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The structure of an LHC pp collision
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Code size
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PYTHIA 1 - 5
PYTHIA 6
PYTHIA 8

JETSET (1978): string fragmentation, decays, e+e− physics.

PYTHIA (1982): add-on for pp/pp.

PYTHIA6 (1994): integrate programs into one.

PYTHIA8 (2004): begin transformation from Fortran to C++.
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Code usage and limitations

Most used model for hadronization part in e+e−/pp/pp,
since used “under the hood” in many other programs.

Contains > 200 hard processes within and beyond the SM,
but nowadays more common to use such input e.g. from
MadGraph aMC@NLO or PowHeg.

Not perfect. Most worrisome conflicts with data:

strangeness enhancement at high multiplicity,
baryon enhancement in charm and bottom production,
forward particle spectra, and
the ridge effect at high multiplicities.

Different studies have aimed to improve situation.

Historical limitations for cosmic-ray applications:

only for high-energy interactions,
initialization for fixed energy and beam particles, and
only e±, µ±,p,p,n,n beams (not pA or AA!).

Recent extensions open for integration with Corsika 8.
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Strangeness enhancement (2016)

(Also observed in Bs/B
0 by LHCb.)

Signs of QGP in high-multiplicity
pp collisions? If not, what else?
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The Core–Corona Solution (2007)

Currently most realistic “complete” approach:
mix discrete strings with continuous quark–gluon plasma.

11th MCnet School July 2017 Lund # Klaus Werner # Subatech, Nantes186

Core-corona picture in EPOS

Gribov-Regge approach => (Many) kinky strings
=> core/corona separation (based on string segments)

central AA

peripheral AA
high mult pp low mult pp

core => hydro => statistical decay (µ = 0)
corona => string decay

Allows smooth transition. Implemented in EPOS MC
K. Werner, PRL 98 (2007) 152301

Qualitatively agrees with ALICE, but too steep rise.
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The Rope Solution (2015)

Dense environment ⇒ several intertwined strings ⇒ rope.

Sextet example:

3 ⊗ 3 = 6 ⊕ 3

C
(6)
2 = 5

2C
(3)
2

q2

q4

q1

q3

space

time
quark
antiquark
pair creation

At first string break κeff ∝ C
(6)
2 − C

(3)
2 ⇒ κeff = 3

2κ.

At second string break κeff ∝ C
(3)
2 ⇒ κeff = κ.

Multiple ∼parallel strings ⇒ random walk in colour space.

Larger κeff ⇒ less tunneling suppression exp
(
−πm2

q

κeff

)

• more strangeness
• more baryons
• mainly agrees with ALICE, but p/π overestimated

Bierlich, Gustafson, Lönnblad, Tarasov, JHEP 1503, 148;

from Biro, Nielsen, Knoll (1984), Bia las, Czyz (1985), . . .
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The charm baryon enhancement (2017)

In 2017/21 ALICE found/confirmed strong enhancement of charm
baryon production, relative to LEP, HERA and default Pythia.

Fragmentation fractions and charm production cross section ALICE Collaboration
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Figure 2: Left: Charm-quark fragmentation fractions into charm hadrons measured in pp collisions at
p

s =

5.02 TeV in comparison with experimental measurements performed in e+e� collisions at LEP and at B factories,
and in ep collisions at HERA [63]. The D⇤+ meson is depicted separately since its contribution is also included
in the ground-state charm mesons. Right: Charm production cross section at midrapidity per unit of rapidity as a
function of the collision energy. STAR [11] and PHENIX [66] results, slightly displaced in the horizontal direction
for better visibility, are reported. Comparisons with FONLL [13–15] (red band) and NNLO [67–69] (violet band)
pQCD calculations are also shown.

An increase of about a factor 3.3 for the fragmentation fractions for the L+
c baryons with respect to

e+e� and ep collisions, and a concomitant decrease of about a factor 1.4–1.2 for the D mesons, are
observed. The significance of the difference considering the uncertainties of both measurements, is
about 5s for L+

c baryons. This in turn decreases the fragmentation into D0 mesons at midrapidity by
6s with respect to the measurements in e+e� and ep collisions. In previous measurements in e+e� and
ep collisions no value for the X0

c was obtained and the yield was estimated according to the assumption
f (c!X+

c )/ f (c!L+
c ) = f (s!X�)/ f (s!L0)⇠ 0.004 [63]. The fraction f (c!X0

c) was measured for
the first time and f (c ! X0

c)/ f (c ! L+
c ) = 0.39 ± 0.07(stat)+0.08

�0.07(syst) was found [28]. A first attempt
to compute the fragmentation fractions in pp collisions at the LHC was performed in [63] assuming
universal fragmentation, since at that time the measurements of charm baryons at midrapidity were not
yet available. The measurements reported here challenge that assumption.

The updated fragmentation fractions obtained for the first time taking into account the measurements of
D0, D+, D+

s , L+
c , and X0

c at midrapidity in pp collisions at
p

s = 5.02 TeV, allowed the recomputation of
the charm production cross sections per unit of rapidity at midrapidity in pp collisions at

p
s = 2.76 and

7 TeV. The L+
c /D0 ratios measured in pp at different collision energies, as well as the X0

c/D0 ratio, are
compatible [25, 28, 56]. The charm cross sections were obtained by scaling the pT-integrated D0-meson
cross section [1, 3] for the relative fragmentation fraction of a charm quark into a D0 meson measured
in pp collisions at

p
s = 5.02 TeV and applying the two correction factors for the different shapes of the

rapidity distributions of charm hadrons and cc̄ pairs. The pT-integrated D0-meson cross section was used
because at the other energies not all charm hadrons were measured and the D0 measurements are the
most precise. The uncertainties of the fragmentation fraction (FF) were taken into account in calculating
the cc production cross section as was the uncertainty introduced by the rapidity correction factors. The
BR of the D0 ! K�p+ decay channel was also updated, considering the latest value reported in the
PDG [47].
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Fragmentation fractions and charm production cross section ALICE Collaboration

+D +D* s
+D c

+Λ c
0Ξ c

0Ω ψJ/

0
 / 

D
cH

0

0.2

0.4

0.6

0.8

1

1.2  = 5.02 TeVsALICE, pp, 
PYTHIA 8: JHEP 08 (2015) 003

Monash 2013
CR Mode 0
CR Mode 2
CR Mode 3

 30×

 30×

+D +D* s
+D c

+Λ c
0Ξ c

0Ω ψJ/

0
 / 

D
cH

0

0.2

0.4

0.6

0.8

1

1.2  = 5.02 TeVsALICE, pp, 
SHM: Phys. Lett. B 795 (2019) 117-121

 = 160 MeVhTPDG, 
 = 160 MeVhTRQM, 
 = 170 MeVhTPDG, 
 = 170 MeVhTRQM, 

 30×
 30×

Figure 1: Transverse-momentum integrated production cross sections of the various charm meson [4, 5, 48] and
baryon [24, 25, 28] species per unit of rapidity at midrapidity normalised to that of the D0 meson measured in pp
collisions at

p
s = 5.02 TeV. The measurements are compared with PYTHIA 8 calculations [36, 49] (left panel)

and with results from a SHM [35] (right panel) (see text for details). For J/y the inclusive cross section was used.
The J/y/D0 ratio, as well as the model calculations for the W0

c/D0 ratio, are multiplied by a factor 30 for visibility.

gates are measured as well and the results are averaged. The cross sections of D0 and D+ mesons were
measured down to pT = 0 [5]. The cross sections for D⇤+ and D+

s mesons were measured down to pT = 1
GeV/c, corresponding to about 80% of the integrated cross section [4]. The L+

c baryon cross section was
measured down to pT = 1 GeV/c, corresponding to about 70% of the integrated cross sections [24, 25].
The X0

c baryon was measured down to pT = 2 GeV/c, corresponding to about 40% of the integrated cross
section [28]. The systematic uncertainties of the meson and baryon measurements include the follow-
ing sources: (i) extraction of the raw yield; (ii) prompt fraction estimation; (iii) tracking and selection
efficiency; (iv) particle identification efficiency; (v) sensitivity of the efficiencies to the hadron pT shape
generated in the simulation; (vi) pT-extrapolation for the hadrons not measured down to pT = 0. In
addition, an overall normalisation systematic uncertainty induced by the branching ratios (BR) [47] and
the integrated luminosity [46] were considered.

Figure 1 shows the pT-integrated production cross sections per unit of rapidity of the various open- and
hidden-charm meson (D+, D+

s , D⇤+, and J/y) [4, 5, 48] and baryon (L+
c and X0

c) [24, 25, 28] species,
obtained in pp collisions at

p
s = 5.02 TeV, as the average of particle and antiparticle, and normalised to

the one of the D0 meson. When computing the ratios between the different hadron species, systematic
uncertainties due to tracking, the feed-down from beauty-hadron decays, the pT-extrapolation, and the
luminosity were propagated as correlated. For the X0

c baryons, the additional contribution to the beauty
feed-down systematic uncertainty due to the assumed X0,�

b -baryon production relative to that of L+
b

baryons [28, 29] was considered as uncorrelated with the uncertainties related to the beauty feed-down
subtraction for the other charm hadron species. In the J/y/D0 ratio all the systematic uncertainties
were propagated as uncorrelated, with the exception of the luminosity uncertainty. The treatment of the
systematic uncertainties is also the same for the computation of the other quantities reported here.

In the left panel of Fig. 1 the experimental data are compared with results from the PYTHIA 8 genera-
tor, using the Monash 2013 tune [49], and tunes that implement colour reconnections (CR) beyond the
leading-colour approximation [36]. In the Monash 2013 tune, the parameters governing the heavy-quark
fragmentation are tuned to measurements in e+e� collisions. The CR tunes introduce new colour re-
connection topologies, including junctions, that enhance the baryon production and, to a lesser extent,

3
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Colour reconnection (CR, 1985)

MPIs + parton showers ⇒ many partons in an event
⇒ colour fields (“strings”) run criss-cross.
CR: fields rearrange, to (mainly) reduce string length:

Colour correlations

〈p⊥〉(nch) is very sensitive to colour flow

p p

long strings to remnants ⇒ much
nch/interaction ⇒ 〈p⊥〉(nch) ∼ flat

p p

short strings (more central) ⇒ less
nch/interaction ⇒ 〈p⊥〉(nch) rising

Colour correlations

〈p⊥〉(nch) is very sensitive to colour flow

p p

long strings to remnants ⇒ much
nch/interaction ⇒ 〈p⊥〉(nch) ∼ flat

p p

short strings (more central) ⇒ less
nch/interaction ⇒ 〈p⊥〉(nch) rising

Two main confirmations:

⟨p⊥⟩(nch) is steadily rising in pp/pp data (UA1, Tevatron, LHC),
but would be (almost) flat if no CR.

Combined LEP data on e+e− → W+W− → q1q2q3q4
is best described with 49% CR, 2.2σ away from no-CR.
(hep-ex/0612034)

Torbjörn Sjöstrand Soft QCD theory slide 9/26



Extended Colour Reconnection Models (2015)

Christiansen, Skands: QCD-inspired CR (QCDCR):

Possible reconnections

Ordinary string reconnection

(qq: 1/9, gg: 1/8, model: 1/9)

Triple junction reconnection

(qq: 1/27, gg: 5/256, model: 2/81)

Double junction reconnection

(qq: 1/3, gg: 10/64, model: 2/9)

Zipping reconnection

(Depends on number of gluons)

Jesper Roy Christiansen (Lund) Non pertubative colours November 3, MPI@LHC 10 / 15

Stefan Gieseke, Patrick Kirchgaeßer, Simon Plätzer: Baryon production from cluster hadronization 3

referred to as a mesonic cluster

3 ⌦ 3̄ = 8 � 1. (5)

In strict SU(3)C the probability of two quarks having
the correct colours to form a singlet would be 1/9. Next
we consider possible extensions to the colour reconnec-
tion that allows us to form clusters made out of 3 quarks.
A baryonic cluster consists of three quarks or three anti-
quarks where the possible representations are,

3 ⌦ 3 ⌦ 3 = 10 � 8 � 8 � 1, (6)

3̄ ⌦ 3̄ ⌦ 3̄ = 10 � 8 � 8 � 1. (7)

In full SU(3)C the probability to form a singlet made out
of three quarks would be 1/27. In the following we will
introduce the algorithm we used for the alternative colour
reconnection model. In order to extend the current colour
reconnection model, which only deals with mesonic clus-
ters, we allow the reconnection algorithm to find configu-
rations that would result in a baryonic cluster.

2.3 Algorithm

As explained before the colour reconnection algorithms in
Herwig are implemented in such a way that they lower
the sum of invariant cluster masses. For baryonic recon-
nection such a condition is no longer reasonable because of
the larger invariant cluster mass a baryonic cluster carries.
As an alternative we consider a simple geometric picture
of nearest neighbours were we try to find quarks that ap-
proximately populate the same phase space region based
on their rapidity y. The rapidity y is defined as

y =
1

2
ln

✓
E + pz

E � pz

◆
, (8)

and is usually calculated with respect to the z-axis. Here
we consider baryonic reconnection if the quarks and the
antiquarks are flying in the same direction. This reconnec-
tion forms two baryonic clusters out of three mesonic ones.
The starting point for the new rapidity based algorithm is
the predefined colour configuration that emerges once all
the perturbative evolution by the parton shower has fin-
ished and the remaining gluons are split non-perturbative-
ly into quark-antiquark pairs. Then a list of clusters is
created from all colour connected quarks and anti-quarks.
The final algorithm consists of the following steps:

1. Shu✏e the list of clusters in order to prevent the bias
that comes from the order in which we consider the
clusters for reconnection

2. Pick a cluster (A) from that list and boost into the
rest-frame of that cluster. The two constituents of the
cluster (qA, q̄A) are now flying back to back and we
define the direction of the antiquark as the positive
z-direction of the quark axis.

3. Perform a loop over all remaining clusters and cal-
culate the rapidity of the cluster constituents with re-
spect to the quark axis in the rest frame of the original
cluster for each other cluster in that list (B).

Fig. 2. Representation of rapidity based colour reconnection
where the quark axis of one cluster is defined as the z-axis
in respect to which the rapidities of the constituents from the
possible reconnection candidate are calculated. (A) and (B)
are the the original clusters. (C) and (D) would be the new
clusters after the reconnection.

Fig. 3. Configuration of clusters that might lead to baryonic
reconnection. The small black arrows indicate the direction of
the quarks. A reconnection is considered if all quarks move
in the same direction and all antiquarks move in the same
direction.

4. Depending on the rapidities the constituents of the
cluster (qB, q̄B) fall into one of three categories:

Mesonic: y(qB) > 0 > y(q̄B) .
Baryonic: y(q̄B) > 0 > y(qB) .
Neither.

If the cluster neither falls into the mesonic, nor in the
baryonic category listed above the cluster is not con-
sidered for reconnection.

5. The category and the absolute value |y(qB)| + |y(q̄B)|
for the clusters with the two largest sums is saved
(these are clusters B and C in the following).

6. Consider the clusters for reconnection depending on
their category. If the two clusters with the largest sum
(B and C) are in the category baryonic consider them
for baryonic reconnection (to cluster A) with probabil-
ity pB. If the category of the cluster with the largest
sum is mesonic then consider it for normal reconnec-
tion with probability pR. If a baryonic reconnection oc-
curs, remove these clusters (A, B, C) from the list and
do not consider them for further reconnection. A pic-
ture of the rapidity based reconnection for a mesonic
configuration is shown in Fig. 2 and a simplified sketch
for baryonic reconnection is shown in Fig. 3.

7. Repeat these steps with the next cluster in the list.

We note that with this description we potentially exclude
clusters from reconnection where both constituents have
a configuration like y(qB) > y(q̄B) > 0 w.r.t. the quark
axis but assume that these clusters already contain con-
stituents who are close in rapidity and fly in the same
direction. The exclusion of baryonically reconnected clus-
ters from further re-reconnection biases the algorithm to-
wards the creation of baryonic clusters whose constituents
are not the overall nearest neighbours in rapidity. The ex-
tension to the colour reconnection model gives Herwig an

Triple-junction also in
Herwig cluster model
(2017).
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Charm baryon differential distributions (2021)
Measurement of prompt D0, L+

c , and S0,++
c production in pp collisions at

p
s = 13 TeV ALICE Collaboration
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Figure 2: Prompt-charm-hadron cross-section ratios: L+
c /D0 (left), S0,+,++

c /D0 (middle), and
L+

c  S0,+,++
c /L+

c (right), in pp collisions at
p

s = 13 TeV, compared with model expectations [25–
27, 29] and (left) with data from pp collisions at

p
s = 5.02 TeV [3]. The horizontal lines reflect the

width of the pT intervals. The PYTHIA Monash 2013 curve is scaled by a factor of 10 in the middle
panel.

verse of the quadratic sum of the relative statistical and uncorrelated systematic uncertainties as weights.
The total systematic uncertainty of the averaged Sc cross section varies from 20% at low pT to 13% at
high pT. The cross-section ratios L+

c /D0 and S0,+,++
c /D0 are compared with model expectations in Fig. 2

(left and middle panels). In the ratios, the systematic uncertainties of the track-reconstruction efficiency
and luminosity, considered as fully correlated, cancel partly and completely, respectively. The feed-down
uncertainty is propagated as partially correlated, while all other uncertainties are treated as uncorrelated.
The L+

c /D0 ratio decreases with increasing pT and is significantly larger than the⇡0.12 values observed
in e+e� and ep collisions at several collision energies [12–15, 45–47]. The values measured in pp colli-
sions at

p
s = 13 TeV are compatible, within uncertainties, with those measured at

p
s = 5.02 TeV [3, 4].

As shown in Fig. 2 (middle), the S0,+,++
c /D0 ratio is close to 0.2 for 2 < pT < 6 GeV/c, and decreases

with pT down to about 0.1 for 8 < pT < 12 GeV/c, though the uncertainties do not allow firm conclusions
about the pT dependence to be made. From Belle measurements (Table IV in Ref. [24]), the S0,+,++

c /L+
c

ratio in e+e� collisions at
p

s = 10.52 GeV can be evaluated to be around 0.17 and, thus, the S0,+,++
c /D0

ratio can be estimated to be around 0.02. Therefore, a remarkable difference is present between the
pp and e+e� collision systems. Although rather approximate, such comparison is corroborated by the
fact that a simulation performed with the default version of PYTHIA 6.2 reasonably reproduces Belle
data [24], while the default version of PYTHIA 8.243 (Monash 2013 tune) severely underpredicts ALICE
data, despite the very similar modelling of charm fragmentation in the two simulations. Figure 2 (right)
shows the ratio L+

c  S0,+,++
c /L+

c as a function of pT, which quantifies the fraction of L+
c feed-down

from S0,+,++
c . In order to better exploit the cancellation of correlated uncertainties, this is calculated as

the weighted average of the ratios measured separately in the L+
c ! pK�p+ and L+

c ! pK0
S decay chan-

nels. The pT-integrated value in the measured pT > 2 GeV/c interval is 0.38 ± 0.06(stat)± 0.06(syst),
significantly larger than the ratio S0,+,++

c /L+
c ⇠ 0.17 from Belle data and the ⇠0.13 expectation from

PYTHIA 8 (Monash 2013) simulations. This indicates a larger increase for S0,+,++
c /D0 than for the

direct-L+
c /D0 ratio from e+e� to pp collisions. The larger feed-down from S0,+,++

c partially explains the
difference between the L+

c /D0 ratios in pp and e+e� collisions.

As shown in Figure 2, the CR-BLC (for which the three variations defined in Ref. [25] are considered),
SHM+RQM, and Catania models describe, within uncertainties, both the L+

c /D0 and S0,+,++
c /D0 ratios.

The QCM model uses the L+
c /D0 data in pp collisions at

p
s = 7 TeV to set the total charm baryon-

6

X0
c production in pp collisions at

p
s = 5.02 TeV ALICE Collaboration

PYTHIA 8 event generator previously described. All PYTHIA 8 tunes underestimate the measured
pT-differential X0

c/D0 ratio. The Monash tune significantly underestimates the data by a factor of about
21–24 in the low pT region and by a factor of about 7 in the highest pT interval, as also observed for the
L+

c /D0 ratio [17]. All three CR modes yield a similar magnitude and shape of the X0
c/D0 ratio, and de-

spite predicting a larger baryon-to-meson ratio with respect to the Monash tune, they still underestimate
the measured X0

c/D0 ratio by a factor of about 4–5 at low pT. The models with CR tunes describe better
the L+

c /D0 and the S0,+,++
c /D0 ratios than the X0

c/D0 one [9, 17, 19, 26], which involves a charm-strange
baryon.

The measured X0
c/D0 ratio is also compared with a SHM calculation [32] in which additional excited

charm-baryon states not yet observed are included. The additional states are added based on the rela-
tivistic quark model (RQM) [34] and lattice QCD calculations [35]. Charm- and strange-quark fugacity
factors are used in the model to account for the suppression of quarks heavier than u and d in elementary
collisions. The uncertainty band in the model is obtained by varying the assumption of the branching
ratios of excited charm-baryon states decaying to the ground state X0,+

c , where an exact isospin symme-
try between X+

c and X0
c is assumed. This model, which was observed to describe the L+

c /D0 ratio [17],
underestimates the measured X0

c/D0 ratio by the same amount as PYTHIA 8 with CR tunes.

The QCM model [36] underpredicts the X0
c/D0 ratio by the same amount as it does for the X0

c-baryon
production cross section. The Catania model [37, 46] implements charm-quark hadronisation via both
coalescence and fragmentation. In the model a blast wave parametrisation [71] for light quarks at the
hadronisation time with the inclusion of a contribution from mini-jets is considered, while for charm
quarks the spectra from FONLL calculations are used. The coalescence process of heavy quarks with
light quarks, which is modelled using the Wigner function formalism, is tuned to have all charm quarks
hadronising via coalescence at pT ' 0. At finite pT, charm quarks not undergoing coalescence are
hadronised via an independent fragmentation. The Catania model describes the X0

c/D0 ratio in the full
pT interval of the measurement.

This new X0
c measurement therefore provides important constraints to models of charm quark hadronisa-

tion in pp collisions, being in particular sensitive to the description of charm-strange baryon production
in the colour reconnection approach, and to the possible contribution of coalescence to charm quark
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Figure 6: Left panel: pT-differential production cross section of prompt X0
c baryons in pp collisions atp

s = 5.02 TeV compared with model calculations [28, 31, 36]. Right panel: X0
c/D0 ratio as a function of pT

measured in pp collisions at
p

s = 5.02 TeV compared with model calculations [28, 31, 32, 36, 37] (see text for
details).
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Charm-hadron yield ratios versus multiplicity in pp at
√

s = 13 TeV ALICE Collaboration
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Figure 5: Ratios of pT-integrated yields of Λ+
c and D0 hadrons as a function of 〈dNch/dη〉 in pp collisions at√

s = 13 TeV. Measurements performed in pp and p–Pb collisions at
√

sNN = 5.02 TeV from Ref. [13] are also
shown. Statistical and systematic uncertainties are shown by error bars and empty boxes, respectively. Shaded
boxes represent the extrapolation uncertainties. The corresponding PYTHIA predictions [20, 22] are also shown.

lation factor. The fraction of extrapolated yield from the lowest to the highest multiplicity interval is
about 39% (31%), 28% (22%), 20% (16%), and 15% (13%) for Λ+

c (D0). The procedure was repeated
considering also the CR-BLC Mode 0 and Mode 3 as well as two different functions fitted to the spec-
tra (a Tsallis-Lévy [60] and a power-law function). The fits were performed considering the statistical
and pT-uncorrelated sources of systematic uncertainties, and also shifting up and down the data by one
sigma of the pT-correlated systematic uncertainties. The envelope of the extrapolation factors obtained
with all the trials was assigned as the extrapolation uncertainty on Λ+

c and D0, and it was propagated
to the Λ+

c /D0 ratio, resulting in a value that ranges from 2% to 21% depending on multiplicity. The
same procedure was used to estimate the pT-integrated D+

s yields and D+
s /D0 yield ratios in the different

multiplicity intervals, reported in Ref. [50]. The Λ+
c and D0 pT-integrated yields are also reported in

Ref. [50], together with the pT-integrated Λ+
c /D0 yield ratios in the visible pT range, and the tables with

the numerical values of the pT-integrated ratios. The pT-integrated Λ+
c /D0 yield ratio as a function of

〈dNch/dη〉 is shown in Fig. 5, where the systematic uncertainties from the extrapolation (shaded boxes,
assumed to be uncorrelated among multiplicity intervals) are drawn separately from the other sources of
systematic uncertainties (empty boxes). The sources related to the raw-yield extraction, the multiplicity-
interval limits, the high-multiplicity triggers, the multiplicity-independent prompt fraction assumption,
and the statistical uncertainties on the efficiencies are also considered uncorrelated with multiplicity. The
other systematic uncertainties are assumed to be correlated. The measurements performed in pp and p–
Pb collisions at

√
s = 5.02 TeV [13] are also shown. The result does not favour an increase of the yield

ratios with multiplicity, as also observed for the Λ/K0
S ratio in Ref. [39], and the trend is compatible

with a constant function. This suggests that the increasing trend observed for the 1 < pT < 24 GeV/c
range comes from a re-distribution of pT that acts differently for baryons and mesons, while this is not
observed in the meson-to-meson ratios, as shown in Fig. 3 for D+

s /D0 and in Ref. [54] for K/π . The
results are compared to the pT-integrated PYTHIA predictions. The measurements exclude the Monash
prediction in the whole multiplicity range, and tend to be significantly below the CR-BLC Mode 2 for
the three highest multiplicity intervals.

13

”Vacuum behaviour”
recovered at larger p⊥.

QCDCR does well
for some distributions,
but less so for others,
so improvements needed.
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The beauty baryon enhancement (2019)

average reconstructed to true pT(Hb) as a function of m(Hcµ
�) and is determined using

simulation. It varies from 0.75 for m(Hcµ
�) equals 3 GeV to unity at m(Hcµ

�) = m(Hb).
The distribution of fs/(fu +fd) as a function of pT(Hb) is shown in Fig. 3. We perform

a linear �2 fit incorporating a full covariance matrix which takes into account the bin-by-
bin correlations introduced from the kaon kinematics, and PID and tracking systematic
uncertainties. The factor A in Eq. 1 incorporates the global systematic uncertainties
described later, which are independent of pT(Hb). The resulting function is

fs

fu + fd

(pT) = A [p1 + p2 ⇥ (pT � hpTi)] , (1)

where pT here refers to pT(Hb), A = 1 ± 0.043, p1 = 0.119 ± 0.001, p2 = (�0.91 ± 0.25) ·
10�3 GeV�1, and hpTi = 10.1 GeV. The correlation coe�cient between the fit parameters
is 0.20. After integrating over pT(Hb), no ⌘ dependence is observed (see the Supplemental
material).

We determine an average value for fs/(fu+fd) by dividing the yields of B0
s semileptonic

decays by the sum of B0 and B� semileptonic yields, which are all e�ciency-corrected,
between the limits of pT(Hb) of 4 and 25 GeV and ⌘ of 2 and 5, resulting in

fs

fu + fd

= 0.122 ± 0.006,

where the uncertainty contains both statistical and systematic components, with the latter
being dominant, and discussed subsequently. The total relative uncertainty is 4.8%.
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Figure 3: The ratios fs/(fu +fd) and f⇤0
b
/(fu +fd) in bins of pT(Hb). The B0

s data are indicated

by solid circles, while the ⇤0
b by triangles. The smaller (black) error bars show the combined

bin-by-bin statistical and systematic uncertainties, and the larger (blue) ones show the global
systematics added in quadrature. The fits to the data are shown as the solid (green) bands,
whose widths represents the ±1� uncertainty limits on the fit shapes, and the dashed (black)
lines give the total uncertainty on the fit results including the global scale uncertainty. In the
highest two pT bins the points have been displaced from the center of the bin.

6

LHCb has found
enhancement of Λ0

b

production at small p⊥,
but flat in η.

No model comparisons
available, but consistent.

1.2 Table of b-fractions versus pT(Hb)

Table 4: Values of fs/(fu + fd) and f⇤0
b
/(fu + fd) in each pT(Hb) bin. The first uncertainty is

statistical and incorporates both the uncertainties due to the data sample size and the finite
amount of simulated events, while the second is the overall systematic uncertainty, including
global and bin-dependent systematic uncertainties.

pT(Hb)[GeV] fs/(fu + fd) f⇤0
b
/(fu + fd)

4–5 0.125 ± 0.001 ± 0.007 0.324 ± 0.001 ± 0.025
5–6 0.125 ± 0.001 ± 0.007 0.281 ± 0.001 ± 0.018
6–7 0.122 ± 0.001 ± 0.006 0.257 ± 0.001 ± 0.017
7–8 0.125 ± 0.001 ± 0.006 0.245 ± 0.001 ± 0.017
8–9 0.116 ± 0.001 ± 0.006 0.227 ± 0.001 ± 0.015

9–10 0.120 ± 0.001 ± 0.006 0.210 ± 0.001 ± 0.015
10–11 0.121 ± 0.001 ± 0.006 0.194 ± 0.001 ± 0.013
11–12 0.116 ± 0.001 ± 0.006 0.191 ± 0.001 ± 0.014
12–13 0.116 ± 0.001 ± 0.006 0.172 ± 0.001 ± 0.013
13–14 0.122 ± 0.001 ± 0.007 0.159 ± 0.001 ± 0.012
14–16 0.112 ± 0.001 ± 0.006 0.165 ± 0.001 ± 0.012
16–18 0.107 ± 0.001 ± 0.006 0.136 ± 0.001 ± 0.010
18–20 0.115 ± 0.001 ± 0.008 0.126 ± 0.001 ± 0.010
20–25 0.111 ± 0.001 ± 0.007 0.109 ± 0.001 ± 0.009

1.3 Fraction ratios as functions of ⌘

Figure 4 shows measurements of the fraction ratios fs/(fu + fd) and f⇤0
b
/(fu + fd) as

functions of ⌘, integrated over pT. No ⌘ dependence is visible with the current data
sample.
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Figure 4: Measurement of the fraction ratios (a) fs/(fu + fd) and (b) f⇤0
b
/(fu + fd) as functions

of ⌘ integrated over pT.
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Beam drag effects

Colour flow connects hard scattering to
beam remnants. Can have consequences,
e.g. in π−p:

A(xF) =
σ(D−) − σ(D+)

σ(D−) + σ(D+)

0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8
xF

1.0

0.5

0.0

0.5

1.0

A
(x

F
)

Asymmetry A(xF ) =(D− −D+ )/(D− +D+ )

qq→cc @ 500 GeV

gg→cc @ 500 GeV

combined

WA82 @ 340 GeV

E769 @ 250 GeV

E791 @ 500 GeV

(hep-ph/0005110,2203.09503)

Beam drag e↵ects (E. Norrbin & TS, 2000)

Torbjörn Sjöstrand Nonperturbative models in PYTHIA slide 8/23

If low-mass string e.g.:
cd : D−,D∗−

cud : Λ+
c ,Σ+

c ,Σ∗+
c

⇒ flavour asymmetries

Beam drag e↵ects (E. Norrbin & TS, 2000)

Torbjörn Sjöstrand Nonperturbative models in PYTHIA slide 8/23

Can give D “drag” to
larger xF than c quark.
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Bottom asymmetries

uncertainties on the Pythia models shown here are only due to the limited sample size
of about 12.5 million events. The results of the Pythia hadronisation model describing
the data best, along with the predictions of the heavy-quark recombination model are
presented in Fig. 11. The uncertainties on the heavy-quark recombination model are the
systematic uncertainties given in Ref. [5]. Overall, the predictions from the heavy-quark
recombination model are consistently higher than the 8TeV measurements, but remain
within uncertainties. For Pythia, only the model CR1 shows a good agreement with
the

p
s = 7 TeV measurements but it is also consistently higher at 8TeV. The two other

tested settings predict asymmetries that are too large, exhibiting the strongest deviation
at low transverse momentum.
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Figure 10: Comparison of the ⇤0
b production asymmetry predicted by the various Pythia

models, where CR1 refers to the QCD-inspired model and CR2 refers to the gluon-move model,
and the measured production asymmetries. Results versus ⇤0

b (left) rapidity y and (right) pT are
shown for centre-of-mass energies of (top)

p
s = 7 TeV and (bottom)

p
s = 8 TeV. Uncertainties

on the predictions are due to limited simulation sample sizes.

9 Conclusions

The most precise measurements of the ⇤0
b production asymmetry in

p
s = 7 TeV and 8 TeV

proton-proton collisions have been presented. A new method to estimate asymmetries in
the interaction of protons and antiprotons with the detector material has been developed.

21

(2107.09593)

A(y),A(p⊥) =
σ(Λ0

b) − σ(Λ
0
b)

σ(Λ0
b) + σ(Λ

0
b)

CR1 = QCDCR, with no enhancement at low p⊥.
Enhanced Λb production at low p⊥, like for Λc, dilutes asymmetry?
Asymmetries observed also for other charm and bottom hadrons.

Warning: fragmentation function formalisms unreliable at low p⊥.
May lead to incorrect conclusions about intrinsic charm.
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Forward physics
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Figure 4: Comparison of the photon spectra obtained from the experimental data and MC

predictions. The top panels show the energy spectra, and the bottom panels show the ratio of

MC predictions to the data. The hatched areas indicate the total uncertainties of experimental

data including the statistical and the systematic uncertainties.
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(1703.07678)

Forward region important for
cosmic-ray physics ⇒ LHCf.

Also for FASER/. . . and
the Forward Physics Facility.

Wide spread of predictions;
no generator perfect.

PYTHIA: π0 too hard,
n too soft.

May require improved
modelling of

beam remnant,

diffraction, and

c/b/τ production.
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Beam remnants

Assume one parton kicked out of proton, in pp:

1 Kick out gluon: colour octet q1q2q3 remnant left
⇒ split momentum between two strings,
one to q1q2 antitriplet and one to q3 triplet.

2 Kick out valence quark: colour triplet diquark left,
⇒ single string stretched out from beam remnant.

3 Kick out sea antiquark q4: colour triplet q1q2q3q4 remains,
⇒ split momentum between B = q1q2q4 singlet
and string to q3 triplet.

4 Kick out sea quark q4: colour antitriplet q1q2q3q4 remains,
⇒ split momentum between M = q1q4 singlet
and string to q2q3 antitriplet.

13 TeV pp nondiffractive: ∼85% gluons, ∼5% each for others.
MPIs can give more complicated topologies, e.g. with junctions.
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New forward tune

Some possible actions for harder baryons and softer mesons:

Use QCDCR for better central baryon production.

Make diquark remnant take more than twice quark ditto:
(already default) helps some.

In string diquark picture B and B are nearest neighbours,
but with popcorn allow intermediate meson: . . .BMB . . .
Thus leading diquark either BMM . . . or MBM . . ..
New: forbid latter possibility (or only suppress it).

Normal fragmentation function

f (z) ∝ 1

z
(1 − z)a exp

(
−bm2

⊥
z

)
, z =

(E + pz)hadron
(E + pz)left in string

modified with separately tuned (a and) b for leading diquark.

Reduce primordial k⊥ in remnant for soft collisions.

Max Fieg, F. Kling, H. Schulz, TS, arXiv:2309.08604
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New forward results
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The Ridge Effect (2010)
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Elliptic flow in AA predicted
from geometry + pressure.

Not so for pp, and yet ridge is
observed at high multiplicities:

12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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Shove / repulsion

t = t1 t = t2 t = t3 t = t4

by

bx

Figure 1: Cartoon in impact parameter space showing strings overlapping at time t = t1,
and as time progresses (t1 < t2 < t3 < t4), they move apart, picking up p⊥ as indicated
with arrows.

transverse coordinate space (b⊥). Colour-connected partons separated by a distance ∆b⊥
are also given opposite transverse momenta p⊥ ≈ ∆b⊥/(∆b⊥)2. The initial state is
two Lorentz contracted pancakes colliding at z = 0, and the string segments are then
stretched out mainly along the z direction. The distribution of gluons is approximately
boost invariant, and to visualize the effect of the transverse repulsion, it is most easy to
study a string segment stretched between two gluons in a system where they have rapidities
±∆y/2. The endpoints of this string segment will then move out with longitudinal velocities
vL = ± tanh(∆y/2), and the length of the segment in coordinate space, at time t, is
consequently t·tanh(∆y). The repulsive transverse force between two strings is proportional
to the length of the overlapping region, and is therefore proportional to f ·t ·∆y, where f
is the force per unit string length.

The cartoon in figure 1 represents in a schematic way a ”slice” in rapidity4. The result
of the repulsion will be a transverse velocity for the string, which might be represented
by very many very soft gluons. The breakup of such a string state cannot be handled
current implementations of string hadronization, as in e.g. Pythia8. As the DIPSY gen-
erator interfaces to the Pythia8 hadronization implementation, this must be remedied. A
transverse gluon will give momentum to hadrons within one unit of rapidity on either side
of the gluon. It is therefore possible to simulate the effect of the continuous distribution
of infinitely soft gluons by finite gluons separated by at most one rapidity unit. In our
calculations we cut the event into many rapidity slices, and in each slice we let the strings
“shove” each other apart. The mechanism for shoving is to add a small excitation (i.e. a
gluon) to each string in each slice. In each time–step δt a string within a slice δy (and
thus length δl = t δy) will get a kick in the transverse direction δp⊥ = f t δy δt. As the
mass of the string piece is ≈ κ δl = κ t δy also is proportional to the time t, we note that
the factors t drop out in the result for the transverse velocity boost. When the strings no
longer overlap, the many small kicks are added to a set of gluons, which can be handled

4In reality the strings are, of course, not distributed symmetrically, instead there are large fluctuations
in the transverse positions of the strings.
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Figure 13: Comparison to v2{2} as function of multiplicity with ALICE high multiplicity

trigger (left), and versus p? in high multiplicity events (right). Data from pp collisions atp
s = 13 TeV by ALICE [89] and CMS [90].
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Figure 14: Comparison to v3{2} (left) and v4{2} (right) as function of multiplicity with

ALICE high multiplicity trigger. Data from pp collisions at
p

s = 13 TeV by ALICE [89].

that applying more realistic initial conditions, can drastically change the eccentricities of

the initial state in pp collisions. So while the description at this point is not perfect, the

observations that a clear e↵ect is present, bears promise for future studies. Further on,

correlations between flow coe�cients, the so-called symmetric cumulants [82, 95], will be

an obvious step. But at this point, without satisfactory description of the vn’s themselves,

it is not fruitful to go on to even more advanced observables.

Finally, in figure 15, we show results for the four-particle cumulant c2{4}. We briefly

remind the reader about some definitions. The 2- and 4-particle correlations in a single

– 28 –

Overlapping string at early times
can give repulsive push, so strings
get transverse motion, imparted
to hadrons produced from them.

Can give ridge and flow,
in azimuth and p⊥.

Hadronic rescattering can also
contribute.
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A new framework for hadronic collisions

Based on 2 articles by Marius Utheim & TS:
“A Framework for Hadronic Rescattering in pp Collisions”,
Eur. Phys. J. C80 (2020) 907, arXiv:2005.05658
“Hadron Interactions for Arbitrary Energies and Species,
with Applications to Cosmic Rays”,
Eur. Phys. J. C82 (2022) 21, arXiv:2108.03481

Models arbitrary hadron–hadron collisions at low energies.

Models arbitrary hadron-p/n collisions at any energy.

Initialization slow, ∼ 15 minutes,
⋆ but thereafter works for any hadron–p/n at any energy, and
⋆ initialization data can be saved, so only need to do once.

The Angantyr nuclear geometry part used to extend to
hadron-nucleus at any energy.

Native C++ simplifies interfacing Pythia 8 ↔ Corsika 8.

So far limited comparisons with data.
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Comparisons with other models - 1

Maximilian Reininghaus, TS, M. Utheim, arXiv:2303:02792
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Figure 3: Inelastic cross-section predictions. Left: proton target, right: Oxygen target

tions compared to its original use-case in
accelerator-based high-energy physics. The
observed di↵erences in the longitudinal devel-
opment can be attributed to cross-section pre-
dictions significantly higher than those of the
other models – an issue that requires further
investigation and improved modelling. Further
refinements and improvements, also regarding
the use of Angantyr directly, are ongoing and
expected in upcoming releases.

The availability of Pythia 8 in air shower
simulations does not only provide yet another
interaction model but also interesting oppor-
tunities: The possibility of tuning the model
by the users themselves may o↵er new in-
sights into the production of muons and its un-
certainties by systematically studying the im-
pact on air shower observables and accelera-
tor measurements at the same time. Moreover,
Pythia 8 is the only model treating the pro-
duction of all quark flavors. Until now, only
SIBYLL models charm production. Finally,
the advent of Pythia 8, being an object-oriented
C++ code, marks an important step towards

enabling parallelization of CORSIKA 8 sim-
ulations by multithreading.
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4

Additive quark rule σπp ≈ (2/3)σpp at high energies.

σhA =
A

⟨ncoll⟩
σhp where ⟨ncoll⟩ comes from Angantyr
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Comparisons with other models - 2

Figure 1: Longitudinal profiles. Left: hadrons and muons. Right: electromagnetic energy de-
posit.

precise data on pp collisions from accelerator
measurements up to LHC energies (⇠ 1017 eV
in lab frame) to which the models have been
tuned, the predictions di↵er only slightly. Pre-
cise data on ⇡±p collisions, however, exist only
up a few 100 GeV, so that predictions diverge
especially above 1014 eV, with Pythia yielding
the lowest values. At present, it is unknown
whether the ⇡p cross-sections eventually con-
verge to the pp ones, which is expected assum-
ing a universal saturation of low-x gluons, or
stay below as expected from a Pomeron-style
rise.

When considering oxygen targets, the pic-
ture is di↵erent. Pythia predicts cross-sections
significantly higher than the other models. The
simplified nuclear model of ref. [5] consid-
ers only total cross-sections �tot by employing
the relation �(hA)

tot = A�(hp)
tot /hnsubcolli, with the

mean number of subcollisions hnsubcolli param-
eterized from full Angantyr events. Therefore,
we estimate the inelastic cross-section by scal-
ing �tot with the ratio finel of inelastic events,
which we determined to be approx. 92 % in
case of ⇡O and 90 % in case of pO events with
negligible energy dependence. It is noteworthy
that Pythia yields the smallest cross-sections
among the considered models in case of ⇡p but

Figure 2: Number of muons at ground Nµ vs.
shower maximum Xmax

the largest in case of ⇡O and pO.

4 Conclusions and outlook

We have integrated the latest version of
Pythia 8 into CORSIKA 8 to be used as
hadronic interaction model for realistic air
shower simulations for the first time. The
results presented demonstrate that Pythia is
capable to meet the higher demands (more
projectile/target configurations, extrapolations
to beyond-LHC energies) of such simula-

3

Figure 1: Longitudinal profiles. Left: hadrons and muons. Right: electromagnetic energy de-
posit.

precise data on pp collisions from accelerator
measurements up to LHC energies (⇠ 1017 eV
in lab frame) to which the models have been
tuned, the predictions di↵er only slightly. Pre-
cise data on ⇡±p collisions, however, exist only
up a few 100 GeV, so that predictions diverge
especially above 1014 eV, with Pythia yielding
the lowest values. At present, it is unknown
whether the ⇡p cross-sections eventually con-
verge to the pp ones, which is expected assum-
ing a universal saturation of low-x gluons, or
stay below as expected from a Pomeron-style
rise.

When considering oxygen targets, the pic-
ture is di↵erent. Pythia predicts cross-sections
significantly higher than the other models. The
simplified nuclear model of ref. [5] consid-
ers only total cross-sections �tot by employing
the relation �(hA)

tot = A�(hp)
tot /hnsubcolli, with the

mean number of subcollisions hnsubcolli param-
eterized from full Angantyr events. Therefore,
we estimate the inelastic cross-section by scal-
ing �tot with the ratio finel of inelastic events,
which we determined to be approx. 92 % in
case of ⇡O and 90 % in case of pO events with
negligible energy dependence. It is noteworthy
that Pythia yields the smallest cross-sections
among the considered models in case of ⇡p but

Figure 2: Number of muons at ground Nµ vs.
shower maximum Xmax

the largest in case of ⇡O and pO.

4 Conclusions and outlook

We have integrated the latest version of
Pythia 8 into CORSIKA 8 to be used as
hadronic interaction model for realistic air
shower simulations for the first time. The
results presented demonstrate that Pythia is
capable to meet the higher demands (more
projectile/target configurations, extrapolations
to beyond-LHC energies) of such simula-

3
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The PythiaCascade wrapper

In examples/main183.cc a hadronic cascade is traced through
the atmosphere, but poor substitute for full Corsika tracking.

The examples/main184.cc alternative separates tasks.
Interactions/decays are performed by the PythiaCascade class.
The main program or Corsika does the tracking.
Either calls PythiaCascade to

provide the hA collision cross section,

perform an hA collision, or

perform an h decay.

Internally to PythiaCascade there are two Pythia instances:

PythiaMain administrates an hA collision,
and does an h decay, and

PythiaColl does an hp/hn subcollision,
and provides the hp/hn cross section.
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PythiaCascade methods

The public PythiaCascade methods/references (currently) are

PythiaCascade constructor,

init initializes all program elements,

sigmaSetuphN calculates a hp cross section,

sigmaColl calculates a hA (= hn) cross section,
based on the hp one above,

nextColl performs an hA collision,

nextDecay performs an h decay,

compress reduces the event record to final particles only,

stat prints error statistics at the end of the run,

particleData(), rndm() references that can be used
in the main program for particle data or random numbers.
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Summary and outlook

LEP era “jet universality” prediction: hadronization at LHC
the same, only need to add multiparton interactions, beam
remnants, colour reconnection and initial-state radiation.

LHC data has revolutionized the picture of soft physics:

Goodbye jet universality!

This has led to a renewed phenomenology interest:

Welcome new mechanisms!

Still some way to go before a new unified picture is in place,
covering the evolution from e+e− to low-nch pp to AA.

Pythia now has PythiaCascade class for handling
cascades in (solid, liquid or gaseous) matter, to be used
e.g. from Corsika 8 or Geant 4, but

tuning and other validation remains!

Newer code directly based on Angantyr:
see presentation by Marius Utheim on Thursday
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