49 [10] c. In all cases the calculation
with ε = 0.05 is shown by solid curves and the variant with ε = 0.2
is shown by dashed curves

have rather large errors (the prediction for asymmetry
with ε = 0.05 deviates from the data by about two stan-
dard deviations). If this discrepancy is real, can it be
solved? The data at s1/2 � 40 GeV that we have examined
provide information for the transfer of baryon charge over
about five rapidity units. In contrast, the HERA data pro-
vide information for the corresponding transfer over about
seven units. In [19] the HERA asymmetry was predicted
and a detailed description of these data was given in [21]
under the assumption that αSJ ≈ 1 and has a very small
strength. In this case the term in our Fig. 2c behaves as
xαSJ−1 ∼ x0, while the behaviour in x1/2 used throughout
this paper corresponds to the diagram in Fig. 2b.

In this framework, our analysis showed that the pp and
πp data are described by the pre-asymptotic term in x1/2

and, moreover, that this term has a coefficient which is
too small to describe the HERA data.

A term in x1/2 was also found to explain the nuclear
stopping in heavy ion collisions [22–26].

In conclusion, the study of the transfer of baryon charge
over large rapidity distances is very important. Good ex-
perimental data in pp, pA and AB collisions for different
centralities are needed in order to understand the dynam-
ics of this mechanism. Hopefully, forthcoming RHIC data
will help to improve our knowledge of this important phe-
nomenon.
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Appendix
Quark and diquark distributions
and their fragmentation functions

In the present calculations we use quark and diquark dis-
tributions in the proton given by the corresponding Regge
behaviour [3,4] In the case of multipomeron exchange the
distributions of valence quarks and diquarks are softened
due to the appearance of a sea quark contribution. Also
it is necessary to account that the d-quark distribution is
softer than the u-quark one. There is some freedom [3] in
how to account for these effects. We use the simplest way
and write diquark and quark distributions (for αR = 0.5
and αB = −0.5) as

uuu(x, n) = CuuxαR−2αB+1(1 − x)(4/3)(n−1)−αR , (9)
uud(x, n) = Cudx

αR−2αB (1 − x)n−1−αR , (10)
uu(x, n) = Cux−αR(1 − x)n+αR−2αB−1, (11)

ud(x, n) = Cdx
−αR(1 − x)(4/3)(n−1)+αR−2αB+1, (12)

uu(x, n) = ud(x, n) = Cux−αR

[
(1 − x)n+αR−2αB−1

−δ/2(1 − x)n+2αR−2αB−1
]
, n > 1, (13)

us(x, n) = Csx
−αR(1 − x)n+2αR−2αB−1, n > 1. (14)

Table 1. The values of the parameters used for the calculations
in QGSM

Parameter value

aN 1.8
aN̄ 0.18
a1 12
αR 0.5
αB −0.5

In the case of a pion beam we use

uq(x, n) = Cqx
−αR(1 − x)n−αR−1, (15)

uq̄(x, n) = Cq̄x
−αR(1 − x)n−αR−1, (16)

for valence quarks, and

u(x, n) = Cx−αR(1 − x)n−αR−1[1 − δ
√

1 − x], n > 1,

(17)
us(x, n) = Csx

−αR(1 − x)n−1, n > 1, (18)

for sea quarks, where δ = 0.2 is the relative probability to
find a strange quark in the sea. The values of αR and αB

are given in Table 1. The factors Ci are determined from
the normalization condition

∫ 1

0
ui(x, n)dx = 1, (19)

and the sum rule
∫ 1

0

∑

i

ui(x, n)xdx = 1 (20)

is fulfilled.
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Fig. 7a–c. The asymmetries of secondary Λ/Λ̄ a, Ξ−/Ξ+ b and
Ω/Ω̄ c in π−p collisions at 500 GeV/c [17] and its description by
QGSM. In all cases the calculation with ε = 0.05 is shown by solid
curves and the variant with ε = 0.2 is shown by dashed curves

The fragmentation functions of quarks and diquarks
were changed a little in comparison with [1,4] to obtain
a better agreement with the existing experimental data,
because the old functions [1,4] correspond to ε = 0. We
use the quark fragmentation functions in the form

Gp
u = Gp

d = aN̄ (1 − z)λ+αR−2αB (1 + a1z
2),

Gp̄
u = Gp̄

d = (1 − z)Gp
u, (21)

GΛ
u = GΛ

d =
aΛ̄

aN̄

(1 − z)∆αGp
u,

GΛ̄
u = (1 − z)GΛ

d , (22)

GΞ−
d =

aΞ̄

aΛ̄

(1 − z)∆αGΛ
u ,

GΞ−
u = GΞ̄

u = (1 − z)GΞ−
d , (23)

GΩ
u = GΩ

d = GΩ̄
u = GΩ̄

d =
aΩ̄

aΞ̄

(1 − z)∆αGΞ
u , (24)

with

∆α = αρ − αφ = 1/2, λ = 2α′〈p2
t 〉 = 0.5. (25)

Diquark fragmentation functions have more complicated
forms. They contain two contributions. The first one cor-
responds to the central production of a BB̄ pair and can
be described by the previous formulas. They have the form
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Gp
uu = Gp

ud =Gp̄
uu =Gp̄

ud =aN̄ (1 − z)λ−αR+4(1−αB), (26)

GΛ
uu = GΛ

ud = GΛ̄
uu = GΛ̄

ud =
aΛ̄

aN̄

(1 − z)∆αGp
uu, (27)

GΞ−
uu = GΞ−

ud = GΞ̄
uu = GΞ̄

ud =
aΞ̄

aΛ̄

(1 − z)∆αGΛ
uu, (28)

GΩ
uu = GΩ

ud = GΩ̄
uu = GΩ̄

ud =
aΩ̄

aΞ̄

(1 − z)∆αGΞ
uu, (29)

with the same ∆α; see (25).
The second contribution is connected with the direct

fragmentation of the initial baryon into the secondary
one with conservation of the string junction. As discussed
above, there exist three different types of such contribu-
tions (Fig. 2a–c). Obviously, in the case of Ξ production
only two possibilities exist with a string junction plus ei-
ther one valence quark and two sea quarks or three sea
quarks. In the case of production of a secondary baryon
having no common quarks with the incident nucleons only
the string junction without valence quarks can contribute
(Fig. 2c).

All these contributions are determined by equations
similar to (6) with the corresponding fragmentation func-
tions given by

Gp
uu = Gp

ud = aN

√
z

× [v0ε(1 − z)2 + vqz
3/2(1 − z) + vqqz

2], (30)

GΛ
ud = aN

√
z

× [v0ε(1 − z)2 + vqz
3/2(1 − z) + vqqz

2](1 − z)∆α,

GΛ
uu = (1 − z)GΛ

ud, (31)

GΞ−
d,SJ = aN

√
z

× [v0ε(1 − z)2 + vqz
3/2(1 − z)](1 − z)2∆α,

GΞ−
u,SJ = (1 − z)GΞ−

d,SJ, (32)

GΩ
SJ = aNv0ε

√
z(1 − z)2+3∆α. (33)

The factor z1/2 is really z1−αSJ with αSJ = 1/2; see (8).
As for the power of z of the second term it is 2(αR − αB)
[1]. For the third term we have added an extra factor z1/2.

The probabilities of transition into the secondary
baryon of SJ without valence quarks, I3, SJ plus one va-
lence quark, I2, and SJ plus a valence diquark, I1, were
taken from the simplest quark combinatorics [24]. Assum-
ing that the strange quark suppression is the same in all
these cases, we obtain for the relative yields of different
baryons from SJ fragmentation without valence quarks:

I3 = 4L3 : 4L3 : 12L2S : 3LS2 : 3LS2 : S3 (34)

for secondary p, n, Λ + Σ, Ξ0, Ξ− and Ω, respectively.
For I2 we obtain

I2u = 3L2 : L2 : 4LS : S2 : 0 (35)

and
I2d = L2 : 3L2 : 4LS : 0 : S2 (36)

for secondary p, n, Λ + Σ, Ξ0 and Ξ−.

For I1 we have

I1uu = 2L : 0 : S (37)

and
I1ud = L : L : S (38)

for secondary p, n and Λ + Σ. The ratio S/L determines
the strange suppression factor and 2L + S = 1. In the
numerical calculations we used S/L = 0.2.

In agreement with the empirical rule we assume that
Σ+ + Σ− = 0.6Λ [27] in (34)–(38). As customary the Σ0

are included into Λ. Note that this empirical rule, used
in many experimental papers, is not consistent with the
simplest quark statistics rules [28].

The values of v0, vq and vqq are determined directly by
the corresponding coefficients of (34)–(38), together with
the probabilities to fragment a qqs system into Σ+ + Σ−
and into Λ, given above. For example, we have for incident
uu-diquark and secondary proton:

v0 = 4L3, vq = 3L2, vqq = 2L, (39)

for incident ud-diquark and secondary proton:

v0 = 4L3, vq = 2L2, vqq = L, (40)

for incident uu-diquark and secondary Λ:

v0 =
12
1.6

SL2, vq =
4

1.6
SL, vqq =

1
4
S, (41)

for incident ud-diquark and secondary Λ:

v0 =
12
1.6

SL2, vq =
4

1.6
SL, vqq = S, (42)

for incident u-quark and secondary Ξ−:

v0 = 3S2L, vq = 0, (43)

for incident d-quark and secondary Ξ−:

v0 = 3S2L, vq = S2, (44)

and for incident SJ and secondary Ω−:

v0 = S3. (45)

The probability for a process to have n cut pomerons was
calculated using the quasi-eikonal approximation [1,29]:

wn = σn/

∞∑

n=1

σn, σn =
σP

nz

(
1 − e−z

n−1∑

k=0

zk

k!

)
, (46)

z =
2Cγ

R2 + α′ξ
e∆ξ, σP = 8πγe∆ξ,

ξ = ln(s/1 GeV2), (47)

with parameters

∆ = 0.139, α′ = 0.21 GeV−2, γpp = 1.77 GeV−2,

γπp = 1.07 GeV−2, R2
pp = 3.18 GeV−2,

R2
πp = 2.48 GeV−2, Cpp = 1.5, Cπp = 1.65.



90 G.H. Arakelyan et al.: Baryon number transfer in hadronic interactions

The model parameters for quark and diquark distribu-
tions and their fragmentation are given in the main text
and/or in Table 1. They were mainly taken from the de-
scription of the data in [1,4].

The values of aΛ̄, aΞ̄ and aΩ̄ are obtained using the
factor I3 in (34).
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