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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 (QED & QCD)  
•➜ Bremsstrahlung (QED & QCD) 
•➜ Last seminar (Oct 19) 

๏At wavelengths  
•Some dynamical process must 
ensure quarks and gluons become 
confined inside hadrons: 
Hadronization 

๏ What do we know about that?

gg → tt̄
Q2 ∼ m2

t ≫ Λ2
QCD

∼ rproton ∼ 1/ΛQCD



From Partons to Pions
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๏Consider a parton emerging from a hard scattering (or decay) process

It showers 
(bremsstrahlung)

It ends up  
at a low effective 
factorization scale  

QHadronization ∼ mρ ∼ 1 GeV

Hard:  
Large momentum transfer 

QHard ≫ 1 GeV

Q

QHard 1 GeV

How about I just call it a hadron?
→ “Local Parton-Hadron Duality”



Local Parton Hadron Duality  Independent Fragmentation ↔
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q
π 

π 
π 

๏Late 70s MC models: Independent Fragmentation 
๏ E.g., PYTHIA (then called JETSET) anno 1978

Local 
Parton 
Hadron 
Duality QFactorization Momentum fractions {x}

Fπ/q(QF, x)
Fragmentation Function 

Fast parton Hadrons

LU TP 78-18                    November, 1978

A Monte Carlo Program for Quark Jet Generation

T. Sjöstrand, B. Söderberg

A Monte Carlo computer program is presented, 
that simulates the fragmentation of a fast 
parton into a jet of mesons. It uses an 
iterative scaling scheme and is compatible 
with the jet model of Field and Feynman.

Field-Feynman was an early 
fragmentation model.
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Colour Neutralisation
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๏As a physical model, however, LPHD is a not a good starting point 
•The point of confinement is that partons are coloured. 

๏A physical hadronization model  
•Should involve at least two partons, with opposite color charges 
•

•A strong confining 
field emerges 
between the two 
when their 
separation ≳ 1fm



Two Partons: Linear Confinement

7

๏In lattice QCD, one can compute the potential energy of a colour-singlet  
state, as a function of the distance, r, between the  and  

๏

qq̄
q q̄

P.  S k a n d s

Long Wavelengths > 10-15 m

๏Quark-Antiquark Potential 
•As function of separation distance

17
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FIG. 4. All potential data of the five lattices have been scaled to a universal curve by subtracting Vo and measuring energies and

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

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

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

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

turbative results. Although we are aware that our lattice
resolution is not yet really suScient, we might dare to
previe~ the continuum behavior of the Coulomb-like
term from our results. In Fig. 6(a) [6(b)] we visualize the
confidence regions in the K-e plane from fits to various
on- and off-axis potentials on the 32 lattices at P=6.0
[6.4]. We observe that the impact of lattice discretization
on e decreases by a factor 2, as we step up from P=6.0 to

150
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Barkai '84 o
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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)

V (r) = �a

r
+ r
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“Cornell Potential” fit: with κ ∼ 1 GeV/fm

What physical system has a 
linear potential?

(→ could lift a 16-ton truck)



From Partons to Strings
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๏Motivates a model: 
•Let colour field collapse into a narrow flux tube of 
uniform energy density  

๏ κ ~ 1 GeV / fm 
•Limit → Relativistic 1+1 dimensional worldsheet  

๏Map: 
•Quarks → String Endpoints 
•Gluons → Transverse Excitations (kinks) 

๏Physics then in terms of string worldsheet 
evolving in spacetime 

•Nambu-Goto action  Area Law. 
๏

⟹

String 
Worldsheet

14 43. Monte Carlo Event Generators

PS

x

y

Figure 43.3: Schematic illustration of an e
+

e
≠

æ qgq̄ configuration emerging from the parton
shower (PS). Snapshots of string positions are shown at two di�erent times (full and shaded lines
respectively). The gluon forms a transverse kink which grows in the y direction until all the gluon’s
kinetic energy has been used up.

to a single string piece. Hence, the relative rate of energy loss per unit invariant time — and
consequently also the rate of hadron production — is larger by a factor of 2 for gluons (analogously
to the ratio of gluon to quark color charges CA/CF = 2.25).
43.2.1.2 Transverse Momentum and Flavors

For each breakup vertex, quantum mechanical tunneling is assumed to control the masses and
pT kicks (transverse to the string axis, in a frame in which the string itself has no transverse motion)
that can be produced, leading to a Gaussian suppression

Prob(m2
q , pTq

2) Ã exp
A

≠fim
2
q

Ÿ

B

exp
A

≠fipTq
2

Ÿ

B

, (43.10)

where mq is the mass of the produced quark flavor and pT is the nonperturbative transverse
momentum imparted to it by the breakup process, with a universal average value of

+
pTq

2,
=

Ÿ/fi ≥ (250 MeV)2. The antiquark has the same mass and opposite pT.
In an MC model with a fixed shower cuto� t0, the e�ective amount of pT in string breaks may be

larger than the purely nonperturbative Ÿ/fi above, to account for e�ects of additional (unresolved)
radiation below t0.

From the mass term in Eq. (43.10), one concludes that charm and bottom quarks are too heavy
to be produced in string breaks, while strange quarks will be suppressed relative to up and down
ones. Lacking unambiguous and precise mass definitions for light quarks, however, the e�ective
amount of strangeness suppression is normally extracted from experimental data, using observables
such as K/fi, K

ú
/fl, and „/K

ú ratios.
Baryon production can also be incorporated, at various levels of sophistication. The simplest

option is to allow string breaks to produce pairs of diquarks, loosely bound states of two quarks in
an overall 3̄ representation. Again, the relative rate of such pairs is extracted from data, e.g. using
p/fi or »/K ratios. Since the perturbative shower splittings do not produce diquarks, the optimal
value for this parameter is mildly correlated with the amount of g æ qq̄ splittings in the shower.
More sophisticated options, including the so-called “popcorn” mechanism, are discussed in Ref. [78].
Finally, the PYTHIA framework also allows for baryon string junctions [81]. These represent epsilon
tensors in color space (analogously to how color dipoles represent Kronecker deltas), and are used,
e.g., to model the fragmentation of baryon beam remnants. They can also be created (in pairs of
junctions and antijunctions) in some color-reconnection scenarios [82], making the e�ective baryon-
to-meson ratios in such models dependent on the amount and type of color reconnections that occur
in each event.

The next step of the algorithm is the assignment of the produced quarks within hadron multi-
plets. Using a nonrelativistic classification of spin states, the hadronizing q may combine with the

11th August, 2022



๏In “unquenched” QCD 
• The strings will “break” 
•Non-perturbative so can’t use  
•Model: Schwinger mechanism 

•Assume probability of string break constant per unit world-sheet area

g → qq̄ ⟹
Pg→qq̄(z)

String Break

q

M

String Breaking

9

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
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�m2 � p2?
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◆

Probability from 
Tunneling Factor

( is the string tension equivalent)

C
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N
O

N
IC

A
L

Hawking Radiation

M

~g

Non-perturbative creation 
of radiation quanta in a 
strong gravitational field

HORIZONHORIZON

Thermal (Boltzmann) Factor

P / exp

✓
�E

kBTH

◆

Linear Energy Exponent

A
LT

ER
N

AT
IV

E?

→ Gaussian suppression of high m⊥ = m2
q + p2

⊥

J. Schwinger, Phys. Rev. 82 (1951) 664

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
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time

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

⟹ p⊥
M z

z ∈ [0,1] f(z, Q2
HAD)

String Break

q

M

Schwinger Case: the String Fragmentation Function

10

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

leftover string, 
further string breaks 

Spacelike Separation from  

Observation: All string breaks are causally disconnected

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

⟹

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

⟹
a b

Lund Symmetric 
Fragmentation 

Function
f(z) ∝

1
z

(1 − z)aexp (−
b(m2

h + p2
⊥h)

z )
Supresses 

high-z hadrons
Supresses 

low-z hadrons



๏Causality → May iterate from outside-in

u(�p�0, p+)

dd̄

ss̄

�+(�p�0 � �p�1, z1p+)

K0(�p�1 � �p�2, z2(1� z1)p+)

...

QIR

shower

· · ·

QUV

Fig. 21: Illustration of the iterative selection of flavours and momenta in the Lund string fragmentation model.

practice this is only approximately true for B⇤/B. For lighter flavours, the difference in phase space
caused by the V –S mass splittings implies a suppression of vector production. Thus, for D⇤/D, the
effective ratio is already reduced to about ⇠ 1.0 – 2.0, while for K⇤/K and ⇢/⇡, extracted values
range from 0.3 – 1.0. Recall, as always, that these are production ratios of primary hadrons, hence
feed-down complicates the extraction of these parameters from experimental data, in particular for
the lighter hadron species. The production of higher meson resonances is assumed to be low in a
string framework23. For diquarks, separate parameters control the relative rates of spin-1 diquarks vs.
spin-0 ones and, likewise, have to extracted from data, with resulting values of order (qq)1/(qq)0 ⇠
0.075 – 0.15.

With p2

? and m2 now fixed, the final step is to select the fraction, z, of the fragmenting end-
point quark’s longitudinal momentum that is carried by the created hadron. In this respect, the string
picture is substantially more predictive than for the flavour selection. Firstly, the requirement that the
fragmentation be independent of the sequence in which breakups are considered (causality) imposes
a “left-right symmetry” on the possible form of the fragmentation function, f(z), with the solution

f(z) /
1
z
(1� z)a exp

✓
�

b (m2

h + p2

?h)
z

◆
, (68)

which is known as the Lund symmetric fragmentation function (normalized to unit integral). As a
by-product, the probability distribution in invariant time ⌧ of q0q̄ breakup vertices, or equivalently
� = (⌧)2, is also obtained, with dP/d� / �a exp(�b�) implying an area law for the colour flux,
and the average breakup time lying along a hyperbola of constant invariant time ⌧0 ⇠ 10�23s [68].
The a and b parameters are the only free parameters of the fragmentation function, though a may
in principle be flavour-dependent. Note that the explicit mass dependence in f(z) implies a harder
fragmentation function for heavier hadrons (in the rest frame of the string).

The iterative selection of flavours, p?, and z values is illustrated in figure 21. A parton produced
in a hard process at some high scale QUV emerges from the parton shower, at the hadronization scale
QIR, with 3-momentum ~p = (~p?0, p+), where the “+” on the third component denotes “light-cone”
momentum, p± = E ± pz . Next, an adjacent dd̄ pair from the vacuum is created, with relative
transverse momenta ±p?1. The fragmenting quark combines with the d̄ from the breakup to form a

23The four L = 1 multiplets are implemented in PYTHIA, but are disabled by default, largely because several states are
poorly known and thus may result in a worse overall description when included.

37

Iterative String Breaks

11

 Note: using light-cone coordinates: p+ = E + pz

On average, expect energy of nth “rank” hadron ~ En ~ <z>n E0



ymax ⇠ ln

✓
2Eq

m⇡

◆
Increasing Eq → logarithmic 

growth in rapidity range

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

๏In Spacetime:  
•String tension ≈ 1 GeV/fm → a 10-GeV quark can travel 10 fm before all its kinetic energy 
is transformed to potential energy in the string.  Then it must start moving the other way. 
•(→ “yo-yo” model of mesons. Note: string breaks → several mesons) 

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

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

•"Lightcone scaling”

p± = E ± pz

p⊥

z ⟹

(Note on the Length of Strings)
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y =
1

2
ln

✓
E + pz
E � pz

◆
=

1

2
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(E + pz)2
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ATLAS
 = 8 TeVs
 = 20.3intL
 > 0.5 GeVtrack

T
p

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

LO pQCD3Quark Jets N
LO pQCD3Gluon Jets N

(b)

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

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

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

CT10 PDF. In addition to the experimental uncertainties, the error bands include uncertainties in the gluon fractions
from both the PDF and ME uncertainties. The MC statistical uncertainties on the open markers are smaller than
the markers. The uncertainty band for the N3LO pQCD prediction is determined by varying the scale µ by a factor
of two up and down. The markers are truncated at the penultimate pT bin in the right because within statistical
uncertainty, the more forward and more central jet constituent charged-particle multiplicities are consistent with
each other in the last bin.
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Gluon Kinks: The Signature Feature of the Lund Model
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๏Gluons are connected to two string pieces 

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

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

2 ∼ CA/CF

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

ATLAS, Eur.Phys.J. C76 (2016) no.6, 322 

See also 
Larkoski et al., JHEP 1411 (2014) 129 
Thaler et al., Les Houches, arXiv:1605.04692

Quark Jets

Gluon Jets



Other String Topologies
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?

Open Strings
Closed Strings

SU(3) String Junction

 strings (with gluon kinks) 

E.g.,  + shower 

 + shower

qq̄
Z → qq̄

H → bb̄

Gluon rings 

E.g.,  + shower 

 + shower

H → gg
Υ → ggg

Open strings with N endpoints 
E.g., Baryon-Number violating 

neutralino decay  + showerχ0 → qqq



The Smoking Gun of Baryon Number Violation

P. Skands

Fragmentation of String Junction Systems

15

๏Assume vortex-line string picture still OK 
•Which topology? Y, , V, T, …? 
•Baryon wave functions & minimal string length 

๏  Picture of Y-shaped topology with “string junction” 

๏1st String-Junction Fragmentation Model  
•Focused on hard BNV processes: , , … 
•Fun (but a bit of a long shot …) 

๏(Junction strings can also have kinks): 

•

Δ

⟹

χ̃ → qiqjqk t̃*i → qjqk

The Smoking Gun of Baryon Number Violation

P. Skands

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

•

Would love to tell you this has been seen at LHC 

But then you probably wouldn’t be hearing about it from me 

However, string junctions may have been seen!



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?

18
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

19

๏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

20

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
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 Λ+
c

(cud)

 
Sensitive to spin of 

junction diquark

Σc /Λc  
Sensitive to spin of 

junction diquark

Σc /D

๏Since 2020, ALICE (and LHCb) have been reporting large (factor-10) enhancements in 
heavy-flavour baryon-to-meson ratios at low pT!

Very exciting!
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๏Since 2020, ALICE (and LHCb) have been reporting large (factor-10) enhancements in 
heavy-flavour baryon-to-meson ratios at low pT!

Even more exciting!
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What about strange baryons?

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

7

Strangeness Enhancement

23

๏Clear observations of enhancements of strange baryons with multiplicity 
•Also among light-flavour hadrons

Slide adapted from J. Altmann



What we think is driving this: Multiple Parton-Parton Interactions

24

๏Beam particles at LHC = protons: composite; lots of quarks and gluons inside 
•As they pass through each other, they present a beam of partons to each other 

๏➤ Multiple parton-parton interactions. Explicit MC models around since 80s  
๏ Lots of colour exchanges  lots of coloured partons scattered into the final states ⟹

J. Altmann         Monash University

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

Multiplets (y=0, pp 7 TeV) 

higher 
multiplets

Counting number of fundamental and anti-
fundamental flux lines at central rapidity in 

pp collisions (according to PYTHIA) 

Confining fields may be reaching much 
higher effective representations than 

simple quark-antiquark (3) ones. 

Two approaches in PYTHIA: 
1) Colour Ropes (Lund) 

2) Close-Packing (Monash/Oxford) 

Plot produced by J. Altmann
Number of tracks



Work in Progress: Strangeness Enhancement from Close-Packing

25

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

Close-packing

vs.

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

String breaks

Strange Junctions

Dense string environments 

→ Casimir scaling of effective string tension 

→ Higher probability of strange quarks

Results in strangeness enhancement 
focused in baryon sector
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J. Altmann         Monash University

Strangeness Enhancement

Close-packing

vs.

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

String breaks

Strange Junctions

Dense string environments 

→ Casimir scaling of effective string tension 

→ Higher probability of strange quarks

Results in strangeness enhancement 
focused in baryon sector

Monash

QCD

Close-packing  
+ strange junctions  
+ diquark suppression

8Slide adapted from J. Altmann



Summary / Outlook

26

๏Perturbative QCD has been 
revolutionised from 80s  

•Culminating now/soon in 
NNLO+NNLL matched MC models for 
colliders 

๏Non-perturbative QCD more quiet 
•(Apart from lattice), few developments, 
driven by a few research groups 

๏ String Junctions 
๏ Colour Ropes/Close-Packing 
๏ String Shoving/Repulsion 
๏ Thermal Effects 
๏ Interplay with pQCD calculations? 

•Scope for input and new ideas perhaps 
from unexpected areas?



Extra Slides



๏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

(Or could it be Thermal?)

28

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
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Fragmentation starts in the middle and spreads outwards:
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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
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Fischer & Sjöstrand JHEP 01 (2017) 140 
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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
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๏Since 2020, ALICE (and LHCb) have been reporting large (factor-10) enhancements in 
heavy-flavour baryon-to-meson ratios at low pT!
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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
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has been employed [161]. The substantial gap between the LHCb data and the model cal-

culation obtained with the PDG scenario (dashed dark-red line) is largely overcome by the

feeddown of the large set of ’missing’ baryons included in the RQM calculation (solid red

line), leading to a fair description of the experimental data, including its increasing trend

toward low pT. It would be also interesting to see model calculations including coalescence,

like the Catania model, to see if di↵erent baryon enhancements, both in the charm and

beauty sector, might be expected in di↵erent rapidity windows. Future measurements of

additional beauty baryons (⌅b, ⌦b) are necessary to investigate a possible beauty baryon

enhancement in pp collisions for strange-beauty baryons and those measurements shed light

on expected di↵erences in their momentum spectra to e+e� collisions and will allow studying

the breaking of fragmentation universality also in the beauty sector in hadronic collisions at

the LHC.
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FIG. 14: Left panel: ratios ⇤0
b/B

0 as a function of pT measured at forward rapidity in pp

collisions at
p
s = 13 TeV by the LHCb Collaboration [159]. The data are compared to

expectations from PYTHIA 8 with Monash and CR-BLC (Mode 2) tunes and to SHM

expectations with (RQM) and without (PDG) the inclusion of higher-mass baryon states.

Right panel: 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 pT are shown for

centre-of-mass energies of
p
s = 7 TeV.
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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
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What we think is driving this: MPI + QCD CR
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๏2) QCD Colour Reconnections 

๏


