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The Quark-Gluon Plasma (QGP)

Detection

Initial state Hard QGP formation ~ Hydrodynamic Hadronization and
The Phases Of QC D scatterings expansion freeze-out
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* Phase transition at high temperature or density to deconfined state of quarks
and gluons
- quark-gluon plasma (QGP)

* Calculations on the lattice predicts smooth crossover at ~155 MeV at low
baryon density

* Created at the LHC at RHIC using ultra-relativistic heavy-ion collisions



Two main laboratories for heavy-ion collisions

AGS : 1986 — 2000
e Si and Au beams ;\/s ~ 5 GeV
* only hadronic variables

RHIC :2000 —-?
* He3, Cu,Au beams ; up to Vs = 200 GeV
* 4 experiments (only two remain)

SPS : 1986 — 2003 + 2009 —?
¢ O,S,In, Pb beams ; Vs ~ 20 GeV
* Various experiments in North Area

LHC :2009 -?
* Pb beams ;up to Vs = 5500 GeV
e ALICE, CMS,ATLAS and LHCb




LHC: the Large Hadron Collider
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® ALICE dedicated HI experiment

® Low-pT tracking, PID, mid-rapidity . ...
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® Forward-muon spectrometer
® ATLAS/CMS large HEP experiments
® |arge acceptance, full calorimetry

® |HCb (pPbin 2013, PbPb since 2015)

® Forward tracking, PID, calorimetry 4
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Probing the QGP

Initial state Hard QGP formation and expansion ~ Hadronization and freeze-out
scatterings

T~1 fm/c T~5 fm/c 1~10-15 fm/c

* To probe the QGP, we have many tools in
our toolbox
- hydrodynamic flow
- hadron chemistry and kinematics
- electromagnetic radiation from QGP
- quarkonium disassociation/regeneration

z

- partonic interactions with QGP —heavy
quarks and jets



Hard probes traverse the QGP

Quark-Gluon Plasma

( q: fast colour triplet |
e
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Sketch: d’Enterria: arXiv:1207.4362

The importance of the control measurement(s) cannot be overstated!



Jets: a tomographic probe of the medium

In medium parton energy loss Photons / Z
- “Jet quenching” -
(Bjorken, 1982) .

Colorless Probes

'Photons, electroweak bosons
Tag the initial state

gluond

Transport coefficient g, stopping power dE/dx,

- d
ensity dijf, temperature T...

Colored Probes:

Studies of the medium properties

high energy quarks and gluons, heavy quarks neoming [




Probing QGP with jets

Vacuum fragmentation
(e.g. pp collisions)

Collimated sprays of hadrons
resulting from fragmentation and
subsequent hadronization of “high-
energy”’ partons (quarks&gluons)

hadronizatidﬁ'”--._



Probing QGP with jets

Vacuum fragm.e.ntatlon In-medium fragmentation
(e.g. pp collisions) (e.g. Pb-Pb collisions)

Collimated sprays of hadr.ons Quenching— parton lose energy through
resulting from fragmentation and - medium-induced gluon radiations and

subsequent hadronization of “high-
energy’ partons (quarks&gluons)

collisions with medium constituents
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Jet observables

* Study structure of QGP by understanding jet modification from medium
interaction (quenching)

* Several types of jet observables

- Jetyields and constituents — jet suppression and energy redistribution (Raa,
|AA)

- Jet reconstruction and declustering — jet substructure (rg 65) modification

- Angular correlation = jet deflection (Ap)

Substructure modification Energy Redistribution (“loss”) Deflection

Study of different effects in a complementary way must yield consistent picture



Jets (in vacuum)

In the early stage of the collision,
hard scatterings produce back-to-
back recoiling partons, which
fragment into collimated “sprays” of
hadrons

= in-vacuum fragmentation

CATLAS
A EXPERIMENT g

Run Number: 201006, Event Number 554224598

Date: 2012-04-09 14:07:47 UTC \
Mkdedinhind —

ATLAS, pp collision event display



In the early stage of the collision,
hard scatterings produce back-to-
back recoiling partons, which
fragment into collimated “sprays” of
hadrons

Jut 1, pt 70.0 GaV

= in-vacuum fragmentation

CMS event displays

When a QGP is formed, the colored
partons traverse and interact with a
colored medium

G ATLAS

Run: 169045

] H Event: 1914004
- Calorimeter Date: 2010-11-12
30 ) Towers Time: 04:11:44 CET

40

6] P, [GeV]

= in-medium fragmentation

= jet “quenching” (energy loss)

Goal: understand the nature of

this energy loss to characterize
the strongly-interacting QGP



A Back-to-Back Jet

y ATLAS
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One jet disappears in the QGP
-2 “Jet quenching”

ATLAS, PRL105:252303,2010
Drawing: A. Mischke




Jets at Hadron Collider

® Primary goal is to find correspondence between

® detector measurements

® hard partons T ye
p;i=1,...,n i
® C(lasses of algorithms
- calculate all distances — combine objects i, j with ..
dj dig . miljiré\gl distance: ‘g‘;g:zrjitobled 1a
® cone a|gOI"itth — find minimal distance d___ P, = RS(p; p) :
“Hard” objects
are clustered
. . . yes ‘ first!
® sequential recombination
® Requirements AR?
: 5 j
d;; = min (pT’iapT,]) R;j
® infrared and collinear safe o e e N L

p; i=1,..,n;n. <n -
a RS: 4-vector addition: p, = p, + p,

® O r'd er in CI epe N CI ence Cacciari, Salam, Soyez, JHEP04 (2008).

® case of implementation



Jets at Hadron Collider

kTt algorithm Cambridge/Aachen AR?2
b, [GeV] | | o [GeV] ___CamiAachen, R=1_| . 2p k2p 19
i = MRy, , tj) R2

= 1 4p
Vol b ktz‘ ’

=-1 anti-kr algorithm
0 Cambridge/Aachen
2 ) =1 k7 algorithm

0
y

SISCone

p. [GeV] | sISCone, R=1, f=0.75 |
t




Dijet Asymmetry

How often do |

Quantify by dij

ets lose lot of energy?
et asymmetry

2 highest energy jets with A > 21/3

_ ‘pTl - pTZ‘

4,
Pr T Pro

Peripheral collisions: Pb-Pb ~ Pythia

Pri=Pr2>A;=0

d—— —

1/3 pry = pr, > A, = 0.5
C— —

Central collisions: Significant

difference

Jets lose up to two thirds of their energy!

—Something significant happening in heavy-

ion collisions

PRC 84 (2011) 024906
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Dijet imbalance: clear signal in PbPb at LHC

40-100% 20-40% 10-20% 0-10%
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Momentum imbalance wrt to MC (pp) reference
Increases with increasing centrality.
No (or very little) azimuthal decorrelation.

ATLAS, PRL 105 (2010) 252303 4 _ B — B A JF
CMS, PRC 84 (2011) 024906 “*J — B + Evo’ P12 > 5



Nuclear-Modification Factor

* Hard processes occur in nucleon-nucleon /%‘/"'
(NN) collisions
« Heavy-ion collision : many NN collisions o =4/a
— Hard process is independent of number of &6\(1)
NN collisions e

« Without QGP, HI collision is superposition of \\ l\
NN collisions with incoherent fragmentation

lllllllllllllllllllllllllllll

dNAA /de — <N 0”>dN /de«— any object, e.g. charged

¢ particles, jets, J/y, D, .

llllllllllllllllllllllllllllll

 |et's turn this into an observable

R - dNAA /de R,» = 1 2 no modification
AA <N Oll>dep /de Raa != 1 2 medium effects

C

|7



Nuclear-Modification Factor

1
B <N coll> dN pp

RAA

Ryn > 1 — enhancement
Rsn =1 — no medium modification
Ron <1 — supression

18



Jet Raa up to very high pr

S i een e aneeonue nea . . FeE arXiv:1506.08656
@ | ATLAS anti-k; A = 0.4 jets 2011 Pb+Pb data, 0.14 nb™" 1
ey et Sl R, — _dNaa/dpr
' A7 Neon dNyp /dpr
B IR : =
& | ' « Strong jet suppression
1:........' .................................................................................................................................................. even at up to 200-300 GeV
| Bl i - = %_&' e Radiation not captured
i iInside cone R=0.4
| 12<|y1<21 | « \Where does the energy go?
; E s 200 o

p, [GeV]



Jet suppression and energy redistribution

é | | | | [ | | i &\ [ I | LI I L I LI I LI I LI I L 1

o 1 .2ALICE Preliminary — © 1.4 ALICE Preliminary, 0-10% Pb-Pb VSNN =5.02 TeV 5

[ Ch-particle jets, anti-k,A=0.6, |n_| < 0.3 Eg | Ch-particle jets, anti-k;, [7 | <0.9-R ]

_ B T,, normalization uncertainty = - .

= - 212 3

i [#]ML-Based Hybrid Model w/ Wake | § - .

B LIDO i JEWEL w/o Recoils © i | =

0.8 w1 JEWEL w/ Recoils J SEEL N s W =

L [ i i
L 'y osl

L . =3l j
0.6_ o [

- _ - 0.6 —
0.4 R N L

: - Jossenn=™ + 4 [ ]

L ____...-"f ® o + 1 0.4_— =

0.2 weSm==T | o | © = - .
L ® - [

- 0-10% Pb—Pb \s = 5.02 TeV - 0.2~ [¢|ALICE Data [IJUJEWEL w/o Recoils 5

i v b by s by by by by 1 = LIDO Hybrid Model w/ Wake —

0 20 40 60 80 1 OO 1 20 1 40 0 i | I 1 | 11 | I | Iy | 11 | I |1 | | | I ]

Pr en jet (GeVic) 20

40 60 80 100 120 140
)

pT, ch jet (GeV/C

® Jet measurements extended to lower jet pt and large R using machine
learning (ML)

- improvements on background subtraction and systematics
® large R (= 0.6) jets indicate a stronger suppression than smaller R (= 0.2) jets

- suggesting R-dependence of jet energy loss

20



R dependence of jet Raa

CMS 0-10% PbPb 404 ub™, pp 27.4 pb™

[ antiky, n | <2

L L L L L B !
B ’[

_ 500<pJTe < 1000 GeV

- CMS 0-10%

= Hybrid w/ wake

= Hybrid w/o wake

Hybrid w/ pos wake
— MARTINI

5 T LBT w/ showers only
r Il JHEP 05 (2021) 284

LBT w/ med. response
P

02 04 06 08 1 02 04 06 08 1
Jet R

® No strong R dependence of jet Raa for very high pt jets observed by CMS
® R dependence of jet Raa can help to disentangle energy loss mechanisms
- competing effect between the amount/how energy redistributed and

ability to recover it

21



Tension with previous ATLAS results

(\! 2 I . a. -I I LI | I T I I I LI L] I T | I L I I LI
o % : Pb+Pb Vs = 2: 76 TeV 0-10 % - © 1.4~ ALICE Preliminary, 0-10% Pb-Pb \s, = 5.02 TeV —
g B A 1 8 cg L Ch-particle jets, anti-k-, |/7 |<09 -R -
e T8 Ldt._7ub ATLAS - _ 3
& F° 2 des * R=0.3 A isj F -
1.6:— _________ "=R=04 —: = Uil T [ """" - —]

...... - |}
C * 1 =0. i L .
 f FESE N N e i = 0sf -
14 T * g e - 2 y
ST B e TR R - [
& E : . ..... ‘ 2 *.._ B 06_'-
1.2 [ LT - L ]
e 3 N Ry § 0.4 -
Tl =¥ E ]
- Phys. Lett. B 719 (2013) 220-241 8 0.2— |¢|ALICE Data  [[JJEWEL w/o Recoils =
. 8: l & - LIDO Hybrid Model w/ Wake .
1 e : : = : [y o b b b b by
400 50 BO 70 100 200 =26 420 60 80 100 120 140

P, [GeV] Pr oo (GEV/C)

PLB 719 (2013) 220

Suggests larger radius less suppressed  Suggests larger radius more suppressed
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Tension with previous ATLAS results

C\! 2 r r r | . . I . E\T I I I 1 1 T I I I I I 1 ] T I I I I I 1 T I I I I I 1
S S C Pb+Pb \'Syy = 2.76 TeV 0-109% - S 1.4 ALICE Preliminary, 0-10% Pb-Pb |5 = 5.02 TeV —
S B e : B Dl.l L Ch-particle jets, anti-k-, |/7.et|<0.9-R 4
o 18 |Ldf=7phH ATLAS - " | 3
oL e no *R=03 o
1.6:— . """ " R=04 —: g
- - B D * = p—
E D e R=05 :
g S o ¥ B, -. 7
EREY B Siortl TN PO R T y
: E t . . ----- ‘ '..*....*.._ :
I g S EETI Whaiven TN L S JF °F =
__T; L o E N R, 5
s = = :
E"_"E"MS- Lett. B 719 (2013) 220-241 i 0.2~ [#]ALICE Data [If] JEWEL w/o Recoils =
B 5 LIDO Hybrid Model w/ Wake
0.8 ' : ‘ e ; [ 1oy b b o b b by oo ]
40 50 BT 70 100 200 0=%0 20 60 80 100 120 140
P, [GeV] Pr oo (GOV/C)

PLB 719 (2013) 220

Suggests larger radius less suppressed  Suggests larger radius more suppressed

- Not exactly the same observables: R¢p vs. Raa

FRRRS— More detailed
- Different types of jets: full vs. charge comparison and future
- Different centre-of-mass energy and phase-space studies are needed

- Larger systematics in ALICE
22



Raa - substructure interplay

ATLAS-CONF-2022-026

1.6 . . . I I / s S
G:ZE %] Inclusive ATLAS Preliminary Relationship bletweeT ry arr:d medium
jqf [51rg=0 0-10 %_- reso utlon engt
[#10.00 < ry < 0.02 -
| 5 [% ]002<ry,<011 Caucal et al. - @‘2‘2 @
' [+ ]011<r;<0.26 12<Q,<1.8GeV -
0.26 < ry<0.40 0.17 < 0oy < 0.35 ‘ Y. Mehtar-Tan

—3

Slle

/Small rg =—

Inclusive

A

- pp 5.02 TeV, 260 pb anti-k, R = 0.4 jets, |y| < 2.1
o Pb+Pb 5.02 TeV, 172nb1  Zou=0.2,5=0 ._\ Large I <
200 300 400 500 600
Py [GeV]

® Strong ry dependence of Raa

® |large ry jets are more suppressed

23



Grooming and Soft Drop

Grooming: systematically removing Soft Drop: JHEP 1405 (2014) 146

soft wide-angle radiation from a jet to
mitigate effects such as initial- state
radiation, multi-carton interactions,
and pileup

After reclustering with C-A, decluster
and find first splitting that satisfies:

Bulidisn|oe

C—

min( Pt1 > P12 ) 2 AR,
7, (3R

ungroomed jet Pt t P2 R

ARy, = \/()’1 — )"+ (@ — (Pz)z .

Grooming

procedure
The branches left define

the groomed jet

groomed jet i
L Groomed-away
constituents .

24



Raa vs groomed jet radius

ATLAS-CONF-2022-026

Absolutely-normalized results

< [ [ T T | | | T | T T I [ [
< 12 . _
C . ATLAS Preliminary 0-10%
. pp5.02TeV, 260 pb™ anti-k; A = 0.4 jets, |y| <2.1 |
- Pb+Pb5.02TeV, 1.72nb™ Ze4=02,=0 - » i
e ] r \/ Ay + Ag
i i R
0.8 I I —
0.6 l ] / #
I | | e ® I . & -A
| e pJTet > 158 GeV ' ' E w i \
0.4 | ! |
- = 158 < P < 200 GeV !—
0ol —# 200<pf <315GeV 7
- —x—315<pjf‘<5o1 GeV .
0 i | | ] 1 1 1 | | | | | | I | | | | |
nnN3 0.01  0.02

® No significant pt dependencée

® Strong ry dependence of Raa

= large r; jets potentially select more active vacuum shower or with more

independent prongs that are more quenched in medium
25



Groomed jet radius

PRL 128 (2022) 102001 .
Self-normalized results = shapes!

QL 005 01 045 Hg
33 E oo ALICE {5, =5.02 TeV ]
¢ 35F wPhpoo-10% Charged-particiejets 7 : =
| g 3F  Sys. uncertainty A =02, | r}jetl <0.7 r, Ay + Agp
o 2.55_ - 60 < pT,chjet < 80 GeV/c E Hg = R = R
: + Soft Drop z,,=0.2, =0 3
2F =
15 3 + o aggea = 0-88, i g = 089 /\
. 5 é .
0.5 ; ' . ; L = .
£ T T RJETSOAPE | WJEWEL recoisofl |
& q mCaucal 21 JEWEL, recoils on, 1
ol obL Pablos, L =0 Yuan, gL = 5 GeV” ]
(a1 g Pablos, L,.. = 2/nT - Yuan, med g'g
B pes: . O Pablos, chs = o Yuan, quark ]
1.5 FRR .
1 : ""’"""'Z,,l,'__',_'_'_: """""""""""""" ]
1 ) ! M‘“"H~—__i:__i_:
0.2 0.4 0.6 0.8 1
99

® large 0, jets are more suppressed — narrowing of the Pb-Pb distributions

e At fixed jet pr, large R-jet has higher probability to have large 0; splittings
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Angle between jet axes

. collinear radiation
- Standard axis:

coordinates in (y, @) of jet clustered with anti-k; algorithm
and combined with E-Scheme

Standard
>

NN

®

P. Cal et al., JHEP 04 (2020) 211

Substructure observable: AR, ,;, = \/ (v, = y1)* + (@, — ¢)* between two axes

27



Angle between jet axes

. collinear radiation
- Standard axis:

coordinates in (y, @) of jet clustered with anti-k; algorithm
and combined with E-Scheme

groomed-away radiation

Groomed axis:
standard axis of groomed (with Soft Drop) jet

Groomed
—>

Standard
>

P. Cal et al., JHEP 04 (2020) 211

Substructure observable: AR, ,;, = \/ (v, = y1)* + (@, — ¢)* between two axes

27



Angle between jet axes

. collinear radiation
- Standard axis:

coordinates in (y, @) of jet clustered with anti-k; algorithm
and combined with E-Scheme

Groomed axis:
standard axis of groomed (with Soft Drop) jet

Standard
>

Winner-Takes-All (WTA) axis:

- recluster jet with CA algorithm

-2 — | prong combination by taking direction |
of harder prong and pt,tot = pP1,1 + pPT.2 0

/NN

L

: . . - P. Cal et al., JHEP 04 (2020) 211
- Resulting axis insensitive to soft radiation at 2020

leading power

Substructure observable: AR, ,;, = \/ (v, = y1)* + (@, — ¢)* between two axes

27



Jet-axis differences

Narrowing of the angular substructure,

E - ALICE Preliminary ¢ pp : :
ol® 3¢ !
8T 00 (Sm-502TeV 4 PbPb 0105, selection bias!
© a5 Ch-particle jets, anti-ky Sys. uncertainty
—° 302— [
o N WTA - Standard
E ooy 40 < ™" < 60 GeV/c . .
ol T - -
205 o R=02 I |<07 BDMPS-based in-jet pt broadening
15 .
il
105 1 The disagreement seen in here can’t be
Sk . .
. e explained by grooming
f o of _\|{|E\t,>V'I<EjL’ recoils off :JHE\éV%L’l\Ze?SHS on p
_Dé_ o S m),é\gl?'llj'ERq/ﬁBT q/)é Jrr| p(T bcl)’c;ardegning ]
1.5 " Quark-jet fraction higher in medium?
ey ol E T - =
% 002 004 006 008 _ 0. > éj 1

ARaxis
& gluon jet

quark jet P
Angle between standard and WTA let axes ————
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Where does the radiated energy go?

Out-of-cone radiation (Jet R,,<1)

S|

In-cone radiation
(FF modification)

€3 Yaxian MAO

wX@Ys/ Central China Normal University
TNY

yaxian.mao@mail.ccnu.edu.cn



Where does the radiated energy go?

Calculate projection of p; on leading jet axis and average over
selected tracks with p;>0.5 GeV/c and |n| < 2.4

Define missing p- |1|~ = Y —pI®*cos (Prrack — PLeading Jet)

: Tracks _
Averaging over event sample in bins of A,

find missing p; consistent with zero

Leading
jet
defines
direction

PRC 84 (2011) 024906

30



Where does the radiated energy go?

« Calculate projection of p; on leading jet axis and average over
selected tracks with p;>0.5 GeV/c and |n| < 2.4

. . . Track
. Define missing p- |1|~— Y — P17 cos (Prrack — PLeading Jet)
Tracks
« Averaging over event sample in bins of A,

find missing p; consistent with zero

0-30% Central PbPb Leading
. 1 éMlsl I | R I | I | [ ol-slo; || j Jet .
sl POPP \s,=2.76 TeV -_ defines
| [Lat=e7u” 1| excess away direction
. ' | | from leading jet
g 20:
> — =
3 .
= O % Y i
'—
'9-_20;
~ excess towards
i : leading jet
40} : oN
[ | A R | I L1 11 l | R e ] | I | N ] S | I { TR B | ] l
0.1 0.2 0.3 0.4
7 A, AN

PRC 84 (2011) 024906

balanced jets unbalanced jets
30



Where does the energy go?

0-30% Central PbPb

& it wiissedbint T Calculate missing p-
o| i aan - in bins of track p;
fL dt=6.7 ub’ i : excess gwa)_/ : :
A { |from leading jet ® >0.5GeV/ic
0.5-1.0 GeV/c
1.0- 2.0 GeV/c
2.0-4.0 GeV/c
excess towards I 4.0-8.0 GeV/c
leading jet B > 8.0 GeV/c

!

01 02 03 04
A, AN

nalanced jets unbalanced jets

The momentum difference in
the leading jet is compensated
by low p- particles

31



Where does the energy go?

0-30% Central PbPb T Calculate missing p;
RS R S . .
| mewianmm gais in bins of track p;
f L dt=6.7 ub" = { | €XCESS away ) -
| from leading jet ® >05GeVic
= o ] 0.5- 1.0 GeV/c
1.0-2.0 GeV/c
2.0 - 4.0 GeV/c
excess towards [ 4.0-8.0 GeV/c
leading jet B > 8.0 GeV/c
0.1 02““03”‘104““ ‘ ',\
A 5
ralanced jets unbalanced jets 0.8 f-cone
N
e REEYY A
40:* s:spz-zgn/::z.?s Tev e T S
20:_det=s.7gb“ _:_ - ;
The momentum difference in 8 | T
the leading jet Is compensated ¥ _ f .
by low p; particlesat large WoF :
angles with respect to the jetaxisy .
B l01l = I02I A I03I g l0.4 llllllll 0.1| = |02I ;\l I03l = I04| E




Where does the radiated energy go?

Out-of-cone radiation (Jet R,,<1)

S|

In-cone radiation
(FF modification)

Is there an observable difference in the jet cone?

€3 Yaxian MAO

wX@Ys/ Central China Normal University
UNY

yaxian.mao@mail.ccnu.edu.cn



Jet anatomy

0.4

Most of momentum found close to jet axis
is high pr particles (pt > O(10 GeV))

Vacuum Jets in Medium
32 GeV/c < prparticle (pp reference) (jet broadening)

Jet
pT

o

w

Particle /

¢

T
o
no
|
22,

)
%

Zp

=

0.1 Large angle component of jet contains small
' Fﬁ_ fraction of jet pr in soft particles (pt > O(1GeV))
O—I | /'

0 01 02 03
100 GeV PYTHIA jets r

B> 32 GeV/c r = V(Njet-Nch )2+ (Piet-Pcn )2

16-32 GeV/c

[]8-16 GeV/c

4-8 GeV/c

2.4 GeV/c ® How the parton shower modified!?
1-2 GeV/c

Ot otcone raditin ® What is the mechanism modifying the shower?

Raa<1

Incoming /

parton

® (Can we relate to shower modifications to
medium properties!?

In-cone radiation
Jet broadening

®\ 34



Modification of jet fragmentation patterns

jet FF: momentum redistribution p(r) radial profile:
d g « SW y-tagged jets 5.02 TeV_ energy flow redistribution
= 1.
“— I ! | | _l I | | I I |
S e inclusive jets 2.76 TeV - _ GMS PbPb, sy =2.76 TeV .
o 1. L dt = 150 pb”
= (0-10%) - H .
= 14 - anti-k; jets: R=0.3 -
1 {0 PLB 730 (2014) 243 T -
1 ] I —— |
: I p'°‘> 100 GeV/c |
| 0.8 o . i 0. 3 < <2
- ATLAS Preliminary - 0.5 0-10% ptTrack -1 GeV/e -
0.6 030°/on+Pb/pp ~ S S
| | L1 1 | | | | | 1 1 | 2 0 0 1 0'2 0-3
1 10 10 (r 5r/2r+c3r/2)r

p_[GeV] p(r)=+55 EpT
® FExcess at low pr and large angular distance — jet broadening
® Suppression in intermediate pt and radii = jet quenching

= Investigate low pr jet fragmentation patterns with ALICE
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Jet shape measurements to larger distance

Inclusive Jet Shape pp 27.4 pb” (5.02 TeV) PbPb 404 ub ' (5.02 TeV) anti-k; calorimeter jets, R=0.4, P> 120 GeV, |njet| <1.6
10° pp reference PbPb Cent. 50-100% PbPb Cent. 30-50% PbPb Cent. 10-30% PbPb Cent. 0-10% |
- CMS Preliminary 1 1 tk
% P(AT) or N: Z]etSZtraCkSE (rary,) PT
o 102 jets
3 10
[a ¥ z
1
10 : pp reference PbPb Cent. 50-100% PbPb Cent. 30-50% PbPb Cent. 10-30% PbPb Cent. 0-10%
trk
p(AI’) 1 Z]etsz‘trackse (ra,rp) p"lr
’Z\ 1 or Z]etsz‘tracks Pt frk
a
107
10

HIN-PAS-16-020

0 0.2 04 06 0.8 g3
|:|07<p"k<1GeV
] 1<p“k<2GeV

[ 2«< p“k< 3 GeV
B 3< p"k< 4 GeV

/ (Ar)pIO
N
(6]} [\S) (€)1} [€))
2
°
%

Ke]
' 1.5F 1 aw ]
-4<ptk<8GeV % \?\*e%%% %‘\%\\ J \
trk ~— o * k;‘-
e, 5 Preaeset IR N o™ SECULEEEEEEEEREE SUCIARREEEEEEEEEE
Q

-16<p“"<20Gev 0.5F
trk
-20<p<300GeV PR SR N T TR NN T T S N T T TR T T SN M TR TN SN N NN N T N TN T SN NN T T N N TN SN SN M T T TN (SN TN NN N TN S SN SN NN TN T NN SN T SN M T TN N N SN SN T NN T TN T N RN T TN N

trk 0
S Total 0.7 <l < 300 GeV ) 02 04 06 08 ) 02 04 06 08 ) 02 04 06 08 ) 02 04 06 08
mtrack|< 2.4 Ar Ar Ar Ar

® Extend jet shape analysis to large R using 2-d correlation methods

® |arge angle broadening becomes stronger
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3\ Yaxian MAO

Correlations with high-pt hadrons

Trigger hadron

Recoiling jet

ian. il. .edu.
Central China Normal University yaxian.mao@mail.ccnu.edu.cn
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Di-jet and di-hadron correlations

* hard scattered parton looses energy while traversing
the medium v | s eommmavrecem

Run/Event: 151076 / 1328520

Lumi section: 249

» di-jet (im)balance (Ejec and Ad)

\Jet 1, pt: 70.0 GeV/

Jet 0, pt: 205.1 GeV/

Near side

j Away side

» di-hadron correlation pattern

* Inter-jet properties (Ad, away side x)

1/Ny g AN/dAG

\
\J
\
)

S assoc. P
P, trigger Pra

Q
o O
- \J
\
Q
\J
Q
0
0
Q
Q
\

o\
S~
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Medium response to propagating parton

® Jet lose energy due to interaction with medium

= medium modified by jets

G.-Y. Qin, A. Majumder, H. Song, and U. Heinz,
Phys. Rev. Lett. 103, 152303 (2009)

Expectation: ‘wake’ effects:
Enhancement around jet

Deletion opposite jet

Sonic boom - v,

b (g 6l

® |nsert out-of-equilibrium probe — see how medium responds

= transport coefficients, equation of state
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Broadening observed in two particle correlations

PLB 730 (2014) 243

ALICE, Pb-Pb

1 5_' MS PbPb, - S =276 TeV ' | 0-10%
' L dt = 150 ub”
- anti-k; jets: R=0.3 54l
& —— T i -
= t @ ].
_QE- 1 + 8\/ 52_
5 —.— =
a jet 1 © % 5_-
p, >100 GeVic _, 2 ]
! 03 < | < 2 481
0.5 0-10% p'T""’k >1 GeV/c -
I T S AT SR T |
0 0.1 0. 2 0 3
r
p;(r=or/2 r+5r/2)
p(r)= f—hg N > p
jets pT

Centrality (%)

® [Excess at large angular distance — jet broadening

® Jet broadening quantified using two particle correlations:

[ (GeV/c) P sscoc (GeV/c) meg (GeVic) :p,. (GeV/c)
e 1-2:1-2 ¢ 4-8:1-2
"""""" o3-1.0 7 4-8 : 2-3
+ 2-3:2-3 v 4-8:34
% 3-4:1-2 4-8:48
O 34:2-3
0 3-4:34 PRL 119 (2017) 102301
i ALICE -
_GNP (rad) 1 QGAT] Pb-Pb | 5, = 2.76 TeV -
(¢ . pp 15 = 2.76 TeV ]
- 41 ‘ —
* :
° L%
- ® o * . __O 5 9_& =
L I A e
SR : ¢ To o (3 (.
| O O O 0 0 e} A 0 o 8
_U O™ M| M Lﬂ‘] | 8 M H} _
o > - IR S £
IR R S [ B A B A B A R
O 20 40 60 80 PP O 20 40 60 80 PP

Centrality (%)

assoc. p

'Bn trigger

........

= Small broadening in A, significant broadening in An (ptig T, width 1)
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Low pT broadening observed in %-h correlations

YPb—Pb dNgssoc §
= Y — dA 3
near side PLB 763 (2016) 238 away side W
}_IIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIlIIIIlIIIIlIIII_ §:||||||||||||||||||||||||||||||||||[|#A¢(rad)
3 5F ALICE, 0-10% Pb-Pb, s,y =2.76 TeV I = [ ALICE, 0-10% Pb-Pb, {55 = 2.76 TeV -
e 8<ptT”9<16 GeV/c : 6 8 < pl?<16GeVic —
3: A Near side (|A¢| < 0.7) . - Away side (JAg-nt| < 1.1) .
S % n-hadron (v_bkg) . 5 ¥ n-hadron (v_bkg) —
25— % $ AMPT model = - LS }  AMPT model -
Y — = JEWEL model 1 AE s — - JEWEL model =
2 H H. E aF . — + NLO pQCD model E
1o *E E - a -
) S o O - N - N - N B Y E
E ———_:."‘f_’—\ﬁ/—_—— E 1: x.‘i-. i :
- T NEmmganm OEEEEEE NNy ~ ] _———————' ..T————————————_
05:— _: - _I_ﬁ‘—é%;—...r:---! -_"l‘ﬂ7 -]
— ] _I 1 1 1 | 11 1 | | 11 1 I 1 1 1 | 1 1 1 1 | | 1 1 1 | | | 1 11 1 | | | | 1 Il_
O_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_ OO 1 2 3 4 5 6 7 8 9
0 1 2 3 4 ) 6 7 8 9 assoc
P?SSOC (GeV/c) p> (GeV/c)

* Enhancement at very low pr, indicating extra particles excess — consistent with
low pt broadening (soften of fragmentation functions? excited by medium?)

* Suppression on the away side for high ptr = consistent with jet quenching
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Semi-inclusive yield of jets recoiling from high-pt hadron

push the kinematics down to very low prt and large R
- access to low pr jet quenching and intra-jet broadening

® Subtract uncorrelated background: yield difference between two exclusive trigger

track-classed distributions: ‘signal’ and ‘reference’:
TTSig: 20 < PT.trig <50 GeV/c

3a7TAA 3a7TAA
1 d Net 1 d Net
A J c J
recoil — AA — CRef " ATAA TTrer: 5 < prarig < 7 GeVlc
]vtrlg de JetquodﬂJet  ETT ]Vtrlg de]etqupdﬂJet eTT
E— p T,trig Sig P T,trig Ref
’6200_"'%""- """" BRI BLELELE SR T — e
S | ALCE - pp, Vs = 5.02 Tev § 1 cq =0.811£0.008 R = 0.4, mietl <0.5
D Z 1
S s pp : ;h_poa:":l:“?tj i 0 g 107 _men, 0-10% Pb-Pb, 5, = 5.02 TeV
s [ = = U gl < ©- 5 10-2 - _particle i -
o A o signal T_T{é(t),SO} JE 10 :" Pl Tz Ch-particle jets, anti-k
& ool 3 = 10°F - ¢ e
10 C\-b -05 10—4 ..- ..."' -.-—0—
S sE., T4 . T
© 107 ke ¢ -
_ ‘_25 107° TT{5,7} reference - .
10 107 " Integral = 1.750 + 0.001
TT{20,50} signal
1078 7 Integral = 1.748 % 0.002
1079 —— A, ( TT{20,50} - TT{5,7})
10 P S S S L
-50 0 50 100 150
Cco
pT,ch jet (




Recoil jet yield modifications: R = 0.2

I _ Arecoﬂ(Pb —_ Pb) Trigger hadron
AA =
Arecoil(pp)
< [ T T T | T T T | T T T T T T T T T T T T T T T _I
< © ALICE . Ao 2
25F Pb—Pb 0-10% - ¢ 5
2_ - & Suppressionat20 < pr ;. <80 GeVic
150 - — jet energy loss
= 7 e Rising trend with p;
0.5 E — interplay between hadron and jet energy
- PTjet ~ PT,trig - loss? Less trigger surface bias when
B | | | | | | | | | | | | | | | | | | | | | | | | | | | | _I . . 7
% 20 40 60 80 100 120 140 Prjet > Z P ig*
p_. . (GeV/c)
T,ch jet
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Recoll jet yield modifications: model comparison

-------- :r‘_ R — 02 AreCOﬂ(Pb —_— Pb) Trigger hadron
i Ian =
Toe Arecoil(pp)
< [ T T T | T T T | T T T | T T T | T T T | T T T | T T T _I
= B ALICE —a— Data 7]
- Pb—Pb 0-10%  ==sss JETSCAPE (Matter+LBT) i
25— —— JEWEL (recoils off) ] -
N —— JEWEL (recoils on, 4MomSub) _ Recoling iet
B Hybrid model 7
2 — [ ] Ho E:ast!c, \l;lvo \kNake — R < . <
: _ . o Bl Wl e Suppression at 20 < pp i, < 80 GeV/c
15 - TT{20,50} — TT{5 7} Elastic, Wake + E — ]et energy IOSS
e 7 o Rising trend with p; i
0.5 - — interplay between hadron and jet energy
- - loss? Less trigger surface bias when
o B | | | | | | | | | | | | | | | | | | | | | | | | | | | | _I . . 7
0 20 40 60 80 100 120 140 PTjet > 2 PT gt
V/
pT,ch jet (Ge C)

® Models (Hybrid, JETSCAPE) capture rising
trend

%‘, Hybrid Model: elastic (Moliére) scatterings and ,‘
| wake (medium response) included |

F. d’Eramo, K. Rajagopal,Y.Yin, JHEP 01 (2019) 172
Z. Hulcher, D. Pablos, K. Rajagopal, 2208.13593 (QM22)

—— — = =

® |EWEL describes low prjet laa

JEWEL: medium response effects via

I .
| treatment of ‘recoils’

| K.Zapp, EP) C,Volume 74, Issue 2,2014
R. Elanavalli, K. Zapp, JHEP 1707 (20|7) 141

jETSCAPE energy loss based on MATTER

‘J (high virtuality) and LBT (low virtuality)
" JETSCAPE, Phys. Rev. C 107, 03491 |



https://arxiv.org/abs/2208.13593

Recoll jet yield modifications: large R

ettt :r‘- R = 04 Arecoil(Pb —_ Pb) Trigger hadron
T NG A
o recoil(PP)
< [ T T | T T T | T T T | T T T | T T T | T T T | T T T _I
= B ALICE —a— Data 7]
55 ‘I Pb—Pb 0-10%  =ss== JETSCAPE (Mattfefr+LBT) ]
O —— JEWEL il ] oy
- S = 5.02 TeV — JEWEL (recails on. 4MomSub) Recaling et
- -parigie 1e1S, anl Hybrid m_odel 7 :
2 0.4,1n_1<0. ,,‘.“\ I No Elastic, No Wake ] .
= | e . ot wake 1o Suppression at 20 < pr i < 80 GeV/c
15 :_ TT{20,50} — TT{5,7} Elastic, Wake + _: — ]et enel"gy IOSS
L T S R 7 o Rising trend with p; ..,
0.5 B — interplay between hadron and jet energy
- A - loss? Less trigger surface bias when
o B | | | | | | | | | | | | | | | | | | | | | | | | | | | | _I . . 7
0 20 40 60 80 100 120 140  PTjet = =~ Pruig’
V/
pT,ch jet (Ge C)

® Rise at low pr; jet

%‘, Hybrid Model: elastic (Moliére) scatterings and ,‘
| wake (medium response) included |

F d’Eramo, K. Rajagopal,Y.Yin, JHEP 01 (2019) 172
Z. Hulcher, D. Pablos, K. Rajagopal, 2208.13593 (QM22)

—_ s —— e e ——————

— energy recovery?! Reproduced by models
including medium response

 JEWEL: medium response effects via
| :
| treatment of ‘recoils’

K. Zapp, EPJ C,Volume 74, Issue 2,2014

] ETSCAPE: energy loss based on MATT
‘] (high virtuality) and LBT (low virtuality)
"‘ JETSCAPE, Phys. Rev. C 107,03491 |



https://arxiv.org/abs/2208.13593

A@ results - angular deflections

Trigger hadron

LI L] l Ll LI L] -I T L I T L LI I T L I Ll LI L I Ll LI
—  ALICE Preliminary pp Vs =5.02 TeV -
[ ) Ch-particle jets, anti-k., R = 0.4 ]
o 5 L -
Recoiling jet g 5150 |— - p(T’,lram >0.15 GeVic, I”ial <05 ] 3
§Q»-" L & TT(20,50) - TT(5.7) signal - reference | 10
- ] -
L = . d
L =
100—
50—
O=
-2
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A@ results - angular deflections

Trigger hadron

10 < prjer < 20 GeV/c

AT §1p"l"'I"'l"'l"'l"‘l"'l"_

L 1] L] l ] L] L] L I T L 1] L] I T L] 1] L] I Ll T L] L] I ] L] L] L I ] L] L] 6\ 40 ,:_ AL|CE Preliminary _:

L ALICE Preliminary pp s = 5.02 TeV @ - VSN =5.02 TeV 10 < pi“jet <20 GeV/c 1
[ ) Ch-paticle jets, anti-k, R = 0.4 é 35 ;— Ch-particle jets, anti-k+ =
i =2 = R=04,|n |<0.7 =
¢ 50.15GeVic, |y | <0.5 = t =

- P > 015 BEYE Wy < > 30F TT(2050) - TT(5.7) E
= TT(20,50) - TT(5,7) signal - reference Q) o5 - Pb—Pb 0-10 % -
= — — —e— PD— = ° =
[ 3 oo —H PP , —o-
100f— < ; [] Sys. uncertainty I
i 15 —— "o _+:
50— - — 3
L 5F —— =
oL S 0 :_ -------- _:.r’\:- ------------------------------------------------------- _:
S R S R B I I e
0= e [ 2
=2 Q 6 = =
Ag (rad) g' E + ]

-Q - -

o 41 =|

_£|> I ¢ —— 5

o 2 — o —9——0-

oF i

16 1.8 2 22 24 26 28 3
A@ (rad)
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A@ results - angular deflections

Trigger hadron

10 < prjer < 20 GeV/c

-3
AT §1p"l‘"I"'l"'I"'l"'l"'l"_
1] L] l ] L] L] L I T L L] L] I T L] 1] L] I Ll 1 L] L] I ] L] L] L I ] L] L] 6\ 40 ,:_ AL|CE Preliminary _:
L ALICE Preliminary pp s = 5.02 TeV @ - VSN =5.02 TeV 10 < pi“jet <20 GeV/c 1
[ Ch-paticle jets, anti-k, R = 0.4 (>.<> 35 [~ Ch-particle jets, anti-k _;
[ < FE R=04,p |<0.7 ]
h > 0.15 GeV/ce, n. 0.5 . t —
— Praaa > 015 5EHE Wy < > 30F TT(2050) - TT(5.7) -
- TT(20,50) - TT(5,7) signal - reference Q) o5 E Pb—Pb 0-10 =
- ‘:_ — —e— — — (S _:
[ 3 oo —H PP , —o-
100f— < = [] Sys. uncertainty I
i 15 —0—+—_$_— i _+:
[ 10 &= " ——— =
50— - — 3
[ S5 —— =
ek | =
0_—. i o B e b e b b T
=2 Q 6 3 E
Ag (rad) o OF -
0 - Bl
o 41 =
& . F et :
o 2 — o —9——0-

00618 2 22 24 26 28 3

® First evidence of broadening of h-jet Ap (rad)
azimuthal correlations for soft jets
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Recoil jet azimuthal modifications: R = 0.4

5 107 30<p  <50GeV/cFALICE 50<p . <100GeV/c
o ’ V5 =5.02TeV
é 1072 Ch-particle jets, anti-k
N ¥% TT{20,50} - TT{5,7
E } _j:;i: { }-TH5,7}
S 1o == e
g —_—— ¢+
<10+ —e— Pb—Pb 0-10% .r.
T —— —— pp p——
105k A=041n 1<05  } ] Sys. uncertainty I
, oo 1 I = A1recoil(Pb — Pb)
10 E3 AA — A
[ I recoil(pp)
< | _- I
<
—~ 1 el e T T U Uy S U
...........................................................
2 2.5 3 2 2.5 3 2 25 3 2 2.5 3
A@ (rad) A@ (rad) Ag (rad) A@ (rad)

® No broadening for [20,100] GeV/c

® Significant broadening for [10,20] GeV/c

(4.70 deviation of / AA from flat)
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Recoil jet azimuthal modifications: model comparison

l’-a 107 10<p_ <20GeVic 20<p_  <30GeV/c 30<p. <50GeV/cFALICE 50<p. <100 GeV/c
© T,ch jet T,ch jet T,ch jet T,ch jet
S YSun = 5.02 TeV
é 1072 Ch-particle jets, anti-k
33 &% TT{20,50} - TT{5,7}
> - =
& 10 -

3 —— +

o ——— ==
<10 =e— Pb-Pb 0-10% +

= PP j:
1075 | [ Sys. uncertainty —

_ A1recoil(Pb — Pb)
Arecoil(pp)

= m | JETSCAPE (Matter+LBT) IAA —_

==«  JEWEL (recoils off)

== 1  JEWEL (recoils on, 4MomSub)
pQCD@LO + Sudakov broadening

s (G L) =13 GeV2

s (] L) = 26 GeV?

on -
“.—ull—..."

pQCD + Sudakov broadening:
leading order pQCD, azimuthal

broadening via jet transport coefficient
L. Chen et al, Phys.Lett.B 773 (2017) 672-676

® Hybrid model w/wake: capture yield enhancement. w/ elastic: negligible
broadening

e pQCD w/ broadening via g: lacking precision to resolve difference
between two g values

® JEWEL (recoil on): captures all features of data
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Recoil jet azimuthal modifications: different R

10 < prjer < 20 GeV/c 20 < prjer < 30 GeV/c 30 < pTjec < 50 GeV/c
I I I | |

10k 1 | ALICE
; } = hR=02 I {5y =5.02 TeV, Pb-Pb 0-10 %
+ 1 = H=04 T Ch-particle jets, anti-k
{ 1 —R=05 | TT{20,50} - TT{5,7}

Ty | o |
1 1 1
= N R b 13**“ ol Hl 'LH Iy, = o0~ PD)
f t fY e * +'f 1 ++1 *T# # ‘ ﬂ # + H‘i +| ’++ A ecoil(PP)
[ I I $ ]
1O<pT’Chjet<20 GeV/c 20<pT,Chjet<30 GeV/c 30<pT’Chjet<50 GeV/c:
v v v b ey e v e e e by e e b e by |
2 2.5 3 2 2.5 3 2 2.5 3
Ag (rad) A@ (rad) A@ (rad)

e Transition to broadening from R = 0.2 to R = 0.4 for 10 < pp e <20 GeVic

® soft radiation mimicking a jet may scale with R2

® Moliere scattering off QGP quasiparticles
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Recoll jet azimuthal modifications: JEWEL comparison

10 < prjer < 20 GeV/c
I I I

10:- 7

<20 GeV/c ]

I - R=02 JEWEL:

] =-—R=04 * = recoils off

T —R=05 — recoils on, 4MomSub T
3™ |

$
'.ri:‘l"‘

<30 GeV/c |

20 < pjec < 30 GeV/ec 30 < prjec < 50 GeV/c

| ALICE
T Vs =5.02 TeV, Pb-Pb 0-10 %
T Ch-particle jets, anti-k

1 TT{20,50} — TT{5,7}

<50 GeV/c |

IAA -

10<,oTht 20<pTht 30<pTht
AT B B i S ST BTSSR RS B AT R SR i
2 2.5 3 2 2.5 3 2 2.5 3
A@ (rad) A@ (rad) A@ (rad)

(Pb — Pb)

recoﬂ

recoﬂ(pp)

® All features of distribution reproduced by JEWEL with recoils on ...
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Recoll jet azimuthal modifications: JEWEL comparison

10 < prjec < 20 GeV/c 20 < prjec < 30 GeV/c 30 < prjec < 50 GeVic
T 1 ||

10F 4 | ALICE i
I =—R=02 JEWEL: I |5 =5.02 TeV, Pb—Pb 0-10 %
l =R=04 " reco!:s of y 1 Ch-particle jets, anti-k;
_— R=05 = recoils on, 4MomSub 1 TT{20,50} - TT{5.7)
>
| [ = recoﬂ(Pb Pb)
"""" T~ AA —
1 recoﬂ(pp)

..l‘.l'l;‘s
1O<,oTh t<20(3|eV/c 1 20<pTh t<30GeV/c 1 30<pTh t<50(3|eV/c_
coeovoa b v by v bt v b vy vy oy bbb v e b by
2 2.5 3 2 2.5 3 2 2.5 3
A@ (rad) A@ (rad) A@ (rad)

® All features of distribution reproduced by JEWEL with recoils on ...

— Data favours medium response to jet or medium-induced soft radiation as
explanation for observed broadening
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Recoll jets verus inclusive jets modification

Inclusive

1 | T T T | T T T | T T T | T T T | T T T |

i 018 Pb-Pb, m = 5.02 TeV, 0-10% ALICE Preliminary i

- anti-k;, R=0.3, A, >02, |7 <06 I .

0.8 | Ch-particle jets -

. p'f‘"d > 3 GeV/c (rel. to unbiased pp) |

0.6— _

= B .
o 0.4‘_ 139 GeW;c:

i JETSCAPE (MATTER+LBT) _

0.2 Mehtar-Tani et. al, q+g |

=L MARTINI |

1 2 JEWEL (recoils on) -

10<p,,  <20GeVic | 0‘__j___________"E_WELEET"j‘f’____‘

IIIIIIIIIIIIIIII |_|||||||||||||||||||||_
0 20 40 60 80 100

Ag (rad) >

® All features of distribution reproduced by JEWEL with recoils on ...

® . .but no model incorporating medium response describe all measured
observables
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Charged particle yield recoiling from Z

| [ ] [ | Hybrid w/out wake

L T T T T T T —

Y= L dzNCh 3.53 ATLAS 0-10% -
B . PRL 126 (2021) 072301 0
NZ dp%h dA¢ } 3¢ 5

— B 15-30 30-60 >60 pZ [GeV] :

e &-| EF [ Data —

Y, AW | I I [ Hyorid w/wake ]

i Pb—Pb 23—\ -
AN X :

Ypp 15 $
15 PRL 126 (2021) 072301
0.5 | = =
EE = | \ | | | | | | | :
0,

2 S 4567 N 2 36

® Study of charged particles opposite to Z without jet reconstruction allows to
understand the modification of jet constituents and jet fragmentation
functions

- Colorless Z sets initial scattering proxy, allows probing low pt range

® |Low pr excess can be described by medium response in hybrid model
—energy redistribution due to quenching
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Charged particle yield recoiling from Z

1 d°N,, CMS s, ,=5.02TeV, PoPb 1.7 nb™, pp 304 pb1

wdpadagt g L : Hybrld

7Qw/o wake [ CoLBT L ) wio wake
w/ wake

w/ wake

. CoLBT

A ¢trk,Z

% racks

PbPb / pp

5101520253C 051152253

ptTrk (GeV/c) A
PRL 128 (2022) 122301

(rad)

trk,Z

® | ow pt excess and high pt suppression —*energy redistribution due to quenching

® Excess of particle yields down to the ¢tk = pZ in central PbPb collisions

- quantitative agreement with models including medium response
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jet

b-jet / inclusive

Flavour dependence of jet suppression

0.07 g e @rXivi2204.13530
0.065F- ATLAS [®]ATLAS =
- pp 2017, 260 pb" B CMS7TeV,R=05jets, |y| <05 3
0-065_ anti-k, R = 0.2 jets ----PYTHIA8 5.02 TeV, R = 0.2 jets, |y|<2.1 _E
0055;_ Vs =5.02 TeV, |y| <21 NNPDFLO23 A14 _;
0.05F =
0.0455— | | E
0.04ff i + £
= 2 £ S B forees + E
0.035% | { | = ;
0.03F = D,B
0.025F 3
002:|...|...|...|...|...|l..|...|...|...|...|..:.
780 100 120 140 160 180 200 220 240 260 280
p. [GeV]

® Theoretical calculations predicts heavy flavor quarks lose less energy in medium
compared to light quarks

® Fraction of b-jet to inclusive jet cross section independent of collision energy and
jet pt

- relevant for Raa modification interpretation
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b-jet / inclusive Jet

Flavour dependence of jet suppression
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® Theoretical calculations predicts heavy flavor quarks lose less energy in medium
compared to light quarks

® Fraction of b-jet to inclusive jet cross section independent of collision energy and
jet pt

- relevant for Raa modification interpretation
® |ess suppression of b-jets than inclusive jets in most central collisions

- color charge and mass dependence of energy loss
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Mass dependence of jet energy redistribution

: CMS Preliminary \Syy=5.02 TeV, PbPb 1.7 nb™, pp 27.4 pb™, anti-k_jet (R = 0.4): p‘j‘ >120GeV. Iy _|<1.6
- [e] b (PbPb)/incl.(PbPb) I I
y [ [ b (pp)/incl.(pp) : i
B pfFaCk >1GeV | i
2 - : ——
C_1 5 | na | S
z I # - . + +—+—j:_ [ i+ |
e 1#’*’+ o . B . O
- o - o - o
a1 STt f 3090%  f 10-30% P 0-10%
or EjetZtrkp“k "0 02 04 06 08 1 O 2 O 4 O 6 O 8 1 02 04 06 08 1
Ar Ar Ar

® b-jet shapes are sensitive to production (b-jets from GSP boarder than b jets from
other processes) and fragmentation process

® Relative modification between b and inclusive jets at large r region getting larger
from peripheral to central collisions

- Soft pt accumulation of b-jets are stronger than inclusive jets

® No obvious centrality dependence for small angle depletion

55



Colorless probes

Studies of the medium properties

Colored Probes:
high energy quarks and gluons, heavy quarks

olorless Prolbes "

Photons, electroweak bosons

o Photons / Z bosons
\\ don’t interact strongly

Tagging initial jet energy
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Colorless probes

Z

high energy quarks and gluons, heavy quarks
Studies of the medium properties

g gt V . y
Colored Probes:
QCD Compton qq
scattering annihilation
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Colorless Probes ERN no. ets -ets

Photons, electroweak bosons ,
Photons / Z bosons -5~ -e Pythia

IlII|IIII|IIII|IIII|IIIIII

\\_ don’t interact strongly 0.2 For y-tagged jets
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Tagging initial jet energy Increasing quark-jet fraction

56



Color-charge dependence of Raa

2018 Pb+Pb 1.7 nb™!, 2017 pp 260 pb' ATLAS-CONF-2022-019
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® Photon-tagged (quark-enhanced) jets being significantly less suppressed than
inclusive jets

- quark jets less active in medium, fewer radiating prongs — color factor
dependence of parton-medium interaction
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IpOCD NLO?’ IAA

Correlations with isolated photons

LHC Pb—Pb 5.02 TeV

RHIC, Au—Au 200 GeV
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CCMS, y—ijet, 0-10% Phys. Rev. Lett. 121, 242301 [STAR; y—hadron, 0-12% Phys.Lett.B 760 (2016) 689—696:

‘CMS, Z—hadron, 0-30% Phys. Rev. Lett. 125, 122301 [PHEND(Z y—hadron, 0-40% Phys. Rev. Lett. 111, 032807j
& 2o

e Same , /SNN and system e same measurement

: : . different , /sy , System and selections
 different selections and measurements NN > SY

Similar behavior as observed at LHC and RHIC experiments, despite
of not completely apple-to-apple comparison

58



LHC HI program

2010-2012 2015-2018 2022-2024 2028-2030 2032-2034 2036-2039
m-m- _Runs Im-lm

High luminosity LHC

L
Major upgrades for \ We are

ALICE and LHCb ——  here ATLAS and CMS phase II ALICE 3: a whole new

ALICE ITS3 and FoCal dedicated HI detector!
LHCb upgrade Il

ALICE 3 Superconducting RicH

magnet system

- Letter of Intent: CERN-LHCC-2022-009
- next-generation HI experiment

- all-Si MAPS tracker

- ultimate vertex detector

- minimal mass (essentially only sensor)
- 5 mm from beam (LHC aperture)

Muon
absorber

Muon
chambers

Physics focus:
- low-pt heavy-flavour
- electromagnetic radiation from QGP
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ig. 3 The distribution of the momentum imbalance variable xr
etween triggered photons and associated jets for most central (0-10 %)
’b+Pb collisions at the LHC. The jet size is R = 0.3

Path length dependent medium effect by tagging

® CMS Pb+Pb0-10%| ]
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Feasible to probe medium density experimentally?
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Fig. 8 The nuclear modification factor /44 for the photon-triggered
jets as a function of centrality for Pb+Pb collisions at the LHC. The
results for different x7 values are compared. The jet size is R = 0.3

By selecting jet pair events using different asymmetry (x1) value (or so called
“ESE”), one can probe different medium lengths and density profile, and

result different modification patterns

= can be studied at LHC Run3 and beyond
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Color and mass dependence by tagging

Tagging jets by different triggered-particle correlations
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. Z1
OPAL and DELPHI measured quark and gluon has different

fragmentation pattern in et+e-

Theory predicted jet fragmentation pattern modified differently for g, g
and Q

= can be studied at LHC Run3 and beyond
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® |arge number of jet results based on full Run 2 LHC data sample (many more not
covered here)

- More precision, extending to low pr/large R, more differential, new analysis
® Detailed insights on the QGP properties
- Color and mass dependent jet energy loss observation

- Path length dependent jet quenching

- First evidence of the broadening of the y-jet and h-jet azimuthal correlations for
very soft jets

® Plenty of encouraging and interesting new theoretical/experimental
developments with nice results

- some results are still to be understood — ongoing studies + LHC Run 3!
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Thanks for your attention!
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. BEH.

— «Lecture notes for introductory heavy-ion physics» , Guang-You Qin

—  {Introduction to high-energy heavy- ion collisions)) , C.Y. Wong, World Scientific
XiEHR: (SEBEEREFIESE) , (EEEARE, KITI1E, BRELWARF TR
—  {Quark-Gluon Plasma) , K. Yagi, T. Hatsuda, and Y. Miake, Cambridge University Press
WIEAR: (BRRFFEAM: MREERVNEKE) , £8, SRN, ERES, FEFR
FRKH ARAT

—  {Introduction to relativistic heavy ion collisions) , L. P. Csernai (free to download link)

—  {The physics of the quark-gluon plasma) , S. Arkar, H. Satz and B. Sinha, Lecture notes in
physics, Volumn 785, 2010 (free to download link)

— {Ultrarelativistic Heavy-ion Collisions) , R. Vogt, Elsevier
—  {Phenomenology of Ultra-Relativistic Heavy-Ion Collisions) , W. Florkowski, World Scientific
—  {The Physics of Quark-Gluon Plasma)) , Berndt Mueller, Springer-Verlag

 |Lectures:

— Quark Matter
— CERN Summer Students Program
— Summer schools (video record available in many schools)
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http://www.csernai.no/Csernai-textbook.pdf
https://link.springer.com/book/10.1007/978-3-642-02286-9
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ALICE: A Large lon Collider Experiment

40 countries, | 70 institutes, 1999 members
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Heavy ion collisions seen at LHC
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