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1. Introduction to jet physics 
2. Jet substructure to look for boosted-objects 

a) example of a groomer: soft drop 
b) example of a tagger: N-subjettiness 
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a) soft drop observables 
b) extraction of fundamental parameters 
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Introduction to jet 
physics

�3



ubiquitous @LHC: 
more than 70% of 

ATLAS & CMS papers 
use jets in their 

analyses!

JETS 
Collimated, energetic 

sprays of particles
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Jet definitions
• jet algorithms: sets of (simple) rules to            
   cluster particles together 
• implementable in experimental analyses      
   and in theoretical calculations  
• must yield to finite cross sections 
• first example:

Sterman and Weinberg, 
Phys. Rev. Lett. 39, 1436 (1977): 5



for a complete review see G. Salam, 
Towards jetography (2009)

Sequential recombination

dij  (weighted) distance between i j 
diB external parameter or distance 

from the beam ...

• Start with a list of particles,  
   compute all distances dij and diB 

• Find the minimum of all dij and diB 
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for a complete review see G. Salam, 
Towards jetography (2009)

i

j

• Start with a list of particles,  
   compute all distances dij and diB 

• Find the minimum of all dij and diB 

• If the minimum is a dij, recombine  
   i and j and iterate

Sequential recombination

dij  (weighted) distance between i j 
diB external parameter or distance 

from the beam ...
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for a complete review see G. Salam, 
Towards jetography (2009)

i
dij  (weighted) distance between i j 
diB external parameter or distance 

from the beam ...

• Start with a list of particles,  
   compute all distances dij and diB 

• Find the minimum of all dij and diB 

• If the minimum is a dij, recombine  
   i and j and iterate

Sequential recombination
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• Start with a list of particles,  
   compute all distances dij and diB 

• Find the minimum of all dij and diB 

• If the minimum is a dij, recombine  
   i and j and iterate

• Otherwise call i a final-state jet,  
   remove it from the list and iterate

i
dij  (weighted) distance between i j 
diB external parameter or distance 

from the beam ...

Actual choice for the measure dij determines the jet algorithm

Sequential recombination
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• Actual choice for the measure dij determines the jet algorithm 

• Different algorithms serve different purposes

The generalised kt family

p = 1 kt algortihm                
         (Catani et al., Ellis and Soper)
p = 0 Cambridge / Aachen  
 (Dokshitzer et al., Wobish and Wengler)
p = -1 anti-kt algorithm       
             (Cacciari, Salam, Soyez)

dij = min
⇣
p2p

ti , p2p
tj

⌘ �R2
ij

R2

diB = p2p
ti

with �R2
ij = (yi � yj)2 + (�i � �j)2

dij = min
⇣
p2p

ti , p2p
tj

⌘ �R2
ij

R2

diB = p2p
ti

with �R2
ij = (yi � yj)2 + (�i � �j)2
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Comparing clustering algorithms

Cacciari, Salam, Soyez (2008)

• Anti-kt clusters around hard particles giving round jets (default 
choice for ATLAS and CMS) 
• kt & C/A  reflect the structure of QCD matrix elements   
• Anti-kt is less useful for substructure studies: often   
reclustering is done with C/A
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Jet substructure to look 
for boosted-objects
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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)

Searching for new particles: 
resolved analyses

• the heavy particle X decays into two partons, reconstructed 
as two jets

arXiv:1407.1376

• look for bumps in the dijet  
   invariant mass distribution
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• 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 localized  
   deposition of energy in the hadronic calorimeter: a jet

Searching for new particles: 
boosted analyses
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JETS 
Collimated, energetic 

sprays of particles

we want to look 
inside a jet
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we want to look 
inside a jet

JETS 
Collimated, energetic 

sprays of particles
exploit jets’ properties  

to distinguish
signal jets from bkg jets

h

pt > 2m/R

q

RR
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• First jet-observable that comes to mind 

• Signal jet should have a mass distribution peaked near the  
   resonance

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)

• However, that’s a simple partonic picture 
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A useful cartoon

jet hadronisation

pert. radiation
(parton branching) 

inspired by G. Salam
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jet

pert. radiation
(parton branching) underlying event 

(multiple parton 
interactions)

A useful cartoon
inspired by G. Salam
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hadronisation



jet

pert. radiation
(parton branching) underlying event 

(multiple parton 
interactions)

pile-up
(multiple proton 

interactions)

A useful cartoon
inspired by G. Salam

�20

hadronisation



Effect on jet masses

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
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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)
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• In reality perturbative and non-pert emissions broadens    
   and shift the signal peak 

• Underlying Event and pile-up  typically enhance the jet mass     
   (both signal and background) 
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Beyond the mass: substructure
• Let’s have a closer look: background peaks in the EW region 
• Need to go beyond the mass and exploit jet substructure  
• Grooming and Tagging: 

1. clean the jets up by removing soft junk 
2. identify the features of hard decays and cut on them                                                                               
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Beyond the mass: substructure
• Let’s have a closer look: background peaks in the EW region 
• Need to go beyond the mass and exploit jet substructure  
• Grooming and Tagging: 

1. clean the jets up by removing soft junk 
2. identify the features of hard decays and cut on them                                                                               
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• Grooming provides a handle on UE and pile-up
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Example of a groomer / 
prong-finder: Soft Drop
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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 courtesy of J. Thaler

Larkoski, SM, Soyez and Thaler (2014)

Soft Drop

Jesse Thaler — New Physics Gets a Boost 41

Soft Drop Declustering

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

Original Jet

=

Clustering Tree

check momentum 
sharing

zg =
min(pT1, pT2)

pT1 + pT2

more information: 
clustering history

discard soft branches

Butterworth, Davison, Rubin and Salam (2008); Dasgupta, Fregoso, SM and Salam  (2013);  
Tseng and Evans (2013)

zg < zcut✓
�
g

�25
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Lund plane

θ =ρ
2

z

t
non−perturbative (small k )

log(1/  )θ

lo
g

(z
  

) θ

Lund kineamtics
hard collinear region

so
ft la

rg
e

−
a

n
g

le
 re

g
io

n

soft collinear

region

for the jet mass

lin
e 

of
 c
on

st
an

t

je
t m

as
s

large angles small angles
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m2
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• originally introduced to 
describe parton shower 
phase space 

•very helpful to understand 
logarithmic structure for 
resummation 

•more recently employed as 
input for for machine-
machine-learning algorithms

dσ = αs(kt)Ci
dkt

kt

dθ
θ

Dryer, Salam, Soyez (2018)
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�

z)p
t

z
p
t

✓

Figure
6.1: Diagram

contributing
to

the
leading-order m

ass distribution.

highlight large logarithm
s of

m
/
p
t , with

p
t the transverse m

om
entum

of the initial quark,

which
arise in

the perturbative series expansion. At the leading-logarithm
ic accuracy

we

are
interested

in, we
can

work
in

the
collinear approxim

ation
where

the
gluon

em
ission

angle
✓
is sm

all. 1
The gluon

is set to
carry

a
fraction

z
of the quark

m
om

entum
, leaving

a
fraction

1
�

z
for the

recoiling
quark

after the
em

ission.

W
hen

applying
SD, the jet is split into

two
subjets, one with

the quark
and

one with

the
gluon

which
is

tested
for

the
SD

condition.
Two

situations
can

occur:
(i)

either

the splitting
passes the SD

condition, i.e.
z
>

z
cut (✓/

R) �

in
which

case the quark-gluon

system
is retained

by
the

SD
procedure

and
the

(squared) jet m
ass is given

by

m 2
=

z(1
�

z)✓ 2
p 2
t ,

(6.1)

or
the

condition
is

failed
in

which
case

only
the

harder
of the

quark
and

the
gluon

is

kept and
the

jet m
ass vanishes. The

m
ass distribution

at LO
is therefore

given
by

m 2
� d

� (LO
)d

m
2

=
↵
s2

⇡

Z
R 2

0 d
✓ 2

✓ 2
Z
1

0 d
z
P
q (z)m 2

�(m 2
�

z(1
�

z)✓ 2
p 2
t )⇥ �

z
>

z
cut (✓/

R) � �
,
(6.2)

where
P
q (z) is the

quark
splitting

function.

The m
ass constraint can

be used
to perform

the integration
over

✓, and
the constraint

✓
<

R
m
eans we have to im

pose
z(1

�
z)

>
⇢ where we have introduced

the dim
ensionless

variable

⇢
=

m 2
p 2
t R 2 .

(6.3)

Up
to

power
corrections

in
⇢, i.e.

in
the

groom
ed

jet
m
ass, we

can
neglect

the
factor

1
�

z
in

this constraint. W
e
are

therefore
left with

⇢

�
d
� (LO

)d
⇢

=
↵
s2

⇡

Z
1

⇢ d
z
P
q (z)⇥ �

z 2+
�
/2
>

z 2
/(2+

�)

cut

⇢ �
/(2+

�) �
.

(6.4)

1
Alternatively, we

can
assum

e
a
sm

all jet radius R
so

that corrections beyond
the

collinear approx-

im
ation

are
suppressed

by
powers

of R
.

Note
also

that
in

the
case

of the
m
M
D
T

jet
m
ass, the

SD

condition
actually

gets
rid

of this
contribution

so
that

the
collinear

approxim
ation

rem
ains

valid
at

higher logarithm
ic

accuracy.
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Kinematics of Soft Drop

log(1/  )θ

lo
g

(z
  

) θ

zθ =ρ
2cut

z=z

modified MassDrop

• Soft Drop kinematic plane as a function of the angular exponent  
• the region below the green line is groomed away  
• this understanding can be easily translated into analytic resummation formulae 

β = 0

log(1/  )θ

lo
g

(z
  

) θ

zθ =ρ
2

z=
z

cut θ β

SoftDrop

less groomingmore grooming

β > 0

β < 0 β = 0 β > 0



Groomed jet properties
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• smooth distributions 
• flatness in bkg can be achieved for β=0  
• now the standard choice for CMS
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Soft drop at NNLL
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Results: NNLL+αs2 Jet Substructure

NLL+αs NNLL+αs2

Significant decrease in residual scale uncertainty at NNLL+αs2!

Soft Drop:

Frye, AJL, Schwartz, Yan 2016

β = 0

β = 1
β = 0

β = 1

min[pTi, pTj ]

pTi + pTj
> zcut

✓
Rij

R

◆�

NNLL+NLO

• soft-drop mass: something we can calculate 
• reduced sensitivity to non-pert effects 
• going to NNLL reduces scale variation but small changes in the shape 
• for β=0 LL is zero, so state-of-the art NNLL is actually NLL

Frye, Larkoski, Schwartz, Yan (2016)
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Example of a tagger: 
jet shapes
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Tagging W bosons

�31

• jet shapes measure the distribution of radiation inside a jet in order to distinguish 
signal from background 

• standard analyses typically use a two-step approach 
• first a mass window is identified (e.g. around mW) 
• a cut on a shape is imposed 
• N-subjettiness is widely used for this purpose 
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely

– 4 –
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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N-subjettiness

τ21 =
τ (β)2 (jet; axes)

τ (β)1 (jet; axes)
=

∑

i∈constits zi min(θβi ,a2,1, θ
β
i ,a2,2

)
∑

i∈constits zi θ
β
i ,a1,1

Parameters:

β:
give more or less weight to large/small angles
β ∼ 2 seems slightly preferred in MC simulations
β ∼ 1 should be less sensitive to non-perturbative effects and PU

choice of axes:
optimal, declustering, winner-takes-all, ...
For a given β, generalised-kt(p = 1/β)∼optimal
use WTA for β ≤ 1

choice of jet:
What to do with soft-and-large-angle emissions?
apply on full jet? (more discrimination, more NP Sensitive)
apply on groomed jet? (less discrimination, less NP Sensitive)

Grégory Soyez Better use of jets shapes Boost 2016 - July 18 2016 2 / 13
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Figure 2: Distributions of (a) τ1 and (b) τ2 for boosted W and QCD jets. For these plots, we
impose an invariant mass window of 65 GeV < mjet < 95 GeV on jets of R = 0.6, pT > 300 GeV,
and |η| < 1.3. By themselves, the τN do not offer that much discriminating power for boosted
objects beyond the invariant mass cut.
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Figure 3: (a): Distribution of τ2/τ1 for boosted W and QCD jets. The selection criteria are the
same as in Fig. 2. One sees that the τ2/τ1 ratio gives considerable separation between W jets and
QCD jets beyond the invariant mass cut. (b): Density plot in the τ1–τ2 plane. Marker sizes are
proportional to the number of jets in a given bin. In principle, a multivariate cut in the τ1–τ2 plane
would give further distinguishing power.

to have large τ1, QCD jets with a diffuse spray of large angle radiation can also have large

τ1, as shown in Fig. 2(a). However, those QCD jets with large τ1 typically have large values

of τ2 as well, so it is in fact the ratio τ2/τ1 which is the preferred discriminating variable.

As seen in Fig. 3(a), W jets have smaller τ2/τ1 values than QCD jets. Of course, one can

also use the full set of τN values in a multivariate analysis, as suggested by Fig. 3(b), and

we will briefly explore this possibility in Sec. 3.4.

As mentioned in the introduction, N -subjettiness is adapted from the similar quantity

N -jettiness introduced in Ref. [28]. There are three important differences: the sum over

k only runs over the hadrons in a particular jet and not over the entire event, we do not

have candidate (sub)jets corresponding to the beam directions, and our distance measure

– 5 –

specific choices: 
• axes? 
• angular exponent (β=1 vs β=2)?  
• plain or groomed jets                      

(or both: dichroic ratios)?

Thaler and Van Tilburg (2010)

Salam, Schunk, Soyez (2016)
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Kinematics of τ21

• note that Lund diagrams become more complicated because we are sensitive to 
two emissions (mass and shape) 

• the shape can be set by emission off the leading parton or by a splitting of the 
primary emission (which generates the extra fin) 

• also in this case we can translate the above into analytic expressions 
• we can also add grooming and consider different shapes 
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Analytics vs parton shower
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Figure 8.5: Distributions for our representative set of shapes as obtained from Pythia
(left) and from the analytic calculations of Sec. 8.1 (right). The top row corresponds to
signal (WW) jets while the bottom row shows results for background (QCD) jets.
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Figure 8.5: Distributions for our representative set of shapes as obtained from Pythia
(left) and from the analytic calculations of Sec. 8.1 (right). The top row corresponds to
signal (WW) jets while the bottom row shows results for background (QCD) jets.

• region of large v difficult to 
model in resummation but 
recent progress has been 
made

Napoletano, Soyez (2018)

• QCD jet shapes significantly 
affected by grooming, while 
signal ones less so 

• Grooming does clean the jet 
up but tend to decrease 
separation, i.e. performance
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Performance and resilience

CHAPTER 5. JET SUBSTRUCTURE: CONCEPTS AND TOOLS 63

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.

• resilience measures a tagger’s robustness against non-perturbative 
effects (hadronisation and UE) 

• it is defined in terms of signal/background efficiencies with/without 
non-pert. contributions
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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.

ζ

ϵ S ϵ B

�34



Measuring jet 
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Theory predictions
SM,  Schunk, Soyez (2017)
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• what’s the impact of finite zc 
contributions (formally LL)? 

• what’s the impact of logs of zc (formally 
NkLL)? 

• conclusions will change if we move 
away from zc=0.1 

•

• let’s start wit the simplest 
observable: jet mass  

•large range of masses where NP 
corrections are small and we can 
trust resummation 
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and the DATA!
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• CMS & ATLAS measurements  
• NNLL is a small correction 
• importance of FO for the tail 
• ATLAS did β survey
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Why unfolded measurements ?
What is the value of SM measurements and their comparison to 
theory, especially for “discovery” tools? 

• understanding systematics (e.g. kinks and bumps) 
• where non-perturbative corrections are small, test perturbative 

showers in MCs 
• at low mass, hadronisation is large but UE is small: TUNE!
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• current precision below 1%, dominated by 
lattice extractions 

• LEP event shapes also very precise (5%), 
however they are in tension with the world 
average  

• Thrust (and C parameter) known with 
outstanding accuracy 
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FIG. 13: Thrust distribution at N3LL′ order and Q = mZ

including QED and mb corrections using the best fit values
for αs(mZ) and Ω1 in the R-gap scheme given in Eq. (68). The
pink band represents the perturbative error determined from
the scan method described in Sec. VI. Data from DELPHI,
ALEPH, OPAL, L3, and SLD are also shown.

αs(mZ) is ±0.0009 compared to ±0.0021 with Ω̄1 in the
MS scheme. Also at NNLL′ and N3LL we see that the
removal of the O(ΛQCD) renormalon leads to a reduction
of the theoretical uncertainties by about a factor of two
in comparison to the results with Ω̄1 in the MS scheme
without renormalon subtraction. The proper treatment
of the renormalon subtraction is thus a substantial part
of a high-precision analysis for Ω1 as well as for αs.

It is instructive to analyze the minimal χ2 values for
the best fit points shown in Fig. 11. In Fig. 12 the dis-
tributions of the best fits in the αs-χ2

min/dof plane are
shown using the color scheme of Fig. 11. Figure 12a dis-
plays the results in R-gap scheme, and Fig. 12b the ones
in the MS scheme. For both schemes we find that the
χ2
min values and the size of the covered area in the αs-

χ2
min/dof plane systematically decrease with increasing

order. While the analysis in the MS scheme for Ω̄1 leads
to χ2

min/dof values around unity and thus an adequate
description of the entire global data set at N3LL′ order,
we see that accounting for the renormalon subtraction in
the R-gap scheme leads to a substantially improved the-
oretical description having χ2

min/dof values below unity
already at NNLL′ and N3LL orders, with the N3LL′ or-
der result slightly lower at χ2

min/dof ≃ 0.91. This demon-
strates the excellent description of the experimental data
contained in our global data set. It also validates the
smaller theoretical uncertainties we obtain for αs and Ω1

at N3LL′ order in the R-gap scheme.

As an illustration of the accuracy of the fit, in Fig. 13
we show the theory thrust distributions at Q = mZ for
the full N3LL′ order with the R-gap scheme for Ω1, for
the default theory parameters and the corresponding best
fit values shown in bold in Tabs. IV and V. The pink

Band Band Our scan
method 1 method 2 method

N3LL′ with ΩRgap
1 0.0004 0.0008 0.0009

N3LL′ with Ω̄MS
1 0.0016 0.0019 0.0021

N3LL′ without Smod
τ 0.0018 0.0021 0.0034

O(α3
s) fixed-order 0.0018 0.0026 0.0046

TABLE VI: Theoretical uncertainties for αs(mZ) obtained at
N3LL′ order from two versions of the error band method, and
from our theory scan method. The uncertainties in the R-gap
scheme (first line) include renormalon subtractions, while the
ones in the MS scheme (second line) do not and are therefore
larger. The same uncertainties are obtained in the analysis
without nonperturbative function (third line). Larger uncer-
tainties are obtained from a pure O(α3

s) fixed-order analysis
(lowest line). Our theory scan method is more conservative
than the error band method.

band displays the theoretical uncertainty from the scan
method. The fit result is shown in comparison with data
from DELPHI, ALEPH, OPAL, L3, and SLD, and agrees
very well. (Note that the theory values displayed are
actually binned according to the ALEPH data set and
then joined by a smooth interpolation.)

Band Method

It is useful to compare our scan method to determine the
perturbative errors with the error band method [26] that
was employed in the analyses of Refs. [20, 22, 25]. In the
error band method first each theory parameter is varied
separately in the respective ranges specified in Tab. III
while the rest are kept fixed at their default values. The
resulting envelope of all these separate variations with
the fit parameters αs(mZ) and Ω1 held at their best fit
values determines the error bands for the thrust distri-
bution at the different Q values. Then, the perturbative
error is determined by varying αs(mZ) keeping all the-
ory parameters to their default values and the value of
the moment Ω1 to its best fit value. The resulting per-
turbative errors of αs(mZ) for our full N3LL′ analysis in
the R-gap scheme are given in the first line of Tab. VI.
In the second line the corresponding errors for αs(mZ)
in the MS scheme for Ω̄1 are displayed. The left column
gives the error when the band method is applied such
that the αs(mZ) variation leads to curves strictly inside
the error bands for all Q values. For this method it turns
out that the band for the highest Q value is the most
restrictive and sets the size of the error. The resulting
error for the N3LL′ analysis in the R-gap scheme is more
than a factor of two smaller than the error obtained from
our theory scan method, which is shown in the right col-
umn. Since the high Q data has a much lower statistical
weight than the data from Q = mZ , we do not consider
this method to be sufficiently conservative and conclude
that it should not be used. The middle column gives the
perturbative error when the band method is applied such
that the αs(mZ) variation minimizes a χ2 function which

Abbate et al. (2010)
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Strong coupling
36 9. Quantum chromodynamics
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Figure 9.2: Summary of determinations of αs(M2
Z) from the six sub-fields

discussed in the text. The yellow (light shaded) bands and dashed lines indicate the
pre-average values of each sub-field. The dotted line and grey (dark shaded) band
represent the final world average value of αs(M2

Z).

whereby the dominating contributions to the overall error are experimental (+0.0017
−0.0018), from

parton density functions (+0.0013
−0.0011) and the value of the top quark pole mass (±0.0013).

February 10, 2016 16:30

• Strong correlations with 
non-pert. parameter 
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FIG. 17: The smaller elongated ellipses show the experimental
39% CL error (1-sigma for αs) and best fit points for different
global data sets at N3LL′ order in the R-gap scheme and
including bottom quark mass and QED effects. The default
theory parameters given in Tab. III are employed. The larger
ellipses show the combined theoretical plus experimental error
for our default data set with 39% CL (solid, 1-sigma for one
dimension) and 68% CL (dashed).

experimental error ellipses, hence to larger uncertainties.
It is an interesting but expected outcome of the fits

that the pure experimental error for αs (the uncertainty
of αs for fixed central Ω1) depends fairly weakly on the
τ range and the size of the global data sets shown in
Fig. 17. If we had a perfect theory description then we
would expect that the centers and the sizes of the error
ellipses would be statistically compatible. Here this is
not the case, and one should interpret the spread of the
ellipses shown in Fig. 17 as being related to the theo-
retical uncertainty contained in our N3LL′ order predic-
tions. In Fig. 17 we have also displayed the combined
(experimental and theoretical) 39% CL standard error
ellipse from our default global data set which was al-
ready shown in Fig. 11a (and is 1-sigma, 68% CL, for
either one dimensional projection). We also show the
68% CL error ellipse by a dashed red line, which corre-
sponds to 1-sigma knowledge for both parameters. As
we have shown above, the error in both the dashed and
solid larger ellipses is dominated by the theory scan un-
certainties, see Eqs. (68). The spread of the error ellipses
from the different global data sets is compatible with the
1-sigma interpretation of our theoretical error estimate,
and hence is already represented in our final results.

Analysis without Power Corrections

Using the simple assumption that the thrust distribution
in the tail region is proportional to αs and that the main

αs(mZ)±(pert. error) χ2/(dof)

N3LL′ with ΩRgap
1 0.1135 ± 0.0009 0.91

N3LL′ with Ω̄MS
1 0.1146 ± 0.0021 1.00

N3LL′ without Smod
τ 0.1241 ± 0.0034 1.26

O(α3
s) fixed-order

without Smod
τ

0.1295 ± 0.0046 1.12

TABLE VII: Comparison of global fit results for our full anal-
ysis to a fit where the renormalon is not canceled with Ω̄1, a
fit without Smod

τ (meaning without power corrections with
Smod
τ (k) = δ(k)), and a fit at fixed order without power cor-

rections and log resummation. All results include bottom
mass and QED corrections.

effect of power corrections is a shift of the distribution
in τ , we have estimated in Sec. I that a 300MeV power
correction will lead to an extraction of αs from Q = mZ

data that is δαs/αs ≃ (−9 ± 3)% lower than an anal-
ysis without power corrections. In our theory code we
can easily eliminate all nonperturbative effects by set-
ting Smod

τ (k) = δ(k) and ∆̄ = δ = 0. At N3LL′ or-
der and using our scan method to determine the per-
turbative uncertainty a global fit to our default data set
yields αs(mZ) = 0.1241 ± (0.0034)pert which is indeed
9% larger than our main result in Eq. (68) which ac-
counts for nonperturbative effects. It is also interesting
to do the same fit with a purely fixed-order code, which
we can do by setting µS = µJ = µH to eliminate the
summation of logarithms. The corresponding fit yields
αs(mZ) = 0.1295±(0.0046)pert, where the displayed error
has again been determined from the theory scan which in
this case accounts for variations of µH and the numerical
uncertainties associated with ϵ2 and ϵ3. (A comparison
with Ref. [22] is given below in Sec. IX.)
These results have been collected in Tab. VII together

with the αs results of our analyses with power corrections
in the R-gap and the MS schemes. For completeness we
have also displayed the respective χ2/dof values which
were determined by the average of the maximal and the
minimum values obtained in the scan.

VIII. FAR-TAIL AND PEAK PREDICTIONS

The factorization formula (4) can be simultaneously used
in the peak, tail, and far-tail regions. To conclude the
discussion of the numerical results of our global analysis
in the tail region, we use the results obtained from this
tail fit to make predictions in the peak and the far-tail
regions.
In Fig. 18 we compare predictions from our full N3LL′

code in the R-gap scheme (solid red line) to the accurate
ALEPH data at Q = mZ in the far-tail region. As input
for αs(mZ) and Ω1 we use our main result of Eq. (68)
and all other theory parameters are set to their default
values (see Tab. III). We find excellent agreement within
the theoretical uncertainties (pink band). Key features
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Soft-drop thrust

•noticeable reduction of non-pert. corrections may allow to 
disentangle the degeneracy  

•can we compute it at the same accuracy as standard event shapes? 
•NNLO calculations recently performed 

Kardos, Somogyi, Trocsanyi (2018)

Baron, SM, Theeuwes (2018)
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αs with soft-drop thrust
SM, Reichelt, Schumann, Soyez and Theeuwes,  (soon to appear)

•fits to pseudo-data generated by SHERPA 
•preliminary results shows reduced dependence on non-pert. 

corrections 
•subleading effects are under investigation 
•general question: is there a natural way to define soft-drop event     

shapes?  
•bottom-up soft drop allows one to groom an entire event

Dreyer, Necib, Soyez, Thaler (2018); Baron  (in preparation)
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mt with soft-drop jets

Hoang, Mantry, Pathak, Stewart (2017)

• determination of other fundamental parameters may benefit from 
grooming, e.g. the top quark mass 

• in the context of e+e- collisions SCET factorisation theorems allow for a 
precision-determination of the top-jet mass 

• the picture at pp collisions is polluted by wide-angle soft radiation 
• grooming “turns” pp observables into e+e-  ones

QCD@LHC Workshop, Dresden, August 27-31, 2018 

Extension to pp Collisions 
AH, Mantry, Pathak, Stewart; arXive:1708.02586 

Hadronization + MPI:      MC mass and MSR mass compatible 

Result very encouraging:  

Realistic full hadron level jet mass distributions for boosted top quarks. 

“Light grooming” restriction may be lifted.  → separation of ultra-collinear modes 
QCD@LHC Workshop, Dresden, August 27-31, 2018 

Factorization for Boosted Top Quarks 

Observable: Thrust in e+e-  (2-Jettiness "2) 

⌧ = 1�max~n

P
i |~n · ~pi|

Q
⌧!0⇡ M2

1 + M2
2

Q2

Fat jet invariant mass distribution in the resonance region ! 

 
•  Insensitive to top quark decay  
•  Can be extended to LHC (event shapes, fat jet masses) 
•  Can be extended to account for grooming effects (soft drop) 



Final remarks
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Summary & Outlook
• importance of substructure studies 
• soft drop: theoretical status and physics opportunities 

• Open questions 

1. higher-order corrections (i.e. beyond NLO) and grooming? 
2. in the boosted regime electro-weak corrections are 

significant 
3. in the opposite direction: non-perturbative physics and  

hadronisation in particular. Is “standard” ? and what does 
standard even mean? 
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Humans vs machines
• Jet physics (and particle physics!) undergoing a revolution 
• ideas / techniques from machine (deep) learning continuously 
poured into the field 
• I had to make a choice and concentrated on humans for this 
talk

• Food for thoughts: 
• what are the machine-
learning ideas best suited for 
particle physics? (images, 
language…)  
• are we scared of black 
boxes? (should we?) 
• can we make black boxes 
more transparent? 



Thank you !
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