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Introduction
Jet substructures at the LHC

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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Infroduction

Jets are modified in heavy ion collisions

Po+Pb, snw = 5.02 TeV
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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.



Infroduction

Jets are modified in heavy ion collisions

ATLAS D imiamn
EXPERIMENT . rosi= 408 TeV Collisions of lead nuclei form the hot, dense medium

o3 known as the QGP —conditions similar to those of the very

2015-11-28 01:15:42 CEST

early universe.

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.

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.



Introduction

Jet substructures in heavy ion collisions
For example recent measurements
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Infroduction

We focus on two-prong substructure

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

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

e

2 This is done through the use of jet grooming algorithms that ! 9 splitt
attempt to split a single jet into two subjets, a process referred — SPUTTING process
to as "declustering”

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



Infroduction

Soft drop decluttering Larkoski et al 2014

Subjet 1

Subjet 2

Undo last stage of C/A clustering
Original jet with radius /7

min(pr1, pr2)

Define “9 = 171 + P12
2 Drop soft divergences systematically
L . . . AR
2 All remaining particles in the jet must be I 2 < Zew ( 7 12) redefine j to be the harder one
collinear 0
B The zg distribution is closely related to the else we have the two-prong subjects

QCD splitting function

v



Introduction

Splitting functions in medium

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
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Introduction

Theoretical calculations for light jet

¢ MLL resummation in vacuum "1‘\132”“’5 — al,y(z)In|cos
(Larkoski et al 2015, 2017. Tripathee et al 2017)

¢ LO modifications in medium from SCETG
(Chien and Vitev 2016)

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

¢ Modifications in medium with the higher twist formalism
(Chang et al 2017)

147 Jw, 14+ 2(1=2)

, / ,
2 \/ pr z(1 — z)

o 20¢ 4 , , T
predip 2y = 2 PYC(g) [ drg,(7)sin® | —
2 ( ; L) 7T'z'i ) \ ) ' 19( ) ‘ZTI

Jet transport coefficient

depends on x and E

¢ The jet-medium response and A Monte Carlo Study Pyy(z) = 2C. (l + fmed, l+f/ L2 (1 —2) — 3)
(Milhano et al 2017, Lapidus and Oliver 2017) ' o '
The purpose of our work: Controls the strength of the modification
g

¢ 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
9



Introduction

Theoretical calculations for light jet
¢ MLL resummation in vacuum

Larkoski et al 2015, 2017. Tripathee et al 2017
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¢ hard medium-induced gluon bremsstrahlung

(Mehtar-Tani and Tywoniuk, 2016) - f\ el
| ransportT C nclen
¢ Modifications in medium with the higher twist formalism Jet Transport coefyicie
(Chang et al 2017) depends on x and E
¢ The jet-medium response and A Monte Carlo Study P (2) = 2C, (1 + frned L1t fied (12 2)

(Milhano et al 2017, Lapidus and Oliver 2017)

2 x 1 —2

The purpose of our work: Controls the strength of the modification

¢ 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
9



Introduction

Why resummation

2> Momentum sharing distribution is not IR safe. We have to
resum the logs or place a cut on the distance of two subjets

2> Resummation will change the distribution, especially for gluon
splitting into massive quarks (show the results later)

Why heavy flavor

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

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

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

10
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Theoretical formalism

Splitting functions in the vacuum

dNV2C e Cr 1+ (1—2)% 2z(1—2)m?
dzd’ky ) 0, 272 k7 4 22m? 2 k2 + 22m?2 The dependence on z and K1 does
( dNVac > as, Thr ( > (11— 2)? 22(1 — Z)m2> not factorize.
p— z — 2z I
dzd?k | 400 212 k% + m? k? + m?

What is the difference with the splitting functions used in Pythia

2
KLdE for Q — Qg

An?2 dm?, - k9 +2zm?
Dy = —290 kL —0
D me. = ? 2 _

kﬁ_ +1m2
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Theoretical formalism

Splitting functions in the vacuum
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Theoretical formalism

Resummed splitting kernels Larkoski et al 2015

Suppose that we can distinguish the splitting process involving heavy flavor

b — bg . o .
For formula is the similar with massless quark

C — Cg

dNYaC’MLL AN Vac i 1 1/2 AN Vac ]
J — — | db / d
Sudakov Factor
s bb L

For g _ the resumed distribution is

g — cC

d N Vac ) Z 9

1 1/2 vac
fy d0 [2/% dz (D5) o Sa(0)

12



Theoretical formalism

Resummed splitting kernels Larkoski et al 2015

Suppose that we can distinguish the splitting process involving heavy flavor ﬁ
666665655%
b — bg . - .
For formula is the similar with massless quark
C — Cg
dN;aC’MLL AN vac ] 1 1/2 AN Vac ]
dzgd0, :; (dzgd99>j—>z'z‘ o __ /Gg ” ‘/zcut dz; ( dzdf >j—>’ii_ mmmé
Sudakov Factor \
g bb d distribution i -
For g — ce e resumed distriburion Is Gluon evolution
0 2 (O?ZZZZ)WQQ Resummation changes the destribution
p 997 Zg 5 vac : )
R R IC.— WS) a lot compared to LO results

Exponentiate all the possible contributions for gluon evolution
12



Theoretical formalism

Splitting functions in the medium

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

2

+ @ <

AN N
dzd?ky ), \dzd?ky. )

Massless partons: Ovanesyan and Vitev 2011
Massive partons: Kang et al 2016 13



Theoretical formalism

Splitting functions in the medium

Calculated in the framework of soft-collinear effective theory with Glauber gluon interactions
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Massless partons: Ovanesyan and Vitev 2011
Massive partons: Kang et al 2016 13



Theoretical formalism

Splitting functions in the medium

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

Splitting function in vacuum Modification in the medium
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Splitting functions in the medium: Applications
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Theoretical formalism

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

Splitting functions in the medium: Applications
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Theoretical formalism

Splitting functions in the medium: Applications
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Theoretical formalism

Splitting functions in the medium: Applications
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Theoretical formalism

Splitting functions in the medium: Applications
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Compare with papers

Results for light jet

LO and MLL predictions for light jet— pp collisions

8 .
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.} CMS 2010 Open Data 1

4 MLL is less steep than Pythia

4 Our results are consistent with

the ones from literature

4 Uncertainty comes from scale

variations



PbPb/pp

PbPb/pp

Results for light jet

Modification at the LHC

jet Pr

1.2

0.8
0.6
0.4

2 The theoretical predictions are
consistent with the measurements
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0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5

Zg Zg Zg
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Results for light jet

Modification at the RHIC

@:200 GeV —m— AuAuData _
Recoil Jet 10<P, <20 GeV 1 pp Data

SOft-Dl’Op B=0 Zcut=0°1 - PP MLL

1/N dN/dz,
AN
I | I

- g=210.1
2—STAR Preliminary Data

Recoil jet

Trigger jet

In general the path for recoll jet in the medium is
longer than the one for trigger jet.

This effect is included in our splitting functions.
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Results for heavy flavor tagged et

In order to compare with the predictions from PYTHIA

Label two subjets (ni,ng) (n?,ng)

Subjet 1 2 If there is no b-quark or b-hadron

. c ey {(1,0)0r (0,1) ¢—cg
Subjet 2 (n17n2) T <\(17 1) g — cC

2 If there is no c-quark or c-hadron

(1,0) or (0,1) b — bg
1,1

b by _ d
("1177’/2)—<(7 ) g — bb

A recent study for charm and beauty quarks at
colliders using Monte Carlo event generators The other cases are ignored in the analysis

see the work for details: llten et al 2017

18



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

6 6r ]
- [sxn=5-02 TeV pp b—bg . . \Syn=3-02 TeV pp b—bg -
5F ant-k, R=0.4 In _I1<1.3 o - 51— ant-k, R=0.4n_ I<1.3 ML —
- 140<p, < 160 GeV . E 140<p . <160 GeV . -
- Pythia-Parton _ - Je Pythia-Parton _
41— Soft-Drop B=0 z =0.1 — 41— Soft-Drop =0 Zcut=0-1 ]
o - cut Pythia-Hadron _ o - Pythia-Hadron -
= B _ = = _
~ N 7 ~ 3 N ]
% 3 N N % B |
Z L . £ L .
O = 1 1 1 I I I I I | I I ] N
1.4

5 1.2 .

g g

- S

x4 0.1 2 0.8
0.6 : .
001702703 04705 06 0.7 08 09 0 01 02 03 04 05 06 07 08 09 1
0, 0
g
(Vg 1

- O < var . . .
The splitting kernel F K2+ 22 s zero after integration when kr is zero
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Results for heavy flavor tagged et
LO and MLL predictions for b-tagged jet

Non-perturbative corrections

6 Lo 6F .

B NN—S 02 TeV pp b—bg A - VSNN=5.02 TeV pp b—bg -

- — B < < € |

C 140 < p ¢S 160 GeV % | |Pythia-Parton ] B pT‘]et Pythia-Parton

= Soft-Drop B=0 z 01 — % 40 Soft-Drop (=0 z =0.1 ]

o Pythia-Hadron _ 0% ’ Pythia-Hadron -
D L _ D C ]
s 8 - 3z _
Z B : = K -
< F - Z [ .
= 2 — = 2 ]
1 - 1E .

K factor

0 07 0203 0405 06 07 08 09 0 04 02 03 04 050607 08 0.9 1

(Vg 1
T2 kf_zL + x2m?2

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

Non-perturbative corrections

el g 6 5
[sxn=5-02 TeV pp b—bg " - T |Sxn=5-02 TeV pp b—bg :
ant- k R=0.4 m | <13 " 7 ant-kT R=04 mjetl<1.3 . MLL ]
- 140 < <160 GeV .
140< p ¢ 160 GeV % | |Pythia-Parton _ pT‘iet ’ .Pythia-Parton -
Soft_Drop B_O Z 4‘ ] SOft-DI’Op [3:0 Zcut=0.1 . ]
. Pythia-Hadron - Pythia-Hadron -
T - .
7 — —
= _
z ]
o -
1.4
L 1.2
=
2
&
¢ 0.8
0.6
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1
g
_ (Vg 1 .
The splitting kernel Cr—-5—— 5 IS zero after integration when kr is zero
™ k7 4+ 2 m
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Results for heavy flavor tagged et
LO and MLL predictions for b-tagged subjets

Non-perturbative corrections

1/N dN/dO,
&)

6 5 o a
e |San=3-02 TeV pp - e \San=302 TeV pp g—bb .
5 :_ ant-k . R=0.4 h‘| |<1 3 _: :_ ant-k . R=0.4 h]jet <1.3 . MLL _:
- = C 140 <p . <160 GeV i
L Pythia-Parton _ L T jet Pythia-Parton _|
4 — — Soft-Drop [(=0 z =0.1 —
C Pythia-Hadron _ C cut Pythia-Hadron

O
1.4
. 1.2 .,
= e
2 1 >
& &
2 0.8 ¢ 0.8
0.6 .

0 0.1

02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1
0 0,
The splitting kernel Th— G IS zero after integration when kr is zero
214 kY +m?
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Results for heavy flavor tagged jet
LO and MLL predictions for b-tagged subjets

Non-perturbative corrections

CAETO r2a: 4
R YE
!'x A

I~
O

Soft- Drop [3—0 0 1

ut

Soft-Drop [=0 zcut=0.1

Pythia-Hadron Pythia-Hadron

ISxn=5:02 TeV pp g%: * ik - [sxn=5:02 TeV pp g—bb
5 ant-k . R=0.4 h] I<1 3 7.0 — ant-k_. R=0.4 h]jetl<1.3 . MLL
140 < < 160 G V ] 140 < <160 GeV
Py : . Pythia-Parton _ Prjet || Pythia-Parton

1/N dN/d6,
&)

factor

102030405060708091

102 03 04 05 06 07 08 09

The splitting kernel Th— 1 IS zero after integration when kr is zero

27T2
ki +m? 20



PbPb/pp

PbPb/pp

o .

Results for heavy flavor tagged jet

s =5.02 TeV 1 40<P <1 60 GeV ] SNN=5.02 TeV D 140<P <160 GeV -
NN~ ~° . 1.2 nti-k.. R=0.4 h<1.3| [ ] 250<P <300 GeV —
anti-k,, R=0.4 m<1.3| [ 250<P, ;<300 GeV — 2 LA j
i = s | e ]
_____________________________________ ="
=
="

0.8

0.6

— — | | —————— 14
bebg SD: z—()l B_o

AR,,>0.1 g=1.9+0.1

g >bb SD:zz=0. p=0
AR,>0.1 g=1.9+0.1

1.2

=
= B
B é L] el
S = B B
B =5 B i
- = 0.8 —
:_ _: 0'6__ PR S N N SRR T T TR AN TN SRR AT AN (NN SR TN SR TN NN TR ST TR SN NN TN T SN SR N SN SR SR SR NN S N |_—
1770 115 0'2 0 '25 ' 0'3 ' 05'35 0'4 0 215 0.5 0.1 015 02 025 03 035 04 045 0.5
Z
Z g
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Results for heavy flavor tagged et

- = Y — 1.4 g —cc MLL —
' s S\=2.02 TeV N 140<P.; <160 GeV
=202 TeV N 140<P, <160 GeV 190 l\tINk R=04 <13 Tm 250<P <300 GEV _
_ 12 antlk R=0.4 n<1.3] [ 250<P, ;<300 GeV — 2 nti-kp R=0.4n<l. -
g . ] E | ey -
1__ _____________________________________ | - ]
E B - é B .
- 0.8— ]
0.8_— | B |
0'6__:':'::::::::'::::'::::} }::::}::::__ ?i:lg%bbSI)lz_Ol BLdilHHIHHI:HZ
1.4 b — bg SD:z=0.1 p=0 ” i AR..>0.1 g_19+01 ]
AR,,>0.1 g=1.9+0.1 § = 12 ]
1.2 - - )
(= m =y — _
& F ’ E C -
= 1 g —
= T >
= i
0.8~ ]
06__| PSR N TN SO SN T AN S SO T TN AN T T SN NN T S SO S NN SN SR SO N TN SO SN S A S N |__
01 015 02 025 03 035 04 045 0.5
Z, 8

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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pAuAu (Zg)/ppp (Zg)

pAuAu (Zg)/ppp (Zg)
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1.1
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Results for heavy flavor tagged et

sNN=200 GeV
ant-kT R=04

g=2+0.1 MLL
c —>cg

0 b —bg

g

- 10<P <30 GeV g >e8 -
= Soft-Drop [=0 Zcut=0'l g — bb E
1 015 02 025 03 035 04 045 O

x(dN/dx)

o
o
=)

0.10
0.05

0.01

Splitting function in the vacuum

—
Y B

[ P \,
— bobg {E0=100 GeV j
- —— g-qg {E0=100 GeV :
g— b->bg {E0=20 GeV 2
R a-q9 §E0=20 GeV |
005 0.0 0.50 1

22

10Y

z(dN/dx)

107+ |

1072

Corrections in medium

small-z, masslcss
masslessf - - - -

small-z, tn = 4.5 GeV§

.y m = 4.5 GeV§

i

¢ —q9, @ 4 Qg, En = 20 GeV

.

o
) l

1§




Conclusions

2> Presented the resummation formula for heavy-flavor tagged jet
2> Compared the MLL predictions with Pythia8 at pp collider

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

2> 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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Conclusions

2> Presented the resummation formula for heavy-flavor tagged jet
2> Compared the MLL predictions with Pythia8 at pp collider

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

2> 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.

Thank you
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Back up

Splitting function in medium

AN as ., 1+(1—-2)?2 [dAz [, 1domedum [B (B, C,
dzd?k = om2CF A 4. 42 =2 | 32 >
zd?ky ), ., 27 z g(2) oa d*qL |Bj] \B1 CI]

C C A B
x (1 — cos[( — Q2)Az]) C; : 205 AéL B;) (1 — cos[(©1 — N3)Az])
1 1 1 1
| BéL -CéL (1 — cos[(Q2 — Q3)Az]) AéL : (D; A;) (1 — cos[QAz])
B] C} Al \D] A]
A, D, | 1 B, A B
A2 -D?L (1 — cos[Q25Az]) A N2 B2 : (A?L B?L) (1 —cos[(© — Q2)Az]) |,
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1/N dN/d9,

K factor
o O

1.2

VSNN=5 02 TeV pp

o =
"R S
R
° r g o
%Y v
Ll ' y . a i.‘«
ov v A
ity
. g

ant-k . R=0.4 h]jetl<1.3 LML _:
140 <p_ . <160 GeV g 7
Tjet P . Pythia-Parton _
Soft-Drop [=Q#* =0.1 —
7 Pythia-Hadron -

| | ‘\\ | | -_
B E e e RS

Non-perturbative corrections

=+ - CMS 2010 Open Data

——— Theory (MLL)

—— Pythia 8.219

’. ====: Herwig 7.0.3

0. =wem Sherpa 2.2.1
P € > 1.0 GeV

AKS5; [n| < 2.4
Pt > 150 GeV

SD: ﬁ — O, Zeut — 0.1
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I/N dN/dz,

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

\/%=5.02 TeV pp
ant-k . R=0.4 h]jetl<1.3
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LO

and MLL predictions for b-tagged jet

1/N dN/dz,

K factor
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Results for heavy flavor tagged jet
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Jet
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