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Abstract

The shapes of measured double differential cross sections for inclusive production

of j>, A, S and ft by protons off various target nuclei are well reproduced by a
rather simple model. The double differential cross sections for pp interactions are
factorized into longitudinal and transverse terms. Extrapolations to heavier targets
are based upon an empirical law. For all (anti-) baryons considered a total of 5 free
parameters is needed.

1 Introduction
With the advent of the parton concept, experimental studies of hadronic reactions

started to focus on hard collisions. Therefore, many aspects of more general inclusive
features have not been looked at in detail. This holds in particular for the production of
multistrange (anti-) baryons.

Some years ago, formation of a plasma of free quarks and gluons (QGP) in heavy
ion collisions at high energies was suggested theoretically [1]. It would be governed by
the laws of QCD thermodynamics. Experimental evidence for the occurence of this short
lived phenomenon will rely on those features of ion collisions which differ markedly from
what may be extrapolated from pp and p-Nucleus interactions. Hence, accurate data on
multiparticle production in proton induced reactions, and/or reliable models thereof, are
required. Because of their particular relevance to QGP formation in ion collisions [2],
features of (multi-) strange (anti-) baryons in pp and pA interactions are analysed in the
following. Most of the existing data have been compiled here (see also ref. [3]). A simple
analytic model is proposed which reproduces most measurements and can therefore be
used to inter- (extra-) polate incomplete data. It is introduced in sections II and III
for pp and p-Nucleus collisions, respectively. Comparisons with experimental results are
performed in section IV, and a summary is presented in section V.



2 Differential cross sections for pp collisions

From inclusive production of mesons the first moment of the distribution of transverse
momenta pr, <pr(î/)>j determined for an interval At/ about rapidity y, was found to
depend only little on y, especially in the central region [4], A factorised form is therefore
often used for the Lorentz-invariant differential cross section J(p) = E^ : J(p) oc g(y) •

/ ( )
There are very few corresponding data for baryon production. For A production

in pp interactions at 360GeV/c, <pr(œ)> tends to be independent of Feynman x [5].
Consequently, J(p) is factorized in the following for all (anti-) baryons according to:
J(p)cxg(x)-f(pT)\

2.1 Transverse distributions

Measured inclusive pj distributions for hadrons of mass m are well approximated by
an exponential shape : da/dp? oc e~mT^T', TUT — \Jm2 + p\ [6], with a free parameter,
T'. This holds up to about px ~ 1 GeV/c, where hard parton scattering becomes non-
negligible at high energies [7]. The inclusive px distribution in Fig. la for TT+ produced
at x = 0 in pp interactions at a cms energy \/s = 23 GeV [6] yields thus T' = (146 ±
2) MeV. On the other hand T = (119 ± 7) MeV and V = (117 ± 13) MeV are needed to
reproduce p spectra at x = 0 and y/s = 53 GeV [6] in Fig. lb and inclusive A spectra [8]
from pp interactions at 360 GeV/c (Fig. lc), respectively. Exponentials in mr are simple
approximations to thermal px spectra; the complete formula is given, e.g., in ref. [9]. It is
used in Fig. 2 to predict <pr> as function of hadron mass for a temperature parameter
T = 120 MeV. For this value of T, calculations are close to the experimental values of
<pr> in this energy range [10]. Approximating now the thermal distribution by the
dominating term, the modified Bessel function Jfi, i.e.

d(T „ i <n>j » / - \

dpT~

pion, p and A distributions in Fig.l are well reproduced using T = 120 MeV throughout.
For what follows / (pr) oc da/dpj. as given by equation (1) is used with T = 120 MeV for
all (anti-) baryons considered.

In this framework the ratio of antiparticle and particle yields is independent of px,
whereas ratios of yields of heavy particles relative to those of light particles increase with
px.

2.2 Longitudinal distributions 4

Very often the parametrization g{x) a (1 - z)n describes data on inclusive distributions
of mesons and baryons rather well [11,12], at least for moderate to large values of x. The
actual numerical values of n tend to depend, at least for mesons, on the number of incident
valence quarks " contained" in the secondary particle.

1This may not hold for protons and neutions because of more dominant diffraction.



This power-law for g(x) is used throughout this analysis. One expects that n(A)<n(S)<n(fi)
n(fi) « n(S) « n(A) « n(p) as A(S) may share 2(1) valence quarks with the incoming
protons, whereas fi and antibaryons do not share any.

3 Nuclear targets
Experiments [13] show that J(p) oc Aa^ for particle production off nuclear targets of

atomic weight A > 2. Extrapolation to p targets does not work in general. A qualitative
explanation [13] of the latter fact is given here noting that an appropriate integral over J(p)
yields the inclusive cross section <rtnc/.(p-4 —• c) = <Tinei.(pA) • <c>yi, where <Tinci.{pA) and
<C>A are the inelastic cross section and mean multiplicity of particle c for pA collisions,
respectively.

The dependence on A of <Tinei(pA) is known [14] : ow/(pA) oc Aa°, a0 fa 0.72. A
further experimental fact is that (rtnej(pi) ft* 2<r,nej (pp), as expected in the framework of
Glauber theory [15]. This corresponds to ao « 1 and explains at least partially why
extrapolations from heavier to proton targets fail.

Furthermore, there may be non-negligible isospin effects when going from protons to
heavier targets, as stable nuclei are practically isoscalars. One is thus tempted to write:
<c>d = <c>p • i, where t = <t(p)> is an average isospin factor taking into account the
different valence quark composition of protons and neutrons. The lack of a factor 2 in
front of <c>p is motivated by the Glauber model where c*o « 1 is equivalent to a single
p-nucleon interaction per pd collision.

Putting everything together one may write [13] for pA collisions (A > 2) :

(2)

The term in square brackets should be a very good approximation to E^(pd —* c),

and is recovered for A = 2. For A>2 the experimental finding that j l ^ oc ( ̂ -J is
reproduced. The factor t(p) is expected to differ from unity only for E production at
x < 0.

The only quantity needed to interpolate between proton induced collisions off various
targets is then in general the exponent a(p). Long ago it was argued [16] that a(p) «
ai(z) + (X2(PT)] more recent data are still compatible with this idea [13] which will be
adopted in the following.

a) Most existing measurements are consistent with o^pr) = 0.1 p^ for px < 1 GeV/c,
the region of phase space considered here [13]. Thus, there is only little A-dependence of
the shape of p? distributions at pr < 1 GeV/c. The increase with pr of a2 , especially at
p r > l GeV/c, may be due to multiple scattering of partons in the nuclear medium [17].

b) A compilation of data on ai(x) [13] suggests that ax(x) = 0.8 — 0.75- x+*0.45'X3/|a:|
for most types of secondary particles. However, data are often not very precise, i.e. the
experimental errors Aai are in the order of ±0.1.There is evidence for a slightly larger
constant term for H production [15]. Furthermore, there is a serious lack of data for
x< — 0.2. In this region of phase space rather large differences between mesons, nucléons
and strange (anti-)baryons cannot be excluded a priori, due to unknown rescattering
mechanisms in the target.



The above parametrizations of ai(x) and o^pr) are used in the present study of
(anti-) baryon production in p- nucleus interactions.

To summarize, inclusive cross sections for particle production in pA collisions are
factorized into the pp cross section and an j4-dependent term. The latter is nearly the same
for all types of secondary particles. One expects therefore that particle ratios are, to a
good approximation, independent of A for A > 1, especially at small |x| and p r ^ l GeV/c.

4 Comparison to measurements

Throughout this investigation secondary particles were generated according to formula
(2) using a Monte Carlo technique. The following method was adopted to determine n
and its error: the experimental data at the smallest lab polar angle 6 were selected for a
given reaction. Then n and its error were obtained by adjusting the analytic expression
(2). In case of lacking pp data, the extracted values of n may be affected by the choice of
c*i(x); this is unavoidable. A potential bias due to a^pr) should be negligible at low 6,
as a2(pr) is a very weak function of py at low py.

4.1 A production

Non-invariant cross sections da/dx for A production in pp collisions at various energies
are displayed in Fig. 3a [18]. There seems to be a minimum of these measured differential
cross sections near x ~ 0, maybe more pronounced at higher energies. The data are rather
well reproduced for x>0.2, using n = 0.581 ± 0.003. The rapidity distribution resulting
from this parametrization is shown in Fig. 3b for pp collisions at 200 GeV/c.

It should be pointed out that, for y/s < 27.5 GeV, the bubble chamber technique was
used to detect and identify neutral strange particles at x<0. For x>0 efficiencies decrease
rapidly for bubble chambers such that forward-backward symmetry tests are not often
performed. It might thus be possible that efficiencies were overestimated near x « 0 [19],
and hence integrated cross section may be underestimated. An exception is ref. [20] where
A production was measured beyond x = 0; the dip of the differential cross section is less
pronounced at y = 0 than in refs. [18] such that the data are compatible with the model
(n = 0.581) even at |x| < 0.2.

Keeping n = 0.581, T = 120 MeV and using the parametrization of a(p) of section
III, calculated and measured differential cross sections for A production in pBe and pPb
collisions at 400GeV/c in Fig. 4 [21] agree well. The pBe and pPb data are given for lab
polar angles 6 — 0, 2.0, and 3.5mrad; the data for pCu collisions (not shown) are equally
well matched. Note that the absolute normalization was adjusted to the data from the
lighest target and at the smallest value of 6, the dependence on A and 9 follows then from
the model. «

Also shown are calculations based upon a parametrization of some of the bubble
chamber data [22]; the corresponding rapidity distribution for pp collisions at 200GeV/c
is included in Fig. 3b. The resulting predictions for A production in pA collisions (Fig. 4)
do not match well the data at i<0.3. The discrepancy between data and predictions
based on ref. [22] could be avoided by increasing ai(x), e.g. by Aai(x) « 0.034 at x « 0,
a rather artificial operation. This adds some support to the hypothesis of systematic



uncertainties of the bubble chamber data. It is important to clarify this point as event
generators for heavy ion collisions start usually from pp data.

Differential cross sections d<r/dx for A from pN and pNe interactions at
300GeV/c [23] are displayed in Fig. 5 for x<0 together with predictions. While the
absolute normalization was adjusted, the predicted shape is in good agreement with ex-
periment, even at x< - 0.2. A variation of a by Aa « 0.1 would change the rates at
x< — 0.2 by a factor of about 1.35 (pN)] the data are therefore barely precise enough to
contribute to a better knowledge of a at x < — 0.2.

Measured rapidity distributions for A from pAr [24], pXe [24], pS [25] and pPb [26]
collisions at 200 GeV/c and pAu interactions at 60 and 200 GeV/c [27] are compiled in
Fig. 6. The model compares rather well to the pAr, pXe and pPb data at 200 GeV/c
and to the pAu measurements at 60 GeV/c, once the normalization is adjusted. However,
a systematic difference between pAu data obtained at 200GeV/c [27] and the model
develops at y > 3.6 (x > 0.15). As inclusive spectra, as function of x usually scale
in energy, this discrepancy points to systematic uncertainties of the data for high track
densities. Similar conclusions may be drawn for pS interactions at 200GeV/c (Fig. 6,
[25]).

Finally, inclusive pr distributions for A from pAu interactions at 60 and
200 GeV/c [27] are confronted with model predictions in Fig. 7; a parameter T = 120 MeV

yj yields a good description of the data even at p r> l GeV/c.
A fit of formula (1) to the pAu data, i.e. absorbing the A dependence into an " effective
temperature", gives T = 178 ±23 MeV and 147± 14 MeV at 200 GeV/c and at 60 GeV/c,
respectively.

In passing it should be noted that neutron spectra at 12 and 24GeV/c [28] are not
consistent with the (1 — x)n law. A good understanding of proton and neutron (and
A) spectra is, however, needed to derive experimentally net baryon densities in hadronic
collisions.

To sum up, the good agreement between predictions and many measured differential
cross sections, i.e. of dependences on x, pr, 0 and A at all energies lends strong support
to the basic concepts of the model. This also implies that none of the parameters involved
depends strongly on y/s. The following rarer processes involving (multi-) strange (anti-)
baryons will therefore also be analyzed in this framework.

4.2 E° and Q production
There are no precise differential measurements for H° and SÎ production at pr < 1 GeV/c

in pp collisions ; the model is therefore immediately applied to H° and Q, production in
pA collisions.

With n(S°) = 2.57±0.04 all differential cross sections from pA collisions at 400 GeV/c
(A = Be, Cu, Pb, [15]) are well reproduced, which is shown for a subset of all data in
Fig. 8a. Unpublished measurements of J(p) for fl production in pBe interactions at
400 GeV/c [29] yield, in the current framework, n(fi) = 5.65 ± 0.14 (Fig. 9).



4.3 Production of antibaryons

Differential cross sections for p production in pp interactions at 360 GeV/c [30] and
collisions at 67GeV/c [31] are given in Fig. 10 as function of x. With n(p) = 7.85 ± 0.15
the pp measurements are well reproduced, at least for x < 0.42. The pAl measurements
are also in good agreement with predictions using n(p) = 7.85.

Assuming now that n(p) = n(A) model calculations for A production compare well
to the measurements performed at 6 = 0.25 and 1.2 mrad in pBe and pPb collisions at
300GeV/c [21] as shown in Fig. l ia. The normalization was obtained from pBe data at
$ = 0.25. Equally well reproduced is the measured rapidity distribution for Â from pS
interactions at 200GeV/c [25] in Fig. l ib , whereas some discrepancies between data and
model appear for pPb and pAu interactions (Fig. l ib , [26,27]).

Measurements at 6 = 0, 2.0 and 3.5 mrad of S production in pBe interactions at
400 GeV/c [15] are displayed in Fig. 12 together with model predictions using n(3 ) = n(p)
and normalizing at 6 = 0. As before, good compatibility is found.

At 800GeV/c the inclusive ratio E+ /S~ was measured in pBe collisions [3]; with
n(H~) = 3.51 ±0.14 and n(S+) = n(H ) its dependence on x in Fig. 13 is closely matched.

One may try to relate the spectra Fsa(x) = / J&(p)dp\ and Fz-(x) via the relevant
quark structure functions u(x) and d(x), replacing the Bjorken variable by x for simplicity:
F&>(x) = i<2-(a;)jj£4. Taking the ratio u(x)/d(x) at momentum transfer squared Q2 =
AGeV2 from ref. [32], and using n(E~) = 3.51 the data in Fig. 8b are well reproduced.
This ansatz corresponds to an effective pover n(H°) which is compatible with n(H°) = 2.57
(see section IV.2).

From pBe collisions a preliminary ratio fl/ft was obtained as well [3]. It is given in
Fig. 14 together with model predictions using n(fi) = n(p) and n(îî) = 5.54 ±0.54. Again,
good agreement is observed.

A further consistency check is provided by the measured ratio of J(p) for S~ and
ÎÎ production in Fig. 15 (preliminary, [3]); the dependence on x of this ratio is well
reproduced with n(E.~) = 3.51 ± 0.14 and n(îî) = 4.82 ± 0.16. The numerical values
derived for E~ production are consistent with the data of ref. [33]. The weighted mean
value obtained from adjusting n(£2) is: n(£2) = 5.30 ± 0.10.

As neither fi nor ft share any valence quark with the initial state hadrons one may
have expected that n(ft) = n(fl). A difference of the type observed here was predicted in
ref. [34]; it is supposed to be due to processes involving diquarks.

A detailed investigation of ratios of anti-baryon and baryon yields will be presented
elsewhere (ref. [35]).

5 Summary
»

Double differential cross sections for production of 8 types of (anti-) baryons off various
targets have been reproduced by adjusting 5 parameters; all model spectra are displayed
in Fig. 16 at pr = 0 as function of x for pp collisions. The weighted mean values of all
exponents n are included. In the framework presented here all differential cross sections
depend on A in the same way, hence particle ratios at pr < 1 GeV/c should generally be
independent of A. The dependence on x of these ratios can be calculated from figure 16.



The only exception are S spectra which differ for pn and pp collisions; this isospin effect
can be approximated in a simple way; for pA collisions it is expected to be important at
x < 0 only.

As there is no pronounced dependence on y/s of the value of the parameters n and
a(p), shapes of inclusive distributions and of ratios are not expected to change strongly
with \fs.

It should be underlined that the distributions for all baryons and anti-baryons have
been be described using the same value of T = 120 MeV for pp interactions.

Phenomenological evidence hints for systematic uncertainties of data on central pro-
duction of A in pp collisions, and for forward production of A in pA collisions.

The overall good agreement, however, between model and the majority of the ex-
periments encourages the use of the formula proposed to compare différents experiments
and/or to extrapolate incomplete data to full phase space, and/or to extrapolate to dif-
ferent taget nuclei. Integrated inclusive cross sections can therefore be obtained, and
extrapolations to AA' collisions without QGP formation may be attempted [35].
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a) pp -> Jt+ at x=0, Vs=23 GeV

0 OM 0.1 0.11 0.1 OJJ U OJS 04

Pr(GeV/c)

b) pp -» p at x=0, Vs=23 GeV

0J1 04 041 Oi

Pr(C3eV/c)

c) pp -» A at 360 GeV/c, x=0

Figure 1: a) Differential cross section da/dpr as function of pr for n+ produced at
x = 0 in pp collisions at y/s = 53 GeV; the solid, line reproduced the fit to an exponential
function in mri the dashed line comes from a fit of the function from eq.(l). »
b) See a) but for p.
c) See a) but as function of p\ for A.



0 01 0.1 0» 01 I U M I» I I 1

Figure 2: < px > as function oî particle mass for a temperature parameter T = 120 MeV
in the thermodynamical framework.

a) pp —» A
V..JJ&V

0 0.1 03 OJ 04 0J Ot 0.7 01 01 . .1

^ 10

J
b) pp -> A at 200 GeV/c

Rapidity in lab

Figure 3: a) Non-invariant cross sections dcr/dx as function of x for A production in pp
collisions at various energies. The histogram is obtained from a fit using the parametriza-
tion discussed in the text with n = 0.581. The solid line comes from ref.[22].
b) Rapidity distribution for A production in pp collisions at 200 GeV from the model used
in fig. 3a, and from the parametrization of ref.[22].
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pPb -» A at 400 GeV/c ..o1

pBe -» A at 400 GeV/c

oomr*i

01 OJ 04 01 0» 0.1 01 0» |

Figure 4: Invariant differential cross sections pBe and pPb collisions at 400 GeV as function
of x for 3 lab. polar angles. The histogram corresponds to model predictions, while the
solid line is based upon the parametrization of ref.[22].

pN -> A at 300 GeV/c .,»-

pNe-^Aat300GeV/c

Figure 5: Differential cross section da/dx as function of x < 0 for A production in pN and
pNe interactions. The histogram corresponds to model predictions, while the solid line is
derived from ref.[22].
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Figure 6: Rapidity distributions for A production in pAr, pXe, pS, pAu, pPb collisions at
200 GeV/c and pAu interactions at 60 GeV/c.

rip,)

0 U 04 0» 01 I j l J l< I* l> I

Figure 7: Inclusive distributions dcr/dpj- as function of pr for A production in pAu col-
lisions at 60 GeV/c and 200 GeV/c; the histogram corresponds to the model prediction;
the solid line comes from a fit of the function (1) to the measurements.

12



5 ••'
i

•a)

•

•

- p P b - >

•

1 pBe -»

•

S°at400GeV/c

°O '""o's 00 mal
Q Ç 3.0 mal

S°at4OotïeV/c

2°Oo

^Q 6 ° ^ *A 00 mal
° JO mal

"^ Umat

C 0.1 01 0J 04 03 0» 0.7 0J O.t I

E

b) . pPb -» S° at 400 GeV/c
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X

Figure 8: a) Invariant differential cross section from S° production in pBe and pPb inter-
actions at 400 GeV/c, as function of x for 3 lab. polar angles. The histogram corresponds
to the model,
b) Predictions for E° production based upon E" data

i

pBe -» ÇÏ at 400 GeV/c

0J 0J3 04 041 03 0.43 0* 043 0.7 0.73 01
X

Figure 9: Invariant differential cross section for ÎÎ production in pBe collisions at
400 GeV/c as function of x.
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pAl -» p at 67 GeV/c

\

O T 7 T 7 * H

• - * : •

-» p at 400 GeV/c

0

-0

0 0.1 0.3 0.1 04 01 Oi
X

Figure 10: Invariant differential cross sections as function of x for p production in pp
collisions at 360 GeV/c and pAl interactions at 67 GeV/c. The solid lines come from the
model.
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pPb -» A at 300 GeV/c
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a) pBe -> Â at 300 GeV/c

0 2 OM 0.3 OJS 04 0 4] 03

pPb -^ A at 200 GeV/c

pAu -» Â at 200 GeV/c

pS - ) Â at 200 GeV/c

b)
f . — • * • - r .

0 0) I l i ] 1! 1 Si t tt S
J rapidity

Figure 11: a) Invariant differential cross sections for A production in pBe and pPb col-
lisions at 300 GeV/c, as function of x for 2 polar lab. angles; the histogram comes from
the model,
b) Rapidity distributions for A in pS, pAu and pPb collisions at 200 GeV/c.
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- 0pBe -» S at 400 GeV/c

OOimd.no'

T"

03 OB) Oil 0175 OJ 0)13 OU 0J7S 04 0 4U OU

Figure 12: Invariant differential cross sections for S production in pBe interactions at
400 GeV/c, as function of JE at 3 polar lab. angles; the histogram comes from the model.

pBe -> 2+/S' at 800 GeV/c

i . . . . t . . . . i . . . . t . . . . i .

01 OU 0) OJ] 0.4 O4S OJ 0!! 01 Ml 0.7
X

Figure 13: The inclusive ratio E+/E~ from pBe collisions at 800 GeV/c as function of x\
the solid line represents the model prediction.
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pBe->

T '

at 800 GeV/c

i , ,

i

«2JimJ

DJ U U M 04 0.43 0J Oil 04 OU 0.1

Figure 14: The inclusive ratio ÎÎ/ÎÎ from pBe collisions at 800 GeV/c as function of x
together with the model prediction.

pBe -» Q75' at 800 GeV/c

OJ 0J3 0.4 043 0.S 0J3 Oi 043 0.7

Figure 15: The inclusive ratio E /ÎÎ as function of x from pBe collisions at 800 GeV/c
and the model prediction.
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n(A) = 0.581 ±0.003

n(H°) = 2.57 ±0.04

n(H') = 3.51 ±0.14

n(fi') = 5.30 ±0.10
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Figure 16: Invariant differential cross sections as function of x, at pr = 0 for p, A , S", S ,

ft production in pp collisions at 200 GeV/c; the weighted mean values of all exponents
are also included.
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