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Pileup Sensitivity at 100 TeV

Recoil-free jet axes
Robustness to non-uniform pileup

Outline

Jet Grooming at 100 TeV
Soft-Drop Groomer

Improved mass resolution

New Standard Candles at 100 TeV
Sudakov Safe observables

αs-independence
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Event Generation and Showering:
Pythia 8.183

Jet Analysis:
FastJet 3.0.3

Event Samples

All algorithms and groomers are available in the 
NSubjettiness and RecursiveTools FastJet contribs

Particle level; no detector simulation

Born-level only; no fixed-order corrections
Sjöstrand, Mrenna, Skands 0710.3820

Cacciari, Salam, Soyez 1111.6097
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Pileup Sensitivity

Soft radiation:
Perturbative, ISR, UE, PU

Hard radiation/Fixed Order

Want to define jet axes robust to soft radiation in a jet:

Experiment Theory

Validation of pileup removal techniques

Robust to detector noise/resolution

Simplifies calculations of observables

Important for quark vs. gluon jet discrimination

Traditional jet axis definition: sum of constituent momenta
“Recoil-sensitive”

Banfi, Salam, Zanderighi 2004; AJL, Salam, Thaler 1305.0007

AJL, Neill, Thaler 1401.2158; see: CTW 1992 vs. DLMS 1997 
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∆R

pT

Recoil-Free Axes

“Mean Axis”

Affected by outliers

Defined by summing 
particles’ momenta

Equivalent to
thrust axis

min
t̂

X

i2J

pTiR
2
it̂

mean

Farhi 1977
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∆R

pT

Recoil-Free Axes

“Mean Axis”

Affected by outliers

Defined by summing 
particles’ momenta

Equivalent to
thrust axis

min
b̂

X

i2J

pTiRib̂min
t̂

X

i2J

pTiR
2
it̂

“Median Axis”

Unaffected by outliers

No closed-form
expression

Defined as
“broadening axis”

mean median

Georgi, Machacek 1977

Thaler, van Tilburg 1108.2701

AJL, Neill, Thaler 1401.2158
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Reminder: Components of jet algorithms

kT metric:

recombination 
scheme:

di = pnTiR
2
0dij = min

⇥
pnTi, p

n
Tj

⇤
R2

ij

pTJ = pTi + pTj

�J =
pTi�i + pTj�j

pTi + pTj

⌘J =
pTi⌘i + pTj⌘j
pTi + pTj

E/pT-Scheme pT
2-Scheme

pTJ = pTi + pTj

�J =
p2Ti�i + p2Tj�j

p2Ti + p2Tj

⌘J =
p2Ti⌘i + p2Tj⌘j

p2Ti + p2Tj

Winner-Take-All Scheme

pTJ = pTi + pTj

�J =

(
�i, pTi > pTj

�j , pTj > pTi

⌘J =

(
⌘i, pTi > pTj

⌘j , pTj > pTi

Ubiquitous

Sensitive to recoil from 
soft, wide angle emissions

Option in FastJet

Less sensitive to recoil

New, simple to implement

Insensitive to recoil

AJL, Neill, Thaler 1401.2158
Salam, unpublishedCatani, Dokshitzer, Seymour, Webber 1993

Butterworth, Couchman, Cox, Waugh 2002
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Jet Axis Sensitivity to Pileup

�R

no PU jet

PU jetNPV E-scheme WTA

10 0% 89%

50 0% 76%

ΔR = 0

NPV E-scheme WTA

10 82% 92%

50 53% 81%

ΔR < 0.1

larger = more robust to pileup

��� ��� ��� ��� ��� ���
�

�

��

��

��

�
�

	�
	��

�-������ ���� 	�
�� (
�� ��� ��)
�� = ���� �� > �� ��	


�� = ��

�� = ��

�� = ��

�� = ��

�� = ��

��� ��� ��� ��� ��� ���
�

��

��

��

	�

�


�
�

��
��


��� ���� ��	
� (�

 ��� ��)
�� = ���� �� > �� ��	


�� = ��

�� = ��

�� = ��

�� = ��

�� = ��



11

Non-Uniform Pileup Sensitivity

R0

Jet Axis
(WTA or AKT)

e2 = τ: jet thrust/mass

e1 = b: jet broadening/width/girth
eα < eβ for α > β

� ⌘ e� � ↵+ 2

� + 2
e↵

e� =
X

i2J

pTi

✓
Ri

R0

◆�

Berger, Kucs, Sterman 0303051

� = b� 4

3
⌧

Insensitive to uniform pileup
b gets contributions from pileup over an
area of the jet that is 4/3 larger than τ

Soyez, Salam, Kim, Dutta, Cacciari 2012

E.g.,
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Pileup Sensitivity

NPV E-scheme WTA

0 6.3 4.2

30 8.1 4.5

50 8.8 4.7

⟨Δ⟩

NPV E-scheme WTA

0 14.5 11.3

30 19.2 13.5

50 23.7 15.8

⟨Δ2⟩-⟨Δ⟩2

40% drift
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Jet Grooming
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log

1

z
soft

collinear

soft-collinear

trim
med

log

R0

✓

~1
z << 1

𝜃
broadening axis

S(z, ✓)dz d✓ = 2
↵s

⇡
CF

d✓

✓

dz

z

Trimming: Krohn, Thaler, Wang 0912.1342

Pruning: Ellis, Vermilion, Walsh 0912.0033

Filtering: Butterworth, Davison, Rubin, Salam 0802.2470



Jet Grooming
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Rsub

Trim

log

1

z
soft

collinear

soft-collinear

trim
med

log

R0

✓log

R0

Rsub

log

1

zcut

Trimming: Krohn, Thaler, Wang 0912.1342

Pruning: Ellis, Vermilion, Walsh 0912.0033

Filtering: Butterworth, Davison, Rubin, Salam 0802.2470
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1 Introduction

The study of jet substructure has significantly matured over the past five years [? ? ? ],

with numerous techniques proposed to tag boosted objects [], distinguish quark from gluon

jets [], and mitigate the e↵ects of jet contamination []. Many of these techniques have found

successful applications in jet studies at the Large Hadron Collider (LHC) [? ? ? ? ], 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 [? ? ? ? ? ? ] as well as

more sophisticated substructure techniques [? ? ? ? ? ? ? ? ]. Recently, Refs. [? ? ]

considered the analytic behavior of three of the most commonly used jet tagging/grooming

methods—trimming [? ], pruning [? ? ], and mass drop tagging [? ]. Focusing on groomed

jet mass distributions, this study showed how their qualitative and quantitative features

could be understood with the help of logarithmic resummation. Armed with this analytic

understanding of jet substructure, the authors of Ref. [? ] developed the modified mass drop

tagger (mMDT) which exhibits some surprising features in the resulting groomed jet mass

distribution, including the absence of Sudakov double logarithms, the absence of non-global

logarithms [? ], 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. [? ], 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

1
The soft drop procedure takes some inspiration from the “semi-classical jet algorithm” [? ], 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 –

For a jet with two particles:

β = ∞
no grooming

β > 0
soft, wide angle removed

some soft-collinear removed

β = 0
all soft emissions removed

β < 0
all soft and collinear 
emissions removed

log

1

z
soft

collinear

soft-collinear

log

1

zcut

log

R0

✓

� > 0

� = 0

� < 0

soft d
ropped

modified Mass Drop limit

Jet Grooming: Soft Drop
AJL, Marzani, Soyez, Thaler 1402.2657

Dasgupta, Fregoso, Marzani, Salam 
1307.0007 
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Recluster
with C/A

Remove if fails 
soft drop

Continue until 
branching passes Return jet

Jet Grooming: Soft Drop
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Soft-Drop Groomed Jet

Rg

Removes soft, wide angle radiation

Groomed jet radius is set by the 
dynamics of the jet, not externally

Jet Grooming: Soft Drop

log

1

z

collinear

soft-collinear

log

1

zcut

log

R0

✓log

R0

Rg

soft d
ropped
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Resonance Resolution
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New Standard Candles

Soft Drop
Grooming

Original jet: E0 Groomed jet: Eg

Measures the fraction of radiation removed 
by the soft drop groomer

Simple enough to be perturbatively calculable 

Could be measured to calibrate response 
of calorimeter to soft radiation

z
max

=
E

0

� Eg

E
0

Actually, defined as only depending on the energy 
of the first emission in the jet passing soft drop
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Taylor series about αs = 0
Infrared and collinear safe for β > 0

Calculable order-by-order in perturbation theory

Independent of αs and total jet color
Very weak scale dependence controlled by the (small) QCD β-function

IRC unsafe yet calculable when all-orders effects are included

AJL, Marzani, Soyez, Thaler 1402.2657

Energy loss distribution

⌃(z
max

) =

log z
cut

�Bi

log z
max

�Bi
+

⇡�

2Ci↵s(log zmax

�Bi)
2

⇣
1� e�2

↵s
⇡

Ci
� log

z
cut

z
max

(

log

1

z
max

+Bi)

⌘
AJL, Thaler 1406.7011

αs expansion:
⌃(z

max

) = 1� ↵s

⇡

Ci

�
log

2

z
cut

z
max

+O
 ✓

↵s

�

◆
2

!

β = 0: independent of αs!?⌃(z
max

)�=0

=

log z
cut

�Bi

log z
max

�Bi

Sudakov Safe Observable
AJL, Thaler 1307.1699
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New Standard Candles

1 TeV Jet: 10 GeV emission

20 TeV Jet: 200 GeV emission
Weak jet energy dependence

Weak jet flavor dependence

Distribution of zmax should be ~independent 
of jet sample energy and composition!
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New Standard Candles
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New Standard Candles

10!4 0.001 0.01 0.1 1
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

zmax

zmax
Σ

dΣ
dzmax

Gluon Energy Loss !100 TeV pp"
Β $ 0, R0 $ 0.5

pT % 1 TeV
pT % 2 TeV
pT % 5 TeV
pT % 10 TeV
pT % 20 TeV
LL

10!4 0.001 0.01 0.1 1
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

zmax

zmax
Σ

dΣ
dzmax

Quark Energy Loss !100 TeV pp"
Β $ 0, R0 $ 0.5

pT % 1 TeV
pT % 2 TeV
pT % 5 TeV
pT % 10 TeV
pT % 20 TeV
LL



25

New Standard Candles

soft
log

1

z

collinear

soft-collinear

log

1

zcut

log

R0

✓log

R0

Rg

soft d
ropped

zg

1

�

d�

dzg
=

P i(zg)
R 1/2
zcut

dz P i(z)

β = 0:

Measures the energy fraction of the emission
that passes soft drop groomer

Simple enough to be perturbatively calculable 

Easy to measure and not very sensitive to contamination

AJL, Marzani, Thaler 1502.xsoon

Independent of αs 
and total jet color

Distribution is literally the appropriate 
QCD splitting function

IRC unsafe yet calculable when 
all-orders effects are included
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New Standard Candles

Weak jet energy dependence

Weak jet flavor dependence

1 TeV Jet: 200 GeV emission

20 TeV Jet: 4 TeV emission
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Conclusions

Winner-take-all jet axis definition robust to ISR/UE/PU

Sudakov safe observables provide a unique probe into QCD dynamics

Can study the evolution of a weakly-coupled,
 near-CFT (QCD) over 3+ decades in energy

Jets at 100 TeV will teach us an enormous amount about the Standard Model
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Understanding
is just as interesting and important as

Discovery
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Back-Up Slides
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Jet Grooming
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New Standard Candles

1 TeV Jet: 10 GeV emission

20 TeV Jet: 200 GeV emission Strong jet energy dependence:
⟨ρ2⟩ ~ αs(pT R0)

Strong jet flavor dependence:
CA ⟨ρq2⟩ ~ CF ⟨ρg2⟩
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New Standard Candles
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New Standard Candles
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