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Jets at the LHC

• Internal structure of jets resolved due to excellent detector resolution.

• Electroweak scale objects, W /Z/H or t can have sufficiently high pT
to appear inside a jet.

• Revolutionizes the types of questions we can/must ask about jets:
=⇒ jets have substructure!
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Jet Substructure

Z0

• Jets now act as proxies for almost all SM particles!

• Jet substructure: measure properties (charge, energy, etc) of radiation
in a jet to extract information about its origin.
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Outline

• Modern Observables and Applications

• Analytic Calculation of Groomed D2

• Convolved Substructure
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Modern Observables and Applications
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Substructure Observables

• A huge number of observables have been proposed over the years.

• Would like a common framework for jet substructure observables:

FN(P) =
∑

Ei1 · · ·EiN fN(p̂i1 , · · · , p̂iN )

• Known that from this one can reconstruct any IRC safe observable.

• Is this useful for jet substructure?
=⇒ Need to choose a basis.

• Linear in the energies by Infrared and
Collinear (IRC) safety.

• fN is symmetric, and fN → 0 if p̂i ||p̂j
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Generalized Energy Correlation Functions

ie
(β)
j =

1

pjTJ

∑

1≤n1<···<nj≤n
pTn1pTn2 . . . pTnj min

(
i∏

s,t

Rβst

)

1e
(β)
3 =

1

p3TJ

∑

1≤i<j<k≤nJ

pTipTjpTkmin
[
Rβij ,R

β
ik ,R

β
jk

]
,

2e
(β)
3 =

1

p3TJ

∑

1≤i<j<k≤nJ

pTipTjpTkmin
[
Rβij R

β
ik ,R

β
ij R

β
jk ,R

β
ikR

β
jk

]
,

3e
(β)
3 =

1

p3TJ

∑

1≤i<j<k≤nJ

pTipTjpTkR
β
ij R

β
ikR

β
jk = e

(β)
3

• Example: Three different ways to probe three particle correlations.

General Energy Correlation Functions

• Flexible basis for substructure observables.

Rij =
√

∆y2
ij + ∆φ2ij

[IM, Necib, Thaler]

KEK PH February 14, 2018 7 / 43



Power Counting Observables

• How can we combine these observables to identify features of a jet?

• Example: Boosted W /Z/H discrimination:

R

Z0

1 Write down Effective Field Theory (EFT) description of each
configuration.

2 Identify region of validity of EFTs in terms of observables ie
(β)
j .

3 Shared boundaries define how to separate.
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Power Counting Observables: D2

• Consider using e
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2 , e
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3 .

• Phase space separated by contours of D
(β)
2 : e

(β)
3 = D

(β)
2

(
e
(β)
2

)3

��� ��� ��� ��� ���
����

����

����

����

����

����

����

��
(�)

��
(�)

�������� �� 	�
(�)

jet axis

R

Soft Haze

jet axis

R

Collinear Subjets

(
e
(β)
2

)3
< e

(β)
3 <

(
e
(β)
2

)2
e
(β)
3 <

(
e
(β)
2

)3

KEK PH February 14, 2018 9 / 43



Phase Space
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Summarizing the Observables
• D2 part of a larger family of observables that can be designed for a

variety of purposes.

• Focus on W /Z/H:
Power Counting
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The Shape of Jets at the LHC: D2

• D2 is default tagger for ATLAS.
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The Shape of Jets at the LHC: N2

• N2 used by CMS.
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Figure 6: Distribution of 𝑁2𝐷𝐷𝑇 with a 26% transformation after the full AK8 event 
selection is applied. An overall normalization of 0.89 is applied to each MC sample to 
normalize the MC yield to the data yield.
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Figure 8: Distribution of 𝑁2𝐷𝐷𝑇 CA15 event selection is applied. An overall normalization 
of 0.94 is applied to each MC sample to normalize the MC yield to the data yield.

N2 on QCD Jets N2 on W Jets

A Stable Observable: N2

• Design observable N
(�)
2 =

2e
(�)
3

(e
(�)
2 )2

⇣ ⌘3
with a fixed

endpoint.

��� ��� ��� ��� ���
����

����

����

����

����

����

����

��
(β)

���
(β)

�������� �� ��
(β)

�-
��
��
��-
��
��
�

��� ��� ��� ��� ���
����

����

����

����

����

����

����

��
(β)

��
(β)

�������� �� ��
(β)

�-
��
��
�

�-
��
��
�

N
(�)
2 Phase SpaceD

(�)
2 Phase Space

[IM, Necib, Thaler]

KEK PH February 14, 2018 13 / 43



Canonical Applications: High Mass Resonances
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W

• Canonical substructure application: Heavy resonance search

• Substructure only used as a tagger: “yes/no”
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Canonical Applications: High Mass Resonances
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Figure 5: Post-fit signal region m(WV ) distributions in the DY category. Event failing the VBF selection are assigned
to this category. The merged high-purity (HP) sample of WW (a) and W Z (b) events, the merged low-purity (LP)
sample of WW (c) and W Z (d) events and the resolved (Res.) sample of WW (e) and W Z (f) events are presented.
The background expectation is shown after the profile likelihood fit to the data and signal expectations are overlaid.
The HVT Model A signal at 2000 GeV is presented for the merged analysis, while the 500 GeV signal is shown in
the resolved topology. The band denotes the statistical and systematic uncertainty on the background after the fit to
the data. The lower panels show the ratio of the observed data to the SM background estimation. In all regions, the
overflow events are included in the last bin. 17
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Figure 3: The mJJ distributions in the VH signal regions for data (points) and background estimate (histograms)
after the likelihood fit for events in the (left) 2-tag and (right) 1-tag categories. The pre-fit background expectation
is given by the blue dashed line. The expected signal distributions (multiplied by 50) for a V 0 boson with 2 TeV
mass are also shown. In the data/prediction ratio plots, arrows indicate o↵-scale points.

a ⇠ 60% overlap of data between the WH and ZH selections for both the 2-tag and 1-tag signal regions,
and this fraction is approximately constant as a function of mJJ.

8.1 Statistical Analysis

To determine if there are any statistically significant local excesses in the data, a test of the background-
only hypothesis (µ = 0) is performed at each signal mass point. The significance of an excess is quantified
using the local p0 value, the probability that the background could produce a fluctuation greater than or
equal to the excess observed in data. A global p0 is also calculated for the most significant discrepancy,
using background-only pseudo-experiments to derive a correction for the look-elsewhere e↵ect across the
mass range tested [55]. The largest deviation from the background-only hypothesis is in the ZH signal
region, occurring at mJJ ⇠ 3.0 TeV with a local significance of 3.3 �. The global significance of this
excess is 2.2 �.

The data are used to set upper limits on the cross-sections for the di↵erent benchmark signal processes.
Exclusion limits are computed using the CLs method [56], with a value of µ regarded as excluded at the
95% CL when CLs is less than 5%.

12

• Particular interest in possibility of high mass resonances decaying to
dibosons: WW , WZ , HZ , γγ, γZ , · · ·

WZ Diboson Invariant Mass
WH Diboson Invariant Mass

Using [Larkoski, IM, Neill]
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Canonical Applications: Dark Matter Searches

�
�̄

Low Mass Searches

q

q̄

�̄
�

Z
Z

BCTP Retreat September 9, 2016 2 / 2

Jesse Thaler — Using Jets and QCD to Boost the Search for New Physics 11

ATLAS:  Dark Matter plus Higgs Search

q

q̄
Z

′ h

A
χ

χ̄

[ATLAS, 1609.04572; using Krohn, JDT, Wang, 0912.1342] 
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•
•

H candidate 
    anti-kt R = 1.0, pT > 250 GeV	
    trimmed jet mass as discriminant	
    double b-tagging via R = 0.2 track jets

Missing Energy 
    ET > 500 GeV in merged analysis	
    (+ separate resolved analysis)

Jesse Thaler — Using Jets and QCD to Boost the Search for New Physics

ATLAS:  Dark Matter plus Higgs Search

12

[ATLAS, 1609.04572; using Krohn, JDT, Wang, 0912.1342] 
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• Dark Matter Searches:
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Applications: Vector Like Quark Searches

• Searches for vector like quarks:
pp → TT →WbWb
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Figure 5: Expected (top) and observed (bottom) 95% CL lower limits on the mass of the T quark in the branching-
ratio plane of B(T ! Wb) versus B(T ! Ht). Contour lines are provided to guide the eye. The markers indicate
the branching ratios for the SU(2) singlet and doublet scenarios with masses above ⇠0.8 TeV, where they are
approximately independent of the VLQ T mass. The white region is due to the limit falling below 500GeV, the
lowest simulated signal mass.
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Limits on VLQ Mass

Using [Larkoski, IM, Neill]
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Next Generation of Substructure Searches

Z0

10 6 Results
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Figure 6: Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to
1000 GeV. Data are shown as black points. The multijet background prediction, including
uncertainties, is shown by the shaded bands. Contributions from the W and Z boson, and top
quark background processes, and a hypothetical Z0 boson signal at a mass of 135 GeV are also
indicated. In the bottom panel, the ratio of the data to the background prediction, including
uncertainties, is shown. The scale on the x-axis differs for each pT range due to the kinematic
selection on r.

• Beyond tagging: Look at distributions measured on a tagged jet

• Rely on detailed behavior of the QCD aspects of the substructure
observables!

Tagged Jet Mass

N2

Using [IM, Necib, Thaler]

KEK PH February 14, 2018 18 / 43



Low Mass Searches

Z0

2DIJETS

7
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Figure 3: Observed 95% CL upper limits on sBA for a narrow resonance decaying to gluon-
gluon final states (open circles), quark-gluon final states (solid circles), and quark-quark final
states (open triangles) compared with theoretical predictions for various resonance models.
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Figure 4: Observed 95% CL upper limits on the coupling gB of a hypothetical leptophobic
resonance Z0

B ! qq [21] as a function of its mass. The results from this study are compared to
results obtained with similar searches at different collider energies [14, 21].

A CLASSIC PROGRAM AT HADRON COLLIDERS

MANY MODELS FOR NEW PHYSICS INCLUDE DIJET RESONANCES

H
EP-EX/1604.08907

L ⇠ gB

6
Z0

B,µq̄gµq

• Why is this useful? Low masses (scales) hard to probe at LHC due to
triggers, backgrounds, etc.

Limits on Light Z ′
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Low Mass Searches

• Jet substructure can probe low scales within a high energy jet.

• Interesting region of parameter space currently unconstrained.

2DIJETS
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Figure 3: Observed 95% CL upper limits on sBA for a narrow resonance decaying to gluon-
gluon final states (open circles), quark-gluon final states (solid circles), and quark-quark final
states (open triangles) compared with theoretical predictions for various resonance models.
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Low Mass Searches

Z0

• Low mass Z ′ search in dijet channel.

10 6 Results
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Figure 6: Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to
1000 GeV. Data are shown as black points. The multijet background prediction, including
uncertainties, is shown by the shaded bands. Contributions from the W and Z boson, and top
quark background processes, and a hypothetical Z0 boson signal at a mass of 135 GeV are also
indicated. In the bottom panel, the ratio of the data to the background prediction, including
uncertainties, is shown. The scale on the x-axis differs for each pT range due to the kinematic
selection on r.

• Find Z ′ = Z/W !

• Probe new low mass, low x-sec region of parameter space!
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Modern Substructure Analyses

Lina Necib, Planning for the Future, Fermilab

Stability

11/30/164

[Dolen, Harris, Marzani, Rappoccio, Tran 1603.00027]

Use more stable substructure observables  
leads to improved performance. For 
example, DDT.

• Highly non-trivial from QCD perspective!

• Requires improved understanding of substructure observables.
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Analytic Calculation of Groomed D2

[Larkoski, IM, Neill]
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D2

• Cross section for D2 computed by marginalization:

dσ
dD2

=
∫
de
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2 de
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(e
(α)
2 )3
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3

• For each value of D2 contour of integration passes through singular
region of phase space =⇒ not computable in fixed order
perturbation theory, resummation necessary!
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EFTs for Jet Substructure

• Can understand all orders structure using Effective Field Theories.

• Dynamics of subjets iteratively integrated out and replaced by sources
(Wilson lines)
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⇣
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Collinear Subjets

• Powerful approach to describe complicated situations.

• Extensions of SCET involving additional modes/ hierarchies.
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EFTs for Jet Substructure

• Tile the multi-differential phase space with EFTs
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• At NLO involves both:
• Single emission off two resolved sources.
• Three unresolved particles.
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Analytic Boosted Boson Discrimination at the LHC

p

p

• Difficulties in substructure calculations for pp:

• Global color correlations

• Hadronization corrections

• Pile-Up

• Underlying event

R RGroom

• All complications associated with soft radiation.

• Groomers remove soft radiation
=⇒ Makes calculations simpler and more universal.
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Soft Drop Grooming

• Experimentally, a groomer is used to remove soft contamination.

• Soft Drop: Recurse through a Cambridge-Aachen clustering tree and
remove particles that fail the condition:

Jesse Thaler — Aspects of Jets from First Principles 16

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

Jesse Thaler — Aspects of Jets from First Principles 17

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]

R R

min[pTi , pTj ]

pTi + pTj
> zcut

• Loosely speaking, reduces a jet to its collinear core.

• Any IRC safe observable measured on a groomed jet is IRC safe.

[Larkoski, Marzani, Soyez, Thaler]
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Analytic Boosted Boson Discrimination at the LHC

p

p

• (It can be shown that) Grooming removes all color correlations.

• Jet can be considered in isolation!

• Enables calculations in complicated LHC environment.

= fg

+fq
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Perturbative Behavior

• Perturbative behavior is complicated.

• Matching coefficient to two-Wilson line
operators exhibits interesting behavior.

• “Groomed Soft Current”:

• Will appear generally for groomed multi-prong observables.

γHs = − (2CF + CA) Γcusp[αs ] log
4µ2

ze2Q2
− αs

2π
β0

− αsCF

π
log

z2

z2cut
+
αs

π
(CF − CA)

Cl2(π
3

)

π

d2σIIbk
dz de2de3

= Hs(z , e2, zcut)Cs(e3)Jsc(e3)J(e3)
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Non-Perturbative Behavior

• Jet observables also receive non-perturbative corrections.
• Hadronization
• Underlying event

• For groomed two-prong observables, these are a property of the jet
itself, and arise only from hadronization!

• In pictures:

• As an operator statement:

Csi (e3) = tr〈0|T{Yi}δ(e3 − Ê3)ΘSDT̄{Yi}|0〉
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Non-Perturbative Behavior

• Non-perturbative effects exhibit a number of remarkable features
• Negligible contribution from MPI/Underlying Event
• Non-perturbative power corrections are suppressed by the jet mass
• Independent of quark or gluon nature of jet.

• Hadronization corrections for all jet masses described by a single
non-perturbative parameter that can be extracted from e+e−!
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Non-Perturbative Behavior
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• Contribution from MPI/Underlying Event completely negligible.

• Non-perturbative corrections are from hadronization within the jet.

Groomed D2

• Non-perturbative corrections depends only on quark/gluon fraction,
jet mass, and pT .
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Non-Perturbative Behavior

• Hadronization corrections incorporated via a shape function F (ε).

dσNP

dD2
=

∞∫

0

dεF (ε)
dσ

dD2

(
D2 −

ε

mJz
3/2
cut

)

• Can be expanded in moments for ΛQCD � mJD2

• Hadronization shifts the first moment of the D2 distribution by

• Here ΩD ∼ ΛQCD is a universal
parameter that can be extracted
from e+e−.

NP Shift
∆NP

D =
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Non-Perturbative Behavior
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• Non-Perturbative correction controlled by perturbative jet mass
=⇒ behaves like a (boosted) event shape with Q = mJ !

NP Parameter Extraction

First Moment Shift

∆NP
D =
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cut

dσNP
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)
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Analytic Boosted Boson Discrimination at the LHC
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• Calculation of groomed D2 at the LHC.

Groomed D2 Distribution Discrimination Power

• Analytic understanding of modern jet substructure tools at LHC!
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Convolved Substructure
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[IM, Nachmann, Neill]
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Low Mass Searches

• Stability improved using
• Grooming
• Decorrelation of first moment (DDT)

10 6 Results
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Figure 6: Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to
1000 GeV. Data are shown as black points. The multijet background prediction, including
uncertainties, is shown by the shaded bands. Contributions from the W and Z boson, and top
quark background processes, and a hypothetical Z0 boson signal at a mass of 135 GeV are also
indicated. In the bottom panel, the ratio of the data to the background prediction, including
uncertainties, is shown. The scale on the x-axis differs for each pT range due to the kinematic
selection on r.

[Dolen, Harris, Marzani, Rappoccio, Tran (CMS)]
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• Dependence on mass currently one of
the primary difficulties.
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Convolved Substructure
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• Use derived factorization formula to decorrelate the D2 distribution.

• Mass dependence of perturbative and non-perturbative components
understood analytically.

• Use convolution with a “shape” function to take to a reference mass:
Convolved Substructure (CSS)

FCSS(m1,m2) = F−1
NP (m1) ⊗ FP(m1,m2) ⊗ FNP(m2)

dσCSS

dD2
=

∞∫

0

dεFCSS(ε)
dσ

dD2
(D2 − ε)
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Convolved Substructure: Z ′ → qq̄

� � � � �
����

����

����

����

����

����

������� ��

�
��
��
��
�
�
��
��
��
��
�� �� ∈ [��� ��] ���

�� ∈ [���� ���] ���
�� ∈ [���� ���] ���
�� ∈ [���� ���] ���
�� ∈ [���� ���] ���

������� �� ��������
� = ���� ���� = ���� ���> � ���

��
���

� � � � �
����

����

����

����

����

����

������� ��
�
��
��
��
�
�
��
��
��
��
�� �� ∈ [��� ��] ���

�� ∈ [���� ���] ���
�� ∈ [���� ���] ���
�� ∈ [���� ���] ���
�� ∈ [���� ���] ���

������� �� ��� ��������
� = ���� ���� = ���� ���> � ���

��
���

• Test CSS for light Z ′ → qq̄ search.

Standard D2 CSS D2

• Complete decorrelation of shape over wide range of masses.

• Currently being tested by ATLAS and CMS.

• Exploits detailed pert + non-pert behavior.
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Conclusions

• Jet substructure provides novel ways
to test the SM and to search for
new physics at the LHC.

• Analytic calculations are a catalyst for
further improvements in jet
substructure.

• Substructure entering next level of
sophistication.
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Conclusions

• Shameless plug of our review on jet substructure:
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Thanks!
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