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INTRODUCTION

This thesis is about an extension of Pythia (PYTHIAS) [1] event generator, primar-
ily used to simulate pp collision events, to simulate heavy-ion (HI) collision events.
An important question, which has motivated this study is whether a HI collision
is an accumulation of many nucleon-nucleon collisions or there is indeed a transi-
tion from a hadronid'| state to a new state of matter; a hot plasma of free partons?,
a Quark Gluon Plasma (QGP). The hot plasma of free partons is thought to exist
in the early universe after (few microseconds of) the Big Bang [2]. Therefore, if
such a new state of matter can be created in the HI collision experiments then
it is important to verify and validate its existence. For this purpose, we have to
verify the observations which are used to support the existence of the hot plasma,
because those observations should not be explained by theoretical models which
do not consider the creation of the hot plasma. In this thesis, we tested the lim-
its of a phenomenological model to reproduce HI collision observables without

assuming the creation of the hot plasma.

A heavy ion (heavy nucleus) can be imagined as a bag containing protons and
neutrons, and a collision of two such bags leads to simultaneous collisions of
many sub-nucleonic particles] These sub-collisions involve a large amount of
kinetic energy, and as a result the total number of produced particles in a HI

collision is an order of magnitude higher than in a pp collision.

Baryons (e.g. protons and neutrons) and mesons (e.g. pions) are collectively called hadrons.
Baryons have three quarks (or three anti-quarks) and mesons have a quark and an anti-quark in

their sub-structure.
2 Quarks and gluons are collectively called partons.
Protons and neutrons consist of three valence quarks and depending on the collision energy-

momentum exchange an incoming particle may also interact with a sea (anti-)quark or a gluon

from the target nucleon.
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HI collision experiments at Relativistic Heavy Ion Collider (RHIC) and Large
Hadron Collider (LHC) have observed a number of phenomena with names like
strangeness enhancement, near side ridge, jet quenching, and quarkonia suppression. These
observations have been accepted as the signatures of the new state of matter,

which was thought to be created only in HI collisions.

Recently, the LHC experiments with pp collisions at /s = 7 TeV and 13 TeV
show that the high multiplicity pp events have near side ridge [3] and strangeness enhancement
[4]. These new results from the LHC do not only blur the boundary between HI
collisions and pp collisions physics, but also raise doubts about phenomenological

understanding of the observations made in the HI collision experiments.

Observations of enhancement or suppression in the multiplicity of specific
types of particles and long range collectivity among produced hadrons are dif-
ficult to explain by perturbative Quantum Chromo Dynamics¥| (pQCD) first prin-
ciples, and we require phenomenological models to investigate such observations.
Since phenomenological models are developed based on theoretical understand-
ing and the free parameters of the theories are tuned to the experimental data,
they act as the bridge connecting theory predictions and experimental observa-
tions. These models provide finite values for various calculations using random
number generators (for computational purposes) and are known as event gen-
erators or Monte-Carlo (MC) models. In this thesis we used the Pythia event

generator.

The observations made in HI collision experiments are widely explained using
MC models developed with an assumption that a hot plasma of free partons
is created in the HI collision. On the other hand, Pythia is a MC model which
simulates collision events of smaller systems like pp, with an assumption of colour

strings interacting at zero temperature in vacuum.

The LHC results of strangeness enhancement and near side ridge in pp collisions
are reproduced neither by Pythia-like event generators nor by hydrodynamics
based event generators. It is important to note that the final state hadrons emerge
from the colour string fragmentation mechanism (which is based on the Lund
String Model[5]) in Pythia. Moreover, the entire collision simulation in Pythia is

performed without any prior assumption of the creation of a thermalised medium

QCD is a quantum field theory, and it is used to describe interactions through colour charge

exchange between partons.
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(the QGP). On the other hand, the idea of a medium creation and its thermalisa-
tion is the basis of conventional HI event generators. These LHC results of pp
collisions are similar to some of the HI observations, and if they are produced
due to the same underlying physics, then these results should be consistent with
either of the phenomenological approach. Hence, questions like "How do we ex-
plain such unexpected observations in pp collisions?", "Is there a boundary distinguishing
HI collisions from pp collisions?", and "Can all relativistic hadronic collisions be explained
using the same phenomenological approach?" are necessary to be addressed for better

understanding of the results from the collider experiments.

The hydrodynamics-based HI event generators require a certain amount of the
number density of produced partons to be achieved by the colliding systems.
Hence, hydrodynamics-based models can not reproduce observables for collisions
with low number density of produced partons (which are majority of pp and
ee collisions). On the other hand, we can modify the colour strings interaction
mechanism in a microscopic event generator. As an example, in the Pythia event
generator, the string-string interactions can be modified in the high string density
environment, which can explain the new observations in high multiplicity pp

collisions [6), [7]].

If a HI collision is indeed a sophisticated superposition of multiple pp like colli-

sions, then the reproduction of HI observables is possible using the string interac-

5

tion modifications with the Angantyr model, and we can have one model to rule them all.
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Lattic QCD calculations show that at the extreme temperature, the QCD system
in equilibrium has the number of the degrees of freedom close to a system of free
partons. It means, there is a phase transition?| from confined hadronic matter to a
deconfined system of free partons. Moreover, Lattice QCD calculations also show
that at around 300 MeV temperature, the QCD matter can have an energy density
close to 12 GeV /fm®.

If a new state of the QCD matter is created in a HI collision, then the system
must have a temperature of a few trillion KelvinP| (> 175 MeV). A rough estimate
based on PbPb head-on collisions at /syn = 2.76 TeV shows that the average en-
ergy density due to the total transverse energy deposited in the pseudo-rapidity|
interval # € [-0.5, 0.5] between two colliding nuclei at time 1fm/c after the col-
lision is approximatel 11 GeV/fm>. The above estimate of energy density is

closer to the Lattice QCD prediction for the matter density and the extreme tem-

A non-perturbative QCD treatment is performed on a lattice of discrete lattice points in a finite

space-time volume.
The QCD phase transition is analogous to the phase transition of water to vapour at 373 Kelvin

and one atmospheric pressure. But while water-to-vapour is a first-order phase transition, the

QCD phase transition is a continuous cross-over at zero baryon potential.
In the natural units, 1% ~ 1.16 x 10*K, where kj is the Boltzmann constant

The pseudo-rapidity (1) is used to define the angular position of the referred particle with respect

lp|+Pz
Ip|—Pz
momentum of the particle in the direction of the beam axis.

If particle masses are neglected compared to their energy then y ~ 7, and from the relation

to the beam axis. It is represented as y = %ln ( ), where p is three momentum and p; is

y = tanh~ !B, where By is the longitudinal velocity. B € [-0.46, 0.46] for the given 7 interval. For
the approximate total transverse energy of 1.65 TeV[8], the radius of the Pb nucleus, which is 7fm,
and the separation between two Pb nuclei at 1fm/c time after a collision is 0.92 fm. If we assume
approximately a cylindrical system then the energy density with complete overlap between two
Pb nuclei is 1.65 TeV /(7T * (7fm)? % 0.92fm) ~ 11 GeV/fm?>.
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perature at the QCD phase transition. Hence, it is not completely unreasonable

to expect that a QGP may be formed in HI collisions.

The QGP formation can be possible either during the early stage of the universe
(when the temperature was extreme) or in the core of the neutron stars (where
the temperature is low, but the matter density is approximately 3-5 times larger
than the nuclear density). Unfortunately, neither of these possibilities can be
tested experimentally to verify the theoretical predictions about the QCD phase

transition and creation of the QGP.

HI collisions can in the laboratory (the particle colliders) create an environment
similar to the few microseconds old universe. Therefore, the HI physics research
is motivated to collide heavy-ions at relativistic energies to explore the possibility
of the QCD phase transition and the QGP creation. As an example, the QCD
phase diagram with temperature vs baryon chemical potential is explored in Au-
Au collisions by varying collision energies (,/syn = 7 - 200 GeV) in experiments
at the Relativistic Heavy-Ion Collider (RHIC).

The fluctuations in the amount of energy deposited are due to the event-by-
event fluctuations of the geometric overlap between two colliding heavy ions,
which is the prominent characteristic of HI collisions. The fluctuations in the
energy deposition are the direct consequence of the fluctuations in the number
of nucleon-nucleon collisions in HI collisions. The majority of nucleon-nucleon
collisions do not exchange a large amount of transverse momentum (pr), only
a small fraction of hard nucleon-nucleon collisions produce particles with large
pr in HI collisions. These high pr particles undergo interactions with particles
produced in other nucleon-nucleon collisions and lose their energy to the medium.
The energy loss results in suppressed signals for the energy deposition in the
detectors (more details are in the section "jet quenching"), which is very unlikely

to happen in collisions of smaller systems e.g. ee, pp etc.

The hadronisation of produced partons, and the properties of the partons,
which travelled through the QGP medium, are other concepts which are yet to
explore properly in the HI collisions. HI collisions modify the flavour (types of
quarks) production rate compared to pp collisions. The hadronisation in collisions
like ete™ — g is well understood. The produced quarks form jetﬂ which are
well described and reproduced by the Lund String Model [5] implemented in the

6 A jetis a collimated spray of hadrons.



2.1 WHAT DOES A HEAVY-ION COLLISION LOOK LIKE?

Pythia event generator. In HI collisions, the observed relative production rate
of the identified hadrons requires a better understanding of the hadronisation

mechanism.

One of the differences between HI collisions and pp collisions is that the QGP is
expected to exist only in the HI collisions. But the new LHC results (mentioned in
the previous chapter) from pp collisions indicate that there may be new hadronisa-
tion mechanisms when large amount of kinetic energy is involved in the collisions
irrespective of the colliding system sizes. An improved hadron production mech-
anism, the rope hadronisation model [6, [7] in Pythia, was developed as a first
attempt to address a shortcoming of Pythia’s default hadronisation mechanism.
Following this attempt, we also require to scrutinise the interpretations of the

hadron production mechanism in the HI collisions.

2.1 WHAT DOES A HEAVY-ION COLLISION LOOK LIKE?

A relativistic accelerated nucleus looks like a longitudinally Lorentz contracted
flat disd’} and two such Lorentz contracted nuclei collide in a HI collision (Figure
[1). The overlap of the colliding discs is defined by the impact parameter (b),
the distance between the centres of the two nuclei at the time of the collision.
The complete overlap (b = 0) represents a head-on collision, and the smaller the
overlap between the nuclei, the larger the impact parameter (b). Even at the fixed
b, the radii of the nucleons and the positions of the nucleons inside the nuclei vary

event-by-event, which contributes to fluctuations in the interaction probability.

In experiments, b can not be controlled and measured directly, and it has to be
estimated using some observables, which are assumed to correlate with the col-
lision geometry. The event multiplicity (number density) is an observable which
strongly correlates with b. Therefore, by measuring the multiplicity of produced
hadrons in the central (or forward) region, we can indirectly estimate b. HI colli-
sion events are studied based on this estimate, and the events are separated into
percentile bins of the total charged multiplicity, which is called the event centrality.
The least percentile values (~ 0 — 5%) represent central (or higher multiplicity)

collisions, while the gradual increase in the percentile refers to more peripheral

1

V1-v2/c2’

the nucleus’s radius, v; is the velocity along the beam axis and c is velocity of light in vacuum.

The thickness of the disc depends on the relativistic -y factor as 2r/y ; v = where r is
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beag-axis

Figure 1.: A schematic representation of a HI collision at an impact parameter (b)
between two Lorentz contracted nuclei marked as A and B; and their

relative directions of motion are shown with arrows.

(or lower multiplicity) collisions. The centrality based analysis is used to compare
central HI collisions with peripheral HI collisions, and to compare results from

HI collisions with proton-proton collisions.

Nucleons within the overlapped area often participate in the collision, and those
interacting nucleons are called participants. Nucleons outside of the overlapped
area usually do not collide, and they continue to travel in the respective beam’s
direction after the collision, and they are called spectators. One can not directly
measure the number of participants (Npart) and number of nucleon-nucleon bi-
nary collisions (N,;) in a HI collision. Therefore, one has to estimate Ny,+ and
N,o;; using phenomenological models, and the Glauber model [9, |10] is widely
used for this purpose. A correlation between the Glauber calculated N+, and
the observed event multiplicity is assumed. For example, the highest (~ 0 — 5%)
centrality bin of the event multiplicity distribution is assumed to correspond to a
certain interval of b, and based on that impact parameter interval the correspond-

ing average Nyt or Ny, are generated using the Glauber model.

Nucleons are assumed to travel in a straight line without deflection at rela-
tivistic velocity, so the participants can interact with multiple nucleons inside the
target while penetrating through the incoming nucleus. Experimental analysis
shows that the rate of hard interactions is proportional to N,,;;, while the charged
particles multiplicity scales better with Ny [11]. This correlation implies the

need for sophisticated handling of Nyt

9
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Once Nypart is obtained the evolution of the HI collision event is conventionally
described by hydrodynamics based models. The N+ is also important for these
models because it is used to calculate the kinetic energy, the energy density for
the given centrality and the system property like entropy density (s) to model
the post collision scenario. The free parameters like temperature and ratio of the
viscosity and the entropy density (7/s) are then tuned to the experimental data

of HI collisions.

2.2 HYDRO-DYNAMICAL APPROACH

Conventionally, the QGP production and expansion is described by the macro-
scopic theory of microscopic interactions. Properties of a macroscopic system
depend on the initial condition, interactions of constituent particles, conservation
laws and external constraint A hydrodynamic model of the QGP evolution in
space-time can be constructed based on estimates of the equilibrium properties of
the QGP, using models inspired by the kinetic theory of gases, distribution func-
tions and transport theory. The details of the relativistic hydrodynamic model
building are out of scope in this thesis. But I will discuss here a simplified pic-
ture of various stages of the HI collisions starting from the instant of collision
till the free propagation of final state particles from the hydrodynamic point of
view. The HI events have four stages in the hydro-dynamical picture: a) Pre-
equilibrium stage, b) Expansion of the QGP, c) Freeze-out stage, and d) Final state

hadron scattering.

Pre-equilibrium stage is just after a HI collision when the QGP is just formed
and it is in a non-equilibrium state. The partons are correlated strongly, and they
are continuously interacting with each other, while the system is expanding and
achieving equilibrium. The time taken to achieve local equilibrium is called the
thermalisation time of the medium, which is assumed to be within the time scale

of 1 fm/c in the medium rest frame.

The momenta of partons generate a pressure gradient during the expansion stage.
Hence, depending upon the magnitude of the pressure gradient, different regions
of the QGP medium expand at different rate. The medium expansion reduces

the system density and the system cools down, and as the energy density of the

8 Density, temperature, entropy etc. are characteristics of such macroscopic systems.
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system reduces below a critical density, pot ~ 1GeV/ fm?3 [12], partons start to
hadronise. A mixed state of hardons and the free partons coexist during the ini-
tial stage of the hadronisation, but the mixed phase vanishes during the transition

from QGP to hadron gas and the system is left with hadrons only.

The hadron scattering and the freeze-out stage are connected to each other.
The freeze-out stage is sub divided into chemical freeze-out and kinetic freeze-out?}
The produced hadrons initially undergo inelastic scatterings and keep the ex-
panding system in equilibrium. The chemical freeze-out point have been reached
when the probability of inelastic collisions reduce to almost zero. Prior to the
chemical freeze-out, hadrons are producing new hadrons through inelastic scat-
terings, but after the chemical freeze-out only elastic scatterings occur and the
types of hadrons remain constant. As the system expands further, inter-hadronic
distances grow larger than the strong interaction range, and the probability of
elastic collisions gradually reduces. At this stage, it is not possible to maintain
the thermal equilibrium, and the system reaches the kinetic freeze-out phase. The
hydrodynamic picture can not survive anymore. Hadrons travel freely in the vac-
uum after the kinetic freeze-out, until they decay into more stable particles or hit
the detectors.

Hydrodynamic models describe observables of the HI collisions by separating
events into the above mentioned four stages. The initial conditions like the start
time (a relaxation time required to pass after the collision), temperature, initial
number density, and the cut-off conditions like freeze-out temperatures, are cru-

cial to obtain relevant results for hydro-phenomenology [14].

2.3 NON-THERMAL MODELS

Unlike hydrodynamic models, there are microscopic models which do not con-
sider temperature or thermalised medium creation in the particle collisions. All
conventional general purpose event generators for pp-like collision systems, such
as Pythia, HERWIG [15], and SHERPA [16] etc., belong to this category. The

Angantyr model is developed as an extrapolation of Pythia for HI collision sim-

Both of these freeze-outs are assumed to occur at certain fixed temperatures (Tojemicar > Tkinetic)
for all quark flavours. From the freeze-out stage Cooper-Frye prescription [13] is used to obtain

invariant distribution of particles.

11
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ulations without considering a QGP production. Therefore, the Angantyr model
is also a non-thermal model for HI event simulation. In non-thermal models, the
post-collision scenario is described based on partonic scattering and radiations in
a vacuum. Moreover, unlike hydrodynamic models, where a collision event has
four discrete stages, in non-thermal models, the event evolves continuously with

various stages, but without any thermalised medium creation.

The final state observables in high multiplicity pp collisions show signatures of
strange- ness enhancement and a near side ridge similar to the HI collisions. String
fragmentation is the primary technique for hadron production in Pythia event
generator. A model to explain these new observations by modifying the colour
string interactions has been included in Pythia. Colour strings in the default
Pythia do not interact among themselves except during the colour reconnection
stage™} but in the light of the new LHC results, an idea emerged that the accumu-
lation of many colour strings due to high parton density can modify the effective

string tension in high multiplicity events.

Strings usually stretched longitudinally, but they also have width, and there
may be some overlap between two neighbouring strings in the dense environ-
ment of the high multiplicity events. This idea is now implemented in Pythia as

rope hadronisation [6, |7] and string shoving [17, 18] mechanisms for pp events.

The string shoving mechanism gives ridge like effects in pp collision simula-
tions. Here, the transverse push to the near-by colour strings in the outward
direction is generated due to the colour field of neighbouring strings. So far it
handles only low p; strings in Pythia with an assumption that all strings are par-
allel to each other and to the beam axis as well. In recent paper [18], non-parallel

strings are also included to perform the string shoving mechanism.

The rope hadronisation is a new model in Pythia. According to this model,

the string density will modify the effective string tension (x) in Pythia. This

Partons are connected with colour strings in Pythia and they undergo rearrangement of colour
strings. The reconnection of colour strings is performed by the colour reconnection model in
Pythia. This process reduces the total string length and re-connects near-by partons with each
other by colour strings, and later these colour strings break to produce hadrons according to the

string fragmentation mechanism.

12
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modification affects the relative yield of strange quarks, because during the string

fragmentation the relative strangeness production probability depends on «x as:

) exp<—ﬂ(m§ —mi)) @

K

where p is the relative production probability of strange quarks of mass m; over
up quarks of mass m,. The increment in the value of x increases the strangeness
production probability (p), and « is modified due to the colour rope formation.
This way, Pythia can reasonably reproduce strangeness enhancement as a conse-
quence of higher string density in the high multiplicity pp events. The same ideas
may be implemented in the Angantyr model for HI events to explain similar ob-

servations of HI collisions without assuming the QGP.

2.4 HI COLLISION OBSERVABLES

The observations of jet-quenching and collective flow at RHIC and LHC are the two
most important observations from the HI collision experiments. Jet quenching
is the consequence of multiple interactions between the coloured medium and
the partons produced with high transverse momentum in HI collisions. The col-
lective flow of hadrons was predicted in the ideal hydrodynamic models, and its
observation at RHIC supported the claim of a QGP formation [19] in HI collisions.

HI collision observables are often compared with pp collision observables to
study and investigate differences (or similarities) between these colliding systems.
These comparisons are performed by analysing the nuclear modification factor
Ry 4. For example, a transverse momentum dependant R4 (pr) is:

*Nys
diydpr 2)

d2N,
<Ncoll>ﬁ

Raa(pr) =

Here the numerator is the differential particle yield in HI collisions and the de-
nominator is the average number of nucleon-nucleon collisions ({N,,;;)) (obtained
from a Glauber model) in HI collisions multiplied with the differential particle
yield in pp collisions. This is a general representation of R4 4 and it can be mod-
ified according to the study-specific observables. The suppression ( R44 < 1) or
enhancement ( Ry4 > 1) will reflect nucleus induced effects or effects due to a

QGP formation in HI collisions (because so far the QGP is believed to be created

13
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only in HI collisions.). For example, R4 4 below unity means hadron production
in HI collisions is suppressed compared to pp collisions. R4 4 is also studied for
jets [20, 21] to understand medium effects on jets, jet quenching, at different cen-
trality, and to explore the possibility of jet quenching in the high multiplicity pp

collisions.

2.4.1  Collective flow

Strong azimuthal correlations are observed among particles widely separated in
the rapidity[22, 23] in HI collisions. These correlations are stronger than one can
expect from a mere superposition of many pp collisions, but the correlations are
expected if some kind of plasma formed, which can have a collective outward
flow of the matter due to its fluid-like properties. These correlations indicate that
they may have originated in the early stage of the collision, and their study may

provide indirect information about the earliest stage of the collision.

The arrangement of nucleons inside the overlapped region of the colliding
nuclei defines anisotropy in their spatial distribution (Figure [2). The spatial
anisotropy of participants results in an asymmetry in the collision geometry, and
that is assumed as the origin of anisotropy in the momentum distribution of the

produced particles.

The Fourier transformed multiplicity as a function of azimuthal angle (with re-
spect to the reaction plane) gives an indirect insight into the initial state properties
of the collision.

>N >N 1

_ - _wn
E By~ prdprdy2m [1 +T;20n cosn(¢p ‘I’Rp)} (3)

Here the quantities pr, y, ¢ and Y% are transverse momentum, rapidity{"”} the
azimuth angle of the produced particles, and the reaction plane angle w.r.t. x-axis
respectively. The reaction plane angle (Y%p) (figure |2) for n*" harmonic is not an
experimentally known quantity. It is derived through the estimated plane having

maximum number of transversely distributed final state particles event-by-event.

E+p:
E—p:
momentum. The rapidity (y) can be exchanged with pseudo-rapidity (1) for mass-less or ultra-

The rapidity (y) is defined as y = %ln

, where E and p; are the energy and the longitudinal

relativistic particles, which then gives azimuth angle (0) for those particles because = —In (tan%).

14
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Figure 2.: A schematic representation of a HI collision, where the beam axis is per-
pendicular to the page. Blue and red spheres represent nucleons from
two colliding nuclei. Green spheres represent nucleons participating in
the collision. The blue solid line and Yrp define reaction plane (formed
by the beam axis and the impact parameter axis) and angle of the reac-

tion plane with respect to the x-axis (lab-frame) respectively. The image

is from || .



2.4 HI COLLISION OBSERVABLES

This estimated reaction plane contains the impact parameter (which is obtained

from a Glauber model) and the beam axis.

In the absence of fluctuations, the complete overlap (b = 0) of colliding nu-
clei produce particles moving outward with isotropic momentum vectors, and all
tflow coefficients v, = 0. The collisions do not always occur without fluctuations
and the overlap of the colliding nuclei also vary event-by-event, and the flow co-
efficients v, may be non-zero quantities. Non-vanishing v,, coefficients represent
contributions from various modes of the generated anisotropy in the non-central
HI collisions (usually an almond-shaped collision geometry; Figure [2). The first
two coefficients of the cosine function are v; (directed flow) and v, (elliptic flow),
and the second order coefficient v, is the most sensitive observable for the almond

shaped collision geometry.

The differential v, coefficients can be determined by the event plane method
[25]. The v, coefficients are obtained as a function of pr and rapidity (y), and

they are averaged over all events in the given pr and rapidity bin:
PPN
J rdprdyap cosn(@ — Yip)de

A3N
f prdprdydd d¢

on(pr,y) = (")) = (cosn(p —Fkp)) =

(4)

Another method to obtain v, coefficients is multi-particle correlation technique.
The two-particle correlation is the simplest case of the multi-particle cumulants
method [26} 27], where azimuthal correlations between particle pairs are obtained
independent of the reaction plane angle (Y%p,). For example, the v,{m} coef-
ficients of m-particle correlation can be defined from the cumulats c¢,{m}. For

m = 2, it is:

0u{2) = \Jeul2} = /({00}y =\ [{{cos (g — p)}) = @) + 60 (5)

where {..} represents average over all particles in an event and (..) represents

average over all events. Here ¢; and ¢, are the azimuthal angles of the paired
particles, c,{2} refers to the two-particle cumulant, which provides (v2) + J,,
where J,, refers to the contribution from the non-flow components. The non-flow
is correlation due to jets and resonance particles decay, and these correlations are
assumed to be short-ranged. The non-flow contributions have to be minimised
by various techniques or by excluding jetty events from the flow analysis. Hence,
often a rapidity gap (Ay > 1) between paired particles is introduced when calcu-

lating the cumulant to reduce the non-flow contributions.

16
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It is assumed that the non-flow contribution is smaller than the flow component,
so the measured distribution of v,{2} with two-particle cumulants is primarily
due to the flow ((v2)) component only. The assumption of dominating flow com-
ponent in two-particles correlation holds true only if v,{2} >> 1/+/N [26], where
N is the event multiplicity. Non-flow contribution scales with 1/N?"~1 for multi-
particle cumulants ¢, {2m} [26], where 2m is the number of particles in the cumu-

lant.

Higher order multi-particle cumulants ( e.g. c,{4}, c,{6} etc.) are calculated
to reduce uncertainty and non-flow contribution, because the lower order multi-
particle cumulants are subtracted from the higher order multi-particle cumulants.

For example :
on{d}* = —cu{4} = 2(0})* — (o) 6)

0u{6}° = 7ea{6} = (0f) — 9(u) (02) +12(03)° )

Here, (v2), (v3), and (v8) represent two-particle, four-particle, and six-particle
flow components. In the above two equations, it is evident that the lower ordered
multi-particle components are subtracted while calculating the higher order multi-

particle cumulants.

The initial state fluctuations play a major role in the anisotropic flow study,
and therefore spacial and geometrical fluctuations are studied theoretically as the
eccentricity analysis. A one-to-one correlation between eccentricity and flow coetf-
ficients is also observed in models. Some references for more detailed discussions

of event-by-event fluctuations and anisotropic flow are obtained in [28, |29, |30].

2.4.2 Jet quenching

A di-jet event consists of observation of two high energetic collimated sprays of
hadrons at approximately 180° angular separation (in azimuth) in the detector.
The g + g — g + g scattering is the most dominant partonic interaction in the
high energy collisions, and they emerge as jets in the detectors. The time scale
of partonic interactions is inversely proportional to the energy scale of the par-
tons. Therefore, hard interactions with the exchange of large transverse energy
occur during the earliest stage of the collision, even before a thermalised QGP

formation.

17
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In the HI events, jets often propagate through the so-called QGP medium and
lose some energy due to the jet-medium interactions, which suppress the signal
of an expected jet in the opposite direction of a leading jet. This phenomenon of
suppressed or missing sub-leading jet is called jet quenching. It was first observed
in HI collisions at RHIC and now also at LHC, but so far no jet quenching is

observed in pp collisions.

The energy loss depends on the colour charge, the mass of the travelling parton,
and the colour charged medium density. The hard gluons travel through the
medium and loose energy to the medium either in the form of medium induced
radiation or through the elastic scattering with medium partons. The former is
the dominant mode of energy loss in the case of high pr partons [31, 32]. The
energy loss is proportional to the path travelled by the parton inside the medium,
and the jet quenching analysis provides insight into the medium size and the
QGP medium lifetime.

If jet quenching occurs due to the coloured medium interacting with the high
energy partons, then there must not be any energy loss for the colourless particles
travelling through the medium e.g. photons, W¥and Z°. Figure [3| shows the
nuclear modification factor as a function of pr for colourless particles, which
have their values close to one, and suppressed nuclear modification factors for

coloured particles for PbPb collisions.

For charged hadrons R4 is consistent with unity for pr > 2GeV (blue points
in the left window of figure [3), hence suppression in R4 4 can not be an initial
state effect, but it must be a final state effect similar to the jet quenching. If the
suppression in the R44 would have been an initial state effect then the similar
trend should be observed in Ry, for high pr particles as well. The suppression

in the charged hadrons yield can be related to the energy loss for jets passing

through the coloured medium and losing their energy to the medium particles.

Analogically, instead of losing energy, the high pr charged hadrons may decay
within the medium after multiple re-scatterings. Heavy mesons of weakly bound
quark-antiquark pairs break their bonds, and the quarks and anti-quarks rebound
with different flavoured anti-quarks or quarks from the medium partons. Such
effects require a larger volume of the coloured medium, which is more likely to
be created in the final state of AA type collisions than the final state of pA type

collisions.
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Figure 3.: pr dependent R 44 distribution for gauge bosons and charged particles
for pPb and PbPb collisions. Right side of the histogram shows R,pj
distribution of identified particles in the low-pr range. The histogram

is taken from ref. [33].

2.4.3 Other observables

Other interesting observations related to the flavour production are the strangeness

enhancement and the quarkonium suppression.

Strangeness enhancement was proposed to be observed in relativistic HI colli-
sions [34) 35] when compared to pp collisions. This was observed first in NA35,
and later at RHIC, and LHC HI experiments. The supporting argument is that the
QGP temperature is of the order of the strange quark mass (m;), and because of
that the s and 5§ production should be enhanced even though the bare mass of the
strange quarks is higher than the u and d quark masses; ms >> m, ;. The abun-
dance of gluons produced in HI collisions are the primary source of strangeness
through s5 pair production. On the other hand, in Pythia, modification of colour
string interactions in high multiplicity events is proposed as the underlying mech-

anism for the observed strangeness enhancement.

The Quarkonium sector is explored in HI collisions to study production and
suppression of the heavy quark flavours. The quarkonia is a g4 state where g
represents either the charm or the bottom quark. The top quark is excluded here;
due to very short lifetime of top quarks the tf mesons can not be formed. The

suppression of the heavy bound state J /¢ (c¢) in HI collisions has been predicted
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2.4 HI COLLISION OBSERVABLES

in theory [36] as a sign of QGP formation. The argument is that the screening
of the quarkonium potential in the QGP will melt different quarkonium states at
different temperatures. Predictions for quarkonium suppression therefore make
it interesting to measure quarkonium production. |/ suppression in PbPb col-
lisions is observed in the NA50 experiment at the SPS [37], at RHIC [38], and at
LHC [39].

Quarkonium production is a hard interaction event, and it is safe to argue that
most of the quarkonium would have been produced in the collision before the
QGP formation. The quarkonium study provides unique observables as pertur-
bative probes to study the production of heavy-quark pairs in the medium, and
as probes to understand the non-perturbative mechanism of heavy hadron bound
state production. Quarkonium can be studied for all three types of hadronic col-
lision systems i.e. pp, pA and AA collisions. pp collisions give an insight into
quarkonium production in the vacuum, pA collisions can reveal effects of the
cold nuclear matter, and AA collisions can provide insight (if there is any) of the

medium effect on the quarkonium production.
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EVENT GENERATORS

Event generators or Monte-Carlo models are simulation programs developed
based on theoretical understanding of the experimental observations in particle
physics. Particle physicists use them to analyse experimental data, to understand
detector efficiencies, to distinguish signal and background events during the data

analysis, and to verify theory predictions.

3.1 pp EVENT GENERATORS

Pythia, HERWIG [15] and SHERPA [16] are widely used event-generators for pp
like small system collisions. All three models can reproduce a wide range of
observables with a detailed picture of the collision. These event generators are
called multi-purpose event-generators. They have their own set of modules to
reproduce various stages of a pp event. Every module is developed to mimic

specific physics mechanisms of the collision event, some of them are:
e Parton Distribution Functions (PDFs) of the beams
e Multi-parton interactions (MPIs)
e Initial and final state radiation
e The beam remnants
e Hadronisation and decay of unstable hadrons

A good reference about the finer details of different modules of these event-

generators is [40] and references therein.

The work in this thesis is based on the Pythia event generator, which has been

proven as an excellent phenomenological model to explain most of the pp physics
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3.2 HI EVENT-GENERATORS

observations with good precision. The core idea in Pythia’s phenomenology for
event simulation is based on the colour string evolution and the string fragmen-
tation to produce final state hadrons. The proton contains many partons and
multiple partons can participate in the collision from each colliding proton. As
a result, there are many produced partons and many colour strings in the space
between the two beam remnants in Pythia’s pp collision events due to the multiple

parton interactions (MPIs).

The produced partons are colour connected by colour strings stretched between
them and also between produced partons and the beam remnants; quarks are

connected to one string and gluons are connected to two stringd']

The colour flow and the number of strings are modified by Pythia’s colour re-
connection model in such a way that it conserves the total colour charge, but it
reduces the total string length. As a result, the number of produced hadrons is
reduced after the colour re-connection. The colour re-connection model allows
Pythia to reproduce the observations of the charged multiplicity distribution and
the average transverse momentum distribution as a function of the charged mul-
tiplicity ((p¢) (Ne;)). The produced hadrons can interact with each other due to

hadronic scattering [41], a new development, which is recently added to Pythia.

But when it comes to explaining new high multiplicity pp collision observations
at LHC, Pythia can not reproduce enhanced strangeness production, near side
ridge effects, and flow like behaviour with good accuracy. There is a new model
[17, 18] in Pythia, which modifies the string tension in high multiplicity pp events
and improves Pythia’s description of these new results; I have provided a short
overview of this new model in the non-thermal model’s section of the previous

chapter.

3.2 HI EVENT-GENERATORS

HIJING [42], AMPT [43], and EPOS [44] are widely used event generators for HI
collisions. Unlike other hydrodynamics based simulations, these models simulate
complete HI events. Here below is a short overview of these three event gener-

ators. It is for the sake of completeness and to provide an abstract idea of the

The colour strings represent colour flux tubes, (anti-)quarks carry an (anti-)colour charge, while a

gluon carries both a colour and an anti-colour charge.
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3.2 HI EVENT-GENERATORS

event simulation methods of these well known HI models before discussing the

Angantyr model.

Glauber modelling

A realistic calculation to obtain N,,;; and Np4+ requires information about the po-
sition of the nucleons inside the colliding nuclei. N,y is the number of inelastic
nucleon-nucleon sub-collisions, and Ny, is the number of nucleons which have
had at least one inelastic sub-collision. The Glauber model [9, 10] provides an
arrangement of nucleons inside the nucleus according to the Woods-Saxon distri-

bution of nucleon density:

_ £o
p(r) = 1+exp((r—R)/a) ®)

Here r is the distance of a nucleon from the centre of the nucleus in 3-dimension,

R is the radius of the nucleus, and a is called thickness parameter.

The probability to find a given nucleon at some transverse position s inside the
projectile nucleus is Tpyoj(s) = [ Pproj(s, z)dz. The interaction probability between
the nucleons from the projectile and the target can be calculated from the nuclear

overlap function T(b) for the given impact parameter (b) of the collision:

/ proj (8) Ttar (s (s —b)d?s 9)

where, the collision occurs at impact parameter b, "s" is the position of a projectile
nucleon from the centre of the nucleus and "s — b" is the relative position of
a target nucleon in the incoming nucleus. The overlap function is normalised as
[d?bT(b) = NyrojNiar by integrating over all impact parameters, where N,,,; and

Niqr are number of nucleons in the projectile and the target nucleus respectively.

A Glauber model provides N,,; and Npg+ according to the geometric overlap

between two colliding nuclei for the given impact parameter b, and the nucleon-

NN
inel

the combined density of colliding nucleons in the projectile and the target nuclei,

nucleon inelastic interaction cross section ¢; The overlap function describes

in a HI collision with impact parameter b. For the given ¢\ the average number

NN

of nucleon-nucleon interactions is given by T(b)c;, ).

All HI event generators use a Glauber calculation to obtain N,;; and Npg+. The

significant difference among the HI event generators occurs in the process of their
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3.2 HI EVENT-GENERATORS

treatment of the underlying scatterings. In the Angantyr model, we included the
fluctuations both in the positions of the nucleons in the nuclei and the fluctuations
in the nucleon-nucleon cross section, as discussed further in section and

distinguishing the type of collisions while obtaining N,;; and Npgyt.

3.2.1 HIJING

The Heavy lon Jet INteraction Generator (HIJING) [45), 46] model has two primary
components: mini-jets and soft interactions. In HIJING parton interactions are clas-
sified into semi-hard or soft. A semi-hard process has at least one pair of jets with
pt > po. Partonic interactions with pr < pp are treated non-perturbatively and

characterised by soft parton cross section (0, t)-

HIJING uses Pythia for the kinematics of jet pairs and associated initial and
final state radiations, and for hadronisation of partons according to the Lund
string fragmentation model. HIJING has impact parameter dependent parton
structure function to study the effects of nuclear shadowing on the observables,
where the shadowing effects due to gluons and quarks are not distinguished from
each other. The jet quenching in HIJING is modelled for moderate and high pr
observables, and it is based on assumed energy loss per unite distance (‘ZZ—E) of the

particles travelling through the medium.

3.2.2 AMPT

The AMPT (A Multi-Phase Transport ) model [43] is primarily used to study the
flow (collectivity) in HI collisions at RHIC and now also at LHC. It has four
components: 1) Initial states, 2) Parton cascade, 3) Hadronisation, and 4) Hadron
cascade. It has two modes of event simulation: 1) Default mode and 2) String

melting mode. The string melting mode is developed assuming a QGP formation.

The AMPT uses the initial particle distribution from HIJING. The model per-
forms parton-parton scattering according to the Zang Parton Cascade (ZPC) [47]
model. For hadronisation, in the default mode the AMPT uses Lund string model,
and in the String Melting mode it uses the quark coalescence model. The AMPT

string melting model assumes production of quarks and anti-quarks only, which
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3.2 HI EVENT-GENERATORS

allows it to have consistent recombination into hadrons by the coalescence model.
The coalescence allows every 7 and g to choose partners from surrounding quarks
and anti-quarks based on their separation from each other, but a parameter rpj,
controls the relative formation of baryons over mesons. The ART(A Relativistic
Transpor model [48] performs the final state inelastic and elastic scattering of

the produced hadrons in both modes.

3.2.3 EPOS

EPOS is a semi-hydrodynamic event generator. Hydrodynamic interactions are
restricted as a part of the core and hydro-independent interactions are part of
the corona. The separation of the core and the corona is based on string density
at some proper time Tj; the core is the region with string density higher than
a certain value pg, and the corona is the region with lower string density [49].
The model treats scatterings according to a Gribov-Regge theory [50] of parton
ladders stretched between two colliding nucleons. These parton ladders include
initial evolution of partons from projectile and target nucleons. In the core the
parton density is high and the model generates MPIs in this region, which leads
to the higher number of parton ladders. The low density of partons suppresses

MPIs in the corona region.

The hadronisation in the core is performed using a statistical model. The corona
is the region at large rapidity or low density, and here hadronisation is done sim-
ilar to Pythia’s string fragmentation mechanism. The primary difference between
the string fragmentation mechanisms in Pythia and EPOS is in their treatment
of the beam remnants. In Pythia, the two beam remnants are connected through
the strings extended by the produced partons, but EPOS treats beam remnants
individually and independently from the produced partons.

Unlike HIJING and AMPT, EPOS can also generate pp events in addition to the
HI events. The core appears only if the local density of strings is higher than
po. Hence, for the high multiplicity pp collision events, at mid-rapidity particles
are produced through the core, otherwise, they all are produced according to the

normal string fragmentation.

The extended ART generates secondary interactions of all produced hadrons except D, D, [/, B
and Y hadrons.
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3.2 HI EVENT-GENERATORS

3.2.4 Angantyr

We wanted to test the limits of an extrapolation based on pp collision dynam-
ics to describe the observed HI data without considering any thermalised QGP
medium during the event simulation. The Angantyr model is a generalisation of
the previous work [51] done for pA to AA interactions, without assuming a QGP
formation. This new model has improved mechanism for sub-collisions (nucleon-

nucleon collisions) in pA and AA events.

The multiplicity distribution in pPb collisions shows that the projectile pro-
ton participates in multiple sub-collisions with nucleons from the target Pb nu-
cleus. Moreover, the asymmetric multiplicity distribution as a function of pseudo-
rapidity in pA collisions discards the possibility of a mere superposition of many
independent pp-like collisions to generate a HI event. Hence, if one wants to
stack multiple pp events to generate a HI event, it will require a sophisticated

superposition of several pp-like collisions.

The nucleons called "participants” above, and are calculated using the Glauber
model, are also called "wounded nucleons". This terminology is e.g. used in
the old FRITIOF model [52} |53], which assumed that the event multiplicity is

approximately proportional to the number of such wounded nucleons.

Glauber’s original calculation did not include effects of fluctuations in the scat-
tering process. They have later been shown to be quite important. Fluctuations in
the nucleon positions within a nucleus is accounted for by MC simulations. Gri-
bov pointed out that it is important to account for diffractively excited nucleons
as intermediate states in multiple NN sub-collisions [54]. In Angantyr we use the
Good-Walker formalism [55] to describe diffraction as a result of fluctuations in

the projectile and target wave functions.

The discrimination of the collision types when calculating the number of bi-
nary collisions is essential for a realistic simulation of HI events, because different
types of collisions produce different multiplicity distribution in different pseudo-
rapidity ranges. We modified the old FRITIOF model to distinguish wounded nu-
cleons as diffractively or non-diffractively wounded. This modification improved
the classification of the wounded nucleons in different collision types (inelastic
collisions: non-diffractive, single or double diffractive collisions) in the Angantyr

model.
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Figure 4.: (Left) A schematic diagram of a projectile particle colliding with two
target particles represented with a triple cut-Pomeron vertex. The cut-
Pomeron vertex represents non-diffractive interaction between the par-
ticipants.
(Right) A schematic diagram of a projectile particle colliding with a
target particle (T1) with a cut-Pomeron exchange (non-diffractive) inter-
action, and it is interacting with a target (T2) via a Pomeron exchange
(single-diffractive) interaction.
(A cut-Pomeron is represented as a zigzag with a straight line, and an

uncut-Pomeron is represented as a zigzag.)

After obtaining the number of wounded nucleons and types of sub-collisions,
the interactions are ordered based on the impact parameter between colliding
nucleons. The sub-collisions are generated using Pythia’s machinery as described

in sections 3 and 4 of the paper [56].

The event-by-event fluctuations are simulated by fluctuating nucleon radii, which
in turn influences the nucleon opacity and the interaction cross-sections at a given
impact parameter. Also at fixed impact parameter, the final state event multiplic-
ity fluctuates in HI collisions, and in the event simulation, we have to reproduce

these fluctuations.

Secondary non-diffractive events

During a HI event simulation with the Angantyr model, a crucial part is when the
Glauber calculation predicts multiple non-diffractive (ND) interactions between a
projectile nucleon and several target nucleons or vice-versa. This is also the part
in Angantyr model, where I worked the most, so I am taking an opportunity to

go in more details of the physics description in the text below.
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A schematic diagram of a three-particle interaction (a collision between a pro-
jectile and a nucleus with two nucleons) is shown in figure [4] (Left), where a pro-
jectile (P) is interacting with two target nucleons (T1 and T2). The diagram shows
a triple cut-Pomeronf| vertex to represent ND interactions between the projectile

and two target nucleons.

Pythia is fundamentally a 2 — n type event-generator, which can have beams of
electrons and/or protons only. We aim to use Pythia’s machinery to extrapolate
the pp collision dynamics for HI collisions. Hence, in the case of a three particle
collision (figure [4)), where the projectile is colliding with two target nucleons, we
opt for simulating two collisions of two particles in such a way that the projectile
is the participant in both collision events. The simulation of two ND events, in
this case, is a non-trivial task because not only the vertex position of the triple cut-
Pomeron can vary in rapidity, but also the momentum fraction shared between

the two cut-Pomerons from the targets can vary.

A simple solution is to ignore the ND interaction between the projectile and
the target nucleon, which has larger impact parameter and only simulate the ND
interaction with smaller impact parameter. The effect of such a hard vetoing on
allowed interactions will reduce N, and Ny, and the reduction will directly
affect the final state particle production in HI events. Figure 21 of our paper [56]
shows the contributions of diffractive and multiple ND interactions for pPb and
PbPb events, and it reflects that a large number of multiple ND interactions occur
in the simulation of both types of events. Therefore, the simple solution of ignor-
ing ND interactions for larger impact parameter, if either of the participant nucle-
ons is already identified as a participant in another ND interaction with smaller

impact parameter, will reduce the final state particle production excessively.

We handle such situations by modifying the tags of collision types, and we re-
tag the interaction with smaller impact parameter as the primary ND collision.
Once the primary ND collision is fixed, the other ND collision is re-tagged as the

secondary ND collision. In a situation like figure[4} the impact parameter between

A cut-Pomeron diagram represents a non-diffractive interaction between interacting particles,
while a single uncut Pomeron exchange is argued for the observed rapidity gaps in a diffractive
scattering in pp collisions. The Pomeron is proposed in the Regge theory (which is a predecessor
of the QCD.) to explain hadronic cross-section at high energy. The Pomeron is treated as a medi-
ator particle with quantum numbers of the vacuum. It has neither an electric charge nor a colour

charge. A good reference for more details about the Pomerons in the Regge theory is [57].
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the projectile (P) and the target nucleon (T1) is smaller than the impact parameter
between the projectile (P) and the target nucleon (T2). Therefore, the interaction
between the projectile (P) and the target (T1) is the primary ND (figure |4 (Right)),

and it is generated using Pythia’s default ND mechanism.

Now, we have to handle the interaction between the projectile (P) and the target
(T2), which is the secondary ND. The secondary ND sub-event is simulated with
a new modified mechanism, which is detailed in section 5 of the paper [56]. In a
nutshell, a modification is performed in such a way that the rapidity span filled
with the produced particles in the modified high-mass single-diffractive (SDf)

collision should look similar to an ND collision in the same rapidity range.

At this stage, it is important to note that this is a non-trivial attempt to in-
clude secondary ND collisions in the HI event simulations driven by technical
limitations, and we are not advertising that this is the only way to handle the mul-
tiple ND collisions involving the same participants. We want to come up with a
mechanism, which uses Pythia’s event generation set-up and allow us to simulate
secondary ND events. The secondary ND collision can be mimicked if we use the
high-mass SD mechanism in Pythia because a ND like interaction is simulated be-
tween the Pomeron and the proton, where the proton, which emits the Pomeron,

remains intact but loses momentum.

Pythia’s high-mass SD events are simulated with a Pomeron emission from
the projectile and the interaction will occur between the Pomeron and the in-
coming target or vice-versa. The rapidity gap (Ay) in the diffractive event de-
pends on the diffractive mass (My;f) for the given centre of mass energy (1/s) as
Ay = In(s/ Mﬁi f f). The particles are produced in the rapidity range between the
Pomeron-proton interaction vertex and the remnants of the target proton. In this
region the high-mass SD event on average looks similar to the ND event (Figure

5 in the paper [56]).

The diffractive scatterings in Pythia are simulated according to non- perturbative soft Pomeron
exchange. The diffraction in Pythia is separated into soft and hard diffraction. The soft diffraction
is further sub-divided into low-mass and high-mass diffraction based on the diffractive mass
(Myify) of the event. The diffractive event is classified as low-mass diffraction if My;rr < 10GeV,
otherwise it is classified as high-mass diffraction in Pythia. The high-mass diffractive events are
simulated using MPIs and Pomeron PDFs, which are similar to those in the non-diffractive event

simulation in Pythia.
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Now, in the situation of figure[4|the projectile is interacting with both the targets.
The projectile proton is replaced with a Pomeron for the secondary ND collision.
We modified the Pomeron PDF so that it looks like a re-scaled proton PDEF, and
the secondary ND proton-proton collision is simulated as a modified Pomeron-
proton collision, while regular diffractive events are generated according to the

default Pomeron-proton collision set-up in Pythia.

After generating the primary ND event, the energy-momentum of the beam
remnants are tracked. The energy-momentum conservation is checked while gen-
erating the secondary ND using the new mechanism, and if the event does not
conserve the energy-momentum then it is vetoed. The diffractive mass (My;fy)
of a diffractive event depends on the momentum of the emitted Pomeron, and
we can produce the Pomeron at different energy in the event simulation. We
tested the influence of the energy-momentum conservation by allowing few retri-
als of generating previously vetoed secondary events by reproducing them. If the
Pomeron has lower energy than the previously vetoed event, then it is likely to be
accepted. The result of our test is shown in figure 25 of the paper [56], but in the
default set-up, only one attempt to generate a secondary ND event for the given

nucleon is allowed.

After generating all sub-collisions, the final state partons are stacked together
by shifting the collision points of the participating nucleons with respect to the
impact parameter of the nucleus collision. The production vertices of partons are
shifted according to the relative shift in the positions of the collision points of the
participating nucleons inside the nucleus at the time of the collision. The colour
strings produced in the nucleon-nucleon collisions undergo colour re-connection
(CR) within the same sub-collision event, and there is no colour flow between
two sub-collisions. Later, these strings hadronise by string fragmentation, every
string breaks independently, and the produced hadrons are assumed to travel
freely without any further interactions, and later unstable hadrons decay into
stable particles. Hence, in the current version, final state hadrons do not show

long-range collectivity, and they also do not interact among themselves.

The Angantyr model at its current stage can reproduce final states multiplic-
ity and momentum distribution quantitatively in different centrality bins for HI
events. The model can be used to study effects of the initial state fluctuations

and non-flow contributions in HI collisions. We have compared Angantyr gener-

30



3.3 OUTLOOK

ated multiplicity distributions with other HI event-generators and we are able to

reproduce competitive results.

3.3 OUTLOOK

We have developed a model based on pp collision dynamics, and it generates
events which reproduce features of HI events. As shown in the results section
of our paper, the model reproduces pp, pA, and AA multiplicity distributions as
functions of pseudo-rapidity in different centrality bins. The momentum distribu-

tion is also reproduced without any additional re-tuning to HI data.

Along with the Angantyr model, a model is developed, which treats collective
effects in pp collisions caused by string interactions through the rope hadroni-
sation and the string shoving mechanisms. These effects are not yet included
in Angantyr, and we can not reproduce flow observables in HI events with the

Angantyr model at this stage.

The CR model can not generate long-range collectivity among produced hadrons
due to its short-range. The CR is so far applied only among colour strings evolved
from the same sub-collision, and there are no interactions among near-by strings
from different sub-collisions. We are keen to introduce collectivity among the fi-
nal state hadrons in HI events by modifying the CR mechanism in Pythia in such
a way that the CR shall depend on the spatial parameters, independent of the
origin of the colour string in the collision. One approach is to study the effects of
a CR model which accommodates partons from different sub-collisions while gen-
erating HI events using the Angantyr model. Since the CR process restructures
the orientation of the colour flow, it may produce effects similar to collectivity in

the HI collisions.

The Angantyr model with string shoving and rope hadronisation may explain
the strangeness enhancement and the flow like effects as the result of increased
effective string density and modification in the colour re-connection, without
considering the creation of a thermalised medium in the event simulation. The
phenomenological understanding of jet quenching and quarkonium suppression

through the Angantyr model is another field yet to be explored.
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At last, apart from providing an alternative phenomenological explanation to
HI collision observations, the Angantyr model also opens a door with a new set
of questions e.g. what are the signature observations to support or disfavour
either of the phenomenological scenarios for the HI collision? Is a thermalised
medium created at all in the HI collisions? Is there a similarity between the
string picture and the hydrodynamic description of particle production and the

transport mechanism?

MY CONTRIBUTION

I tested available single-diffractive interaction models of Pythia and modifications
in the Pomeron PDFs to obtain an acceptable tune, to be used to simulate sec-
ondary non-diffractive interactions. Later, this is used in the Angantyr model to
generate secondary non-diffractive collisions in pA and AA event simulations. 1
am responsible for generating histograms for the section 5 and the first draft of

the section 5, which was later heavily edited by Leif.
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1 Introduction

At hadron collider experiments at RHIC and LHC, protons as well as large nuclei, are
collided, and the results are interpreted to obtain better knowledge about the dynamics
of the fundamental interactions at high energies. The strong nuclear force plays a central
role, but the studies of proton-proton (pp) collisions and heavy ion collisions respectively,
are often carried out in quite different ways.

In the case of pp collisions, so-called “general purpose Monte Carlo event generators”,
such as SHERPA [1], Herwig 7 [2] and PYTHIAS [3], have been established as cornerstones
in aiding our understanding. These event generators have over the last three decades suc-
ceeded in simultaneously simulating the dynamics of strong and electroweak processes from
very high momentum transfer scales where perturbation theory is applicable, down to scales
around Agcp, where one must rely on models inspired by analogies to electrodynamics or
results from lattice QCD. This has resulted in a remarkably precise description of the
majority of observations in proton-proton collisions, which both further experimental and
theoretical developments often rely heavily upon.

In high energy heavy ion collisions, the landscape is quite different. Here efforts are
more often directed towards signals for the formation of the Quark-Gluon Plasma (QGP),
and studies of its properties. The existence of such a phase is demonstrated in lattice
calculations and it is presumed to have existed in the hot, early Universe. In this area
event generators also exist, but are usually more “special purpose” than “general purpose”,
each attempting to describe a specific array of observations ascribed to the formation of
a QGP. Event generators generating full exclusive events also exist, and the ones most
frequently used in analyses investigating particle production mechanisms are, arguably,
EPOS-LHC [4], AMPT [5] and HIJING [6]. At least for the bulk event properties, these
three generators have for many years defined the “golden standard” for Monte Carlo com-
parisons to experimental data. In section 8 we outline some of the main similarities and
differences between these models and our own.

Several features, which in heavy ion physics are interpreted as a QGP effect, are also
observed in pp collisions at the LHC, which may indicate that the dynamics at play in these
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two types of collision systems are in fact very similar. Two typical examples are enhanced
strangeness [7] and the formation of a “ridge” [8]. This immediately raises a challenge for
the general purpose pp event generators and their underlying models. If a QGP is indeed
formed even in pp collisions, then the effects of such a formation should be included. On
the other hand, if the flow-like effects in pp collisions have a different, non-thermal, origin,
then it might be possible to capture the general features of nuclear collisions by adding a
nuclear structure “on top” of existing pp models.

In the present paper we will primarily address the second of these possibilities, pre-
senting a model, henceforth called “Angantyr”, which is an extrapolation of pp dynamics
to collisions with nuclei with a minimum of adjustable parameters. In this way it forms
a bridge between heavy ion and high energy hadron phenomenology. Angantyr is a gen-
eralisation to AA collisions of the model for pA scattering in ref. [9], which was able to
reproduce general features in pA collisions, like multiplicity as a function of (measured) cen-
trality, rapidity distributions, and to a certain degree also p, distributions. Like PYTHIAS
and the model in ref. [9], Angantyr does not include an assumption of a hot thermalised
medium. The model can therefore serve as a baseline for understanding the non-collective
background to observables sensitive to collective behaviour.

Before discussing the generalisation to heavy ion collisions, we want to discuss some
features of high energy pp scattering, which are important for this generalisation.

First, as will be discussed in more detail below, diffractive excitation is important. At
high energies the real part of the pp amplitude is small, and usually neglected in applications
to collisions with nuclei. Diffraction (elastic scattering and diffractive excitation) is then the
shadow of absorption into inelastic (non-diffractive) channels. Absorption is here specified
by colour exchange between projectile and target, while diffraction corresponds to colour
neutral (Pomeron) exchange. In the Good-Walker formalism diffractive excitation is then
part of the diffractive beam, when the projectile mass eigenstate (the proton) is a (coherent)
linear combination of scattering eigenstates with different absorption probability. These
eigenstates have in refs. [10, 11] been interpreted as different parton cascades.

Secondly multiple partonic sub-collisions are very important at high energies. Here
we use the scheme from ref. [12], as implemented in PYTHIAS, to describe inelastic non-
diffractive events. Hard scattering is also seen in diffractive events, and here we use the
Ingelman-Schlein formalism [13], which is also included in the PYTHIA8 package.

A generalisation of the formalism for pp collisions to an event generator for pA and
AA collisions will have four separate components:

(i) Tt is necessary to determine nucleon positions within the colliding nuclei. Here a
number of MCs are already available to generate nucleon distributions, see e.g. refs. [14-17].

(ii) One has to calculate the number of interacting nucleons and binary NN collisions.
This is generally performed using the Glauber formalism [18, 19]. This formalism is based
on the eikonal approximation in impact parameter space, where the projectile nucleon(s)
are assumed to travel along straight lines and undergo multiple sub-collisions with nucleons
in the target. The importance of including diffractive excitation was early pointed out by
Gribov [20], but has often been neglected also in recent applications (see e.g. the review
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by Miller et al. [19]).! As mentioned above, diffractive excitation is a consequence of
fluctuations in the nucleon substructure. An important point is then that a nucleon in the
projectile is fixed in the same state during its passage through the target nucleus. (And
similarly the state of a target nucleon is fixed through the projectile nucleus.)

Fluctuations in the projectile proton in pA collisions was studied by Heiselberg
et al. [21], for estimates of the number of individual NN sub-collisions. This formalism
was further developed in several papers (see refs. [22-25] and further references in there).
It is often referred to as the “Glauber-Gribov” colour fluctuation model (GGCF or just
GGQG), and is used in several experimental analyses, e.g. in refs. [26, 27].

As discussed in ref. [9], taking averages over target nucleon states is enough for cal-
culations of cross sections and the number of wounded nucleons in pA collisions, provided
diffractively excited nucleons are also counted as wounded nucleons. For a generalisation
to AA collisions it is, however, necessary to take into account individual fluctuations in
both projectile and target nucleons. As far as we know, Angantyr is the first model where
this condition is satisfied.

(iii) One must estimate the contribution to the final state from each interacting nucleon.
The Angantyr model is here inspired by the old Fritiof model for pA and AA collisions [28,
29] and the notion of “wounded” nucleons.? Biatas, Bleszytiski, and Czyz [30] showed that
the production of soft particles is determined by the number of wounded (or participant)
nucleons, rather than the number of individual NN sub-collisions. (The latter was later
seen to be correlated to hard processes, like production of high p, particles or vector
bosons.) In the early Fritiof model [28] it was assumed that an interacting nucleon suffers
a longitudinal momentum exchange with a distribution ~ d@Q/Q, leading to an excited
mass ~ dM?/M?. When hadronising like a colour string this gives on average a triangular
distribution in rapidity. This behaviour was also later obtained by Biatas and Czyz in an
analysis of dAu collisions at RHIC [31].

The Fritiof model did not explicitly include diffractive excitation. We note, how-
ever, that if the mass distribution for diffractive excitation can be approximated by
dP o dM?/M?, then the contribution from a diffractively excited nucleon is very simi-
lar to the contribution from an average wounded nucleon in the Fritiof model or from the
analysis in ref. [31]. The wounded nucleons in Fritiof can therefore effectively represent
both non-diffractively and diffractively wounded nucleons.

(iv) At high energies, the hard partonic sub-collisions (scaling with NN sub-collisions
rather than wounded nucleons) play a very essential role. It is therefore necessary to ac-
count for those specifically in events with multiple NN collisions, e.g. when one projectile
nucleon interacts with several target nucleons (or wice versa). In ref. [9] we introduced
the concept of primary and secondary absorptive interactions, when a projectile nucleon
is interacting absorptively with more than one target nucleon. The corresponding NN
parton-level event could be generated using the full multi-parton interaction (MPI) ma-
chinery in PYTHIAS, for both absorptive and diffractive interactions. To generate fully

1 As an example, in many analyses the NN interaction has been approximated by a “black disk model”,

where diffractive excitation of individual nucleons is completely neglected.
2This is also the case for the HIJING model.

44



THE ANGANTYR MODEL OF HEAVY IONS IN PYTHIAS8

Glauber—Gribov Multiparton interactions Parton shower String Hadronization
colour fluctuations Proton+Pomeron PDFs Colour reconnection Ropes/Shoving

[y 'Y 'y Iy

I I I

I I I

4 L L
@ sections @PP data cte” a.ml@ c¢te” and pp data

Figure 1. Flowchart showing the programmatic structure of Angantyr. In order to make predic-

s

tions for heavy ion collisions, several parts of a normal PYTHIAS simulation needs to be modified,
and tuned accordingly. In the flowchart we illustrate how each separate part is tuned to either
eTe™, ep or pp data, while no tuning is done to heavy ion data.

exclusive final states in AA collisions, we then have to calculate all sub-collisions between
a nucleon p in the projectile and nucleon v in the target, study the number of multiple
sub-interactions for all nucleons p and v, and here separate diffractive from non-diffractive
(absorptive) interactions. This process is fully described in section 3.

We now return to the question of QGP formation. In the current version of Angan-
tyr the generated partonic states are hadronised using the string fragmentation model in
PYTHIAS, without including any final-state collective effects. In this way the model can be
used as a starting point for implementing and analysing new models for collectivity. As an
example we showed [32] that an enhanced strangeness production can be expected in (high
multiplicity) pp collisions, due to overlapping colour strings forming “ropes”, in agreement
with experimental observations [7]. Furthermore we demonstrated in refs. [33, 34] that the
enhanced density also ought to give an outward pressure, which may explain the observed
flow-like effects in pp scattering.

In the present version of the model we limit ourselves to general features like distribu-
tions of particle density in rapidity and p,, postponing a discussion of flow-like effect to
a coming publication. We would like to emphasise, however, that the model can still be
used as an important tool for understanding non-flow effects on experimental observables
designed to measure flow and other collective behaviours.

In figure 1 we show how the structure described above is put together and tuned
in the concrete simulation. Since all parts of the simulation; GG colour fluctuations to
generate the number of sub-collisions, the PYTHIA8 MPI model, the parton shower and the
hadronisation model rely on a number of parameters, these parameters need to be tuned,
and a large part of this paper describes how this procedure is carried out. We want to
emphasise from the beginning that all parts are tuned to data from collisions of smaller
systems, eTe™, ep and pp, and no tuning is done to heavy ion data. The results can thus
be regarded as real predictions depending only on the chosen extrapolation procedure, and
not a specific choice of parameters.

The layout of the paper follows the workflow of the generation procedure as shown in
figure 1, and implemented in PYTHIAS. In section 2 we discuss how to calculate the number
of wounded nucleons and the number of individual NN sub-collisions. Here we include
fluctuations both in the distribution of nucleons in the nuclei and in the individual nucleon
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states, both for nucleons in the projectile nucleus and in the target nucleus. We note that
a projectile (target) nucleon is fixed in the same diffractive eigenstate through the passage
through the target (projectile) nucleus. If it is then not absorbed, it may end as diffractively
excited, when projected to the system of mass eigenstates. Then in section 3 we discuss
how to generate the parton-level sub-events for the different kinds of sub-collisions, and in
section 4 we describe the procedure for stacking these sub-events together into complete
exclusive hadronic final-states in AA. In section 5 we then make a digression to discuss
the details of the generation of secondary absorptive sub-collisions, before we present some
sample results in section 6. In section 7 we discuss model uncertainties, especially related
to our treatment of secondary absorptive sub-collisions. Finally we discuss differences and
similarities between our approach and other heavy ion event generators in section 8, before
presenting some conclusions and an outlook in section 9.

2 Nucleon-nucleon sub-collisions in pA and AA

In high energy pp collisions the real part of the amplitude A is small. If this can be
neglected, we can define the real quantity

T=Im{A} =1-&. (2.1)

If diffractive excitation also can be neglected, the elastic cross section is just the shadow of
the absorption, which in impact parameter space is determined by the probability 1 — S2.
The inelastic cross section is then simply the difference between the two. The elastic, total,
and inelastic pp cross sections are then given by dol'/d*b = T(b)?, doi /d*b = 2T(b),
and do?y /d*b = 2T (b) — T?(b) respectively.

The formulations of high energy nucleus collisions in terms of individual nucleon-
nucleon interactions was carried out by Glauber in a pioneering paper in ref. [18]. In
this paper several kinds of fluctuations were neglected. As pointed out by Gribov, and
discussed in the introduction, diffractive excitation of individual nucleons is essential, both
for cross sections and for final state properties. The Glauber theory is formulated in impact
parameter space, where cross sections can be directly interpreted as probabilities. It is then
most convenient to include diffractive excitation using the Good-Walker formalism [35],
as the result of fluctuations in the nucleon wave functions. In this section we shortly
discuss the Glauber and Good-Walker formalisms for estimating scattering cross sections
and distributions of wounded nucleons and NN sub-collisions. The discussion of effects on
the properties of exclusive final states will be presented in section 3.

2.1 Glauber formalism

The Glauber formalism is based on the eikonal approximation in transverse coordinate
space. Here the projectile nucleon(s) travel along straight lines, and undergo multiple sub-
collisions with small transverse momenta. Multiple interactions correspond to a convolution
of the individual S-matrices in transverse momentum space, which in transverse coordinate

space simplifies to a product.
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We let b, and b, denote the set of positions in impact parameter space for the nucleons
in the projectile and target nucleus respectively, and b the separation between the centres
of the colliding nuclei. The S-matrix for scattering between nucleus A and nucleus B is
the given by

A B
SAB®) = I TT S™ ™ (bw)- (2.2)
p=1v=1

Here b, = b, +b—b, is the relative separation between the two colliding nucleons IV, and
N,. For pA collisions the product over ;1 contains only the projectile proton with b, = 0.

As mentioned above, fluctuations were neglected in Glauber’s original paper. In the
optical limit, with a smooth distribution of nucleons in the nuclei, and where the size of the
nuclei are large compared to the range of the NN interaction, the resulting nucleus-nucleus
cross sections can be calculated analytically.

2.2 Fluctuations
2.2.1 Nucleus geometry

The simplest way to include fluctuations in the nucleon positions, b, within a nucleus, is to
randomly distribute the A nucleons in three-dimensional space according to a Woods-Saxon
distribution. More advanced models include correlations in form of a hard repulsive core
(e.g. [14, 15]), or a more sophisticated description of the two- (or three-) particle correlations
between the nucleons within the nucleus [16, 17]. Fluctuations in the geometry is taken
into account, when new nucleus states are generated for each new event.

2.2.2 Fluctuations in the individual NN interactions, and the Good-Walker
formalism

We here shortly describe the Good-Walker formalism for diffractive excitation, assuming
for simplicity first that a fluctuating projectile collides with a non-fluctuating target. For
a projectile particle with an internal substructure, it is possible that the mass eigenstates
differ from the elastic scattering eigenstates. We denote the mass eigenstates W;, with the
projectile in the ground state (e.g. a proton) denoted ¥y, while ®; are the eigenstates to
the scattering amplitude T', with T'®; = #;®;. The mass eigenstates are linear combina-
tions of the scattering eigenstates, ¥; = >, a;®;. The scattering can now be regarded
as a measurement, where the projectile “has to choose” one of the eigenvalues t;, with
probability |ag]|?.

The elastic amplitude for the ground state projectile is then given by (Vo|T'|¥o) =
>, laoi*t = (T'), where (T) is the expectation value for the amplitude T for the projectile.
The elastic cross section is then given by

doe/d*b = (T(b))2. (2.3)

We here work in impact parameter space, and the amplitude depends on b. The total
diffractive scattering ogig (including the elastic) is the sum of transitions to all states ®;:

dogig/d*b = Z(\IIOIT\CI)lM(I)l]T\\I/O) = (Uo|T%| W), (2.4)
l
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where we have used the fact that ®; form a complete set of states. Subtracting the elastic
cross section we then get the cross section for diffractive excitation, which thus is given by
the fluctuations in the scattering amplitude:

dop/d?b = (T?) — (T)% (2.5)

In a nucleon-nucleon collision both the projectile and the target are fluctuating, leading
to single diffractive excitation of the projectile or the target, as well as to double diffraction.
The different cross sections are then given by

dojgy/d*b = (2T (b)),

dojy/d®b = (2T(b) — T*(b))

doi'/d*b = (T(b)),

ot /d? = ((T(b)2) ~ (T(b)2,
dafy/d* = ((T(B))F) — (T (b))},

dofh/d* = (T*(b)),, — (T ®);), ~ ({TB)F) + (T, (2.6)

Here (-- ->p and (---), are averages over projectile and target states respectively, and sub-
scripts Dt, Dp and DD stand for single diffractive excitation of the target, the projectile,
and double diffraction respectively. We note here that while the total cross section depends
only on the average of T'(b), all other cross sections include also average of T2 over pro-
jectile and /or target states. However, if wounded target nucleons include also diffractively
excited nucleons, we see that the corresponding cross section for a wounded target nucleon,
OWi = Oabs + 0Dy + 0D, can be written

do /& = (2(T(b)), — (T(b))F) =1 ((S(B)) . (2.7)

2.2.3 Fluctuations in collisions with nuclei

The expression for the amplitude T'(b) = (1 — S(b)) in eq. (2.6) can be directly inserted
into the amplitude for collisions with nuclei in eq. (2.2) (as before we neglect the real part
of the amplitudes). The scattering probability can be regarded as a measurement, after
which a projectile nucleon is in one of the eigenstates to the amplitude 7', and thus also
to the probability for colour connection (the absorption probability) 27" — T2. Thus all
nucleons are frozen in the same state during the scattering process. (We here neglect the
modification when one or a few partons have changed colour in the first encounter.) As a
consequence the average of the AA amplitude in eq. (2.2) will include also higher powers of
T. However, for pA collisions the multiple sub-collisions imply that the total and wounded
nucleon cross sections contain higher moments with respect to projectile fluctuations, but
still only the average over the uncorrelated target nucleon states. We also note that these
moments should be taken for fixed impact parameters. Thus, to calculate the ratios of e.g.
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the integrated elastic and total cross sections, it is also necessary to know the b-distribution
of the amplitude.

To visualise the effects of fluctuations and diffractive excitation we can study a simple
example with a proton colliding with two target nucleons, with and without fluctuations.
We assume in both cases that the inelastic NN cross section (including diffractive excita-
tion) is doNY /d*b = 3 /4.

Case 1: mno fluctuations. The NN amplitude and S matrix are TN = 1/2 and
= 1—TNN = 1/2. The inelastic cross section when hitting two target nucleons is
then from eqgs. (2.2), (2.7) given by doie/d*b = 15/16, (op = 0).

Case 2: with fluctuations. We neglect the fluctuations in the target, and assume that
the projectile state is given by Wg = (1/v/2)(®; + ®3). The states ®; and ®, are here
diffractive eigenstates with eigenvalues t; = 0 and t2 = 1. From eq. (2.6) we get for
collision with one target nucleon dogs/d?b = 1/2 and dop/d*b = 1/4. For two target
nucleons we get actually the same result. If the projectile is in state ®; it misses both

SNN

targets, and if in state ®s, it is absorbed already in the first one. Thus the inelastic cross
section is only 3/4 (1/2 for absorption and 1/4 for diffractive excitation) compared to 15/16

in the non-fluctuating case.?

2.3 From cross sections to probabilities

The absorptive cross section in impact parameter space shown in eq. (2.6) is the average
of the expression 27; (b) — Tfk(b) =1- Szk(b), where T; 1 is the scattering amplitude
(and S;j the S-matrix) for a projectile proton in state i colliding with a target in state
k. This expression is always < 1, and it can be directly interpreted as the probability for
an absorptive interaction between the projectile and the target. (Such an interpretation is
not possible in transverse momentum space, where the cross section has the dimension of
momentum to the fourth power.)

We note, however, that neither the elastic cross section nor diffractive excitation is
the average of an expression depending on only i and j. (The elastic cross section can be
written Zi,j,k,l T; 1 Tj;.) When the interaction is driven by absorption, elastic scattering
and diffractive excitation is the result of interference between waves, which missed the
absorbing target. The cross section for this diffractive scattering is also bounded by 1,
and together with absorption it gives a total cross section bounded by 2. A consequence
of this feature is that to properly generate events including diffractive excitation for AA
collisions in an event generator, it is necessary to, for every projectile nucleon, u, in state
i calculate the average of the amplitude T; (b, ) over all states of each target nucleon, v,
for all impact parameters b, (and similarly all averages over projectile states i for every
target state j). This would give a very slow program, and in section 2.5 we show how to
obtain a good approximation.

In pA collisions the picture is, however, much simplified. From eq. (2.7) we note that
although the wounded nucleon cross section doyy,/ d?b contains one piece from absorption

3This case is actually essentially the “fluctuating gray disk model” discussed in section 2.4.2 and used
in analyses of RHIC data by PHENIX.
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and one piece from diffraction, the sum is always bounded by 1. The question whether a
target nucleon v will be a wounded target (with this definition) in a sub-collision with a
projectile in state ¢ can only be answered by yes or no. Therefore the answer yes must have
the probability given by the cross section in eq. (2.7). This is used e.g. in applications of
the Glauber-Gribov model described in section 2.4.2.

2.4 NN scattering models used in Glauber calculation Monte Carlos

2.4.1 Non-fluctuating models

The simplest approximation for the NN amplitude is the “black disk model”, where the
target acts as a black absorber. This model has been frequently used in experimental
analyses (see e.g. the review in ref. [19]). It is then assumed that two colliding nucleons
are interacting, if their separation in impact-parameter is smaller than some radius R. The
cross sections are here given by oinel = 0ol = Otot/2 = mR?. As there are no fluctuations,
the cross section for diffractive excitation is zero. It is then obvious that the model cannot
reproduce the experimental results, which satisfy o))" = o) = o{});/4. (Here of}" denotes
the sum of single and double diffractive excitation.) In the literature it is common to
set 2T R? = Jégfp), which reproduces the experimental total cross section, but neither the

elastic nor the inelastic cross section (when the latter includes diffractive excitation). In

later studies it has become more common to choose mR? = ai(ﬁglp), which reproduces the
. . . . del del
total inelastic cross section, but gives at(gzo D=9 ai(:;f Dx15 aégip).

For most applications in pA and AA, the elastic cross section is not very important,
but we note that it could still be reproduced by introducing a grayness or opacity of the
collision, assuming that within a radius R the scattering amplitude is a constant a between
0 and 1. R and a can then always be adjusted to reproduce both the total and the elastic
cross sections (and thus also the total inelastic cross section). Diffractive excitation would,
however, still be absent.

2.4.2 Models including fluctuations

In a variation of the opacity model above, the projectile is instead fully absorbed with
probability a. This obviously includes fluctuations and thus also diffraction. With the
value a = 1/2 we get the cross section ratios o' = oy’ = o5 /4, in reasonable agreement
with experiments. As the model describes the combined fluctuations of the projectile and
the target, it is here not possible to separate diffractive excitation of the projectile from
that of the target or from double diffraction.

In the introduction we mentioned the “Glauber-Gribov” model for pA collisions, de-
veloped by Strikman and coworkers [21-25]. It is there assumed that the fluctuations in the
projectile can be described by a distribution in the quantity o = [ d?b (27'(b)); of the form

Paslo) = p T exp { (LA,

Tlot = / 0 Pot(0)do. (2.8)
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(The second relation follows from eq. (2.6).) This formalism, has been used in analyses of
pPb data from LHC, e.g. by ref. [26], to estimate the number of wounded or interacting
nucleons, which in turn has been used to estimate the centrality for the collision. The quan-
tity o is then normally rescaled so that the integral in eq. (2.8) gives the inelastic rather
than the total cross section. We note that, as the fluctuating quantity o includes the fluc-
tuations over projectile states, but averages over target nucleon states, we see from eq. (2.7)
that what is counted as wounded nucleons includes diffractively excited nucleons.

As discussed in section 2.3, the cross section in eq. (2.7) also determines the probability
distribution for wounded nucleons, but we want to emphasise that the differential cross
section (T'(b)); is needed for all values of the impact parameter b. In ref. [23] this is
assumed to be Gaussian oc exp(—b?/2B(c)), with a slope parameter B(o) proportional to
o, in order to satisfy the unitarity constraint 7'(b) < 1.

In ref. [9] we investigated the fluctuations in the nucleon cross sections using Mueller’s
dipole approach to BFKL evolution [36, 37] as implemented in the DIPSY Monte Carlo
program [11, 38, 39]. The model is formulated in impact parameter space, and includes
also a set of sub-leading corrections beyond the leading-log BFKL approximation. Non-
linear effects are introduced by the “colour swing” mechanism, which suppresses large
dipoles, corresponding to k; below a saturation scale. BFKL evolution is a stochastic
process, and the result was here that the fluctuations have a longer tail out to large cross
sections compared to the distribution in eq. (2.8). Rather than the Gaussian suppression
assumed in [21], we found a distribution more similar to a Log-normal for the b-integrated
and target-averaged o:

Pioi(lno) = ln%/"o)> . (2.9)

1
———exp | —
QV2r P ( 202
To also describe the b-dependence of (T'(b))¢, we used a semi-transparent disk approxima-
tion with the elastic amplitude

(T(b,0)), = Tv®© (\KTD - b) . (2.10)

The parameters (2 and og) in Pyt(0) and Tp in eq. (2.10) could here be fitted to o,
o)’ and oy, taken from experimental data, to obtain a Glauber-like calculation for pA.

Together with the parton-level stacking also proposed in [9] we then also obtained a fair
description of e.g. the observable used by ATLAS in [26] for estimating centrality, as well
as the corresponding pseudo-rapidity distributions as a function of that centrality.

We note that the stochastic nature of BFKL evolution has also been studied by Iancu,
Mueller and Munier in ref. [40]. When the probability for a dipole splitting is small, the
mean field approximation in the Balitsky-Kovchegov equation does not properly describe
the probability for rare events with large cross section. In ref. [40] they studied the fluctua-
tions in the saturation scale, Q)s, and showed that for asymptotic energies the width of the
distribution in In(Q;) is growing proportional to \/alIn(s), with a tail to large @Qs-values
in qualitative agreement with eq. (2.9).

~10 -
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2.5 Nucleon fluctuations in AA collisions

As mentioned in section 2.2.2, to study pA collisions also higher moments over projectile
fluctuations are needed. When we now want to generalise the formalism to AA collisions,
both projectile and target nucleons are frozen under the collision (but still uncorrelated).
This implies that we must be able to calculate not only ((T'(b))}"),, but any moment
((T()"r)* )t To cope with this situation we need a formalism which can give the amplitude
T;x(b) for any combination of projectile state i and target state k.

We noted that the Log-normal distribution in eq. (2.9) is quite similar to a Gamma-
function, and for technical reasons and the fact that the sum of two Gamma distributed
random variables is also Gamma distributed, we will use that instead to model fluctuations

in the radius, r, of a nucleon:

kalefr/ro
P = 2.11

We then also use a slightly different elastic amplitude

2
T(b,rp, 1) = To(rp +1:)0 (rptr)® bl. (2.12)
215
where the opacity of the semi-transparent disk now depends on 7, and r;:

To(rp +1¢) = (1 —exp (=7 (rp + rt)z/Ut))a : (2.13)

This introduces two more parameters, o; and «, (besides k and 79 in eq. (2.11)) and this
varying opacity makes it possible to get a reasonable fit to all the cross sections in eq. (2.6),
as well as the elastic slope parameter B = —dlIn o))" /dt|—o, for a wide range of energies.
The result for \/syy = 5TeV is shown in table 1.

2.5.1 Determining the interaction of nucleon sub-collisions

We now want to take all pairs of colliding nucleons in an AA collision, and for each of
these select which kinds of interactions are possible. At high energies all nucleons are
frozen in their (random) states during the passage through the opposite nucleus. The
probability for an absorptive interaction between nucleon p (in a state ¢ with radius r;,)
in the projectile and nucleon v (in state k& with radius rg,) in the target, is then directly
given by eq. (2.6) as Py = 213 — TZ-Q, with Ty, = T'(b, 7., 71) given by eq. (2.12). To
estimate the probability for a diffractive excitation of a given nucleon is more difficult, as
diffractive excitation is part of the shadow scattering caused by absorption, to which all
encountered nucleons contribute.

We showed in ref. [9] that for a given state of a projectile nucleon the probability that
a given target nucleon is absorptively or diffractively wounded in the interaction is given
by the average over the possible states of the target (cf. eq. (2.7)) and that this probability
factorises for all nucleons in the target nucleus. However, in AA the symmetry between
projectile and target complicates things further, as we need both a specific state and the
average over all states for all nucleons.

- 11 -
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Oabs | OWp | OWt | ODp | ODt | ODD | Oel B

(mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (GeV~—2)
input 477 | 61.5 | 61.5 6.1 6.1 7.7 18.4 20.8
model 47.8 | 61.4 | 61.5 5.7 9.8 7.9 18.7 24.1
generated | 47.8 | 61.3 | 61.3 | 114 | 114 2.2 — —

Table 1. Fitting the values of input cross sections for pp collisions at /s = 5TeV and us-
ing the resulting fluctuations in a generation and different collision types. B is the elastic slope
—dlog o /dt|t=p. The cross sections used as “input” were taken from the default parameterisation
in PYTHIA8. The line “model” shows the results of a fit to the model in eqs. (2.11)—(2.13). The
line “generated” finally shows the result of the approximation discussed in this subsection and in
the appendix. The fitting procedure assumed a 5-10% uncertainty on the input values, and the
statistical uncertainty on the presented output values are around and below 0.5%.

In Angantyr this is handled by generating two states (one primary, r, and one auxil-
iary, r’) for each nucleon in the nuclei. The primary one is used to calculate the probability
of an absorptive NN interaction, while the secondary is used to statistically sample the
average state of each nucleon. The algorithm ensures that on average (over the four pos-
sible combinations of states in an NN interaction) we get the correct probability of the
projectile and target nucleon being absorptively and diffractively wounded.

The technical details of this algorithm is presented in appendix A, while here we will
only show that it works as expected. In table 1 we give an example where we have fit-
ted the parameterisation of the fluctuations according to eqgs. (2.11)—(2.13) to the default
parameterisation of the semi-inclusive cross sections in PYTHIA8. This default parametrisa-
tion [41, 42] does not necessarily agree well with cross section measurements from LHC [43],
and it is possible for a user to easily supply their own cross sections as input to the fit. The
last line denoted “generated” shows the results from generating NN collisions in Angantyr
for \/s = 5TeV. We see that the absorptive cross section comes out close to the input
one, and also the wounded cross sections, owy, and owy are reasonably well reproduced.
However, we see that the individual diffractive excitation cross sections are not reproduced,
nor is the elastic ones. However, for the final states in AA collisions, we are mainly inter-
ested in getting the absorptive and wounded cross section right, so even if our procedure
probably can be improved, we are quite satisfied with this result.

3 From wounded nucleons to exclusive final states

In the wounded nucleon model, as formulated by Bialas and Czyz [31], each wounded
nucleon contributes to the final state multiplicity distribution, according to a single nucleus
emission function F'(n), giving a total multiplicity of:

chh o
dn B

wpF'(n) + weF'(=n). (3.1)

Here wy;

lated for a given centrality class, defined by impact parameter. In the wounded nucleon

denotes the number of wounded nucleons from left and right respectively, calcu-

- 12 —
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Figure 2. Schematic pictures of multi-parton interactions in a pp collision. The y-axis should be
interpreted as rapidity. All initial- and final-state radiation has been removed to avoid cluttering.
Each gluon should be interpreted as having two colour lines associated with it, which in the subse-
quent string hadronisation will contribute to the soft multiplicity. In (a) the colour lines for both
sub scatterings stretches all the way out to the proton remnants, while in (b) and (c) the secondary
scattering is colour-connected to the primary one.

model, F(n) must be extracted from data, and depends on centrality class [44], but a cru-
cial feature of the model is that eq. (3.1) reduces to the pp multiplicity distribution for
wp = w = 1.

The Angantyr prescription for generating exclusive final states has conceptual simi-
larities with the wounded nucleon model. But instead of extracting an emission function
from data, MPI events from PYTHIA8 are used. We will in this section briefly review the
PyYTHIA8 MPI model, and motivate the addition of additional MPIs from multiple wounded
nucleons to the model.

3.1 Multiparton interactions in pp collisions

In the PYTHIA8 MPI model [12], all partonic sub-collisions are to a first approximation
treated as separate QCD 2 — 2 scatterings.? Since the cross section diverges at low p |, it
is regularised using a parameter p, o which depends on the collision energy, giving:

doa_s2 a?(pi) O‘?(pi "’pio)
dp? pl (P2 +p2%,)?

(3.2)

This cross section is then folded with parton densities to get a relative probability
for each additional sub-scattering. The densities are rescaled according to an overlap
function using some assumption about the matter distribution in the colliding protons and
an assumed impact parameter.

4The MPIs are not fully uncorrelated, as momentum conservation needs to be obeyed, and the parton
density corresponding to the extracted parton, is rescaled by a factor (1 — z).

~ 13—
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In figure 2a there is an illustration of an event with two sub-scatterings (in red and
black) which we have assumed are both of the type gg — gg. Note that in the PYTHIA MPI
model all incoming and outgoing partons would be dressed up with initial- and final-state
radiation, but these have been left out of the figure to avoid cluttering. With completely
uncorrelated sub scattering, one would assume the colours of the incoming gluons would
also be uncorrelated, and since each gluon carries both colour and anti-colour one would
naively think that in the subsequent hadronisation phase, there would be four strings
stretched between the proton remnants and giving rise to particle production over the
whole available rapidity range. Again to avoid cluttering of the figures, we ask the reader
to simply imagine two colour lines (strings) stretched along each gluon and that the vertical
axis can be loosely interpreted as rapidity.

Already in the original paper [12] it was realised that it was basically impossible to
reproduce data if each sub-scattering was allowed to add particles in the whole available
rapidity range. Especially sensitive to this was the multiplicity dependence of the average
particle transverse momenta, and to rectify this the MPI model in PYTHIA was modified
so that additional sub-scatterings almost always was colour connected to outgoing par-
tons in previous sub-scatterings. This is illustrated in figure 2b and c, where the colour
correlation between the two sub-scatterings gives rise to a colour flow as if they were
(perturbatively) connected. In this way the multiple scatterings can give rise to increased
average transverse momentum from the partons coming from extra sub-scattering, without
increasing the multiplicity of soft particles due to the strings stretched all the way out to
the proton remnants.

3.2 Multi-parton interactions in a pA collision

We now turn to the case of a pA collision and imagine the projectile proton interacting
absorptively with two nucleons in the nuclei. To be true to the PYTHIA MPI model we
should simply redefine the overlap function using the matter distribution of the two target
nucleons. In principle this can surely be done, however, technically we found it almost
forbiddingly difficult.

Instead we note that the handling of colour correlations in the pp model would typically
result in string topologies corresponding to the sketch in figure 3a. The primary scattering
looks like normal scattering between the projectile and one of the target nucleons, while the
secondary scattering is now between the projectile and the other target nucleon. Since both
target nucleons have been found to be absorptively wounded, the secondary scattering must
be colour connected to the second target nucleon, while in the direction of the projectile it
looks like a normal secondary scattering.

We also note that we would get the same colour topology, and hence the same distribu-
tion of particles, if the second sub-scattering was a separate single (high-mass) diffractive
excitation event, which in PYTHIAS is handled as a Pomeron-proton collision. This is il-
lustrated in figure 3b, where the Pomeron is shown as a green zigzag line. A secondary
absorptive wounded nucleon thus contributes to the final state as if the final state particles
were produced in a single diffractive excitation. This similarity is what we, in the following,
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Figure 3. A schematic picture (cf. figure 2) of multiple scattering between one projectile and two
target nucleons (e.g. in a pd collisions). In (a) the second interaction is directly colour connected to
the first one, while in (b) the second nucleon is only diffractively excited by a Pomeron exchange.
Both cases give rise to final string configurations that will contribute in the same way to the final
state hadron distribution.

will exploit to build up a final state from primary absorptive interactions and secondary
absorptive interactions, the latter being modelled as single diffractive excitation.

The procedure will therefore be to decide which of the two absorptive interactions is
to be considered the primary one, and treat this as a completely normal non-diffractive
multiple scattering event in PYTHIA. The secondary scattering will be generated as a single
diffractive excitation event in PYTHIA. Also here there may be additional multiple parton
scatterings, but they will be treated as multiple scatterings in the Pomeron-proton system,
which is standard in the high-mass diffraction machinery in PYTHIA.

Referring back to eq. (3.1), this means that we are modelling the single nucleus emis-
sion function F'(n) using high-mass diffractive excitation events. We do not expect them
to necessarily look like ordinary diffractive event, but we nevertheless use the diffractive
machinery in PYTHIAS. In section 5 we will describe how we modify this machinery in
order to try to fulfil the requirement that F(n) + F(—n) (ie. wp = w; = 1 in eq. (3.1))
would reproduce the distribution in a normal non-diffractive pp event in PYTHIAS.

The two different sub-events are then merged together so that the elastically scattered
proton in the diffractive event is discarded, and the momentum of the Pomeron is instead
taken from remnants of the projectile proton.

The assumption in [9] was that the momentum fraction of the Pomeron in such diffrac-
tive events can be taken to be distributed approximately as drp/zp, which means that

— 15—
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Figure 4. A schematic picture (cf. figure 3) of multiple scatterings between two projectile and two
target nucleons in an AA collision. In (a) there are two separate NN collisions, while in (b) and
(c) there is one primary sub-collision and two secondary ones.

the mass of the diffractive system is given by dM)2< /M?2. This is approximately what one
has found for normal high-mass diffractive events and it is the same assumption as in the
old Fritiof model. We do not have a solid explanation why this should be the case. In [9]
we gave some handwaving arguments based on AGK cutting rules and the similarity be-
tween triple-Pomeron diagrams in diffractive NN scatterings and (doubly) non-diffractive
proton-deuterium scattering, but in the end the best argument for this choice is that it

seems to work very well.

3.3 Multi-parton interactions in an AA collision

Going one step further in complexity we now consider AA collisions. In figure 4 we illustrate
the situation when two nucleons in one nucleus collides with two nucleons in the other, and
all four possible NNV interactions are absorptive. We find that there is three ways of doing
this which are consistent with our pA model. Either, as in figure 4a, we can model it as
two primary absorptive interactions, or as one primary and two secondary interactions,
where the second of these can either be coupled to the primary interaction (b) or to the
first secondary one (c).

All three cases will give us four absorptively wounded nucleons, and in Fritiof and the
original wounded nucleon model there would be no distinction between the cases. In the
Angantyr model we do, however, want to differentiate between these, and in the following
section we will describe a procedure to classify all NV interactions in a AA collisions.

— 16 —
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4 Generating and combining parton-level NN events

In general, each nucleon in the projectile nucleus may interact with several nucleons in the
target nucleus an vice versa. When building up the final state by stacking parton level
nucleon-nucleon events we need to concentrate on the most important ones first. This is in
line with the general philosophy in PYTHIAS, that harder processes always are considered
before softer ones. After having gone through all pairs of projectile-target nucleons and
determined their interactions as outlined in the previous section, we therefore order all
these interactions in increasing nucleon-nucleon impact parameter, b, .

We will then go through this list several times, treating one kind of interaction at the
time, starting with the absorptive interactions, as they will give the back bones around
which we will build up the full event. As soon as an NN interaction has been selected
a corresponding sub-event will be generated with the standard PYTHIA8 minimum bias
model, and the corresponding nucleons are marked as already interacted. If an NN inter-
action is found in the list where one of the nucleons has already interacted, this will be
labelled secondary and the generated sub-event will be added to the sub-event to which
the already interacted nucleon belongs, as described in [9] and detailed below.

4.1 Selecting primary absorptive collisions

The first pass over the potential NN interactions, we will only look at absorptive inter-
actions. This will give us a set of N;bs primary absorptive collisions and a set of N;bs
secondary ones (where one of the nucleons already has already been absorptively wounded
in another interaction).

For each of the primary ones we now generate an inelastic non-diffractive minimum
bias event in PYTHIAS, each of which will give a separate sub-events. However, since the
procedure takes sub-collisions with small b, first, the primary absorptive events should
typically be a bit harder and have higher multiplicity than the secondary ones. In [9] this
was handled by telling PYTHIAS to generate N;bs + N;bs events, but only keeping the N;bs
ones with smallest impact parameter (as reported by PYTHIA8). For the method described
here we have instead implemented directly in PYTHIAS a way to specify by hand which
impact parameter you want a given minimum bias event to have, which makes thing a
bit more efficient, and also gives a noticeable improvement on the description of some

observables, as discussed below in section 6.

Just as in standard PYTHIAS it is easy to specify signal processes rather than only
consider minimum bias events. This may be used to simulate triggers on hard jets more
efficiently, or to e.g. produce Z-tagged jets in central AA collisions [45] or top events in
pAcollisions [46] or AA. The way this is done is simply to substitute the hardest absorptive
primary event with a corresponding signal event, and reweighting the event with a factor

! "
o (Nabs + Nabs)
Wsignal = NN

NN
Usignal ( 4. 1)
O abs
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to get the correct cross section. For signal processes with a large cross section the possibility
to have additional signal processes in the same event is also taken into account, however
for technical reasons at most N;bs signal sub-events can be included in each event.’

In the current implementation we assume that minimum bias processes are basically
iso-spin invariant, and all such sub-events are generated as pp events in PYTHIAS, flipping
by hand the iso-spin of a remnant quark or di-quark afterwards in case the corresponding
nucleon was actually a neutron, to conserve total charge. Signal processes are, however, not
necessarily isospin invariant. To account for this, we generate pp, pn, np, and nn collisions
separately for all signal processes. To decide what type of collision should be generated,
all nucleons in the colliding nuclei are marked as either protons or neutrons, under the
assumption that neutrons and protons are distributed evenly in the nucleus.

One should note that measurements of proton and neutron distributions in e.g. lead at
low energies [47] have indicated that the neutron distribution reaches further out than the
proton distribution, giving rise to a “neutron skin” effect. It has been pointed out [48] that
this could give rise to effects at the 10% level in selected observables in peripheral PbPb
collisions. It has also been pointed out [49] that one could in principle use this effect to
design different centrality measures, especially in the case of asymmetrical collision systems.
Currently we know of only one very recent Glauber calculation including such effects [50],
and in the present version we have left them out entirely.®

4.2 Adding secondary absorptive interactions

Once the back-bone sub-events have been generated we go through the list again, this
time only looking at the secondary absorptive interactions, in which one of the partici-
pating nucleons has already been included in a generated primary absorptive sub-event.
As described in [9] we will generate these secondary absorptive sub-collisions as if they
were single diffractive excitation events. We here use the standard PYTHIAS diffraction
machinery, but with important modifications detailed in section 5 below.

The final state generated for a given secondary absorptive interaction is then added to
a primary absorptive sub-event. The elastically scattered proton is removed and the energy
and momentum it had given to the excited nucleon is instead taken from the remnants of
the nucleon in the primary sub-events.

It may very well happen that there is not enough energy left in the remnants in
the primary sub-event to allow for the addition of a diffractively excited state. In that
case it is possible to try again and maybe generate a diffractive event with lower Mx.
There is a parameter in the program the limits the number of tries allowed, and if the
maximum is passed, the corresponding secondary absorptive interaction is simply discarded
(although the corresponding nucleon still has the chance to become wounded in another
secondary interaction).

The way secondary nucleon interactions are selected according to the NN cross sec-
tions, does not take into account possible effects of energy-momentum conservation, there-
fore it makes sense to try to take such effects into account in this a posteriori way. The

5For most use cases this should be adequate, as Odtenal K Taps for most processes of interest
An interested user can, however, plug in their own Glauber MC including neutron skin effects.
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parameter we introduced should not be taken as the final word in the matter, but at least
it allows us to investigate the effects of energy-momentum conservation.

4.3 Adding diffractive interactions

Having taken care of all absorptive interactions we continue with diffractive interactions in
much the same way. For each type we again go through the impact-parameter-ordered list
of NN interactions twice. In the first round, we only consider primary interactions, i.e.
where neither of the nucleons have previously been included in a sub-event, and generate
a sub-event which could be a single or a double diffractive excitation. These are treated as
(soft) diffractive events in PYTHIAS, as discussed in section 5.

In the second round we also consider secondary interactions, where one of the nucleons
has already been treated, and an appropriate contribution from the other nucleon (which we
will here call a half event) is generated and added to the corresponding previous sub-event.

As an example consider an already wounded nucleon in the projectile nucleus, which
interacts with a previously unwounded nucleon in the target. The wounded nucleon is
already connected to another target nucleon, and cannot be further excited. There are
three possibilities for the diffractive interaction:

1. The new interaction is a single diffractive excitation of the target nucleon. The inter-
action is then treated as a normal single diffractive excitation of the target nucleon.

2. The new interaction is a single diffractive excitation of the projectile (already
wounded) nucleon. In this case the target nucleon is elastically scattered.

3. The new interaction is a double diffractive excitation. In this case the already
wounded projectile nucleon is not modified, and the interaction is again treated as a
single diffractive excitation of the target nucleon.

In a final iteration” also purely elastic interactions are considered, and here again the
half events are single elastically scattered nucleons. In each case energy and momentum
conservation is handled in the same way as for secondary absorptive interaction.

Modulo the effects of secondary interactions being discarded due to energy-momentum
conservation, this procedure will correctly handle the probability that a given nucleon is
wounded in some way. Note however that, as discussed in section 2.5, although some
nucleons in the program are classified as elastically scattered, elastic scattering is not
included properly. As elastic scattering is a coherent effect of shadowing due to absorption,
the Good-Walker formalism can be used to calculate the cross section for elastic scattering
of the incoming nuclei, but not for individual nucleons in a nucleus.® Diffractive excitation
of individual nucleons can, however, be calculated via the trick described in section 2.5.

In the end we have generated a set of parton-level sub-events, which we now can join
together in a single parton-level AA event. This event is then handed back to PYTHIAS for

"Note that central diffraction is not handled properly in the current version of the program.
8Naturally electromagnetic interaction, not included here, is responsible for most of the coherent elastic
nucleus scattering.
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Figure 5. Illustration of the shape of the multiplicity function in eq. (3.1) using the n distribution
as measured by ATLAS in [51]. The black and red lines are the shapes of standard non-diffractive
and single diffractive events from PYTHIAS8 respectively. The green dashed and blue dash-dotted
lines are single diffractive events generated by PYTHIAS using the modifications presented in [9]
and the modifications presented in this article respectively. For each single diffractive line there is
also a pale line corresponding to adding the mirror image to emulate a non-diffractive distribution
a la Fritiof.

hadronisation and decay of unstable hadrons. Finally the non-interacting projectile and
target nucleons are bunched together in two remnant nuclei.”

5 Modifications of single diffractive to secondary absorptive

In section 3 and in ref. [9] we argued that secondary absorptive interactions will contribute
to particle production in the same way as a single diffractive (SD) excitation event (cf.
figure 3). Assuming that such SD events produce a simple flat string with mass distributed
as dM)Q( /M)Q(, this would naively give a triangular shape of the F(n) wounded nucleon
emission function in eq. (3.1).

We will use the SD excitation machinery in PYTHIA8, where at high energies the diffrac-
tive systems are much more complicated than a single string. As described in more detail
below, it models the diffractive excitation as a non-diffractive (ND) interaction between
the target nucleon and a Pomeron emitted from the projectile (in the spirit of Ingelman
and Schlein [13]), and this is then treated with the full MPI machinery as if the Pomeron
was a hadronic object with parton densities. In figure 5 we show the average multiplicity
as a function of pseudo-rapidity for ND events, and compare it to SD events from PYTHIAS
using the default settings. Clearly we get a somewhat triangular shape for the SD events
(SD(def) in the figure), and adding the multiplicity from target and projectile excitation,

9The nucleus remnants are in the event record given the name NucRem and PDG-id codes on the form
100Z2ZZ AAA9, which in the PDG standard corresponds to a highly excited nucleus.
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we get a shape similar to the ND shape, fully in accordance with eq. (3.1) in the case of
wp = w = 1.

In ref. [9] we noticed that using the default PYTHIA8 SD machinery for secondary
absorptive collisions resulted in too low activity in pA and tried different modifications to
increase the multiplicity. One of these modifications included increasing the gluon density
in the Pomeron, which is also shown in figure 5 (SD(glu)).

Here we will try to be more systematic in our approach to modify the default PYTHIAS
SD machinery. Looking at figure 3b, it is clear that the rapidity region close to the one close
to the direction of the two target nucleons will be our main focus. Here we note that we
could equally well have chosen the second nucleon to be in the primary interaction and the
first nucleon to be in the secondary, and would then want to have the same distribution of
particles. This means that we want the single diffractive event to look as much as possible
as a non-diffractive event close to the direction of the two nucleons. We have therefore
investigated several different modifications of the SD model and for different diffractive
masses we have studied particle distributions in different pseudo-rapidity intervals and
compared these with the corresponding particle distributions in the same intervals for
ND events.

In the end we settled for a new modification (labelled SD(new) in figure 5), which
is the default way of generating secondary absorptive interactions as of version 8.235 of
PYTHIAS.'® To motivate this, we first need to take a closer look at the SD machinery
in PYTHIA.

5.1 High-mass diffractive excitation and secondary absorptive

There are more than one way of generating diffractive events in PYTHIAS, but here we will
only concern ourselves with the soft diffraction used for minimum bias events. Also here
there are two treatments depending on the mass, Mx. For low masses, < 10GeV, the
excited system is modelled as a simple longitudinally stretched string. In an AA collision,
such small excitations will typically be mixed up with the nucleus remnants in the very
forward and backward regions and we will here mainly concentrate on high-mass diffraction,
which contributes also in the central rapidity region as seen in figure 5.

For high-mass diffraction, PYTHIA treats a proton-Pomeron collision as a normal non-
diffractive (ND) hadron-hadron collision and uses the whole MPI machinery with initial-
and final-state parton showers. This means that there will be multiple 2 — 2 semi-hard
partonic scatterings given by

d d
doPF (p?) = %@EF(xna)xlff(m,Pi)ﬁf})(ﬁvﬁ)d%(ﬁ)- (5.1)
P 1 3

Here zp denotes the fraction of the target proton momentum taken by the Pomeron; j is
the fraction of the Pomeron momentum taken by the parton j; and x is the fraction of the
projectile proton momentum taken by parton 7. Furthermore we have the parton densities
in the proton, fF, and the corresponding densities in the Pomeron, f]IP . Finally we have

10Normal diffractive interactions between projectile and target nucleons are treated by the usual PYTHIAS
diffraction set-up.
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Figure 6. Pseudo-rapidity distribution of charged particles for different diffractive masses for the
default single diffraction in PYTHIA8 (red solid lines), the modifications made in [9] (green dashed
lines) and the new modifications presented here (blue dash-dotted lines). Left, centre and right
histograms correspond to Mx values of =~ 70, 500, and 4000 GeV respectively. For comparison the
results from non-diffractive PYTHIA events at /s = 5 TeV is shown as the solid black line. The
shaded areas in the figure indicate the pseudo rapidity intervals where the comparisons between SD
and ND particle distributions in section 5.2 were studied.

the flux factor F'(xp) controlling the diffractive mass given by M)Q( = zps. In the following
we will assume a flat distribution in log (M%), in which case F(zp) is just a constant.

The partonic cross section do;; (pi) diverges for small pi, and although it is regularised
as in eq. (3.2) the integrated partonic cross section may still exceed the total non-diffractive
pIP cross section for a given Mx. In the PYTHIA MPI model this is then interpreted as the
possibility of having several sub-scatterings in each collision, with the average number of
sub-scatterings given by

1

P _ % % 2 2 P 2\ 03
W On) = s [ [ G [ aR Enstetr egE 62

Here the default value of the of the non-diffractive pIP cross section, UII\)IIE(M x), is just set
to a constant 10 mb. The pi integral is over the full available phase space, all the way
down to zero, but with the &;; regulated as in eq. (3.2). The parameter p o here varies as
a small power of M)Q(7 in the same way as the p| o in normal pp scatterings varies with s.

In figure 6 we show the resulting pseudo-rapidity distribution of charged particles for
different values of My for diffractive events from PYTHIAS with /s = 5 TeV.!! Here we see
the expected behaviour with a large rapidity gap for smaller M, typical for diffraction.
When we want to use the diffractive excitation in PYTHIA to model the secondary absorptive
interactions, we want to make the event in the target proton direction to look as much as
a normal non-diffractive pp event as possible, and in particular we want the whole event
to look approximately the same in the limit Mg( — 5. From the figure we see that this is
not quite the case for the default diffraction parameters in PYTHIA8. We also see that the
modifications we presented in [9] seems to be a bit too forceful.

Looking at egs. (5.1) and (5.2) it is easy to see that we can increase the multiplicity
by either increasing the general activity by modifying the Pomeron parton densities (as is

"The kinematics is given by the LHC pPb run, giving a slightly tilted distribution in 7.
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done in SD(glu) in figures 5 and 6), or we can try to increase the number of sub-scatterings
by e.g. adjusting the free parameter O'EIIE(M x ). We will here look at both these options by
studying eq. (5.2) more closely. Studying the average number of sub-scatterings for a fixed

rapidity, y = log(z1/Bzp)/2, we get

d(NEF dvr [ dB
e ) _ o e S erfl o A 0.2
Yy O'ND
d Oij
oly—1 5.3
<G (yee ). 6
If we now compare this to the same for standard non-diffractive pp events,
d<N§Cp dl’l d.%'g
- / / /dpj_zl‘lf z1,p3 )z f! (w2, p7)

a oNp (s
do %] 1
— log — 4
(v ). G

we see immediately that if we modify the Pomeron parton density and make it zp-
dependent, Bf}lj(ﬁ,pi) — xpﬁf;’(xpﬁ,pi), and at the same time make the total non-

diffractive pIP cross section as well as the soft regulator, p,, independent of My, i.e.,
UND(M 2) = oRh(s) and pio(M%) — pio(s), we will get very similar expressions. They
will not be exactly the same, since the kinematical limits p | will differ, especially for small
Mx . Also, for technical reasons, PYTHIAS will adjust the selected p, o for each Mx value to
ensure that the average number of scatterings is always larger than one, effectively making
low My events softer.

The resulting modification is shown in figure 6 as the lines labelled SD(new), and we
see that the multiplicity in the proton direction is not much improved at small My, but
at large My it traces the non-diffractive quite well.

In the next section we will look in more detail on the particle distributions in the
rapidity regions where we want the secondary absorptive sub-events to resemble normal
non-diffractive events in PYTHIA.

5.2 Comparing primary and secondary absorptive sub-events

From figure 6 we see that SD final state particles only populate the rapidity region cor-
responding to the colour exchange between the Pomeron and the proton (cf. figure 3b).
We will here investigate further to what extent the SD events generated by PYTHIA (with
or without modifications) look the same as the ND events in this region. To do this we
will study the distribution of particles in different pseudo-rapidity slices for different values
of the diffractive mass, Mx. In these slices we have looked at standard minimum bias
observables based on charged particles, such as average multiplicity (shown in figure 6),
the distribution in multiplicity (/NV.;), the transverse momentum distribution (p ), the dis-
tribution in summed (}_ p, ) and average ({p,)) transverse momentum for particles within
one unit of 7, and average transverse momentum as a function of multiplicity ({(p1 (Nep)))-
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Figure 7. Charged particle distributions in non-diffractive events (black lines marked ND) com-
pared to different options (SD(def): red lines, SD(glu): green dashed lines, and SD(new): blue
dash-dotted lines) for single diffractive excitation events in different rapidity slices and different
excitation masses, Mx. The top panel shows the multiplicity of charged particles, and the bottom
panel their transverse momentum distribution.

Naturally, we do not expect these observables to look the same for a diffractively ex-
cited system and a full non-diffractive event. Close to the rapidity gap, we are in the
fragmentation region of the Pomeron remnant, and here the transverse momentum of final
state particles are severely restricted by the kinematics. Also close to the proton fragmen-
tation region, the transverse momenta are limited by kinematics, but here we expect the
SD and ND events to look very similar, and indeed we find that they do.

Here we will concentrate on the rapidity regions around the plateau of each Mx, and in
figures 7 and 8 we show some distributions in the slices n € [—5, —4], [-3, —2] and [—1, —0]
(the shaded regions in figure 6) for mass bins with Mx ~ 70, 500 and 900 GeV respec-
tively. As for the overall multiplicity we find that the default SD machinery, (SD(def)), is
quite far from the ND observables in the same rapidity slice. The SD(glu) modification is
much closer, but overshoots quite significantly at large Mx in the multiplicity distribution
(figure 7) and > p, (figure 8). The SD(new) curve gives a slightly better description of
py in figure 7 and the average p; observables in figure 8, but no improvement — or even
a slightly worse performance — in the two remaining observables. The choice of which
option to use can therefore only be based on an assessment of what types of observables
are deemed most important to reproduce correctly. In particular the dependence of the
average transverse momentum on the multiplicity is known to be very sensitive to the han-
dling of the multi-parton interactions [12], and here we see that SD(new) is quite close to
the ND curves here, as may be expected from comparing egs. (5.4) and (5.3).
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Figure 8. As figure 7, but different observables. The top panel shows the average transverse
momentum, while the middle one shows the summed transverse momentum and the bottom panel
the average transverse momentum as a function of the multiplicity.

The fact that the Y p, distributions in SD(glu) in figure 8 is much harder than in stan-
dard ND events would be a problem for the description of the centrality observables used in
pA and AA, which are often based on the total transverse activity in the forward/backward
region (see section 6.2).

It is, however, clear that we could have put more emphasis on charged multiplicity and
> py in the regions where the SD(glu) option outperforms SD(new), and thereby made
another choice of recommended option. In section 7 we will compare the three different
choices against each other for pA results.

In section 4.1 we explained how the impact parameter obtained for each NN sub-
collision is used as input to PYTHIAS. Here small impact parameters will lead to more
multiple scatterings for primary absorptive sub-events. The same impact parameter de-
pendence is also used for secondary absorptive sub-events. It is therefore interesting to
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Figure 9. Multiplicity, p, and ) p) of charged particles for different modifications of SD events
with Mx = 500 GeV compared to ND events in the pseudo-rapidity interval —3 < n < —2. All
events were generated at fixed impact parameter, b/(b) = 0.9 (top panel) and 1.3 (bottom panel).
The lines are as in figure 7.

compare the SD events with ND events for a specific impact parameter. In figure 9 we
show typical examples of such comparisons for impact parameters slightly smaller and
larger than average. Comparing with the corresponding distributions in figures 7 and 8, we
see that the difference between the SD and ND curves tend to diminish with increasing im-
pact parameter, which is good, since by construction the secondary absorptive interactions
are at larger impact parameter than the primary ones.

In figure 9 we did not show curves for SD(glu), and in the following we will disregard
this option completely. The modifications there are too severe and somewhat ad-hoc,
resulting in far too large effects especially on particle production at high Mx (figure 6).
We will also disregard the SD(def) option, as it produces too few particles in the nucleus’
fragmentation region in pA collisions [9]. SD(new) does not give a perfect reproduction
of the ND distributions, and we do not expect any SD model to do that, due to phase
space constraints.

The conclusion from the analyses in this section is that SD(new) provides an overall
fair description, as well as being more theoretically appealing than the other variations.
The SD(new) is therefore, since version 8.235 of PYTHIA, the default model for secondary
absorptive sub-events in Angantyr.
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6 Sample results

All results presented here are generated with PYTHIAS version 8.235 using default settings.'?
This means in particular that:

e the nucleon distributions in the nuclei are generated according to the formulae in [15]
using the hard-core option, where parameters are tuned to low-energy eA data;

e the impact parameter is sampled using a Gaussian distribution with a width large
enough to have fairly uniform weights;

e the fluctuations in the nucleons were modelled according egs. (2.11)—(2.13), fitted the
default parameterisation of semi-inclusive cross sections in PYTHIAS;

e the different NIV interactions were classified using the procedure described in sec-
tions 2.5 and 4;

e the sub-events were generated with the default PYTHIA8 minimum-bias machinery, ex-
cept for the secondary absorptive ones, where the modifications in section 5 was used.

As with most things in PYTHIAS, there are many options beyond the default behaviour
in Angantyr, and there are also so-called user hooks where the user can implement alterna-
tive models for e.g. the nucleon distribution, impact-parameter sampling and modelling of
fluctuations. There are also a number of parameters in Angantyr that influences the gener-
ation of collisions involving nuclei, but most of these can be fitted to pp data. In fact, there
are only two parameters that clearly influences the results presented here, which cannot be
tuned to pp data. One is the distribution of diffractive masses used in the generation of sec-

)

we have simply chosen A = 0 as in the original wounded nucleon model as implemented

ondary absorptive sub-events. Here we have assumed a distribution oc dM% / 1\4)2((1+A where
in Fritiof. The other was mentioned in section 4.2 and is related to energy-momentum
conservation when adding secondary sub-events. The default is to simply veto a secondary
NN interaction if there is not enough energy left in the corresponding remnant nucleon in
the primary sub-event. An alternative is to instead generate a new secondary sub-event
(regenerating M) to see if that one can be included.'® Below in section 7 we will study
the effects of these choices.

6.1 pp results

We begin by using the Angantyr generation for the simplest of nuclei, i.e. for pp collisions.
Since we actually use the PYTHIA8 minimum bias machinery, we need to make sure that
typical minimum-bias observables are reproduced as well when using Angantyr. We expect
some differences since all semi-inclusive cross sections are not exactly reproduced in the
generation, as explained in section 2.5. Furthermore the distribution in impact parameter

12Gince Angantyr is the default heavy-ion model in PYTHIA, it suffices to specify suitable nuclei as beam
particles to reproduce the results presented here.
13The number of attempts allowed for this is governed by the parameter Angantyr:SDTries.
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Figure 10. The default PYTHIA8 description of some typical minimum-bias observables in pp,
compared to the description using the Angantyr machinery. The latter is given for a range of
values of bscale (as quoted in parenthesis in the figure legend). For comparison we show data from
ATLAS [51] as implemented in Rivet [52].

is not the same, and since this directly affects the amount of MPI it is important to make
sure that the translation between the two works, at least on average.

In PYTHIAS, the impact parameter is by default chosen according to an exponentially
falling overlap function, while in Angantyr it is determined by the fluctuations and opacity
functions in egs. (2.11)—(2.13), and it is not straight forward to translate directly between
the two. In principle one could try to implement the Angantyr distribution as an option
in the PYTHIA8 MPI machinery, which then would require a full retuning to pp data. Here
we have decided to instead implement a simple scaling factor, bgcaie, SO that for absorptive
(non-diffractive) events,

(bpyt) bang

6.1
<bAng> bscale ’ ( )

bet =

which is set to a value ensuring that Angantyr gives approximately the same results as
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Figure 11. The summed transverse energy in the lead direction (—4.9 < n < —3.2) for pPb
collisions at /syy=>5 TeV. Data from ATLAS [26] is compared to results from Angantyr. The table
shows the resulting bin edges when dividing up in percentiles for the experimental and generated
data respectively.

PYTHIAS8 for typical pp minimum-bias observables. In figure 10 we see that our tuned
value of byca1e = 0.85 fairly well reproduces the PYTHIAS results and gives approximately
the same level of agreement with data. For comparison, the figure also shows the effect of
varying this scale to bgcale = 1.0 and 0.7, as indicated in the parenthesis in the figure legend.

6.2 pA results

Comparing to pA data means that we need to consider the concept of centrality, which
is used in almost all published experimental heavy ion results. Centrality is based on a
final-state observable that is assumed to be correlated with the overall impact parameter of
a collision. Typically, this observable involves the activity (multiplicity, transverse energy)
close to the direction of the nuclei, and other observables are then conventionally presented
in bins of percentiles of this centrality observable.

We will here use the centrality observable defined by ATLAS in [26], which is based
on the summed transverse energy in the pseudo-rapidity interval [—4.9, —3.2]. As seen in
figure 11, Angantyr is able to reproduce fairly well the measured distribution. However,
it should be noted that the experimental distribution has not been corrected for detector
effects, so it is difficult to draw firm conclusions about the performance of the model.

When we want to use this centrality measure we now have the option to divide it into
percentile bins using the measured distribution or the generated distribution, and since
they do not exactly agree we will get somewhat different bins, as is shown in table in
figure 11.

In figure 12(a) we show the average charged particle multiplicity as a function of
pseudo-rapidity measured in the centrality bins defined in figure 11. It is important to
remember that even if this is presented as the centrality dependence of the pseudo-rapidity
distribution, what is in fact measured is the correlation between the transverse energy flow
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(a) Centrality-dependent 7 distribution, pPb, /Syn = 5 TeV. (b) Centrality-dependent 5 distribution, pPb, \/ Syn =5 TeV.
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Figure 12. Comparison between the average charged multiplicity as a function of pseudo rapidity
in percentile bins of centrality for pPb collisions at /syy = 5 TeV. In (a) data from ATLAS [26] is
compared to results from Angantyr. The lines correspond to the percentile bins in figure 11 (from
top to bottom: 0-1%, 1-5%, ..., 60-90%). The red line is binned using percentiles of the generated
S>> ET? and the blue line according to the experimental distribution (cf. the table in figure 11).
In (b) the red line is the same as in (a), but here the blue line uses percentile bins based on the
generated impact parameter in Angantyr.

in the direction of the nuclei and the central multiplicity. In the figure we therefore show
two sets of lines generated with Angantyr with the two different binnings presented in
figure 11. Clearly the difference between the two is not significant, which is an indication
that Angantyr fairly well reproduces the centrality measure. And the fact that neither
curve is far from the experimental data'® gives a strong indication that the Angantyr is a
reasonable way of extrapolating pp final states to pA.

Comparing to the results we presented in [9], the description of data has been much
improved. The main reason for this is the more careful treatment of secondary absorptive
sub-events, but the new handling of the impact-parameter dependence in the primary
absorptive events has also somewhat improved the description of data.

Within our model it is possible to look at the actual centrality of an event in terms of
the generated impact parameter, and in figure 12(b) we show a comparison between the
pseudo-rapidity distribution when binned in percentiles of the generated impact parameter
and when binned in the generated ZEfb distribution. Clearly, in the Angantyr model,
the binning in Efb is not very strongly correlated with the actual centrality in impact
parameter. This is especially the case for the most central collisions. The reason for this
is the fluctuations modelled in Angantyr, both in the number of wounded nucleons and in
the correlation between the number of wounded nucleons and the activity in the direction
of the nucleus.

To study the fluctuations further we show in figure 13 the average number of wounded
nucleons as a function of ) Efb—centrality, both for Angantyr and for three Glauber-model

! The n-distributions in figure 12(a) has been corrected for detector effects.
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Figure 13. Average number of wounded nucleons as a function centrality for pPb collisions at
VSny = 5 TeV. The point are taken from [26] where the numbers were calculated using three
different Glauber calculations: filled circles used a standard calculation without fluctuations, while
triangles and crosses used the model in eq. (2.8) with fluctuations controlled by © = 0.11 and
Q = 0.20 respectively. The solid lines are generated with Angantyr binned in generated (red)
and experimental (blue) >~ ET? percentiles. The dashed line is also from Angantyr, but binned in
impact-parameter percentiles.

fits performed by ATLAS in [26]: one using standard calculation without fluctuations, and
two using the fluctuating cross sections in eq. (2.8) with different Q-parameters. Clearly
we see that Angantyr has larger fluctuations than these standard calculations. In figure 13
we also show the number of wounded nucleons in percentile bins of generated impact
parameter. As expected the dependence is very weak for the most central bins (0 — 30%),
confirming here that the ATLAS centrality measure mainly picks up the fluctuations in the
number of wounded nucleons in this region, and does not correlate very well with the actual
impact parameter. The number of participant nucleons is a thus highly model dependent
quantity, especially considering pA collisions.

Another way of studying possible nuclear effects in pA is to study particle production
as a function of p, . In figure 14 we show a comparison to CMS data. The model is clearly
not perfect, but nevertheless gives a fair description of the shape over the ten orders of
magnitudes shown. Comparing to the results in ref. [9] we again see an increased agreement
due to the more careful treatment of secondary absorptive sub-events.

6.3 AA results

When we now turn to AA collisions, we expect the fluctuations to have less influence on the
centrality measure, since at small impact parameters there are so many NN sub-collisions
that most fluctuations will average out. It is therefore reasonable to assume that basically
any centrality observable based on multiplicity or energy flow in the nuclei directions will
be well correlated with the number of wounded nucleons and the actual impact parameter.
Since we will now compare simulation to results from the ALICE experiment, we must in
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Figure 14. The transverse momentum distribution of charged particles in the central pseudo-
rapidity region in inclusive pPb events.
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Figure 15. Scaled > E| of charged particles at —3.7 < n < —1.7 and 2.8 < < 5.1 from
Angantyr, compared with the ALICE V0 amplitude, data taken from ref. [53].

principle use the ALICE experimental definition of centrality, rather than the one from
ATLAS used in the previous section. In ALICE centrality is defined as percentiles of
the amplitude distribution obtained in the two VO detectors, placed at —3.7 < n < —1.7
and 2.8 < 1 < 5.1. Since this amplitude is not unfolded to particle level, and cannot
be reproduced by Angantyr without realistic detector simulation, we instead construct a
reasonable particle level substitute for this measure. We assume that the VO amplitude is
proportional to the total > F, from charged particles with p; > 100 MeV in that region.

In figure 15 we compare the measured VO amplitude [53] with the substitute observable,
scaled to match the bin just before the distribution drops sharply at high amplitudes. The
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Figure 16. (a) The centrality dependence of the average charged multiplicity in the central pseudo-
rapidity bin for PbPb collisions at /syy = 2.76 TeV and XeXe collisions at /syy = 5.44 TeV.
Data points (for PbPb) are from ALICE [53], while red (PbPb) and blue (XeXe) lines are from
Angantyr. (b) Shows the averaged number of wounded nucleons as a function of centrality. The
points are from a Glauber-model calculations from ALICE [53], while the red line is the result from
Angantyr. For comparison the dashed line shows the number of wounded nucleons as a function of
percentiles in generated impact parameter in Angantyr.

shape of the distribution is described quite well, while the normalisation is a bit off. This
is likely due to difficulties extracting the data for very low amplitudes. We will throughout
this section use this as a centrality observable, combined with the trigger setup described
in ref. [53]. Furthermore, all experiments have some definition of what a primary particle
is. In figure 12 we used the ATLAS definition where all particles with ¢ > 10 mm are
considered as primary.'® The ALICE definition is at its heart very similar, but has been
described in more detail in ref. [54]. This definition has been conveniently implemented in
Rivet [54], and we use this definition instead of a cut on c7.

In order to finish the discussion on the centrality measure, we show in figure 16(a)
the ALICE results on the centrality dependence of the average charged multiplicity in the
central pseudo-rapidity bin for PbPb collisions at \/syy = 2.76 TeV [53] using the measured
centrality, and in figure 16(b) with impact parameter bins. The agreement between these
two results are clearly much better in PbPb than for pPb, confirming the initial statement
in this section.

In figure 16(a) we also show our predictions'® for Xenon-Xenon collisions at \/Syy =
5.44 TeV compared to the ALICE data that were published in [55].

In figure 17 we show the charged multiplicity compared to ALICE data [56-58] over
a much wider 7 range, for both /syy = 2.76 TeV and /syy = 5.02 TeV. The trend,
also visible in figure 16, is that Angantyr produces somewhat too few particles at central

15This means e.g., that a pair of 777~ which comes from the decay of a K2, will not be included in the
charged multiplicity.

16 Although we present this after the data was published we still consider it a prediction, as the program
was released before the data was analysed.
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Figure 17. The centrality dependence charged multiplicity over a wide n range in PbPb collisions
at \/syy = 5.02 TeV (a) and /syy = 2.76 TeV (b). Both for centralities 0-5%, 5-10%, 10-20%,
20-30%. ..80-90%. Data from ALICE [56-58].

n; the multiplicity is systematically 5-10% too low. We regard this as surprisingly good,
considered that no tuning of any kind to AA data has been done.

We now turn to transverse momentum spectra in AA collisions. In figure 18 we show
results from ATLAS [59] compared to our model. The published p, spectra was scaled with
the average number of wounded nucleons, calculated using a black disk Glauber model. We
have not used the number of wounded nucleons as input to Angantyr, just scaled our result
with the same number (as published in the article) to obtain comparable spectra. Hence,
the results are not scaled to match, as both are simply scaled with the same number.

Finally we want to add a comment about the low multiplicity in the central region,
shown in figures 16(a) and 17. One of the main features of Angantyr is that tuning of MPI
model, shower and hadronisation should only be carried out using eTe™, ep and pp data.
However, looking at the comparison to pp in figure 10, we see that even the pp model
undershoots the multiplicity at very low p; (below 500 MeV). Since ALICE measures
charged particle multiplicity all the way down to zero transverse momentum,'” it is not
clear if the default PYTHIA8 behaviour should even be applicable here. The transverse
momentum of such low-p; particles does not origin in the (perturbative) parton shower,
but rather in the dynamics of string breakings. As seen from the comparison to pp this
is not yet fully understood. The validity of this point is underlined by comparing to the
ATLAS data shown in figure 18, where multiplicity is measured with low-p| cut-off of
500 MeV. In figure 19 we show the multiplicity distribution obtained by integrating the
distributions measured by ATLAS, and see that the description improves.

We want to make clear that (part of) this discrepancy could of course be due to a
faulty comparison to data, where triggers, centrality measure etc. is not implemented in
exactly the way as it is done by experiments. But if it is not, it points to an interesting

7The multiplicity below 50 MeV is extrapolated, but this does not contribute to the total multiplicity
by more than a few percent.
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Figure 18. Transverse momentum distributions of charged particles in PbPb collisions at /syy =
2.76 TeV in four centrality bins, compared to Angantyr. Data from ATLAS [59].

point for improvement of the underlying model for soft particle production, also in pp.
We will return to this subject in a future paper, but meanwhile we note that it would be
interesting if experiments like ALICE, who can measure very near zero p,, will extend
their publications to also include data with a minimum p,; cut-off, which could serve as an

important aide in further understanding.

6.4 Collectivity and non-flow estimation

One of the primary goals of the heavy ion programs at RHIC and LHC, is to investigate
the collective behaviour of final state particles produced in collisions of nuclei accelerated
to relativistic energies. The anisotropic flow measures the momentum anisotropy of the
final state particles. As such, it is sensitive to both the initial geometry of the nuclear
overlap region, as well as the transport properties of the final state before hadronisation.
The anisotropic flow is quantified in flow coefficients v,, and corresponding symmetry
planes V,,, defined by a Fourier series decomposition of the azimuthal distribution of final
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Figure 19. Comparison to total multiplicity at mid-rapidity in PbPb collisions at /syy =
2.76 TeV, with a minimum p, cut of 500 MeV, obtained by integrating the p, distributions mea-
sured by ATLAS [59].

state particles:

ccl;(;f x 142 Z v cos [n(op — ¥,,)]. (6.2)
n=1

In practise, the flow coefficients are calculated using cumulants [60-62], which we also
employ here. When flow coefficients are calculated using two-particle cumulants, the cal-
culated coefficient also picks up azimuthal correlations not related to collectivity, but from

)

e.g. resonance decays and intra-jet correlations. Such “non-flow” effects can be suppressed
by requiring a gap in 1 between particle pairs.

In figure 20 we show v9{2} as function of centrality'® measured with and without a
An gap of 1.0, by ALICE [64, 65] and CMS [63] respectively. Since Angantyr produces a
full final state, it allows for the construction of the same observable, even in the absence
of collective effects, giving an estimate of the non-flow present. We see that the non-flow
contribution in the most central collisions is negligible (as one would expect), but rise to
about 40% of the measured result for v2{2} without gap for peripheral collisions. This
number falls to 20% when a gap is included, indicating that the method of applying a gap
can remove some non-flow effects, but not all.

We want to emphasise that at this point, Angantyr does not make any attempt at
modelling collective effects, and can therefore be used to estimate the contribution of non-
flow. It is our plan to introduce a microscopic model for collectivity, based on string-string
interactions to Angantyr, which has shown promising results in pp. The increased energy
density from overlapping strings would here give a transverse pressure, leading to strings
“shoving” each other before hadronisation [34, 66].

18Using the aforementioned adapted version of ALICE centrality.
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Figure 20. The elliptic flow coefficient v2{2} at \/syy = 2.76 TeV, as measured by CMS [63]
(without An-gap) and ALICE [64, 65] (with An = 1), compared to the non-flow contribution
calculated by Angantyr. In the ratio plot it is seen that the non-flow contribution without An-gap
is nearly 40%. This is reduced to 20% when applying a gap.

7 Model uncertainties

The main idea behind Angantyr is to extrapolate pp dynamics, as described by the model
for MPIs/underlying event in the PYTHIA8 MC, to heavy ion collisions, retaining as much
as possible from pp. This principle was outlined already in the introduction, especially fig-
ure 1, but as the model has now been presented, as well as results from pA and AA collisions,
we will here also discuss the model uncertainties related to this extrapolation procedure.

Primary interactions correspond directly to inelastic non-diffractive pp collisions. Here
PYTHIAS8, is known to reproduce most features of both soft and hard pp collisions at LHC
fairly well, and the extrapolation to primary interactions in a heavy ion collision is therefore
mainly a source of model uncertainty up to PYTHIA8’s shortcomings in describing such
collisions in pp. We already discussed some of those shortcomings in the previous section,
but as they are not uncertainties directly related to the Angantyr model (but rather the
underlying PYTHIA8 model) we will not discuss them further here.

The largest uncertainty comes instead from our treatment of secondary absorbed nu-
cleons. The main reason is that secondary absorption has no pp equivalent. In section 5
we outlined the procedure of modifying single diffractive collisions to describe secondary
absorbed nucleons, and we will investigate uncertainties related to this treatment in sec-
tion 7.1.

Diffractively excited nucleons give a comparatively small contribution in collisions with
nuclei, especially in central AA collisions, as illustrated in figure 21. Diffractive excitation
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Figure 21. The fraction of the wounded nucleons in the Angantyr model that are diffractively
excited as a function of centrality for pPb at /syy = 5 TeV (blue line) and PbPb at /syy =
2.76 TeV (red dashed line). Also shown is the fraction of wounded nucleons that come from
secondary absorptive interactions in pPb (black dash-dotted line) and PbPb (green dotted line).

of nucleons can in principle be determined from pp collisions, but as we will discuss in
section 7.2, this is not straight forward.

7.1 Uncertainties in treating secondary wounded nucleons

A core feature of the Angantyr model, is that the contribution from a secondary absorbed
nucleon is similar to the contribution from an excited nucleon in a single diffraction event.
This corresponds to the black pieces in figures 3a and 3b respectively. This assumption

has two components:

(i) The distributions in the rapidity range covered, Ay, and the corresponding mass,
M =~ exp(Ay/2) x (1GeV), are similar.

(ii) The distribution of partons from the projectile nucleon, involved in the interaction
with the secondary absorbed nucleon in figure 3a, is similar to the partons in the
Pomeron in figure 3b.

Naturally none of these assumed similarities can be exact. Extracting the relevant proper-
ties in diffractive excitation in pp collisions from data at LHC has also large uncertainties,
as we will discuss further in section 7.2. We also note that:

(iii) Energy-momentum conservation has generally important effects in high energy reac-
tions, and has to be satisfied when nucleons suffer multiple NN sub-collisions.

Also this point is associated with some model uncertainty, as discussed in section 4.2 and
in section 7.1.3 below.

In the following we will discuss the uncertainties associated with all three choices in
the treatment of secondary wounded nucleons, and their impact on model predictions. We
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Figure 22. Pomeron diagrams with cuts indicated for (a) single diffractive excitation in proton-
proton and (b) doubly absorptive proton-deuteron scattering.

will focus on pA collisions, where there can at most be a single primary interaction, and
the treatment of secondary interactions consequently has a relatively larger effect. This
is illustrated in figure 21, where we see that secondary absorbed nucleons correspond to
about 80% of all wounded nucleons in central pPb collisions, but only about 25% in central
PbPb collisions.

7.1.1 Mass distribution

We begin by discussing point (i), the mass distribution of secondary wounded nucleons.
The picture in figure 3a has the structure of a triple-Pomeron diagram. This similarity is
somewhat symbolic, as each chain in this figure includes the multiple parton scatterings in
figure 2, which correspond to Pomeron loops in a Reggeon field theoretical approach (see
e.g. refs. [67—69]). The triple-Pomeron diagrams shown in figure 22 would have a weight
proportional to:

dyrdy20(y1 +y2 — Y) exp(A(y1 + 2y2)) =

ds dM?3, . . e
= 028 (A3) 0+ for diffractive excitation,
ds dM3

= 5 0205 for secondary absorption.  (7.1)

Here y; and yo are the rapidities indicated in the figure, and Y = y; + y2 o< In(s) is the
total allowed rapidity range. The quantity Mp o exp(y1/2) is the diffractively excited
mass to the left, and M4 o exp(y2/2) is the mass of the secondary absorbed nucleon to
the right. Finally the expression 1+ A = ap(0) is the intercept of the Pomeron trajectory.
As discussed above, in the default version of Angantyr we assume a mass distribution

oc dM?/M? for both diffractively excited and secondary absorbed nucleons, corresponding
to a critical Pomeron with A = 0. With a hard BFKL-like Pomeron one could imagine a
positive A in the range 0 < A < 0.2. In figure 23 we show the result of generating the

-39 —

8o



THE ANGANTYR MODEL OF HEAVY IONS IN PYTHIAS8

(a) Sum E7, £y distribution (b) Charged particle density. Centrality 40-60% and 1-5%
%« E =
N r —— Data \5 8o —— Data
et B S — A
I E s .. l TToA=01
§ e A=02

60

50

a
=}
.
IR L

40

o m 30

n
=}

OO 00 OR K HKH
IV 0 R Wb o

\‘\\\\‘\\\\‘\\\\r\\:\\‘uu‘uu‘u

20

bbb e et atal 2 2.0 5 s oo s e e ass et 0SSttt te e eaay,

MC/Data

"
<
T

o 50 100 150 200 -2 -1 o 1 2
Pb
LEr n

Figure 23. Comparison between different choices of A for generation of secondary absorptive sub-
events. Variations shown for (a) the summed transverse energy in the Pb direction (—4.9 < n <
—3.2) and (b) the average charged multiplicity as a function of pseudo-rapidity for pPb collisions at
VSnv = 5.02 TeV. Data points are from ATLAS [26]. Full blue line is the default choice of A =0,
while the red dashed and green dotted lines corresponds to A = 0.1 and 0.2 respectively. In (b)
the lines on the bottom and top corresponds to the 40-60% and 1-5% centrality bins respectively,
using the experimentally defined bin limits in Y E¥ b,

secondary absorptive sub-events with A = 0, 0.1, and 0.2. From the > Efl’ distribution
in pPb at /syy = 5.02 TeV (used by ATLAS as centrality measure) shown in figure 23a,
we see a noticeable effect already below 50 GeV. The effect follows the expectation that
a larger A will give larger M4 values and thus more activity. However, we also see that
above 50 GeV the distributions for larger A seem to run out of steam, which we attribute
to the fact that higher M4 values mean that the energy available from the projectile proton
is used up faster. This means that fewer secondary absorptive interactions are accepted.
In figure 23b we also show the resulting pseudo-rapidity distribution of charged particles
for two centrality bins (using the experimentally determined bin edges in Y E?). The
larger values of M4 are also reflected in the n-distributions, where the effect is that the
distribution becomes too flat to describe data, especially for central events.

7.1.2 Parton distribution in the projectile

As discussed in section 5, the secondary absorptive interaction in figure 3a may involve sev-
eral partons coming from the projectile nucleon, in a way similar to how diffractive excita-
tion is described by a Pomeron PDF in the Ingelman-Schlein model. Point (ii) concerns the
distribution of these partons. In section 5 we studied three different distributions, SD(new)
(which is the default for secondary absorption), SD(def) (which is the PYTHIA8 default for
diffractive excitation), and SD(glu) (which is the modified PDF for increased gluon activity
introduced in ref. [9]). In figure 24a we show the effect on the > E¥? distribution. Below
50 GeV, where the bulk of the events are found, all three options are reasonably close to
each other, but the tail of the distributions diverges considerably, in a way consistent with
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Figure 24. Same as figure 23, but comparing different choices in the treatment of secondary
absorptive interactions. The lines corresponds to the models in figure 6.

the differences found in section 5. The resulting pseudo-rapidity distributions shown in
figure 24b do not show so dramatic differences. It is, however, clear that our default choice
gives the best description of data. As discussed in section 5 our default choice is the one
that makes most sense on theoretical grounds, and it is satisfying to see that it also makes
sense in comparison to data.

7.1.3 Energy-momentum conservation

Energy-momentum conservation is frequently seen to have a very large impact in high
energy reactions. Here its effect could be seen in figure 23a. It is not clear from first
principles if energy-momentum conservation should prohibit a sub-collision, if a single
sampling of the M, distribution turns out to require more than what is available, or if
it is possible to simply try again. To further study the effects of this ambiguity, we show
in figure 25, what happens if we allow Angantyr to retry adding secondary sub-events,
which fail due to energy-momentum conservation (as discussed in section 4.2). We see that
it does have an impact on the most central collisions in the ZEfb centrality measure,
while the effect on the resulting n-distribution is barely visible. It is interesting to note
that the effect of allowing more attempts seem to saturate quickly, and going from 2 to 4
attempts makes a much smaller change than allowing two attempts instead of one (which
is the default).

7.2 Diffractively excited nucleons

In contrast to the secondary absorbed nucleons, a positive A in eq. (7.1) means lower masses
for diffractively excited nucleons. In principle the Mp-distribution could be measured
in pp collisions at LHC, but it is quite challenging to isolate single diffraction from the
experimental distribution in the size of a gap in rapidity (see refs. [70, 71]).

In collisions with nuclei, multiple NN interactions imply that, the probability for
absorption is enhanced and, as a consequence, the probability for diffractive excitation is
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Figure 25. Same as figure 23, but now varying the number of attempts (parameter

Angantyr:SDTries) allowed to generate secondary sub-events that can be added without violating
energy-momentum conservation before giving up and vetoing the secondary interaction. The de-
fault version allows only a single attempt and is shown as the blue lines, while allowing two or four
attempts is shown as dashed red and dotted green lines respectively.

reduced. From figure 21 we see that in pA collisions about 20% of the wounded nucleons
are diffractively excited, dropping to 10% in central pPb collisions. In AA collisions this
fraction is further reduced to an average about 10%, and below 4% for central PbPb
collisions. This implies that a reasonable variation of the diffractive component will have
comparatively small effect. For this reason we have here chosen to keep the default setting
in the PYTHIA8 MC, with a distribution oc dM3,/M?%.

One could here also imagine including a Reggeon contribution oc dM3 /(M3)1. This
contribution is concentrated to low masses, and would not affect the results in most of the
rapidity range, including the forward detectors used to measure the centrality. It could,
however, give a contribution in the very forward region, and thus it might be of importance
e.g. for interactions with cosmic rays.

7.3 TUncertainties in AA collisions

Above we have discussed model uncertainties in pA collisions. We have also pointed out
that the corresponding uncertainties are significantly smaller in AA collisions, in particular
in central AA collisions. In figure 21 we showed that the fraction of wounded nucleons
which are secondary absorbed is about 70% in pPb but about 35% in PbPb collisions. For
central collisions these ratios are about 80% in pPb and only about 25% in PbPb. We have
checked that a corresponding reduction of the uncertainties is obtained in the MC results
for AA collisions.

8 Relation to other models

As Angantyr is a new model, it is instructive to compare it to existing models, and we here
discuss the most commonly used ones, also mentioned in the introduction, HIJING [6],

— 492 —

83



THE ANGANTYR MODEL OF HEAVY IONS IN PYTHIAS

AMPT [5], and EPOS-LHC [4]. Here HIJING is most similar to Angantyr. Like Angantyr
it is constructed as an extrapolation of pp dynamics, with the explicit motivation that
differences between the model and experimental results may indicate effects of collective
behaviour. In contrast AMPT and EPOS are both assuming collective expansion of a
thermalised medium.

The HIJING generator is built with a similar starting point as Angantyr, thus it is
inspired by the Fritiof model, using PYTHIA for generating multiple hard partonic sub-
collisions and the Lund string model in PYTHIA for the hadronisation. Similarly to An-
gantyr, HIJING relies on a Glauber calculation to determine the number of inelastic sub-
collisions, which are of two types: soft nucleon-nucleon collisions treated as in Fritiof, and
hard parton-parton collisions treated as in PYTHIA. A new version written in C++ was
recently presented [72].

In contrast to Fritiof the interacting nucleons are in HIJING excited to higher masses,
covering most of the available rapidity range, but just as in the later Fritiof version [29, 73],
gluon radiation is added using the soft radiation scheme [74] implemented in Ariadne [75].
The hard partonic scatterings are determined via nucleus PDFs, where the parton density
is suppressed by a shadowing factor R,/ 4, compared to A independent nucleon PDFs. To
avoid double counting, emitted gluons in the soft component is allowed only for p; below
a scale py (chosen to be ~ 2 GeV), while the hard partonic collisions have a lower cut
at p1 = po.

Another difference between Angantyr and HIJING is that in HIJING fluctuations are
neglected both in the initial states of the individual nucleons and in the position of nucleons
within the nuclei. The soft NN amplitude is then chosen to reproduce the inelastic cross
section including diffraction. The probability for multiple scattering is determined by the
nuclear overlap function in impact parameter space. In Angantyr we find that fluctuations
plus the distinction between primary and secondary absorptively wounded nucleons, have
a quite significant effect for the final state multiplicity. In HIJING, the same effect may
partly be due to the introduction of the shadowing factor R,/4. The shadowing factor is
a geometry dependent “k-factor”, which accounts for nucleons shadowing for each other
during the collision, thus reducing to nucleon-nucleon cross section from the result obtained
from pp collisions, to a lower, effective cross section. This suppresses the hard partonic
cross section with up to 50% in AuAu collisions at \/sSyy = 200 GeV [6]. In the end all
partons are in HIJING connected by strings, and hadronised with PYTHIA. As an option it
is possible to include a model for jet quenching, and also a jet trigger, enhancing the rate
for events with high-p | jets.

As mentioned above, AMPT presumes that a hot dense medium is formed. It uses the
parton state obtained in HIJING as initial conditions. The partons then evolve in a partonic
cascade up to freeze-out. After freeze-out the partons are connected in strings, which
hadronise according to the Lund model in PYTHIA. Finally the obtained hadrons form a
secondary cascade until the density is low enough, when they continue as free particles. As
an option the hadronisation can also be calculated via quark-antiquark coalescence.

Finally the EPOS model works on different principles than the other two, as no ex-
plicit Glauber calculation is performed. Instead partonic sub-collisions are calculated using
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Figure 26. Comparison of Angantyr to the generators EPOS-LHC, AMPT and HIJING. The figure
shows charged particle production as function of pseudo-rapidity in PbPb at \/syy = 2.76 TeV as
measured by ALICE [57].

parton-based Gribov-Regge theory [76]. An elementary scattering is here represented by
a cut Pomeron or “parton ladder”. This ladder is interpreted as a flux tube, or a string,
where the intermediate gluons provide a transverse motion. The strings then break up into
segments by quark-antiquark pair production. In the central region with high density, the
“core”, the segments within a bin in 7 form a cluster, which expands longitudinally and
radially until freeze-out. In regions of low density, called the “corona”, the strings fragment
instead directly to hadrons. This is mainly the case in the fragmentation regions. In a
recent version, called EPOS LHC [4], a new flow parametrisation is introduced, which does
not take advantage of the complete hydrodynamical calculation followed by the hadronic
cascade as in EPOS2 [77] or EPOS3 [78]. One consequence is here that the time for one
PbPb event is reduced from one hour to a few tenths of a second. According to the authors,
this also implies that this version should not be used for a precise study of p| distributions
or particle correlations in HI collisions.

In figure 26 we compare the multiplicity spectra at /syy = 2.76 TeV from figure 17(b)
with Angantyr and the three generators discussed above. (For HIJING jet quenching is
disabled in figure 26, but this should not have a major impact on the result.)

We note that with all differences mentioned above, all four generators produce quite
similar results for the centrality dependence of the charged particle distribution.

Comparing first HIJING to Angantyr, we see that while Angantyr undershoots at
mid-n, HIJING overshoots on the full interval, and produces a too wide shape for the
distribution. The likely source of this difference is the different way of handling secondary
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absorptive events, as described in section 3. HIJING treats all absorptive events on a
similar footing, but the nuclear shadowing included in HIJING implies that it produces an
overall lower amount of hard sub-collisions.

AMPT uses HIJING for initial conditions, but compared to HIJING the overall mul-
tiplicity is reduced by the partonic and the hadronic cascades. However, although the
central density agrees with data, the distribution is too wide. We also note that AMPT
reproduces multiplicity at mid-n better than Angantyr, and refer to our discussion about
possible retuning of Angantyr to low-p, pp data in section 6.3. Finally EPOS-LHC also
does a better job than Angantyr at mid-n, but worse away from the central region. We
note that AMPT and EPOS-LHC, which both include the hydrodynamic expansion of a
hot medium, do not describe data better than Angantyr over the full n-range.

It is, however, clear that if one wants to pin down the physics of a possible plasma
phase, more exclusive observables than particle production must be used. This is indeed
also the case in contemporary studies at the LHC and RHIC. Considering the precision
obtained by the current tools, we see that there is a need for improved tools for comparing
theory to data in heavy ion physics. To account for the final 10% discrepancy shown by all
four generators, analysis specific effects like choice of centrality measure, trigger selection,
primary particle definition etc. all play a major role. In the present paper all comparisons
of Angantyr to data are carried out using the Rivet tool [52], which has proved highly
successful for this task in pp. This has, however, been done using our own implementation
of the experimental analyses. It is crucial for the further development of Monte Carlo event
generators for heavy ion physics, that present and future heavy ion data is released using
Rivet (or a similar tool), and we are pleased to note that experiments are now starting to
commit to this task, also in heavy ion physics.

9 Conclusion and outlook

We have introduced a new model called Angantyr for generating exclusive final states in
proton-nucleus and nucleus-nucleus collisions. It extrapolates pp dynamics with a minimum
of free parameters, and in this way it bridges the gap between heavy ion and high energy
physics phenomenology. It does not assume a hot thermalised medium, and the aim is
to see how well such an extrapolation can reproduce experimental data, thus exposing
effects of collective behaviour. The model is a generalisation of the model for pA collisions
in ref. [9], and is based on the following points:

e The basic pp interaction is described by the PYTHIA8 event generator, based on
multiple partonic sub-collisions and string hadronisation.

e The generalisation to nucleus collisions is inspired by the Fritiof model, and the notion
of “wounded” or “participating” nucleons.

e The number of wounded nucleons is calculated from the Glauber model in impact
parameter space, including “Gribov corrections” due to diffractive excitation of indi-
vidual nucleons.
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e The Glauber model is formulated in impact parameter space. Diffractive excitation
is then most conveniently described by the Good-Walker formalism, as the result
of fluctuations in the nucleon substructure. We here for the fist time account for
fluctuations in both the projectile and the target nucleons, in a Glauber calculation.
(As frequently in MC simulations, fluctuations in the position of nucleons in the
nuclei are also included.)

The model is implemented in an event generator, which generates exclusive final states.
It is included in the PYTHIAS package, where the user simply specifies a nucleus instead of a
hadron as projectile and/or target. The possibility to add a signal process (of electroweak
or other origin) is also included, enabling the user to study every process one could normally
study in a pp collision.

We have shown that Angantyr gives a good description of general final state properties.
This includes not only multiplicity and transverse momentum distributions both in pPb
and PbPb collisions, but also its dependence on centrality. We note, however, that this
dependence is very sensitive to the experimental definition of centrality. Thus we see that
for low centrality the correlation between central multiplicity and “centrality” is more a
correlation between central and forward activity, rather than between central activity and
impact parameter. The model predictions for XeXe collisions are also in good agreement
with ALICE data published later.

The model underestimates somewhat central particle production, when p; is integrated
down to p; = 0. This may be not surprising, as it is an extrapolation of PYTHIA’s
description of pp dynamics, which is too low for small p; below 200 MeV. Future work is
needed to improve the hadronisation models in this region, including their interface to the
perturbative shower.

The description of data is quite sensitive to the handling of, in particular, secondary
absorptive sub-events. We have investigated several different choices relating to this treat-
ment, relating to (i) the distributions in the covered rapidity ranges, (ii) distributions of
partons in the projectile nucleon, and (iii) energy-momentum conservation. For visualiza-
tion we performed this investigation in pPb collisions, noting that they will be significantly
smaller in PbPb collisions. Although our final choices may not be based on completely
solid theoretical grounds, the fact that alternatives investigated give a poorer description
of data tells us, that the choices are reasonable. Certainly there are other variations to
investigate, but we postpone such studies to a future publication.

In PYTHIAS all strings decay into hadrons independently. Thus it does not include a
mechanism to reproduce the collective effects seen in pp collisions. Such effects are therefore
also not reproduced by the present version of Angantyr, and the model should be thought
of as a baseline for understanding the non-collective background to observables sensitive
to collective behaviour.

Also in high energy pp collisions the number of strings is quite large, in particular
in events with high multiplicity. In ref. [33] we showed that overlapping strings forming
“ropes” can qualitatively reproduce the increased strangeness in pp [7], as well as in pPb
and PbPb [79] collisions. In ref. [34] we further showed that the transverse pressure due to
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the increased energy density provides a transverse expansion and a qualitative description
of the “ridge” observed in pp collisions. An important future direction will be to fully
include these models in Angantyr, and test to what degree they provide a description of
the observed collective effects in nucleus collisions. Besides the angular correlations, the
transverse expansion may affect the p; distributions, which are less accurately reproduced
in pPb and PbPb collisions.

To conclude we think that it is notable that a direct extrapolation of pp dynamics
can reproduce general features of inclusive particle production in AA collisions to better
than 10%. This emphasises the importance of correlation studies, and in a future version
of Angantyr we plan to include the collective effects from string-string interactions in
the description of collisions with nuclei. In the future we also want to find observables
sensitive to the fluctuations related to diffractive excitation and the internal substructure
of nucleons. This is an essential feature which distinguishes Angantyr from other event
generators available for nucleus-nucleus collisions.
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A Generating absorptively and diffractively wounded nucleons

Here we will go through the technicalities of choosing the interactions between projectile
and target nucleons. In [9] we showed that for a fixed nucleon-nucleon impact parameter,
b, and a fixed projectile state, the cross section for the target nucleon to be wounded is
given by the average of the fluctuations in the target nucleon. Writing the imaginary part
of the scattering amplitude for given projectile and target states, p and ¢, in terms of the
corresponding S-matrix, Tp:(b) = 1 — Sp(b), we have

dow, = (1 - <<spt>§>p> d2b, (A1)

This works well for pA collisions, but for AA we also want to look at the probability for
the projectile nucleon being wounded, and on top of this we want to be able to separate
between absorptively and diffractively wounded nucleons.

A.1 Absorptively wounded nucleons

We expect the absorptively wounded nucleons will give the most important contributions
to the final state particle production, and we therefore want to take special care to capture
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cross section fluctuations in this case and at the same time make sure we correctly reproduce
the absorptive nucleon-nucleon cross section,

Ao = (1 - <S§t(b)>pt) d2b, (A.2)

The procedure will therefore be to generate one state for each nucleon in the projectile and
target nuclei and for each pair of nucleons calculate

Pps=1-— Szt(b)a (AS)

and declare the nucleon-nucleon interaction absorptive with this probability. This will
clearly give the correct absorptive nucleon-nucleon cross section.

If we find the interaction is not absorptive we want to go on and check if either the
target or the projectile or both are diffractively wounded, but this will then require us
to consider averages over the possible states of the projectile or target or both. In the
following we will consider a diffractively wounded target, but the corresponding treatment
of the projectile is completely analogous.

A.2 Diffractively wounded nucleons

In general it is not necessarily straight forward to analytically calculate the average <S£t(b)>t
needed to get the correct cross section for diffractive excitation. Instead we will estimate
the fluctuations by generating a secondary, or auxiliary state for each projectile (p’) and
target (¢') nucleon. We will still calculate the probability for absorptive interaction using
only the primary states, but to get the probability of the target nucleon to be wounded we
note that the product Sy (b) Sy (b) will on average yield the correct value for ((Sx(b))¢)p, s
naively we could use the probability Pyt = 1 — Sp:(b)S,e. However, it is clear that we will
then have a negative probability for having a diffractively wounded target Pyt — Paps < 0,
for Spy < Spy. Therefore we also need to consider the statistically equivalent situation
where the absorptive interaction probability is given by

a:bs =1- 52 (b)a (A4)

pt’

while the corresponding wounded probability is still
Plyy = 1 = Spe(b)Spyr (b) = Py, (A.5)

where the probability for a diffractively wounded target is then positive.

The procedure we have chosen to handle this, is to shuffle probabilities between the
two situations so that we always get non-negative probabilities for diffractively wounded
nucleons according to

Py = Stp < Spr 0 (A.6)
Spt > Sy Pt + Py, — Pliyg = 1 — 25,(0) Sy (b) + 52, (b)

abs

P Sip < Sprr : Py + Pt — Pabs = 1 — 25p(b) Sy (b) + S]%t(b)
Wt Spt > Spt’ : 0

which will give the correct cross section for the target nucleon being wounded.
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By considering the auxiliary state for the projectile, p’, we can then also find the
probability for the projectile being diffractively wounded. And if both are wounded we say
that the interaction is a double diffractive excitation.'

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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