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Abstract The PYTHIA event generator is used in several
contexts to study hadron and lepton interactions, notably pp
and pp collisions. In this article we extend the hadronic mod-
elling to encompass the collision of a wide range of hadrons
h with either a proton or a neutron, or with a simplified model
of nuclear matter. To this end we model Ap total and partial
cross sections as a function of energy, and introduce new
parton distribution functions for a wide range of hadrons, as
required for a proper modelling of multiparton interactions.
The potential usefulness of the framework is illustrated by
a simple study of the evolution of cosmic rays in the atmo-
sphere, and by an even simpler one of shower evolution in a
solid detector material. The new code will be made available
for future applications.

1 Introduction

Throughout the history of high energy particle physics, one
of the most studied processes is proton—proton collisions.
Originally the PYTHIA (+ JETSET) event generator [1,2] was
designed to simulate e™e™ /pp/pp collisions. Later it was
extended partly to ep and some photon physics, while the cov-
erage of other hadron and lepton collision types has remained
limited. For QCD studies, as well as other Standard-Model
and Beyond-the-Standard-Model ones, e*e™ /pp/pp/ep has
provided the bulk of data, and so there has been little incen-
tive to consider other beam combinations.

In recent years, however, there has been an increasing
interest to extend the repertoire of beams. Prompted by the
ongoing heavy-ion experiments at RHIC and the LHC, the
most significant addition to PYTHIA is the ANGANTYR frame-
work for heavy-ion interactions [3,4], which implements pA
and AA collisions building on PYTHIA’s existing framework
for nucleon—nucleon interactions.
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A second new addition is low-energy interactions, which
was developed as part of a framework for hadronic rescatter-
ing in PYTHIA [5,6]. In this framework, common collisions
(ie. mainly those involving nucleons or pions) are modelled
in detail, including low-energy versions of standard high-
energy processes like diffractive and non-diffractive interac-
tions, as well as low-energy-only non-perturbative processes
like resonance formation and baryon number annihilation.
Less common collisions (involving eg. excited baryons or
charm/ bottom hadrons) use simplified descriptions, the most
general being the Additive Quark Model (AQM) [7,8], which
gives a cross section that depends only on the quark content
of the involved hadrons. This way, the low-energy frame-
work supports interactions for all possible hadron—hadron
combinations.

These non-perturbative models are accurate only for low
energies, however, up until CM energies around Ecpy =
10 GeV. This means that, at perturbative energies, still mainly
nucleon—nucleon interactions are supported. While other
hadron species seldom are used directly as beams in exper-
iments, their collisions still have relevance, in particular for
hadronic cascades in a medium. One such example is cos-
mic rays entering the atmosphere, with collision center-of-
mass (CM) energies that stretch to and above LHC energies,
and thus give copious particle production. Secondary hadrons
can be of rare species, and may interact with the atmosphere
at perturbative energies. The objective of this article is to
implement general perturbative hadron—nucleon interactions
in PYTHIA, using cosmic rays as a test case for the resulting
framework.

Two significant extensions are introduced to this end. One
is a modelling of total, elastic, diffractive and nondiffractive
cross sections for the various beam combinations, as needed
to describe collision rates also at energies above Ecy =
10 GeV. The other is parton distribution functions (PDFs) for
awide selection of mesons and baryons, as needed to describe
the particle production in high-energy collisions. Important
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is also a recent technical improvement, namely the support
for selecting beam energies on an event-by-event basis for the
main QCD processes, made possible by initializing relevant
quantities on an interpolation grid of CM energies. At the
time of writing, this is supported for hadron—hadron beams,
but not yet for heavy-ion collisions in ANGANTYR, which
will prompt us to introduce a simplified handling of nuclear
effects in hadron—nucleus collisions. Nucleus—nucleus ones,
such as iron hitting the atmosphere, is not yet considered.

Key to the understanding of atmospheric cascades is the
model for hadronic interactions. Several different ones are
used in the community, such as SIBYLL [9-13], QGSJET
[14-18], DPMIJET [19-21], VENUS/NEXUS/EPOS [22-
26], and HDPM (described in Ref. [27]). It is in this cat-
egory that PYTHIA could offer an alternative model, con-
structed completely independently of either of the other ones,
and therefore with the possibility to offer interesting cross-
checks. In some respects it is likely to be more sophisticated
than some of the models above, eg. by being able to handle
a large range of beam particles almost from the threshold to
the highest possible energies, with semi-perturbative interac-
tions tailored to the incoming hadron type. In other respects
it is not yet as developed, like a limited handling of nuclear
effects and a lack of tuning to relevant data.

Neither of these programs can describe the important elec-
tromagnetic cascades, which instead typically are delegated
to EGS [28]. At low energies GHEISHA [29] is often used
for nuclear effects, with ISOBAR (described in Ref. [27]),
UrQMD [30,31] and FLUKA [32] as alternatives. Gener-
ally a typical full simulation requires many components to
be combined, under the control of a framework that does the
propagation of particles through the atmosphere, taking into
account eg. the atmospheric density variation and the bend-
ing of charged particles by the earth magnetic field. Two
well-known examples of such codes are CORSIKA [27] and
AIRES [33,34]. Interestingly for us, the new CORSIKA 8
[35,36] framework is written in C++, like PYTHIA 8 but
unlike the other hadronic interaction models, and PYTHIA 8
is already interfaced to handle particle decays, so a further
integration is a possibility.

One should also mention that an alternative to Monte
Carlo simulation of cascades is to construct a numeri-
cal simulation from the cascade evolution equations, one
example being MCeq [28]. Other examples include hybrid
approaches, where the high-energy part is tracked explic-
itly but the low-energy part is handled by evolution equa-
tions, eg. in SENECA [28] and CONEX [37,38]. Also in
these cases the hadronic interaction models provide neces-
sary input. ANGANTYR has in fact already been used to this
end, to describe p/7 /K interactions with nuclei [39].

Another application of hadronic cascades is in detector
simulations with programs such as FLUKA [32] and GEANT
[40—-43], which have also been used for cascades in the atmo-
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sphere, see eg. [44—46]. GEANT4 depends on external frame-
works for simulating collisions, like CORSIKA 8, and has
been explicitly designed with an object-oriented architecture
that allows users to insert their own physics implementa-
tions, one of the current possibilities being PYTHIA 6 [1].
One central difference is that the medium is much denser
in a detector, so particles propagate shorter distances before
interacting. Hence, some particles that are too short-lived to
interact in the atmosphere can do so in detector simulations,
eg. D, B, Aj and Ag. For the rest of this article we will focus
on the atmospheric case, but we still implement all hadronic
interactions relevant for either medium.

To describe hadron—hadron interactions, we need to set
up the relevant cross sections and event characteristics. In
particular, the latter includes modelling the parton distribu-
tion functions for the incoming hadrons. These aspects are
developed in Sect. 2. Some simple resulting event properties
for hp collisions are shown in Sect. 3. In practice, mediums
consist of nuclei such as nitrogen or lead, rather than of free
nucleons. Since ANGANTYR does not yet efficiently support
nuclear collisions with variable energy, we also introduce
and test a simplified handling of nuclear effects in Sect. 3.
The main intended application of this framework is to cas-
cades in a medium, so we implement a simple atmospheric
model in Sect. 4, and give some examples of resulting dis-
tributions. There is also a quick look at passage through a
denser medium. Either setup is much simplified relative to
CORSIKA or GEANT4, so has no scientific value except
to to test and explore features of our new hadronic interac-
tions. The atmospheric toy-model code will be included in a
future release of PYTHIA as an example of how to interface
a cascade simulation with PYTHIA. Finally we present some
conclusions and an outlook in Sect. 5.

2 Cross sections and parton distributions

The first step in modelling the evolution of a cascade in a
medium is to have access to the total cross sections for all
relevant collisions. Crucially, this relates to how far a particle
can travel before it interacts. Once an interaction occurs, the
second step is to split the total cross section into partial ones,
each with a somewhat different character of the resulting
events. Each event class therefore needs to be described sep-
arately. Athigh energies a crucial component in shaping event
properties is multiparton interactions (MPIs). PYTHIA mod-
els MPIs in terms of parton distribution functions (PDFs),
and these have to be made available for all relevant hadrons.
Special attention also has to be given to particles produced in
the forward direction, that take most of the incoming energy
and therefore will produce the most energetic subsequent
interactions. These topics will be discussed in the following.
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2.1 New total cross sections

The description of cross sections depends on the collision
energy. At low energies various kinds of threshold phe-
nomena and resonance contributions play a key role, and
these can differ appreciably depending on the incoming
hadron species. At high energies a more smooth behaviour
is expected, where the dominating mechanism of pomeron
exchange should give common traits in all hadronic cross
sections [47-50].

In a recent article [5] we implemented low-energy cross
sections for most relevant hadron-hadron collisions, both
total and partial ones, all the way down to the energy thresh-
old. Input came from a variety of sources. The main ones
were mostly based on data or well-established models, while
others involved larger measures of uncertainty. Extensions
were also introduced to the traditional string fragmentation
framework, to better deal with constrained kinematics at low
energy.

In cases where no solid input existed, the Additive Quark
Model (AQM) [7,8] was applied to rescale other better-
known cross sections. In the AQM, the total cross section is
assumed to be proportional to the product of the number of
valence quarks in the respective hadron, so that eg. a meson—
meson cross section is 4/9 that of a baryon—baryon one. The
contribution of a heavy quark is scaled down relative to that
of au/d quarks, however, presumably by mass effects giving
a narrower spatial wave function. Assuming that quarks con-
tribute inversely proportionally to their constituent masses,
we define an effective number of valence quarks in a hadron
to be approximately

ng,AQM = ny +ng + 0.6 n5 + 0.2 nc + 0.07 np,. (1)

This expression will also be used as a guide for high-energy
cross sections, as we shall see.

The emphasis of the low-energy cross sections lies on the
description of collisions below Ecy = 5 GeV, say, but the
models used should be valid up to 10 GeV. Many processes
also have a sensible behaviour above that, others gradually
less so.

At the other extreme then lies models intended to describe
high-energy cross sections. Here pp/pp collisions are central,
given the access to data over a wide energy range, and the
need to interpret this data. A few such models have been
implemented in PYTHIA [51], giving the possibility of com-
parisons. Fewer models are available for diffractive topolo-
gies than for the total and elastic cross sections.

For the purposes of this study we will concentrate on the
SaS/DL option, not necessarily because it is the best one for
pp/pp but because we have the tools to extend it to the neces-
sary range of collision processes in a reasonably consistent

manner. The starting point is the Donnachie-Landshoff mod-
elling of the total cross section [52]. In it, a common ansatz

o8 = xABge 4 yABgTn 2)

is used for the collisions between any pair of hadrons A and
B. Here s is the squared CM energy, divided by 1 GeV? to
make it dimensionless. The terms s€ and s 7 are assumed to
arise from pomeron and reggeon exchange, respectively, with
tuned universal values € = 0.0808 and ) = 0.4525. The X458
and Y8, finally, are process-specific. X48 = XAF since
the pomeron is charge-even, whereas generally Y48 £ y A8,
which can be viewed as a consequence of having one charge-
even and one charge-odd reggeon. Recent experimental stud-
ies [53,54] have shown that the high-energy picture should
be complemented by a charge-odd odderon [55] contribu-
tion, but as of yet there is no evidence that such effects have
a major impact on total cross sections.

In the context of yp and yy studies, the set of possible
beam hadrons was extended by Schuler and Sjostrand (SaS)
to cover vector meson collisions [56,57]. Now we have fur-
ther extended it to cover a range of additional processes on
a p/n target, Table 1. The extensions have been based on
simple considerations, notably the AQM, as outlined in the
table. They have to be taken as educated guesses, where the
seeming accuracy of numbers is not to be taken literally.
For simplicity, collisions with protons and with neutrons are
assumed to give the same cross sections, which is consistent
with data, so only the former are shown. The reggeon term
for ¢'p is essentially vanishing, consistent with the OZI rule
[58-60], and we assume that this suppression of couplings
between light u/d quarks and s quarks extends to ¢ and b.
Thus, for baryons, the reggeon Y42 values are assumed pro-
portional to the number of light quarks only, while the AQM
of Eq. (2) is still used for the pomeron term. Another simpli-
fication is that D/B and D/B mesons are assigned the same
cross section. Baryons with the same flavour content, or only
differing by the relative composition of u and d quarks, are
taken to be equivalent, ie. Ap = XTp = X% = = 7p.

The DL parametrizations work well down to 6 GeV, where
testable. Thus there is an overlap region where either the low-
energy or the high-energy cross sections could make sense to
use. Therefore we have chosen to mix the two in this region,
to give a smooth transition. More precisely, the transition is
linear in the range between

BE — By 4 max(0.mg — ) ®
+ max (0., mp — mp)
and
end begin
Ecm = Ecyq +AE, @
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Table 1 Coefficients XAZ and Y42 in units of mb, in Eq. (2) for various beam combinations. First section is from DL [52], second from SaS [56]

and the rest are new for this study

YXB

AB XAB yAB comment

PP 21.70 56.08 98.39

pn 21.70 54.77 92.71 not used, see text
xtp 13.63 27.56 36.02

K+p 11.82 8.15 26.36

7% 13.63 31.79 - (rtp+77p)/2
¢%p 10.01 —1.51 - Kfp+Kp—n"p
K% 11.82 17.26 - (K*p+K™p)/2
np 12.18 19.68 - 0.67% + 0.4 ¢p
n'p 11.46 13.62 - 0.47% + 0.6 6°p
I/yp 3.33 —0.50 - ¢%p/3

DO *p 8.48 15.65 (7% +1/¥p)/2
D} p 6.67 —1.00 (@°p +1/¥p)/2
Yp 1.17 —0.18 - 0.07 ¢%p/0.6
BOtp 7.40 15.81 % + Yp)/2
Bp 5.59 —0.85 (¢°p + Tp)/2
Bip 225 —0.34 J/¥% + Tp)/2
Ap 18.81 37.39 65.59 AQM, 2pp/3

Ep 15.91 18.69 32.80 AQM, pp/3

Qp 13.02 0.00 0.00 AQM, 0

Acp 15.91 37.39 65.59 AQM, 2pp/3

Ecp 13.02 18.69 32.80 AQM, pp/3

Qcp 10.13 0.00 0.00 AQM, 0

Abp 14.97 37.39 65.59 AQM, 2 pp/3

Ebp 12.08 18.69 32.80 AQM, pp/3

Qbp 9.19 0.00 0.00 AQM, 0

where Enjn is 6 GeV and AFE is 8 GeV by default.

2.2 New partial cross sections

The total cross section can be split into different components

Otot =OND + Ocl + OSD(XB) + OSD(AX) + ODD + 0CD )
+ Oexc + Oann + Ores + - - -
Here ND is short for nondiffractive, el for elastic, SD(X B)
and SD(AX) for single diffraction where either beam is
excited, DD for double diffraction, CD for central diffraction,
exc for excitation, ann for annihilation and res for resonant.
Again slightly different approaches are applied at low and at
high energies, where the former often are based on measure-
ments or models for exclusive processes, whereas the latter
assume smoother and more inclusive distributions. The last
three subprocesses in Eq. (5) are only used at low energies.
In the transition region between low and high energies, the
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two descriptions are mixed the same way as the total cross
section.

High-energy elastic cross sections are modelled using
the optical theorem. Assuming a simple exponential fall-off
doe/dr o exp(Bet) and a vanishing real contribution to the
forward scattering amplitude (p = 0)

UtOt (6)
(with ¢ = i = 1). The slope is given by

BAP =2by +2bp +2¢/ In (i>
50

— 2ba +2bp +2(2.05¢ — 2.1),

(N

where o’ 2 0.25 GeV 2 is the slope of the pomeron trajec-
tory and so = 1/a’. In the final expression the SaS replace-
ment is made to ensure that 0,1 /oy goes to a constant below
unity at large energies, while offering a reasonable approx-
imation to the logarithmic expression at low energies. The
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hadronic form factors b4 p are taken to be 1.4 for mesons
and 2.3 for baryons, except that mesons made only out of ¢
and b quarks are assumed to be more tightly bound and thus
have lower values. As a final comment, note that a simple
exponential in ¢ is only a reasonable approximation at small
|#], but this is where the bulk of the elastic cross section is.
For pp and pp more sophisticated larger-|7| descriptions are
available [51].

Also diffractive cross sections are calculated using the
SaS ansatz [57,61]. The differential formulae are integrated
numerically for each relevant collision process and the result
suitably parametrized, including a special threshold-region
ansatz [5]. Of note is that, if the hadronic form factor
from pomeron-driven interactions is written as Sap(t) =
Bar(0) exp(bat) then, with suitable normalization, X428 =
Bar(0) Bpp(0) in Eq. (2). Thus we can define Byp(0) =
VXPP and other Bap(0) = XAP/,Bpp(O). These numbers
enter in the prefactor of single diffractive cross sections, eg.
oag—ax o Bip(0) Bgp(0) = XAB B,p(0). This relation
comes about since the A side scatters (semi)elastically while
the B side description is an inclusive one, cf. the optical
theorem. In double diffraction AB — X X» neither side is
elastic and the rate is directly proportional to X458,

In addition to the approximate d M2 3/ Mx 2 mass spectrum
of diffractive systems, by default there is also a smooth low-
mass enhancement, as a simple smeared representation of
exclusive resonance states. In the low-energy description of
nucleon—nucleon collisions this is replaced by a set of explicit
low-mass resonances (eg. AB — AR) [5]. The low-energy
description also includes single-resonance (AB — R) and
baryon—antibaryon annihilation contributions that are absent
in the high-energy one.

The nondiffractive cross section, which is the largest frac-
tion at high energies, is defined as what remains when the
contributions above have been subtracted from the total cross
section.

Some examples of total and partial cross sections are
shown in Fig. 1.

2.3 Hadronic collisions

At low energies the character of an event is driven entirely
by nonperturbative processes. In a nondiffractive topology,
this can be represented by the exchange of a single gluon,
so soft that the momentum transfer can be neglected. The
colour exchange leads to two colour octet hadron remnants,
however. Each can be split into a colour triplet and a colour
antitriplet part, g—q for a meson and q—qq for a baryon.
This leads to two (Lund [62]) strings being pulled out, each
between the colour of one hadron and the anticolour of the
other. In diffraction either a quark or a gluon is kicked out
from the diffracted hadron, giving either a straight string or

one with a kink at the gluon. Other processes have their own
descriptions [5].

Athigh energies, on the other hand, perturbative processes
play a key role. A suitable framework is that of multiparton
interactions, MPIs [63,64]. In it, it is assumed that the com-
posite nature of the hadrons leads to several separate parton—
parton interactions, each
dressed up with associated parton showers. At first glance the
interactions occur independently, but at closer look they are
connected by energy—momentum-flavour-colour conserva-
tion. Especially the last is nontrivial to model, and requires a
special colour reconnection step. There the total string length
is reduced relative to a first assignment where the MPIs are
largely decoupled from each other.

The probability to offer a perturbative description of a
nondiffractive event is assumed to be
Ppert = 1 —exp <_M> ) (®)

Eyid
when Ecyv > Enpin, and else vanishing. Here Ecy is the
collision energy in the rest frame, and

Emin =Emin,0 42 max(0.,mg — mp)

9
+2 max(0., mp —mp),

while Enin0 and Eyig are two free (within reason) param-
eters, both 10 GeV by default. The same transition can be
used for the handling of diffraction, with Ecy replaced by
the mass of the diffractive system. Note that it is separate
from the transition from low- to high-energy cross section
expressions.

In perturbative events the parton—parton collision rate
(neglecting quark masses) is given by

dl’i lZ///f (x1, Q%) £ (x2, Q%)

d”S(
d

differentially in transverse momentum p, . Here the PDF
fiA (x, Q%) represents the probability to find a parton i in
a hadron A with momentum fraction x if the hadron is
probed at a scale Q2 & pi. Different subprocesses are pos-
sible, labelled by k, but the dominant one is #-channel gluon
exchange. It is convenient to order MPIs in falling order of
p., like in a parton shower.

A problem is that the perturbative QCD cross section in
Eq. (10) is divergent in the p; — O limit. This can be
addressed by multiplying it with a factor

(10)

?A
) dxq dxy df
S

@ Springer
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pp cross sections as a function of energy

100 -
— total
-- LE
80r .. HE
— ND
eof ~~ LE
i) HE
£
< — el
40r - - LE
HE
— DJE
20+ . LE
HE
100'1 10°
Eqy (GeV)
(a)
100 ™ p cross sectiqns asa fu‘nction of energy
— total
-- LE J
80r ... hHE ]
—_— ND //
el —— LE .
3 HE
£
< — el
40t - - LE f
HE
— D/
200 LE
HE|-
100'1 10°

Fig. 1 Total, nondiffractive (ND), elastic (el) and diffractive/excitation
(D/E) cross sections for some common collision processes, a pp, b
7Fp, ¢ m~p and d K*p. Full lines show the cross sections actually
used, while dashed show the low-energy (LE) and dash-dotted the high-

Pl
Plo+ i

Ols(pio + Pi)
as(pt)

Jaamp(p1) = (1)

which is finite in the limit p; — 0. Such a modification
can be viewed as a consequence of colour screening: in the
p1 — 0 limit a hypothetical exchanged gluon would not
resolve individual partons but only (attempt to) couple to
the vanishing net colour charge of the hadron. The damping
could be associated only with the PDFs or only with the
dé /df factor, according to taste, but we remain agnostic on
this count. The new p | ¢ parameter is assumed to be varying
with the collision energy, with current default

oM 0.215
pLo = (2.28 GeV) (—> , (12)

7 TeV
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7" p cross sections as a function of energy

100
— total ]
sol hi //,
/
— ND
60 -- LE
g HE
Y — el
400 - LE|
HE
2oL — DI/B
-- LE
HE}
0 -1 ‘0 ‘1 ‘2 3 4
10 10 10 10 10 10
Eqy (GeV)
(b)
100 K*p cross sectiqns asa fu‘nction of energy
— total
-- LE
80F .. 4E ,
— ND
sol —~ LE |
3 -~ HE
£
< — el
40r - - LE
HE
2ol — DE
-- LE
HE
0 -1 ‘0 == o 1 ‘2 ‘3 4
10 10 10 10 10 10
Eqy (GeV)
(d)

energy (HE) separate inputs. The LE/HE curves are shown also outside
of their regions of intended validity, so should be viewed as illustrative
only

which can be related to the increase of PDFs at low x, leading
to an increasing screening with energy.

Most of the MPIs occur in the nondiffractive event class.
The average number is given by

AB

1 Ecm/2 do
(nmp1) = — / Saamp(p1) dpy. (13)
oND Jo

dpy

MPIs can also occur in high-mass diffraction, and is simu-
lated in PYTHIA [65], but this is a smaller fraction.

The amount of MPIs in a collision directly impacts the
event activity, eg. the average charged multiplicity. MPIs
have almost exclusively been studied in pp and pp collisions,
however, so we have no data to go on when we now want to
extend it to all the different collision types listed in Table 1.
As a guiding principle we assume that (nypr) should remain
roughly constant, ie. plausibly hadronic collisions at a given
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(large) energy have a comparable event activity, irrespective
of the hadron types. But we already assumed that total cross
sections are lower for mesons than for baryons, and falling
for hadrons with an increasing amount of strange, charm or
bottom quarks, so naively then Eq. (13) would suggest a cor-
respondingly rising (nypr). There are (at least) two ways to
reconcile this.

One is to increase the p( scale to make the MPI cross
section decrease. It is a not unreasonable point of view that
a lower cross section for a hadron is related to a smaller
physical size, and that this implies a larger screening. But it
is only then interactions at small p, scales that are reduced,
while the ones at larger scales remain.

The alternative is to modify the PDFs and to let heavier
quarks take a larger fraction of the respective total hadron
momentum, such that there are fewer gluons and sea quarks
at small x values and therefore a reduced collision rate. (A
high-momentum quark will have an enhanced high-p col-
lision rate, but that is only one parton among many.) This is
actually a well-established “folklore”, that all long-lived con-
stituents of a hadron must travel at approximately the same
velocity for the hadron to stick together. It is a crucial aspect
of the “intrinsic charm” hypothesis [66], where a long-lived
cc fluctuation in a proton takes a major fraction of the total
momentum. In the inverse direction it has also been used
to motivate heavy-flavour hadronization [67,68]. This is the
approach we will pursue in the following.

2.4 New parton distribution functions

Most PDF studies have concerned and still concern the pro-
ton, not least given the massive influx of HERA and LHC
data. Several groups regularly produce steadily improved
PDF sets [69-71]. The emphasis of these sets are on physics
at high Q2 and (reasonably) high x to NLO or NNLO preci-
sion. In our study the emphasis instead is on inclusive events,
dominated by MPIs at scales around p | ¢, ie. a few GeV, and
stretching down to low x values. These are regions where
NLO/NNLO calculations are notoriously unstable, and LO
descriptions are better suited.

Moving away from protons, data is considerably more
scarce. There is some for the pion, eg. [72-75], a very small
amount for the Kaon [76], and nothing beyond that. There
has also been some theoretical PDF analyses, based on data
and/or model input, like [77-92] for the pion and [79,82,93—
97] for the Kaon. But again nothing for hadrons beyond that,
to the best of our knowledge, which prompts our own work
on the topic.

In order to be internally consistent, we have chosen to take
the work of Gliick, Reya and coworkers as a starting point.
The basic idea of their “dynamically generated” distributions
is to start the evolution at a very low Qg scale, where origi-
nally the input was assumed purely valence-quark-like [98].

Over the years both gluon and u/d sea distributions have
been introduced to allow reasonable fits to more precise data
[99-102], but still with ansétze for the PDF shapes at Q that
involve a more manageable number of free parameters than
modern high-precision (N)NLO ones do. Their LO fits also
work well with the PYTHIA MPI framework. To be specific,
we will use the GRS99 pion [80] as starting point for meson
PDFs, and the GJR07 proton one [102] similarly for baryons.
Also the GR97 Kaon one [79] will play some role.

In the LO GRS99 7+ PDF the up/down valence, sea, and
gluon distributions are all parameterized on the form

fx) = Nx(1 —x)P(1 + AVx + Bx) (14)

at the starting scale Q(z) = 0.26 GeV?. The sea is taken sym-
metric Ugea = U = d = dgeq, wWhile s = ¢ = b = 0 at Q.
The GRS97 K* PDFs are described by assuming the total
valence distribution to be the same as for 7+ (as specified
in the same article), but the u PDF is made slightly softer by
multiplying it by a factor (1 — x)%7. That is, the K* valence
PDFs are given in terms of the 7+ PDFs as

vy = Nigjr (1 =00,

vi = (] +v]) — vy (15)

The coefficient Nk is a normalization constant determined
by the flavour sum relation

1
/ dx v(x) = 1. (16)
0

Gluon and sea (both u/d and s) distributions are taken to be
the same as for the pion.

In our work, we make the ansatz that hadron PDFs can
be parameterized on the form given in Eq. (14) at the initial
scale Qq, but with A = B = 0 since there are no data or
guiding principles to fix them in the generic case. The a and
b parameters are allowed to vary with the particular parton
and hadron in question, while N is fixed by Eq. (16) for
valence quarks. The deviations introducedby the A = B = 0
assumption are illustrated in Fig. 2. In Fig. 2a E615 data [75]
are compared with the 7 PDFs as given by GRV92 [77],
by GRS99 [80], and by our simplified description (labeled
SU21) where a has been adjusted to give the same (x) as for
GRS99. In Fig. 2b the X~ /47 ratio is compared between
data[76], GRS97 [79] and our simplified model. In both cases
the model differences are comparable with the uncertainty in
data.

To further illustrate the changes introduced by setting
A = B = 0, Fig. 3 shows the number and transverse momen-
tum of MPIs for different (a) proton and (b) pion PDFs, with
average values as in Table 2. In both cases, our simplified
SU21 ansatz leads to a shift that is comparable to the differ-
ence between the two standard PDFs. Thus we feel confident
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Fig. 2 a Pion PDFs, comparing our simplified form to GRV92 and
GRS99, and to data. b GX~ /47~ ratio, comparing our simplified param-
eterization on the form given in Eq. (14) to the slightly more detailed

that our simplified ansatz is sufficient also for other hadrons,
where there are neither data nor detailed theory calculations
available. Nevertheless, for accuracy, we use the NNPDF 2.3
QCD+QED LO distribution function for protons and GRS99
LO for pions in our studies, and the SU21 ansatz only for
hadrons beyond that.

Given that there is no solid theory for heavy hadron PDFs,
the specific choices of a and b necessarily are heuristic. Our
guiding principle is that all quarks should have roughly the
same velocity, as already mentioned, and thus heavier quarks
must have a larger average momentum fraction (x), and a
smaller b, while gluons and sea u/d must be softer. The (x)
choices do not exactly agree with the assumed mass ratios
in our AQM ansatz, Eq. (1), but are somewhat less uneven
than that. This is supported by the Kaon data [76], and also
by some modelling [66].

Except for some fine print to come later, our procedure to
determine PDFs at the Qg starting scale is as follows:

1. Give the valence quark distributions by Nx%(1 — x)?, ie.
put A= B =0.

2. Choose sensible b and (x) values for each valence quark,
based on the principles above.

o dxx f)

Jo dx f (o)
4. Derive N to satisfy Eq. (16).

5. For sea and gluon distributions, pick a d and set f(x) «
x4 f7(x) (here with A and B values as for the pion).

6. Rescale the gluon and u/d sea distributions by a common
factor to satisfy the momentum sum relation

1
/ dx foq(x) =1.
0

q

3. Derive a from (x) =(a+1)/(a+b+2).
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description of GRS97, and comparing to data. Note that both cases use
our simplified @7 shown in a, and only differ in X~

7. The s, c and b contents are zero at the starting scale.

Our choices of b, (x) and d are given in Table 3. Excited
particles use the same PDFs as their unexcited counterparts.
Some PDFs at the initial scale are shown in Fig. 4 for (a)
mesons and (b) baryons, which clearly show how heavier
quarks are made harder. The baryons are normalized to two
u valence quarks, and still the c/b peaks in £f /%, stand
out in the comparison.

Once the initial state has been set up, the DGLAP equa-
tions [104—-106] describe the evolution towards higher Q2
scales. Any number of implementations of these equations
exist, both private and public, such as QCDNUM [107],
HERAFitter/xFitter [108] and APFEL [109], that in princi-
ple should be equivalent. We choose to use QCDNUM since
we find it well documented and well suited for our purposes.
Nevertheless there are some limitations that we had to cir-
cumvent.

One such is that the framework is not set up to handle c
and b quarks below the respective thresholds Q% and Q%.
To handle their presence, we map some flavours onto others
during evolution. Consider eg. a BT = ub meson, where we
wish to evolve the bottom valence vi by b — bg branchings
starting from Q(Z), butallow g — bbonly above Q%. Tohandle
this, we can redefine the initial b valence as a contribution eg.
to the d content, ie. set f3(x, 02) = fea(x, Q3)+v5(x, 03).
Since evolution is linear, this relation also holds for Q(z) —
Q% > Qf, while fy(x, Q%) = fiea(x, Q%). For Q> > 0}
there will also be a “sea” bottom content fb(x, 0?) from
g — bb splittings. Then the correct d and b contents are
reconstructed as
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Fig. 3 The a, b number and ¢, d transverse momentum spectrum of MPIs, for a, ¢ protons and b, d pions. Each PDF has a cutoff and is considered
constant below some Q¢, which leads to the bumps at low p , especially noticeable for NNPDF2.3 distribution in ¢, whose cutoff is Q = 0.5 GeV

fix, 0% = fiolx, 0P + (fi(x, 0P — fa(x, %),

5 5 (17)
Jalx, Q) = falx, Q).

For doubly heavy flavoured mesons, like B, we place one
valence content in d and the other in u, then use the same pro-
cedure. The same trick can be modified to work for flavour-
diagonal mesons, like ¢, J/v and Y, eg. by adding the
valence content to d and d. Afterward theu =1 =d = d
symmetry of the unmodified sea can be used to shift the heavy
flavour content back where it belongs.

There is a further complication for 1 and n’, which fluc-
tuate between uii/dd/ss valence states. We handle this by
treating them as a uu state during evolution. After a specific
quark content is chosen during event generation, the valence
part of the evolved uu is shifted to the corresponding dis-
tribution. For simplicity both n and n’ are assumed to have

Table2 Average number and transverse momentum spectrum for MPIs
with different PDFs in pp and 7p collisions. The default p PDF in
PyTHIA is NNPDF2.3 QCD+QED LO with as(Mz) = 0.130 [103].
This default is used for the proton PDF in the 7 p collisions

(nmpr) (pL.mp1)
p, NNPDF2.3 327 2.56
p, GJRO7 3.88 2.58
p, SU21 3.24 2.54
7, GRV92 3.70 2.67
7, GRS99 3.10 2.68
w,SU21 3.78 2.72

the same valence (x) values, intermediate between 7 and ¢,
whether in a sS state or in a uu/dd one.
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Table 3 Input parameters for the implemented hadron PDFs, as described in the text. Columns are ordered so that heavier quarks appear first.
Excited hadrons are also implemented, using the same parameters as for a lighter hadron with the same flavour content

Particle by (x)1 by (x)2 b3 (x)3 d

T 0.35 0.28 0.35 0.28 - - 0.00
K 0.25 0.34 0.52 0.26 - - 0.17
n 0.32 0.30 0.32 0.30 - - 0.17
] 0.30 0.32 0.30 0.32 - - 0.17
D 0.20 0.55 1.00 0.22 - - 1.00
D; 0.25 0.53 0.80 0.26 - - 1.00
Iy 0.30 0.43 0.30 0.43 - - 2.00
B 0.15 0.70 2.00 0.12 - - 2.00
Bg 0.20 0.68 1.60 0.16 - - 2.00
B 0.25 0.64 1.00 0.24 - - 3.00
T 0.30 0.46 0.30 0.46 - - 4.00
/A 2.8 0.24 35 0.17 35 0.17 0.17
() 3.0 0.235 3.0 0.235 3.8 0.15 0.17
Q 32 0.22 32 0.22 32 0.22 0.17
Ye/Ae 1.5 0.49 4.0 0.14 4.0 0.14 1.00
B¢ 1.6 0.475 39 0.16 4.5 0.14 1.00
Qe 1.7 0.46 3.8 0.16 3.8 0.16 1.00
2/ Ab 1.0 0.64 5.0 0.10 5.0 0.10 2.00
Ep 1.1 0.625 4.8 0.12 5.0 0.10 2.00
Qp 1.2 0.61 4.8 0.12 4.8 0.12 2.00

Valence contents for some mesons at Oé =0.26
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Fig. 4 Different valence PDFs at the initial scale Q(z) = 0.26 GeV?2, for (a) 7, K, D and B mesons, showing the flavoured valence and the ¢ (= d/u)
valence contents; and for (b) uug baryons for ¢ = d (proton), s (1), ¢ (EC+ *)and b (Z;’ )

Baryons are treated similarly to mesons, with the obvi-
ous exception that they have three valence distributions. In
this case the starting point is the GJR0O7 proton. Despite the
known asymmetry of the proton, that the u valence is harder
than the d one, we take u and d distributions, where present, to
be equal for all other baryons. For heavy-flavoured baryons,
the heavy valence is shifted into the d valence in analogy with

@ Springer

the meson case. We have not implemented doubly- or triply
heavy-flavoured baryons, since these should be produced at
anegligible rate, and thus there are no further complications.

After having studied the PDFs resulting from this proce-
dure, we make one additional ad hoc adjustment for the J /1,
B and Y mesons, ie. the ones that have exclusively ¢ and
b valence content. Using only the procedure outlined so far,
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the average number of MPIs in interactions involving these
particles is much higher than for other hadrons. This comes
as no surprise in view of Eq. (13); the absence of light quarks
makes for a small total and nondiffractive cross section, while
the normal evolution allows a non-negligible gluon and sea to
evolve right from the low Qg scale. Butin real life one should
expect heavy quarks to have a reduced emission rate of glu-
ons below their mass scale. To compensate for this, increased
Q(z) scales of 0.6 GeV2, 0.75 GeV? and 1.75 GeV? are used
for J/yr, B. and Y, respectively. One could argue that sim-
ilar shifts should be made for all hadrons containing a ¢ or
b quark, but if there are also light valence quarks then there
should be some evolution already from small scales. Any
mismatch in the emission can then more easily be absorbed
in the overall uncertainty of the setup at the Qg starting scale.

2.5 The forward region

The fastest particles in the projectile region play a central
role for the shower evolution in the atmosphere, so the mod-
elling of this region is a topic of special interest. Traditionally
PYTHIA is more aimed towards the modelling of the central
region, and there are known issues in the forward region
[110-112]. Briefly put, proton/neutron spectra are softer and
pion spectra harder than data. In SIBYLL, which normally
uses Lund string fragmentation, this has required a separate
dedicated handling of leading-baryon formation [13].

We are not here able to report a final resolution of these
issues, but a beginning has been made with two new options,
both which modify the fragmentation of a diquark in the beam
remnant. The first is to disallow popcorn handling [113], ie.
the mechanism q;q2 — q1G3 + q2q3 whereby a meson can
become the leading particle of a jet. (If two valence quarks
are kicked out from the proton, which can happen in sepa-
rate MPIs, the resulting junction topology is unaffected by
the popcorn handling.) The second is to set the a and b
parameters of the Lund symmetric fragmentation function
f@=U/2) 1 —2)* exp(—bmi/z) separately from those
in normal hadronization. There is some support for such a
deviation in a few Lund studies [114—116], where it is argued
that a drifting-apart of the two quarks of an original dipole
indirectly leads to a hardening of the baryon spectrum.

Some first results are shown in Fig. 5. For the nucleon
production it can be noted that both steps are about equally
important, where ¢ = 0 and » = 2 GeV~2 in the second
step. Obviously other a and b values could have given a
smaller or larger hardening of the nucleon spectrum. The
composition is roughly 65% p and 35% n, over the full
phase space. The diffractive peak of protons near xp = 1
has here been removed; in diffraction only the diffracted side
of the event is studied. Additional baryon—antibaryon pair
production becomes important in the central region, which
is why only xg > 0.1 is shown. For pions the major effect

comes from removing remnant-diquark popcorn production,
while the baryon fragmentation parameters here have a lesser
effect.

Further modifications are likely to be necessary, and tun-
ing studies are in progress [117].

2.6 Technical details

The new “SU21” PDFs will be included in an upcoming
release of PYTHIA as LHAPDF-compatible [118] files, using
the 1hagridl format, as a central grid. The grids go down
tox = 1072 and up to Q = 10* GeV.

It is already possible to have a variable energy for the col-
lisions, if switched on at initialization. Then the MPI machin-
ery is initialized at a set of energies up to the maximal one,
and later on it is possible to interpolate in tables to obtain
relevant MPI values at the current energy. This rather new
feature is similar to what has existed a long time for MPIs in
diffractive systems, where the diffractive mass varies from
event to event even for fixed total energy. Note that it is only
implemented for the inclusive processes in the MPI frame-
work, and not for rare processes.

In a future release, it will also be possible to switch
between different beam particles on an event-by-event basis.
It is assumed that Ap and hn cross sections are the same,
and that p and n PDFs are related by isospin symmetry. (The
latter is not quite true when QED effects are included, but it
is close enough for our purposes.) Going one step further, it
is also possible to initialize MPIs for the average behaviour
of processes that have the same pomeron coefficient X428
in the total cross section, where the PDFs are related by
strong isospin, such that the high-energy behaviour should
converge. The main example is 7 +p, 7 ~p and p. In detail,
the MPI initialization is then based on the average behaviour
of onp anddo/dp, eg.in Eq. (13), but the total cross section
for a collision to occur is still by individual particle combi-
nation.

There are other beam combinations that have different
total cross sections and PDFs that are not easily related to
each other, cf. Tables 1 and 3. In a study where the user
wishes to switch between such beam combinations during the
run, the PDFs and MPI data grids must be initialized for each
individual case. This may take tens of seconds per species,
and multiplied by twenty this may be annoyingly long for
simple test runs. The future release therefore introduces an
option where the MPI initialization data of an instance can
be stored on file and reused in a later run. This puts some
responsibility on the user, since the new run must then be
under the same condition as the original one: same (or only
a subset of) allowed processes, same PDFs, same p | o, same
(or lower) maximum energy, and so on. These features are
disabled by default and will only be available if explicitly
turned on by the user during initialization.
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Fig. 5 Feynman-x spectrum of (a) nucleons p/n and (b) 7% for 6 TeV pp collisions with inelastic events, where the quasi-elastic side of single

diffraction is not considered

3 Event properties and nuclear effects

With the tools developed in Sect. 2 it is now possible to gen-
erate a single hadron-nucleon collision for a wide selection
of hadrons and at an almost arbitrary energy. Some compar-
isons between these hadron-beam options are first presented.
But for a realistic simulation of a full cascade, eg. in the
atmosphere, we need to consider nuclear effects. Here the
ANGANTYR model provides some reference results for fixed
topologies. Currently it is not flexible enough for cascade
simulation, however, so instead we introduce a simplified
approach.

3.1 Hadronic interaction properties

One of the assumptions made above was that the changes in
total cross sections and in PDFs would match to some approx-
imation, such that event properties would be comparable over
the range of colliding hadrons. In this section we will briefly
investigate how this works out by studying non-diffractive
hadron—proton collisions at 6 TeV. There is no deep rea-
son for this choice of CM energy, except that any potential
proton—oxygen (or proton—nitrogen) run at the LHC is likely
to be for a nucleon—nucleon energy in that neighbourhood.
The incoming “projectile’” hadron will be moving in the +z
direction and the “target” proton in the —z ditto.
Distributions for the number and transverse momentum
of MPIs are shown in Fig. 6 for a few different hadron types,
while Fig. 7 shows charged hadronic multiplicity, p | spectra,
and rapidity spectra. We note that, by and large, the various
distributions follow suit quite well, and notably the charged
multiplicities are comparable. A few key numbers are shown
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for a larger class of collisions in Table 4, cementing the gen-
eral picture. This indicates that the joint handling of total
cross sections and PDFs are as consistent as can be expected.

Exceptional cases are Y, Bj and J/v where, even after
adjusting the initial Q(z) scale for the PDF evolution to reduce
the number of MPIs, these particles give a higher activity
than others. The technical reason is that, even if the MPI
cross section is reduced to approximately match the smaller
total cross, a non-negligible fraction of the remaining MPIs
now come from the heavy valence quarks at large x values.
These thereby more easily can produce higher-p; collisions
(see (p1 mpi) in Table 4), which means more event activity
in general.

Studying the rapidity spectra closer, we find asymmetries
around zero, depending on how different the PDFs of the pro-
jectile are from those of the target proton. That is, a projectile
with harder PDFs should give a spectrum shifted towards pos-
itive rapidities, and vice versa. Harder valence quarks tend
to be counteracted by softer gluons and sea quarks, how-
ever. Possible effects also are partly masked by strings being
stretched out to the beam remnants, no matter the rapidity of
the perturbative subcollision. To better probe larger x values,
we also study jet distributions, using the anti-k algorithm
[119,120] with R = 0.7 and p 1 jey > 50 GeV. Some distribu-
tions are shown in Fig. 8, with average values again given in
Table 4. Indeed asymmetries now are quite visible. We also
note that the high-p jet rate, normalized relative to the total
nondiffractive cross section, is enhanced in the cases with
harder PDFs, even if this is barely noticeable in the average
p. of all hadrons.
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Fig. 6 The a, b number and ¢, d transverse momentum spectrum of
MPIs, for a selection of a, ¢ meson—proton and b, d baryon—proton col-
lisions at 6 TeV. Labels denote the respective hadron beam. Note that

3.2 Nuclear collisions with Angantyr

PYTHIA comes with a built-in model for heavy-ion collisions,
ANGANTYR [4], which describes much pA and AA data quite
well. It contains a model for the selection of nuclear geometry
and impact parameter of collisions. In the Glauber formalism
[121] the nucleons are assumed to travel along straight lines,
and a binary nucleon—nucleon subcollision can result any-
time two such lines pass close to each other. Any nucleon that
undergoes at least one collision is called “wounded” [122].
In our case the projectile is a single hadron, so the number of
subcollisions equals the number of wounded target nucleons.

In principle all of the components of the total cross sec-
tion can contribute for each subcollision, but special con-
sideration must be given to diffractive topologies. Notably
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PDFs are taken to be constant below Q2 = 0.5 GeV? for protons and
below Q% = 0.25 GeV? for the other particles, which is the reason for
the strange behaviours at low p

diffractive excitation on the target side gives rapidity distri-
butions tilted towards that side, a concept used already in
the older FRITIOF model [123] that partly has served as an
inspiration for ANGANTYR. Alternatively, one can view such
topologies as a consequence of the PYTHIA MPI machinery,
wherein not all colour strings from several target nucleons
are stretched all the way out to the projectile beam remnant,
but some tend to get “short-circuited”. If such colour con-
nections occur flat in rapidity, then this is equivalent to a
dM?/M? diffractive mass spectrum. To first approximation,
an ANGANTYR hadron—nucleus collision can be viewed as
one “normal” subcollision plus a variable number of diffrac-
tive events on the target side.

In its basic form, ANGANTYR event generation is quite
fast, about as fast as ordinary PYTHIA hadron-hadron col-
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Table 4 Some basic numbers for various non-diffractive hadron—
proton collisions at 6 TeV: total and nondiffractive cross sections (in
mb); average number and p | of MPIs in nondiffractive events; average

charged multiplicity, charged p and y; and jet cross section (in ub)
and p and y of jets with p | min = 50 GeV

beam Ototal OND (nmpr) (pLmpr) (nen) (p1) (») et (14b) (PLjet) (yjer)
at 55.6 429 3.67 2.90 88.1 0.49 0.17 93.6 63.7 0.07
n 49.7 38.5 3.55 3.01 91.7 0.48 0.30 75.9 64.9 0.40
K+ 48.2 37.6 3.57 2.97 89.3 0.48 0.23 77.6 64.8 0.35
[ 40.8 32.2 3.75 3.02 93.6 0.48 0.26 75.2 64.6 0.45
Do 34.6 28.0 3.74 3.07 96.4 0.48 0.36 68.4 64.9 0.53
D;*' 27.2 22.2 4.04 3.13 99.8 0.49 0.29 72.5 64.6 0.52
I/ 13.6 11.3 4.04 3.40 103.9 0.50 0.41 63.1 64.8 0.70
Bt 314 26.1 3.60 2.98 92.0 0.48 0.29 65.7 64.9 0.46
Bg 22.8 19.1 422 3.05 104.4 0.50 0.30 65.7 64.7 0.51
B;F 9.2 7.8 4.25 3.50 110.2 0.52 0.43 55.1 64.8 0.74
T 4.8 4.1 4.37 3.73 120.1 0.52 0.47 53.7 65.5 0.86
p 88.5 68.3 3.96 2.77 85.9 0.49 0.00 92.9 63.2 0.00
Al 76.7 59.9 3.52 2.88 86.6 0.47 0.15 89.8 64.0 0.14
B~ 64.9 51.3 3.65 2.90 89.8 0.47 0.21 87.1 64.3 0.19
Q- 53.1 42.6 3.80 2.98 94.4 0.48 0.26 82.1 64.3 0.17
A:r 64.9 52.2 3.03 2.90 80.3 0.46 0.27 75.2 64.7 0.32
E? 64.9 52.2 3.06 2.89 81.7 0.46 0.31 79.5 65.0 0.37
Q(C) 41.3 33.6 3.96 2.99 97.2 0.48 0.32 76.9 64.8 0.37
Ag 61.1 50.6 2.69 291 78.0 0.45 0.35 71.6 64.9 0.43
gy 61.1 50.6 2.72 2.91 79.5 0.45 0.40 73.9 64.7 0.44
Q 37.5 31.7 3.65 2.99 96.0 0.47 0.40 72.0 64.4 0.40

lisions per hadron produced. That is, the overhead from
nuclear geometry considerations and energy—momentum
sharing between partly overlapping nucleon—nucleon colli-
sions is negligible. The program becomes much slower if the
more sophisticated features are switched on, such as ropes
[124,125], shove [126,127], and hadronic rescattering [6].
These contribute aspects that only become apparent in a
more detailed scrutiny of events, beyond what is needed for
our purposes. With minor modifications to the ANGANTYR
code itself, ie. on top of the PYTHIA-generic ones we have
already introduced in this article, it is also possible to allow
any hadron to collide with a nucleus.

There are two severe limitations, however. Firstly, a time-
consuming recalculation of hadronic geometry parameters
is required anytime the collision energy or incoming hadron
species is to be changed in ANGANTYR. Potentially this could
be fixed in the future, eg. by interpolation in a grid of initial-
izations at different energies, but it appears to be less sim-
ple than what we have introduced for the MPI framework.
And secondly, ANGANTYR is only intended to be valid for
nucleon—nucleon collision energies above roughly 100 GeV.

A less severe limitation is that the handling of nuclear
remnants is very primitive. All non-wounded nucleons are
lumped into a new nucleus, without any possibility for it to

break up into smaller fragments. For a fixed target the new
nucleus is essentially at rest, however, which means that it
does not contribute to the continued evolution of the hadronic
cascade. Therefore even the simple approach is good enough.
In a cascade initiated by a primary nucleus with a fixed
energy, it would have been conceivable to handle at least
the primary collision using the full ANGANTYR, if it was not
for this last limitation.

Even given the limitations, ANGANTYR offers a useful ref-
erence when next we come up with a simplified framework.
Firstly, the number of subcollisions in pN collision roughly
follows a geometric series, Fig. 9a. This is largely a conse-
quence of geometry, where peripheral collisions are common
and usually only give one subcollision, while central ones
are rare but give more activity. To reach the highest multi-
plicities one also relies on rare chance alignments of target
nucleons along the projectile trajectory. The deviations from
an approximate geometric series are larger if one instead con-
siders pPb collisions, Fig. 9b, but not unreasonably so.

An approximate geometric behaviour is also observed for
other 2N and /Pb collisions. The average number of sub-
collisions depends on the hadron species and the collision
energy, but mainly via the total cross section, as can be seen
from Fig. 9c,d. Here the results are shown for seven differ-
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Fig. 8 a,blet p, and c, d rapidity differential cross sections (in units of ub), with p | min = 50 GeV. Average values are shown in Table 4. Labels

denote the respective hadron beam

ent incoming hadrons (p, 7, KT, ¢°, A?, 20, Q™) at five
different energies (10, 100, 1000, 10,000, 100,000 GeV). In
the limit of oo — 0 one would never expect more than
one subcollision. Given this constraint, a reasonable overall
description is obtained as

1 +0.0170 for oyor < 31
ANy tot tot
bnsup) = { 1.2 4 0.01050, else o
14+ 0.070; for oyt < 40
hPby __ tot tot
(ngp ) = { 1.8 + 0.050 else (19

with oy, in mb, as plotted in the figures.

Secondly, ANGANTYR may also be used as a reference for
expected final-state properties, such as the charged rapidity
distribution, dng, /dy. As a starting point, Fig. 10a compares
the ANGANTYR pN distribution with the PYTHIA pp one at a
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6 TeV collision energy. The PYTHIA curve has beeen scaled
up by a factor of 2.05, which corresponds to the average num-
ber of subcollisions in pN. While the total charged multiplic-
ities are comparable, there are three differences of note. (1)
The ANGANTYR distribution is shifted into the target region,
while the PYTHIA one by construction is symmetric around
y = 0. (2) PYTHIA has a large peak at around y = 8.7 from
elastic scattering, and some single diffraction, that is much
smaller in ANGANTYR. (3) At y &~ —8.7 instead ANGAN-
TYR has a narrow peak from the not wounded nucleons that
together create a new nucleus.

The description of nuclear effects on hadronization is non-
trivial. At ANGANTYR initialization the relative composition
of different subprocesses is changed. This means eg. that the
elastic rate in pN with one single subcollision is reduced rel-
ative to PYTHIA pp, Fig. 10b,c. Each further subcollision in
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Fig. 9 Number of subcollisions in a proton—nitrogen and b proton-lead collisions at five different subcollision energies. The average subcollision
number in ¢ hadron—nitrogen and d hadron—lead as a function of the total cross section, with some fits, see text for details

ANGANTYR involves the addition of a diffractive-like sys-
tem on the target side, but the step from 1 to 2 also includes
eg. a drop in the elastic fraction, Fig. 10b, and the corre-
lations arising from nucleons being assumed to have fluc-
tuating sizes event-to-event. The diffractive systems have a
higher activity and are more symmetric than corresponding
PYTHIA ones, Fig. 10c. As already mentioned the ANGAN-
TYR mechanism is not quite equivalent with that of ordinary
diffraction, which is reflected in the choice of PDF for the
“pomeron”, as used for the MPI activity inside the diffrac-
tive system. In ANGANTYR a rescaled proton PDF is used,
while by default the H1 2006 Fit B LO [128] pomeron PDF
isused in PYTHIA. If MPIs (and parton showers) are switched
off, the diffractive systems become quite similar, and have a

marked triangular shape, as expected for a dM?/M? diffrac-
tive mass distribution. That is, without MPIs the asymmetry
of ANGANTYR events is dramatically larger. It is possible to
use the rescaled-proton approach also in the PYTHIA simu-
lation to obtain better agreement, but this is not quite good
enough, so next we will present a slightly different solution.

3.3 Simplified nuclear collisions

In this section we introduce a simple framework to handle
the interactions of a hadron % impinging on an N target at
rest. ANGANTYR is used as a reference, but does not allow
the rapid switching of beam particle and energy needed to
trace the evolution of a cascade, which instead is the area
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where the framework developed in this article excels. The
new algorithm works as follows.

1. Calculate the invariant mass for the /p, which is the same
as the one for /n to first approximation.

2. Evaluate the hp total cross section atléf as already
described; again assumed equal to the /n one.

3. Evaluate (néﬁ\é) from Eq. (18).

4. Definer =1—-1/ (ni’é\é), such that the geometric dis-
tribution P, = r"~'/(n"N), n > 1 has " P, = 1 and
(n) = (nf).

5. Decide with equal probability that a proton or a neutron
in the target is wounded, and correspondingly generate an
inclusive hp or hn event. Do not do any decays, however.

6. Continue the generation with probability . If not go to
point 10. Also go there if there are no more nucleons that
can be wounded, or if another user-set upper limit has
been reached.

7. Find the newly produced hadron that has the largest lon-
gitudinal momentum along the direction of the mother
hadron A. Redefine 4 to be this newfound hadron.

8. Pick a new target proton or neutron among the remain-
ing ones, and generate a corresponding Ap or hn event.
Below 10 GeV, all low energy processes are allowed.
Above 10 GeV, only allow a mix between nondiffractive
and target single diffractive topologies, the former with
probability Pyp = 0.7. Again omit decays at this stage.

9. Loop back to point 6.

10. At the end allow all unstable hadrons to decay.

The procedure is to be viewed as a technical trick, not
as a physical description. Obviously there is no time for
hadronization during the passage of the original & through
the N. Rather the idea is that the new /4 in each step represents
the original one, only with some loss of momentum. This is
not too dissimilar from how a p projectile in ANGANTYR has
to give up some of its momentum for each subcollision it is
involved in, even if that particular loss is calculated before
hadronization. The new procedure also leads to the central
rapidity of each further subcollision being shifted towards
the target region.

The specific value of Pxp in step 8 has no deep physical
meaning, but is “tuned” such that this mix of the relevant
curves in Fig. 10c, combined with the rapidity shift proce-
dure just explained, gives the same average behaviour as the
consecutive steps in Fig. 10b. Notably a high Pnp is needed
to reproduce the high activity and low (y) shiftin ANGANTYR
“diffractive” systems.

A simplified test is shown in Fig. 10d, where the new
hadron % and the target nucleon is always assumed to be a
proton, such that only one collision kind is needed for the sim-
ulation at this stage. We have checked that an almost equally

good description is obtained also for a lead target, and for
a range of collision energies. A warning is in place, how-
ever, that the picture is a bit more impressive than warranted.
Specifically, the charged multiplicity distributions show non-
negligible discrepancies, Fig. 10e, where the PYTHIA machin-
ery gives somewhat more low-multiplicity events, reflected
in the forward elastic peak region, which then is compensated
elsewhere to give the same average. It should be good enough
to get some reasonable understanding of nuclear effects on
cascade evolution, however. Later on, for such studies, we
will use the full framework.

The Angantyr model is not intended to be applied at very
low energies, so there we have no explicit guidance. The
same approach with successive subcollisions is still used,
with the hardest hadron allowed to go on to the next inter-
action, meaning that the CM frame is gradually shifted in
the target direction. But there are two modifications. Firstly,
below 10 GeV in the CM frame, all allowed (low-energy) pro-
cesses are mixed in their normal fractions. And secondly, no
further subcollisions are considered once the kinetic energy
of the hardest hadron falls below Ekin min-

Asafinal comment, if each initial zp or in collision results
in an average of (n’sﬂ) subcollisions, then the effective crt}(’,lf
cross section must be reduced by the same factor. That is,
relative to a gas of free p/n, the incoming hadron will travel
longer in a same-nucleon-density N gas before interacting,
but produce more subcollisions each time it interacts. More
generally, for anucleus A with atomic number A, the ansatz is
that o' (né’lﬁ)) =A o[}:)f. Nontrivial nuclear effects, such as
the fluctuating nuclear sizes or shadowing, could modify this.
For the 28 cases studied in Fig. 9 the ratio o/ (né’ﬁ) /(A at}(’){’)
lands in the range 1 — 1.2 for N and 1.2 — 1.4 for Pb, with no
obvious pattern. For now such a possible correction factor is
left aside.

4 Modelling hadronic cascades

In the previous sections we have developed and tested the
tools needed to described hadron—nucleon interactions, and
in an approximate manner hadron—nucleus ones, over a wide
range of energies. In this section we will present some simple
studies making use of the resulting framework. To this end
we introduce a toy model of the atmosphere and study the
evolution of a cascade. At the end we also study a cascade in a
slab of lead, to go from a dilute to a dense medium, and from a
light to a heavy nucleus. These examples are intended to point
to possibilities rather than to give any definitive answers.
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4.1 Medium density

The simplest possible medium density distribution is a uni-
form density p. While not accurate for the atmosphere, it
may be applicable eg. for simulating solid particle detectors.
In such a medium, the mean free path of a particle is

1
o= —, (20)
op

where o is the cross section for an interaction between the
beam particle and a medium particle. The distance traveled
before an interaction then follows an exponential distribution
with mean value /y. In PYTHIA, lengths are given in units of
mm and cross sections in units of mb. For particle densities,
we use the common standard g/cm?®. The conversion reads

Imb 1g/em® mc?

o P 1GeV’

lp = 1.78266 - 10* mm 1)

where m is the target nucleus mass.

If decays of long-lived particles can be neglected, the evo-
lution of the cascade is only a function of the g/cm? inter-
action depth traversed, and we will use this as standard hor-
izontal axis along which to present several results. When
decays are to be included, however, it becomes important to
model density variations. Let the atmospheric density p(z)
depend on height z above the surface. The incoming particle
enters the medium at z = zo with a zenith angle 6, and the
earth curvature is neglected. Then the naive probability for
an interaction at height z is given by

dPhaive (2) _ op(z)
dz Y

= /(). (22)

But we are only interested in the first time this particle inter-
acts, and this gives the conventional “radioactive decay”
exponential damping, that the particle must not have inter-
acted between z¢ and z:

dP(z) _
dz

<0
f(z) exp (-/ f@) dz/>- (23)

If f(z) has an invertible primitive function F(z) then the
Monte Carlo solution for the selection of z is

7= F ' (F(z0) —log R), (24)

where R is a random number uniformly distributed between
0 and 1. If not, then the veto algorithm [1] can be used. Once
the first interaction has been picked at a height z1, then the
same algorithm can be used for each of the particles produced
init, with zo replaced by z as starting point, and each particle
having a separate o and 6. This is iterated as long as needed.
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For unstable particles also a decay vertex is selected, and the
decay wins if it happens before the interaction. A particle
reaches the ground if the selected z < 0.

In our simple study, we model the atmospheric density at
altitude # starting from the ideal gas law, p(h) = pM/RT,
where T and p are temperature and pressure at h, M is
the molar mass of dry air, and R is the ideal gas constant.
Assuming a linear drop-off for temperature (as is the case
for the troposphere [129]), we have T = Ty — Lh, where L
is the temperature lapse rate. From the hydrostatic equation,
dp/dh = —gp, the pressure is

p = po (1 — Lh/To)sM/RE. (25)
Then

M
p(h) = R_To 1 - To ~ poe , (26)

where the approximation holds for Lh <« Tp, and

1 _sM L 27)
H Ry Ty

Using International Standard Atmosphere values for the
atmospheric parameters (ISO 2533:1975 [130]) gives po =
1.225 g/m® and H = 10.4 km. This approximation is good
up until around L = 18 km (near the equator), but in our sim-
plified framework, we assume the entire atmosphere follows

this shape. In this case, it is possible to sample z according
to Eq. (24), specifically,

0
z=—Hlog (e_ZO/H — ;I(;S,Oo log R) . (28)

In our model, we make the additional assumption that the
particle will never interact above zo = 100 km. This is a
good approximation since, applying the exponential approx-
imation in Eq. (26) to infinity, the probability of such an
interaction is of order 107> Dedicated programs use a more
detailed description, eg. CORSIKA has an atmosphere with
five different layers.

4.2 Some atmospheric studies

In this section we study the cascade initiated by a proton
hitting the model atmosphere above. In the future it would
be useful to study also eg. an incoming iron nucleus, but
here it is still not clear how to handle the nuclear remnants.
The simulation includes hadronic cascades and decays, plus
muon decays. But there is no simulation of electromagnetic
cascades, nor electromagnetic energy loss of charged par-
ticles, nor bending in the earth magnetic field, nor a mul-
titude of other effects. Photoproduction of hadronic states
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could be added, either for primary cosmic-ray photons or for
secondary ones, but would require some more work, and is
not considered important enough for now. The atmosphere
is assumed to consist solely of nitrogen, which is a reason-
able first approximation, given that eg. oxygen has almost
the same atomic number.

Four atmospheric scenarios will be compared:

1. A constant-density atmosphere, like on earth surface,
consisting of free protons and neutrons. It starts 10.4 km
up, so has the same total interaction depth as the normal
atmosphere at vanishing zenith angle.

2. Also a constant-density atmosphere of same height, but
using the already described emulation of collisions with
nitrogen.

3. Anexponentially attenuated “nitrogen” atmosphere, with
vanishing zenith angle. Upper cutoff at 100 km.

4. Anexponentially attenuated “nitrogen” atmosphere, with
45° zenith angle. This means a factor v/2 larger interac-
tion depth than the other three scenarios. Again a 100 km
upper cutoff.

The first atmosphere is included as a reference, such that
the second one can gauge the impact of nuclear effects on
the cascade evolution, as follows. In a p/n atmosphere, or
between the separate N nuclei in an N one, production is
multiplicative: each hadron formed in a first collision can
go on and produce new particles in a separate second col-
lision. But inside a nucleus new hadrons do not have time
to form until after all the 4p/ hn subcollisions have occured.
Then the hadronic multiplicity is approximately proportional
to the number of nucleons wounded by the original incom-
ing hadron, ie. is additive. Therefore one expects a slower
start of the cascade evolution in an N atmosphere than in
an equivalent-nucleon-density p/n one. In reality differences
can be reduced by energy—momentum conservation effects,
and by a smaller ability for low-energy particles to produce
further hadrons. As a toy example how large effects are pos-
sible, we have studied the case where each of the products
of a primary 6 TeV pp event, represented by a 19,200 TeV
beam on a fixed target, can interact with one further p in the
target, Fig. 11. For this toy study the cascade stops after the
second step, and hadrons are only allowed to interact if the
kinetic energy of the collision is larger than 0.2 GeV.

What is expected to differ between the second and the
later atmospheres is the competition between decays and sec-
ondary interactions. An early interaction high up in an atten-
uated atmosphere gives the produced hadrons more time to
decay before they can interact.

For simplicity we assume an incoming proton energy of
108 GeV. This corresponds to a pp collision CM energy of
13.7 TeV, ie. just at around the maximal LHC energy. Only
hadrons with a kinetic energy above Exin min = 0.2 GeV are

Primary and final hadronic charged multiplicity

1072
—— Two independent pp collisions
All secondary interactions
—— Some secondary interactions
2z
g 1073
Q
IS
o
1074

0 250 500 750 1000 1250 1500 1750 2000
Neh

Fig. 11 Toy study on the effect of clustering nucleons into nuclei, as
reflected in the charged multiplicity distribution after an initial proton
has passed through two “layers” of target nucleons. In one scenario
these layers are closely spaced, as inside a (nitrogen) nucleus, so that no
hadrons from the first collision have time to form before the second one.
This is approximated by the sum of two independent pp collisions. In the
other scenario the two “layers” are well separated, as they would be in
a hydrogen atmosphere. Then all of the hadrons of the first pp collision
have time to form and spread out, and each such hadron can undergo a
second independent collision on a target proton. In one suboption (“All””)
all such hadrons are forced to undergo a second collision. In another,
more realistic (“Some”), each interacts with a probability given by the
ratio of the individual hadron-proton cross section to the original pp
one. See further explanations in the text

allowed to interact. Below that scale they can still decay, but
those that do not are assumed to have dissipated and will not
be counted in our studies below.

The evolution of the cascade is shown in Fig. 12 and
Fig. 13, and the energy spectra and transverse spread of par-
ticles reaching the surface in Fig. 14.

Considering Fig. 12a, the hadron—nucleon interaction rate
as a function of atmospheric depth, we note that interactions
begin earlier in the p/n atmosphere than in the N one, but
then also peters out earlier, when most hadrons have low
energies. Moving on to the exponential atmosphere, more
hadrons (notably pions) decay before they can interact, which
reduces the interaction rate. Even more so in the case of a 45°
zenith angle, where more of the early evolution takes place in
a thin atmosphere. The production rate of hadrons, Fig. 12b,
correlates rather well with the interaction rate, although the
number of hadrons produced per collision would gradually
decrease as each hadron gets to have alower energy. The early
hadron production is higher for the free p/n atmosphere, con-
sistent with expectations but not quite as dramatic as Fig. 11
might have led one to expect. Most of the hadrons decay
reasonably rapidly, leaving mainly protons and neutrons to
carry on. Fig. 12c shows how the number of such unde-
cayed hadrons increases, following the pattern of the pre-
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Fig. 12 Evolution of a cascade initiated by a 108 GeV proton travelling
through four different simple models of the atmosphere, as described in
the text, as a function of atmospheric depth in g/cm?. The models stop
when reaching the surface. Shown is the number of a interactions, b

0 250 500 750

vious plots. Specifically, the exponential atmospheres give a
reduced number of final hadrons.

The long lifetime of muons, ct = 659 m, means that muon
decays lag behind production, Fig. 13a. The number of muons
reaches a plateau, where production and decay roughly bal-
ance, Fig. 13b. Recall that electromagnetic cascades, largely
initiated by the 7 — yy decays, are not studied here, and
thus their potential contribution to muon production is not
included. The total number of muons follows the same pattern
between the four atmospheric scenarios as noted for hadrons.
The production of muon and electron neutrinos, Fig. 13c, d,
is dominated by pion and muon decays, but also receives

@ Springer

1000 1250 1500 1750

X (g/cm?)

(a)

Number of hadrons at depth

105 4

X
(1/nen) [ dN
=
4

103 4

—— Uniform p/n atmosphere
—— Uniform nitrogen

—— Exponential nitrogen

—— Exponential nitrogen at 45°

102 .
0 250

1000 1250 1500 1750

X (g cm=2)

(c)
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hadrons produced (full) and decayed (dashed), and ¢ hadrons remain-
ing. Hadrons that fall below the Eyin min threshold are removed from
the numbers in ¢, but have not been counted as decays in b

contributions from other weak decays. Neutrino oscillations
are not considered here.

The bulk of hadrons that apparently reach the ground
have very low kinetic energies, even given the cut Eyj, =
E —m > Exin min, Fig. 14a. In reality most of these would
be stopped by ionization energy losses or bent away by the
earth magnetic field, and those that still reach the ground
would do it with reduced energies, so the figure should be
viewed as a study of the consequences of hadronic cascades
on their own. The uniform and exponential nitrogen atmo-
spheres have comparable rates of higher-energy hadrons.
These hadrons are dominated by p and n, which are not
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Change in number of muons at depth
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Fig. 13 Evolution of muons and neutrinos for the same cascades as in Fig. 12. Shown is the number of a muons produced (full) and decayed
(dashed), b muons remaining, ¢ muon neutrinos remaining and d electron neutrinos remaining

affected by decays. That the higher-energy hadron rate is
reduced for a non-vanishing zenith angle is to be expected.
Also the p/n atmosphere gives a lower rate, presumably as a
consequence of the faster split of the original energy into sev-
eral lower-energy collision chains. The kinetic energy spectra
of muons and neutrinos, Fig. 14b, again are peaked at lower
energies, though not quite as dramatically. The four atmo-
spheric models also come closer to each other for leptons,
though the p/n one remains an outlier.

The cascades disperse particles in quite different direc-
tions, implying large footprints on the earth surface. In
Fig. 14c, d we show the distributions of hadrons or muons/
neutrinos as a function of the distance r; away from the
point where the original proton would have hit if it had not
interacted. Recall that the relevant area element is d%r L=
2m ry dry, while Fig. 14c, d plots dn/dr, so the number

of particles per area is strongly peaked around r; = 0. The
area argument is also the reason why two of the curves can
turn upwards at large r . Not unexpectedly a non-vanishing
zenith angle increases the spread, both by having interactions
further away and by the elongation of a fictitious shower cone
hitting the surface at a tilt. Conversely, the uniform nitrogen
gives less spread, by virtue of cascades starting closer to the
surface. It should be mentioned that kinetic-energy-weighted
distributions (not shown) are appreciably more peaked close
to ry = 0, as could be expected. Occasionally an event can
have a large energy spike close to but a bit displaced from
the origin. We have not studied this phenomenon closer, but
assume it relates to an early branching where a high-energy
particle is produced with a non-negligible transverse kick
relative to the event axis.
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Fig. 14 Kinetic energy spectra (in a, b) and transverse spread (in ¢, d) of the particles that reach the surface for the same cascades as in Fig. 12.

Shown are the spectra of a, ¢ hadrons and b, d muons and neutrinos

4.3 A lead study

The new code can also be used to track a cascade through a
solid material. We have taken lead as an example of a heavy
element that is used in some detectors, with rather different
properties than the light elements and low density of air. Here
the decays of longer-lived particles, such as 7+, K*, K and
w*, do not play as significant a role as in the atmosphere,
given the shorter distances a particle travels through a detec-
tor. The maximal primary hadronic energy is also lower than
for cosmic rays. Taking LHC as example, the 7 TeV maxi-
mum translates into collision CM energies below 115 GeV.
When we now study the cascades in lead, only hadronic
interactions are considered, as before, ie. leptons and pho-
tons are free-streaming. Some illustrative results are shown
in Fig. 15, fora p, = 1 TeV initial hadron of different kinds.

@ Springer

The density of lead is p = 11.35 g/cm?, so an interaction
depth of 4000 g/cm? corresponds to 3.5 m. Hadrons below
Exin,min = 0.2 GeV are assumed to stop in the matter and
not interact any further. Thus the number of hadrons vanishes
after som depth.

The main conclusion of Fig. 15 is that the different incom-
ing hadrons give rise to rather similar cascades. This is largely
owing to the rapid multiplication into a fairly similar set of
secondary hadrons. Baryons tend to have larger cross sec-
tions than mesons, and the proton the largest of them all,
so it is understandable why the proton cascade starts some-
what earlier and also dies down earlier. Strange particles have
somewhat lower cross sections than their non-strange coun-
terparts, which explains why the K™ curve starts slower than
the 7T one. But also other factors may be relevant, like how
the leading-particle spectrum of a collision affects the nature
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Fig. 15 Evolution of a cascade initiated by a 1000 GeV proton, 7,
K™ or A? passing through a 3.5 m thick slab of lead. Shown is the num-
ber of a interactions, b hadrons produced (full) and decayed (dashed),

of subsequent collisions. Here we expect a baryon beam to
give a harder leading hadron than a meson, and a strange
hadron a harder spectrum than a non-strange one, within the
context of normal string fragmentation. This could partly
compensate for the cross section differences. Further studies
will be needed to disentangle these and other factors that may
contribute to the small differences observed.

5 Summary and outlook

In this article we have extended the existing hadron—hadron
interaction framework of the PYTHIA event generator. Tradi-
tionally it has been centered around pp and pp collisions. A
few extensions to some meson—meson collision types have

Change in number of hadrons at depth
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¢ hadrons remaining and d muons and neutrinos remaining. Hadrons
that fall below the Exin min threshold are removed from the numbers in
¢, but have not been counted as decays in b

been implemented as part of the Vector Meson Dominance
scenario of a photon fluctuating to and interacting like a
flavour-diagonal vector meson.

Now we have made a deeper study of almost all possi-
ble hadron—nucleon collision types. This includes deriving
new total and partial cross sections at medium-to-high col-
lision energies, based on the DL and SaS ansitze, extended
with the help of the Additive Quark Model and Reggeon
systematics where no data is available. It also includes pro-
ducing some twenty new PDF sets, here denoted SU21. One
key assumption has been that heavier valence quarks start
out with a larger fraction of the total hadron momentum, at
the expense of lighter quarks and gluons, so that all hadron
constituents have comparable average velocities. The same
constituent-quark-mass ratios as used in the AQM therefore
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come to characterize our new PDFs. A consistency check
then is that the average number of multiparton interactions is
comparable in all collision types. This average is the ratio of
the integrated (mini)jet cross section, which directly relates
to the PDFs used, and the total (nondiffractive) cross section.
Both these numbers should reduce at comparable rates when
light quarks are replaced by heavier ones.

Event properties nevertheless are not and should not be
identical. This is visible eg. in the rapidity distributions of
charged particles, which tend to peak in the hemisphere of
the heavier hadron, with its (partly) harder PDFs, and for the
same reason such hadronic collisions tend to give somewhat
harder p spectra. Such differences should be explored fur-
ther and, to the extent data is or becomes available, it would
be interesting to compare.

It would also be interesting to explore the sensitivity of the
cascade to the different components of the full PYTHIA event
simulation. Considerable effort has gone into the separate
modelling of different hadron species, but how much of that
actually affects the end result? Is it important to use PDFs
tailormade for each hadron, or would one proton/baryon and
one pion/meson PDF have been enough? And what is the
impact of minijets with its initial- and final-state radiation?
Jets are key features for LHC physics, where PYTHIA likely
is more developed and better tuned than many cosmic-ray
generators, but where effects may be overshadowed eg. by
the beam-remnant description in the forward direction. (The
latter is the subject of a separate ongoing study.) If one wants
to study how a charm or bottom hadron interacts on its way
through matter, on the other hand, a tailormade description
may be relevant.

We do not claim any fundamentally new results in this
article, but still present some nice studies that point to the
usefulness of the framework. We show how hadronic cas-
cades evolve in the atmosphere, spanning energy scales from
108 GeV (or higher if wanted) to 0.2 GeV, how the energy
rapidly is spread among many hadrons with low energy each,
how hadron decays give muon and neutrino fluxes, how the
kinematics and dynamics leads to a wide spread of particles
that hit the ground, and more. Note that a complete record
of all particles is kept, so it is possible to ask rather specific
questions, such as eg. whether hard-jet production in the pri-
mary interaction correlate with isolated energy/particle clus-
ters on the ground. We also show, for the solid-target case,
how hadrons with larger cross sections also begin their cas-
cades earlier, evolve faster and peter out sooner.

In the current article we have put emphasis on the appli-
cations to full cascade evolution, in the atmosphere or in
solid matter, rather than on the single collision. One reason
is that the full cascade offers further technical challenges
on top of modelling the individual collision, which forces
us to extend the capabilities of the PYTHIA code. Previously
it has not been feasible to switch collision energy or beam
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type event by event, at least not without each time doing a
complete reinitialization, which then slows down event gen-
eration times by orders of magnitude. The other reason is
that we would like to be able to benefit from and contribute
to the understanding of hadronic collisions in different envi-
ronments. Currently there is one set of event generators that
is mainly used for LHC pp physics, such as HERWIG [131],
SHERPA [132] or PYTHIA, and another one for cosmic rays,
see the Introduction, with only EPOS as an example of a code
used in both environments.

Nevertheless, we are aware that we have not presented a
full framework for hadronic cascades. One would need to
extend the ANGANTYR framework for nuclear collisions so
that it could also switch between different collision beams
and energies within a manageable time. Ideally it would
be validated at lower energies and, for the handling of iron
and other heavy cosmic rays, include a model of the nuclear
breakup region. This is a tall order, that is beyond our control.
In the current study we have instead introduced a quick-and-
dirty fix, tuned to reproduce some of the simpler ANGANTYR
phenomenology, to handle hadron—nucleus but not nucleus—
nucleus collisions.

Furthermore, hadronic cascades is not the end of the story,
but must be part of a larger framework that encompasses all
relevant processes, and provides a more detailed modelling
of the atmosphere. The hope is that the code will find use in
larger frameworks, such as CORSIKA 8§ for cosmic rays and
GEANT4 for detector simulation. The framework ought to be
further tested and compared to data before it is used in a state-
of-the-art cascade simulation, but even at this point, we at the
very least offer a far more powerful replacement to the older
PYTHIA 6 code currently used in some such frameworks. In
the future we could also take on some other related tasks,
such as photoproduction in the cascades.

The PYTHIA generator is under active development in a
number of directions. This article should not be viewed as an
endpoint but hopefully as a step on the way towards making
PYTHIA even more useful for a number of physics studies.
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