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Abstract
This work concerns soft hadronic interactions which in the Standard Model carry
most of the observable cross-section but are not amenable to quantitative predictions
due to the very nature of the QCD (Theory of Strong Interactions). In the low
momentum transfer region the evolving coupling constant causes perturbation theory
to break down.

In this situation better experimental understanding of the physics phenomena is
needed.

One aspect of the soft hadronic interactions will be discussed in this work: transfer of
the baryon number from the initial to the final state of the interaction. The past
experimental knowledge on this process is presented, reasons for its unsatisfactory
status are discussed and condition necessary for improvement are outlined: that is
experimental apparatus with superior performance over the full range of available
interactions: hadron-hadron collisions, hadron-nucleus and nucleus-nucleus
interactions.

A consistent model-independent picture of the baryon number transfer process
emerging from the data on the full range of interactions is shown. It offers serious
challenge to theory to provide quantitative and detailed explanation of the
measurements.
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1 Introduction

1.1 A short summary of the theoretical ideas
This work attempts to bring together two interesting areas of the Standard Model of
elementary particles, the strong interaction of hadrons and the baryon number. 

The baryon number is one of the fundamental quantities of nature, conserved without
exceptions, like electric charge, energy and momentum. The proton stability has been
verified in a series of deep underground/underwater experiments (e.g. [1]) to the
impressive level of 2.1 ·1029 years as the lower limit of the particle lifetime. In this
work one is interested  in the quantitative manifestation of the baryon number
conservation and its transfer from the initial to the final state in high energy hadronic
interactions. This happens on the time scale of the order of fm/c, about 10-23s,
extremely short, in comparison with the experimental lower limit on the lifetime of
the proton. 

The hadronic collisions are described by the strong interaction sector of the Standard
Model. This sector has undergone, over the past 40 years, a profound revolution
characterized by the advent of Quantum Chromo Dynamics (QCD) as the underlying
theory. The QCD coupling constant evolves with the momentum transfer in the
interaction, therefore the methods of the perturbation theory can be applied only for
the very limited [2] region of the high momentum transfer interactions, the so-called
perturbative sector of the QCD. This sector covers a very small (10-4) fraction of the
proton-proton interaction cross-section at the energies obtainable at the CERN Super
Proton Synchrotron. Almost the whole interaction cross-section lies within the non-
perturbative sector, which although not treatable by the perturbation theory, receives
important constraints from QCD, which are of particular interest for baryonic
phenomena. In QCD, baryons are objects built up from three confined valence
partons, asymptotically corresponding to the constituent quarks which define the
quantum numbers of baryons like charge, spin, parity etc. The partons receive in QCD
a definite dynamical role by their confinement in the gluonic fields.

A first principle concern is the localization of the baryon number in the multibody
system of QCD. The topological ideas of Rossi and Veneziano [3] formulate an
attractive and seemingly simple picture where baryon number is connected to the
origin of the three gluonic fields confining the valence partons. Such configuration of
the gluonic fields is referred to as the "Mercedes Star". Several attempts to quantify
the phenomena of the non-perturbative sector have been undertaken in this framework
[4],[5],[6] and will be discussed in this paper with respect to the experimental results.

A second principle concern is the behavior of the baryon number during and after the
hadronic interaction. This question addresses the problem of the baryon number
transfer which is the main point of interest of this work. 

• Are the gluonic fields transparent to the interaction [7]? Would that mean that
the baryon number goes on after the collision, while the possible creation of
quark-anti-quark pairs may modify the charge and flavor of the outgoing
baryon? This mechanism should lead to the progressive decrease of the
density of baryons in the central kinematic region with the increase of the
interaction energy. 

• Or do the gluonic fields of the colliding baryons interact, and what happens to
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the baryon number in the corresponding "Mercedes Star - Mercedes Star"
collisions? Can it be transferred, by destroying the gluonic junctions, over
arbitrary ranges of Feynman x into the final state? 

Another line of argumentation recalls that any momentum transfer in the high energy
interactions involves gluons which are color octets. Therefore the two colliding
hadrons lose in general their color neutrality during the collision with the exception of
the extremely peripheral reactions. In these cases, i.e. elastic and diffractive
scattering, a special object, the pomeron, has been introduced. This object is color
neutral and possesses only one non-zero quantum number: spin. In the case of
ordinary inelastic collisions, the restoration of the color neutrality of particles in the
final state implies strong dynamical correlations between partonic subsystems of both
participating hadrons. This has led to the postulation of the existence of the partonic
intermediate state. The majority of existing microscopic models (e.g. [8]) is inclined
towards this approach which allows, by introducing long-range string fragmentation
concept, an elegant connection with the perturbative sector.

The question of the baryon number transfer is, however, a difficult point in all these
formulations as it has to be treated by introducing additional objects, like diquarks
carrying at least a big fraction of baryon number. Diquarks are typically evoked
when no understanding can be achieved using only the normal partonic structure of
baryons, e.g. in case of the large transverse momentum proton production [9] or in
relation to the purported pentaquark states [10].

In this work the study of the hadronic interactions will be extended to the nuclear
systems by exploiting hadron-nucleus and nucleus-nucleus collisions. In view of the
already unclear theoretical situation for elementary hadronic collisions, this extension
might seem to lead to the additional and unnecessary complications. However, it will
be shown that nuclear interactions provide a unique laboratory for the study of the
multiple hadronic collisions undergone by the participating hadrons in the nuclear
systems. In terms of the baryon number transfer, multiple collisions may modify the
final state baryon distribution by transporting baryon number into the central
kinematical region, therefore counteracting the color transparency. This effect is
referred to as the baryon number “stopping”. Such term implies the availability of
surplus central energy, which can allow the hypothetical creation of a state of
deconfined matter in the central nucleus-nucleus interactions, the so-called Quark-
Gluon Plasma (QGP). By comparing results from nucleus-nucleus collisions and
proton-nucleus interactions, such postulates can be rigorously verified
experimentally. In addition, important constraints on the mechanism of baryon
number transfer can be deduced from the data on both types of processes.

As a consequence of the serious conceptual and technical difficulties at the theoretical
level outlined above, many researchers, especially in the field of theory, have
practically abandoned the sector of soft hadronic interactions. Despite these
circumstances it is worthwhile trying how far a new effort in precision
experimentation can help to clarify the situation by at least putting new or more
precise constraints on the non-perturbative sector of the QCD. In fact this field
appears today as one of the rare areas in particle physics where experiments, if
conducted with the necessary commitment, patience and precision, could stimulate
the progress of the theory. In this context, the highest priority should be assigned to
obtaining the complete, precise and self-consistent data sets of hadron-hadron,
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hadron-nucleus and nucleus-nucleus collisions which will allow a model-independent
physics analysis.

1.2 Experimental aspects
From the experimental point of view, several clarifications are needed for the
formulation of the practically applicable definition of the study of baryon number
transfer. 

The first clarification concerns the definition of the baryon number. This definition is
obvious for the incoming projectile and target baryons, but highly nontrivial for the
final state. Not only the final state baryons can have different charge and flavor from
the incoming ones, but a priori unpredictable number of baryon-antibaryon pairs can
be produced within the constraints of total energy and momentum conservation.
Therefore unique localization of the final state baryon number is generally not
possible on the event-by-event basis. 

It can however be achieved using inclusive baryon distributions which are averaged
over the event sample. The net baryon distribution may then be obtained by
subtracting the distribution of pair produced baryons for each flavor state. This task is
complicated by the fact that the baryon pairs are in principle not constrained to come
in the isospin zero states like proton-antiproton pairs. As a consequence the
asymmetric pair production of type of proton-antineutron and neutron-antiproton (for
the SU(2) baryons) has to be taken into account. This requires a detailed
understanding of the isospin structure of the baryon pair production.

The need for a second clarification comes from fact that final state hadrons are not
confined to the respective phase space hemispheres of projectile and target nucleons.
The hadrons from the projectile can feed-over into the backward hemisphere and that
from the target to the forward hemisphere. Such effect is especially pronounced in the
nuclear collisions, where the net baryon number is transferred towards the central
region. This difficulty can be resolved by invoking the independence of hadronic
production between target and projectile contributions which is called hadronic
factorization. Therefore non-baryonic projectiles can be used to determine directly
shape and range of the baryon feed-over.

Having established the projectile component of the net baryon distribution in the final
state one may quantify the baryon number transfer as the difference between this
distribution and the initial state one.

The considerations presented above result in a number of requirements for an
experiment studying the baryon number transfer. These experimental necessities may
be listed as follows:

• complete coverage of production phase space with particle detection and
identification,

• precise subtraction of the baryon pair production in the full phase space,

• use of variety of baryonic and non-baryonic projectiles,

• study of multiple hadronic collisions by use of hadron-nucleus and nucleus-
nucleus collisions,

• collision energy high enough to ensure sufficient separation in the phase space
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between target and projectile nucleons in the elementary collisions,

• collision energy low enough to accomplish complete phase space coverage with
particle detection and identification,

• collision energy low enough to keep production of  the baryon pairs on the
sufficiently low level.

These constraints are evidently difficult to fulfill by a single detector layout at any
single accelerator or interaction energy. It will be shown below, that an
approximation to these requests is possible today by exploiting of state-of-the-art
detector, data acquisition and analysis techniques in an appropriate accelerator
environment.

1.3 Layout of the paper
This paper is structured as follows. In Section 2, the actual experimental situation is
discussed from the point of view of constraints defined above, by reviewing both
fixed-target and colliding-beam experiments. Section 3 introduces the NA49
experiment at CERN SPS, presenting its principle detector components and data
analysis strategy. Results from the NA49 concerning proton production in elementary
interactions are presented and compared to other data in Section 4. The isospin effects
are discussed in Section 5. The experimental determination of the net baryon
distributions and extraction of their projectile components are presented in Sections 6
and 7 yielding for the first time a complete picture of the baryon number transfer. A
physics discussion concerning presented results in Section 8 and conclusions in
Section 9 terminate the paper.
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2  Experimental situation 

2.1 Choice of variables 
This paper will deal only with single particle inclusive cross-sections, which is far
reaching simplification because hadronic final states of multiplicity n span in
principle3n dimensional phase space. The energy and vector momentum conservation
put four constraints on a final state. Together with symmetry with respect to the
rotation around the beam axis this leads to the 3n-5 as a dimension of the phase space.
In addition, masses of n particles have to be experimentally determined. 
The reduction of 3n-5 dimensional volume to two variables and one mass for each
studied particle species, represents a dramatic reduction of the available information
and corresponds to a very simple projection of the phase space. It is caused mostly by
the insufficiency of the available experimental information combined with the
difficulty of the presentation and interpretation of complex multidimensional
structures. For the study of final state baryons the information reduction may be
considered less drastic because number of baryons is, at least in the range of energies
of interest here, close to one or two per hadron-hadron collision.
In the soft hadronic interactions, the choice of two variables necessary to describe the
kinematic properties of a particle is facilitated by the experimental observation of the
longitudinal phase space phenomenon [11]. It was noticed that, to a good
approximation, particle density in the direction transversal to the incoming particle
beam axis is strongly damped in exponential or even Gaussian form, while the
longitudinal distribution (especially for baryons) is constrained only by a limit of the
maximum available longitudinal momentum. In addition the inclusive cross-sections
approximately factorize in their longitudinal and transverse dependencies.
The invariant inclusive single particle cross section f  is defined as shown in
Formula 1,

f  p ,m=E⋅
d3 p , m

d p
3

 
(1)

where m, p , E are respectively: the particle mass, its three-momentum and energy
in the center-of-mass system (c.m.s.). Due to azimuthal symmetry (with respect to the
incoming beam axis) the information is fully contained in a two-dimensional quantity,
presented in Formula 2,

f  pL , pT ,m=
E

⋅

d2  pL , pT , m

dpL dpT
2

 
(2)

where pL and pT are longitudinal and transversal (with respect to the beam axis)
momentum components.
Another important fundamental feature of soft hadronic interactions is the observation
of "scaling" ([12],[13]). This means that for various interaction energies dependence
of the inclusive cross section f on the longitudinal momentum is approximately
conformal if described in terms of the reduced variable xF  (Formula 3),

xF=
2pL

s

 
(3)

where s is the interaction energy in the c.m.s. The transverse momentum pT and
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Feynman variable xF will be used as the inclusive variables through most of this paper
and the double differential invariant cross-section of Formula 2 takes form of
Formula 4

f xF , pT ,m=
2E
s

⋅
d2 xF , pT , m

dxF dpT
2

 
(4)

The longitudinal phase-space phenomenon suggests that the baryon number transfer
in the xF variable should be investigated first. In this case it may be quantified as the
difference between the xF distribution of the initial state (proton at xF=1) and the final
state xF distribution for the projectile contribution to the net baryons. 
To determine the final state xF distribution in an assumption free and model
independent way the measurement of the cross-section (Formula 4) should be
performed over the whole phase-space.

2.2 Some kinematical and experimental constraints
The study of hadronic collisions is being conducted in two principal kinematic
configurations of fixed target and collider geometry. The choice of configuration is
determined in practice by accelerator and detector technologies and by the attainable
range of c.m.s. energy,s .

For historical and practical reasons the interaction energies are relatively sharply
limited to s40GeV for fixed target and s20GeV for collider applications,
with a small overlap between 20 and 40 GeV in the energy range of CERN
Intersecting Storage Rings (ISR) accelerator. For the experiments this entails specific
constraints regarding an attempt to attain the complete coverage of the phase space.
This is exemplified in Figure 1 showing the range of the laboratory momentum
corresponding to the points in the xF-pT plane for fixed target experiments at s
equal to 5, 17 and 40 GeV (left panels) and for collider experiments at s of 40,
200 and 14000 GeV (right panels). Figure 2 shows the lines of constant laboratory
angle with respect to the beam direction on the  xF-pT plane for the configurations and
energies corresponding to Figure 1. 
The implications of information contained in Figures 1 and 2 for the properties of the
experimental apparatus will be discussed below in the context of general
characteristics of fixed target and collider environments.
Figure 1 shows that kinematically for both fixed target and collider experiments the
full momentum range from zero to beam momentum has to be measured. The
determination of the particle momentum through the measurement of track curvature
in the magnetic field becomes difficult for very low (of order of MeV/c) and very
high (of order of 500GeV/c) particle momenta. The lower limit is imposed by the
multiple scattering and energy loss in the detector material. The upper limit comes
from the finite size of the detector. The combination of the size of the system and the
magnetic field strength, measured in T·m, should be appropriately chosen to allow
simultaneous measurement of particles with high and low momenta in the same
apparatus. The particle identification through the ionization energy loss is limited for
the low particle momenta due to the cross-over area around the laboratory momentum
of 1.5GeV/c. In this region silicon detectors and Cherenkov counters could be used
with careful optimization with regard to the amount of material on the particle path.
For the high momenta applicability of  transition radiation detectors sets a limit at the
order of hundred GeV/c.
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     Figure 1 Lines of constant laboratory momentum as a function of xF and pT of the proton produced in the proton-proton
     collision in the fixed target configuration with c.m.s. energies 5 (a), 17.3 (b) and 40GeV (c) and for collider
     setup with c.m.s. energies of 40 (d), 200 (e) and 14000GeV (f).
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Figure 2 Lines of constant polar angle (angle with respect to the beam axis, in degrees) in the laboratory reference frame 
as a function of xF and pT  of the proton produced in the proton-proton collision in the fixed target configuration with c.m.s. 
energies 5 (a), 17.3 (b) and 40GeV (c) and  for collider setup with c.m.s. energies of 40 (d), 200 (e) and 14000GeV (f).
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2.2.1 Collider experiments
The detector for the collider is an integral part of the accelerator and its layout is
constrained by the machine design. Main areas of restriction discussed below are
detector size and the magnetic field configuration.

• The detector magnetic field must not disturb the beams, or its influence must be
appropriately compensated. If a dipole magnet is used (UA1 [14] or ALICE Muon
Arm [15]) it is subject to field strength restrictions and requires compensating
magnets, usually located in the floor area allocated to the experiment. Resulting
available space reduction is contrary to the increase of the tracking lever arm
necessitated by the limited magnetic field strength. The SFM [16] detector used the
magnetic field configuration specially designed to reduce the disturbance to the
ISR beams, however still had to obey the field strength limit of 1T. The most
frequently used magnetic field configuration is the solenoid with coil axis at the
beam line. Such choice makes the measurement of momenta of the forward tracks,
almost parallel to the magnetic field direction, very difficult.

• The size of the experimental cavern along the beam axis is limited by the
maximum acceptable distance (usually not greater than few tens of meters)
between the active beam elements. The vacuum pipe has a transverse size of the
order of few centimeters which puts the lower limit on the detector element
distance from the beam axis1. Beam pipe radius (e.g.5 cm) and experimental hall
length (±25m from the interaction point) put the ultimate limit on the minimal
polar angle (hence on the transverse momentum) of the detected track to ca. 0.1
degree corresponding approximately to tracks with seven units of rapidity.

For the collider with 40GeV c.m.s. energy the full phase space coverage is possible.
For higher energies most of the phase space is compressed, in the laboratory reference
frame, into two cones with opening angle decreasing with the energy increase.
Already for a 200GeV c.m.s. energy the substantial part of the phase space lies inside
5 degree cone. This is almost equivalent to the fixed target experiment at 17GeV
c.m.s. energy. However in fixed target setup one can use strong bending fields and
have instruments installed far away from the interaction point, which is impossible in
case of the collider. For beams colliding at 14000GeV c.m.s. energy practically the
full phase space is contained in 0.1 degree cone and is unaccessible for the
measurement due to the restricted size of the experimental cavern and finite diameter
of the beam pipe.

For the forward-backward symmetrical situation at the colliders, experimentally
difficult low laboratory momentum area is centered at xF=0. There is negligible
effective "target" thickness on the produced particle trajectory (hence no target re-
interaction effects) but serious problems arise due to the thickness of detector
elements on the particle path.

The considerations discussed above imply that at colliding beam accelerator only
experiments with relatively low (e.g. 40 GeV) c.m.s. energy can provide (almost) full
phase-space coverage with tracking and particle identification. 

1 The exception of Roman pots detector is not applicable for the full phase-space coverage facility.
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2.2.2 Fixed target experiments
For the fixed target experiments the forward-backward symmetry in the c.m.s.
reference frame shows in a very different way in the laboratory as presented in
Figure 2. The forward hemisphere in the c.m.s. reference frame is compressed in the
laboratory system into the forward cone with a relatively small opening angle. The
opening angle of this cone slowly decreases as the collision energy increases in the
momentum range of beams available for the fixed target experiments. For the
collision energy higher than few times masses of colliding nucleons almost the whole
phase-space is compressed into the cone with opening angle of 60 degrees. 

The experimentally difficult area of small particle momenta lies in the far backward
hemisphere in the c.m.s. system. It corresponds to the laboratory angles above 20
degrees, where most of the target and magnet(s) supports are placed. The remaining
phase-space is attainable rather comfortably with momentum measurement and
particle identification with the exception of the far forward region at the highest
energy. 

In the fixed target mode the only limitation on the angular acceptance is caused by the
eventual difficulties with the detector operation with high beam intensities which only
applies to spectrometer experiments studying the low cross-section processes.

The fixed target detectors, as compared to the collider set-ups, have much smaller
(and in addition much easier to measure) amounts of dead material (cables, supports,
detector services) on the particle path. However, produced particles traverse certain
amount of target material which necessitates target re-interaction correction.   

2.3 Some examples of the detector realizations
A practical impression of the experimental situation in the aspect of the phase space
coverage and particle identification capabilities may be obtained from Figure 3. Here
number of detector implementations for different c.m.s. energies are presented. 

The comparison presented in Figure 3 shows that the general study of soft hadronic
processes is best conducted, since phase space coverage and identification are the
main necessities, at the fixed target facilities. Even here it takes a major effort to
combine tracking with identification of particles. If the apparent weakness in this
respect at the ISR collider is partially imputable to the lack of identification
technology several decades ago, the studies presented in the following are practically
excluded at the higher energy colliders in operation (RHIC) or under construction
(LHC). 
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It is worth mentioning that in case of the narrow acceptance spectrometers data for
particles with various angles/momenta are taken with different detector settings in
disjoint batches. This causes additional complications in the calibration and
background estimation and increases point-to-point uncertainties. The larger
acceptance detectors operating in stable conditions collect data in various regions of
the phase-space at the same time.
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Figure 3 The acceptance for the tracking system and particle identification capability for a number of
detectors. Two panels per detector are shown with filled areas indicating the availability, left one for
the tracking  and the right one for the particle identification. The information is presented for the fixed
target detectors: a) OMEGA (√s=5÷20 GeV,[17]), b)EHS (√s=27 GeV,[18]), c)COMPASS
(√s=27GeV [19]), and the collider experiments d) SFM (√s=40 GeV, [20]), e) STAR (√s=200 GeV,
[21]), and f) ALICE (√s=14000 GeV, [22]).
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Figure 4 The coverage of xF-pT proton production phase-space with the available data sets at
14GeV<√s<135GeV in fixed target experiments with collisions of a) proton-proton: [23](open
squares), [24] (x), [25] (full diamonds), [26] (pluses), [27] (full triangles), b) proton-nucleus: [28]
(open circles) , [29] (full circles), [30] (pluses) and [31](x) c) nucleus-nucleus: [32](full diamonds)
and  in collider experiments with collisions of d) proton-proton: [33] (full circles), [34] (open
squares), [35](pluses), [36] (x), [37] (full triangles) [38] (open triangles) e) deuter-nucleus: [39]
(full diamonds), [40] (open squares, √s=200GeV), [38] (open triangles, √s=200GeV) f) nucleus-
nucleus: [42] (full diamonds), [43] (open squares, √s=200GeV) and [44] (full squares,√s= 200GeV)
collisions.
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2.4 Existing experimental results
One of the most striking features of the experimental situation in the field of soft
hadronic interactions is the shortage of available results especially in nuclear
interactions. This scarcity is present over the complete range of interaction energies
from pion threshold to the highest collider energies. It may be interpreted as the
principal reason for the lack of progress in this field. 

A look at the available data for the inclusive proton production at the SPS/FNAL/ISR
energies, which are dealt with in this work, may help to understand the situation.
Figure 4 shows the coverage of the xF-pT plane with existing measurements of the
double differential cross section (Formula 4) with identified protons for fixed target
(left panels) and collider (right panels) for proton-proton, proton-nucleus and nucleus-
nucleus collisions. 

2.4.1 Proton-proton collisions
A distinct island of bubble chamber points [23], [26] is present in Figure 4a). Data
were taken with 30in. device at Fermi National Laboratory with proton beam
momenta from 100 to 405 GeV/c. Particles with relatively low momenta (cf. Figure 1)
were detected in the backward hemisphere. Data points were put at positive values of
xF, since final state of proton-proton collision is symmetric with respect to xF=0 line.
Particles with transverse momenta down to 0.1GeV/c were measured. 

Chamber experiments require substantial effort to analyze photographs and
reconstruct tracks. As a consequence statistics collected were typically of the order of
few tens of thousand events2. This leads to relatively large statistical uncertainties
from 10 to 35%. On the other hand, the high-precision track and secondary vertex
reconstruction makes negligible the correction for the protons produced in decays of
strange baryons (feed-down).

Other sets of points in Figure 4a) come from the spectrometer experiments at
Fermilab. The acceptance is constrained by the fact that the measurements are usually
performed at fixed laboratory angle with a minute acceptance window, thereby
defining a rather straight line in the xF-pT plane (cf. Figure 2b,c). In addition the
acceptance is cut at low pT in the very forward region due to the particle halo of the
high intensity beam lines used. 

For the experiment [24] the statistical precision reached 6%. The systematic
uncertainty was 7%. The data of [28] had 10% systematic uncertainty and relative
statistical precision of 4 to 20%. Experiment [25] had systematic and statistical
precision respectively 7 and 3 to 5%. Data of [27] were taken with spectrometer set-
up for particles produced at 90° in the c.m.s. system. One should keep in mind that
results of experiments [24], [25], [27], [28] were not corrected for feed-down.

Bubble chamber and spectrometer measurements cover together approximately half of
the forward hemisphere, delimited approximately by the line in xF, pT from
(0,0GeV/c) to (1,2GeV/c). There is some overlap between two classes of
measurements.

Phase-space coverage of fixed target measurement shown in Figure 4a) is

2 The semiautomatic tools used by the late chamber experiments, e.g. [45], allowed to reach up to
half a million reconstructed events.
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complemented by the ISR data shown in Figure 4d). As pointed out in Section 2.2.1
collider experiments cannot measure low pT tracks due to the beam pipe diameter and
detector length. On the other hand large pT tracks are well measured. 

The ISR data presented in Figure 4d) were obtained with single arm spectrometers.
Experiment of [33] (full circles) had typical precision of 5% statistical and 3%
systematic. Low pT cut-off caused by detector geometry can be seen. Maximal angle
of the spectrometer with respect to the beam axis shows as a line on the high
transverse momentum side. It is an analog of the spectrometer aperture limit observed
in the fixed target experiments. 

Experiments were covering, with slight overlap, different regions of the phase-space.
Use of the same accelerator and, in most cases, same experimental equipment resulted
in comparable systematic error of 5%. Statistical precision varied from 3 to 20%
depending on the xF,pT region. The results of [33], [34], [35], [36], [37] were not
corrected for feed-down.

Data from STAR detector at RHIC collider  [38] covered large pT range from
0.3GeV/c to 10GeV/c in the narrow central xF cone. The proton yields were extracted
with typical precision of 10%. Additional uncertainty due to the precision of  the
estimation of luminosity and trigger efficiency amounted to 14%.

2.4.2 Proton-nucleus collisions
As mentioned in Section 1.1 it is mandatory to extend study of the hadronic
interactions to hadron-nucleus and nucleus-nucleus collisions. Initial state of hadron-
nucleus interactions is asymmetric with respect to xF=0 line on xF-pT plane, therefore
data for positive and negative xF are shown in Figure 4b) and e). Positive xF is defined
by hadron beam vector.

The data of [28] were gathered at Fermilab with Single Arm Spectrometer, already
mentioned in the discussion of proton-proton experiments. The beam momentum was
100GeV/c. Protons produced with pT of 0.18GeV/c and 0.5GeV/c were measured in
the xF range of 0.28 to 0.9 (global envelope) with the precision of 10% on the
normalization and 4 to 20% statistical. No feed-down correction was applied.

Other experiments appear mostly to probe the transverse momentum dependence at
some xF regions. In experiment of [29] spectrometer, as in [27], was set to detect
particles produced at 90º in c.m.s. The NA44 spectrometer at CERN SPS [31]
measured protons in the backward hemisphere with 10% systematic and 2 to 6%
statistical uncertainties. Data were corrected for feed-down. Experiment [30] used
spectrometer designed for detecting particles with small laboratory momenta 0.4-
1.4GeV/c, therefore provided data in the far backward hemisphere (cf. Figure 1). The
relative statistical precision of cross-section was 5%. Systematic error of 20% was
dominated by the beam-on-target setting repeatability. No feed-down correction was
applied. 

In the case of proton-nucleus interactions, due to scarcity of the results, collider
experiments do not complement fixed target data as in the case of proton-proton
collisions. The only available samples come from RHIC collider operating at 130-
200GeV c.m.s. energy. As exemplified in Figure 3 tracking coverage of the collider
experiments inevitably shrinks with the increase of s . Strictly speaking there is no
proton-nucleus collider data. Phase-space coverage shown in Figure 4e) was obtained
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in deuter-gold collisions. The STAR experiment [38], as for the proton-proton case,
covered large pT range from 0.3GeV/c to 10GeV/c in the central xF cone. The
PHOENIX detector [39] delivered data in the central region with 11% normalization
and 7% statistical precision. The BRAHMS experiment [43] covered pT range of 0.35
to 3GeV/c for xF up to 0.4. with 10-15% normalization and 9% statistical precision. 

2.4.3 Nucleus-nucleus collisions
For nucleus-nucleus collisions only previously mentioned NA44 for fixed target and
STAR, PHOENIX and BRAHMS for collider provided double differential cross-
sections for proton production. 

2.4.4 Comments
On the bases of Figure 4 several comments should be made.

• There is no single experiment covering the full phase space.

• The experiments were conducted at the c.m.s. energies spanning a range from
14GeV to 200GeV, therefore one cannot ignore possible s dependence of the
results. 

• The previous point can hardly be verified experimentally due to the little overlap
between various data sets.

• Where overlap exists data from different experiments are not always consistent as
shown later.

• For xF<0.3 there is an open question, for most of the experiments, of the treatment
of feed-down from weak decays of strange resonances.

• A general lack of coverage is clearly seen. For the fixed target experiments
coverage is restricted by the maximum opening of the spectrometer magnets or
limited transverse size of detectors (constant angle in the laboratory system, see
Figure 2b). In the case of collider setups finite size of the experiment and the beam
pipe diameter (limited minimum track angle, see Figure 2d) restricts the coverage.

• There is an "island" of bubble chamber measurements at xF>0.6. They were
performed using the possibility of the proton identification via bubble density at
pTOT<1GeV/c (in the backward hemisphere, cf. Figure 3). However statistical errors
are large due to the small event samples.

• Measurements involving nuclei are even less redundant, with the additional
limitation on the mass number of the whole system of four at the ISR (αα
collisions). Here the additional data in this energy range are becoming available
from RHIC in the low energy operation mode.

From the above considerations it may be concluded that available data are not
sufficient to pursue the comprehensive study of the baryon number transfer in
elementary and nuclear interactions. A new attempt at the experimental study of soft
hadronic physics is necessary. Such attempt is facilitated by the advent of the CERN
NA49 experiment. 
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3 The NA49 detector
The NA49 detector is a fixed target facility located at the North Area of the CERN
SPS accelerator complex. The SPS is capable of providing a wide variety of particle
beams and beam energies. Using primary extracted beams one can obtain protons and
lead ions with momenta up to 400 GeV/c and 158 A⋅GeV/c respectively. The
secondary hadron beams with π±, K±, protons and antiprotons of adjustable energy can
be produced in the target using the extracted primary protons. Secondary nuclear
beams with the spectrum of light ions ranging from deuterons up to silicon may as
well be obtained from the extracted primary lead ions. 

3.1 Basic design considerations
The NA49 detector was designed with an objective to fulfill the physics requirements
outlined in the proceeding sections and to fully exploit the unique flexibility given by
the SPS accelerator and the available particle beams. This lead to the following
principal design requirements:

• capability of studying, with comparable performance, the full range of hadronic
interactions from elementary hadron-proton via hadron-nucleus to nucleus-nucleus
collisions. This means that the detector had to cope with charged multiplicities per
event of order of 10 in proton-proton to more than 2000 in central Pb-Pb reactions,

• almost complete acceptance coverage in at least the forward xF-pT hemisphere with
the sufficient momentum resolution for charged particles in the momentum range
from 1 to 200 GeV/c,

• complete particle identification over the acceptance region,

• full use of the flexibility in terms of beam and target combinations as well as event
triggering capabilities.

The NA49 detector was conceived more than a decade ago and was based on the
magnet and detector developments which date back into the 1970's. The decisive new
aspect of its implementation was the availability of the state-of-the-art auxiliary
technologies in the fields of VLSI electronics, data acquisition and data transfer as
well as distributed and powerful off-line computing. These technologies have at least
partially been driven by high energy physics experiments like NA49 and had become
applicable just in time for this project. The detector itself presents by necessity only a
certain approximation to the ideal one, fulfilling physics requirements stated above, as
the number of compromises had to be reached in the practical realization of the
experiment. Some salient features of the apparatus and the associated data treatment
are described in the following sections. For more details the reader is referred to the
dedicated summary paper [46].
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3.2 Detector concept 

A schematic view of the NA49 detector is shown in Figure 5. The detector is built
around two legacy superconducting magnets (VTX-1 and VTX-2) with vertical
magnetic field, a gap size of 1 m and and the field volume of about four cubic meters
each. The combined bending force of 9 T⋅m ensures the requested momentum
resolution and provides the separation of particle trajectories in the horizontal plane
necessary for the extreme local track densities in nucleus-nucleus interactions.

A system of four large Time Projection Chambers (VTPC-1, VTPC-2, MTPC-L and
MTPC-R in Figure 5) has been chosen as the combined tracking and particle
identification tool. The TPCs provide three-dimensional track images with up to160
points (charge clusters) per track. The use of the analog information on the cluster
level allows, through use of the center-of-gravity method, single coordinate accuracy
of order of 100 microns and two-track resolution appropriate for the highest
multiplicities encountered. At the same time the ionization energy loss,dE

dx , can be
determined over track lengths of up to six meters with r.m.s. precision of 3-4% by the
formation of the truncated mean from lower 50% of charges of the collected clusters.
This precision is sufficient to identify hadrons in the region of the relativistic rise, for
baryons in the momentum range from 10 to 160 GeV/c, corresponding to the
complete forward hemisphere coverage (Figure 1). 

The track coordinate information is provided by a system of 1.8⋅105 readout pads of
typical dimension 5×40mm2 mounted in the proportional wire chambers on top of the
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Figure 5 The layout of the NA49 detector



TPCs. The vertical coordinate is provided by time measurement of the cluster charge
performed in 512 time "buckets" for each readout pad. This results in a raw data
volume of about 75 Mbyte per event. The on-line suppression of empty charge
buckets helps to reduce volume to 1.5 and 8 Mbyte per event respectively for hadron-
hadron and nucleus-nucleus interactions.

The charge information of the TPC's is collected during the drift time of 50
microseconds. This, together with the large event size and associated limitations on
data acquisition and transfer, puts NA49 into the class of "slow" and low beam
intensity detectors. This is necessary to avoid multiple primary interactions during the
open time of the tracking system and subsequent congestion of the on-line data. 

The active area of the TPC system does not cover the beam trajectory (Figure 5). This
is necessitated by an operation with lead beams as otherwise non interacting beam
particles with primary ionization density of 6700 times minimum ionization could
present unacceptable loads in the readout chambers. The resulting acceptance loss in
the very forward direction above xF≈0.7 and with small transverse momentum pT is
remedied in the study of elementary interactions by the introduction of a small Gap
TPC (GTPC) in the beam line between the two magnets. Figure 6 shows that the
GTPC and two strip readout proportional chambers VPC-1 and VPC-2 (located in
front of the RCAL as shown in Figure 7) assure tracking almost to the kinematic
limit.

In addition to the charged particles tracking, the detector features a large combined
electromagnetic/hadron ring calorimeter (RCAL) which allows for an identification of
neutrons over a major fraction of the forward hemisphere.  

3.3 Beams, targets and triggering 
The incoming beam particles are detected in a system of trigger scintillators (S1 and
S2) put in the anti-coincidence with a beam halo veto counter V0. Particle trajectories
are measured in three strip-readout proportional counters (BPD-1,2,3) with a
resolution better than 100 microns. Beam hadrons are identified by an upstream
Cherenkov counter (CEDAR) with a misidentification probability smaller than 10-3. 

A flexible system of target stations is located immediately upstream of the first NA49
magnet. A liquid hydrogen target of 20cm length, insert b) in Figure 5, is used for
study of hadron-proton and deuteron-proton interactions. Thin nuclear targets of
about 0.4% interaction length are used for study of hadron-nucleus collisions (insert
c) in Figure 5). In this case the target is surrounded by a cylindrical proportional
counter (Centrality Detector) which allows detection of recoil protons ("grey protons"
[47],[48]) from the target nucleus. The measured number of grey protons is available
for fast active triggering and provides the on-line centrality selection. Centrality is a
geometrical notion related to an impact parameter of a collision. It increases as the
impact parameter decreases. For nuclear beams a target of 1% interaction length
thick, insert a) in Figure 5, is followed by a threshold Cherenkov counter which
provides a veto signal for triggers from non-interacting beam nuclei. 

Due to sizable TPC open time and large event sizes a free running of the detector on a
beam signal alone is not feasible. Interaction triggers are therefore used. In hadron-
proton and hadron-nucleus collisions this trigger is provided by a small veto
scintillator (S4) positioned on the beam line. For nucleus-nucleus interactions either
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the threshold Cerenkov veto counter immediately downstream of the target, set on the
beam charge, or a veto calorimeter on the beam line (VCAL), provide interaction and
centrality triggering. 

3.4 Data acquisition, event reconstruction and event selection
The digitalized information from the TPC is multiplexed on the detector and sent on
the fiber optical links to Digital Signal Processors. The DSPs perform noise rejection,
zero suppression and pedestal subtraction. Within 85ms the event is built and sent to
the permanent storage. The data volume is reduced to 10% of the raw data size, but
still amounts to 8Mbyte per central lead-lead collision. The events are transferred
with the speed up to 16Mbyte/s to high-density helical scan tape allowing to store up
to 10,000 central lead-lead events per single tape, meaning 100 minutes of
uninterrupted operation between the tape changes. The data stored on tape were then
processed on the dedicated PC farm of 90 processors.  

The event reconstruction starts with pattern recognition and momentum fitting for the
track candidates. So called “global” tracks are built from segments reconstructed in
different TPCs and used to determine position of the interaction point (primary
vertex). In the second step tracks are refitted assuming primary vertex position. This
constraint is also used for reconstruction of tracks recorded only in the TPCs placed
outside the magnetic field. 

Next step in the analysis chain is to reject events originating from beam interaction
with material other than the target (called empty target events). The following steps
were taken. For each event the position of the beam particle at the target should
follow the extrapolation from measurements taken further upstream. Then, vertex
position along the beam direction should lie inside volume of the target. Precision of
the vertex determination depends on the event multiplicity, therefore values of the cut
on longitudinal vertex position depend on the event multiplicity. These cuts reduce
the fraction of empty target events from 18% to 9% retaining 85% of the events
originating from the target. The sample for various projectile-target combinations at
158·A GeV/c beam momentum consists of almost 13 million events - half a Terabyte
of data. Such selected events are written into the ASCII micro-DST files which can be
easily stored and analyzed on a personal computer. 

3.5 Limits on beam intensity, data acquisition and analysis
systems
The choice of the TPC as the tracking and particle identification device imply limits
on the beam intensity to avoid event pile-up and to keep data sample size within
capabilities of the data recording and processing systems. 

The duration of drift of ionization charge, 50µs in case of NA49, determines the TPC
response time. Since it is much longer than 50ns characterizing typical multiwire
proportional chambers, therefore beam intensity must be smaller than one used in
experiments with MWPCs. 105 beam particles per second on the 1% interaction
length target produce 103 interactions/s. There is a 5% chance to register a multiple
interaction during 5⋅10-5s open time. This defines an upper limit on the beam
intensity.

The number of events recorded per accelerator cycle is limited by data transfer speed
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to storage device and capacity of the unit. The TPC event size cannot be substantially
reduced without loss of the information on the collected charge. Due to large size of
the event and large lead-lead collisions multiplicity the data acquisition system is
saturated at the beam intensity of 104 particles per second. This corresponds to writing
ca 16 events per second. That recording speed has been fixed and used to optimize the
data acquisition system. 

With 18% SPS duty cycle (2.58s extraction time during 14.4s cycle) and
uninterrupted accelerator work one needs a week of data taking to record 1.6 million
events and 8 weeks for the whole sample at 158·A GeV/c beam momentum. A mayor
restriction of the experiment was the beam time available.

Another constraint is also put by the off-line processing capacity necessary to analyze
0.5Terabyte of data.

3.6 Examples of acceptance and tracking capability
The summary of the NA49 tracking system acceptance and particle identification
coverage is presented in Figure 6 which can be compared to data on other detector
systems shown in Figure 3.

The examples of the superb tracking capability of the TPCs are shown in Figures 7
and 8. The detector hits for a typical proton-proton event and reconstructed tracks are
shown in Figure 7. For the collision with much larger track density, like lead-lead
central, two dimensional projection of the event is entirely populated with the detector
hits. Therefore Figure 8 shows only a thin slice (7mm in the vertical direction,
centered at the beam axis) of the central lead-lead event. In the region of the largest
particle density tracks still can be seen like on the bubble chamber photograph
showing the impressive feature of the TPC as the tracking device. 
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Figure 6 The acceptance (filled area) for the  tracking system (left panel) and particle identification
capability (right panel)  for the NA49 detector. 
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Figure 8 A 7mm thick slice of a central lead-lead event at 158GeV⋅A beam energy seen by the NA49
detector.

Figure 7 A typical proton-proton event at c.m.s. energy of 17.3GeV seen in the NA49 detector. Thick
lines are made of points recorded in the TPCs, thin lines are interpolations between the track elements
extrapolated  to the collision point. 



3.7 Cross-section determination and corrections
The invariant inclusive cross-section defined as

f xF , pT =ExF , pT⋅
d3

d p
3
xF , pT 

 
(5)

for a specific type of a particle is experimentally determined as

fmeasxF , pT , p
3 =ExF , pT , p

3 ⋅
trigger

Nevents

⋅
nxF , pT , p

3

 p
3  (6)

Where nxF , pT , p3 is the number of identified particles in the three-
momentum bin p3 centered at xF and pT, Nevents is the number of observed events
and σtrigger  is the cross-section for events fulfilling trigger conditions of the
experiment.

Before physical interpretation is possible, the measured cross-section fmeas for the
production of particle of type p has to be corrected for:

1) the difference between trigger and inelastic cross-sections σtrig and σinel ,

2) the contribution of “empty target” events to the number of particles p and the
number of events,

3) the contribution to the number of particles p from products of decays of heavier
particles (feed-down), 

4) the contribution to the number of particles p from tracks resulting from the re-
interaction of the primary collision products in the target volume,

5) the number of particles p absorbed in the detector volume,

6) in case particle p is unstable, the fmeas has to be corrected for the number of decays
within the detector volume,

7) fmeas must be also corrected for the finite three-momentum bin size p3

(binning-correction).

The methods of determination of the corrections, size of the corrections and their
dependence on the particle momentum are described in detail in [49] and [50]. The
typical values of the different contributions to the systematic error on the double
differential cross-sections are summarized in Table 1.
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Systematic error source 
Typical size of 

the error in %

Empty target correction 1.5

Tracking efficiency 0.5

Trigger bias 0.5

Feed-down correction 0.5-1.5

Re-interaction in the target and 

absorption in the detector
0.5

Binning correction 0.3

 Table 1 The sources of the systematic errors and their typical relative size with respect to the double
differential proton production cross-section.
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4 Experimental results on proton and anti-proton
production 

4.1 The NA49 data sample
The NA49 experiment was taking data over a period of eight years from the assembly
of the complete detector in 1995 until 2002. This long time span was caused by the
scarce availability of beam time at the CERN SPS accelerator, resulting from the test
activity of the CMS Collaboration using the same beam line, which had been assigned
an absolute priority in the beam time scheduling process. 

Nevertheless, it has been possible to collect sizable data samples for various beam and
target combinations with different beam momenta. It is presented in Figure 9, where
sizes of the samples are shown in millions of events for different beam momenta.

To put Figure 9 into perspective, one should keep in mind that the preceding
experiments with hadronic projectiles on proton targets have collected at most up to
half a million reconstructed events. For the nuclear targets typically few hundred
events with controlled collision centrality and protons with momentum below
1.3GeV/c identified were previously collected. 

Therefore the NA49 data are highly competitive for all interactions studied. They
allow to approach a new level of completeness and precision. In addition to these
samples data on the interaction of pion beams with protons and lead nuclei, an
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Figure 9 Sizes of the NA49 data samples for various beam-target combinations and beam momentum
(per nucleon in case of nuclei) 
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important although small sample of deuteron-proton collisions and a minimum-bias
lead-lead data set (allowing study as a function of  the event centrality) will be used in
this work. 

At the SPS energy protons amount to 60% percent of all baryons produced in proton-
proton interactions, therefore study of the baryon number transfer with protons is the
first step on the way to understand the non-perturbative sector.

The main line of reasoning of this paper will be based on inclusive distributions
(transverse momentum integrated) which may be obtained from the complete sets of
double-differential (in transverse momentum and Feynman-x) cross sections. This
procedure will be presented in some detail on the example of proton-proton collisions.

4.2 Results from proton-proton interactions
In the attempt to improve the limited phase space coverage of previous experiments
(Figure 4a and d) the NA49 Collaboration made a large effort to cover the xF and pT
plane as densely as possible (Figure 10) with data points. 

The size of the event sample is the only source of coverage limitation in transverse
momentum leading to a statistical error of 10% at pT≈1.6GeV/c.

The very forward region, xF∈[0.7,0.95] and pT  below 0.3GeV/c is not accessible
(Figure 6) due to the interaction trigger used. Some data from the bubble chamber
experiments ([23],[26]) have been included after verification of the consistency in the
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Figure 10 The xF, pT coverage of the NA49 data on proton production in proton-proton collisions. 
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overlap region with the NA49 data.

There is a narrow band above xF≈0.6 and pT  up to ≈0.9GeV/c, still within the scope of
the applicability of the dE

dx method, where tracks are reconstructed without particle
identification due to the separation between Main TPCs. In this region the ratio of

K++

p is below 5%. Therefore it has been extrapolated from NA49 and ISR data
([34]) and has been subtracted from the yield of all positive particles.

The resulting invariant cross-section for proton production is presented in Figure 11.
The sets of points correspond to the mean transverse momenta of (from top to bottom)
0.1 to 1.6 GeV/c in 0.1GeV/c steps. The errors are systematical and statistical
combined in quadratures. The lines are to guide the eye.

For the anti-protons (Figure 12) the statistical uncertainties are larger due to their
small production rate. At xF=0 there are 30% of anti-protons in comparison with
protons. The anti-proton production yield decreases exponentially with increasing xF,
such that the total integrated yield amounts to 3% of that of protons. Despite the low
total yield the anti-proton production was determined for xF∈[0.,0.35] and
pT ≤ 1.3GeV/c and is presented in Figure 12. The sets of points correspond to the
mean transverse momenta of (from top to bottom):0.1 to 1.3 GeV/c in 0.2GeV/c steps.
The errors are systematical and statistical combined in quadratures. The lines are to
guide the eye.
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Figure 11. The double differential production
cross-section as a function of xF and pT for
protons measured with the NA49 detector. The
data from Ref. [34](open circles), Ref [23],[26]
(open triangles) has been added.

Figure 12. The double differential production cross-
section as a function of xF and pT for anti-protons
measured with the NA49 detector. 
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4.2.1 Comparison with data from other experiments
Invariant cross-section for proton and anti-proton production from other experiments
are compared to NA49 results in Figures 13 and 14. Since most of the other
experiments obtained data with different binning in xF and pT the NA49 results were
interpolated to the respective xF and pT  values and shown as lines.

The data from other experiments cover a range of c.m.s. energies.

• For protons (References [23], [24], [25], [26]) in the region of overlap with the
NA49 data (xF>0.2) the difference in the c.m.s. energies has small influence
on the cross-section due to the Feynman scaling, which is fulfilled on the few
percent level [34] in the region of overlap. Slight upward trend of 5-10% is
very probably due to the fact that the feed-down correction was not applied for
the spectrometer experiments. The agreement between the data sets is in
general satisfactory within the statistical accuracy. This has permitted the
inclusion of the forward region, low pT data from the bubble chamber
experiments (Ref. [23], [26]) into the NA49 data list for the proper integration
over the transverse momentum (Section 4.2.2).

• For anti-protons the situation is more complicated. The dependence of the
production cross-section on c.m.s. energy is still very strong at the SPS energy
range ([45]) and, due to the lack of identification, no bubble chamber data are
available. Nevertheless both Brenner et al. (Ref. [24]) and Johnson et. al. (Ref.
[25]) data, within their sizable statistical uncertainties, compare well with

32

Figure 13a)  Comparison of  the NA49 data
(continuous lines) on proton production with
results from other experiments:Ref [25](open
circles), Ref [23]) (open diamonds), Ref.
[24](open boxes) and Ref. [26](full circles).

Figure 13b)  Comparison of  the NA49 data
(continuous lines) on proton production with
results from other experiments: Ref [25](open
circles), Ref [23]) (open diamonds), Ref. [24](open
boxes) and Ref. [26](full circles).
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NA49 results. 

The Figures 13 and 14 show again the scarcity of data from other experiments and
their lack of the phase-space coverage.

4.2.2 Data integrated over transverse momentum
Profiting from the complete phase-space coverage of the double differential cross-
sections the integration over the transverse momentum can be performed using the
data points alone, without any additional assumptions concerning the shape of the pT

distributions needed in previous experiments. 

The single differential proton and anti-proton production cross-section are presented
in Figure 15.

Although these distributions represent a drastic reduction of the multidimensional
phase-space (Section 2.1) to a single variable several features can be already
observed:

• the proton distribution features three well separated peaks,

• the first peak is located at xF=0 and corresponds to the pair-produced protons
contribution, as it is also seen in the anti-proton distribution of Figure 15,

• the second peak, around xF=0.35 contains most of the final state net protons,
and as such is in the focus of this work, 
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Figure 14 Comparison of the NA49 data
(continuous lines) on anti-proton production with
results from other experiments: Ref. [24] (open
squares), Ref [25] (full  circles).
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• the enhancement at xF above 0.8 corresponds to the well-known phenomenon
of the single diffraction [51] which contributes around 15% to the total
inelastic cross-section,

• the anti-proton distribution is sharply peaked at xF=0 and decreases fast to
become negligible with respect to the proton yield at about xF=0.35 at the SPS
energy.

4.2.3 Comparison of p T integrated results with other
experiments
From the experimental point of view the measurement of the pT integrated production
yields is relatively straight forward but comparison with data from other experiments
(shown in Figure 16) reveals sizable systematic problems.

Comparison with bubble chamber data ([23],[26]) on protons at xF>0.5 shows
satisfactory agreement within the large statistical uncertainties of these data.
However, the comparison with the spectrometer experiments ([24], [45]) indicates
deviations in a band of at least 30% around the NA49 data. 

• In the case of Brenner et al. (Ref. [24]), since the double-differential data
agree with NA49 data, the difference of the pT integrated results must be
attributed to the use, in Ref. [24], of the parameterizations of the incomplete
(in pT) data sets. Such parameterizations are necessary to extrapolate to the
unmeasured regions of transverse momentum to perform the integration over
the whole phase-space. 

• The differences of the EHS experiment (Ref. [45]) are more difficult to
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Figure 15 The proton (left) and anti-proton (right) number densities in proton-proton collisions.
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explain, since this experiment has not published double-differential
distributions. Due to the Feynman scaling the increase in the c.m.s energy
cannot explain the 15% difference for xF>0.2.

The total proton multiplicity is an important input to the control of the baryon number
conservation. In view of the results discussed above it has to date an uncomfortably
large error margin. 

The comparison of the anti-proton data is less straight-forward, since the dependence
of the production rate on the c.m.s. energy in the SPS energy range is still strong and

there are even less comparable data sets than for protons. Therefore one may consider
consistency with Ref. [24] as satisfactory, while the sizable yield increase of the EHS
results ([45]) can be attributed to the higher collision energy.

4.3 Results from <pion>-proton interactions
The present line of reasoning makes use of the fact that a pion projectile does not
carry net baryon number, therefore it may be used to extract the net baryon
distribution originating from the target proton. However, at the SPS energies the pion-
proton collision results in a sizable number of pair-produced baryons, which, when
characterized by the anti-proton yields, depends on the projectile charge due to
isospin effects (see Section 5). Therefore measurements with both π+ and π−  beams
have to be performed. The resulting pT integrated proton and anti-proton distributions,
averaged over π+ and π−  induced collisions are shown in Figure 17. One should keep
in mind that the NA49 acceptance for the full pT coverage extends down to xF= -0.1,
therefore distributions in Figure 17 have a limited range in the backward hemisphere.

35

Figure 16 The comparison of the NA49 results (full dots) for proton (left) and antiproton (right)
number densities as a function of xF.with data from other experiments: Ref. [23] (open circles), Ref.
[24] (open squares), Ref. [26]) (triangles) and Ref. [45](crosses).
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Several features can be observed:

• the proton and anti-proton distributions are similar in shape in the forward
direction. The absolute difference decreases with the increase of xF. This is a
direct indication that there is no net proton component originating from the
pion projectile,

• the difference between proton and anti-proton distribution is due to the target
component,

• therefore there is a strong forward-backward asymmetry with proton and anti-
proton yields deviating from each other below xF∼0.05.

4.4 Results from proton-lead interactions

4.4.1 Experimental conditions and centrality contro l
As will be discussed in some detail in the following Sections, hadron-nucleus
interactions provide an unique laboratory for the study of multiple collisions of the
projectile, ie. collisions which happen within the hadronisation time - in the projectile
reference frame - during less than 1fm/c. This is visualized in Figure 18, which shows
the geometrical relation between the impact parameter b and the depth of the nuclear
matter L traversed by the projectile. 
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Figure 17 Proton (left) and anti-proton (right) distributions from mean pion- proton interaction. 
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The number of collisions ν undergone by the projectile is defined by the size of the
nucleus and the impact parameter b, while the participating target nucleons suffer
only one collision each. The number distributiondN

d  is broad around the mean value

<ν>. <ν> is limited to values below 4 even for the largest nuclei due to the diffuse
nuclear density distribution described for example by the radial density dependence of
Woods-Saxon [52].

r =
0

1e
rR0

a
 (7)

For a minimum-bias proton-lead experiment without centrality control <ν> equals to
3.7. However, the width of the ν distribution can be substantially decreased and <ν>
can reach up to about 7 if for each event information about the state of the nucleus
after the collision is available. Nucleus excitation, fragmentation and intra-nuclear
cascading can serve this purpose. It has been shown in a number of studies with
emulsion ( [47],[53]) and bubble chambers ([48]) that the number of “grey” protons
-protons in the momentum range from 0.2 to 1.2GeV/c in the laboratory frame- is
positively correlated with <ν> and can be used to select event samples with different
centralities. 

Therefore a special grey proton detector [46] has been developed for the NA49
experiment. It is a cylindrical proportional counter, schematically shown in Figure 19,
with 12cm diameter surrounding the target and has a window in the forward direction
corresponding to the acceptance of the spectrometer. The surface of the cylinder is
divided into 256 pads which provide sufficient granularity for the counting of the
typically less than 20 grey protons emitted per event. The detector must be capable of
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Figure 18 The schematic view of proton-lead collision.
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separating grey protons
from high momentum
particles and nuclear
fragments. The electronics
threshold was therefore
placed at 1.5 times the
signal from minimum
ionizing particles to
remove signals from high
momentum tracks, since
grey protons are up on the

1
2

branch of the Bethe-

Bloch energy loss
distribution. The nuclear
fragments were absorbed
in a 200 micron thick
copper sheet which was

placed at the inner surface of the detector. This detector offers for the first time
possibility to trigger on-line, on an event-by-event basis, on centrality of the hadron-
nucleus event. 

The relation between the number of grey protons ng and ν can be described by
Formula 8:

~ng  (8)

A model calculation with VENUS code
[54] with addition of the intra-nuclear
cascading has been used to calibrate
Formula 8 for the NA49 detector. The
resulting dependence for proton and pion
projectiles is shown in Figure 20. It is
worth to note that for the same number of
<ν> number of grey protons ng is larger
for the pion projectile than for the proton
one. This is due to the smaller pion-proton
cross-section, meaning smaller impact
parameter in the same number of
collisions which results in the increase of
the amount of intra-nuclear cascading and
larger ng.
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Figure 19:  The centrality detector. 

Figure 20 Number of collisions ν as a function of
number of grey protons ng for πPb and pPb
collisions.
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4.4.2 Proton and anti-proton distributions
The measured proton and anti-proton number densities as a function of xF are
presented in Figure 21 for two values of <ν> corresponding to peripheral
<ν>=2.5 and more central <ν>=4.6 collisions.

The following remarks can be made, when comparing proton and anti-proton
production in proton-lead interactions with respective results in proton-proton
collisions presented in Figure 15.

• The proton distributions show a very strong depopulation of the forward
region with respect to proton-proton. This effect increases with the increase of
<ν> and is known under the somehow misleading term “stopping”.

• In the backward hemisphere there is a pile-up of the target components of
interactions of projectile proton with nucleons of the lead. This makes the
distribution asymmetric around xF=0. Also this effect increases with the
increase of <ν>.

• The anti-proton production also exhibits pile-up in the backward hemisphere. 

4.5 Results from <pion>-lead interactions

Due to the different relation between the number of collisions <ν> and the number of
grey protons  ng  (as shown in Figure 20) the conditions of the centrality trigger have
been adjusted to obtain event samples with the same mean number of collisions.
Proton and anti-proton number density distributions as a function of xF obtained under
these conditions are presented in Figure 22. 
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Figure 21 Protons (left) and anti-protons (right) number densities for two centralities in proton-lead
collisions.
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The distributions of Figure 22 can be compared with the corresponding results from
pion-proton collisions shown in Figure 17. This leads to the following observations:

• within the restricted backward xF acceptance of the experiment a clear
indication of the forward-backward asymmetry is visible, due, as in the case of
proton-lead collisions, to the target pile-up,

• this asymmetry is larger than in case of proton-lead collisions,

• for xF>0.2 the number of anti-protons produced decreases with the increase of
<ν>. This complex behavior is outside the scope of this work.

4.6 Results from lead-lead interactions

4.6.1 Experimental situation and centrality control  
Lead-lead collisions present, like proton-lead interactions, the possibility to study the
multiple collisions of the participating nucleons, which offer additional information.
In case of proton-lead collisions only projectile undergoes multiple interactions which
leads to asymmetric xF distributions for baryons. In the case of lead-lead reactions the
final state is symmetric and each participating nucleon undergoes on average the same
number of interactions. The geometrical situation is sketched in Figure 23 where the
relation between the impact parameter b, the depth of nuclear matter L and the
number of participants, each suffering on average ν collisions, are indicated. 

As in case of proton-nucleus interactions <ν> stays relatively small, even for the
largest nuclei - <ν>=3.7 for lead - if minimum bias running conditions are used.
Centrality control is necessary to select events with various impact parameters. Two
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Figure 22 Proton (left) and anti-protons (right) in mean pion-lead collisions for various centralities.
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methods might be used :

• The measurement of the number of spectator nucleons - or nuclear fragments -
in the proximity of the beam line downstream of the interaction point. This
number decreases with the increase of the centrality, since up to about 90% of
all projectile nucleons participate in the most central collisions. 

• A cut on the total event multiplicity.

The second approach can only be used if a major fraction of produced hadrons is
detected by the detector on the event-by-event basis. As this condition is fulfilled by
the NA49 detector, this method has been adopted. The relation between <ν> and the
particle multiplicity is well defined for the high centralities. The <ν> may be obtained
by geometrical Glauber-type calculations with the nuclear density distributions as
input. As the impact parameter decreases, the contribution to the total hadron
multiplicity from excited spectator nucleons increases which results in the larger
model dependence. The dependence of <ν> on the particle multiplicity determined for
the NA49 experiment is presented in Figure 24. 

A maximum <ν> value of 4.6 is reached for the most central of lead-lead collisions,
not much more than for the minim-bias interactions. This shows that, in comparison
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Figure 23 The schematic view of the lead-lead collision.

b

  L

b

L

ν collisions

Before

After



to the  proton-nucleus interactions,  the
attainable experimental range in <ν> in
heavy ion collisions is rather limited.
Therefore, contrary to the popular
expectations, one cannot expect to see a
more pronounced picture of all
phenomena which are related to the
multiple collisions in nucleus-nucleus
data as compared to proton-nucleus
interactions. 

Four centrality bins corresponding to
very central <ν>=4.25 and progressively
more peripheral <ν>=3.15, <ν>=2.65,
<ν>=2.15 collisions have been selected
for the discussion shown below.

4.6.2 Yield normalization
Another problem related to lead-lead collisions appears when one attempts to
compare yields of particles with data from proton-proton and proton-lead interactions.
In the two latter cases the yields in forward direction are related to a single projectile
proton, while the problem of pile-up of contributions from target participants is
concentrated in the backward hemisphere. In the case of lead-lead reactions all
participant nucleons in the projectile nucleus, ie. up to 180 protons and neutrons (in
case of very central collisions) contribute to the final state particle yield. For the
relative comparison with other reactions the knowledge of the number of participants
nP is necessary for establishing a normalization per nucleon. nP is, to the first order,
given by the pion multiplicity. It has been shown [55] that the number density of
produced pions per participant exceeds the yield in proton-proton interactions only by
10÷30% in a wide range of nP from 20 to 180. This excess, related to the effect of the
multiple collisions, increases with centrality. The use of the final state charged
multiplicity permits a relatively precise estimation of nP as shown in Figure 25.
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Figure 24 Dependence of the mean number of
collisions <ν> on  the mean charged particle
multiplicity <nCH> with line to guide the eye.
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4.6.3 Proton and anti-proton production
The centrality bins have been selected to study the span of the baryon number transfer
in lead-lead collisions. The first one at <ν>=2.15 and nP=17 corresponds to rather
peripheral interactions. The last one at <ν>=4.25, nP=170 and the total measured
charged multiplicity of 1200 is as central as it may be in heavy ion collisions at the
SPS energy. The resulting proton and anti-proton cross sections, normalized per
projectile participant, are presented in Figure 26. 

At the first glance these results look rather comparable to the ones obtained in proton-
lead collisions:

● the proton distributions get more central with increasing centrality, although
the effect seems to be smaller than in proton-lead interactions with the
comparable <ν>. 

● The anti-proton production shows the same strong decrease in the forward
direction as in the elementary interactions. 

● The number of anti-protons increases with the increase of <ν> to decrease at
most central lead-lead collisions
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Figure 25 Number of participants nP as a
function of the mean final state charge
multiplicity <nCH>. Straight line is to guide the
eye.
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Figure 26a) Proton production (per participant)
in lead-lead collisions for various centralities.
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Figure 26b) Anti-proton production (per
participant) in lead-lead collisions for various
centralities. 
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5 Isospin effects in baryon and anti-baryon
production 
The experimental results on proton and anti-proton production in hadron-proton,
hadron-nucleus and nucleus-nucleus interactions were presented in the preceding
Section. It is now necessary to point out some constraints related to the isospin
composition of initial state of these different reactions. Heavy nuclei typically consist
of 60% of neutrons and eventual differences between the proton production off
protons and neutrons have to be taken into account. The production of anti-protons
also cannot be assumed to be the same for all projectile-target combinations. This
may have important consequences for the extraction of the net proton component and
for the comparison between elementary and nuclear collisions.

5.1 Neutron fragmentation into protons
In principle there are two ways of measuring the fragmentation of neutrons into
protons. The first one uses neutron-proton collisions with a neutron projectile,
extracting proton production in the forward hemisphere. The second one looks at the
neutron production in pp collisions and uses isospin invariance for the determination
of the isospin-symmetric proton production in nn interactions. Both ways have been
exploited by NA49 by use of a deuteron beam and the hadron calorimeter. Data on
neutron production in pp collisions are scarce and inconsistent. In fact there are only
two measurements ([56],[57]), in the SPS energy range, which differ from each other
by a large factor. In addition, due to the inseparable background fromKL

0 mesons
and anti-neutrons, neutron data can be reliably extracted only in the range xF>0.2. The
new neutron data obtained by NA49 in proton-proton collisions are presented in
Figure 27a) which also shows the comparison to the earlier experiments.

The direct determination of proton production off neutrons needs a neutron beam or
neutron target. The traditional way is to use a proton beam on a deuteron target. In
this approach the separation of proton-neutron events from proton-proton interactions
and multiple collisions is generally not easy and particularly difficult in spectrometer
experiments. The use of a deuteron beam on a proton target avoids this complication
as spectator protons, carrying half of the beam momentum, can be easily detected.
Therefore a clean sample of single neutron-proton interactions can be obtained.

In the NA49 experiment the deuteron beam was produced by the fragmentation of the
lead beam in a primary carbon target placed far upstream at the extraction point of the
SPS beam [46]. Setting the beam line at the proper momentum results in a clean
selection of nuclei with Z/A=0.5. At the trigger level the deuterons can be separated
from heavier nuclei using the cut on the pulse height in the beam counters
(Section 3.3)

The pT integrated proton yield extracted from such np collisions is shown in
Figure 27b) and compared to the neutron yield in pp interactions. The consistency of
the data in the overlap region is a further proof of isospin symmetry in hadronic
interactions. In addition it demonstrates the internal consistency of the NA49 data,
delivering for the first time reliable results on neutron production. It should be noted
that the baryon distribution closely approaches the proton yields in pp at low xF but
deviates very strongly in the forward direction. This means that a new, isospin
corrected, reference distribution has to be constructed for the interpretation of net

45



baryon yields in nucleus-nucleus collisions.

5.2 Neutron fragmentation into anti-protons
The first measurement of the anti-proton production from np collisions is shown in
Figure 28a). It carries evidence for another manifestation of the isospin symmetry,
this time concerning the production of baryon-anti-baryon pairs. Would these pairs be
exclusively produced in symmetric combinations likep p and nn , their yields
should be identical in pp and np collisions. It is contradicted by Figure 28a). There is
a strong enhancement of the anti-proton cross section in the projectile hemisphere of
np interactions. By extracting the neutron projectile component an increase of a factor
of 1.5 in the anti-proton yield from neutron as compared to proton fragmentation is
found. This implies the existence of asymmetric pairs of the type pn and n p
forming the isospin 1 triplet

pn p p pn

nn

I3 -1 0 +1

where I3 denotes the third component of the isospin vector. As a consequence, a
strong dependence of the production yields of the asymmetric components on the
isospin configuration of the incoming particles is naturally expected as shown below
for the baryonic and mesonic projectiles used in this study:
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Figure 27a) The comparison of the NA49 results
on the neutron production number density (full
triangles), Ref.[56] (open squares) and Ref. [57]
(open circles) in proton-proton collisions.

Figure 27b) The neutron production in proton-
proton collisions (full triangles) and proton
production in neutron-proton collisions (open
squares).
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This dependence is indeed observed, as exemplified in Figure 28b) where the anti-
proton cross sections in proton-proton, neutron-proton, π+p and π− p interactions are
directly compared. Evidently the measured differences reach sizable values in the
projectile hemisphere, while, as expected, the yields converge towards the same
values in the target hemisphere characterized by the target proton which is common to
all interactions.

The consequences of this phenomenon can be far-reaching for the production
mechanism of baryon pairs, however a more detailed discussion is beyond the scope
of this work. Here the interest has to be focused on the definition of the net baryon
number which is of principal importance for the study of baryon number transfer.
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Figure 28a) Anti-proton production in collisions
of protons (open circles) and neutrons (full
circles) projectiles with protons.

Figure 28b) Anti-proton production in collisions
of protons (pluses) and neutrons (open squares)
π−(open triangles) and π+ (full squares) with
protons.
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6 Determination of the net proton number
The establishment of net proton yields needs the measurement and subtraction of the
total yield of pair produced protons:

dN
dx ∣P net

=
dN
dx∣P


dN
dx∣P pair

(9)

The QCD inspired hadronization models suggested the equality:

dN
dx ∣P pair

=
dN
dx ∣P (10)

The results of the preceding Section suggest, that the generally used Formula 10 is not
applicable for all types of hadronic interactions. However the anti-proton cross
section dN

dx∣P is the only experimentally accessible measure of the baryon pair
production. The extraction of the pair produced component needs careful case-by-
case studies of the different projectile-target combinations.

6.1 Interactions with symmetric initial state
• pp collisions: here the full factor 1.5 (based on Figure 28a) has to be applied to

the anti-proton cross sections before subtraction.

• PbPb collisions: for iso-symmetric nuclei the isospin dependence is averaged
out and the p yield can be directly subtracted. For heavy nuclei with their
neutron-proton ratio close to 3/2, thep cross-section overestimates the ppair

yield. For lead nucleus, the excess of neutrons leads to the overestimation of
ppair yield by 8% when p production is used. Therefore only 92% of the
measured p yield should be subtracted.

6.2 Interactions with asymmetric initial state
For asymmetric target-projectile configurations the situation is more complicated. In
general, two steps of correction become necessary. 

• π±p collisions: both pion charges have to be used in order to define the isospin
symmetric projectile composition

〈 〉=


2
 (11)

In a first step the symmetrized anti-proton yield can then be subtracted. After
this step one is left with thepp yield from the proton target which is not
equivalent to the net proton cross section. Therefore in a second step 50% of
the target part of the anti-proton yield have to be subtracted in addition (to
reach the 1.5 factor determined for pp collisions). This target part may be
obtained using a symmetric, two component picture of particle production in
pp interactions (Section 7)

• π±Pb collisions: again both pion charges have to be used to arrive at an isospin
symmetric projectile composition. After subtraction, the Pb target part is left
to be corrected in a second step for its excess of anti-protons. This correction
(Section 6.1) is however small enough to be neglected at SPS energies.
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• pPb collisions: here a maximum of complication is reached. In principle the
proper de-composition of the resulting final state hadronic cross sections into
a target and a projectile component is needed. These can then be separately
corrected by subtracting 92% of the anti-proton component in the target and
1.5 times the anti-proton component in the projectile. This creates a correction
which varies with xF from the far backward to the far forward region. For the
purpose of this study this complication is avoided and a simple subtraction of
the measured anti-proton yield is used.

It should be stressed that the proper treatment of the different cases mentioned above
creates only moderate effects in the final net proton densities at SPS energies (and of
course at lower s due to the smaller pair production). Any increase of the c.m.s.
energy will however quickly enhance the corresponding systematics. Already at the
ISR energies and definitely at the RHIC collider a proper and detailed treatment
becomes absolutely mandatory.
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6.3 Net proton distributions from NA49 data
Using the above prescriptions net proton distributions for all reactions used by the
NA49 experiment may be obtained. They are presented in Figure 29a) to e), as a
function of xF.
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Figure 29e) Net proton
distributions for lead-lead collision
various centralities.
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Figure 29d) Net proton
distributions for average pion -lead
collisions for two centralities.
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Figure 29c) Net proton
distributions for proton-lead
collisions,for two centralities.
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Figure 29b) Net proton
distributions for average pion-
proton collisions.
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Figure 29a) Net proton distributions
for proton-proton collisions.
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6.4  Comment on the data on the net baryon production from
experiments on the RHIC collider
At the highest currently available nuclear beams energy, at the RHIC collider, an
attempt to study the net baryon distributions has been undertaken. 

The STAR experiment measures production of protons in proton-proton collisions
[38] at the mid-rapidity (y<0.5) for pT between 0.3GeV/c and 10GeV/c which
corresponds to xF between ±0.005 and ±0.05.

Due to the machine layout RHIC will not provide data on proton-lead collisions. The
deuter-gold is the only  projectile-target combination currently available at RHIC
which may give a hint on the baryon number transfer in hadron-nucleus interactions. 

6.4.1 STAR data on deuter-gold collisions

The STAR [58] uses the Λ andΛ to estimate the baryon number transfer. The
production of the Λ hyperons is measured for the transverse momenta above
0.6GeV/c in the rapidity range of ±2.75. Such rapidity corresponds to xF between 0.09
and 0.17 (for pT between 0.6 and 2GeV/c).  

Cut-off of 0.6GeV/c on the transverse momentum forces a model dependent
extrapolation towards the low momenta to obtain an inclusive Λ production. Once this
is done another model dependent factor of (10±1) is applied to calculate the number
of net baryons from the number of net Λ hyperons. Result from STAR is presented in
Figure 30.

6.4.2 BRAHMS data on central gold-gold collisions
Gold is the heaviest nucleus available currently at RHIC. The BRAHMS
Collaboration presents data on the baryon number transfer [43]. The number of net
protons is defined as the difference between the number of protons and anti-protons
corrected for protons/antiprotons from hyperon decays. Protons and anti-protons are
measured at three rapidity regions and transverse momentum ranges shown in
Table 2.
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Figure 30 The net baryon production  for peripheral(open
circles), mid-central (full circles) and central (open triangles)
in deuter-gold collisions measured by the STAR experiment
[58]. The arrow indicates the beam rapidity.
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Rapidity Lower Transverse
momentum cut-off

[GeV/c]

Higher Transverse
momentum cut-off

[GeV/c]

xF range 

~1 0.5 2 0.01-0.03

~2 0.2 1.2 0.04-0.06

~3 0.6 2.2 0.11-0.24

Table 2 Phase space coverage by proton data from the BRAHMS experiment [43]. 

The number of net baryons at √s=200GeV by BRAHMS experiment is calculated
using:

•  the net protons from the BRAHMS measurement of proton and anti-
proton production, 

• the net neutrons from the MC simulation indicating n/p ratio equal to one
in the whole rapidity range concerned cross-checked by the AGS
(√s=12GeV) result at mid-rapidity, 

• the net Λ from the PHOENIX result on Λ(Λ)  to proton (anti-proton) ratio
at mid-rapidity and assumption of constancy of this ratio in the rapidity
range concerned. 

• the net Σ  from the MC estimates. 

The BRAHMS result is shown in Figure 31. 

6.4.3 PHOBOS data on gold-gold collisions
The PHOBOS Collaboration [59] measured the net proton production at the center-of-
mass energy 62.4 GeV.

The following data synthetisation procedure was used: 

• Protons and anti-protons were identified through the ionization loss and
time of flight measurements in the pseudo-rapidity range from 0.2 to 1.4.
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Figure 31 The net baryon production measured by the
BRAHMS experiment [43]. The arrow indicates the beam
rapidity.
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• Invariant yields were measured on rapidity-pT grid with a precision of
typically 13%

• It was verified that invariant particle yields for fixed transverse momenta are,
within experimental errors, constant as a function of rapidity.

• Data for the same transverse momenta were averaged. 

• Common rapidity value of 0.8 was assigned.

PHOBOS shows invariant production yields for protons for transverse momenta from
0.2GeV/c to 2.8GeV/c. For rapidity of 0.8 it corresponds to xF from 0.009 to 0.03.

After extrapolation for pT between 0.-2GeV/c and integration over transverse
momentum number of net protons is obtained and studied as a function of number of
participants. It is shown in [59] that both PHOBOS measurement at √s=62.4GeV and
PHENIX result at √s=200GeV support scaling of the number of net protons at mid-
rapidity with number of participants. 

6.4.4 Summary
Comparing results presented in Section 6.3 to the data obtained at the RHIC collider,
one may conclude, in a consistent way with the reasoning presented in Section 2.3,
that the experiment at the high energy collider is not the optimal configuration for the
study of the baryon number transfer in the full phase-space.. 

One may however use the mid-rapidity measurements presented in [59] together with
the NA49 result [60] to show the √s dependence of the net number of protons in the
nucleus-nucleus collisions (Figure 32).

If trend indicated by the line in Figure 32 is maintained one may expect to see 0.18
net protons at mid-rapidity at the LHC.  
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Figure 32 Mid-rapidity number of net protons in central
(340 participants) nucleus-nucleus collisions based on
NA49( [60]), PHOBOS and PHENIX ([59]) data as a
function of c.m.s. collision energy. Straight line is shown to
guide the eye.
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7 Extraction of the projectile components from the net
proton distributions

7.1 Hadron-hadron interactions
The main subject of this study is the experimental determination of the transfer of
baryon number in the wide range of hadronic interactions. As baryon number is
conserved, there cannot be other sources of net baryons but the incoming hadrons.
Therefore a two-component picture of baryon number transfer seems natural as
schematically shown in Figure 33 for proton-proton interactions [61].

A priori there is only one constraint for the net baryon distribution in symmetric (like
proton-proton or lead-lead) collisions: symmetry with respect to the xF=0 line.
Therefore the target and projectile components must be a reflection of each other with
respect to this line, and equal to each other and to one half of the total net baryon
yield at xF=0. Despite these constraints the shape of the projectile component and its
extent into the target hemisphere can vary and must be experimentally determined.
This can be done using non-symmetric meson-baryon collisions. One can use a
charge-averaged pion projectile to pinpoint the contribution to the net baryons from
the target proton. The resulting net proton distributions are presented in Figure 34 for
proton-proton (Figure 34a), average pion-proton collisions (Figure 34b) together with
the difference of the two (Formula 12, Figure 34c).

dN
dx ∣pp projectile

net

=
dN
dx ∣pp

net


dN
dx∣〈〉 p

net

 
(12)
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Figure 33 Schematic view of the net baryon distribution (thick line) and three possible distribution of
target (left) and projectile (right) contributions fulfilling the symmetry requirement.
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a) The net protons in proton-proton collisions 

b) The net protons in “mean” pion-proton collisions.

c) The projectile component of the net protons in proton-proton collisions.

Figure 34 The NA49 determination of the projectile component in the net proton distributions.
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The Figure 34b) (pion-proton collisions) contains an important information. The net
proton density crosses indeed the symmetry point of proton-proton collisions at xF=0
at half hight of the total inclusive yield. Data points from bubble chamber
experiments ([23],[26]) in the far backward region, xF<-0.6, and from the limited
acceptance of NA49 in the region -0.6<xF<-0.3 (Figure 6) have been added to
Figure 34b) as open triangles. Evidently factorization between projectile and target
components as defined above holds over the complete xF range.

This opens the possibility to subtract the target component as it is given by the <π>p
reaction to determine the projectile component of proton-proton collisions as shown
in Figure 34c). One may conclude that the range of the baryon number transfer into
the opposite hemisphere is limited to xF≈0.3. 

There is an equivalent to the just described method of determination of target and
projectile contributions to the net baryon distribution using proton-proton data alone.
It is possible because, as shown in Section 4.2, the anti-proton production in proton-
proton collisions is limited to xF±0.3 (Figure 15). Protons found outside this xF values
may be safely considered as net protons. Selecting such a proton, called “trigger”, in
one hemisphere defines the contribution from the respective initial state baryon due to
the baryon number conservation. Such contribution can be determined on the event-
by-event basis. Results of this method are shown in the Figure 35 where the position
of the “trigger” protons in the target or projectile hemispheres are indicated by
arrows.

An internally fully consistent picture of the baryon number transfer emerges from the

56

a)

b)

Figure 35 The net proton distributions for proton-proton events which
have the proton in a) the backward hemisphere at xF of -0.35 (full circles),
-0.45 (open circles), -0.55 (pluses) and b) the forward hemisphere at xF of
0.35 (full circles), 0.45 (open circles) and 0.7 (pluses). Each arrow shows
the “trigger” proton xF corresponding to the set of data points indicated
at the beginning of the arrow.
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studies described above. The resulting projectile component of the final state net
proton distribution in proton-proton interactions, now extended to its full range down
to xF=-0.3 is presented in Figure 36.

This distribution will form the basis of comparison with a wide range of different
hadronic interactions. In a first step, and still on the level of elementary collisions, it
is interesting to look at the baryon production with virtual photons as it is available in
the deep inelastic electron-proton interactions at the HERA collider. The proton cross
section from the ZEUS experiment ([62]) in the proton hemisphere at large xF

(Figure 37) shows indeed good agreement with the NA49 and the bubble chamber
data [23]3. 

This proves again hadronic
factorization even in the
presence of a basically
electromagnetic exchange
process. In addition it
presents a good
demonstration of the
independence of the baryon
transfer process from the
collision energy, as HERA
data cover a much higher
range of collision energy.

3 The NA49 and [23] data were shown for p2
T<0.5GeV2/c2 to cover the same pT range as the ZEUS

result.
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Figure 37 The proton production in photon-proton from ZEUS
experiment [62], in proton-proton collisions from NA49 and FNAL
(Whitmore et al., [23]) experiments. 

Figure 36 The projectile component of the net
number of protons in proton-proton collisions.
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7.2 Proton-nucleus interactions
As discussed in Section 4.4 proton-nucleus interaction is an asymmetric, multiple-
collision process characterized by the impact parameter or the mean number of
collisions <ν> undergone by the projectile. For the net proton distributions, which are
of interest here, the situation may be characterized by the cartoon of Figure 38 which
shows the characteristic superposition of <ν>=4 times the (isospin-corrected) target
contribution (of nucleon-nucleon collision) and of the a priori unknown projectile
component which we aim to isolate.

It is an interesting observation that the grey protons from intra-nuclear cascading
reach up to xF=-0.3, which is where the projectile feed-over into the target hemisphere
ends. 

A first quantitative check of the superposition assumption is given by the evolution of
the net proton density with <ν> in pion-induced interactions. When Figure 29d) is re-
plotted in logarithmic scale (Figure 39), there is indeed a conformal increase of yield
with increasing number of collisions. This is quantified to be in good approximation
linear with <ν> for xF=0 (Figure 40). 

This result is a strong support of a two-component superposition picture of the baryon
number transfer for proton-nucleus interactions, as it was described in the proceeding
Section for the elementary collisions. Subtracting the net proton density obtained in
the <π>Pb from the one in pPb at equivalent <ν> one can obtain the projectile
component of the latter reaction, which is shown in Figure 41.

In a sharp contrast to the target component, a very strong evolution of the projectile
baryon transfer distribution with <ν> is apparent. This will be discussed in more
detail in Section 8.
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Figure 38 Schematic view of the net baryon distribution in proton-lead collision (black continuous
line). Pile-up of one, two, three and four target contributions from nucleon-nucleon collisions are
shown as dashed curves. Example of the projectile contribution is shown as dark grey continuous
line. Full line represents the sum of the four target and the assumed projectile contributions.
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Figure 41 The NA49 data on the number density
of the projectile contribution to the net protons
for various centralities in proton-lead and for
proton-proton (<ν>=1)  collisions.
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Figure 39 The NA49 data on the number density
of the net protons for various centralities in pion-
lead and pion-proton (<ν>=1).
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Figure 40 The number of net protons at xF=0 in
pion-proton (open circles) and in pion-lead (full
circles) as a function of  number of collisions ν.
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7.3 Lead-lead collisions
In the nucleus-nucleus collision, the experimental methods of isolating the target and
projectile components presented above are not applicable. Neither does a pionic
nucleus exist nor it is possible to fix the baryon number of all the participant nucleons
in one hemisphere on the event-by-event basis by selecting final state protons at the
sufficiently large |xF|. The only usable constraint is given by the symmetry of the
interaction, which ensures that the net proton densities from both components cross at
half height of the inclusive yield at xF=0. In addition one may tentatively assume that
the fast decrease of the proton feed-over between the two hemispheres with xF and its
limitation to |xF|<∼0.2 is similar to proton-proton and proton-lead collisions. This
results in the projectile component indicated in Figure 42 for the centralities chosen,
where the lines connecting the points at xF=0 and 0.2 has been obtained by assuming
the same relative shape of the baryon transfer distribution as in proton-lead
interactions.

In addition, a new hadron-hadron reference distribution must be constructed due to
the neutron component present in both target and projectile. This can be achieved
using the results on neutron fragmentation presented in Section 5 for protons and anti-
protons. The resulting distribution is also presented in Figure 42. It deviates from the
one for protons (Figure 36) principally in forward direction due to the decrease of the
proton yield from neutrons in this region of phase space.
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Figure 42 The projectile contribution to the number density of  the net
protons in lead-lead collisions for various centralities. The isospin
corrected projectile contribution  from nucleon-nucleon collision is shown
as a continuous line. 

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
xF

0

0.2

0.4

0.6

dN
/d

x
F

<ν>=2.15

<ν>=3.15

<ν>=2.65

<ν>=4.25



8 A step towards interpretation
The main aim of this work is a comprehensive study of the net baryon transfer
mechanism in soft hadronic interactions. Reactions with nuclei have been included to
extend the scope of the study over multiple hadronic collisions. It has been proven
that the process of the baryon number transfer is strongly enhanced in such multiple
collision reactions. In order to compare the different hadronic interactions the
respective projectile components of the net proton production have been extracted.
They are shown in Figure 36 for the proton-proton collisions, in Figure 41 for the
proton-lead interactions and in Figure 42 for the lead-lead reactions. For the two latter
cases data for various centralities are presented.
Nobody can offer a well founded understanding of the baryon number transfer
process. There is an experimental evidence at hand but one cannot present a full
explanation. However one can make a comprehensive comparison of the baryon
number transfer process (Figure 43) for various projectile-target combinations. It can
form a basis of some discussion of models and possible interpretation but so far
without quantitative understanding.
The hadron-hadron reference is different for proton-lead and lead-lead interactions
due to the isospin effects. In order to further quantify the proposed comparison the
ratio of the net baryon densities and their respective reference distributions are
calculated. 

Rnorm
pPb xF=

dN
dxF∣pPb

dN
dxF∣pp

 Rnorm
PbPbxF =

dN
dxF∣PbPb

dN
dxF∣NN

(13)

The Rnorm
pPb xF and Rnorm

PbPbxF  are shown in Figure 43. 
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Several conclusions may be drawn from this figure:
• the specific structure of the net baryon distribution of the elementary

collisions (diffractive peak and broad maximum around xF=0.35) is strongly
modified in multiple collisions,

• the diffractive peak vanishes and the broad structure characterizing inelastic
events is progressively shifted to smaller xF as the mean number of collisions
<ν> increases,

• for central proton-lead collisions the yield has its maximum close to xF=0,
• the observed evolution with <ν> is smooth and similar for proton-lead and

lead-lead interactions,
• for a given <ν> the baryon number transfer is smaller in nucleus-nucleus than

in proton-nucleus reactions,
• there is no indication of observation of any special effects in heavy ion

collisions; this complies with the experimental findings of NA49 concerning
pion, kaon and cascade baryon production [63].

One should study the baryon number transfer mechanism rather in hadron-nucleus
collisions than in nucleus-nucleus interactions because:

• for the same <ν> baryon number transfer is larger,
• higher <ν> are reachable, 
• final state, although forward-backward asymmetric, is easier to study due to

the lower final state multiplicity,
• last but not least, high energy hadron beams are generally easier to produce

and monitor than that of heavy ions
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Figure 43 Projectile distributions of net protons (normalized to respective elementary collisions –
Formulae 13)  for proton-lead and lead-lead collisions with various centralities.
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8.1 Model independence
It should be stressed that the results presented in this work have been obtained purely
experimentally, essentially using the internal consistency of a whole set of data for
different target and projectile combinations. Only baryon number conservation and
isospin symmetry have been evoked. There is a mild model dependence in the
evaluation of the scale of the multiple collisions, <ν>, in the different nuclear
reactions. However this scale is not essential for the main conclusions of the study. In
particular, the different behavior of proton-lead and lead-lead collisions in terms of
<ν> is to be expected from the different geometrical configurations involved. The
distribution of ν around its mean value is broad and extends further for lead-lead than
for proton-lead interactions (Figure 44), [64].

Convolution of final states of nucleon-nucleon collisions with number of collisions
distributions with the same <ν> but different shapes does not yield the same result for
the baryon number transfer. This is especially true for the tail to small ν  which
cannot be avoided in nucleus-nucleus reactions and which softens the observed <ν>
dependence.

8.2 Models
As evoked in the introduction, there is little, if any, hope for theoretical predictability
of the baryon transfer mechanism due to the very nature of the non-perturbative QCD.
The author sees essentially two classes of approach. 

The first class is purely phenomenological and starts from the assumption of di-
quarks as the seat of baryon number [65]. It is closely related to the concept of string
fragmentation as the origin of hadronization in soft collisions. A di-quark
fragmentation function into baryons is postulated and ad-hoc adjusted to the measured
data from hadronic interactions. This concept develops problems in the realm of
multiple collisions since the phenomenological fragmentation function has to be again
ad-hoc modified in order to trace the observed substantial transfer process. Di-quark
breaking in multiple collisions is typically applied which creates the additional
problem of describing the location of the now set-free baryon number. 

The second class starts from the elegant topological formulation of Rossi and
Veneziano [3] which fixes the locus of baryon number in the gluonic field connecting
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Figure 44 Distributions of ν  for proton-lead (left panel) and lead-lead (right panel) collisions for
various experimentally selected  centralities. For each distribution a mean ν  value is indicated.
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and confining the valence quarks of the baryon. The question is how to describe the
fate of these gluonic fields during single and multiple hadronic collisions which in
principle is requesting the impossible, namely the theoretical quantification of soft
QCD. Several attempts have been proposed recently in this direction. They were
triggered in part by some preliminary data on deep inelastic reactions ([4], [5]) from
HERA which seemed to indicate the possibility of shifts of up to10 units in the
position of the baryon number in rapidity and by the important "stopping" observed in
heavy ion collisions [6]. However, the results presented in this study sharply limit the
maximum range of transfer to about 4.5 rapidity units, corresponding to |xF|<0.3, into
the opposite hemisphere. The possible contribution from the "junction picture"
mentioned above is therefore negligible within the experimental uncertainties.

8.3 The role of impact parameter in multiple collision process
In the description of multiple interactions in nuclear reactions, as it has been detailed
in the preceding Sections, explicit use has been made of the geometry, or centrality,
of the collisions. This geometry is quantified by the impact parameter which defines
the depth of nuclear matter traversed or the number of elementary collisions
undergone by a projectile nucleus. 

These elementary collisions have, however, been treated as a "black box" by using the
corresponding "minimum bias" inclusive cross sections as the reference. Each
elementary sub-collision is, on the other hand, to be described by its proper impact
parameter, and the projectile which hadronizes after passing through a nucleus will be
characterized by an effective mean elementary impact parameter which does not
correspond to the "minimum bias" situation of a single collision. 

The well-studied sector of elastic and diffractive elementary collisions may be used to
clarify the situation. Elastic scattering and single and double diffraction occupy about
15% each of the proton-proton total interaction cross section [37],[51]. These
peripheral collisions have been proven to correspond to large impact parameters of
order of 1 fm [51]. For a projectile that sees 6 collisions in a central proton-lead
collision the chance to emerge as an elastic or diffractive proton can be evaluated as
follows. The corresponding probabilities for elastic proton-nucleon collisions will be
approximately multiplicative leading to 0.156≈0. Therefore one expects the effective
suppression of peripheral collisions in nuclear interactions. This means that the peak
observed in proton-proton interactions at xF  above 0.8 should vanish completely. 

At the same time the probability to undergo during the ν collisions at least one central
interaction will be additive. If one looks at the 15% most central collisions contained
in a minimum bias sample this probability will go up to almost 100% in a central
proton-lead reaction. 

If there is any correlation between the longitudinal momentum of the final state
baryons and the impact parameter on the elementary level, this will automatically be
enhanced in nuclear collisions. In this sense the nucleus may be seen as a filter which
suppresses peripheral and enhances central elementary interactions. 

The question is whether in view of this argumentation there is anything new in the
multiple collision processes which is not already contained in the central elementary
collisions. This question is also suggested by the fact that the basic interaction process
in the SPS energy range is gluon exchange. Therefore, and as in the projectile frame

64



each individual collision cannot be resolved (Section 4.4), multiple interactions are
just characterized by an increase of the mean number of gluons exchanged during the
collision. This does not a priori necessitate the introduction of "new" physics
phenomena. 

8.4 Resonance cascading as a possible source of baryon
number transfer
The experimental results presented in this work can help to quantify the basic
phenomenology of baryon production in the sector of soft hadronic collisions. They
do not, however, by themselves offer an understanding of the source of the transfer
process. Neither is there at present any good reason to hope for clarification from
theoretical reasoning in the framework of QCD.

There is however a sector of soft hadronic phenomena which is in principle
experimentally accessible and which can decisively extend the present understanding
again in a model independent fashion. This sector is defined by the resonance
production and decay. It is a well-known fact that at least a major fraction, if not all,
final state hadrons stem from resonance decay. Experimentally, this has been
established mostly for mesons [45]. Data on baryonic resonances are exceedingly
scarce and have been established essentially only for the lowest-lying I=3/2 states ∆++,
∆+, ∆0 [66]. One of the reasons for this shortcoming can be seen in the decay
kinematics. The mass difference between mesons and baryons spreads the decay
products for low Q resonances over nearly the full phase space. Therefore, as already
discussed  in Section 2, the wide-acceptance apparatus with excellent particle
identification capabilities, as given by the NA49 detector, is necessary for such
experimental investigation. 

The studies of the resonance production are indeed high on the list of priorities for the
analysis of NA49 data [67]. First results on the complete quadruplet of ∆ resonances
and on N*0  production have become available [68]. The N* resonance cross sections
are of the same order as that for the ∆.  The corresponding N*0  decay branching
fractions into ∆ states are large. This two facts indicate that the cascading processes
play an important role in the production of the final state baryons. This has up to now
been proven only in the study of diffractive events [51].

In the framework of the present study only the straightforward kinematical
consequences of such decay chains for baryon number transfer from initial proton to
the highest mass cascading baryon and subsequently the proton resulting from its
decay can be pointed out. In fact the two-body decay of a resonance at xF

res into equal-
mass secondaries results in a mean xF

sec at xF
res/2 and therefore constitutes an

extremely effective longitudinal transfer process. Typical examples are N*→pρ and
Σ*→pK*. 

In the general case of the decay of an excited baryon into resonant mesonic and
baryonic daughters, B*→B** + M*, one cannot assume that baryon mass prevails on
meson mass, m(B**) >> m(M*). In fact, the need for high-mass mesonic states
evoked for the explanation of baryon pair production (Section 5) and the sizable
measured yields of mesonic states above the proton mass speak against this
assumption. Only for the lowest mass N* and ∆ states the decay of the baryon B into
pπ brings to bearing the large mass ratio m(p)/m(π)~7. This has as a consequence
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<xF(p)> ~ 0.85 xF(B) and therefore a reduced longitudinal transfer efficiency.

In principle the study of high-mass resonance cascading is experimentally accessible
given state-of-the-art detector equipment. In the opinion of the author such studies
would constitute a decisive step towards a more detailed understanding of soft
hadronic interactions in a model-independent fashion, especially concerning the
problem of the baryon number transfer.
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9 Conclusions
This paper presents a study of the baryon number transfer in the SPS energy region
for soft hadronic interactions ranging from elementary hadron-hadron through
hadron-nucleus up to nucleus-nucleus collisions. The main aim of the study is a
model-independent comparison of different types of interaction.

The main conclusions are:

• A critical review of the experimental situation including discussion of
accelerator and experimental constraints as well as study of the presently
available data sets suggest that progress in this field needs serious
improvement of the phase-space coverage and data quality for all interactions. 

• This improvement is offered by the NA49 experiment whose state-of-the-art
detector, data acquisition and data analysis techniques together with its
coverage of the large fraction of the production phase space for all types of
hadronic interactions guarantees the necessary data quality.

• Experimental results from pp, np, πp, pPb, πPb and PbPb interactions,
obtained with the NA49 detector, allow the model-independent determination
of the net proton yields

• The two-component picture of net proton production concerning well
separable target and projectile contributions is established in model-
independent fashion.

• The comparison of elementary and nuclear interactions clearly shows a
smooth transition of baryon transfer from single to multiple hadronic
interactions.

• From this perspective nucleus-nucleus collisions are not special since they are
well within a common trend defined by the number of hadronic subcollisions
suffered by the participating hadrons.

• In the context of the baryon number transfer process discussed in this work
there is no experimental evidence, at least for the collision energies considered
here, for new physics phenomena specific to nucleus-nucleus collisions, like
new state of matter called Quark-Gluon-Plasma.

• Although at the moment no complete framework of the theoretical approach to
soft hadronic collisions is available, some options which are open to further
experimental verification were discussed.

In this work I relied heavily on the results obtained within NA49 CERN proton
physics Working Group, especially by Dr Hans-Gerhard Fischer, Dr Michal Kreps,
Dr Andrzej Rybicki, Dr Dezso Varga and Dr Siegfried Wenig. I am also very grateful
to them for many stimulating discussions.
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