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Abstract

New data on proton and pion production in p+C interactioosnfthe NA49 and HARP
experiments at CERN are used in conjunction with other alildl data sets to perform a
comprehensive survey of backward hadronic cross secfignis.survey covers the com-
plete backward hemisphere in the range of lab angles frono IB® degrees, from 0.2
to 1.4 GeV/c in lab momentum and from 1 to 400 GeV/c in projeatiomentum. Using
the constraints of continuity and smoothness of the angmamentum and energy depen-
dences a consistent description of the inclusive crossosecis established which allows
the control of the internal consistency of the differentadsets.
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1 Introduction

An impressive amount of data on backward hadron produchgmiC interactions has
been collected over the past four decades. A literatureeguexeals no less than 19 experiments
which have contributed a total amount of more than 3500 dailat$ covering wide areas in
projectile momentum, lab angle and lab momentum.

Looking at the physics motivation and at the distributiortime of these efforts, two
distinct classes of experimental approaches become avitlerexperiments cluster in a first
period during the two decades between 1970 and 1990. Alethesasurements have been
motivated by the nuclear part of proton-nucleus collisjansparticular by the width of the
momentum distributions in the nuclear rest system whickhdar beyond the narrow limits
expected from nuclear binding alone. These studies hawedda the late 1980’s with the
advent of relativistic heavy ion collisions and their premiof "new” phenomena beyond the
realm of classic nuclear physics.

A second class of very recent measurements has appeared beihg pursued after
the turn of the century, with publications starting aboud0Here the motivation is totally
different. It is driven by the necessity of obtaining hadcoreference data for the study of
systematic effects in cosmic ray and neutrino physics, riqudar concerning atmospheric and
long base line experiments as well as eventual novel neufigictories. The main aim of these
studies is the comparison to and the improvement of hadnor@duction models — models
which are to be considered as multi-parameter descriptibttse non-calculable sector of the
strong interaction, with very limited predictive power.

This new and exclusive aim has led to the strange situat@ainftiall recent publications
contain detailed comparisons to available production nsp@@ comparison to existing data is
attempted. It remains therefore unclear how these newtsasanpare to the wealth of already
available data and whether they in fact may over-ride anthceghe existing results.

In this environment the studies conducted since 15 yearedNA49 experiment at the
CERN SPS have a completely different aim. Here it is attethpidrace a model-independent
way from the basic hadron-nucleon interaction via hadrodeus to nucleus-nucleus colli-
sions. This aim needs precision data from a large varietyagptile and target combinations
as well as a maximum phase space coverage. As the accepfahedNd\49 detector is limited
to lab angles below 45 degrees, it is indicated to use egistackward data in the SPS energy
range in order to extend the acceptance coverage for thenasiria proton-nucleus interac-
tions. This requires a careful study of the dependence oreamgy and of the reliability of the
results to be used.

In the course of this work it appeared useful and even mang#boprovide a survey
of all available data over the full scale of interaction ges, the more so as no overview of
the experimental situation is available to date. This mehatsthe present study deals with
projectile momenta from 1 to 400 GeV/c, for a lab angle ramgef10 to 180 degrees, and for
lab momenta from 0.2 to 1.2 GeV/c.

2 Variables and kinematics

Most available data have been obtained as a function of thetamentunp,,, (or kinetic
energyli,,) at constant lab angl@,p,. In this publication all given yields are transformed to the
double differential invariant cross section
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In this context the term "backward” needs a precise defimitidne possibility would be
to define as "backward” the region of lab angleg, > 90 degrees. The present paper uses
instead a definition which refers to the cms frame with thedoeariables Feynman and
transverse momentupy., defining as "backward” the particle yieldsat < 0. This allows a
clear separation of the projectile fragmentation regiopaditivex with a limited feed-over
into negativerr and the target fragmentation region at negatiyewith a limited feed-over
into positivexr . At the same time the notion of "kinematic limit” in parti@pt fragmentation
is clearly brought out at = + 1 and the contributions from intranuclear cascading may be
clearly visualized and eventually separated.

The correlation between the two pairs of variables is presem Fig. 1 which shows
lines of constanp,,, and©,,y, in the coordinate frame of - andp for protons and pions for the
two values of projectile momentum at 158 and 3 GeV/c whichrepeesentative of the typical
range of interaction energies discussed in this paper.

Several comments are due in this context. The definition phFanz » has been modi-
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Figure 1: Lines of constani,, and©,,, in the cms frame spanned by Feynmagnandp for
protons and pions at two different projectile momenta, ayqus at 158 GeV/c, b) protons at
3 GeVl/c, ¢) pions at 158 GeV/c and d) pions at 3 GeV/c



fied from the standard one,

Tp = yy! yy! (2)
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with m,, the proton mass. This takes care of baryon number consemvartid regularises the
kinematic borders at low interaction energies. Fldependence in Fig. 1 is small to negligible
for lab angles above about 50 degrees both for pions andr@diot becomes noticeable at
small Oy, If at SPS energy the full range of lab momenta up to 1.4 Ge¥ittangles above
10 degrees is confined to the backward region both for pr@odgpions, the coverage for pions
extends to positive» at low lab angles and low beam momenta.

Another remark concerns the overlap between target fragatien and nuclear cascad-
ing. For protons, at all lab angles above about 70 degreddrieeatic limit for fragmentation
of a target nucleon at rest in the lab system is exceeded.i®s pn the other hand this is not
the case as theirr value forpa, = 0 is at

lop| = 27 = 0.148 (4)
my

This means that over the full range of lab angles and up te jasigvalues the contribution
from target participants mixes with the nuclear compon€&hné separation of the two processes
therefore becomes an important task, see Sect. 10 of thés.pap

A last remark is due to the limits of experimental coveragéeRisting experiments run
out of statistics at cross section levels of abouubQthat is about 4 orders of magnitude below
the maximum vyields. As visible from the momentum rangescai#id in Tables 1 and 2, this
corresponds to a typical upper momentum cut-off in the regial GeV/c.

3 The Experimental Situation

The backward phase space coverage in p+C interactiongussogly complete if com-
pared with the forward direction and even with the availatdé in the elementary p+p colli-
sions. This is apparent from the list of experiments givehahbles 1 and 2 with their ranges in
beam momentum, lab angle, and lab momentum. Although soiowit b&s been spent to pick
up all published results, this list is not claimed to be extiae as some results given as "private
communication”, in conference proceedings or unpublishtinal reports might have escaped
attention.

For secondary protons, Table 1, the important amount of loevgy n+C data by Franz
et al. [10] has been added to the survey as the isospin fdctotise transformation into p+C
results have been studied and determined with some precgse Sect. 5.

For secondary pions, Table 2, the situation is somewhat toated by the fact that two
independent sets of results have been published by the HABRP{4] and the HARP [15]
groups, based on identical input data obtained with the shtextor. An attempt to clarify this
partially contradictory situation is presented in Sec3.&.this paper.

Unfortunately, no commonly agreed scale in the three basiabesO,ap, piap aNdppeam
of the double-differential cross sections has been defiyeithé different collaborations pro-
viding the data contained in Tables 1 and 2. This leads toatietihat not a single couple out
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interaction  Experiment projectile momentum lab angle cage plab COverage number of errors [%]
(GeVic) (degrees) (GeVic)  data point®stat) (Osyst)
Bayukov [1] 400 70, 90, 118, 137, 160 0.4-1.3 35 6 20
NA49 [2] 158 10, 20, 30, 40 0.3-1.6 40 7 5
p+C Belyaev [3] 17, 23, 28, 34,41, 49, 56 159 0.3-1.2 125 5 15
HARP-CDP [4] 3,5,8,12,15 25, 35, 45, 55, 67, 82, 97, 112 45— 202 4 6
Burgov [5] 2.2,6.0,8.5 162 0.35-0.85 36 15 5
Bayukov [6] 1.87,4.5, 6.57 137 0.3-1.1 55 10 20
Geaga [7] 1.8,2.9,5.8 180 0.3-1.0 50 17 11
Frankel [8] 1.22 180 0.45-0.8 6 7
Komarov [9] 1.27 105, 115, 122, 130, 140, 150, 160 0.34-0.54 ~200 8 15
n+C Franz [10] 0.84,0.99, 1.15 51, 61, 73, 81, 98, 120, 149, 180 0.3-0.8 553 5 10

Table 1: Data sets for proton production in p+C and n+C dolis from seven experiments
giving the ranges covered in projectile momentum, lab gragld lab momentum, the number
of measured data points and errors

Experiment projectile momentum lab angle coverage Plab COverage number of errors [%]
(GeVic) (degrees) (GeVic)  data point®stat) (Osyst)
Nikiforov [11] 400 70, 90, 118, 137, 160 0.2-1.3 59 12
NA49 [12] 158 5, 10, 15, 20, 25, 30, 35, 40, 45 0.1-1.2 174 5 6
Belyaev [13] 17, 22, 28, 34, 41, 47,57 159 0.25-1.0 218 4 15
Abgrall [14] 31 0.6-22.3 0.2-18 624 6 7
HARP-CDP [4] 3,5,8,12,15 25, 35, 45, 55, 67, 82, 97, 112 oe-1 829 6 8
HARP [15] 3,5,8,12 25,37, 48, 61, 72, 83, 95, 106,117 0.1250 605 12
Burgov [16] 2.2,6.0,85 162 0.25-0.6 29 20
Baldin [17] 6.0,8.4 180 0.2-1.25 45 10
Cochran [18] 1.38 15, 20, 30, 45, 60, 75, 90, 105, 120, 135, 150.1-0.7 199 3 12
Crawford [19] 1.20 22.5, 45, 60, 90, 135 0.1-0.4 50 8 1

Table 2: Data sets for pion production in p+C collisions fregven experiments giving the
ranges covered in projectile momentum, lab angle, and labhentum, the number of measured
data points and errors

of the more than 3500 data points contained in these Tablgsbmalirectly compared. The
application of an interpolation scheme as described in. 8asttherefore an absolute necessity.
Ideally the thus obtained interpolated cross sections avfarin an internally consistent sam-
ple of results which would be coherent within the given expental errors. As will become
apparent in the following data comparison, this assumpsicarprisingly well fulfilled for the
majority of the experiments. Only four of the 20 quoted gmapresults fall significantly out of
this comparison; those will be discussed in Sect. 9 of thigepdn this sense the overall survey
of the backward proton and pion production results in a paweonstraint for the comparison
with any new data sample.

4 Data comparison

As stated above the main problem in bringing the wealth ofaviz data into a consistent
picture is given by the generally disparate position in phgsace and interaction energy of the
different experiments. The triplet of lab variables givgnthe beam momentumyean, the lab
momentump,,, and the lab angl®,,, has been used for the establishment of the following
interpolation scheme. In addition and of course, the stedisand systematic errors have to be
taken into account in the data comparison.

4



4.1 Errors

The last columns of Tables 1 and 2 contain some informati@utathe statistical and
systematic errors of the different experiments. The givemioers are to be regarded as mean
values excluding some upward tails as they are inevitabtheatimits of the covered phase
space in particular for the statistical uncertainties.dme cases only rudimentary information
about the systematic errors is available or the systemadisatistical errors are even combined
into one quantity. In the latter cases these values are gMegtween the respective columns of
Table 2.

Inspection of these approximate error levels reveals ardttoad band of uncertainties
ranging from about 4% to about 20%, the latter limit beingagaitly defined by overall normal-
ization errors. The presence of extensive data sets welbigle 10% range of both statistical
and systematic errors gives however some hope that a regalterall consistency on this level
might become attainable by the extensive use of data intgrpo.

The term "interpolation” is to be regarded in this contexaasmooth interconnection of
the data points in any of the three phase space variablegdeflvove. This interconnection is
generally done by eyeball fits which offer, within the errionits shown above, sufficient accu-
racy. If the distributions ir®,,, and interaction energy are anyway not describable by $iraig
forward arithmetic parametrization, thg, dependences are, as discussed in Sect. 4.4 below, in
a majority of cases approximately exponential. In thesecagponential fits have been used if
applicable.

As additional constraint physics asks of course for smabkm@mand continuity in all three
variables simultaneously. Therefore the resulting oVetala interpolation has to attempt a
three-dimensional consistency.

If the data interpolation helps, by the inter-correlatidrdata points, to reduce the local
statistical fluctuations, it does of course not reduce thetesgatic uncertainties. It is rather
on the level of systematic deviations that the consisteriajifterent experimental results is
to be judged. It will become apparent from the detailed disean described below that the
majority of the quoted experiments allows for the estalpfisht of a surprisingly consistent
overall description in all three variables.

4.2 Dependence on cms energy

As the data discussed here span an extremely wide range oémengy from close to
production threshold to the upper range of Fermilab ensygisuitable compression of the en-
ergy scale has been introduced in order to be able to prdsergsults in a close-to-equidistant
fashion against energy. The form chosen here is the varldie. This choice is suggested by
the considerable amount of work invested in studying the@gagh of hadronic cross sections to
the scaling limit at high energy in the 1970’s [20]. In face tRegge parametrization suggested
a smooth dependence of the cross sections @swith a = 0.25-0.5 depending on the choice
of trajectories involved. Such behaviour was indeed fowmkeamentally. In the present study
the cross sections turn out to have only a mild/s dependence foy/s = 5 GeV, a dependence
which is however different for pions and protons. This defste is strongly modified below
/s ~ 2.5 GeV due to threshold effects.

4.3 Angular dependence

A convenient and often used scale for the lab angle deperadsrgiven bycos(©)qap).
This scale has the advantage of producing shapes that aretagaero order exponential. Of
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course, continuity throug®,,, = 180 degrees imposes an approach to 180 degrees with tangent
zero. As the data samples are generally not measured at corahees ofO),,,, a fixed grid of
angles has been defined based orA@hgvalues of the HARP-CDP experiment [4] dominating
the range from 25 to 112 degrees. Measured values down tagt@eteand in the higher angular
range at 137, 160, and 180 degrees have been added. Meastgaotecorresponding to these
grid values are interpolated using thes(©4) distributions specified below.

4.4 Lab momentum dependence

All data discussed here have been transformed into invaciass sections (1). This fa-
cilitates the presentation in different coordinate systamd eliminates the trivial approach of
the phase space element to zero with decreasing moment@addition, most of the invariant
piab distributions are close to exponential within the measuprgdange. There are notable de-
viations mostly at low momentum and in the lower (higher)gewof lab angles for pions and
protons, respectively, as well as in the approach to thidshothese cases an eyeball fit has
been used which can be reliably performed within the erragma indicated above.

At low lab momenta physics requires a deviation from the egntial shape as the in-
variant cross sections must approaghy = 0 with tangent zero. This limit appears in general
at pap < 0.2 GeV/c for pions angh,, < 0.5 GeV/c for protons. The data presented here fall
practically all above these momentum limits. Only the HARPariment [15] gives results at
piab = 0.125 GeV/c for pions where indeed a substantial devidtimm the exponential shape
is visible. This is shown in Fig. 2 where the deviation fronperential fits at thigy,;, is given
in percent for all angles and beam momenta together withairdeviations observed in p+p
interactions [21].

»n 20— T 1 = 4071 717
-8 i mean=31.6% | S i |
"E i 6=103% | q | pT =0.125 GeV/Ci
L L | L i
lSjHARP [15] ] s0f ++ NA49[21]i
101 N 201 T
5j 7 le + h
0 20 40 60 0 0.1 0.2 0.3

A [%] X

Figure 2: a) Distribution of the deviation of the data poiaty,, = 0.125 GeV/c from the
exponential fits forr™ and 7=~ at all angles and beam momenta, b) Deviationrof cross
sections apr = 0.125 GeV/c from exponential fits to the higher region in p+p interactions
as a function ofr -

A number of examples of momentum distributions for protong pions is given in the
following Figs. 3 and 5 which show the invariant cross sewias a function op,, and the
corresponding exponential fits
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f(plaba Olab; pbeam) = A(@Iaba pbeam) * 6xp(_plab/B(@laba pbeam)) (5)

which are, whenever necessary, supplemented by handaotaggms into the non-exponential
regions.

A first group of distributions in the medium angular range aitathd 97 degrees is pre-
sented in Fig. 3 for the HARP-CDP data concerning protonspamils, including exponential
fits.

T T T
\

o,f Pocam = GeV/c I Pocam = GeVic Pocam = GeV/c
= Lok 0,, = 45.0° 1 L 0,, = 44.8° 1 L 0,, = 44.8° i
>
Q
S
o
& 10fF HARP-CDP 3 1 F 3
S
1F 1 F 1 F 3

L L
Pooam = 12 GeV/c]
O = 97.0°

L L
Pyeam = 12 GeVic]
O, = 97.0°

Pocam = 12 GeVic
O, = 97.0°

f [mb/(GeV?c®)
S

1k ik ik

10 P i F i F

10 ™" 05 1 150 05 1 150 o5 1 Tis
P [GeVic] P [GeVic] P [GeVIc]

Figure 3: Invariant cross sections for proton$,and=~ as a function ofys, at ©5, = 45 and
97 degrees. Full lines: exponential fits. Broken line: hartdrpolation into the non-exponential
region

Evidently the exponential shape is within errors in genargbod approximation to the
momentum dependence. More quantitative information isaioad in the normalized residual
distributions of the data points,

Tnorm = A/U (6)

whereA is the difference between data and fit and sigma the statigioor of the given data
point. Should the fit describe the physics and should sydtereffects be negligible, the dis-
tribution of rporm is expected to be Gaussian with rms equal to unity. 7i.hg, distributions are
given for the totality of the HARP-CDP data in Fig. 4.

These distributions are well described by centred Gaussidre resulting rms values are
however somewhat bigger than one signalling systematieraxental effects or a deviation of
physics from the simple exponential parametrization. Bvwof the statistical errors of 4% to
6% given by HARP-CDP (Tables 1 and 2) these deviations arénerevel of a few percent
which is below the error margin to be anyway expected fronptiesent general data survey.
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Figure 4. Normalized residual distributions for protons gons for the complete set of beam
momenta and angles of the HARP-CDP data with the excepti@nfedv points at low angles
and momenta which clearly exhibit non-exponential behavio

Further examples afi,, distributions from other experiments are given in Fig. 5 dor
selection of particle type, beam momenta and angles.

— , , 5 , , —
o™ \‘. h I h
NQ 10%F ’.‘ Prcam = 1.87 GeV/c--§ -' Pocam = 8.4 GeV/c*-g 3 \ Poeam = 400 GeV/c3
2 ok Ow=137" { | O, =180° | | 0,=137° ]
3 P ' LS p
S ¥ 1 F E] 3
- 101 3 3 3 3 3
102F i F 1 F 3
6] i f 47 E [1
3L - L . L -
090 N 5....|....|1..1.§ P P B
0 0.5 1 0 0.5 1 0 0.5 1
P [GeVic] P [GeVic] P [GeVic]

Figure 5: Several examples of invariant cross sectionsascibdn ofp,, for a variety of particle
type, lab angle and beam momenta including exponentialffilisiibes) and, when necessary,
eyeball fits into the non-exponential regiongRf (broken lines).

Again the basically exponential shape of these distrilmgtie evident. Characterizing the
exponential fits by their inverse slop8%0Oap, Pream) @ SMooth and distinct dependence on lab
angle and beam momentum becomes visible as shown in Fig. 6.

Compared to the strong dependence of B3y which ranges from 0.3 to 0.05 GeV/c,
the only modest dependence @R.m of ~0.03 GeV/c for beam momenta from 3 to 158 GeV/c
IS noticeable.

Following the above data parametrization a generalized @frp,, values between 0.2
and 1.2 GeV/c, in steps of 0.1 GeV/c, may now be establishedc€&ning the lower and upper
limits of this grid, an extrapolation beyond the limits giMey the experimental values has been
performed in some cases. This extrapolation does not exbeekin width of the respective
data lists and is therefore defendable in view of the gelyesaiooth, gentle and well-defined
piab dependences.
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Figure 6: Inverse slopeB(Oap, pream) as a function oBy,, for four beam momenta from 3 to
158 GeV/c, a) for protons, b) for™ and c) forr—. The full lines are drawn to guide the eye

4.5 Physics constraints

In the absence of theoretical predictability in the softseof the strong interaction, any
attempt at bringing a multitude of experimental result® iatcommon and consistent picture
has to rely on a minimal set of model-independent physicstcaimts. In fact a "democratic”
averaging of eventually contradictory data sets would alg confusion instead of clarity.

4.5.1 Continuity

Two examples of the continuity constraint have already beentioned above: invariant
piab distributions have to approach zero momentum horizontbHy is with tangent zero. The
same is true for angular distributions in their approach80 degrees.

4.5.2 Smoothness

It is a matter of experimental experience in the realm of kaftronic interactions that
in general distributions in any kind of kinematic variabénd to be "smooth” in the sense
of absence of abrupt local upwards or downwards variatidhe. widespread use of simple
algebraic parametrizations has its origin in this factcdpmlly in the absence of local maxima
and minima, with the eventual exception of threshold betiavof which some examples will
become visible below.

4.5.3 Charge conservation and isospin symmetry

Charge conservation has of course to be fulfilled by any tyxperimental result. This
means for instance that for the interaction of a positivélgrged projectile (proton) with an
isoscalar nucleus (Carbon) the /7~ ratio has to be greater or equal to unity over the full
phase space invoking isospin symmetry (and of course theriexjge from a wide range of
experimental results). The presence of data withim— < 1 therefore immediately indicates
experimental problems. The inspectionsof /7~ ratios has the further advantage that a large
part of the systematic uncertainties, notably the overtinalization errors, cancel in this ratio.
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4.5.4 |sospin rotation of secondary baryons and projectile

It has been shown that in proton induced nuclear collisibiesyields of the secondary
protons and neutrons are related by a constant factor oft@bwadnich is in turn related to
the ratio of the basic nucleon-nucleon interaction [22ini&irly, when rotating the projectile
isospin from proton to neutron, it has been predicted thatytbld ratio of secondary protons
from proton and neutron projectiles

fp+C —p)
f(n‘i‘CHp) (7)

should be constant and equal to 2.5 for light nuclei [23]. €kensive and precise low-energy
data set of Franz et al. [10] from n+C interactions has tloeeebeen included in the present
survey. These data present a welcome extension of tfyg scale into the region 0.47 to 0.49
which is not covered for most of the angular range with prqioojectiles. As shown below,
these data fit indeed very well, after re-normalizationo itite generall //s dependence of
secondary protons where the low energy data by Frankel §]eand Komarov et al. [9] at
angles between 112 and 180 degrees provide an indepenadertd] @ the normalization.

Rp/n —

4.5.5 Establishing a consistent set of data

With these constraints in mind, and having established éin@metrization and interpola-
tion of thepy, distributions as discussed above, one may now proceed #itdrapt at sorting
the 19 available experiments into a consistent global dettdtsvould of course be rather sur-
prising if all experiments would fit into this global pictuvégthin their respective error limits.

In fact it turns out that this procedure establishes a vegngt constraint for possible devia-
tions, as a large majority of results is creating a perfectigsistent picture both for protons
and for pions. Only four of the 19 data sets cannot be broughtdonsistency with all other
experiments without gravely affecting and contradictihg above constraints. These data are
not included in the following global interpolation scheriiéey will be discussed separately in
Sect. 9 below.

5 The proton data
5.1 1//sdependence

The invariant proton cross sections are shown in Fig. 7 asetifin of1/,/s for a grid
of ten lab angles between 25 and 180 degrees and constantolaenmta between 0.3 and
1.2 GeV/c. The interpolated data points in each panel anstifee by symbols correspond-
ing to the different experiments.

The solid lines are eyeball interpolations through the gatats. A first remark concern-
ing this Figure concerns the smoothness and continuityeof tky's dependences. The achieved
overall consistency of all data is rather impressive evesinifle points are deviating in some
areas of phase space. The salient features of the physitsreahin these plots may be sum-
marized as follows:

— A strong yield suppression between/l ~ 0.45 and the elastic limit at/\/s = 0.53 is
evident.

— The n+C data [10] are well consistent with the p+C resulth@dverlap regions; they
define a broad maximum of the cross sections gislt 0.46 at medium angles and low

Plab-
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Figure 7: Invariant cross sections for protons in p+C cigliis as a function of / /s at fixedpiap
andOy,,. The interpolated data points are indicated by symbolsesponding to the respective
experiments in each panel. The solid lines represent teepoliation of the data

— There is a well-defined asymptotic behaviour of the crossaexfor1/,/s below about

0.2 or beam momenta above about 12 GeV/c.

— For the lower©,, region and/or low,, the asymptotic region is approached from above.

The latter point is reminiscent of the behaviour of the pnogeelds in p+p interactions,
as shown in Fig. 8.

Another feature of Fig. 7 is the systematic droop of the csessions from HARP-CDP at
their highest beam momentum of 15 GeV/clgk/s = 0.18, demonstrating the discriminative
power of the approach. This decrease is quantified in Fig. &evthe ratioR” between the
measured invariant cross sections and the data interpolatishown as a function @iy, for
the complete angular range from 25 to 97 degrees. Here amsaif up to 50% are visible.

The abruptness of this decrease would necessitate a ratiemtwariation of the cross
sections with increasing energy including a minimum betwB& and SPS energies. A final
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Figure 9: RatioR” between the interpolated invariant proton cross sectimm HARP-CDP
[4] and the global interpolation as a functiongg, for the angular range 25 0,5, < 97 degrees

clarification of this situation is given by the proton datanfr Serpukhov [3] which, although
suffering from a different and independent problem, attleaslude such variations in the region
between 17 and 67 GeV/c beam momentum, see Sect. 9.2 below.
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5.2 cos(biap) dependence

In addition to the description of the energy dependenceglbieal interpolation has of
course also to result in a smooth and continuous verificatidine angular dependence present-
ing the third dimension of the present study. This constriaas to be fulfilled at any value of
1/4/s.

In a first example the situation ay./s = 0.05 is shown in Fig. 10. This value lies in
between the Fermilab [1] and NA49 [2] data in the region ofligdgle s-dependence. It there-
fore allows for the direct comparison of the two experimenteir respective angular regions
which have no overlap.
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o 10°F p (ceviqg | 1Ns =0.05GeV™
>~ oo : ‘
c\'> -102 | !
q) 2 3 0.3 3 i 7
(D 107 E o4 j j
N—r - | | /7
S -, 05 s 1 &
| 06 3 f B
E 10- | : E
= [ o7 | | 3
1E os i % E
7 :
10'E f i 0 E
- 1.0 | | ]
102 RES! | _f
E'l 127137t Aa E
| | | | | | | | | | | | | | | | | :T
-1 -0.5 0 0.5 1
cos (©,,)

Figure 10: Invariant proton cross sectiond A{/s = 0.05 as a function afos(6,) combining
the Fermilab and NA49 data foi,, between 0.2 and 1.4 GeV/c. The global interpolation is
shown as full lines. The measured cross sections in the anguiges from 70 to 160 degrees [1]
and from 10 to 40 degrees [2] are given on the vertical brokess|

Several observations are in place here:

— The two experimental results connect perfectly through dhp between the NA49
(Aap < 40 degrees) and the Fermilalyf > 70 degrees) data.

— There is at most a few percent variation of the cross secbetseen the angles of 160
and 180 degrees taking into account the constraint of coityithrough 180 degrees
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discussed in Sect. 4 above. This allows the combinationsafit®in this angular region
as it is applied in the determination of thg¢,/s dependence, Fig. 7.

— The angular distributions are smooth and close to expaglantshape. In particular, no
instability in the region around 90 degrees is visible whameeventual diffractive peak
from target fragmentation would appear, see also [2].

Further angular distributions at follf /s values between 0.1 and 0.4 GeMare given in

Fig. 11. In fact such distributions at arbitrary valued ¢{/s may be obtained from the global
interpolation as it is presented in numerical form at the BAvkeb page [26].
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Figure 11: Invariant proton cross sections as a functiore(,) for four values ofl /|/s: a)
0.1, b) 0.2, ¢) 0.3, d) 0.4 GeV and forp, values between 0.4 and 1.2 GeV/c. The standard
grid of 10 angles, Fig. 7, is indicated by the vertical brokeas

Evidently the angular distributions maintain their smoatfd continuous shape, specifi-
cally through 90 degrees, at all interaction energies. Wieghapproach to low beam momenta
however, a progressive rounding of the shape towards highemgles manifests itself.
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6 The data for positive pions

The global interpolation of the™ data is presented in this section in close analogy to the
preceding section for protons.

6.1 1/,/sdependence

The invariantt™ cross sections are shown in Fig. 12 as a functiorygfs for the standard
grid of ten lab angles between 25 and 180 degrees and foractitalh momenta between 0.2 and
1.2 GeV/c. The interpolated data points in each panel argifoisl by symbols corresponding
to the different experiments.

The solid lines represent the global interpolation by elldisof both the energy and the
angular dependences. Again the/s dependence is in general smooth and continuous, with
an impressive overall consistency of all data with only feweptions discussed below. There
are some general trends to be pointed out:

— At the lowest lab momentum, the pion cross sections areipedigt s-independent, with
variations of only 10-20% in the range from 1 to 400 GeV/c beammentum.

— This fact suggests™ production at low momentum transfer in the nuclear cascade.

— For all lab momenta, the approach to high energies is verydiat/,/s < 0.2 or beam
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Figure 12: Invariant cross sections for in p+C collisions as a function af//s at fixedpiap
andd,,n. The interpolated data points are indicated by symbolsesponding to the respective
experiments in each panel. The solid lines represent thmptata interpolation
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momenta above 12 GeV/c.

— The high energy cross sections are approached for all angtbeam momenta from
below.

There are two areas of deviation from the global interpotatvhich are both connected
to the HARP-CDP data [4]. At their lowest angle of 25 degréles,cross sections are system-
atically low by up to a factor of two below,, ~ 0.5 GeV/c andl/+/s above 0.2. This is in
contradiction to the available low energy data from othgyegkments also shown in Fig. 12.
The second area concerns, as for the protons, the data at\/6 Beam momentum where a
characteristic pattern of deviations is visible: At low &sgand lowp,,, the data tend to over-
shoot the interpolation, whereas at angles above 45 degmmegressive droop with increasing
lab momentum is evident. This is quantified by the rdté between the HARP-CDP data and
the global interpolation shown in Fig. 13.

E 1.4 T T T T T T T T ‘ T T T
L s T[+ i
1.2 n
L 8 B
1 oot s ‘ T
i el ]
0.8 -2 ~ , o s . .
F o 35° . oo |
= 450 o v 2 ‘ i
L o 550 M A a i
0.6 * 67 -
UL s g2o . 4
L v 9o7° A
Fooe112° -
l 1 1 1 1 l 1 1 1
O 4 1 1 1 1
"0 0.5 1

P, [GeVi/c]

Figure 13: Ratia?*’ between the interpolated invariant cross sections from HARP-CDP [4]
and the global interpolation as a functiongg, for the angular range 25 0,5, < 112 degrees

These deviations are rather consistent with the ones faamprrbtons. Also in this case
a rapid variation of the cross sections with increasing besmentum can be excluded by the
comparison with the pion data from the Serpukhov experirfigjtbetween 17 and 67 GeV/c
beam momentum, see Sect. 9.2 below.

6.2 cos(bap) dependence

As already shown in Sect. 5.2 for protons, the angular distions atl/,/s = 0.05, in
between the Fermilab [11] and NA49 [12] energies, are ptesein Fig. 14. This allows the
comparison of the two data sets and their connection achesgap in lab angles between 40
and 70 degrees which represent the upper and lower limitofabpective experiment.

Further angular distributions at fouy /s values between 0.1 and 0.4 Geare given
in Fig. 15.

The angular distributions are characterized by a smootisedio exponential shape. At
backward angles, tha,, dependence is very steep with four orders of magnitudedjrba-
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Figure 14: Invariantr™ cross sections dt/+/s = 0.05 as a function afos(f,,) combining the
Fermilab [11] and NA49 [12] data fqgs,, between 0.2 and 1.2 GeV/c. The global interpolation
is shown as full lines. The measured cross sections in thél@angnges from 70 to 160 degrees
([11]) and from 10 to 40 degrees ( [12]) are given on the vattizoken lines

tweenp,p, = 0.2 and 0.8 GeV/c. In forward direction this dependencetshreduced with less
than one order of magnitude betweggp = 0.2 and 1.2 GeV/c. This is due to the prevailance of
target fragmentation in this region, see Sect. 10 for a gagine study of this phenomenology.

7 The data for negative pions

This section follows closely the discussion of thé cross sections in the preceding
section.

7.1 1/y/s dependence

The invariantr— cross sections are shown in Fig. 16 as a functiorygfs for the standard
grid of ten lab angles between 25 and 180 degrees and foractiteslh momenta between 0.2 and
1.2 GeV/c. The interpolated data points in each panel argiftg by symbols corresponding
to the different experiments.

The solid lines represent the global interpolation by eltdlis to the data, with several
features which are worth noticing:
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Figure 15: Invariantr* cross sections as a function@f(6,) for four values ofl /,/s: a) 0.1,
b) 0.2, ¢) 0.3, d) 0.4 GeV and forp,, values between 0.2 and 1.2 GeV/c. The standard grid
of 10 angles, Fig. 7, is indicated by the vertical brokendine

— All the different data sets form a consistent ensemble witlioe systematic deviations
visible in some regions of the proton and results.

— The approach to large beam momenta happens from below fgg.all

— The s-dependence is in general stronger thans#{or Fig. 12. If it is again flat up to
1/4/s ~ 0.2 at lowpy, it becomes more pronounced both towards highgrand in the
approach to the production threshold at laigg/s indicating a marked increase of the
7t /7 ratio.

— This effect has as physics origin the progressive changbeoptoduction mechanism
from pion exchange at low energy to gluon or Pomeron exchah@PS energy. This
will be discussed in relation to the charge ratios in Sect. 8.

It is again interesting to compare the energy dependencketmie observed in p+p

interactions as presented in Fig. 17.
Although for both reactions the asymptotic high energyoags approached from below,
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Figure 16: Invariant cross sections for in p+C collisions as a function af//s at fixedpiap
andd,p. The interpolated data points are indicated by symbolsesponding to the respective
experiments in each panel. The solid lines represent thmptata interpolation

this comparison shows a strongedependence, at the same lab angle, in p+C than in p+p
collisions. This is due to the component of nuclear casgadihich contributes, in the given
angular range, with equal strength than the target fragatientto the total yield (see Sect. 10
below).

7.2 cos(bap) dependence

As for protons andr™ in Figs. 10 and 14, the~ cross sections from the Fermilab [11]
and NA49 [12] experiments are compared and combined as &daraf cos(f4p) in Fig. 18.

Further angular distributions at fouy/s values between 0.1 and 0.4 Geare given
in Fig. 19.

Concerning smoothness and continuity these distributioesimilar to ther™ data, in-
cluding the large asymmetry between the forward and backdaections. The reduction of
the cross sections for~ with respect tor* with increasingl /\/s is however very apparent.
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Figure 19: Invariantr— cross sections as a function@is(6,4) for four values ofl /,/s: a) 0.1,
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of 10 angles, Fig. 7, is indicated by the vertical brokendine

This will be quantified in the following Section on” /7~ ratios.

8 Thernt /7~ ratio

As already evoked in Sect. 4.5.3 above, the studyofr~ ratios has two main advan-
tages. Firstly, in this ratio a major fraction of the expegimtal systematic uncertainties cancels.
Secondly, the ratio is constrained by very fundamental andahindependent physics argu-
ments like charge conservation and isospin symmetry. litiadglits s-dependence is governed
by the hadronic meson exchange process which leads to a femwédxehaviour that will be
shown to be common to a wide range of interactions. In thefoilg argumentation the ratio
between the global data interpolation for andr— as described in the preceding Sects. 6 and
7 will be used:
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As a by-product, the fluctuation of this ratio as a functiomogle and interaction energy
will allow for the estimation of the local precision of theé@npolation procedure.

Ry (1/v/S, Diab, Oiab) =

8.1 The high energy limit

It has been established by numerous experimental resatsathcollision energies in
the SPS/Fermilab range and above the hadronic interacti@ensharacterized by the absence
of charge and flavour exchange. It has also been shown th&tdldeover of pions from the
projectile hemisphere into the backward regiorcefis sharply limited to the range ofy 2> -
0.05, see [28] for a detailed discussion. This range is dettie coverage i®;, and piap
considered in this publication.

It is therefore to be expected that the backward productigrioms off an isoscalar nu-
cleus should be charge-symmetric at high energy. This sadderified by the results on pion
production shown in the preceding sections. It is quantifideig. 19 which shows the™ /7~
ratio atl/+/s = 0.04 or 330 GeV/c beam momentum for all lab angles and labentartreated
in this publication. This number distribution has a meamgalf 1.0125 with an rms deviation
of 3.2%. This rms value may be seen as a first estimate of ttad pyecision of the three-
dimensional interpolation scheme at this energy which le@s lestablished independently for
both pion charges.

U) 30 T ‘ T T T
2 0=0.032
I i mean = 1.012
m | B
201 -
10 :
009 1 1.1

Ri

Figure 20:7+/7~ ratio R* at 1/,/s = 0.04 GeV'! for 25 < Oy, < 162 degrees and 02
Plab < 1.2 GeV/c

8.2 Energy, momentum and angle dependence &f.

With decreasing interaction energy or increasing’s thex™ /7~ ratio develops a strong
increase at all lab momenta and lab angles. This is showmgir2Eiwhich givesk.. as a function
of 1/4/s for four lab momenta. The ratio of the global data interpofats given in steps of 0.02
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in1/4/s. At each value ot //s the number of points corresponds to the standard grid okangl
available at this energy.
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Figure 21:R. as a function oft /,/s for four values ofp,,p. The dots represent the ratio of the
global data interpolation for* and=~ in steps of 0.02 il /,/s and for the chosen grid of 10
angles. apiap = 0.2, b)pjap = 0.4, C)pjap = 0.6, d)piap = 0.8 GeV/c

Several features of Fig. 21 are noteworthy:

— Considering the wide range of lab anglés, is at each value of /\/s confined to a
narrow band indicating an approximative angle indepenelenc

— Large R, values in excess of 5 are reached at the upper limit of thdadlaiscale in
1/4/s.

— There is a systematic increaseRf with pp.

8.2.1 Meanr™ /7~ ratios and estimation of the local systematic fluctuatiohthe
interpolation process

The features pointed out above may be quantified and at the sara the local system-
atic fluctuations of the interpolation may be estimated bpldshing the mean valugs:.,.)
averaged over the angular range at eac{y's. These mean values are well defined as shown
in Fig. 22 which presents the normalized distribution of pleént-by-point deviations from the
mean in percent,
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Ri — (Ry)
(Rx)

for four values oft /,/s, summing the foup,, values used in Fig. 21.
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Figure 22: Number distribution of the normalized percenia®onsA R, from the mean over
the angular range, d)/\/s = 0.1, b)1//s = 0.2, ¢)1/4/s = 0.3, d)l/ /s = 0.4. The fourpp
values shown in Fig. 21 are summed up

These distributions are of Gaussian shape with an rms whicfeases with /|/s as
indicated in Fig. 23.
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Figure 23: Rms values of the number distributions of the rabzed point-by-point deviations
from the mean charge ratigk..) as a function ofl//s. The full line represents a hand in-
terpolation. Broken line: corresponding error margin & thean valuesR.). Dotted lines:
corresponding errors fort andz~ separately
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The observed energy dependence of the rms deviations i doe tact that the invariant
pion cross sections decrease, after a relatively flat bebauip tol/,/s ~ 0.15, progressively
steeper towards the production threshold, see Figs. 12 @ndhis leads inevitably to larger
variations in the corresponding energy interpolation.

From the rms values given in Fig. 23 the error(é¢t.) may be derived which varies
between 1% and 5% for the highest and lowest interactiorggnerspectively (broken line).
Also the corresponding error margins for the mean pion gi@hdy be extracted as indicated
by the dotted lines in Fig. 23. From these plots it appearsthi®aglobal interpolation induces
fluctuations which increase from a few percent in the higigion to about 10% in the approach
to the pion threshold.

8.2.2 Dependence @t on O,

The dependence dk. on Oy is shown in Fig. 24 for four values af/\/s and four
values ofpjap.
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Figure 24:R.. as a function of©,y, for four values ofl/\/s, @) pap = 0.2, b) pap = 0.4, €)
piab = 0.6, and dpj,p = 0.8 GeV/c. The mean valué®.. ) are indicated as the horizontal broken
lines in each panel
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Evidently no systemati®,, dependence is visible over the complete angular range
within the quoted errors.

8.2.3 Dependence ¢f2.) on1/+/s andpap

In the absence of angular dependenc&ofas shown above, the mean valyés. ) may
now be used in order to establish a precise view of ith¢/s dependence for differenta,
values. This dependence is presented in Fig. 25.
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Figure 25:(R.) as a function ofl //s for five values ofpj,, between 0.2 and 1.0 GeV/c. The
full lines are hand interpolations through the data points

Within the errors of R.) extracted above, a clegg, dependence is evident superposing
itself to the strong common increase (@..) with 1/4/s. This increase may be parametrized
up to1/4/s ~ 0.3 by the functional from + ¢/s’®=) which is, as discussed below, typical
of meson exchange processes. Indeed the exponent betafvane? to 1.2 fomp,, increasing
from 0.2 t0 0.8 GeV/c.

8.3 Interpretation of the observed energy and momentum depelences

The strong increase dt. with 1/,/s merits a detailed study as it is directly connected
to the basic hadronic production mechanisms in p+A inteyast The fact that the pion yields
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in the complete backward fragmentation region of an is@sgalcleus remember the isospin of

the projectile is clearly incompatible with charge and flavimdependent exchange processes.
Instead a meson exchange mechanism may be invoked whichdeeglibeen used successfully

in a wide range of work at low projectile momenta, see foranse [18] and references therein.

Close to the pion production threshold in the nuclear heh@sp single excitation processes

via pion exchange of the type

p+(P — AT+ — f (10)
p+(p) — A" +(p — 757 (11)
p+(n) — AT +(n) — 7" (12)

only allow 7+ and#? production, whereas~ production needs double excitation like

p+(p — AT +(A%) - 7wt aa (13)
p+(n — At +(A%) — 7t a%a (14)
p+(n) — ATT4+(AT) — ot (15)

with in general an additional penalty far~ due to the isospin Clebsch—Gordan coefficients.
All meson exchange mechanisms are characterized by a stemngase with projectile energy.
This energy dependence and its interplay with processesrgioyg the high energy sector is
studied here for the first time in p+A collisions using the/7~ ratio.

In this context it seems mandatory to first refer to the studgxolusive charge exchange
reactions in elementary nucleon-nucleon collisions astineplete energy range discussed here
has been covered there by a number of experiments [29-35].

8.3.1 The charge exchange mechanism in elementary nuniedaeen collisions

Charge exchange processes may be cleanly isolated expéaliien nucleon-nucleon
interactions by studying the following exclusive channels
— Charge exchange scattering of the elastic type

n+p — p+n (16)
— Single dissociation with pion production

p+p — n+ATT — n4(p+7h) (17)
— Double dissociation with pion production

p+p — (p+t7)+(p+7) (18)

These channels are characterized by a very steep energydizme.
This is to be confronted with non-charge-exchange exatusihannels like:
— Elastic scattering

p+p — Pp+P (19)

— Single dissociation

p+p — p+(P+at+7) (20)
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— Double dissociation
p+p — (P+7a +7 )+ (P+a+77) (21)

which show a constant or logarithmically increasiadependence.

Charge exchange scattering has been measured by five egp&sim the range of neu-
tron beam momenta from 3 to 300 GeV/c. [29-33]. This is eyamtliering the energy range
discussed in this paper. The single and double dissocihtisrbeen studied at the CERN ISR
by two experiments [34, 35] extending the energy scale $03700 GeV. The two ISR ex-
periments may be directly compared to the charge exchangsurements after appropriate
re-normalization of the cross sections in the overlap regidhe lowest ISR energy.

The resultings-dependence at a momentum transfer 0.032 GeV is presented in
Fig. 26.
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Figure 26: Invariant cross sections of charge exchange iagtesand double dissociation in
nucleon-nucleon interactions as a functionsaft a momentum transfeér= 0.032 GeV. The
full line represents an interpolation of the data pointse Titsert gives the local slopgin the
parametrizatiorf ~ s~” as a function of

31



Several features of Fig. 26 are of interest:

— There is a decrease of about 4 orders of magnitude in crossrséetween the lowest
and highest value. This decrease is to be compared to the constant aitlagéaally in-
creasing elastic and nucleon diffraction cross sectiohs.charge exchange contribution
is therefore negligible compared to the inclusive baryaidg already at SPS energy.

— Thereis a steady decrease of the local skijpes with energy, from about 3.6 at 3 GeV/c
to about 1.1 above 80 GeV/c beam momentum.

— A characteristic change of slope manifests itself at ar@th@eV/c beam momentum.
These features have been interpreted in the 1970’s whereldnant experiments were

performed, in the framework of Regge theory which prediats-dependence of the form

f~ §20=2 = 3_5, (22)

wherea is the intercept of the leading trajectory. This should m¢hse of one-meson exchange
at low energy be given by the pion trajectory with zero ingégtc The actual beta values above
3 at low s seem to contradict however this expectation. Here threséfécts may play a role
which are not included in the parametrization (22).

With increasing energy the slopes move through the regigmasf exchange witl ~ 2
down to values of about 1.1 at high energy which could be cotedetop and a exchange
with correspondingly higher interceptsin the region of 0.5. At ISR energy the ratio pfr
contributions has indeed been estimated to be about 2 [3jwAy the simple parametrization
given by (22) should not be expected to hold over the full gnescale. What is interesting
here is rather the strong decline of the charge exchange sexgtions with energy and the
experimentally rather precisely determined slope vanmti

8.3.2 A remark concerning baryon resonance production igrbiaic interactions

The single (17) and double (18) dissociation processesatkfibove are determined by
the formation ofA resonances in the final states. They therefore constitubeir@es of direct
A production in nucleon-nucleon interactions. These chliasross sections decrease rapidly to
the ubarn level at SPS energies. In contrast, the non-chargeaegehchannels like (20) and
(21) have nos-dependence and stay on the mb level of cross sections. flimdistates have
been shown to be governed by Mésonances [36] which may be excited by Pomeron exchange.
Moreover, the p+#* combination of the p+*+x~ final states has been shown to be dominated
by A** [37]. This is an indirect source df resonances as a decay product ofsthtes which
have large decay branching fractions idter and A+p. It is therefore questionable if, at SPS
energies and above, any direkstproduction is persisting. This is an interesting question f
the majority of microscopic models which produce final stdig string fragmentation. In the
baryonic sector, diquark fragmentation is generally imaWith a prevailing direct production
of A resonances which by isospin counting will dominate ovér INdeed in practically all
such models there is no or only negligiblé Nroduction. As shown below, the decrease of
charge exchange processes can be traced well into the fiatiilve, inelastic region of particle
production. The multi-step, cascading decay of primofdialesonances intd resonances and
final state baryons should therefore be seriously congigémneparticular also concerning the
consequences for the evolution of final state energy dessitith time.

8.3.3 The charge exchange mechanism in p+C interactionsfasaion of interaction energy

The very characteristic decrease(df.) with increasings derived from the global data
interpolation, Fig. 25, offers a tempting possibility ofraparison to the phenomenology dis-
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cussed above for the elementary nucleon-nucleon secttaeth two components should con-
tribute to the observed™ /7~ ratios: at high energy this ratio should approach unity dutbé
absence of charge and flavour exchange in this region. At itexgg on the contrary it should
be governed by meson exchange with its strestigpendence. These two components may be
tentatively separated by using instead 8f.) the quantity

(RY) =(Rg) — 1 (23)
in order to extract the meson exchange contribution. Thantjty is plotted in Fig. 27 as a

function of s for four pja, values from 0.2 to 0.8 GeV/c.
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Figure 27:(R'7) as a function ofs for different values opjap, @) pap = 0.2, b)pap = 0.4, C)
piab = 0.6, and d)p,, = 0.8 GeV/c. The elastic limit is indicated by the arrows

A very characteristic pattern emerges which resembles-thependence for the charge
exchange in elementary interactions described above,ige@6- In general R) follows a
power law dependence an

(RE) ~es™ (24)

with local slopes3™¢ which are in turn a function of. Three different regions with distinct
local slopes can be identified in Fig. 27:

— Afirst region with large slopes is locatedsavelow about 6 Ge¥. This region is strongly

influenced by threshold effects as the threshold for inelggbduction is placed at the
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elastic limits = 4m§ = 3.5GeV? indicated in Fig. 27. In the approach to pion thresh-
old ther™ /7~ ratio has to diverge as~ is progressively suppressed, see above. With
increasingiay this suppression will of course be more pronounced.
— An intermediate region between about 8 and 40 &with an s dependence decreasing
with increasingap.
— A third region with flattenings-dependence above about 40 GeV
At the lowestpop Value of 0.2 GeV/c corresponding to the lowest momentunsteanthe
similarity to the charge exchange process in nucleon-oudlgeractions, Fig. 26, is absolutely
striking. This concerns both the detailed shape and theab\&rppression factors. With in-
creasingap, thes dependence is modified in a systematic way by a general iedwtslopes,
with the exception of the threshold enhancement. This isitified in Fig. 28 which shows the
local slopes as a function effor p, Values between 0.2 and 1 GeV/c.
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Figure 28: Slopes™ of thes-dependence dfRR7¢) as a function of S: g)ap = 0.2, b)pjap = 0.4,
C) piab = 0.6, d)piap = 0.8, and ey = 1.0 GeV/c. The shaded regions mark the error margins

With the exception of the threshold region, the slopes andimed to the region between
2 and 1 typical of meson exchange processes. The dependepggis given in Fig. 29 where
the slopes in the three regionss$pecified above are presented.

This Figure shows clearly the different nature of the lkbenhancement where the slopes
increase strongly withy,,. The two other regions, full and dotted lines, are compatikith
a Regge parametrization with trajectory intercepts whirease withpy,,. This is insofar in-
teresting as the region of measurements regarded heresdabecomplete backward angular
range and the corresponding interactions are by no meafisedmo diffractive or low momen-
tum transfer collisions. It is shown in Sect. 10 of this pattext in the backward hemisphere
the pion yields from nuclear cascading and target fragntientare comparable. If the nuclear
component is characterized by low momentum transfer i@as{i2] the target fragmentation
is manifestly inelastic and non-diffractive. It governg tiotal yield at all angles below about
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Figure 29: Local slopes in the regioas< 6 Ge\? (broken line), 6< s < 40 Ge\? (full line)
ands > 40 Ge\? (dotted line) as a function of,, between 0.2 and 1 GeV/c

70 degrees.
In conclusion of this study ofr* /7~ ratios in p+C interactions the following points
should be stressed:
— The global data interpolation leads to a precise and camidescription of the behaviour
of thex™ /7~ ratios in the full backward hemisphere, thus offering anitaatthl tool for
the discrimination of experimental deviations.
— The inspection of the detaileddependence of the ratios opens a new window on the
underlying exchange processes.
— In particular the comparison to the elementary nucleordamrccollisions establishes a
close relation between apparently disjoint sectors of tfierdnt hadronic interactions.

9 Data sets not used in the global interpolation

As mentioned in Sect. 4.5 four of the 19 investigated dataet incompatible with the
attempt at generating an overall consistent descriptidheéxperimental situation. These data
will be shortly discussed below.

9.1 The proton data of ref. [7]

These data have been obtained at the Bevalac using beam naoaieh75, 2.89 and
5.89 GeV/c, spanning a lab momentum range from 0.3 to 0.9 GaWa lab angle of 180 de-
grees. The resulting cross sections trace the shape of tfiedependence rather precisely but
are consistently about a factor of two below the global éation as shown in Fig. 30. Here
the full lines correspond to the global interpolation ane lbinoken lines give the interpolation
divided by a factor of two.

As the angular bin from 160 to 180 degrees is mostly coverathby around 160-162 de-
grees, a steep angular dependence in this region cannairaly@iexcluded. The smooth and
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Figure 30: The proton cross sections from [7] in comparisdhé¢ global data interpolation (full
lines) in the lab angle bin from 160 to 180 degrees. The brdikes correspond to a reduction
of the interpolation by a factor of two. The inserted histogrgives the number distribution of
the ratio between data and interpolation

gentle angular dependence of the interpolated data shofig.i31 for the angular range from
82 to 180 degrees and for the threg/s values of ref. [7], together with the constraint of the
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Figure 31: Invariant proton cross sections as a functiang,,) for three values of //s; a)
0.427, b) 0.366 and c) 0.281 GeV. The full lines give the global data interpolation, the open
circles the data from [7]
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approach to 180 degrees with tangent zero, excludes howelrep of the cross sections by a
factor of two between 160 and 180 degrees.

9.2 The proton and pion data of refs. [3, 13]

A sizeable set of data on proton [3] and pion [13] productias been obtained at the
Serpukhov accelerator spanning the range of beam mometwadre 17 and 57 GeV/c. This
fills the gap between the PS and SPS energies where no othardadvailable. The data cover
the piap range from 0.25 to 1.2 GeV/c &, = 159 degrees. They are presented in Fig. 32 in
comparison to the global data interpolation.
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Figure 32: The data of [3, 13] as a function bf\/s at ©,,, = 159 degrees (open circles) in
comparison to the global data interpolation at 160 degifedidifes)

Several features of this comparison are noteworthy:

— The shape of theé /,/s dependences complies precisely with the global interjmolat
This is compatible with the absence of rapid variations ef¢toss sections with energy
in the region between PS and SPS.

— There is a pronounced suppression of these data with regp#ot interpolation with
increasingiap reaching factors of three at the upper ranges for protongemd.

— Then™ andr~ data show an identical behaviour.

— The proton data are tracing the interpolation up{9= 0.4 GeV/c whereas the pion data
are already suppressed in thig range.

— The suppression factors are generally bigger for the pibagw@alpap.

— These features might be compatible with a momentum scade err
In addition to the reproduction of the shape of thyg/s dependence, also the" /7~

ratio complies exactly with the one extracted from the gldhterpolation, Fig. 33, up to
pap = 0.7 GeV/c. Above this value there is a sharp dropRaf reaching unphysical values

at the upper limit ofp,ap. This drop of about 20% has however to be compared to a drop of
300% of the invariant cross sections at this limit
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Figure 33: Pion charge ratiB,. from [13] as a function of,, averaged over beam momentum
between 17 and 57 GeV/c. The full line gives the result of tlodba interpolation averaged
over the same beam momentum scale, Sect. 8

9.3 The pion data of ref. [15]

These results cover a range from 3 to 12 GeV/c beam momentepy,dtetween 25 and
117 degrees and 0.125 p;,, < 0.75 GeV/c. They are thus directly comparable to the ones
from [4] which are part of the global data interpolation. irtdifferences to this interpolation
are presented in Fig. 34 for all beam momenta and the stagdardf p,., and©,,, values.
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Figure 34: Histograms of the percent differences for allengnd beam momenta between [4]
and [15]. Panel aj—, panel b)r™*
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If the mean values of the differences are close to zero, thatber distributions show
wide spreads especially far". This is exemplified in Fig. 35 where a typical comparisorti® t
global interpolation (full lines) is given as a function bf\/s at ©,, = 67 degrees for foupiap,
values.
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Figure 35: Invariant pion cross sections from [15] g, = 67 degrees and foui,, values as
a function of1/,/s, (open circles) in comparison to the global data interpataffull lines).
Panel ayr*, panel b)r~
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A comparison ofr* /7~ ratios is given in Fig. 36 as a function pf;, for four values of
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Figure 36: Charge ratid.. from [15] as a function ofy,, for four lab angles and a beam
momentum of 5 GeV/c. The full lines give the results of theadaterpolation from [15], the
full circles correspond to the ratios of the measured cresians. The broken lines give the
result of the global interpolation

This figure demonstrates the importance of using, in additdhe invariant cross section
proper, the particle ratios which are strongly constraimg@hysical arguments, see Sect. 8.

9.4 The pion data of ref. [14]

These data have been obtained at a beam momentum of 31 Ge¥fgdnrange from
0.6 to 22.3 degrees ang,, from 0.2 to 18 GeV/c. If a large part of the given angular and
momentum coverage falls outside the backward region regdrdre, the low momentum range
up topap ~ 0.5 GeV/c for all angles and the range €., < 1 GeV/c for angles above about
9 degrees corresponds to negatiyeand can therefore be considered here.

The completd /\/s dependence established in the preceding sections haseaogdar
limit at 25 degrees corresponding to the lowest value of thedard grid of angles. This angle
is close to the highest angle of [14] at 22.3 degrees alloieng safe interpolation. This is
shown in Fig. 37 where the global interpolation is compacethé data of [14] at their highest
angles between 12 and 22 degrees for pwiovalues both forr™ and forz—.

As the global interpolation is limited t©,,, > 25 degrees, another way of comparison is
offered by the combined NA49 and Fermilab results at 158/880/c where the former data
cover the complete angular range of [14]. The ratio of thalabie high energy data to the
results at 31 GeV/c beam momentum is shown, as a functiéh.gfin Fig. 38.
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Apparently this cross section ratio is within errors angl@gpendent over the full range
of the global data survey, with well defined averages beld@® for 7= and 1.1 forz~. In
contrast, the cross section ratio between NA49 and ref. §hdijvs values in the region of 1.4
increasing with decreasirgap.

In conclusion to this Section it may be stated that the glolagh interpolation between
15 different experiments attempted in this paper proveset@a luseful tool for the detection
of deviating data sets. Further details concerning the @lsovnparisons can be found in an
internal report on ref. [26].

10 The separation of target fragmentation and intra-nuclea component for pion
production at SPS energy

Hadronic production in the backward direction of p+A cadliss has two components:
the fragmentation of the target nucleons which have beebyhibhe projectile proton, and the
propagation of momentum transfer into the nucleus by sesxynalicleon-nucleon interaction
which follow, on a longer time scale, the initial excitatiprocess. Both processes are governed
by the mean number of collision) suffered by the projectile on his trajectory through the
nucleus.

As only the sum of these two separate mechanisms is expdattyeaccessible, a min-
imum assumption about the fragmentation of the target ouslés needed in order to allow
the separation of the components in an otherwise modepermtent fashion. This minimal as-
sumption consists in assuming that the fragmentation geookthe hit nucleons is equal to the
basic nucleon-nucleon interaction, taking full accountadirse of isospin symmetry. In addi-
tion and only valid for the relatively small value ¢f) in the Carbon nucleus, it will be assumed
that successive collisions result in hadronization atifu#traction energy of the corresponding
elementary interactions.

As far as the value ofv) is concerned, this has been determined for pion produation i
some detail in [28] using the forward and the backward region: > -0.1 where no intra-
nuclear cascading is present, see below. This determmasied three independent approaches:

— A Monte-Carlo calculation using the measured nuclear dedsstributions.
— The relation between the inelastic cross sections of p+ppainteractions.
— The approach ter = -0.1 of the ratio of pion densities in p+C and p+p collisions

The two former methods have to make the assumption that #hasitic interaction cross
sections are independent of the number of subsequenticotiis.

In [2] a similar approach is used concerning the productioprotons and anti-protons,
again in the regions where there is no contribution from eactascading as well as in the full
backward hemisphere.

All methods mentioned above result in a consistent estimfte) = 1.6 in p+C colli-
sions, with a relative systematic uncertainty of the ordex f@w percent.

In the following argumentation a prediction of the mean pilemsity of target fragmen-
tation in the backward hemisphere gk = 17.2 GeV will be used which is relying on the
published pion data from NA49 [21] and the estimated meanbmurof collisions,(v). The
invariant pion cross sections are divided by the inelagbeg section to yield the quantity

(foo(zF,pT)) = 0-5(f§p+($F,pT) + f[;rp7 (zr,pr)) (25)
per inelastic event which establishes isospin symmetr, an

fpred(l"F,pT) = 1-6<fpp($F,pT)> (26)
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This prediction is transformed into the appropriate cawatksp,, andO,, and divided
by the measured invariant p+C cross sectifyaspian, Oan) per inelastic event yielding the ratio

pred T
Rpred(p|ab, Olap) = M o7

~ foc(Piab; Orab)

This ratio is shown in Fig. 39 as a function gf;, for the lab angles 10, 20, 30, 40 and
45 degrees.
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Figure 39:RP®(pi.n, Orap) as a function oy, for the five angles 10, 20, 30, 40 and 45 degrees

It is evident that the ratio is close to one for the three ldvaeglles at alp,,, and for the
region below 0.8 GeV/c for 40 and 45 degrees. This is quadtifieFig. 40 which gives the
distribution of the ratio for the mentioneg,, ranges.

The results show that indeed the measured pion cross sectiorespond for lab angles
up to 45 degrees precisely to the prediction from elementaflysions. This indicates that
there is no contribution from intra-nuclear cascading iis tlegion, in accordance with the
results of [28]. A drop of the ratio becomes however visilolehe highem,,, range at 40 and
45 degrees. This marks the onset of a nuclear component Wwhames clearly visible in the
ratios at larger angles shown in Fig. 41.

It is interesting to note that the target fragmentation gosehe pion density up to the
highest lab angles at low.p,, with RP?values of more than 50%. The ratio decreases how-
ever steadily with increasing,, and reaches zero at distinct momentum values indicating the
approach tacr = -1 in the plots of Fig. 1. This kinematic effect is more clgdyrought out
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Figure 41:RP™®4(pa, Orap) as a function ofy, for the angles of 45, 55, 70, 90, 112, 137 and
160 degrees. The full lines are local interpolations

in Fig. 42 showing that the fraction of target fragmentat®essentially a function of - and
rather independent on lab angle.
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Figure 42: a) measured correlation betwggpnand©,,;, for constant values akP™®9(pjap, Ojap)
between 0.1 and 0.9, b) correlation betwegp and Oy, for fixed values ofr between -0.1
and -1.0 and cP®Y(pip, O1ap) as a function of: -

The correlation between,, and Oy, for fixed values ofRP™? shown in panel a traces
rather exactly the kinematic correlation between the saar@bies for fixed values aof .,
panel b. This allows to establish a direct dependenc&®F on = which is to first order

angle-independent, panel c.

The invariant densitiegP®%(pip, O1ap) per inelastic event as predicted from the fragmen-
tation of the participant target nucleons is presentedgn 43.
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Figure 43: Predicted invariant densitff%(pp, O1ap) per inelastic event as a function of
cos(Oyap) for fixed values of, between 0.1 and 1.2 GeV/c. The full lines represent datainte

polations
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This density may be subtracted from the pion dengifyan, Orp) /0™ measured in p+C
interactions which is within errors equal far™ and 7, see Figs. 14 and 18. The resulting
invariant density

an, @ a re
S (Prap, Orap) = % — /P (Pra, Orab) (28)

is shown in Fig. 44.
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Figure 44: Invariant pion density™(pyp, O1ap) from intra-nuclear cascading as a function
of cos(Oyp) for fixed values ofp, between 0.1 and 1.2 GeV/c. The full lines represent data
interpolations

This subtraction procedure becomes of course uncertaheisrmall angle region where
the nuclear component is on the few percent level and beldwrespect to the target fragmen-
tation, see Figs. 39 and 41.

The invariant angular distributions shown in Figs. 43 anaé&y be converted into num-
ber distributions following:

dgnpred(plab @Iab) p|2
9 =21 2 pred ! @ 29
dpiabd©Oiap Elabf (plab lab) -
and
d*n™(piap, Orab) _or Dib £ Db, Ora) (30)

APiandOiap Elap
Integrating these distributions ovaygy,, the number distributions
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dnpred

R — 31
d cos(Ojap) (31)
and
dnnUd
_— 32
d cos(Ojap) (32)
are obtained which are shown in Fig. 45 together with th@rati
dnnucl dnpred
R™(cos(Oap)) = 33
(c05(Orav)) d cos(Opap) /' d cos(Oap) (33)
-y 1:‘ o g 1:
o [ T
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é O_llfdn”“d/dcos(elab) . .
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Figure 45: a)dn""®/d cos(Oy) as a function ofos(Oa) (full line), dnP®Y/d cos(Op) as a
function ofcos(Ojap) (broken line), b) the ratid™ as a function of.os(Oy)

Evidently the nuclear component of pion production staysgarable to the target frag-
mentation in the full backward hemisphere®f,,. It decreases rapidly fad,, below about
60 degrees and vanishes beléyy, 25 degrees.

Integration ofdn™/d cos(Oap) OVercos(Ojap) results in the total single pion yield from

nuclear cascading

n™ = 0.105 (34)
per inelastic event. The predicted integrated yield frorgeafragmentation is
1.6(n"" +nP?
ppred — (”“*; ") o151 (35)
with
n® =3.018 (36)
and
n® =2.360 (37)
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from p+p interactions as measured by NA49, [21]. This medaas for p+C interactions the
nuclear component of pion production amounts to 4.9% of thegporiginating from the frag-

mentation of the hit target nucleons. Applying isospin syetny on the isoscalar C nucleus
with

Nt = Np— = Nyo (38)

the total pion yields are 6.45 from target fragmentation@3d.5 from nuclear cascading.
Making use of the kinematic relation between the coordipaies piap, O1ap andx g, pr,
see Fig. 1c, the double differential yields for the nucleanponent as functions afr andpr

2, nucl
d n

dxpdpr

= 27Tpmax%fnUC|(l’F,pT) (39)

may be obtained wherg,ax, (2), andE are cms quantities. The resulting pion density distribu-
tions are shown in Fig. 46 as a functionagf for p values from 0.05 to 0.7 GeV/c.
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d2nnucl
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0.5

Figure 46: Double differential pion densitifn""°/dxrdpr as a function ofr; for a) 0.05<
pr < 0.3GeV/cand b) 0.4 pr < 0.7 GeV/c

A peak at lowpr andz = -0.15 is apparent which corresponds to the location of pi-
ons with small lab momentum, see Fig. 1. With increaginghe maximum density decreases
and shifts inz to lower values which is again in accordance with the kinénadrrelation
visible in Fig. 1. Integration ovep; results in the single differential densith.""/dx (2 5)
shown in Fig. 47 together with the predicted density distitn dn®%/dx (2 ) from target
fragmentation and with the ratio of the two densities.

The pr integrated pion densityn™/dxr(zr) shows a peak atr ~ -0.2 and van-
ishes atrr ~ -0.08. As shown by the density ratio with the predicted tafgigmentation
dnP®¥/dxr(zr) in Fig. 47b, the nuclear component reaches 10% of the taragnientation at
xr =-0.15 and exceeds this contribution fgf < -0.55.

The nuclear pion component extracted above is used in [Zmjuaction with the com-

plementary nuclear proton component to obtain the pergerdacascading protons which are
accompanied by pion emission.
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Figure 47: a) Pion densityn™/dz as a function ofrx (full line). The predicted den-
sity distribution from target fragmentatiomP®?/dx is shown as the broken line; b) Ratio
R"(zp) = (dn™/dxr)/(dnP®/dz ) as a function ofr

11  Conclusion

This paper presents a survey of available data concernicigMaad proton and pion pro-
duction in minimum bias p+C interactions, including new axtensive data sets obtained at
the CERN PS and SPS. The backward direction being definedkeathplete phase space at
negative Feynmamny, the data cover, for projectile momenta from 1 to 400 Ge\He,ranges
from 0.2 to 1.2 GeV/c in lab momentupy,, and from 10 to 180 degrees in lab anggy,.
The paper attempts an interconnection of the different sketteby a detailed three-dimensional
interpolation scheme in the variablés,/s, pian, andcos(©ap). This attempt allows a precise
control of the internal data consistency as well as the stfdjpe evolution of the invariant
inclusive cross sections in all three variables.

A literature search has provided a set of 19 different expenits with a total of more
than 3500 data points. These measurements were obtained@years of experimentation
by collaborations employing widely different experimdrtechniques. In this respect it may
be stated as a first positive result that the majority of thia daay be combined into a sur-
prisingly self-consistent ensemble. This global integtioh scheme results in a considerable
discriminative power against the systematic deviationastipular data sets. Only 4 of the 19
quoted experiments show in fact deviations which clearlykntlaem as systematically diverg-
ing. These experiments are inspected in detail one by one attampt to clearly bring out the
discrepancies. In some of the cases, possible experinenvalsources are pointed out.

The underlying physics provides for additional constiicbncerning basic quantities
like charge conservation and isospin symmetry as well as#oessity of smoothness and
continuity of the observed cross sections. Whenever plessibntact to the complementary
elementary nucleon-nucleon interactions is establishbis. concerns in particular the evoca-
tion of mesonic exchange processes for the description™@fr— ratios and the prediction of
the target fragmentation from elementary interactionsitaskparation from the component of
nuclear cascading.

As far as the dependences of the invariant cross sectiorigedhriee basic variableg,,
Op and1/4/s is concerned, a well constrained phenomenology emergesFlidependences
are exponential or close to exponential over a major pati@phase space with some excep-
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tions mostly towards low interaction energies. This fasuits in an important constraint for
the data interpolation. Thes(0©,,) dependences are not far from exponential and smooth and
continuous through all lab angles. In particular there isnthication of an instability around

90 degrees for the proton yields. The/s dependences converge, after strong variations close
to production threshold, smoothly to asymptotic behaviouhe SPS energy range. This re-
gion is approached from above by the protons and from belowh®pions. This convergence

is confirmed by ther™ /7~ ratios which show, being governed by meson exchange at/few
with large values marked by the projectile isospin, a smdettiine with energy towards unity

as expected from the underlying elementary exchange meses
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