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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
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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?
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Jets
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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.
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Jet Splitting Function

Defined as a two-prong substructure

with high transverse momentum. Q%

2 An early hard splitting will result in two partons

One way to do this is to use Soft-Drop decluttering | — 2 SPIitting process

% Subjet 1

. . . . . R R12 B
Original jet with radius /% | If 2 < o ( o ) redefine j to be the harder
Undo last stage of C/A clustering one, else we have the two-prong subjets

min(pr1, pr2)
pPr1 + P2 3 /21

Define 2z, =



Splitting functions in medium

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
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Splitting functions in medium

| the hot and dense QCD medium, may
1e simpler proton-proton case
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2016)
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Splitting functions in medium

| the hot and dense QCD medium, may
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Splitting functions in medium
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Splitting functions in medium
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Resummation

Why resummation

2 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

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

5 /21
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Vacuum splitting functions

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

ANV2© ARy» %
Pvac . _
(dzgdeg> Z i 0<by="%~ <1

At the lowest non-trivial order the splitting functions are A
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These splitting functions have been widely used in many applications
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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
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Medium corrections to splitting functions

Calculated in the framework of soft-collinear effective theory with Glauber gluon
interactions
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Massive partons: Kang et al 2016
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Medium corrections to splitting functions

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

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

Resummed splitting kernels in the vacuum  Larkoski et al 2015

deFO : . . . g o
7-.dg. 1sdivergentwhen 05 — 0 Collinear singularities
gy

AN/ is not well-defined at any fixed perturbative order

A2 but is well defined if we resum logs to all order
The MLL resummation for light jet to modified leading-logarithmic (MLL) accuracy,

dNJ\.’aC,MLL Z Nva / de /1/2 Nvac
— €
dz,df, dzgdfy ) il dzdf

A\ J/

Sudakov Factor

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

Resummed splitting kernels for heavy flavors

Suppose that we can distinguish the splitting process involving heavy flavor

b — bg : C :
¢ cg formulais the similar with massless quark

dNyac,MLL 1/2
J = do / d
dz,df, Z(d,zgazeg)ﬁ eXp[ / : (dzd@) ]

g-}bg . . Sudakov Ft

For ~ the resumed distribution is
g — cC

For

dNV>°
(dzng ) _>QQ 29(99)_ .

1 2 ‘ ’
fo dﬁf / ( dzd0 )g_>QQ 2] “

p(0g, 24) ’Q%QQ

Exponentiate all the possiblé contributions for gluon evolution

Resummation changes the distribution a lot
compared to LO results
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Results for light jet

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.

[sxy=502 TeV pp Light jet - I assassas A e AASS :

g~ ant-k, R=0.4 I _I<1.3 B E 8 - -—I—- I CMS 2010 Open Data 3

6F 140 < Ppe < 160 GeV [T Py thia-Part - === Theory (MLL) ;

"% SoftDrop =0 z_=0.1 ythia-Parton 2 7 —— Pythia 8.219 £

%cn 5:_ A‘ﬁ ‘:’Pythia-Hadron _E 1 da' 6 ——— Herwig 7.0.3 3

2 45— 1o d Zg o1 T I - Sherpa 21.)1.1 _

£ 3f . pPFC > 1.0 GeV ]

S 3 T 3

- - 4 AKS5; | < 2.4

2p 3 Pt > 150 GeV

13_ 2 SD: B = 0,zcue = 0.1 3

OF 1 .

1'4: 0 1 1 1 :

12 """""""""""""""""""""""""""""""""" E

§ C S s 2.0 E

g 1 52 15 E

o= o = 3

2 08 S& v

0.6F ' E
01 015 02 025 03 035 04 045 0. 0.0 0.1 0.2 0.3 0.4 0.5 0.6

Z
]

Tripa‘rheez,g et al 2017

11/21



Results for light jet

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.

[sxx=5:02 TeV pp Light jet . I AR T T
“‘ ant-k, R=04 <13 B E 8 - -I—--—I—- CMS 2010 Open Data
60 140<p <160 GeV B pyins = —— Theory (MLL)
"% SoftDrop p=0z =0.1 Pythia-Parton - 7 —— Pythia 8.219
%w 5:— A‘ﬁ cut ‘:’Pythia-Hadron_E 1 do 6 ----- Herwig 7.0.3
g jodz 5 |y 7 e 221 ) MLL is slightly less steep than
= 3 .
i3 X ~a Pythia with hadronization
£ 2 SDﬁTO
o 1 4p Our results are consistent with
 12f o b the ones from literature
S 1 T2 s
08} S0
021 015 02 025 03 035 04 045 0. 0.0 0.1 0.2 0.3 0.4 0.5 0.6

Tripa‘rheez,g et al 2017
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Results for light jet

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.

8
. . ] 8
=5.02 TeV pp Lich ] : : ]
. Vonn ight jet 3 [Sxn=5-02 TeV pp Light jet E
0 ant-k . R=04 h‘| I<1 3 . MLL ] 7 —
o . X ant-k R—04h1 I<13 .LO ]
6F I“L<p <160 Gev [T Pythia-Parton - : 140 < <160GrV
o Soft-Drop B=0 z =0.1 yia-Tarion ] 6: Pr; ¢ DPythia-Parton =
w 90 W cut ‘:’Pythia-Hadron — C SOft'DrOP p=0 zZ _0 1 .
) - \ 1 o 5 DPythia-Hadron =
~ N - -
Z 4 R C
© - YZ A
Z 3F = -
e - Z -
- = 3
2 C
= 2r
1= -
= 1
OF -
1.4F OF
12 1.4F
5 CF C
§ 1_ § 1.2:
& - o 1E
i 0. 81 S C
0.6F i 08F
0.1 015 02 025 03 035 04 045 O 0.6 -
Z, 0.1 015 0.2 025 0.3 035 0.4 045 0.

Zy
N .
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Results for light jet

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.

8 =
V5xn=502 TeV pp Light jet € 8 . ]
7 ant-k, R=04 <13 ] E 7 [sxy=502TeV pp Light jet E
MLL 3 o ant-k R—04h1 <13 Lo .
6 140<p <160 Gev DP thia-Parton n 140 < <1 GeV -
- Soft-Drop B=0 z =0.1 Y = 6® Pr; [ ] pythia-Parton
w O et ‘:’Pythia-Hadron__ - SOft'DrOP p o a
5 C 1 & 5 = ‘n"r 7 ‘:’ Pythia-Hadron ] ]
I 3 4y N / - Lis slightly less steep than
£ 3f . - S0 . s . . .
I : @Y\J . | hia with hadronization
- - 21 = .
1E . -
C 1= — : .
o : - rresults are consistent with
- OF - .
L 12} i 1 ones from literature
§ 1_ 5 1.2: _E
Zos! g —
0.6F 2 0.8 .
01 015 02 025 0.3 035 04 045 0. O06F | o L T i
Z, 01 016 02 025 03 035 04 045 05
2y

S | - - - = - - - - - —
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Results for light jet

' et P
crease jet Pr
16 :_ﬂsNN=5.02 TeV Centrality: 0-10% :_ anti-k,, R=0.4 Injetl<1.3 :_ Soft Drop B:O,zcut=0.1, AR,>0.1
" 140<p_ <160 GeV [ 160<p  <180GeV [ 180<p . <200 GeV
1.4 — T,jet — T,jet — T,jet
o
o
o]
o "
0 -
0_ -
04 — —
-IIIIIIIIIIIIIIIIIIIIIIII-IIIIIIIIIIIIIIIIIIIIIIII-IIIIIIIIIIIIIIIIIIIIIIII
1.6 F  g=2001 200<p, <250 GeV — 250<p, <300 GeV — 300<p, <500 GeV

increase jet Pr

PbPb/pp

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

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

Modification at the RHIC

o F : o [ "
.g 8- Trigger Jet, p:"g =20-30 GeV/c .g 81— Recoil Jet, p:°°°" =10-20 GeV/c
% 7= =¢= % Au+Au HT 0-20% % U & Au+Au HT 0-20%
Z ¢ £ pp © Au+Au MB 0-20% Z o 5 pp ® Au+Au MB 0-20%
™ s . ™ s .
"3 STAR Preliminary 8= R STAR Preliminary
3 :E: 3 :E:
2 —— 2 -
1 " - 1 -
P T S TS S Bl B ob L L
0.1 0.2 0.3 0.4 0.5 206 0.1 0.2 0.3 0.4 0.5 206
g g
o 2: . Trig o 2: : Recoil _
=, F Trigger Jet, p_ = = 20-30 GeV/c . . C Recoil Jet, p =10-20 GeV/c
-8 T cl-8 T
4 Au+Au p+p @ Au+Au r i Au+Au p+p @ Au+Au
[+ N Au+Au HT/ p+p HT @ Au+Au MB 0, of Au+Au HT/ p+p HT @ Au+Au MB
1.4 STAR Preliminary 14 STAR Preliminary
1.2 —

l;
t
4
i

0.8 0.8
0.6 _+_ 0.6
0.4 0.4
0.2 0.2~
:‘...|....I....I...ll..ul‘.ull;HIHHIHHI.-.. :llllllllllllll|||II||III[IIIIIIIAI[IIAL'AIA!'\lll
dos 01 015 0.2 025 03 035 04 045 05 P55 fo5 01 015 02 025 03 035 04 045 05 $-55
g g

The trigged and recoiled jets in dijet production were used to measure

the zg distribution in Au+Au collision at RHIC
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Results for light jet

HIC

Modification at the F

Recoill je

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.

| Trigger jet

13/21

AuAu/pp

o

| STAR Preliminary Data

VSNN=200 GeV —m— AuAuData |

Recoil Jet 10<PT,j<20 GeV
Soft-Drop (=0 z_ =0.1

1

T



Results for heavy flavor tagged et
In order to compare with the predictions from PYTHIA

Label two subjets (n$,nS) (nh,n3)

% Sublet
If there is no b-quark or b-hadron

c o\ __ (1,0)01“(0,1) c— C
(i nz) = {(1, 1) g— c!é

If there is no c-quark or c-hadron

_ [(1,0) or (0,1) b—1D
(nf,n3) = {(1,1) g—>b%

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

event generators The other cases are ignored in the

see the work for details: liten et al 2017  21'2YSIS during comparing with Pythia
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Results for heavy flavor tagged jet

LO and MLL predictions for b-tagged jet

6 ] 6 N
- \'San=>:02 TeV pp b—bg ] - \San=5:02 TeV pp b—bg ]
5 ant-k . R=0.4 m I<1 3 . LO - 5 ant-k . R=0.4 h] I<1 3 . MLL _
- 140 < p < 160 GeV ) ] - 140 < p < 160 GeV ) 7]
- Pythia-Parton | L Pythia-Parton |
4+ Soft-Drop =0 z =0.1 — 4+ Soft-Drop B=0 z =0.1 —
w cut Pythia-Hadron _ w cut Pythia-Hadron _
=) B ] D u N
= B ] = u N
zZ 3 - zZ 3 ~
< n ] = u N
Z ’ £ T :
- 2C e - ]
1 - 1E ‘JH_*‘“i;;E
0 Of =
1.4 1.4
1.2 1.2
S S
g g
2 0.81 2 0.8
06 : PR T T T T N T N T N T T T N T T T A B B 06 CEd o bl vy v v by v by b v by v Py g Ty vy g
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
) )
g g

The splitting kernel Cr— e is zero after integration when kr is zero

x2m?2
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Results for heavy flavor tagged jet

LO and MLL predictions for b-tagged jet

Non-perturbative

6r a or s
B V NN_S 02 TeV pp D8 . B V NN_S 02 TeV pp b%bg .
5 ant-k . R=0.4 h] I<1 3 O ] L ant-k . R=0.4 h] |<1 3 . MLL —
- 140 < p < 160 o ) ] - 140 < p < 160 GeV ) 7]
- _ : Pythia-Parton | _ Pythia-Parton |
4— Soft-Dro > _ul z =0.1 — — Soft-Drop =0 z —0 1 —
w g cut Pythia-Hadron _ o Pythia-Hadron _
D B N D N
= - - ) L i
z 3 - Z 3 ~
< n ] = B N
Z L ’ Z L :
- 2c 0 T 2 ]
1F — IE —
0 OF
1.4 1.4
1.2 1.2
g ] g |
[ (P
& &
7 0.8 2 0.8E
0.6 T I I AN T T T T T TN AN A N N N AN A A A N N N M A A A B B B AN A A A 0.6 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 01 02 03 04 05 06 07 08 09 1 001 02 03 04 05 06 07 08 09 1
) )
g g

1 . . . .
The splitting kernel © WQ i IS zero after integration when kr is zero
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Results for heavy flavor tagged et

LO and MLL predictions for b-tagged subjets

Non-perturbative corrections

6 o , B _ N

- Vs NN_5 02 TeV pp .\ o an . kA [ \/ NN-S 02 TeV pp g—bb -

- 140 < o0 GeV . 140 < p < 160 GeV . :

- : p A ¢ ‘:’Pythia-Parton ] A Soft-D 0 0 1 ‘:’ Pythia-Parton |

41— oit?h rop B=0 z _0 1 — 4= oIt- I'OP p= Z. ) ]

o - DPythia-Hadron - SO DPythla-Hadron -
<) - ] = - N
= _ ] > 3 —
% 3 N ] % N ]
= 2 = S -

o etz
1.4 1.2
,51.2 S1_2
S 1 =
kL g
i 0.8 r2 0.8
L - T T T T S T 0.6

07704 02705704 05706 07 08 09 1 001 0308 04 0506 07 08 09
2z Huge Sudakov suppression in the small angle region

» Dominated by wide-angle gluon splittings
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Future Measurement

CMS is preparing to measure the double-b-taged gluon splittings

ﬁ 5.02 TeV (27.4 nb b Vs =5.02 TeV (27.4 nb™)

O) 10 | | | | | I | | | | | | | I | | | | | | N 10 | T T T I | L I | L | | L I T T I T T I | L I | I_I
N - . . . — - . . . . N
S ot CMS Simulation Prellmlnary E [ :_CMS Slmulatlon Preliminary FK’M’S/
% - —=— Pythia 8 (Reco) GSP (double-b-tag, AR > 0.1) - -g - — & Pythia 8 (Reco) GSP (double-b-tag, z>0.1) [ new RESUL;
— G Pythia 8 GSP (double-b-tag, AR > 0.1) = 2 8 - Pythia 8 GSP (double-b-tag, z > 0.1) ) S W
- u 4 O - N
™  7F SoftDrop p=0,z_=0.1, AR, ,>0.1 4 = 7 Softbrop p=0,z =0.1, AR,,>0.1 =
_ cu ’ — ~ ~ i
63— 16O<pT<4OOGeV _f ~— 6;— 160<pT<400GeV _;
5F E 5 j\} ’ -
- T : b 4 #?ﬂﬁ e
3F = = - ﬁ} 4
E —o——F= | b3 - [
25 e ——— 2F =
E @'/3) E 1E =
N ‘\"-QN“%’/ . - .
O E .\ﬁ.—/l | | | : O (111 I | | L 111 | L1 11 I I | I | | | . | L1
0 0.1 0.2 0.3 0.4 0.5 O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
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Figures from Slides by Kurt Jungga’r Quark matter 2018
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CMS is prepari
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Future Measurement
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Results for heavy flavor tagged et

1.4 ¢ >cg MLL — 1.4 g —ce MLL =
5\ =502 TeV B 140<P, <160 GeV - Sy=>-02 TeV BN 140<P; <160 GeV 7

12 anti-k R=0.4 <1.3| B 250<P, ;<300 GeV o 12 nti-k, R=0.4 m<1.3| [ 250<P, ;<300 GeV —
& F ‘ & L -
= [ TSN _ o —
- 1_ =% L _
= C & B =
0.8 . 0.8~ 7
0'6__::::::::::::'::::'::::I::::I::::I::::__ 0.6 —————+—+—+—+1 — | | .
1.4 b — bg SD:z=0.1 p=0 - 1.4~ g—>bb SDz—Ol B—o ~
AR ;>0.1 g=1.9%0.1 i - AR ,>0.1 g=1 9+0.1 ]

1.2 ] 1.2 ]
£ F y & T i
% R e & I —— =
= 0 SR -
0.8~ . 0.8 —

01 015 02 025 03 035 04 045 05 01 015 02 025 03 035 04 045 05
Z, y/

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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Results for heavy flavor tagged et

1.5 B 5\ =200 GeV g=2+0.1 MLL
ant-k  R=0.4 = b by

Inverting the mass hierarchy in

pAuAu (Zg)/ppp (Zg)

o
o1
[T 1 17
|

................ T R S Spllﬂ'lng function in the vacuum

- 10<P, <30 GeV g —
_ P
( deac ) B Qg

Soft-Drop [=0 z =0.1
_E ( dNVvac ) B Qg
_ 2 _
: ded?’k. ), o5 27

—
N
T

—
—

Z ki + z2m?2

22(1 — z)m2)

k% +m?

(1 +(1—2)2 22(1- z)m2)
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T

o
(o)
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22 (1—2)%+

o
0¢]
SNEEEN
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Zg
b — bg g — bb

1 1 1 | | ]
(ki+z2m2>x<ki—l—22m2)xc M Amt " € (ki—l—mﬁ)x(kiqtm?)xc M IR
Predict stronger jet momentum sharing Predict almost no jet momentum sharing

distribution modification than light jets distribution modification
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Mass versus Energy
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Mass versus Energy
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It is measurable at RHIC
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Mass versus Energy

9299 1.4 As expected the mass effect goes
away when the jet energy is really high.
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It is measurable at RHIC
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Mass versus Energy
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1 4p As expected the mass effect goes
away when the jet energy is really high.
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1 4p Even when pr ~ 100 GeV, there is
sizable difference between the quark
jet and b-jet

100 200 500
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It is measurable at RHIC
It is measurable at LHC
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Conclusions

2 Presented the first predictions for jet splitting function in QCD
medium

» Compared the MLL predictions with Pythia8 at pp collider

7z Compared the MLL modifications for light jet with measurements from
CMS and STAR and found a good agreement within all the uncertainties

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

2 This mass effect is measurable at both the RHIC and LHC
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the QGP properties than light jet.
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Conclusions

2 Presented the first predictions for jet splitting function in QCD
medium

7 Compared the MLL predictions with Pythia8 at pp collider

7z Compared the MLL modifications for light jet with measurements from
CMS and STAR and found a good agreement within all the uncertainties

2z Found an unique phenomenon about the mass effect in heavy ion
collisions

2 This mass effect is measurable at both the RHIC and LHC

Heavy flavor tagged-jet may be better probes of
the QGP properties than light jet.

Thank you
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Results for heavy flavor tagged jet

LO and MLL predictions for b-tagged jet

8 ] 8 ]
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\Sxn=5-02 TeV pp Li”’ Gt
ant-k R=04 h] |<1 3
140 < Py < 160 GeV g

. Pythia-Parton
Soft-Drop [3 v —0 1

|:| Pythia-Hadron

1/N dN/d6,

R R R AR
g

1

Non-perturbative
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-+ CMS 2010 Open Data
—— Theory (MLL)
= Pythia 8.219
----- Herwig 7.0.3
» Sherpa 2.2.1
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LO and MLL predictions for b-tagged jet

Results for heavy flavor tagged jet
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