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Abstract

The production of protons, anti-protons, neutrons, demteand tritons in minimum
bias p+C interactions is studied using a sample of 385 734stie events obtained
with the NA49 detector at the CERN SPS at 158 GeV/c beam mamerithe data
cover a phase space area ranging from 0 to 1.9 GeV/c in tresgsmgomentum and in
Feynmanz from -0.80 to 0.95 for protons, from -0.2 to 0.4 for anti-pmas and from
0.2 to 0.95 for neutrons. Existing data in the far backwanghisphere are used to
extend the coverage for protons and light nuclear fragmatdghe region of
intranuclear cascading. The use of corresponding dat@ktmed in hadron-proton
collisions with the same detector allows for the detailedlysis and
model-independent separation of the three principle corapis of hadronization in
p+C interactions, namely projectile fragmentation, tafgegmentation of participant
nucleons and intranuclear cascading.



1 Introduction

Baryon and light ion production in proton-nucleus collisschas in the past drawn con-
siderable interest, resulting in an impressive amount t ftam a variety of experiments. This
interest concentrated in forward direction on the evidearigfer of baryon number towards the
central region, known under the misleading label of "stogpj and in the far backward region
on the fact that the laboratory momentum distributions af/bas and light fragments reach
far beyond the limits expected from the nuclear binding gneatone. A general experimental
study covering the complete phase space from the limit geptite diffraction to the detailed
study of nuclear effects in the target frame is, howevelt, sissing. More recently, renewed
interest has been created by the necessity of providingsoweaeference data for the control
of systematic effects in neutrino physics.

In addition to and beyond the motivations mentioned abdweptesent study is part of
a very general survey of elementary and nuclear interagabthe CERN SPS using the NA49
detector, aiming at a straight-forward connection betwiendifferent reactions in a purely
experiment-based way. After a detailed inspection of pignaon [2] and baryon [3] produc-
tion in p+p interactions, a similar in-depth approach is\geiarried out for p+C collisions. This
has led to the recent publication of two papers concerniag 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 deghbas a first step towards
the study of proton collisions with heavy nuclei using datthwontrolled centrality available
from NA49. It allows the control of the transition from elemary to nuclear interactions for a
small number of intra-nuclear collisions, thus providimgimportant link between elementary
and multiple hadronic reactions. It also allows for the nleat separation of the three basic
components of hadronization in p+A collisions, namely potije fragmentation, fragmenta-
tion of the target nucleons hit by the projectile, and initeslear cascading. The detailed study
of the superposition of these components in a model-indgr@nwvay is the main aim of this
paper. For this end the possibility of defining net protonsitees by measuring anti-protons
and thereby getting access to the yield of pair produceddoarywill be essential. As the ac-
ceptance of the NA49 detector does not cover the far backvegidn, the combination of the
NA49 results with measurements from other experimentscaéelil to this phase space area
is mandatory. A survey of the-dependence of backward hadron production in p+C collgion
has therefore been carried out and is published in an aceonmggpaper [6]. This allows the
extension of the NA49 data set to full phase space.

As the extraction of hadronic cross sections has been thescim detail in the preced-
ing publications [1-5], the present paper will concent@iethose aspects which are specific
to baryon and light ion production, particularly in the exphtion of the NA49 acceptance
into the backward hemisphere. After a short comment oniagisiouble differential data in the
SPS energy range in Sect. 2, a few experimental details gdiven in Sect. 3 together with the
binning scheme adopted for protons, anti-protons and oesitSection 4 will present a compre-
hensive description of particle identification in the baekevhemisphere which is an important
new ingredient of the optimized use of the NA49 detector irtipalar for the asymmetric p+A
collisions. Section 5 deals with the extraction of the ilsohe cross sections and with the ap-
plied corrections. Section 6 contains the data tables astd pf the invariant cross sections as
well as some particle ratios and a comparison to the fewablaildouble differential yields at
SPS energy for comparison. Section 7 describes the use extdesive complementary data set
from the Fermilab experiment [7] for the data extension thefar backward direction together
with an interpolation scheme allowing for the first time tloenplete inspection of the produc-

1



tion phase space for protons in the range<-2 < +0.95. This combined study is extended
to deuterons and tritons in Sect. 8. Baryon ratios are shav8ect. 9p+ integrated quantities
are given in Sect. 10 both for minimum bias trigger condiiamd for the dependence on the
number of measured grey protons. In addition, the meagyredtegrated neutron yields are
presented in Sect. 10 together with a comparison to othegiated data in the SPS energy
range. Section 11 contains a detailed discussion of thectwigponent mechanism of baryon
and baryon pair production, thus covering the first two congmts of the hadronization process
defined above. This Section contains experimental regwoits both p+p and p+C interactions
including a comment on resonance decay and a comparisoreteatrmicroscopic simulation
code. Section 12 gives a detailed discussion of anti-prptoduction including the application
of the two-component mechanism introduced in Sect. 11 atutly sf thep; dependence. The
discussion opy integrated proton and net proton yields is presented in $8dbllowed by the
exploitation of double differential proton and net protooss sections in Sect. 14. The paper is
closed by a summary of conclusions in Sect. 15.

2 The Experimental Situation

As already pointed out for pions in [4] there are only two s#tslouble differential
inclusive data, for identified baryons and light fragmemtg+C collisions in the SPS energy
range. The differential inclusive cross sections are prteskin this paper as:

d*o

_— 1
i (1)

with zr = 2p;/+/s defined in the nucleon-nucleon cms. A first data set [7, 8] tlee far
backward direction for protons and light ions at five fixeddediory angles between 70 and
160 degrees for total lab momenta between 0.4 and 1.4 Ge\d@adjectilie momentum of
400 GeV/c. A second set [9] has been obtained in forward timedor 0.3< z» < 0.88 and
0.15< pr < 0.5 with 100 GeV/c beam momentum. The respective phase spaeeage incp
andpr is shown in Fig. 1a,b for protons and anti-protons, respelsti with a superposition of
the NA49 coverage for protons. This coverage is presentetbire detail in Fig. 1¢ and for the
anti-protons in Fig. 1d.

With the NA49 data covering lab angles of up to 40 degreesdh&mation with [7, 8]
into a consistent data set becomes possible. This alloviisddirst time the complete scrutiny of
the proton phase space in the range-2 < +0.95, with only minor inter- and extrapolation.

3 Experimental information and binning scheme

As a detailed description of the NA49 detector and the etita®f inclusive cross
sections has been given in [1-4, 10], only some basic infoomsiare repeated here for conve-
nience.

3.1 Target, grey proton detection, trigger cross section ahevent sample

The NA49 experiment is using a secondary proton beam of 158c3somentum at the
CERN SPS. A graphite target of 1.5% interaction length isgdinside a grey proton detector
which covers a range from 45 to 315 degrees in polar angleavijfanularity of 256 readout
pads placed on the inner surface of a cylindrical propoali@ounter. An interaction trigger is
defined by a small scintillator 380 cm downstream of the taigenti-coincidence with the
beam. This yields a trigger cross section of 210.1 mb coomdipg to 91% of the measured
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Figure 1: Phase space coverage of existing data: a) p datd Tiqfull lines) and [9]. Here with
the shaded area is shown the NA49 acceptance rangejdtp from [9]; c) p data from NA49;
and d)p data from NA49

inelastic cross section of 226.3 mb. This is in good agre¢mwéh the average of 225.8 mb
obtained from a number of previous measurements [4]. A saaiple of 385.7k events has
been obtained after fiducial cuts on the beam emittance attiedongitudinal vertex position.

3.2  Acceptance coverage, binning and statistical errors

The NA49 detector [10] covers a range of polar laboratoryesipetweent45 degrees
with a set of four Time Projection Chambers combining tragkand particle identification, two
of the TPC’s being placed inside superconducting magneitslevibr anti-protons the accessi-
ble range inc andpy is essentially defined by the limited event statistics, & haen possible
to completely exploit the available range of polar anglegiatons. The corresponding binning
schemes are shown in Fig. 2 in the cms variablegandpy.

A rough indication of the effective statistical errors isgn by the shading of the bins.
Neutrons have been detected in a forward hadronic calogmigftin combination with propor-
tional chambers vetoing charged hadrons. Due to the lim@salution in transverse momentum
only pr integrated information in 8 bins imx (Fig. 2c¢) could be obtained, after unfolding of
the energy resolution. This coverage is identical to theione+p interactions [3] and allows
for direct yield comparison.
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Figure 2: Binning scheme inx andpy 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 interactidhs,study of the backward
hemisphere is of major interest for the understanding gfetairagmentation and intranuclear
cascading. Particle identification at negative is therefore mandatory; it has to rely for the
NA49 detector on the measurement of ionization energy losisd TPC system. This method
has been developed and described in detail for mesons aponsan p+p collisions in [1-3]
for zr > 0. A substantial effort has been invested for the presemlysiu its extension to
the far backward direction down to the acceptance limit inimposed by the NA49 detector
configuration. With decreasingr the baryonic lab momentum decreases below the region of
minimum ionization where the ionization energy loss insemalikel/53* and thereby succes-
sively crosses the deposits from kaons, pions and electftmsis shown in Fig. 3 for the the
momentum dependence of the parametrization of the meacatiesh energy loss used in this
analysis.
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Figure 3: Parametrization of the mean truncated energydsssfunction of total lab momen-
tum pjop for electrons, pions, kaons and protons. The situation éoterons and tritons is also
indicated



In terms ofzr andpr, this cross-over pattern reflects into lines of equal entrgy in
thexr—pr plane as shown in Fig. 4.
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Figure 4: Lines of equal energy loss for protons and kaons)(protons and pions (p) and
protons and electrons (p-e) as functionsgfandpr, together with the acceptance limit of the
NA49 detector

The region above the line p-K allows for the standard mudtigoneter fits of the trun-
cated energy loss distributions as described in the pregqaliblications [1-4]. The approxi-
mately triangular region below the line p-e permits the ciextraction of baryon yields par-
tially even without fitting. This is exemplified in Fig. 5 fowb bins atzr = -0.5 and -0.6 and
smallpy.
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Figure 5: Truncated energy loss distributions for a) pes#tiand b) negatives at- = -0.5,
pr = 0.1 GeV/c; and for c) positives and d) negatives at -0.6,pr = 0.15 GeV/c



It is interesting to note that also the light ions deuteroah tion are here well separable
practically without background. For anti-protons, a direeasurement of thHg/p ratio becomes
feasible down to values below 19in this region.

In order to extract proton yields from the energy loss disttions in the intermediate
region between the lines p-e and p-K, Fig 4, the particlesat each studiedy/py bin are
of prime importance. If the ratios p/ k/m and efr are known, proton yields may be obtained
from the total number of tracks even in those bins where tbhprenergy loss equals the one
from electrons, pions or kaons. A two-dimensional inteatioh of the measured particle ratios
over the full accessible phase space has therefore bediigsta. These ratios are obtained
without problem in the regions below the line p-e and aboeditie p-K (Fig. 4) as well as in
most intermediate bins where a sufficient separatiof/ifidz of the different particle species
is present. Near the cross-over bins the measured raties &lsbarp increase of the effective
statistical fluctuations, an increase which has been destin the discussion of the error matrix
involved with the multi-dimensional fitting procedure in[As this effect is of statistical and
not of systematic origin, an interpolation through theicaitregions inz - andpr is applicable.

It should be stressed here that the obtained particle rat@son-physical in the sense
that they use different phase space regions for each ganiaks. For eachx/pr bin the nec-
essary transformation to total lab momentum is performatube proton mass for each track.
This means that electrons, pions and kaons from differdattfe = values enter into the
proton bin, with an asymmetry that increases with decrgasinandpr. This is quantified in
Fig. 6 where the effective meary for electrons, pions and kaons is shown as a function of
protonz?. for two values ofpr.
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Figure 6:x 5 for electrons, pions and kaons as a function of pratpifor pr = 0.1 GeV/c (upper
lines) andpr = 1.3 GeV/c (lower lines)

The lighter particles at small; are thus effectively collected from the neighbourhood
of zr = 0 with decreasing baryonier. For anti-protons this purely kinematic effect is un-
favourable for fitting as the effectiy@r — ratios quickly decrease below the percent level at low
pr, Whereas the pf* ratios stay always above about 10%, increasing rapidly wittue to the
rather flat number distributiadv: /dz . Proton and anti-proton extraction are therefore regarded
separately in the following Sects. 4.1 and 4.2, respegtivel
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4.1 Proton extraction
4.1.1 €/x7 ratio

The crossing of the proto#%' /dx through the practically constant electron energy loss
atpap ~ 1 GeVlc is the least critical effect as the momentum deperelehthe protonlE /dx
is a steep function of lab momentum in thig, range and as thezetatio quickly decreases with
increasingpr, reaching the 1% level already @t > 0.3 GeV/c. The &/z™ ratio is shown in
Fig. 7 as a function of » for four values ofp; together with the two-dimensional interpolation
used.
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Figure 7: €/x" ratio as a function ofrx for a) pr = 0.1 GeVlc, b)pr = 0.2 GeVlc, )
pr = 0.3 GeV/c and dpr = 0.4 GeV/c. The cross-over with the proton energy loss is ind
cated by vertical dotted lines. The full lines give the twoidnsional interpolation established
from the data

Vertical lines indicate the position of th&’/dx cross-over for eacp; value and evi-
dently the ratios may be well interpolated through the sifédictedz - regions.

4.1.2 pft ratio

Fitted p/r* ratios are presented in Fig. 8 for fouf values together with their two-
dimensional interpolation as a function pf. If the fit results yield stable, dependences
within their statistical errors in the uncritical regionsag- = 0 and -0.6, the intermediate-
values at -0.2 and -0.4 show some additional fluctuationerctioss-over regions indicated by
the hatched areas which combine the pnd p-K ambiguities.

Evidently the data interpolation describes the ratio prigg@rough the ambiguousr
areas.

A complete picture over the full available backward phasesps given in Fig. 9 where
the fitted p#* ratios are shown as functions of. for different p; values together with the
interpolations (full lines). The ratios at successiyevalues are shifted by a factor of 2 for
clarity of presentation.

The complete situation for the data interpolation is finpligsented in Fig. 10 with fixed
vertical scale as a function of- at differentp; values. Here the acceptance limit of the NA49
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Figure 8: pf* ratios as a function gf fora) zx =0, b)zr =-0.2, ¢)xr =-0.4 and dyrf = -
0.6. The full lines present the two-dimensional data ird&fpon, the hatched areas between the
vertical lines the regions affected by ther@nd p-K ambiguities
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Figure 9: pfr* ratios as functions of - for fixed values o [GeV/c]. Full lines: data interpo-
lation. The ratios at successiye values are shifted by a factor of 2 for clarity of presentatio

detector is given as the broken line together with the regfqgar and p-K ambiguity as hatched
area.

This plot again clarifies the way in which the critical crasger areas may be bridged
by two-dimensional interpolation.

4.1.3 K- /zT ratio

A situation quite similar to the p/" ratio exists for the K/z* ratio. Again, there are
regions of ambiguity against protons and pions, but the enfte of eventual systematic devi-
ations on the extraction of protons is small as thdK" ratios are smaller than thezp/ ratio
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Figure 10: Interpolated p/* ratios as functions of » for fixed values ofpr [GeV/c]. Broken
line: NA49 acceptance limit. Hatched area: region of and p-K ambiguity

by factors between 3 and 10. Fig. 11 showsK" ratios as functions gf; for four 2 values,
where the lowest and highest at -0.6 and 0 allow for unambiguous fits over the fulrange,
whereas ther values at -0.2 and -0.4 suffer from p-K and7Kambiguities in the hatched
areas opr, with resulting increased statistical fluctuations. The-timensional interpolation
is superimposed as full lines.
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Figure 11: K'/x* ratios as a function ofr for four values ofrr, @)z =0, b)zr =-0.2, ¢)
xr =-0.4 and dxr = -0.6. The regions of p-K and K-ambiguities are indicated as hatched
areas in panels b) and c). The full lines represent the tweedsional interpolation

All fitted values of Kt/x* are plotted in Fig. 12 as a function of- for fixed pr. As
in Fig. 9 the ratios at successiye values are shifted by 3 in order to sufficiently separate the
measurements.
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Fig. 13 presents the overview of the interpolated ' ratios at fixed vertical scale as a
function of x » for fixed values o [GeV/c]. The broken line represents the acceptance limits
and the hatched area the region of p-K and Kmbiguity.
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Figure 13: Interpolated K/z* ratios as functions of - for fixed values ofpr. Broken line:
NA49 acceptance limit. Hatched area: region ofrkand p-K ambiguity

4.1.4 Proton extraction in the far forward region

Due to the gap between the TPC detectors imposed by the mpeveath heavy ion
beams [10], charged particles progressively leave the T&@pdance region at low, for
xp > 0.55. Here, tracking is achieved by the combination of a kigab” TPC (GTPC) in
conjunction with two forward proportional chambers (VPThe performance of this detector
combination is described in detail in [3]. In the absenceasfiple identification in this area one
has to rely on external information concerning the combiinaction of K" and=™ in the total
charged particle yield. Several considerations help talbdish reference values for the {k+
7)/p ratios:
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— The (K™ + 7 1)/p ratios decrease very rapidly with increasingat all p, from about
10% atxr = 0.6 to less than 1% atr = 0.9. Possible deviations from the used external
reference data therefore introduce only small systemé##cts in the extracted proton
yield.

— Existing data may be used to come to a consistent estimatitve particle ratio. Direct
measurements from Barton et al. [9] in p+C interactions ctweregion fromex = 0.2
to 0.8 forpr = 0.3 and 0.5 GeV/c. Although the published invariant cressisns show
sizeable deviations from the NA49 results, see Sect. 6e5pémticle ratios of the two
experiments compare well.

— The ratios also comply with measurements in p+p collisibo#) 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.\vidich shows the available
measurements of the (K+ 7*)/p ratio as a function of - for eight values op between 0.1
and 1.3 GeV/c. Here the full lines and full circles represbatNA49 measurements in p+p and
p+C collisions, respectively, and the open circles and guahow the corresponding ratios

from [9] and [11].
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Figure 14: Measured (K+ 7)/p ratios as a function af » for eight values ofpr between
0.1 and 1.3 GeV/c. The full lines give the results from NA4Qirp collisions, the full and
open circles the ones from NA49 and [9], respectively. Opprages: results from [11] in p+p

interactions

An impressive consistency between the different expertedeasults within their sta-
tistical uncertainties is apparent. This allows for theesattrapolation of the ratios into the
non-measured region in p+C interactions. The slight denattowardsc > = 0.3 are due to the
fact that the reference ratios are obtained from invarievgssections, whereas the values of in-
terest for proton extraction are rather density ratiosgiie proton mass for the transformation
to lab momentum, see Fig. 6 above. At > 0.3 the two definitions converge rapidly. Also at
pr > 1.1 GeV/c systematic differences on the level of one stahdaviation might be present.
In this region however, the full TPC information is availalat allx » values, see Fig. 15 which
shows the interpolated (K+ 7+)/p ratios as a function qf; for different values of: .

The general data consistency or20% level apparent in Fig. 14 implies that possible
systematic effects on the extracted proton cross sectiotigeiregion between the dotted and
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Figure 15: Interpolated (K + 7T)/p ratios as a function gf for different values ofr be-
tween 0.3 and 0.9, full lines. Broken line: border betweeailable TPC information and the
GTPC/VPC combination (Tracking only). Dotted line: ac@ete limit of the NA49 detector

broken lines in Fig. 15 are on the percent level or below.

4.2  Anti-proton extraction

As stated above the extension of the determination of aotep yields into the back-
ward hemisphere suffers from the fact that fite~ andp/K~ ratios come down rapidly with
decreasing: . This is shown by the energy loss distributions of two typlias in z» andpr
in Fig. 16.
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Figure 16:dE/dz distributions for negative particles a) = -0.1,pr = 0.1 and b}y = -0.15,
pr = 0.3

This effect is largely due to the asymmetry between the #ffea - for light particles
and anti-protons due to the transformation to the lab moumenising proton mass, see Fig. 6.
Thus atz?. = -0.2 pions are sampled close to maximum yield whereas ttigoaoton cross
section is steeply decreasing.

If the extraction of pion yields therefore presents no peablin this phase space region,
the fits of kaon and anti-proton densities become strongietaied with sizeable uncertainties
in their relative position on the energy loss scale. The dogth(K™ + p) yields however stay
well defined with respect to the pions. This is shown by thediiK~ + p)/x~ ratios of Fig. 17.

In order to resolve the K-p ambiguity, the high statistics data prproduction in p+p
interactions [3] have been invoked. In this symmetric canfigjon, the measurqul cross sec-
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Figure 17: (K + p)/x~ ratios as a function ok for fixed values ofp;. Full lines: two-
dimensional interpolation of the fitted ratios

tions may be reflected into the backward hemisphere andiyéne correlation between the
relative shiftsy; anddy - in thed E'/dx variable may be obtained imposing for each combination
the given reflected cross section. As shown in Fig. 18&for -0.1 this correlation is precisely
defined experimentally over the fuli- range, also yielding stable values of fife ~ ratio.

© 0.03
WS ‘

[ p, [Gevic] p+p
b oo
0.02[-
Foor7
0.01- ©°5
L o3
or
4.7 % 4
31% |
_0017”\””\””\116%‘7
) -0.01 0 0.01

Figure 18: Correlation between the relative displacemgasdd, - in p+p collisions at: = -
0.1 for fixed values opr, imposing the forward-backward symmetry of cross sectiothis
interaction. The lines are given to guide the eye

Using the same correlation for the p+C data, effecpe ratios are obtained. The
observed stability of these ratios over the full range of¢bgelations is a strong test of the
validity of the method.

Fig. 19 presents the obtain@dr~ ratios as a function o for x» = -0.05, -0.1 and
-0.15, together with the directly fitted valuesmat= 0. Full lines: two-dimensional interpolation
of the ratios.

A complete picture of thg@/m~ ratios used in this analysis is given in Fig. 20 as a

13
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P/t [%]

p, [GeVic] p, [GeVic]

Figure 19:p/7~ ratios as a function of for a) xr = 0, b) z = -0.05, ¢)zr = -0.1 and d)
Tp = -0.2

function of x which combines the directly fitted ratios in the forward hgphiere with the
ones obtained using the reflection method described abdte imackward hemisphere.

10 ?PT [GeVic] m

p/Tt [%)]

\

S R B e T

Figure 20:p/7~ ratios as a function of  for fixed values ofpr. The values at = -0.2 are
extrapolations using the broken lines

Note that the values at; = -0.2 are obtained by extrapolation following the broken
lines. Note also that the applied method allows the exwaatif the ratios in the percent and

sub-percent region.
5 Evaluation of invariant cross sections and corrections
The invariant cross section,
o

f(zr,pr) = E(xp, pr) - d—pg(xF,pT) (2

14



is experimentally determined by the measured quantity [1]

) 3
fmeaS(vapTv Ap3) = E(vapTv Ap3) ' O]-\tfreli ’ An(mFA’Zg’ Ap ) ) (3)
whereAp? is the finite phase space element defined by the bin width.

As described in [1] several steps of normalization and obige are necessary in order
to make fmead 2, pr, Ap®) approachf (xr, pr). The determination of the trigger cross section
and its deviation from the total inelastic p+C cross sechiame been discussed in [4]. The
following corrections for baryons have been applied andllvéldiscussed 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 udiegavailable empty target
data sample, as described in [4]. The resulting correcB@ssentially determined by the dif-
ferent amounts of empty events in full and empty target doordilt is within errorspr inde-
pendent and equal for protons and anti-protons. It inceefisen about 2% in in the far forward
direction to about 7% in the most backward region as showmngnzZa.

L p+C-p(P

=
[EEY

1.05

(An/N,)TTETIAN/N,, )T

Figure 21: Empty target correction as a functioreet The full line shows the chosen interpo-
lation

5.2 Effect of the interaction trigger

Due to the high trigger efficiency of 93% [4] this correctiansimall compared to p+p
interactions [1]. It has been determined experimentallinbyeasing the diameter of the trigger
counter using the accumulated data. Within its statistinakrtainty it is independent pf- and
similar for protons and anti-protons. lis- dependence as shown in Fig. 22 is following the

expected trend [3] where the fast decrease in forward direess compared to p+p collisions is
due to the lower particle yields at high-.
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Figure 22: Trigger bias correction as a functionugf for a) protons and b) anti-protons. The
chosen interpolation is given by the full lines

53 Feed-down correction

The hyperon cross sections relative to p+p collisions distedd in [4] forxzr > 0 have
been used. These cross section ratios approach &t0 the expected factor of 1.6 correspond-
ing to the number of intranuclear projectile collisions aiccount of the fact that fak and A
there is no isospin effect [12]. For the contribution fromgtet fragmentation this ratio should
be constant into the backward hemisphere. For the detetioinaf the feed-down correction
the corresponding yields have to be folded with the on-xdsyon reconstruction efficiency
which reaches large values in the far backward hemisphéeerdsulting correction in percent
of the total proton yield drops however quickly belaw < -0.2 due to the decrease of the
cross section relative to protons and due to the fact thatipertant baryon contribution from
intranuclear cascading has no hyperon content. The nuah@atues in percent of the baryon
yields are shown in Fig. 23 as a functionaof.

3) P —p =03Gevic b) ©

---p,=0.7Gevic
20F 0 p,=13GeVic - - T B

ol

feeddown correction [%)]

P P P PRI U I SSEE R
-0.2 0 0.2 0O 02 04 06 08 1
Xe Xe

Figure 23: Feed-down correction as a functionzefat differentp, values for a) protons, b)
anti-protons and c) neutrons, in the latter case integ@tedp

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

54 Re-interaction in the target

The carbon target has an interaction length of 1.5%, whictesponds to about half of
the length of the hydrogen target used in p+p collisions. &tpected re-interaction correction

16



is therefore smaller than +0.5% in the forward and -2% in thekivard 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 equdlet@mnes obtained in [3].
Baryons in the newly exploited region in the far backwaredliion feature short track lengths
in the first NA49 TPC detector only and are not affected by arppsrt structures; hence the
corresponding corrections are below the 1% level as showigir24.

10— T

P = 0.1 GeVic
o= 1.1 GeVic

[ o P, = 0.1 GeVic
rob;= 1.1 GeVic

det. abs. correction [%]

YN

-0.2 0 0.2
XF

Figure 24: Detector absorption correction as a function:cét differentp, values for a) protons
and b) anti-protons

5.6  Binning correction

The correction for finite bin width follows the scheme deyad in [1] using the lo-
cal second derivative of the particle density distributidhis correction stays, despite of the
rather sizeable bins used in some areas of the p+C dataaljgrieriow the+2% level, being
negligible in thezr co-ordinate for protons due to their rather fllat/dx distribution. Two
typical distributions of the; correction for protons and for the- correction for anti-protons

are shown in Fig. 25 both for the nominal bin width of 0.1 GeWg and 0.05 inz and for
the actually used bin widths.

binning correction [%)]

P, [GeVic] X

Figure 25: Binning correction a) ipy for protons atzx = 0 and b) inz for anti-protons at
pr = 0.3 GeV/c. The values for the nominal bin widths of 0.1 GeM/p+ and 0.05 in:x are
indicated by crosses, for the actually used bin widths byhapeles
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5.7  Systematic errors

An estimation of the systematic errors induced by the altsalormalization and the
applied corrections is given in Table 1. For the proton ang@oton extraction in the newly
exploited backward regions an additional systematic etuerto particle identification is indi-
cated. An upper limit of 7.0% (8.5%) for protons (anti-pnagd results from the linear addition
of the error sources, increasing to 10% (14.5%) in the baakwegion. Quadratic summation
results in the corresponding values of 3.7% (4.2%) and 4.7%94). The distribution of the
numerical values of the corrections in all measured binkasve in Fig. 26 for protons.

p p n
Normalization 25% 2.5%]|Normalization 1.5%
Tracking efficiency 0.5% 0.5%
Trigger bias 0.5%  2.0%| Trigger bias 1%
Feed-down 2.5% 2.5% Feed-down 3%
_Il?etector absorption } 05% 0.5% Detector absorption }
arget re-interaction Target re-interaction 0.5-1.5%
Binning 0.5% 0.5% | Binning correction
Particle ID backward 0 -6% 2 — 10PAcceptance 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 K9 contribution 0-3%
Total(upper limit) 7.0% 8.5%| Total (upper limit) 28%
Total(quadratic sum) 3.7% 4.2%Total (quadratic sum) 10%

Table 1: Systematic errors

o Basas T T T aaaas T T T
QD 300} @) 1 200f b) 1 c) d)
= 300F
S 200F 1
150
200} 200
100F
100+ 1
100F : 100k
50f ]
b Wb DL N .
20 -10 0 10 20 20 -10 0 10 20 20 -10 0 10 20 20 -10 0 10 20
T T 100 :
correction [%
o) " 9 %]

entries

300} sof

100r

200F 60p

5ok 40F

100
20F

olad R fo| PRI D OO ol A
20 -10 0 10 20 20 10 0 10 20 20 10 0 10 20
correction [%] correction [%] correction [%)]

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

6 Results on double-differential cross sections for p ang
6.1 Datatables

The binning scheme presented in Sect. 3 results in 491 anddtalvalues for protons
and anti-protons, respectively. These are presented iegakand 3.
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flzr,pT), Af
-0.6

PT\TF -0.8 -0.75 -0.7 -0.65 -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 3.5% 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 16.4

0.15 | 539.9 10.71376.1 7.0( 280.8 10.4 194.5 5.09

0.175| 437.5 9.84
0.2 | 363.8 6.34348.5 4.48 306.4 4.671233.2 4.3(0 221.7 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 7.7486.1 5.27 72.7 5.46 64.6 4.4Q 51.0 4.81 45.3 3.74
0.5 65.2 9.4Q 72.6 8.54 61.5 55§ 53.9 5.371 44.9 5.81 36.7 5.03 32.6 4.23
0.6 38,5 11.2 379 10.8 36.8 6.59 32.8 7.74 29.4 6.5 28.4 5.20 20.8 5.13
0.7 21.2 13.323.2 7.7 23.0 7.3119.0 7.57 17.6 7.4§15.47 5.9§
0.8 14.0 9.43 11.65 7.9 13.6 8.1§ 11.10 8.8% 9.60 6.00
0.9 9.25 8.80 8.16 8.29 8.64 10.4 6.57 8.91 6.49 8.37
11 2.17 13.73.14 8.93 2.25 9.51 2.39 8.94
1.3 0.68 21.91.21 13.9 1.19 12.51.07 124
15 0.339 20.60.504 18.7 0.425 19.00.443 19.7
1.7 0.145 19.4

1.9 0.056 28.9

PT\TF -0.3 -0.25 -0.2 -0.15 -0.1 -0.075 -0.05 -0.025 0.0 0.025

0.1 | 61.6 6.6 49.1 5.2 38.1 4.51 31.7 9.29 28.36 2.98 29.7 3.8 24.15 2.8822.92 3.97 21.12 4.0§19.15 4.3¢
0.2 | 53.6 6.6 43.7 3.2Q 32.6 4.15 29.7 6.79 25,5 4.18§25.64 2.95 23.08 2.0719.43 3.0§ 20.45 2.9721.14 2.9
0.3 | 445 4.6135.7 3.3] 30.3 3.5 27.0 5.9 22.49 3.6720.70 2.69 19.72 1.8917.97 2.65 17.85 2.6615.33 3.1
36.4 4.0027.45 3.32 23.07 3.59 19.4 6.31 17.38 3.6%16.36 3.71 15.54 2.6014.95 4.20 14.84 2.5§13.22 3.01
26.5 4.1221.0 5.2317.51 3.6814.36 6.4% 13.32 3.8612.64 4.49 12.59 2.6712.63 4.19 11.53 4.3110.67 3.06¢
17.9 5.6915.68 4.27 12.48 4.3910.37 7.02 9.30 4.28 9.83 4.73 8.74 3.418.71 4.61 7.93 4.84 8.42 4.2(
13.43 5.9711.73 451 856 4.99 7.12 5.03 6.71 4.74 6.64 544 591 3.8 6.72 6.00 5.75 6.35 5.53 4.93
8.36 7.08 7.08 5.7Q 6.19 5.514.77 5.8 4.36 5.63 4.70 7.35 4.05 5.324.04 7.4Q 4.21 7.21 4.00 7.44
5.75 8.03 491 6.48 3.99 6.70 3.38 6.6 2.81 6.71 3.28 8.49 2.70 6.2 2.82 8.5 2.84 8.61 2.79 8.67

PRPRPOOCOOOO
Uwkroo~No O~

2.13 8.421.86 6.74 1.69 6.581.539 6.44 1.426 6.34 1.269 6.24 1.451 5.68

0.84 12.40.859 11.0 0.703 9.780.608 10.0 0.568 9.41 0.566 9.14 0.543 8.88

. 0.345 19.00.384 13.2 0.393 12.50.305 13.7 0.217 14.7 0.241 13.4 0.281 12.1

1.7 |0.166 204 0.134 20.70.151 18.2 0.100 21.3 0.116 19.1 0.086 21.4

1.9 |0.080 20.2 0.055 19.4 0.056 18.4
PT\TF 0.05 0.075 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

0.1 [22.69 4.19235 433 240 49328.0 3.64 31.2 3.5]
0.2 | 19.38 3.2120.18 3.31 23.45 3.5827.91 2.6( 29.52 2.6938.72 2.48 45.3 2.4§ 44.4 3.84 51.1 3.3Q 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 2.7 36.5 3.43 40.0 3.03 38.4 3.29
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}
2.24
2

43.0 3.1§ 445 3.5748.6 5.09 58.2 3.54 60.6 4.51

11.34 3.0710.80 3.27 11.41 3.3513.17 2.46¢ 15.92 19.66 2.46 20.22 2.9221.73 3.48 22.84 3.1223.84 3.97
8.28 3.358.90 3.3§ 8.41 3.6310.09 2.60 11.31 712.67 2.80 14.75 3.1414.74 3.8% 17.33 3.2816.61 4.34
5.58 3.8 5.46 4.03 6.42 3.916.46 3.04 6.34 4.258.23 3.23 9.58 3.6410.29 4.20 11.00 3.8311.92 4.7¢
4.35 4.235.02 530 447 5.7§4.81 3.36 5.06 3.275.94 3.99 6.38 4.11 6.83 4.99 7.62 4.74 6.68 5.96
3.15 7.042.60 7.05 3.18 6.64 2.81 4.17 3.12 3.90 3.79 4.74 3.79 5.114.69 3.90 4.62 5.714.74 6.68

PRPRPOOCOOOO
Uwkroo~No O~

1.236 5.6( 1.230 5.661.311 5.64 1.212 5.811.556 5.8% 1.557 6.271.536 6.33 1.582 6.25 1.71 7.10Q
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 11.4
0.240 134 0.207 14.70.217 13.%0.203 12.20.245 13.1 0.237 14.10.218 15.4 0.216 16.40.182 18.§
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.¢ 0.0390 21. 0.0307 27.7
pT\TF 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
0.05 80.3 125
0.1 | 67.9 4.5294.8 8.11 60.9 10.8
0.15 65.6 7.8 78.9 7.81 71.7 8.64
0.2 | 53.3 3.6460.2 7.14 68.7 7.2462.0 8.03 71.4 7.96
0.25 51.8 6.9 79.5 6.0155.8 7.6Q 63.6 7.41 70.3 7.50
0.3 | 42.3 3.3§ 43.7 6.8 46.5 7.1 59.9 6.74 46.6 8.0] 46.4 8.45 51.3 8.33
0.35 34.6 7.1 39.5 7.20 48.4 6.93 43.5 7.6 43.4 8.0§ 49.0 7.91 41.8 8.91
0.4 | 309 3.43 34.7 6.68 32.2 7.4140.2 7.09 375 7.7 32.3 8.7 31.4 9.24 35.7 9.09 429 8.51
0.45 27.3 7.12 24.6 8.06 28.5 7.9¢ 25.8 8.80 31.3 8.47 29.1 9.09 29.2 9.41 39.6 8.39 47.1 7.76

0.5 |22.20 3.6422.2 750 23.0 7.9125.7 7.98 19.8 10.117.9 10.5 20.2 10.3 22.3 10.4 31.1 8.8Q 45.0 7.54
0.6 | 15.46 3.9815.48 4.36 17.28 4.4316.41 4.8% 16.6 6.71 16.0 7.20 13.0 8.2§ 14.9 8.01 15.7 7.9§ 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.§ 9.02 9.7114.10 5.9
8.07 4.776.82 5.6 6.66 6.115.62 7.14 6.37 9.41 7.11 9.33 5.92 10.55.52 11.3 3.72 12.6 7.18 7.83
4.04 6.34450 6.5 4.08 7.394.05 7.91 3.12 12. 3.64 12.7 3.01 14.0 3.07 14.3 2.89 15.4 3.94 10.Q
153 6.541.73 6.70 1.64 7.411.26 891 1.19 9.671 1.27 13.1 1.13 144 1.11 15.1] 1.01 16.41.04 125
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
0.191 14.80.145 18.6 0.107 23.60.125 23.¢ 0.132 24.30.202 27.7 0.136 35.40.072 50.0 0.216 30.10.186 25.(
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
0.0078 35. 0.0117 40.9 0.0084 57.7

PRRBEROO
ONUwWk ©o®

Table 2: Invariant cross sectiofi(zr, pr), in mb/(Ge\#/c?) for protons in p+C collisions at
158 GeV/c beam momentum. The relative statistical eredy§,are given in %. The systematic
errors are given in Table 1
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flzr,pr), Af
pr\TF -0.2 -0.15 -0.1 -0.075 -0.05 -0.025 0.0
0.1 329 179 4.11 125 480 10.3 5.01 9.2 550 8.4 541 8.1§ 4.95 10.7
0.2 251 144 3.81 9.14 4.22 7.7 5.05 6.771 553 6.00 527 5.8 4.54 6.24
0.3 2.11 13.2 3.12 8.49 353 6.9] 425 594 450 553 449 5.27 4.45 5.2§
0.4 156 13.3 2.20 8.7 2.81 7.37 3.01 8.7 3.38 7.93 3.46 5.37 3.56 5.2]
0.5 1.17 16.4 1.63 10. 2.10 8.29 2.27 10.4 2.52 8.41 2.61 8.09 2.44 5.7§
0.6 1.19 13.4 140 10.1 1.48 12.1 1.75 104 1.80 9.15 1.89 8.7(Q

0.7 |0.617 14.0 0.82 134 1.04 12.4 1.14 133 1.13 12.8 1.24 11.9 1.35 11.3

0.9 |0.250 19.40.359 14.9 0.440 11.40.537 12.9 0.522 12.5 0.531 12.00.532 12.§

1.1 [0.103 27.40.146 21.7 0.203 16.2 0.235 13.4 0.207 17.9

1.3 |0.041 40.§0.069 28.9 0.078 26.0 0.089 19.§ 0.091 25.7

1.5 0.037 40.8
pr\er| 0.025 0.05 0.1 0.15 0.2 03

0.1 [5.30 8.1(0 4.90 6.22 3.27 8.27 223 11.7 1.08 17.4 0.451 15.9
0.2 | 4.88 6.0q 4.66 455 3.05 6.1 1.86 8.84 1.28 11.§
0.3 | 4.33 537352 431 252 563 160 7.74 1.08 10.4 0.317 11.1
0.4 | 3.00 5.67 3.03 4.13 2.26 5.27 1.44 7.3] 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 | 144 1034 1.56 7.10 1.227 6.150.913 7.87 0.566 10.9
0.7 | 0.98 13.111.091 8.0 0.970 6.740.616 9.02 0.407 12.1 0.126 15.Q
0.9 |0.460 15.00.466 9.09 0.422 9.050.246 9.0§ 0.177 14.4 0.069 18.7
11 0.187 14.0 0.170 15.40.098 18.§0.0563 16.10.0206 30.4
1.3 0.073 25.8 0.067 24.Q 0.0254 22.71
1.5 0.0209 33.6 0.0121 31.5

Table 3: Invariant cross sectiofiz r, pr), in mb/(Ge\#/c?) for anti-protons in p+C collisions at
158 GeV/c beam momentum. The relative statistical erray§,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] an@ p4 interactions, a two-
dimensional interpolation is applied to the data which eduthe local fluctuations given by
the errors of the data points by a factor of 3—4. As there is ossibility to describe the de-
tailed x and py distributions by simple functions and as any algebraic agpration tends
to dilute the data quality by introducing systematic biases chosen interpolation relies on a
multi-step recursive method using eyeball fits. The qualftthe procedure may be controlled
by plotting the differences between data points and intatjgm, normalized to the statistical
errors. The resulting distribution should be a Gaussiatredrat zero with variance unity. This
is demonstrated in Fig. 27 for protons and anti-protons.

@ SO T 20T T
5 a p 6=117 1 [ b p 6=085 |
T mean =0.20 ] L mean = 0.05 |
401 T r
1 15f n
301 T
10 n
201 7] r
] = -
101 b r
| PR | .
04 2 0 2 4 04 4
AN T

Figure 27: Plots of the normalized difference between dathisterpolation for a) protons and
b) anti-protons
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6.3

a facto

f [mb/(GeV?/c?)]

Dependence of the invariant cross sections @i and xy

The distribution of the invariant cross section as a fumctdp, is shown in Fig. 28
for protons and anti-protons at negative and in Fig. 29 at positive r, indicating the data
interpolation by full lines. For better visibility success values inc» have been multiplied by

r 0.5.
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Figure 28: Invariant cross sections and data interpolaffioih lines) as a function of at
fixedzr < O for a) protons and b) anti-protons produced in p+C coltisiat 158 GeV/c. The
displayed cross sections have been multiplied by a factdrofor successive values of- for
better visibility
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Corresponding r distributions are presented in Fig. 30 for protons and in Bigfor
anti-protons.

The shape of the distributions resembles, far > 0 (Fig. 29), the one measured
in p+p interactions [3] including details of the deviatiaorm either exponential or Gaussian
shape. In backward direction, Fig. 28, a more complex behawevelops with a steepening
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Figure 29: Invariant cross sections and data interpolaffioih lines) as a function of at
fixedzp > O for a) protons and b) anti-protons produced in p+C coltisiat 158 GeV/c. The
displayed cross sections have been multiplied by a factdrofor successive values of- for
better visibility
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up atzr < -0.4. The basic asymmetry of the p+C interaction is morectlyevisible in thex
distributions of Figs. 30 and 31. If at high factors of 1.6—-2 are typical between the backward
and forward proton yields atr = 0.5-0.7, these factors grow to about 3-pat 0.1 GeV/c.
This allows a first view at the composition of p+A collisiom®rh projectile fragmentation
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Figure 30: Invariant cross sections as a function pfat fixedp for protons produced in p+C
collisions at 158 GeV/c. Ther values are to be correlated to the respective distributions
decreasing order of cross section
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in forward direction and target fragmentation as well asamticlear cascading in backward
direction. A quantification and separation of these thresechagredients will be performed in
Sects. 12, 13 and 14 below. For anti-protons:thedistributions clearly peak at negative.
The forward-backward asymmetry is, |at-| = 0.2, to first ordemp; independent and on the
order of 1.6—1.9 which is well above the asymmetry of prot@inthisx» indicating important
effects from isospin and baryon number transfer.
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Figure 31: Invariant cross sections as a function pfat fixedp for anti-protons produced in
p+C collisions at 158 GeV/c. Ther 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 fixegr presented in Fig. 32 extends to the
kinematic limit in forward direction and to -2.6 units in tterget hemisphere. Again a clear
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Figure 32: Invariant cross sections as a functiony at fixedpr for protons produced in p+C
collisions at 158 GeV/c. Ther values are to be correlated to the respective distributions
decreasing order of cross section
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view of the asymmetry of the p+C interactions increasindnwlicreasing is evident.
The rapidity range of anti-protons is limited by statistiocs1.4 to +1.8 units. The cor-
responding distribution as a function gfor fixed p; is shown in Fig. 33.
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Figure 33: Invariant cross sections as a functiony aft fixedpr for anti-protons produced in
p+C collisions at 158 GeV/c. Ther values are to be correlated to the respective distributions
in decreasing order of cross section
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Transverse mass distributionsyat 0, withmz = | /m2 + p2, are presented in Fig. 34

together with the local inverse slopes. A situation veryikinto p+p collisions emerges with
a non-exponential behaviour and inverse slope paramedeysg strongly with the transverse

mass.
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Figure 34: Invariant cross section as a functiomaf — m,, for a) protons and b) anti-protons.
Panels c) and d) give the inverse slope parameters ofnthalistributions as a function of
my — m,, for protons and anti-protons, respectively. The full limepresent the results of the

data interpolation

6.5  Comparison to other experiments

As stated in Sect. 2 there are only two experiments providowgle differential data in
the SPS energy range. The data set [7] which is disjoint fluarNA49 phase space coverage
will be discussed in detail in the next Sect. 7. As far as thenHab data of Barton et al. [9]
are concerned there are 10 data points for protons and 4 diats for anti-protons available in
overlapping phase space ranges. The situation for pras@m®ivn in Fig. 35 where the invariant
cross sections [9] atr = 0.3 and 0.5 GeV/c are shown together with the data intetipolaf
the NA49 experiment as a function of..

The comparison between the two experiments reveals veeglslie systematic offsets
with an average of +21% or +6 standard deviations averagedadvdata points. This complies
with the comparison of pion yields [4] with an average of +2686+3.6 standard deviations.
The good agreement between the particle ratiosHK")/p demonstrated in Sect. 4.1.4 over the
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Figure 35: Invariant proton cross sections from [9]#er= 0.3 and 0.5 GeV/c together with the
data interpolation of NA49 (full lines) and the interpotatimultiplied by 1.21 (dashed lines)

full comparable range of - andpr speaks indeed for a normalization problem as the origin of
the discrepancies which are not visible in the results ofiptgractions [3].

For anti-protons the situation is considerably less clegr t the very large statistical
errors of the data [9] indicating only upper limits for sonfdlee measurements. Fig. 36 gives
thexr dependence of these data fgr= 0.3 GeV/c together with the NA49 interpolation (full
line) which has been partially extrapolated using an exptalkeshape. The large upward shift
of the Fermilab data of about a factor of 2 (dashed line in B&).is compounded by the fact
that due to the lower beam momentum of 100 GeV/c these datddshe expected to be about
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Figure 36: Invariant anti-proton cross sections from [9]74¢ = 0.3 GeV/c as a function of-
together with the data interpolation of NA49 (full line) vehihas been extrapolatedite = 0.6
with an exponential function (dotted line). The NA49 refaeze multiplied by a factor of 2 is
indicated by the dashed line
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30—40% below the NA49 cross sections [3].
In this context it should be mentioned that already in p+pisiohs 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 limiteleaanges ot > -0.8
to xr > -0.5 at low and highpr, respectively, it is desirable to extend this coverage th&o
far backward region ta values down to and below -1. A detailed survey of existingeexp
ments in the backward direction of p+C interactions hasstioee been undertaken and is being
published in an accompanying paper [6]. This survey estlabs the detailestdependence of
measured cross sections for beam momenta between 1 and %06 e lab angles between
10 and 180 degrees, and for lab momenta between 0.2 and 1/2.Geshows in particular that
the baryonic cross sections in the SPS energy range front 4606uo 400 GeV/c beam mo-
mentum may be regarded asndependent within tight systematic limits of less tharoape
of percent. This allows the combination of the extensivadat of the Fermilab experiment [7]
at 400 GeV/c beam momentum and lab angles between 70 and g@&deavith the NA49 data
which span the angular range up to 40 degrees.

The relevant kinematic situation is presented in Fig. 37re/iees of constan,, and
Oiap are shown in the: z/pr plane.

Figure 37: Kinematics of fixeg,, and©,y in thez z/pr plane

In the necessary transformation between the lab and cme&amolved in Fig. 37
there is very little difference between the beam moment&8fand 400 GeV/c. This is shown
in Fig. 38 which gives the difference ir- as a function opj, for the angular range between
70 and 160 degrees.

One example of the apparefitndependence of the backward baryon yields is shown in
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Figure 38: Differences inp: Axr = 21°® — 270 resulting from the transformation into the cms
system between beam momenta of 158 and 400 GeV/c as a funétign The differences are
independent 0O\, in the range 70< O, < 160 degrees

Fig. 39 which compares data @t,, = 162 and 160 degrees for 8.5 [13] and 400 GeV/c beam
momentum [7].
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Figure 39: Invariant proton cross sections [13Pat, = 162 degrees and 8.5 GeV/c beam mo-
mentum as a function gy, in comparison with the data from [7] at 160 degrees and 400/6eV
beam momentum. The full line represents the interpolatiagh@Fermilab data

Due to the flat angular distribution &, around 160 degrees, see Fig. 41, the small
angular difference in angle between the two measuremestsdgdigible influence on the cross
sections comparison. Also the SPS measurements of greyngrol Braune et al. [14] show
no dependence on beam momentum in the range from 50 to 15@¢@e¥ the complet®,a,

range from 10 to 159 degrees.

7.1 NA49 results at fixed®,,, and pjap combined with the data from [7]

The kinematic situation presented in Fig. 37 shows that thé\acceptance allows the
measurement of proton yields as a functiomgf up to 9,4, = 40 degrees. The corresponding
data values are tabulated in Table 4.
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f (®Iaba plab) ) Af

Plab\Olab 1 200 30 40
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
11 0.3810 6.96| 0.2932 5.42| 0.1924 9.72
1.2 0.2975 7.23| 0.2756 5.22| 0.1493 104
1.3 0.3244 6.57| 0.2179 5.42| 0.0993 121
14 0.2578 6.83| 0.2147 7.82| 0.0670 115
1.5 0.2128 7.19| 0.1500 8.87
1.6 0.1358 8.98

Table 4: Invariant proton cross sections measured by NA48ed values 00, between 10
and 40 degrees as a fax, values between from 0.3 to 1.6 GeV/c. The relative statikéorors,
Af, are givenin %

These data are shown in Fig. 40 together with the Fermilad[d@as a function opj,p.
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Figure 40: Invariant proton cross sections from NA49 andafddb angles between 10 and 160
degrees as a function pfy,. The data interpolation at fixed angle is given by the fuksn

Evidently the two data sets are complementary and offerHerfirst time an almost
complete angular coverage of the backward proton produetith double differential cross
sections.

A two-dimensional data interpolation has been performeshasvn by the full lines in
Fig. 40. This allows to produce the combined angular distidn as a function ofos(©)y,) for
fixed values oy, presented in Fig. 41.
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Figure 41: Invariant proton cross sections of the combingdNand Fermilab data as a function
of cos(Ojap) for fixed values opy., between 0.2 and 1.4 GeV/c. The data interpolation is shown
as full lines

The proton density distribution®:,,/ dpip, derived from the interpolated invariant cross
sections are shown as a functionpgf, in Fig. 42, surface normalized.

lab

03—

118°-160° o[15]

dny/dp

o o5 1 15
P [GeVic]

Figure 42: Surface normalized proton density distribugian, /dpia, as a function opa, for
fixed ©15. The bubble chamber data [15] are shown as full circles

These distributions are closely similar for 16009,, > 118 degrees and develop a tail to
largepap Values for angles smaller than 90 degrees indicating isgrgaontributions from the
fragmentation of the participant nucleons hit by the priecThe "grey” proton momentum
distribution measured in the EHS rapid cycling bubble chanjb5] is positioned close to the
Olab = 90 degrees result. In this case a strong momentum cut &linted by requesting bubble
densities at 1.3 minimum ionizing rejecting most of theg¢asbrward region.

32



Thedn, /dpiap distributions shown in Fig. 42 may be integrated gugyresulting in the
proton densitiegln/dS) shown in Fig. 43 as a function @bs(O,p). Here the integration has
been limited top,y < 1.6 GeV/c as at low angles the target fragmentation coritabuwill
create a divergent behaviour and since the comparison datatdcontain this component.
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1 0.5 0 0.5 1
cos(©,,)

Figure 43: Proton densityn/dS) as a function ofos(O\qp). Full circles: integrated combined
data from NA49 and [7]. Open circles: measurement by Bratiaé f14]

The direct measurements from [14] also presented in Fighd® systematic deviations
both at forward and at backward angles. As this experimezd aa energy loss measurement
with variable threshold it is not clear to which extent it regents identified proton yields.
The authors in fact explain that a contribution from "evagiimm” particles ("black tracks” in
emulsion work) cannot be excluded. Such a contribution ditypically be characterized by a
flatter angular distribution as compared to protons, seethésdiscussion on lightions in Sect. 8
showing very sizeable d/p ratios. As the d/p and t/p ratiasedese steeply with increasing,
see Fig. 45, the yield measured by [14] would increagggt> 90° and decrease towards small
angles with respect to the one of identified protons. In &fdiad £ /dx cut-off in the detector
of [14] will reduce the contribution of fast protons fromget fragmentation at small angles.

7.2 Double differential cross sectiorf (xg, pr) as a function ofxg

The invariant cross sections measuregjnand©,,, may be transformed into the-/pr
variables following the kinematics shown in Fig. 37. Theresponding: » distributions at fixed
pr are presented in Fig. 44 which shows therange down to -2.0. Both the NA49 data (full
circles) and the Fermilab results (open circles) are ploftdne full lines in Fig. 44 represent
the interpolation of the two data sets also covering the measured angular region between
40 and 70 degrees, see Fig. 41. The thin lines indicate thagyoef 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 paperoivsiior the first time a com-
plete coverage of the baryonic phase space in p+A collisioms = = -2 up to the kinematic
limit for the projectile fragmentation atr ~ +1. Several features merit comment:

— the invariant proton cross sections extend far below therkitic limit for target frag-

mentation atr = -1
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Figure 44: Invariant cross sections at fiyedas a function of: . Full circles: NA49 data, open
circles: data from [7]. The thin lines show the cross secéibfixed angles of 19 3¢’ and 50

— there is no indication of a diffractive structure with a pesdk:r ~ -1 as it would be
expected from the prompt fragmentation of the hit targetewrts — on the other hand,
atzr > +0.9 there is a diffractive peak in the projectile fragméotaregion, see [3]
for comparison with p+p interactions

— the backward cross sections peakrat ~ -0.9, not atz ~ -1 indicating a sizeable
longitudinal momentum transfer in the nuclear fragmeaotategion

— at lowpr or low transverse momentum transfer however, the lines nétamt lab angle

34



are compatible as expected with a convergence towgrds-1

A detailed discussion of these features including the depasition of the measured
proton yields into the basic components of projectile,éaand nuclear fragmentation, is pre-
sented in Sects. 13 and 14.

8 Light ions: deuterons and tritons

As shown in Sect. 4, Fig. 5, the particle identification viz®gy loss measurement in
the NA49 TPC system also allows the extraction of deutera@htaton yields. The accessible
kinematic region covers lab momenta from the detector daoep limit at about 0.25 GeV/c
up to the crossing of the energy loss distributions with thesofor electrons, Fig. 3, at about
piab = 2 GeV/c for deuterons and 3 GeV/c for tritons.

As for the proton cross sections, this range is complemgtidhe Fermilab experiment
[8] which gives light ion cross sections in the lab angularg@afrom 70 to 160 degrees, jat;
from 0.5 to 1.3 GeV/c for deuterons and from 0.7 to 1.3 GeVrdritons. The NA49 data offer
the advantage of reaching lgw down to 0.1 GeV/c and of covering the forward region from
Ojap = 40 degrees down to about 3 degrees. This allows for theifinstto trace the extension
of nuclear fragmentation into light ions towards the cdmegion of particle production.

8.1 lon to proton ratios

In order to clearly bring out the last aspect mentioned alibeedeuteron and triton
yields are given here as ratios to the proton yields in eacloty, and O,

. (dn/dp|abdQ)d
o (dn/dpmbdﬁ)t

These density ratios are given as functions: pfand p; using the proton mass in the
transformation from lab to cms variables. They thus givedatly the relative contribution of the
light ions with respect to protons in the-/pr bins shown in Fig. 2 and Table 2. In forming the
ion/proton density ratios, most of the data correctiongt.Se drop out with the exception of
absorption which is small but increased for ions, and of hypéeed-down which is of course
only applicable to protons. The resulting ratios are shosvfuactions ofz > andp in Table 5
for deuterons and in Table 6 for tritons.

Ry(zr,pr), ARg
pr\TF -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 [115 2.710.8 2.29.08 1.914.46 2.§5.04 1.46.20 1.68.10 0.95.76 0.94.80 0.95.85 1.04.85 1.1
0.2 |12.0 1.314.0 15124 1.2 9.95 1.28.59 1.18.02 1.16.88 0.8 8.23 1.15.09 0.97.39 1.7/4.18 1.5
0.3 |10.3 2.011.7 1.4 8.8 1.1{ 9.72 1.1§7.52 1.1{8.41 1.118.00 1.114.42 1.04.95 0.84.18 1.003.35 1.22.90 0.6
0.4 85 2.1/ 6.7 1.112.32 1.98.12 1.318.01 1.218.29 1.76.39 1.25.58 1.24.95 1.01.72 0.5
0.5 7.7 1.9 597 1.27.07 1.25.91 1.46.98 1.7/3.43 1.18.10 1.54.02 0.91.90 0.9
0.6 11.43 2.96.46 2.97.04 1.84.56 1.44.22 1.112.65 0.95.03 1.31.79 0.8
0.7 9.26 4.009.28 2.97.38 2.57.65 2.43.72 1.5
0.8 8.84 3.42.67 1.43.68 1.55.20 2.1
0.9 4.88 2.03.73 1.5
1.1 3.84 2.6

Table 5: d/p density ratioR,(zr, pr) and their statistical errorA R, in percent as a function
of zr andpr using proton mass in the transformation from lab to cms syste
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Ri(zr,pr), AR:
pr\TF -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 0.90.79 0. 1.18 0.7/1.00 0.30.44 0.20.31 0.20.45 0.3

0.2 |[1.12 0.42.24 0.60.96 0.32.39 0.51.80 0.50.96 0.40.76 0.21.22 0.40.28 0.20.34 0.3

0.3 |1.73 0.82.14 0.62.46 0.6/2.50 0.61.27 0.41.61 0.50.44 0.21.06 0.40.15 0.10.28 0.20.41 0.3
0.4 1.02 0.70.82 0.41.35 0.51.27 0.50.69 0.30.99 0.50.43 0.30.73 0.40.40 0.30.47 0.2
0.5 2.08 0.8/1.16 0.50.33 0.30.67 0.4 0.38 0.3 0.20 0.20.36 0.2
0.6 0.45 0.4 0.48 0.4

Table 6: t/p density ratioR; (zr, pr) and their statistical errorA R, in percent as a function of

xr andpy using proton mass in the transformation from lab to cms syste

In these data tables the cut-offs imposed by the NA49 acoeetatO,,, ~ 40 degrees
below z, ~ -0.5 and by the upper limit op,,, imposed by the energy loss measurement at
xr 2 -0.5 are discernible. In addition the fast decrease of thes@owards higher  limits

the extraction of tritons due to the low overall event statss

8.2  Comparison to the Fermilab data [8]

The density ratioRy(zr, pr) and R,(zr, pr) are presented in Fig. 45 as a function of

xpr in comparison to the Fermilab data which are available apgve 0.3 GeV/c.
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Figure 45: Deuteron and triton to proton density ratiysand R; as a function of: for fixed
values ofpr between 0.1 and 0.9 GeV/c. The full lines give the two-din@me data interpo-
lation established foRz,, the broken lines are the same multiplied by the suppredaitiors

shown in Fig. 46
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As for the proton data, the good consistency with the Febndata in thepr range
above 0.3 GeV/c is confirmed fak,; by the two-dimensional data interpolation shown as the
full lines in Fig. 45. R, shows a similar consistency with [8] over the smaller alddaegion
of comparison due to the higheg, cutoff in the Fermilab data. With respect &, R; is
suppressed by a factor of 0.1 to 0.2 dependingpiut within statistics independent of-.
This is demonstrated by the broken lines in Fig. 45 whiches@nt the interpolation dt,; with

interpol

the suppression factovg,/R,, given as a function g in Fig. 46.
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Figure 46: Triton suppression fact&y/ k""" as a function of;

8.3 xy and pt dependences

The z» dependences of the density ratios presented in Fig. 45 shather complex
behaviour. Evidently deuterons and tritons, if seen aseandragments as opposed to coalesc-
ing from produced baryons, reach far towards central pribaluidn consequence the separation
of nuclear fragmentation and coalescence is not an easyedfaecially as fragmentation prod-
ucts, as shown by the tentative extrapolation of the da&potation towards » = -0.1, might
well represent a contribution in the sub-percent range avenR = 0 and already for the light

Carbon nuclei at SPS energy. The dependence oR, at fixedz is as well non-trivial, as
shown in Fig. 47.

Ry [%]

10— - 08_]

I I I I | I I I I
0 0.5 1
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Figure 47:R, as a function op for fixed values ofc between -1.4 and -0.2
Evidently R, tends to decrease with increasmgfor 2 > -0.8, this tendency inverting
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itself for x < -0.8. TheR,/R, ratio on the other hand clearly increases withat all available
xr values, see Fig. 46.

9 Particle ratios

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

Ry = f5-(xp,pr)/ f5(@r, pr) (6)
Rgp = f5(xp,pr)/ f§P(xr, pr) (7)

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

Ry = f§c(xF,pT)/f§p(xF,pT) (8)
Ry = fﬁc(xF,pT)/fé’p(xF,pT). (9)

Fig. 48 showngg (closed circles) and%gfj (open circles) together with the correspond-
ing ratios of the data interpolation (full and broken linas)a function of: - for several bins of

pr.

a
a4

p.=05Gevic R
. \

p. = 0.2 GeV/c

P, =07GeVlc 'y p, =08 GeVic + p, =11 GeVic f P, =13 GeVic

02 0 02 04 02 0 02 04 02 0 02 04 -02 0 02 04
Xg Xg Xg Xg

Figure 48:Rp, as a function ofc for 8 values ofp; comparing p+C (closed circles) and p+p

(open circles) interactions. The corresponding ratiofiefdata interpolations are shown as full
lines (p+C) and broken lines (p+p)

This comparison reveals that the ratios are within errotsabon the projectile hemi-
sphererr = 0.1 with the exception of the two highest bins. This means that the transfer of
projectile baryon number ("stopping”) towards the centegjion is equal for protons and for
anti-protons. In the backward hemisphere there are didfifferences between p+C and p+p
interactions at low to mediumpy. This is a result of isospin effects between the isoscalar C
and the p targets. In fact it is known that the anti-protoridgencrease and the proton yields
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decrease in neutron fragmentation [12] with both effecn:sejasingRgg compared tazp). The
clean extraction gb and p yields in the far backward directian; < -0.4, see Sect. 4 and Fig. 5,
allows the extension oRgg to thexr range -0.7< xp < -0.5. This is presented in Fig. 49 in
thepr interval 0.1< pr < 0.4 GeV/c.

g g1
o £
rrrrr PP
L —pC
10-1; 1.7*pp
F * measured
102 3
10°F ] E
104 I LA
-0.8 -0.6 -0.4 -0.2 -0

X

Figure 49:R°C in the intervals -0.% z5 < -0.5 and 0.1< p; < 0.4 GeV/c together WitbRgg

(full line), B2 (broken line) [3] and 1.7 (dotted line)

The broken line represeni®y [3], the full line the measureﬂgg and the dotted linép?
multiplied by a factor 1.7 which stems from the expectedeaase irp yield (factor 1.33, [12])
and the decrease in p yield (factor 1.3, [3]) from the isaac@ nucleus. The fact that the
measured backward ratio follows closely the expectatiomftarget fragmentation shows that
there is ngp production from nuclear cascading. This is in agreemettt thie upper limit of
Rgg of 10~* to 1075 given in [16] for p+%'Ta at 90 degrees laboratory angle.

In contrast to th@/p ratios discussed above, the baryon yields proper exdnldmpor-
tant evolution when passing from p+p to p+C interactionss T$presented as functions of
for fixed values op in Fig. 50 for R, and in Fig. 51 forFRp.

T T T T T T T T
prz 0.2GeVic ] prz 03Gevic [ p_rfz 0.5GeVic ]

a T T T
pT3: 0.1Gevic ]

T T
prz 11Gevic ][

Figure 50:R, as a function of: - for fixed p; values between 0.1 and 1.3 GeV/c. The full lines
give the ratios for the corresponding data interpolations
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Figure 51:Ry as a function of: for fixed p values between 0.1 and 1.3 GeV/c. The full lines
give the ratios for the corresponding data interpolations

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

A first area is governed by the projectile fragmentatiop, > 0.1. Here the transfer
of baryon number from the forward to the central region isdieevident, with a suppression
of the far forward yield by a factor of 0.6 at low to mediym followed by a steady increase
of proton density with increasing; until the densities exceed the p+p values atxallfor
pr > 1 GeV/c.

A second area is characterized by the fragmentation of tigettaucleons hit by the
projectile, -0.5< xr < 0. Here the pile-up of produced hadrons in the central areatdu
the 1.6 mean projectile collisions in the C nucleus is visilibllowed by a steady decrease of
proton density in the backward direction due to the contrdvuof neutron fragmentation.

A third component is characterized by the steep increaseavdp density forry < -
0.2, at low to mediunpy. This region is governed by the intranuclear cascading ofdves
("grey protons”) in the lab momentum range up to about 2 GeViis component dies out as
expected with increasing transverse momentum.

Due to the smaller range experimentally available for the anti-protons, tbhee:
sponding ratiaR; is more restricted. It has however been demonstrated (Bjgth4t here no
cascading component exists. As argued above, the evolafitime projectile fragmentation
(rr = 0.1) follows closely the one for protons including the irage with transverse momen-
tum. As far as the target fragmentation is concerned, thease of anti-proton density beyond
the pile-up from the 1.6 average projectile collisions towtba factor of 2 is expected from
isospin symmetry.

A further, more detailed argumentation concerning thisyoineenology can be found in
the discussion Sect. 12 below.

10 Integrated data
10.1 pr integrated distributions

Thepr integrated non-invariant and invariant yields are defingd b
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dn/dZUF:W/Uinel‘\/g/2'/f/E'dp%
Fz/f-dp% (19)
dn/dy:ﬂ'/o'inel'/f'dp%

with f = E - d®c/dp?, the invariant double differential cross section. The gnéions are
performed numerically using the two-dimensional datarpaation (Sect. 6.2). Tables 7 and 8
give the numerical values and the first and second momente pf-tdistributions as functions
of x and rapidity for protons and anti-protons, respectivelye Telative errors quoted are
given in percent using the full statistical errors of the swgad points. They thus present upper

p
zp [ Flmbc] A [dn/der A {pr) A [{p7) A y | dn/dy y | dn/dy
-0.8 81.6 48| 1.400 48| 0391 21| 0.208 1.2| -3.2| 0.21949(| 0.8 | 0.12875
-0.75 73.2 45| 1.337 45| 0402 1.8|0.220 2.9|| -3.1| 0.43696|| 0.9 | 0.13405
-0.7 65.4 3.8| 1.278 3.8/ 0414 16| 0.232 25]|| -3.0| 0.76998|| 1.0 | 0.14070
-0.65 57.0 29| 1198 29| 0428 1.3|0.249 23| -2.9] 1.09283|| 1.1 | 0.14866
-0.6 50.4 29| 1142 29| 0442 12| 0.266 2.1} -2.8| 1.23706|| 1.2 | 0.15804
-0.55 43.8 2.0 1079 2.0| 0.458 0.82| 0.285 1.5 -2.7 | 1.20270|| 1.3 | 0.16829
-0.5 37.7 21| 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 14| 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 14| 0.551 0.60| 0.411 1.3|| -1.8 | 0.34565|| 2.2 | 0.23645

-0.075 9.71 1.6| 0.900 15| 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 16| 0.938 1.6] 0.550 0.61| 0.407 1.2|| -1.5| 0.24220(| 2.5 | 0.22097
0.0 8.67 15| 0.931 1.4| 0.551 0.59| 0.407 1.1}| -1.4| 0.22093
0.025 8.49 15| 0.893 14| 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 22/ 0499 11|0.334 19| -0.1| 0.12318
0.6 17.90 2.4 0.406 24| 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 34| 0461 1.3|0.290 2.7|| 0.3]| 0.11861
0.8 16.40 3.7 0.282 3.7/ 0455 1.2 0.282 2.6| 0.4 0.11907
0.85 17.42 4.2| 0.282 42| 0.449 1.0| 0.274 22| 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 7:pr integrated invariant cross sectidn [mb-c], density distributiondn/dxr, mean
transverse momentuiipr) [GeV/c], mean transverse momentum squaped [(GeV/cy] as

a function ofz g, as well as density distributiafn /dy as a function ofy for p. The statistical
uncertaintyA for each quantity is given in % as an upper limit considerimg full statistical
error of each measured-/x  bin
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limits as the data interpolation ity will reduce the statistical fluctuations for the integrated
guantities.

p
TE Flmbc] A [dn/der A ] {pr) A (p%) A 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 1282 39| 0.0905 3.8/ 0524 21| 0371 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 29| 0.2094 2.8 0.505 1.4| 0.338 2.7|| -0.6 | 0.02419|| 0.9 | 0.01295
0.0 1.903 29| 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 24| 01014 23| 0524 1.2|0.359 25]|| -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 8:pr integrated invariant cross sectidn [mb-c], density distributiondn/dxr, mean
transverse momentuipr) [GeV/c], mean transverse momentum squafed [(GeV/cy] as

a function ofz g, as well as density distributiafn /dy as a function ofy for p. The statistical
uncertaintyA for each quantity is given in % as an upper limit considerimg full statistical
error of each measured-/xr bin

Concerning the extension of the kinematic coverage intofahdackward direction
for protons,zr < -0.8, see Sect. 7, additional integrated quantities arengin Table 9 for
-2.0< zr <-0.9. Again, the data interpolation is used to obtain the eniral values.

[

TR F A |dn/derp A | (pr) A (p%) A

-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| 651 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| 316 3.0 0.336 3.0| 0.409 2.0| 0.220 3.0
-1.2| 489 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 1224 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 9:p; integrated invariant cross sectidn [mb-c], density distributiondn /dzr, mean
transverse momentuip,) [GeV/c], mean transverse momentum squapgd [(GeV/cy] as a
function of z for protons in the far backward region. The estimated nedagtatistical uncer-
taintiesA are givenin %

In this region the estimation of the statistical unceriamtis non-trivial as the measured
data have been transformed from the laboratory co-ordin@atg,©.,) to the cms quantities
(xr,pr) Using a two-dimensional interpolation. The given erraaseéhbeen obtained from the
total number of measured protons at each lab angle [8] whacdies from about 1100 to 3600.
The values given in Table 9 are therefore to be regarded a lippts.

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

The pr integratedp/p ratios as a function of » are shown in Fig. 54. The first and
second moment&r) and (p2) are presented as a functionaf in Fig. 55 for protons and in
Fig. 56 for anti-protons.
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Figure 52:pr integrated distributions ajn/dzr, b) F' and c)dn/dy for protons as a function
of z andy, respectively
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Figure 53:pr integrated distributions ajn/dz, b) F' and c)dn/dy for anti-protons as a func-
tion of 2 andy, respectively
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Figure 54: Thepr integratedp/p ratios as a function af -
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Figure 55: a) meapy and b) mean? for protons as a function of»

3 0.8 T T 08T T
S | a) P ] © [b P
O [ s ] S [ s
2 osf Bt 3 osf 1 ]
- | 1 = 3 <
& : ('\ll:||— s ‘
0.4* 7 B— 04* W -1
0.2 A 0.2r A
L 1 " " " l " " " 1 " " ] i 1 " " " l " " " 1 " " ]
0 -0.2 0 0.2 0 -0.2 0 0.2
X, X,

Figure 56: a) meapr and b) meam? for anti-protons as a function af

10.2 Centrality dependence

The detection of "grey” protons in the centrality detectoNé&49 [10] allows the study
of particle densities as a function of the numbgg, of protons in the lab momentum range
of approximately 0.15 to 1.2 GeV/c. The number distributit¥i/dng.ey has been shown in
[4] to be a steep function ofgey, With only 20% and 5% of all events afye, = 1 and 2,
respectively. The determination of double differentiass sections is therefore not feasible in
this experiment. As already shown in [4] for pions, the estitm of p integrated yields as
a function ofzx by fitting thed £/ /dx distributions over the complete rangeaf is however
feasible in a limited range af-. This range is determined by the variation of total momentum
with pr and extends fromx = -0.2 to +0.65 for protons, the upper limit being imposed by
the progressive loss of acceptance at jgw Two samples withigey > 1 andngey > 2 have
been selected. The resulting proton density distributibrsizr are given after correction in
Table 10, with the additional use of the complete data salfsgle also [4]) which allows for a
precise control of eventual systematic effects.

As shown in Fig. 57, the results for the total data sample anepatible within errors
with the integration of the data interpolation, Table 7 amgl b2.
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rrp | (dn/dep)® A | (dn/dzp)™<=t A | (dn/drp)"=22 A
-0.2 0.797 3.8 1.210 53 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 25 0.738 5.0
0.3 0.636 1.6 0.649 2.7 0.615 55
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 34 0.312 6.8 0.298 13.4

Table 10:dn/dxf distributions for protons as a functionof for the complete data sample and
the selectionggey > 1 andnge, > 2. The relative statistical errors are given in %

T T I T T T T I T T T T T T I T T T T I T T T T
A min. bias
o ngrey >2

[ a) +min. bias | [
: ° ngreyZ].

Figure 57:dn/dxr for protons as a function of » for the complete data sample and for the
conditions a)jigey > 1 and b)ngey > 2. The broken line gives the density in p+p collisions [3]
and the full line the integration of the interpolated p+Cadat

As seen from Fig. 57, a systematic and smooth variation optb®n density distribu-
tions is evident when passing from p+p to minimum bias p+Ctangentrality enhanced p+C
interactions. A well defined cross-over with equal numbersity is visible atr = 0.25-+ 0.3.
Above this value the densities decrease progressivelyingtieasing number of projectile col-
lisions by up to a factor of 0.5 at the experimentally acddedimit of x» = 0.6. Belowzrr =0.3
this trend is inverted with a density increase of up to factdr2.5 at negative .
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A similar behaviour is also seen for anti-protons, althohghre only a reduced range in
xr is accessible due to the limiting statistical uncertamtighis is shown in Fig. 58 where the
relative difference in baryon density between thg, selected and minimum bias samples is
given in % as a function of - for protons (panel a) and anti-protons (panel b).

A [%]

02 0

Figure 58: Relative differenca in % betweemg., selected and minimum bias samples as a
function ofz for a) proton and b) anti-protons. The lines are shown togthé eye. The lines
in panel b) repeat those from panel a)

The interplay between baryon number transfer from the ptitdgehemisphere and pile-
up of baryons from the target fragmentation, including o®ffects, will be discussed in more
detail in Sect.12 of this paper.

10.3 Neutron data

The detection of forward neutrons in the Ring Calorimeté¥A#9 [10] has been intro-
duced and described in detail in [3]. The neutron analysi€eming the separation of electro-
magnetic and hadronic deposits, the veto against chargédles, the calorimeter calibration
and the energy resolution unfolding may be directly appl@the p+C interactions. The cor-
rections for acceptance and for feed-down from weak deceysl@gown in Figs. 2 and 23,
respectively. The empty target, trigger bias and re-ictéya corrections are equal to the ones
for protons [3]. The contributions frot? decay and anti-neutron production are obtained from
the charged kaon data which are available from NA49 [17] aowh the isospin argumentation
using the anti-proton data explained in [3].

The resulting neutron densiti€s /dz  are listed in Table 11 together with their ratio to
the results from p+p collisions [3].

Thepr integrated neutron density distributidn /dzr as a function of: is presented
in Fig. 59a. Of particular interest in this context is theadietween neutron densities in p+C
and p+p interactions in comparison to the same ratio forgm®as shown in Fig. 59b.

Evidently protons and neutrons show within errors the saateour when passing
from p+p to p+C collisions. The density ratio is equal to lxat= 0.3, increasing to 1.3 at
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rr |dn/derp A | (dn/dep)P¢/(dn/decp)PP A

0.1 | 0.621 21.4 1.29 5.0
0.2 | 0482 151 1.18 3.2
0.3 | 0.389 13.6 1.03 3.1
04 | 0303 127 0.93 3.2
05 | 0.268 12.8 0.83 3.6
0.6 | 0221 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 11:p integrated neutron density distributidn /dxr as a function ofcx and the ratio
of neutron densities in p+C and p+p interactions. The nedatirors are given in %. They are
governed by the systematic uncertainties quoted in Table 1
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Figure 59: a)pr integrated neutron density distributian/dzr and b) neutron density ratio
between p+C and p+p interactions as a function of The full line shows the corresponding
density ratio for protons

xr = 0.1 and decreasing to 0.6 at towards +1. The latter value corresponds to the expected
fraction of single projectile collisions in p+C interaat®derived from the nuclear density dis-
tribution [5].

10.4 Comparison to other data

Two data sets are available for comparison with the NA49giraied data in the SPS
energy range. The first set from the ACCMOR collaboratior] fi¥es the density distribution
dn/dxp of protons for p+A collisions from Be to U nuclei at 120 GeV/gam momentum. A
second, very recent publication from the MIPP collaborafit®] provides neutron densities
dn/dzp for p+C interactions again at 120 GeV/c beam momentum at ERMALAB Main
Injector.

10.4.1 ACCMOR data [18]

The ACCMOR collaboration [18] measured proton densitiegdzr with a proton
beam at 120 GeV/c momentum at the CERN SPS for five differeaken(Be, Cu, Ag, W,
U) in the z range from 0.07 to 0.6. These data may be interpolated fronoB& This is
demonstrated in Fig. 60 which gives the proton density asetiion of mass numbet for five
xr values from 0.1 to 0.6.
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Figure 60: Proton densityn/dx as a function of mass numbarfor p+Be, p+Cu, p+Ag, p+W

and p+U nuclei for different values af.-. The lines describe the data interpolation used for the

determination of the corresponding p+C cross sections

The data interpolation afn/dzr to p+C interactions is shown in Fig. 61 as a function

of z in comparison to the NA49 results, Table 7 and Fig. 52 above.

dn/dx_

. [18] N
----[18], fd corr. _|
— NA49

Figure 61: Proton densityn/dxr as a function ofc interpolated to p+C from the ACCMOR
data. The full line through the ACCMOR results is drawn todguihe eye, the full line shows
the NA49 result. The broken line gives the ACCMOR result rafteentative subtraction of
proton feed-down from weak decays. The dotted line cornedpao the modification of the
total inelastic cross section for p+Be collisions with 6%e $ig. 62

The ACCMOR data show an upward deviation which increases &bout O at: - = 0.6

to about 20% at the lower data limit of- = 0.07. This deviation looks similar to the feed-down

correction for protons from weak hyperon decays used forNNAd9 data, Sect. 5.3, which
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reaches 15% at smatl- and decreases rapidly to Ot ~ 0.7. As such a correction is not
mentioned in [18] and as the geometrical layout of the expent is similar to the one of NA49
as far as the position of the tracking elements is concerretirq distance between target and
first tracking station) it has been tentatively assumedttieabn-vertex reconstruction efficiency
of decay products might be similar in both experiments. Gabihg the feed-down correction
from NA49 results in the broken line in Fig. 52. This line isoaib 8% above the NA49 results
for xr < 0.4. At this point a look at the total inelastic cross sedias a function ofd from
different references [18, 20], Fig. 62, shows that the ceassion for p+Be given in [18] falls
low by about 6% compared to the interpolation of other até@alata [20]. A corresponding
correction of the cross section is shown as dotted line in@g

o

c L. [18]

— > [20]
g

1 10 107
A

Figure 62: Data summary of measured total inelastic crossoss of p+A interactions as a
function of 4, [18, 20]

In conclusion it may be stated that the ACCMOR results arepadible with the NA49
results within the quoted systematic uncertainties.

10.4.2 MIPP data [19]

Very recently new data on neutron densities/dxr have become available from the
MIPP collaboration at the FERMILAB Main Injector for p+p apeA interactions [19]. The
MIPP neutron densitiegn/dz for p+C interactions at 120 GeV/c beam momentum are com-
pared to the NA49 results in Fig. 63a, the densities for pHfistans at 84 GeV/c beam mo-
mentum in Fig. 63b.

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

R, = (dn/dzp)"PP/(dn/dx )N (11)
between the two respective interpolations is shown as d@itmof x .
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Figure 63: Comparison of MIPP neutron densities' dx» to the NA49 results as a function
of zr, a) for p+C interactions and b) for p+p interactions. Intéations through the respective
data points are shown as full lines

T

0.5; p+C - n 1 ptp-n

O"“‘\““lii““\““li
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Figure 64: Density ratidz,, = (dn/dz)MPP/(dn/dz)N*° as a function of: -, a) for p+C, b)
for p+p interactions. The error bands shown are based ondtistEal uncertainties of the data
points

The density ratios show a remarkable similarity between grp+p interactions, vary-
ing systematically from 1.4-1.6 at the lowef limit to a maximum of 1.9-2.0 atr ~ 0.4
and decreasing to 0.5-1.0 at the upper kinematic limit. ‘©ked heutron yields in the forward
hemisphere obtained by an extrapolation of the measuresitesntowardsc = 0 as shown
in Fig. 63 deviate by about 60% for both reactions, with thegnated MIPP neutron yield
resulting in 1 neutron per event for p+p collisions at 84 Gely¢am momentum.

These large deviations pose a problem for baryon numbeecaatson which may be
verified for p+p interactions using published total yields protons, neutrons, hyperons, pair
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produced protons and pair produced hyperons. The avaitidtbe are plotted in Fig. 65 as a
function of /s from [21] at 12 and 24 GeV/c beam momentum, [22, 23] at 32 Gdéam
momentum, [24, 25] at 69 GeV/c beam momentum and from NA49.

E T T T T T 1 T T 1 T T T ‘ T T T
o I T
= - B-B -
g ] P
s 1 L E
C * T n ]
I Y |
e —
10™*F // _ E
C / pairp ]
I vd / v ]
10°%F E
7\ L1 ‘ I Lol ‘ I ‘ I ]
0 5 10 15 20 25

\'s

Figure 65: Total yields of protons, neutrons, hyperons, paiduced protons and anti-hyperons,
[21-24], as well as the total number of net baryonB(Bas a function of /s between 4.9 and
17.2 GeV. The integrated neutron yields from MIPP [19] at B& 84 GeV/c beam momentum
are indicated as open circles

The large neutron yields published by MIPP are clearly oygroportion with respect
to the available data and are incompatible with baryon nurobeservation.

11 Two component mechanism of baryon and baryon pair produgbn

An important key to the understanding of hadronic inteatj in particular concern-
ing the asymmetric p+A collisions, is provided by the facttthese may be separated into
independent components connected to the fragmentatidmedftget and projectile systems,
respectively. There are several experimental findings hvprove this characteristics:

— the absence, at SPS energy, of charge and flavour exchange

— the absence of long-range two-particle correlations betwbe target and projectile
hemispheres at: | > 0.2

— the independence of the target fragmentation on the nafutieeoprojectile particle

(hadronic factorization)

There is however an overlap of target and projectile fragatemn in the central region at
|zr| < 0.2, where thig: limit depends on the mass of the secondary particle coresiderd on
the transverse momentum [5]. This has been experimentatifiad by the measured forward-
backward multiplicity correlations which extend — as theg governed by pion production —
to |xr| < 0.1. A detailed study of extent and shape of this overlaporepas been performed
for pions with the NA49 detector [5] using the isospin symmeif the 7 /7~ ratio in 7+ +p
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andr7~+p interactions at the SPS. It has also been shown in [5] tieatainge and shape of the
pionic overlap is equal for p+C and p+p collisions. In thddaling discussion the overlap from
projectile to target hemisphere and vice versa will be ddifeed-over”.

Concerning baryons the situation is somewhat more conipticas a clear distinction
between pair-produced baryons and "net” baryons has to de ritere the "net” baryon yield is
defined as the difference between the total yield of a giveydmespecies and the yield of pair-
produced baryons of the same species. Whereas the sum ef akiryon yields is constrained
by baryon number conservation, the production of barydnkaryon pairs shows a strorgs
dependence. The yield rises sharply from threshold at abGut 6 GeV through the SPS
energy range and flattens towards collider energies in a \wayacteristic of the production
of heavy hadronic systems. The cross section is centred tbas- = O , the centrap/p ratio
reaching about 23% at SPS energy in the minimum bias p+Cactiens considered here, see
Sect. 10. For ease of distinction, the pair produced baryolhde denoted in the following
sections by:

pair produced protons p

. - 12
pair produced neutrons n (12)
The situation is further complicated by the fact that bargati-baryon pairs are not
limited to the isospin 0 combination but form an isospinl&ipin the case of protons and
neutrons this results in the dependence on the isospin-paoemt shown in Table 12.

I -1 0
pn pp n
n

1
p

Sl ol

baryon pairs

Table 12: Isospin structure of baryon pair production

This phenomenology has been studied by NA49 using the casgpeof p+p and n+p
interactions. Here it was shown that the anti-proton yielttéases (by a factor of about 1.6)
when exchanging thé = +1/2 against ath = -1/2 projectile [12], thereby enhancing the= -1
with respect to thd; = +1 combination.

Both the baryon pair and the net baryon feed-over will beistlith the following sec-
tions. In fact the extent and the shape of the correspondiedap functions will be determined
in a strictly model-independent way essentially based oasmed quantities and isospin in-
variance. In a first part, the symmetric p+p interactions$ bglexploited. In a second part it will
be shown that the same overlap functions apply to p+C cofissi

11.1 Two component mechanism in p+p interactions

A large sample of 4.8 million inelastic events is availableni NA49 [1-3] with both
proton/anti-proton and neutron identification in the finalts. This allows for the selection of
sub-samples of events with defined net baryon number enhirei projectile or in the target
hemisphere by tagging baryons at sufficiently ldrngd. Sufficiently large means in this context
xr values where the yield of pair produced baryons is low endaginsure negligible back-
ground. For protons this condition is fulfilled farz| > 0.35 where thé/p ratio is less than
0.5% [3]. The following ranges af - have been used for net proton and neutron selection:

52



Projectile hemisphere: protons 0.35 <xp < 0.5 (13)
neutrons 0.5 <zxp < 0.7 (14)
Target hemisphere: protons —0.75 <xp < —0.6 (15)

These ranges are given by the constraints of acceptanceratwh pdentification via
dFE/dx, see Sect. 4, and by the limited energy resolution of thedradalorimetry for neutrons.
In the following the measured baryonic double and singleedihtial densities obtained with
net baryon constraint,

‘( )= dn
P \TF,PT) = dl’deT
(16)
. dn
Pin(TF) = E )
will be described by their ratio to the corresponding insleyields,
Pi(xF,pT) 17)
pint(xF)
by
Rc(xFapT) _ pigiFupTi
pc F,Pr (18)
" piznt(xF)

The double differential cross sections are obtained, dlimtted statistics, in the range
0.1< pr < 0.7 GeV/c, and the resulting ratios are averaged ovepthreinge resulting in the
ratios:

Ra(xp) = (R°(zr,pr)) - (19)

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

11.1.1 Anti-protons with final-state net baryon constraint

The ratiosRS,(zr) and R;(zr) for anti-protons are presented in Fig. 66 for forward
(13) and backward (15) proton selection.

For both net proton selections, a distinct correlation leetwthe anti-proton yields and
the presence of a tagged proton in the respective hemisghevedent. The yield ratios reach
values of 1.55 in the far backward and forward directionspeetively. The excess over 1 is
halved atr» = 0 and ratio goes to 1 in the respective opposjteegions. It has been verified
that this correlation is not induced by asymmetries in theathal acceptance of the detector.
It is therefore due to an isospin effect as expected from sberiplet nature of baryon pair
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Figure 66: Yield ratiosk;, () and RS, (zr) for anti-protons for a) forward and b) backward
proton selection, as a function f.. The full lines are forward-backward mirror symmetric and

represent and estimate of th@verlap function

production, Table 12. Indeed the presence of a net protdrunlilalance the isospin structure
present in the inclusive event sample towards/the-1 component of the corresponding heavy
mesonic state and thereby enhanceahgield in the selected hemisphere. From this argument
follows a strict prediction for the tagging with net neutsom this case thé; = +1 component,
hence thenp combination, should be favoured, and the anti-protondystlould be reduced
accordingly with respect to the inclusive sample. This deied the case as shown in Fig. 67 for
forward neutron tagging, see (14).
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Figure 67: Yield ratiosk;(zr) and RS, (xr) for anti-protons for forward neutron tagging, as

a function ofzr. The full line represents the prediction using the extrateerlap function,
Fig. 66
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This finding has two interesting consequences: it allowstlier first time the estab-
lishment of the range and shape of the anti-proton overlaption in a completely model-
independent way. Secondly it has direct consequencesdqrdbsible production mechanism
of baryon pairs in hadronic interactions.

The overlap function is related to the full lines presentedrigs. 66 and 67. As the
yield ratios are stable &ti»| > 0.2 this means that thiefeed-over is limited t¢zr| < 0.2. In
the application to measured inclusipgields the function should be normalized for projectile
fragmentation to unity in the regiarr > 0.2, should reach 0.5 at- = 0 and vanish aty < -
0.2, with anz» symmetric shape for target fragmentation. The resultimgtions are presented
in Fig. 68.
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Figure 68: Anti-proton overlap functiofiy as a function of:  for projectile fragmentation (full

line) and target fragmentation (broken line)

Concerning the production mechanism of baryon pairs, ttegtisospin correlation
both with the final state net baryons and with the hadronigegtide in the initial state speaks
against the central production from the quark-gluon sefgraastance gluon fusion. Concern-
ing current hadronization models using string fragmeatatihe ad-hoc introduction of diquark
systems in the colliding baryons is necessary in order tordesthe net baryon production. In
addition quark/anti-quark and diquark/anti-diquark pipkprocesses have to be introduced for
baryon pair production, in close resemblance to the dasamipf hadronization ine+e~ anni-
hilation, with a multitude of adjustable parameters andafaipredictive power, see Sect. 11.4.

On the other hand the presence of heavy, high spin mesomés stethe early stage of

hadronization of the highly excited baryonic systems inghp interaction presents a natural
explanation for the observed correlations. In fact moseoled heavy meson resonances have
app decay branching fraction, or have been discovered in tre¥sep+p annihilation process.
It is interesting to note that baryon pair production, via kigh effective mass involved, probes
a rather primordial phase of hadronization as comparededighter final state hadrons. This
again favours the observed strong isospin correlationghisncontext it should be recalled that
a high mass mesonic origin of baryon pairs was indeed prapasearly as 35 years ago by
Bourquin and Gaillard [26] in order to describe the obseilnetiisive yields.

11.1.2 Pair-produced protons

Following the isospin structure of baryon pair productiesag Table 12, anti-protons
(p) and pair produced protonp)(are coupled in their yields by isospin symmetry with fhe
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component of either the projectile or the trigger net bariyothe respective hemisphere. This
is shown schematically in Fig. 69 where theandp yields are presented with respect to the
inclusive anti-proton level in p+p interactions.

projectile 15 =+1/2

projectile I, net baryon I,

-1/2

1.55

-1/2 +1/2 +1/2

inclusive p

level in p+p +1/2 -1/2 +1/2

-1/2

Figure 69: Yield levels of anti-proton®) and pair produced protonp)(with respect to the
inclusivep yield in p+p interactions, left: for a change of projectilefrom +1/2 to -1/2, right:
for a change of the trigger net baryénfrom +1/2 to -1/2

Evidently the definition of "net” protons, which needs theolledge of pair-produced
proton yields, is linked to the measurpdields in a non-trivial fashion. As far as the overlap
function between the forward and backward hemispheresiseraed, it is of course the same
for p andp and has to be referred to the yield levels indicated in Fg. 6

11.1.3 Net proton feed-over

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

net incl incl

Pp (TF,pr) = Py (TR, PT) — Pp (xr, pr) (20)

As ppl is 1.6 times higher thapp, Fig. 69, this means a substantial decrease of the
central net proton density with respect to the simple sehitra of thep yield. The consequence
of this for the evolution obget with /s has been demonstrated in [12] where it has been shown
that the central net invariant proton cross section ap@mzero in the ISR energy range.
The net proton feed-over and the corresponding overlaptimenay be determined,
as for the anti-proton case Sect. 11.1.1 above, by fixing @mo¢on in the projectile or target
hemisphere following the selection criteria, (13) and (@59yve, respectively. This ensures the
absence of net protons in the corresponding hemispheresanlisin the constrained net proton
density:
pg,net
These density distributions may be normalized by dividigdHe inclusive yield, (20),
resulting in the ratio

(zr,pr) = PE(fCF,pT) - P%(meT) (21)

c,net

Pp (xrp, pr)

- 22
PBet(xF, pr) (2)

Rﬁ’net(xﬂ pr) =
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In a first instance, it can be shown th%”e‘(xF,pT) is independent op in the range
0.1< pr < 0.7 GeVlc, see Fig. 70
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Figure 70: RatiaR5"*(xp, pr) between constrained and inclusive net proton densitiefaga
tion of pr at different values of - for net proton trigger in the projectile hemisphere (leftesi
panels) and for trigger in the target hemisphere (right pateels)

The z» dependence for thg; integrated ratioRg’”e‘(:cF) and thep, averaged ratio
(Ry"(xp,pr)) are shown in Fig. 71.

Evidently the overlap functions for protons and anti-pr@durn out to be the same
within the statistical errors of the measurements.

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

The study presented above for p+p collisions may be repdatep+C interactions,
albeit with reduced statistical significance due to the #nalailable data sample. The density
ratio for anti-protonsfg5(z ) with forward proton tagging is presented in Fig. 72 whereftitie
line represents the feed-over function measured in p+paatiens, see Fig. 66.

Evidently the measurement reproduces the shape and extdmt p overlap in p+p
collisions.
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Figure 71:py integrated angh; averaged constrained net proton density raﬂpg‘Et as a func-
tion of x -, a) for forward net proton selection and b) for backward metgn selection. The full
lines shown represent the overlap functions presentediresi
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Figure 72: Anti-proton density rati®;(zr) as a function ofrr. The full line represents the
feed-over in p+p events

Net proton tagging in the backward hemisphere is not pasgdn p+A interactions
as protons from intranuclear cascading ("grey” protonsjciiprevail in this area dilute the
correlation.

For the net proton densitgg”et(xp) with tagging in the projectile hemisphere, a result
which might look surprising at first view is found as shown ig.F3.

Indeed the constrained net proton density reproduces théommd in p+p interactions
down tozr = -0.2. This reveals an additional internal correlatioreefffgenerally present in
minimum bias p+A interactions. By selecting a rather fovaroton, see (13), single collisions
corresponding to peripheral interactions are enhancefacin60% of the minimum bias p+C
events correspond to single interactions of the projeptitgon with nuclear participants [5].
The situation is clarified by Fig. 74 which presents the isitle proton yielddn /dzp(xzr) in
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Figure 73: Net proton density in p+C collisions with forwamret proton constraint as a function
of 2. The full line corresponds to the net density in p+p intaoans

p+C collisions (full line) 0.6 x dn/dzr(zr) from p+p (broken line), and their difference (dotted
line). It is evident that the bulk of protons in the taggingion (hatched area) comes from
single collisions, with the fraction of multiple collisienn addition biased against very inelastic
interactions which would favour lows protons by enhanced baryon number transfer. It may
however be stated that also for p+C interactions with foda@ioton tagging the constrained
net proton density dies out at- > 0.2.
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Figure 74: The inclusive proton yieldn/dxp(zr) in p+C collisions (full line), 0.6 x
dn/dxp(xr) from p+p (broken line), and their difference (dotted lin€he inclusive proton
yield dn/dxr(zr) in p+p collisions is shown as well with full line. The hatchaeka represent
the tagging region

11.3 Aremark concerning resonance decay

The model-independent extraction of the baryonic feed-awel the experimental de-
termination of the corresponding overlap functions, asulesd in the preceding sections, may
be extended to resonance decay. As in fact most if not all fiteié baryons stem from res-
onance decay it is of interest to investigate the conseeseotcthe hadronic two-component
mechanism observed for the final state baryons also for trenpgeneration of resonances.
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This will be demonstrated below using as examples the wedlsmedA++ resonance for the
proton and a mesonic resonance approximated by measusen teason characteristics for the
anti-proton feed-over.

11.3.1 Protons fronA** decay

The pr integrated density distributiodn/dzr(xr) of the ATT(1232) resonance has
been rather precisely measured by a number of experimetite BPS and ISR energy ranges
as shown by two examples [27, 28] in Fig. 75a. The integratibthe interpolated full line
yields a total inclusive cross section of 7 mb. The corredpandecay proton distribution from
ATt — p+ 7" (100% branching fraction) is presented in Fig. 75b toget¥ithr the measured
total inclusive proton yield as measured by NA49 [3], muigg by the factor 0.27.
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Figure 75:pr integrated density distribution. /dx as a function of: a) for A™1(1232), b)
for the decay protons frold™* — p+=* (full lines). The broken line in panel b gives the total
inclusive proton yield multiplied by a factor 0.27, the amtiine the difference between the two
distributions. Also indicated in panel b is th¢A72 distribution (see text) as dash-dotted line

This plot demonstrates several important features:

— the shape of the decay proton distribution fram™ follows, for |z | < 0.6, very closely
(to within about 5%) the total inclusive proton distributioe-normalized by a factor
0.27. This means that 27% of all protons in thisrange stem from\ ™" decay alone.

— the difference between the decay and inclusive distribstad|z | > 0 is well described
by a1/M? form typical of single diffraction with\/? ~ s(1 — zr), dash-dotted line in
panel b).

— Taking account of the othek statesA+(1232) andA®(1232) with branching fractions
of 66% and 33% into protons, respectively, this means thaeni@an 40% of all non-
diffractive protons cascade down fratnresonances

— the shape difference between thie/dxr distributions of the mother resonance and
the daughter protons exemplifies the very effective baryanlyer transfer towards the
centralx region in resonance decay even for Igwesonances like thA.

A number of further comments are due in this context. Therad®sef charge and flavour
exchange in inelastic p+p interactions at SPS energy imhig the observed resonances are
not directly produced at least in the primordial phase ajéaand projectile excitation. They
rather turn up as decay products of lesonances. This fact has been experimentally proven in
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a number of high precision studies of single and doubleatiffon into pr*7~ states from PS
to ISR energies [29-32]. In these final states which covér afvange from 1 to about 0.6 [32],
the initial 7, I5 state is 1/2, +1/2. Although the sub-channets @nd pr— show clearA(1232)
signals, those are completely contained in the decay massrapf a series of Nresonances
(N*(1440), N (1520), N (1680)). In the more central area of hadronization, thiarcisospin
signature will become diluted and contain 1/2, -1/2 staseg, also the isospin correlations
discussed above. Nevertheless the production and decayretbinances without intermediate
A states will provide another important source of final staieleons.

The two-component mechanism of hadronization should thexelso be considered
for baryon resonances with the constraint to reproduce #esared overlap function for final
state protons. This is fulfilled foA** by the separation of the production cross section into a
target and a projectile component as indicated in Fig. 76a.cbrresponding  distributions
for the decay protons are given in Fig. 76b.
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Figure 76: Density distributiongn/dxzr as a function ofrr a) for the target and projectile
components oA+ and b) for the decay protons

This choice results in the ratids = (dn/dxr)poj/ (dn/dz )™ between projectile com-
ponent and inclusive distribution shown in Fig. 77.

o )

| A++~>p

Xg
Figure 77: Density ratio® = (dn/dz )i/ (dn/dxr)" a) for A*+, full circles and hatched

line, and b) for the decay protons from™* decay, open circles, as a function .of. The
measured overlap function, see Fig. 71, is indicated asuthkinfe in both panels
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Evidently the measured proton feed-over is precisely mpced, Fig. 77b, if the overlap
function of the mother resonance is chosen slightly wider inFig. 77a, indicating a certain
mass dependence in the scale. In this context the dependence on decay particle exagds
ited by the much reduced feed-over for the decay pions ftom, as elaborated in [5], should
be recalled here.

11.3.2 Anti-protons from heavy meson decay

A complementary approach may be used for the productiontefpaotons from heavy
mesonic states [26]. In fact a sizeable number of stateseabioy p mass threshold at
1.88 GeV/é have been observed [33] both in hadronic interactions atideiinverse p anni-
hilation into final state hadrons. If due to the large widtll @ensity of these states their direct
experimental detection in mass spectra is difficult, thdiegipon of Partial Wave Analysis per-
mits their localization and determination of quantum nursbin the following a hypothetical
state at 2.5 GeV mass with a Breit-Wigner width of 0.25 GeV artdo-body decay intop
is used in order to study the corresponding daughtedistributions and overlap functions.
An invariantx » distribution consistent with the one for vector and tensesams published by
Suzuki et al. [34] yields the inclusive density distributién/dzr for the decay anti-protons
shown in Fig. 78.
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Figure 78: a) Invariant  distribution F'(z ) of a mesonic state with 2.5 GeV mass (full line)
compared to various vector and tensor mesons [34] norntalizanity atz» = 0, b) resulting
inclusive density distributionln/dx 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 measuretusive anti-proton yields
measured by NA49 [3]. Imposing the target-projectile deposition for the yield distribution
of the heavy meson as shown in Fig. 79a, the overlap functiothé decay baryons reproduces
closely the measured feed-over for anti-protons, Fig. 79b.

As far as the normalization of the resulting inclusive yslsiconcerned, it may be stated
that — compared to thgcross section of 1.2 mb [3] — the measurement of [34] ind&&té mb
for the f,(2050) state alone, and the mass dependence of the tenson mresluction given
in [35] an f,(2050) cross section in excess of 5 mb at ISR energy. Thera@anever, almost no
measurements of the branching fraction into baryon pans jfeso, they vary by large factors,
for the ,(2050) for instance from 50% [36] to 0.2% [37]. The amount toick anti-protons
cascade from heavy meson decay has therefore to stay an ogsioq.
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dn/dx_

Figure 79: a) Density distributiodn /dzr for the heavy mesonic state (full line) normalized
to 1 atzr = 0 decomposed into a target and a projectile component €brdikes), b) the
corresponding overlap functioR(zr) (full line) superimposed with the measurement (open
circles and broken line)

11.4 Comparison to a microscopic simulation code

In the preceding NA49 publications concerning p+p and p+t€ractions [1-5] a strictly
model-independent approach to the interpretation of te&tnsive and precise data sets has
been followed. Comparison to the multitude of existing msmopic simulation codes has there-
fore been avoided in clear appreciation of the fact that ttesh understanding (or, better, lack
of understanding) of the theoretical foundations of the se€tor of QCD calls for improved
experimental information rather than ad hoc parametonatiGiven the detailed data concern-
ing baryons both on the inclusive level and on the level ofbaic correlations contained in [3]
and in the above discussion, it might however be useful tdronhthe obtained results with
one specific microscopic simulation in order to obtain sodeaiof the precision and predictive
power reached in such approaches.

The relatively recent code named JAM [38] has been chosethifocomparison. This
code is supposed to describe hadronization in elementdrgariear interactions over the com-
plete cms energy range from 1 GeV up to collider energiesdsiin the SPS energy range, soft
string excitation following the HIJING approach which inurelies on the string fragmentation
mechanism developed in the PYTHIA/LUND environment.

11.4.1 Inclusive baryon and anti-baryon density distribosdn /dx

The measured proton and neutron density distributibn/glz » in p+p interactions are
confronted in Fig. 80 with the predictions from JAM.

Large systematic deviations between prediction and dataisible at lowzx - (-40%),
at mediumz ~ 0.25 (+50%) and at high (-30%) for the protons. Systematic deviations of
similar or bigger size are also seen for the HSD and UrQMD s¢8@].

The neutron yields are evidently obtained from the protarsdees by a constant multi-
plicative factor of 0.69 with the exception of the largge region where a diffractive component
with a 1/M? behaviour, see Sect. 11.3.1, is added to the protons. Thatides are +60% at
mediumzx and more than -100% at large- for the neutrons. A look at the density distri-
butions for n+p interactions, Fig. 81, shows only approxariaospin symmetry which would
impose that neutrons from proton fragmentation should b@ldq protons from neutrons in the
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[:b)

Figure 80: Density distributiongn /dx as functions ofcr a) for protons and b) for neutrons
(full circles) in p+p collisions compared to the predictivam JAM (full lines)

xr regions beyond the target-projectile overlap. The samaldlad course be true for neutrons
from neutron beam and protons from proton beam.
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Figure 81: Density distributiondén/dxr as functions of: a) for neutrons and b) for protons
in n+p collisions from JAM

The anti-baryon densities shown in Fig. 82 show an interggiattern, the anti-proton
and anti-neutron yields being identical for both projeztiirget combinations.
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Figure 82: a) anti-proton and b) anti-neutron distribusidn/dz r as functions of: » from p+p
and n+p interactions. The anti-proton distribution meaddny NA49 is shown in panel a) with
full circles
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This means that only thg = 0 combinationsp and m are allowed which are produced
with equal yields. The comparison with the measured amtigor density in p+p collisions
shows a sizeable underestimation of the yield by 35%at 0 and an equally large overesti-
mation atr ~ 0.3. Invoking the isospin effect measured in n+p interaxgifd 2] this difference
will increase to 50% in this reaction.

11.4.2 Baryonic correlations

Ifit might be a straightforward possibility to remedy theselved discrepancies between
the prediction and the inclusive data by modifying some efrttany parameters involved in the
simulation codes, the correlation data will probe the "pby/sinput on a deeper level. This
applies especially to the measured isospin effects.

A first comparison concerns the net proton density corrélatih a trigger baryon in
the projectile hemisphere resulting in the overlap fum:ﬁlgv”et, (22), as shown in Fig. 83 for
the two triggerz - bins defined in Sect. 11.1, Egs. 13 and 14.
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Figure 83: Net proton overlap functiofi;"*(xr) as a function of:» for a) proton trigger at
xr =0.351t0 0.5, b) neutron trigger a- = 0.35 to 0.5, ¢) proton trigger at- = 0.5t0 0.7 and
d) neutron trigger at» = 0.5 to 0.7. The full lines represent the measured functect. 11.2,
the points come from the JAM simulation code

The microscopic simulation results in a feed-over behawdich only reaches to about
+0.06 inz . This is considerably sharper than the measured behavidulirfes in Fig. 83)
and corresponds to the pionic feed-over extracted in [didition there is an asymmetric long
range tail that extends up to and beyadngd| ~ 0.3 and is different both for proton and neutron
trigger and for the two trigget bins in contrast to the data.

The anti-proton feed-over behaviour characterized by ahie i25(z ) of correlated to
inclusive densities, Eq 18, is presented in Fig. 84 agaith@two available trigger - bins and
for proton and neutron trigger.

A rather complicated pattern concerning the simulationrgese Evidently the sym-
metric isospin effect observed experimentally betweengor@and neutron triggers is not re-
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Figure 84: Anti-proton density ratifig(z ) as a function of: - for a) proton trigger at » = 0.35
to 0.5, b) neutron trigger atx = 0.35 to 0.5, ¢) proton trigger at- = 0.5 to 0.7 and d) neutron
trigger atzr = 0.5t0 0.7. The full lines represent the measured funcewt. 11.1.1, the points
come from the JAM simulation code

produced although there is a general reduction of the dereip in the trigger hemisphere
with neutron triggers. As only isospin singlet baryon pairs generated, see Sect. 11.4.1, any
isospin effect is not really expected. The strong suppoessi the density ratio in the highy
trigger bin already starting atr ~ 0.2 indicates an effect of energy-momentum conservation
in the baryon pair simulation which is probably the resultief details of string fragmentation.

In conclusion the microscopic simulation results in majevidtions from the data both
on the level of the inclusive and of the correlated yieldse @bsence of a proper treatment of
isospin effects both concerning tihecomponent of the projectile and of the final state baryons
is flagrant. This puts into doubt the application of this agwh to p+A and especially A+A
interactions where the neutron component is preponderant.

12 Hadronization in p+C collisions: anti-protons

The two-component hadronization mechanism studied exgatially in the preceding
section allows, in conjunction with the precision data oti-proton production in p+p inter-
actions published by NA49 [3], the confrontation of the meadp yields in p+C collisions
with a straight-forward prediction based on elementargtieas. This is simplified in the case
of anti-protons by the fact that there is, in contrast to @naind pion production, no contribu-
tion from nuclear cascading (see Sect. 9 above). In consegube superposition of target and
projectile fragmentation should suffice to completely digscthe observed cross sections. In a
first step it may be assumed that the projectile contributimmesponds exactly to the one in
p+p interactions. For the target contribution the samectassumption may be made with two
important additional constraints taking account, firstijthe multiple intranuclear collisions of
the projectile, and secondly, of the isospin factor invdlirethe fragmentation of the neutrons
contained in the nucleus.
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The mean number of projectile collisiof) in minimum bias p+C collisions has been
investigated in [5] using three different methods:
— a Monte Carlo simulation using the measured nuclear depsiffile as input with the

result(v) =1.6
— the measured p+C inelastic cross section which gives, eiagiation

A-o(pp)
== (23)
an estimation ofv) under the assumption that the intranuclear inelasticasten cross
section stays constant for all subsequent projectilesiotis, resulting ifv) = 1.68
— the measured increase of pion yields in the backward hemisplsing the fact that the
contribution from intranuclear cascading as well as thefoora projectile fragmenta-

tion die out atrr ~ -0.1, yielding(v) = 1.6.
The isospin factor fop production from the isoscalar C nucleus may be calculated,

using the measured increasepofields in n+p collisiongy [12] as
95 =0.5(1+gp) = 1.3, (24)

with g7 = 1.6. The combined overall factor to be applied to the tacgetponentis 1.61.3 =
2.08.

12.1 py integrated densitydn/dxp(xF)

The evolution of theyr integrated anti-proton densitin/dxzp(xr) from the elemen-
tary p+p to the p+C interactions using the superpositioraajet and projectile components
discussed above is presented in Fig. 85.

dn/dx_

Figure 85: Measureg; integrated anti-proton densityn/dxr(xr) in p+C interactions (open
circles) confronted with the superposition of target armjgutile components in p+p collisions
(dotted lines) and total yield (dash-dotted line), with tiplication factors(v) = 1.6 and 1 for

target and projectile, respectively, broken line, and i additional isospin factor 1.3 for the

target component (full line)

This most straight-forward superposition picture evitdlerg¢produces the measurgd
densities quite closely, overestimating them by about 10O#be target area and underestimating
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them by the same amount in the projectile region. This caeivedied by decreasing the target
multiplication factor by 12% from 2.08 to 1.84 and by incriegsthe projectile contribution by
10% resulting in a reasonable fit of the experimental datgpetitle with their statistical errors
as shown in Fig. 86.
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Figure 86: Measuregdr integrated anti-proton densiti/dzr(zr) in p+C interactions com-
pared with a target-projectile superposition scheme vetiidrs 1.84 and 1.1, respectively, for
the target and projectile components. The yield from p+pag with dash-dotted line

The increase of thp yield by 10% in the projectile hemisphere with respect eodiect
estimation from p+p collisions is a first interesting consege 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% wittpet to the simple super-
position of elementary hadronization processes as claizet by the mean number of colli-
sions(r) and isospin symmetry, is a second important result. The iatmof this reduction
being relatively small it is nevertheless on the limit alemhby the experimental determination
both of () [5] and of the isospin effect on anti-proton production fragutrons [12].

Regarding the excitation mechanism of colliding hadronghgyexchange of gluons or
gluonic (charge and flavour-less) objects, the observetttsfare however to be expected. The
projectile interacts in its multiple collisions subseqtigmith "fresh” nucleons which did not
undergo previous exchanges. Hence its effective exaitdéeel will increase with(v). The
projectile on the other hand suffers in each collision a twfggs gluonic component such that
less excitation energy with the target nucleons can be exygthin subsequent interactions. In
this sense the nucleus may be regarded as a gluon filter, seemtéon of this phenomenology
by the term of "energy loss” giving only a very general and saiat misleading impression.

The anti-proton yields regarded here are especially semsa this notion as at SPS
energy thes-dependence of the production cross section is still ragtesp with about 10% per
GeV in /s [26]. This is in contrast to the production of mesons, with &6 GeV for mean
kaons [2] and only 3% per GeV for mean pions [40]. In this sehsestudy of pion yields in
the target hemisphere approaches a precise meas{ue[6f whereas the observed anti-proton
cross section indicates an effective loss/im of about 1 GeV in target fragmentation for p+C
collisions. Evidently the extension of this study to heaviaclei is of considerable interest in
this respect. The data on p+Pb collisions with controlledkredity available from NA49 will
illuminate this point, as is already visible in the preliramg results shown in [41].
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12.2  Double differential invariant densitiesf (xg, pt)/Cinel

Further details of the two-component hadronization meignaetailed above become
visible if comparing the double differential invariant degties to the optimized prediction from
target and projectile fragmentation obtained from jphdntegrated yields, see Fig. 86. This is
shown in Fig. 87 where the invariant cross sectif(sg, pr) per inelastic event (open circles)
are presented together with the predicted densities (id) |
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Figure 87: Double differential invariant anti-proton deies per inelastic event (open circles)
compared to the prediction from the two component fragmemtanechanism (full lines) as
a function ofzr, for different values opr between 0.1 and 1.3 GeV/c. The distributions for
differentp values are successively scaled down by 2 for better separati
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Three main features may be extracted from these plots:

— the target component reproduces, within the experimentais the densities predicted
from elementary interactions fgr < 1 GeV/c.

— the projectile component reveals a defipifedependence. The measurements fall below
the prediction fop; < 0.5 GeV/c and increase smoothly above the prediction alhose t
value.

— in the range o > 1 GeV/c the excess of the projectile component starts tandxte
well into the target hemisphere down:itp ~ -0.2.
This behaviour is detailed in Fig. 88 which presents therAtbetween measurement

and prediction for the; values shown in Fig. 87.
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Figure 88: Ratiak between measured and predicted anti-proton densitiedferaht p, values
between 0.1 and 1.3 GeV/c as a functiorugf. The full lines represent the parametrization
R = (1—Fg)+ RP™Fg

The same ratio is plotted against for different values of: in Fig. 89.

It should be stressed here that these experimental resalis atrong support of the
independent target-projectile fragmentation in p+C téons. The modification of thgr
distribution of the projectile component which superimg®gself to the 10% increase in total
yield, indicates that the Cronin effect, whose onset isbléshere, is limited to the projectile
hadronization. The increase of yields at highgmwhich extends well into the target hemisphere
might be due to an extension of the feed-over range wit{see also [5] for pions), although the
limited statistics does not allow for quantitative statetse The increase aR in the projectile
hemisphere may be parametrized as

RP™ = 0.9 4 0.35p% (25)

Its modification in the transition to the target hemispheréhien predicted by the pro-
jectile overlap functiontyy (Fig. 68) resulting in the full lines indicated in Figs. 88d89.

Further information is contained in the detailed comparigbthe average; values to
p+p interactions given in Fig. 90.
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Figure 89: Ratiak between measured and predicted anti-proton densitiesferaht « » values
as a function opr. The full lines represent the parametrizatiBnr= (1 — Fy) + RprOng
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Figure 90: a) comparison of averagge between p+p collisions (full line) and p+C interactions
(data points), b) difference ifpr) between p+C and p+p interactions. The full line in panel b)
represent the anti-proton overlap functigf from Sect. 11.1.1

The convergence of the difference {pr) towards zero in the backward hemisphere,

Fig. 90b, and its description by the overlap functigh Fig. 68, is to be regarded as yet another
manifestation of the two-component mechanism of hadrdioizas discussed in Sect. 11.

13 Proton production in p+C collisions: pr integrated yields

As in the preceding section on anti-protons, proton pradaawill be first discussed
using thep; integrated yieldgln/dx in order to clearly visualize and separate the three basic
contributions to the overall proton cross section. Aftaablshing the net proton density by
subtracting the yield of pair produced protons, the fragiagmm of the hit target nucleons, the
projectile fragmentation and the contribution from intnaclear cascading will be treated in
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turn.

13.1 Pair produced protons and net proton density

It has been shown above that the iso-triplet nature of bapganproduction imposes a
detailed follow-up of isospin effects all through the hadeation process. This means of course
that the yield of anti-protons is in general not identicahte yield of pair-produced protons. It is
therefore not sufficient to subtract the anti-proton dgresstestablished in the preceding section
from the proton yield in order to obtain the net proton densit the case of the asymmetric
p+C interaction, the equality of anti-proton and pair-proeld proton yields is only valid for
the target part of the overall cross section due to isoscadron nucleus, invoking isospin
symmetry. For the projectile component on the other hargldbes not apply. In the absence
of precision data for anti-proton production in n+C cobiss it may be assumed that the same
enhancement of pair-produced protons over anti-protons @sp interactions applies where a
factor of 1.6 has been established [12]. This modifies themgsition scheme for anti-protons
described in Sect. 12 by increasing the projectile contidioufrom 1.1 to 1.76 with respect
to the input p+p densities. The resultipg integrated density distribution for pair produced
protons (hereafter denoted g9 is shown in Fig. 91.
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Figure 91: Density distributiotin/dxr(xr) for pair produced protonsX) as a function of
(full line). The data points are the measured anti-protorsdes

This distribution is in contrast to Fig. 80 almost symmetia the comparison to the
measured anti-proton densities demonstrates that trgpirseffect is by no means negligible.

The corresponding net proton density distribution redutt® the subtraction of the pair
produced protons from the total proton density distributitable 7 and Fig. 52. It is presented
in Fig. 92 in therr range influenced by pair production, -G4zr < +0.4.

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

13.2 Target and projectile components in net proton produdbn

The fragmentation of those nucleons in the carbon nucleudwvane hit by the through-
going projectile, here called the "target component”, isuargity which should be closely
related to the proper superposition of net proton prodactiothe elementary p+p and p+n
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Figure 92: Density distributiorin/dz ¢ (x ) for protons (broken line) and for net protons (full
line) as a function of: - in the range -0.4 = < +0.4

interactions, multiplied by the number of projectile irtetions. Such a superposition has been
shown to describe the target component of the anti-proteldyj Sect. 12, up to a loss of
about 12% specific to multiple collisions and related to thersg) s-dependence of baryon pair
production. For baryons this loss should be negligible ashifwryon density is to first order
s-independent at SPS energy.

For the prediction of the target component, knowledge atheutwo basic contributions
from

ptp— p and p+tn—p (26)

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

p+p— N (27)

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

13.2.1 Isospin averaged net proton density from p+p caliisi

The py integrated proton and neutron densities dzr as measured by the NA49 ex-
periment are shown in Fig. 93 as dotted and broken lines. dtresponding net proton yield is
obtained by subtracting 1.6 times the measured anti-prg&dd. For the net neutron yield, the
subtraction of the measured anti-proton yield is indicdigdhe isospin symmetry of baryon
pair production. In the case of the isoscalar carbon nuckeasnple average of the two distri-
butions is to be performed as indicated by the full line in. 8.

13.2.2 Predicted target component of net proton production

In order to obtain the predicted target component of netgorptoduction in p+C inter-
action, the predicted yield from p+p collisions has to betipliéd by the number of projectile
collisions(r) = 1.6 and by the target overlap function, Sect. 11.2. Theltinguistribution is
shown in Fig. 94 together with the total net proton yield,tS£8.1.

As a first result it may be seen that the target componentyngatlrates the total yield
atrp ~ -0.2.
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Figure 93: Total and net proton density/dz r(x ), dotted lines, total and net neutron densities
(broken lines) together with the measured neutron crogmssddata points from [3]) and the
isospin averaged net proton density(full line), as a furcof x
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Figure 94: Total net proton densitly./dxr(zr), broken line, and predicted target contribution
(full line) as a function ofc r

13.3 The projectile component of net proton production

The subtraction of the predicted target component from thegadl net proton density,
Fig. 94, allows now for the extraction of the projectile campnt of the p+C interaction. This
is demonstrated in Fig. 95 which shows the net projectilemment (full line) in comparison
with the net projectile component in p+p collisions (brokee, Sect. 11.2).
Several features of these distributions are noteworthy:
— this study allows for the first time the isolation of the nettpn projectile component in
p+A collisions over the full phase space
— in principle this net proton component is strongly consteai by baryon number con-
servation in comparison to p+p collisions, to the extent tha surface under the two
distributions should be equal up to second order effectditelative increase of neutron
or hyperon production.
— in fact the integrated yields are 0.547 and 0.52 net protensnelastic event for p+p
and p+C interactions, respectively. In view of the mulggstnethodology involved in
extracting this experimental result, the agreement toiwighout 5% is certainly com-
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Figure 95: Net proton densityn/dzr(xr) for the projectile component in p+C interactions
(full line) and in p+p collisions (broken line) as a functiohx . The shaded area indicates the
onset of the contribution from the nuclear component in pAt€ractions

patible with the systematic uncertainties.

— arelative increase of the net neutron yield, which is ing@ple not excluded in multiple
hadronic interactions, is improbable as it has been shayen$ect. 10.3, that the baryon
number transfer is identical for neutrons and protons.

— a relative increase of hyperon production can as well onlehianited influence as an
increase of\ andX production by 50% would only reduce the observed differdrama
5% to 4%.

— the shapes of the two distributions are rather similar, witthownward shift of about
0.15 units inzr in p+C except for the diffractive region which is governeddiggle
projectile collisions

— atzp < -0.2 there is a steep increase of the target-subtractedtyléstsaded region in
Fig. 95) which is due to the tail of protons from intra-nucleascading. This contribu-
tion will be discussed in detail below (Sect. 13.4). It is lewer to be noted that a clean
separation of the projectile component from both the tazget the nuclear cascading
contributions is being achieved at SPS energy. At lower amesgges, the nuclear com-
ponent will extend into higher ranges, covering = 0 at AGS energy, as it scales in
piab Frather thane .

It is interesting to extract the projectile overlap funativom the ratioRg”et, see (22),
between the projectile component and the symmetrized detasity. This is shown in Fig. 96
in comparison with the corresponding function in p+p calis.

As a further important result of this study it may be stateat th multiple collisions the
width of the proton feed-over from the projectile to the &trlgemisphere widens. In view of the
discussion of resonance decay in Sect. 11.3 above, thisiviimutompatible with an increase
of the effective mass in the process of projectile excitatio

13.4 The nuclear component of net proton production

If the subtraction of the target component from the totalpreton density distribution
reveals the projectile componentat > -0.2, it also should allow for the extraction of the
nuclear component at- < -0.2. Here the nuclear component is defined as the retaradgoinpr
density produced by the intra-nuclear cascading of nusléaliowing the momentum transfer
from the projectile to the nucleus, as opposed to the promagiientation of those nucleons
which are hit by the projectile.
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Figure 96: Projectile overlap functidf"*(xr) as a function of: from p+C interactions (full
line) compared to the same function from p+p interactiomsken line)

The situation is clarified in Fig. 97 which shows the total peiton densitydn /dz g
for xp < -0.2 (full line) together with the target component disats the preceding section
(broken line), Fig. 94.
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Figure 97: Net proton densityn/dz as a function ofcr in the range -1.6< zr < -0.2. Full
line: total measured yield, broken line: predicted targehponent

The subtraction of the target component from the total yiEld. 98 (full line), results
in a rather particular pattern.

This pattern features two distinct regionsap. For the region oft0.2 units around
xpr = -1, an abrupt bipolar instability arises from the preseoica diffractive peak in the pre-
dicted target component, whereas for the regions 1.6 < -1.2 and -0.8< zr < -0.2 a
smoothz - distribution results which is well fitted by a Gaussian of thien

d @ p+0.92)2
é = 0.95¢" doz0s2 (28)
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Figure 98: Net proton densityn/dzr as a function ofcr in the region -1.6< zp < -0.2
resulting from the subtraction of the predicted target dgrisom the total measured proton
yield (full line) and a Gaussian fit to the difference in theotregions -1.6< zr < -1.2 and
-0.8< zr < -0.2, broken line

centered at» = -0.92 with an rms of 0.265 as shown by the broken line in Rgg. 9

The diffractive component of the predicted target dendityudd show up in any mea-
surement of the total proton density in the region arouwpd= -1 if the nuclear component
would have as expected a smooth behaviour across this reygsaming the Gaussian fit to
describe this smooth behaviour one may tentatively sutdin@cGaussian shape from the total
proton density as shown in Fig. 99.

Figure 99: Net proton densities:/dzr in the region -1.6< xr < -0.2 as a function ofp,
full line total measured yield, broken line Gaussian fit te target density in the regions -
1.6< zr <-1.2and -0.8 zr < -0.2, dotted line difference of the two distributions
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This results in a modified target component (dotted line g1 B®) which reaches down
to xr values at- -1.2 and goes smoothly through = -1. The difference between the modified
and predicted target component is bipolar arowpd: -1 and conserves, to first order, the total
integrated density, as shown in Fig. 100.
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Figure 100: a) Difference between the modified target corapb(Fig. 97, broken line) and
the predicted component obtained by subtraction of the Sansuclear component (Fig. 99,
dotted line). b) Gaussian longitudinal proton densityribstion as obtained in quasi-elastic
scattering of alpha-alpha collisionsgk = 30 GeV/nucleon at the CERN ISR [45]

In this context the action of the Fermi motion of the hit natle on the momentum
distribution of protons in the diffractive peak should beaked. Fermi motion may be approx-
imated by a Gaussian momentum distribution of about 75 MeM&kwidth in the nuclear rest
system. This translates at SPS energy to an rms width of &085 inxz». Low momentum
transfer processes like quasi-elastic scattering oradifion convolute with this momentum dis-
tribution. This leads to a smearing of the peak structureatdtarized by a base width af2-3
times the Fermi rms around- = -1. This is quantified by the Gaussiap distribution with rms
0.085 in Fig. 100b which covers exactly the range of the aleskdeviation from the predicted
diffractive peak. This convolution has been studied in geéastic alpha-alpha scattering at the
CERN ISR [45] where it was shown that low momentum transfesaatering processes have
only small influence on the longitudinal width in contrastasubstantial broadening of the
transverse momentum distribution, see Sect.14 below.
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The extracted width of the nuclear component in longitudmamentum with an rms
of 0.265 units inzx is much larger than the spread expected from Fermi motiois. fEature
is known from quite a number of experiments since some dad&jiéut is shown here for the
first time to be symmetric, however not aroungd= -1 but around:» = -0.92. This substantial
transfer of baryon number needs comment. One effective amesim contributing to the transfer
of nucleons in longitudinal momentum is certainly the prcithn of pions in the intra-nuclear
cascade. In the excitation @f= 3/2 states at pion threshold, the decay products are bhedte
xr =-0.85 andrr = -0.15, respectively, for protons and pions, and for isslad - ~ -1. For
isobar masses above threshold thevalues of the decay baryons will shift further up.

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

The Gaussian distribution of the nuclear component, Figiri8grates to 0.6 protons
per inelastic event, see Sect. 13.6 below. Isospin symmaatiythe absence of charge exchange
in the primary p+C interaction at SPS energy ask for an equadlber of neutrons to be pro-
duced. This means that every fourth proton in the nuclearacksproduces a pion. In the decay
of the isospin 3/2 isobars involved with pion productiore ttecay protons are transferred to
xr = -0.85 at pion threshold with the decay pions being centted-& -0.15 for low lab mo-
menta. Integrating over the pion transverse momentumilaligion this center shifts down to
about -0.2 [6] with a rather long tail towards lowef. The corresponding nucleons will be
placed atrr = -0.8 and above. The center of the nuclear component-at -0.92 is there-
fore compatible with pion production in the nuclear cascadésobar excitation near threshold
and the subsequent decay into baryons and pions. The syynaoféetie nuclear component
would however ask for a bigger pion yield at about one pioneegry second proton. Here
de-excitation processes without pion emission like firalestsobar-nucleon re-scattering could
be involved to reduce the pion yield.

In conclusion of the preceding sections @nintegrated proton distributions it may be
stated that a three-component mechanism of convincingnaltteonsistency has been estab-
lished in a quantitative and precise way. These three coemisrare defined by

— the fragmentation of the projectile which obeys baryon nendonservation and shows
a transfer in longitudinal momentum corresponding to 0.4ifsuin Feynmarn .

— the prompt fragmentation of the nucleons hit by the projeclihis component has been
predicted from elementary proton-nucleon interactionsking isospin symmetry and
the mean number of projectile collisions.

— the nuclear component which arises from intra-nuclearaming and is partially ac-
companied by pion production.

At SPS energy the nuclear component extends upxte= -0.2. It is well separated
from the projectile fragmentation which feeds over intotdrget hemisphere down to the same
value ofxr = -0.2. The target fragmentation in turn reaches from= +0.2 down toryp = -
1.2. The latter range is well beyond the kinematic limit ofrekntary fragmentation with a
diffractive peak close to and abowe = -1. This sharp diffractive structure is evidently diluted
and smoothed by quasi-elastic re-scattering of its low-eromm nucleons in accordance with
experimental results from other experiments.
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13.5 Aremark abouts-dependence

If the SPS energy range is, as shown above, a well suitedrégiothe separation of the
three components contributing to the measured net baryasitgigt is interesting to look at the
expected evolution witR/s.

13.5.1 The nuclear component

The study [6] of backward proton production in p+C interact shows that only small
changes in the momentum distributions are to be expecteddrgdsing,/s to RHIC energy
and beyond, or by decreasing it into the AGS energy regiatedd one has to move down to
/s below about 3 GeV in order to see threshold effects drastioadlucing the proton density.
In terms of the range im» covered by the nuclear component, however, kinematicewié¢nd
the upper limit of~ -0.25 at SPS energy to higher values until= 0 is reached ay/s ~ 4 GeV.
This purely kinematic effect is presented in Fig. 101 wheras plotted as a function of {/s
for two values ofp;op and three values gfr.
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7P, =0.2 GeVic |
-p, =0.4 GeVic p,, = 2 GeVic |
0

| P =1 GeV/c |

-0.5 _

TR SN I TSN T A SO S S AN S N A
0 0.1 0.2 0.3 0.4
1Ns [GeV

Figure 101z, as a function of 1y/s for piapb = 1 and 2 GeV/c, varyingr from 0 to 0.4 GeV/c

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

13.5.2 The target fragmentation

As shown above prompt net baryons from target fragmentatierwell described by
the superposition of elementary proton-nucleon collisidfith increasing,/s this means that
this contribution will move back i due to increasing transparency until at the highest ISR
and at RHIC energies the central region around= 0 will be only populated by pair pro-
duced baryons. In they region below~ -0.3 the yields will not change appreciably due to
the approximate scaling behaviour. Towards loyerthe feed-over of the target fragmentation
into the projectile hemisphere will accordingly increaSegether with the increasing nuclear
component a clear separation will therefore become morvad.
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13.5.3 The projectile component

The evolution of the projectile component with collisioreegy is of considerable inter-
est as it carries unique information about multiple hadra@ailisions. Since its diffractive part
is connected - for minimum bias p+A collisions - to the fraatiof single projectile collisions
which is as discussed above on a level of 60% for p+C intemastithere should be approxima-
tive energy scaling with a progressive widening of the peakards lower energies as measured
in p+p interactions. For the non-diffractive part the sitolis however much less clear, in par-
ticular as there is no theoretical understanding of the mlegiebaryon number transfer and as
there is only very limited experimental information avalkaon the required level of precision.
It has been shown above that the net baryon density distiibahifts downward by 0.15 units
of z in p+C collisions, the same shift being observed for the noagt It has also been shown
that this baryon number transfer increases with centrasityndicated by the dependence on the
number of grey protons. It has also in addition been indetc#tat resonance production and
decay presents a very effective source of baryon tran$feith increasing interaction energy
the excitation of the projectile proton in its multiple dsibns also increases and therefore the
spectrum of produced resonances extends to higher massesdtction of central net baryon
density via transparency should be reduced or even comeehgst lower /s the situation
should become, as for the two other contributions, more wlesdue to the increased mutual
overlap of the different components.

13.6 Proton and net proton multiplicities

Using thepy integrated density distributions:/dx» extracted above for the inclusive
p+C interaction as well as for the different sub-componehtscorresponding baryonic multi-
plicities may now be determined by integration ower This results in the following numbers:

inclusive proton multiplicity ~ (n,) = 1.881 (29)
inclusive anti-proton multiplicity ~ (np) = 0.052 (30)
multiplicity of pair produced protons  (np) = 0.0653 (32)
inclusive net proton multiplicity <nBe‘) = 1.816 (32)

There are two predictions respectively for the net projectomponent and for the ex-
pected net target component established from the elenygmtarcollisions [3]:

predicted net projectile component (n§"*?*% = 0.550 (33)

This assumes baryon number conservation and a negligitriease in neutron and hy-
peron production.

predicted net target component <n}j’"9'pre‘§ = 0.690 (34)

This uses isospin invariance and the measured number ofdjegtle collisions.
Subtracting the predicted target component from the t@aproton density in the pro-
jectile fragmentation region, the multiplicity of net peagile protons is measured as

measured net projectile component (ng"’j*me""3 = 0.520 (35)

which reproduces the expected multiplicity to within 5.5%@ldeaves room for some increase
of the hyperon yields in p+C collisions.
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Subtracting the predicted target component from the tagbroton density in the back-
ward region, the nuclear component is measured as

measured nuclear component (n"cmeas — ( 655 (36)

A Gauss fit to the nuclear component in the symmetric regidmiseotarget-subtracted
proton density yields the multiplicity

Gaussian nuclear component (n"¢G24s§ — ( 631 (37)

which complies to within 3.6% with the straight-forward salztion.

Finally there is the modified target component obtained ltraation of the Gaussian
nuclear component from the overall proton density whichatin®the diffractive peak in accor-
dance with the Fermi motion of the hit nucleons. This modifadet component results in the
multiplicity

modified target component  (n®9M°% — (.670 (38)

which reproduces the predicted multiplicity (34) to witl#r®%.

In conclusion it may be stated that the total measured nébpraultiplicity of 1.82 per
inelastic event is made up by the superposition of three coreipts of comparable magnitude,
namely a projectile multiplicity of 0.52, a target multigly of 0.67 and a nuclear component
of 0.63 units. The multiplicities of anti-protons and paiog@uced protons are 0.052 and 0.0653,
respectively, corresponding to 2.9% and 3.6% of the totepraon yield.

14 Proton production in p+C collisions: p; dependence

Following the study ofpr integrated yields in the preceding section, the double-
differential proton cross sections will now be studied foe three components of projectile
fragmentation, target fragmentation, and nuclear casgadhus adding the transverse dimen-
sion to the experimental scrutiny. In order to comply with thscussion of the integrated proton
yieldsdn/dzr, Sect. 13, the double differential cross sections will beduis their non-invariant
form

1 d*n 27 /s f(zp,pr)
prdrpdpr  Oinel 2 E

see also (10). In a first step, the net proton cross sectidhbevdefined using the results on
anti-protons, Sect. 12. A detailed comparison of the oVéatkward cross sections with the
predicted contribution from target fragmentation will eaV a necessary; dependent modi-

fication of this component which will then be employed to egtrin turn the projectile and

nuclear components in thei- dependence.

(39)

14.1 Pair produced protons and net proton density

Using the results of the discussion of the double diffeedmatinti-proton yields and their
separation into target and projectile components in S@c2, the yield of pair produced protons
may be estimated by multiplying the projectile componeniigjisospin factor 1.6, maintaining
thepr enhancement as parametrized in (25). The target compdagstejual to the anti-proton
yield due to isospin symmetry. The total and the resultingpmeton densities are shown in
Fig. 102 as a function of  for different values opr.

82



|—10\|\\\\\\‘\\\‘\\\|\

x p. [GeVic] |

—P
T Pp-p j
o b b b
-04 -02 O 02 04

Xe

Figure 102: Total and net proton densvlyW as a function ofr for different p; values
indicated in the panel. The distributionygt = 0.2 GeV/c is multiplied by factor of 1.2 for better
separation

14.2 Target component

As discussed in Sect. 13.2.2 the target component of nedmppbduction in p+C inter-
actions may be predicted from p+p collisions using the nurabprojectile collisiongv) = 1.6,
the target overlap functiongvnet (22) and Fig. 71, and the measured proton and neutron cross
sections [3]. The only additional assumption to be madeHferdouble differential yield is the
equality of thepy distributions for neutrons and protons, see [3] for experital evidence. The
result for the target component and its subtraction fromaverall proton yield is shown in
Fig. 103.

Compared to the same prediction and subtraction fopttietegrated densities, Figs. 94
and 95, apr dependence becomes visible. It is the region pbetween -0.2 and -0.3 which
is extremely sensitive to the predicted target yield. Ah$ngerse momenta below the mean
(Fig. 55) the prediction overshoots the total density byal20%, whereas for highex: it falls
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Figure 103: Double differential net proton yie]ljg dm‘fgm as a function ofc for five different

values ofpr. Full line: total yield, broken line: predicted target coomgnt, and dotted line:
after subtraction of the target component

low by up to 40% apr = 1 GeV/c. In thisz region neither the possible projectile feed-over
nor the nuclear component may explain, by their limitgdange, the observeg- dependence.
Instead a yield suppression at gy followed by an enhancement at high similar to the one
found for anti-protons, Sect. 12.2, has to be invoked alsthi® target contribution. In order to
preserve a physical- dependence of the projectile and nuclear components, ste $¢.3 and
14.4 below, anc dependent pattern of the target enhancement as shown ia@gmposes
itself.
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Figure 104: Enhancement factor of the target component a)fasction ofx for p; values
between 0.2 and 1 GeV/c and b) as a functiop;ofor x» =-0.25. The shaded region represents
the error margins
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This phenomenon is also borne out by a comparison of the meaalues between p+C
and p+p interactions shown in Fig. 105.
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Figure 105: Comparison of the meap values of protons in p+C (open circles) and p+p inter-
actions (closed circles) as a functionzgf from z» = -1.0 toxr = +0.95

If the target component would showpa dependence equivalent to p+p interactions,
the mearp values should approach the ones for p+p:ataround -0.2 to -0.3 where target
fragmentation prevails.

Applying this enhancement, the target component and itsaction from the total mea-
sured yield take the pattern shown in Fig. 106.
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Figure 106: Double differential net proton yi {dl dxfc’;pT as a function of:  for five values of

pr. Full line: total yield, broken line: predicted enhancedy& component, dotted line: after
subtraction of the enhanced target component
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This subtraction leaves clearly defined and separatedgtilejand nuclear components
which will be discussed in the subsequent sections

14.3 The projectile component

The hadronization of the projectile is already clearlyliisin the dotted line of Fig. 106.
It saturates the total yield at- > 0.2 and comes down to zeroat ~ -0.2 due to the limited
range of the baryonic overlap function. In order to put thekdviour in perspective as far as
the zr distributions for different transverse momenta are cameerthe projectile components
normalized to their maximum densities are presented in1Eg.
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Figure 107: Net proton densi% d;fng from projectile fragmentation as a function of

normalized to its maximum value for fiye- values between 0.2 and 1 GeV/c

Compared to thgr integrated distribution, Fig. 95, there is a clear depend@fibaryon
number transfer op,. The maximum density shifts from; = 0.3 at lowpr to xr = 0.1 at
1 GeV/c. The density atr = 0.6 corresponding to low mass excitation is strongly redweigh
increasingyr whereas the transfer function is successively extendirtgduinto the backward
hemisphere.

Further information concerning the- dependence comes from a direct comparison to
p+p interactions. Extracting the projectile componentrfrine symmetric p+p collision using
the baryonic overlap function determined in Sect. 11.1 #tie r

o (L )"C /(L )"p (@0)
pr dxpdpr pr dxpdpr

may be obtained as shown in Fig. 108 as a functiop,dior different values ofr .

A clear increase witlpr of the net proton yields is visible for all values of.. The
overall increase of the cross sections with decreasjng due to the general baryon number
transfer in p+C interactions visible in th integrated distributions of Fig. 57 ("minimum bias”
compared to p+p). This can be normalized out by multiplyk¥ by the integrated density
ratio between p+p and p+C collisions:
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Figure 108: Density ratid’™ of the projectile components of p+C and p+p interactions as a
function ofpr for different values of: »
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The resulting ratioRP' is shown in Fig. 109 again as a function f for different
values ofz .
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Figure 109: Normalized density ratigf’® as a function ofy; for different values of:
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The wide spread observed in Fig. 108 reduces to a narrow blapgd enhancements
which are about independent op except for ther range approaching diffraction. Again, as
for pin Sect. 12.2 and for the target component in the precediogos, the normalized densi-
ties are reduced by 10-20% at loww and enhanced to factors of about 1.5at 1.5 GeV/c.

14.4  The nuclear component

The onset of the contribution from nuclear cascading isaalyevisible in Fig. 106 by
the dotted lines at» < -0.25. This range is extended to the far backward hemispleva to
xr =-1.6 in Fig. 110. In this Figure the total proton density firedicted target contribution
and the target subtracted yield are shown as a functian-dbr five values ofp; between 0.2
and 1 GeV/c.
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Figure 110: Double differential net proton yield as a fuontof z  for five values ofy;. Broken
line: total proton yield, dotted line: predicted target tidsution, full line: target subtracted
proton density

As already discussed for the integrated densities in Sect. 13.4 (Figs. 97 and 98), the
presence of the diffractive peak from proton fragmentatiotie predicted target contribution
creates a sharp spike betwegn~ -0.9 andx =-1.0 which should be visible in the total proton
density distribution in this area. The absence of such &traén the measured yield indicates,
as argued in Sect. 13.4, a smoothing of the predicted steucta quasi-elastic re-scattering of
the diffrative protons inside the Carbon nucleus. Thisaattering extends typically up t60.2
units ofzr aroundr r = -1 [45]. Beyond this range the target subtracted yield sh@@aussian
behaviour as presented in Fig. 111.

The fit parameters show, within tight errors, a stable medmevia = between -0.92
and -0.93 in agreement with th integrated fit (28). The rms deviation increases wittirom
0.22to 0.3 units of . Thep; dependences of the maximum density and of the yield intedrat
overxr are shown in Fig. 112.
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Figure 111: Double differential, target subtracted progesids as a function of  for -1.6 <
xr < -0.3 with the exclusion of the range -14 =z < -0.8 for five values opr between
0.2 and 1.0 GeV/c. Superimposed as full lines are Gauss&gawitih mean valuesrr) ando
indicated in each panel. The last panel shows plots:gj (left scale) and (right scale) as a
function ofpr
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Figure 112: a) Maximum proton density and b) yi%Jded%’; integrated over:r of the nuclear
component as a function g@f-. The full lines represent data interpolations, the brokees|
correspond to the; dependence of the proton density in p+p interactionis at = 0.95 [3],

normalized apr = 0.4 GeV/c

It is interesting to observe that the dependence of the nuclear component is not Gaus-
sian and corresponds to the one measured in the diffraemien of p+p interactions [3].
Using the Gaussian fits as an estimator of the nuclear compamaodified target com-
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ponent may be obtained by subtracting these fitted denbibiesthe total proton yield as shown
in Fig. 113.
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Figure 113: Double differential proton yields as a functadn: - for five values ofpr. Broken
lines: total proton yield, dotted lines: Gaussian fit to thielear component, full lines: modified
target component obtained by the subtraction of the Gau§issafrom the total proton density

The resulting modified target component extends naw:tgalues below -1.0 and shows
a smooth behaviour through the region of proton diffractiosccordance with thg; integrated
yield, Sect. 13.4.

15 Conclusion

As part of a comprehensive study of hadronic productionementary and nuclear col-
lisions at the SPS, new data from the NA49 experiment on pr@toti-proton, neutron and light
ion production in minimum bias p+C interactions are preseéniaking full use of the accep-
tance coverage and the particle identification capatslitiethe NA49 detector, a wide phase
space area from the far forward direction at Feynmarof 0.95 to the far backward direction
down toz = -0.8 has been exploited. Using available data from a Fab@kperiment the data
coverage could be further extended into the nuclear fraggien region down ta: ~ -2.0.

In addition, deuteron and triton production have been stiidi the lab momentum range from
0.25to 3 GeV/c making available there for the first time cesstions in the low to mediumy
region. In addition a limited amount of data with grey protatection allows for a first look at
the centrality dependence of baryon number transfer.

Given the complete phase space coverage of the combinedatathe main aim of this
publication is the separation and isolation of the threemmments of hadronization in p+C col-
lisions, namely projectile fragmentation, target fragtagion and nuclear cascading. This study
has been conducted both for integrated quantities and using double differential ceessions
to obtain a complete view of ther dependence. For this aim, the baryonic overlap functions

90



from the projectile to the target regions and vice versa lmaen determined experimentally
using both the elementary p+p and the asymmetric p+C irtierec This has been achieved in
a completely model-independent way relying essentiallyparyon number conservation and
isospin symmetry. For anti-proton production the abserice ruclear contribution has been
shown and the superposition of the target and the projdcéiggnentation has been established
using the known number of projectile collisions inside trelidn nucleus. This allows for the
definition of the yield of pair produced protons and therebyget proton densities.

In contrast to the a priory unknown projectile and nucleanponents, the target frag-
mentation occupies a special place as it should at leasstmfider be describable by a super-
position of single nucleon fragmentations taking of coumse account the number of projectile
collisions and isospin effects. This approach works out feelp, integrated proton densities
with the exception of the diffractive contribution contachin the elementary interactions. This
contribution is evidently smeared out by secondary, gakstic interactions of the correspond-
ing low momentum protons in the nuclear rest system. Theracidn of the thus predicted
target component yields both the projectile and the nudearponents. The former is proven
to preserve baryon number combined with a sizeable amouvdrgbn transfer of order 0.15
units of zx. The latter turns out to have a Gaussian shapericentred atrr = -0.92 with a
substantial FWHM of 0.6 units far in excess of the narrawdistribution centred close to -1.0
which might be expected from Fermi motion alone. In the cdgte p+C collisions studied
here, the three components have comparable total yield$2f 0.67 and 0.65 net protons re-
spectively for the projectile, target and nuclear contiidms. This sums up to 1.84 net protons
in total which complies with the direct yield integrationwathin 1%.

The study of double differential cross sections gives acteshe additional dimension
of transverse momentum. All three components show a digtiamesverse activity which goes
beyond the naive expectation from elementary collisiomsiatear binding. The projectile com-
ponent features, both for protons and anti-protons, a &sgmn by 10-20% at loy- followed
by an enhancement of about 50%at= 1.5 GeV/c. This pattern is rathef. independent in the
forward hemisphere. The target component shows a simileaeur, however with a distinct
xr dependence centredat ~ -0.3. The nuclear component finally has a wide, non-Gaussian
pr dependence which goes far beyond the one expected from Fertioin and which is shown
to be comparable to the one measured in the diffractive negfip+p interactions.

As for the previous publications [1-4] the measured cross@es and two-dimensional
interpolation values are available on the Web Site [46].
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