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Outline

• Looking inside jets: an introduction

• Theoretical understanding of taggers and groomers

• Back to phenomenology: W tagging with DDT

• News from BOOST 2016
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Looking inside jets



JETS
Collimated, energetic 

sprays of particles
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ubiquitous @LHC:
more than 70% of 
ATLAS & CMS papers 
use jets in their 
analyses!
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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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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 
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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

8
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Searching for new particles: 
boosted analyses



JETS
Collimated, energetic 

sprays of particles
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We want to look 
inside a jet



We want to look 
inside a jet

JETS
Collimated, energetic 

sprays of particlesexploit 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

Signal-jet mass

April 2014Jet Substructure
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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 hadronization

pert. radiation
(parton branching) 

inspired by G. Salam
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jet hadronization

pert. radiation
(parton branching) 

underlying event 
(multiple parton 

interactions)

A useful cartoon
inspired by G. Salam
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jet hadronization

pert. radiation
(parton branching) 

underlying event 
(multiple parton 

interactions)

pile-up
(multiple proton interactions)

A useful cartoon
inspired by G. Salam



Effect of jet masses
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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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Trimming

1. Take all particles in a jet and 
   re-cluster them with a 
   smaller jet radius Rsub < R

2. Keep all subjets for which 
   ptsubjet > zcut pt

3. Recombine the subjets to 
   form the trimmed jet

recluster

on scale Rsub

discard subjets

with < zcut pt

Krohn, Thaler and Wang (2010)
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A theorist’s worry

M. Schwartz (Boost 2012)

precision 
QCD

gr
oo

ming

• Complicated algorithms with many parameters
• Are we giving up on calculability / precision QCD ?

Dasgupta, Fregoso, SM,  Powling EPJ C (2013)
Dasgupta, Fregoso, SM,  Salam,  JHEP 1309 029 (2013)

19

• First comprehensive QCD study of these algorithms
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Theoretical understanding of 
jet substructure
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trimmed

Trimming
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Soft gluons off a hard 
parton (a quark for 

definiteness)

• The action of a groomer is to remove some of the allowed 
   phase space (typically soft and soft-collinear)
• What are the consequences for physical observables, e.g. 
   the jet mass ? 22
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Trimmed mass: MC vs analytics
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• Trimming is active (and aggressive) for zcut <ρ < Rsub2/R2 zcut 
• Not active below because of fixed Rsub

26



3

Trimmed mass: MC vs analytics
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Trimmed mass: MC vs analytics
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unwanted features in 
bkg distributions!



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-dropped 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-
cluding the absence of Sudakov double logarithms, the absence of non-global logarithms [104],
and a high degree of insensitivity to non-perturbative e↵ects.

In this paper, we introduce a new tagging/grooming method called “soft drop decluster-
ing”, with the aim of generalizing (and in some sense simplifying) the mMDT procedure. Like
any grooming method, soft drop declustering removes wide-angle soft radiation from a jet in
order to mitigate the e↵ects of contamination from initial state radiation (ISR), underlying
event (UE), and multiple hadron scattering (pileup). Given a jet of radius R0 with only two
constituents, the soft drop procedure removes the softer constituent unless

Soft Drop Condition:
min(pT1, pT2)

pT1 + pT2
> zcut

✓
�R12

R0

◆�

, (1.1)

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

1The soft drop procedure takes some inspiration from the “semi-classical jet algorithm” [58], where a variant

of Eq. (1.1) with zcut = 1/2 and � = 3/2 is tested at each stage of recursive clustering (unlike declustering

considered here).

– 2 –

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

• Generalization of the (modified) Mass Drop procedure
• no mass drop condition (not so important)
• mMDT recovered for β=0
• some inspiration from semi-classical jets Tseng and Evans (2013)

29
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Soft Drop as a groomer
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• for β>0 soft-collinear is partially removed

� > 0
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Soft Drop vs Trimming
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• trimming had an 
   abrupt change of
   behavior due to 
   fixed Rsub

• in soft-drop 
   angular resolution 
   controlled by the 
   exponent β

• phase-space 
   appears smoother

Soft drop in grooming mode (β>0) works as a dynamical trimmer
31



soft dropped

Soft Drop and mMDT
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• 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 also entirely removed (mMDT limit)

32



soft dropped

Soft Drop as a tagger
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• soft drop always removes soft radiation entirely (hence the name)
• for β<0 some hard-collinear is also partially removed

33



Calculating groomed-jet properties
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• An example: two-
point energy 
correlation 
functions

• no more kinks
• flatness in bkg can 

be achieved for 
β=0 
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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
•let’s compare to data! soon!

Frye, Larkoski, Schwartz, Yan (2016)
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Non-perturbative physics

 soft drop largely reduces sensitivity to 
non-perturbative physics
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Analytics to check MCs
• How solid are MC descriptions of jet substructure ?
• Take something we analytically understand very well (mMDT)

• Take the spread as the
   uncertainty  ?
• But we also have an 
   analytic calculation

ρ/
σ

 d
σ

 / 
dρ

ρ = m2/(pt
2 R2)

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

mMDT (ycut = 0.13)

pt,jet > 3 TeV

v6.425 (DW) virtuality ordered
v6.425 (P11) pt ordered
v8.165 (4C) pt ordered

 0

 0.1

10-6  10-4 0.01 0.1 1

 10  100  1000
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• Take the spread as the
   uncertainty  ?
• But we also have an 
   analytic calculation

• Problem in the shower: 
   fixed by the Authors in 
   the 6.428pre version

Analytics to check MCs
ρ/
σ

 d
σ

 / 
dρ

ρ = m2/(pt
2 R2)

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

mMDT (ycut = 0.13)

pt,jet > 3 TeV

v6.425 (DW) virtuality ordered
v6.425 (P11) pt ordered
v8.165 (4C) pt ordered

Analytics
v6.428pre (P11) pt ordered

 0

 0.1

10-6  10-4 0.01 0.1 1

 10  100  1000
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• How solid are MC descriptions of jet substructure ?
• Take something we analytically understand very well (mMDT)
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Back to phenomenology
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Tagging with jet shapes

groom to remove
 contamination

select mass window
about the resonance

use a shape to determine
prong structure

(a)
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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

– 4 –

e.g. with soft drop

e.g. with N-subjettiness
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W tagging philosophies  46

ALTAS & CMS Tagging Philosophy
● ATLAS : 

– Tune for flat eff vs p
T

– ε(p
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ALTAS & CMS Tagging Philosophy
● ATLAS : 

– Tune for flat eff vs p
T

– ε(p
T
,m

trim
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2
)

● Cut on m
trim

/D
2
 vs p

T

● CMS : 
– Tune for flat bakground

● Across everywhere

– ε(τ
2
/τ

1
DDT)=C

Bkg

Aparajita Dattagupta/Luca Brianza

NOT 
FLAT

 FLATI’ll be discussing the 
CMS approach

credits: Phil Harris
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N-subjettiness for W tagging
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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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

Thaler and Van Tilburg (2011) 
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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 –

Fine-print
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N-subjettiness and mass

 cuts1τ/2τsoft drop mass [GeV], sucessive 
0 20 40 60 80 100 120 140

a.
u.

10

210

310

410

⌧2/⌧1

• τ21 cut sculpts the mass 
   distribution
• the background develop an   
   artificial peak
• discrimination power goes  
   down

Dolen, Harris, SM, Rappoccio, Tran see also Kasienczka et al.  JHEP 1506 (2015) 203  

• flat bkg was a built-in feature of mMDT/soft drop :-(
• we would like to de-correlate mass and shape, so that a flat cut 
   does not lead to a significant sculpting of the mass distribution 

tighter
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Designing De-correlated Taggers

ρ
10− 9− 8− 7− 6− 5− 4− 3− 2− 1− 0

1τ/ 2τ

0

0.2

0.4

0.6

0.8

1

1.2

1.4  = 300-400 GeV
T

bkg, p
 = 500-600 GeV

T
bkg, p

 = 1000-1100 GeV
T

bkg, p
 = 300-400 GeV

T
sig, p

 = 500-600 GeV
T

sig, p
 = 1000-1100 GeV

T
sig, p

• There exists a region of linear relation
• Can we understand this from first principle ?

see work by Larkoski, Moult, Neill & Dasgputa, Schunk, Soyez

• to understand what’s going on plot average 
τ12 as a function of log(mass)

concentrate 
on bkg
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Designing De-correlated Taggers
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• Here we limit ourselves to a pheno study
• First shift the variable to account for pT dependence

• Then fit the slope and change 
the variable to 

We can also consider other shape variables, though we leave an exhaustive exploration of all

shape variables to a later study. As an example, we show also energy correlation functions

C�=1
2 and D�=1

2 as a function of ⇢ in Fig. 3. On the left, C�=1
2 shows a relatively flat

distribution versus ⇢ which is desirable although the behavior is not quite linear. On the right,

D�=1
2 is highly correlated with ⇢. In both cases, the correlations have some pT -dependence

that is not trivially empirically determined.
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Figure 3: Profile distributions, hC�=1
2 i (left) and hD�=1

2 i (right), as a function of ⇢ =

log(m2/p2T ). Solid dots correspond to background, while hollow ones to signal. The di↵erent

colors correspond to di↵erent pT bins

4 Designing decorrelated taggers (DDT)

4.1 Transforming ⌧2/⌧1

By performing the transformation ⇢ ! ⇢0, we have successfully accounted for most of the pT
dependence of the profile distribution. Next we would like to perform a further transformation

with the aim of flattening the profile dependence on ⇢0, with the idea that this will in turn

reduce the mass-sculpting discussed earlier.

In order to determine the transformation we are after, we concentrate on the region in

which the relationship between ⌧2/⌧1 and ⇢0 is essentially linear. Thus, we introduce

⌧ 021 = ⌧2/⌧1 �M ⇥ ⇢0, (4.1)

where the slope M is numerically fitted from Fig. 2 (red fit lines). The comparison between

the ⌧2/⌧1 and ⌧ 021 distributions is shown in Fig. 4, for di↵erent jet pT bins. The transformed

variable, ⌧ 021, looks similar to the original variable ⌧2/⌧1 although the behavior of the corre-

lation with the groomed mass is now practically removed. This can be seen in Fig. 5 which

shows the profile of ⌧ 021 as a function of ⇢0 with the intended decorrelated behavior.

Now, we can explore the sculpting of the mass distributions making a flat cut in ⌧ 021.

This is shown in Fig. 6 which should be contrasted with Fig. 1 which was obtained with

a flat cut in ⌧2/⌧1. Notice that now the sculpting of the mass distribution is considerably

– 6 –

Dolen, Harris, SM, Rappoccio, Tran 
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DDT: results 
pT = 500� 600GeV

• Now apply DDT: 
– Backgrounds are better behaved! Reduced systematics! 
– Example: m = 2 TeV

14

Systematics

Bkg normalization unc: 23% Bkg normalization unc: 6%

⌧12 < 0.45 ⌧ 012 < 0.6

reduced mass sculpting, 
preserved side-bands

•M = 2 TeV
•roughly same 
signal efficiency

•bkg better 
behaved

•reduced 
systematics
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The DDT nice story

theory

experiment

Average τ

Average τ21(plain)
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Grégory Soyez Better use of jets shapes Boost 2016 - July 18 2016 1 / 5

… to be continued …

Maybe a comment: let’s continue doing so… it leads to interesting ideas and fruitful 
collaborations (rather than “we tried it, doesn’t work…”)

20

Towards analytic DDT

work in progress with people in Paris and Buffalo 
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News from Boost 2016 (I)
Anatomy of the phase-space

ρ

R

ρτ

R

τ

m

log( z θ)

)θlog(1/

Jet mass with a cut on τ21:

ρ

σ

dσ

dρ

∣

∣

∣

∣

<τ

= R ′

m exp(−Rm−Rτ )

Extra suppression
Rm ∼ αsCR

2π log2(1/ρ)

becomes Rm + Rτ ∼ αsCR

2π log2(1/τρ)

Soft-and-large-angle radiation:

performance gain (Rτ )

large NP effects

Grégory Soyez Better use of jets shapes Boost 2016 - July 18 2016 4 / 13

work in progress by 
Dasgupta, Schunk and Soyez

Large NP effects vs
performance gain
what is the trade-off?Anatomy of the phase-space

ρ

ρτ
τ,SDR

R
mMDT

log( z θ)

)θlog(1/

Combine the two effects:

mMDT to get 2 prongs
Use that for ρ and τ1

“Gentle” SD to reduce NP effect
Use that for τ2

τ21 =
τ2(SD)

τ1(mMDT)

Grégory Soyez Better use of jets shapes Boost 2016 - July 18 2016 4 / 13

Conclusion

Analytic results for Y-splitter
(with or without grooming);

Suggested variations with
various advantages;

Trade o↵ between performance
and insensitivity to NP e↵ects;

Future: for NP insensitive cases,
do an optimization based on
parton level results.  0
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Lais Schunk Y-splitter for boosted object tagging Boost2016 20 / 20
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News from Boost 2016 (II)

Generalized Energy Correlation Functions
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• Example: Three di↵erent ways to probe three particle correlations.

General Energy Correlation Functions

• Flexible basis for substructure observables.

Boost 2016 July 18, 2016 9 / 28

Taking Advantage of Grooming

• Grooming “cleans” phase space, allowing for discrimination.
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New Observables for Two-Prong Tagging

• Also allows for new two prong observables.

• Interestingly, powerful observables can be constructed from each of

the ie
(�)
3

, i = 1, 2, 3.

• Each probes di↵erent angular correlations
=) Very di↵erent behavior under grooming.

• Power counting uniquely fixes the structure of the observables:

M
(�)
2

= 1

e
(�)
3

e
(�)
2

, N
(�)
2

= 2

e
(�)
3

(e(�)
2

)2
, D

(↵,�)
2

= 3

e
(↵)
3

(e(�)
2

)3↵/�

Boost 2016 July 18, 2016 13 / 28

• “traditional” jet shapes not necessary well-suited for grooming
• design new variables

• new shapes to perform boson 
tagging

work in progress by Moult, Necib and Thaler
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Thank you !


