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Soft QCD — Theory Models

2P. Skands

QGSJET + “Mixed” 
EPOS, PHOJET

Regge Theory

Optical Theorem 
+ Eikonal multi-Pomeron exchanges

σtot,inel ∝ sε  or  log2(s)

Cut Pomerons → Flux Tubes (strings) 
Uncut Pomerons → Elastic (& eikonalization) 

Cuts unify treatment of all soft processes 
EL, SD, DD, … , ND

Perturbative contributions added above Q0 

A

HERWIG, PYTHIA, SHERPA, SIBYLL

pQCD-Based

+ Unitarity & IR Regularisation

→ Multi-parton interactions (MPI) 
+ Parton Showers & Hadronization 
Regulate  at low pT0  ~ few GeV 

Screening/Saturation → -dependent pT0

dσ
s

Total cross sections from Regge Theory  
(Donnachie-Landshoff + Parametrizations)

B

to additional reconstructible jets is, however, quite small. Soft interactions that do not give
rise to observable jets are much more plentiful, and can give significant corrections to the
color flow and total scattered energy of the event. This a↵ects the final-state activity in a
more global way, increasing multiplicity and summed ET distributions, and contributing to
the break-up of the beam remnants in the forward direction.

The first detailed Monte Carlo model for perturbative MPI was proposed in [62], and
with some variation this still forms the basis for most modern implementations. Some useful
additional references can be found in [15]. The first crucial observation is that the t-channel
propagators appearing in perturbative QCD 2 ! 2 scattering almost go on shell at low p?,
causing the di↵erential cross sections to become very large, behaving roughly as

d�2!2 /
dt

t2
⇠

dp
2
?

p
4
?

. (1.13)

This cross section is an inclusive number. Thus, if a single hadron-hadron event contains
two parton-parton interactions, it will “count” twice in �2!2 but only once in �tot, and so
on. In the limit that all the interactions are independent and equivalent, one would have

�2!2(p?min) = hni(p?min) �tot , (1.14)

with hni(p?min) giving the average of a Poisson distribution in the number of parton-parton
interactions above p?min per hadron-hadron collision,

Pn(p?min) = (hni(p?min))
n exp (�hni(p?min))

n!
. (1.15)

This simple argument in fact expresses unitarity; instead of the total interaction cross section
diverging as p?min ! 0 (which would violate unitarity), we have restated the problem so that
it is now the number of MPI per collision that diverges, with the total cross section remaining
finite. At LHC energies, the 2 ! 2 scattering cross sections computed using the full LO
QCD cross section folded with modern PDFs becomes larger than the total pp one for p?
values of order 4–5 GeV [74]. One therefore expects the average number of perturbative MPI
to exceed unity at around that scale.

Two important ingredients remain to fully regulate the remaining divergence. Firstly,
the interactions cannot use up more momentum than is available in the parent hadron.
This suppresses the large-n tail of the estimate above. In PYTHIA-based models, the MPI
are ordered in p?, and the parton densities for each successive interaction are explicitly
constructed so that the sum of x fractions can never be greater than unity. In the HERWIG
models, instead the uncorrelated estimate of hni above is used as an initial guess, but the
generation of actual MPI is stopped once the energy-momentum conservation limit is reached.

The second ingredient invoked to suppress the number of interactions, at low p? and
x, is color screening; if the wavelength ⇠ 1/p? of an exchanged colored parton becomes
larger than a typical color-anticolor separation distance, it will only see an average color
charge that vanishes in the limit p? ! 0, hence leading to suppressed interactions. This
provides an infrared cuto↵ for MPI similar to that provided by the hadronization scale for
parton showers. A first estimate of the color-screening cuto↵ would be the proton size,
p?min ⇡ ~/rp ⇡ 0.3 GeV ⇡ ⇤QCD, but empirically this appears to be far too low. In current
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The Structure of an LHC pp Collision

3P. Skands

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

Hard Interaction
Resonance Decays

MECs, Matching & Merging

FSR

ISR*
QED

Weak Showers

Hard Onium
Multiparton Interactions

Beam Remnants*
Strings

Ministrings / Clusters

Colour Reconnections
String Interactions

Bose-Einstein & Fermi-Dirac
Primary Hadrons

Secondary Hadrons

Hadronic Reinteractions
(*: incoming lines are crossed)
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 cut pomerons in Regge Theory↔
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Linear Confinement

4

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

qq̄
R q q̄

P. Skands

P.  S k a n d s

Long Wavelengths > 10-15 m

๏Quark-Antiquark Potential 
•As function of separation distance

17
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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

150

140

Barkai '84 o
MTC '90
Our results:---

130-

120-

110-

100-

80—

5.6 5.8 6.2 6.4

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)

Coulomb term ∝ 1/R

Linear term with slope 
κ ∼ 1 GeV/fm

Linear Term ➡︎ Model as strings (Lund Model) 



String Fragmentation in One Slide
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๏The string model provides a mapping: 
•Quarks ➤ String endpoints 
•Gluons ➤ Kinks on strings 
•Further evolution then governed by 
string world sheet (area law) 

๏+ string breaks by tunnelling  
๏ By analogy with “Schwinger 

mechanism” in QED (electron-
positron pair production in strong 
electric field) 

๏➤ (Jets of) Hadrons!

P. Skands

H
ad

ro
ns

( )q̄ B̄

( )g BR̄

( )q R

String breaks by quark pair production 
  strangeness suppression ⟹

∝
exp ( −πm2

s

κ )
exp ( −πm2

u,d

κ )



Alternative: The Cluster Model — Used in HERWIG & SHERPA
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๏In “unquenched” QCD 
• The strings will “break” 
•Non-perturbative so can’t use  
•Alternative: force  at end of shower

g → qq̄ ⟹
Pg→qq̄(z)

g → qq̄

P. Skands

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



New Directions in String Fragmentation
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๏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 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

P. Skands

Cyclonic and Anticyclonic Winds

https://arxiv.org/abs/2005.06219


The Environment — in Hadronic Collisions

8

๏In hadronic collisions, we are not hadronizing a simple  string 

๏Coloured initial states + gluon exchanges 
•  more complicated colour flows 

๏Also: Protons are composite 
•One proton = beam of partons   
•+ QCD  scattering diverges at low pT 
•   

•Interpretation:  

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

๏Multiple Parton-Parton Interactions (MPI) 
•➜ Additional colour exchanges

q − g − … − g − q̄

⟹

2 → 2
⟹ σparton-parton( ̂p⊥) > σproton-proton

σparton-parton( ̂p⊥)

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

̂p⊥

P. Skands
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 cut pomerons in Regge Theory↔



MPIMPI

d�̂0

MPI & Confinement

9

๏MPI / cut pomerons  lots of coloured partons scattered into final state  
•With significant overlaps in phase space 
•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) 

⇒

∼ 1/N2
C ∼ 10 %

3 ⊗ 3̄ = 8 ⊕ 1
3 ⊗ 8 = 15 + 6 + 3

∝ (1 −
1

N2
C )

nMPI

P. Skands

*): in this context, QCD CR simply refers to an ambiguity beyond Leading NC, known to exist.  
Note the term “CR” can also be used more broadly to incorporate further physics concepts.

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

“Parton Level” 
(Event structure before confinement)

 related to coalescence models↔



What about Baryon Number?

10P. Skands

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



Figure 2.6. Junction system, involving a Y-shaped string topology between three quarks.

Figure 2.7 shows the formation of junctions due to CR, showing the reconfiguration

of three qq̄ pairs into a junction and antijunction.

(a) (b)

Figure 2.7. (a) Strings spanning qq̄ pairs. (b) A reconfiguration of the strings instead forming

a junction and corresponding antijunction. This junction configuration can only form if the

overall qqq (and thus also q̄q̄q̄) are in an overall colour singlet state.

The string-fragmentation mechanism for junctions can be formulated as an exten-

sion (albeit a complicated one) of the model for a simple string stretched between a

qq̄ pair [17]. The inclusion of junction fragmentation results in a higher number of

baryonic final states as the baryon number of the junction topology is preserved by the

fragmentation process, as seen in Figure 2.8. It should be noted that though the total

number of baryonic final states increases (i.e.
P

|B| increases where B is the baryon
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New source of baryon-
antibaryon production

“QCD Colour Reconnections”

Illustration by J. Altmann

Choose this 
string 

configuration 
instead if “string 
length” ~ total 

potential energy 
is lower

Example of 
possible colour 
configuration

Generic prediction: low pT

String Junctions at LHC ?

11

๏Stochastic sampling of SU(3) group probabilities  (e.g., ) 
•  Random (re)connections in colour space (weighted by group weights)

3 ⊗ 3 = 6 ⊕ 3̄

⟹

P. Skands

Charm hadron composition – 1

EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers

Charm hadronization in pp (1):

26

More charm quarks in baryons in pp than in e+e– and ep collisions

Charm quarks hadronize into baryons 40% of the time

~ 4 times more than in e+e–

arXiv:2105.06335 talk Luigi Dello Stritto

K. Reygers, EPS-HEP 2021

EPS-HEP 2021 | Highlights from the ALICE experiment | K. Reygers
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0.80
/D

+ c
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ALICE
| < 0.5y|

 = 5 TeVspp, 
 = 13 TeVspp, 

PYTHIA 8.243, Monash 2013

          PYTHIA 8.243, CR-BLC:
Mode 0 Mode 2
Mode 3

SHM+RQM
Catania
QCM

ALI-DER-493847

Charm hadronization in pp (3)

28

 ratio in pp significantly different than in e+e–�+c /D0
arXiv:2011.06079

Charm quark fragmentation not universal!

e+e�
Standard PYTHIA 8 below data

Fair description by 
‣ PYTHIA 8 with CR 
‣ Coalescence + fragmentation (Catania) 
‣ SH mode + RQM  

(T = 170 MeV, additional states crucial)

Measurement of charmed hadrons down to 
unprecedentedly low pT at midrapidity

�+c (udc) � pK��+
� pK0s

arXiv:2106.08278

⇤+
c /D0 four times higher

than in e+e�!
But e+e� result recovered
at large p?.

Torbjörn Sjöstrand Nonperturbative models in PYTHIA slide 6/23

Pythia Default 
(Monash) ~ LEP High pT ~ LEP

ALICE 2021

×
10Predicted 

this

Mode 0, 2, 3 are different causality 
restrictions (0 = none)

Λ
+ c

/D
0

 Λ+
c

(cud)

String Formation Beyond Leading Colour 
Christiansen & PS, 1505.01681

New: String Junctions Revisited, 
Altmann & PS, 2404.12040 

Other models 
with extra baryons 
also doing well (eg 

coalescence)

https://arxiv.org/abs/2404.12040


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

y = 0

P. Skands

J. Altmann         Monash University

Strangeness Enhancement
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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, 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



Work in Progress: Strangeness Enhancement from Close-Packing
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๏Idea: each string exists in an effective background produced by the others

P. Skands
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Results in strangeness enhancement 
focused in baryon sector
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10
6 Other higher 

multiplets

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

Multiplets (y=0, pp 7 TeV) 

8

higher 
multiplets

๏ Altmann, Bernardinis, Jueid, PS, Zaccolo (in progress)

 Impact on EAS muon rates?↔

PYTHIA MC
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Beyond Strings — QGP?

14

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

↔ ↔

P. Skands

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



Thorny Issue ⚠ The Proton-to-Pion Ratio

15P. Skands

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



Forward Physics
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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: ⇡0 too hard,
n too soft.

May require improved
modelling of

beam remnant,

di↵raction, and

c/b/⌧ production.
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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
Torbjörn Sjöstrand Soft QCD theory slide 17/26

Improved Beam-Remnant Modelling & New Forward Tune in PYTHIA

17P. Skands Slide adapted from T. Sjöstrand

[Christiansen & PS, 1505.01681]
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[Fieg, Kling, Schulz, Sjöstrand, 2309.08604]

https://arxiv.org/abs/2309.08604


New Forward Results   [Fieg, Kling, Schulz, Sjöstrand, 2309.08604]
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New forward results
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π0

γ

n

n

7 TeV

13 TeV

7 TeV

7 TeV

LHCf

LHCf

LHCf

LHCf

Recall:  
Default was 

overshooting 
the pions and 

undershooting 
the neutrons

Conclusion:  
Not perfect but 

significantly 
improved

Slide adapted from T. Sjöstrand
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A New Framework for Hadronic Collisions (→ Cosmic Rays)

19P. Skands

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
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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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Simple extension to pA:

PYTHIA has 
smallest  

cross section
πp

… but largest 
 cross 

section
πO
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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 /�nsubcoll�, with the

mean number of subcollisions �nsubcoll� 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-
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EM cascades 
quickly 

decouple from 
hadronic ones

Hadronic 
cascades 

quite different

Some Further PYTHIA aspects: 
Includes charm and bottom (and jets) 

Native C++ → multithreading  
Users can do tunings themselves                

→ study air-shower / accelerator interplay

Slide adapted from T. Sjöstrand
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Returning to Strings: the String Fragmentation Function

24

๏Schwinger  Gaussian  spectrum (transverse to string axis) & Prob(d:u:s) ≈ 1 : 1 : 0.2 
•The meson  takes a fraction  of the quark momentum,  
•Probability distribution in  parametrised by Fragmentation Function, 

⟹ p⊥
M z

z ∈ [0,1]
f(z, Q2

HAD)

P. Skands

String Break

q

M

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
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spatial 
separation

leftover string, 
further string breaks 

Spacelike Separation from  

Observation: All string breaks are causally disconnected

Lorentz invariance  string breaks can be 
considered in any order. Imposes “left-right symmetry” 

on the FF

⟹

Timelike 
Separation from 

: no string

 FF constrained to a form with two free parameters,      
 & : constrained by fits to measured hadron spectra

⟹
a b

Lund Symmetric 
Fragmentation 

Function
f(z) ∝

1
z

(1 − z)aexp (−
b(m2

h + p2
⊥h)

z )
Supresses 

high-z 
hadrons

Supresses 
low-z 

hadrons



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)
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y =
1

2
ln

✓
E + pz
E � pz

◆
=

1

2
ln

✓
(E + pz)2

E2 � p2z

◆

๏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 ⟹



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

observed, whose height is 
independent of the jet ET. 
Its value is substantially 

higher than the one observed 
for minimum bias events.”

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

pp̄ at
p
s = 540GeV

Min-bias level

Jet Core

Jet Pedestal 

๏ a.k.a. “Jet Pedestal”: hard jets are accompanied by — and 
sit on top of — higher-than average particle densities 
(compared with the average = minimum-bias pp collision)

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

๏    ;    

๏with Impact-parameter dependence 

•Crucial to describe “Underlying Event” 

๏

σX+jet(p⊥)/σX

𝚙 ∝ σ2→2(xT, b)/σpp xT = 2 ̂p⊥/ s

A Brief History of MPI (in PYTHIA)

26P. Skands

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

bb

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 

18 

( 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 
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( 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. 

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


Interleaved Evolution in PYTHIA
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๏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

P. Skands
Figure 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

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


How many MPI are there?
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๏Example for pp collisions at 13 TeV — PYTHIA’s default MPI model

P. Skands

*

*note: can be 
arbitrarily soft

Averaged over all pp 
impact parameters 

(Really: averaged 
over all pp overlap 

enhancement 
factors)

MPIn
0 10 20
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Collective Flow in PYTHIA: String Shoving
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๏Strings should push each other transversely 
•Colour-electric fields ➜ Classical force 

๏Model string radial shape & shoving physics 

P. Skands

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

Bierlich, Chakraborty, Gustafson, Lönnblad, arXiv:1710.09725, 2010.07595

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.

10

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

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

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

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”

~
~



What a strange world we live in, said Alice
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๏We know ratios of strange hadrons to 
pions strongly increase with event activity  

•Landmark measurement by ALICE (2017) 
•

P. Skands

June 
2017

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]

Default 
Pythia.  

(Same as no 
Junctions on 

previous slide)๏ What could be driving this?

(sss)

(dss)

(uds)

(ds̄)
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Confront with Measurements
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Plots by 
 J. Altmann

 Λ+
c

(cud)

๏LHC experiments report very large (factor-10) enhancements in heavy-
flavour baryon-to-meson ratios at low pT!

P. Skands
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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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