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Emergence

What else is there? Structure beyond (fixed-order) perturbative 
expansions (in Quantum Chromodynamics):

Fractal scaling, of jets within jets within jets … (can actually be guessed) 
Confinement, of coloured partons within hadrons ($1M for proof)

G. H. Lewes (1875): "the emergent is unlike its components insofar as 
… it cannot be reduced to their sum or their difference." 

Image Credits: YeimayaImage Credits: mrwallpaper.com

In Quantum Field Theory:
Components = Elementary interactions encoded in the Lagrangian
Perturbative expansions ~ elementary interactions to nth power

http://mrwallpaper.com


Quantum Chromodynamics (QCD)
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๏ THE THEORY OF QUARKS AND GLUONS; THE STRONG NUCLEAR FORCE

P.  S k a n d s

The Constituents of QCD

The elementary interactions are encoded in the Lagrangian 
QFT → Feynman Diagrams → Perturbative Expansions (in αs)
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THE BASIC ELEMENTS OF QCD: QUARKS AND GLUONS
๏gs2 = 4παs
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THE BASIC ELEMENTS OF QCD: QUARKS AND GLUONS
๏gs2 = 4παs

Perturbative expansions ➜ Feynman diagrams

Elementary interactions encoded in the Lagrangian

(gs2 = 4παs)

Would anything interesting happen if we put lots of these together?



Proton-Proton Collision at ECM = 7 TeV
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ATL-2011-030



๏Multi-parton structures beyond fixed-order perturbation theory 
•

More than just a (fixed-order perturbative) expansion
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Jets (the fractal of perturbative QCD) ⟷ Infinite-order 
perturbative structures of indefinite particle number 
⟷ universal amplitude structures in QFT 

Strings (strong gluon fields) ⟷ Dynamics of 
confinement ⟷ Hadronization phase transition ⟷ 
quantum-classical correspondence. Non-
perturbative dynamics. String physics. String breaks. 

Hadrons ⟷ Spectroscopy (incl excited and exotic states), 
lattice QCD, (rare) decays, mixing, light nuclei. Hadron 
beams → multiparton interactions, diffraction, … 
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LHC Run 1+2: no “low-hanging” new physics 

90% of data still to come ➜ higher sensitivity to smaller signals. 

High-statistics data ↔ high-accuracy theory 

(Ulterior Motives for Studying QCD)
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There are more things in heaven 
and earth, Horatio, than are dreamt 

of in your philosophy Hamlet

+ … … … ?
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1) Perturbative QCD
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๏asdasdasd 
•sdfsdf 

๏ ssdfsdf 
๏ SDFGSFG 

๏QSDFSD

P.  S k a n d s

QCD in the Ultraviolet

๏At high scales Q >> 1 GeV 
•Coupling αs(Q) << 1 
•Perturbation theory in αs should 
be reliable: LO, NLO, NNLO, …
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From S. Bethke, 
Nucl.Phys.Proc.Suppl. 

234 (2013) 229

Full symbols are results based on N3LO QCD, open circles are based on NNLO, open 
triangles and squares on NLO QCD. The cross-filled square is based on lattice QCD. 

pp –> jets (NLO)

QCD _  (S  ) = 0.1184 ± 0.0007s Z
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_s (Q)
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Heavy Quarkonia (NLO)
e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

April 2012

Lattice QCD (NNLO)

Z pole fit (N3LO)

o decays (N3LO)

!•! 1st!jet:!! pT!=!520!GeV!! !
!•! 2nd!jet:!! pT!=!460!GeV!! !
!•! 3rd!jet:!! pT!=!130!GeV!! !
!•! 4th!jet:!! pT!=!!50!GeV! !

E.g., in event shown on previous slide:
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๏The “running” of αs: 

CA=3 for SU(3)

C

E.g., in the event shown a few slides 
ago, each of the six “jets” had 

 Q ~ ET = 84 - 203 GeV



The Infrared Strikes Back
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P.  S k a n d s

๏Naively, QCD radiation suppressed by αs≈0.1 
•Truncate at fixed order = LO, NLO, … 
•E.g., σ(X+jet)/σ(X) ∝ αs

Example: Pair production of SUSY particles at LHC14, with MSUSY ≈ 600 GeV 

The Infrared Strikes Back
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► Naively, brems suppressed by αs ~ 0.1 
•  Truncate at fixed order = LO, NLO, … 
•  However, if ME >> 1  can’t truncate! 

► Example: SUSY pair production at 14 TeV, with MSUSY ~ 600 GeV 

•  Conclusion: 100 GeV can be “soft” at the LHC 
  Matrix Element (fixed order) expansion breaks completely down at 50 GeV 
  With decay jets of order 50 GeV, this is important to understand and control 

FIXED ORDER pQCD 

 inclusive X + 1 “jet” 

 inclusive X + 2 “jets” 

LHC - sps1a - m~600 GeV Plehn, Rainwater, PS PLB645(2007)217  

(Computed with SUSY-MadGraph) 

Cross section for 1 or 
more 50-GeV jets 
larger than total σ, 
obviously non-
sensical 

Alwall, de Visscher, Maltoni,  JHEP 0902(2009)017 

σ for X + jets much larger than 
naive estimate
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(Computed with SUSY-MadGraph) 

Cross section for 1 or 
more 50-GeV jets 
larger than total σ, 
obviously non-
sensical 

Alwall, de Visscher, Maltoni,  JHEP 0902(2009)017 

σ50 ~ σtot tells us that there will 
“always” be a ~ 50-GeV jet 
“inside” a 600-GeV process

All the scales are high, Q >> 1 GeV, so perturbation theory should be OK …
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a.k.a.

Bremsstrahlung


Synchrotron Radiation

This is just the physics of Bremsstrahlung

PE T E R  SK A N D S

Accelerated 
Charges

Associated field 
(fluctuations) continues

RadiationRadiation

!10

The harder they get kicked, the harder the 
fluctations that continue to become strahlung

cf. equivalent-photon approximation

Weiszäcker, Williams ~ 1934



a.k.a.

Bremsstrahlung


Synchrotron Radiation

cf. equivalent-photon approximation

Weiszäcker, Williams ~ 1934

Can we build a simple theoretical model of this?
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Accelerated 
Charges

RadiationRadiation

!11

๏The Lagrangian of QCD is scale invariant (neglecting small quark masses) 
•Characteristic of point-like constituents ➤ Observables depend on 
dimensionless quantities, like angles and energy ratios



The rules of bremsstrahlung
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Gauge amplitudes factorize 
in singular limits (→ universal 
“conformal” or “fractal” structure)

i

j

k

a

b

Partons ab 
→ collinear: |MF+1(. . . , a, b, . . . )|2

a||b! g2sC
P (z)

2(pa · pb)
|MF (. . . , a+ b, . . . )|2

P(z) = “Dokshitzer-Gribov-Lipatov-Altarelli-Parisi splitting kernels”, with z = Ea/(Ea+Eb)

/ 1

2(pa · pb)

+ scaling violation: gs2 → 4παs(Q2)

Gluon j 
→ soft: |MF+1(. . . , i, j, k. . . )|2

jg!0! g2sC
(pi · pk)

(pi · pj)(pj · pk)
|MF (. . . , i, k, . . . )|2

Coherence → Parton j really emitted by (i,k) “dipole” or “antenna” 

see e.g PS, Introduction to QCD, TASI 2012, arXiv:1207.2389

Most bremsstrahlung is 
driven by divergent 
propagators → simple structure

http://arxiv.org/abs/arXiv:1207.2389


Iterating the structure
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๏Repeated application of bremsstrahlung rules → nested factorizations  
•More and more partons resolved at increasingly smaller scales 

•Can be cast as a differential evolution:  
•dP/dQ2 : differential probability to 
resolve more structure as function of a 
“resolution scale”, Q2 ~ virtuality 

•



Iterating the structure
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๏Repeated application of bremsstrahlung rules → nested factorizations  
•More and more partons resolved at increasingly smaller scales 

•Can be cast as a differential evolution:  
•dP/dQ2 : differential probability to 
resolve more structure as function of a 
“resolution scale”, Q2 ~ virtuality 

•

•It’s a quantum fractal: P is probability to 
resolve another parton as we decrease 
Q2: gluon → two gluons, quark → quark 
+ gluon, gluon → quark-antiquark pair. 

•As we continue to “zoom”, the integrated 
probability for resolving another “jet” can 
naively exceed 100% 
•That’s what the X+jet cross sections were 
trying to tell us earlier: σ(X+jet) > σ(X)



(From Legs to Loops)
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P.  S k a n d s

From Legs to Loops

๏Parton Showers: reformulation of pQCD corrections as gain-loss diff eq. 
•Iterative (Markov-Chain) evolution algorithm, based on universality and unitarity 

•With evolution kernel ~            (or soft/collinear approx thereof) 

•Generate explicit fractal structure across all scales (via Monte Carlo Simulation) 
•Evolve in some measure of resolution ~ hardness, virtuality, 1/time … ~ fractal scale 
•+ account for scaling violation via quark masses and gs

2 → 4παs(Q
2
)

12

Kinoshita-Lee-Nauenberg:  
(sum over degenerate quantum states = finite: infinities must cancel!) 

!

Neglect non-singular piece, F → “Leading-Logarithmic” (LL) Approximation

Unitarity: sum(probability) = 1

→ Can also include loops-within-loops-within-loops … 
→ Bootstrap for approximate All-Orders Quantum Corrections!

Z � 3 jets:

qk

qi

qi

gjk
a

qk

qi

qi

gik
a

8

Z � 2 1-loop:

qk

qi

qk

gik
a

qi

qk

qk

16

Loop = �
Z

Tree + F

|Mn+1|2

|Mn|2

2Re[M(1)M(0)⇤]
���M(0)

+1

���
2

→ Can also include loops-within-loops-within-loops … 
→ Bootstrap for All-Orders Quantum Corrections!
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http://arxiv.org/abs/arXiv:1207.2389


Divide and Conquer
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๏Iterated/Nested Factorizations → Split the problem into many ~ simple pieces

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

Hard Process & Decays:  
Use process-specific (N)LO matrix elements 
→ Sets “hard” resolution scale for process: QMAX 

ISR & FSR (Initial & Final-State Radiation):  
Universal DGLAP equations → differential evolution, dP/dQ2, as 
function of resolution scale; run from QMAX to QConfinement ~ 1 GeV  

MPI (Multi-Parton Interactions) 
Additional (soft) parton-parton interactions: LO matrix elements 
→ Additional (soft) “Underlying-Event” activity (Not the topic for today) 

Hadronization 
Non-perturbative model of color-singlet parton systems → hadrons

Quantum mechanics → Probabilities → Make Random Choices (as in nature) 
➜ Method of Choice: Markov-Chain Monte Carlo ➜ “Event Generators”

z }| {<latexit sha1_base64="5908dNHyEDP1woOqzatAGLOe9XI=">AAACKXiclVBNSwMxEM36WevXqkcvwSJ4KrtV0GPRi8cK9gPapWTT2TY0myxJVihL/Tle/CteFBT16h8xbfegrRcfDDzem2FmXphwpo3nfThLyyura+uFjeLm1vbOrru339AyVRTqVHKpWiHRwJmAumGGQytRQOKQQzMcXk385h0ozaS4NaMEgpj0BYsYJcZKXbeKO9L6oSIUsvv/YpyNu27JK3tT4EXi56SEctS67kunJ2kagzCUE63bvpeYICPKMMphXOykGhJCh6QPbUsFiUEH2fTTMT62Sg9HUtkSBk/VnxMZibUexaHtjIkZ6HlvIv7ltVMTXQQZE0lqQNDZoijl2Eg8iQ33mAJq+MgSQhWzt2I6IDY1Y8Mt2hD8+ZcXSaNS9k/LlZuzUvUyj6OADtEROkE+OkdVdI1qqI4oekBP6BW9OY/Os/PufM5al5x85gD9gvP1DUwHrXI=</latexit>



Our Research
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๏Parton Showers are based on 1→2 splittings 
•Each parton undergoes a sequence of splittings 

๏ Some interference effects included via “angular ordering” or 
via “dipole functions” (~dipole pattern partitioned into 2 terms) 

๏ (E,p) conservation achieved via (ambiguous) recoil effects 

๏At Monash, we develop an Antenna Shower, in which splittings 
are fundamentally 2→3 (+ working on 2→4…)  

•Evolution in terms of colour dipoles/antennae 
๏ + Intrinsically coherent (to leading power of 1/NC2 ~ 10%) 
๏ + Manifestly Lorentz invariant kinematics with local (E,p) cons. 

•What’s new in our approach? 
๏ Antenna evolution also for initial state and coloured resonances 
๏ Higher-order perturbative corrections can be introduced via 

calculable corrections in an elegant and very efficient way

+

2 2

+

2

Includes dipole interference 

VINCIA



p
0 5 10 15 20

ra
te

0

0.01

0.02

0.03

Pythia

Vincia (default)

Vincia (enh. antennae)

20 40 60 80 100 120

-410

-310

-210

20 40 60 80 100 120

-410

-310

-210

Figure 2: The Drell-Yan pT spectrum. The dashed red curve
shows the value computed using Vincia with default antennæ
functions, while the dotted green curve shows the Vincia pre-
dicted with an enhanced antenna function. The solid blue
curve gives the Pythia 8 prediction. The inset shows the high-
pT tail.

certainty due to the shower function and in particu-
lar higher-order terms in the shower. The di↵er-
ence shown here is illustrative only; a more ex-
tensive exploration of possible antenna variations
would be required before taking the spread as a
quantitative estimate of the uncertainty. We may
nonetheless observe that the Pythia 8 reference
calculation di↵ers from the Vincia one (with de-
fault antenna) by roughly the same amount in the
peak region as does the enhanced Vincia predic-
tion. This illustrates a tradeo↵ between a more ac-
tive recoil strategy (Pythia) and a more active radi-
ation pattern (enhanced Vincia), which will be in-
teresting to study more closely. At large pT , all
three curves are close to each other; the transverse
momentum here is dominated by the recoil against
hard lone-gluon emission. This region would be
described well by fixed-order calculations.

For initial–final configurations, coherence is par-
ticularly important, and can lead to sizable asym-
metries (see, e.g., [26]). An illustration of the e↵ect
is given in fig. 3, which shows qq ! qq scatter-
ing with two di↵erent color-flow assignments: for-
ward (left) and backward (right). In both cases,
the starting scale of the shower evolution would
be p̂T , the transverse-momentum scale character-
izing the hard scattering. Coherence, however, im-

Figure 3: Di↵erent color flows and corresponding emission
patterns in qq ! qq scattering. The straight (black) lines are
quarks with arrows denoting the direction of motion in the ini-
tial or final states, and the curved (colored) lines indicating the
color flow. The beam axis is horizontal, and the vertical axis
is transverse to the beam. The initial-state momenta would be
reversed in a Feynman diagram, so that the gluon emissions
symbolically indicated by curly lines would be inside the cor-
responding color antennæ. Forward flow is shown on the left,
and backward flow on the right.

0° 45° 90° 135° 180°

1
180°

2
180°

q Hgluon, beamL

r e
m
it

Figure 4: Angular distribution of the first gluon emission in
qq ! qq scattering at 45�, for the two di↵erent color flows.
The light (red) histogram shows the emission density for the
forward flow, and the dark (blue) histogram shows the emis-
sion density for the backward flow.

plies that radiation should be directed primarily in-
side the color antenna, so that in the forward flow
it would be directed towards large rapidity, and
strongly suppressed at right angles to the beam di-
rection. In the backward flow, conversely, radiation
at right angles to the beam should be unsuppressed.
The two radiation patterns are illustrated schemat-
ically by the gluons in fig. 3. The intrinsic coher-
ence of the antenna formalism accounts for this ef-
fect automatically. That Vincia reproduces this fea-
ture is demonstrated in fig. 4, which shows the an-
gular distribution of the first emitted gluon for the
forward and backward color flows, respectively, for
a scattering angle of 45� and p̂T = 100 GeV. The
distributions clearly show that the backward color
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pT tail.

certainty due to the shower function and in particu-
lar higher-order terms in the shower. The di↵er-
ence shown here is illustrative only; a more ex-
tensive exploration of possible antenna variations
would be required before taking the spread as a
quantitative estimate of the uncertainty. We may
nonetheless observe that the Pythia 8 reference
calculation di↵ers from the Vincia one (with de-
fault antenna) by roughly the same amount in the
peak region as does the enhanced Vincia predic-
tion. This illustrates a tradeo↵ between a more ac-
tive recoil strategy (Pythia) and a more active radi-
ation pattern (enhanced Vincia), which will be in-
teresting to study more closely. At large pT , all
three curves are close to each other; the transverse
momentum here is dominated by the recoil against
hard lone-gluon emission. This region would be
described well by fixed-order calculations.

For initial–final configurations, coherence is par-
ticularly important, and can lead to sizable asym-
metries (see, e.g., [26]). An illustration of the e↵ect
is given in fig. 3, which shows qq ! qq scatter-
ing with two di↵erent color-flow assignments: for-
ward (left) and backward (right). In both cases,
the starting scale of the shower evolution would
be p̂T , the transverse-momentum scale character-
izing the hard scattering. Coherence, however, im-

Figure 3: Di↵erent color flows and corresponding emission
patterns in qq ! qq scattering. The straight (black) lines are
quarks with arrows denoting the direction of motion in the ini-
tial or final states, and the curved (colored) lines indicating the
color flow. The beam axis is horizontal, and the vertical axis
is transverse to the beam. The initial-state momenta would be
reversed in a Feynman diagram, so that the gluon emissions
symbolically indicated by curly lines would be inside the cor-
responding color antennæ. Forward flow is shown on the left,
and backward flow on the right.
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Figure 4: Angular distribution of the first gluon emission in
qq ! qq scattering at 45�, for the two di↵erent color flows.
The light (red) histogram shows the emission density for the
forward flow, and the dark (blue) histogram shows the emis-
sion density for the backward flow.

plies that radiation should be directed primarily in-
side the color antenna, so that in the forward flow
it would be directed towards large rapidity, and
strongly suppressed at right angles to the beam di-
rection. In the backward flow, conversely, radiation
at right angles to the beam should be unsuppressed.
The two radiation patterns are illustrated schemat-
ically by the gluons in fig. 3. The intrinsic coher-
ence of the antenna formalism accounts for this ef-
fect automatically. That Vincia reproduces this fea-
ture is demonstrated in fig. 4, which shows the an-
gular distribution of the first emitted gluon for the
forward and backward color flows, respectively, for
a scattering angle of 45� and p̂T = 100 GeV. The
distributions clearly show that the backward color

7

Example: Coherence in Quark-Quark Scattering
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๏Quark-quark scattering in hadron collisions (eg at LHC) 
•Consider one specific phase-space point (eg scattering at 45o)  
•2 possible colour flows: a and b

a) “forward” 
colour flow

b) “backward” 
colour flow

Ritzmann, Kosower, PS, PLB718 (2013) 1345
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quantitative estimate of the uncertainty. We may
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calculation di↵ers from the Vincia one (with de-
fault antenna) by roughly the same amount in the
peak region as does the enhanced Vincia predic-
tion. This illustrates a tradeo↵ between a more ac-
tive recoil strategy (Pythia) and a more active radi-
ation pattern (enhanced Vincia), which will be in-
teresting to study more closely. At large pT , all
three curves are close to each other; the transverse
momentum here is dominated by the recoil against
hard lone-gluon emission. This region would be
described well by fixed-order calculations.

For initial–final configurations, coherence is par-
ticularly important, and can lead to sizable asym-
metries (see, e.g., [26]). An illustration of the e↵ect
is given in fig. 3, which shows qq ! qq scatter-
ing with two di↵erent color-flow assignments: for-
ward (left) and backward (right). In both cases,
the starting scale of the shower evolution would
be p̂T , the transverse-momentum scale character-
izing the hard scattering. Coherence, however, im-

Figure 3: Di↵erent color flows and corresponding emission
patterns in qq ! qq scattering. The straight (black) lines are
quarks with arrows denoting the direction of motion in the ini-
tial or final states, and the curved (colored) lines indicating the
color flow. The beam axis is horizontal, and the vertical axis
is transverse to the beam. The initial-state momenta would be
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symbolically indicated by curly lines would be inside the cor-
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plies that radiation should be directed primarily in-
side the color antenna, so that in the forward flow
it would be directed towards large rapidity, and
strongly suppressed at right angles to the beam di-
rection. In the backward flow, conversely, radiation
at right angles to the beam should be unsuppressed.
The two radiation patterns are illustrated schemat-
ically by the gluons in fig. 3. The intrinsic coher-
ence of the antenna formalism accounts for this ef-
fect automatically. That Vincia reproduces this fea-
ture is demonstrated in fig. 4, which shows the an-
gular distribution of the first emitted gluon for the
forward and backward color flows, respectively, for
a scattering angle of 45� and p̂T = 100 GeV. The
distributions clearly show that the backward color
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Antenna Patterns

April 2016 
First public release  
of Vincia 2.0 (LHC) 
(restricted to massless QCD)

http://arxiv.org/abs/arXiv:1210.6345


Fractal Schmactal
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๏We have an explicit representation of the fractal structure - great 
•Required approximations: “Leading Logarithm”, “Leading Colour”, …  

๏ ➤ Only good to about 10% 

๏I thought LHC physics was supposed to be high-precision stuff? 
•What good is Peta-Bytes of data if we can only calculate to 10% ? 

๏Go back to fixed order? Sum inclusively over the fractal structure 
•In fixed order, I can predict ~ the number of jets (at some fixed scale) 

๏ Good enough if I don’t ask questions about their internal structure, or the 
number of jets at disparate scales 

•State of the art is NNLO (few-% accuracy), some calculations even N3LO 
•But somewhat unsatisfactory … even at N3LO the events look far from real 

๏ Why not combine the two types of calculations? 
๏ Problem: double counting of terms present in both expansions



VINCIA: Markovian pQCD*
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Cutting Edge:  
Embedding virtual amplitudes 

= Next Perturbative Order 
→ Precision Monte Carlos

PYTHIA 8

+

“Higher-Order Corrections To Timelike Jets” 
GeeKS: Giele, Kosower, Skands, PRD 84 (2011) 054003

*)pQCD : perturbative QCD

Start at Born level

R
ep

ea
t

“An Introduction to PYTHIA 8.2” 
Sjöstrand et al., Comput.Phys.Commun. 191 (2015) 159

https://inspirehep.net/record/889142
https://inspirehep.net/record/1321709


+ Applications (why other people care)
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+ Applications
๏Example: The Top Quark 

•Heaviest known elementary particle: 
mt ~ 187 u (~mAu) 
•Lifetime: 10-24 s 
•Complicated decay chains: 
!
!
!
!

๏quarks → jets 
๏b-quarks → b-jets  

16

make up composite particles such as protons 
and neutrons. The top quark existed in the 

by large 
particle accelerators such as the Tevatron. 
The D0 experiment takes its name from its 
location on the accelerator ring. According 

measurement, a top quark weighs 

 in particle-physics units, with 
 being the speed of light), just shy of the mass 

of a gold atom. Unlike atoms, however, the top 
quark is elementary, and acquires its mass by 
interacting with the elusive, omnipresent Higgs 
field, the telltale evidence of which — the Higgs 

Briefly stated, the presence of the Higgs 
field in the Universe causes an increase in 
the potential energy of all particles except 
photons, gluons and possibly neutrinos. The 

 

b

Jet

t

W+

b̄

q̄

q

ν̄

l
W–

t̄

p p̄

P Skands, Nature 514 (2014) 174Illustration from:

t ! bW+ t̄ ! b̄W�

W ! {qq̄0, `⌫}

Accurate jet energy calibrations → mt

m2
t ⇡ (pb + pW+)2

⇡ (pb�jet + pq�jet + pq̄�jet)
2

Analogously for any process / measure-
ment involving coloured partons

Brooks, Skands, “Coherent Showers in Decays of Coloured Particles”, PRD100 (2019)076006 



2) Non-Perturbative QCD
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Here’s a fast parton

It showers 
(bremsstrahlung)

It ends up  
at a low effective 
factorization scale  
Q ~ mρ ~ 1 GeV

Fast: It starts at a high 
factorization scale 

Q = QF = Qhard

Qhard
1 

GeV

Q



Q

2) Non-Perturbative QCD
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Here’s a fast parton

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

Qhard 1 GeV

It showers 
(bremsstrahlung)

It ends up  
at a low effective 
factorization scale  
Q ~ mρ ~ 1 GeV

Fast: It starts at a high 
factorization scale 

Q = QF = Qhard



From Partons to Pions
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q
π 

π 
π 

๏Early models: “Independent Fragmentation”  
•Local Parton Hadron Duality (LPHD) can give useful results for inclusive 
quantities in collinear fragmentation 
•Motivates a simple model: 

๏But …  
•The point of confinement is that partons are coloured  
•Hadronisation = the process of colour neutralisation 

๏ → Unphysical to think about independent fragmentation of a single parton 
into hadrons 

๏ → Too naive to see LPHD (inclusive) as a justification for Independent 
Fragmentation (exclusive) 

๏ → More physics needed

“Independent Fragmentation”



Colour Neutralisation
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Space

Ti
m

e

Early times 
(perturbative)

Late times 
(non-perturbative)

Strong “confining” field emerges between the two 
charges when their separation > ~ 1fm

an
ti-

R m
ov

ing
 a
lon

g 
rig

ht
 lig

ht
co

neR m
oving along left lightcone

pQCD

non-perturbative

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

charges (e.g., R and anti-R) 



The Ultimate Limit: Wavelengths > 10-15 m
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Long Wavelengths > 10-15 m

๏Quark-Antiquark Potential 
•As function of separation distance

17

46 STATIC QUARK-ANTIQUARK POTENTIAL: SCALING. . . 2641
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FIG. 4. All potential data of the five lattices have been scaled to a universal curve by subtracting Vo and measuring energies and

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

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

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

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

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

150

140

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

130-

120-

110-

100-

80—

5.6 5.8 6.2 6.4

FIG. 5. The on-axis string tension [in units of the quantity c =&E /(a AL ) ] as a function of P. Our results are combined with pre-
vious values obtained by the MTc collaboration [10]and Barkai, Moriarty, and Rebbi [11].

~ Force required to lift a 16-ton truck

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

What physical!
system has a !
linear potential?

Short Distances ~ “Coulomb”

“Free” Partons

Long Distances ~ Linear Potential

“Confined” Partons 
(a.k.a. Hadrons)

(in “quenched” approximation)



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

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

๏

Pedagogical Review: B. Andersson, The Lund model. 
Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol., 1997.

String

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:
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Schwinger Effect

+

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

~E

e-
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P / exp

✓
�m2 � p2?

/⇡

◆

Probability from 
Tunneling Factor

( is the string tension equivalent)

C
A

N
O

N
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Hawking Radiation

M

~g

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

HORIZONHORIZON

Thermal (Boltzmann) Factor

P / exp
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kBTH
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Linear Energy Exponent

A
LT
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N
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E?

๏In “unquenched” QCD 
•g→qq → The strings will break

→ Gaussian pT spectrum
Heavier quarks suppressed. Prob(q=d,u,s,c) ≈ 1 : 1 : 0.2 : 10-11 



Hadronisation and Jets
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★Consider a quark and anti-quark produced in e+e- annihilation
i) Initially Quarks separate at 
   high velocity
ii) Colour flux tube forms 
     between quarks
iii) Energy stored in the 
     flux tube sufficient to  
     produce qq pairs

q q

q q

q qq q

iv) Process continues 
     until quarks pair 
     up into jets of 
     colourless hadrons 
★ This process is called hadronisation. It is not (yet) calculable from first principles.  
★ The main consequence is that at collider experiments quarks and gluons  
     observed as multi-particle states: jets of particles  

e–

e+ γ q

q
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Models vs Data — A Recent Example
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๏Around 2015, a few teams of theorists proposed a new set of 
measurements to test a fundamental property of the strong force: 

How are 2 colliding protons turned into hundreds of outgoing particles?

Fact: quarks (and gluons) are “confined” inside the proton
What happens if we give one of them a really hard kick?

๏Is the fraction of “strange” particles produced in the LHC experiments 
a constant, or does it depend on how violent the collisions are?

u Ultra-strong nuclear force field formed between the fragments

Fragmentation: Field energy converted to mass of new quark-antiquark pairs
New Particle New Particle New Particle New ParticleNew ParticleNew ParticleNew Particle

Strange quarks are heavier (need more energy) → produced less often



What a strange world we live in, said Alice [to the queen of hearts]
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๏We wanted to know if “violent” collision 
events produced higher-strength fields. 
๏Smoking gun would be a higher fraction 
of strange particles being produced  

•(higher-strength fields ⟹ more energy per 
“space-time volume” ⟹ easier to produce 
higher-mass quark-antiquark pairs) 

๏Jackpot! 

•

June 2017



What a strange world we live in, said Alice [to the queen of hearts]
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๏We wanted to know if “violent” collision 
events produced higher-strength fields. 
๏Smoking gun would be a higher fraction 
of strange particles being produced  

•(higher-strength fields ⟹ more energy per 
“space-time volume” ⟹ easier to produce 
higher-mass quark-antiquark pairs) 

๏Jackpot!  

•
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Strangeness 1

Strangeness 1

Strangeness 2

Strangeness 3

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

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

• Significant enhancement of strange 
and multi-strange particle production 

• MC predictions do not describe this 
observation satisfactorily

5

ALICE, arXiv:1606.07424
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•Now working on models in which nearby 
fragmenting fields interact with each other. 
•Interactions between QCD strings! 
•Higher tensions + repulsion effects ➤ 
modifications in high-density environments 
•(Competing idea: the whole thing turns into 
a near-perfect liquid which gets heated up.)



Summary: new research  
at Monash

QCD jets and (sub)structure: Next order of precision 
Dynamics of confinement; hadronisation, QCD strings, interactions  
Monte Carlo Event Generators: PYTHIA & VINCIA 
Precision LHC phenomenology & future collider studies (FCC, CEPC) 


