
QCD strings, junctions, strangeness, and beyond

1. Confinement in High-Energy Collisions 

2. Basics of String Hadronization 

3. QCD Colour Reconnections  

4. String Junctions  

5. Dynamical Tension ➣ Strangeness Enhancement? 

6. Octet Fields ➣ Diquark Suppression?
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The Problem of Confinement ̶ in High-Energy Collisions
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๏Consider a “hard” process 
•“Hard” = large momentum transfers 

๏ Example:  
๏ Here,  

๏Accelerated charges  
•➜ Bremsstrahlung ➜ Parton Showers  
•Perturbative QCD (& QED/EW) 
•+ Resonance decays with 

gg → tt̄
Q2

hard ∼ m2
top ≫ Λ2

QCD

Γ > ΛQCD
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๏Consider a “hard” process 
•“Hard” = large momentum transfers 

๏ Example:  
๏ Here,  

๏Accelerated charges  
•➜ Bremsstrahlung ➜ Parton Showers  
•Perturbative QCD (& QED/EW) 
•+ Resonance decays with  

๏At wavelengths  
•Some dynamical process must force 
quarks and gluons to be confined 
inside hadrons: Hadronisation 

๏

gg → tt̄
Q2

hard ∼ m2
top ≫ Λ2

QCD

Γ > ΛQCD

∼ rproton ∼ 1/ΛQCD

๏ What do we 
know about 

this transition?
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Long Wavelengths > 10-15 m

๏Quark-Antiquark Potential 
•As function of separation distance
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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)

R κ

Requirement #1: Colour Neutralisation

4

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“Cornell” V(R) ∼
αS

R
+ κR

V(
R)

κ
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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



Who gets confined with whom?

6

๏“Leading Colour” “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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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

Gluon Kinks: The Signature Feature of the Lund Model

7

๏Gluons are connected to two string pieces 

•Each quark connected to one string piece 
๏  Factor  more particles in gluon jets 

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

⟹ CA/CF ∼ 2

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



MPIMPI
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Confinement in  Collisionspp

8

๏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

*): 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)



String-length minimisation and <pT>(Nch)

9

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

Beam Direction

comoving 

hadrons

Beam Direction

Outgoing 
parton

String 
piece

Without CR

With CRALICE data

⟨p⊥⟩(Nch)

[➜Also “flow” see Ortiz et al., 
PRL 111 (2013) 4, 042001]

Note: <pT>(Nch) already highlighted as a 
sensitive observable in Sjöstrand & v. Zijl, 1987

CR

~ Status of CR pre-LHC
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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]

Strangeness 
enhancement

QCD @ LHC ➣ Lots of New Discoveries!
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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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ALICE

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

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


Baryon Production

11

๏Conventional Mechanism: Diquark 
production 

•In PYTHIA: constrained to agree with LEP 
•baryon rates 

๏  baryon-to-meson ratios ~ universal 
•Does not predict factor-10 enhancement of 
low-pT heavy-flavour baryons  
•Observed at LHC (also for B baryons) 

๏Other sources of baryon production? 
•Coalescence? Excited baryons? Junctions?

⟹ What about the red-green-blue colour singlet state?

Baryon production

6J. Altmann         Monash University

Baryon formation: diquark-antidiquark pair creation

Shown dipole strings formed due to the colour-anticolour singlet state

QCD is decribed by SU(3), so there should exist a red-green-blue colour singlet state 

e.g. a dipole string using the red-antired 
colour singlet combination 

Junction Anti-junction

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

× 10
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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



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

•

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]

“Junction diquark”

https://arxiv.org/abs/2309.01557
https://arxiv.org/abs/2404.12040


Colour Reconnections ➣ String Junctions?

14

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

[Christiansen & PS 2015]

Including Junctions

7

arXiv:1505.01681
WITH JUNCTIONS

NO JUNCTIONS

Junction baryon

(in  collisions)pp

J. Altmann         Monash University

 Mechanism for baryon production

➢ ~40% of baryons are from junctions in PYTHIA 
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Figure 12. The average p? as a function of multiplicity [52] (a), the average charged multiplicity as a func-
tion of pseudorapidity [113] (b), and the ⇤/Ks ratio [114] (c). All observables from the CMS collaboration
and plotted with the Rivet framework [115]. All PYTHIA simulations were non single diffractive (NSD)
with a lifetime cut-off ⌧max = 10 mm/c and no p? cuts applied to the final state particles. The yellow error
band represents the experimental 1� deviation.

• Cj (ColourReconnection:junctionCorrection): multiplicative factor, m0j/m0,
applied to the string-length measure for junction systems, thereby enhancing or suppressing
the likelihood of junction reconnections. Controls the junction component of the baryon to
meson fraction and is tuned to the ⇤/K0

s ratio.

• pref
? (MultiPartonInteractions:pT0Ref): lower (infrared) regularisation scale of

the MPI framework. Controls the amount of low p? MPIs and is therefore closely related to
the total multiplicity and can be tuned to the d hnchi /d⌘ distribution.

27
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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

[ALICE 2020; 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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+
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ALICE

 2.1%(3.7%) lumi. uncertainty not shown for pp(p-Pb) results±: 0, D+
cΛ
: 0.8% BR uncertainty not shown0D
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T
p

0

0.5

1

0
 / 

D
+ c

Λ  = 5.02 TeVspp, 
PYTHIA 8 (Monash)
PYTHIA 8 (CR Mode 2)
HERWIG 7
Catania, fragm.+coal.
M. He and R. Rapp:
SH model + PDG
SH model + RQM

ALICE

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

×

 Λ+
c /D0

𝒫(cud)/𝒫(cū)

https://arxiv.org/abs/2011.06078
https://arxiv.org/abs/2404.12040
https://arxiv.org/abs/2011.06078
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Sensitive to spin of 
"junction diquark”

Σc/Λc

๏Why? 
•More (cq)1 diquarks ➜ more spin-  c baryons 
•Spin-  decay mostly to  not    
•So more (cq)1 diquarks ➜ lower  

๏Q: what does the heavy “junction diquark” 
really represent? 

•Physically, HQET would say heavy quark ~ 
“static” colour source, with light diquark cloud 
•Not very physical to think about intermediate 
heavy-light diquark? 

3
2

3
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FIG. 12: Comparison of the fraction of ⇤+
c from ⌃0,+,++

c decay measured as a function of

pT with expectations from PYTHIA 8. The vertical bars on the data points represent the

total uncertainty, quadratic sum of statistical and systematic uncertainties. For PYTHIA 8

with CR-BLC, the results obtained when the value of the probQQ1toQQ0join parameter,

which regulates the probability that heavy-light diquarks formed in junction topologies

have spin=1 or spin=0, is increased from the default value of 0.0275 to 0.750, are shown

(see text for more details).

mass values of S = 1 (ss) and S = 0 (sd, su) diquarks [47]. The ⌦0
c/D

0 ratio was recently

measured by the ALICE Collaboration [133], although without an absolute normalisation

because of the lack of absolute measurements of the branching ratios of ⌦0
c decays and it

is shown in the bottom right panel of Fig 11. The uncertainties do not allow us to con-

clude about the possible pT dependence of the ratios. The data are compared with model

expectations that were obtained by scaling the ⌦0
c/D

0 ratio predicted by the models by the

BR of the ⌦0
c ! ⌦�

⇡
+ decay channel BR(⌦0

c ! ⌦�
⇡
+) = 0.51%+2.19%

�0.31% is considered. The

uncertainty band of the models represents the BR uncertainty. The BR was obtained by

considering the estimate reported in Ref. [148] for the central value, and the envelope of

the values (including their uncertainties) reported in Refs. [148–153] to determine the un-

certainty. For the Catania model only the specific uncertainty of the model itself are also

included in the uncertainty band [33]. In the bottom panels, the ratios of the various models

40

Without String Junctions ~ LEP

More spin-0

More spin-1

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

[Altmann et al. 2025]

https://arxiv.org/abs/2405.19137
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FIG. 14: Left: comparison of the fraction of !+
c from ”0,+,++

c (2455) decay measured as a

function of pT with expectations from PYTHIA 8. The vertical bars on the data points

represent the total uncertainty, quadratic sum of statistical and systematic uncertainties.

For PYTHIA 8 with CR-BLC, the results obtained when the value of the charm

probQQ1toQQ0join parameter, which regulates the probability that junction diquarks

containing charm have spin=1 or spin=0, is increased for charm-light diquarks from the

default value of 0.0275 to 1, are shown. Right: expectation for the

”0,+,++
c (2520)/”0,+,++

c (2455) ratio for the same cases.

ratios, the comparison of the relative abundances of #+,0
c and $0

c in pp and e+e→ collisions

can provide further information about the role of diquarks because it can be sensitive to the

di%erent mass values of S = 1 (ss) and S = 0 (sd, su) diquarks [70]. The $0
c/D

0 ratio was

recently measured by the ALICE Collaboration [22] and is shown in the bottom right panel

of Fig 13, although without an absolute normalization because of the lack of absolute mea-

surements of the branching ratios of $0
c decays. The uncertainties do not allow conclusions

about its possible dependence on pT. The data are compared with model expectations that

were obtained by scaling the $0
c/D

0 ratio predicted by the models by an estimate of the BR

of the $0
c → $→

ω
+ decay channel, BR($0

c → $→
ω
+) = 0.51%+2.19%

→0.31% [195]. The uncertainty

band of the models represents the BR uncertainty, which is estimated considering other BR

estimations reported in Refs. [195–200]. Only for the Catania model the specific uncertainty

50

More spin-1

More spin-0

Note: in Monash baseline (yellow), you are getting 
much lower total baryon rates. No junctions  no 
heavy-light diquarks at all. Only the standard c + 

(qq) mechanism. For both  and  this is the 
spin-1 iso-vector (qq)1 so the overall (qq)1/(qq)0 

ratio largely drops out in this ratio. 
➜ Expect factor 2 ~ spin counting.

→

Σ Σ*

No data?

[Altmann et al. 2025]

https://arxiv.org/abs/2405.19137
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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
→
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

→
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
→
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

→
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
→
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

→
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

– 40 –

Asymmetry vs y

Asymmetry vs pT

Λ0
b

B0

Our model still predicts  
but data “only” says 

× 10
× 5
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FIG. 11: ⇤+
c /D

0 (top left), ⌃0,+,++
c /D0 (top right) ⌅+,0

c /D0 (bottom left), and ⌦0
c/D

0

(bottom right) yield ratios as a function of pT in pp collisions in comparison with model

calculations [26, 31, 33, 35, 146].

function of pT at midrapidity in pp collisions at
p
s = 13 TeV. The observed pT dependence

of the ⌅+,0
c /D0 ratios is similar to what was measured for the ⇤+

c /D
0 ratio, while the ⌅+,0

c /D0

ratios are generally lower. The PYTHIA 8 Monash tune significantly underestimates the

data by a factor of 23–43 in the low-pT region and by a factor of about 5 in the highest pT

interval. All three CR modes give a similar magnitude and pT-dependence of ⌅+,0
c /D0 and

they predict a larger ratio with respect to the Monash tune. However, di↵erently from what

38

(still in context of heavy-flavour Baryon sector)
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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
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QCD @ LHC ➣ Lots of New Discoveries!
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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

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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๏➜ 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 ? 
Ideas of “fluctuating string tension”: Bialasz 1997; Pirner, Kopeliovich & Reygers 2018 
+ New work in progress with Altmann (Monash), and Carragher & 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

Cyclonic and Anticyclonic Winds

https://arxiv.org/abs/2005.06219


Non-Linear String Dynamics?

22

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

y = 0

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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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



Strangeness enhancement with strings
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Strangeness Enhancement

High multiplicity is correlated with more partons 
→ more dense string environments

Enhance string tension for higher multiplets 
according to Casimir scaling

Rope hadronisation / Closepacking

10J. Altmann         Monash University

arXiv:2401.07585 

**Rope hadronization and closepacking are very similar, with rope 
hadronization using space-time information of string breaks, whereas 
closepacking is intended as a simpler model fully in momentum space 

Strangeness Enhancement

High multiplicity is correlated with more partons 
→ more dense string environments

Enhance string tension for higher multiplets 
according to Casimir scaling

Rope hadronisation / Closepacking

10J. Altmann         Monash University

arXiv:2401.07585 

**Rope hadronization and closepacking are very similar, with rope 
hadronization using space-time information of string breaks, whereas 
closepacking is intended as a simpler model fully in momentum space 

Rope Hadronization (RH)

Strangeness Enhancement

High multiplicity is correlated with more partons 
→ more dense string environments

Enhance string tension for higher multiplets 
according to Casimir scaling

Rope hadronisation / Closepacking

10J. Altmann         Monash University

arXiv:2401.07585 

**Rope hadronization and closepacking are very similar, with rope 
hadronization using space-time information of string breaks, whereas 
closepacking is intended as a simpler model fully in momentum space 
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Close Packing model in PYTHIA

47

• High-density string systems → increased string tension → depends on parallel and anti-parallel strings

෤𝜅 = 1 + 𝒌𝒑
𝑝 + Τ𝑘𝑎 𝑘𝑝 𝑞

1 + Τ𝑝⊥,had
2 𝑝⊥0

2

2𝑟

𝜅

• 𝑘𝑝 = ClosePacking:tension

• Colour fluctuations on strings can prevent formation of diquarks
→ reduction of the baryon rate
→ StringFlav:probQQtoQ (𝜉): suppression of diquark production relative to quarks

ሚ𝜉 = 𝜉 1 −
𝒇𝒒

1 + Τ𝑝⊥,had 𝑝⊥0

Τ𝑛𝑞 9

1 −
𝑓𝑝

1 + Τ𝑝⊥,had 𝑝⊥0

Τ𝑛𝑝 9

• 𝑓𝑞 = ClosePacking:qqFacQ = probability of the colour fluctuation to connect with an anti-parallel 
nearby string

• Greater values for 𝑓𝑞 ⇒ smaller 𝜉 ⇒ greater suppression of diquark relative to quark production ⇒ less 
baryons

Strangeness Enhancement

vs.

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

String breaks

Strange Junctions
Results in strangeness enhancement 
focused in baryon sector

11J. Altmann         Monash University

Close-packing  
+ strange junctions  
+ diquark suppression

Enhance string tension for higher multiplets 
according to Casimir scaling

Rope hadronisation / Closepacking

Combination of 
closepacking and 
strange junctions

๏Close-Packing:

So far only measured 
as function of 

rapidity along z axis

Monash Honours Project 2025:  
Claire Bergman: Echidna Model



Strangeness Enhancement: Close-Packing
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Strangeness Enhancement

vs.

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

String breaks

Strange Junctions
Results in strangeness enhancement 
focused in baryon sector

11J. Altmann         Monash University

Close-packing  
+ strange junctions  
+ diquark suppression

Enhance string tension for higher multiplets 
according to Casimir scaling

Rope hadronisation / Closepacking

Combination of 
closepacking and 
strange junctions

Strangeness Enhancement

vs.

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

String breaks

Strange Junctions
Results in strangeness enhancement 
focused in baryon sector

11J. Altmann         Monash University

Monash

QCD-CR

Close-packing  
+ strange junctions  
+ diquark suppression

Enhance string tension for higher multiplets 
according to Casimir scaling

Rope hadronisation / Closepacking

Combination of 
closepacking and 
strange junctions



Thorny Issue ⚠ The Proton-to-Pion Ratio
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Observed  in pp collisions at LHC ~ 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

Comparison of the tuned models with data

90

• Close Packing tune is not able to describe the ratio by an amount of 10 ÷ 30 %
• Better description than Ropes new tune

𝐩 + ഥ𝒑
𝝅+ + 𝝅−

𝐩 + ഥ𝒑
𝝅+ + 𝝅−

Data from: ALICE Collaboration. Nature Phys. 13 (2017), pp. 535–539

QCD CR

Altmann Λ /K

Altmann p/π

Trieste Ropes
Trieste Altmann

From L. Bernardinis (Trieste)



Baryon Production
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๏Reexamine baryon formation via diquark production 
•

Proton problem

 Note: LHC  smaller than 
at LEP
p/κ

Diquark formation via successive colour fluctuations — popcorn mechanism

Popcorn mechanism for diquark production

13J. Altmann         Monash University

As seen before, junction baryon production is important for heavy flavour baryon production and for the  ratio

Reexamine baryon formation via diquark production 


→/KS

Proton problem

 Note: LHC  smaller than 
at LEP
p/κdiquark antidiquark

blue  fluctuation on the stringqq̄
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As seen before, junction baryon production is important for heavy flavour baryon production and for the  ratio

Reexamine baryon formation via diquark production 


→/KS

What would happen if we put this red string 
next to another string? e.g. a blue string 



Diquark Disruption in Octet Fields? (The Altmann Mechanism)
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๏Reexamine baryon formation via diquark production 
๏

Proton problem

 Note: LHC  smaller than 
at LEP
p/κ

Diquark formation via successive colour fluctuations — popcorn mechanism

Popcorn mechanism for diquark production

14J. Altmann         Monash University

As seen before, junction baryon production is important for heavy flavour baryon production and for the  ratio

Reexamine baryon formation via diquark production 


→/KS

blue  fluctuation on the red stringqq̄

blue  fluctuation breaks nearby blue string, 
preventing diquark formation

qq̄

Popcorn destructive interference
NEW

Proton problem

 Note: LHC  smaller than 
at LEP
p/κ

Diquark formation via successive colour fluctuations — popcorn mechanism

Popcorn mechanism for diquark production

13J. Altmann         Monash University

As seen before, junction baryon production is important for heavy flavour baryon production and for the  ratio

Reexamine baryon formation via diquark production 


→/KS

QCD CR

Altmann Λ /K

Altmann p/π

Q: could one see this also in (at tips of) gluon jets?



Preliminary Trieste Tunes by L. Bernardinis (& V. Zaccolo)
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Comparison of the tuned models with data

93

𝚵+ + 𝚵−

𝝅+ + 𝝅−

𝟐𝑲𝑺
𝟎

𝝅+ + 𝝅−

𝛀+ + 𝛀−

𝝅+ + 𝝅−

• Slight overprediction of 2𝐾𝑆0/𝜋± with Close Packing but compatible within 2𝜎 - Not compatible 
with data for CP (only)

• Good description of Ξ±/𝜋± and Ω±/𝜋± with Close Packing

Data from: ALICE Collaboration. Nature Phys. 13 
(2017), pp. 535–539

Comparison of the tuned models with data
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• Slight underprediction of Λ/𝐾𝑆0 and Λ/𝜋± at low multiplicity with Close Packing

𝚲 + ഥ𝚲
𝟐𝑲𝑺

𝟎

𝚲 + ഥ𝚲
𝝅+ + 𝝅−

Data from: ALICE Collaboration. 
Nature Phys. 13 (2017), pp. 535–539

Data from: ALICE Collaboration. Nature Phys. 13 (2017), pp. 535–539

Comparison of the tuned models with data

91

• Slight underprediction of Λ/𝐾𝑆0 and Λ/𝜋± at low multiplicity with Close Packing

𝚲 + ഥ𝚲
𝟐𝑲𝑺

𝟎

𝚲 + ഥ𝚲
𝝅+ + 𝝅−

Data from: ALICE Collaboration. 
Nature Phys. 13 (2017), pp. 535–539

Data from: ALICE Collaboration. Nature Phys. 13 (2017), pp. 535–539

Comparison of the tuned models with data
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• Close Packing tune is not able to describe the ratio by an amount of 10 ÷ 30 %

𝐩 + ഥ𝒑
𝝅+ + 𝝅−

Data from: ALICE Collaboration. Nature Phys. 13 (2017), pp. 535–539

Δs = 0 ΔB = 1 s = 1
Δs = 0 ΔB = 1 s = 0

Δs = 1 ΔB = 1 s = 0

Δs = 1 ΔB = 0 s = 0 Δs = 2 ΔB = 1 s = 0 Δs = 3 ΔB = 1 s = 0



๏The stochastic SU(3) model: 
•Assign “Colour indices”  to each parton 

๏Dipole type screening: : 
•Partons with matching (anti)indices can screen each other 

๏Junction type screening : : 
•Partons with indices in modulo-3 groups can screen each other 

New QCD CR by sequential recombination under development: 
•Combine nearby partons (by  measure) if at least partially screening 
•  Can build larger reps  with  indices and  anti-indices. 
•E.g., we already use  to represent QCD octets (8) 
•But also, e.g., a state with  = 42 could be represented by: (1 3 2);(-4 -8)    

๏ Screening implies additional rules. E.g., for octet, the p and q index cannot be the same (or it would be singlet) 
๏ For higher multiplets, we also check for degeneracies modulo 3 among the p or q indices respectively.

∈ [1,9]

i ⊕ −i = 0

i ⊕ (i + 3) = − (i + 6)

λ
⟹ (p, q) p q

(p, q) = (1,1)
(p, q) = (3,2)

New directions: QCD CR Sequential-Recombination model?
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7

4
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Outlook
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๏Works underway 
•Close-packing + tuning with Altmann, 
Bernardinis, Kreps, Zaccolo 
•Excited Strings with Altmann, Carragher, 
March-Russell 
•QCD CR by sequential recombination with 
Altmann, El-Menoufi, Scyboz, Smith 
•CP Echidna Model with Bergmann 
•Lightcone Scaling & follow-ups with Abidi 

๏Stay “tuned” ! 
•LEP tuning with Jueid + others 
•LEP studies with Hansen + others? 
•+ Renewed PYTHIA 8.3 general tuning effort 



Backup Slides



Fragmentation of String Junctions
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๏Assume Junction Strings have same properties as ordinary ones (u:d:s, Schwinger pT, etc) 
•Exploit causality again to fragment outwards-in, from endpoints towards junction 
•First Stage: 2 least energetic legs ( , ) fragmented first 
•When little energy left, remains ( , ) collapsed to “diquark” ( ) 
•Second Stage: Remaining —  string fragmented as usual. Leading hadron on  end = junction baryon. 
•

qA0 qB0

qA2 qB3 qqAB

qqAB qC0 qqAB

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 smoking gun 
of string junctions

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

Generic prediction: low pT.



Predicting the Junction Baryon Spectrum
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๏The Junction Baryon = smoking gun of String Junctions 
•Predicting the movement of the string junction is crucial! 

๏To make solid predictions for Junction Baryon spectra,                  
we use a trick: 

•Find the Lorentz frame in which the string junction is at rest (JRF) 
•Inverse boost (+  kicks)  junction baryon spectrum 

๏Junction = Topological Feature of Confinement Field 
•   
•  each “leg” (string piece) acts on the other two with constant force 
• .  
•  In “Mercedes Frame”, the angle is  between the legs 

๏ Massless legs: exact solution. Mercedes Frame = Junction Rest Frame (JRF). 
๏ Massive legs (eg heavy flavours or ones with lots of kinks!) => Iterative algorithm. 
๏ But org algorithm often broke down (failed to converge) for “soft legs” 

𝒪(ΛQCD) ⟹

V(r) = κr
⟹

⃗F = κ ⃗er

⟹ 120∘

9

How does the junction act / move?

The Junction

LAB
Boost
JRF

Inverse boost Î handle on motion of the baryon 
number, through fragmentation

T. Sjostrand, PS Nucl.Phys.B659(2003)243

•Sjöstrand & PS, Nucl.Phys.B 659 (2003) 243



๏Consider the following kinematic case 
•In the rest frame of one of the partons, and the angle between the other two is 
greater than 120 degrees (not considered in org algorithmic implementation)

Does a Boost to the Mercedes Frame Always Exist?

35
J. Altmann         Monash University

Junction Rest Frame

If the momenta of the junction legs are at 120º angles

→ the pull in each direction on the junction is equal 

→ junction is at rest

q2 q3

q1

120º

120º120º

Consider the following:  
In the rest frame of one of the partons, 
and the angle between the other two 
partons is greater than 120º

→ cannot boost further to get a 120º frame  

What is the JRF in these cases? 
Introduce so-called “pearl-on-a-string”

q2 q3

q1

> 120º

⃗p1 = 0

q2 q3

q1
60º 60º

Not the JRF!

Mercedes frame

What is the junction rest frame?

*only JRF-type considered in the current implementation

Does a boost to the mercedes frame always exist?

*no special consideration for these cases in current implementation

4

I.e., can only happen for massive partons

Org algorithm 
failed to converge

Slide adapted from J. Altmann



The case of a heavy slow endpoint: Pearl on a String
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๏String Motion: Soft Massless Case

With thanks to G. Gustafson. Slide adapted from J. AltmannFigure 4. A three massless parton junction configuration shown in the Ariadne frame with respect
to q1, assuming no string breaks occur. Here, the initial momentum of q1 is p0, and the initial
momenta of q2 and q3 are much greater than p0. The distance a quark with initial momentum p0
moves before changing direction is denoted by t. The direction of the 3-momenta are shown with
blue arrows. Note that size of the arrows are not meant to exactly represent the magnitude of the
momentum, but rather illustrate the direction of motion.

assume massless gluons, these cases should only occur with endpoint partons. In such cases,
we expect the junction to get “stuck" to the soft massive endpoint and for the junction and
the endpoint to move together. This massive quark that is stuck to the junction is labelled
a pearl-on-a-string.

– 9 –

“ARIADNE frame”
E1 ≪ min(E2, E3)

p1

p1

3

p1

9

Similar to a mesonic string with a gluon kink

๏String Motion: Slow Massive Case

J. Altmann         Monash University

Pearl-on-a-string

5

q
q q

q

qq

q

q

q

t

2t

3t

< t/2

q qq

p0
The junction gets “stuck” to the soft quark, which we 
call a pearl-on-a-string 

➢ More likely to occur for junctions with heavy flavour 
endpoints

Example of pearl-on-a-string viewed in the Ariadne frame 
of the green quark

“Pearl on a String”

Q

Q

QQ

Q

β1 < 1/2



The case of a heavy slow endpoint: Pearl on a String

37

The junction gets “stuck” to the soft 
quark, which we call a pearl-on-a-
string  
More likely to occur for junctions with 
heavy flavour endpoints 

For a string junction to make a heavy 
baryon, the junction leg with the 
heavy quark can’t “break” (i.e. a “soft” 
junction leg) = pearl-on-a-string! 
๏

Slide adapted from J. Altmann

๏String Motion: Slow Massive Case

J. Altmann         Monash University

Pearl-on-a-string

5

q
q q

q

qq

q

q

q

t

2t

3t

< t/2

q qq

p0
The junction gets “stuck” to the soft quark, which we 
call a pearl-on-a-string 

➢ More likely to occur for junctions with heavy flavour 
endpoints

Example of pearl-on-a-string viewed in the Ariadne frame 
of the green quark

“Pearl on a String”

Q

Q

QQ

Q

β1 < 1/2

J. Altmann         Monash University

Pearl-on-a-string

For a junction to make a heavy baryon, the junction leg with the heavy 
quark can’t fragment (i.e. a “soft” junction leg) = pearl-on-a-string!

q
q q

q

qq

q

q

q

t

2t

3t

< t/2

q qq

p0
The junction gets “stuck” to the soft quark, which we 
call a pearl-on-a-string 

➢ More likely to occur for junctions with heavy flavour 
endpoints

Example of pearl-on-a-string viewed in the Ariadne frame 
of the green quark

5



๏An Alternative Analogy … ? 
• The strings will “break” 
•Non-perturbative so can’t use  
•Pair creation near a black hole? 

•Or a “hot string” that cools down?

g → qq̄ ⟹
Pg→qq̄(z)

String Break

q

M

(Could it be Thermal?)

38

P.  S k a n d s

String Breaks

๏In QCD, strings can (and do) break! 
•(In superconductors, would require magnetic monopoles) 
•In QCD, the roles of electric and magnetic are reversed 
•Quarks (and antiquarks) are “chromoelectric monopoles” 
•There are at least two possible analogies ~ tunneling:

18

Schwinger Effect

+

÷
Non-perturbative creation 
of e+e- pairs in a strong 
external Electric field

~E

e-

e+

P / exp

✓
�m2 � p2?

/⇡

◆
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Tunneling Factor

( is the string tension equivalent)
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Hawking Radiation

M

~g

Non-perturbative creation 
of radiation quanta in a 
strong gravitational field
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Thermal (Boltzmann) Factor
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→ Exponential suppression of high m⊥ = m2
q + p2

⊥

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

mT
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separation

Fischer & Sjöstrand JHEP 01 (2017) 140 

Hunt-Smith & PS, Eur.Phys.J.C 80 (2020) 11


