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Lecture 2: jet substructure
boosted-objects 
physics 

grooming and 
tagging 

calculations for 
jet substructure

the (ambitious) target of this lecture is to understand this plot

5

A binned maximum likelihood fit to the observed mSD distributions in the range 40 to 201 GeV
with 7 GeV bin width is performed using the sum of the H(bb), W, Z, tt, and QCD multijet
contributions. The fit is done simultaneously in the passing and failing regions of the six pT
categories within 450 < pT < 1000 GeV, and in the tt-enriched control region. The production
cross sections relative to the SM cross sections (signal strengths) for the Higgs and the Z bosons,
µH and µZ, respectively, are extracted from the fit. Figure 1 shows the mSD distributions in data
for the passing and failing regions with measured SM background and H(bb) contributions.
Contributions from W and Z boson production are clearly visible in the data.
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Figure 1: The mSD distributions in data for the failing (left) and passing (right) regions and
combined pT categories. The QCD multijet background in the passing region is predicted using
the failing region and the pass-fail ratio Rp/f. The features at 166 and 180 GeV in the mSD
distribution are due to the kinematic selection on r, which affects each pT category differently.
In the bottom panel, the ratio of the data to its statistical uncertainty, after subtracting the
nonresonant backgrounds, is shown.

The measured Z boson signal strength is µZ = 0.78 ± 0.14 (stat)+0.19
�0.13 (syst), which corresponds

to an observed significance of 5.1 standard deviations (s) with 5.8s expected. This consti-
tutes the first observation of the Z boson signal in the single-jet topology [65] and validates
the substructure and b tagging techniques for the Higgs boson search in the same topology.
The measured cross section for the Z+jets process for jet pT > 450 GeV and |h| < 2.5 is
0.85 ± 0.16 (stat)+0.20

�0.14 (syst) pb, which is consistent within uncertainties with the SM produc-
tion cross section of 1.09 ± 0.11 pb [30]. Likewise, the measured Higgs boson signal strength
is µH = 2.3 ± 1.5 (stat)+1.0

�0.4 (syst) and includes the corrections to the Higgs boson pT spectrum
described earlier. The corresponding observed (expected) upper limit on the Higgs boson sig-
nal strength at a 95% confidence level is 5.8 (3.3), while the observed (expected) significance
is 1.5s (0.7s). The observed µH implies a measured ggF cross section times H(bb) branching
fraction for jet pT > 450 GeV and |h| < 2.5 of 74± 48 (stat)+17

�10 (syst) fb, assuming the SM values
for the ratios of the different H(bb) production modes. This measurement is consistent within
uncertainties with the SM ggF cross section times H(bb) branching fraction of 31.7 ± 9.5 fb.

Table 2 summarizes the measured signal strengths and significances for the Higgs and Z boson
processes. In particular, they are also reported for the case in which no corrections to the Higgs
boson pT spectrum are applied. Figure 2 shows the profile likelihood test statistic scan in data
as function of the Higgs and Z boson signal strengths (µH, µZ).

Z : 5.1σ
H : 1.5σ
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Boosted massive particles → fat jets
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Boosted hadronic decays
(X = W, Z, H, top, new particle)

searching for new particles (I)

arXiv:1407.1376

 Standard analysis: the heavy particle X 
decays into two partons, reconstructed as 
two jets

 Look for bumps in the dijet 
invariant mass distribution 

 What about EW-scale 
particles at the LHC ?

http://arxiv.org/abs/1407.1376


LHC energy (104 GeV) ≫ electro-weak scale (102 GeV) 
EW-scale particles (new physics, Z/W/H/top) are abundantly 
produced with a large boost

April 2014Jet Substructure

Boosted massive particles → fat jets

Normal analyses: two quarks from
X → qq̄ reconstructed as two jets

jet 1

jet 2

X at rest
X

High-pt regime: EW object X
is boosted, decay is collimated,

qq̄ both in same jet

single
fat jet

z

(1−z)

boosted X

Happens for pt ! 2m/R

pt ! 320 GeV for m = mW , R = 0.5

Gavin Salam (CERN/LPTHE/Princeton) Jets in Higgs Searches HC2012 2012-11-18 19 / 29
12

Boosted hadronic decays
(X = W, Z, H, top, new particle)

 their decay-products are then collimated  
 if they decay into hadrons, we end up with localised 
deposition of energy in the hadronic calorimeter: a jet

source CMS

searching for new particles (II)



pt > 2m/R

we want to look inside a jet
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exploit jets’ properties  
to distinguish signal 
jets from bkgd jets

pt > 2m/R

RR

h q

we want to look inside a jet
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signal jets should have a mass distribution peaked near 
the resonance



signal-jet mass
first jet-observable that comes to mind 

signal jets should have a mass distribution peaked near 
the resonance
however, that’s a simple  partonic 
picture 

perturbative and non-pert. 
emissions from the qqb pair 
broadens and shift the peak 

 underlying event and pile-up 
typically enhance the jet mass
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Most obvious way of 
detecting a boosted decay 

is through the mass of the jet 

But jet mass is 
poor in practice:

e.g., narrow W resonance
highly smeared by QCD 

radiation
(mainly underlying event/

pileup)
1
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QCD-jet mass

z

1� z

✓

pT

m2 = 2pq · pg ' z(1� z)✓2p2
T

first jet-observable that comes to mind 

background (QCD) jets acquire mass through showering
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first jet-observable that comes to mind 

background (QCD) jets acquire mass through showering



jet properties
we want to studies the properties of jets 

hence, we resolve a (high pt) jet down to a smaller 
scale, e.g. its mass  

large logarithms appear invalidating the fixed-
order expansion 

we need to reorganise the calculation so that we 
can consider any number of soft/collinear 
partons: resummation 

vast field with many approaches: dQCD, SCET, etc.



aside: the Lund plane

log
R
θ

z = 1
non-perturbative

soft

hard

soft-collinear emissions populate the Lund plane uniformly: equal 
area = equal probability 
now also a powerful observables (measured at the LHC)

collinear

log
kt

pTRthe Lund plane is a powerful 
representation of soft-
collinear emissions 
kinematics 

as the name suggests it was 
first developed in the context 
of Monte Carlo studies  

useful representation of a jet 
(also for ML!) 
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how do we model it ?

Monte Carlo Parton Showers 
emissions at small angles factorize 

we can write a computer program 
that simulates these classical 

branchings

d�n+1 ' d�n
↵s

2⇡

d✓2

✓2
dzd�P (z, �)

source SHERPA

jet properties: we want to compute x-sections and 
distributions with many particles in the final state 
fixed-order perturbation theory seems inadequate  
interesting physics happens at small angular separation and 
small energies 
all-order (resummed) calculations are possible and necessary !



how do we model it ?

source SHERPA

Analytic Resummation 
emissions at small angles factorize 

soft emissions factorise in a subtle 
way 
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jet properties: we want to compute x-sections and 
distributions with many particles in the final state 
fixed-order perturbation theory seems inadequate  
interesting physics happens at small angular separation and 
small energies 
all-order (resummed) calculations are possible and necessary !
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 powerful general-purpose tools 
 provide fully differential events on 
which any observable can be measured 
 interfaced with non-perturbative 
models to give a realistic description 
theoretical accuracy difficult to assess      
(often low)

 feasible for a limited number of 
observables 
 well defined and improvable accuracy 
 state-of-the art (resummation + fixed 
order) 
 provide insights and understanding 

VS
σres = g0 

exp[g1(αsL)/
αs+g2(αsL)+αs 

g3(αsL)+... ]
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 plain jet mass: Sudakov peak, where does it come from ?  
 let’s do an easy calculation: one gluon emission in the 
collinear limit
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the jet mass
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 let’s do an easy calculation: one gluon emission in the 
collinear limit

the jet mass
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we do the angular integral  
with the delta function
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all-order leading logs: veto emissions which would give 
too big a mass 
exponential that gives the no-emission probability
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QCD-jet mass: NP effects
 first jet-observable that comes to mind 

 background (QCD) jets receive important non-pert 
contributions
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2 R2)

plain mass: hadronisation (quark jets)

m [GeV], for pt = 3 TeV, R = 1

parton level
hadron level (no UE)

hadron level (with UE)
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Pythia 6.4 DW

hadronisation and UE pile-up (data!)

http://prd.aps.org/abstract/PRD/v86/i1/e014022
http://prd.aps.org/abstract/PRD/v86/i1/e014022


beyond the mass: substructure
need to go beyond the mass and exploit jet 
substructure : grooming and tagging: 

clean the jets up by removing soft radiation  

 identify the features of hard decays and 
cut on them                                                                               
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need to go beyond the mass and exploit jet 
substructure : grooming and tagging: 

clean the jets up by removing soft radiation  

 identify the features of hard decays and 
cut on them                                                                               

⌘

�

core-idea for grooming:
 identify the “right”  

angular scale
 throw away what is soft 

& large angle
left with a groomed jet

beyond the mass: substructure
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beyond the mass: substructure
need to go beyond the mass and exploit jet 
substructure : grooming and tagging: 

clean the jets up by removing soft radiation  

 identify the features of hard decays and 
cut on them                                                                               
core-idea for 2-body tagging:



h q
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sharing of 
the energy
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beyond the mass: substructure
need to go beyond the mass and exploit jet 
substructure : grooming and tagging: 

clean the jets up by removing soft radiation  

 identify the features of hard decays and 
cut on them                                                                               
core-idea for 2-body tagging:



1. Undo the last stage of the C/A clustering. Label the two    
    subjets j1 and j2 . 

2. If  

   then deem j to be the soft-drop jet. 

3. Otherwise redefine j to be the harder subjet and iterate. 
1-prong jets can be either kept (grooming mode) or discarded (tagging mode)

analytic understanding at work: 
soft drop Larkoski, SM, Soyez and Thaler (2014)

1 Introduction

The study of jet substructure has significantly matured over the past five years [1–3], with
numerous techniques proposed to tag boosted objects [4–46], distinguish quark from gluon jets
[44, 47–51], and mitigate the e↵ects of jet contamination [6, 52–61]. Many of these techniques
have found successful applications in jet studies at the Large Hadron Collider (LHC) [50, 62–
89], and jet substructure is likely to become even more relevant with the anticipated increase
in energy and luminosity for Run II of the LHC.

In addition to these phenomenological and experimental studies of jet substructure, there
is a growing catalog of first-principles calculations using perturbative QCD (pQCD). These
include more traditional jet mass and jet shape distributions [90–95] as well as more so-
phisticated substructure techniques [44, 59, 60, 96–103]. Recently, Refs. [59, 60] considered
the analytic behavior of three of the most commonly used jet tagging/grooming methods—
trimming [53], pruning [54, 55], and mass drop tagging [6]. Focusing on groomed jet mass
distributions, this study showed how their qualitative and quantitative features could be un-
derstood with the help of logarithmic resummation. Armed with this analytic understanding
of jet substructure, the authors of Ref. [59] developed the modified mass drop tagger (mMDT)
which exhibits some surprising features in the resulting groomed jet mass distribution, in-
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where pT i are the transverse momenta of the constituents with respect to the beam, �R12

is their distance in the rapidity-azimuth plane, zcut is the soft drop threshold, and � is an
angular exponent. By construction, Eq. (1.1) fails for wide-angle soft radiation. The degree
of jet grooming is controlled by zcut and �, with � !1 returning back an ungroomed jet. As
we explain in Sec. 2, this procedure can be extended to jets with more than two constituents
with the help of recursive pairwise declustering.1

Following the spirit of Ref. [59], the goal of this paper is to understand the analytic
behavior of the soft drop procedure, particularly as the angular exponent � is varied. There
are two di↵erent regimes of interest. For � > 0, soft drop declustering removes soft radiation
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Clustering Tree
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[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



soft drop as a groomer

Trimmed

log
R

✓

log
1
z

z > zcut

✓
✓

R

◆�

soft dropped useful to consider 
the soft-gluon 
phase space 

soft-drop 
condition becomes

soft drop always removes soft radiation entirely                 
(hence the name) 
for β>0 soft-collinear is partially removed

� > 0



soft 

soft drop and mMDT

Trimmed

log
R

✓

log
1
z

� = 0 z > zcut

✓
✓

R

◆�

 soft-drop 
condition becomes

for β=0 soft-collinear is also entirely removed (mMDT limit)



soft 

soft drop as a tagger

Trimmed

log
R

✓

log
1
z

� < 0

for β<0 some hard-collinear is also partially removed

z > zcut

✓
✓

R

◆�

 soft-drop 
condition becomes



log
R

✓

log
1
z

smaller ρ = m2 / (R2 pT2)

line of constant 

 one emission 
sets a mass m 
 veto emissions 
that would give  
too big a mass  
soft drop here 
has no effect

soft-drop mass at LL

m2 = 2pq · pg ' z(1� z)✓2p2
T

⌃(⇢) ⌘
Z ⇢

d⇢0 1
�

d�

d⇢0

vetoed region

soft dropped

⌃(s.d.) = exp

"
� ↵sCF

2⇡

h
� 3

2
ln

1

⇢
+⇥(⇢ > zcut) ln

2 1

⇢

+⇥(zcut > ⇢)

✓
�

2 + �
ln2

1

⇢
+

2

2 + �

✓
ln2

1

zcut
+ 2 ln

zcut
⇢

ln
1

zcut

◆◆i#

<latexit sha1_base64="TB27azpdYFXTmyLoBJy6VUpOFas="></latexit><latexit sha1_base64="TB27azpdYFXTmyLoBJy6VUpOFas="></latexit><latexit sha1_base64="TB27azpdYFXTmyLoBJy6VUpOFas="></latexit><latexit sha1_base64="TB27azpdYFXTmyLoBJy6VUpOFas="></latexit>



log
R

✓

log
1
z

smaller ρ = m2 / (R2 pT2)

only one 
transition point 
at ρ = zcut 

 soft & soft 
collinear 
radiation is 
partially 
removed 

only single logs 
for β=0!

soft dropped

soft-drop mass at LL

⌃(s.d.) = exp

"
� ↵sCF

2⇡

h
� 3

2
ln

1

⇢
+⇥(⇢ > zcut) ln

2 1

⇢

+⇥(zcut > ⇢)

✓
�

2 + �
ln2

1

⇢
+

2

2 + �

✓
ln2

1

zcut
+ 2 ln

zcut
⇢

ln
1

zcut

◆◆i#

<latexit sha1_base64="TB27azpdYFXTmyLoBJy6VUpOFas="></latexit><latexit sha1_base64="TB27azpdYFXTmyLoBJy6VUpOFas="></latexit><latexit sha1_base64="TB27azpdYFXTmyLoBJy6VUpOFas="></latexit><latexit sha1_base64="TB27azpdYFXTmyLoBJy6VUpOFas="></latexit>



precision jet substructure

��-� ��-� ����� ����� ����� �
�

���

���

���

���

���

���

��
�

���

�
��
�σ ��

��
(��

)

���� ���� ������� ����
����+α��

�� ���� �� → �+�� ��� > ��� ���� � = ���
���� = ���� β = �
���� = ���� β = �

��-� ��-� ����� ����� ����� �
�

��

���

���

���

���

���

���

��
�

���

�
��
�σ ��

��
(��

)

���� ���� ������� ����
���+α�
�� ���� �� → �+�� ��� > ��� ���� � = ���

���� = ���� β = �
���� = ���� β = �

23

Results: NNLL+αs2 Jet Substructure

NLL+αs NNLL+αs2

Significant decrease in residual scale uncertainty at NNLL+αs2!
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Figure 8.7: Summary of the performance (significance) v. robustness (resilience) of a
set of two-prong taggers based on the combination of a prong finder and a shape cut.

• As pt increases, the discriminating power increases as well. This can be explained
by the fact that when pt increases, the phase-space for radiation becomes larger,
providing more information that can be exploited by the taggers;

• The main observations from the previous section still largely hold: dichroic variants
and variants based on D2 give the best performance. One possible exception is the
case of D

(2)
2 [` ⌦ `/`] (i.e. both the mass and D2 computed on the loose (SoftDrop)

jet), which shows a slightly larger performance than our D
(2,dichroic)
2 working point,

albeit with a smaller resilience.6 One aspect which is to keep in mind here is that
using a looser grooming to measure the jet mass could have the benefit of avoiding
the 1 � 2zcut signal e�ciency factor before any shape cut is applied, of course
probably at the expense of more distortion of the W peak.

• Generically speaking, there is a trade-o↵ between resilience and performance. This
is particularly striking if one looks along the optimal line. This is an essential
feature to keep in mind when designing boosted-object taggers: keeping more
radiation in the jet (by using a looser groomer) or putting tighter constraints
on soft radiation at larger angles typically leads to more e�cient taggers but at
the same time yields more sensitivity to the regions where hadronisation and the

6If we were seeking absolute performance without any care for resilience, this suggests that even
looser groomers, possibly combined with a dichroic approach, could yield an even greater performance.
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jet definitions discussed in Chapter 3, we may want additional conditions such as the
following:

• we would like to work with tools that are infrared and collinear safe, i.e. which are
finite at any order of the perturbation theory,1

• we would like to work with tools that are as little sensitive as possible to model-
dependent non-perturbative e↵ects such as hadronisation and the Underlying Event,

• we would like to work with tools that are as little sensitive as possible to detector
e↵ects and pileup.

In a way, the last two of the above criteria are related to the robustness of our tools, i.e.
we want to be able to assess how robust our conclusions are against details of the more
poorly-known (compared to the perturbative part) aspects of high-energy collisions.
One should typically expect that a more robust tool would have a smaller systematic
uncertainty associated with theory modelling. (e.g. the dependence on which Monte
Carlo sample is used), pileup sensitivity and detector sensitivity/unfolding.

Robustness can be quantified in several ways, typically by measuring how the signal
and background e�ciencies are a↵ected by a given e↵ect (see e.g. [115, 116, 117]). Some
concrete ideas about how to assess robustness were put forward in Ref. [117] (Section
III.2). Let us say that we want to test the sensitivity of a tagger with respect to the UE.
From a Monte Carlo simulation, we can compute the signal and background e�ciencies,
first without UE, ✏S,B ⌘ ✏

(no UE)
S,B

, and then with UE ✏
0
S,B

⌘ ✏
(UE)
S,B

. We define resilience, a
measure of robustness, as

⇣ =

 
�✏

2
S

h✏i
2
S

+
�✏

2
B

h✏i
2
B

!�1/2

(5.1)

where

�✏S,B = ✏S,B � ✏
0
S,B

, (5.2)

h✏i
S,B

=
1

2

�
✏S,B + ✏

0
S,B

�
. (5.3)

With this definition, a large resilience means that the signal and background e�ciencies
have not changed much when switching the UE on and hence that the tool is robust.
Resilience can be defined for hadronisation, i.e. when switching on hadronisation and
going from parton level to hadron level, for the UE, as discussed above, for pileup
sensitivity, i.e. when overlaying the event with pileup and applying a pileup mitigation
technique, and for detector sensitivity, i.e. when running events through a detector
simulation.

1An interesting class of observables, known as Sudakov safe, fails to fully satisfy this condition but
remain calculable once a proper all-order calculation is performed. We will briefly come back to such
observables in Section 9.
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A binned maximum likelihood fit to the observed mSD distributions in the range 40 to 201 GeV
with 7 GeV bin width is performed using the sum of the H(bb), W, Z, tt, and QCD multijet
contributions. The fit is done simultaneously in the passing and failing regions of the six pT
categories within 450 < pT < 1000 GeV, and in the tt-enriched control region. The production
cross sections relative to the SM cross sections (signal strengths) for the Higgs and the Z bosons,
µH and µZ, respectively, are extracted from the fit. Figure 1 shows the mSD distributions in data
for the passing and failing regions with measured SM background and H(bb) contributions.
Contributions from W and Z boson production are clearly visible in the data.
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Figure 1: The mSD distributions in data for the failing (left) and passing (right) regions and
combined pT categories. The QCD multijet background in the passing region is predicted using
the failing region and the pass-fail ratio Rp/f. The features at 166 and 180 GeV in the mSD
distribution are due to the kinematic selection on r, which affects each pT category differently.
In the bottom panel, the ratio of the data to its statistical uncertainty, after subtracting the
nonresonant backgrounds, is shown.

The measured Z boson signal strength is µZ = 0.78 ± 0.14 (stat)+0.19
�0.13 (syst), which corresponds

to an observed significance of 5.1 standard deviations (s) with 5.8s expected. This consti-
tutes the first observation of the Z boson signal in the single-jet topology [65] and validates
the substructure and b tagging techniques for the Higgs boson search in the same topology.
The measured cross section for the Z+jets process for jet pT > 450 GeV and |h| < 2.5 is
0.85 ± 0.16 (stat)+0.20

�0.14 (syst) pb, which is consistent within uncertainties with the SM produc-
tion cross section of 1.09 ± 0.11 pb [30]. Likewise, the measured Higgs boson signal strength
is µH = 2.3 ± 1.5 (stat)+1.0

�0.4 (syst) and includes the corrections to the Higgs boson pT spectrum
described earlier. The corresponding observed (expected) upper limit on the Higgs boson sig-
nal strength at a 95% confidence level is 5.8 (3.3), while the observed (expected) significance
is 1.5s (0.7s). The observed µH implies a measured ggF cross section times H(bb) branching
fraction for jet pT > 450 GeV and |h| < 2.5 of 74± 48 (stat)+17

�10 (syst) fb, assuming the SM values
for the ratios of the different H(bb) production modes. This measurement is consistent within
uncertainties with the SM ggF cross section times H(bb) branching fraction of 31.7 ± 9.5 fb.

Table 2 summarizes the measured signal strengths and significances for the Higgs and Z boson
processes. In particular, they are also reported for the case in which no corrections to the Higgs
boson pT spectrum are applied. Figure 2 shows the profile likelihood test statistic scan in data
as function of the Higgs and Z boson signal strengths (µH, µZ).

Z : 5.1σ
H : 1.5σ
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adapted from Ranit Das talk at BOOST 2022



homework 3

Gluon splitting into bottom quarks g→bb 
is important for H→bb studies. What’s 
its average mass?  (take mb=0)


