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Outline

• Looking inside jets: an introduction

• Theoretical understanding of taggers and groomers

• Back to phenomenology: W tagging with DDT

• Exposing the QCD splitting function



What is a jet ?
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JETS
Collimated, energetic 

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



• 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 :

Jet definition(s)
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Sterman and Weinberg, 
Phys. Rev. Lett. 39, 1436 (1977):6



• A large class of modern jet definitions is given by sequential       
   recombination algorithms 

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

from the beam ...

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

Sequential recombination

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

• Find the minimum of all dij and diB
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• A large class of modern jet definitions is given by sequential       
   recombination algorithms 

Sequential recombination

• 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
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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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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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jet 1

jet 2
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single
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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
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Searching for new particles: 
boosted analyses



JETS
Collimated, energetic 

sprays of particles

14

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

15
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Looking inside jets



• First jet-observable that comes to mind

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

Signal-jet mass

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

• However, that’s a simple partonic picture

17



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

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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• Grooming provides a handle on UE and pile-up
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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)
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• First comprehensive QCD study of these algorithms
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Theoretical understanding of 
jet substructure



Soft-gluon phase space
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Trimming
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parton (a quark for 
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• 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 ? 28
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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

32
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Trimmed mass: MC vs analytics
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Trimmed mass: MC vs analytics
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unwanted features 
in bkg distributions!
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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: understanding at work

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

Go back in the jet 
clustering history 

discard soft branches, 
i.e

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

Tseng and Evans (2013)

zg < zcut✓
�
g



Soft Drop as a groomer
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log
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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
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Soft Drop vs Trimming

Trimmed

log

R

✓

log

1

z

z = zcut

� > 0
soft dropped

trimmed

✓ = Rsub

• 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
37



soft dropped

Soft Drop and mMDT

Trimmed

log

R

✓

log

1

z

� = 0

z > zcut

✓
✓

R

◆�

• 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)
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soft dropped

Soft Drop as a tagger

Trimmed

log

R

✓

log

1

z

� < 0
z > zcut

✓
✓

R

◆�

• 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 some hard-collinear is also partially removed

39



Groomed jet properties
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• no more kinks
• flatness in bkg can be achieved for β=0 
• it’s becoming the standard choice for CMS
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Calculating Mass?
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Soft drop at NNLL

��-� ��-� ����� ����� ����� �
�

���

���

���

���

���

���

��
�

���

�
��
�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!

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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Can we use it for precision physics ?
Soft-drop thrust to determine αs and resolve disturbing 

discrepancy with world average



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
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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
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ρ = m2/(pt
2 R2)

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

mMDT (ycut = 0.13)

pt,jet > 3 TeV
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v6.425 (P11) pt ordered
v8.165 (4C) pt ordered

Analytics
v6.428pre (P11) pt ordered

 0
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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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W tagging with jet shapes

groom to remove
 contamination

select mass window
about the resonance

use a shape to determine
prong structure
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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 for W tagging
N-subjettiness

τ21 =
τ (β)2 (jet; axes)

τ (β)1 (jet; axes)
=
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i∈constits zi min(θβi ,a2,1, θ
β
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Parameters:
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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)
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apply on full jet? (more discrimination, more NP Sensitive)
apply on groomed jet? (less discrimination, less NP Sensitive)
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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 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

Dolen, Harris, SM, Rappoccio, Tran  (2016)
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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  (2016)
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 cuts1τ/2τsoft drop mass [GeV], sucessive 
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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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Exposing the QCD splitting 
function
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Momentum sharing zg

Jesse Thaler — New Physics Gets a Boost 44

Calculating zg?

undefined

??

??

infinity

??

infinity2

⇒

p(zg) =
⇣ ⌘

+ ↵s

⇣ ⌘
+ ↵2

s

⇣ ⌘
+ . . .

zg

• zg not IRC safe because Born is ill-defined
• avoid singularity requiring opening angle

courtesy of J. Thaler

Jesse Thaler — New Physics Gets a Boost 45

The Puzzle

zg ??

p(zg) =

Z
d✓g p(✓g) p(zg|✓g)

Unsafe

zg

1–zg
θgvs.

p(zg) =

Z
d✓g p(✓g) p(zg|✓g)

Calculable	
order-by-order in αs 

θgzg

1

�

d�

dzg



Sudakov safety
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2

observable is insu�cient to regulate all singularities in
u, we can measure a vector of IRC safe observables s =
{s

1

, . . . , sn}, such that

p(u) =

Z
dns p(s) p(u|s) . (4)

All previous examples of Sudakov safety fall in the cat-
egory of (3) above where only a single IRC safe measure-
ment was required. In [3], the energy loss distribution
from soft drop grooming was defined precisely as in (3),
where u was the factional energy loss �E and s was the
groomed jet radius rg (see below). In [2], ratio observ-
ables r = a/b were originally defined in terms of a double-
di↵erential cross section [8] as

p(r) =

Z
da db p(a, b) �

⇣
r � a

b

⌘
, (5)

where a and b are IRC safe but r is not, because there are
singularities at b = 0 at every finite perturbative order,
leading to a divide-by-zero issue for r. Integrating over
a, we can write this as

p(r) ⌘
Z

db p(b) p(r|b) , (6)

and r is Sudakov safe because p(b) has an all-orders Su-
dakov form factor that renders p(r) finite.

It should be stressed that the definition of Sudakov
safety in (4) is not vacuous and it does not save all IRC
unsafe observables. As a counterexample, consider par-
ticle multiplicity. Because perturbation theory allows an
arbitrary number of soft or collinear emissions, the per-
turbative multiplicity is in principle infinite. Therefore,
to regulate all singularities to all orders would require
measuring an infinite number of IRC safe observables, in-
dicating the loss of perturbative control. Also, it should
be stressed that just because an observable is Sudakov
safe, that does not mean that non-perturbative aspects
of QCD are irrelevant. Indeed, both [2, 3] include an esti-
mate of non-perturbative e↵ects, which are analogous to
non-perturbative power corrections and underlying event
corrections familiar from the IRC safe case.

Crucially, one needs some kind of all-orders informa-
tion to obtain finite distributions for p(u). If a fixed-
order expansion of p(s) and p(u|s) were su�cient, then
p(u) would have a series expansion in ↵s, contradicting
the assumption that u is IRC unsafe. While we use log-
arithmic resummation to capture all-orders information
about p(s), one could imagine using alternative methods.
Our definition of Sudakov safety in (4) is clearly a neces-
sary condition for p(u) being finite, but we leave a proof
of whether or not it is su�cient to future work.

Unlike IRC safe distributions which have a unique ↵s

expansion, the formal perturbative accuracy of a Sudakov
safe distribution is ambiguous. First, there are di↵er-
ent choices for s that can regulate the singularities in

u. This is analogous to the choice of evolution variables
in a parton shower, as each choice gives a finite (albeit
di↵erent) answer at a given perturbative accuracy. Sec-
ond, the probability distributions p(s) and p(u|s) can be
calculated to di↵erent formal accuracies. Below we use
leading logarithmic resummation for p(s), but only work
to lowest order in ↵s for p(u|s). Thus, when discussing
the accuracy of p(u), one must specify the choice of s and
the accuracy of p(s) and p(u|s) separately.
We now study an instructive example that demon-

strates the complementarity of Sudakov safety and IRC
safety. This example is based on soft drop declustering
[3], which we briefly review. Consider a jet clustered with
the Cambridge-Aachen (C/A) algorithm [9, 10] with jet
radius R

0

. One can decluster through the branching his-
tory, grooming away the softer branch until one finds a
branch that satisfies the condition

min (pT1

, pT2

)

pT1

+ pT2

> z

cut

✓
R

12

R

0

◆�

, (7)

where 1 and 2 denote the branches at that step in
the clustering, pTi are the corresponding transverse mo-
menta, and R

12

is their rapidity-azimuth separation. The
kinematics of this branch defines the groomed jet radius
rg and the groomed momentum sharing zg,

rg =
R

12

R

0

, zg =
min (pT1

, pT2

)

pT1

+ pT2

. (8)

Because the C/A branching history is angular ordered,
it was shown in [3] that rg is IRC safe.
Our observable of interest is zg, and the angular ex-

ponent � determines whether or not zg is IRC safe. For
� < 0, zg is IRC safe, because zg > z

cut

for any branch
that passes (7); if this condition is never satisfied, the jet
is simply removed from the analysis. For � > 0, zg is IRC
unsafe, since measuring zg does not regulate collinear sin-
gularities. The boundary case � = 0 corresponds to the
(modified) mass drop tagger [5–7] which also has collinear
divergences, but we will show that it actually satisfies a
generalized version of IRC safety.
In our calculations, we work to lowest non-trivial order

to illustrate the physics, though we provide supplemen-
tal materials for the interested reader that include higher-
order e↵ects. (I removed a sentence here about sin-

gle emission, since that discussion is best left to

the supplemental. –jdt) We take the parameter z

cut

to be small, but large enough that ln z
cut

terms need not
be resummed, with z

cut

' 0.1 as a benchmark.
We now use the strategy in (3) to calculate the mo-

mentum sharing zg for all values of �, using the groomed
radius rg to regulate collinear singularities:

p(zg) =
1

�

d�

dzg
=

Z
drg p(rg) p(zg|rg) . (9)

finite conditional 
probability for rg>0

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

��� ��� ��� ��� ��� ��� ���
�

�

�

�

�

��

�
σ
�σ
���

�� �������������
�� = � ���� ��= ���

������� α� ���� α�
β = ����
β = ��
β = -����

As β varies, we move from an 
IRC safe situation (β<0) to IRC 
unsafe (but Sudakov safe!) 
regime (β>0)

If this procedure gives a finite result, zg is said Sudakov safe

Larkoski, Thaler (2013)
Larkoski, SM, Thaler (2015)

remarkable result at β=0
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Measuring zg

HIN-16-006

•now used as a probe for medium induced modification in heavy ion collisions
3

the anti-kT algorithm with R = 0.4 [28]. They are then
groomed using the soft-drop jet grooming procedure [25].
The parameters chosen in the CMS measurements are
β = 0 and zcut = 0.1. Another cut on ∆R12 > 0.1 is
imposed due to the detector resolution where ∆R12 is the
distance between the two branches in the pseudorapidity-
azimuthal angle plane. The requirement also effectively
selects jets with the branching angle greater than 0.1.
The groomed momentum sharing zg and its normalized
distribution

p(zg) =
1

Njet

dN

dzg
, (11)

are measured. The jets are selected with the following
cuts on the jet transverse momentum (pT ) and pseudora-
pidity (η): pT > 140 GeV and |η| < 1.3. The in-medium
momentum sharing modification is quantified by taking
the ratio of the zg distributions in proton-proton and
lead-lead collisions,

R
p(zg)
AA = p(zg)

PbPb
/

p(zg)
pp . (12)

The modification patterns are examined across a wide
range of pT bins with different collisional centralities.
FIG. 2 shows the result for the ratio of the momentum

sharing distributions of inclusive jets in 0-10% central
Pb+Pb and p+p collisions at

√
sNN = 5.02 TeV. We

consider two pT bins 140 GeV < pT < 160 GeV (up-
per panel) and 250 GeV < pT < 300 GeV (lower panel)
to study the modification pattern as a function of the
jet transverse momentum. The preliminary CMS data
shows a strong modification of the momentum sharing
distribution for jets with lower pT in central collisions,
and the modification decreases quite quickly when the
jet pT becomes higher. The red bands correspond to the
theoretical calculations with the variation of g = 2.0±0.2.
We find that the modification does decrease as the jet pT
increases. However, the pT dependence in our theory
calculation is not as strong as suggested in the prelimi-
nary CMS measurements, with the amount of modifica-
tion around zg = 0.5 underestimated in our calculation
for lower pT jets. For jets with higher pT , our calculation
is consistent with the preliminary CMS data within the
experimental uncertainties.
FIG. 3 shows the modification of the momentum shar-

ing distribution for inclusive jets in mid-peripheral lead-
lead collisions with centrality 30-50% at

√
sNN = 5.02

TeV. Here we only examine jets in the 140 GeV < pT <
160 GeV bin since the modification is larger for lower pT
jets. Both the CMS preliminary data and our calculation
show moderate modifications of the zg distributions, and
we are consistent with each other. The medium modi-
fication of the zg distribution decreases with collisional
centrality.
Predictions for the momentum sharing distribution ra-

tios for inclusive jets in proton-proton and central lead-
lead collisions at

√
sNN = 5.02 TeV are shown in FIG. 4.
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FIG. 2: Comparison of theoretical calculations and prelimi-
nary CMS data for the ratio of momentum sharing distribu-
tions of inclusive anti-kT R = 0.4 jets in central Pb+Pb and
p+p collisions at

√
sNN = 5.02 TeV. Jets are soft-dropped

with β = 0, zcut = 0.1 and ∆R12 > 0.1. Bands correspond
to the theoretical uncertainty estimated by varying the cou-
pling between the jet and the medium (g = 2.0± 0.2). Upper
panel: modification for jets with 140 GeV < pT < 160 GeV
and |η| < 1.3. Lower panel: modification for jets with
250 GeV < pT < 300 GeV and |η| < 1.3.
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FIG. 3: Comparison of theoretical calculations and prelimi-
nary CMS data for the momentum sharing modification of
inclusive jets in proton-proton and lead-lead collisions at√
sNN = 5.02 TeV. Shown are the same studies as in FIG.

2 for anti-kT R = 0.4 jets with 140 GeV < pT < 160 GeV
and |η| < 1.3 in mid-peripheral collisions. The same soft-drop
parameters are used to groom the jets.
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Figure 2. Comparison of Jewel+Pythia predictions (colored lines) with CMS data (black
markers) for the ratio of the subjet groomed momentum fraction distributions in central PbPb
to pp events. The low and high pT ranges are shown on the left and right respectively. The
bottom panels presents the ratio of the monte carlo predictions with data.
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FIG. 11. Soft-dropped distributions for zg using (left column) all particles and (right column) only charged particles. The MLL
distributions are the same in both panels and do not account for the switch to charged particles or the pmin

T = 1 GeV cut on
PFCs. The top row shows the linear distributions while the bottom row shows the logarithmic distributions. (Bin boundary
issue. –jdt)

C. Open Data Results

(cite fjcontrib, what version of the contrib? –
ajl) FastJet contrib v. 1.019 [178, 215]

We start in Fig. 9 with the full two-dimensional distri-
butions for p(zg, ✓g) from the Open Data, compared to
the MLL analytic results and the three parton showers.
All of the distributions show a peak at small values of
zg and ✓g, corresponding to the soft and collinear sin-
gularities of QCD. This structure is explained in more
detail in a companion paper [169]. In principle, the ✓g

distribution could extend all the way to ✓g ! 0, but it
is regulated by the perturbative form factor in Eq. (10),

nonperturbative hadronization corrections, as well as the
finite angular resolution of the CMS detector. Note the
expected cut at zg = zcut from the soft drop condition.
The zg = ✓g = 0 bin indicates jets which only have one
constituent after soft drop.

Because of the logarithmic nature of the soft/collinear
singularities of QCD, it is instructive to also plot p(zg, ✓g)
on a logarithmic scale, shown in Fig. 10. The overall qual-
itative structure is similar between the CMS Open Data
and the theory distributions, but there are visible di↵er-
ences especially when nonperturbative physics is impor-
tant. Specifically, in the parton shower generators there
is a strong peak around ✓g ' 0.1, which is suppressed in

Larkoski, SM, Thaler (2015)
Larkoski, SM, Thaler, Tripathee, Xue (soon)

1

�

d�

dzg
=

P i(zg)
R 1/2
zcut

dz P (z)
⇥(zg � zcut) +O(↵s)
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Thank you !

and Merry Christmas !


