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Lecture plan

lecture 1: jets and jet algorithms 

lecture 2: calculating jet properties 

lecture 3: jet substructure 

lecture 4: more advanced topics & 
curiosities



Lecture 4

defining and distinguishing 
quarks from gluons (in a 
meaningful way) 

Casimir scaling and beyond 

Unsafe but calculable!



what is a quark jet?



what is a quark jet?
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What is a Quark Jet?
From lunch/dinner discussions

A quark parton

A Born-level quark parton

The initiating quark parton in a final state shower

An eikonal line with baryon number 1/3 
and carrying triplet color charge

A quark operator appearing in a hard matrix element 
in the context of a factorization theorem

A parton-level jet object that has been quark-tagged 
using a soft-safe flavored jet algorithm (automatically 
collinear safe if you sum constituent flavors)

A phase space region (as defined by an unambiguous 
hadronic fiducial cross section measurement) that yields 
an enriched sample of quarks (as interpreted by some 
suitable, though fundamentally ambiguous, criterion)

Ill-Defined

Well-Defined What we mean

What people 
sometimes 

think we mean

Quark 
as adjective

Quark 
as noun

for a review see arXiv:1704.03878 

http://arxiv.org/abs/arXiv:1704.03878


q/g radiation pattern
first expectation: quark and gluon radiation 
controlled by their Casimir 

CA>CF so we expect gluons to radiate more

Figure 1: The average jet images for 200 GeV Pythia gluon jets (top) and quark jets

(bottom) shown after normalization (left) and after the zero-centering and standardization

(right). Di↵erent linear color scales are used to highlight the important features of each step.

On the left the quark jets have more intensity in the five core pixels whereas the gluon jets are

wider. On the right, the standardization procedure illustrates that quark jets are narrower

and emphasizes the softer outer radiation.

3.2 Network architecture

The deep convolutional network architecture used in this study consisted of three iterations

of a convolutional layer with a ReLU activation and a maxpooling layer, all followed by

a dense layer with a ReLU activation. To predict a binary classification between quarks

and gluons, an output layer of two units with softmax activation is fully connected to the

final dense hidden layer. An illustration of the architecture used is shown in Figure 2. The

dropout rate was taken to be 0.25 after the first convolutional layer and 0.5 for the remaining

layers, with spatial dropout (drop entires feature maps) used in the convolutional layers. Each

convolutional layer consisted of 64 filters, with filter sizes of 8⇥8, 4⇥4, and 4⇥4, respectively.
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q/g discrimination with 
shapes

we can use jet shapes to probe the radiation  

we expect gluon jets to exhibit on average a 
larger value of a jet shape
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Casimir scaling
the efficiency of this q/g tagger can be 
estimated analytically 

ϵq = ∫
vcut

0
dv

dσ
dv

= e− αsCF
π a log2 vcut+…

ϵg = ∫
vcut

0
dv

dσ
dv

= e− αsCA
π a log2 vcut+… = ϵ

CF
CA
q

at LL we find a universal relation between 
quark and gluon efficiencies 



higher-order corrections
the inclusion of higher logarithmic terms improves the 
discrimination power  

for instance, hard collinear contribution Bg≠Bq  

however, analytic results are perhaps too optimistic CHAPTER 7. QUARK/GLUON DISCRIMINATION 118
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Figure 7.4: Left: analytic predictions for the quark-gluon separation ROC curve using
di↵erent approximations. Right: ROC curve for di↵erent values of pt, shown for both
Pythia8 simulations (solid) and our analytic calculation (dashed).

for �↵=1. Overall, we see that there is a good agreement between the analytic calcula-
tion and the Monte Carlo simulations. We recall that our resummed calculation should
not be trusted in the region of large v where an exact fixed-order calculation would be
needed. This could be obtained from NLO Monte Carlo generators like NLOJet++ [183]
for dijet hard processes (here one would need a 3-jet NLO calculation for the angular-
ity distribution) and MCFM [184, 185, 186] for W/Z+jet events (here we would need
W/Z+2 jets at NLO for the angularity distribution). The NLO distributions could then
be matched to the resummed calculation to obtain a final prediction which is valid at
the same time in the resummation-dominated region (small angularity) and in the fixed-
order-dominated region (large angularity). More importantly, Figs. 7.2 and 7.3 show the
expected clear separation between the quark and gluon samples, with smaller values of
the angularity for the quark jets.

Quark-gluon discrimination and Casimir scaling. With the above results at
hand, we can finally discuss the performance of angularities and energy-correlation func-
tions to separate quark jets from gluon jets. This is simply done by imposing a cut
v < vcut on angularities or ECFs. On the analytic side, the quark and gluon e�ciencies
are therefore directly given by ⌃q,g computed above. An interesting behaviour emerges
from these analytic results. If we look at Eqs. (7.3) and (7.5) at leading-logarithmic
accuracy, the only di↵erence between quark and gluon jets is the colour factor — CF
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Figure 7.5: Distribution of a sample of groomed angularities for quark (solid lines) and
gluon (dashed lines) jets. The left plot corresponds to parton-level Pythia simulations
and the right plot to the analytic results obtained in these lecture notes.

for quarks and CA for gluons, in from of the radiators. This means that we have

✏g

LL
= (✏q)

CA/CF . (7.10)

This relation is often referred to as Casimir scaling (see e.g. [143]). This means that
the leading behaviour of quark-gluon tagging will follow Eq. (7.10) regardless of the
angularity (of ECF) exponent and of the level of grooming.

Departures from Casimir scaling will start at NLL accuracy. In our collinear/small-R
limit, these means that there can be three sources of Casimir-scaling violations: hard-
collinear corrections (the B term), two-loop running-coupling corrections, and multiple-
emissions (cf. Eq. (7.7)). Of these three e↵ects, only the first and the last give scaling
violations since two-loop running coupling corrections are also simply proportional to
Ci. This is illustrated in Fig. 7.4a, where we see that the LL result gives perfect Casimir
scaling, and the inclusion of the hard collinear splitting and the multiple-emission correc-
tions both slightly increase the quark-gluon discrimination performance. The correction
due to the B-term is proportional to Bg � Bq which is small and positive. The e↵ect
of multiple emissions starts at O(↵2

s
) in the perturbative expansion and is proportional

to (CA � CF ). In practice, this last e↵ect appears to have the largest impact. A direct
consequence of Casimir scaling is that the quark-gluon discriminative power remains rel-
atively independent of the jet pt as shown on Fig. 7.4b for both our analytic calculation
(dashed lines) and Pythia8 parton-level simulations (solid lines).

All these e↵ects are discussed at length in Ref. [143] and we refer the reader to this
discussion for further details. ROC curves for quark-gluon discrimination are shown in



beyond Casimir scaling
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Figure 4: Comparison of the quark/gluon ROC curves for various Sudakov-distributed

observables to the y = x9/4 prediction from Casimir scaling. Shown are the groomed jet

radius, groomed jet mass, and ordinary jet mass. As a useful benchmark, we also show the

performance of track multiplicity ntr, which is known to be a very strong discriminant.

the measurement actively forbids emissions from some region of phase space. This vetoed

phase space region builds up a Sudakov form factor which in turn controls the discrimination

power achievable at LL.

Beyond LL order, di↵erent Sudakov-distributed observables will exhibit di↵erent discrim-

ination power due to higher-order or nonperturbative e↵ects, but Eq. (3.6) is still a represen-

tative benchmark. In Fig. 4, we show ROC curves for jet mass m, the soft-dropped jet mass

mSD, and the groomed jet radius Rg, which all roughly follow the prediction from Casimir

scaling. We also show track multiplicity ntr, which exhibits substantially better performance

and provides a useful discrimination target.

3.2 Soft Drop Multiplicity

Soft drop multiplicity is not an additive observable, nor does the measured value of nSD

actively forbid emissions in any region of phase space. As a result, nSD does not exhibit

Sudakov behavior and it instead satisfies a fundamentally di↵erent scaling relation. Physically,

this is because all emissions that pass the soft drop condition are weighted equally, so nSD

depends on multiple emissions even at leading accuracy. These emissions occur in the region

of phase space passing the soft drop and angular cuts, shown in Fig. 5.

Restricting to the IRC safe case with ✓cut > 0, the measured region has finite area in the

emission plane,

Aemit = log
R0

✓cut

✓
log

1

2zcut
+

�

2
log

R0

✓cut

◆
, (3.8)
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counting observables outperform Casimir 
scaling

⟨ntr⟩g

⟨ntr⟩q
≃

CA

CF

number of charged tracks is 
one of the most powerful q/g 
discriminant but it’s not IRC 
safe

1
σ

dσ
dn

= e−ν ν
n!

⟹ ⟨n⟩ = σ2 = ν ⟹ wrel ∼
σ
ν

∼
1

ncentral 
theorem limit

Poisson 
distribution



iterative soft-drop

Figure 1: Illustration of the ISD procedure. A C/A tree is declustered from the trunk (thick

line), defined by the hardest pT branches. If a node fails the soft drop condition, it is removed

from consideration (dashed lines). If a node passes the soft drop condition after n iterations,

this defines the value of (zn, ✓n). The declustering stops at an angular scale of ✓cut, and

subsequent nodes are not considered further (gray lines).

Because we recurse to the harder subjet at each junction, we think of each (zn, ✓n) splitting

as an emission from the “hard core” of the jet and refer to the above procedure as traversing

the “trunk” of the clustering tree. A schematic of this procedure is shown in Fig. 1.

To emphasize, we are not using ISD as an alternative grooming technique to soft drop. In

fact, we have found no need to refer to the ISD-groomed jet explicitly in our analysis. Instead,

we employ ISD simply as a method to obtain an IRC-safe set of (zn, ✓n) values to define our

counting observables. Of course, the specific values of (zn, ✓n) depend on the precise choice of

ISD procedure. In this paper, we focus on the soft drop multiplicity, which counts emissions

from the trunk of the clustering tree, and have defined ISD accordingly. In Sec. 2.3, we

consider variants of soft drop multiplicity, with corresponding variants to the ISD procedure.

To demonstrate the qualitative behavior of observables defined below in this section, we

present results from parton shower simulations. We separately generate pp ! Z + q and

pp ! Z + g events at center-of-mass energy 13 TeV using MadGraph 2.4.0 and let the Z

decay to neutrinos for simplicity. We then shower the events through Vincia 2.0.01 [46, 47],

a plug-in to Pythia 8.215 [48], with default tuning parameters.4 Jet are identified using the

anti-kt algorithm [49] with radius R0 = 0.6 in FastJet 3.1.3 [50]. We use a sample of events

in which the hardest jet with |⌘| < 2.5 has pT between 450 and 550 GeV. We recluster and

measure our observables on the hardest jet from each event using FastJet. Because ISD is

su�ciently di↵erent from ordinary soft drop, we do not use the RecursiveTools fjcontrib

[51], but rather directly traverse the C/A tree in our analysis. We plan to make our code

4In Sec. 4, we show results from four di↵erent parton shower generators. Here, we use Vincia as a repre-

sentative example since it makes predictions which are intermediate relative to the other generators.

– 6 –

iteratively apply soft-
drop, recording the pairs 
(zi,θi) that pass the 
condition, (you need θcut 
unless β<0)
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Figure 7.8: Quark-gluon discrimination (ROC curve) using Iterated SoftDrop. The left
plot uses a fixed jet pt cut and varies the Iterated SoftDrop cut (defined as in Fig. 7.7.
For the right plot, zcut is fixed to 2 GeV/(ptR) and the cut on the jet pt is varied.

initial ISD study, Ref. [148], improves the agreement between the two. One particular
e↵ect that becomes relevant at NLL is that the flavour of the leading branch followed
through the ISD declustering can change. This is included in Pythia8 via the DGLAP
splitting functions and can be tracked analytically as well.

Quark-gluon discrimination. The ROC curves obtained for quark-gluon discrim-
ination are presented in Fig. 7.8, for Pythia (solid) and the LL analytic calculations
(dashed). The left plot corresponds to the distributions shown in Fig. 7.7. First, we
see that the discriminating power improves with lower zcut. This is expected since the
phase-space for emissions increases and so does ⌫. Then, although the analytic calcula-
tion tends to over-estimate the discriminating power, the generic trend remains decently
reproduced and we see, in particular, that the agreement is better at larger zcut where
the distribution is expected to have smaller non-perturbative corrections. It is worth
pointing out that the flavour-changing e↵ects briefly mentioned above and appearing
at NLL accuracy would have the e↵ect that quark and gluon jets would become more
similar as we go to smaller angles, hence reducing the discriminating power.

Finally, the right plot of Fig. 7.8 shows that the discriminating power of ISD multi-
plicity improves at larger pt (for a fixed kt cut). This is again a consequence of the fact
that the phase-space available for emissions, and hence ⌫, increases. This contrasts with
the angularities discussed previously: while the latter remain close to Casimir scaling
at any energy, the performance of ISD multiplicity improves for larger jet pt.

IRC-safe counting observable 

Poisson distributed
1
σ

dσ
dnISD

= e−ν νnISD

nISD!

ν =
αs

2π ∫
1

0

dθ2

θ2 ∫
1

0
dzPi(z)Θ(z > zcutθβ)with

Frye, Larkoski, Thaler, Zhou (2017)



Given that the ISD multiplicity is Poisson-
distributed, its mean value is given by ν 

hence at LL 

same as track multiplicity, but maintaining 
IRC safety!

⟨nISD⟩g

⟨nISD⟩q
=

νg

νq
≃

CA

CF

Casimir meets Poisson



homework 7

compute the LL (fixed-coupling) expression for 
ISD ν in two cases: 

β<0 

β>0 with a cut on the minimal angular 
separation θcut



the prongs’ momentum 
balance

Jesse Thaler — New Physics Gets a Boost 42

Soft Drop Declustering

Groomed	
Clustering Tree

=

Groomed Jet

!
[Larkoski, Marzani, Soyez, JDT, 2014; see also Butterworth, Davison, Rubin, Salam, 2008; Dasgupta, Fregoso, Marzani, Salam/Powling, 2013]

zg

1–zg
θg

⇒

zg > zcut θgβ

zg =
min(pT1, pT2)

pT1 + pT2



in perturbation theory
1
σ

dσ
dzg

=
αs

2π ∫
1

0

dθ2

θ2 ∫
1

0
dz Pi(z) Θ(z > zcutθβ) δ(z − zg)

=
αs

π
Pi(zg)∫

1

0

dθ
θ

Θ(zg > zcutθβ)

this is finite only if β<0
1
σ

dσ
dzg

=
αs

|β |π
Pi(zg) log

zg

zcut
Θ(zg > zcut)

we cannot take the β->0 limit: indeed the observable is IRC 
safe only if β<0 

however, we can try and make sense of the observable also 
in the IRC unsafe regime



in perturbation theory
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Calculating zg?

undefined

??

??

infinity

??

infinity2

⇒

p(zg) =
⇣ ⌘

+ ↵s

⇣ ⌘
+ ↵2

s

⇣ ⌘
+ . . .

zg

zg

1�zg
✓g

zg not IRC safe because Born is ill-defined



Sudakov safety
in order to resolve singularity, we can 
demand an opening angle, i.e. we study the 
conditional probability p(zg|θg) 

we then write

p(zg) = ∫
1

0
dθgp(zg |θg)p(θg)

if the above expression is finite, we say that 
zg is IRC unsafe but Sudakov safe



we now need an all-order expression for the 
angular variable 

why Sudakov?

all-order distribution: 
emissions at zero angle are 
exponentially suppressed

finite conditional 
probability for θg>0

calculation 

how is that possible? We need to compute the 
distribution of the companion observable to all-
orders

p(zg) = ∫
1

0
dθgpFO(zg |θg)presum(θg)



putting things together
for β≥0, we have 

pFO(zg |θg) =
pFO(zg, θg)

pFO(θg)
=

Pi(zg)

∫ 1
zcutθβ dz Pi(z)

presum(θg) =
d

dθg
e[− αs

π ∫1
θg

dθ
θ ∫1

0 dz Pi(z) Θ(z > zcutθβ)]

the final integral can be done for all values of β, but the β=0 
is particularly simple and reveals fascinating properties 



the β=0 case
we have 

1
σ

dσ
dzg

=
Pi(zg)

∫ 1
zcut

dz Pi(z) ∫
1

0
dθg

d
dθg

e[− αs
π ∫1

θg
dθ
θ ∫1

0 dz Pi(z) Θ(z > zcut)]

finite result that show NO dependence on the strong 
coupling! 

it’s just the QCD splitting function

=
Pi(zg)

∫ 1
zcut

dz Pi(z)



what do the say say?
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Fig. 2. Corrected zg distributions for trigger (filled symbols) and recoil (open symbols) jets in p+p HT compared to PYTHIA8 (dashed
lines), independently binned in ppart

T bins. Shaded bands indicate systematic uncertainty estimate due to the jet energy scale.

3. Triggered Di-jets in Au+Au

For the first zg measurement in 0-20% central Au+Au collisions, we focus on a di-jet selection very
similar to previous AJ measurements [6]. The initial definition of the di-jet pair considers only tracks
and towers with pCut

T > 2 GeV/c in the jet reconstruction. Due to the symmetry of a di-jet imbalance
measurement, it was previously unnecessary to keep track of the High Tower. As noted above, in this
analysis, we consider the two sides of the di-jet pair separately and thus di↵erentiate between trigger and
recoil jets. Di-jets were accepted for trigger jets with pTrig

T > 20 GeV/c and recoil jets with pRecoil
T >

10 GeV/c; a requirement for the trigger jet to be the leading jet was not enforced. Kinematic cuts are
made on pTrig,Recoil

T , i.e. only considering the “hard core” above 2 GeV/c. This constituent pT bias was
relaxed in the zg calculation by using geometrically matched (axes within �R =

p
��2 + �⌘2 < R) di-jet

pairs reconstructed with pCut
T > 0.2 GeV/c. Area-based background subtraction on the matched jets was

carried out during the SoftDrop algorithm following the standard FastJet procedure [5], where the event-by-
event background energy density ⇢ is determined with the kT algorithm with the same R as the median of
pjet,rec

T /Ajet of all but the two leading jets, and the jet area Ajet is found using active ghost particles.
Analogous to the AJ analysis, a reference data set is constructed by embedding p+p HT events into

minimum bias Au+Au events in the same centrality class (p+p HT � Au+Au MB). Thus, jets are compared
with similar initial parton energies in Au+Au and p+p, and the remaining e↵ect of background fluctuations
are accounted for. The jet energies are not corrected back to the original parton energies. During embedding,
the di↵erences between Au+Au and p+p in tracking e�ciency in the TPC (90% ± 7%), relative tower
e�ciency (98%± 2%, negligible), and the relative tower energy scale (100%± 2%) are applied. Systematic
uncertainty on zg was assessed in this process by varying the relative e�ciency and tower scale within their
uncertainties and is shown in the p+p HT � Au+Au MB embedding reference as shaded boxes.

The results show within uncertainties no modification in the Jet Splitting Function as measured via
SoftDrop for the selected hard core di-jet sample, see ratios in Fig. 3.

also a probe of the quark gluon plasma STAR Au-Au

CMS Pb-Pb



jet substructure goes nuclear
Jet substructure goes nuclear

• Ideas and observables to study jets in proton collisions have made their way into
the heavy-ion community.

• Jets and their structure o↵er a unique probe for the quark-gluon plasma.
• Tough both theoretically and experimentally, but results are pouring in.

8Jesse Thaler — Boost 2018:  Theory Summary

ALI-PREL-155677

BOOST goes Nuclear

0 0.05 0.1 0.15 0.2

T
m/p

410

510

610

710

810

) T
dN

/d
(m

/p

Reco
Unfolded

ATLAS Preliminary
-1 = 5.02 TeV, 0.49 nbNNsPb+Pb 

0-10%
 < 158 GeV

T
126 < p

0 0.1 0.2 0.3 0.4 0.5 0.6
 (Angle between Subjets)θ

0

0.05

0.1

0.15

0.2

0.25θ
1/

N
 d

N
/d

 

Gluon-Jet T3

Quark-Jet T3

JEWEL+PYTHIA PbPb 0-20% 2.76 TeV

 R=0.4 Jets
t

+Jet Events, anti-kγ
 > 50 GeV/c

T
Jet > 100 GeV/c, p

T
γp

| < 1.5,Jetγ
η/3, |π > 2φ∆

 = 0.08)φ∆,η∆w/ Recoils Grid-Sub (

 

courtesy of Jesse Thaler

Jet substructure and H/V/top-tagging Danilo Ferreira de Lima and Simone Marzani 47

courtesy of 
Jesse Thaler

 jets offer a unique probe of the quark-gluon plasma 

 theoretical and experimental results are pouring in



homework 8

Compute the Sudakov-safe integral for β>0 
and show that you obtain a non-analytic 
expansion in the square-root of αs. 

Repeat the exercise for the IRC safe case β<0 
and show that its expansion is now analytic 
in αs and it reproduces the first-order result 
discussed during the lecture.



resources
SM, M. Spannowsky, G. Soyez, “Looking inside jets: an 
introduction to jet substructure and boosted-object 
phenomenology” 

the BOOST report series 

Les Houches reports 2015 & 2017 

G. Salam: ``Towards jetography” 

G. Soyez: ``Pileup mitigation at the LHC: a theorist's view” 

Gras et al. “Systematics of quark/gluon tagging”


