
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-PH-EP-2012-153

4 December 2012

Inclusive production of protons, anti-protons, neutrons,deuterons and
tritons in p+C collisions at 158 GeV/c beam momentum

This paper is dedicated to the memory of Prof. Matey Mateev

B. Baatar4, G. Barr8, J. Bartke3, L. Betev6, O. Chvala9,12, J. Dolejsi9, V. Eckardt7,
H. G. Fischer6,a), Z. Fodor2, A. Karev6, V. Kolesnikov4, M. Kowalski3, M. Makariev11,
A. Malakhov4, M. Mateev10,13, G. Melkumov4, A. Rybicki3, N. Schmitz7, P. Seyboth7,

R. Stock5, G. Tinti8, D. Varga1, G. Vesztergombi2, S. Wenig6

(The NA49 Collaboration)
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Abstract

The production of protons, anti-protons, neutrons, deuterons and tritons in minimum
bias p+C interactions is studied using a sample of 385 734 inelastic events obtained
with the NA49 detector at the CERN SPS at 158 GeV/c beam momentum. The data
cover a phase space area ranging from 0 to 1.9 GeV/c in transverse momentum and in
Feynmanx from -0.8 to 0.95 for protons, from -0.2 to 0.3 for anti-protons and from 0.1
to 0.95 for neutrons. Existing data in the far backward hemisphere are used to extend
the coverage for protons and light nuclear fragments into the region of intra-nuclear
cascading. The use of corresponding data sets obtained in hadron-proton collisions with
the same detector allows for the detailed analysis and model-independent separation of
the three principle components of hadronization in p+C interactions, namely projectile
fragmentation, target fragmentation of participant nucleons and intra-nuclear cascading.



1 Introduction

Baryon and light ion production in proton-nucleus collisions has in the past drawn con-
siderable interest, resulting in an impressive amount of data from a variety of experiments. This
interest concentrated in forward direction on the evident transfer of baryon number towards the
central region, known under the misleading label of ”stopping”, and in the far backward region
on the fact that the laboratory momentum distributions of baryons and light fragments reach
far beyond the limits expected from the nuclear binding energy alone. A general experimental
study covering the complete phase space from the limit of projectile diffraction to the detailed
scrutiny of nuclear effects in the target frame is, however,still missing. More recently, renewed
interest has been created by the necessity of providing precision reference data for the control
of systematic effects in neutrino physics.

In addition to and beyond the motivations mentioned above, the present study is part of
a very general survey of elementary and nuclear interactions at the CERN SPS using the NA49
detector, aiming at a straight-forward connection betweenthe different reactions in a purely
experiment-based way. After a detailed inspection of pion [1], kaon [2] and baryon [3] produc-
tion in p+p interactions, a similar in-depth approach is being carried out for p+C collisions. This
has led to the recent publication of two papers concerning pion production [4,5] and this aim is
here being extended to baryons and light ions.

The use of the light, iso-scalar Carbon nucleus is to be regarded as a first step towards
the study of proton collisions with heavy nuclei using data with controlled centrality available
from NA49. It allows the control of the transition from elementary to nuclear interactions for a
small number of intra-nuclear collisions, thus providing an important link between elementary
and multiple hadronic reactions. It also allows for the clean-cut separation of the three basic
components of hadronization in p+A collisions, namely projectile fragmentation, fragmenta-
tion of the target nucleons hit by the projectile, and intra-nuclear cascading. The detailed study
of the superposition of these components in a model-independent way is the main aim of this
paper. For this end the possibility of defining net proton densities by measuring anti-protons
and thereby getting access to the yield of pair produced baryons, will be essential. As the ac-
ceptance of the NA49 detector does not cover the far backwardregion, the combination of the
NA49 results with measurements from other experiments dedicated to this phase space area
is mandatory. A survey of thes-dependence of backward hadron production in p+C collisions
has therefore been carried out and is published in an accompanying paper [6]. This allows the
extension of the NA49 data set to full phase space.

As the extraction of hadronic cross sections has been described in detail in the preced-
ing publications [1–5], the present paper will concentrateon those aspects which are specific
to baryon and light ion production, particularly in the exploitation of the NA49 acceptance
into the backward hemisphere. After a short comment on existing double differential data in the
SPS energy range in Sect. 2, a few experimental details will be given in Sect. 3 together with the
binning scheme adopted for protons, anti-protons and neutrons. Section 4 will present a compre-
hensive description of particle identification in the backward hemisphere which is an important
new ingredient of the optimized use of the NA49 detector in particular for the asymmetric p+A
collisions. Section 5 deals with the extraction of the inclusive cross sections and with the ap-
plied corrections. Section 6 contains the data tables and plots of the invariant cross sections as
well as some particle ratios and a comparison to the few available double differential yields at
SPS energy for comparison. Section 7 describes the use of theextensive complementary data set
from the Fermilab experiment [7] for the data extension intothe far backward direction together
with an interpolation scheme allowing for the first time the complete inspection of the produc-
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tion phase space for protons in the range -2< xF < +0.95. This combined study is extended to
deuterons and tritons in Sect. 8. Baryon ratios are shown in Sect. 9. Quantities integrated over
pT are given in Sect. 10 both for minimum bias trigger conditions and for the dependence on
the number of measured ”grey” protons [4, 8]. In addition, the measuredpT integrated neutron
yields are presented in Sect. 10 together with a comparison to other integrated data in the SPS
energy range. Section 12 contains a detailed discussion of the two-component mechanism of
baryon and baryon pair production in p+p collisions, thus covering the first two components
of the hadronization process defined above, including a comment on resonance decay and a
comparison to a recent microscopic simulation code. Section 13 contains the corresponding ex-
perimental results from p+C interactions. Section 14 givesa detailed discussion of anti-proton
production including the application of the two-componentmechanism introduced in Sect. 12
and a study of thepT dependence. The discussion ofpT integrated proton and net proton yields
is presented in Sect. 15 followed by the exploitation of double differential proton and net proton
cross sections in Sect. 16. The paper is closed by a summary ofconclusions in Sect. 17.

2 The Experimental Situation

As already pointed out for pions in [4] there are only two setsof double differential
inclusive data, for identified baryons and light fragments in p+C collisions in the SPS energy
range. The differential inclusive cross sections are presented in this paper as:

d2σ

dxF dp2
T

, (1)

with xF = 2pL/
√

s defined in the nucleon-nucleon center-of-mass system (cms). A first data set
[7,9] covers the far backward direction for protons and light ions at five fixed laboratory angles
between 70 and 160 degrees for total lab momenta between 0.4 and 1.4 GeV/c at a projectile
momentum of 400 GeV/c. A second set [10] has been obtained in forward direction for 0.3<
xF < 0.88 and 0.15< pT < 0.5 with 100 GeV/c beam momentum. The respective phase space
coverage inxF andpT is shown in Fig. 1a,b for protons and anti-protons, respectively, with a
superposition of the NA49 coverage for protons. This coverage is presented in more detail in
Fig. 1c and for the anti-protons in Fig. 1d.

With the NA49 data covering lab angles of up to 40 degrees the combination with [7,9]
into a consistent data set becomes possible. This allows forthe first time the complete scrutiny of
the proton phase space in the range -2< xF < +0.95, with only minor inter- and extrapolation.

3 Experimental information and binning scheme

As a detailed description of the NA49 detector and the extraction of inclusive cross sec-
tions has been given in [1–4,8], only some basic informations are repeated here for convenience.

3.1 Target, ”grey” proton detection, trigger cross sectionand event sample

The NA49 experiment is using a secondary proton beam of 158 GeV/c momentum at
the CERN SPS. A graphite target of 1.5% interaction length isplaced inside a ”grey” proton
detector [4, 8] which measures low energy protons in the momentum range up to 1.5 GeV/c
originating from intra-nuclear cascading in the carbon target. This detector covers a range from
45 to 315 degrees in polar angle with a granularity of 256 readout pads placed on the inner
surface of a cylindrical proportional counter. An interaction trigger is defined by a small scintil-
lator 380 cm downstream of the target in anti-coincidence with the beam. This yields a trigger
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Figure 1: Phase space coverage of existing data: a) p data from [7] (full lines) and [10]. Here
with the shaded area is shown the NA49 acceptance range; b)p data from [10]; c) p data from
NA49; and d)p data from NA49. Note the extended abscissa in panel c)

cross section of 210.1± 2.1 mb corresponding to 91% of the measured inelastic cross section of
226.3± 4.5 mb. This is in good agreement with the average of 225.8± 2.2 mb obtained from a
number of previous measurements [4]. A total sample of 385.7k events has been obtained after
fiducial cuts on the beam emittance and on the longitudinal vertex position.

3.2 Acceptance coverage, binning and statistical errors

The NA49 detector [8] covers a range of polar laboratory angles between±45 degrees
with a set of four Time Projection Chambers combining tracking and particle identification, two
of the TPC’s being placed inside superconducting magnets. While for anti-protons the accessi-
ble range inxF andpT is essentially defined by the limited event statistics, it has been possible
to completely exploit the available range of polar angle forprotons. The corresponding binning
schemes are shown in Fig. 2 in the cms variablesxF andpT .

A rough indication of the effective statistical errors is given by the shading of the bins.
Neutrons have been detected in a forward hadronic calorimeter [3] in combination with propor-
tional chambers vetoing charged hadrons. Due to the limitedresolution in transverse momentum
only pT integrated information in 8 bins inxF (Fig. 2c) could be obtained, after unfolding of
the energy resolution. This coverage is identical to the onein p+p interactions [3] and allows
for direct yield comparison.
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Figure 2: Binning scheme inxF andpT together with information on the statistical errors for a)
protons, b) anti-protons and c) neutrons

4 Particle Identification

Due to the forward-backward asymmetry of p+A interactions,the study of the backward
hemisphere is of major interest for the understanding of target fragmentation and intra-nuclear
cascading. Particle identification at negativexF is therefore mandatory; it has to rely for the
NA49 detector on the measurement of ionization energy loss in the TPC system. This method
has been developed and described in detail for mesons and baryons in p+p collisions in [1–3]
for xF > 0. A substantial effort has been invested for the present study in its extension to
the far backward direction down to the acceptance limit inxF imposed by the NA49 detector
configuration. With decreasingxF the baryonic lab momentum decreases below the region of
minimum ionization where the ionization energy loss increases like1/β2 and thereby succes-
sively crosses the deposits from kaons, pions and electrons. This is shown in Fig. 3 for the the
momentum dependence of the parametrization of the mean truncated energy loss used in this
analysis.
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Figure 3: Parametrization of the mean truncated energy lossas a function of total lab momen-
tum plab for electrons, pions, kaons and protons. The situation for deuterons and tritons is also
indicated
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In terms ofxF andpT , this cross-over pattern reflects into lines of equal energyloss in
thexF –pT plane as shown in Fig. 4.
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Figure 4: Lines of equal energy loss for protons and kaons (p-K), protons and pions (p-π) and
protons and electrons (p-e) as functions ofxF andpT , together with the acceptance limit of the
NA49 detector

The region above the line p-K allows for the standard multi-parameter fits of the trun-
cated energy loss distributions as described in the preceding publications [1–4]. The approxi-
mately triangular region below the line p-e permits the direct extraction of baryon yields par-
tially even without fitting. This is exemplified in Fig. 5 for two bins atxF = -0.5 and -0.6 and
smallpT .
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Figure 5: Truncated energy loss distributions for a) positives and b) negatives atxF = -0.5,
pT = 0.1 GeV/c; and for c) positives and d) negatives atxF = -0.6,pT = 0.15 GeV/c
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It is interesting to note that also the light ions deuteron and triton are here well separable
practically without background. For anti-protons, a direct measurement of thep/p ratio becomes
feasible down to values below 10−3 in this region.

In order to extract proton yields from the energy loss distributions in the intermediate
region between the lines p-e and p-K, Fig 4, the particle ratios in each studiedxF /pT bin are
of prime importance. If the ratios p/π, K/π and e/π are known, proton yields may be obtained
from the total number of tracks even in those bins where the proton energy loss equals the one
from electrons, pions or kaons. A two-dimensional interpolation of the measured particle ratios
over the full accessible phase space has therefore been established. These ratios are obtained
without problem in the regions below the line p-e and above the line p-K (Fig. 4) as well as in
most intermediate bins where a sufficient separation indE/dx of the different particle species
is present. Near the cross-over bins the measured ratios show a sharp increase of the effective
statistical fluctuations, an increase which has been described in the discussion of the error matrix
involved with the multi-dimensional fitting procedure in [2]. As this effect is of statistical and
not of systematic origin, an interpolation through the critical regions inxF andpT is applicable.

It should be stressed here that the obtained particle ratiosare non-physical in the sense
that they use different phase space regions for each particle mass. For eachxF /pT bin the nec-
essary transformation to total lab momentum is performed using the proton mass for each track.
This means that electrons, pions and kaons from different effective xF values enter into the
proton bin, with an asymmetry that increases with decreasing xF andpT . This is quantified in
Fig. 6 where the effective meanxF for electrons, pions and kaons is shown as a function of
protonxp

F for two values ofpT .
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Figure 6:xF for electrons, pions and kaons as a function of protonxp
F for pT = 0.1 GeV/c (upper

lines) andpT = 1.3 GeV/c (lower lines)

The lighter particles at smallpT are thus effectively collected from the neighbourhood
of xF = 0 with decreasing baryonicxF . For anti-protons this purely kinematic effect is un-
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favourable for fitting as the effectivep/π− ratios quickly decrease below the percent level at low
pT , whereas the p/π+ ratios stay always above about 10%, increasing rapidly withpT due to the
rather flat number distributiondn/dxF . Proton and anti-proton extraction are therefore regarded
separately in the following Sects. 4.1 and 4.2, respectively.

4.1 Proton extraction

The problematics of the extraction of the yields of the four particle species e,π, K and
p from the measured overall truncated ionization energy loss distributions has been described
in detail in the preceding publications [1–5]. In particular the estimation of the corresponding
systematic and statistical errors has been treated in refs.[2, 3]. The following sections describe
the extraction of the different particle ratios as they are needed for the determination of the
proton and anti-proton yields. The statistical errors of the particle ratios shown in the following
Figures are given by the number of extracted particles per bin and do not contain the additional
terms due to the fitting process, see [2, 3] for a detailed explanation. The few percent of data
points which exceed the quoted error margins with respect tothe two-dimensional interpolation
are due to these additional, purely statistical fluctuations. They do not influence the quality of
the ratio interpolation.

4.1.1 e+/π+ ratio

The crossing of the protondE/dx through the practically constant electron energy loss
atplab ∼ 1 GeV/c is the least critical effect as the momentum dependence of the protondE/dx
is a steep function of lab momentum in thisplab range and as the e/π ratio quickly decreases with
increasingpT , reaching the 1% level already atpT > 0.3 GeV/c. The e+/π+ ratio is shown in
Fig. 7 as a function ofxF for four values ofpT together with the two-dimensional interpolation
used.

Fx
-1 -0.5 0

+ π/+ e

-310

-210

-110

0.1

0.2

0.3

0.4

Figure 7: e+/π+ ratio as a function ofxF for four values ofpT from 0.1 to 0.4 GeV/c. For
clarity of presentation, the ratios for subsequentpT values are divided by a factor of 2. The p-e+

ambiguity regions are indicated by the hatched area
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The hatched area indicates the position of thedE/dx cross-over for eachpT value and
evidently the ratios may be well interpolated through the small affectedxF regions.

4.1.2 p/π+ ratio

Fitted p/π+ ratios are presented in Fig. 8 for fourxF values together with their two-
dimensional interpolation as a function ofpT . While the fit results yield stablepT dependences
within their statistical errors in the uncritical regions at xF = 0 and -0.6, the intermediatexF

values at -0.2 and -0.4 show some additional fluctuation in the cross-over regions indicated by
the hatched areas which combine the p-π and p-K ambiguities.
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Figure 8: p/π+ ratios as a function ofpT for a)xF = 0, b)xF = -0.2, c)xF = -0.4 and d)xF = -
0.6. The full lines present the two-dimensional data interpolation, the hatched areas between the
vertical lines the regions affected by the p-π and p-K ambiguities

Evidently the data interpolation describes the ratio properly through the ambiguouspT

areas.
A complete picture over the full available backward phase space is given in Fig. 9 where

the fitted p/π+ ratios are shown as functions ofxF for different pT values together with the
interpolations (full lines). The ratios at successivepT values are shifted by a factor of 2 for
clarity of presentation.

The complete situation for the data interpolation is finallypresented in Fig. 10 with fixed
vertical scale as a function ofxF at differentpT values. Here the acceptance limit of the NA49
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Figure 9: p/π+ ratios as functions ofxF for fixed values ofpT [GeV/c]. Full lines: data interpo-
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detector is given as the broken line together with the regionof p-π and p-K ambiguity as hatched
area.

This plot again clarifies the way in which the critical cross-over areas may be bridged
by two-dimensional interpolation.
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Figure 10: Interpolated p/π+ ratios as functions ofxF for fixed values ofpT [GeV/c]. Broken
line: NA49 acceptance limit. Hatched area: region of p-π and p-K ambiguity
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4.1.3 K+/π+ ratio

A situation quite similar to the p/π+ ratio exists for the K+/π+ ratio. Again, there are
regions of ambiguity against protons and pions, but the influence of eventual systematic devi-
ations on the extraction of protons is small as the K+/π+ ratios are smaller than the p/π+ ratio
by factors between 3 and 10. Fig. 11 shows K+/π+ ratios as functions ofpT for four xF values,
where the lowest and highestxF at -0.6 and 0 allow for unambiguous fits over the fullxF range,
whereas thexF values at -0.2 and -0.4 suffer from p-K and K-π ambiguities in the hatched
areas ofpT , with resulting increased statistical fluctuations. The two-dimensional interpolation
is superimposed as full lines.
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Figure 11: K+/π+ ratios as a function ofpT for four values ofxF , a) xF = 0, b)xF = -0.2, c)
xF = -0.4 and d)xF = -0.6. The regions of p-K and K-π ambiguities are indicated as hatched
areas in panels b) and c). The full lines represent the two-dimensional interpolation

All fitted values of K+/π+ are plotted in Fig. 12 as a function ofxF for fixed pT . As
in Fig. 9 the ratios at successivepT values are shifted by 3 in order to sufficiently separate the
measurements.

Fig. 13 presents the overview of the interpolated K+/π+ ratios at fixed vertical scale as a
function ofxF for fixed values ofpT [GeV/c]. The broken line represents the acceptance limits
and the hatched area the region of p-K and K-π ambiguity.
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Figure 12: K+/π+ ratios as functions ofxF for fixed values ofpT [GeV/c]. Full lines: data inter-
polation. The ratios at successivepT values are shifted by a factor of 3 for clarity of presentation
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Figure 13: Interpolated K+/π+ ratios as functions ofxF for fixed values ofpT . Broken line:
NA49 acceptance limit. Hatched area: region of K-π and p-K ambiguity

4.1.4 Proton extraction in the far forward region

Due to the gap between the TPC detectors imposed by the operation with heavy ion
beams [8], charged particles progressively leave the TPC acceptance region at lowpT for
xF > 0.55. Here, tracking is achieved by the combination of a small ”gap” TPC (GTPC) in
conjunction with two forward proportional chambers (VPC).The performance of this detector
combination is described in detail in [3]. In the absence of particle identification in this area one
has to rely on external information concerning the combinedfraction of K+ andπ+ in the total
charged particle yield. Several considerations help to establish reference values for the (K+ +
π+)/p ratios:
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– The (K+ + π+)/p ratios decrease very rapidly with increasingxF at all pT , from about
10% atxF = 0.6 to less than 1% atxF = 0.9. Possible deviations from the used external
reference data therefore introduce only small systematic effects in the extracted proton
yield.

– Existing data may be used to come to a consistent estimation of the particle ratio. Direct
measurements from Barton et al. [10] in p+C interactions cover the region fromxF = 0.2
to 0.8 forpT = 0.3 and 0.5 GeV/c. Although the published invariant cross sections show
sizeable deviations from the NA49 results, see Sect. 6.5, the particle ratios of the two
experiments compare well.

– The ratios also comply with measurements in p+p collisions,both from NA49 [1–3] and
from Brenner et al. [11] at 100 and 175 GeV/c beam momentum.
An overview of the experimental situation is given in Fig. 14which shows the available

measurements of the (K+ + π+)/p ratio as a function ofxF for eight values ofpT between 0.1
and 1.3 GeV/c. The full lines give the combination of the NA49data with Fermilab and ISR data
in p+p interactions as interpolated in [3], the open squaresthe p+p data of [11]. An impressive
consistency on an about 10% level between the experimental results from the two different
reactions is apparent. This allows for a safe extrapolationinto the region abovexF = 0.6 where
particle identification viadE/dx is not available.
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Figure 14: Measured (K+ + π+)/p ratios as a function ofxF for eight values ofpT between
0.1 and 1.3 GeV/c. The full lines give the results from NA49 inp+p collisions, the full and
open circles the ones from NA49 and [10], respectively. Opensquares: results from [11] in p+p
interactions

The interpolated (K+ + π+)/p ratios are again presented in Fig. 15, here as a function of
pT for several values ofxF between 0.3 and 0.9. The limits ofdE/dx identification and NA49
acceptance are given by the broken and dotted lines, respectively.

This Figure demonstrates that the (K+ + π+)/p ratios show only a small dependence on
pT . They are of order 10% at the limit of thedE/dx identification and decrease rapidly to the
1% level atxF = 0.9. This implies that possible systematic differences between p+p and the
p+C interactions in the extrapolated region should have effects on the percent level and below
concerning the extracted proton yields.
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Figure 15: Interpolated (K+ + π+)/p ratios as a function ofpT for different values ofxF be-
tween 0.3 and 0.9, full lines. Broken line: border between available TPC information and the
GTPC/VPC combination (Tracking only). Dotted line: acceptance limit of the NA49 detector

The equality of the meson/baryon ratio between p+p and the p+C interactions may be
taken as a first physics result of this paper. It has two aspects: Firstly, 60% of the minimum
bias p+C interactions correspond to single projectile collisions inside the nucleus [5]. These
collisions should indeed produce particle ratios equivalent to p+p interactions. Secondly, the
phenomenon of ”stopping”, that is of the transfer of particle yields in multiple interactions
towards the central region, is not limited to baryons but applies also to mesons [4, 5]. Hence
again an expected similarity in the meson/baryon ratios.

4.2 Anti-proton extraction

As stated above the extension of the determination of anti-proton yields into the back-
ward hemisphere suffers from the fact that thep/π− andp/K− ratios decrease with decreasing
xF . This is shown by the energy loss distributions of two typical bins inxF andpT in Fig. 16.

This effect is largely due to the asymmetry between the effective xF for light particles
and anti-protons due to the transformation to the lab momentum using proton mass, see Fig. 6.
Thus atxp

F = -0.2 pions are sampled close to maximum yield whereas the anti-proton cross
section is steeply decreasing.

While the extraction of pion yields therefore presents no problem in this phase space
region, the fits of kaon and anti-proton densities become strongly correlated with sizeable un-
certainties in their relative position on the energy loss scale. The combined (K− + p) yields
however stay well defined with respect to the pions. This is shown by the fitted (K− + p)/π−

ratios of Fig. 17.
In order to resolve the K−-p ambiguity, the high statistics data onp production in p+p

interactions [3] in order to fix the position of the K− andp peaks in the correspondingdE/dx
distributions. In this symmetric configuration, the measuredp cross sections may be reflected
into the backward hemisphere and thereby the correlation between the positions of the K− and
p peaks extracted. The positions of these peaks is expressedas their systematic deviations in
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Figure 17: (K− + p)/π− ratios as a function ofxF for fixed values ofpT . Full lines: two-
dimensional interpolation of the fitted ratios

the dE/dx variable from the Bethe-Bloch parametrization,δp andδK− , in units of minimum
ionization. As shown in refs. [2,3] these shifts are experimentally determined with an accuracy
of about 0.001 in the scale of minimum ionization. The correlation is shown in Fig. 18 for an
example atxF = -0.1 for fixed values ofpT between 0.3 and 0.9 GeV/c, also indicating the
correspondingp/π− ratios.

Using the same correlation for the p+C data, effectivep/π− ratios are obtained. The
observed stability of these ratios over the full range of thecorrelations is a strong test of the
validity of the method.

Fig. 19 presents the obtainedp/π− ratios as a function ofpT for xF = -0.05, -0.1 and
-0.15, together with the directly fitted values atxF = 0. Full lines: two-dimensional interpolation
of the ratios.

A complete picture of thep/π− ratios used in this analysis is given in Fig. 20 as a
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Figure 19:p/π− ratios as a function ofpT for a) xF = 0, b) xF = -0.05, c)xF = -0.1 and d)
xF = -0.2

function of xF which combines the directly fitted ratios in the forward hemisphere with the
ones obtained using the reflection method described above inthe backward hemisphere.

Note that the values atxF = -0.2 are obtained by extrapolation following the broken
lines. Note also that the applied method allows the extraction of the ratios in the percent and
sub-percent region.
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5 Evaluation of invariant cross sections and corrections

The invariant cross section,

f(xF , pT ) = E(xF , pT ) · d3σ

dp3
(xF , pT ) (2)

is experimentally determined by the measured quantity [1]

fmeas(xF , pT , ∆p3) = E(xF , pT , ∆p3) · σtrig

Nev
· ∆n(xF , pT , ∆p3)

∆p3
, (3)

where∆p3 is the finite phase space element defined by the bin width withxF andpT being
defined in the bin center.

As described in [1] several steps of normalization and correction are necessary in order
to makefmeas(xF , pT , ∆p3) approachf(xF , pT ). The determination of the trigger cross section
and its deviation from the total inelastic p+C cross sectionhave been discussed in [4]. The
following corrections for baryons have been applied and will be discussed below:

– treatment of the empty target contribution
– effect of the interaction trigger
– feed-down from weak decays of strange particles
– re-interaction in the target volume
– absorption in the detector material
– effects of final bin width

5.1 Empty target contribution

This correction has been determined experimentally using the available empty target
data sample, as described in [4]. The resulting correction is essentially determined by the dif-
ferent amounts of empty events in full and empty target condition. It is within errorspT inde-
pendent and equal for protons and anti-protons. It increases from about 2% in in the far forward
direction to about 7% in the most backward region as shown in Fig. 21.
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Figure 21: Empty target correction as a function ofxF . The full line shows the chosen linear
interpolation

5.2 Effect of the interaction trigger

Due to the high trigger efficiency of 93% [4] this correction is small compared to p+p
interactions [1]. It has been determined experimentally byincreasing the diameter of the trigger
counter using the accumulated data. Within its statisticaluncertainty it is independent ofpT and
similar for protons and anti-protons. ItsxF dependence as shown in Fig. 22 is following the
expected trend [3] where the fast decrease in forward direction as compared to p+p collisions
is due to the lower particle yields at highxF . Note that the slope of thexF dependence for
anti-protons corresponds to the one for protons. Both corrections have to increase in backward
direction due to the effects of hadronic factorisation, seealso [1].
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Figure 22: Trigger bias correction as a function ofxF for a) protons and b) anti-protons. The
chosen interpolation is given by the full lines

5.3 Feed-down correction

The hyperon cross sections relative to p+p collisions established in [4] forxF > 0 have
been used. These cross section ratios approach atxF < 0 the expected factor of 1.6 correspond-
ing to the number of intra-nuclear projectile collisions, in account of the fact that forΛ andΛ
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there is no isospin effect [12]. For the contribution from target fragmentation this ratio should
be constant into the backward hemisphere. For the determination of the feed-down correction
the corresponding yields have to be folded with the on-vertex baryon reconstruction efficiency
which reaches large values in the far backward hemisphere. The resulting correction in percent
of the total proton yield drops however quickly belowxF < -0.2 due to the decrease of theΛ
cross section relative to protons and due to the fact that theimportant baryon contribution from
intra-nuclear cascading has no hyperon content. The numerical values in percent of the baryon
yields are shown in Fig. 23 as a function ofxF .
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Figure 23: Feed-down correction as a function ofxF at differentpT values for a) protons, b)
anti-protons and c) neutrons, in the latter case integratedoverpT

In comparison to the pion data [4] this correction reaches considerable values of up to
20% for the anti-protons and therefore constitutes, together with the absolute normalization, the
most important source of systematic uncertainty.

5.4 Re-interaction in the target

The carbon target has an interaction length of 1.5%, which corresponds to about half of
the length of the hydrogen target used in p+p collisions. Theexpected re-interaction correction
is therefore smaller than +0.5% in the forward and -2% in the backward hemisphere. The values
obtained in [3] have therefore been downscaled accordingly.

5.5 Absorption in the detector material

The absorption losses in the detector material are equal to the ones obtained in [3].
Baryons in the newly exploited region in the far backward direction feature short track lengths
in the first NA49 TPC detector only and are not affected by any support structures; hence the
corresponding corrections are below the 1% level as shown inFig. 24.

5.6 Binning correction

The correction for finite bin width follows the scheme developed in [1] using the lo-
cal second derivative of the particle density distribution. This correction stays, despite of the
rather sizeable bins used in some areas of the p+C data, generally below the±2% level, being
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Figure 24: Detector absorption correction as a function ofxF at differentpT values for a) protons
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negligible in thexF co-ordinate for protons due to their rather flatdn/dxF distribution. Two
typical distributions of thepT correction for protons and for thexF correction for anti-protons
are shown in Fig. 25 both for the nominal bin width of 0.1 GeV/cin pT and 0.05 inxF and for
the actually used bin widths.
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Figure 25: Binning correction a) inpT for protons atxF = 0 and b) inxF for anti-protons at
pT = 0.3 GeV/c. The values for the nominal bin widths of 0.1 GeV/cin pT and 0.05 inxF are
indicated by crosses, for the actually used bin widths by open circles

5.7 Systematic errors

An estimation of the systematic errors induced by the absolute normalization and the
applied corrections is given in Table 1. For the proton and anti-proton extraction in the newly
exploited backward regions an additional systematic errordue to particle identification is indi-
cated. An upper limit of 7.0% (8.5%) for protons (anti-protons) results from the linear addition
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of the error sources, increasing to 10% (14.5%) in the backward region. Quadratic summation
results in the corresponding values of 3.7% (4.2%) and 4.7% (7.3%). Note that even the upper
error limits given by the extreme and improbable case of linear addition stay below a ten percent
margin for the charged baryons. The distribution of the numerical values of the corrections in
all measured bins is shown in Fig. 26 for protons.

p p n
Normalization 2.5% 2.5% Normalization 2.5%
Tracking efficiency 0.5% 0.5%
Trigger bias 0.5% 2.0% Trigger bias 1%
Feed-down 2.5% 2.5% Feed-down 3%
Detector absorption

}
0.5% 0.5%

Detector absorption }
Target re-interaction Target re-interaction 0.5 – 1.5%
Binning 0.5% 0.5% Binning correction
Particle ID backward 0 – 6% 2 – 10%Acceptance 0 – 2%

Energy scale error 4 – 8%
Energy resolution unfolding 3 – 8%

backward Charged veto efficiency 2 – 3%
Total(upper limit) 10.0% 14.5%Cluster overlap 2%
Total(quadratic sum) 4.7% 7.3%Hadron identification 2 – 5%
forward K0

L contribution 0 – 3%
Total(upper limit) 7.0% 8.5% Total (upper limit) 29%
Total(quadratic sum) 3.7% 4.2%Total (quadratic sum) 10%

Table 1: Systematic errors

-20 -10 0 10 20
0

100

200

300 a)

-20 -10 0 10 20
0

50

100

150

200 b)

-20 -10 0 10 20
0

100

200

c)

-20 -10 0 10 20
0

100

200

300
d)

-20 -10 0 10 20
0

50

100

e)

-20 -10 0 10 20
0

100

200

300
f)

-20 -10 0 10 20
0

20

40

60

80

100
g)

en
tr

ie
s

en
tr

ie
s

correction [%] correction [%] correction [%]

correction [%]

Figure 26: Distribution of proton corrections for a) targetre-interaction, b) empty target, c)
trigger bias, d) absorption, e) feed-down, f) binning, g) total

6 Results on double-differential cross sections for p andp

6.1 Data tables

The binning scheme presented in Sect. 3 results in 491 and 121data values for protons
and anti-protons, respectively. These are presented in Tables 2 and 3.
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f(xF , pT ), ∆f
pT \xF -0.8 -0.75 -0.7 -0.65 -0.6 -0.55 -0.5 -0.45 -0.4 -0.35
0.025 316.4 6.00217.2 6.91 213.3 6.65179.8 6.88 173.0 6.61
0.05 308.1 8.17262.3 4.46 254.7 5.50176.0 4.87 166.8 6.09
0.075 313.1 8.49275.2 3.55 229.3 3.70177.0 4.01 163.1 3.93
0.1 368.4 13.0279.3 6.70 224.9 5.12207.2 4.37 165.3 5.32118.6 3.70 102.0 3.76 78.7 4.24

0.125 465.1 11.1320.8 16.9
0.15 539.9 10.7376.1 7.00 280.8 10.4 194.5 5.08
0.175 437.5 9.88
0.2 363.8 6.34348.5 4.48 306.4 4.67233.2 4.30 221.7 5.22184.6 4.93 143.9 5.41107.2 3.84 86.4 3.59 67.2 4.06
0.25 280.7 6.24
0.3 217.2 6.52 222.0 6.87152.7 4.94 150.0 6.18123.1 4.60 94.4 5.45 88.3 4.45 69.5 3.55 58.8 3.95
0.4 141.3 7.45128.0 7.51 110.2 7.74 86.1 5.27 72.7 5.46 64.6 4.40 51.0 4.81 45.3 3.74
0.5 65.2 9.40 72.6 8.54 61.5 5.58 53.9 5.37 44.9 5.81 36.7 5.03 32.6 4.23
0.6 38.5 11.2 37.9 10.8 36.8 6.59 32.8 7.74 29.4 6.58 28.4 5.20 20.8 5.13
0.7 21.2 13.3 23.2 7.78 23.0 7.37 19.0 7.57 17.6 7.4815.47 5.98
0.8 14.0 9.43 11.65 7.96 13.6 8.18 11.10 8.85 9.60 6.00
0.9 9.25 8.80 8.16 8.29 8.64 10.2 6.57 8.91 6.49 8.37
1.1 2.17 13.2 3.14 8.93 2.25 9.51 2.39 8.94
1.3 0.68 21.9 1.21 13.0 1.19 12.5 1.07 12.4
1.5 0.339 20.60.504 18.7 0.425 19.00.443 19.7
1.7 0.145 19.2
1.9 0.056 28.9

pT \xF -0.3 -0.25 -0.2 -0.15 -0.1 -0.075 -0.05 -0.025 0.0 0.025
0.1 61.6 6.65 49.1 5.27 38.1 4.51 31.7 9.29 28.36 2.98 29.7 3.85 24.15 2.8822.92 3.97 21.12 4.0819.15 4.39
0.2 53.6 6.66 43.7 3.20 32.6 4.15 29.7 6.79 25.5 4.1825.64 2.95 23.08 2.0719.43 3.08 20.45 2.9721.14 2.99
0.3 44.5 4.61 35.7 3.31 30.3 3.56 27.0 5.96 22.49 3.6720.70 2.69 19.72 1.8717.97 2.65 17.85 2.6615.33 3.16
0.4 36.4 4.0027.45 3.32 23.07 3.59 19.4 6.31 17.38 3.6516.36 3.77 15.54 2.6014.95 4.20 14.84 2.5813.22 3.01
0.5 26.5 4.12 21.0 5.22 17.51 3.6814.36 6.45 13.32 3.8612.64 4.49 12.59 2.6712.63 4.19 11.53 4.3110.67 3.06
0.6 17.9 5.6515.68 4.27 12.48 4.3910.37 7.02 9.30 4.28 9.83 4.73 8.74 3.41 8.71 4.67 7.93 4.84 8.42 4.20
0.7 13.43 5.9711.73 4.51 8.56 4.99 7.12 5.03 6.71 4.74 6.64 5.44 5.91 3.88 6.72 6.00 5.75 6.35 5.53 4.93
0.8 8.36 7.08 7.08 5.70 6.19 5.51 4.77 5.85 4.36 5.63 4.70 7.35 4.05 5.32 4.04 7.40 4.21 7.21 4.00 7.46
0.9 5.75 8.03 4.91 6.48 3.99 6.70 3.38 6.68 2.81 6.71 3.28 8.49 2.70 6.26 2.82 8.56 2.84 8.61 2.79 8.67
1.1 2.13 8.42 1.86 6.74 1.69 6.581.539 6.44 1.426 6.34 1.269 6.26 1.451 5.68
1.3 0.84 12.60.859 11.0 0.703 9.780.608 10.0 0.568 9.42 0.566 9.14 0.543 8.88
1.5 0.345 19.00.384 13.2 0.393 12.50.305 13.7 0.217 14.7 0.241 13.2 0.281 12.1
1.7 0.166 20.4 0.134 20.70.151 18.2 0.100 21.2 0.116 19.1 0.086 21.4
1.9 0.080 20.2 0.055 19.9 0.056 18.6

pT \xF 0.05 0.075 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
0.1 22.69 4.19 23.5 4.32 24.0 4.93 28.0 3.66 31.2 3.51 43.0 3.15 44.5 3.52 48.6 5.09 58.2 3.57 60.6 4.51
0.2 19.38 3.2120.18 3.31 23.45 3.5827.91 2.60 29.52 2.6938.72 2.48 45.3 2.48 44.4 3.82 51.1 3.30 48.8 3.57
0.3 15.74 2.9317.56 3.21 17.20 3.4121.65 2.42 24.82 2.2931.18 2.27 37.0 2.75 36.5 3.43 40.0 3.03 38.4 3.29
0.4 14.06 3.0213.33 3.24 15.04 3.2117.37 2.36 20.98 2.2124.38 2.45 27.38 2.79 29.1 4.51 30.86 2.9831.20 3.17
0.5 11.34 3.0710.80 3.27 11.41 3.3513.17 2.46 15.92 2.2419.66 2.46 20.22 2.9221.73 3.48 22.84 3.1223.84 3.97
0.6 8.28 3.35 8.90 3.38 8.41 3.6310.09 2.60 11.31 2.4712.67 2.80 14.75 3.1414.74 3.85 17.33 3.2816.61 4.34
0.7 5.58 3.88 5.46 4.03 6.42 3.91 6.46 3.04 6.34 4.25 8.23 3.23 9.58 3.6210.29 4.20 11.00 3.8311.92 4.76
0.8 4.35 4.23 5.02 5.30 4.47 5.78 4.81 3.36 5.06 3.27 5.94 3.99 6.38 4.17 6.83 4.99 7.62 4.72 6.68 5.96
0.9 3.15 7.04 2.60 7.05 3.18 6.64 2.81 4.12 3.12 3.90 3.79 4.74 3.79 5.11 4.69 3.90 4.62 5.77 4.74 6.68
1.1 1.236 5.60 1.230 5.661.311 5.64 1.212 5.811.556 5.85 1.557 6.271.536 6.33 1.582 6.25 1.71 7.10
1.3 0.532 9.13 0.464 10.40.544 9.00 0.525 7.820.503 9.59 0.452 10.70.550 13.6 0.582 9.520.549 11.6
1.5 0.240 13.4 0.207 14.70.217 13.5 0.203 12.20.245 13.1 0.237 14.10.218 15.4 0.216 16.40.182 18.8
1.7 0.146 16.8 0.092 21.90.100 20.0 0.096 23.80.080 21.9 0.074 23.9 0.089 24.20.048 37.1
1.9 0.0284 28.6 0.0390 21.0 0.0307 27.7

pT \xF 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
0.05 80.3 12.5
0.1 67.9 4.52 94.8 8.11 60.9 10.8
0.15 65.6 7.88 78.9 7.81 71.7 8.64
0.2 53.3 3.64 60.2 7.12 68.7 7.24 62.0 8.03 71.4 7.96
0.25 51.8 6.92 79.5 6.01 55.8 7.60 63.6 7.47 70.3 7.50
0.3 42.3 3.36 43.7 6.88 46.5 7.16 59.9 6.74 46.6 8.01 46.4 8.45 51.3 8.33
0.35 34.6 7.16 39.5 7.20 48.4 6.93 43.5 7.67 43.4 8.06 49.0 7.91 41.8 8.91
0.4 30.9 3.43 34.7 6.68 32.2 7.47 40.2 7.09 37.5 7.76 32.3 8.70 31.4 9.24 35.7 9.09 42.9 8.51
0.45 27.3 7.12 24.6 8.06 28.5 7.96 25.8 8.80 31.3 8.42 29.1 9.09 29.2 9.41 39.6 8.39 47.1 7.76
0.5 22.20 3.64 22.2 7.50 23.0 7.91 25.7 7.98 19.8 10.1 17.9 10.5 20.2 10.3 22.3 10.2 31.1 8.80 45.0 7.54
0.6 15.46 3.9815.48 4.36 17.28 4.4316.41 4.85 16.6 6.77 16.0 7.20 13.0 8.28 14.9 8.01 15.7 7.98 25.0 4.82
0.7 11.10 4.3611.38 4.70 10.21 5.3411.28 5.40 10.16 7.98 9.64 8.57 8.58 9.41 7.19 10.6 9.02 9.7114.10 5.95
0.8 8.07 4.77 6.82 5.68 6.66 6.17 5.62 7.14 6.37 9.41 7.11 9.33 5.92 10.5 5.52 11.3 3.72 12.6 7.18 7.83
0.9 4.04 6.34 4.50 6.58 4.08 7.39 4.05 7.91 3.12 12.6 3.64 12.2 3.01 14.0 3.07 14.3 2.89 15.2 3.94 10.0
1.1 1.53 6.54 1.73 6.70 1.64 7.41 1.26 8.91 1.19 9.67 1.27 13.1 1.13 14.4 1.11 15.1 1.01 16.4 1.04 12.5
1.3 0.590 9.450.510 11.1 0.657 10.60.368 14.9 0.465 14.00.531 18.6 0.372 22.90.273 27.7 0.53 20.90.451 17.4
1.5 0.191 14.80.145 18.6 0.107 23.60.125 23.6 0.132 24.30.202 27.7 0.136 35.40.072 50.0 0.216 30.10.186 25.0
1.7 0.068 21.30.056 26.7 0.045 33.40.023 50.0 0.034 44.70.054 50.0 0.045 57.7 0.052 57.70.051 44.7
1.9 0.0078 35.3 0.0117 40.9 0.0084 57.7

Table 2: Invariant cross section,f(xF , pT ), in mb/(GeV2/c3) for protons in p+C collisions at
158 GeV/c beam momentum. The relative statistical errors,∆f , are given in %. The systematic
errors are given in Table 1
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f(xF , pT ),∆f

pT \xF -0.2 -0.15 -0.1 -0.075 -0.05 -0.025 0.0
0.1 3.29 17.9 4.11 12.5 4.80 10.3 5.01 9.25 5.50 8.45 5.41 8.18 4.95 10.2
0.2 2.51 14.8 3.81 9.14 4.22 7.76 5.05 6.77 5.53 6.00 5.27 5.88 4.54 6.24
0.3 2.11 13.2 3.12 8.49 3.53 6.91 4.25 5.96 4.50 5.53 4.49 5.27 4.45 5.26
0.4 1.56 13.3 2.20 8.76 2.81 7.37 3.01 8.76 3.38 7.93 3.46 5.37 3.56 5.21
0.5 1.17 16.6 1.63 10.6 2.10 8.29 2.27 10.6 2.52 8.41 2.61 8.09 2.44 5.75
0.6 1.19 13.6 1.40 10.1 1.48 12.1 1.75 10.8 1.80 9.15 1.89 8.70
0.7 0.617 14.0 0.82 13.8 1.04 12.2 1.14 13.3 1.13 12.8 1.24 11.9 1.35 11.3
0.9 0.250 19.60.359 14.9 0.440 11.80.537 12.9 0.522 12.5 0.531 12.00.532 12.8
1.1 0.103 27.40.146 21.2 0.203 16.2 0.235 13.0 0.207 17.9
1.3 0.041 40.60.069 28.9 0.078 26.0 0.089 19.6 0.091 25.7
1.5 0.037 40.8

pT \xF 0.025 0.05 0.1 0.15 0.2 0.3
0.1 5.30 8.10 4.90 6.22 3.27 8.27 2.23 11.2 1.08 17.6 0.451 15.9
0.2 4.88 6.06 4.66 4.55 3.05 6.16 1.86 8.84 1.28 11.8
0.3 4.33 5.37 3.52 4.31 2.52 5.63 1.60 7.78 1.08 10.6 0.317 11.1
0.4 3.00 5.67 3.03 4.15 2.26 5.27 1.44 7.31 0.817 10.6
0.5 2.36 5.932.228 4.45 1.625 5.701.088 7.66 0.633 11.0 0.219 10.6
0.6 1.44 10.1 1.56 7.10 1.227 6.150.913 7.87 0.566 10.9
0.7 0.98 13.11.091 8.05 0.970 6.720.616 9.02 0.407 12.1 0.126 15.0
0.9 0.460 15.00.466 9.09 0.422 9.050.246 9.08 0.177 14.4 0.069 18.2
1.1 0.187 14.0 0.170 15.40.098 18.80.0563 16.10.0206 30.4
1.3 0.073 25.8 0.067 24.0 0.0254 22.7
1.5 0.0209 33.6 0.0121 31.5

Table 3: Invariant cross section,f(xF , pT ), in mb/(GeV2/c3) for anti-protons in p+C collisions at
158 GeV/c beam momentum. The relative statistical errors,∆f , are given in %. The systematic
errors are given in Table 1

6.2 Data interpolation

As in the preceding publications concerning p+p [1–3] and p+C [4] interactions, a two-
dimensional interpolation is applied to the data. This interpolation has several aims:

– It should reduce the local statistical data fluctuations by correlating several data points
in the neighbourhood of each measured cross section, imposing the physics constraints
of smoothness and continuity.

– It should ensure stability at the boundaries of the covered phase space regions.

– It should allow for an eventual slight extrapolation beyondthe measured regions taking
full account of the corresponding physics constraints. As an example the extrapolation
to pT = 0 is strongly constrained by the fact that the invariant cross sections should
approach this point with slope zero.

– It should allow the creation of a fine grid of interpolated values that may serve as a ref-
erence for the comparison of the yields of different particle species in the same hadronic
collision or for the comparison of different types of hadronic interactions.
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6.2.1 The problem of analytic representation

A look at Figs. 28–30 shows that on the level of precision and completeness achieved
by the present experiment, the measured cross sections showcomplex shapes both in theirpT

and in theirxF dependences. These shapes exclude the description of the data with straight-
forward analytic functions unless a complex array of rapidly varying fit parameters would be
established, with heavy constraints in order to fulfil the physics boundary conditions. There is
a vast literature using simple parametrizations like single or double exponential fits or trans-
verse mass (mT , see Sect. 6.4) fits for hadronicpT distributions, and power law distributions of
the type(1 − xF )n for thexF dependences. Although these approaches have been claimed to
carry physics relevance in terms of the concept of a fixed ”hadronic temperature” in the case
of transverse momentum or ”counting rules” for thexF distributions in a purported connection
to quark or even gluon structure functions, their impact on the understanding of soft hadronic
physics has been doubtful to say the least. In the preceding publications [1–5] it has been shown
that the shape of transverse momentum distributions against transverse mass disproves the con-
cept of a constant hadronic ”temperature” both in p+p and in p+C interactions, see also Sect. 6.4
below. In particular in ref. [2] a detailed confrontation with the effects of the decay of known
resonances, in contrast to the assumption of a ”thermodynamic” behaviour, has been discussed.

In view of this problematics, an alternative arithmetic approach to the two-dimensional
interpolation is eventually given by cubic spline fits. These fits would of course, in terms of
an analytic description, at best offer a vast matrix of parameters concerning the locally used
third-order polynomials. In addition, the necessary introduction of the physics constraints and
boundary conditions would weigh heavily against the practicability of such an approach. The
human eye, on the other hand, offers a welcome capability to perform interpolation which is
easily guided by the physics constraints mentioned above. This approach is described below.

6.2.2 Multi-step recursive eyeball fits

The data shown in Tables 2 and 3 have statistical errors between 2% and about 30% with
distributions shown in Fig. 27a for p and in Fig. 27b forp. The corresponding mean values are
8% and 12%, respectively. With these error margins it is no problem to produce interpolations
via eyeball fits with a precision of a fraction of the error bars, using an appropriate scale for the
invariant cross sections. These interpolations have to describe the data simultaneously both in
thepT andxF variables. An iterative, recursive method is therefore applied in both dimensions.
The quality of this eye fit procedure may be judged by plottingthe distribution of the differences
between the data points and the interpolation, normalized by the statistical errors (normalized
residuals). These distributions should be Gaussians centred close to zero, as unlike in algebraic
fits the center at zero is not enforced, and with a variance close to unity if the statistical errors
are correctly estimated and no additional systematics is introduced by the fit procedure.

6.2.3 Statistical and correlated errors

As described above in Sect. 4, an interpolation of particle ratios has been used in part of
the backward phase space in order to allow for the extractionof proton and anti-proton yields
in regions where particle identification via fits to the ionization energy loss distributions are
not reliable. In these regions the statistical errors become correlated and are in principle not
any more directly related to the number of extracted particles in each bin. The regions of direct
dE/dx analysis and of the interpolation of particle ratios have therefore been separated and the
normalized residuals are shown in Fig. 27 in corresponding separate number distributions.
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Figure 27: Number distributions of the statistical errors given in Tables 2 and 3, a) for protons,
b) for anti-protons. The normalized differences between data and interpolation (normalized
residuals) are shown separately for the cross sections obtained bydE/dx fitting, c) for protons,
and d) for anti-protons, and for those bins where an interpolation of particle ratios has been
used, e) for protons and f) for anti-protons
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The uncorrelated residual distributions, Fig. 27c and d, are described by Gaussian fits
with means of 0.01±0.07 for protons and 0.23±0.12 for anti-protons, corresponding with re-
spect to the mean statistical errors to less than 1% for protons and 2.7% for anti-protons.
Both values are within two standard deviations with respectto the fit errors. The variances
of 1.14±0.06 and 0.73±0.14 are also within about two standard deviations from the expected
values of unity. The correlated residual distributions, Fig. 27e and f, are centred within 2.7
standard deviations or 2% for the protons and less than one standard deviation or 0.5% for the
anti-protons. In both cases, however, the variances are smaller than in the uncorrelated samples.
While this difference is only on the one standard deviation level for the protons, it is statistically
significant for the anti-protons. It should be mentioned here that in the multi-parameter fits ap-
plied to the truncated energy loss distributions for the extraction of particle yields, additional
error sources of statistical origin appear which depend on the relative particle yields in each
bin as well as on the position of each particle on the overall Bethe-Bloch parametrization. This
effect has been elaborated in detail in refs. [2,3] where it has been demonstrated that an increase
of the effective statistical errors over the1/

√
N estimator, whereN is the number of extracted

particles per bin, by several tens of percent is to be expected in certain cases. The deviations
observed in Figs. 27c and d are therefore within reasonable error margins.

Concerning the reduced variance of Fig. 27f it has been decided to keep the errors given
in Table 3 at the level of the estimator1/

√
N in order to absorb eventual systematic effects

originating in the particle ratio interpolation.

6.2.4 Tabulation of the interpolated cross sections

A complete set of interpolated cross sections can be found onthe web page ”spshadrons”
[13] in steps of 0.05 GeV/c inpT and for allxF values used in this publication. Comparable
sets of cross sections are given in [13] for all other investigated particle types and interactions.
As an example Table 4 gives a limited list of interpolated proton cross sections for the 22xF

values atxF ≥ 0 established in this paper. The lines through the data points corresponding to the
interpolation are obtained using the smoothed interpolation procedure described in the ROOT
program package [14]. It should be mentioned here that the region belowpT = 0.05–0.1 GeV/c
covered by the data has been extended topT = 0 GeV/c by extrapolation using the physics
constraint of zero slope at this point. A slight extrapolation in the highpT region has also been
applied using the basically exponential behaviour of the cross sections in this area. As far as the
coverage of the highxF region at lowpT which is outside the NA49 acceptance is concerned,
see the argumentation given in Sect. 6.3.

6.3 Dependence of the invariant cross sections onpT and xF

The distribution of the invariant cross section as a function of pT is shown in Fig. 28
for protons and anti-protons at negativexF and in Fig. 29 at positivexF , indicating the data
interpolation by full lines. For better visibility successive values inxF have been multiplied by
a factor 0.5.

CorrespondingxF distributions are presented in Fig. 30 for protons and in Fig. 31 for
anti-protons.

The shape of thepT distributions resembles, forxF ≥ 0 (Fig. 29), the one measured
in p+p interactions [3] including details of the deviation from either exponential or Gaussian
shape. In backward direction, Fig. 28, a more complex behaviour develops with a steepening
up atxF < -0.4. The basic asymmetry of the p+C interaction is more directly visible in the
xF distributions of Figs. 30 and 31. While at highpT factors of 1.6–2 are typical between
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pT \xF 0.0 0.025 0.05 0.075 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0.0 21.75 20.91 21.30 23.04 24.68 28.74 34.31 40.59 46.28 52.05 57.20
0.05 21.50 20.82 21.25 22.83 24.57 28.54 33.100 40.31 45.96 51.57 56.68
0.1 21.11 20.48 21.06 22.25 23.96 28.02 33.30 39.58 45.23 50.75 55.90
0.15 20.48 19.93 20.44 21.50 22.98 27.07 31.95 38.32 43.39 48.91 53.39
0.2 19.61 19.12 19.47 20.39 21.80 25.85 30.30 36.34 40.78 46.07 50.40
0.25 18.55 17.96 18.30 19.07 20.87 24.12 28.02 33.68 37.97 42.60 45.96
0.3 17.32 16.73 16.88 17.44 18.73 22.10 25.55 30.72 34.71 38.32 40.87
0.35 15.90 15.29 15.40 15.68 16.88 19.83 23.14 27.63 31.15 33.76 35.93
0.4 14.30 13.75 13.85 13.98 14.94 17.52 20.63 24.46 27.25 29.41 30.93
0.45 12.66 12.26 12.29 12.52 13.10 15.22 18.09 21.40 23.41 25.14 26.45
0.5 11.03 10.78 10.87 11.08 11.44 13.17 15.50 18.13 19.83 21.30 22.31
0.55 9.493 9.320 9.385 9.499 9.805 11.23 13.26 15.26 16.80 18.01 18.99
0.6 8.080 8.029 7.988 8.104 8.364 9.515 11.13 12.66 14.07 15.15 16.05
0.65 6.799 6.709 6.721 6.893 7.103 8.043 9.192 10.43 11.68 12.63 13.47
0.7 5.655 5.581 5.642 5.787 6.004 6.736 7.541 8.618 9.670 10.51 11.15
0.75 4.736 4.706 4.725 4.802 5.052 5.513 6.186 6.957 7.770 8.559 9.129
0.8 3.958 3.933 3.948 4.013 4.182 4.492 4.994 5.629 6.229 6.925 7.352
0.85 3.269 3.271 3.292 3.322 3.455 3.651 4.003 4.523 4.925 5.463 5.827
0.9 2.707 2.702 2.725 2.744 2.821 2.954 3.217 3.584 3.903 4.319 4.575
0.95 2.231 2.253 2.241 2.251 2.309 2.390 2.579 2.816 3.086 3.353 3.552
1.0 1.843 1.848 1.843 1.851 1.890 1.925 2.063 2.227 2.429 2.621 2.738
1.05 1.558 1.519 1.515 1.519 1.540 1.543 1.646 1.777 1.916 2.053 2.111
1.1 1.273 1.249 1.240 1.226 1.249 1.243 1.304 1.412 1.508 1.594 1.642
1.15 1.042 1.030 1.017 0.9918 0.9941 0.9918 1.029 1.119 1.187 1.251 1.287
1.2 0.8604 0.8422 0.8249 0.7988 0.8025 0.7896 0.8193 0.8886 0.9406 0.9782 1.004
1.25 0.7042 0.6893 0.6690 0.6553 0.6404 0.6345 0.6508 0.7074 0.7420 0.7628 0.7757
1.3 0.5844 0.5668 0.5476 0.5400 0.5229 0.5157 0.5181 0.5606 0.5840 0.5921 0.5881
1.35 0.4813 0.4650 0.4492 0.4420 0.4290 0.4192 0.4185 0.4443 0.4554 0.4618 0.4533
1.4 0.3948 0.3841 0.3719 0.3634 0.3519 0.3370 0.3363 0.3503 0.3560 0.3601 0.3503
1.45 0.3247 0.3165 0.3065 0.2995 0.2900 0.2733 0.2702 0.2770 0.2795 0.2789 0.2700
1.5 0.2669 0.2609 0.2520 0.2451 0.2379 0.2217 0.2161 0.2190 0.2175 0.2170 0.2091
1.55 0.2205 0.2160 0.2077 0.2020 0.1952 0.1789 0.1728 0.1728 0.1716 0.1680 0.1612
1.6 0.1817 0.1772 0.1716 0.1665 0.1605 0.1461 0.1395 0.1366 0.1341 0.1307 0.1246
1.65 0.1494 0.1460 0.1407 0.1363 0.1317 0.1201 0.1118 0.1080 0.1048 0.1017 0.09648
1.7 0.1237 0.1203 0.1155 0.1118 0.1080 0.09878 0.09025 0.08500 0.08193 0.07896 0.07420
1.75 0.1022 0.09872 0.09537 0.09192 0.08880 0.08085 0.07268 0.06721 0.06418 0.06115 0.05720
1.8 0.08403 0.08118 0.07860 0.07558 0.07302 0.06557 0.05854 0.05314 0.05017 0.04758 0.04430
1.85 0.06925 0.06721 0.06478 0.06200 0.06018 0.05329 0.04704 0.04192 0.03912 0.03685 0.03407
1.9 0.05734 0.05539 0.05339 0.05098 0.04925 0.04332 0.03779 0.03317 0.03051 0.02860 0.02603
pT \xF 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
0.0 62.04 65.72 69.61 72.06 72.89 73.57 72.73 73.74 78.96 93.85 136.9
0.05 61.47 64.82 68.82 71.23 72.06 72.56 72.06 72.89 77.88 92.35 135.0
0.1 60.21 62.76 66.94 69.29 70.09 71.23 70.42 70.74 75.41 89.62 129.5
0.15 57.11 59.94 63.49 66.02 66.94 67.25 66.94 67.40 72.02 85.20 122.9
0.2 52.81 55.29 58.71 61.33 62.47 61.47 62.47 62.76 67.21 79.88 113.4
0.25 47.39 49.85 52.81 55.17 56.06 55.29 55.81 56.84 61.15 72.68 102.9
0.3 41.66 43.72 45.47 47.72 48.49 48.16 48.49 49.28 53.39 64.18 91.29
0.35 36.20 37.56 38.61 40.06 40.80 40.24 40.06 41.27 44.61 54.38 77.88
0.4 31.24 31.97 32.56 33.40 33.70 33.09 32.34 33.09 35.68 44.40 64.93
0.45 27.02 27.33 27.52 27.52 27.46 26.71 25.86 25.92 28.67 35.68 52.77
0.5 23.10 23.05 23.10 22.89 22.27 21.41 20.54 20.40 22.25 27.89 41.92
0.55 19.66 19.44 19.22 18.91 18.10 17.29 16.43 16.21 17.48 21.01 32.54
0.6 16.51 16.32 16.09 15.58 14.81 14.05 13.26 13.02 13.75 15.94 24.68
0.65 13.89 13.89 13.26 12.67 12.10 11.47 10.71 10.34 10.80 12.23 18.38
0.7 11.60 11.47 10.86 10.27 9.788 9.177 8.525 8.312 8.461 9.320 13.35
0.75 9.493 9.326 8.723 8.174 7.811 7.273 6.740 6.467 6.568 7.119 9.941
0.8 7.628 7.408 6.961 6.493 6.147 5.658 5.268 5.043 5.040 5.438 7.386
0.85 6.059 5.827 5.504 5.157 4.816 4.423 4.099 3.888 3.912 4.116 5.400
0.9 4.725 4.586 4.342 4.078 3.764 3.417 3.160 2.983 2.968 3.136 3.958
0.95 3.668 3.609 3.370 3.173 2.922 2.659 2.370 2.263 2.215 2.385 2.934
1.0 2.854 2.802 2.645 2.474 2.273 2.026 1.869 1.729 1.688 1.809 2.185
1.05 2.190 2.160 2.067 1.929 1.769 1.595 1.428 1.317 1.290 1.369 1.631
1.1 1.677 1.646 1.594 1.491 1.372 1.229 1.096 1.006 0.9827 1.041 1.217
1.15 1.304 1.281 1.212 1.141 1.020 0.9369 0.8292 0.7633 0.7489 0.7896 0.9066
1.2 1.006 0.9698 0.9171 0.8500 0.7681 0.6929 0.6262 0.5857 0.5747 0.5990 0.6767
1.25 0.7541 0.7340 0.6877 0.6418 0.5787 0.5184 0.4674 0.4464 0.4369 0.4554 0.5028
1.3 0.5787 0.5491 0.5157 0.4780 0.4339 0.3843 0.3587 0.3386 0.3345 0.3455 0.3753
1.35 0.4420 0.4173 0.3885 0.3593 0.3254 0.2900 0.2733 0.2586 0.2555 0.2627 0.2802
1.4 0.3384 0.3165 0.2920 0.2688 0.2451 0.2210 0.2073 0.1971 0.1952 0.2006 0.2091
1.45 0.2585 0.2385 0.2200 0.2006 0.1838 0.1677 0.1580 0.1512 0.1487 0.1529 0.1576
1.5 0.1979 0.1809 0.1657 0.1505 0.1385 0.1275 0.1201 0.1163 0.1141 0.1160 0.1181
1.55 0.1512 0.1369 0.1246 0.1128 0.1041 0.09692 0.09156 0.08860 0.08718 0.08799 0.08880
1.6 0.1155 0.1029 0.09299 0.08461 0.07842 0.07386 0.06993 0.06736 0.06613 0.06644 0.06675
1.65 0.08799 0.07860 0.07038 0.06345 0.05921 0.05577 0.05281 0.05137 0.05017 0.05017 0.05005
1.7 0.06736 0.05921 0.05314 0.04758 0.04461 0.04192 0.04024 0.03933 0.03859 0.03806 0.03753
1.75 0.05157 0.04492 0.04003 0.03609 0.03353 0.03180 0.03067 0.02997 0.02920 0.02887 0.02854
1.8 0.03939 0.03415 0.03037 0.02738 0.02526 0.02423 0.02343 0.02263 0.02236 0.02200 0.02150
1.85 0.03002 0.02585 0.02288 0.02072 0.01912 0.01838 0.01765 0.01709 0.01708 0.01669 0.01638
1.9 0.02293 0.01961 0.01748 0.01568 0.01440 0.01398 0.01333 0.01308 0.01295 0.01272 0.01249

Table 4: Data interpolation for protons for positivexF in p+C collisions at 158 GeV/c beam
momentum
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the backward and forward proton yields atxF = 0.5–0.7, these factors grow to about 3–5 at
pT = 0.1 GeV/c. This allows a first view at the composition of p+A collisions from projectile
fragmentation in forward direction and target fragmentation as well as intra-nuclear cascading
in backward direction. A quantification and separation of these three basic ingredients will be
performed in Sects. 14, 15 and 16 below. For anti-protons thexF distributions clearly peak at
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Figure 28: Invariant cross sections and data interpolation(full lines) as a function ofpT at
fixed xF ≤ 0 for a) protons and b) anti-protons produced in p+C collisions at 158 GeV/c. The
displayed cross sections have been multiplied by a factor of0.5 for successive values ofxF for
better visibility
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negativexF . The forward-backward asymmetry is, at|xF | = 0.2, to first orderpT independent
and on the order of 1.6–1.9 which is well above the asymmetry of protons at thisxF indicating
important effects from isospin and baryon number transfer.

A remark concerning the behaviour of the proton cross sections atxF > 0.8 is in place
here. In this region a clear diffractive peak becomes visible which is in shape equal to the one
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Figure 29: Invariant cross sections and data interpolation(full lines) as a function ofpT at
fixed xF ≥ 0 for a) protons and b) anti-protons produced in p+C collisions at 158 GeV/c. The
displayed cross sections have been multiplied by a factor of0.5 for successive values ofxF for
better visibility
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observed in p+p interactions [3]. This peak is to be expectedfrom single projectile collisions
in the target nucleus which amount to about 60% of all inelastic p+C interactions [5]. In the
absence of comparable measurements in the lowpT region the relative shape of the extrapolated
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Figure 30: Invariant cross sections as a function ofxF at fixed pT for protons produced in
p+C collisions at 158 GeV/c. ThepT values are to be correlated to the respective distributions
in decreasing order of cross section. The broken lines at lowpT and largexF indicate the
extrapolation made by using p+p data
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lines in the inaccessible area of phase space has been adjusted, after re-normalization, to the
one extracted in [3] from existing p+p data. This extrapolation is indicated by the broken line
segments in Fig. 30.
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Figure 31: Invariant cross sections as a function ofxF at fixedpT for anti-protons produced in
p+C collisions at 158 GeV/c. ThepT values are to be correlated to the respective distributions
in decreasing order of cross section
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6.4 Rapidity and transverse mass distributions

The rapidity distribution for protons at fixedpT presented in Fig. 32 extends to the
kinematic limit in forward direction and to -2.6 units in thetarget hemisphere. Again a clear
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Figure 32: Invariant cross sections as a function ofy at fixedpT for protons produced in p+C
collisions at 158 GeV/c. ThepT values are to be correlated to the respective distributionsin
decreasing order of cross section. The broken lines at lowpT and largexF indicate the extrapo-
lation made by using p+p data
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view of the asymmetry of the p+C interactions increasing with decreasingpT is evident.
The rapidity range of anti-protons is limited by statisticsto -1.4 to +1.8 units. The cor-

responding distribution as a function ofy for fixedpT is shown in Fig. 33.
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Figure 33: Invariant cross sections as a function ofy at fixedpT for anti-protons produced in
p+C collisions at 158 GeV/c. ThepT values are to be correlated to the respective distributions
in decreasing order of cross section
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Transverse mass distributions aty = 0, withmT =
√

m2
p + p2

T , are presented in Fig. 34

together with the local inverse slopes obtained by exponential fits to three subsequent points. A
situation very similar to p+p collisions emerges with a non-exponential behaviour and inverse
slope parameters varying systematically by up to 60 MeV withthe transverse mass.
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Figure 34: Invariant cross section as a function ofmT − mp for a) protons and b) anti-protons.
Panels c) and d) give the inverse slope parameters of themT distributions as a function of
mT − mp for protons and anti-protons, respectively. The full linesrepresent the results of the
data interpolation

6.5 Comparison to other experiments

As stated in Sect. 2 there are only two experiments providingdouble differential data in
the SPS energy range. The data set [7] which is disjoint from the NA49 phase space coverage
will be discussed in detail in the next Sect. 7. As far as the Fermilab data of Barton et al. [10]
are concerned there are 10 data points for protons and 4 data points for anti-protons available
in overlapping phase space ranges. The situation for protons is shown in Fig. 35 where the
invariant cross sections [10] (full circles) atpT = 0.3 and 0.5 GeV/c are shown together with
the measurements (open circles) and data interpolation (full lines) of the NA49 experiment as a
function ofxF .

The comparison between the two experiments reveals very sizeable systematic offsets
with an average of +21% or +6 standard deviations averaged over all data points. This complies
with the comparison of pion yields [4] with an average of +25%or +3.6 standard deviations.
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Figure 35: Invariant proton cross sections from [10] (full circles) forpT = 0.3 and 0.5 GeV/c
together with the measurements (open circles) and data interpolation (full lines) of NA49, and
the interpolation multiplied by 1.21 (broken lines). A slight extrapolation of NA49 results at
pT = 0.3 GeV/c is shown with broken line, see Sect. 6.2.4

The good agreement between the particle ratios (K++π+)/p demonstrated in Sect. 4.1.4 over the
full comparable range ofxF andpT speaks indeed for a normalization problem as the origin of
the discrepancies which are not visible in the results of p+pinteractions [3].

For anti-protons the situation is considerably less clear due to the very large statistical
errors of the data [10] indicating only upper limits for someof the measurements. Fig. 36 gives
thexF dependence of these data forpT = 0.3 GeV/c together with the NA49 interpolation (full
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Figure 36: Invariant anti-proton cross sections from [10] for pT = 0.3 GeV/c as a function ofxF

together with the data interpolation of NA49 (full line) which has been extrapolated toxF = 0.6
with an exponential function (dotted line). The NA49 reference multiplied by a factor of 2 is
indicated by the dashed line
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line) which has been partially extrapolated using an exponential shape. The large upward shift
of the Fermilab data of about a factor of 2 (dashed line in Fig.36) is compounded by the fact
that due to the lower beam momentum of 100 GeV/c these data should be expected to be about
30–40% below the NA49 cross sections [3].

In this context it should be mentioned that already in p+p collisions the Fermilab data
[11] were high by about +25% for anti-protons.

7 Data extension into the far backward direction

As the backward acceptance of the NA49 detector is limited tothe ranges ofxF > -0.8
to xF > -0.5 at low and highpT , respectively, it is desirable to extend this coverage intothe
far backward region toxF values down to and below -1. A detailed survey of existing experi-
ments in the backward direction of p+C interactions has therefore been undertaken and is being
published in an accompanying paper [6]. This survey establishes the detaileds-dependence of
measured cross sections for beam momenta between 1 and 400 GeV/c, for lab angles between
10 and 180 degrees, and for lab momenta between 0.2 and 1.2 GeV/c. It shows in particular
that the baryon cross sections in the SPS energy range from about 100 to 400 GeV/c beam mo-
mentum may be regarded ass-independent within tight systematic limits of less than two per-
cent [6]. This allows the combination of the extensive data set of the Fermilab experiment [7]
at 400 GeV/c beam momentum and lab angles between 70 and 160 degrees with the NA49 data
which span the angular range up to 40 degrees.

The relevant kinematic situation is presented in Fig. 37 where lines of constantplab and
Θlab are shown in thexF /pT plane.
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Figure 37: Kinematics of fixedplab andΘlab in thexF /pT plane

In the necessary transformation between the lab and cms frames involved in Fig. 37
there is very little difference between the beam momenta of 158 and 400 GeV/c. This is shown
in Fig. 38 which gives the difference inxF as a function ofplab for the angular range between
70 and 160 degrees.
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F −x400

F resulting from the transformation into the cms
system between beam momenta of 158 and 400 GeV/c as a functionof plab. The differences are
independent ofΘlab in the range 70< Θlab < 160 degrees

One example of the apparents-independence of the backward baryon yields is shown in
Fig. 39 which compares data atΘlab = 162 and 160 degrees for 8.5 [15] and 400 GeV/c beam
momentum [7].
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Figure 39: Invariant proton cross sections [15] atΘlab = 162 degrees and 8.5 GeV/c beam mo-
mentum as a function ofplab in comparison with the data from [7] at 160 degrees and 400 GeV/c
beam momentum. The full line represents the interpolation of the Fermilab data

Due to the flat angular distribution atΘlab around 160 degrees, see Fig. 41, the small
angular difference in angle between the two measurements has negligible influence on the cross
sections comparison. Also the SPS measurements of ”grey” protons by Braune et al. [16] show
no dependence on beam momentum in the range from 50 to 150 GeV/c over the completeΘlab

range from 10 to 159 degrees.
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7.1 NA49 results at fixedΘlab and plab combined with the data from [7]

The kinematic situation presented in Fig. 37 shows that the NA49 acceptance allows the
measurement of proton yields as a function ofplab up toΘlab = 40 degrees. The corresponding
data values are tabulated in Table 5. These data are shown in Fig. 40 together with the Fermilab
data [7] as a function ofplab.

f(Θlab, plab), ∆f
plab\Θlab 10o 20o 30o 40o

0.3 1.7979 7.58 1.7087 6.20
0.4 1.4154 7.07 1.2310 7.67
0.5 1.2656 11.9 0.8836 7.67 0.8255 8.16
0.6 0.9854 6.11 0.9423 6.94 0.7850 7.20 0.6522 8.22
0.7 0.6654 4.81 0.6714 5.93 0.6167 7.30 0.3868 8.66
0.8 0.6932 7.01 0.5700 6.93 0.4075 8.20 0.2339 17.8
0.9 0.5627 5.12 0.4342 7.44 0.3631 7.99
1.0 0.4805 7.89 0.3800 7.37 0.2436 9.11
1.1 0.3810 6.96 0.2932 5.42 0.1924 9.72
1.2 0.2975 7.23 0.2756 5.22 0.1493 10.4
1.3 0.3244 6.57 0.2179 5.42 0.0993 12.1
1.4 0.2578 6.83 0.2147 7.82 0.0670 11.5
1.5 0.2128 7.19 0.1500 8.87
1.6 0.1358 8.98

Table 5: Invariant proton cross sections measured by NA49 atfixed values ofΘlab between 10
and 40 degrees as a forplab values between from 0.3 to 1.6 GeV/c. The relative statistical errors,
∆f , are given in %
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Evidently the two data sets are complementary and offer for the first time an almost
complete angular coverage of the backward proton production with double differential cross
sections.

A two-dimensional data interpolation has been performed asshown by the full lines in
Fig. 40. This allows to produce the combined angular distribution as a function ofcos(Θlab) for
fixed values ofplab presented in Fig. 41.
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Figure 41: Invariant proton cross sections of the combined NA49 and Fermilab data as a function
of cos(Θlab) for fixed values ofplab between 0.2 and 1.4 GeV/c. The data interpolation is shown
as full lines

The proton density distributionsdnp/dplab derived from the interpolated invariant cross
sections are shown as a function ofplab in Fig. 42, normalized to unit area.

These distributions are closely similar for 160> Θlab > 118 degrees and develop a
tail to largeplab values for angles smaller than 90 degrees indicating increasing contributions
from the fragmentation of the participant nucleons hit by the projectile. The ”grey” proton
momentum distribution measured in the EHS rapid cycling bubble chamber [17], interpolated
in steps ofplab of 0.1 GeV/c, are shown as full circles in Fig 42. It is closelytracing the result
at Θlab = 90 degrees. In this case a strong momentum cut is introducedby requesting bubble
densities at 1.3 minimum ionizing rejecting most of the faster forward region.

Thednp/dplab distributions shown in Fig. 42 may be integrated overplab resulting in the
proton densitiesdn/dΩ shown in Fig. 43 as a function ofcos(Θlab). Here the integration has
been limited to 0< plab < 1.6 GeV/c as at low angles the target fragmentation contribution will
create a divergent behaviour and since the comparison data do not contain this component.
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Figure 43: Proton densitydn/dΩ as a function ofcos(Θlab). Full circles: integrated combined
data from NA49 and [7]. Open circles: measurement by Braune et al. [16]. Lines are drawn to
guide the eye. The four lab angles for the NA49 data correspond to Fig. 41

The direct measurements from [16] also presented in Fig. 43 show systematic deviations
both at forward and at backward angles. As this experiment uses an energy loss measurement
with variable threshold it is not clear to which extent it represents identified proton yields.
The authors in fact explain that a contribution from ”evaporation” particles (”black tracks” in
emulsion work) cannot be excluded. Such a contribution would typically be characterized by a
flatter angular distribution as compared to protons, see also the discussion on light ions in Sect. 8
showing very sizeable d/p ratios. As the d/p and t/p ratios decrease steeply with increasingxF ,
see Fig. 45, the yield measured by [16] would increase atΘlab > 90◦ and decrease towards small
angles with respect to the one of identified protons. In addition, adE/dx cut-off in the detector
of [16] atplab ∼ 0.2 GeV/c will reduce the measured yields as a function of angle, see Fig. 42.
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7.2 Double differential cross sectionf(xF,pT) as a function ofxF

The invariant cross sections measured inplab andΘlab may be transformed into thexF /pT

variables following the kinematics shown in Fig. 37. The correspondingxF distributions at fixed
pT are presented in Fig. 44 which shows thexF range down to -2.0. Both the NA49 data (full
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Figure 44: Invariant cross sections at fixedpT as a function ofxF . Full circles: NA49 data, open
circles: data from [7]. The thin lines show the cross sectionat fixed angles of 10o, 30o and 50o
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circles) and the Fermilab results (open circles) are plotted. The full lines in Fig. 44 represent
the interpolation of the two data sets also covering the non-measured angular region between
40 and 70 degrees, see Fig. 41. The thin lines indicate the position of the lab angles of 10, 30,
and 50 degrees as well as the five angles measured by [7].

Fig. 44 represents one of the main results of this paper. It shows for the first time a com-
plete coverage of the baryonic phase space in p+A collisions, from xF = -2 up to the kinematic
limit for the projectile fragmentation atxF ∼ +1. Several features merit comment:

– The invariant proton cross sections extend far below the kinematic limit for target frag-
mentation atxF = -1

– There is no indication of a diffractive structure with a peakat xF ∼ -1 as it would be
expected from the prompt fragmentation of the hit target nucleons – on the other hand,
at xF > +0.9 there is a diffractive peak in the projectile fragmentation region, see [3]
for comparison with p+p interactions

– The backward cross sections peak atxF ∼ -0.9, not atxF ∼ -1 indicating a sizeable
longitudinal momentum transfer in the nuclear fragmentation region

– At low pT or low transverse momentum transfer however, the lines of constant lab angle
are compatible as expected with a convergence towardsxF = -1
A detailed discussion of these features including the de-composition of the measured

proton yields into the basic components of projectile, target and nuclear fragmentation, is pre-
sented in Sects. 15 and 16.

8 Light ions: deuterons and tritons

As shown in Sect. 4, Fig. 5, the particle identification via energy loss measurement in
the NA49 TPC system also allows the extraction of deuteron and triton yields. The accessible
kinematic region covers lab momenta from the detector acceptance limit at about 0.25 GeV/c
up to the crossing of the energy loss distributions with the ones for electrons, Fig. 3, at about
plab = 2 GeV/c for deuterons and 3 GeV/c for tritons.

As for the proton cross sections, this range is complementary to the Fermilab experiment
[9] which gives light ion cross sections in the lab angular range from 70 to 160 degrees, atplab

from 0.5 to 1.3 GeV/c for deuterons and from 0.7 to 1.3 GeV/c for tritons. The NA49 data offer
the advantage of reaching lowpT down to 0.1 GeV/c and of covering the forward region from
Θlab = 40 degrees down to about 3 degrees. This allows for the first time to trace the extension
of nuclear fragmentation into light ions towards the central region of particle production.

8.1 Ion to proton ratios

In order to clearly bring out the last aspect mentioned abovethe deuteron and triton
yields are given here as ratios to the proton yields in each bin of plab andΘlab,

Rd(xF , pT ) =
(dn/dplabdΩ)d

(dn/dplabdΩ)p

(4)

Rt(xF , pT ) =
(dn/dplabdΩ)t

(dn/dplabdΩ)p

(5)

These density ratios are given as functions ofxF andpT using the proton mass in the
transformation from lab to cms variables. They thus give directly the relative contribution of the
light ions with respect to protons in thexF /pT bins shown in Fig. 2 and Table 2. In forming the
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ion/proton density ratios, most of the data corrections, Sect. 5, drop out with the exception of
absorption which is small but increased for ions, and of hyperon feed-down which is of course
only applicable to protons. The resulting ratios are shown as functions ofxF andpT in Table 6
for deuterons and in Table 7 for tritons. Most of the systematic errors cancel in the ratios of
Tables 6 and 7, with the exception of the feed-down (only for protons) and the detector and
target absorption. The resulting systematic uncertainty has been estimated to less than 3% for
deuterons and less than 5% for tritons which is small compared to the given statistical errors.

Rd(xF , pT )[%],∆Rd[%]

pT \xF -0.8 -0.75 -0.7 -0.65 -0.6 -0.55 -0.5 -0.45 -0.4 -0.35 -0.3 -0.25
0.1 11.5 2.1 10.8 2.2 9.08 1.9 14.46 2.6 5.04 1.4 6.20 1.6 8.10 0.9 5.76 0.9 4.80 0.9 5.85 1.0 4.85 1.1
0.2 12.0 1.3 14.0 1.5 12.4 1.2 9.95 1.2 8.59 1.1 8.02 1.1 6.88 0.8 8.23 1.1 5.09 0.9 7.39 1.7 4.18 1.5
0.3 10.3 2.0 11.7 1.4 8.8 1.1 9.72 1.1 7.52 1.1 8.41 1.1 8.00 1.1 4.42 1.0 4.95 0.8 4.18 1.0 3.35 1.2 2.90 0.6
0.4 8.5 2.1 6.7 1.1 12.32 1.5 8.12 1.3 8.01 1.2 8.29 1.7 6.39 1.2 5.58 1.2 4.95 1.0 1.72 0.5
0.5 7.7 1.9 5.97 1.2 7.07 1.2 5.91 1.4 6.98 1.7 3.43 1.1 8.10 1.5 4.02 0.9 1.90 0.6
0.6 11.43 2.5 6.46 2.9 7.04 1.8 4.56 1.4 4.22 1.1 2.65 0.9 5.03 1.3 1.79 0.8
0.7 9.26 4.0 9.28 2.9 7.38 2.5 7.65 2.4 3.72 1.5
0.8 8.84 3.4 2.67 1.4 3.68 1.5 5.20 2.1
0.9 4.88 2.0 3.73 1.5
1.1 3.84 2.6

Table 6: Deuteron to proton density ratiosRd(xF , pT ) and their statistical errors∆Rd in percent
as a function ofxF andpT using proton mass in the transformation from lab to cms system

Rt(xF , pT )[%],∆Rt[%]

pT \xF -0.8 -0.75 -0.7 -0.65 -0.6 -0.55 -0.5 -0.45 -0.4 -0.35 -0.3
0.1 1.22 0.1 1.74 0.9 0.79 0.5 1.18 0.7 1.00 0.3 0.44 0.2 0.31 0.2 0.45 0.3
0.2 1.12 0.4 2.24 0.6 0.96 0.3 2.39 0.5 1.80 0.5 0.96 0.4 0.76 0.2 1.22 0.4 0.28 0.2 0.34 0.3
0.3 1.73 0.8 2.14 0.6 2.46 0.6 2.50 0.6 1.27 0.4 1.61 0.5 0.44 0.2 1.06 0.4 0.15 0.1 0.28 0.2 0.41 0.3
0.4 1.02 0.7 0.82 0.4 1.35 0.5 1.27 0.5 0.69 0.3 0.99 0.5 0.43 0.3 0.73 0.4 0.40 0.3 0.47 0.2
0.5 2.08 0.8 1.16 0.5 0.33 0.3 0.67 0.4 0.38 0.3 0.20 0.2 0.36 0.2
0.6 0.45 0.4 0.48 0.4

Table 7: Triton to proton density ratiosRt(xF , pT ) and their statistical errors∆Rt in percent as
a function ofxF andpT using proton mass in the transformation from lab to cms system

In these data tables the cut-offs imposed by the NA49 acceptance atΘlab ∼ 40 degrees
below xF ∼ -0.5 and by the upper limit onplab imposed by the energy loss measurement at
xF & -0.5 are discernible. In addition the fast decrease of the ratios towards higherxF limits
the extraction of tritons due to the low overall event statistics.

8.2 Comparison to the Fermilab data [9]

The density ratiosRd(xF , pT ) andRt(xF , pT ) are presented in Fig. 45 as a function of
xF in comparison to the Fermilab data which are available abovepT ∼ 0.3 GeV/c.

As for the proton data, the good consistency with the Fermilab data in thepT range above
0.3 GeV/c is confirmed forRd by the two-dimensional data interpolation performed by eyeball
fits and shown as the full lines in Fig. 45. The density ratioRt shows a similar consistency
with [9] over the smaller available region of comparison dueto the higherplab cut-off in the
Fermilab data. With respect toRd, Rt is suppressed by a factor of 0.1 to 0.2 depending onpT

but within statistics independent ofxF . This is demonstrated by the broken lines in Fig. 45
which represent the interpolation ofRd with the ratioRt/R

interpol
d , assumedxF independent,

given as a function ofpT in Fig. 46.
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8.3 xF and pT dependences

ThexF dependences of the density ratios presented in Fig. 45 show arather complex
behaviour. Evidently deuterons and tritons, if seen as nuclear fragments as opposed to coalesc-
ing from produced baryons, reach far towards central production. In consequence the separation
of nuclear fragmentation and coalescence is not an easy especially as fragmentation products,
as shown by the tentative extrapolation of the data interpolation towardsxF = -0.1, might well
represent a contribution in the sub-percent range even atxF = 0 and already for the light Carbon
nuclei at SPS energy. ThepT dependence ofRd at fixedxF is as well non-trivial, as shown in
Fig. 47.
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Figure 47: The density ratioRd as a function ofpT for fixed values ofxF between -1.4 and -0.2

EvidentlyRd tends to decrease with increasingpT for xF > -0.8 and with an inverted
tendency forxF < -0.8. TheRt/Rd ratio on the other hand clearly increases withpT at all
availablexF values, see Fig. 46.

9 Particle ratios

The already published data on p+C [4, 5] and p+p [1–3] interactions allow for a very
detailed study of particle ratios. In a first overview baryonic ratios will be investigated in this
section, both concerning anti-proton/proton ratios in elementary and nuclear collisions,

RpC
pp = fpC

p (xF , pT )/fpC
p (xF , pT ) (6)

Rpp
pp = fpp

p (xF , pT )/fpp
p (xF , pT ) (7)

and baryon density ratios directly comparing p+C and p+p reactions,

44



Rp = fpC
p (xF , pT )/fpp

p (xF , pT ) (8)

Rp = fpC
p (xF , pT )/fpp

p (xF , pT ). (9)

Fig. 48 showsRpC
pp (closed circles) andRpp

pp (open circles) together with the correspond-
ing ratios of the data interpolation (full and broken lines)as a function ofxF for several bins of
pT .
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Figure 48: The anti-proton to proton ratioRpp as a function ofxF for 8 values ofpT comparing
p+C (closed circles) and p+p (open circles) interactions. The corresponding ratios of the data
interpolations are shown as full lines (p+C) and broken lines (p+p)

This comparison reveals that the ratios are within errors equal in the projectile hemi-
spherexF & 0.1 with the exception of the two highestpT bins. This means that the transfer of
projectile baryon number (”stopping”) towards the centralregion is equal for protons and for
anti-protons. In the backward hemisphere there are distinct differences between p+C and p+p
interactions at low to mediumpT . This is a result of isospin effects between the isoscalar C
and the p targets. In fact it is known that the anti-proton yields increase and the proton yields
decrease in neutron fragmentation [12] with both effects increasingRpC

pp compared toRpp
pp. The

clean extraction ofp and p yields in the far backward direction,xF < -0.4, see Sect. 4 and Fig. 5,
allows the extension ofRpC

pp to thexF range -0.7< xF < -0.5. This is presented in Fig. 49 in
thepT interval 0.1< pT < 0.4 GeV/c.

The broken line representsRpp
pp [3], the full line the measuredRpC

pp . The expected increase
of thep yield by a factor of 1.7 (p increase by a factor of 1.33 [12] and p decrease by a factor of
1.3 [3]) is indicated by a hatched area assuming a 5% uncertainty in the respective factors. The
fact that the measured backward ratio follows closely the expectation from target fragmentation
shows that there is nop production from nuclear cascading. This is in agreement with the upper
limit of RpC

pp of 10−4 to 10−5 given in [18] for p+181Ta at 90 degrees laboratory angle.
In contrast to thep/p ratios discussed above, the baryon yields proper exhibit an impor-

tant evolution when passing from p+p to p+C interactions. This is presented as functions ofxF

for fixed values ofpT in Fig. 50 forRp and in Fig. 51 forRp.
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Figure 50: The proton ratioRp as a function ofxF for fixed pT values between 0.1 and
1.3 GeV/c. The full lines give the ratios for the corresponding data interpolations

Looking first atRp, Fig. 50, where the data give access to a very wide range ofxF , three
distinct zones may be distinguished.

A first area is governed by the projectile fragmentation,xF & 0.1. Here the transfer
of baryon number from the forward to the central region is clearly evident, with a suppression
of the far forward yield by a factor of 0.6 at low to mediumpT followed by a steady increase
of proton density with increasingpT until the densities exceed the p+p values at allxF for
pT > 1 GeV/c.

A second area is characterized by the fragmentation of the target nucleons hit by the
projectile, -0.5< xF < 0. Here the pile-up of produced hadrons in the central area due to
the 1.6 mean projectile collisions in the C nucleus is visible, followed by a steady decrease of
proton density in the backward direction due to the contribution of neutron fragmentation.
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Figure 51: The anti-proton ratioRp as a function ofxF for fixed pT values between 0.1 and
1.3 GeV/c. The full lines give the ratios for the corresponding data interpolations

A third component is characterized by the steep increase of proton density forxF < -
0.2, at low to mediumpT . This region is governed by the intra-nuclear cascading of baryons
(”grey” protons) in the lab momentum range up to about 2 GeV/c. This component dies out as
expected with increasing transverse momentum.

Due to the smallerxF range experimentally available for the anti-protons, the corre-
sponding ratioRp is more restricted. It has however been demonstrated (Fig. 49) that here no
cascading component exists. As argued above, the evolutionof the projectile fragmentation
(xF & 0.1) follows closely the one for protons including the increase with transverse momen-
tum. As far as the target fragmentation is concerned, the increase of anti-proton density beyond
the pile-up from the 1.6 average projectile collisions to about a factor of 2 is expected from
isospin symmetry.

A further, more detailed argumentation concerning this phenomenology can be found in
the discussion Sect. 14 below.

10 Integrated data

10.1 pT integrated distributions

ThepT integrated non-invariant and invariant yields are defined by:

dn/dxF = π/σinel ·
√

s/2 ·
∫

f/E · dp2
T

F =

∫
f · dp2

T (10)

dn/dy = π/σinel ·
∫

f · dp2
T

with f = E · d3σ/dp3, the invariant double differential cross section. The integrations are
performed numerically using the two-dimensional data interpolation (Sect. 6.2) in the range
0 < pT < 1.9 GeV/c. Tables 8 and 9 give the numerical values and the first and second moments
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of thepT distributions as functions ofxF and rapidity for protons and anti-protons, respectively.
The relative errors quoted are given in percent using the full statistical errors of the measured
points. They thus present upper limits as the data interpolation in xF will reduce the statistical
fluctuations for thepT integrated quantities.

Concerning the extension of the kinematic coverage into thefar backward direction
for protons,xF < -0.8, see Sect. 7, additional integrated quantities are given in Table 10 for
-2.0≤ xF ≤ -0.9. Again, the data interpolation is used to obtain the numerical values.

p
xF F [mb·c] ∆ dn/dxF ∆ 〈pT 〉 ∆ 〈p2

T
〉 ∆ y dn/dy y dn/dy

-0.8 81.6 4.8 1.400 4.8 0.391 2.1 0.208 1.2 -3.2 0.21949 0.8 0.12875
-0.75 73.2 4.5 1.337 4.5 0.402 1.8 0.220 2.9 -3.1 0.43696 0.9 0.13405
-0.7 65.4 3.8 1.278 3.8 0.414 1.6 0.232 2.5 -3.0 0.76998 1.0 0.14070
-0.65 57.0 2.9 1.198 2.9 0.428 1.3 0.249 2.3 -2.9 1.09283 1.1 0.14866
-0.6 50.4 2.9 1.142 2.9 0.442 1.2 0.266 2.1 -2.8 1.23706 1.2 0.15804
-0.55 43.8 2.0 1.079 2.0 0.458 0.82 0.285 1.5 -2.7 1.20270 1.3 0.16829
-0.5 37.7 2.1 1.018 2.1 0.477 0.91 0.308 1.8 -2.6 1.06937 1.4 0.18043
-0.45 32.8 1.8 0.975 1.8 0.494 0.93 0.329 1.9 -2.5 0.91240 1.5 0.19426
-0.4 28.22 1.7 0.935 1.7 0.508 0.80 0.348 1.7 -2.4 0.77367 1.6 0.20672
-0.35 23.92 1.6 0.892 1.6 0.523 0.85 0.369 1.7 -2.3 0.65943 1.7 0.21800
-0.3 19.83 1.8 0.844 1.8 0.538 0.94 0.391 1.9 -2.2 0.56603 1.8 0.22892
-0.25 16.57 1.4 0.818 1.4 0.547 0.76 0.403 1.7 -2.1 0.49330 1.9 0.23773
-0.2 13.88 1.4 0.808 1.4 0.554 0.68 0.414 1.5 -2.0 0.43602 2.0 0.24016
-0.15 11.80 2.1 0.825 2.1 0.554 0.92 0.415 1.7 -1.9 0.38870 2.1 0.23634
-0.1 10.31 1.4 0.873 1.4 0.551 0.60 0.411 1.3 -1.8 0.34565 2.2 0.23645
-0.075 9.71 1.6 0.900 1.5 0.551 0.59 0.410 1.1 -1.7 0.30284 2.3 0.23584
-0.05 9.26 1.1 0.927 1.0 0.549 0.63 0.407 1.4 -1.6 0.26883 2.4 0.23145
-0.025 8.90 1.6 0.938 1.6 0.550 0.61 0.407 1.2 -1.5 0.24220 2.5 0.22097
0.0 8.67 1.5 0.931 1.4 0.551 0.59 0.407 1.1 -1.4 0.22093
0.025 8.49 1.5 0.893 1.4 0.555 0.68 0.412 1.3 -1.3 0.20292
0.05 8.53 1.2 0.852 1.2 0.555 0.63 0.412 1.3 -1.2 0.18852
0.075 8.68 1.3 0.804 1.3 0.555 0.64 0.412 1.2 -1.1 0.17704
0.1 9.07 1.3 0.768 1.3 0.553 0.75 0.409 1.6 -1.0 0.16671
0.15 10.16 1.0 0.712 0.9 0.545 0.54 0.396 1.2 -0.9 0.15776
0.2 11.60 0.9 0.677 0.9 0.538 0.54 0.385 1.2 -0.8 0.14975
0.25 13.42 1.0 0.663 0.9 0.531 0.45 0.374 1.0 -0.7 0.14307
0.3 14.87 1.1 0.633 1.1 0.528 0.53 0.370 1.2 -0.6 0.13782
0.35 16.20 1.4 0.604 1.4 0.525 0.68 0.365 1.4 -0.5 0.13390
0.4 17.20 1.1 0.569 1.1 0.521 0.60 0.360 1.3 -0.4 0.13026
0.45 17.74 1.4 0.527 1.4 0.519 0.65 0.357 1.3 -0.3 0.12706
0.5 17.93 1.3 0.483 1.3 0.511 0.63 0.348 1.2 -0.2 0.12485
0.55 17.96 2.2 0.442 2.2 0.499 1.1 0.334 1.9 -0.1 0.12318
0.6 17.90 2.4 0.406 2.4 0.488 0.98 0.321 1.7 0.0 0.12157
0.65 17.59 2.6 0.369 2.6 0.479 0.87 0.310 1.7 0.1 0.12065
0.7 17.00 3.0 0.332 3.0 0.470 1.3 0.300 2.3 0.2 0.11939
0.75 16.48 3.4 0.301 3.4 0.461 1.3 0.290 2.7 0.3 0.11861
0.8 16.40 3.7 0.282 3.7 0.455 1.2 0.282 2.6 0.4 0.11907
0.85 17.42 4.2 0.282 4.2 0.449 1.0 0.274 2.2 0.5 0.11975
0.9 20.6 4.0 0.315 4.0 0.440 1.3 0.261 3.0 0.6 0.12154
0.95 29.5 3.4 0.428 3.4 0.432 0.75 0.248 1.7 0.7 0.12474

Table 8:pT integrated invariant cross sectionF [mb·c], density distributiondn/dxF , mean
transverse momentum〈pT 〉 [GeV/c], mean transverse momentum squared〈p2

T 〉 [(GeV/c)2] as
a function ofxF , as well as density distributiondn/dy as a function ofy for p. The statistical
uncertainty∆ for each quantity is given in % as an upper limit considering the full statistical
error of each measuredpT /xF bin. The systematic errors are 3.7 %, Table 1

48



p
xF F [mb·c] ∆ dn/dxF ∆ 〈pT 〉 ∆ 〈p2

T
〉 ∆ y dn/dy y dn/dy

-0.2 0.910 5.7 0.0533 5.7 0.528 3.3 0.375 6.4 -1.1 0.01399 0.4 0.02215
-0.15 1.282 3.9 0.0905 3.8 0.524 2.1 0.371 4.2 -1.0 0.01692 0.5 0.02054
-0.1 1.627 3.2 0.1395 3.1 0.518 1.7 0.361 3.4 -0.9 0.01915 0.6 0.01876
-0.075 1.780 3.6 0.1676 3.7 0.513 1.6 0.353 3.2 -0.8 0.02118 0.7 0.01689
-0.05 1.902 3.1 0.1940 3.0 0.507 1.4 0.344 2.7 -0.7 0.02284 0.8 0.01492
-0.025 1.940 2.9 0.2094 2.8 0.505 1.4 0.338 2.7 -0.6 0.02419 0.9 0.01295
0.0 1.903 2.9 0.2095 2.7 0.502 1.6 0.333 3.4 -0.5 0.02546 1.0 0.01106
0.025 1.815 3.0 0.1959 2.8 0.505 1.6 0.335 3.2 -0.4 0.02638 1.1 0.00924
0.05 1.607 2.2 0.1642 2.0 0.507 1.4 0.338 2.9 -0.3 0.02690 1.2 0.00748
0.1 1.183 2.4 0.1014 2.3 0.524 1.2 0.359 2.5 -0.2 0.02711 1.3 0.00595
0.15 0.798 3.0 0.0562 3.0 0.543 1.6 0.382 3.3 -0.1 0.02702 1.4 0.00457
0.2 0.506 4.1 0.0295 4.0 0.558 2.1 0.403 3.7 0.0 0.02656 1.5 0.00332
0.3 0.179 6.0 0.0076 6.0 0.570 2.8 0.428 5.0 0.1 0.02609 1.6 0.00225

0.2 0.02524 1.7 0.00132
0.3 0.02381

Table 9:pT integrated invariant cross sectionF [mb·c], density distributiondn/dxF , mean
transverse momentum〈pT 〉 [GeV/c], mean transverse momentum squared〈p2

T 〉 [(GeV/c)2] as
a function ofxF , as well as density distributiondn/dy as a function ofy for p. The statistical
uncertainty∆ for each quantity is given in % as an upper limit considering the full statistical
error of each measuredpT /xF bin. The systematic errors are 4.2 %, Table 1

p
xF F ∆ dn/dxF ∆ 〈pT 〉 ∆ 〈p2

T
〉 ∆

-2.0 0.466 3.0 0.00323 3.0 0.482 2.0 0.320 3.0
-1.8 1.816 3.0 0.01398 3.0 0.457 2.0 0.283 3.0
-1.6 6.51 3.0 0.0563 3.0 0.435 2.0 0.251 3.0
-1.5 11.46 3.0 0.1057 3.0 0.424 2.0 0.240 3.0
-1.4 19.49 3.0 0.1926 3.0 0.417 2.0 0.230 3.0
-1.3 31.6 3.0 0.336 3.0 0.409 2.0 0.220 3.0
-1.2 48.9 3.0 0.564 3.0 0.400 2.0 0.211 3.0
-1.1 71.0 3.0 0.890 3.0 0.384 2.0 0.197 3.0
-1.0 88.8 3.0 1.224 3.0 0.374 2.0 0.189 3.0
-0.9 93.0 3.0 1.422 3.0 0.378 2.0 0.194 3.0

Table 10:pT integrated invariant cross sectionF [mb·c], density distributiondn/dxF , mean
transverse momentum〈pT 〉 [GeV/c], mean transverse momentum squared〈p2

T 〉 [(GeV/c)2] as a
function ofxF for protons in the far backward region. The estimated relative statistical uncer-
tainties∆ are given in %. The systematic errors are estimated to be 5 %

In this region the estimation of the statistical uncertainties is non-trivial as the measured
data have been transformed from the laboratory co-ordinates (plab,Θlab) to the cms quantities
(xF ,pT ) using a two-dimensional interpolation. The given errors have been obtained from the
total number of measured protons at each lab angle [9] which varies from about 1100 to 3600.
The values given in Table 10 are therefore to be regarded as upper limits.

The corresponding distributions fordn/dxF , F anddn/dy are shown in Fig. 52 for
protons and in Fig. 53 for anti-protons.

The ratio ofpT integratedp and p yields as a function ofxF are shown in Fig. 54. The
first and second moments〈pT 〉 and〈p2

T 〉 are presented as a function ofxF in Fig. 55 for protons
and in Fig. 56 for anti-protons.
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interpolation

10.2 Centrality dependence

The detection of ”grey” protons in the centrality detector of NA49 [8] allows the study of
particle densities as a function of the numberngrey of protons in the lab momentum range of ap-
proximately 0.15 to 1.2 GeV/c in the backward hemisphere. The number distributiondN/dngrey

has been shown in [4] to be a steep function ofngrey with only 20% and 5% of all events at
ngrey = 1 and 2, respectively. The determination of double differential cross sections is therefore
not feasible in this experiment. As already shown in [4] for pions, the extraction ofpT integrated
yields as a function ofxF by fitting thedE/dx distributions over the complete range ofpT is
however feasible in a limited range ofxF . This range is determined by the variation of total mo-
mentum withpT and extends fromxF = -0.2 to +0.65 for protons, the upper limit being imposed
by the progressive loss of acceptance at lowpT . Two samples withngrey ≥ 1 andngrey ≥ 2 have
been selected. The resulting proton density distributionsdn/dxF are given after correction in
Table 11, with the additional use of the complete data sample(see also [4]) which allows for
a precise control of eventual systematic effects. It shouldbe realized that the measurement of
”grey” protons is confined to the regionxF < -0.2 [4] and does therefore not interfere with the
results presented in Table 11.
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xF (dn/dxF )all ∆ (dn/dxF )ngrey≥1 ∆ (dn/dxF )ngrey≥2 ∆
-0.2 0.797 3.8 1.210 5.3 1.388 8.2
-0.15 0.858 2.4 1.225 5.4 1.461 8.8
-0.1 0.827 3.3 1.230 5.2 1.401 10.1
-0.05 0.852 3.2 1.247 4.6 1.373 8.9
0.0 0.923 3.0 1.167 2.7 1.285 6.0
0.05 0.867 1.5 1.143 2.4 1.201 4.6
0.1 0.774 1.4 0.975 2.2 1.055 4.0
0.15 0.725 1.4 0.824 2.4 0.903 4.7
0.2 0.678 1.5 0.800 2.4 0.838 4.8
0.25 0.682 1.5 0.758 2.5 0.738 5.0
0.3 0.636 1.6 0.649 2.7 0.615 5.5
0.35 0.594 1.5 0.597 2.9 0.541 6.1
0.4 0.579 1.6 0.532 3.0 0.519 6.2
0.45 0.510 1.6 0.462 3.2 0.426 6.8
0.5 0.478 1.7 0.451 3.3 0.424 7.2
0.55 0.441 1.8 0.384 3.7 0.360 7.5
0.6 0.423 2.8 0.388 5.7 0.261 13.7
0.65 0.383 3.4 0.312 6.8 0.298 13.4

Table 11:dn/dxF distributions for protons as a function ofxF for the complete data sample
and the selectionsngrey ≥ 1 andngrey ≥ 2. The relative statistical errors are given in %. The
systematic errors correspond to Table 8

As shown in Fig. 57, the results for the total data sample are compatible within errors
with the integration of the data interpolation, Table 8 and Fig. 52.
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Figure 57:dn/dxF for protons as a function ofxF for the complete data sample and for the
conditions a)ngrey ≥ 1 and b)ngrey ≥ 2. The broken line gives the density in p+p collisions [3],
the full line the integration of the interpolated minimum bias p+C data. The full and open circles
give the measured yield with the indicatedngrey selection, the dotted lines are plotted to guide
the eye

As seen from Fig. 57, a systematic and smooth variation of theproton density distribu-
tions is evident when passing from p+p to minimum bias p+C andto centrality enhanced p+C
interactions. A well defined cross-over with equal number density is visible atxF = 0.25–0.3.
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Above this value the densities decrease progressively withincreasing number of projectile col-
lisions by up to a factor of 0.5 at the experimentally accessible limit of xF = 0.6. BelowxF = 0.3
this trend is inverted with a density increase of up to factors of 2.5 at negativexF .

A similar behaviour is also seen for anti-protons, althoughhere only a reduced range in
xF is accessible due to the limiting statistical uncertainties. This is shown in Fig. 58 where the
relative difference in baryon density between thengrey selected and minimum bias samples is
given in % as a function ofxF for protons (panel a) and anti-protons (panel b).
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Figure 58: Relative difference∆ in % betweenngrey selected and minimum bias samples as a
function ofxF for a) proton and b) anti-protons. The lines are shown to guide the eye. The lines
in panel b) repeat those from panel a)

The interplay between baryon number transfer from the projectile hemisphere and pile-
up of baryons from the target fragmentation, including isospin effects, will be discussed in more
detail in Sect.12 of this paper.

10.3 Neutron data

The detection of forward neutrons in the Ring Calorimeter ofNA49 [8] has been intro-
duced and described in detail in [3]. The neutron analysis concerning the separation of electro-
magnetic and hadronic deposits, the veto against charged particles, the calorimeter calibration
and the energy resolution unfolding may be directly appliedto the p+C interactions. ThexF /pT

acceptance of the calorimeter is shown in Fig. 2. For the total neutron yields atxF ≤ 0.3 an
extrapolation beyond the availablepT window has been performed using corresponding proton
pT distributions, see also [3] for this procedure. This extrapolation concernspT values in the
ranges 0.8< pT < 2 GeV/c atxF = 0.1 up to 1.6< pT < 2 GeV/c atxF = 0.3. The corrections
for feed-down from weak decays are shown in Fig. 23. The emptytarget, trigger bias and re-
interaction corrections are equal to the ones for protons [3]. The contributions fromK0

L decay
and anti-neutron production are obtained from the charged kaon data which are available from
NA49 [19] and from the isospin argumentation using the anti-proton data explained in [3].

The resulting neutron densitiesdn/dxF are listed in Table 12 together with their ratio to
the results from p+p collisions [3].
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xF dn/dxF ∆ (dn/dxF )pC/(dn/dxF )pp ∆
0.1 0.621 21.4 1.29 5.0
0.2 0.482 15.1 1.18 3.2
0.3 0.389 13.6 1.03 3.1
0.4 0.303 12.7 0.93 3.2
0.5 0.268 12.8 0.83 3.6
0.6 0.221 11.0 0.75 4.1
0.75 0.194 11.7 0.68 5.2
0.9 0.128 29.1 0.59 8.4

Table 12:pT integrated neutron density distributiondn/dxF as a function ofxF and the ratio
of neutron densities in p+C and p+p interactions. The relative errors are given in %. They are
governed by the systematic uncertainties quoted in Table 1

ThepT integrated neutron density distributiondn/dxF as a function ofxF is presented
in Fig. 59a together with a data interpolation (full line). Due to the absence of charge exchange
processes in hadronic interactions at SPS energy [6] this interpolation is constrained to density
zero atxF = 1. Of particular interest in this context is the ratio between neutron densities in p+C
and p+p interactions in comparison to the same ratio for protons as shown in Fig. 59b.
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Figure 59: a)pT integrated neutron density distributiondn/dxF . Full line: data interpolation; b)
neutron density ratio between p+C and p+p interactions as a function ofxF . The full line shows
the corresponding density ratio for protons

Evidently protons and neutrons show within errors the same behaviour when passing
from p+p to p+C collisions. The density ratio is equal to 1 atxF = 0.3, increasing to 1.3 at
xF = 0.1 and decreasing to 0.6 atxF towards +1. The latter value corresponds to the expected
fraction of single projectile collisions in p+C interactions derived from the nuclear density dis-
tribution [5].

10.4 Comparison to other data

Two data sets are available for comparison with the NA49 integrated data in the SPS
energy range. The first set from the ACCMOR collaboration [20] gives the density distribution
dn/dxF of protons for p+A collisions from Be to U nuclei at 120 GeV/c beam momentum. A
second, very recent publication from the MIPP collaboration [21] provides neutron densities
dn/dxF for p+C interactions again at 120 GeV/c beam momentum at the FERMILAB Main
Injector.
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10.4.1 ACCMOR data [20]

The ACCMOR collaboration [20] measured proton densitiesdn/dxF with a proton
beam at 120 GeV/c momentum at the CERN SPS for five different nuclei (Be, Cu, Ag, W,
U) in the xF range from 0.07 to 0.6. These data may be interpolated from Beto C. This is
demonstrated in Fig. 60 which gives the proton density as a function of mass numberA for five
xF values from 0.1 to 0.6.
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Figure 60: Proton densitydn/dxF as a function of mass numberA for p+Be, p+Cu, p+Ag, p+W
and p+U nuclei for different values ofxF . The lines describe the data interpolation used for the
determination of the corresponding p+C cross sections

The data interpolation ofdn/dxF to p+C interactions is shown in Fig. 61 as a function
of xF in comparison to the NA49 results, Table 8 and Fig. 52 above.

The ACCMOR data show an upward deviation which increases from about 0 atxF = 0.6
to about 20% at the lower data limit ofxF = 0.07. This deviation looks similar to the feed-down
correction for protons from weak hyperon decays used for theNA49 data, Sect. 5.3, which
reaches 15% at smallxF and decreases rapidly to 0 atxF ∼ 0.7. As such a correction is not
mentioned in [20] and as the geometrical layout of the experiment is similar to the one of NA49
as far as the position of the tracking elements is concerned (∼ 3 m distance between target and
first tracking station) it has been tentatively assumed thatthe on-vertex reconstruction efficiency
of decay products might be similar in both experiments. Subtracting the feed-down correction
from NA49 results in the broken line in Fig. 52. This line is about 8% above the NA49 results
for xF < 0.4. At this point a look at the total inelastic cross sections as a function ofA from
different references [20, 22], Fig. 62, shows that the crosssection for p+Be given in [20] falls
low by about 6% compared to the interpolation of other available data [22]. A corresponding
correction of the cross section is shown as dotted line in Fig. 61

In conclusion it may be stated that the ACCMOR results are compatible with the NA49
results within the quoted systematic uncertainties.
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shows the NA49 result. The broken line gives the ACCMOR result after a tentative subtraction
of proton feed-down from weak decays. The dotted line corresponds to the modification of
the total inelastic cross section for p+Be collisions with 6%, see Fig. 62. The dash-dotted line
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Figure 62: Data summary of measured total inelastic cross sections of p+A interactions as a
function ofA, [20,22]

10.4.2 MIPP data [21]

Very recently new data on neutron densitiesdn/dxF have become available from the
MIPP collaboration at the FERMILAB Main Injector for p+p andp+A interactions [21]. The
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MIPP neutron densitiesdn/dxF for p+C interactions at 120 GeV/c beam momentum are com-
pared to the NA49 results in Fig. 63a, the densities for p+p collisions at 84 GeV/c beam mo-
mentum in Fig. 63b.
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Figure 63: Comparison of MIPP neutron densitiesdn/dxF to the NA49 results as a function
of xF , a) for p+C interactions and b) for p+p interactions. Hand interpolations through the
respective data points are shown as full lines

Important deviations are visible between the two experiments both for p+C and p+p
collisions. This is quantified in Fig. 64 where the ratio

Rn = (dn/dxF )MIPP/(dn/dxF )NA49 (11)

between the two respective interpolations is shown as a function of xF .
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Figure 64: Density ratioRn = (dn/dxF )MIPP/(dn/dxF )NA49 as a function ofxF , a) for p+C, b)
for p+p interactions. The error bands shown are based on the statistical uncertainties of the data
points

57



The density ratios show a remarkable similarity between p+Cand p+p interactions, vary-
ing systematically from 1.4–1.6 at the lowerxF limit to a maximum of 1.9–2.0 atxF ∼ 0.4
and decreasing to 0.5–1.0 at the upper kinematic limit. The total neutron yields in the forward
hemisphere obtained by an extrapolation of the measured densities towardsxF = 0 as shown
in Fig. 63 deviate by about 60% for both reactions, with the integrated MIPP neutron yield
resulting in 1 neutron per event for p+p collisions at 84 GeV/c beam momentum.

These large deviations pose a problem for baryon number conservation which may be
verified for p+p interactions using published total yields for protons, neutrons, hyperons, pair
produced protons and pair produced hyperons. The availabledata are plotted in Fig. 65 as a
function of

√
s from [23, 24] at 12 and 24 GeV/c beam momentum, [25, 26] at 32 GeV/c beam

momentum, [27–29] at 69 GeV/c beam momentum and from NA49.
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Figure 65: Total yields of protons, neutrons, hyperons, pair produced protons and anti-hyperons,
[23–28], as well as the total number of net baryons (B-B) as a function of

√
s between 4.9 and

17.2 GeV (full circles). The integrated neutron yields fromMIPP [21] at 58 and 84 GeV/c beam
momentum are indicated as open circles

The large neutron yields published by MIPP are clearly out ofproportion with respect
to the available data and are incompatible with baryon number conservation.

11 A phenomenological study of baryon and anti-baryon production in p+C
interactions over the complete phase space

In the following sections a detailed phenomenological analysis of the experimental re-
sults presented above will be carried out. In this context itmay be useful to recall some basic
ingredients of p+A interactions and their relation to the elementary nucleon-nucleon collisions.
The following short subsections should be regarded as a recollection of known facts as well
as an introduction to the more detailed and quantitative studies described in the subsequent
sections.
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11.1 The three components contributing to p+A collisions

There is today no doubt that the final state of p+A collisions is built up from three basic
components:

– The fragmentation of the projectile particle
– The fragmentation of those target nucleons which are hit by the projectile
– The nuclear component which is created by the momentum transfer from the projectile

via the hit target nucleons into the nucleus.
It is important to realize that different time scales are acting in the hadronization of

the mentioned components: the fragmentation time scales are short with respect to the nuclear
cascading processes. In consequence, as will be shown in detail below, only those secondaries
from the target fragmentation which have small momenta in the target rest frame are involved
in the cascading process.

A schematic view of this situation is shown in Fig. 66 for finalstate protons which gives,
in addition to the total measured proton yield (full line), its separation into the three basic com-
ponents of p+A interactions: the projectile fragmentation(broken line), target fragmentation
(dotted line), and nuclear component (dash-dotted line).
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Figure 66: Nuclear, target and projectile components for protons in p+C collisions

The separation and extraction of the three components will be described below in a
largely model-independent way that essentially only relies on experimental input. The term
”model-independent” will be explained and become clear in the course of the following argu-
mentation. The asymmetric character of the p+A interactions is in this context to be seen as
an asset and not as a complication, as it permits - in contrastto the symmetric A+A collisions
- a straight-forward, parameter-free experimental separation of the components with only one
single assumption concerning the target contribution.
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11.2 Intra-nuclear collisions

The projectile undergoes subsequent collisions on its way through the target nucleus.
The number of these collisions is given by the variableν with mean value〈ν〉. In the past,
quite a number of assumptions have been made about this multiple collision process, ranging
from the splitting-up of the projectile into quarks upon thefirst collision to the constancy of
the total interaction cross section through the subsequentcollisions. In the latter hypothesis, the
variableν is calculable on an event-by-event basis using the measureddensity distribution of
nucleons inside the nucleus [5]. Its mean value is then also accessible from the total inelastic
p+A interaction cross section in its relation to the p+p cross section [5],

〈ν〉 = A
σ(pp)
σ(pA)

(12)

In this case, it stands to reason to assume the hadronizationof the hit target nucleons
to be equivalent to the hadronization of the elementary nucleon-nucleon interaction, of course
up to intra-nuclear cascading of the low momentum secondaries evoked above, and taking full
account of isospin symmetry. This hypothesis allows the straight-forward prediction of particle
densities in the target fragmentation region (Fig. 66) which is directly amenable to experimen-
tal verification. It is the only assumption made in the following analysis and it will be tested
quantitatively using the available experimental results both from p+p [3] and p+C interactions.

11.3 Net baryons and baryon/anti-baryon pairs

Final state baryon production appears in two categories: ”net” baryons which are linked
to the presence of a projectile baryon and have to obey baryonnumber conservation, and
baryon/anti-baryon pairs. Experimentally the ”net” baryon yield may be defined by the differ-
ence between the total yield of a baryon species and the corresponding yield of pair-produced
baryons of the same species. Whereas the sum of all net baryonyields is constrained by baryon
number conservation, there is no limit to the production of baryon/anti-baryon pairs which rises
sharply from the threshold at about

√
s = 6 GeV through the SPS energy range and flattens

towards collider energies in a way characteristic of the production of heavy hadronic systems.
In the case of protons, it has to be realized that the baryon/anti-baryon yield is not

only given by proton/anti-proton pair production, but has also additional components contain-
ing neutrons and anti-neutrons. In the following, protons and neutrons which are produced as
baryon/anti-baryon pairs are therefore denoted by:

pair produced protons= p̃

pair produced neutrons= ñ
(13)

In general these pairs form isospin triplets with the isospin-3 components shown in
Table 13.

I3 -1 0 1

baryon pairs
p ñ p p̃ n p̃

n ñ

Table 13: Isospin structure of baryon/anti-baryon pair production
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This phenomenology has been studied by NA49 using the comparison of p+p and n+p
interactions [12]. Here it has been shown that the anti-proton yield increases by about a factor
of 1.6 when exchanging theI3 = +1/2 against anI3 = -1/2 projectile, thereby enhancing the
I3 = -1 against theI3 = +1 combination in Table 13.

As the centralp/p ratio reaches about 23% for minimum bias p+C interactions, the
definition of net protons needs a careful analysis of the corresponding isospin factors, as shown
below.

11.4 Overlap between the components of fragmentation

In the separation of the different components of final state hadronization characterized
for example by the target and the projectile hemispheres, the eventual overlap between these
hemispheres, Fig. 66, plays an important role. For any quantitative work the exact extent and
shape of the respective overlap functions has to be known andit will be shown below that this
is indeed possible in a completely model-independent way, using basic conservation rules. In
the case of final state pions this has been achieved in ref. [5]using charge conservation and
isospin symmetry, using alsoπ+p interactions. For net protons, baryon number conservation
may be invoked, and for anti-protons the internal isospin structure of the fragmentation process
has been used. In both cases this is discussed in detail below.

Several well-known experimental findings present sharp constraints to the phenomenon
of component overlap, in particular at SPS energy:

– The absence, at SPS energy, of charge and flavour exchange
– The absence of long-range correlations between the target and projectile hemispheres,

for |xF | > 0.2
– The independence of the target fragmentation on the nature of the projectile particle and

vice versa (hadronic factorization)
– The presence of short-range forward-backward multiplicity correlations at|xF | < 0.2

Within the experimental uncertainties, a common overlap function which is limited to
0.2 units ofxF has been measured for net protons and anti-protons.

11.5 Extraction of the projectile and nuclear components

Given the hypothesis for the target fragmentation described above, and given the fact
that this hypothesis may be tested against the experimentalresults, the projectile and nuclear
components follow, without additional assumptions, from the subtraction of the target fragmen-
tation from the measured total proton or anti-proton yields. For the protons it is useful to extract
the net proton projectile component as in this case a direct cross-check of baryon number con-
servation becomes possible. The extraction will be performed both for thepT integrated and
for the double-differential yields. With respect to the interplay of the target fragmentation and
nuclear components in the far backward direction, the modification and extent inxF of the
diffractive target component will be determined.

11.6 Error estimation

The present analysis makes use of experimental results bothfrom p+p and from p+C
interactions. In both cases the results from the two-dimensional data interpolation and of its
integration over transverse momentum are exploited. With mean statistical errors of 8% (12%)
in p+C and 5% (11%) in p+p for protons and anti-protons, respectively, the local fluctuations of
the data interpolation are about a factor of 3 lower. For thepT integration, the statistical errors
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have an upper limit of order 1%.The systematic uncertainties are estimated to 3.7% (4.5%) in
p+C and 2.5% (3.3%) in p+p, where a part of these quantities isof common origin. In the data
comparison between the two reactions, a systematic error ofabout 5% is therefore estimated.

12 Two component mechanism of baryon and baryon pair production

In preparation of the separation of the different components contributing to the overall
baryon and anti-baryon yields in p+C interactions, a model-independent study of the target and
projectile components in p+p collisions will be performed in this section. This study allows the
extraction of the baryonic overlap functions introduced inSect. 11.4 above. The section will
also contain a detailed comparison to the results from a microscopic simulation code.

A large sample of 4.8 million inelastic events is available from NA49 [1–3] with both
proton/anti-proton and neutron identification in the final state. This allows for the selection of
sub-samples of events with defined net baryon number either in the projectile or in the target
hemisphere by tagging baryons at sufficiently large|xF |. Sufficiently large means in this context
xF values where the yield of pair produced baryons is low enoughto ensure negligible back-
ground. For protons this condition is fulfilled for|xF | > 0.35 where thep/p ratio is less than
0.5% [3]. The following ranges ofxF have been used for net proton and neutron selection:

Projectile hemisphere: protons 0.35 <xF < 0.5 (14)

neutrons 0.5 <xF < 0.7 (15)

Target hemisphere: protons −0.75 <xF < −0.6 (16)

These ranges are given by the constraints of acceptance and proton identification via
dE/dx, see Sect. 4, and by the limited energy resolution of the hadron calorimetry for neutrons.
In the following the measured baryonic double and single differential densities obtained with
net baryon constraint,

ρc(xF , pT ) =
d2n

dxFdpT

ρc
int(xF ) =

dn

dxF

,

(17)

will be described by their ratio to the corresponding inclusive yields,

ρi(xF , pT )

ρi
int(xF )

(18)

by

Rc(xF , pT ) =
ρc(xF , pT )

ρi(xF , pT )

Rc
int(xF ) =

ρc
int(xF )

ρi
int(xF )

(19)

The ratioRc
int(xF ) is obtained by direct yield extraction over the completepT range from

0 to 1.9 GeV/c, whileRc(xF , pT ) extracts the ratios in distinctxF /pT bins. This allows for the
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study of eventualpT dependences. The double differential cross sections are obtained, due to
limited statistics, in the range 0.1< pT < 0.7 GeV/c, and the resulting ratios are averaged over
thispT range resulting in the ratios:

Rc
av(xF ) = 〈Rc(xF , pT )〉 . (20)

In a first sub-section the production of anti-protons in these samples will be studied, as
the determination of the net proton yields has to rely on the estimation of the cross sections of
pair-produced protons.

12.1 Anti-protons with final-state net baryon constraint

The ratiosRc
av(xF ) andRc

int(xF ) for anti-protons are presented in Fig. 67 for forward
(14) and backward (16) proton selection.
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Figure 67: Yield ratiosRc
int(xF ) andRc

av(xF ) for anti-protons for a) forward and b) backward
proton selection, as a function ofxF . The full lines are forward-backward mirror symmetric and
represent the re-normalized overlap function shown in Fig.69 and Table 14. For definition of
Rc

int(xF ) andRc
av(xF ) see equations (19) and (20)

For both net proton selections, a distinct correlation between the anti-proton yields and
the presence of a tagged proton in the respective hemisphereis evident. The yield ratios reach
values of 1.6 in the far backward and forward directions, respectively. The excess over 1 is
halved atxF = 0 and the ratio goes to 1 in the respective oppositexF regions. It has been verified
that this correlation is not induced by asymmetries in the azimuthal acceptance of the detector.
It is therefore due to an isospin effect as expected from the iso-triplet nature of baryon pair
production, Table 13. Indeed the presence of a net proton will unbalance the isospin structure
present in the inclusive event sample towards theI3 = -1 component of the corresponding heavy
mesonic state and thereby enhance thepñ yield in the selected hemisphere. From this argument
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follows a strict prediction for the tagging with net neutrons: in this case theI3 = +1 component,
hence thenp̃ combination, should be favoured, and the anti-proton yield should be reduced
accordingly with respect to the inclusive sample. This is indeed the case as shown in Fig. 68 for
forward neutron tagging, see (15).
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Figure 68: Yield ratiosRc
int(xF ) andRc

av(xF ) for anti-protons for forward neutron tagging, as
a function ofxF . The full line represents the prediction using the extracted overlap function,
Fig. 67. For definition ofRc

int(xF ) andRc
av(xF ) see equations (19) and (20)

This finding has two interesting consequences: it allows forthe first time the estab-
lishment of the range and shape of the anti-proton overlap function in a completely model-
independent way. Secondly it has direct consequences for the possible production mechanism
of baryon pairs in hadronic interactions.

The hand interpolated lines given in Figs. 67 and 68 may be redefined as the anti-proton
overlap functionF o

p which is normalized in the ordinate to the range 0≤ F o
p ≤ 1, as shown

in Fig. 69 and tabulated in Table 14. This function is strongly constrained by the forward-
backward symmetry in p+p interactions. It has to pass through 0.5 atxF = 0 and it should reach
the values of 0 or 1 at|xF | ∼ 0.2 as imposed by the absence of long range hadronic correlations
beyond this limit [5]. In addition, the constraintF o

p (+xF ) = 1 − F o
p (−xF ) has to be fulfilled.

This leaves, regarding the experimental error bars, in particular those for the net proton yields
(Fig. 72) resulting in the samexF dependence, an error margin of about 5% for the intermediate
xF values.

A remark concerning the choice of the longitudinal variablemight be in place here.
Throughout this paper the FeynmanxF variable has been chosen to describe the longitudinal
momentum dependences. This choice has several reasons:

– xF describes, at least to first order, the observed scaling of the hadronic cross section
with cms energy.

– It is orthogonal with respect to the transverse momentum.
– The range of the forward-backward correlations, as for example the forward-backward

multiplicity correlations [5] has been shown to bes-independent in thexF variable.
– If changing fromxF to the rapidity variabley, the energy scaling of the results as well as

the orthogonality topT is lost. As shown in detail in ref. [5] different rapidity limits for
each interaction energy have to be introduced to describe the multiplicity correlations.
In addition and of course, seeing rapidity as basically an angular variable, strong cor-
relations withpT of all physics phenomena depending on longitudinal momentum are
introduced.
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Figure 69: Anti-proton overlap functionF o
p as a function ofxF for projectile fragmentation (full

line) and target fragmentation (broken line)

xF F o
p xF F o

p

-0.25 0.0 0.025 0.6
-0.225 0.0003 0.05 0.705
-0.2 0.0008 0.075 0.803
-0.175 0.0027 0.1 0.890
-0.15 0.010 0.125 0.965
-0.125 0.035 0.15 0.990
-0.1 0.110 0.175 0.9973
-0.075 0.197 0.2 0.9992
-0.05 0.295 0.225 0.9997
-0.025 0.4 0.25 1.0
-0.0 0.5

Table 14: Anti-proton overlap function for projectile fragmentation

Concerning the production mechanism of baryon pairs, the strong isospin correlation
both with the final state net baryons and with the hadronic projectile in the initial state speaks
against the central production from the quark-gluon sea, asfor instance gluon fusion. Concern-
ing current hadronization models using string fragmentation, the ad-hoc introduction of diquark
systems in the colliding baryons is necessary in order to describe the net baryon production. In
addition quark/anti-quark and diquark/anti-diquark pickup processes have to be introduced for
baryon pair production, in close resemblance to the description of hadronization in e++e− anni-
hilation, with a multitude of adjustable parameters and doubtful predictive power, see Sect. 12.5.

On the other hand the presence of heavy, high spin mesonic states in the early stage of
hadronization of the highly excited baryonic systems in thep+p interaction presents a natural
explanation for the observed correlations. In fact most observed heavy meson resonances have
app̃ decay branching fraction, or have been discovered in the inversep+p annihilation process.
It is interesting to note that baryon pair production, via the high effective mass involved, probes
a rather primordial phase of hadronization as compared to the lighter final state hadrons. This
again favours the observed strong isospin correlations. Inthis context it should be recalled that
a high mass mesonic origin of baryon pairs was indeed proposed as early as 35 years ago by
Bourquin and Gaillard [30] in order to describe the observedinclusive yields.
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12.2 Pair-produced protons

Following the isospin structure of baryon pair production,see Table 13, anti-protons
(p) and pair produced protons (p̃) are coupled in their yields by isospin symmetry with theI3

component of either the projectile or the trigger net baryonin the respective hemisphere. This
is shown schematically in Fig. 70 where thep andp̃ yields are presented with respect to the
inclusive anti-proton level in p+p interactions.
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Figure 70: Yield levels of anti-protons (p) and pair produced protons (p̃) with respect to the
inclusivep yield in p+p interactions, left: for a change of projectileI3 from +1/2 to -1/2, right:
for a change of the trigger net baryonI3 from +1/2 to -1/2

Evidently the definition of ”net” protons, which needs the knowledge of pair-produced
proton yields, is linked to the measuredp yields in a non-trivial fashion. As far as the overlap
function between the forward and backward hemispheres is concerned, it is of course the same
for p andp̃ and has to be referred to the yield levels indicated in Fig. 70.

12.3 Net proton feed-over

With the above clarification of the yields of pair produced baryons, the inclusive net
proton yield may now be defined as:

ρnet
p (xF , pT ) = ρincl

p (xF , pT ) − ρincl
ep (xF , pT ) (21)

As ρincl
ep is 1.6 times higher thanρincl

p , Fig. 70, this means a substantial decrease of the
central net proton density with respect to the simple subtraction of thep yield. The consequence
of this for the evolution ofρnet

p with
√

s has been demonstrated in [12] where it has been shown
that the central net invariant proton cross section approaches zero in the ISR energy range.

The net proton feed-over and the corresponding overlap function may be determined,
as for the anti-proton case Sect. 12.1 above, by fixing a net proton in the projectile or target
hemisphere following the selection criteria, (14) and (16)above, respectively. This ensures the
absence of net protons in the corresponding hemisphere and results in the constrained net proton
density:

ρc,net
p (xF , pT ) = ρc

p(xF , pT ) − ρc
ep(xF , pT ) (22)

These density distributions may be normalized by dividing by the inclusive yield, (21),
resulting in the ratio
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Rc,net
p (xF , pT ) =

ρc,net
p (xF , pT )

ρnet
p (xF , pT )

(23)

In a first instance, it can be shown thatRc,net
p (xF , pT ) is independent onpT in the range

0.1< pT < 0.7 GeV/c, see Fig. 71
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Figure 71: RatioRc,net
p (xF , pT ) between constrained and inclusive net proton densities as afunc-

tion of pT at different values ofxF for net proton trigger in the projectile hemisphere (left side
panels) and for trigger in the target hemisphere (right sidepanels)

The xF dependence for thepT integrated ratioRc,net
p (xF ) and thepT averaged ratio

〈Rc,net
p (xF , pT )〉 are shown in Fig. 72. The full lines in this Figure represent the same overlap

function as extracted for anti-protons, Fig. 69. In addition and due to the higher statistics avail-
able for protons, the independence of the overlap function on transverse momentum has been
demonstrated, Fig. 71. This gives an interesting connection to the origin of proton yields from
the decay of heavy resonances, which predictspT independence in contrast to pions as decay
products of the same resonances, see ref. [5].
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12.4 A remark concerning resonance decay

The model-independent extraction of the baryonic feed-over and the experimental de-
termination of the corresponding overlap functions, as described in the preceding sections, may
be extended to resonance decay. As in fact most if not all finalstate baryons stem from res-
onance decay it is of interest to investigate the consequences of the hadronic two-component
mechanism observed for the final state baryons also for the parent generation of resonances.
This will be demonstrated below using as examples the well measured∆++ resonance for the
proton and a mesonic resonance approximated by measured tensor meson characteristics for the
anti-proton feed-over.

12.4.1 Protons from∆++ decay

The pT integrated density distributiondn/dxF (xF ) of the ∆++(1232) resonance has
been rather precisely measured by a number of experiments inthe SPS and ISR energy ranges
as shown by two examples [31,32] in Fig. 73a. In both cases thefull pT range from 0 to 2 GeV/c
was available. The integration of the interpolated full line yields a total inclusive cross section
of 7 mb. The corresponding decay proton distribution from∆++ → p + π+ (100% branching
fraction) is presented in Fig. 73b together with the measured total inclusive proton yield as
measured by NA49 [3], multiplied by the factor 0.27.

This plot demonstrates several important features:
– The shape of the decay proton distribution from∆++ follows, for |xF | < 0.6, very

closely (to within about 5%) the total inclusive proton distribution re-normalized by a
factor 0.27. This means that 27% of all protons in thisxF range stem from∆++ decay
alone.

– The difference between the decay and inclusive distributions at |xF | > 0 is well de-
scribed by a1/M2

x form typical of single diffraction withM2
x ∼ s(1− xF ), dash-dotted
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Figure 73: Hand-interpolated,pT integrated density distributionsdn/dxF as a function ofxF

a) for ∆++(1232), b) for the decay protons from∆++ → p + π+ (full lines). The broken line
in panel b gives the total inclusive proton yield multipliedby a factor 0.27, the dotted line the
difference between the two distributions. Also indicated in panel b is the1/M2

x distribution (see
text) as dash-dotted line

line in panel b).

– Taking account of the other∆ states∆+(1232) and∆0(1232) with branching fractions
of 66% and 33% into protons, respectively, this means that more than 40% of all non-
diffractive protons cascade down from∆ resonances

– The shape difference between thedn/dxF distributions of the mother resonance and
the daughter protons exemplifies the very effective baryon number transfer towards the
centralxF region in resonance decay even for low-Q resonances like the∆.

A number of further comments are due in this context. The absence of charge and flavour
exchange in inelastic p+p interactions at SPS energy implies that the observed∆ resonances are
not directly produced at least in the primordial phase of target and projectile excitation. They
rather turn up as decay products of N∗ resonances. This fact has been experimentally proven in
a number of high precision studies of single and double diffraction into pπ+π− states from PS
to ISR energies [33–36]. In these final states which cover an|xF | range from 1 to about 0.6 [36],
the initial I, I3 state is 1/2, +1/2. Although the sub-channels pπ+ and pπ− show clear∆(1232)
signals, those are completely contained in the decay mass spectra of a series of N∗ resonances
(N∗(1440), N∗(1520), N∗(1680)). In the more central area of hadronization, this clear isospin
signature will become diluted and contain 1/2, -1/2 states,see also the isospin correlations
discussed above. Nevertheless the production and decay of N∗ resonances without intermediate
∆ states will provide another important source of final state nucleons.

The two-component mechanism of hadronization should therefore also be considered
for baryon resonances with the constraint to reproduce the measured overlap function for final
state protons. This is fulfilled for∆++ by the separation of the production cross section into a
target and a projectile component as indicated in Fig. 74a. The correspondingxF distributions
for the decay protons are given in Fig. 74b.

This choice results in the ratiosR = (dn/dxF )proj/(dn/dxF )incl between projectile com-
ponent and inclusive distribution shown in Fig. 75.
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Figure 75: Density ratiosR = (dn/dxF )proj/(dn/dxF )incl a) for ∆++, full circles and dashed
line, and b) for the decay protons from∆++ decay, open circles, as a function ofxF . The
measured overlap function, see Fig. 72, is indicated as the full line in both panels

Evidently the measured proton feed-over is precisely reproduced, Fig. 75b, if the overlap
function of the mother resonance is chosen slightly wider inxF , Fig. 75a, indicating a certain
mass dependence in thexF scale. In this context the dependence on decay particle massexhib-
ited by the much reduced feed-over for the decay pions from∆++, as elaborated in [5], should
be recalled here.

12.4.2 Anti-protons from heavy meson decay

A complementary approach may be used for the production of anti-protons from heavy
mesonic states [30]. In fact a sizeable number of states above the pp mass threshold at
1.88 GeV/c2 have been observed [37] both in hadronic interactions and inthe inverse pp an-
nihilation into final state hadrons. While due to the large width and density of these states
their direct experimental detection in mass spectra is difficult, the application of Partial Wave
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Analysis permits their localization and determination of quantum numbers. In the following a
hypothetical state at 2.5 GeV mass with a Breit-Wigner widthof 0.25 GeV and a two-body
decay into pp is used in order to study the corresponding daughterxF distributions and overlap
functions. An invariantxF distribution consistent with the one for vector and tensor mesons
published by Suzuki et al. [38] yields the inclusive densitydistributiondn/dxF for the decay
anti-protons shown in Fig. 76.
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Figure 76: a) InvariantxF distributionF (xF ) of a mesonic state with 2.5 GeV mass (full line)
compared to various vector and tensor mesons [38] normalized to unity atxF = 0, b) resulting
inclusive density distributiondn/dxF for the decay anti-protons (full line) compared to the
measured yields in p+p interactions [3] (broken line)

Evidently this choice reproduces perfectly the measured inclusive anti-proton yields
measured by NA49 [3]. Imposing the target-projectile decomposition for the yield distribution
of the heavy meson as shown in Fig. 77a, the overlap function for the decay baryons reproduces
closely the measured feed-over for anti-protons, Fig. 77b.

As far as the normalization of the resulting inclusive yields is concerned, it may be stated
that – compared to thep cross section of 1.2 mb [3] – the measurement of [38] indicates 1.6 mb
for the f4(2050) state alone, and the mass dependence of the tensor meson production given
in [39] an f4(2050) cross section in excess of 5 mb at ISR energy. There are, however, almost no
measurements of the branching fraction into baryon pairs, and if so, they vary by large factors,
for the f4(2050) for instance from 50% [40] to 0.2% [41]. The amount to which anti-protons
cascade from heavy meson decay has therefore to stay an open question.

12.5 Comparison to a microscopic simulation code

In the preceding NA49 publications concerning p+p and p+C interactions [1–5] a strictly
model-independent approach to the interpretation of theseextensive and precise data sets has
been followed. Comparison to the multitude of existing microscopic simulation codes has there-
fore been avoided in clear appreciation of the fact that the actual understanding (or, better, lack
of understanding) of the theoretical foundations of the soft sector of QCD calls for improved
experimental information rather than ad hoc parametrizations. Given the detailed data concern-
ing baryons both on the inclusive level and on the level of baryonic correlations contained in [3]
and in the above discussion, it might however be useful to confront the obtained results with
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Figure 77: a) Density distributiondn/dxF for the heavy mesonic state (full line) normalized
to 1 at xF = 0 decomposed into a target and a projectile component (broken lines), b) the
corresponding overlap functionR(xF ) (full line) superimposed with the measurement (open
circles and broken line)

one specific microscopic simulation in order to obtain some idea of the precision and predictive
power reached in such approaches.

The relatively recent code named JAM [42] has been chosen forthis comparison. This
code is supposed to describe hadronization in elementary and nuclear interactions over the com-
plete cms energy range from 1 GeV up to collider energies. It uses, in the SPS energy range,
soft string excitation following the HIJING [43] approach which in turn relies on the string
fragmentation mechanism developed in the PYTHIA/LUND [44]environment.

12.5.1 Inclusive baryon and anti-baryon density distributionsdn/dxF

The measured proton and neutron density distributionsdn/dxF in p+p interactions are
confronted in Fig. 78 with the predictions from JAM.
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Figure 78: Density distributionsdn/dxF as functions ofxF a) for protons and b) for neutrons
(full circles) in p+p collisions compared to the predictionfrom JAM (full lines)
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Large systematic deviations between prediction and data are visible at lowxF (-40%),
at mediumxF ∼ 0.25 (+50%) and at highxF (-30%) for the protons. Systematic deviations of
similar or bigger size are also seen for the HSD and UrQMD codes [45].

The neutron yields are evidently obtained from the proton densities by a constant multi-
plicative factor of 0.69 with the exception of the largexF region where a diffractive component
with a 1/M2

x behaviour, see Sect. 12.4.1, is added to the protons. The deviations are +60% at
mediumxF and more than -100% at largexF for the neutrons. A look at the density distri-
butions for n+p interactions, Fig. 79, shows only approximate isospin symmetry which would
impose that neutrons from proton fragmentation should be equal to protons from neutrons in the
xF regions beyond the target-projectile overlap. The same should of course be true for neutrons
from neutron beam and protons from proton beam.
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Figure 79: Density distributionsdn/dxF as functions ofxF a) for neutrons and b) for protons
in n+p collisions from JAM

The anti-baryon densities shown in Fig. 80 show an interesting pattern, the anti-proton
and anti-neutron yields being identical for both projectile-target combinations.
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Figure 80: a) anti-proton and b) anti-neutron distributions dn/dxF as functions ofxF from
p+p and n+p interactions. The anti-proton distribution measured by NA49 is shown in panel a)
with full circles. The full and broken lines give the resultsof the JAM model for p+p and n+p
interactions, respectively
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This means that only theI3 = 0 combinations pp and nn are allowed which are produced
with equal yields. The comparison with the measured anti-proton density in p+p collisions
shows a sizeable underestimation of the yield by 35% atxF = 0 and an equally large overesti-
mation atxF ∼ 0.3. Invoking the isospin effect measured in n+p interactions [12] this difference
will increase to 50% in this reaction.

12.5.2 Baryonic correlations

While it might be a straightforward possibility to remedy the observed discrepancies be-
tween the prediction and the inclusive data by modifying some of the many parameters involved
in the simulation codes, the correlation data will probe the”physics” input on a deeper level.
This applies especially to the measured isospin effects.

A first comparison concerns the net proton density correlated with a trigger baryon in
the projectile hemisphere resulting in the overlap function Rc,net

p , (23), as shown in Fig. 81 for
the two triggerxF bins defined in Sect. 12, Eqs. 14 and 15.
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Figure 81: Net proton overlap functionRc,net
p (xF ) as a function ofxF for a) proton trigger at

xF = 0.35 to 0.5, b) neutron trigger atxF = 0.35 to 0.5, c) proton trigger atxF = 0.5 to 0.7 and
d) neutron trigger atxF = 0.5 to 0.7. The full lines represent the measured function,Sect. 13,
the points come from the JAM simulation code

The microscopic simulation results in a feed-over behaviour which only reaches to about
±0.06 inxF . This is considerably sharper than the measured behaviour (full lines in Fig. 81)
and corresponds to the pionic feed-over extracted in [5]. Inaddition there is an asymmetric long
range tail that extends up to and beyond|xF | ∼ 0.3 and is different both for proton and neutron
trigger and for the two triggerxF bins in contrast to the data.

The anti-proton feed-over behaviour characterized by the ratio Rc
p(xF ) of correlated to
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inclusive densities, Eq 19, is presented in Fig. 82 again forthe two available triggerxF bins and
for proton and neutron trigger.
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Figure 82: Anti-proton density ratioRc
p(xF ) as a function ofxF for a) proton trigger atxF = 0.35

to 0.5, b) neutron trigger atxF = 0.35 to 0.5, c) proton trigger atxF = 0.5 to 0.7 and d) neutron
trigger atxF = 0.5 to 0.7. The full lines represent the measured function,Sect. 12.1, the points
come from the JAM simulation code

A rather complicated pattern concerning the simulation emerges. Evidently the sym-
metric isospin effect observed experimentally between proton and neutron triggers is not re-
produced although there is a general reduction of the density ratio in the trigger hemisphere
with neutron triggers. As only isospin singlet baryon pairsare generated, see Sect. 12.5.1, any
isospin effect is not really expected. The strong suppression of the density ratio in the high-xF

trigger bin already starting atxF ∼ 0.2 indicates an effect of energy-momentum conservation
in the baryon pair simulation which is probably the result ofthe details of string fragmentation.

In conclusion the microscopic simulation results in major deviations from the data both
on the level of the inclusive and of the correlated yields. The absence of a proper treatment of
isospin effects both concerning theI3 component of the projectile and of the final state baryons
is flagrant. This puts into doubt the application of this approach to p+A and especially A+A
interactions where the neutron component is preponderant.

13 Proton and anti-proton feed-over in p+C interactions

The study presented above for p+p collisions may be repeatedfor p+C interactions,
albeit with reduced statistical significance due to the smaller available data sample. The density
ratio for anti-protons,Rc

p(xF ) with forward proton tagging is presented in Fig. 83 where thefull
line represents the feed-over function measured in p+p interactions, see Fig. 67.

75



Fx
-0.2 0 0.2

pc
R

0

1

2

 = ( 0.35, 0.5 )trig
Fx

p →pC 

Figure 83: Anti-proton density ratioRc
p(xF ) as a function ofxF . The full line represents the

feed-over in p+p events, see Fig. 67

Evidently the measurement reproduces the shape and extent of the p overlap in p+p
collisions.

Net proton tagging in the backward hemisphere is not possible for p+A interactions
as protons from intra-nuclear cascading (”grey” protons) which prevail in this area dilute the
correlation.

For the net proton densityρc,net
p (xF ) with tagging in the projectile hemisphere, a result

which might look surprising at first view is found as shown in Fig. 84.
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Figure 84: Net proton density in p+C collisions with forwardnet proton constraint as a function
of xF . The full line corresponds to the net density in p+p interactions

Indeed the constrained net proton density reproduces the one found in p+p interactions
down toxF = -0.2. This reveals an additional internal correlation effect generally present in
minimum bias p+A interactions. By selecting a rather forward proton, see (14), single collisions
corresponding to peripheral interactions are enhanced. Infact 60% of the minimum bias p+C
events correspond to single interactions of the projectileproton with nuclear participants [5].
The situation is clarified by Fig. 85 which presents the inclusive proton yielddn/dxF (xF ) in
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p+C collisions (full line),0.6×dn/dxF (xF ) from p+p (broken line), and their difference (dotted
line). It is evident that the bulk of protons in the tagging region (hatched area) comes from
single collisions, with the fraction of multiple collisions in addition biased against very inelastic
interactions which would favour low-xF protons by enhanced baryon number transfer. It may
however be stated that also for p+C interactions with forward proton tagging the constrained
net proton density dies out atxF > 0.2.
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Figure 85: The inclusive proton yielddn/dxF (xF ) in p+C collisions (full line), 0.6 ×
dn/dxF (xF ) from p+p (broken line), and their difference (dotted line).The inclusive proton
yield dn/dxF (xF ) in p+p collisions is shown as well with full line. The hatchedarea represent
the tagging region

14 Hadronization in p+C collisions: anti-protons

The two-component hadronization mechanism studied experimentally in the preceding
section allows, in conjunction with the precision data on anti-proton production in p+p interac-
tions published by NA49 [3], the confrontation of the measuredp yields in p+C collisions with
a straight-forward prediction based on elementary reactions. This is simplified in the case of
anti-protons by the fact that there is, in contrast to protonand pion production, no contribution
from nuclear cascading (see Sect. 9 above). In consequence the superposition of target and pro-
jectile fragmentation should suffice to completely describe the observed cross sections. In a first
step it may be assumed that the projectile contribution corresponds exactly to the one in p+p
interactions. For the target contribution the same basic assumption may be made with two im-
portant additional constraints taking account, firstly, ofthe multiple intra-nuclear collisions of
the projectile, and secondly, of the isospin factor involved in the fragmentation of the neutrons
contained in the nucleus.

The mean number of projectile collisions〈ν〉 in minimum bias p+C collisions has been
investigated in [5] using three different methods:
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– A Monte Carlo simulation using the measured nuclear densityprofile as input with the
result〈ν〉 = 1.6

– The measured p+C inelastic cross section which gives, via the relation

〈ν〉 =
A · σ(pp)

σ(pA)
(24)

an estimation of〈ν〉 under the assumption that the intra-nuclear inelastic interac-
tion cross section stays constant for all subsequent projectile collisions, resulting in
〈ν〉 = 1.68

– The measured increase of pion yields in the backward hemisphere using the fact that the
contribution from intra-nuclear cascading as well as the one from projectile fragmenta-
tion die out atxF ∼ -0.1, yielding〈ν〉 = 1.6.
The isospin factor forp production from the isoscalar C nucleus may be calculated,

using the measured increase ofp yields in n+p collisionsgn
p [12] as

gC
p = 0.5(1 + gn

p ) = 1.3, (25)

with gn
p = 1.6. The combined overall factor to be applied to the targetcomponent is 1.6×1.3 =

2.08.

14.1 pT integrated densitydn/dxF(xF)

The evolution of thepT integrated anti-proton densitydn/dxF (xF ) from the elementary
p+p to the p+C interactions using the superposition of target and projectile components dis-
cussed above is presented in Fig. 86. ThepT integration was performed both for the p+p and
p+C data in the range 0< pT < 1.7 GeV/c.
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Figure 86: MeasuredpT integrated anti-proton densitydn/dxF (xF ) in p+C interactions (open
circles) confronted with the superposition of target and projectile components in p+p collisions
(dotted lines) and total yield (dash-dotted line), with multiplication factors〈ν〉 = 1.6 and 1 for
target and projectile, respectively, broken line, and withthe additional isospin factor 1.3 for the
target component (full line)
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This most straight-forward superposition picture evidently reproduces the measuredp
densities quite closely, overestimating them by about 10% in the target area and underestimating
them by the same amount in the projectile region. This can be remedied by decreasing the target
multiplication factor by 12% from 2.08 to 1.84 and by increasing the projectile contribution by
10% resulting in a reasonable fit of the experimental data compatible with their statistical errors
as shown in Fig. 87.
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Figure 87: MeasuredpT integrated anti-proton densitydn/dxF (xF ) in p+C interactions com-
pared with a target-projectile superposition scheme with factors 1.84 and 1.1, respectively, for
the target and projectile components. The yield from p+p is shown with dash-dotted line

The increase of thep yield by 10% in the projectile hemisphere with respect to the direct
estimation from p+p collisions is a first interesting consequence of this study. It is equal to the
increase of the pion yields deduced in [5].

The reduction of the target contribution by about 12% with respect to the simple super-
position of elementary hadronization processes as characterized by the mean number of colli-
sions〈ν〉 and isospin symmetry, is a second important result. The magnitude of this reduction
being relatively small it is nevertheless on the limit allowed by the experimental determination
both of〈ν〉 [5] and of the isospin effect on anti-proton production fromneutrons [12].

Regarding the excitation mechanism of colliding hadrons bythe exchange of gluons or
gluonic (charge and flavour-less) objects, the observed effects are however to be expected. The
projectile interacts in its multiple collisions subsequently with ”fresh” nucleons which did not
undergo previous exchanges. Hence its effective excitation level will increase with〈ν〉. The
projectile on the other hand suffers in each collision a lossof its gluonic component such that
less excitation energy with the target nucleons can be exchanged in subsequent interactions. In
this sense the nucleus may be regarded as a gluon filter, the description of this phenomenology
by the term of ”energy loss” giving only a very general and somewhat misleading impression.

The anti-proton yields regarded here are especially sensitive to this notion as at SPS
energy thes-dependence of the production cross section is still rathersteep with about 10% per
GeV in

√
s [30]. This is in contrast to the production of mesons, with 5%per GeV for mean

kaons [2] and only 3% per GeV for mean pions [46]. In this sensethe study of pion yields in
the target hemisphere approaches a precise measure of〈ν〉 [5] whereas the observed anti-proton
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cross section indicates an effective loss in
√

s of about 1 GeV in target fragmentation for p+C
collisions. Evidently the extension of this study to heavier nuclei is of considerable interest in
this respect. The data on p+Pb collisions with controlled centrality available from NA49 will
illuminate this point, as is already visible in the preliminary results shown in [47].

14.2 Double differential invariant densitiesf(xF,pT)/σinel

Further details of the two-component hadronization mechanism detailed above become
visible if comparing the double differential invariant densities to the optimized prediction from
target and projectile fragmentation obtained from thepT integrated yields, see Fig. 87. This is
shown in Fig. 88 where the invariant cross sectionsf(xF , pT ) per inelastic event (open circles)
are presented together with the predicted densities (full line).
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Figure 88: Double differential invariant anti-proton densities per inelastic event (open circles)
compared to the prediction from the two component fragmentation mechanism (full lines) as
a function ofxF , for different values ofpT between 0.1 and 1.3 GeV/c. The distributions for
differentpT values are successively scaled down by 2 for better separation
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Three main features may be extracted from these plots:
– The target component reproduces, within the experimental errors, the densities predicted

from elementary interactions forpT < 1 GeV/c.
– The projectile component reveals a definitepT dependence. The measurements fall be-

low the prediction forpT . 0.5 GeV/c and increase smoothly above the prediction above
this value.

– In the range ofpT > 1 GeV/c the excess of the projectile component starts to extend
well into the target hemisphere down toxF ∼ -0.2.
This behaviour is detailed in Fig. 89 which presents the ratio R between measurement

and prediction for thepT values shown in Fig. 88.
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Figure 89: RatioR between measured and predicted anti-proton densities for differentpT values
between 0.1 and 1.3 GeV/c as a function ofxF . The full lines represent the parametrization
R = (1 − F o

p ) + RprojF o
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The same ratio is plotted againstpT for different values ofxF in Fig. 90.
It should be stressed here that these experimental results are in strong support of the

independent target-projectile fragmentation in p+C interactions. The modification of thepT

distribution of the projectile component which superimposes itself to the 10% increase in total
yield, indicates that the Cronin effect, whose onset is visible here, is limited to the projectile
hadronization. The increase of yields at higherpT which extends well into the target hemisphere
might be due to an extension of the feed-over range withpT (see also [5] for pions), although the
limited statistics does not allow for quantitative statements. The increase ofR in the projectile
hemisphere may be parametrized as

Rproj = 0.9 + 0.35p2
T (26)

Its modification in the transition to the target hemisphere is then predicted by the projectile
overlap functionF o

p (Fig. 69) resulting in the full lines indicated in Figs. 89 and 90.
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Further information is contained in the detailed comparison of the averagepT values to
p+p interactions given in Fig. 91.
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Figure 91: a) comparison of averagepT between p+p collisions (full line) and p+C interactions
(data points), b) difference in〈pT 〉 between p+C and p+p interactions. The full line in panel b)
represent the anti-proton overlap functionF o

p from Sect. 12.1

The convergence of the difference in〈pT 〉 towards zero in the backward hemisphere,
Fig. 91b, and its description by the overlap functionF o

p , Fig. 69, is to be regarded as yet another
manifestation of the two-component mechanism of hadronization as discussed in Sect. 12.
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15 Proton production in p+C collisions:pT integrated yields

As in the preceding section on anti-protons, proton production will be first discussed
using thepT integrated yieldsdn/dxF in order to clearly visualize and separate the three basic
contributions to the overall proton cross section. After establishing the net proton density by
subtracting the yield of pair produced protons, the fragmentation of the hit target nucleons, the
projectile fragmentation and the contribution from intra-nuclear cascading will be treated in
turn. ThepT integrations used in this section were performed both for the p+p and p+C data in
the range 0< pT < 1.7 GeV/c.

15.1 Pair produced protons and net proton density

It has been shown above that the iso-triplet nature of baryonpair production imposes a
detailed follow-up of isospin effects all through the hadronization process. This means of course
that the yield of anti-protons is in general not identical tothe yield of pair-produced protons. It is
therefore not sufficient to subtract the anti-proton density as established in the preceding section
from the proton yield in order to obtain the net proton density. In the case of the asymmetric
p+C interaction, the equality of anti-proton and pair-produced proton yields is only valid for
the target part of the overall cross section due to isoscalarcarbon nucleus, invoking isospin
symmetry. For the projectile component on the other hand this does not apply. In the absence
of precision data for anti-proton production in n+C collisions it may be assumed that the same
enhancement of pair-produced protons over anti-protons asin p+p interactions applies where a
factor of 1.6 has been established [12]. This modifies the superposition scheme for anti-protons
described in Sect. 14 by increasing the projectile contribution from 1.1 to 1.76 with respect
to the input p+p densities. The resultingpT integrated density distribution for pair produced
protons (hereafter denoted asp̃ ) is shown in Fig. 92.
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Figure 92: Density distributiondn/dxF (xF ) for pair produced protons (̃p ) as a function ofxF

(full line). The data points are the measured anti-proton densities. The systematic error margin
for the full line (predicted̃p ) corresponds to 7.2 %

This distribution is in contrast to Fig. 78 almost symmetricand the comparison to the
measured anti-proton densities demonstrates that this isospin effect is by no means negligible.

The corresponding net proton density distribution resultsfrom the subtraction of the pair
produced protons from the total proton density distribution, Table 8 and Fig. 52. It is presented
in Fig. 93 in thexF range influenced by pair production, -0.4< xF < +0.4.
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Figure 93: Density distributiondn/dxF (xF ) for protons (broken line) and for net protons (full
line) as a function ofxF in the range -0.4< xF < +0.4. The systematic error margin corresponds
to 4.3 %

The net proton density shows, in contrast to the total protonyield, a smooth behaviour
aroundxF = 0.

15.2 Target and projectile components in net proton production

The fragmentation of those nucleons in the carbon nucleus which are hit by the through-
going projectile, here called the ”target component”, is a quantity which should be closely
related to the proper superposition of net proton production in the elementary p+p and p+n
interactions, multiplied by the number of projectile interactions. Such a superposition has been
shown to describe the target component of the anti-proton yields, Sect. 14, up to a loss of
about 12% specific to multiple collisions and related to the strongs-dependence of baryon pair
production. For baryons this loss should be negligible as the baryon density is to first order
s-independent at SPS energy.

For the prediction of the target component, knowledge aboutthe two basic contributions
from

p+p→ p̃ and p+n→ p̃ (27)

is needed. The latter process may be related, via isospin symmetry, to the reaction

p+p→ ñ (28)

which is measured by the NA49 experiment [3]. The resulting prediction for the isospin aver-
aged net proton density from p+p collisions is described in the following section.

15.2.1 Isospin averaged net proton density from p+p collisions

ThepT integrated proton and neutron densitiesdn/dxF as measured by the NA49 ex-
periment are shown in Fig. 94 as dotted and broken lines. The corresponding net proton yield is
obtained by subtracting 1.6 times the measured anti-protonyield. For the net neutron yield, the
subtraction of the measured anti-proton yield is indicatedby the isospin symmetry of baryon
pair production. In the case of the isoscalar carbon nucleus, a simple average of the two distri-
butions is to be performed as indicated by the full line in Fig. 94.
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Figure 94: Total and net proton densitydn/dxF (xF ), dotted lines, total and net neutron densities
(broken lines) together with the measured neutron cross sections (data points from [3]) and the
isospin averaged net proton density(full line), as a function ofxF . The systematic error margin
is 2.5 % for protons and 4 % for the predicted target component

15.2.2 Predicted target component of net proton production

In order to obtain the predicted target component of net proton production in p+C inter-
action, the predicted yield from p+p collisions has to be multiplied by the number of projectile
collisions〈ν〉 = 1.6 and by the target overlap function, Sect. 13. The resulting distribution is
shown in Fig. 95 together with the total net proton yield, Sect. 15.1.
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Figure 95: Total net proton densitydn/dxF (xF ), broken line, and predicted target contribution
(full line) as a function ofxF

As a first result it may be seen that the target component nearly saturates the total yield
atxF ∼ -0.2.

15.3 The projectile component of net proton production

The subtraction of the predicted target component from the overall net proton density,
Fig. 95, allows now for the extraction of the projectile component of the p+C interaction. This
is demonstrated in Fig. 96 which shows the net projectile component (full line) in comparison
with the net projectile component in p+p collisions (brokenline, Sect. 13).

Several features of these distributions are noteworthy:
– This study allows for the first time the isolation of the net proton projectile component

in p+A collisions over the full phase space.
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Figure 96: Net proton densitydn/dxF (xF ) for the projectile component in p+C interactions
(full line) and in p+p collisions (broken line) as a functionof xF . The shaded area indicates the
onset of the contribution from the nuclear component in p+C interactions. The systematic error
margin is 2.5 % in p+p and 5 % in p+C collisions

– In principle this net proton component is strongly constrained by baryon number con-
servation in comparison to p+p collisions, to the extent that the surface under the two
distributions should be equal up to second order effects like a relative increase of neutron
or hyperon production.

– In fact the integrated yields are 0.547 and 0.52 net protons per inelastic event for p+p
and p+C interactions, respectively. In view of the multi-step methodology involved in
extracting this experimental result, the agreement to within about 5% is certainly com-
patible with the systematic uncertainties.

– A relative increase of the net neutron yield, which is in principle not excluded in multiple
hadronic interactions, is improbable as it has been shown, see Sect. 10.3, that the baryon
number transfer is identical for neutrons and protons.

– A relative increase of hyperon production can as well only have limited influence as an
increase ofΛ andΣ production by 50% would only reduce the observed differencefrom
5% to 4%.

– The shapes of the two distributions are rather similar, witha downward shift of about
0.15 units inxF in p+C except for the diffractive region which is governed bysingle
projectile collisions

– At xF < -0.2 there is a steep increase of the target-subtracted density (shaded region in
Fig. 96) which is due to the tail of protons from intra-nuclear cascading. This contribu-
tion will be discussed in detail below (Sect. 15.4). It is however to be noted that a clean
separation of the projectile component from both the targetand the nuclear cascading
contributions is being achieved at SPS energy. At lower cms energies, the nuclear com-
ponent will extend into higherxF ranges, coveringxF = 0 at AGS energy, as it scales in
plab rather thanxF .
It is interesting to extract the projectile overlap function from the ratioRc,net

p , see (23),
between the projectile component and the symmetrized totaldensity. This is shown in Fig. 97
in comparison with the corresponding function in p+p collisions.

As a further important result of this study it may be stated that in multiple collisions the
width of the proton feed-over from the projectile to the target hemisphere widens. In view of the
discussion of resonance decay in Sect. 12.4 above, this would be compatible with an increase
of the effective mass in the process of projectile excitation.
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line) compared to the same function from p+p interactions (broken line)

15.4 The nuclear component of net proton production

If the subtraction of the target component from the total netproton density distribution
reveals the projectile component atxF > -0.2, it also should allow for the extraction of the
nuclear component atxF . -0.2. Here the nuclear component is defined as the retarded proton
density produced by the intra-nuclear cascading of nucleons following the momentum transfer
from the projectile to the nucleus, as opposed to the prompt fragmentation of those nucleons
which are hit by the projectile.

The situation is clarified in Fig. 98 which shows the total netproton densitydn/dxF

for xF < -0.2 (full line) together with the target component discussed in the preceding section
(broken line), Fig. 95.
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Figure 98: Net proton densitydn/dxF as a function ofxF in the range -1.6< xF < -0.2. Full
line: total measured yield, broken line: predicted target component

The subtraction of the target component from the total yield, Fig. 99 (full line), results
in a rather particular pattern.

This pattern features two distinct regions inxF . For the region of±0.2 units around
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Figure 99: Net proton densitydn/dxF as a function ofxF in the region -1.6< xF < -0.2
resulting from the subtraction of the predicted target density from the total measured proton
yield (full line) and a Gaussian fit to the difference in the two regions -1.6< xF < -1.2 and
-0.8< xF < -0.2, broken line. The systematic error margin correspondsto 7 %

xF = -1, an abrupt bipolar instability arises from the presenceof a diffractive peak in the pre-
dicted target component, whereas for the regions -1.6< xF < -1.2 and -0.8< xF < -0.2 a
smoothxF distribution results which is well fitted by a Gaussian of theform

dn

dxF

= 0.95e−
(xF +0.92)2

2·0.2652 (29)

centered atxF = -0.92 with an rms of 0.265 as shown by the broken line in Fig. 99.
The diffractive component of the predicted target density should show up in any mea-

surement of the total proton density in the region aroundxF = -1 if the nuclear component
would have as expected a smooth behaviour across this region. Assuming the Gaussian fit to
describe this smooth behaviour one may tentatively subtract the Gaussian shape from the total
proton density as shown in Fig. 100.

This results in a modified target component (dotted line in Fig. 100) which reaches down
to xF values at∼ -1.2 and goes smoothly throughxF = -1. The difference between the modified
and predicted target component is bipolar aroundxF = -1 and conserves, to first order, the total
integrated density, as shown in Fig. 101.

In this context the action of the Fermi motion of the hit nucleons on the momentum
distribution of protons in the diffractive peak should be recalled. Fermi motion may be approx-
imated by a Gaussian momentum distribution of about 75 MeV/crms width in the nuclear rest
system. This translates at SPS energy to an rms width of about0.085 inxF . Low momentum
transfer processes like quasi-elastic scattering or diffraction convolute with this momentum dis-
tribution. This leads to a smearing of the peak structure characterized by a base width of±2-3
times the Fermi rms aroundxF = -1. This is quantified by the GaussianxF distribution with rms
0.085 in Fig. 101b which covers exactly the range of the observed deviation from the predicted
diffractive peak. This convolution has been studied in quasi-elastic alpha-alpha scattering at the
CERN ISR [48] where it was shown that low momentum transfer re-scattering processes have
only small influence on the longitudinal width in contrast toa substantial broadening of the
transverse momentum distribution, see Sect.14 below.
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Figure 100: Net proton densitiesdn/dxF in the region -1.6< xF < -0.2 as a function of
xF , full line total measured yield, broken line Gaussian fit to the target density in the regions
-1.6< xF < -1.2 and -0.8< xF < -0.2, dotted line difference of the two distributions
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Figure 101: a) Difference between the predicted target component (Fig. 98, broken line) and
the modified component obtained by subtraction of the Gaussian nuclear component (Fig. 100,
dotted line). b) Gaussian longitudinal proton density distribution as obtained in quasi-elastic
scattering of alpha-alpha collisions at

√
s = 30 GeV/nucleon at the CERN ISR [48]
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The extracted width of the nuclear component in longitudinal momentum with an rms
of 0.265 units inxF is much larger than the spread expected from Fermi motion. This feature
is known from quite a number of experiments since some decades [6] but is shown here for the
first time to be symmetric, however not aroundxF = -1 but aroundxF = -0.92. This substantial
transfer of baryon number needs comment. One effective mechanism contributing to the transfer
of nucleons in longitudinal momentum is certainly the production of pions in the intra-nuclear
cascade. In the excitation ofI = 3/2 states at pion threshold, the decay products are located at
xF = -0.85 andxF = -0.15, respectively, for protons and pions, and for isobars atxF ∼ -1. For
isobar masses above threshold thexF values of the decay baryons will shift further up.

The production of pions in the nuclear cascade has indeed been studied in the accompa-
nying publication [6]. The backward pion yields have been separated into the two components
of target fragmentation which may be predicted from elementary hadronic collisions, and of
nuclear cascading, in close similarity to the argumentation carried out here for baryons. As a re-
sult the total number of pions in the nuclear component has been determined to 0.3 per inelastic
event.

The Gaussian distribution of the nuclear component, Fig. 100, integrates to 0.6 protons
per inelastic event, see Sect. 15.6 below. Isospin symmetryand the absence of charge exchange
in the primary p+C interaction at SPS energy ask for an equal number of neutrons to be pro-
duced. This means that every fourth proton in the nuclear cascade produces a pion. In the decay
of the isospin 3/2 isobars involved with pion production, the decay protons are transferred to
xF = -0.85 at pion threshold with the decay pions being centred at xF = -0.15 for low lab mo-
menta. Integrating over the pion transverse momentum distribution this center shifts down to
about -0.2 [6] with a rather long tail towards lowerxF . The corresponding nucleons will be
placed atxF = -0.8 and above. The center of the nuclear component atxF = -0.92 is there-
fore compatible with pion production in the nuclear cascadevia isobar excitation near threshold
and the subsequent decay into baryons and pions. The symmetry of the nuclear component
would however ask for a bigger pion yield at about one pion forevery second proton. Here
de-excitation processes without pion emission like final state isobar-nucleon re-scattering could
be involved to reduce the pion yield.

In conclusion of the preceding sections onpT integrated proton distributions it may be
stated that a three-component mechanism of convincing internal consistency has been estab-
lished in a quantitative and precise way. These three components are defined by

– The fragmentation of the projectile which obeys baryon number conservation and shows
a transfer in longitudinal momentum corresponding to 0.15 units in FeynmanxF .

– The prompt fragmentation of the nucleons hit by the projectile. This component has
been predicted from elementary proton-nucleon interactions invoking isospin symmetry
and the mean number of projectile collisions.

– The nuclear component which arises from intra-nuclear cascading and is partially ac-
companied by pion production.

At SPS energy the nuclear component extends up toxF = -0.2. It is well separated from
the projectile fragmentation which feeds over into the target hemisphere down to the same value
of xF = -0.2. The target fragmentation in turn reaches fromxF = +0.2 down toxF = -1.2. The lat-
ter range is well beyond the kinematic limit of elementary fragmentation with a diffractive peak
close to and abovexF = -1. This sharp diffractive structure is evidently dilutedand smoothed
by quasi-elastic re-scattering of its low-momentum nucleons in accordance with experimental
results from other experiments.
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15.5 A remark about s-dependence

Even if the SPS energy range is, as shown above, a well suited region for the separation
of the three components contributing to the measured net baryon density, it is interesting to look
at the expected evolution with

√
s.

15.5.1 The nuclear component

The study [6] of backward proton production in p+C interactions shows that only small
changes in the momentum distributions are to be expected by increasing

√
s to RHIC energy

and beyond, or by decreasing it into the AGS energy region. Indeed one has to move down to√
s below about 3 GeV in order to see threshold effects drastically reducing the proton density.

In terms of the range inxF covered by the nuclear component, however, kinematics willextend
the upper limit of∼ -0.25 at SPS energy to higher values untilxF = 0 is reached at

√
s ∼ 4 GeV.

This purely kinematic effect is presented in Fig. 102 wherexF is plotted as a function of 1/
√

s
for two values ofplab and three values ofpT .
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Figure 102:xF as a function of 1/
√

s for plab = 1 and 2 GeV/c, varyingpT from 0 to 0.4 GeV/c

This behaviour means that for givenxF (or rapidity) the nuclear contribution will in-
crease with decreasing beam momentum. This effect is of course also to be expected for pe-
ripheral heavy ion collisions where the separation of prompt baryons from the delayed nuclear
cascade will become more important but also more difficult with decreasing interaction energy.

15.5.2 The target fragmentation

As shown above prompt net baryons from target fragmentationare well described by
the superposition of elementary proton-nucleon collisions. With increasing

√
s this means that

this contribution will move back inxF due to increasing transparency until at the highest ISR
and at RHIC energies the central region aroundxF = 0 will be only populated by pair pro-
duced baryons. In thexF region below∼ -0.3 the yields will not change appreciably due to
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the approximate scaling behaviour. Towards lower
√

s the feed-over of the target fragmentation
into the projectile hemisphere will accordingly increase.Together with the increasing nuclear
component a clear separation will therefore become more involved.

15.5.3 The projectile component

The evolution of the projectile component with collision energy is of considerable inter-
est as it carries unique information about multiple hadronic collisions. Since its diffractive part
is connected - for minimum bias p+A collisions - to the fraction of single projectile collisions
which is as discussed above on a level of 60% for p+C interactions, there should be approxima-
tive energy scaling with a progressive widening of the peak towards lower energies as measured
in p+p interactions. For the non-diffractive part the situation is however much less clear, in par-
ticular as there is no theoretical understanding of the observed baryon number transfer and as
there is only very limited experimental information available on the required level of precision.
It has been shown above that the net baryon density distribution shifts downward by 0.15 units
of xF in p+C collisions, the same shift being observed for the neutrons. It has also been shown
that this baryon number transfer increases with centralityas indicated by the dependence on the
number of ”grey” protons. It has also in addition been indicated that resonance production and
decay presents a very effective source of baryon transfer. If with increasing interaction energy
the excitation of the projectile proton in its multiple collisions also increases and therefore the
spectrum of produced resonances extends to higher masses, the reduction of central net baryon
density via transparency should be reduced or even compensated. At lower

√
s the situation

should become, as for the two other contributions, more obscure due to the increased mutual
overlap of the different components.

15.6 Proton and net proton multiplicities

Using thepT integrated density distributionsdn/dxF extracted above for the inclusive
p+C interaction as well as for the different sub-components, the corresponding baryonic multi-
plicities may now be determined by integration overxF . In view of the statistical errors of the
dn/dxF , Tables 8 and 9, which are of order 1% and 3% for p andp, respectively, the statistical
uncertainties of the total integration are negligible withrespect to the systematic errors given
below in percent of the yields. The integration limits inxF reach from -0.2 to 1 (projectile com-
ponent, Fig. 96), from -1.2 to 0.2 (target component, Figs. 95 and 100), and from -1.7 to -0.2
(nuclear component, Fig. 100). This results in the following numbers:

inclusive proton multiplicity 〈np〉 = 1.881 ± 4.3% (30)

inclusive anti-proton multiplicity 〈np〉 = 0.052 ± 6.0% (31)

multiplicity of pair produced protons 〈np̃〉 = 0.065 ± 7.2% (32)

inclusive net proton multiplicity 〈nnet
p 〉 = 1.816 ± 4.7% (33)

There are two predictions respectively for the net projectile component and for the ex-
pected net target component established from the elementary p+p collisions [3]:

predicted net projectile component 〈nproj,pred
p 〉 = 0.550 ± 2.8% (34)

This assumes baryon number conservation and a negligible increase in neutron and hy-
peron production.
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predicted net target component 〈ntarg,pred
p 〉 = 0.690 ± 4.0% (35)

This uses isospin invariance and the measured number of 1.6 projectile collisions.
Subtracting the predicted target component from the total net proton density in the pro-

jectile fragmentation region, the multiplicity of net projectile protons is measured as

measured net projectile component 〈nproj,meas
p 〉 = 0.520 ± 5.0% (36)

which reproduces the expected multiplicity to within 5.5% and leaves room for some increase
of the hyperon yields in p+C collisions.

Subtracting the predicted target component from the total net proton density in the back-
ward region, the nuclear component is measured as

measured nuclear component 〈nnucl,meas〉 = 0.655 ± 7.1% (37)

A Gauss fit to the nuclear component in the symmetric regions of the target-subtracted
proton density yields the multiplicity

Gaussian nuclear component 〈nnucl,Gauss〉 = 0.631 ± 3.0% (38)

which complies to within 3.6% with the straight-forward subtraction.
Finally there is the modified target component obtained by subtraction of the Gaussian

nuclear component from the overall proton density which smooths the diffractive peak in accor-
dance with the Fermi motion of the hit nucleons. This modifiedtarget component results in the
multiplicity

modified target component 〈ntarg,mod〉 = 0.670 ± 5.3% (39)

which reproduces the predicted multiplicity (35) to within2.9%.
In conclusion it may be stated that the total measured net proton multiplicity made up

by the superposition of three components of comparable magnitude, namely a projectile multi-
plicity of 0.52, a target multiplicity of 0.67 and a nuclear component of 0.65 units. These yields
add up to 1.84 which is within 1% equal to the direct integration (33). The multiplicities of anti-
protons and pair produced protons are 0.052 and 0.065, respectively, corresponding to 2.9% and
3.6% of the total net proton yield.

16 Proton production in p+C collisions:pT dependence

Following the study ofpT integrated yields in the preceding section, the double-
differential proton cross sections will now be studied for the three components of projectile
fragmentation, target fragmentation, and nuclear cascading, thus adding the transverse dimen-
sion to the experimental scrutiny. In order to comply with the discussion of the integrated proton
yieldsdn/dxF , Sect. 15, the double differential cross sections will be used in their non-invariant
form

1

pT

d2n

dxF dpT

=
2π

σinel

√
s

2

f(xF , pT )

E
(40)

see also (10). In a first step, the net proton cross sections will be defined using the results on
anti-protons, Sect. 14. A detailed comparison of the overall backward cross sections with the
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predicted contribution from target fragmentation will reveal a necessarypT dependent modi-
fication of this component which will then be employed to extract in turn the projectile and
nuclear components in theirpT dependence.

16.1 Pair produced protons and net proton density

Using the results of the discussion of the double differential anti-proton yields and their
separation into target and projectile components in Sect. 14.2, the yield of pair produced protons
may be estimated by multiplying the projectile component bythe isospin factor 1.6, maintaining
thepT enhancement as parametrized in (26). The target component stays equal to the anti-proton
yield due to isospin symmetry. The total and the resulting net proton densities are shown in
Fig. 103 as a function ofxF for different values ofpT .
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Figure 103: Total and net proton density1
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d2n
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as a function ofxF for differentpT values
indicated in the panel. The distribution atpT = 0.2 GeV/c is multiplied by factor of 1.2 for better
separation
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16.2 Target component

As discussed in Sect. 15.2.2 the target component of net proton production in p+C inter-
actions may be predicted from p+p collisions using the number of projectile collisions〈ν〉 = 1.6,
the target overlap functionRc,net

p ((23) and Fig. 72), and the measured proton and neutron cross
sections [3]. The only additional assumption to be made for the double differential yield is the
equality of thepT distributions for neutrons and protons, see [3] for experimental evidence. The
result for the target component and its subtraction from theoverall proton yield is shown in
Fig. 104.
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Figure 104: Double differential net proton yield1
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as a function ofxF for five different
values ofpT . Full line: total yield, broken line: predicted target component, and dotted line:
after subtraction of the target component

Compared to the same prediction and subtraction for thepT integrated densities, Figs. 95
and 96, apT dependence becomes visible. It is the region ofxF between -0.2 and -0.3 which
is extremely sensitive to the predicted target yield. At transverse momenta below the meanpT

(Fig. 55) the prediction overshoots the total density by about 20%, whereas for higherpT it falls
low by up to 40% atpT = 1 GeV/c. In thisxF region neither the possible projectile feed-over
nor the nuclear component may explain, by their limitedxF range, the observedpT dependence.
Instead a yield suppression at lowpT followed by an enhancement at highpT similar to the one
found for anti-protons, Sect. 14.2, has to be invoked also for the target contribution. This pattern
of yield suppression and enhancement is quantified in Fig. 105a as a function ofxF for thepT

values shown in Fig. 104. Given the estimated systematic error margins, Fig. 105b, the effect is
significant forpT > 0.7 GeV/c. It should be noted that baryon number conservation imposes,
for a yield increase in thispT range, a corresponding yield suppression at lowpT .
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This phenomenon is also borne out by a comparison of the meanpT values between p+C
and p+p interactions shown in Fig. 106.
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Figure 106: Comparison of the meanpT values of protons in p+C (open circles) and p+p inter-
actions (closed circles) as a function ofxF from xF = -1.0 toxF = +0.95. The lines connecting
the points are drawn to guide the eye

If the target component showed apT dependence equivalent to p+p interactions, the
meanpT values should approach the ones for p+p atxF around -0.2 to -0.3 where target frag-
mentation prevails. The observed difference of 50 MeV/c in〈pT 〉 is significant with respect to
the statistical errors of less than 1%. The systematic errors are of the same order as most error
sources, or for certain the normalization error, cancel in the mean value.

96



Applying this enhancement, the target component and its subtraction from the total mea-
sured yield take the pattern shown in Fig. 107.
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Figure 107: Double differential net proton yield1
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d2n
dxF dpT

as a function ofxF for five values of
pT . Full line: total yield, broken line: predicted enhanced target component, dotted line: after
subtraction of the enhanced target component

This subtraction leaves clearly defined and separated projectile and nuclear components
which will be discussed in the subsequent sections

16.3 The projectile component

The hadronization of the projectile is already clearly visible in the dotted line of Fig. 107.
It saturates the total yield atxF > 0.2 and comes down to zero atxF ∼ -0.2 due to the limited
range of the baryonic overlap function. In order to put this behaviour in perspective as far as
thexF distributions for different transverse momenta are concerned, the projectile components
normalized to their maximum densities are presented in Fig.108.

Compared to thepT integrated distribution, Fig. 96, there is a clear dependence of baryon
number transfer onpT . The maximum density shifts fromxF = 0.3 at lowpT to xF = 0.1 at
1 GeV/c. The density atxF & 0.6 corresponding to low mass excitation is strongly reduced with
increasingpT whereas the transfer function is successively extending further into the backward
hemisphere.

Further information concerning thepT dependence comes from a direct comparison to
p+p interactions. Extracting the projectile component from the symmetric p+p collision using
the baryonic overlap function determined in Sect. 12 the ratio

Rproj =

(
1

pT

d2n

dxFdpT

)pC /(
1

pT

d2n

dxF dpT

)pp

(41)

may be obtained as shown in Fig. 109 as a function ofpT for different values ofxF .
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represent the subtraction of the target component, derivedfrom the p+p interaction [13], from
the data interpolation. The systematic errors are 2.5 % forxF > 0.1 (p+p data) and increase to
about 4.5 % forxF < 0
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Figure 109: Density ratioRproj of the projectile components of p+C and p+p interactions as
a function ofpT for different values ofxF in steps of 0.05 GeV/c inpT as given by the data
interpolation [13]. The systematic uncertainties of the ratios correspond to 4.5 %. They are to
first order independent onxF andpT . The lines are drawn to guide the eye

A clear increase withpT of the net proton yields is visible for all values ofxF . The
overall increase of the cross sections with decreasingxF is due to the general baryon number
transfer in p+C interactions visible in thepT integrated distributions of Fig. 57 (”minimum bias”
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compared to p+p). This can be normalized out by multiplyingRproj by the integrated density
ratio between p+p and p+C collisions:

Rproj
norm = Rproj

(
dn

dxF

)pp / (
dn

dxF

)pC

(42)

The resulting ratioRproj
norm is shown in Fig. 110 again as a function ofpT for different

values ofxF .
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Figure 110: Normalized density ratioRproj
norm as a function ofpT for different values ofxF in

steps of 0.05 GeV/c inpT as given by the data interpolation [13]. The systematic uncertainties
of the ratios correspond to 4.5 %. They are to first order independent onxF andpT . The lines
are drawn to guide the eye

The wide spread observed in Fig. 109 reduces to a narrow band of pT enhancements
which are about independent onxF except for thexF range approaching diffraction. Again, as
for p in Sect. 14.2 and for the target component in the preceding section, the normalized densi-
ties are reduced by 10-20% at lowpT and enhanced to factors of about 1.5 atpT = 1.5 GeV/c.

16.4 The nuclear component

The onset of the contribution from nuclear cascading is already visible in Fig. 107 by
the dotted lines atxF < -0.25. This range is extended to the far backward hemispheredown to
xF = -1.6 in Fig. 111. In this Figure the total proton density, the predicted target contribution
and the target subtracted yield are shown as a function ofxF for five values ofpT between 0.2
and 1 GeV/c.

As already discussed for thepT integrated densities in Sect. 15.4 (Figs. 98 and 99), the
presence of the diffractive peak from proton fragmentationin the predicted target contribution
creates a sharp spike betweenxF ∼ -0.9 andxF = -1.0 which should be visible in the total proton
density distribution in this area. The absence of such structure in the measured yield indicates,
as argued in Sect. 15.4, a smoothing of the predicted structure via quasi-elastic re-scattering of
the diffrative protons inside the Carbon nucleus. This re-scattering extends typically up to±0.2
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Figure 111: Double differential net proton yield as a function ofxF for five values ofpT . Broken
line: total proton yield, dotted line: predicted target contribution, full line: target subtracted
proton density

units ofxF aroundxF = -1 [48]. Beyond this range the target subtracted yield shows a Gaussian
behaviour as presented in Fig. 112.
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The fit parameters show, within tight errors, a stable mean value in xF between -0.92
and -0.93 in agreement with thepT integrated fit (29). The rms deviation increases withpT from
0.22 to 0.3 units ofxF . ThepT dependences of the maximum density and of the yield integrated
overxF are shown in Fig. 113.
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integrated overxF of the nuclear
component as a function ofpT . The full lines represent data interpolations, the broken lines
correspond to thepT dependence of the proton density in p+p interactions at|xF | = 0.95 [3],
normalized atpT = 0.4 GeV/c

It is interesting to observe that thepT dependence of the nuclear component is not Gaus-
sian and corresponds to the one measured in the diffractive region of p+p interactions [3].

Using the Gaussian fits as an estimator of the nuclear component a modified target com-
ponent may be obtained by subtracting these fitted densitiesfrom the total proton yield as shown
in Fig. 114.
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lines: total proton yield, dotted lines: Gaussian fit to the nuclear component, full lines: modified
target component obtained by the subtraction of the Gaussian fits from the total proton density
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The resulting modified target component extends now toxF values below -1.0 and shows
a smooth behaviour through the region of proton diffractionin accordance with thepT integrated
yield, Sect. 15.4.

17 Conclusion

As part of a comprehensive study of hadronic production in elementary and nuclear col-
lisions at the SPS, new data from the NA49 experiment on proton, anti-proton, neutron and light
ion production in minimum bias p+C interactions are presented. Making full use of the accep-
tance coverage and the particle identification capabilities of the NA49 detector, a wide phase
space area from the far forward direction at FeynmanxF of 0.95 to the far backward direction
down toxF = -0.8 has been exploited. Using available data from a Fermilab experiment the data
coverage could be further extended into the nuclear fragmentation region down toxF ∼ -2.0.
In addition, deuteron and triton production have been studied in the lab momentum range from
0.25 to 3 GeV/c making available there for the first time crosssections in the low to mediumpT

region. In addition a limited amount of data with ”grey” proton detection allows for a first look
at the centrality dependence of baryon number transfer.

Given the complete phase space coverage of the combined dataset, the main aim of this
publication is the separation and isolation of the three components of hadronization in p+C col-
lisions, namely projectile fragmentation, target fragmentation and nuclear cascading. This study
has been conducted both forpT integrated quantities and using double differential crosssections
to obtain a complete view of thepT dependence. For this aim, the baryonic overlap functions
from the projectile to the target regions and vice versa havebeen determined experimentally
using both the elementary p+p and the asymmetric p+C interactions. This has been achieved in
a completely model-independent way relying essentially onbaryon number conservation and
isospin symmetry. For anti-proton production the absence of a nuclear contribution has been
shown and the superposition of the target and the projectilefragmentation has been established
using the known number of projectile collisions inside the Carbon nucleus. This allows for the
definition of the yield of pair produced protons and thereby of net proton densities.

In contrast to the a priory unknown projectile and nuclear components, the target frag-
mentation occupies a special place as it should at least to first order be describable by a super-
position of single nucleon fragmentations taking of courseinto account the number of projectile
collisions and isospin effects. This approach works out well for pT integrated proton densities
with the exception of the diffractive contribution contained in the elementary interactions. This
contribution is evidently smeared out by secondary, quasi-elastic interactions of the correspond-
ing low momentum protons in the nuclear rest system. The subtraction of the thus predicted tar-
get component yields both the projectile and the nuclear components. The former is proven to
preserve baryon number combined with a sizeable amount of baryon transfer of order 0.15 units
of xF . The latter turns out to have a Gaussian shape inxF centred atxF = -0.92 with a substan-
tial FWHM of 0.6 units far in excess of the narrowxF distribution centred close to -1.0 which
might be expected from Fermi motion alone. In the case of the p+C collisions studied here, the
three components have comparable total yields of 0.52, 0.67and 0.65 net protons respectively
for the projectile, target and nuclear contributions. Thissums up to 1.84 net protons in total,
comparing to within 1% with the independent direct yield integration of 1.82 net protons (33).

The study of double differential cross sections gives access to the additional dimension
of transverse momentum. All three components show a distinct transverse activity which goes
beyond the naive expectation from elementary collisions ornuclear binding. The projectile com-
ponent features, both for protons and anti-protons, a suppression by 10-20% at lowpT followed
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by an enhancement of about 50% atpT = 1.5 GeV/c. This pattern is ratherxF independent in the
forward hemisphere. The target component shows a similar behaviour, however with a distinct
xF dependence centred atxF ∼ -0.3. The nuclear component finally has a wide, non-Gaussian
pT dependence which goes far beyond the one expected from Fermimotion and which is shown
to be comparable to the one measured in the diffractive region of p+p interactions.

As for the previous publications [1–4] the measured cross sections and two-dimensional
interpolation values are available on the Web Site [13].
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