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Overview
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๏General Introduction: Principles of MC Generators 
๏Event Simulation 1 

•Hadronization ➤ Dynamics of Confinement  
•Hadronic (pp, pA, AA) Collisions ➤ “Collective Phenomena”  
•New Discoveries ➤ New Ideas 

๏Event Simulation 2  
•Perturbative Aspects  Amplitude Calculations 

•Perturbative Uncertainties

↔

➊

➋



Measure the measurable, and make 
the unmeasurable measurable.

The objective of science

It seems there is some doubt 
whether Galileo actually said this.



What has philosophy got to 
do with measuring anything?

Galileo, Concerning the New Star (1606)

(It’s the mathematicians you have to trust, and they measure the skies like we measure a field.)
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Do measurements  Learn about Nature⇔

dω̂0

Theory      Experiment⟷

5

(Typically) 
Very Large 
Backgrounds

Some “transfer 
function”

Elementary Fields & Parameters
Lagrangians & QFT

Detector Signals
Reconstructions

Perturbation Theory # of Observed Events
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Do measurements  Learn about Nature⇔

dω̂0

Theory      Experiment⟷

6

(Typically) 
Very Large 
Backgrounds

Some “transfer 
function”

Need precise and detailed relations 
+ Lots of interesting physics on the way
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Connecting theory and experiment

dω̂0
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HARD-PROCESS 
SKELETONS: 

Example: 

  

+ Resonance decays

gg → tt̄

+ DETECTOR 
SIMULATIONS 

+ TRIGGERS 
+ RECONSTRUCTION 
… 

 Physics Analysis⇒

Figure from arXiv:2203.11601

+ RADIATIVE CORRECTIONS 
+ MPI + CR + HADRONISATION, … 

+ HADRON (& ) DECAYSτ

MC Event Generators

https://arxiv.org/abs/2203.11601
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Foundational Principles of MC Event Generators

๏ 1. Divide and Conquer 
• Split the problem into (many) simpler pieces 

๏ 2. Knowledge is Power 
• The simpler pieces are given by Mathematical Factorisations 
• + The loss of perturbation theory in the nonperturbative regime 

does not imply a total loss of predictivity! 

๏ 3. God plays dice 
• We’ll do the same!

8
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1 — Divide et Impera
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๏Hard LHC collisions contain 100s of particles 
•Need (differential)  for that number of “legs” 

๏Help! Some of them are hadrons!  
•And/or have small opening angles 
•And/or are “soft”  

•+ Phase Space   

๏How would you: 
•Construct, square, and integrate 100-leg amplitudes (with a lot of IR-
divergent + non-pert. structure) over 300-dimensional phase spaces?  
•➤ break it down!

σpp

∝ ∏100
i=1

d3pi

2Ei

Non-perturbative 

Perturbative Infinities 

Big

Caesar
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2 — Scientia Potentia Est

๏Some Important Factorisations: 
•Factorisation of Long-Distance QCD  Can use Perturbation Theory  
•Narrow-Width Limit  Resonance & Hadron production and decay 
•Soft and Collinear Factorisation in Gauge Theories  Iterative FSR & ISR 

๏+ Well-Designed Observables 
•E.g., IR-safe & -sensitive, ratios vs yields, etc.  

๏Give data to ML and let it work out the transfer function(s)? 
•If the algorithm misses any of the factorisations (or conservations laws), would you trust it? 

๏ In principle, the data contains the laws. But features differ by orders of magnitude, many are quasi-fractal, … 
•In MCEGs, some laws may of course also be implemented imperfectly 

๏ But physical basis can be discussed, learned from, and in principle systematically improved  
•How to use ML for interpretation? For us to learn. What are we looking at?

⟹
⟹

⟹

10

Hobbes, Leviathan (1668)
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3 — Most gods play dice; Fate plays chess.

๏➜ Can split big problem into many (nested) pieces + make random choices (MC)2 ~ like in nature

11

Pevent = Phard ⌦ Pdec ⌦ PISR ⌦ PFSR ⌦ PMPI ⌦ PHad ⌦ . . .

Hard Process & Decays:  
Use process-specific (N)LO matrix elements (e.g., gg → H0 → γγ) 
→ Sets “hard” resolution scale for process: QHARD 

ISR & FSR (Initial- & Final-State Radiation):  
Driven by differential (e.g., DGLAP) evolution equations, dP/dQ2, as 
function of resolution scale; from QHARD to QHAD ~ 1 GeV   

MPI (Multi-Parton Interactions) 
Protons contain lots of partons → can have additional (soft) parton-parton 
interactions → Additional (soft) “Underlying-Event” activity  

Hadronisation 
Nonperturbative modeling of partons → hadrons transition 
Strings or clusters; followed by hadron and  decays τ

Separation of time scales  ➤  FactorizationsPhysics Maths

Merging
Eliminate 
double-
counting 
between 
fixed-order 
and shower 
corrections

 Pratchett
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The Physics of Event Generators
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J. Altmann         Monash University

Confinement in high energy collisions

Example of  event

From PYTHIA 8.3 guide arXiv:2201.11601

pp → tt̄

1

In high-energy collisions, such 
as proton-proton collisions at 
the LHC, need a dynamical 
process to ensure partons 
(quarks and gluons) become 
confined within hadrons 

i.e. non-perturbative                     
parton → hadron map 

Model requirements  
➢ Colour neutralisation 

➢ Dynamical mapping to 
on-shell hadrons 

Figure from arXiv:2203.11601

https://arxiv.org/abs/2203.11601
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The Physics of Event Generators
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J. Altmann         Monash University

Confinement in high energy collisions

Example of  event

From PYTHIA 8.3 guide arXiv:2201.11601

pp → tt̄

1

In high-energy collisions, such 
as proton-proton collisions at 
the LHC, need a dynamical 
process to ensure partons 
(quarks and gluons) become 
confined within hadrons 

i.e. non-perturbative                     
parton → hadron map 

Model requirements  
➢ Colour neutralisation 

➢ Dynamical mapping to 
on-shell hadrons 

First lecture:  
Focus on confinement

Figure from arXiv:2203.11601

https://arxiv.org/abs/2203.11601
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The Physics of Event Generators
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First lecture:  
Focus on confinement

J. Altmann         Monash University

Confinement in high energy collisions

Example of  event

From PYTHIA 8.3 guide arXiv:2201.11601

pp → tt̄

1

In high-energy collisions, such 
as proton-proton collisions at 
the LHC, need a dynamical 
process to ensure partons 
(quarks and gluons) become 
confined within hadrons 

i.e. non-perturbative                     
parton → hadron map 

Model requirements  
➢ Colour neutralisation 

➢ Dynamical mapping to 
on-shell hadrons 

In high-energy processes, need a 
dynamical process to ensure partons

(quarks and gluons) become

confined within hadrons

i.e. a non-perturbative

parton → hadron map

Figure from arXiv:2203.11601

https://arxiv.org/abs/2203.11601
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P.  S k a n d s

Long Wavelengths > 10-15 m

๏Quark-Antiquark Potential 
•As function of separation distance
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FIG. 4. All potential data of the five lattices have been scaled to a universal curve by subtracting Vo and measuring energies and

distances in appropriate units of &E. The dashed curve correspond to V(R)=R —~/12R. Physical units are calculated by exploit-
ing the relation &cr =420 MeV.

AM~a=46. 1A~ &235(2)(13) MeV .

Needless to say, this value does not necessarily apply to
full QCD.
In addition to the long-range behavior of the confining

potential it is of considerable interest to investigate its ul-
traviolet structure. As we proceed into the weak cou-
pling regime lattice simulations are expected to meet per-

turbative results. Although we are aware that our lattice
resolution is not yet really suScient, we might dare to
previe~ the continuum behavior of the Coulomb-like
term from our results. In Fig. 6(a) [6(b)] we visualize the
confidence regions in the K-e plane from fits to various
on- and off-axis potentials on the 32 lattices at P=6.0
[6.4]. We observe that the impact of lattice discretization
on e decreases by a factor 2, as we step up from P=6.0 to
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FIG. 5. The on-axis string tension [in units of the quantity c =&E /(a AL ) ] as a function of P. Our results are combined with pre-
vious values obtained by the MTc collaboration [10]and Barkai, Moriarty, and Rebbi [11].

~ Force required to lift a 16-ton truck

LATTICE QCD SIMULATION. 
Bali and Schilling Phys Rev D46 (1992) 2636

What physical!
system has a !
linear potential?

Short Distances ~ “Coulomb”

“Free” Partons

Long Distances ~ Linear Potential

“Confined” Partons 
(a.k.a. Hadrons)

(in “quenched” approximation)

Requirement #1: Colour Neutralisation

15

Coulomb term ∝ 1/R

Linear term with slope 
κ ∼ 1 GeV/fm

๏The point of confinement is that partons are coloured  
•A physical model needs two or more partons to create colour-neutral objects 

๏On lattice, compute potential energy  of a colour-singlet  state  
•as function of the distance, , between the  and :

V(R) qq̄
R q q̄

What physical system 
has a linear potential?
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Strings!!

16

P.  S k a n d s

Long Wavelengths > 10-15 m

๏Quark-Antiquark Potential 
•As function of separation distance
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LATTICE QCD SIMULATION. 
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What physical!
system has a !
linear potential?

Short Distances ~ “Coulomb”

“Free” Partons

Long Distances ~ Linear Potential

“Confined” Partons 
(a.k.a. Hadrons)

(in “quenched” approximation)

Coulomb term

Linear term 

Colour neutralisation

Require colour neutralisation: 
➢ The point of confinement is that partons are coloured → a physical model needs 

two or more partons to create colour neutral objects 

What physical system has a 
linear potential?

J. Altmann         Monash University 3

Strings !!! 

Lund string model 
model the colour confinement field as a string  
➢ Strings form between partons that form overall 
colour-singlet states 

Colour neutralisation

Require colour neutralisation: 
➢ The point of confinement is that partons are coloured → a physical model needs 

two or more partons to create colour neutral objects 

What physical system has a 
linear potential?

J. Altmann         Monash University 3

Strings !!! 

Lund string model 
model the colour confinement field as a string  
➢ Strings form between partons that form overall 
colour-singlet states 

(+ Characteristic Feature of Lund Model: gluons are mapped to transverse kinks)

Colour neutralisation

Require colour neutralisation: 
➢ The point of confinement is that partons are coloured → a physical model needs 

two or more partons to create colour neutral objects 

What physical system has a 
linear potential?

J. Altmann         Monash University 3

Strings !!! 

Lund string model 
model the colour confinement field as a string  
➢ Strings form between partons that form overall 
colour-singlet states 

High separation energies  1 GeV 
 String Breaks (by pair creation):

≳
⟹

Modelled by analogy with “Schwinger Mechanism” in QED 
 Gaussian suppression with “transverse mass”: ⟹ exp (

−m2
q − p2

⊥q

κ /π )
No  or ; 

Suppression 
of strange

b c

κ ∼ 1 GeV/fm

next 
slides
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Who gets confined with whom?

๏“Leading Colour” 

17

“Les Houches Colour Tags”

•MCs:  limit formalised by 
letting each “colour line” be 
represented by a unique Les Houches 
colour tag† (no interference between 
different colour lines in this limit)

NC → ∞

†: hep-ph/0109068; hep-ph/0609017 

       #        id  name            status     mothers   daughters     colours      p_x        p_y        p_z         e          m
5 23 (Z0)            -22  3     4     6     7   0.000 0.000 0.000 91.188 91.188
6 3 (s)             -23  5     0    10     0   101     0    -12.368 16.523 40.655 45.594 0.000
7 -3 (sbar)          -23  5     0     8     9     0   101    12.368 -16.523 -40.655 45.594 0.000
8 21 (g)             -51  7     0    13     0   103   101    9.243 -9.146 -29.531 32.267 0.000
9 -3 sbar          51  7     0     0   103    3.084 -7.261 -10.973 13.514 0.000

10 3 (s)             -52  6     0    11    12   101     0    -12.327 16.406 40.505 45.406 0.000
11 21 g             -51 10     0   101   102    -2.834 -2.408 1.078 3.872 0.000
12 3 s             51 10     0   102     0    -10.246 17.034 38.106 42.979 0.000
13 21 g             52  8     0   103   101    9.996 -7.366 -28.211 30.823 0.000

A corresponding event record from PYTHIA, up to the second gluon emission

Expect 
accurate to  

~ 1/  ~ 10%N2
C
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Requirement #2: on-shell hadrons

•Hadron  takes a fraction  of the quark momentum  

•Probability distribution in  parametrised by 
Fragmentation Function, 

h z

z ∈ [0,1]
fLund(z, Q2

HAD)

18

String Break

q

h

Fragmentation starts in the middle and spreads outwards:

z

tqq m2
⊥

m2
⊥

1
2

but breakup vertices causally disconnected
⇒ can proceed in arbitrary order
⇒ left–right symmetry

P(1,2) = P(1) × P(1 → 2)

= P(2) × P(2 → 1)

⇒ Lund symmetric fragmentation function
f(z) ∝ (1 − z)a exp(−bm2

⊥/z)/z  0

 0.5

 1

 1.5

 2

 2.5

 3

 0  0.2  0.4  0.6  0.8  1

f(z), a = 0.5, b= 0.7

mT
2 = 0.25
mT

2 = 1
mT

2 = 4

time

spatial 
separation

Observation: All string breaks are causally disconnected 
(➣ independent modulo entanglement from common origin)

Lorentz invariance  string breaks can be 
considered in any order.  

Exploit this to split off “outermost” hadron either 
from left or right (randomly) — iteratively!

⟹leftover string, 
further string breaks 

Spacelike Separation from  

Timelike 
Separation from 

: no string

“Left-right symmetry”  FF constrained to a 
form with two free parameters,   &  

(constrained by fits to measured hadron spectra)

⟹
a b fLund(z) ∝

1
z

(1 − z)aexp (−
b(m2

h + p2
⊥h)

z )
Supresses high z Supresses low z

๏[See, e.g., Amoroso et al., JCAP 05 (2019) 007]

https://arxiv.org/abs/1812.07424
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ATLAS
 = 8 TeVs
 = 20.3intL
 > 0.5 GeVtrack

T
p

Quark Jets (Data)
Gluon Jets (Data)
Quark Jets (Pythia 8 AU2)
Gluon Jets (Pythia 8 AU2)

LO pQCD3Quark Jets N
LO pQCD3Gluon Jets N

(b)

Figure 5: The jet pT dependence of (a) the di↵erence in the average charged-particle multiplicity (p
track
T > 0.5 GeV)

between the more forward and the more central jet. The band for the data is the sum in quadrature of the systematic
and statistical uncertainties and the error bars on the data points represent the statistical uncertainty. Bands on the
simulation include MC statistical uncertainty. The jet pT dependence of (b) the average charged-particle multiplicity
(p

track
T > 0.5 GeV) for quark- and gluon-initiated jets, extracted with the gluon fractions from Pythia 8.175 with the

CT10 PDF. In addition to the experimental uncertainties, the error bands include uncertainties in the gluon fractions
from both the PDF and ME uncertainties. The MC statistical uncertainties on the open markers are smaller than
the markers. The uncertainty band for the N3LO pQCD prediction is determined by varying the scale µ by a factor
of two up and down. The markers are truncated at the penultimate pT bin in the right because within statistical
uncertainty, the more forward and more central jet constituent charged-particle multiplicities are consistent with
each other in the last bin.
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ATLAS, Eur.Phys.J. C76 (2016) no.6, 322 

Quark Jets

Gluon Jets

Peter Skands

Gluon Kinks: The Signature Feature of the Lund Model

๏Gluons are connected to two string pieces 

•Each quark connected to one string piece 
๏ Expect factor ~  more particles in gluon jets 

๏Important for discriminating new-physics signals  
•Decays to quarks vs decays to gluons,  
•vs composition of background and bremsstrahlung combinatorics

2 ∼ CA/CF

19

1980: string (colour coherence) e↵ect

quark

antiquark

gluon

string motion in the event plane
(without breakups)

Predicted unique event structure;
inside & between jets.
Confirmed first by JADE 1980.

Generator crucial
to sell physics!

(today: PS, M&M, MPI, . . . )

Torbjörn Sjöstrand Status and Developments of Event Generators slide 5/28
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Alternative: The Cluster Model — Used in HERWIG & SHERPA

๏Alternative to strings:  
•Force  at end of showerg → qq̄

20

Hard Process Parton 
Shower

“Clusters”
•Isotropic 
2-body 
decays to 
hadrons 
•According 
to phase 
space

The HERWIG Cluster Model

“Preconfinement”:
colour flow is local
in coherent shower evolution

●

subprocess

underlying
event

p

jet jet

p

hard

●

+

0Z

ee −

●

1) Introduce forced g → qq branchings
2) Form colour singlet clusters

3) Clusters decay isotropically to 2 hadrons according to
phase space weight ∼ (2s1 + 1)(2s2 + 1)(2p∗/m)

simple and clean, but . . .

Cluster mass 
spectra are 
universal 

“Pre-Confinement”

(but high-mass 
tail problematic)

Cluster mass spectra

๏ Solution: Force String-Like 
Splittings of Large Clusters
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Hadron Collisions → Multi-Parton Interactions

๏Protons are composite 
•One proton = beam of partons   

•+  is dominated by -channel gluon 
exchange: diverges for    

๏  For sufficiently low (~ 5 GeV at LHC), we will 
have   

•Interpretation:  

•(Regulated at low  by IR cutoff ~ colour screening) 

๏➜ Multiple Parton-Parton Interactions (MPI)

dσparton−parton t
̂p⊥ → 0 GeV

⟹ ̂p⊥
σparton−parton( ̂p⊥) ≳ σproton−proton

σparton-parton( ̂p⊥)

σhadron-hadron
∼ ⟨n⟩parton−parton( ̂p⊥)

̂p⊥

21
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   poor man's saturation≈



๏Cast MPI as Sudakov-style evolution: 
•Analogous to   for parton showers 

๏  
๏ with:    ;    

๏with Impact-parameter dependence 

•Crucial to describe “Underlying Event” 
•

σX+jet(p⊥)/σX

A Multiple Interaction Model ..• 

be the average of all events, i.e. where n l, 

<C> 
J 0(b) P. (b) d

2
b >nt 

J P. (b) d 2b >nt 

one obtains 

«'."> 
f f(b) P. (b) d 2b 

•nt 

J P. (b) d 2b 
•nt 

J 0(b) P. (b) d 2b >nt 

<0> I P. (b) d 2b 
•nt 
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( 29) 

l. ( 30} 

i.e. the average value of f(b) over all events is unity. A large f value 

corresponds to a high probability for several interactions, while a small f 

corresponds to a peripheral collision with the minimal nuwber of one 

interaction. The larger a tail the hadronic matter distribution has, or the 

more peaked it is at the origin, the wider the probability distribution in f 

is. 

A further number needed in the following is 

f c 

I 0(b) P. t(b) d
2

b >n 

I C(bJ s 2
b 

( 31) 

which is impact parameter independent. Typically fc is somewhat smaller than 

one, approaching unity from below when Clhard/and + The function of f c will 

be to compensate for the fact that the average number of interactions per 

event is pushed up by the requirement that each event contain at least one 

interaction. 

If eqs. (27), (29), (31) and (26) are combined, one obtains 

<i1(b)> f(b) <kO> f(b) 
f k0(b) P. (b) d 2b >nt 

I P. (b) ct 2
b •nt 

I kC(bJ s 2
b 0 

f c:: ( b J hard f f{b) 
c J Pint(b) d

2
b 0nd 

{32) 

This derivation, which has been given here for the total number of 

interactions for two hadrons passing each other at an impact parameter b, 
could equally well have been carried out for the number of interactions 1n a 

given pT bin (since, contrary to the case of n(b), there is no constraint of 

the type i1(b) 1). The conclusion is therefore that the effective probabi_ity 

p(xT) of eq. (6), giving the probability of having a scattering at x_, should 

A Multiple Interaction Model ... 

be replaced by 

p(xT,b) fcf(b) p(xT) f f (b) ___..!. 
c Clnd 

sa 
dxT' 

The naive generation procedure is thus to pick a 

19 

( 3 3) 

b according to the phase 

space d 2b, find the relevant f(b) and plug in the resulting p(xT,b) in the 

formalism of section 2.2. If at least one hard interaction is generated, the 

event is retained, else a new b is to be found. This algorithm would work fine 

for hadronic matter distributions which vanish outside some radius, so that 

the d 2b phase space which needs to be probed is finite. Since this is not true 

for the distributions under study, it is necessary to do better. 

4.3. The Event Generation Formalism 

By analogy with eq. (7), it is possible :o ask what the probability is to find 

the hardest scattering of an event at xTl. For each impact parameter 

separately, the probability to have an interaction at xTl is given by p(xT 1 ,bJ 

in eq. (33), and this should l by the probability that the event 

contains no interactions at a scale xT > xTl' to yield the total probability 

distribution 

dP hardest 

ct 2b dx T1 

1 
p(xT 1 ,b} exp{- J ( 34) 

XT1 

There are two ways to proceed from this formula. One is to integrate eq. (34) 

over all allowed xT values, to give the probability that a passage produces at 

leas: one interaction 

dPH 

s 2
b 

1 
J dxT p(xT,b) 

xTmin 

1 - exp{- f f(b) 
0 

l 1 
exp{- J p(x',b) dx'} 

T T 
1 - exp{- I 

'T xTmin 

0 
hard} 
0nd 

l - exp(-k0(b)) Pint (b)' 

p(xT,bJ " 

( 35) 

in agreement with eq. (24). A proper procedure 'HOuld therefore be to select a 

b according to P. (b) d 2b. This yields the f(b) value and hence the relevant >nt 
p(xT,b). The p(xT,b) can be directly plugged into the formalism of section 

2.2, to yield a sequence of xTi values for interactions. If no xT values at 

all are found above xTmin' which happens 'Hith probability exp(-k0(b)), the 

generation chain is to be restarted at xTO = 1, until a valid 

even' ;; :.nte::actic·n] i,; fs·u::d. 

𝚙 ∝ σ2→2(xT, b)/σpp xT = 2 ̂p⊥/ s

Peter Skands

UA1, Phys. Lett. B 132 (1983) 214-222

pp̄ at
p
s = 540GeV

Min-bias level

Jet Core

Jet Pedestal 

The “Jet Pedestal” Effect 
(UA1, 1983) 

“Outside the [jet], a 
constant ET plateau is 

observed, […] 
substantially higher than 

the one observed for 
minimum bias events.”

๏ a.k.a. “Jet Pedestal”

A Brief History of MPI (in PYTHIA)

22

๏1987 [Sjöstrand & van Zijl, Phys.Rev.D 36 (1987) 2019]

bb

http://cds.cern.ch/ejournals.py?publication=Phys.+Lett.+B&volume=132&year=1983&page=214
https://inspirehep.net/literature/245684
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Pythia 8 — Interleaved Evolution

๏2005 [Sjöstrand & PS, Eur.Phys.J.C 39 (2005) 129] 

•Interleave MPI & ISR evolutions in 
one common sequence of pT  
•➜ ISR & MPI “compete” for the 
available  in the proton remnant. 

๏2011 [Corke & Sjöstrand, JHEP 03 (2011) 032] 
•Also include FSR in interleaving  

๏

x

23Figure from Sjöstrand & PS, 2005

interaction
number

p⊥

hard int.

1

mult. int.

2

mult. int.

3

mult int.

4

p⊥max

p⊥min

p⊥1

p⊥2

p⊥3

p⊥23

p⊥4

ISR

ISR

ISR

ISR

p′⊥1

Figure 1: Schematic figure illustrating one incoming hadron in an event with a hard inter-
action occurring at p⊥1 and three further interactions at successively lower p⊥ scales, each
associated with (the potentiality of) initial-state radiation, and further with the possibility
of two interacting partons (2 and 3 here) having a common ancestor in the parton showers.
Full lines represent quarks and spirals gluons. The vertical p⊥ scale is chosen for clarity
rather than realism; most of the activity is concentrated to small p⊥ values.

‘one-parton-inclusive’ pdf’s should be applicable; when averaging over all configurations of
softer partons, the standard QCD phenomenology should be obtained for the ones partic-
ipating in the hardest interaction, this being the way the standard parton densities have
been measured. Thus it makes sense to order and study the interactions in a sequence of
falling ‘hardness’, for which we shall here take p⊥ as our measure, i.e. we consider the inter-
actions in a sequence p⊥1 > p⊥2 > p⊥3 > p⊥4. The normal parton densities can then be used
for the scattering at p⊥1, and correlation effects, known or estimated, can be introduced in
the choice of ‘subsequent’ lower-p⊥ scatterings.

In ref. [1] we developed a new and sophisticated model to take into account such corre-
lations in momentum and flavour. In particular, contrary to the earlier model described in

2

C o l o u r  S c r e e n i n g  ( “ ” )  /  H a d ro n i z a t i o np⊥0

๏Sjöstrand & PS, 2004: 
•Simple multi-parton PDFs with 
momentum & flavour correlations

๏ Interleaved Evolution

๏ ~ Fine-graining of all event structure 
above hadronization scale in one 
common sequence of quantum 

mechanical resolution ∝ p⊥

https://arxiv.org/abs/hep-ph/0408302
https://arxiv.org/abs/1011.1759
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MPIMPI

dω̂0

Confinement in  Collisionspp

๏MPI or cut pomerons  lots of coloured partons scattered into final state  
•Who gets confined with whom? 

๏Each has a colour ambiguity  
•E.g.: random triplet charge has 1/9 chance to 
be in singlet state with random antitriplet: 

๏ ,  
๏ , etc.  

๏Many charges ➜ Colour Reconnections* 
(CR) more likely than not  

Expect Prob(no CR)  

๏(And do other things happen? Emergent dynamics?)

⇒

∼ 1/N2
C ∼ 10 %

3 ⊗ 3̄ = 8 ⊕ 1
3 ⊗ 8 = 15 + 6 + 3

∝ (1 −
1

N2
C )

nMPI

24*): in this context, QCD CR simply refers to an ambiguity beyond Leading NC, known to exist.  The term “CR” can also be used more broadly.

Example (from arXiv:2203.11601) 
   (all-jets)pp → tt̄

“Parton Level” 
(Event structure before confinement)
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String-length minimisation and <pT>(Nch)

๏When many string configurations are possible, assume nature 
picks the one with smallest potential energy ~ “string length” 

25
Beam Direction

comoving 

hadrons

Beam Direction

Outgoing 
parton

String 
piece

Without CR

With CRALICE data

⟨p⊥⟩(Nch)

[See also Ortiz et al., Phys.Rev.Lett. 111 (2013) 4, 042001]
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QCD @ LHC ➣ Lots of New Discoveries!

26
D.D.	Chinellato	– 38th	 International	Conference	on	High	Energy	Physics

Relative Strangeness 
Production
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• Quantified via strange to non-strange 
integrated particle ratios vs d"#$/d&

• Significant enhancement of strange 
and multi-strange particle production 

• MC predictions do not describe this 
observation satisfactorily

5

ALICE, arXiv:1606.07424
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[1] Comput. Phys. Commun. 178 (2008) 852–867
[2] JHEP 08 (2011) 103
[3] Phys. Rev. C 92, 034906 (2015)

[1]
[2]

[3]

Λ+
c production in pp and p–Pb collisions at

√
sNN = 5.02 TeV ALICE Collaboration

on the Λ+
c selection e”ciency was estimated by varying the selection on the kinematical and

topological properties of the Λ+
c decays, or the selection on the BDT response (from 3% to

15%). The uncertainty on the PID e”ciency was estimated by varying the selection on the
Bayesian probability variables (from 2% to 5%). The systematic effect on the e”ciencies due to
the shape of the simulated Λ+

c pT distribution was evaluated by reweighting the generated Λ+
c

from PYTHIA 6 to match the pT distribution obtained from FONLL calculations for D mesons
(maximum 1% uncertainty). The relative statistical uncertainty on the acceptance and e”ciency
correction was considered as an additional systematic uncertainty source (from 1–2% at low pT

to 3–5% at high pT). The uncertainties on fprompt were estimated by varying the hypothesis
on the production of Λ+

c from B-hadron decays to account for the theoretical uncertainties of
b-quark production within FONLL and experimental uncertainties on B-hadron fragmentation
(around 2% at low pT, and from 4% to 7% at high pT, depending on the analysis). Global
uncertainties of the measurement include those from the luminosity and Λ+

c branching ratios.
The raw-yield extraction uncertainty source are considered to be uncorrelated across pT bins,
while all other sources are considered to be correlated.

The results in each collision system from the two Λ+
c decay channels were averaged to obtain the

final results. A weighted average of the results was calculated, with weights defined as the inverse
of the quadratic sum of the relative statistical and uncorrelated systematic uncertainties. The
sources of systematic uncertainty assumed to be uncorrelated between different decay channels
were those due to the raw-yield extraction, the statistical uncertainties on the e”ciency and
acceptance, and those related to the Λ+

c selection. The remaining uncertainties were assumed to
be correlated, except the branching ratio uncertainties, which were treated as partially correlated
among the hadronic-decay modes as defined in [37].
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Fig. 1: Left: Prompt Λ+
c and D0 pT-differential cross section in pp collisions and in p–Pb collisions

at
√

sNN = 5.02 TeV. The results in p–Pb collisions are scaled with the atomic mass number A of the Pb

nucleus. Right: the Λ+
c /D0 ratio as a function of pT measured in pp collisions at

√
s = 5.02 TeV compared

with theoretical predictions (see text for details). Statistical uncertainties are shown as vertical bars, while

systematic uncertainties are shown as boxes, and the bin widths are shown as horizontal bars.

Figure 1 (left) shows a comparison of the Λ+
c pT-differential cross sections in pp and in p–Pb

collisions at
√

sNN = 5.02 TeV. The D0 pT-differential cross sections measured in the same
collision systems and at the same centre-of-mass energy during the same data taking periods [10,
50] are also shown. In order to compare the spectral shapes in the two different collision systems

5

High pT ~ 

PYTHIA Monash 
(default) tune

Discrepancies with LHC data

8J. Altmann         Monash University

Strange to non-strange hadron ratios
Heavy flavour baryon-to-meson ratios

Schwinger mechanism → constant strange/diquark production along a string 
But modelling of  strings hadronizing with constant strangeness/diquark 
production shows discrepancies with LHC data 


qq̄

 Note: LHC  smaller 
than at LEP

p/κ

Overprediction of proton-to-pion ratio

*remains an issue with the  ratio
→b /B0

Strangeness 
enhancement

Heavy-Flavour 
Baryons

LHC  smaller than 
at LEP 🤔

p/π

+ Many more …

Baryon correlations 
Ds asymmetries 

Exotica 
…

CMS 
Ridge

2011.06078 

https://arxiv.org/abs/2011.06078
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New Directions in String Fragmentation

๏Regard tension  as an emergent 
quantity  (not fundamental strings)                            

๏May depend on (invariant) time ? 
•E.g., hot strings which cool down 

[Hunt-Smith & PZS EPJ C 80 (2020) 11] 

๏May depend on spatial coordinate ? 
Work in progress with J. Altmann (Monash), and E. Carragher & J. March-Russell (Oxford). 

๏May depend on environment? (e.g., other strings nearby)  
•Two approaches (so far) within Lund string-model context: 

๏ Colour Ropes [Bierlich et al. 2015] + several more recent 
๏ Close-Packing [Fischer & Sjöstrand 2017] + Work in progress with L. Bernardinis & V. Zaccolo (Trieste)

κ

τ

σ

27

Cyclonic and Anticyclonic Winds

https://arxiv.org/abs/2005.06219
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Non-Linear String Dynamics?

๏Count # of (oriented) flux lines crossing  in pp collisions at LHC  
•(according to PYTHIA) — And classify by SU(3) multiplet:

y = 0

28

J. Altmann         Monash University

Strangeness Enhancement

8
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Clear observations of strangeness enhancement with 
respect to charged multiplicity [e.g. ALICE Nature Pays. 13, 535 (2017)]
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Plot by J. Altmann
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Monash

QCD

Close-packing  
+ strange junctions  
+ diquark suppression

J. Altmann       Monash University

Collective Effects

Diquark formation via successive colour 
fluctuations (popcorn mechanism)

vs.

Strange Junctions

Strangeness Enhancement

Dense string environments 

→ Casimir scaling of effective string tension 

→ Higher probability of strange quarks

String tension could be different from the 
vacuum case compared to near a junction

Close-packing

String breaks

Diquark Suppression

What if we allow the blue fluctuation to 
break a nearby string?

Multiplets (y=0, pp 7 TeV) 

 Note: LHC  smaller 
than at LEP

p/π

๏ Colour Ropes (Bierlich et al.), 
๏ + Close-Packing: Altmann, Bernardinis, 

Jueid, Kreps, PS, Zaccolo (in progress)

➜ Is “emergent tension” 
driving strangeness 
enhancement in pp?

27 27

Confining fields may be 
reaching higher effective 

representations than simple  
(3) ones.

qq̄

PYTHIA MC
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What about Baryon Number?

29

Junction

Open Strings
Closed Strings

SU(3) String Junction

Types of string topologies:

Could we get these at LHC?
(3 ⊗ 3̄)singlet =

1
9

(8 ⊗ 8̄)singlet =
1

64
(3 ⊗ 3 ⊗ 3)singlet =

1
27
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Fragmentation of String Junctions

๏Assume Junction Strings have same properties as ordinary ones 
(u:d:s, Schwinger pT, etc) ➤ No new string-fragmentation parameters 

•

30

SciPost Physics Codebases Submission

qC0
qB3

qA2

qB2

q̄B3

q̄q̄B1

q̄B2

qB0

qqB1

qA1

q̄A2

qA0

q̄A1

First Stage: Legs A and B

qqAB

qC4 q̄C4 qC3 q̄C3 qC2 q̄C2 qC1 q̄C1
qC0

q̄B3

qB2

q̄B2

q̄q̄B1

qqB1

qB0

q̄A2

qA1

q̄A1

qA0

Second Stage: Leg C

Figure 16: Illustration of the two main stages of junction fragmentation. (left) First, the
junction rest frame (JRF) is identified, in which the pull directions of the legs are at 120�

to each other. (If no solution is found, the CM of the parton system is used instead.) The
two lowest-energy legs (A and B) in this frame are then fragmented from their respective
endpoints inwards, towards a fictitious other end which is assigned equal energy and
opposite direction, here illustrated by grey dashed lines. This fragmentation stops when
any further hadrons would be likely to have negative rapidities along the respective
string axes. (right) The two leftover quark endpoints from the previous stage (qA2 and
qB3) are combined into a diquark (qqAB) that is then used as endpoint for a conventional
fragmentation along the last leg, alternating randomly between fragmentation from the
qC end and the qqAB end as usual.

separately, each as if it were a qq string, with a fictitious q in the opposite direction to the q.
All fragmentation is from the q end of the respective system, however, and keeps on going until
almost all the original q energy is used up, resulting in the situation illustrated in the left-hand
pane of fig. 16. At that stage the remaining unmatched two quarks (qA2 and qB3 in the figure) are
combined into a diquark, carrying the unspent energy and momentum. This diquark now forms
one end of the remaining string out to the third quark, which can be fragmented as a normal string
system, illustrated in the right-hand pane of fig. 16. One criterion that the procedure works, e.g.
that the fragmentation of the two first legs is stopped at about the right remaining energy, is that
the junction baryon is formed with a low momentum and with minimal directional bias in the
junction rest frame. Additional checks are also made to ensure that the final string mass is above
the threshold for string fragmentation. Otherwise, repeated attempts are made, starting over with
the first two strings.

Unfortunately real-life applications introduce a number of complications. One such is that the
pull is more complicated when the endpoints are not massless. Then, in a fraction of the events,
there is no analytic solution. Typically this happens when a massive quark is almost at rest in the
configurations that come closest to balance, and an approximate balance along these lines may be
obtained. An even more complicated case is when a leg is stretched via a number of intermediate
gluons between the junction and the endpoint quark, as would be a natural consequence of parton-
shower evolution in the �0! qqq decay. Then the initial motion of the junction is set by the gluon
nearest to it. But often this gluon has low energy and, once that is lost to the drawn-out string, it is
the direction of the next-nearest gluon that sets a new net pull. Thus, there is no frame where the

168

The Junction Baryon is the most “subleading” 
hadron in all three “jets”.  

Generic prediction: low pT 

A Smoking Gun for String Junctions: Baryon enhancements at low pT

[Sjöstrand & PS, NPB 659 (2003) 243] 

[+ Altmann & PS, JHEP 07 (2024) 238]

https://arxiv.org/abs/2309.01557
https://arxiv.org/abs/2404.12040
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Colour Reconnections ➣ String Junctions

31

Junctions

7J. Altmann         Monash University

 Mechanism for baryon production

➢ ~40% of baryons are from junctions in PYTHIA 

Heavy flavour baryons  
➢ ~70% of heavy baryons are from junctions in PYTHIA   

b/c

WITH JUNCTIONS

NO JUNCTIONS

Heavy flavour quarks cannot be made from 
string breaks, so must be string endpoints

Next Steps: put it all together (+ “Altmann mechanism” for diquark disruption in octet fields)  
See how close we can get to describing light, strange, and heavy-flavour mesons + baryons in  

+ Lund group developing extensions/applications to heavy-ion collisions!
pp

[Christiansen & PS 2015, Altmann & PS 2024]

Λ+
c production in pp and p–Pb collisions at

√
sNN = 5.02 TeV ALICE Collaboration

on the Λ+
c selection e”ciency was estimated by varying the selection on the kinematical and

topological properties of the Λ+
c decays, or the selection on the BDT response (from 3% to

15%). The uncertainty on the PID e”ciency was estimated by varying the selection on the
Bayesian probability variables (from 2% to 5%). The systematic effect on the e”ciencies due to
the shape of the simulated Λ+

c pT distribution was evaluated by reweighting the generated Λ+
c

from PYTHIA 6 to match the pT distribution obtained from FONLL calculations for D mesons
(maximum 1% uncertainty). The relative statistical uncertainty on the acceptance and e”ciency
correction was considered as an additional systematic uncertainty source (from 1–2% at low pT

to 3–5% at high pT). The uncertainties on fprompt were estimated by varying the hypothesis
on the production of Λ+

c from B-hadron decays to account for the theoretical uncertainties of
b-quark production within FONLL and experimental uncertainties on B-hadron fragmentation
(around 2% at low pT, and from 4% to 7% at high pT, depending on the analysis). Global
uncertainties of the measurement include those from the luminosity and Λ+

c branching ratios.
The raw-yield extraction uncertainty source are considered to be uncorrelated across pT bins,
while all other sources are considered to be correlated.

The results in each collision system from the two Λ+
c decay channels were averaged to obtain the

final results. A weighted average of the results was calculated, with weights defined as the inverse
of the quadratic sum of the relative statistical and uncorrelated systematic uncertainties. The
sources of systematic uncertainty assumed to be uncorrelated between different decay channels
were those due to the raw-yield extraction, the statistical uncertainties on the e”ciency and
acceptance, and those related to the Λ+

c selection. The remaining uncertainties were assumed to
be correlated, except the branching ratio uncertainties, which were treated as partially correlated
among the hadronic-decay modes as defined in [37].
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Fig. 1: Left: Prompt Λ+
c and D0 pT-differential cross section in pp collisions and in p–Pb collisions

at
√

sNN = 5.02 TeV. The results in p–Pb collisions are scaled with the atomic mass number A of the Pb

nucleus. Right: the Λ+
c /D0 ratio as a function of pT measured in pp collisions at

√
s = 5.02 TeV compared

with theoretical predictions (see text for details). Statistical uncertainties are shown as vertical bars, while

systematic uncertainties are shown as boxes, and the bin widths are shown as horizontal bars.

Figure 1 (left) shows a comparison of the Λ+
c pT-differential cross sections in pp and in p–Pb

collisions at
√

sNN = 5.02 TeV. The D0 pT-differential cross sections measured in the same
collision systems and at the same centre-of-mass energy during the same data taking periods [10,
50] are also shown. In order to compare the spectral shapes in the two different collision systems

5

High pT ~ LEP

2011.06078 

Juncti
ons

No Junctions ~ LEP

 1
0

×

https://arxiv.org/abs/2011.06078


๏Disclaimer: I am not an expert  

๏Also for HI, there are of course event generators 
•E.g., ANGANTYR, EPOS, HIJING, JEWEL, QGSJET, SIBYLL, …  

๏Another big class of models: statistical hadronization 

๏Differ in how much detail you aim for, how multi-differential and/or event-
by-event you want to be able to go … 

•You may want to focus on macroscopic properties, not the microphysics 
•Or you may want to pursue a microscopic description, without all macroscopic aspects  

๏Most of us specialise, but I don’t think the point is to pick a winner 

•As a physicist, I’d like to understand both: what are the macroscopic properties? what is the 
microphysics? How do the former emerge from the latter?  
•Which paradigms are compatible / incompatible? How to form clear conclusions from data? 

Lots of recent activity ! 
Also in PYTHIA 

Led by Jyväskylä & Lund 

Peter Skands

Heavy-Ion Physics

32
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Beyond Strings — QGP?

๏Currently most realistic complete approach for pp  pA  AA? 
•The core-corona solution [Werner 2007]: mix discrete strings with continuous QGP

↔ ↔

33

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.

Torbjörn Sjöstrand Soft QCD theory slide 6/26

Allows smooth transition between string and hydro descriptions. Implemented in EPOS MC 
Qualitatively agrees with ALICE strangeness data (but too steep rise with multiplicity?)

Slide adapted from T. Sjöstrand
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Conversely: Collective flow from strings? (without QGP)

34

Shoving: The cartoon picture (arXiv:1710.09725,2010.07595)

• Strings push each other in transverse space.
• Colour-electric fields � classical force.

� Transverse-space geometry.
� Particle production mechanism.
?? String radius and shoving force

7

The shoving force

• Energy in field, in condensate and in magnetic flux.

• Let g determine fraction in field, and normalization N is given:

E = N exp(�⇢
2/2R2)

• Interaction energy calculated for transverse separation d·,
giving a force:

f (d·) = gd·
R2

exp⇧� d2
·

4R2
↵

• Distance calculated in “shoving frame”, resolved as two-string
interactions.

9

 force⟹

: fraction of energy in 
chromo-electric field (as 
opposed to in condensate or 
magnetic flux) 

: transverse distance (in 
string-string “shoving frame”) 

: string radius 
: string tension ~ 

g

d⊥

R
κ 1 GeV/fm

String shoving in pp (arXiv:1710.09725,2211.04384,1906.08290,2101.03110)

• Inclusive flow observables well reproduced.
• Add a hard probe trigger, interactions handled.
• In Pythia. Download and play around.
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String shoving in pp (arXiv:1710.09725,2211.04384,1906.08290,2101.03110)

• Inclusive flow observables well reproduced.
• Add a hard probe trigger, interactions handled.
• In Pythia. Download and play around.

10

Trigger:

CMS 1009.4122. Also: ATLAS 1906.08290, ALICE 2101.03110

The “CMS Ridge”

~
~

๏Strings should push each other transversely 
•Colour-electric fields ➜ Classical force 

๏Model string radial shape & shoving physics 

[Bierlich, Chakraborty, Gustafson, Lönnblad, 2017 & 2020]
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Pythia for Cosmic Rays    Corsika 8↔

35

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.

Torbjörn Sjöstrand Soft QCD theory slide 21/26+ Extension with ANGANTYR ( incoming nuclei) ➣ PYTHIA 8.313 →
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ymax ⇠ ln

✓
2Eq

m⇡

◆
Increasing  → logarithmic 

growth in rapidity range
Eq

If the quark gives all its energy to a 
single pion traveling along the  axisz

(Note on the Length of Strings)

๏In Spacetime:  
•String tension ≈ 1 GeV/fm → a 50-GeV quark can travel 50 fm before all its kinetic energy is 
transformed to potential energy in the string.  Then it must start moving the other way. 
•(→ “yo-yo” model of mesons. Note: string breaks → several mesons) 

๏The MC implementation is formulated in momentum space 
•Lightcone momenta  along string axis 
•➜ Rapidity (along string axis) and  transverse to it 

๏Particle Production:  
•Scaling in   flat in rapidity (long. boost invariance) 

•"Lightcone scaling”

p± = E ± pz

p⊥

z ⟹

37

y =
1

2
ln

✓
E + pz
E � pz

◆
=

1

2
ln

✓
(E + pz)2

E2 � p2z

◆
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Particle Composition: Impact on Jet Energy Scale

๏Variation largest for gluon jets  
•For ET = [30, 100, 200] GeV 
•Max JES variation = [3%, 2%, 1.2%] 

๏Fraction of jet ET carried by baryons 
(and kaons) varies significantly 

•Reweighting to force similar baryon and 
kaon fractions  
•Max variation ➜ [1.2%, 0.8%, 0.5%] 
•Significant potential for improved Jet 
Energy Scale uncertainties! 

๏Motivates Careful Models & Careful 
Constraints 

•Interplay with advanced UE models 
•In-situ constraints from LHC data 
•Revisit comparisons to LEP data 

38

ATL-PHYS-PUB-2022-021

ATLAS PUB Note

29th April 2022

Dependence of the Jet Energy Scale on the Particle

Content of Hadronic Jets in the ATLAS Detector

Simulation

The ATLAS Collaboration

The dependence of the ATLAS jet energy measurement on the modelling in Monte Carlo
simulations of the particle types and spectra within jets is investigated. It is found that the
hadronic jet response, i.e. the ratio of the reconstructed jet energy to the true jet energy, varies
by about 1–2% depending on the hadronisation model used in the simulation. This e�ect is
mainly due to di�erences in the average energy carried by kaons and baryons in the jet. Model
di�erences observed for jets initiated by quarks or gluons produced in the hard scattering
process are dominated by the di�erences in these hadron energy fractions indicating that
measurements of the hadron content of jets and improved tuning of hadronization models can
result in an improvement in the precision of the knowledge of the ATLAS jet energy scale.

© 2022 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

Dependence of the Jet Energy Scale on the Particle Content 
of Hadronic Jets in the ATLAS Detector Simulation 

The dependence of the ATLAS jet energy measurement on the modelling 
in Monte Carlo simulations of the particle types and spectra within jets is 
investigated. It is found that the hadronic jet response, i.e. the ratio of 
the reconstructed jet energy to the true jet energy, varies by ~ 1–2% 
depending on the hadronisation model used in the simulation. This 
effect is mainly due to differences in the average energy carried by 
kaons and baryons in the jet. Model differences observed for jets 
initiated by quarks or gluons produced in the hard scattering process are 
dominated by the differences in these hadron energy fractions indicating 
that measurements of the hadron content of jets and improved tuning 
of hadronization models can result in an improvement in the precision 
of the knowledge of the ATLAS jet energy scale. 

https://cds.cern.ch/record/2808016/files/ATL-PHYS-PUB-2022-021.pdf
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Work in Progress: Strangeness Enhancement from Close-Packing

๏Idea: each string exists in an effective background produced by the others

39
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Close-packing  
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๏ Altmann, Bernardinis, Jueid, PS, Zaccolo (in progress)

 Impact on EAS muon rates?↔

PYTHIA MC

Slide adapted from J. Altmann
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Thorny Issue ⚠ The Proton-to-Pion Ratio

40

Note:  
Observed  in pp 

collisions at LHC is lower 
than in  ones (LEP).  

I think this is now the 
main challenge for 

strangeness-enhancement 
models 

Interactions? 
Upscattering/Annihilation? 

Octet vs Triplet 
fragmentation? …?

p/π

e+e−

J. Altmann         Monash University

Proton problem

What if there’s a blue string nearby?
 Note: LHC  smaller than 

at LEP
p/π

diquark antidiquark

blue  fluctuation on the stringqq̄

blue  fluctuation breaks nearby blue string, preventing diquark formationqq̄

Diquark formation via successive colour fluctuations — popcorn mechanism

Popcorn mechanism for diquark production

Popcorn destructive interference
NEW

14

Nch

Slide adapted from J. Altmann
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LambdaB
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Figure 22. The top row shows the p? distributions of baryon-to-meson ratios, with the left panel
showing the prompt ⇤+

c /D
0 ratio from the ALICE collaboration [38] and the right panel shows the

⇤0
b/B

0 from the LHCb collaboration [46]. Both sets of data are for
p
s = 13 TeV inelastic events,

with rapidity ranges |y| < 0.5 and 2 < |y| < 4.5 respectively. The bottom row of plots shows the
⇤b asymmetry [39] for

p
s = 7 TeV events as a function of p? (left panel) and y (right panel) in the

rapidity range 2.15 < y < 4.10 and transverse momentum range 2 < pT < 27 GeV.

Another noticeable feature of fig. 21 is the underprediction of the ⌅/⇤ ratio, which is present
in all models shown. The ⌅/⇤ ratio is a baryon-to-baryon ratio of a double-strange to
single-strange baryon, thus this underprediction appears indicative of a need for strangeness
enhancement which cannot be described by the inclusion of junctions alone. We plan to
return to the question of strangeness enhancement in a separate study.

Turning now to heavy-flavour baryon-to-meson ratios, fig. 22 shows the prompt ⇤+
c /D

0

and ⇤0
b/B

0 ratios as a function of p?. When examining the success of the CR models, the
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Figure 22. The top row shows the p? distributions of baryon-to-meson ratios, with the left panel
showing the prompt ⇤+

c /D
0 ratio from the ALICE collaboration [38] and the right panel shows the

⇤0
b/B

0 from the LHCb collaboration [46]. Both sets of data are for
p
s = 13 TeV inelastic events,

with rapidity ranges |y| < 0.5 and 2 < |y| < 4.5 respectively. The bottom row of plots shows the
⇤b asymmetry [39] for

p
s = 7 TeV events as a function of p? (left panel) and y (right panel) in the

rapidity range 2.15 < y < 4.10 and transverse momentum range 2 < pT < 27 GeV.

Another noticeable feature of fig. 21 is the underprediction of the ⌅/⇤ ratio, which is present
in all models shown. The ⌅/⇤ ratio is a baryon-to-baryon ratio of a double-strange to
single-strange baryon, thus this underprediction appears indicative of a need for strangeness
enhancement which cannot be described by the inclusion of junctions alone. We plan to
return to the question of strangeness enhancement in a separate study.

Turning now to heavy-flavour baryon-to-meson ratios, fig. 22 shows the prompt ⇤+
c /D

0

and ⇤0
b/B

0 ratios as a function of p?. When examining the success of the CR models, the
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Figure 22. The top row shows the p? distributions of baryon-to-meson ratios, with the left panel
showing the prompt ⇤+

c /D
0 ratio from the ALICE collaboration [38] and the right panel shows the

⇤0
b/B

0 from the LHCb collaboration [46]. Both sets of data are for
p
s = 13 TeV inelastic events,

with rapidity ranges |y| < 0.5 and 2 < |y| < 4.5 respectively. The bottom row of plots shows the
⇤b asymmetry [39] for

p
s = 7 TeV events as a function of p? (left panel) and y (right panel) in the

rapidity range 2.15 < y < 4.10 and transverse momentum range 2 < pT < 27 GeV.

Another noticeable feature of fig. 21 is the underprediction of the ⌅/⇤ ratio, which is present
in all models shown. The ⌅/⇤ ratio is a baryon-to-baryon ratio of a double-strange to
single-strange baryon, thus this underprediction appears indicative of a need for strangeness
enhancement which cannot be described by the inclusion of junctions alone. We plan to
return to the question of strangeness enhancement in a separate study.

Turning now to heavy-flavour baryon-to-meson ratios, fig. 22 shows the prompt ⇤+
c /D

0

and ⇤0
b/B

0 ratios as a function of p?. When examining the success of the CR models, the
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