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Abstract

The new data on pion production in p+C interactions from t#el®l experiment at the
CERN SPS are used for a detailed study of hadronization icdhision of protons with
light nuclei. The comparison to the extensive set of datafpa-p collisions obtained with
the same detector allows for the separation and extracfitreqrojectile and target con-
tributions to the pion yield both in longitudinal and in texerse momentum.
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1 Introduction

Hadron-nucleus interactions constitute a unique laboydtw the study of hadronization
in the non-perturbative sector of QCD by offering, in partér, access to multiple hadronic
collision processes and by opening an important link to ewsinucleus reactions. In fact the
latter process cannot be understood properly withouteafs to the more elementary hadron-
hadron and hadron-nucleus interactions. Past attempitssifi¢ld have been largely frustrated
by the absence of detailed and consistent data sets botthfrdnon-hadron and from hadron-
nucleus collisions. The NA49 experiment aims at providinghsdata sets obtained with the
same detector over a wide range of projectile and target swatbns [1] by measuring yields
of identified secondaries with a dense coverage of the &laifthase space.

A recent publication concerning pion production in p+p isodins [2] has now been fol-
lowed by data of similar quality from minimume-bias p+C irdetions [3]. This allows for a new
attempt at comparing both reactions and extracting quivet information about hadroniza-
tion involving light nuclei. The hadronization process iadnon-nucleus interactions consists
of three distinct components:

— The projectile fragmentation which carries the imprint dfltiple collisions in nuclear
matter and is the part of principle interest for this study.

— The fragmentation of the participating target nucleons.

— The contribution from intranuclear cascading which is gatezl by the propagation and
interaction of the participating nucleons and produceddrglinside the nucleus.

The separation of the three components is non-trivial g tbibe conducted in a model-
independent way. It has been demonstrated by NA49 for thetifine in p+Pb collisions con-
cerning net proton production [1]. In this case the full rara projectile and target combina-
tions available to the experiment has been used, with bamyamber conservation as the only
external constraint.

For pions the situation is more complex as there is ho coaservlaw (except charge
conservation) to be exploited. In addition the target cdiscppart extends closer to the cen-
tral region than for protons, up tor- values of about -0.05. Both the target and the projectile
components feed-over into the respective opposite hemisptwith a priori unknown ranges
and shapes of the longitudinal momentum distributionssélparameters should be determined
experimentally without taking recourse to unfounded meadsiumptions.

The present study will attempt the quantification and semaraf the relevant compo-
nents, with a special view to the extraction of the projeatibntribution in its longitudinal and
transverse momentum behaviour. For this aim the referemtieet elementary hadron-proton
interactions is absolutely essential and most of the argtatien will be established in direct
comparison to these processes, invoking isospin symmsetanamportant constraint for the
constitution of the target contribution.

In its first part the paper deals with- integratedr » distributions since the superposition
process is to first order a matter of longitudinal momentuacep After a presentation of the
longitudinal pion yields in relation to p+p collisions in@e2, constraints on the overlap of tar-
get and projectile components from elementary interastawa developed in Sect. 3, resulting in
a two-component picture of these collisions. This two-comgnt picture is applied to the p+C
reaction in Sect. 4 which provides detailed informationwtlibe target and projectile fragmen-
tation. Nuclear aspects are discussed in Sect. 5, followeldeébquantification of the cascading
contribution in Sect. 6. This allows for the extraction o€ tmultiple collision part of the inter-
action for a number of typical observables, and a compatisdime centrality-constrained data
available from the experiment in Sect. 7.



In its second part the paper will exploit the more detailetaweour of double inclu-
sive cross sections which give access to the study of trassveomentum behaviour. Sect. 8
presents the generg}- dependencies in relation to p+p interactions and Sect. feadés in
particular the behaviour towards highgrup to about 1.8 GeV/c. A discussion of the mass and
pr dependence of the feed-over mechanism in relation to resendecay will close the paper
in Sect. 10.

Part |
pr Integrated xy Distributions

2 Comparison to p+p interactions
2.1 Charge-averagexy distributions

The most general reduction of the multiparticle phase spap@n production that may
be obtained is thg integrated, charge-averaged = (7 + 7 ~)/2) longitudinal momentum
distribution, in the following characterized by the scgliariable

p = (1)

Vs/2

wherep;, and./s are given in the nucleon-nucleon cms. This distributionampared to the
p+p interaction [2] by forming the ratio

(dn/dxp)PC
(dn/dxp)PP

and shown in Fig. 1. Here the integrated pion densitie&ix are obtained from the interpo-
lated double differential cross sections as describedtailde [2] and [3].

R(zp) = (2)
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Figure 1: RatioR(zr) as a function ofrr for the charge-average pigmr). The data points
concerned by an extrapolation of the lpy region are given as open circles
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Since the acceptance for particle identification of the NAlégector imposes a limit [3]
at xr = -0.03 for the complete integration of tipe distributions, a slight extrapolation con-
cerning the lowesp; range of the integration, tor = -0.1 is also indicated in Fig. 1. This
extrapolation uses an extension of the data interpolatemeldped for the p+C data [3] into
the non-measured region pf. It is based on the assumption tiashould be described by an
isoscalar superposition of the proton-nucleon cross@eatithe target fragmentation region as
quantified in Sect. 8. It will be justified in successive steEplowing the line of argumentation
throughout this paper. The data points concerned are giwvepen circles in Fig. 1. The upper
limit of the comparison at» = 0.5 is due to the limited event statistics in the p+C datagam

Several features of interest emerge from this first compari§he ratio R decreases
smoothly from about 1.6 at the limit of = -0.1 via 1.38 atrr = 0 to a value of 0.85 at
xzp = 0.5. The factor 1.6 is close to the expected mean numberogégiile collisions(v) in-
side the Carbon nucleus (see Sect. 5) and the value 188 at0 is close to the expectation
((v) + 1)/2 from the most straight-forward projectile-targeperposition scheme [4]. The de-
crease of particle density in the far forward direction tscaknown phenomenon of projectile
fragmentation. It corresponds to the dependence of the exponentn the parametrization

do o

. A 3)
where A is the nuclear weight. For a limited range in transsenomentum and for the far
forward directione has been shown to decrease as a functiorn-db].

The increased particle density in the region 9.1 < 0.2 on the other hand is due to the
superposition of the two principle components of the haidiaiion process, namely the target
nucleons participating in the collision and the projedtielf. The quantification and extraction
of these two basic ingredients to the p+A interaction is tlennaim of this study which can
for the first time make full use of the important transitiogim between the two components.
This transition region will be shown to be located betweenlitmits -0.1< z» < 0.1.

A first indication concerning the validity of the extrapatat towardsz = -0.1 used in
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Figure 2: RatioR(zr) as a function ofc for the charge-average pidn) obtained with lower
integration limits apr = 0, 0.2 and 0.4 GeV/c. The data points concerned by an exatipo
of the lowp region are given as open symbols



Fig. 1 is obtained by studying the sensitivity of the inteégdayields to a lower cut-off ip; as
shown in Fig. 2.

Here the ratioR(z ) is obtained for lower integration limits @t = 0, 0.2 and 0.4 GeV/c.
For the latter value the full region down tg- = -0.1 is experimentally available. It appears
that the effect of the successively increasing cut-offsndle few percent level for negative
xr and can therefore be considered as a second order phenontefinds its explanation
in the pr dependence of the range in- of the projectile feed-over as discussed in Sect. 9.
The quantitatively larger effect in the forward hemisphiereoteworthy. It has its origin in the
sizeable increase ifpr) for p+C compared to p+p interactions with ultimately verypontant
pr dependencies in the range > 1.5 GeV/c (Sect. 8).

2.2 Charge dependence

The yield ratioR(xr) is plotted separately for™ and7~ secondaries in Fig. 3. Evidently
there are differences both in the far forward, the projedtémisphere, and more pronounced,
in the backward region. The former effect results in a sileaitrease of the™ /7~ ratio for
xp > 0.3 and signals an important modification of the projectégmentation mechanism. The
latter effect is directly related to the target. Due to isSngymmetry [6] the neutron content of
the Carbon nucleus enhances theand suppresses the yields from the target relative to the
p+p interaction. The observation of the/7~ ratio in this region can therefore provide direct,
model-independent access to the relative target coniiiout
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Figure 3: RatioR(zr) as a function ofcr without pr cut off (two upper panels) and withy,
cut off included (two lower panels) for a) and €}, b) and d)=~. The data points concerned
by an extrapolation of the loy; region are given as open symbols
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The ratio R for different lower cut-offs in the, integration is also shown in Fig. 3. For
7 alocal maximum of R at» ~ -0.05 is followed by a decrease towards lower For7— on
the other hand a steady increase of R through the same refgignie observed. These effects
will be studied quantitatively in Sect. 4.

2.3 Charge ratios

The effects discussed above result in a strong backwavdafdrasymmetry of the charge
ratio

(dn/dzp)™ (vp)

Re(@r) = (Gn faw ) (o) @
for the p+C interaction as compared to p+p. This is demotestran Fig. 4 which showsz,
for both the p+C and the p+p reaction as a function:gf An enlarged view of the central
and backward: regions is also presented in Fig. 4 for differgatcut-offs in the transverse
momentum integration, giving further support to the exttapon used at loww;.
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Figure 4:pr integratedr /7~ ratio as a function af » in p+p and p+C a) withoui; cut off and
b) with pr cut off included as the data points in p+p collisions aretptbonly up tor» = 0.02.
The data points concerned by an extrapolation of thegpwegion are given as open symbols

Again invoking isospin symmetry, an approachifto unity will indicate the region of
prevailing target fragmentation, whereas an approachawalues measured in p+p collisions
will signal the prevalence of projectile fragmentationdéed the plots of Fig. 4 allow to argue
that both expectations are fulfilled in the regions < -0.1 andzr > +0.1, respectively. The
situation is, however, more complex in detail. The apprdach,. = 1 is not smooth but shows
structure with a local maximum atr ~ -0.05, and theR. values for positive: - approach but
do not quite reach the ones measured in p+p collisions below 0.2. Forzr > 0.3 on the
other hand, they start to exceed these values. A more detiigdeussion of these second-order
effects will be given in Sect. 4 below.



3 Projectile and target contributions in elementary interactions

The superposition and separation of the target and prigemtimponents in p+A col-
lisions is a main ingredient for the argumentation of thipgraThe inspection of these two
components also in the elementary hadron-proton intemasis therefore a necessary condi-
tion for the model-independent interpretation of the datse discussion will be built around
three experimental facts:

— The absence of long-range two-particle correlatioris at > 0.2.
— The presence of forward-backward multiplicity correlagat|x | < 0.1.
— Thexr dependence of the™ /=~ ratio in (7)+p collisions.

3.1 Long-range two particle correlations

A high precision study of the forward-backward correlationction

g($1, x2)

Q(xlal'Z) f(xl) ] f(xz)o'trlg (5)
has been performed at the CERN ISR [7] for different comlamat of identified secondary
hadrons in p+p interactions. Here and x, are the Feynman x values of the two particles
which are selected in the opposite hemispheres of the ogeatid/ andg denote the invariant
one and two-particle cross sections, respectively. Typicas of Q)(x;, z5) are shown in Fig. 5
for pion pairs and for ik and pr combinations.
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Figure 5: Forward-backward correlations in p+p collisioneasured by [7] for: ay ™=, b)
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The acceptance and particle identification constraintsiertwo spectrometer arms of
the ISR experiment limit the longitudinal coverage/tg| > 0.2 for pions andx x| > 0.4 for
protons and kaons. Within these limits, no deviatiorQdf:;, x2) from unity is visible within
tight error bars with the only exception of the regions ofy&at.» where energy-momentum
conservation will finally impose some correlations of kiragim origin [7].

Some of the important results of this experiment concermakbisence of charge or flavour
exchange, the indication of gluon exchange as the exclsiehange mechanism in soft
hadronic collisions at the SPS/ISR energy, and the prodfrbanotable forward-backward
correlations exist above the limit ¢f | = 0.2.

3.2 Forward-backward multiplicity correlations

A series of bubble chamber experiments [8—10] at SPS ersciaiel a streamer chamber
experiment at the ISR [11] have extended the study of [7] liopluase space by establishing
multiplicity correlations between the forward and the bhaakd hemisphere. In experiments
[8-10] the completer region is accessible by momentum measurement in the fixgdtta
laboratory frame. Since there is no particle identificaiwailable, the assumption of pion mass
for the necessary Lorentz transformation creates a cdstaipractically negligible bias in the
determination of central rapidity. Experiment [11] has nomentum measurement and only
determines pseudo-rapiditybut then = O reference is uniquely given for all particles by the
angle measurement alone due to the collider geometry ofSRe |

Forward-backward multiplicity correlations are quantifley splitting the charged multi-
plicity nen per event into a forwardh(;) and backwardi(,) sample aroung = 0 orn = 0 and by
plotting the average backward multiplicity,,) as a function of.; as shown in Fig. 6.

Except for some odd-even fluctuations at small multipkstia linear correlation of the

type

(np) =a+b-ny (6)

emerges for all experiments, with values of the slope pat@ndebetween 0.17 and 0.22 in
the /s range from 14 to 24 GeV (Fig. 6a-d). These results do not adidt the absence of
correlations shown by [7] above. In fact the observed miitity correlations vanish if only
particles above one unit of rapidity or pseudo-rapidity @tewed to contribute to the sample,
as presented in Fig. 6f-h. For the region @& covered and for transverse momenta in the
neighbourhood ofp7) this corresponds to a cut i between 0.04 and 0.06 units as shown in
Fig. 6e. This limit is well below the: - acceptance of [7].

The combined results of Sects. 3.1 and 3.2 allow the statethahin the SPS energy
range there is a limited feed-over of (mostly) pion productirom the forward to the back-
ward hemisphere and vice-versa. This feed-over contaitvgele® 17 and 21% of the particles
produced in each hemisphere and is limited to the regiom @f < 0.05. There is no further
long-range correlation beyond this limit. This statemeas to be seen within the experimental
uncertainties of Fig. 6f,g, and h. A tail of feed-over upite ~ 0.1 as it is following from the
study of charge ratios, Sect. 3.3, will correspond to a pdreffect on the slope parameteand
is compatible with the error bars.

Before coming to a further quantification of this situatibimsiworth while commenting
on the energy dependence of the correlation determinedly Ifi fact the correlation factor
b increases steadily witky/s and reaches a value 6f= 0.31 at\/s = 62 GeV. It has been
established [11] that this increase is not accompanied lexeamsion of the feed-over range in
xr by showing that the correlation vanishes by replacing theatly| > 1 by ans-dependent
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Figure 6: Forward-backward multiplicity correlations,ta)d) experimental data and fits, [8—
11]; f) to h) correlation with rapidity selection as give®-L1]; d)z as a function of at
y = 1 for beam momentum between 205 and 306 GeV/c

one atjn| > 0.5Ins — 2. This cut happens to correspond in first order to-andependent: »
cut at 0.05. The increase in the correlation is thereforedtige non-scaling increase of central
pion production characterized by the rising “rapidity pea” [12].

3.3 7T/ ratio in pion-induced interactions

The range and shape of the feed-over components of hadrdem@dctions can also be
constrained by using asymmetric collisions and by expigi measured quantity that exhibits
a predicted behaviour for either the projectile or the tafiggmentation.
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Such a combination is given by using the/=~ ratio for (7)+p interactions. Herér)+p
indicates the average of +p andr~+p collisions. In this case, the" /7~ ratio is exactly unity
for the complete projectile fragmentation. This followsicompletely model-independent way
from the fulfillment of isospin symmetry in hadronic colbisis. By plotting ther™/z~ ratio as a
function ofz one therefore obtains directly the extent and shape of thteptarget feed-over
into the projectile hemisphere using the deviation of theasoeed charge ratio from unity.

Experimentally this means the performance of precisionsmesments of identified pion
yields in the central region both with™ and=w~ beams. This has been achieved with the NA49
detector [1]. It has been shown that isospin symmetry, he.itversion ofr™ and 7~ yields
when passing from a* to ax~ projectile, is indeed fulfilled for: - > 0.1 in this reaction [6].

In the determination of the ™t/ ratio all experimental corrections drop with the excep-
tion of the feed-down from weak decays of strange particdesife proton target contribution.
This feed-down which is in principle asymmetric init$ and=~ yields has been quantified. It
contributes less than 0.5% to th&/x~ ratio in the forward region and has been corrected for.

The resulting pionic charge ratio is shown in Fig. 7 as a fiemadf x - for (7)+p collisions
in comparison to the same quantity in p+p interactions.

o 2[ ]

Figure 7:7%/7~ ratio in p+p andm)+p

For (7)+p then™/7~ ratio levels off to unity at:» above 0.08 and stays constant at this
value up to the limit of data extraction ai = 0.3. The same ratio for p+p collisions shows
the known strong increase with- [2] which is reflecting the presence of the proton projectile
Surprisingly, the approach of the charge ratio to unity issmooth but shows a characteristic
structure with a secondary maximunuat ~ 0.04 which is reminiscent of the similar behaviour
of this ratio in the target hemisphere of p+C interactiong, &. It should be emphasized here
that the precision of the charge ratio as far as statistiwhlsystematic errors are concerned, is
on the sub-percent level in this region.



3.4 Atwo-component picture of pion production in p+p and(x)+p collisions

The combined experimental evidence collected in the piegeskctions allows for the
construction of a two-component picture for pion produttio elementary hadronic interac-
tions. The two components correspond to the target and tjegpite contributions. These con-
tributions obey factorization, a well known phenomenonaaltonic reactions which specifies
that the target component is independent of the projecéitéqgbe type, and vice-versa for the
projectile fragmentation. Both components feed-over theoopposite hemisphere with a range
that has a maximum extent of 0.1 unitsigfin the SPS/ISR energy range, Sect. 3.3. Fixing this
range, using the symmetry constraintat= 0 in p+p collisions and limiting the integral of par-
ticle yield in the opposite hemisphere to about 19% of thal tgield per component, Sect. 3.2,
there is very limited freedom in the construction of this ta@mmponent picture. Fig. 8 shows
the z dependence of the two components as it is obtained obeyengltbve constraints, and
their superposition to the measured total inclusive yieldof-p collisions.

w25 | I

dn/dx

p+p
[

20

15

10

Figure 8: Two-component picture of charge-averaged piodyetion in p+p collisions, show-
ing the symmetric contribution from the target and projecéind their sum corresponding to
the data [2]

The behaviour in the feed-over region -G<1 xr < 0.1 can be further quantified by
plotting the ratio of the proton target component relativéhie total inclusive pion yield

(dn/dl’F)target
(dn/dxp)pp ’

as presented in Fig. 9. The corresponding projectile compiop(zr), is related tof(xg) by
p(zr) = t(—zp) for p+p interactions.

In this Fig. two slightly different shapes are indicated.eyhcorrespond to the two
pion charges. This shape difference is necessitated bytriletge in ther /7~ ratio around

t(zp) = (7)
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Figure 9: Target component af” andr~: a) absolute value with respect to the total yield, b)
absolute deviation from the target component:of, and c) deviation in percent fart

xr = 0.04 observed in Fig. 7. In fact there is no a priori knowkedd the behaviour of the
two charge states in the feed-over region: they may and chdedliffer from each other. This
difference is quantified in Fig. 9b and c with respect to thargh-average distribution. It cor-
responds to a decrease followed by a steep increase afthe ratio as one moves from the
target hemisphere into the projectile region. This is shawRig. 10 which gives the corre-
sponding prediction for the measuredt/7~ ratio both for p+p andr)+p collisions.

D:o 16 L R L | T T 1 T T 1
14
1.2
projectile
[ — A -
1 1 1 1 ‘ 1 1 1 1 i 1 1 1 1 ‘ 1 1 1 (-
0.1 -0.05 0 0.05 0.1

Figure 10:x"/x~ ratio in p+p and(w)+p with corresponding predictions for the proton target
and proton projectile components
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It is interesting to note that the measurement for both reastis precisely described,
yielding a simultaneous explanation for the slight shoulte the structure around- = 0.04
observed in p+p andr)+p collisions, respectively. This corresponds to a lomgeacharge
correlation within the target and projectile contributonith the respective incoming hadron,
which is for the first time extracted here. This correlatiohl present an interesting challenge
for microscopic production models, in particular for thdsesed on string fragmentation ideas,
as the memory of the original parton charge tends to be quiokt along the string [13].

3.5 Comparison to the feed-over in net baryon production

The NA49 data from p+p andr)+p interactions have been previously used to extract
the two-component nature of net baryon production. The atetised is different from the
one applied for the pion production as net baryon numberezgation can be invoked as a
powerful constraint. The argumentation gives consistestilts using pion induced collisions
and the forward-backward baryon correlation in p+p evebd§.[The extracted shape of the
feed-over distribution is directly and independently mead by three methods in a completely
model-independent way. The result is shown in Fig. 11 in canigpn to the pion feed-over
obtained above.
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Figure 11: a) Target component for net protons measureddifftrent methods and b) target
components ofr) and net protons

There is clearly an important difference between net potmd pions concerning the
range of the feed-over. This indicates a strong mass depeadi connection with the yield
increase with transverse momentum, Sect. 8, it will be afglat there is also g dependence
of the feed-over. Both the mass and thedependence will be shown in Sect. 10 to follow from
resonance decay.

4 Projectile and target components in the p+C interaction
4.1 Pionyields

The two-component picture of elementary hadronic colfisideveloped in the preceding
section can now be used to construct the superpositionggttand projectile components also
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for p+C interactions. The third component given by intrdeac cascading will be shown in
Sect. 6 below to not contribute in the studied range.

Several straight-forward assumptions have to be made ir dodquantify this superpo-
sition:

— Both the target and the projectile components are assumfetide the same feed-over
mechanism as extracted for the elementary collisions asfeglative shape ang- range
are concerned, as shown in Fig. 9.

— In terms of pion yields the target contribution has howevereight () wherev is the
number of projectile collisions with the participatingdat nucleons. The underlying as-
sumption is here that subsequent projectile collisions tedahe same density distribution
per participating nucleon.

— In addition and due to the isoscalar nature of the Carborenscthe density distribution
for both7™ and=~ is built up as:

pp pp
<d_n) (%) = 1 (d_n) (7) L1 (d_n) (1) (8)
dxp target 2 \dzp target 2 \dzp target

which results as necessary ima/r~ ratio of unity over the full:» range.

— The projectile component on the other hand carries therfyrint of () collisions and
is as such not predictable. Its model-independent quaatiic and extraction is the main
aim of this section. In a first instance, it is assumed to betidal to the elementary p+p

collision,
dn dn P
() = () @ ©
LF /proj LF /proj

with the aim to extract its real shape by inspecting the dmra of the data from this

simple parametrization.

With these assumptions, a prediction for the expected pemsitly distribution in p+C
collisions can be obtained as follows:

For ease of comparison with the data, see Sect. 2, the poedistreferred to the p+p
interaction by forming the ratio

(dn/dxr)pred®r)
(dn/dxp)PP(zp)
This ratio is plotted in Fig. 12 for three different values (@f) and compared to the
measurements as a functionzof.
Several points are noteworthy in this comparison:
— A fair description of the data is obtained in the backward ispimere at: towards -0.1
for the value(r) = 1.6. The sensitivity of the comparison ¢o) is clearly evident from
the Fig. 12.
— This holds simultaneously for the average pion yield andHerr™ and=~ yields sepa-
rately, both in size and in local slope
— This is a strong indication for the validity of the two-conmamt picture in this region
where the target contribution alone should determine tted yaelds forzr = -0.1 and
below.

Rpred(xF) = (11)
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Figure 12:Ryeq for different(v) compared to the measurement (circles) fota), b) 7+, and
c) n~; the data pointsR(zr) = (dn/dzr)P¢/(dn/dzr)PP are also given. The data with fully
measureg range are given as full circles, the data using partial exiietion with open circles

— Moving from thiszy value towards the forward region, the measurements exBgeg
up toxr ~ 0.2 in a characteristic fashion.
— Forzp > 0.2 the data fall below the predicted valu@geq.
The deviation fromR,eq Can be translated into absolute particle densities as simown
Fig. 13 as a function of .
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Figure 13: Difference between measured ratio and predigedd for a) (7), b) 7™, and ¢c)r~
for (v) = 1.6

The obtained density difference follows the shape of thg¢eptide contributions in p+p
collisions up toxr ~ 0.1. This is shown in Fig. 14 where the differentédn/dxr) is super-
imposed to the projectile charge density distribution(fox, see Fig. 8. The fact that this excess
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Figure 14: Shape comparison of the distribution of A(dn/dx ) in p+C (dashed line) and the
projectile componentdn /dx r )proj in p+p collisions (full line)

of pion density has the same shape as the projectile compprgper in p+p collisions may
be regarded as a further strong indication that the two-@mmapt superposition picture pro-
duces indeed a valid description of the data. The regionchfaed particle density at- > 0.2
contributes as expected only a very small negative corntoibtio the absolute increase of pion
density. Integrating the density differences of Fig. 13nieeges that the projectile pion yields
are enhanced by about 10% with respect to p+p collisionslfZhould be pointed out that
such an increase is quite a large effect, account taken shtladl difference betweefy) = 1in
p+p and(r) = 1.6 in p+C collisions. This carries interesting conse@esrfor the interpretation
of the corresponding increase of pion production obsermezntral nucleus-nucleus interac-
tions, where the enhancement does not exceed 30-40% [1#4,alllithe participating nucleons
undergo(v) = 4.6 collisions.

4.2 Charge ratios

The investigation of the /7~ ratio offers an additional and very sensitive tool for the
scrutiny of the target-projectile superposition mechamids already shown in Sect. 2, Fig. 4,
the overall behaviour of the charge ratio complies with tkgegetation from a two-component
picture in the sense that unity is approached in the regioprefailing target contribution,
zp < -0.1, and ther™/7~ ratio observed in p+p collisions is approached in the ptigefrag-
mentation regiony» > 0.1. There are, however, detailed deviations from this-firder expec-
tation. The approach to unity at negative is not smooth but resembles the structure observed
in (7)+p collisions at: > 0, i.e. in the corresponding isoscalar projectile fragragan region
of the elementary hadronic reaction. Thé/z~ ratio of p+p collisions is not quite reached in
the forward region belowr = 0.3. These deviations correspond to a modification of tbgepr
tile charge ratio in multiple collision processes both ia thrward and backward regions. A first
indication for the backward hemisphere is contained in E&ywhere the density difference for
7+ reaches further out towards negative than the one forr—. This resembles the behaviour
already found for the elementary collisions, Sect. 3, Fig. 9

Using the guantitative superposition scheme developetienpteceding Sect. 4.1 for
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Figure 15: Charge ratio of the projectile component in pA@ddid by the inclusive ratio in p+p
collisions. The analogous ratio in p+p collisions is shoandomparison

(v) = 1.6, which explicitly contains the*/7~ ratio of unity for the target fragmentation part,
the deviation of the projectile charge ratio from the one snead in inclusive p+p collisions
may be extracted. It is shown in Fig. 15 as the r{iﬁicb/w—)g% (mt/m),
Apparently there is again an increase of the charge ratlweiptojectile feed-over region.
This increase is stronger than the one observed in elenygntarcollisions, Fig. 10, also shown
for comparison. It is followed by a decrease of about 4% betwg- ~ 0.1 andzx ~ 0.25 and
again by an increase at- beyond 0.3. This represents an interesting feature of thépieu
collision process in proton-nucleus collisions in the sathat the projectile charge is correlated
to both extremes of the fragmentation region. Due to the Istoalribution in absolute yield
from these areas, the decrease of the charge ratio in threediéte region is imposed by total

charge conservation in view of the increase of projectilétiplicity.

5 Nuclear aspects

Up to this point the discussion was performed without reseto any details concerning
the manifestation of the Carbon nucleus. Only its isospmmagtry and the general possibility
of multiple projectile collisions were invoked. It is nowgessary to come to a more quantitative
assessment of a number of nuclear parameters which ardiakgmrthe further extension of
the argumentation. The decisive quantity for most of thdearqarameters is the nuclear den-
sity distribution,p(r), which determines the rms radius and the probability oflsipgojectile
collision, P(1). The second quantity of principle interest is the projeetilicleon total inelastic
cross section, or rather its evolution with subsequentsioiis. Only by making very distinct
assumptions about this quantity further important paramdike the probability distribution of
multiple collisions,P(v) and its mean valu&/) , already introduced above, may be obtained.
The quantitative results on several parameters discussed ltome from a detailed Monte
Carlo calculation [16] using the density profile as an input.
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5.1 Nuclear density distribution and percentage of singlealisions

The principle experimental information available for thar@on nucleus comes from
electron scattering experiments [17] which measure théeaucharge distribution. This is not
identical with the density profilg(r) as the spatial distribution of charge in the proton has to be
unfolded. An additional problem resides in the possiblerasgtry between proton and neutron
distributions. Altogether this leads to a substantial utagety about the density profile. Fig. 16
givesp(r) for six different parametrizations:

1. Saxon-Woods [18].

2. Single Gaussian [16].
3. Fourier-Bessel [19].
4. Sum of Gaussians [20].
5. Fourier-Bessel unfolded for proton charge distribufiti.
6. Sum of Gaussians unfolded for proton charge distribyi6h
& T T T T T T T T T — 3 T T
E la | 1 E ) ;
@ 0.2 F X - - - - Woods-Saxon (1) ] ;‘t’ 2'8:_ ¢ " _
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L \ —..— Sum of Gaussians (4) i a © A 1
—__‘__'_7-'-"3:';“*.;_ —— Fourier-Bessel unfolded (5) 2.41 Ay
B RS —.... Sum of Gaussians unfolded (6) | L ]
0.15— = 22
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Figure 16: a) Nuclear density profile parametrizationsnig radius; ¢) nuclear densitysat 0O;
d) probability for single collision

In consequence the rms radius, the nuclear density at @ @and the probability of sin-
gle collisions (which depends on the elementary protontemurcinelastic cross section) show
substantial spreads according to the parametrizatiorechdsis is quantified in the Figs. 16b-
d for the rms radius, the central nucleon dengity=0), and the probability of single collision
P(1). Excluding the first two options which are known to disagrethwhe experimental evi-
dence, one may conclude on an rms radius between 2.3 and asdmn a fraction of single
collisions between 0.56 and 0.60. The latter quantity tecalbasic weakness of minimum
bias proton-nucleus experiments given by the fact thatgelfraction of events corresponds to
“trivial” proton-nucleon collisions. This fraction desogs only slowly with increasing atomic
number A [16], as shown in Fig. 17.
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Figure 17: Probability for single collision and mean numtiazollisions as a function of atomic
number

The contribution of single collisions can in principle bé&eda out of the experimental
results since the percentag¥1) is rather precisely determined and the correspondingttarge
and projectile components can be safely predicted from extéany collisions. This will be
demonstrated in the subsequent sections of this paper. pariexentally more efficient way is
given by triggering on the presence of “grey” protons [2Xfally at the level of data taking
which has the additional advantage of permitting the comtf@entrality. Unfortunately, this
method could not be applied to the data of [3] due to exteroastraints on the time available
for data taking.

5.2 The probability distribution of multiple hits and its re lation to the total inelastic
Cross section

Any further specification of nuclear parameters in relatmthe interaction of a hadronic
projectile with the nucleus has to rely on assumptions oretementary hadron-nucleon cross
section for multiple collisions. The problem may be visgadl in a simple geometrical way by
looking at a random superposition of A circular disks, eadin & surface S ofPP = 31.8 mb,
as shown in Fig. 18.

The surface area covered by one layer of disks is denoted.ly23% the area covered by
two layers, S3 by three layers etc. Scanning the plane wiéimdam distribution of projectiles,
the mean hit number of layers will be

) = Sl+252+353+...+ASA.
S14+ S+ 534+ ...+S54
The total area covered by the disksSs+ S5 + S5 + ... + Sj. It represents the total
inelastic cross sectios®*. The total surface of the disks, whichAs*, is given by

(12)

AUpp251+252+353—|—...+ASA. (13)
The mean number of collisions is therefore defined by the fitarf22]
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Figure 18: Schematic view of the superposition of nucleaoleon cross sections in a nuclear
environment

=27 (14)

This formula is clearly only valid if the disk surface de&ang the inelastic projectile-
nucleon cross section is the same in each of the succesgers leorresponding to the multiple
projectile collisions. Any experimental verification ofetmean number of collisions provides
therefore an important constraint on the evolution of tleessisection with.
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Figure 19: a) Probability of collisions for different nuclear density parametrizatph) in-
elastic cross section. The dashed line indicates the NAgdtrevith the error margin (shaded
area); ¢) mean number of collisions; d) mean number of ¢olisfory > 2
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Always under the above assumption, the distributitiir) of the probability to produce
v collisions in one event, has been determined, using therdift nuclear density profiles dis-
cussed above, via a Monte Carlo calculation [16]. The raswhown in Fig. 19 which also

gives the integrated quantitiea#A

hits, <I/>,,22.

el

(v) and the mean number of collisions excluding single

In principle the measured value of the inelastic crossseéti 226.3 mht 2% (Fig. 19b)
gives a constraint on the nuclear profile and favours thegehanfolded distributions (5) and
(6). This would then correspond to a predicted mean numbeoliions of about 1.68. The
value of 1.6 extracted from the pion data in the precedinti@eis indeed close but significantly
below this prediction as can be seen from the strong depeedam(v) of the density ratios

shown in Fig. 12.

6 Intranuclear cascading

In the preceding discussion only the principle componehtarget and projectile frag-
mentation have been treated. The third contribution to ibwe yields due to the propagation and
interaction of the participant nucleons and of their fragtagon products inside the nucleus,
will now be investigated. The proper Lorentz frame for thedatgtion of this intranuclear cas-
cading process is the rest system of the target as the cagqadiducts will have typically small
momenta in this system. The kinematic situation is indidateFig. 20. Here lines at constant
total momentunpy, and constant polar anglé€k,, for pions in the target rest frame are given
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Figure 20: Kinematic situation in the backward region. Witles are indicated the constant
total momentunpa, (0.2, 0.6 and 1 GeV/c) and constant polar artglg (70°, 90, 118, 137,
160). The shaded areas represent the coverage of [23] (far laadkegion) and NA49 (central

and forward region).
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in the x z/pr plane. Pion production is centered at Ipw atzr ~ -0.15, as expected from the
mass ratian./m,. Large values opia, are needed to approach, at forward production angles,
the region close ta = 0.

The NA49 acceptance is indicated as a hatched area in Fidt @0pears that this ac-
ceptance matches in its backward lpw part the line at 0.6 GeV/c total momentum. At this
momentum the intranuclear pion production yield is alreagiyuced and only small if any
cascading contributions are to be expected from this kitierfect alone. This argument can
however be quantified by making use of the measurements dfokbk et al. [23] at Fermilab
with a beam momentum of 400 GeV/c. This important and unicgpeement covers the back-
ward region in the second hatched area indicated in Fig. 28dmsuring identified pion yields
at constan®,,, between 70 and 160 degrees, leaving only a small uncoverexvgith respect
to the NA49 acceptance. A set of 32 cross sections is availhl- > -1.0 for the assessment
of pion yields in p+C interactions.

As the experimental layout of the experiment [23] does rlotxah discrimination of off-
vertex tracks it must however be expected that the compéeté-flown from weak decays of
strange patrticles is contained in the data at these low notahenta. A feed-down correction
has therefore been calculated and applied following thénadetiogy developed for the NA49
data [3].

In order to put the Nikiforov et al. data [23] into perspeetand to allow for a quantita-

Rcasc

Rcasc

al ©=160" |,
| X :
I $ 4
| oo f ¢ ffffffffffffffffffffff 1
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Figure 21:R.scfor different fixed lab angle®,,, measured by [23]. The arrows indicate fhe
value at whiche of -0.85 is reached
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tive comparison, the given cross sections are related tstispin averaged prediction for the
target fragmentation developed and justified in the prexpsiections. This is possible since no
contribution from projectile hadronization can be expddtethe covered area. The ratio

(Ed30/dp3)Nikiforov
(Ed3o/dp3)pc

is plotted in Fig. 21 for the 5 measured angles as a functign-of

Rcascincreases strongly withy for all angles. This is due to the corresponding increase
of |zr| along the lines of constai®,, together with the increasing dominance of cascading
products in the far backward region. In fact cascading petdare found atr < -1.0 which is
not accessible for target fragmentatidtiqsc. therefore tends to diverge towards this limit. The
arrows given in Fig. 21 indicate the- value at whiche» of -0.85 is reached.

The dependence gi at fixed©,,, can be transformed into a dependence:prat fixed
pr by using eye-ball fits through the data points of Fig. 21 feeipolation. The result is shown
in Fig. 22.
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Figure 22:R.,sc0btained from [23] as a function afx

Within the sizeable error bars of the data points and thepotation used, a universal
curve appears which clearly shows convergence towaggds= 1 atz = 0. In fact the constraint
of Reascto 1 atxr = 0 is justified by the fact that relatively large valuespgf are requested to
approacher =0, see Fig. 20. As the ratiB.,scgives directly the excess of particle yield due to
cascading with respect to target fragmentation, it may geeat that the cascading contribution
is only on a few percent level at = -0.1, that is, at the NA49 acceptance limit. The fact
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that this acceptance limit applies t¢ = 0.4 GeV/c orp, = 0.6 GeV/c further reduces the
possible contribution to the NA49 data. The extrapolatida the unmeasured region used in the
preceding sections, which is oriented towards target feagation alone, is therefore justified.
It should be mentioned here that in the region < -0.1 andpr < 0.2, effects concerning
the 7 /7~ ratio must be present due to the final-state Coulomb interagtith the spectator
protons in the nucleus [24]. These effects are however éggéc be small for the light Carbon
nucleus.

In Sect. 4 above a quantitative prediction from target amgegtile fragmentation alone
has been given extending into the far backward regipn< -0.1. This prediction must now
be completed taking account of the cascading contributsogquantified in Fig. 22 above. This
correction has been performed for the pion yield ratig.q shown in Fig. 12 for the charge
averaged pion yields where it developed a plateau in thimmed he complete prediction is
presented in Fig. 23.
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Figure 23:R,eq as a function ofcz, giving the data points together with the target contrituti
at(v) = 1.6 (full line) and adding the intranuclear cascading flantken line)

In this plot, all three principle contributions to the tofaibn yield, i.e. projectile and
target fragmentation, and nuclear cascading, are clemdgrhible and quantified. The resulting
overall ratio to the elementary collision exhibits a smooitrease from the far forward to the
far backward region i . This is in agreement with the pseudo-rapidityatio

(dn/dn)PA(n)
R(n) = (16)
"= nfan )
observed in emulsion work [25] at 200 and 800 GeV/c beam maumenAlso here a quasi-

linear increase oR(n) is observed, from values below 1 at forward rapidity to valimeexcess
of 2 in the far backward hemisphere.
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7 Contribution from multiple collisions

As discussed in Sect. 5 and due to the important tail of théeaudensity profile of the
Carbon nucleus, a large fraction of all events corresporalgmgle proton-nucleon collision
in a minimum bias p+C experiment. This probabili&(1) is located between 56 and 60%
corresponding to a reasonable choice of nuclear densityldisons (see Sect. 5 and Fig. 16).
Although these single collisions can be accompanied by sonwint of nuclear cascading due
to the single recoil nucleon, this component will not infloerthe measurements in the NA49
acceptance region (see Sect. 6). Giy&n), it is therefore possible to extract from the data the
content of multiple collisions withv > 1 which will then rather correspond to a mean value
(v) ~ 2.5 (Fig. 19).

In a first example the extraction is applied to the chargeamest density ratid(z ) as
defined in EQ.2 above. In this case the multiple collision ponent is defined as

(dn/dep)p(er) _ Rlzr) = P(1)
Rmult(xF) = =
(dn/dxp)PP(zR) 1—P(1)
and is presented in Fig. 24 as a functioncef

(17)
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Figure 24: Prediction forRmw(zr) compared with measurement for minimum bias and
ngTey Z 2

In comparison to the minimum bias measuremé&,:(z ) Steepens up and reaches the
values 2.5 at: = -0.1 and 0.65 at = 0.5. It is interesting to regard the limit- — 1. Even
if the suppression of pion density in the far forward regidrp®A collisions did not as yet
find a satisfying explanation, most of the possibilitied fulally empty the large: region of
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pions from multiple collisions. This is true for projectémergy loss where the scalexgf will
change, as well as for baryon transfer processes (“stop)pstpuld baryonic resonance decay
be the source of forward pions. In these caBgsi (=) will approach zero an®(zr — 1) will
reachP(1). This can finally provide a direct measurement of this prditgbFig. 24 contains

in this sense a tentative extrapolation/tf(x ) towards zero to illustrate the situation which
will be further constrained by the upcoming publication oftpn data in p+C interactions and
of comparable data from p+Pb collisions.

A sharp test of this extraction procedure is given by the dataple with centrality con-
straint also available from NA49 [3]. Here the additionalaserement of slow (“grey”) protons
in the lab momentum range below 1.2 GeV/c provides an evempawhere single collisions
should be rather effectively suppressed. The data poimwrsiin Fig. 24 come from events
with at least two grey protons detected. As the pion dersslitiethis relatively small subsample

have been determined in [3], the ratio

(dn/dxp)ie(Trp)
Rgrey(xF) - (dn/dZEF)gpp)ExF)

can be obtained. Evidently this measurement approachgw¢dected behaviour for multiple
collisions rather closely and proves both the effectiverdshis way of experimental centrality
control [21, 26] and the reliability of the prediction (1) from nuclear parameters.

As a second example for the extraction of improved infororatin multiple collisions
the evolution of the mean transverse momentum with multplisions will be discussed. The
situation is shown in Fig. 25 whergr) is shown for p+p collisions [2], minimum bias p+C
interactions [3] and for the event sample with at least tweygirotons discussed above.
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Figure 25: Prediction fofpr) in multiple collisions compared with measurement in p+pCp+
minimum bias, and p+C with selected number of grey protops, > 2

Evidently the increase ofpr) from elementary to minimum bias nuclear reactions is
accentuated imposing centrality control. The multipldismn part can also be extracted from
the single collision probability’(1) via the formula
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mult _ <pT>pC B P(l)r<pT>pp
1—P(l)r ’

(rr)

where r =(dn/dz )P/ (dn/dzp)P¢ = 1/R(xp).

The result is shown as the upper line in Fig. 25. Again bothmileasurement with grey
proton constraint and the prediction from nuclear parametee coming close.

A third example of this kind will be discussed in connectioithathe increase of pion
yield with transverse momentum in Sect. 8 below.

(19)

Part [l
pr dependence

Extending the discussion fropy- integrated information tp; dependent quantities opens up
a new and more complex subsurface of the multidimensioredg@bpace as it is projected into
the double inclusive cross section

3o
f(zr,pr) = E(xp,pr) - d—pg,(xF,pT) (20)

Indeed already the superficial inspection of this quantityts = andpr dependence
for p+p [2] and p+C [3]interactions reveals significant los@ucture which has a different-
and pr dependence for the two reactions. In the following sectiomy a restricted number
of phenomena can be touched upon, with the aim at bringing®uatearly as possible some
important features which are specific to p+A collisions dretéfore also relevant for the subse-
guent work on p+Pb and Pb+Pb interactions. The discussibbewonducted again in relation
to the precise elementary reference given by the NA49 datat-prcollisions [2].

8 Cross section ratio with respect to elementary collisionas a function ofpr
8.1 Definition of the cross section ratio

The presence of the Carbon nucleus and of the correspondingdmponent hadroniza-
tion mechanism discussed in the preceding sections imjbleeghe straight-forward cross sec-
tion ratio

_ f*(ar.pr)
fPP(xp, pr)

is probably not the best choice for describing the yllscale. There are in fact two important
and well quantified overall phenomena which should and caak®n out in the comparison:
— The target pile-up corresponding to the 1.6 participantearts which introduces ary--
dependent overall upward shift &fin the regionr < 0.1 as elaborated in Sect. 4.
— The isoscalar nature of the Carbon nucleus which averadgbslom charges in the target
contribution, as opposed to the projectile fragmentation.
In order to characterize the projectile-connecteddependencies in an optimal way, a
definition of the cross section ratio that takes direct exfee to the two-component superposi-
tion, has been chosen:

R(zr,pr) (21)
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fP(xp, pr)
ftWO-COI’T\p(va pT)

Ry, (xF,pT) = (22)

where fuo-com(ZF, pr) is defined as:

ootz pr) = tee) (312 ar.or) + 51 or,pr) ) + ploe)Plorr). @
with fPP(zr, pr) denoting the double differential pion cross section in paferiactions and
R,., f*S, fwo-comp @nd fPP to be regarded separately for and 7~ mesons. The functions
t(zr) andp(zr) describe the relative contribution of the target and ptdgedragmentation
to the overall pion yield in the two-component picture, Se® and 4 above, as recalled in
Fig. 26. This corresponds to Eq. 10 withey)(0.5/% + 0.5/%) — (v)(dn/dzr)ige and
p(zp) PP, pr) — (dn/dzr) oy
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Figure 26: Targett(xr)and projectilep(xzr) contributions to the pion yield in the two-
component picture, with(zr) = 1.6p(—zr)

Evidently, ¢(zr) ensures that the target contribution amounts:totimes the average
pion yield atzr < -0.1 and vanishes at- = 0.1. On the other hanez ) determines the total
yield atzr > 0.1 and vanishes towards = -0.1. The ratioR,, therefore contains the salient
features of the superposition of elementary componentsarp#C interaction and addresses
specifically the modifications due to the projectile fragtagion. This is shown in Fig. 27 for
three values of » and for bothr+ and=~.

Here the full lines represemt,,. using thex z/pr interpolation developed for the p+p [2]
and p+C [3] interactions. As expected, comppexandz» dependencies emerge. Therange
around the mean valuésr), indicated by arrows in the plots, governs fheintegrated yields.

It reproduces the features of this quantity in relation ® ékementary collisions as elaborated
above, namely an increase beloyw = 0.2 followed by a zero-crossing and a decrease in the far
forward region.

The relativep; dependence oR,, in the vicinity of (p;) shows a rather complicated
evolution. As the fine structure gPP(z ., pr) and fP¢(xr, pr) has been connected to resonance
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P, [GeVI/c] P, [GeVI/c]

Figure 27: RatiaR,,. as a function opr at threer values for a),b) and ¢j*, and d),e) and f)
7~ . The arrows indicatép) for givenz g
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P, [GeVic] P, [GeV/c]

Figure 28: RatiaR,, as a function op at fixedzr for a) 7+ and b)r~
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production and decay [2], this means that the principle @@wof pion production changes its
composition in p+A interactions both as a functiomgfand ofp;, and in a different way for
the two pion charges. Here the attention should be drawrnfgdly to the behaviour at low
governed by the cascading decay of low mass resonances.

A second region of interest is the evolution towards higlugalofpr. A significant in-
crease of?,, with respect to its value dp) is evident over the fult » scale as shown in Fig. 28
which provides an overview @&, (zr, pr) covering now the full range of the measurements.

8.2 Definition of the pr enhancement

In order to assess the increase of the pion yields as a funatitansverse momentum,
the measured enhancement fadiijf. is defined as

RPT (p T)

RIDT (<pT>>

This definition relates the behaviour at amy to the mean transverse momentum (see
Sect. 7). By referring to an integrated quantity which isresentative for the integrated
observables discussed in Part |, the detailed structurehahe present at loy are averaged
out in the reference. Ther dependence of] is shown in Fig. 29 for four values qfr
extending up to the experimental limit at 1.8 GeV/c, and giire interpolation shown in Fig. 28
for the determination of) .

£ (pr) = (24)

EQ_'_Z'S"'l"Il"Il"I LA N Y I N L Y N N B B B B N
[l Y . ) -
op =01 GeV/c op =01 GeV/c
i e
ApT_ . ApT_ .
ap, = 1.8 GeV/c ap, = 1.8 GeVic

02 0 02 04 06-02 0 02 04 06
Xe Xe

Figure 29: Thepr enhancement as a function of at several fixeth values. The shaded
regions mark the error margins connected to the intermwatcheme [2, 3]

The shaded regions in Fig. 29 correspond to the estimatitreddtatistical error margins
connected with the interpolation procedure. The enhanoefaetor increases, from values
close to unity but significantly different far™ and =~ at low pr, up to about 2 apr = 1.8
GeV/c. The increase shows a strongdependence, rising from the acceptance limitat -
0.1 throughr» = 0 towards the forward direction. At- > 0.2, 0.3, a decrease éf is visible.
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These effects will be discussed in more detail for the higtimit in the following sec-
tion.

9 High pt phenomena

In connection with the discussion pf- dependencies, in particular for proton-nucleus
interactions, the term “high;” needs some specification.

In a first instance, it seems to be a generally accepted nibidimadron production in the
region ofpr ~ 2 GeV/c is already governed by hard parton-parton scatefihis expectation
was first developed in connection with ISR data [27] and Ishstavily used in the interpretation
of very recent RHIC results [28]. The notion “high” theregdends to be synonymous with the
applicability of perturbative QCD, although there is noigadion of any serious experimental
proof for this assumption.

In a second instance, the early discovery of an “anomalpg€nhancement in proton-
nucleus collisions, the so-called Cronin effect [29], in@responding region of transverse
momentum, seems to point again into the same directioncitritia only theoretical attempts at
an understanding of the Cronin effect are based on multgrpic scattering [30]. And again
the present experimental information does not permit idghst to affirm this conjecture.

In the context of this paper the notion “higps describes the upper limit gf- available
to NA49 in the p+C interaction. The authors consider anyti@teof this notion to perturbative
effects as an unfounded speculation.

9.1 Anomalous nuclear enhancement

The anomalous nuclear enhancement was first quantified eiaAtdependence of
hadronic cross sections, parametrized as

S T T T
1.2 7]
1.1 7

1 _
i T Tt |
L | + s 200 GeV/c,0.02 <x_<0.15
09F = o 300GeV/c,0.01<x_<0.03 —
B % § ¢ o 400 GeV/c,-0.05<x_<-0.01
B ‘ : _
08 Lt ; ‘ ‘ ‘
0 2 4 6 8
P, [Gevic]

Figure 30: The exponent as a function opr. The dashed line corresponds to ghelimit of
the NA49 data
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oPA ~ Aaler) (25)

The dependence of the exponenbn transverse momentum [29] is recalled in Fig. 30
for 7+ andrn~.

The exponent(pr) rises steeply from values between 0.8 and 0.9 atdewo a maxi-
mum of about 1.15 gi; ~ 4 GeV/c. Above thig the exponent decreases again. The scarce
measurements and the sizeable error bars at 200 GeV/c beararon, i.e. in the immediate
vicinity of the NA49 data set, do not exclude a sizeabtiependence. Itis also visible in Fig. 30
thata is slightly larger forr~ than forn*. As regards the upper- limit of the NA49 data at
1.8 GeVi/c, Fig. 30, the correspondingp) is about half-way up from the lowr value to the
saturation limit. It happens to be very close to unity, a gahat was believed to be character-
istic of hard parton scattering [29]. The detailed studyha thuclear enhancement in this
region gives therefore already valuable information comiog the understanding of the Cronin
effect.

The cross sections measured by [29] for Be, Ti and W nuclei beynterpolated to
Carbon and compared directly to the NA49 data. This compaiigsshown in Fig. 31 fofr).
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o
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Figure 31: Comparison of the cross section {of as a function ofpr at zr = 0 measured
by [29] and interpolated to Carbon with p+C results from NA49

Unfortunately there is only one overlapping data point @ &®V/c beam momentum
in the pr range of NA49, and the consistency of the few data points @tQGEV/c is not really
expected due to the strong non-scaling behaviour ofttiependence in thejr; range. In this
context it must be recalled that the data of [29] have beeaindd at a constant lab angle of
77 mrad which leads to astdependent spread of the correspondingvalues between -0.05
and +0.15, see Fig. 30. In view of the strangdependencies of both the target pile-up, Fig. 23,
and the nuclear enhancement, Fig. 31, this leads to systeeffaicts which are non-negligible
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at the level of precision of the present study. Including éeer the 20% normalization uncer-
tainties quoted by [29] and the sizeable statistical emwbteese measurements, the consistency
of the data may still be considered as satisfactory.

9.2 Two basic contributions to the highpt enhancement

Turning back to the NA49 data, it may be claimed that they piettme first systematic
study of ther dependence of the Cronin effect, as the data of [29] onlyrcagenall,s andp
dependent range. The new data at forward rapidity available from d+Alisions at RHIC
energy suffer from missing acceptance at jow They will be commented on in a subsequent
section of this paper.

Inspection of Fig. 29 shows that the central region of perfpcoduction occupies by no
means a special place, as the enhancement rises smoothlghhr:- = 0 and has its maximum
in the region around = 0.3 which is far forward with respect to the longitudinabktion of
pion yields. This behaviour indicates two important facts:

— k7 converges towards unity in the backward region,< -0.1.
— B tends as well towards unity in the far forward regiop, > 0.4.

In a two-component superposition scheme, the first phenomisnndeed expected in the
negativer - limit where the projectile component vanishes with respedhe target contribu-
tion. In this picture there is no reason to believe that thgrinentation of the participant target
nucleons shows anomalous behaviour at highin other words the target enhancement factor
E;,angetshouId be equal to one over the full range. The superposition should be characterized
by target and projectile components with a specificdependence, as presented in Fig. 32b.

The second phenomenon is of different origin. It is conrabtbethe large probability of
single collisions,P(1), in minimum bias proton-nucleus interactions, as disaligséects. 3
and 7 above. It has been shown there that the contributiomsiogle collisions grows as, = 1
is approached since the pion yield from multiple collisisprogressively suppressed at large
zp. As B is unity for single collisions, the enhancement should temdrds one for large .
The influence ofP(1) on the variation of the measured enhancement witltan be described
by a multiplicative weight functior(zr) as shown in Fig. 32c. This function approaches the
value of 1.6~ 1/P(1) for zr — 1 and reduces te- 0.9 in the backward region due to the yield
increase from the projectile fragmentation.

9.3 Extraction of the projectile component

Concerning the target-projectile superposition, it carsta¢ed that the range of the cor-
responding target-projectile feed-over is larger thamattransverse momentum (Sect. 4) and
reaches:r ~ +0.3. This indicates an importapt dependence, Fig. 29 and Sect. 10. This is
quantified by writing down the composition of the measuredegicement:” from the target
(E29et= 1) and the projectile/?') components:

wherery = (dn/dxp)gf;j(<pT>)/(dn/d9:F)pp((pT)). Heret(zr) andp(xr) specify the shape
of the relative target and projectile contributions as acfiom of x5 at pr = 1.8 GeV/c. The
componentsg(zr) andp(xr) reach further out incr, Fig. 32b, than at lowy, Fig. 9. They
are constrained by the boundary conditig($.3) =#(0.3) = 0 andv(zr > 0.3) = 1,i(zr < -

0.3) =(v), and the symmetry conditiong0) = 0.5 andt(0) = (v)/2 as indicated in Fig. 32.

E) = (26)

33



a)

15

AN

N
T

=
al

A

0.5F

component contribution

O
=
o

o ]

08 L L L L i L L L L Il L L L L
-0.5 0 0.5 1

Xg

Figure 32: a) The enhancement facfdf. as a function ofrr for () atpr = 1.8 GeVic, b)
target and projectile contributions as a functiorrpfat pr = 1.8 GeV/c, and c) weight function
e multiplying the relative contribution from single coll@is as a function of -

Evidently these functions are more similar to the protomthathe lows; pion feed-over
shown in Fig. 11. The enhancement factor for the projectil@monent can be extracted from
Eq. 26 as

. 1

proj __
EPT o o
proj

(Eg; (t(zr) + Tproj) - t(l’F)) (27)

Thexr dependence 0@5;01 is presented in Fig. 33.

As an important consequence of this decomposition it aggbat the measured nuclear
enhancement atr = 0 is not fully representative of the phenomenon. It is vefystantially in-
creased if proper account is taken of the “inert” target gbation in p+A reactions. This is very
important for the understanding of the nuclear enhancemehée symmetric A+A interactions
where the target and projectile contribution are equallytigbuting. From this consideration
alone it must be expected that the measured nuclear enhanta@mA+A collisions must be
larger than in p+A collisions. If however properly extragfithe projectile component the en-
hancement should tend to be equal in both types of reactiequat!(»/) per projectile (p+A) or
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enhancement factor
T

Figure 33: The enhancement factd#g , Ef'%, Eg;ijﬂ as a function of: atpy = 1.8 GeV/c

participant (A+A), unless new physics phenomena shouldésemt in A+A interactions.

9.4 Enhancement due to multiple collisions

The influence of single collisions on the measured nuclebharcement is particularly
important in the p+C case discussed here, as the probability is about 0.6 and the cor-
responding enhancement should be unity for this contebutiaking account of the weight
functione(zr) introduced above, the enhancement due to multiple cafissean be extracted
as

roj Eg;oj(xF> - P(1>€(xF)
Eprmu(r) = =5 ~P(M)e(xr)

pr,mult

(28)

The application of Eq. 28 results in a further, very consattéée increase of the nuclear
enhancement over the full- range as evident from Fig. 33. The final result&f”  , is very
different indeed from the measured quantity’ . In this context the application of straight-
forward parametrizations of the A-dependence, as they gpéea in the description of the
nuclear enhancement, Sect. 9.1 above, is to be regardedykeith caution. This because the
probability P(1) depends strongly on A, see Fig. 17. By relating the effecttiBeto the one
in p+W for instance, one compares cases whe(eé) differs by a more than a factor of 3.
This means that the exponentp) will decrease appreciably once the trivial effect of single

collisions is taken out.
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As far as A+A collisions are concerned, the correct way of parnson would be to
relate minimum bias p+A to minimum bias A+A collisions whehe distributionsP(v) are
equal [16], withv being defined as a number of collisions per participant rurclEor centrality
selected collisions, this condition is more difficult tofflilas the probabilityP(1) stays always
greater than zero for A+A interactions even for impact patemzero, whereas it vanishes for
central p+A interactions [16].

9.5 Alook at rapidity dependence

The interpretation of the nuclear enhancement as dependent phenomenon necessi-
tates the use of kinematic variables that are orthogonhkitransverse and longitudinal compo-
nents, as is the case for the/pr combination used here. By describing the same phenomenon
in the variables rapidityy and p;, a completely different picture will emerge as the usey of
combines both the transverse and the longitudinal evaiutidhe particle densities, except, of
course, aty = 0. This is exemplified in Fig. 34 where thedependence of the enhancement
factor

By (y.pr)
R, (y, (pr)) (@9)

with R, (y, pr) = (dn/dzr)P“(y,pr)/(dn/dzr)(y, pr), is presented at the same four values
of transverse momentum as shown in Fig. 29.

E?J(y?pT) =

>
o 2
L R _
15 —
pT=1.SGeV/c _
pT:O.leeV/c T
A N p=1Gevie |
L pT:l.AGeV/C _
\ \
0.5
0 1 2 3
y

Figure 34: Thevr enhancement as a functionypéat several fixegh values

The strong increase of the nuclear enhancement withis replaced by a flat-
dependence up t9 ~ 1, followed by a strong decrease fgr> 1.5. From this plot alone
one might erroneously conclude that the Cronin effect vassn forward direction, whereas
is reality one is looking at the longitudinal decrease otipbkr density in p+A collisions, see
Sect. 4 above.
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Experimentally it is often difficult, if not impossible, talfill the orthogonality condition
mentioned above. This is true for all experiments beingtéohby a polar angle (or rapidity)
cutoff in forward direction, where the low- region may not be accessible at all above a certain
limit of 2. This is typical of collider experiments. For the BRAHMS eetbr at RHIC, for in-
stance, the rapidity limit of 3.2 units corresponds tg-autoff at 0.8 GeV/c already at- = 0.1
where the measured nuclear enhancement is still increaamagaty = 2 GeV/c forz = 0.25
where it reaches its maximum.

10 The trace of resonance decay

The production and decay of resonances constitutes a mgéécted but important field
of studies concerning soft hadronization. As already mairtut in [2] many details of the
inclusive pion distributions directly show the imprint @sonance decay. In the context of the
present paper several of the extracted features concetingvo-component nature of the
hadronization process will be discussed here in relatio$onance decay. This concerns in
particular the following experimental findings:

— The shape and feed-over of the extractedjntegrated projectile component (Sects. 3

and 4).

— Its dependence on particle mass (Sect. 3.5).
— Its importantpr dependence up to the limit of the NA49 data at 1.8 GeV/c (Sxct.

As a complete treatment of the manifestations of resonadmereg@nena exceeds the scope
of this paper and has to be left to a coming publication, oailpe basic mechanisms which are
of straight-forward kinematic origin will be treated heusjng a single resonance as a tool for
explanation. The resonance chosen isAhe (1232) whose inclusive » andp; distributions
have been determined in an adequate fashion for the presgmige [31]. Its measuregy
integratedr - distribution is shown in Fig. 35 together with the target angjectile components

NS 0.2 i | I ]
) s

c - 3 ° ISR p+p .
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inclusive
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0.05

Figure 35: Two-component picture faxt+
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Figure 36:p7 integratedr distributions of protons and pions produced fram™ decay

constructed from it, using the baryonic feed-over shapeszsigsed in Sect. 3.5. The two-body
decayA*" — p+ 7t performed for the projectile component of Fig. 35 yieldsintegrated
xr distributions of the decay products as shown in Fig. 36.

A first observation concerns the overall shape of tiedistribution in comparison to
the extracted inclusive projectile contributions showifrigs. 8 and 14. Although there are of
course deviations in detail, as to be expected from theejhgl-mass resonance studied here,
the overall agreement in shape angrange is very evident. This concerns specifically the
limited range of the pion feed-over into the target hemisphe

A second observation concerns the difference of this fesidoetween proton and pion.
The mass dependence quantified in Fig.11b is reproducetainas the baryon distribution
reaches much further into the opposite hemisphere thahégpion.

This effect is of course a straight-forward consequencéhefliorentz transformation
between the resonance rest frame and the overall cms. Thgydaetor of this transformation
reads

E = mgec"‘ q? (30)
wheremse IS the decay particle mass agds given by
0= (g — (o m1,)2) (g (1 — ,2). (31)
2mres res m P res a0 P

At the nominal mass of thA** this corresponds to 0.229 GeV/c which is much smaller
than the proton mass. The proton therefore receives, inasirib the pion, a major fraction of
the resonance momentum in the cms of the interaction.
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Figure 37: Pion feed-over frold*+ decay for different values afr

A third observation concerningr dependence is obtained by studying thé' decay
for pions in bins of transverse momentum, as shown in Fig. 37.

For the same bins used in Fig. 29 above, the distributions@realized to unity at > =0
in order to calibrate the strong- dependence of the cross section. Evidently there is a steady
increase of the range of feed-over with increasing traseseromentum. The shape dependence
of thepr integratedr » distributions on the lower integration limit demonstrabedrigs. 2 and
3 finds thereby a natural explanation. At the uppgtimit of the NA49 data at 1.8 GeV/c, the
shape of the pion distribution approaches the one measoir¢iaef proton. This effect has been
used for the extraction of the projectile component offh@nhancement, Fig. 32, by adopting
a feed-over distribution which corresponds to thedependence evident in Fig. 37.

This third observation follows again from the resonanceagiddanematics. In fact the
most efficient way to obtain high transverse momentum for toass secondaries is to ex-
ploit the Breit-Wigner tail of the resonance mass distifmuivhich reaches, in the case of the
A(1232), values well above 2 GeV. Correspondingly the decasnemtumy (Eg. 31) increases
into the 1 GeV/c region which in turn reduces the mass depwed@Eq. 30) and increases the
range of the feed-over. It is therefore necessary to takegoraccount of the resonance mass
distribution in any quantitative work on hadronization lilegwith resonance decay.

Following these observations, resonance decay as a sdutaglop;” production in the
sense defined above has to be considered very seriouslg &sium of 13 measured resonances
it has indeed been demonstrated for p+p collisions [32]ttiainclusive pion distributions re-
sulting from two body decays saturate the yields up;te 3 GeV/c and beyond simultaneously
over the full range of: . A modification of the resonance spectrum towards higheisesam
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multiple collisions would therefore be sufficient to alscsdebe the anomalous nuclear en-
hancement in thigr range, at SPS energies, without invoking partonic or pledtive effects.

11

Conclusions

This paper attempts a hew assessment of the p+A interacitbnlight nuclei at SPS

energy which is based exclusively on experimental data.stihey leads to a number of con-
clusions which cover a wide range of observables. They maybsummed as follows:
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The reference to a set of experimental results obtainecemetary and nuclear inter-
actions, in particular to the new precision data from the BlAétector in p+C and p+p

collisions, allows for a model independent argumentation.

This argumentation clearly establishes the compositiothefp+A reaction from three

basic components: projectile fragmentation, target fraggation, and intranuclear cas-
cading.

e These contributions have been isolated and quantified ooady
¢ Intranuclear cascading governs the far backward hemisphsrcontribution rapidly de-

creases towards, = 0 and corresponds to only a couple of percent relative tpaintc-
ipant fragmentation at, = -0.1.

For the remaining target and projectile contributions,esmckwo component picture has
been established. The two components overlap in a limite@ zvoundrr = 0. The
extent of this zone is shown to depend on particle speciegransiverse momentum. It is
limited to z -4 0.1 for thep; integrated pion yield and reaches outitet 0.25 atp of
1.8 GeV/c.

Target fragmentation reflects the superposition of padict hadronization, revealing the
detailed charge dependence introduced by the isospin catigyoof the nucleus. The
total pion yield from this source corresponds to an averadetgparticipant target nucle-
ons which is close to but significantly below the number etgeérom measured nuclear
parameters.

The extraction of detailed features of the projectile fragiation has been the main aim
of the study. In relation to elementary collisions a comgdakern of deviations emerges
which concerns practically all measured quantities.

The total pion yield from projectile increases by about 139e@mpared to the elemen-
tary interaction. This increase is concentrated ngar O with a shape that matches the
density distribution of the projectile component.

Abovez ~ 0.2 the differential yield decreases steadily with respeelementary colli-
sions asc increases, with a specific charge dependence.

Using the well defined probability for single projectile kisibns, the contribution from
multiple collisions has been extracted and compared toghgality controlled p+C data
subsample.

The detaileghr dependence of the projectile component has been establishempar-
ison to elementary collisions. In the neighbourhood of trEeEamtransverse momentum
the comparison is characterized by important, charge degerocal structure. With in-
creasing transverse momentum a general increase of pilthiyiestablished.

This increase is quantified by an enhancement factor whioWwsktrongr » dependence
and has been corrected for the inert contributions frometaitgjggmentation and from
single collisions.

The relation to the anomalous nuclear enhancement (Crdigictleis established and it
is demonstrated that a new assessment of this phenomenandatory from a purely



experimental point of view.
e Finally the importance of resonance production and decayiftually all studied quan-
tities is evoked.
This study will be continued and deepened by using the dataeotrality selected p+Pb
and Pb+Pb collisions that are also available from the NA4fearent.
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