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The quark-gluon plasma

| The Phases of QCD
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- quark-gluon plasma (QGP)

| |
“““““

e Calculations on the lattice predicts smooth
crossover at ~155 MeV at low baryon density
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QGP (in a nutshell)

== e ————
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Long-distance structure: * - Short distance structure:
( QGP is a strongly-coupled liquid | »

] i ) | | Free quarks and gluons? Complex bound states?
(with very low viscosity) | | degrees of freedom not yet established

*1 P. Romatschke ;

nls ~ 280 nls ~ 0.12

* Lower bound from strongly-coupled gauge theory

~1/4z ~ 0.08 _
What is the structure of the QGP as a

‘ L
The “perfect liquid™ function of resolution scale?
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Probing the QGP

e To probe the QGP, we have many tools in our toolbox
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Examples:

e Hydrodynamic flow o
e Hadron chemistry and kinematics

e Electromagnetic radiation from QGP

e Quarkonium disassociation/regeneration

e Partonic interactions with QGP — heavy quarks and jets
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Jets (in vacuum)

Jet production in pp collisions (vacuum)

* Evolution of hard parton (quark or gluon)
— gluon radiation

» Experimentally measured as
collimated spray of hadrons

Reconstruct jets
— measure initiating parton

\

q : .
|
v

PTP

Jet algorithms - precise connection between
QCD theory and experiment

e Cluster hadrons measured by our detector, with
specified resolution parameter R
~ cone radius

e Should be insensitive to soft/collinear radiation

X B antik, R=t

2 4 6

e.g. anti-kr

M. Cacciari, G. Salam, G. Soyez, JHEP 04 (2008) 063
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https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063

Jets (in vacuum)

ALICE: arxiv:2211.04384 ATLAS: JHEP 09 (2017) 020
Jet production in pp collisions (vacuum) - T mno S G T
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Production and evolution well understood
over many orders of magnitude

— huge achievement of QCD
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http://dx.doi.org/10.1007/JHEP09(2017)020

Jets (in medium)

Y1eld(PbPb)
Rpp = :
i .. . <N, coll > X Yleld(pp)
‘Jet quenching’ - partonic interactions
. J. Harris, B. Muller, arxiv:2308.05743
In the QGP § B | | | | | | l | | | | | I I_
c 1.2— 0-10%, anti-k; jets, R =0.4 ® STAR Au+Au |s,, = 200 GeV
e |nelastic (medium-induced gluon i ® ALICE Pb-Pb |, =5.02TeV
. . . - — ATLAS Pb-Pb =502 TeV —
emission) and elastic (collisional) T . o pb_pb\/?j@s.omve
processes over full parton shower i -
0.8—
Jets provide unique probes of the QGP - —4- + :*
at multiple scales 0.6/ .,.....w++ =
0.4:— ® :
i ol® -
0.2 -
0_ | | | | | [ 1 1 I | | | | | [ | I—
10° GeV/ 10°
pT, jet( © C)

R, A < 1 - suppression w.r.t. pp

A+A
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https://arxiv.org/abs/2308.05743

Jaime Norman (University of Liverpool)

@CD approach \

e Jet-medium interaction described by
scattering matrix elements

e Include additional medium-induced
radiation

/E\ E | !{%%? !QQQ%Q
\ KQQ
Fig. Y. Mehtar-Tani, S. Schlichting, I. Soudi, JHEPO05 (2023) 091

Modelling of jet quenching: limiting cases

ﬂ\lon-perturbative description\

e Soft jet-medium interactions
through gauge-gravity duality
(AdS/CFT) to describe strongly-
coupled plasma

7
boundary -
-
horizon / hydrodynamic
K modes

N\
falling string
Fig. P. Chesler, K. Rajagopal, JHEP 05 (2016) 098

Implementation in Monte Carlo generators: simulation of initial state, medium fluid
dynamics, multi-stage jet evolution, hadronisation...

h+jet energy redistribution and broadening with ALICE



Experimentally observable consequences of jet quenching

e Joday - multi-pronged measurements of jet and medium modification

S
‘

Substructure modification Energy redistribution Deflection
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Experimentally observable consequences of jet quenching

e Joday - multi-pronged measurements of jet and medium modification

—
‘

|

Substructure modification \\ Energy redistribution Deflection
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Jet acoplanarity

Broadening of jet transverse to its initial direction

In vacuum:

 [ransverse broadening due to gluon emission

(Sudakov broadening)

In medium:

 Jransverse broadening due to multiple soft

scattering

Jaime Norman (University of Liverpool)
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J. P. Blaizot, L. D. McLerran Phys. Rev. D 34, 2739 (1986)
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Jet acoplanarity

Broadening of jet transverse to its initial direction

In vacuum:

 [ransverse broadening due to gluon emission
(Sudakov broadening)

In medium:

 Jransverse broadening due to multiple soft .
scattering 5
< ki>
L

(average transverse momentum squared gained per unit path length travelled)

» Quantified by jet transport coefficient g =

— Jet acoplanarity provides direct probe of
QGP transport coefficient g

L. Apolinario, Y.-J. Lee, M. Winn
Progress in Particle and Nuclear Physics, 103990 (2022)

B | | I I I I I [ I | I I I I [ |

16 B JETSCAPE Matter M. Xie et. al, 2206.01340 —
B JETSCAPE LBT LIDO, 2010.13680 i

14 - A JET Collaboration ~ [] C. Andres et. al, KLN LHC, 1606.04837  _
19 i O C. Andres et. al, KLN RHIC, 1606.04837 _
: C. Andres et. al, Hirano LHC, 1606.04837 :

1 O - : C. Andres et. al, Hirano RHIC, 1606.04837 |
i + M. Xie et. al, 2003.02441 i
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Probing short-distance QGP structure

e Lots of recent interest in whether point-like, single hard (Moliere) scatters can be detected

Microscope

Fluorescent

o - -
AN — . g.ééneringwee" e Can a Rutherford scattering experiment
| angle be performed in the QGP?
/ Polonium Gold _ _ _
” sample foil — determine quasi-particle structure of

QGP and study how strongly-coupled
liquid emerges from constituent degrees
of freedom

Fig. modified from F. D’eramo, K. Rajagopal, Y. Yin JHEP 01 (2019)
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Probing short-distance QGP structure

e Strong-coupling limit - probability of parton to obtain
momentum k- is Gaussian (exponential) distributed

* |[f medium probed at short enough distance scales -
scatter off weakly-interacting quasiparticle with probability
distribution ‘Rutherford-Like’ power-law distributed

~ 1/(kT)4 (ignoring radiative corrections)

F. D’eramo, M. Lekaveckas, H. Liu, K. Rajagopal, JHEP 05 (2013) 031
F. D’eramo, K. Rajagopal, Y. Yin JHEP 01 (2019)

A

Prob(kr ) e Radiative corrections lead to harder power law
1/(kT)4_2ﬁ - hard scatters more likely

P. Caucal, Y. Mehtar-Tani: Phys.Rev.D 106 (2022) 5, L051501
JHEP 09 (2022) 023
Phys.Rev.D 108 (2023) 1, 014008

Gauss

e Experimentally - can hard scattering be
ke (66\7/6) discovered in tails of jet acoplanarity distribution?
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Jet acoplanarity measurements

CMS: PRL 119, 082301 (2017)
CMS: Phys. Lett. B 785 (2018) 14 ALICE: JHEP 09 (2015) 170 STAR: Phys. Rev. C 96, 024905 (2017)

— 01— ———
p! € (40,50) GeV/c 3‘ - ALICE | ¥0%-10% -
T \é/ - 0-10% Pb-Pb \s\\ =2.76 TeV — PYTHIA® ME A Au+Au,ys,, =200 GeV
: . - , 14 R=0.3 -
e PbPb 0 - 30% - | Anti-ky charged jets, 7=0.4 —~ 0.04F scaled \ o<f™ A3 GeVie  _
e 40 < prTejCeot’C < 60 GeV/c T I | _ A 'I
" TT{20.50} - TT{8.9) o _ hadron-jet (STAR)_Q
0.05/- — '
. @ Pb-Pb: ¢ = 0.173+0.031(stat)+0.005(sys) 3 0.0 2'
- W PYTHIA + Pb-Pb: ¢ = 0.164+0.015(stat) ",5;" I |
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0 *.:':.:':ﬁ.f—f..:_:':. . 0 fiffii:j:::j:_ r
i Statistical errors only | :
l:" I B ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ]
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Y

e No evidence for QGP-induced acoplanarity so far

e Theory indicates low p jets most sensitive to broadening effects
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http://link.springer.com/article/10.1007%2FJHEP09%282015%29170

Medium response to propagating parton “

e Jets 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.

et > s~ 0.5¢

Insert out-of-equilibrium probe - see how medium responds
— transport coefficients, equation of state

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE 10



Measured consequences of medium response

CMS: Phys. Rev. Lett. 128 (2022) 122301
See also ATLAS: Phys. Rev. Lett. 126, 072301 (2021)

\'Syn = 5.02 TeV, PbPb 1.7 nb™', pp 304 pb CMS Supplementary JHEP 05 (2021) 116

Z/y | PbPb 1.7 nb™ (5.02 TeV) pp 320 pb™ (5.02 TeV)
| I I I I 1T 1 1 | I | I I L I_
_______ Z 3 - .o
Hybrid — [[]] SCET, | Cent: 0-10%
o 7// w/0 wake - CoLBT _ : — — Leading jets + +
o w/ wake - s T®7 00<x<06 .
— pZ>30GeVic 2 2F = 0s<x<10 +$ D
O Cent. 0-30% Tk B S S
O ot M e g +
O Af +_O_++
e O - - i I
Pr T E e
' FL 2ot JUL ~ Anti-k, jets, R=0.4 | <16
%* ------------- : | pead = 120 GeV, p>°>50 GeV A St
_ - T » M Q> 6
I BTN AN B O B B A N N B O R A B B A B B A o e e e
5 10 15 20 25 30 0 0.2 0.4 Ar 0.6 0.8 1
ptTrk (GeV/c)
hard particle suppression, soft particle excess Soft particle excess surrounding a jet

when recoiling from electroweak boson

— Track-level effects explained by wake effects: how about jets?
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Dealing with background in heavy-ion collisions

e Uncorrelated background: a major challenge for jet measurements in heavy ion collisions -
what is a ‘true’ jet from a hard scattering and what is from uncorrelated sources?

bkg

» Especially important for low p, measurements where p!ret

e | arger-R jets include larger background fraction

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE
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Dealing with background in heavy-ion collisions: Statistical correction

e Uncorrelated background: a major challenge for jet measurements in heavy ion collisions -
what is a ‘true’ jet from a hard scattering and what is from uncorrelated sources?

: . k
» Especially important for low p;- measurements where pJet ~ p;) 5
e | arger-R jets include larger background fraction
STAR: Phys. Rev. C 96, 024905 (2017) ALICE: JHEP 09 (2015) 170
S L ~9<E<11GeVISEl  gTAR w W e e This talk: correct for background
% 11 <Et”9< 15 GeV [SE] ~ - ALICE : 0-10% Pb-Pb m =2.76 Te\:
8 I 2159 220 Gov isE) 1 3 1F - Anti-k; charged jets, R = 0.4 = at the level of ensemble-
Bp N gy tiel R=05- e F . T-Ap<0.6 - averaged distributions
s L AN | 5 107¢ 7T{8,9) =
g 8 g S o Integral: 1.644 + 0.005 - A
sE & < 1 Z[Y0re # ® . o TT(20.501 . * Data-driven
3 L f@ ; | © _OE - . Q— Integral: 1.651% 0.009 7 _ _
g8 =100 s = * No fragmentation bias
el s ; o F 5 : _D_-O- -
< < —|_= —4:_ : —-@— —:
= = 107°E & s e
= ; -+ =
10 i 5 - 2=+ Seealso jet-wi hes:
L|LLE - :Statistical errors only —{1— 3 ee a_ S0 jJ€e -w's_e approaches:
Pl=t R T | T S R S S IV Leading track bias
; 40 -20 0 20 40 60 80 100 120 ALICE: Phys. Rev. C 101 (2020) 034911
~10 () h1o 20 30 pfl_efxi’c (GeV/C) Phys. Lett. B 746 (2015) 1
Pro  LGEV/C] 1° ML-based background estimation
Mixed event bkg ‘Reference’ distribution bkg ALICE: arXiv:2303.00592

H. Bossi, CERN-EP seminar 19
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https://arxiv.org/abs/2303.00592
https://indico.cern.ch/event/1281606/
https://doi.org/10.1103/PhysRevC.101.034911
http://www.sciencedirect.com/science/article/pii/S0370269315002828
http://link.springer.com/article/10.1007%2FJHEP09%282015%29170

Probing energy redistribution and jet broadening with ALICE
using hadron+jet measurement

Measurements of jet quenching using semi-inclusive hadron+jet distributions
in pp and central Pb-Pb collisions at Jsnn = 5.02 TeV

arXiv:2308.16128
Submitted to PRC

Observation of medium-induced yield enhancement and acoplanarity broadening of
low-p jets from measurements in pp and central Pb-Pb collisions at {/snn = 5.02 TeV

arXiv:2308.16131
Submitted to PRL

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE
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Analysis: datasets and jet reconstruction

The ALICE apparatus 'Data samples (from Run 2): :

”_ | pp collisions: min. bias trigger using VO, ITS inner layers

~ Inner Tracking Trigger. Centrality ™  |* /s = 5.02 TeV : 1040x106 min. bias events, '
System (ITS) | . determination |5k Lint= 20 nb-’ i
vertexing, tracking | , : R VTS Pb-Pb collisions: centrality-enhanced trigger using VO |
P ESESESLE - —t w1 | ° VSnn =5.02 TeV : 89x106 0-10% most central events, |
R ‘ il Lint=0.12 nb-" ;

“
TSRO L R IA WM. Y 'R Y\ A \m a aV il vo
r\

 Charged tracks reconstructed using ITS+TPC

Time Projection | ¢
Chamber (TPC) ¥ T “ma
Tracking

e Charged-particle jets reconstructed using charged
tracks as jet constituents

o Anti-ky algorithm, pr ... > 0.15 GeV/c,

pr-recombination scheme

 Three separate jet radii: R=0.2, 0.4 and 0.5
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Analysis procedure

1.

Jaime Norman (University of Liverpool)

Select events based on the presence of a high-p ‘trigger’ hadron

h+jet energy redistribution and broadening with ALICE

Trigger hadron
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Analysis procedure

1. Select events based on the presence of a high-p ‘trigger’ hadron Trigger hadron

 Hadron distribution follows that of inclusive yield
— event selection bias solely due to choice of trigger

» Hadron forms ‘clean’ trigger (e.g. no bkg correction necessary)

e Observed high-pt hadrons have surface bias
— interplay of jet spectrum, FF, energy loss...

and bias events towards having jets in final state

x [fm]
Adapted from T. Renk, Phys. Rev. C 88, 054902 (2013)
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Analysis procedure

1. Select events based on the presence of a high-p ‘trigger’ hadron

2. Do jet reconstruction on these events

3. Count jets recoiling from the trigger hadron as function of:

e opening angle (A@) of jet relative to trigger axis

 transverse momentum (pT,et) Of recoill jet

Jet biased to longer in-medium path length

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE

Recolling jet

Trigger hadron
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Analysis procedure

1. Select events based on the presence of a high-p ‘trigger’ hadron Trigger hadron

2. Do jet reconstruction on these events

3. Count jets recoiling from the trigger hadron as function of:

e opening angle (A@) of jet relative to trigger axis
 transverse momentum (pT,et) Of recoill jet

4. Define observable:

1 d3Nﬁc‘f‘ Trigger-normalised yield of
AA Anch | charged-particle jets recoiling ¥
Nirig dp T,JetdAgﬂdﬂJet prn€TT  from high-prt trigger hadrons :

Recolling jet
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Analysis procedure

1. Select events based on the presence of a high-p ‘trigger’ hadron Trigger hadron

2. Do jet reconstruction on these events

3. Count jets recoiling from the trigger hadron as function of:
e opening angle (A@) of jet relative to trigger axis
 transverse momentum (pT,et) Of recoill jet

4. Define observable:

1 d3N AA ( 1 d3 AA—h+jet+X )

jet
N2A dpsh 1 (dA@dre oAA=DEX dpsh ' dAgpdr

trig

prpell prh€ETT

Recolling jet

* Perturbatively calculable
Ratio between high-pt hadron and jet production cross sections

e Semi-inclusive
events selected based on presence of trigger — count all recoll jets in defined acceptance

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE 20



Analysis procedure

e Subtract uncorrelated background: yield difference between two exclusive
trigger track-classed distributions: ‘signal’ and ‘reference’:

[ BNAA [ ENAA

jet jet

= CRef *
recoi NAA d]?%}jet dAg d’?jet “ NAA dp%%etdAgﬂdﬂjet

trig trig

A

P T,trigETTSig P T,trigETTRef

Cref- NOrmalisation constant
extracted from data

e Statistical approach - uncorrelated yield corrected solely at level of ensemble-averaged distributions

e data-driven subtraction of all uncorrelated background
— Includes multi-parton interaction removal - improves sensitivity to large-angle scattering
— low-p, large R measurements possible

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE 27



Analysis procedure: raw distributions

e Subtract uncorrelated background: yield difference between two exclusive
trigger track-classed distributions: ‘signal’ and ‘reference’:

A

recoil —

3a7AA 3a7AA
1 d ]Vjet | d ]Vjet
— CRef
NAA dpsh dAgpdy; NAA dpsh dAgpdy;
t T t et t T t et
I'lg e J pT,trigETTSig l‘lg e J pT,trigETTRef
/G 200 _I UL I IIIIIIIII I 1 I | L I | LI I 11 I__I UL I I I 1 I 1T 11 I L I T 171 I 11 l_
3 - ALICE pp, Vs = 5.02 TeV T E 0-10% Pb-Pb, {sy, = 5.02 TeV -
;8/ - B i Ch-particle jets, anti-k+ T - ]
= [ = R=04,|n,|<05 + .
s L ] ignal TT{20,50 1 i
%&100- Pp = signal 120,50} IPb-Pb :
Q —_— - —— —

50

—-50

Jaime Norman (University of Liverpool)

—1 0

1 2 3

4

A (rad)

>
S
X
=

h+jet energy redistribution and broadening with ALICE

raw,ch

reco,ch
=P T.jet

pT,Jet - pA

TTsig: 20 < pririg < 50 GeV/c

TTrer: 5 < PT,trig < 7 GeV/c

1

107"

(GeV/c x rad)

reco
T,ch jet



Analysis procedure: raw distributions

e Subtract uncorrelated background: yield difference between two exclusive
trigger track-classed distributions: ‘signal’ and ‘reference’:

reco,ch raw,ch
p =Pl — PAjet
3A7AA 3A7AA T jet T jet
A 1 d°Nig; 1 d°Nigi
recoil — — CRef ° TTsig: 20 < pririg < 50 GeV/c
NAA d quﬂdﬂ NAA d dACan sig PT,trig
trig TJet jet o €TTx trig TJet jet o €TT
— e e frie Ret TTref: S5< PT,trig < 7 GeV/c
AN 200 | I | I IIIIIIIII T 11 I | L I L I | L LI D I | I LI L 1- | I 1T 11 I T T T 1 I T 1T T 1 I T 1 T 1 : 1|—
O I 1 ! 1 -
3 - ALICE - pp, Vs = 5.02 TeV T . 0-10%Pb-Pb, VSw=502TeV 4 - 8
8 I ) Ch-particle jets, anti-ky = T = N e é
R £ R=04,In,1<05 1 11 3
= | : ignal TT{20,50 1 ; - {1 2
i: fpp & TR 1Pb-Pb 1 & He &
o 100\ . - I = o =
i ; - 5’ - - 1 1072 |8 2
A S 1 Q
- — "'___ = - = _ 2 O
50— e 2‘
I i O
I 10° |5
0] o 1_‘ 2
I 1 =
_I L1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 L1 I-I I | I-I -I-I : | I-I-I | I: | ITI -I | I I- I-I-I I-I | I.: .
0 —1 0 i 2 3 4 0 i 2 3 4 10
Ag (rad) A (rad)
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Analysis procedure: raw distributions

e Subtract uncorrelated background: yield difference between two exclusive
trigger track-classed distributions: ‘signal’ and ‘reference’:

preco .ch __ praw .ch pA
T,jet T, et
A 1 NG 1 dNAN j j
- — C . :
recoil — AA Ref * AA TTsig: 20 < pr1irig < 50 GeV/c
]vtng deJetdA¢dﬂJet o €TTx ]thg deJetdACUdﬂJet b €TT
E— e e frie Ret TTref: 5 < PT,trig < 7 GeV/c
-3

E" —r r r r 1t 1 ' % T _110 T T T ] EEERELEN B B
e Cper=0.811=0.008 R=°'4’|’7;et|<0'5 - 8 50 R= 0.4, | |<05 —
= _mmmen,  0-10% Pb-Pb, {5 = 5.02 TeV 3 > - ——TT{5,7) h— -
I, Ch-particle jets, anti-k; — > 40 —TT{20,50} signal B
= = AL = o X (TT{20,50} - TT{5,7}) ]
< 2001 - = + "’-E** — < N A ecoi ~
S = .+ - = = 5 30 ]
S E = + T T 5 S E’ _ e e ]
5 C -l - -, Q = . ] -
gé --L |A§0—7Z'|<O.6 — _‘=§ Z-O 20_ - - = - - -
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Analysis procedure: raw distributions

e Subtract uncorrelated background: yield difference between two exclusive

trigger track-classed distributions: ‘signal’ and ‘reference’:

A

recoil —

— 200

(GeV/c

reco
T,ch jet

Q

3aTAA 3aTAA
i N 1 d"Nigi
— CRef
NAA dpch dAgpdy: NAA dpch dAgpdy;
t T,jet et t T.iet et
He e ] pT,trigETTSig He e ] pT,trigETTRef
T E | T T T e
% 1% Cros = 0.811x 0.008 R=04,[1 |<05 E%
¢ 107k _ 0-10% Pb-Pb, {5,y =5.02 TeV ¥
5 102 b ’.W“""'*:::l:_._ Ch-particle jets, anti-k; —
S S 3 F A e =
=[EF 107 “Fr,_ E
Bl 107 E-le, - =
_g 5 F T4 =
> 10 | Ap — | < 0.6
T 2‘: ___ TT{5,7} reference =
Integral = 1.750 = 0.001 =
TT{gO,SO} signal =
Bl Integral = 1.748 = 0.002 =
——A__. (TT{20,50} - TT{5,7} ) —
\ . . . . . . . \ \ | \ \
0 50 100 15
Ao (rad) reco V
P T,ch jet (GeVic)

Uncorrelated background dominates

Jaime Norman (University of Liverpool)
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—— TT{5,7} reference

Signal jets dominate

h+jet energy redistribution and broadening with ALICE
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A ... reference’ calibration

T E - 1 ! é
S 1B~ Cper = 0.811=0.008 R=04,|n |<05 =
i i f o) = 0-10 % Pb-Pb, 5,y = 5.02 TeV =
| S = * Ch-particle jets, anti-k; —
Calibration of reference ] = e, =
~ distribution required for precise °s 107 E R Sy v
| background subtraction: S o Y T —=
8 “I= 10 ___TT{5,7} reference R =
 Yield scale (‘vertical’) o 1077 TT{30.50 signal . —+
1078 " Integral = 1.748 = 0.002 —=
10°° —— A (TT{20,50} - TT{5,7} ) é
50 0 50 10 150
_ - prTegﬁ o (GeV/c)
o Conservation of jet density - uncorrelated low-pr ;. region S A
e : . . . . . g C lAg -l <0.6 :
misaligned’ due to difference in correlated jet yield at high PT et g 12 4
LO_‘ +"_.-|-.,,-rl'
; ) " . . . . . o 1= L
e factor ‘cp.¢ applied to reference distribution to align signal and = [T P :
Ref. . . . . Y T 4 — Crer = 0.811
reterence distributions in low-pr ;. region L :
o6r R=0.4 B
] ] b In 1<0.5
Established technique R 5 PR OO
ALICE: JHEP 09 (2015) 170 40 30 20 -10 0 10 20

. L . . o , , prece  (GeV/e)
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A ... reference’ calibration

2 ST T
o ] * [S = ALICE =
‘ _ _ o = | Pb-Pb0-10%, {5y = 5.02 TeV -
- Calibration of reference 2 g E ——— =
| z g o m - — * -
' distribution required for precise <+ el o s -
. — = $ =
background subtraction: = E s ¥ =
’ J 3 “— S0 N P
D 107 & = - =
o - j = =
4l ¥ ¥
preco 10 = T +¢ =
reco ‘ ; T jet - N | ¥
-~ scale (‘horizontal - TT{20,50} (signal) v -
e P T,jet ( ’) p}l:e?e(i — p{,a.‘zt — A @ 107 & T T =14979 GgeV/c, RMS = 21.09 GeV/c ﬁ_g
_ , o I - ’ — E h}_;r TT{5,7} (reference) 1,
107 i‘* u = 147.91 GeV/c, RMS = 20.87 GeV/c
* TT{5,7} (reference + 1.7 GeV/c) +
. T u = 149.69 GeV/c, RMS = 20.87 GeV/c T
o Jet pr corrected by underlying . 111 R SN I
' O 14F 1 E
event density p S 1af | Sl Z
O 1.2 i— i %Tl N +++ _z
| i i i 2 = T T o =
e Align underlying event density p in o JF#WMHJI E
signal and reference-classed events T 00 T ht e I =
'c%) o7 || t T =
0.6 ;— —;
Established technique 4060 80 100 120 140 160 180 200 220 240
STAR: Phys. Rev. C 96, 024905 (2017) 0 (GeV/c)
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Unfolding

e Raw distributions unfolded for detector effects and residual background fluctuations in both pp
and Pb-Pb collisions

o Alecoil(Prjer) : Unfolded in 1 dimension (py ;) - minimal Ag smearing
o Apcoil(A@) : Unfolded in 2 dimensions (P e, A@)

e All correction steps fully validated via closure test (PYTHIA embedded into Pb-Pb, compare
unfolded to truth)

Systematic uncertainties

e Tracking efficiency e Dominant:
* CRef e pp: Tracking
e Unfolding (prior, regularisation, binning, algorithm) * Pb-Pb: Prior

e Jet matching

e p correction

e (Closure

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE



Models

e JETSCAPE - Multi-stage event generator serscape coliaboration - Phys. Rev. C 107, 034911

e Jet energy loss based on MATTER (high virtuality) and LBT (low virtuality)

 JEWEL - perturbative treatment to jet quenching « zapp, EPJ C, Volume 74, Issue 2, 2014
R. Elanavalli, K. Zapp, JHEP 1707 (2017) 141

e Medium response studied by switching ‘recoils’ on and off
(recoill momenta within jet subtracted using prescribed methods)

» Hybrid model - strong (DGLAP) / weak (AdS/CFT) coupling model i b peties & Reingonal 2208.13500 (M22)
o Effect of elastic (Moliere) scatterings and wake (medium response) studied by switching effects on and off
‘Vacuum’ reference crucial for each model - based on PYTHIA

e pQCD + Sudakov broadening analytical model L chenetal, prys.Lett.5 773 (2017) 672-676

e |Leading order pQCD, with azimuthal broadening governed by jet transport coefficient

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE
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Fully-corrected A ... (P11 e distribution in pp collisions

A lllIllllllllllllllllllllll IlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

o) " » ALICE ]
2107 Y {5 =5.02TeV = dag P + E
é - Ch-particle jets, anti-k; =+ DSYS uncertainty
N - TT{20,50} - TT{5,7} T
) i Ap — | < 0.6 T
S10°F = 3 E
g E R =0.2, |njet| < 0.7 E R =04, |17jet| < 0.5
< i R _
10 = E3 E
- + —— JETSCAPE (vacuum)
B T =— JEWEL vaccum
i < T = PYTHIAS Monash 2013 .
107 N POWHEG O = =
- | Ly oo | | | L T I I I C I I | T I I I I I I I
1 4__ L I I v I I I I E | | | L | | | | | | | | | |
= 1.2F 3
o i { T
T 08F 3
06:_|||||||_:_|||||||_:_|||||||_:
0 20 40 60 80 100 120 140 20 40 60 80 100 120 140 20 40 60 80 100 120 140
p T,ch jet (GeV/c) P T,ch jet (GeV/c) P T,ch jet (GeV/c)

A ..i1(pr) described well by PYTHIA8, ‘vacuum’ reference models, and POWHEG

o Modest discrepancy for JEWEL (vacuum) at high PT jet

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE



Fully-corrected A ... (pr i) distributions in pp and Pb-Pb collisions

1|_/-\ -l | | I I I | I I | | I | | I I | I I I |--I.I | | I | | I | | I I | | I I I | | I I I | ] I I | | I | | I | | I | ] I I--I I I I | | | | | | I I | | I I | | | | | | I I I I I | | | | | | I I I I I I-
R RA ALICE 1= —=— Pb-Pb 0-10% | _
<« = — - = B -
» = VS ?.OZ.TeV | T TR, B— PP + @iﬁ# E

- Ch-particle jets, anti-k; I -5 . T e
& C =D i — [ ] Sys. uncertainty T -
> - TT{20,50} - TT{5,7) - o
Il il = -
< 10°F i+ Ap — 71| < 0.6 5 . - :
= - == - — ——
5 i : i
2104 F = — S —— E
< : — ¥ ¥ E
5 _njetl <0.7 —— mjetl <0.5 S S I mjetl <0.4 chs ]
10~ =3 =+ =
= S I | | | 4 + P | | 4 .

E...I...I...I...I...I...I...I. L1 ' B L1 1 L1 1 " s "I A B A L1 1 s
0 20 40 60 80 100 120 140 20 40 60 80 100 120 140 20 40 60 80 100 120 140
p (GeV/c) p (GeV/c) p (GeV/c)

T,ch jet T,ch jet T,ch jet

o A, distributions measured down to pr:.. ~ 7 GeV/c in pp and Pb-Pb collisions

Jjet
Among lowest jet p measurement in Pb-Pb collisions at the LHC!
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Trigger hadron

InA(Pranie) - Fecoil jet yield modification in Pb-Pb collisions

e R=0.2 ; A....;j(Pb —Pb)
R AA — |Ap — 7| <06 T
oo Arecoil(pp) e o
< B | | | | | | | | | | | | | | | | | | | | | | | _I .
T - ALICE -
o5l Pb-Pb0-10% 1 e Suppression at 20 < pr i <80 GeV/e
T VS = 5.02 TeV - | ’
- Ch-particle jets, anti-k; - — Jet energy loss
o[ R=02,1n 1<0.7 —
B Ap - nl <0.6 - T i
1 B (20,50} - TT(5.7) 1 < Rising trend with pr
5 - / + - — interplay between hadron and jet energy loss?
N T — - Less trigger surface bias when prio > > Pr 07
E ++++_L++ * E
0.5 pT,jet > > pT,trig—_
O : | | | |]?|T’]et|r\J| l?IT’Itrlg | | | | | | | | | | | | | | | | | :I
0 20 40 60 80 100 120 140
V/
pT,ch jet (Ge C)
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Trigger hadron

InA(Pranie) - Fecoil jet yield modification in Pb-Pb collisions

e ""“t R=02 7 Arec:oil(Pb o Pb) .........
[— ——l — oo A -
..".'-.- » AA |A€0—7T| < 0.6 = /.
L Arecoil(pp) I
ecolling jet 3
} | | | | | | | | | | | | | | | | | | | | | | | | | | | -
~ ALICE —m— Data
55 Pb-Pb0-10% ===+ JETSCAPE (Matter+LBT) o Suppression at20 < pr i < 80 GeV/c
/Sy = 2-02 TeV — JEWEL (recoils on, 4MomSub) .
Ch-particle jets, anti-k; Hybrid model — Jet energy loss
2 R=0.2, |77 | <07 B No Elastic, No Wake

B No Elastic, Wake
Ap - 7l < O 6 Elastic, No Wake

TT{20,50) — TT{5,7} Elastic, Wake » Rising trend with p T,chjet

— interplay between hadron and jet energy loss?
Less trigger surface bias when pr..c > > D 67

: 1

1
0.5 e Models (Hybrid, JETSCAPE) capture rising trend
N T A R I S .JEWELdescribesIow—pT,jetIAA
0 20 40 60 80 100 120 140
o p_ (GeVic) B .
”/JETSCAPE T,ch jet ,’ JEWEL { Hybrld model

Elastic (Moliére) scatterings and

wake (medium response) included |

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

Medium response effects via |

treatment of ‘recoils’
K. Zapp, EPJ C, Volume 74, Issue 2, 2014 |
&\ R. Elanavalll K. Zapp JHEP 1707 (2017) 141 /,»"
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Energy loss based on MATTER (high |
virtuality) and LBT (low virtuality) |

K JETSCAPE, Phys. Rev. C 107, 034911



https://arxiv.org/abs/2208.13593

Trigger hadron

InA(Pranie) - Fecoil jet yield modification in Pb-Pb collisions

‘%““““‘.: “: R — 0.4 I _ AreCOil(Pb - Pb) "““-:“:‘-“:\.'é
..... . . AA — |A§0—7Z’| <06 SN
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Recoiling jet §
E B | | | | | | | | | | | | | | | | | | | | | | | | | | _I "
- - ALICE —=— Data |
251 | Pb-Pb OB; OT%v e JETSCAPE (Matters BT) g Suppression at 20 < pr e < 80 GeV/e
- \/STIN = 9. © — JEWEL (recoils on, 4AMomSub) _ -
- Ch-particle jets, anti-k; Hybrid model - — Jet energy loss
2 __ R=04,ln 1<0.5 B No Elastic, No Wake ]
u Ag n,l <j8t 5 I IEI|O Elas’ltilc, wal;e —
B B ' astic, No Wake B TS i ,
| B TT{20,50} - TT{5,7} Elastic, Wake 1 ¢ Rlsmg trend with p T,chjet
A T + - — interplay between hadron and jet energy loss?
M 1 W M - Less trigger surface bias when prio > > Pr 07
: _-‘_‘“ ........... ””t‘ 7 :
B =g . B
0.5 - .
- | | | | | | | - — Energy recovery? Reproduced by models
OO ] ] I20I ] I4OI ] I6OI ] I8OI ] I1OOI ] I1 20I ] I1 40I including medium reSpOnse
GeV/c
pT,ch jet ( )
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Trigger hadron

InA(Pranie) - Fecoil jet yield modification in Pb-Pb collisions

RS
“"““ :.i: R — 0'5 I p— AreCOil(Pb o Pb) ------ “- :lé
e, o AA T |Ap — 7| <0.6 /%
el Arecoil(pp) o
Recoiling jet §
} B | | | | | | | | | | | | | | | | | | | | | | | | | | _I -
— - ALICE —a— Data -
55 - Pb-Pb 0-10% = ===== JETSCAPE (Matter+LBT) 7
s (sw=502TeV  — JElr Gecoisen avomsuny 1 R=0.5 consistent with no suppression
- Ch-particle jets, anti-k; Hybrid model -
‘_ = B No Elastic, No Wak ] _ _
21 R=051n,1<04 e No Elastic. Wake 1 e Little suppression captured by JEWEL
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- 1 e |ndication of intra-jet energy recovery within
= . cone radius~0.5 for mid-p o ie?
0.5 - | * Redistribution of energy for R=0.5 jets more
- | | | | | | O challenging for models
O ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
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1 I 1 11 I LI I L I LI I_
0-10% Pb—Pb, {5 = 5.02 TeV '

Results

bmime 11 4

o Alecoil(Prjer) * Projection of 2d distribution onto pr ;. axis
within| Ap — 7| < 0.6

50
A ..0if(A@) : projection of 2d distribution onto A¢ axis :
for various pr i, intervals 0 -
B R AT ETERT R FESE A
A (rad)
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A ... (Agp) in pp collisions (R=0.4)
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m— PYTHIA8 Monash 2013

= JETSCAPE (vacuum)

= JEWEL (vacuum)
POWHEG

< 30 GeV/c

30<p

T,ch jet

< 50 GeV/c FALICE

50<p <100 GeV/c
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Ch-particle jets, anti-k-

T,ch jet

¥ TT{20,50} - TT{5,7}

A ....1(A@) described well by PYTHIAS, ‘vacuum’ reference models, and POWHEG
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(Agp) distributions In pp and Pb-Pb collisions

recoﬂ
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A ....i[(Ap) distributions in pp and Pb-Pb collisions
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1, .(A@) - recoil jet azimuthal modification in Pb-Pb collisions Af .
Pchjerll [10 20] Gewc] [[20 30] GeV/c [30,50] GeV/c 50,100] GeV/c ) 1

e < 20 GeV/c

ALICE 50<p e <1OO GeV/c

VS =5.02TeV

Ch-particle jets, anti-k;
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='3=+-'. IAA _ recoﬂ(Pb Pb)
recoil(pp)

== Pb_Pb 0-10%
== DP

1 Sys. uncertainty

e No broadening for [20,100] GeV/c — significant broadening for [10,20] GeV/c

(4.70 deviation of /, , from flat)
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Ixa(Ap) VS R

PT.chjer1 [10,20] GeV/c [20,30] GeV/c [30,50] GeV/c

,IALICE
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e Transition to broadening from R=0.2 -> R=0.4 for [10,20] GeV/c:
e Soft radiation mimicking a jet may scale with R2

e Moliere scattering off QGP quasiparticles - R-dependence not
expected
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Ixa(Ap) VS R
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10 < Pr e o < 20 GeV/e | 20 < Pt e ot < 30 GeV/ce | 30 < Pt en ot < 50 GeV/ce |
L1 1 1 | L1 1 1 | L1 1 1 | ] L1 1 1 | L1 1 1 | L1 1 1 | ] L1 1 1 | L1 1 1 | L1 1 1 | ]
2 2.5 3 2 2.5 3 2 2.5 3
A (rad) A (rad) A (rad)

e Transition to broadening from R=0.2 -> R=0.4 for [10,20] GeV/c:

e Soft radiation mimicking a jet may scale with R2

e Moliere scattering off QGP quasiparticles - R-dependence not
expected

Jaime Norman (University of Liverpool)

h+jet energy redistribution and broadening with ALICE

— Data favours medium response

to jet or medium-induced soft
radiation as explanation for
observed broadening
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I, »(Ap) compared to models
Prehjer ([1 0,20] GeV/c] [20,30] GeV/c

[30 50] GeV/c [50 100] GeV/c

ALICE

o < 20 GeV/c < 30 GeV/c | 0 < 50 GeV/c

S 10<p 20<p o 30<p 50<p hiet
© VS =5.02TeV
X

Ch- partlcle jets, anti-k
TT{20,50} - TT{5,7}

—o— Pb-Pb 0-10%
== pp

1 Sys. uncertainty

< 100 GeV/c

m m  JETSCAPE (Matter+LBT)

== :  JEWEL (recoils off)

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

— (q L)=13 GeV

E— (q L)=26 GeV?

Hybrid model
@ No Elastic, No Wake
[ No Elastic, Wake
Elastic, No Wake
Elastic, Wake

pQCD + Sudakov broadening

Leading order pQCD, azimuthal
broadening via jet transport
coefficient

L. Chen et al, Phys.Lett.B 773 (2017) 672-676

Arecoil(Pb o Pb)
Arecoil(pp )

Ipp =

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

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

e JEWEL (recoils on): captures all features of data

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE
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I, »(Ap) compared to models

DT, ch ]et [10 20] GeV/c [20 30] GeV/c [30 50] GeV/c [50, 100] GeV/c
- - B L B L K | | ;
<= 107" 10 <Psgie < 20 GeV/c 20 < p ot < 30 GeV/c 30 < p it 50 GeV/c ALICE 50 < p ot < 100 GeV/c
& {5 =5.02TeV
é 1072 e = o Ch-particle jets, anti-k+
S i —— ** TT{20,50} - TT{5,7}
e — it ’ ’
E 3 + _._$ —.—+
(@]
3 =
<10 —e— Pb-Pb 0-10% | =
== PP
. ————— I
10 m m  JETSCAPE (Matter+LBT) Hybrid model
~_, ==+  JEWEL (recoils off) @ No Elastic, No Wake
= — +  JEWEL (recoils on, 4MomSub) I:I'E'IC;t SEt:gSRI% wgtg
—. Elastic, Wak '
< | s W > wl | N
- 1E_______________:,_.T;.‘_‘? ___________?,.:,q"_ﬁﬁr - _._-_.mt-_' — _‘T-Tl' '+ fiﬁiﬂ recoﬂ(Pb Pb)
S " SRR T Y~ T Inp =
v —— w — recoﬂ(pp)
.................... | 1 1 1 1 ] 1 1 1 1 | 'E I 1 1 . ] | | ] |
2 2.5 3 2 2.5 3 2 2.5 3 2 2.5 3
A (rad) A (rad) (rad) (rad)

* Hybrid model w/ wake: captures broadening for higher R

e JEWEL (recoils on): captures all features of data

— Models further confirm picture that measured broadening predominantly due to medium response

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE
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I, »(Ap) vs R compared to JEWEL

Pt chied [10,20] GeV/c ) [20,30] GeV/c [30,50] GeV/c
10 ] 1 1 1 | 1 1 1 | T 1T 1 | l__ 1T 1 | L | I L | l__ 'IA‘LiCIE | | | D | | L | I—
f I JEV\flEL:ff I V5 =5.02 TeV, Pb-Pb 0-10 % 3

T Ch-particle jets, anti-k;
= recoils on, 4MomSub -

| TT{20,50} - TT{5,7}

IAA

1O<pTachjet<20 GeV/c | 20<pTachjet<30 GeV/e | 30<ijchjet<5O GeV/c .

coo e by bbb ey b b e b v by by
2 2.5 3 2 2.5 3 2 2.5 3

Ag (rad) Ag (rad) Ag (rad)

e All features of distribution reproduced by JEWEL with recoils on

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE

52



I, »(Ap) vs R compared to JEWEL

h+jet

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
1 O - JEWEL.: T
i = + = recoils off i

— recoils on, 4MomSub |

IAA

<20 GeV/c |

10<p

T,ch jet

2 2.5 3
A (rad)

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

e ... but no model incorporating medium response describes all measured observables

Jaime Norman (University of Liverpool)

HAA

0.8

0.6

0.4

0.2

Inclusive

- anti-kq, H=03, A, >0.2, |7 <06
| Ch-particle jets
s p'TEE":' > 3 GeV/c (rel. to unbiased pp)

| | | | | | | | | | | | | 1 | | | | |
- 2018 Pb-Pb, is,,, = 5.02 TeV, 0-10% ALICE Preliminary

h+jet energy redistribution and broadening with ALICE

- 13.5 GeV/c B

o I s | ]

i }H } ETSCAPE (MATTER+LBT) |
I ..... i Mehtar_Tani ot al‘ g B
- — JEWEL (recoils on) =
- unbiased Pb-Pb JEWEL (recoils off) —

| l l l | l l l | l l l | 1 1 1 | l |_
0 20 40 60 80 100

ch
,ch!jet (GeV/c)




Next steps - precise characterisation of quenching effects

Characterise broadening Substructure measurements offer promising way to find scatterings

T\
= T &y — TkT R

CMS Preliminary  PbPb %7 nb”, pp 301 pb” (5.02 TeV
! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! !

N

= = 16 .
T T T | r 1 1111 3 3 ~ _+_ .
u - o _ o 14|-Centrality: 0-30% PbPb —
10 i - R=02 1 10 : ALICE Preliminary 1 % % - ety B .
i .- R _ 0 4 : _ —— PP, Pb—Pb A/ SNN = 502 TeV — _‘Q 12:—80ﬂ Drop Zcut=0.2, B=0 pleadjet —:
| ] T i = Anti-kt ch-particle jets | < 10| p.>100 GeV, TpY >0.4
= HA=05 § —— R =02 [e| <07 8 ml<1dd by l<2 =
i v 60 < pr oo < 80GeV/c - - ' oad et .
U ,Ch je 6_ ]
\_/10—1 i i - >gﬂ: -
;’9 4-_ v,lead jet 3 i
~< [ S _
2 * 2 —_—
% 0: ] ) ] ) ) ] ] | ) ) ] ] | L ) ) ] .
Z'G—)’ * E—i— Data | | | E
= 102} + PP } 1.4 H %] Hybrid no elastic, no wake * | Hybrid elastic, no wake —
_ 0-10% Pb-Pb E\I| Hybrid no elastic, wake | A | Hybrid elastic, wake E
| | Soft drop z,t = 0.2 3 o 1.2~ | ~
10 <Py < 20 GEVIC e T S8 e ; :
R TR SR TR NN TR ST TR M AN N TR N S a?_%]-.oé_““: ________________________________________________________________ _ 08:_ *; x -
2 2.5 3 S b w/ wake  ———— F -
"t Hybrid w/ wake + Moliere SR JETSCAPEV3.5 AA22 | 0.6 % -
Ag (rad) 0o 1 2 3 & 5 %
krg (GeV/c) %% 0.05 0.1 0.15 0.2
Groomed jet radius Rg
_ _ _ L _ y—tagged jet substructure
Thermalised jets? Hard component? hard jet splittings - no clear evidence for Requires Moliére scattering to
Study substructure/fragmentation pattern Moliere scattering

describe data
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Summary and outlook

< | | | | | | | | | | | | | | | | | | | | | | | | | | I I I I I I | | | | | | I I
<
—

B ALICE —=— Data
_ — Pb-Pb 0-10% = =s===s JETSCAPE (Matter+LBT)
Trigger hadron 2.5 — /5. = 5.02 TeV —— JEWEL (recaoils off)
B San = 9 © — JEWEL (recoils on, 4MomSub)
— Ch-particle jets, anti-k Hybrid model
- R=04 _ B No Elastic, No Wake
2 04, I, | <05 s No Elastic, Wake
A - x| <0.6 Elastic, No Wake
TT{20,50} - TT{5,7} Elastic, Wake

10 < Pr et < 20 GeV/c |

Recoiling jet

20 40 60 80 100 120 140 2 25 3

P et (GEV/C) Ag (rad)

o First observation of significant low-p ., Jet yield and large-angle enhancement in Pb-Pb
collisions with ALICE!

e Medium response or medium-induced soft radiation favoured as cause for both measured effects

e |Looking forward to further studies with Run 3 data with ALICE after significant upgrade programme
arXiv:2308.16128

Jaime Norman (University of Liverpool) h-+jet energy redistribution and broadening with ALICE arXiv:2308.16131
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LHC reached ‘maxlm
Pb-Pb bunches 1240b,

.‘.\

';\ ES

ALICE taking lots of good data with increasing interaction.ratel.. 20:3 050
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h+jet energy redistribution and broadening with ALICE

Fill: 9192 E: 6799 ZGeV t{SB): 00:15:41 26-00-23 20:02:39

ION PHYSICS: STABLE BEAMS

050 m _ 050 m _ 150 m

IP5: 314.30 IP8: 212.96

Inst. Lumi [(b.s)*-1] IP1: 319.05 1P2: 260.09

Comments (26-Sep-2023 19:57:58)
Global Beam Permit
Setup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

APS: 50ns_119b_58_51_58_56bpi_9inj_3INDIV_4NC_PbPbPM Status B1 m Status

First STABLE BEAMS with heavy ion beams
in Run 3 with crystal collimation!




Backup

Jaime Norman (University of Liverpool)
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Run 1 hadron+jet measurement

ALICE: JHEP 09 (2015) 170

i 1_8_I 11 | IIIIIIII | I 1T 11 | 1T 11 | L | IIIIIIIIIIIIIIII i — O.1| I | I I I | I I I | I I I | I I I | I I I | I I I | I I I | I I
IE 6 1 6: '(?\l‘l_(I)CEEPb Pb \/7 2.76 TeV - 3 L ALICE
o O - loo - SNN= . e ] N -10% i _
Ao Anti-k; charged, R =0.4 : S 0 19/ Pb-Pb | Sni 2.76 TeV
< 140 L Ag < 0.6 — Anti-k; charged jets, R =0.4
SN — - ] |
2% 12F TT{20,50} - TT{8,9} - 40 <pc" <60 GeVie )
23 f - TT{20,50} - TT{8,9}
qh || ettt bbbttty - 0.05
1 - S | . @ Pb-Pb: o = 0.173+0.031(stat)=0.005(sys)
:E 0.8 % =

— - = | i - W PYTHIA + Pb-Pb: o0 = 0.164+0.015(stat) M
S e e W e |

041 = ® ALICE data E -

0.0/ S Shape uncertainty ] Oﬁltz':j'ift— =

T E Correlated uncertainty - | | | | Stlatisticallerrors clmly i
v b b b by b b b b e by o . L1 1 L L | TR T L1 | [ 1 | L1
OO 10 20 30 40 50 60 70 80 90 100 1.6 1.8 2 22 24 26 2.8 3
ch (GeV/c
PT,jet( ) A@

e Background-subtracted yield of jets recoiling from a high-p trigger hadron:

e Suppression with respect to a pp (PYTHIA) reference

e No medium-induced broadening within experimental uncertainties

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE


http://link.springer.com/article/10.1007%2FJHEP09%282015%29170

Trigger hadron

InA(Pranie) - Fecoil jet yield modification in Pb-Pb collisions

e R =02 [ . = Aecoil(Pb — Pb)
......... : AA T |Ap — | < 0.6 5 /%%
oo Arecoil(pp) -
Recoiling jet l'.:.
} B | | | | | | | | | | | | | | | | | | | | | | | | | . .
= el /;tICPi o e TT{20,50} o Expected that high p+ hadrons leading fragment
[ (5. =5.02TeV hal Eggggi of jet originating from QGP surface (‘surface
— —— . ;
- Ch-particle jets, anti-k; ’ bias )
2 —~ TT{30,50} N
| R=02,n <07
- Ap — m| <0.6 et tri
- " JT ~ Pr S : suppression - surface bias

picture holds

. ,jret > > p;rig . trigger hadron may not be

leading fragment or from higher order process
dotted lines: JETSCAPE (Matter+LBT) - Interplay between jet and hadron

O ] ] | ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] | ]

20 40 50 80 100 120 140 suppression can lead to enhanced [ o

P T,ch jet (GeVic)

i
— o
IIII|IIII|IIII|IIII|IIII|II

T 11 | T T T e

* New insight into interplay between hadron and
jet suppression

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE 59



Studying intra-jet broadening through R-ratios

Lr) B | | | I | | | | | | | I | | | I | | | | | | | | | | |
CIDII - ALICE —& Data, A, -
o 2.5 — %] pp, s = 5-0.2 TeV | Sys. uncertainty ]
~ gh'ﬁag;cle(;%ts’ L JETSCAPE (vacuum) -
S o[ | TT2050)_TTs7  — PYTHIAS Monash2013 - .
QI'E B —— inclusive jets, pp Vs = 13 TeV _ _ pT -
o L - T=—
= 15 — * Jet
- - P
o L bp - T
L —_ e 7> 1 — LO processes suppressed
0.5 [y coms= — * preference for more, small R jets w.r.t. large R
B 1 1 ] | 1 ] 1 | ] I 1 | 1 1 ] | 1 ] 1 | ] 1 1 | 1 1 1 | -
0 20 20 80 80 100 120 140 jets to be reconstructed?
p_ . (GeV/c)
T,ch jet

e R=0.2 / R=0.5 ratio deviates from inclusive jet

ratio for pr. iy < Py

Jaime Norman (University of Liverpool)
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Studying intra-jet broadening through R-ratios

S [ auce Data. A _ 0 251 %3 ALICE —
- —=— Data, - - o - -

T | recoil ] _ _ oo
o 2.5 - %] gp;] Vs t= ?.OIZtTeV " Sys. uncertainty 3 DI’E - H @ - 5.?2.Tev » —— Pp—Pb, 0-10% -
- - -particle jets, anti-ky JETSCAPE (vacuum) - — B -particle Jets, antl-K+ = pp |
'\ B Ap — 1| < 0.6 ~ S 2 Ap — 1| < 0.6 —
c”>' o[ | TT{20,50}-TT{5,74  — PYTHIA8 Monash 2013 _ S - TT{20,50} — TT{5,7) dotted lines: JETSCAPE -
'y B —— inclusive jets, pp Vs = 13 TeV _ f B -
o L - N 15 —
© 1.5 — A B i
c [ PP - c [ B Ph-Pb -
T _ =Tl EEE 5 S5t —
i - S i F 5 ]
- = _ B el PP PP T Y TUTLULLL "““;‘{%——
: [ _ < — +—-‘E.h- hDT"'ﬂ:ﬁLn-rrﬁ-H-rn ------- i-*rl ----- sunsnsuid -
0.5— — 0.5 -y g _
B ] | ] | ] | | ] ] | ] ] ] | ] | | | | ] ] | ] ] ] ] B | | ] | | | | I ] | ] | ] ] ] |

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
V/ V

pT,ch jet (Ge C) pT,ch jet (Ge /C)

e Hints that R=0.2 jets suppressed more than
R=0.5 jets in Pb-Pb w.r.t pp in 30-60 GeV/c

 Energy recovery for wider jets?
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ALICE in Run 3

Replace TPC wire chambers
with gas electron multiplier
(GEM) semmsinw Y myin mo e A VACAN

Beam pipe

"2 i . o
S . : > s R
S5 S > = 5 o
| A w7 - . T
e8NS S - o = s N
N : S 55 e r
LA v » -~ >
s * - > ’-"'.f = .:':. W I n n e
R e 5
W S T T e W, XL
P e e -

New forward
interaction trigger

(FIT) £

+ New beam pipe
+ New readout architecture
+ Major computing system upgrade (O2 project) Tracker (MFT)
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Jet acoplanarlty Pb-Pb collisions (R 0.4)
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Dealing with background in heavy-ion collisions: Jet-wise correction

e Combinatorial background a major challenge for jet measurements in heavy ion collisions
- what is a ‘true’ jet from a hard scattering and what is from uncorrelated sources?

jet

bkg

ALICE: arXiv:2303.00592 J
- ALICE, Embedded PYTHIA ';

o Especially important for low p, measurements where Py
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https://arxiv.org/abs/2303.00592

