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Abstract. Fluctuations in physics observables in high energy ion collisions have been a topic of particular interest in recent
years as they may provide important signals regarding the formation of quark-gluon plasma and the existence of a critical point.
We provide predictions for basic initial state characteristics of proton-nucleus collisions from Glauber Monte Carlo models. The
following systems were simulated and analysed: p + 12 C, p + 14 N, p + 63 Cu, and p + 208 Pb at wide energy range. We apply
GLISSANDO accordingly fitted to tasks defined in this paper.

1. Introduction
The aim of this talk is to provide predictions for basic
initial state characteristics of proton-nucleus collisions
from Glauber Monte Carlo (GMC) models. To do this we
used GLISSANDO [1, 2], accordingly fitted to tasks defined
in this work. The following systems were studied: p + 12 C,
p + 14 N, p + 63 Cu, and p + 208 Pb at wide energy range
from low SPS up to LHC.
Attention was paid for distributions of wounded
nucleons from target nucleus and its fluctuations which
were studied in few variants of GMC. In addition, a
pr od
production cross section σ p+N , for p + 14 N interactions at
LHC energy was estimated. Moreover, the dependence of
pr od
σ p+N on total inelastic proton–proton cross section was
found and described by power-law functions for hardsphere and Gaussian nucleon–nucleon wounding profiles.
pr od
The range of production σ p+N as well as range of
√
total inelastic proton-proton cross section, σ inel , at s =
57 TeV was estimated varying reasonable assumptions
from GMC. This may be useful for cosmic ray physicists
pr od
community, where the knowledge of production σ p+air
cross section for proton-air interactions is crucial in proper
simulations of the extensive air showers development in
Earth’s atmosphere. The calculated cross-sections was
compared with the Pierre Auger Observatory data [3].
A brief description of Glauber-like models is given in
Sect. 2. In Sect. 3 a concise depiction of the Glauber Monte
Carlo approach with particular attention to the model used
in this work is provided. In Sect. 4 results of protonnucleus simulation are presented and discussed. Section 5
closes the article.
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2. A brief description of Glauber-like
models
The Glauber model [4] was formulated in late 1950s
in order to find description of high-energy collision of
atomic nuclei treated as composite structures. Until then
there was no systematic calculations regarding nuclear
systems as projectile or target. Glauber model containing
quantum theory of collisions of composite particles allows
to describe experimental results on collisions of protons
with deuterons and heavier nuclei. In the mid 1970s Bialas
et al. [5, 6] used the Glauber model to describe inelastic
nuclear collisions in their wounded-nucleon model. Bialas
et al. [5] formulation allows to treat a collision between
nuclei as a superposition of incoherent collisions between
their nucleons. An excellent review of Glauber modelling
of high-energy collisions was given in [7].
2.1. Nuclear charge densities
In the Glauber-like calculations some parameters must
be provided from experiment. Usually these are the
nuclear charge densities and the energy dependence of
the nucleon-nucleon cross section. In the Glauber model,
the nucleons in nuclei are distributed randomly according
to given nuclear density distribution. The radial nuclear
density distribution, ρ (r ), determined from electronnucleus scattering experiments is, for sufficiently heavy
nuclei, usually in the Woods-Saxon type, modified to
incorporate the shape of nuclei deformation [8–10]:
ρ0
,

ρ (r ) =
(1)
r −R(1+β2 Y20 +β4 Y40 )
1 + exp
a
where ρ0 corresponds to the nucleon density in the center
of nucleus, R corresponds to the nuclear radius, a to
the skin depth, Ylm are spherical harmonic functions of
degree l and order m represented as a complex exponential
and associated Legendre polynomials, and β2 and β4 are
deformation parameters [11].
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Table 1. Woods-Saxon parameters of heavy nuclei used in this
work. The R values are taken from Eq. (3), while values of
deformation parameters β2 and β4 – from [11].
Nucleus
63
Cu
208
Pb

R [fm]
4.212
6.407

β2
0.162
0.0

β4
−0.006
0.0

2
Table 2. Harmonic oscillator shell model parameter rch
 A for
several light nuclei [17]. The values include the case with no
NN repulsion (d = 0) and with the repulsion implemented via
expulsion radius of d = 0.9 fm and d = 1.5 fm.

Nucleus
12

For heavy nuclei, with atomic mass A > 16 the nuclear
radii are well described by:


(2)
R = 1.12A1/3 − 0.86A−1/3 fm,
while a = 0.54 fm.
Nucleons are extended objects, so the centers of
the nucleons cannot be closer than particular expulsion
distance d – this is the usual way to introduce the nucleonnucleon repulsion in GMC models. The magnitude of d
should be proportional to the hard-core repulsion range
in the nuclear potential. Since the repulsion implemented
via the condition d > 0 increases (at the level of 1%) the
size R of the nucleus then it should be compensated by
appropriate change of the distribution parameters used for
generation of positions of nucleons centers. It was found
in [12] that the following parametrization:


R = 1.1A1/3 − 0.656A−1/3 fm,
a = 0.459 fm
(3)
taken for d = 0.9 fm works well. Alvioli, Drescher and
Strikman [13, 14] prepared distributions of nucleons in
nuclei which contain the central two-body correlations
between nucleons. The procedure was based on the
Metropolis algorithm used to search for configurations
satisfying limitations imposed by the nucleon-nucleon
correlations. The one-body Woods-Saxon distribution
as well as central nucleon-nucleon correlations, taken
in the Gaussian form was reproduced. The effects of
these correlations on heavy-ion observables turn out to
be indistinguishable from the hard-core repulsion with
d = 0.9 fm [12, 15]. In this paper the nucleon expulsion
distance d = 0.9 fm is used as standard for all considered
nuclei. Table 1 collects the values of Woods-Saxon
parameters of heavy nuclei used in this work.
For lighter nuclei, with mass number 3 ≤ A ≤ 16 a
harmonic oscillator shell model density is used [8, 9, 16]:




4
A − 4  r 2
ρ (r ) = 3/2 3 1 +
exp −r 2 /C 2 ,
π C
6
C

−1


5
4
2
2
C2 =
−
rch
(4)
 A − rch
p ,
2
A
2
2
where rch
 A and rch
 p = 0.7714 fm2 are the mean
squared charge radii of the nucleus and proton,
respectively [17]. The values of the harmonic oscillator
2
shell model parameter rch
 A for light nuclei used in this
work are shown in Table 2.

2.2. Cross sections
The multi-particle nucleon-nucleon processes are in the
main interest of studying of high-energy nuclear collisions.

C
14
N

d=0
6.10
6.54

2
rch
 A [fm2 ]
d = 0.9 fm d = 1.5 fm
5.66
4.02
6.08
4.28

Table 3. Total inelastic, σ inel proton-proton cross
√ sections for
center of mass energies used in this work [20, 21]. s is the center
of mass energy for nucleon pair and plab is the beam momentum
in the laboratory frame.
√
s [GeV] plab [GeV/c] σ inel [mb]
5.12
13.0
29.1
16.83
150.0
31.72
7000.0
2.61 · 107
73.5

Usually, the two types of processes are regarded, inelastic
and production reactions. The production processes are
those which lead to the production of new hadrons. Among
the inelastic processes there are also interactions which
result only in the disintegration of the projectile or target
nucleus (quasi-elastic interactions). The inelastic cross
section σ inel is the sum of the processes due to strong
p+A and A+A interactions except coherent nuclear elastic
scattering. Thus it contains interactions which result in
the production of new hadrons (production processes) and
quasi-elastic interactions resulting in the break up of the
projectile or target nucleus. In high-energy experiments
the production cross section σ pr od is usually determined
from the inelastic cross section by subtraction of the cross
section of quasi-elastic p+A and A+A reactions [18].
The Glauber model was prepared for elastic collisions,
where the nucleon does not change its properties over
individual collisions. Using the Glauber model for inelastic
collisions, it is assumed that after a single inelastic
collision an excited nucleon-like object is created that
interacts with the same nucleon-nucleon cross section with
other nucleons [19].
In the present work for the simulation of production
processes, the total inelastic proton-proton cross section,
σ inel was applied. This is the only way to introduce the
beam energy dependence of Glauber√calculations.
In the case of simulations at s = 7000 GeV the
value of total inelastic proton-proton cross section was
taken from [20], while for all other energies – from PDG
library [21]. The total inelastic proton-proton cross section
was calculated as a difference between total collision and
total elastic proton-proton cross section. The values of total
inelastic proton-proton cross sections for center of mass
energies used in this work are shown in Table 3.
2.3. Nucleon-nucleon wounding profile
The nucleon-nucleon wounding profile (NNWP), p (b),
defined by the probability density f (b) of inelastic
nucleon-nucleon collision at the impact parameter b, plays
a very important role in all Glauber like approaches and
especially in the wounding-nucleon model [5]. NNWP is
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10

normalized to the total inelastic nucleon-nucleon cross
section
(5)
2π bp (b) db = σ inel .
Nptarg 

8

Usually in Glauber Monte Carlo codes it is assumed that
p (b) is given by step function
p (b) =  (R − b)

√
√s = 5.12 GeV
√s = 16.83 GeV
s = 7 TeV
Nptarg  = (0.75 ± 0.05) · A0.3±0.01
Nptarg  = (0.76 ± 0.05) · A0.31±0.01
Nptarg  = (0.89 ± 0.04) · A0.4±0.01

6
4

(6)

with R = σ inel /π and probability density distribution
f (b) = R1  (R − b). Later in the text, a profile function
given by Eq. (6) we shall call a hard-sphere approximation.
The importance of the nucleon-nucleon wounding
profile shape was discussed in [22, 23]. Following [24],
where the CERN ISR experimental data for proton-proton
differential cross section were properly parametrized with
a combination of Gaussians, the profile function was
proposed in the form [22]


Gb2
p (b) = G exp − 2
(7)
R
with parameter G = 0.92. We shall call it a Gaussian
approximation. In [23] there is a suggestion that cross
section fluctuations given by the gamma distribution with
relative variance ω = Var (σ ) /σ 2 , leads to the profile
function


 
1 b2
1
,
p (b) = 
/
,
(8)
ω R2ω
ω
where  (z) is the Euler gamma function,  (α, z) is
incomplete gamma function, and parameter ω ∈ (0, 1).
NNWP given by Eq. (8) – a gamma approximation –
smoothly ranges between the both hard-sphere for ω → 0
and Gaussian, ω → 1 approximations.
The Gamma approximation with parameter ω = 0.4
corresponds to the shape of profile function which well
reproduces the TOTEM data [25, 26] on elastic differential
cross
section measured in proton-proton interactions at
√
s = 7000 GeV [23].

3. GLISSANDO: The Glauber Monte
Carlo approach
In the last few decades the popular Glauber Monte
Carlo approach started to be an essential tool in the
analysis of relativistic heavy-ion collisions [7]. One of
the most important application of the GMC simulation
is the estimate of the number of participants dependence
on the centrality, especially in the collider experiments
[1, 2, 7]. On the physics side, the presence of the event-byevent fluctuations in the initial Glauber phase is a crucial
aspect of the approach. These geometric fluctuations are
carried over to the final distributions of the experimentally
measured hadrons. In many analyses the Glauber-model
initial state is used as an starting point for event-byevent hydrodynamics [27]. Among other aspects which are
also considered with this approach, one can include the
forward-backward correlations [28], the two-dimensional
correlations in relative rapidity and azimuth [29], or jet
quenching [30].

2
1

10

10

2

A

Figure 1. The mean number of target participants N ptarg  as a
function of target mass A. The results of GLISSANDO simulation
12
14
63
for production
√ reactions of protons with C, N, Cu and
208
Pb ions at s = 5.12, 16.83 and 7000 GeV. Wounded-nucleon
model with NNWP given by hard-sphere approximation fitted by
Eq. (9).

GLISSANDO [1, 2] is a GMC generator for initial stages
of relativistic heavy-ion collisions, written in c++ and
interfaced to ROOT [31]. The program can be used for
simulation of large variety of colliding systems: p+A, d+A
and A+A at wide spectrum of energies. Several models are
implemented: the wounded-nucleon model [5]1 , the binary
collisions model, the mixed model [32, 33], and the model
with hot-spots [34]. The program generates, among others,
the variable-axes (participant) two- and three-dimensional
profiles of the density of sources in the transverse plane
and their Fourier components. These profiles can be used
in further analyses of physics phenomena, such as the jet
quenching, event-by-event hydrodynamics, or analysis of
the elliptic flow and its fluctuations. Details can be found
in [1, 2].

4. Results for proton-nucleus
interactions
In this section results for some initial state characteristics
of proton-nucleus interactions are described. Simulation
of the production reactions of protons with 12 C, 14 N,
63
Cu and√208 Pb nuclei at three different center of mass
energies, s = 5.12, 16.83 and 7000 GeV was performed
with few variants of wounded-nucleon model. Since the
production processes are considered, thus the values of
σ inel are used. The results for p + 208 Pb system may be
in particular interest of NA61/SHINE collaboration which
recently collected data on p + 208 Pb interactions at CERN
SPS energies.
4.1. Number of target participants
In Fig. 1 the mean number of target participants N ptarg 
as a function of target mass A is shown. There are results
of GLISSANDO simulation within wounded-nucleon model
with NNWP given by hard-sphere approximation. For
reactions at all energies a smooth increase of the average
1

In this paper, for simplicity, we focus on the results from
wounded-nucleon model applied with few variants of nucleonnucleon wounding profile.
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Table 4. Parameters used in Eq. (9).
√
s [GeV]
N0
5.12
0.75 ± 0.05
16.83
0.76 ± 0.05
7000.0
0.89 ± 0.04

α
0.3 ± 0.01
0.31 ± 0.01
0.4 ± 0.01

p + 208Pb
hard-sphere
Gaussian
gamma

ωptarg

4
3
2

5

ωptarg

4

√
√s = 5.12 GeV
√s = 16.83 GeV
s = 7 TeV

1
0
1

3
2

0
2

10
A

Figure 2. Scaled variance of the distribution of target participants
number, ωtarg
as a function of target atomic mass A. The results
p
of GLISSANDO simulation for production√ reactions of protons
with 12 C, 14 N, 63 Cu and 208 Pb ions at s = 5.12, 16.83 and
7000 GeV. Wounded-nucleon model with NNWP given by hardsphere approximation.

number of target participants with increasing
mass of
√
target nuclei is observed. In particular, at s = 7000 GeV
it starts with N ptarg   2.45 for p + 12 C and ends with
N ptarg   7.61 for p + 208 Pb interactions. For both lower
energies the increase of N ptarg  with mass number A is
slower and similar each other.
The target mass dependence of N ptarg  may be
described by simple power-law formula
N ptarg  = N0 · Aα ,

2

√

10
s [GeV]

3

10

4

10

Figure 3. Scaled variance of the target participant number
distribution as a function of center of mass energy. The
comparison of results of GLISSANDO simulation for p + 208 Pb
production reactions. Wounded-nucleon model with NNWP
given by hard-sphere, Gaussian and gamma with parameter
ω = 0.4 approximations.

1

10

10

(9)

with parameters N0 and α given in Table 4. The
√ α
exponent slightly increases its value from √
α  0.3 at s =
5.12 GeV up to α  0.4 for LHC energy, s = 7000 GeV.
The resultant fluctuations of the number of target
participants as a function of target atomic mass A are
presented in Fig. 2. Again, wounded-nucleon model with
NNWP given by hard-sphere approximation was applied.
As a measure of these fluctuations we used the scaled
variance of the distribution of target participants number


Var N ptarg
targ
ωp =
,
(10)
targ
N p 


where Var N ptarg describes the variance of the number of
target participants and N ptarg  its mean value.
√
For SPS energies, s = 5.12, 16.83 GeV, the value of
is of the order of unity for p + 63 Cu interactions,
ωtarg
p
what corresponds to the number of target participants given
by Poisson distribution. For p + 12 C and p + 14 N reactions
ωtarg
has significantly lower values than one whereas for
p
208
p + Pb reactions – slightly higher. For LHC energy,
√
s = 7000 GeV the value of ωtarg
starts with around
p
12
targ
one for p + C and ends with ω p  4 for p + 208 Pb
interactions.

The comparison of ωtarg
values obtained for p + 208 Pb
p
production reactions simulated with different shapes
of NNWP, namely hard-sphere, Gaussian and gamma
approximations
is shown in Fig. 3. For LHC energy,
√
s = 7000 GeV as well as hard-sphere and Gaussian –
the NNWP given by gamma approximation with parameter
ω = 0.4 [23] was used. There is a small difference between
hard-sphere and Gaussian approximations, of the order of
few percents, however Gaussian approximation leads to
higher fluctuations of target participants for all considered
energies. The Gamma approximation for LHC energy
gives fluctuations of the number of target participants just
in the middle between the above mentioned hard-sphere
and Gaussian.
4.2. Production cross section
In the modelling of propagation of cosmic rays through
the atmosphere a knowledge of production proton-air cross
pr od
section, σ p+air plays a very important role. As air is
mainly composed with 14 N√ nuclei, we simulated p + 14 N
production reactions at s = 7000 GeV. In order to
pr od
estimate the possible range of σ p+N we performed
simulations with all: hard-sphere, Gaussian and gamma
with parameter ω = 0.4 nucleon-nucleon wounding
profiles. In addition, we also varied the value of nucleon
expulsion distance d. Table 5 shows the obtained values
pr od
of σ p+N . As the proton-proton total inelastic cross section
at LHC energy is known with the uncertainty σ inel =
14
73.5+1.8
−1.3 mb [20] we simulated p + N interactions with
inel
three different values of σ
= 73.5, 75.3 and 72.2 mb
for standard, upper and lower limit. The corresponding
uncertainty estimates are shown in Table 5 as positive
and negative numbers next to the evaluated values of
pr od
σ p+N .
Recently NA61/SHINE collaboration measured production and inelastic cross section for p + 12 C interactions at beam momentum plab = 31 GeV/c [18]. The
pr od
inel
measured values are σ p+C = 229.3 ± 9 mb and σ p+C
=
12
257.2 ± 8.9 mb, respectively. Our simulation for p + C

10006-p.4
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√
pr od
Table 5. Production cross section, σ p+N for p + 14 N interactions at s = 7000 GeV. Simulation performed with total inelastic protoninel
= 75.3 mb, while the
proton cross section σ inel = 73.5+1.8
−1.3 mb [20]. The upper (positive) uncertainty comes from simulations with σ
lower one – from σ inel = 72.2 mb.
pr od

pr od

σ p+N [mb] (hard-sphere)

σ p+N [mb] (gamma)

σ p+N [mb] (Gaussian)

0

391.5+5.1
−3.7

413.7+5.6
−4.2

451.7+7.5
−5.1

0.9

394.3+5.1
−3.3

415.1+6.0
−4.1

452.4+7.4
−5.5

1.5

396.7+4.9
−3.4

416.3+5.9
−3.6

452.3+6.9
−5.3

√
√s = 5.12 GeV
√s = 16.83 GeV
s = 7 TeV

Table 6. Parameters used in Eq. (11).
√
s [GeV]
σ0 [mb]
5.12
41.5 ± 3.7
16.83
44.7 ± 3.8
7000.0
84.7 ± 4.5

prod
σp+A
[mb]

prod
σp+A
= (41.5 ± 3.7) · A0.68±0.01 mb
prod
σp+A
prod
σp+A

3

10

= (44.7 ± 3.8) · A

0.67±0.01

mb

= (84.7 ± 4.5) · A0.59±0.01 mb

1400

hard-sphere
Gaussian

1200
2

1

10

10

2

A
pr od

Figure 4. Proton-nucleus production cross section σ p+A as
a function of target mass A. The results of the GLISSANDO
simulation for production
reactions of protons with 12 C, 14 N, 63 Cu
√
and 208 Pb ions at s = 5.12, 16.83 and 7000 GeV. Woundednucleon model with NNWP given by hard-sphere approximation
fitted by Eq. (11).

γ
0.68 ± 0.01
0.67 ± 0.01
0.59 ± 0.01



prod,hard−sphere
σp+N
= (40.61 ± 0.12) · σ inel
prod,Gaussian
σp+N

1000
prod
σp+N
[mb]

10

pr od

d [fm]



= (26.56 ± 0.72) · σ

0.53±0.0007


inel 0.66±0.006

mb

mb

800
600
400
200
0
0

30

60

90

120

150

180

210

σ inel [mb]
pr od

interactions with NNWP given by hard-sphere approximation and nucleon-nucleon expulsion distance d =
pr od
0.9 results with the production cross section σ p+C =
inel
2
222.9 mb, and σ p+C = 253.4 mb, respectively, what is
in good agreement with NA61/SHINE data. This fact,
together with the one stated in Sect. 2 leads us to use
NNWP given by hard-sphere approximation with nucleonnucleon expulsion distance d = 0.9 as standard. Thus,
pr od
σ p+N = 394.3+5.1
−3.3 mb should be used as a reference point
√
for p + 14 N production cross section at s = 7000 GeV.
However, as other parametrisations also look reasonable,
pr od
then larger variation of σ p+N ∈ (390, 460) mb may be
measured experimentally.
In Fig. 4 we present proton-nucleus production cross
pr od
section σ p+ A as a function of target mass A. As in the
case of average number of target participants dependence
on target mass and following [35], we use the power-law
function
pr od
σ p+ A = σ0 · Aγ
(11)
with parameters σ0 and γ given in Table 6 to fit the
pr od
simulated values of σ p+ A . Here, the γ exponent slightly
√
decreases its √
value from γ  0.68 at s = 5.12 GeV to
γ  0.59 for s = 7000 GeV.
It may be interesting to look how the production
pr od
cross section σ p+N simulated in high-energy p + 14 N
interactions depends on the total inelastic proton–proton
For NNWP given by hard-sphere approximation with d = 0 and
pr od
d = 1.5 fm the values of σ p+C for p + 12 C interactions are 217.4
and 232.5 mb, respectively.
2

Figure 5. p + 14 N production cross section, σ p+N as a function
of total inelastic proton-proton cross section, σ inel . Simulation
for wounded-nucleon model with hard-sphere and Gaussian
nucleon-nucleon wounding profiles, both with expulsion distance
d = 0.9 fm. See text for details.

cross section σ inel . According simulation was performed
and the results are shown in Fig. 53 . There is a difference
between two extreme cases given by hard-sphere and
Gaussian nucleon-nucleon wounding profiles; namely
Gaussian wounding profile leads to the faster growth of
pr od
σ p+N with σ inel . The power-law fits to the simulated points
result in:
0.53±0.0007

pr od,har d -spher e
= (40.61 ± 0.12) · σ inel
mb,
σ p+N
(12)
and
0.66±0.006

pr od,Gaussian
= (26.56 ± 0.72) · σ inel
mb,
σ p+N
(13)
for hard-sphere and Gaussian wounding profiles, respectively.
In Ref. [3] the Pierre Auger Collaboration calpr od
culated proton-air production cross section, σ p+air at
√
s = 57 TeV from cosmic ray data, to be equal
3

In order to obtain the presented result, the five different values
of the total inelastic proton-proton cross
√ section was chosen
corresponding to center of mass energies s equal to 5.12, 6.27,
7.62, 16.83 and 7000 GeV. We performed also simulation for
σ inel = 150 mb was corresponds to energies available in cosmic
ray physics.
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120

•

Sybill2.1

110
σ inel [mb]

QGSJetII.3

•

Pierre Auger Coll. upper

100

Phojet Pythia 6.115
QGSJet01
Pierre Auger Coll. estimate

90

EPOS 1.99

•

Pierre Auger Coll. lower

80
0.0 0.2 0.4 0.6 0.8 1.0
ω

Figure 6. Total inelastic proton-proton cross section, σ inel as
a function of relative variance of cross section fluctuations, ω.
Full circles correspond to the values used to recover the Pierre
pr od
Auger Collaboration σ p+N = 505 mb [3] estimate. Simulation
for wounded-nucleon model with expulsion distance d = 0.9 fm.
ω = 0 corresponds to hard-sphere while ω = 1 to Gaussian
nucleon-nucleon wounding profile. ω = 0.4 corresponds to the
shape of profile function [23] which well reproduces the TOTEM
data [25, 26] on elastic differential
cross section measured in
√
proton-proton interactions at s = 7000 GeV. Horizontal lines
show Pierre Auger Collaboration estimate and predictions from
other models. See text for details.

σ p+air = 505+28
−36 mb. There was also found the corresponding inelastic proton-proton cross section, σ inel =
14
92+9
−11 mb. From our fits, Eqs. ((12)–(13)) to p + N
pr od,har d−spher e
GLISSANDO simulation, we found σ p+N
(92 mb)
pr od,Gaussian
 446 mb and σ p+N
(92 mb)  525 mb what de14
termine
the
limits
for
p
+
N
production cross section at
√
s = 57 TeV and is in quite good agreement with [3].
From the other side, with use of Eqs. ((12)–(13))
√it is
possible to estimate the possible ranges of σ inel at s =
pr od
57 TeV. We recovered Pierre Auger Collaboration σ p+N =
inel
 87 mb (Gaussian approximation) and
505 mb [3] at σ
σ inel  116 mb (hard-sphere approximation) see Fig. 6.
pr od

5. Summary
The initial state characteristics of proton-nucleus collisions
were simulated and analysed with use of Glauber Monte
Carlo code GLISSANDO. The following systems were
studied: p + 12 C, p + 14 N, p + 63 Cu, and p + 208 Pb at
wide energy range from low SPS up to LHC. Our main
results are as follows:
• The mean number of target participants as a
function of atomic mas of target nucleus was plotted
and discussed. A simple power-law fit with the
exponent around 1/3 was found to properly describe
above dependence for SPS as well as LHC energies.

•

The value of this exponent slightly increase with the
increasing energy of collision.
Fluctuations of target participants described by
scaled variance of target participants distributions
was plotted as a function of target nucleus mass
and collision center of mass energy. An influence of
wounding profile on scaled variance was discussed.
Production cross section as a function of target mass
was estimated and fitted by power-law formula with
the exponent around 2/3. The value of the exponent
slightly decrease with the increasing energy of
collision.
For p + 14 N interactions, the production cross
√
pr od
section, σ p+N at s = 7 TeV was estimated to
pr od
be equal σ p+N = 394.3+5.1
−3.3 mb. Additionally, the
pr od
dependence of σ p+N on total inelastic protonproton cross section was found and described by
power-law functions for hard-sphere and Gaussian
nucleon-nucleon wounding profiles.
With use of above mentioned formulas the range
pr od
of production p + 14 N cross section (σ p+N ∈
(446, 525) mb) as well as range of total inelastic
proton-proton
cross section (σ inel ∈ (87, 116) mb)
√
at s = 57 TeV was estimated.
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