
QCD-based Colour Reconnections in Pythia - Status and Prospects

Peter Skands (Monash U)

Heavy-Ion Physics at High Energy  
November 2021, Padoa

VINCIA

Disclaimer: This talk is about pp 

1. Brief reminder: Colour Flow and Colour Connections 

2. QCD-based Colour Reconnections in Pythia ➤ More Baryons 

3. + (new) Close-packing model ➤ More Strangeness  
(+ pT broadening & further baryons) 

Similar to colour ropes, with simplified (computationally fast) formulation in momentum space. 

Work started with Monash student Javira Altmann. Expect in Pythia during 2022 (?) 

4. Outlook

[Christiansen & PS, arXiv:1505.01681]

https://arxiv.org/abs/1505.01681


๏Hadronisation is the dynamic realisation of colour confinement 

๏Any (QCD-based) hadronisation model therefore has to address:  
๏

๏ For example, a red colour charge will stretch a 
confinement field to nearest anti-red charge  

๏

1: Brief Reminder
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Physics

1. Between which partons should confining 
potentials form? 

2. How does spontaneous pair creation lead 
to (physical) hadrons (+ hadron spectra)?

“String topology”         
(dictated by Colour Connections)

Flavour parameters and 
Fragmentation Functions 
(longitudinal & transverse) 

R̄R

Pythia (Lund Model)

A (piece of) string

R̄R R̄R

String breaks

๏ Given sufficient energy (separation in CM  1 fm  
invariant mass  1 GeV), confinement field can 
break down by spontaneous pair creation

≫ ↔
≫



Between which partons do confining potentials form?

P.  Skands 3

๏High-energy collisions with QCD bremsstrahlung + multi-parton interactions   
➤ final states with very many coloured partons 
๏ Who gets confined with whom? 

๏Starting point for (pQCD-based*) MC generators = Leading Colour limit  
๏  Probability for any given colour charge to accidentally be same as any other .  
๏  Each colour appears only once & is matched by a unique anticolour.

NC → ∞
⟹ → 0
⟹

Monash UQCD-Based CR in Pythia & Close-Packing

Problem solved!

Example (from upcoming big Pythia 8.3 manual): 

 + parton showere+e− → Z0 → qq̄

Naively expect corrections to be suppressed by  
(+ coherence in shower  angular ordering  further suppression)

1/N2
C ∼ 10 %

⟹ ⟹

*pQCD = perturbative QCD

Colour flow represented using  
“Les Houches colour tags” 

Eg., 101, 102, … 
[hep-ph/0109068 , hep-ph/0609017]

https://arxiv.org/abs/hep-ph/0109068
https://arxiv.org/abs/hep-ph/0609017


Colour Reconnections in Simple Systems
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๏What if I have two parton systems right on top of each other? 
•Textbook example:  

๏With a probability of 1/9, both options are possible   (remaining 8/9 allow LC only) 
๏ Choose “lowest-energy” one (cf action principle) (assuming genuine quantum superpositions to be rare.) 

•Expect small shift in W mass (“string drag”) 

๏Non-zero CR effect convincingly demonstrated at LEP-2 
๏ No-CR excluded at 99.5% CL [Phys.Rept. 532 (2013) 119; arXiv:1302.3415]  
๏ Consistent with 1/NC2 expectation but not much detailed information.

e+e− → W+W− → hadrons

Monash UQCD-Based CR in Pythia & Close-Packing

lengths). Broadly, one may distinguish between two classes of CR e↵ects; colour-space

ambiguities and dynamical reconfigurations.

Colour-space ambiguity allows for multiple partons to potentially carry identical

colours. As colour space is a finite gauge theory, there is thus a probability to have

“colour accidents”. These colour accidents occur when there are multiple partons car-

rying the same colour charge resulting in multiple possible string topologies.

(a) (b)

Figure 1.3. Two possible string topologies for the given colour configurations. (a) String

configuration before CR e↵ects. (b) Alternative topology allowed by CR.

(a) (b)

Figure 1.4. Feynman diagrams showing an ee ! WW process where each W boson decays

into a qq̄ pair. The green lines indicate colour flow, where colours are represented above the

feynman diagram lines, and anticolours are represented below them. (a) Before CR e↵ects,

with the string stretched between each quark-antiquark pair as they are created. (b) After

CR e↵ects are allowed, showing an alternative string configuration whilst still ensuring colour

singlet final states.
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Leading Colour Alternative possibility

Probability for 
uncorrelated  

pair to 
accidentally be in 

colour-singlet 
state follows from  

 
 ☛ 1 in 9 ☚ 
= 1/NC2

qq̄

3 ⊗ 3̄ = 8 ⊕ 1

Illustrations from honours thesis by J. Altmann

string
 #1

string
 #2

string
 #1

string
 #2

https://arxiv.org/abs/1302.3415


๏How many parton systems are there in pp collisions? 
•Multi-Parton Interactions (MPI) 
•
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remnant’

+ …

•  can have very many parton 
systems within a single pp collision 
(esp. in high-multiplicity events)

⟹

•All within ~ transverse size of a proton 
(= right on top of each other)

•+ Combinatorics! Each colour has 1/NC2 to be same as any of the others  CR galore!? ⟹



QCD-based CR Model: Rules of the Game
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๏MPI + showers  partons with LC connections 
•Idea: restore missing (1/NC2) colour correlations stochastically. Approximate all LC-
unconnected partons as uncorrelated and consider SU(3) rules: 

(1)         for uncorrelated colour-anticolour pairs (allows “dipole CR”) 

(2)         for uncorrelated colour-colour pairs (allows “junction CR”) 

๏Technically: done by assigning all partons “colour indices” from 0 to 8. 
•E.g., any parton given colour index 0 can be confined with any parton with anti-index 0.  

๏ This reproduces the 1/9 stochastic probability in eq.(1). 
•Index 0 can also combine with two other partons (with indices 3 and 6) representing the 
confining (colour-neutral) combination of R, G, and B 

๏ This gives a decent approximation to the 3/9 probability in eq.(2).  
๏ Represented by “string junctions” in Pythia [hep-ph/0212264]  a new source of baryons and anti-baryons. 

๏Finally, choose between which ones to actually set up confining potentials  
•Smallest measure of “invariant string length”  number of hadrons produced (“  measure”) 

๏ (Subtleties include precise definition of  measure, baryon-“junction" vs dipole  measures, mass 
effects, handling of causality, …; current implementation is imperfect & definitely not final word.) 

⟹

3 ⊗ 3̄ = 8 ⊕ 1

3 ⊗ 3 = 6 ⊕ 3̄

⟹

∝ λ
λ λ

Monash UQCD-Based CR in Pythia & Close-Packing

https://inspirehep.net/literature/605037


Original Goal: Provide a well-motivated theoretical underpinning for CR, 
capable of describing CR-sensitive observables like <pT>(nch)
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Consider the simple example of two quark dipoles as shown in Figure 1.3. In the

LC limit, the strings have unique configurations as each parton has a unique colour.

However, given a finite Nc, there is a finite probability that the partons “accidentally”

have the same colour, say red-antired. Figure 1.3 demonstrates two possible di↵erent

string configurations for such a scenario. Figure 1.4 shows CR in the context of an

e+e� collision.

In the context of pp collisions, confining potentials are formed between a jet and

each beam remnant as seen in Figure 1.5 (a). Contrastingly, with CR e↵ects, the

confining potentials can form between jets and then connect back to the beam remnant,

rather than each jet being independently connected to the beam remnant, illustrated

in Figure 1.5 (b).

(a) (b)

Figure 1.5. (a) The string topology ignoring CR e↵ects, where strings are formed directly be-

tween the beam remnant and the jet. (b) Allowing for CR e↵ects, the dynamically favourable

string configuration. The string is now spanned from the beam remnant to one the fuirther

jet via another jet, reducing the overall string length.

The second meaning of CR refers to dynamical reconfigurations in colour space in-

volving explicit exchange of momentum and colour. Dynamical reconfigurations which

reduce the string length, and thus energy, may be assumed to be favoured. These

dynamical reconfigurations are physical interactions in the systems, such as gluon ex-

changes and/or strings cutting each other up.

For e+e� collisions, the LC limit is a reasonable approximation as CR e↵ects are

known to be suppressed [11, 12]. Hence, many key parameters are tuned to data from

9

Flow-like boost effects  
 More pT⟹
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MPI 
without 

CR:

MPI with 
CR:

Illustrations by J. Altmann

No CR  <pT> approximately the same for all Nch⟹
(Many MPI just produce more hadrons, but with ~ same spectra) 

QCD-based CR
MPI-based CR (default)
No CR

Both MPI-based (default) and QCD-based CR 
reproduce the rising trend of <pT>(Nch)

ALICE DATA

mcplots.cern.ch

(Just one example here, that I could easily obtain from mcplots.cern.ch; with 
minor differences all other CM energies and fiducial cuts show same trend)

⟨p⊥(Nch)⟩

Note: for more on flow-like effects 
from CR, see also, e.g., Ortiz 
Velasquez et al. arXiv:1303.6326

http://mcplots.cern.ch
http://mcplots.cern.ch/?query=plots,ppppbar,mb-inelastic,avgpt-vs-nch,Pythia%208.CR%20Variations


+ New junction-type CR  Increased Baryon-to-Meson ratios⟹
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Illustrations by J. Altmann

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

18

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
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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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Junction CR
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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

Data

Monash

Mode 0
Mode 2
Mode 3

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Mean p? vs charged hadron multiplicity, |h| < 2.4,
p

s = 7 TeV

hp
?
i

[
G

e
V

]

20 40 60 80 100 120 140 160 180
0.8

0.85
0.9

0.95
1.0

1.05
1.1

1.15

n

M
C

/
D

a
ta

(a)

Data

Monash

Mode 0
Mode 2
Mode 3

0

1

2

3

4

5

6

7
Charged hadron h integrated over p? at

p
s = 7 TeV

dN
c
h

/
dh

-2 -1 0 1 2
0.9

0.95

1.0

1.05

h

M
C

/
D

a
ta

(b)

Data

Monash

Mode 0
Mode 2
Mode 3

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
L/K

0

S
versus rapidity at

p
s = 7 TeV

N
(L

)
/

N
(K

0 S
)

0 0.5 1 1.5 2

0.6

0.8

1

1.2

1.4

|y|

M
C

/
D

a
ta

(c)

Figure 12. The average p? as a function of multiplicity [52] (a), the average charged multiplicity as a func-
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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.
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CMS DATA (2011, NSD)

QCD-based 
CR with 

junctions
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q̄A1

qA0

Second Stage: Leg C

Figure 15: 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
gray 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 (qq

AB
) which 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.

describe the spacetime picture for qq pairs, based on methods developed in ref. [293].
From the linear potential V (r) = r, the equations of motion are

����
dpz,q/q

dt

���� =
����
dpz,q/q

dz

���� =
����
dEq/q

dt

���� =
����
dEq/q

dz

���� =  . (304)

The sign on each derivative is negative if the distance between the quark is increasing, and positive if
the distance is decreasing. After sampling Ehi and phi for each hadron, these equations lead to simple
relations between the space-time and momentum-energy pictures, zi�1�zi = Ehi/ and ti�1� ti = phi/,
where zi and ti denote the spacetime coordinates of the ith breakup point (note that zi�1 > zi since
points are enumerated from right to left). In the massless approximation, the endpoints are given by
z0,n = t0,n = ±

p
s/2. This specifies the breakup points, but there is still some ambiguity as to where the

hadron itself is produced. The default in Pythia 8.3 is the midpoint between the two breakup points, but
it is also possible to specify an early or late production vertex at the point where the light cones from the
two quark-antiquark pairs intersect.

A complete knowledge of both the spacetime and momentum pictures violates the Heisenberg un-
certainty principle. This is compensated for in part by introducing smearing factors for the production
vertices, but outgoing hadrons are still treated as having a precise location and momentum. Despite not
being a perfectly realistic model, there is no clear systematic bias in this procedure, and any inaccuracies
associated with this violation are expected to average out.

There are several further complications to these process. One is more complicated topologies such as
those involving gluons or junctions. Another is the fact that the massless approximation is poor for heavy
qq pairs. For massive quarks, instead of moving along their light cones, the quarks move along hyperbolae
E

2
� p

2

z = m
2
+ p

2

? = m
2

?. Both these issues are addressed in more detail in ref. [293].

7.1.5 Junction topologies

Junction topologies in their simplest form arise when three massless quarks in a colour-singlet state move
out from a common production vertex, a textbook example of which is given by a baryon-number-violating
supersymmetric decay �

0
! qqq. In that case it is assumed that each of them pull out a string piece,

a “leg”, to give a Y-shaped topology, where the three legs meet in a common vertex, the junction. This
junction is the carrier of the baryon number of the system: the fragmentation of the three legs from the
quark ends inwards will each result in a remaining quark near to the junction, and these three will form a
baryon around it.

120

Illustration from Pythia 8.3 manual

“Junction baryon”

[Christiansen & PS, arXiv:1505.01681]

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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          PYTHIA 8.243, CR-BLC:
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SHM+RQM
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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

ALICE 2021: 
also in charm

Pythia Default 
(Monash) ~ LEP

QCD CR model(s): 
Junctions drive order-
of-magnitude increase 

in at low Λc /D0 p⊥

High pT ~ LEP

Mode 0, 2, 3 are different 
QCD CR causality 

restrictions (0 = none)

https://arxiv.org/abs/1505.01681


… and in Bottom
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๏  asymmetryΛb

Monash UQCD-Based CR in Pythia & Close-Packing

Bottom asymmetries

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

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

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

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

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

p
s = 7 TeV and (bottom)

p
s = 8 TeV. Uncertainties

on the predictions are due to limited simulation sample sizes.

9 Conclusions
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Bottom asymmetries

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

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

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

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

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

p
s = 7 TeV and (bottom)

p
s = 8 TeV. Uncertainties

on the predictions are due to limited simulation sample sizes.
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QCD-based CR

Default (Monash)

LHCb, JHEP 10 (2021) 060 • arXiv: 2107.09593

“Gluon-Move” CR

Without junction CR, an important 
source of low-pT  production is 
when a b quark combines with the 
proton beam remnant. 

Not possible for  (no  remnant at LHC)

Λb

Λ̄b p̄

QCD CR adds large amount of low-pT junction  and , in equal amounts. 
Dilutes asymmetry!

Λb Λ̄b

https://arxiv.org/abs/2107.09593


Charm hadron composition – 2Possible reconnections

Ordinary string reconnection

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

Triple junction reconnection

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

Double junction reconnection

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

Zipping reconnection

(Depends on number of gluons)

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

Christiansen, Skands: CR-BLC:
Colour Reconnection
Beyond Leading Colour
JHEP 08 (2015) 003

Mode 0, 2, 3: di↵erent causality
restrictions, 0 = none
. . . but ⌅+

c /D0 still not described

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

Charm hadronization in pp (4): 

29

 not described by models that get  right!�0c /D0 �+c /D0

�0c (dsc) � ��e+�e
� ���+

arXiv:2105.05187

Coalescence model comes closest to data

talk Luigi Dello Stritto

PYTHIA 8 with CR (mode 2) below data,  
even though this model describes �+c /D0

Torbjörn Sjöstrand Nonperturbative models in PYTHIA slide 7/23

Strangeness

P.  Skands 10

๏QCD-CR is not a mechanism for strangeness enhancement 
•When we look at “steps in strangeness”, we see disagreements

Monash UQCD-Based CR in Pythia & Close-Packing
(a) (b)

(c) (d)

Figure 5.1. Comparison of the ALICE data to existing PYTHIA implementations, including

PYTHIA’s default tune (the Monash 2013 tune [4]), the QCD CR model (Mode 2) [12], and

the Rope model [21, 23]. Shown are the ratio of strange hadrons to (⇡+ + ⇡�) in |y| < 0.5

vs the average midrapidity charged multiplicity, hdNch/d⌘i|⌘|<0.5. The events simulated are

inelastic pp collisions at
p
s = 7 TeV, with no p? or lifetime cuts, and counting only primary

particles.

29

 
vs multiplicity

K/π

ALICE 2021: also in charm

Junctions

Strangeness

Ξc/D0

Similarly, Ξ/Λ, . . .



Enter: Close-Packing

P.  Skands 11

๏“Close Packing” of strings 
•Even with CR, high-multiplicity events still expected to involve 
multiple overlapping strings.  
•Interaction energy  higher effective string tension (similar to Colour Ropes) 
•  strangeness (& baryons & <pT>) 

๏

⟹
⟹

Monash UQCD-Based CR in Pythia & Close-Packing

๏2021: Monash student J. Altmann 
extended it to conventional string-
breaking model and began the 
(complicated) work to extend to 
junction topologies. Work in progress!

(a) (b)

(c) (d)

Figure 5.2. Close packing model variations alongside the defult PYTHIA tune and the ALICE

data. Shown are the ratio of yields of strange hadrons to pions (⇡++⇡�) measured in |y| < 0.5

with respect to hdNch/d⌘i|⌘|<0.5 for inelastic pp collisions at
p
s = 7 TeV. No lifetime cut made

or p? cuts applied to the event generation. 31

(a) (b)

(c) (d)

Figure 5.2. Close packing model variations alongside the defult PYTHIA tune and the ALICE

data. Shown are the ratio of yields of strange hadrons to pions (⇡++⇡�) measured in |y| < 0.5

with respect to hdNch/d⌘i|⌘|<0.5 for inelastic pp collisions at
p
s = 7 TeV. No lifetime cut made

or p? cuts applied to the event generation. 31

Ω/π

Default (Monash)

QCD-CR
QCD-CR with

 ClosePack
ing

Preliminary result from Javira’s honours thesis

๏Current close-packing model in Pythia 
only for “thermal” string-breaking model

๏[Fischer & Sjöstrand, JHEP01(2017)140,arXiv:1610.09818] 
๏

Interesting in 
its own right!

https://arxiv.org/abs/1610.09818


Summary

P.  Skands 12

๏The QCD-CR model in Pythia   (ColourReconnection:mode = 1) 
•Physically well-motivated paradigm for CR. Based on stochastic sampling in SU(3)C. 

๏New aspect: Junction Baryons 
•➤ Increased baryon-to-meson ratios, especially at low pT 
•➤ Dilution of baryon asymmetries (junctions always come with anti junctions) 
•Also expect junction baryons to exhibit quite different baryon-antibaryon 
correlations : experimental tests? (+ these baryons are probably not in jets?) 
•Too many protons: could they annihilate by rescattering? 

๏It produces some flow (via boosted strings) but not enough / not right kind? 
Supplement by shoving / repulsion / rescattering ? 

๏It does not increase strangeness: Supplement by ropes / close-packing?  

๏“Just” a single MCnet student project (cf laundry list). Impressive new LHC 
results (esp heavy flavour) ➤ Renewed interest in tying up loose ends.

Monash UQCD-Based CR in Pythia & Close-Packing

[Christiansen & PS, JHEP08(2015)003, arXiv:1505.01681]

https://arxiv.org/abs/1505.01681


Loose Ends: Interplay with Measurements

P.  Skands 13

๏QCD-CR  too many protons already at low Nch 
•Can Pythia’s new hadronic rescattering model help by annihilating away the excess? 
Sjöstrand & Utheim, arXiv:2005.05658 

๏Junction Diquarks: need better constraints (& more physics?) 
•ProbQQ1toQQ0join = { ? , ? , ? , ? } affects eg spin-3/2 vs spin-1/2 baryons.  

๏ Measurement constraints? 
•+ Multiply-heavy baryons ( , , , …): only made by junctions.  

๏Updated QCD-CR tuning would be timely.  
๏ (Monash tune was made in 2013, QCD-CR baseline ones in 2015.) 

•Should include new LHC data and modern PDFs with more strangeness. 
•Have been procrastinating until close-packing could be included… → 2023 ? 

๏String rescattering (repulsion / shoving)  Flow, pT spectra.  
•A close-packing version of shoving? Proof of concept: Duncan & PS arXiv:1912.09639 

๏+ Heavy Ions?  
•Momentum-space formulation assumes everything starts in a point. Not enough for HI. 

๏ Increasing efforts to add space-time information - but so far not used in CR / CP models.

⟹

Ξcc Ωcc Ξbc, Ωbc

⟹

Monash UQCD-Based CR in Pythia & Close-Packing

https://arxiv.org/abs/2005.05658
https://arxiv.org/abs/1912.09639


Loose Ends: Technical

P.  Skands 14

๏Diffraction 
•Current QCD-CR implementation breaks for diffractive events (errors).  
•  Probably unreliable for low-Nch INEL. Needs work. 

๏Heavy Quarks 
•Neither CR nor junction fragmentation were specifically designed/optimised for heavy 
quarks. E.g.: problems finding “junction rest frame” often worse for heavy quarks. 
•Measurements at LHC ➤ Dedicated theoretical consideration would be timely. 
•+ CR effects in onia ( )?   

๏Causality  
•ColourReconnection:timeDilationMode = 0, 2, 3: different options for restrictions on 
CR between systems with relative boosts. 
•Current options are very crude, probably all are “wrong”, to some extent. 

๏ (So not enough to just constrain existing options by measurements.)  
•Needs further thought & theoretical work. 

⟹

J/ψ, Υ

Monash UQCD-Based CR in Pythia & Close-Packing
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Effects of ProbQQ0toQQ1Join

P.  Skands 16

•ProbQQ1toQQ0join = { ? , 0.1 , 0.1 , 0.1 } 
๏ First entry = spin-1 diquark suppression for ud diquarks (uu & dd have to be spin-1)

Monash UQCD-Based CR in Pythia & Close-Packing

Higher values => more spin-3/2 baryons

(Note: keeping the others at 0.1 was arbitrary, for illustration)

More flat since uu, 
dd diquarks have 

to have spin 1



Effects of ProbQQ0toQQ1Join

P.  Skands 17

•ProbQQ1toQQ0join = { ? , 0.1 , 0.1 , 0.1 } 
๏ First entry = spin-1 diquark suppression for ud diquarks (uu & dd have to be spin-1)

Monash UQCD-Based CR in Pythia & Close-Packing

Not much difference in rates of final long-lived baryons
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10)× (-
Ω

So, important to reconstruct primaries when possible: more information!

(Note: keeping the others at 0.1 was arbitrary, for illustration)

(Long-lived baryons 
which have junction-

baryon ancestors)
Everything must decay …
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Effects of ProbQQ0toQQ1Join: Strange
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•ProbQQ1toQQ0join = { 0.1 , ? , 0.1 , 0.1 } 
๏ Second entry = spin-1 diquark suppression for su & sd diquarks (ss have to be spin 1) 

Monash UQCD-Based CR in Pythia & Close-Packing

(Note: keeping the others at 0.1 was arbitrary, for illustration)



Effects of ProbQQ0toQQ1Join: Strange
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•ProbQQ1toQQ0join = { 0.1 , ? , 0.1 , 0.1 } 
๏ Second entry = spin-1 diquark suppression for su & sd diquarks (ss have to be spin 1) 

Monash UQCD-Based CR in Pythia & Close-Packing

(Note: keeping the others at 0.1 was arbitrary, for illustration)
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Effects of ProbQQ0toQQ1Join: Strange
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•ProbQQ1toQQ0join = { ? , ? , 0.1 , 0.1 } 
๏ Note: Single-strange particles are affected by both first and second entries

Monash UQCD-Based CR in Pythia & Close-Packing

2− 1.5− 1− 0.5− 0(ProbQQ1toQQ0Join)
10

Log

2−10

1−10

1
Primary Junction Baryons

LiveDisplays

0
Λ

-
Σ, +

Σ
0

Σ
-*Σ, +*Σ

0*Σ

Varying first entry (ud) Varying second entry (su, sd)

Note: primaries = before decays



Effects of ProbQQ1toQQ0join: Charm Sector
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•ProbQQ1toQQ0join = { 0.1 , 0.1 , ? , 0.1 } 
๏ Third entry = spin-1 diquark suppression for (cd, cu, cs) diquarks

(Note: keeping the others at 0.1 was arbitrary, for illustration)



Example of recent reexamination of String Basics

P.  Skands 22

๏Cornell potential 
•Potential V(r) between static (lattice) and/or steady-state (hadron 
spectroscopy) colour-anticolour charges: 

•Lund string model built on the asymptotic large-r linear behaviour  

๏But intrinsically only a statement about the late-time / long-
distance / steady-state situation. Deviations at early times?  

•Coulomb effects in the grey area between shower and hadronization? 
Low-r slope > κ favours “early” production of quark-antiquark pairs? 
•+ Pre-steady-state thermal effects from a (rapidly) expanding string?

Monash UQCD-Based CR in Pythia & Close-Packing

Coulomb part

V (r) = � a

r
+ r

<latexit sha1_base64="HK6rTLiZ//EWGiv3Y9JXQACyvjo=">AAACC3icbVDLSgNBEJyNrxhfqx69DAlCRAy7EtCLEPTiMYJ5QBJC72Q2GTI7u8zMCmHZnL34K148KOLVH/Dm3zh5HDSxoKGo6qa7y4s4U9pxvq3Myura+kZ2M7e1vbO7Z+8f1FUYS0JrJOShbHqgKGeC1jTTnDYjSSHwOG14w5uJ33igUrFQ3OtRRDsB9AXzGQFtpK6drxflCR5fjfFZ25dAEkgTmeLx6Ri3hxBFgGXXLjglZwq8TNw5KaA5ql37q90LSRxQoQkHpVquE+lOAlIzwmmaa8eKRkCG0KctQwUEVHWS6S8pPjZKD/uhNCU0nqq/JxIIlBoFnukMQA/UojcR//NasfYvOwkTUaypILNFfsyxDvEkGNxjkhLNR4YAkczciskATCTaxJczIbiLLy+T+nnJLZfKd+VC5XoeRxYdoTwqIhddoAq6RVVUQwQ9omf0it6sJ+vFerc+Zq0Zaz5ziP7A+vwBKI2Z4g==</latexit>

String part 
Dominates for r & 0.2 fm
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๏Berges, Floerchinger, and Venugopalan JHEP 04(2018)145) 



Toy Model with Time-Dependent String Tension
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๏Model constrained to have same average tension as Pythia’s default “Monash Tune"  
•➤ same average Nch etc ➤ main LEP constraints basically unchanged. 
•But expect different fluctuations / correlations, e.g. with multiplicity Nch.

Monash UQCD-Based CR in Pythia & Close-Packing

N. Hunt-Smith & PS arxiv:2005.06219

Figure 7: Mean p? versus charged multiplicity for ⇡+, p, K+, ⇤, � and ⌅.

13

Figure 9: Particle yields as a ratio to pions for K+, �, p, ⇤, ⌃ and ⌅ after cuts.

rections can be significant in determining what is “in” and what is “out”. If so, a single
large p? value generated by a non-perturbative breakup would show up in hp?ini but not
in hp?outi.

As our final examples of salient distributions that could be measured in archival ee
data, we show the hadron/⇡ distributions for different hadron species as functions of NCh

in fig. 9. To suppress effects of the original Z ! qq̄ endpoint quarks, we include only
particles with rapidities |y| < 3 with respect to the Thrust axis, for events with low values
of 1�T  0.1 , i.e., reasonably pencil-like events for which the Thrust axis should provide
a fairly good global axis choice. The number of particles remaining after both of these
cuts is reduced by around 36%. The relationships between particle yield ratio and charged
multiplicity for these hadrons are shown in fig. 9.

At low multiplicities, we see higher strangeness fractions, reflecting the earlier h⌧i
values. This trend is particularly pronounced for strange baryons such as ⌃ and ⌅ shown
in the bottom two panes. This plot indicates that effects such as those represented in
our model can have a significant effect on the correlation between strangeness and particle
multiplicity. Generically, if earlier times are associated with higher scales, our prediction is
for higher average p? and strangeness fractions at lower multiplicities, the opposite of the
trend observed for pp collisions. However, as already mentioned the overall main driving
factor for the behaviour in ee is the fixed total invariant mass, which does not carry over

15

➤ Want to study 
(suppressed) tails 
with very low and 
very high Nch. 

➤ These plots are 
for LEP-like 
statistics. 

➤ Would be crystal 
clear at CEPC/
FCC-ee

https://arxiv.org/abs/2005.06219


From Single-Hadron Spectra to Hadron Correlations
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๏Further precision non-perturbative aspects: How local is hadronisation? 
•Baryon-Antibaryon correlations — both OPAL measurements were statistics-
limited 
•+ Strangeness correlations, pT, spin/helicity correlations (“screwiness”?) 

•+ Bose-Einstein Correlations & Fermi-Dirac Correlations 
๏ Identical baryons (pp, ΛΛ) highly non-local in string picture — puzzle from LEP; 

correlations across multiple exps & for both pp and ΛΛ → Fermi-Dirac radius ~ 0.1 fm  rp≪

Monash UQCD-Based CR in Pythia & Close-Packing

Leading baryons in g jets?  
(discriminates between string/cluster models) 

High-x baryons

Octet neutralisation? (zero-charge gluon jet 
with rapidity gaps) → neutrals 

Colour reconnections, glueballs, …

q q̄qq q̄q̄ ss̄q q̄ q q̄ q q̄

How local? How local? How local?

The point of MC generators: address more than one hadron at a time!


