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Jets as a probe of the quark-gluon plasma

* Study structure of QGP by understanding jet modification from medium

interaction (jet quenching)

* Several types of jet observables

- Jet yields and constituents — suppression and energy redistribution

- Jet reconstruction and declustering — jet substructure modification

- Jet correlations and tagging — angular deflection and asymmetry
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Jets as a probe of the quark-gluon plasma

* Study structure of QGP by understanding jet modification from medium Jet

interaction (jet quenching)

* Several types of jet observables

Energy Redistribution (*10ss”) ./ \\\w.int.washington.edu/node/776

- Jet yields and constituents — suppression and energy redistribution

Substructure modification

- Jet reconstruction and declustering — jet substructure modification
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Jets as a probe of the quark-gluon plasma

* Study structure of QGP by understanding jet modification from medium Jet

interaction (jet quenching)

* Several types of jet observables

Energy Redistribution (*loss”) ./ \yww.int.washington.edu/node/776

- Jet yields and constituents — suppression and energy redistribution

‘ | 5666 Substructure modification

- Jet reconstruction and declustering — jet substructure modification

oe"\

- Jet correlations and tagging — angular deflection and asymmetry ‘
. . . D

Goal: design observables to disentangle effects and extract properties of the QG
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A (incomplete) roadmap of jet measurements

Jet cross Jet

Jet shapes/ section/Raa fragmentation
substructure

S Inclusive jets Jet
Ungroomed hadronchemistry

substructure

Acoplanarity/

Energy deflection
Correlators angle

Momentum
(im)balance/jet
engineering
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A (incomplete) roadmap of jet measurements

Jet cross Jet

Jet shapes/ section/Raa fragmentation
substructure

Different jet observables can shed light on
different questions!

Groomed/
Ungroomed
substructure

Jet

— Study of different effects in a complementary hadronchemistry
way must Yield consistent picture

Acoplanarity/

Energy deflection
Correlators angle

Momentum

(im)balance/jet
engineering
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Jet suppression and energy redistribution
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® |et and high pt hadron suppression observed over extensive range
- Interplay between high pTt and jet results
® New ML&ME techniques allow for the extension to lower jet pt and large R
- Allows for an overlapping regime between RHIC and LHC
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R dependence of jet quenching
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® |Inclusive jets Raa ratio from ALICE: larger radius
jets more suppressed
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R dependence of jet quenching
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® |Inclusive jets Raa ratio from ALICE: larger radius
jets more suppressed
® Dijet pair Raa ratio from ATLAS: larger radius jets
less suppressed
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R dependence of jet quenching
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R dependence of jet quenching

C’\T B L [T rr T — 1.3_,, R N R e o T e e B e e e L B e s S, R e 1.3 — — — — :
~ X i I I | _—
© 1.41~ ALICE, 0-10% Pb-Pb {s\ 3 ~ S - ATLAS | Leading jet m R AP - ATLAS Subleading jet g
© Ch-particle jets, anti-k, i - EE 1 2:_ ' j _: ?3;% 1.2:_ _:
Kt - o ¥ ' Y a AP - : a
o : S 11 m L 11 e | -
N N : L . g
L r T e !___E L's - -4_,+ A i
v T 1N . I R el B = EE i SRS
~— - = — u | | -
§0.8_— _________ ] - = &
ae - N7 e || L[ 0.9 +R=06 — 0.9 +R=06
0.6~ - ¥*R=05 - - *R=05 -
- ) 0.8L" 0-10% Pb+Pb 1.72nb" anti-k,jets ~ *A=04 0.8 0-10% Pb+Pb 1.72nb" anti-k,jets ~ *R=04 —
0'4-_-ALICE Data ~ Mehtar-Tani et. al, g - B VSN_N:S'OQ TeV. pp 255 pb" ®A=03 - B M:S.OQ TeV pp 255 pbq ®AR=03 -
- -tIBDTO :Memar‘¥ani e{- a:’ q" . D e g s R s P S s e e b B 4 cont G Y TN o i st ok G e E) B B N ot v
0.2_—=\I1_EV§[/EI._ wlo Recoils ETG%%CW/\\@@;@Q?\/XEE% - 100 150 200 250 300 100 150 200 250 300
= MARTINI "~ : Py, [GeV] p;, [GeV]
| | I | | | I | I | | I | I I | I | | I | 1,]el i ’
0 20 20 60 80 100 120 140 - IJ - IST/:\R, AllJ+Au'qs,_NN =.200 (Iaev, Full anti-k_Jets
PLB 849 (2024) 138412  Pr.cnjet (€VIC) L b T 1<p, ,[GeVic] <10
L [cenu T mi<i-R
. . . .. . 2 | T 5<p.  [GeVic] <20 12
-Not the same jet type (inclusive vs. dijet vs. b-jet) sl ey .
S ¢ 40-80 % . t S
. . . . C ; oS
-Not the same kinematics (q/g fraction and jet s L — ‘ mEL N
. O Ne el phvinbuiutntaions Sl e— B e | R ) AP o O
structure can be different) is C— | i
-pT dependence of energy loss are quite different e
(no matching for different R jets) 2 e e
. T,Jet ] T,Jet
‘4: "~
) Yaxian MAO

¥/ Central China Normal University USTC, Hefel, 29/09/2024 5 h|p202l§

AAAAAAAA



R dependence of jet quenching
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Theory input: R dependence of jet quenching

® R dependence of jet Raa can be sensitive to medium response effect and help to disentangle energy
loss mechanisms

- competing effect between the amount/how energy redistributed and ability to recover it
PRL 124 (2020) 052301

1.4- ] -|_- ' —T T .....l-- ' ——— ] . . . "'__I-
' R=0.2 m— non-eq. contrib. 1 non-eq. + QGP ridge contrib. t non-eq. + QGP ridge & trough contrib. -
1.2 t R =04 w= —+ + -
' R =0.6 e o
L R=1.0 me F- N T ;
2508 i R=2.0 0-10% 1 ‘\\__ )
v ' , }
0.6 | w/o medium response 1 )

anti-kr, [n| < 2 Vs =5.02 ATeV 7

ll]l-(l)o X 2 2 ....1.0100 : : ....iOlO X X " ....1.OIOO 2 : ....iOIO X 2 N ....ln()lOO
Jet pr |GeV] Jet pr |GeV] Jet pr |GeV]

e Hybrid model predicts different (even reversed) R-dependence of jet R,, due to medium response

— More differential and consistent analyses needed!
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Energy loss dependence on parton flavor/mass

Gluon-initiated shower Quark-initiated shower
——
\‘ Ca )
C. 4

-

Casimir color factors

Gluon-initiated showers are expected |
| to have a broader and softer ‘i
fragmentation profile than quark- |

initiated showers ?'

— T — e —— p— e— P ——— i}

e Color charge dependence of energy loss: ES"°" > Fduark
loss loss
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Energy loss dependence on parton flavor/mass

Phys. Lett. B 846 (2023) 138154

Gluon-initiated shower uark-initiated shower : .
£ T Anas
> _»/’ = 24 -@® Data
% ____4-* > £ 3 Takacs etal. (g =2.2-2.3)
— m 2.2 med
§4> o LIDO (u=1.3-1.8xT)
2 2o SCET, (g=1.8-2.2)
N Ca 9 Ltw:_ s ColET 8
G 4 : , CFyl, === JEWEL
o — — e —— 1.6
| Casimir color factors 1 af
s 1.2
| Gluon-initiated showers are expected § :

| to have a broader and softer ‘l 0.8
fragmentation profile than quark- I;. 50 100 150 200 jse(: L ég(z/ ]
1~ Initiated showers | T

e Color charge dependence of energy loss: ES"°" > Fduark
loss loss

y-tagged (quark enriched) jets are less suppressed than inclusive (gluon dominated) jets
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Energy loss dependence on parton flavor/mass

Gluon-initiated shower Quark-initiated shower Heavy-quark-initiated shower
<>4> ﬂ
\A Ca . 9 L vy "
. Cs 4 E . :
' Casimir color factors ’ Mass effects

| Gluon-initiated showers are expected A harder fragmentation is expected in low |
| to have a broader and softer ‘ | energy heavy-quark initiated showers due to |
' fragmentation profile than quark- - the presence of a dead cone which i,
] |n|t|ated showers 1

suppresses radlatlon close to the heavy-quark }'

D — — i —

° Energy loss predlcted to depend also on quark mass: reduction of gluon radlatlon from heavy quarks at
small angles —*Dead Cone” effect

e Flavor dependence of energy loss: E&Uon 5 phght—quark - pc o pb
loss loss loss loss

P & : I'l
) Yaxian MAO > oY

g Central China Normal University USTC, Hefel, 29/09/2024 / hpzozf

AAAAAAAA




Mass/flavor dependence of energy loss
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Mass/flavor dependence of energy loss

Dead-cone effect

Large parton mass Small parton mass .
o
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heavy quark

light quark
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3 LIDO model
— Dai et al.
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Centrality 0-20%

VSNN =5.02 TeV

—_ anti-k, R =0.2 jets, [y|<21
- Pb+Pb 2018, 14(1 7) nb™’

- pp 2017, 260 pb
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100 120 140 160 180 200 220 240 260 280

p_ [GeV]

® | ess suppression of b-jets than inclusive jets in most central collisions
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Mass/flavor dependence of energy loss
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Search for dead-cone effects in pp
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® Studying the hard collinear emissions by using CA declustering and late-kt grooming algorithm for kr > 1
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Search for dead-cone effects in pp
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Mass/Flavor dependent jet substructure
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® More differential study on HF(c&b)-jet substructure, well reproduced by PYTHIA
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Mass/Flavor dependent jet substructure
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® More differential study on HF(c&b)-jet substructure, well reproduced by PYTHIA

® C(lear flavor(mass) hierarchy observed in jet EEC measurements
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Mass/Flavor dependent jet substructure
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® More differential study on HF(c&b)-jet substructure, well reproduced by PYTHIA

® C(lear flavor(mass) hierarchy observed in jet EEC measurements
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Path length dependence of jet energy loss
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Path length dependence of jet energy loss
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Path length dependence of jet energy loss

0.3

0.2

0.1

/‘ N
. NZe >
S R B L L
 ATLAS 40< N;i°c°“'<150 g
— pp Vs=13 TeV, 15.8 pb 0.5<p?<4 GeV
" h-h .o B
- h”’=-h"c: 0 AllEvents 0 NodJets A Withdets ]
lhoh - pS >40 GeV g
i 4 o 2
: 3 5 .
i Cgl - _
. s - 5 g
:l | ] | l | [ Wl K | l | P e e | l 1 1 1 l ) I | l L1 1 1 l | | [ | l | 1 l:
0 1 2 3 4 5 6 7 8

P2 [GeV.

0.12

0.1
0.08
0.06
0.04
0.02
0
-0.02
—0.04
-0.06

o
-

—
o [
~—

- -
-

=TTy rrrprrrpervryprrrfrer ey rerypreryos
| | BT RRES B XA RAES LARY RAES

e

IIIIITI

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

20-40% Jet, this result’ =
20-30% h*, CMS -
30-40% hjt CMS

LI

ATLAS
Pb+Pb \s,, =5.02 TeV, 2.2 nb™
anti-k, R =0.2, |y| < 1.2

20-40%
|

]llllll]]lllll]]l

L1l lllllll|lll|lll|lll|lll|lll|l

| 30-50% Jet, ALICE 2.76 TeV
20-30% Jet, ATLAS 2.76 TeV -
i, % | 30-40% Jet ATLAS 2 76 TeV—

50100

450 200 250 300 350 400
por pI [GeV]

In Pb+Pb collisions, jets have no-zero flow over a very large pt

range — path length depends of energy loss

and jets —what could drive this!?

) Yaxian MAO

V<) Central China Normal University
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Jet fragmentation into LF particles
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Jet fragmentation into HF particles
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Jet fragmentation into HF particles
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Jet fragmentation into HF partlcles
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® Tension with even softer HF-jet fragmentation into Ac* baryons than D mesons
® Hints of D%tagged jets fragmentation softer in most central Aut+Au collisions

® PYTHIA can’t produce quarkonium jet fragmentation Y(2S) —further development of theoretical
models are needed '
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Jet fragmentation and hadron chemistry

|7 B/ I PbPb
PP :
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PLB 837 (2023) 137638

® Study jet hadron chemistry with identified particles to
understand the hadronization and jet fragmentations
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Jet fragmentation and hadron chemistry
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PLB 837 (2023) 137638 FEEeCEED o R
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F o7k — UE -
= 4 Jet =
. . . . . . X 06F —#— ALICEinclusive pp ly"* 1< 0.5, In"*| < 0.8 PRC 101, 044907 (2020) —
® Study jet hadron chemistry with identified particles to : F e 5 o -
. . . . 0_5:_ ther sys. errors : }

understand the hadronization and jet fragmentations : e
“E e e =
® PBaryon to meson ratio measured by STAR and ALICE in AA e RR R +++ | E
collisions o2k ot =
0.1 — _+_ Iegr]ti-kIT<I-'|’0.=90.4 Ch. particle jets _:
B I7” 1< 0.5, 60 < pi# *> < 140 GeV/e —
. . ' . . N = R R I B ApeR T
—uncertainty dominates! Precision measurements needed I
X . “|'..~
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Search for jet quenching in small systems

Leading-particle AS-TS
R . (d ch /de)VOM
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® Using particle correlation methods to study associated particles behavior as a function of
(transverse) multiplicity

® No enhancement (suppression) observed for Near (Away) side in pp and p-Pb collisions

® Peak width become narrower in HM events for low pt associated particles
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Search for jet quenching in small systems

CMS Preliminary  pPb 174.6 nb™ (8.16 TeV)
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® With full jet reconstruction, study the dijet balance or h-jet azimuthal correlations

® No modification observed at HM of jet-jet geometry

A\ . “I'
|| Yaxian MAO | '\/\/
V$) Central China Normal University USTC, Hefel, 29/09/2024 15 HP2024

AAAAAAAA



Search for jet quenching in small systems

CMS Preliminary  pPb 174.6 nb™ (8.16 TeV) %10 x107°
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® With full jet reconstruction, study the dijet balance or h-jet azimuthal correlations
® No modification observed at HM of jet-jet geometry

® Azimuthal broadening in HM events observed for recoiling jets with high pT trigger particles
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Search for jet quenching in small systems

CMS Preliminary  pPb 174.6 nb™ (8.16 TeV) g X10° X107 ,
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— Search for energy loss effects with light ion collisions Emem
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(e.g. O-0, Ar-Ar, low Npart, multiplicity similar to p-Pb, known geometry)
® With full jet reconstruction, study the dijet balance or h-jet azimuthal correlations
® No modification observed at HM of jet-jet geometry

® Azimuthal broadening in HM events observed for recoiling jets with high pT trigger particles
= Consistency study of between particle and jet correlations!?
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Looking towards the future with jets

® Beautiful and exciting new results are shown and discussed at this conference! e
P
TS - : " S8 2024: 45.9p”
® Precision and differential measurements allowed for rare hard probes ¢ peemmes
measurements using LHC Run 3 high statistics data at highest energies i+ g
- R dependence 0 S -
- Flavor/mass dependence T
- Path length dependence S
- Jet fragmentation and hadron chemistry L m v a
3 2F ] Gropartioe jeis, antik, = 128TeV. A =
. — 18F QBle-n<0s = 02 16, Ao =
- Medium response S 1el BT pp 52T
QIE 145_ *‘= —+—incl. jets, pp Vs = 13 TeV _f
2 120 =
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Looking towards the future with jets

® Beautiful and exciting new results are shown and discussed at this conference! I s
W
o o . . - . 2024: 45.9 pb™
® Precision and differential measurements allowed for rare hard probes ¢ peemmes
measurements using LHC Run 3 high statistics data at highest energies i P
- R dependence 0 S P
- Flavor/mass dependence e —
251 — sPHENIX Experiment at RHIC
- T ] Collisions: p + p @ VSy\ = 200 GeV
Path I en gth d eP en d ence 200 ‘ —¥— * E X Run43274,2022—%5-J20,HEvent2359748
- 15 S -

- Jet fragmentation and hadron chemistry e e e

T T l T T T I
ALICE Preliminary
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Ch-particle jets, anti-k 5 5.02TeV. A
. i |'?'I('q2_0 7;'0? O-'(IS'T{S n PYTHIAS = "/
! 501 — : n - s M. _.
_ Medlum response : ——incl. jets, pp Vs = 5.02 TeV—] )

% —— incl. jets, pp (s =13 TeV ]
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e sPHENIX jet physics will be started soon! T w0

T,ch jet

o

Stay tuned! Thank you for your attention!
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Light nuclei production in and out of jets

leading track | =0 3 3
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® Using the 2-particle correlations to study the nuclear particle production in jets and in Underlying
Events (UE)

® D/p ratio in jets is increased with respect to in UE events

® Higher d/p ratio in jets in p-Pb collisions wrt in pp —hints of different particle composition in and

out of jets
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