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B Introduction

m Heavy flavor jet observables
1) jetyields
2) Dead-Cone

3) Energy-Energy Correlators
4) Jet FF, angularity, groomed z,, R, ...

B Summary



Deconfinement and QGP

It would be interesting to explore
new phenomena by distributing
high energy or high nuclear density
over arelatively large volume.

Lattice QCD predicts phase of
thermal QCD matter with sharp rise
iIn number of degrees of freedom
near T.=170MeV.
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Jet quenching

Parton energy has been proposed as an excellent probe of the
hot/dense matter created at HIC.

Single Hadron Tomography
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Xin-Nian Wang, M. Gyulassy, PRL68(1992)1480



Jet quenching at RHIC and LHC
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Fingerprints of jet quenching
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Leading hadron production

d F

. . Dq—}h. (Z: I“’f)
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Parton distribution function Matrix Fragmentation
element function

measured in DIS



Leading hadron production
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Full jets
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Full jets
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What is a Full ]et'?

non-perturbative
hadronisation

b= > ¢iEr;/Br

1€7€et

= Jet is an approximate image of the parent parton. Jet is defined
by a jet finding algorithm, which maps the momenta of the final
state particles into the momenta of a certain number of jets:

{p} —— {l k}

particles,
4-momenta,

I l I .I I calorimeter towers, .... . .l I .l .




World inside a jet
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Observables of heavy flavor jets

inclusive D/B jet;
b b\bar di-jets;
gamma + Q jet;
Z/W + Q jet;

HF jet yields

Q jet radial profile;
Q jet FF;
Dead-cone;

EEC;

Q jet angularity;
groomed jets;

HF jet substructure

sphericity;
thrust;

Jet broadening;

Fox-Wolfram
moment,

Inter-HF jet properties




HF jet in quark soup:
vield prqduction

Q' =

The Quark Soup
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Heavy quark energy loss

® Heavy quark energy loss will be suppressed due to deadl-
cone effect relative to light quark.

dN, =2aSP(x)£1‘ ,
dxdk?dt Tk

Sin

B B B B Dokshitzer, Kharzeev, PLB (2011); Djordjevic, Gyulassy, PRC(2013) | B BE B



CO||ISIOna| | - STAR dN /dy=1000

A PHENIX

N

X
(medium)

Simon Wicks et al. Nucl.Phys.A 784 (2007) 426-442
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Suppression of HF jets

® Heavy flavor jet should be less suppressed as compared to
inclusive jets due to dead-cone effect.

ATLAS, arXiv: 2204.13530

[ LIDO model Centrality 0-20% ‘S~ @ LIDO model Centrality 20-50%
— Daietal. 5, =5.02 TeV — Daietal. {5, = 5.02 TeV

inclusive jet
inclusive jet

S .

b-jet
AA

R

anti-k, R =0.2 jets, ly | <21 0.8 ATLAS
Pb+Pb 2018, 1.4(1.7) nb" anti-k, R=0.2jefs, ly | < 2.
pp 2017, 260 pb™ Pb+Pb 2018, 1 4(1.7) nb’*
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® In-medium energy loss depends on both the difference
between quark and gluon coupling strength and quark mass.

ALICE 0-10 % Pb—-Pb D’ jets ALICE 0-10 % Pb—-Pb
Sy =502 TeV JETSCAPE OF |5,=5.02 TeV LIDO
charged jets, anti-k, P Dai et al. 4l charged jets, anti-k;  [lD’ jets
D’ jets, R = 0.3 Inc. jets D’ jets, R =0.3 WD’ jets w/o dead cone
3<p_ <36GeVic M JETSCAPE 2= 3<p _<36Gevc MIncjets
+Inclusive jets, R = 0.2 [l Dai et al. +Inclusive jets, R = 0.2
global uncertainty global uncertainty

: 102
p?h ' (GeV/e)

BB B BR BB BBl L= B B BER BR B



proton
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Initial -State radiation
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Initial-State radiation

Gluon Splitting

™ ™ ™ | W W o2lam, Giulia Zanderigni, JREF(Z0V/) - § | I .




® g — Q-jet shows more dispersive structures than the HQ-
initiated one, Q — Q-jet.

c - c-jet
p+p@5.02 TeV
anti-kr , R=0.4
In'*t|<2.0

do plet>120 Gev

anti-ky , R=0.4
|n’et|<2.0
s PIE'>120 GeV

c
Q2
D

3]

©

e
1

Fraction




SHELL: Simulating Heavy quark Energy Loss by Langevin equations

Z(t + At) = ()+%At

Pt + At) = p(t) — T(p)PAt + £(t) At —

Diffusion coefficient k and drag coefficient [ are correlated by

dE CKSOS/_.L% VvVET
= ————ZIn

dL ~— 2

Higher-Twist approach:

dN QQSCSP(x)Q . 9 ; ( -
dedk3dt — wki i B R BRERBR B



® Due to the significant contribution of g — c-jet, R, 4 of c-jet
will be comparable or even smaller than that of inclusive jet.

incl-jet Cent. 0-10%

PbPb@5.02TeV

c-jet :
) anti-k; [n*'|<2.0

Cent. 0-10%
PbPb@5.02TeV

anti-k; [n/*![<2.0




Strategy 1: g=Q-jet two HF quarks in one jet, p_T>2 GeV

Strategy 2: Q2> Q-jet only one HF quarks in the jet, with recoil jet p_T>10 GeV,
with angle separation larger than 2/3mt.

-+ —incl-jet Cent. 0-10%
Strategy-1 p+p@5.02TeV o .
g — Q-jet anti-k; [n/°<2.0 _ ¢—cJet (selected) PbPb@5.02TeV

g—c-jet (selected) . ;
R=0.2 - — b—b-jet (selected anti-ky [n'*|<2.0

———g—c-jet
g—b-jet

T T

Strategy-2
Q — Q-jet

™ ™ ™ | W W -a\Wang, shuang Li, Yao Li, BWZ, Enke Wang, 2410.21554 | i ' @ .
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Dead-Cone: Direct Observation
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Dead-cone effect in vacuum

® A direct observation of dead-cone effect in p+p is made with
an iterative declustering techniques by ALICE.
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Dead-cone effect in vacuum

® A direct observation of dead-cone effect in p+p is made with
an iterative declustering techniques by ALICE.

0: 4o . "y .
1 an jets 1 dnmclualve jet

R(6) =

NDYjets dln(]_/g) /Ninclusive jet dlll(]./g)

10 <E,

<20 GeV

Radiator

ALICEdata === PYTHIAv.8 LQ/inclusive

..............

no dead-cone limit

== PYTHIA V.8

== SHERPA === SHERPA LQ/inclusive
no dead-cone limit

| ALICE, Nature
605 (2022) 440




.A.. ' alya a A A

0- . . .
1 an jets 1 dnmcluswe jet

0) = <o inclusive J
RO = oo dln(l/f))/ Ninclusive jet - dln(1/6)

jet

65‘3""I""l""l""""I""I""I""
sl [ = Pb+Pbinclusive jets = Pb+Pb D° tagged jets T == Pb+Pb inclusive jets == Pb+Pb D’ tagged jets T
s L 1 1
€ [ - - Pb+Pb light quark initiated jets 1 = = Pb+Pb light quark initiated jets il
2 S — —
- Vs=502TeV Feeeees Vs=502Tev |
_______ 5<E, ... <10GeV T 10<E_ .. <20GeV T
1 charged jets , anti—kT R=04 | charged jets , anti—kT R=04
=
c L E
05 = D° tagged / inclusive | — D° tagged / inclusive I
- - light / inclusive = = light / inclusive
0 1 1.5 2 25 K| 1.5 2 2.5 K|
In(1/6) In(1/6)

W Dai, M Z Li, BWZ, E Wang, arXiv: 2205.14668
IIIIIIIIIIIIIII
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Mean value of emission angle

10 oy 21 1558 oarr 12l .

10 — 20 GeV 0.244

20— Gov[0222 2000 [0z 152
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Energy-Energy Correlator (EEC)
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® ALICE Collaboration has measured EEC of inclusive jets in
p+p collisions at 5.02TeV.

ALICE pp Vs=5.02 TeV
Anti-k, charged-particle jets, R = 0.4, I";al <0.5
P >1.0 GeV/c

T, track
ch jet

Transition region e (20, 40) GeV/c
-------- Peak = 2.39 GeV/c (40, 60) GeV/c

+0.17 GeV/c + (60, 80) GeV/c

Pertubative region
pQCD

’y



® EEC of inclusive jet are measured in PbPb by CMS.

CNMS PbPb ys,,, = 5.02 TeV, 1.70 nb™"  anti-k; R = 0.4
iy = -1
Preliminary PP ¥s=5.02TeV, 302 pb <18

140 < jet P, < 160 GeV

ot
:;'-.-l'-

Tt

EEC(Ar) = 1 > (PT,z' PT, j)n

wpail’s or jEtSE[PT’pPT’Q] pairsE[Arﬂ,Arb] .l l . .l I .l .




® The EEC for beauty and charm jets illustrating a UV scaling behavior at
large angles, and a mass dependent suppression at small angles.

Heavy Two-Point Energy Correlator

== NLL Charm
— NLL Beauty

]
=
5
N
!
=
@
=
~
=

Pythia
= = Charm Jet

= = Beauty Jet
AKS Jets, || < 1.9

pr = 500-550 GeV

0.005 0.010




® Energy correlators of HF jets in a brick-QGP medium are calculated.

Two—Point Correlator

® Bottom ® Charm = Massless
E=50 GeV, L=8 fm, u = 1 GeV, ng=1. fm™!

Vacuum




® A clear flavor hierarchy is observed for jet EEC in both vacuum and QGP due
to the mass effect.




® The EEC distributions for all quark-tagged jets in A+A exhibit a noticeable
shift towards larger R; region.
® The CNM effect is moderate for jet EEC.

inclusive jets

N =4 -
quark jets [ nPDF=EPPS21 Buss

anti-k;, R=0.4 E,..tCNM

{5 =5.02TeV, 15 < FJT"'< 30 GeV

Wei Dais talk, 12.10
BB R BB 5 BB




Other substructures



® 7, characterizes the jet momentum carried by the D° meson
along the jet axis direction.

pp, Vs = 5.02 TeV, charged jets, |n_| < 0.9 — R, anti-k,

(=) aucepata R=0217<p <10Gevic 10<p _ <15CeVic 15<p_ <50GeVic

T jet
—— POWHEG + PYTHIAB >4 GeVie p. _.>5GeVic p_ > 10 GeVic
T.0° 70" T.0°

pT.D'

. fj]et . ]?Dﬂ B |]jDﬂ|

B ﬁiet ]3’_]0‘[ B ‘ﬁ:lct‘

cosf




® The jet-cone size R does not influence the energy loss of
charm quarks, but the energy loss of the tagged charged jet
decreases with R.

Sy = 5.02 TeV, 0-10% cent. charged jets, [n_| < 0.9 - R, anti-k;

—
o

5< ijet <15 GeV/c —— POWHEGH+PYTHIAS pp

p_>2GeVic SHELL PbPb
7,0’

dN

R=0.2

1

Nieis dz

PP

8
6
4
2
0
3
2
1
ok

™ ™ [™ | M M Yao Li, Sa Wang, BWZ, Phys. Rev. C 108, 024905 (2023) ™ | ™ ™ ™



® Harder jet fragmentation function of b jets compared to c
jets in vacuum. Stronger nuclear modifications of B°-jet z,

distributions compared to a D°-jet.

[Snn = 5.02 TeV, 0-10% cent. charged jets, In_,| < 0.5, anti-ky, R = 0.4

B%-jet
—— POWHEG+PYTHIAS pp
SHELL PbPb

040506070809 1 040506070809 1
4 4
Il Il

™ ™ [™ | M M Yao Li, Sa Wang, BWZ, Phys. Rev. C 108, 024905 (2023) ™ | ™ ™ ™




® The generalized jet angularities, quantifying the transverse
momentum and angular distributions of constituents within
the jet, form a class of jet substructure observables.

pp. Is = 5.02 TeV, ch-particle jets, anti-k, R =04, |_|<0.5

pp, 15 =5.02 TeV, ch-particle jets, anti-ky, R = 0.4, [n_| < 0.5
- |« 75 ALICE  POWHEG+PYTHIA8 -
=]

a
" |k -
Inclusive 10 < pf, <20 GeVic 31T | ALCF POWRESHPYIHIAS 1 10< pen <20 GeVlo

Inclusive

Du-tagged

Inclusive

HF
Inclusive

. 0.05 0.1 015 02 025 03 0 0.05 0.1 0.15 0.2
Ak‘=1 ih-=‘|
=2 =3
01 02 03 04 05 0 0050101502025 0.30.35
1 k=1 1 k=1
A'r:r=' A

‘=15

: AR;:t,i]a C Y () 09 Y Li's talk, 12.8

i€jet




® Jet quenching in the QGP may widen the angularity
distributions of heavy-flavor jets in Pb+Pb relative to p+p.

® For a larger jet radius, a more significant broadening of jet
angularities could be obtained.

R=02

SHELL PbPb 0-10% < peh n SHELL PbPb 0-10%
T v T

#- Inclusive

@ Inclusive
®- D’-tagged

-m- D-tagged
+ - B'-tagged

o o




® The mass hierarchy in z, of inclusive, D°-tagged, B°-tagged

jets and competition between mass effects and Casimir color
factors in R, can also be observed in PbPb collisions.

(s =5.02 TeV —— D'-tagged {s =5.02 TeV
charged jets, anti-kT, R=04 inclusive "D” L charged jets, anti-kT, R=04

15 < p < 30 GeVic, |y |<0.5 — B-tagged 15 <p* <30 GeVic, Iy |<0.5
T jet nclusive "B” . T jet
==+ Inclusive

— Do-tagged
inclusive "D”
_— BD-tagged

inclusive "B"
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Recap

e Heavy quark jets provide a very powerful tool to
study QCD dynamics and the properties of the QGP.

Several interesting HF jet observables in HICs are
discussed: HF jet yields, dead-cone, ECC, jet FF,
angularity, groomed HF jet z, R,, etc.

The ‘mass’ is mysterious, but very powerful. It
is silent most of the time, but when it speaks,

it has a final say.




Backup



SHELL: Simulating Heavy quark Energy Loss by Langevin equations

Z(t + At) = ()+%At

Pt + At) = p(t) — T(p)PAt + £(t) At —

Diffusion coefficient k and drag coefficient [ are correlated by

dE CKSOS/_.L% VvVET
= ————ZIn

dL ~— 2

Higher-Twist approach:

dN QQSCSP(x)Q . 9 ; ( -
dedk3dt — wki i B R BRERBR B
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Dead-cone effect in A+A

p+p D’ tagged jets p+p D° tagged jets

Tot E-loss D° tagged jets Tt E-loss D° tagged jets

Vs =5.02TeV Vs =5.02 TeV
5<E < 10 GeV 10<E < 20 GeV

Radiator Radiator

charged jets , anti-kT R=0.4 charged jets , é.'rmr'-k]r R=04

= Collisional +Radiative = Radiative Only - Collisional +Radiative == Radiative Only
Collisional Only Collisional Only

K|
In(1/6)




kt algorithm

e Compute d;; and d;p for all particles in the final state, and find the minimum

value.

e If the minimum is a d;g, declare particle 7 a jet, remove it from the list, and go

back to step one.

e If the minimum is a d;;, combine particles 7 and j, and go back to step one.

e Iterate until all particles have been declared jets.




anti-kt and C/A algorithms

= The Cambridge/Aachen algorithm:

= The anti-kt algorithm:
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Mean value of emission angle

m
. o031 | o034
TGV

_ 040 | 037 |pp

_ 047 | 042 |pp




® The b-initiated jets show a significant excess of collinear
radiation when compared to the purely vacuum case.
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® Our calculations give decent descriptions of the inclusive jet
and b-jet RAA measured by the ATLAS collaboration.

PbPb@5.02TeV, anti-k; R=0.2, |y*|<2.1

ATLAS Theory
incl-jet
. —— b-jet

ATLAS Theory

T

50 100 150 200 250 300 100 150 200 250 100 150 200 250 300

Pf' [GeV] Pf' [GeV] pf' [GeV]




® The SHELL model can well describe the medium modification
of inclusive jet angularities.

(S = 5.02 TeV, ch-particle jets, anti-k, R=0.2, |n_| <0.7

s = 5.02 TeV, ch-particle jets, anti-k, R = 0.2, |r},F1| <0.7
Inclusive jets ; ALICE pp Inclusive jets
40 < p;h_ < B0 GeVic W M ALICE PbPb
Jet
e a2 ' POWHEG+PYTHIAS pp
SD: 24 =0.2, § =0 - SHELL PbPb
Cent. 0-10% =

ALICE pp
40 < pj;m < 60 GeVic ] B ALICE PbPb
8D:z_,=028=0 | POWHEG+PYTHIAS pp
® Cent. 0-10% u SHELL PbPb
gt -
I.. _

02 03 04 05
Ax=1

=1

005 041 0.15
x=1
‘a=2




® Charm quarks undergo fewer perturbative emissions in the
parton shower, with a reduced probability of large-angle
emissions

0,=RJ/R
01_02 03 04 05 06 07 08 09 1
ALICE, pp, /s = 13 TeV
charged jets, anti-k1, R = 0.4
15 < p'*™ < 30 GeVre, 17, <0.5
5< pf <30GeVic, ly_|<08
Soft Drop (2, = 0.1, f=0)

ALICE, pp, fs =13 TeV
charged jets, anti-k, R =0.4

15< p™ ™ < 30 GeVie, 1N, o0) €05

o D’-tagged
O inclusive
syst. unc.

o D%tagged
O inclusive
syst. unc.

5< pf’ <30GeVic, Iy |<08
Soft Drop (z,,=0.1, #=0)

P
SD-untagged jets
D"-tagged: 22%
inclusive: 2.8%

(1/N,) dN/dR,
(1/N,) dN/dngp

s D>-tagged POWHEG +PYTHIA 6

5 Dy s31 D-tagged POWHEG +PYTHIA 6
e D-tagged PYTHIA 8

e D’-tagged PYTHIA 8

MC/data MC/data
MC/data MC/data
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