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Parton Showers & Hadronisation
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๏Parton Showers ⟷ Perturbative QCD  
•Purpose: compute the effect of (any number of) perturbative QCD 
emissions / branchings - on any final-state observable 

•Between the hard-process scale, QF, and QHad ~1 GeV 
๏Starting Point: fixed-order matrix elements (at scale QF) 
๏End Result: multi-parton state, resolved at scale ~ QHad 

๏Hadronisation ⟷ Non-Perturbative QCD  
•Purpose: compute the effect on final-state observables of the transition 
from partons to hadrons 

๏Starting Point: parton-shower final state, resolved at scale ~ QHad 
๏End Result: stable (long-lived) hadrons → GEANT 

•Must model confinement (strings/clusters), hadron decays, + what else?  

๏What about the Underlying Event? Colour Reconnections? … 

M o n a s h  U n i v e r s i t y

Fragmentation (of a hard parton into a jet of hadrons)
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Disclaimer
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๏This discussion is as much a chance for me to catch up with 
what you’re doing, as a chance to provide my input 

•I have not been following top physics closely in the last few 
years. May not be fully up to date on all aspects, especially 
experimental developments. 

๏State of the art for precision MC calculations nowadays is 
matching & merging (@NLO). Not my main area of expertise, 
but will attempt to comment where relevant 

•Focus on Parton Showers 
•Hadronisation (incl Colour Reconnections) 
•Underlying Event 

๏What can we learn from top? 

๏How can we improve for top?

M o n a s h  U n i v e r s i t y
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Parton Shower Basics
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๏PS kernels generate 
approximations to QCD 
matrix elements 

•Exact in the collinear 
limits (DGLAP) 

•Soft limits also captured 
by coherent showers

E.g., QCD 
dipole:

radiated parton

Antenna Shower

Matrix Element

i
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k

I

K

IK ! ijk On a log-log plot of invariant masses (or ln(pT) vs rapidity) 
the (LO) emission density is ~ constant. Shower kernels  

agree with matrix elements except for very hard emissions.
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๏Expect differences mainly at subleading levels 
•→ Interested in observables & constraints that can probe 
higher-order / subleading aspects of shower evolutions  

๏[Precision Substructure, Multi-parton & initial-final coherence, 
Scaling (violation), Multiple-emission (compressed) hierarchies] 

๏The final states generated by a shower algorithm will depend 
on

P e t e r  S k a n d s

Shower Ambiguities & Uncertainties
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P.  S k a n d s

Perturbative Ambiguities

The final states generated by a shower algorithm 
will depend on

6

where λ(a, b, c) = a2+b2+c2−2ab−2bc−2ca is the Källén function, s[i] is the invariant mass squared
of the branching dipole, and mâ,b̂ are the rest masses of the original endpoint partons. The second line
represents the massless case, with the two orientation angles θ and ψ fixed as discussed above.

Immediately following the phase space in eq. (2) is a δ function requiring that the integration variable
tn+1 should be equal to the ordering variable t evaluated on the set of n+1 partons, {p}n+1, i.e. that the
configuration after branching indeed corresponds to a resolution scale of tn+1. We leave the possibility
open that different mappings will be associated with different functional forms for the post-branching
resolution scale, and retain a superscript on t[i] to denote this.

Finally, there are the evolution or showering kernels Ai({p}n→{p}n+1), representing the differen-
tial probability of branching, which we take to have the following form,

Ai({p}n→{p}n+1) = 4παs(µR({p}n+1)) Ci ai({p}n→{p}n+1) , (11)

where 4παs = g2
s is the strong coupling evaluated at a renormalization scale defined by the function

µR, Ci is the color factor (e.g. Ci = Nc = 3 for gg → ggg), and ai is a radiation function, giving a
leading-logarithmic approximation to the corresponding squared evolution amplitude (that is, a parton
or dipole-antenna splitting kernel). When summed over possible overlapping phase-space regions, the
combined result should contain exactly the correct leading soft and collinear logarithms with no over- or
under-counting. Non-logarithmic (‘finite’) terms are in constrast arbitrary. They correspond to moving
around inside the leading-logarithmic uncertainty envelope. The renormalization scale µR could in
principle be a constant (fixed coupling) or running. Again, the point here is not to impose a specific
choice but just to ensure that the language is sufficiently general to explore the ambiguity.

Together, eqs. (2), (4), and (11) can be used as a framework for defining more concrete parton
showers. An explicit evolution algorithm (whether based on partons, dipoles, or other objects) must
specify:

1. The choice of perturbative evolution variable(s) t[i].

2. The choice of phase-space mapping dΦ[i]
n+1/dΦn.

3. The choice of radiation functions ai, as a function of the phase-space variables.

4. The choice of renormalization scale function µR.

5. Choices of starting and ending scales.

The definitions above are already sufficient to describe how such an algorithm can be matched to
fixed order perturbation theory. We shall later present several explicit implementations of these ideas, in
the form of the VINCIA code, see section 5.

Let us begin by seeing what contributions the pure parton shower gives at each order in perturbation
theory. Since∆ is the probability of no branching between two scales, 1−∆ is the integrated branching
probability Pbranch. Its rate of change gives the instantaneous branching probability over a differential26

→ gives us additional handles for uncertainty estimates, beyond just μR 

(+ ambiguities can be reduced by including more pQCD → matching!)

Ordering & Evolution-
scale choices

Recoils, kinematics

Non-singular terms, 
Reparametrizations, 
Subleading Colour

Phase-space limits / suppressions for 
hard radiation and choice of 

hadronization scale (matching to hard process and to hadronisation)( )

Certainly needed 
for future high-
precision showers!

main focus 
(for now)
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Estimating the uncertainties of Parton Showers
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๏Note: several (very) recent papers on this topic, by essentially 
all the main general-purpose MC groups.  

•Useful for understanding issues, recommendations, efficient MC 
๏(+ each group uses slightly different language) 

๏Herwig 
•Benchmark Studies:  
•Automated Shower Uncertainties: 

๏Pythia 
•Baseline Tune in 8.2: Monash Tune:  
•Automated Shower Uncertainties: 

๏Sherpa 
•Automated Shower Uncertainties: 

M o n a s h  U n i v e r s i t y

arXiv:1605.08256

arXiv:1605.01338

arXiv:1605.08352

arXiv:1404.5630

arXiv:1606.08753
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Alternative weights for each event 
(Original Proposal for VINCIA arXiv:1102.2126)

In all cases: still only a partial set, but at least a beginning → Feedback!

http://arxiv.org/abs/arXiv:1605.08256
http://arxiv.org/abs/arXiv:1605.01338
http://arxiv.org/abs/arXiv:1605.08352
http://arxiv.org/abs/arXiv:1404.5630
http://arxiv.org/abs/arXiv:1606.08753
http://arxiv.org/abs/arXiv:1102.2126


P e t e r  S k a n d s

Our Reference Processes
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q

p2? +m22→2 :

Top is a high-Q 
process with cleanly 
identified final states

๏Dijets 
•Jet Shapes 
•Substructure 
•Azimuth Decorr. 

๏Gamma+Jet 
•JES Calibration 

๏Drell-Yan 
•ISR with well-
defined QF scale 

•Off resonance: 
extend to higher Q2
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Top: Production
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๏Importantly, top production involves Initial-Final colour flows 

๏Expect strong dependence on top boosts 
•At threshold: no radiation from tops (only initial-state ends active) 
•At high boosts: soft & quasi-collinear enhancements from tops 
•IF present in γ+Jet and Dijets as well (without mass/boost effect)

M o n a s h  U n i v e r s i t y

Not present in main ISR 
shower constraint: Drell-Yan

(IF appears 
starting from 
Drell-Yan + Jet)

Not present in main FSR 
shower constraint: LEP

ttbar Jet Pull Angle: ATLAS_2015_I1376945
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Some consequences of IF colour flow
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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.
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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
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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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New: Hadron Collisions

4

๏Example: quark-quark scattering in hadron collisions   
•Consider one specific phase-space point (eg scattering at 45o)  
•2 possible colour flows: A and B

M o n a s h  U n i v e r s i t y

A) “forward” 
colour flow

B) “backward” 
colour flow

Example taken from: Ritzmann, Kosower, Skands, PLB718 (2013) 1345

PS: coherence also influences the Tevatron top-quark forward-backward asymmetry: see PS, Webber, Winter, JHEP 1207(2012)151
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certainty due to the shower function and in particu-
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ence shown here is illustrative only; a more ex-
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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

Kinematics (e.g., Mandelstam variables) 
are identical. The only difference is the 
colour-flow assignment.

๏Example: quark-quark scattering in hadron collisions
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pT(ttbar) (& related measurements)
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๏Tests initial-state side of radiation in association with 
production, similarly to pT(dilepton) in Drell-Yan

M o n a s h  U n i v e r s i t y

ATLAS_2015_I1408516
ATLAS_2014_I1300647
ATLAS_2011_I925932 
ATLAS_2011_S9131140
CDF_2012_I1124333
D0_2010_S8821313
D0_2010_S8671338
D0_2008_S7554427  

Top

ATLAS_2015_I1404878
ATLAS_2015_I1345452
CMS_2015_I1397174
CMS_2015_I1370682
CMS_2016_I1473674

Would be nice to get these top measurements onto mcplots.cern.ch

DY

Hard tail: 
matching 
to matrix 
elements

Soft Peak: 
controlled by 
showers

Ratio 
to 

Herwig++

Top: large differencesDrell-Yan: fine tuning

http://mcplots.cern.ch
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Uncertainties
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๏Tests initial-state side of radiation in association with 
production, similarly to pT(dilepton) in Drell-Yan

M o n a s h  U n i v e r s i t y

Top

ATLAS_2015_I1404878
ATLAS_2015_I1345452
CMS_2015_I1397174
CMS_2015_I1370682
CMS_2016_I1473674

Would be nice to get these top measurements onto mcplots.cern.ch

Hard tail: 
matching 
to matrix 
elements

Soft Peak: 
controlled by 
showers

Ratio 
to 

Herwig++

Top: large differences

Example

Top

Renormalisation-scale 
Variations (Perugia tunes)

Model differences are larger

http://mcplots.cern.ch
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What causes these differences?

12

๏Suspect significant differences from alphaStrong choices 
(both central values and scales);  

•Could be (has been?) checked/validated 

๏Treatment of Phase Space (and coherence conditions) for 
Initial-Final dipoles; e.g., PYTHIA 8 currently has “non-
coherent” starting condition for QCD processes 

•See e.g.,  

๏Matching to hard region ⟷ soft region via unitarity 
•See e.g.,  

๏Recoil Strategies 

M o n a s h  U n i v e r s i t y

•arXiv:1205.1466

arXiv:1003.2384

Model differences should ideally be reduced/resolved by showers beyond LL 
… work in progress. In short term: constraints + pheno + tuning

http://arxiv.org/abs/arXiv:1205.1466
http://arxiv.org/abs/arXiv:1003.2384
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Figure 3: Top left: the ratio of sequential clustering scales Q4/Q3 for a strongly ordered 2 → 3 shower, for Z → qggq̄ (on log-log
axes). Top right: closeup of the region around Q4/Q3 ∼ 1, with 2→4 branchings included. Bottom row: the same for H → gggg. .

Importantly, the 2 → 4 and 2 → 3 branchings pro-
duce consistent results on the boundary Q4 = Q3.

In the near future we will extend the 2 → 4
shower formalism to include g → qq̄ splittings.
We also expect to include the second-order correc-
tion to the 2 → 3 Sudakov form factor defined in
eq. (9). Finally, in the longer term we plan to turn
our attention to the initial state, extending the for-
malism to the case of hadron collisions.
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Figure 2: Mean value of R5 (left) and R4 (right) differentially over phase space, with n-parton clustering scales pTn ≡ pT (Φn). Note
that the “top edges” of the phase spaces correspond to hard configurations that are not logarithmically enhanced.

branchings are matched by sub-antenna functions
a04 or f

0
4 , as discussed above, and the direct 2 → 4

branchers are used to populate the unordered phase
space. For Z boson decay, the iterated 2 → 3
and 2 → 4 branchings are effectively generated by
the same function a04. However, for Higgs boson
decay, the 2 → 4 functions only include colour-
connected double emissions, while the presence of
two antennae in the Born configuration means that
the iterated 2 → 3 branchings can also generate
two colour-unconnected emissions, which are not
matched to 2 → 4. In order to clarify the cor-
rectness of the 2 → 4 implementation in fig. 3
we do not include the contribution from colour-
unconnected branching sequences in the 2 → 3
contributions for the case with 2 → 4 shower. As
shown in the right-hand plots, the 2 → 4 shower
fills in the unordered phase space, and, in the limit
Q4 ∼ Q3, consistently matches onto the 2 → 3
result.

6. Conclusion and Outlook

We have presented a framework for deriving cor-
rections at the NLO level to Sudakov form-factor
integrands, which generate 2 → 3 and 2 → 4
strongly-ordered showers. Compared to match-
ing and merging methods for each branching, our

corrections are generated directly by the Sudakov
form factor and are present throughout the shower
evolution. We hope that this framework may serve
as a useful conceptual step towards the resumma-
tion of further (subleading) logarithmic terms in
parton showers.
A proof-of-concept implementation of NLO cor-

rections to a single gluon emission from a qq̄ an-
tenna was presented in [13]. A crucial new ingre-
dient developed here for the first time are direct
2 → 4 branchings, for which we have presented
an explicit Sudakov-type phase-space generator, in
which the resolution scale of the 4-parton state is
used as the shower evolution measure. We applied
this to the case of a colour antenna radiating two
(non-strongly-ordered) gluons, via a decomposi-
tion of the phase space into two sectors. For each
sector we construct a trial function and trial inte-
gral based on iterated 2 → 3 ones, with the scale
of the intermediate 3-parton state integrated over.
We also define sub-antenna functions for dipole-
antennae in which one or both of the parent partons
are gluons, starting from the antenna function for
quark-antiquark pairs, which is a good first approx-
imation to the amplitude squared. As a validation,
we compare 2→ 4 and 2→ 3 branchings in fig. 3.
As expected, the 2 → 4 branchings extend the
phase-space population into the unordered region.
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๏Last week on arXiv:  
•H. T. Li & PS “A framework for second-order parton showers” 

๏Combine O(αs
2)-corrected 2→3 branchings for “ordered” 

shower emissions with direct 2→4 branchings for “unordered” 
ones, evolved in a common pT measure → 2nd-order Sudakovs 

•Still at proof-of-concept level, but looks encouraging

M o n a s h  U n i v e r s i t y

1611.00013

See also Hartgring, Laenen, PS: arXiv:1303.4974 

https://arxiv.org/pdf/1611.00013.pdf
http://arxiv.org/abs/arXiv:1303.4974
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๏Unique: decay of a (very) massive coloured particle 
•Will be the go-to reference case for a lot of BSM cases

M o n a s h  U n i v e r s i t y

Production Decay

b

W

t t

Is use of narrow-width approximation justified? 

(Some ME generators allow to go beyond)

Expect cross talk for scales below Γtop ~ 1.5 GeV; essentially no perturbative overlap

Keep in mind though, that in a generator like PYTHIA, we also average over the 
polarisations in the intermediate step, so any ttbar spin correlations are washed out
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๏Unique: decay of a (very) massive coloured particle 
•Will be the go-to reference case for a lot of BSM cases

M o n a s h  U n i v e r s i t y

Decay

b

W

t

This can be seen as a different 
kind of IF dipole, but not 
modelled as such (yet) In PYTHIA, the b end of a  

fictitious bW dipole emits;  
equivalent to IF setup for first  
emission but not for subsequent  
ones

Importantly, this preserves bW invariant mass (i.e., top Breit-Wigner)  
But would expect recoil effects wrong/exaggerated to some extent inside the 
b-gluon-W system. Develop experimental / in-situ cross checks of structure?

Solution: now working (with S. Mrenna) on an antenna-based (IF) model for  
radiation in decays of massive resonances. But this will take time.
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๏Unique: decay of a (very) massive coloured particle 
•Will be the go-to reference case for a lot of BSM cases

M o n a s h  U n i v e r s i t y

Decay

b

W

t
c

B hadronisation constraints

My comments: 
•b fragmentation in principle well constrained by LEP & SLD measurements; some 

tension between the two, may now have been resolved? Rivet 2.5.2 update includes : 
OPAL_2003_I599181 “Inclusive analysis of the b quark fragmentation function in Z decays” & 
modified DELPHI_2011_I890503, but have not yet propagated to tunes : should be checked) 

• In pp, the b quark is connected to the initial state, and is embedded in the UE (is 
lifetime + boost from top enough to escape (most of) CR? Compare with incl b jets?)
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Figure 8: Hadronic Z decays at
p
s = 91.2GeV. Momentum (x

B

) spectra of weakly decaying B

hadrons, compared to data from DELPHI [63] (left) and SLD [64] (right)

StringZ:rFactB = 0.855

which produces softer B spectra and simultaneously agrees better with the theoretically preferred
value (r

b

= 1).
A comparison to the scaled-momentum spectra (x

B

= 2|p
B

|/E
cm

) of weakly decaying B hadrons
from both DELPHI [63] and SLD [64] is given in fig. 8 (due to small differences between the two
measured results, we choose to show both). The dampening of the hardest part of the spectrum caused
by the increase in the r

b

parameter is visible in the right-most two bins of the distributions and in the
smaller �2

5%

values for the Monash tune. The effects of the modification can be further emphasized
by an analysis of the moments of the distribution, in which the higher moments are increasingly
dominated by the region x

B

! 1. A comparison to a combined LEP analysis of the moments of the
x

B

distribution [63] is given in fig. 9, further emphasizing that the high-x
B

part of the distribution is
now under better control.

The reason we have not increased the r

b

parameter further is that it comes at a price. If the
B hadrons are taking less energy, then there is more energy left over to produce other particles,
and the generated multiplicity distribution in b events already exhibits a slightly high tail towards
large multiplicities. Nonetheless, since the revised light-flavour fragmentation parameters produce an
overall narrower fragmentation function, the end result is still a slight improvement in the multiplicity
distribution also for b events. This is illustrated, together with the inclusive momentum distribution
for b-tagged events, in fig. 10, compared to measurements by L3 [26]. Interestingly, the multiplicity
distribution still appears to be too wide, but within the constraints of the present study, we were unable
to obtain further improvements. As a point of speculation, we note that the distribution of the number
of partons before hadronization is also quite wide in PYTHIA, and this may be playing a role in
effectively setting a lower limit on the width that can be achieved for the hadron-level distribution.

Comparisons to L3 event shapes in b-tagged events are collected in appendix B.1 (the left column
of plots contains light-flavour tagged event shapes, the right column b-tagged ones). In particular, the
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Figure 9: Hadronic Z decays at
p
s = 91.2GeV. Moments of the B fragmentation function, com-

pared to a combined analysis of LEP+SLD data by DELPHI [63]
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Figure 10: Hadronic Z decays at
p
s = 91.2GeV. Charged-hadron multiplicity (left) and momentum-

fraction (right) spectra in b-tagged events.
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Slight tension between SLD and DELPHI on E(B)/E(jet)

Track multiplicity in b jets 
appears to have a tail to 
too high multiplicities

Is this observed at LHC as well?

Controlled by fragmentation rb parameter 
(in addition to flavour-blind fragmentation parameters) 
Could use the RIVET plots to define b-specific N.P. variations
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๏Further possibilities for hadronisation studies in top

M o n a s h  U n i v e r s i t y

Decay

b

W

t

s

c

→ Also clean source 
of leading strange

Tag charm in W ?

Semileptonic (or fully 
hadronic) ttbar events

In-situ reference constraints on fragmentation of hard strange quarks

Connects with hadronisation, which is looking strange at LHC … 

• c fragmentation poorly constrained 
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Hadronisation − What do we know?
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P.  S k a n d s

Long Wavelengths > 10-15 m

๏Quark-Antiquark Potential 
•As function of separation distance

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

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

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

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

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

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

150

140

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

130-

120-

110-

100-

80—

5.6 5.8 6.2 6.4

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

~ Force required to lift a 16-ton truck

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

What physical!
system has a !
linear potential?

Short Distances ~ “Coulomb”

“Free” Partons

Long Distances ~ Linear Potential

“Confined” Partons 
(a.k.a. Hadrons)

(in “quenched” approximation)

PYTHIA’s main feature: 
the Lund model (1+1 
dimensional “string”)
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๏After the parton shower finishes, there can be lots of partons, 
𝒪(10-100). The main question is therefore:  
๏Between which partons do confining potentials arise? 

•MC generators use a simple set of rules for colour flow, based 
on large-NC limit (valid to ~ 1/NC

2 ~ 10%)

M o n a s h  U n i v e r s i t y

Illustrations from: Nason & Skands, PDG Review on MC Event Generators, 2014

q ! qg

Figure 1.1: Color development of a shower in e+e� annihilation. Systems of color-connected
partons are indicated by the dashed lines.

1.1.5 Color information

Shower MC generators track large-Nc color information during the development of the
shower. In the large-Nc limit, a quark is represented by a color line, i.e. a line with an
arrow in the direction of the shower development, an antiquark by an anticolor line, with
the arrow in the opposite direction, and a gluon by a pair of color-anticolor lines. The rules
for color propagation are:

. (1.9)

At the end of the shower development, partons are connected by color lines. We can have
a quark directly connected by a color line to an antiquark, or via an arbitrary number of
intermediate gluons, as shown in fig 1.1. It is also possible for a set of gluons to be connected
cyclically in color, as e.g. in the decay �� ggg.

The color information is used in angular-ordered showers, where the angle of color-
connected partons determines the initial angle for the shower development, and in dipole
showers, where dipoles are always color-connected partons. It is also used in hadronization
models, where the initial strings or clusters used for hadronization are formed by systems of
color-connected partons.

1.1.6 Electromagnetic corrections

The physics of photon emission from light charged particles can also be treated with a shower
MC algorithm. A high-energy electron, for example, is accompanied by bremsstrahlung
photons, which considerably a⇥ect its dynamics. Also here, similarly to the QCD case,
electromagnetic corrections are of order �em ln Q/me, or even of order �em ln Q/me ln E�/E
in the region where soft photon emission is important, so that their inclusion in the simulation
process is mandatory. This can be done with a Monte Carlo algorithm. In case of photons
emitted by leptons, at variance with the QCD case, the shower can be continued down
to values of the lepton virtuality that are arbitrarily close to its mass shell. In practice,
photon radiation must be cut o⇥ below a certain energy, in order for the shower algorithm to
terminate. Therefore, there is always a minimum energy for emitted photons that depends
upon the implementations (and so does the MC truth for a charged lepton). In the case of
electrons, this energy is typically of the order of its mass. Electromagnetic radiation below
this scale is not enhanced by collinear singularities, and is thus bound to be soft, so that the
electron momentum is not a⇥ected by it.
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g ! gg

G. ’t Hooft, Nucl.Phys. B72 (1974) 461.
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๏For an entire Cascade

M o n a s h  U n i v e r s i t y

Example: Z0 → qq

Figure 1.1: Color development of a shower in e+e� annihilation. Systems of color-connected
partons are indicated by the dashed lines.
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shower. In the large-Nc limit, a quark is represented by a color line, i.e. a line with an
arrow in the direction of the shower development, an antiquark by an anticolor line, with
the arrow in the opposite direction, and a gluon by a pair of color-anticolor lines. The rules
for color propagation are:

. (1.9)

At the end of the shower development, partons are connected by color lines. We can have
a quark directly connected by a color line to an antiquark, or via an arbitrary number of
intermediate gluons, as shown in fig 1.1. It is also possible for a set of gluons to be connected
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models, where the initial strings or clusters used for hadronization are formed by systems of
color-connected partons.
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emitted by leptons, at variance with the QCD case, the shower can be continued down
to values of the lepton virtuality that are arbitrarily close to its mass shell. In practice,
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terminate. Therefore, there is always a minimum energy for emitted photons that depends
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String #1 String #2 String #3

Coherence of pQCD cascades (angular ordering or boosted dipoles/antennae) 

→ not much “overlap” between strings  
→ Leading-colour approximation pretty good

1 1

11

2

2 2

4

4 4

3

3 3

5

5 5 6

7
7

For a single fragmenting system:

(The trouble at LHC: MPI & ISR → many such systems; overlapping)
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Map: 

• Quarks → String 
Endpoints 

• Gluons → Transverse 
Excitations (kinks) 

• Physics then in terms of 
string worldsheet 
evolving in spacetime 

• Probability of string 
break (by quantum 
tunneling) constant per 
unit area → AREA LAW

Simple space-time picture
Details of string breaks more complicated (e.g., baryons, spin multiplets)

→ STRING EFFECT

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

23M o n a s h  U n i v e r s i t y

LC

CR

Proton-Proton (LHC)

A lot more colour 
kicked around (& also 
colour in initial state)

Include “Beam Remnants”

Still might look relatively 
simple, to begin with

With several parton-parton 
interactions (MPI → UE):

How to make sense of the colour structure?
• (+baryon beam remnants → “string junctions”)

String-fragmentation of junctions: Sjöstrand & Skands NPB 659 (2003) 243;  CR with junctions: Christiansen & Skands JHEP 1508 (2015) 003 

๏Next-to-simplest: 2 string systems 
•Several studies at LEP2 (ee → WW → 4 jets) 

๏CR implied a non-perturbative uncertainty on the 
W mass measurement, ΔMW ~ 40 MeV 

•CR strength best fit ~ 10% ~ 1/NC
2   

•But in WW, overlaps are expected to be suppressed 
by kinematics, and there are “only” two strings;  

•In pp, MPI can create (many) more … ?

Overviews of recent models: arXiv:1507.02091 , arXiv:1603.05298

http://arxiv.org/abs/arXiv:1507.02091
http://arxiv.org/abs/arXiv:1603.05298
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Beam Di rect ion
MPI

Without Colour Reconnections 
Each MPI hadronizes independently of all others

Outgoing parton

(including MPI: Multiple Parton-Parton Interactions ~ the “underlying event”)
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Beam Di rect ion
MPI

Without Colour Reconnections 
Each MPI hadronizes independently of all others

Outgoing parton
String Piece

(including MPI: Multiple Parton-Parton Interactions ~ the “underlying event”)

So many strings in so little space 
If true → Very high energy densities 

QGP-like “core” with hydro?

→ Thermal? E.g., EPOS
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Beam Di rect ion
MPI

With Colour Reconnections 
MPI hadronize collectively

Outgoing parton
String Piece

See also Ortiz et al., Phys.Rev.Lett. 111 (2013) 4, 042001 

comoving hadrons

Do long-lived or highly boosted particles 
“escape”? Naively, Γtop, ΓW > ΛQCD

Or Thermal?

Or Higher String Tension?

E.g., EPOS

E.g., DIPSY rope

(including MPI: Multiple Parton-Parton Interactions ~ the “underlying event”)

String-Length Minimisation E.g., PYTHIA, HERWIG

Look for CR effects inside vs 
outside top & W decay systems? 

Dependence on boosts?
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Average pT increases with particle multiplicity and (faster than predicted) with particle mass

without CR

with (tuned) CR

<pT> vs Number of Particles <pT> vs Particle Mass

Note: 
from RHIC 
(200 GeV)
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‘The Ridge’ [CMS PRL 116(2016)172302][ATLAS PRL 116(2016)172301]

Evidence for collective e↵ects occurring at very high multiplicity.

Same magnitude of e↵ect at 13 TeV as observed by CMS at 7 TeV.
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Reminiscent of the 
(much stronger) ridge 
seen in HI collisions. 

Surprisingly strong 
also in proton-Lead

High-Multiplicity pp collisions
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Figure 5: Hadronic Z decays at
p
s = 91.2GeV. Identified-meson and -baryon rates, expressed as

fractions of the average charged-particle multiplicity.
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Figure 6: Hadronic Z decays at
p
s = 91.2GeV. K± and ⇤ momentum-fraction spectra.

11

Z 
Decays

0 0.5 1 1.5 2

/dy
>

K
 <

dn
NS

D
1/n

0

0.2

0.4

0.6

0.8
)/d|y|> Rapidity (NSD)

S
0<dn(K

Pythia 8.185
Data from JHEP 1105 (2011) 064

CMS
PY8 (Monash 13)
PY8 (4C)
PY8 (2C)

bins/N2
5%
χ

0.0±0.1 
0.0±0.9 
0.0±9.6 

V 
I N

 C
 I A

 R
 O

 O
 T

pp 7000 GeV

y
0 0.5 1 1.5 2

Th
eo

ry/
Da

ta

0.6
0.8

1
1.2
1.4

0 2 4 6 8 10

T
/dp K

 dn
NS

D
1/N

-510

-410

-310

-210

-110

1

10
 (|y|<2.0, NSD)

T
 pS

0K

Pythia 8.185
Data from JHEP 1105 (2011) 064

CMS
PY8 (Monash 13)
PY8 (4C)
PY8 (2C)

bins/N2
5%
χ

0.2±7.8 
0.1±3.4 
0.2±2.2 

V 
I N

 C
 I A

 R
 O

 O
 T

pp 7000 GeV

 [GeV]
T

p
0 2 4 6 8 10

Th
eo

ry/
Da

ta

0.6
0.8

1
1.2
1.4

Figure 23: pp collisions at 7 TeV. K0

S

rapidity and p? spectrum, compared with CMS data [99].
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Figure 24: pp collisions at 7 TeV. ⇤0 rapidity and p? spectrum, compared with CMS data [99].

not result in an equivalent improvement of the ⇤

0 rate in pp collisions, shown in fig. 24. The Monash
2013 tune still produces only about 2/3 of the observed ⇤

0 rate (and just over half of the observed
⌅

� rate, cf. appendix B.2). We therefore believe it to be likely that an additional source of net baryon
production is needed (at least within the limited context of the current PYTHIA modelling), in order
to describe the LHC data. The momentum spectrum is likewise quite discrepant, exhibiting an excess
at very low momenta (stronger than that for kaons), a dip between 1–4 GeV, and then an excess of very
hard ⇤

0 production. The latter hard tail is somewhat milder in the Monash 2013 tune than previously,
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CMS

Kaon Rate ~ OK 
(within uncertainty allowed by ee data)
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Figure 23: pp collisions at 7 TeV. K0

S

rapidity and p? spectrum, compared with CMS data [99].
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Figure 24: pp collisions at 7 TeV. ⇤0 rapidity and p? spectrum, compared with CMS data [99].

not result in an equivalent improvement of the ⇤

0 rate in pp collisions, shown in fig. 24. The Monash
2013 tune still produces only about 2/3 of the observed ⇤

0 rate (and just over half of the observed
⌅

� rate, cf. appendix B.2). We therefore believe it to be likely that an additional source of net baryon
production is needed (at least within the limited context of the current PYTHIA modelling), in order
to describe the LHC data. The momentum spectrum is likewise quite discrepant, exhibiting an excess
at very low momenta (stronger than that for kaons), a dip between 1–4 GeV, and then an excess of very
hard ⇤

0 production. The latter hard tail is somewhat milder in the Monash 2013 tune than previously,
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Lambda Rate ~ 2/3 of data 
(not compatible with uncertainty in ee data)
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Figure 33: pp collisions at 7 TeV. ⌅� rapidity spectrum , compared with CMS data [99].

48

Xi Rate ~ 1/2 of data 
(not compatible with uncertainty in ee data)

(note: old tunes may be low on everything)

This is 
the data 
used to  
tune the  
models

Plots from the Monash tune paper 
Eur.Phys.J. C74 (2014) no.8, 3024
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Figure 5: Hadronic Z decays at
p
s = 91.2GeV. Identified-meson and -baryon rates, expressed as

fractions of the average charged-particle multiplicity.
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Figure 6: Hadronic Z decays at
p
s = 91.2GeV. K± and ⇤ momentum-fraction spectra.
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Figure 19: K0

S rapidity and p? spectrum at 7 TeV.
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Figure 20: ⇤0 rapidity and p? spectrum at 7 TeV.
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Kaon spectrum at LEP

Kaon spectrum 
at LHC

Note: rates normalised to unity now

(+ Several measurements by ALICE, LHCb)

Plots from the Monash tune paper 
Eur.Phys.J. C74 (2014) no.8, 3024
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Figure 5: Hadronic Z decays at
p
s = 91.2GeV. Identified-meson and -baryon rates, expressed as

fractions of the average charged-particle multiplicity.
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Figure 6: Hadronic Z decays at
p
s = 91.2GeV. K± and ⇤ momentum-fraction spectra.
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Figure 19: K0

S rapidity and p? spectrum at 7 TeV.

0 0.5 1 1.5 2

/d
y>

Λ
 <

dn
NS

D
1/

n

0

0.1

0.2

0.3

0.4
)/d|y|> (NSD)0Λ<dn(

Pythia 8.181
Data from JHEP 1105 (2011) 064

CMS
PY8 (Monash 13)
PY8 (4C)
PY8 (2C)

bins/N2
5%

χ

0.0±6.9 
0.0±7.6 

0.0±14.7 

V 
I N

 C
 I 

A 
R 

O
 O

 T

7000 GeV pp

y
0 0.5 1 1.5 2

Th
eo

ry
/D

at
a

0.6
0.8

1
1.2
1.4

0 2 4 6 8 10

T
/d

p
Λ

 d
n

Λ
1/

n

-510

-410

-310

-210

-110

1

10
 (|y|<2.0, NSD)

T
 p0Λ

Pythia 8.181
Data from JHEP 1105 (2011) 064

CMS
PY8 (Monash 13)
PY8 (4C)
PY8 (2C)

bins/N2
5%

χ

0.1±5.8 
0.3±6.7 

0.5±10.3 

V 
I N

 C
 I 

A 
R 

O
 O

 T

7000 GeV pp

 [GeV]
T

p
0 2 4 6 8 10

Th
eo

ry
/D

at
a

0.6
0.8

1
1.2
1.4

Figure 20: ⇤0 rapidity and p? spectrum at 7 TeV.
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Lambda spectrum at LEP

Lambda 
spectrum at 

LHC

Note: rates normalised to unity now

(+ Several measurements by ALICE, LHCb)

Plots from the Monash tune paper 
Eur.Phys.J. C74 (2014) no.8, 3024
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CMS: Strangeness in the Underlying Event
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๏Effect also present in UE   (note: effect enhanced by pT cuts, cf spectra)

M o n a s h  U n i v e r s i t y

Kaons Lambdas

Do MC jets have the right particle 
content and spectra? 

Implications for particle-flow modeling, 
JES calibrations, Q/G discrimination? 

Further measurements? (in jets, along 
jet rapidity axis, …)P

lo
ts

 f
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 m

cp
lo

ts
.c
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n.

ch

Protons more 
numerous than 
Lambda; but 

probably have to 
ask ALICE?

http://mcplots.cern.ch
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→ Extensions of CMS UE Study?
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Probing Collective Effects in Hadronisation with the Extremes of the Underlying Event 
T. Martin, P. Skands, S. Farrington, Eur.Phys.J. C76 (2016) no.5, 299 
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Figure 2: Leading track-jet p? spectrum, normalised to unity (a) and hNInc.i in the transverse
region as a function of leading track-jet p?. Dashed vertical lines indicate the p? range used in
this paper.

p? values in the range 10 – 30 GeV. Such very broad distributions with tails much wider than
Gaussians (� �

p
hNInc.i) are typical in minimum-bias and underlying-event studies. They

imply that there is a very large dynamic range between transverse-region activities significantly
larger or smaller than the mean. Given that the approximately constant average UE level is by
now well established, we believe that these extremes, which are typically hidden in studies of
‘average’ UE properties, are the next natural focus of study.

In order to obtain an axis which allows for the investigation of the modelling of proton in-
teractions as a function of the event activity, we reclassify events with a leading track jet in the
range 10  p? < 30 GeV based on their per-event transverse activity with respect to the mean:

RT =

NInc.

hNInc.i
. (1)

We find this normalisation choice (which in minimum-bias contexts is referred to as the KNO
variable [78]) to be useful since RT = 1 then cleanly divides events with “higher-than-average”
UE from “lower-than-average” ones, irrespective of CM energy or applied cuts. We note however
that an absolute normalisation would be the preferred choice for determining, e.g., whether events
with a fixed number of particles behave the same at all CM energies.

For each MC model, the value of the denominator in eq. (1) corresponds to the mean values
of the distributions in fig. 3, which are tabulated in tab. 2. All models predict a mean transverse
multiplicity in the range 21–26 and a width of around 13 (where Poissonian fluctuations would
predict a much smaller width, ⇠

p
25 = 5).

Measuring UE quantities versus RT yields sensitivity to rare events with exceptionally large
or small transverse activity with respect to the average event. The lower requirement on the
leading track-jet p? acts to suppress soft-periphery and diffractive interactions by ensuring that
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Figure 8: Normalised average identified-baryon yields in the transverse region as a function of
RT for pp̄/NInc. (a), pp̄/K+

K

� (b), ⇤¯

⇤/K

0
s (c) and ⌅

+
⌅

�
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¯

⇤ (d). Shown for different MC
models and tunes. All ratios are relative to PYTHIA 8.210 Monash. Colour online.
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Figure 8: Normalised average identified-baryon yields in the transverse region as a function of
RT for pp̄/NInc. (a), pp̄/K+
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๏A clear enhancement of strangeness 
with (pp) event multiplicity is 
observed 

•Especially for multi-strange baryons 
•No corresponding enhancement for 
protons → this really must be a 
strangeness effect 
•Cross-check measurements of the 
phi meson are now underway 

๏Jet universality: jets at LHC modelled 
the same as jets at LEP 

•Flat line ! (cf PYTHIA) 
•DIPSY includes “colour ropes” 
•EPOS includes hydrodynamic “core”

M o n a s h  U n i v e r s i t y

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
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ALICE, arXiv:1606.07424
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D.D.	Chinellato	– 38th	 International	Conference	on	High	Energy	Physics

§ Small systems:
- Strangeness enhancement
- Relative decrease of K∗D
- No multiplicity dependence of 

baryon/meson ratio

§ Towards central Pb-Pb:
- Strangeness abundance 

constant
- K∗D abundance decreases 

further
- Baryon/meson decreases

Particle Ratios Across Colliding Systems

11
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The Plot Thickens

35

๏Looks like the effect, whatever it 
is, continues smoothly into p-Pb
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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

• Follows the trend observed in p-Pb, 
despite differences in initial state
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ALICE, arXiv:1606.07424
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The Plot Thickens

36M o n a s h  U n i v e r s i t y

D.D.	Chinellato	– 38th	 International	Conference	on	High	Energy	Physics|< 0.5η|〉η/dchNd〈
10 210 310

)+ π+− π
Ra

tio
 o

f y
ie

ld
s 

to
 (

3−10

2−10

1−10

16)× (+
Ω+−Ω

6)× (+
Ξ+−Ξ

2)× (Λ+Λ

S
02K

ALICE
 = 7 TeVspp, 

 = 5.02 TeVNNsp-Pb, 
 = 2.76 TeVNNsPb-Pb, 

PYTHIA8
DIPSY
EPOS LHC

Relative Strangeness 
Production

• 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

• Follows the trend observed in p-Pb, 
despite differences in initial state

• Particle ratios reach values that are 
similar to those observed in central Pb-
Pb collisions

5

ALICE, arXiv:1606.07424
[1] Comput. Phys. Commun. 178 (2008) 852–867
[2] JHEP 08 (2011) 103
[3] Phys. Rev. C 92, 034906 (2015)
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[2]

[3]

๏Looks like the effect, whatever it 
is, continues smoothly into p-Pb 

•… and into Pb-Pb! 

๏Looks like jet universality and 
hadronisation in pp is up for 
revision. 

•Is it thermal? Stringy? Both? 
•Collective? Flowy? …  

๏High-pT processes (like dijets, 
Drell-Yan, top), should correspond 
to (very) high-multiplicity.  

•Do you see this? 
•In top jets? the UE? the W jets?

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

§ Small systems:
- Strangeness enhancement
- Relative decrease of K∗D
- No multiplicity dependence of 

baryon/meson ratio

§ Towards central Pb-Pb:
- Strangeness abundance 

constant
- K∗D abundance decreases 

further
- Baryon/meson decreases
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