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Introduction
Jet substructures at the LHC

2-prong jet:  Z jet or QCD jet

Larkoski et al 2017
1-prong jet:  Gluon or quark jet

Larkoski et al 2014

for a recent review see arXiv:1709.044643

Ratio of 2-prong and 3-prong: 
Top jet or QCD jet

Chien et al 2017

Jet Substructures provide new ways to search for new physics and to probe the Standard Model in extreme 
regions of phase space.
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Event display of a lead-lead collision with a large transverse momentum photon. The expected balancing 
jet is degraded by its passage through the QGP.

Jets are modified in heavy ion collisions
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Introduction

Event display of a lead-lead collision with a large transverse momentum photon. The expected balancing 
jet is degraded by its passage through the QGP.

The interaction between hard jets and the colored medium 
will lead to parton energy loss.

Studying this effect can help improve our understanding of 
the properties of the QGP.

Collisions of lead nuclei form the hot, dense medium 
known as the  QGP—conditions similar to those of the very 
early universe.

Jets are modified in heavy ion collisions
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Jet substructures in heavy ion collisions

Open angle between the two 2-subjettiness Measurements of fragmentation functions for jets

For example recent measurements
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We focus on two-prong substructure 
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An early hard splitting will result in two partons with high
transverse momentum.
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Information about these leading partonic components can be
obtained by removing the softer wide-angle radiation
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We focus on two-prong substructure 

1 ! 2 splitting process
This is done through the use of jet grooming algorithms that
attempt to split a single jet into two subjets, a process referred
to as “declustering”

Information about these leading partonic components can be
obtained by removing the softer wide-angle radiation
contributions
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An early hard splitting will result in two partons with high
transverse momentum.
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We focus on two-prong substructure 

1 ! 2 splitting process

One way to do this is to use Soft-Drop decluttering

This is done through the use of jet grooming algorithms that
attempt to split a single jet into two subjets, a process referred
to as “declustering”

Information about these leading partonic components can be
obtained by removing the softer wide-angle radiation
contributions
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Subjet 1

Subjet 2

Drop soft divergences systematically
All remaining particles in the jet must be 
collinear
The zg distribution is closely related to the 
QCD splitting function 

Original jet with radius R0

Larkoski et al 2014

Undo last stage of C/A clustering

If                                   redefine j to be the harder one

else we have the two-prong subjects 

zg =
min(pT1, pT2)

pT1 + pT2

zg < zcut

✓
�R12

R0

◆

Define
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Soft drop decluttering
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STAR Collaboration 2107

In heavy ion collisions the two color-charged partons produced from the first splitting propagate 
through the QGP, furnishing insight into the role of color coherence of the jet in the medium
The modification of zg distribution in heavy ion collisions has been measured at the LHC and RHIC

CMS Collaboration 2017
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Theoretical calculations for light jet 

The purpose of our work:

the predictions for the modification of the resumed substructure for light jet
the predictions for the jet substructure of heavy-flavor tagged jet in the vacuum and medium

MLL resummation in vacuum 

jet transport coefficient

depends on x and E

(Larkoski et al 2015, 2017. Tripathee et al 2017)

(Chien and Vitev 2016)

(Chang et al 2017)

(Milhano et al 2017, Lapidus and Oliver 2017)

Controls the strength of the modification

The jet-medium response and A Monte Carlo Study   

Modifications in medium  with the higher twist formalism

LO modifications in medium from SCETG

hard medium-induced gluon bremsstrahlung 
(Mehtar-Tani and Tywoniuk, 2016)
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Why resummation

 Momentum sharing distribution is not IR safe. We have to   
resum the logs or place a cut on the distance of two subjets 
 Resummation will change the distribution, especially  for gluon 
splitting into massive quarks (show the results later)

 Predominantly produced in the initial hard scatterings of partons in 
the incoming nuclei 

Why heavy flavor

 Interaction between the heavy quarks and the medium is sensitive 
to the medium dynamics

 Hard probes to study the full evolution of the medium created by 
relativistic heavy ion collisions

Gluon evolution 
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Theoretical formalism
Splitting functions in the vacuum

What is the difference with the splitting functions used in Pythia
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The dependence on z and kT does 
not factorize.
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Resummed splitting kernels

Suppose that we can distinguish the splitting process involving heavy flavor 
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Resummed splitting kernels

Suppose that we can distinguish the splitting process involving heavy flavor 
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Exponentiate all the possible contributions for gluon evolution  

Resummation changes the destribution
a lot compared to LO results

Gluon evolution 

Larkoski et al 2015
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Calculated in the framework of soft-collinear effective theory with Glauber gluon interactions  

Massless partons: Ovanesyan and Vitev 2011
Massive partons: Kang et al 2016
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Calculated in the framework of soft-collinear effective theory with Glauber gluon interactions  

Massless partons: Ovanesyan and Vitev 2011
Massive partons: Kang et al 2016

Modification in the mediumSplitting function in vacuum

b→bg E0=100 GeV
q→qg E0=100 GeV
b→bg E0=20 GeV
q→qg E0=20 GeV

0.05 0.10 0.50 1
0.01

0.05

0.10

0.50

1

5

10

x

x(
dN

/d
x)



Theoretical formalism
Splitting functions in the medium: Applications

14



Theoretical formalism
Splitting functions in the medium: Applications

14
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functions for gluon and quark

Kang et al 2014
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Theoretical formalism
Splitting functions in the medium: Applications

14

Modification of fragmentation 
functions for gluon and quark

Kang et al 2014

Modification of jet shape
Chien et al 2015

Jet fragmentation functions
Chien et al 2015

Kang et al 2016

Nuclear modification factor RAA 
for D0 meson (massive)

The nuclear modification factor RAA for 
heavy-ion collisions at the LHC

Kang et al 2017
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Results for light jet
Compare with papers
LO and MLL predictions for light jet— pp collisions
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 Tripathee, et al 2017

MLL is less steep than Pythia

Our results are consistent with 
the ones from literature

Uncertainty comes from scale 
variations 
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Results for light jet

 MLL changes the modification by a 
few percent 

Modification at the LHC

 The modification is larger for small 
jet PT

 The splitting function in the 
medium becomes steeper

 The theoretical predictions are 
consistent with the measurements
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Results for light jet

Medium


Trigger jet
Recoil jet

In general the path for recoil jet in the medium is 
longer than the one for trigger jet. 
This effect is included in our splitting functions.

Modification at the RHIC
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In order to compare with the predictions from PYTHIA

Subjet 1

Subjet 2

A recent study for charm and beauty quarks at 
colliders using Monte Carlo event generators 

see the work for details: Ilten et al 2017
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 If there is no c-quark or c-hadron

The other cases are ignored in the analysis 

Results for heavy flavor tagged jet
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Results for heavy flavor tagged jet
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LO and MLL predictions for b-tagged jet

The splitting kernel is zero after integration when kT is zero
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Results for heavy flavor tagged jet
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LO and MLL predictions for b-tagged jet

The splitting kernel is zero after integration when kT is zero

Non-perturbative corrections
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LO and MLL predictions for b-tagged jet

The splitting kernel is zero after integration when kT is zero

Non-perturbative corrections

smaller non-perturbative corrections
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LO and MLL predictions for b-tagged subjets

The splitting kernel is zero after integration when kT is zero

Non-perturbative corrections
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When the jet energy is high the mass effect is small. The heavy flavor tagged jet behaves
similar to the light jet in the medium.



0.5

1

1.5

) g
(z

pp
)/p g

(z
A

uA
u

p

=200 GeV  NNs
 R=0.4 Tant-k

0.1  MLL±g=2
 cg→c 
 bg→b 

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

gz

0.8

0.9

1

1.1

1.2

) g
(z

pp
)/p g

(z
A

uA
u

p

c c→g 
b b→g 

<30 GeVT,j10<P
=0.1

cut
=0  zβSoft-Drop  

22

Results for heavy flavor tagged jet

Corrections in medium
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Conclusions

 Presented the resummation formula for heavy-flavor tagged jet

 Compared the MLL predictions with Pythia8 at pp collider

 Compared the MLL modifications with measurements from CMS and STAR and found a 
good agreement within all the uncertainties

 Presented the modifications of the momentum sharing distributions for heavy flavor 
tagged jet

Heavy flavor tagged-jet may be better probes of the QGP properties 
than light jet.
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Back up
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Back up
Splitting function in medium
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