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The study of jets has been used to test perturbative QCD, to probe proton 
structure and to search for New Physics

?

How about the jet substructure in heavy-ion collisions? 
Our work provided 


the first predictions for the modification of the resumed substructure for light 
jet
the first predictions for the jet substructure of heavy-flavor tagged jet in the 
vacuum and medium
unique results for the mass dependence of b-jet and a novel way to study the 
b-quark mass effect in heavy ion collisions.

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

Jets
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Jet Splitting Function

Defined as a two-prong substructure 

1 ! 2 splitting processOne way to do this is to use Soft-Drop decluttering 

 An early hard splitting will result in two partons 
with high transverse momentum.

Subjet 1

Subjet 2

Original jet with radius R0

Undo last stage of C/A clustering

zg =
min(pT1, pT2)

pT1 + pT2
Define

If                         redefine j to be the harder 
one,  else we have the two-prong subjets 

zg < zcut

✓
�R12

R0

◆�
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Splitting functions in medium

STAR Collaboration 2107

The interactions of the outgoing partons with the hot and dense QCD medium, may 
change the jet splitting functions relative to the simpler proton-proton case 

The modification of zg distribution in heavy ion collisions has been measured at the 
LHC and RHIC

CMS Collaboration 2017
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A LO study for light jet (Chian, Vitev, 
2016)
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Energy loss approach by Mehtar-Tani 
and Tywoniuk 2016 
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Energy loss approach by Mehtar-Tani 
and Tywoniuk 2016 
           


 

Based on the higher twist formalism (Chang et al 2017)
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Based on the higher twist formalism (Chang et al 2017)


Monte-Carlo related study: 

Milhano et al 2017, Lapidus and Oliver 2017
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Resummation
Why resummation

 Jet splitting function 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 

 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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Vacuum splitting functions

✓
dNvac

dzgd✓g

◆

j

=
↵s

⇡

1

✓g

X

i

P vac
j!īi(zg) .

The soft-drop groomed joint distribution is dominant by the first splitting

P vac
q!qg(z) = CF

1 + (1� z)2

z
,

P vac
g!gg(z) = 2CA

✓
1� z

z
+

z

1� z
+ z(1� z)

◆
,

P vac
g!qq̄(z) = TR

�
z2 + (1� z)2

�
,

 At the lowest non-trivial order the splitting functions are

These splitting functions have been widely used in many applications

0 < ✓g =
�R12

R0
< 1

✓
dNvac

dzd2k?

◆

Q!Qg

=
↵s

2⇡2

CF

k2
? + z2m2

✓
1 + (1� z)2

z
� 2z(1� z)m2

k2
? + z2m2

◆

✓
dNvac

dzd2k?

◆

g!QQ̄

=
↵s

2⇡2

TR

k2
? +m2

✓
z2 + (1� z)2 +

2z(1� z)m2

k2
? +m2

◆
The dependence on z and 
kT does not factorize.
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Massless partons: Ovanesyan and Vitev 2011

�7

Medium corrections to splitting functions
Calculated in the framework of soft-collinear effective theory with Glauber gluon 
interactions  
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Massless partons: Ovanesyan and Vitev 2011

�7

Medium corrections to splitting functions

Massive partons: Kang et al 2016

Calculated in the framework of soft-collinear effective theory with Glauber gluon 
interactions  

See the work arXiv:1807.03799 for the method for the calculation up 
to any order of opacity.



/21�8

Applications

Modification of fragmentation 
functions for gluon and quark

Kang et al 2014
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Applications

Modification of fragmentation 
functions for gluon and quark

Kang et al 2014

Modification of jet shape

Chien et al 2015
Kang et al 2016

Nuclear modification factor RAA 
for D0 meson (massive)

The nuclear modification factor RAA 

Kang et al 2017

……
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Resummation formalism
Resummed splitting kernels in the vacuum

dNvac,MLL
j

dzgd✓g
=
X

i

✓
dNvac

dzgd✓g

◆

j!īi

exp

"
�
Z 1

✓g

d✓

Z 1/2

zcut

dz
X

i

✓
dNvac

dzd✓

◆

j!īi

#

| {z }
Sudakov Factor

The MLL resummation for light jet to  modified leading-logarithmic (MLL) accuracy, 

Larkoski et al 2015

MLL includes running coupling effects and subleading terms in the splitting functions 
compared to LL resummation.

dNFO

j

dzgd✓g
is divergent when ✓g ! 0 Collinear singularities

is not well-defined at any fixed perturbative orderdNF
j

dzg but is well defined if we resum logs to all order
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Theoretical formalism
Resummed splitting kernels for heavy flavors
Suppose that we can distinguish the splitting process involving heavy flavor 

dNvac,MLL
j

dzgd✓g
=
X

i

✓
dNvac

dzgd✓g

◆

j!īi

exp

"
�
Z 1

✓g

d✓

Z 1/2

zcut

dz
X

i

✓
dNvac

dzd✓

◆

j!īi

#

| {z }
Sudakov Factor

b ! bg
c ! cgFor formula is the similar with massless quark

p(✓g, zg)
��
g!QQ̄

=

⇣
dNvac

dzgd✓g

⌘

g!QQ̄
⌃g(✓g)

R 1
0 d✓

R 1/2
zcut

dz
�
dNvac

dzd✓

�
g!QQ̄

⌃g(✓)
,

g ! bb̄
g ! cc̄For the resumed distribution is 

Exponentiate all the possible contributions for gluon evolution  

Resummation changes the distribution a lot 
compared to LO results
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Results for light jet
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 Tripathee, et al 2017

In pp collisions uncertainties are generated by varying scales

 In heavy-ion collisions uncertainties are generated by varying scales and coupling 
(between medium and jet) independently.
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Our results are consistent with 
the ones from literature
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Results for light jet

The splitting function in the medium becomes steeper
MLL changes the modification by a few percent 
The modification is larger for small jet PT

The theoretical predictions are consistent with the measurements
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The trigged and recoiled jets in dijet production were used to measure 
the zg distribution in Au+Au collision at RHIC

�13

Results for light jet

Modification at the RHIC
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Results for light jet

Modification at the RHIC

Medium

Trigger jet
Recoil jet

In general the path for recoil jet in the 
medium is longer than the one for trigger jet. 
To compare with data this effect is included 
in our splitting functions.
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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

 Label two subjets (nc
1, n

c
2) (nb

1, n
b
2)

 If there is no b-quark or b-hadron
(nc

1, n
c
2) =

⇢
(1, 0) or (0, 1) c ! cg
(1, 1) g ! cc̄

(nb
1, n

b
2) =

⇢
(1, 0) or (0, 1) b ! bg
(1, 1) g ! bb̄

 If there is no c-quark or c-hadron

The other cases are ignored in the 
analysis during comparing with Pythia 
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Results for heavy flavor tagged jet
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Results for heavy flavor tagged jet

0

1

2

3

4

5

6

  gθ
1/

N
 d

N
/d

=5.02 TeV  pp NNs
|<1.3

jet
η R=0.4 |Tant-k

 < 160 GeV
T,jet

140 < p
=0.1

cut
=0  zβSoft-Drop  

bg→b
LO

Pythia-Parton

Pythia-Hadron

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 gθ 

0.6
0.8
1

1.2
1.4

 K
 fa

ct
or

  

0

1

2

3

4

5

6

  gθ
1/

N
 d

N
/d

=5.02 TeV  pp NNs
|<1.3

jet
η R=0.4 |Tant-k

 < 160 GeV
T,jet

140 < p
=0.1

cut
=0  zβSoft-Drop  

bg→b
MLL

Pythia-Parton

Pythia-Hadron

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 gθ 

0.6
0.8
1

1.2
1.4

 K
 fa

ct
or

  

LO and MLL predictions for b-tagged jet

The splitting kernel is zero after integration when kT is zero
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The splitting kernel is zero after integration when kT is zero

Non-perturbative 
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Results for heavy flavor tagged jet
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LO and MLL predictions for b-tagged subjets
Non-perturbative corrections

Huge Sudakov suppression in the small angle region

Dominated by wide-angle gluon splittings
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CMS is preparing to measure the double-b-taged gluon splittings

Figures from Slides by Kurt Jung at Quark matter 2018

Future Measurement
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Results for heavy flavor tagged jet

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.  
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Inverting the mass hierarchy in 
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Predict almost no jet momentum sharing

distribution modification
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Mass versus Energy

It is measurable at LHC
It is measurable at RHIC

As expected  the mass effect goes 
away when the jet energy is really high.

Even when pT ~ 100 GeV, there is 
sizable difference between the quark 
jet and b-jet
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Conclusions
 Presented the first predictions for jet splitting function in QCD 
medium

 Compared the MLL predictions with Pythia8 at pp collider

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

 Found an unique phenomenon about the mass effect in heavy ion 
collisions

This mass effect is measurable at both the RHIC and LHC 
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Results for heavy flavor tagged jet

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

LO and MLL predictions for b-tagged jet
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