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The quark-gluon plasma

If we heat nuclear matter to 7'= O(100 MeV), thermodynamic quantities exhibit a
rapid rise near a crossover temperature 1.
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The quark-gluon plasma

If we heat nuclear matter to 7'= O(100 MeV), thermodynamic quantities exhibit a
rapid rise near a crossover temperature /.
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The quark-gluon plasma

If we heat nuclear matter to 7'= O(100 MeV), thermodynamic quantities exhibit a
rapid rise near a crossover temperature /.
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The quark-gluon plasma

If we heat nuclear matter to 7'= O(100 MeV), thermodynamic quantities exhibit a
rapid rise near a crossover temperature /.
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The quark-gluon plasma

In the last two decades it has been °'6‘M
established that hot QCD matter is: Example: Bayesian extraction of “
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The quark-gluon plasma

In the last two decades it has been °'6‘M
o o 0.5 A
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The quark-gluon plasma is a laboratory to study how complex properties
emerge from the fundamental laws of quantum chromodynamics

How does this strongly-coupled fluid arise from the Lagrangian of QCD?
What are the relevant degrees of freedom of the QGP as a function of resolution scale?
How does color confinement emerge?
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Heavy-ion collisions

At the LHC, we collide nuclei to produce

droplets of this hot, dense state of matter
known as the quark-gluon plasma

T ~ 150-500 MeV t~ 0 (10 fm/c
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High-precision tracking system
e Particle identification

* Forward muon arm

* Calorimetry
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Jet quenching in the quark-gluon plasma

The QGP is too small and short-lived to be

probed by traditional scattering beams
——P Use jets as probes

Jets interact with the quark-gluon plasma as they traverse it: & 140 ALICE R=02
- Pb-Pb 0-10% |5 =5.02 TeV
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“Energy loss” 0 [<05 pes 5 Gevio
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I .. [] Hybrid Model, L,,s =0

0.8 — [ |Correlated uncertainty o yhrid Model, Lye.= 2/(nT)
Shape uncertainty mm JEWEL, recoils on, 4MomSub
mm JEWEL, recoils off

0.6f
[ g (B ® 0 -
04__ .‘
ALICE PRC 101 034911 (2020) 92
CMS JHEP 05 (2021) 284 -
ATLAS PLB 790 (2019) 108 % =0 100
pT’jet (GeV/c)

James Mulligan, LBNL CERN LHC Seminar Dec 7,202



Jet quenching in the quark-gluon plasma

The QGP is too small and short-lived to be

probed by traditional scattering beams
——P Use jets as probes

Jets interact with the quark-gluon plasma as they traverse it:

“Energy loss” Substructure modification Deflection

By modeling these interactions, we hope to determine the structure of the QGP
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Jet quenching in the quark-gluon plasma

Theoretical challenges in AA

0 Strongly-coupled vs. weakly coupled interaction?
O Factorization in AA?

O Spacetime picture of parton shower?

a ...
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Jet quenching in the quark-gluon plasma

Theoretical challenges in AA

0 Strongly-coupled vs. weakly coupled interaction?
0 Factorization in AA?

O Spacetime picture of parton shower?

O

But jet evolution is already quite complicated in pp!

0 NLO, NNLO effects can be large

0 Large logarithms in cross sections that contribute at all orders in

0 Non-perturbative effects: hadronization, underlying event

Understanding jet quenching begins in proton-proton collisions

~ E—— . S Prestel
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Jet substructure

First cluster a jet, then construct an observable from its constituents

Groomed observables Ungroomed observables

Recluster the jet constituents Sum a quantity over all jet constituents
and identify a high-Q? splitting e.g. jet mass: m> ( Zpl)

ames Mulligan, LBNL CERN LHC Seminar Dec 7,2021
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Jet substructure

N Na

Tagging Fundamental QCD
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In(k:/GeV)

Jet substructure

/
Tagging

O Boosted objects
0 Quark vs. gluon jets

. QCD jets, averaged primary Lund plane ; W jets, averaged primary Lund plane

Vs =14 TeV, p:>2 TeV
Pythia8.230(Monash13)

Vs =14 TeV, p:>2 TeV
Pythia8.230(Monash13)
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Jet substructure

N Na

Tagging Fundamental QCD

] ' . . qe .
Boostled ObIJeCtS 0 Understanding validity of perturbative
D 1 ° °
Quark vs. gluon jets Vvs. hon-perturbative physics
. QCD jets, averaged primary Lund plane ; W jets, averaged primary Lund plane

O Probes of quark-gluon plasma

= =

Y. Mehtar-Tani
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Jet substructure in proton-proton collisions

Non-P ve R t Fixed Ord
on-Pertwpative | Tesmmmation | ped e Jet substructure observables are
L I T e e B e AL B e S . . . o .
' sensitive to specific regions of
2 v QCD radiation phase space
-
= 5 - — S—
- \
© \
=
O
=
T Each observable has:
=TS . .
— | b 0 Fixed-order regime — O (0{5‘)
N T : 0 Resummation regime — large
00 02 04 0.6 0.8 1.0 logarithms to all orders in a

T O Non-perturbative regime
Larkoski, Moult, Nachman JPR 841 | (2020)
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Jets with ALICE

ALICE reconstructs jets at midrapidity with a high-precision
tracking system (ITS+TPC) and EMCal

0 prjee & 20 — 200 GeV/e
a|xn| <0.9

ﬁ'/// 14—

<3

Charged particle jets

a0 High-precision spatial resolution to resolve particles
—» Excellent for jet substructure measurements

Full jets (charged tracks + EMCal 71'0,")/)

O More direct comparison to theory
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Jet angularities — pp

Class of IRC-safe observables:

04
Pt
g =
pT,jet
ARi,j@t o) 9)
0, = P ’ARi,jet:\/ Ay“+ Ag

Continuous parameter a > () systematically
varies weight of collinear radiation

Almeida, Lee, Perez, Sterman, Sung,Virzi PRD 79 (2009) 074017
Larkoski, Thaler, Waalewijn JHEP |1 (2014) 129
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Continuous parameter a > () systematically

varies weight of collinear radiation

Larger A5 Good agreement

with pQCD calculations
Kang, Lee, Ringer JHEP 04 (2018) 110

Small 45: Non-perturbative
Almeida, Lee, Perez, Sterman, Sung,Virzi PRD 79 (2009) 074017

Larkoski, Thaler, Waalewijn JHEP |1 (2014) 129
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. ARi,jet
l R

AR =1/ A + Ag?

Continuous parameter a > () systematically
varies weight of collinear radiation

Almeida, Lee, Perez, Sterman, Sung,Virzi PRD 79 (2009) 074017
Larkoski, Thaler, Waalewijn JHEP |1 (2014) 129
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ALICE
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Jet angularities — pp

ALICE

Non-perturbative shape function

F(k) to describe hadronization
and underlying event effects

Test predicted scaling of F(k) with a

Korchemsky, Sterman Nucl. Phys. B 555 | (1999)
Stewart, Tackmann,Waalewijn PRL | 14,092001 (2015)
Kang, Lee, Ringer |HEP 04 (2018) 110

Kang, Lee, Liu, Ringer JHEP 10 (2018) 137
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Jet angularities — pp “<oszoe ()

Non-perturbative shape function

F(k) to describe hadronization 5 wfae _; AT
. O = pp Vs=5.02TeV 1 IF2=024® PYTHIA8 | ) |
and underlying event effects 3] BF chargedjets antik, 1 — NLL @R e PyTHIag T, [ Syst uncertainty
| Ol 18F R=02 Iy |<07 1 ' @IF20%® PYTHIAS 1;+
| | - 25 14F 60 < p™* <80 GeV/c 1 Fre J© PYTHIAS :
™ : | T T 0=3(x012)
dk @ . T 1 -
SR | |

Data

Test predicted scaling of F(k) with a
Universal description of data for 2 < 1 GeV

Korchemsky, Sterman Nucl. Phys. B 555 | (1999)

Stewart, Tackmann,Waalewijn PRL |1 14,092001 (2015) See also: Kang, Lee, Liu, Ringer JHEP 10 (2018) 137
Kang, Lee, Ringer |HEP 04 (2018) 110

Kang, Lee, Liu, Ringer JHEP 10 (2018) 137
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Jet angularities — pp

ALICE

Groomed jet angularities:

Dt Z

1 € groomed jet

z,0"

Pt
g =
pT,jet
ARi,j@t o) o)
ei R ’ ARlJet — \/Ay AC”

Soft Drop: z < z,.,0”

Dasgupta, Fregoso, Marzani, Salam 1307.0007
Larkoski, Marzani, Soyez, Thaler 1402.2657
| arkoski, Marzani, Thaler 1502.01719
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Groomed jet angularities:

(@)
r S = ALICE Dat
Aag = 2,07 S [ Pp Vs=502TeY . Syst Gncertainty
a’g L | @ 40%k charged jets anti-k |1 ==NLL'®PYTHIAS8 1 ' |
. . b r<t§ E R=0.2 Injetl <0.7 i | - Soft Drop: Zoyt = 0.2, [)’ =0
] & gI’OQmed Jet © 3 60 <p$h et =80 GeV/c 1 NLL' ® Herwig7 Im ]

~—

Pt
g =
pT,jet
ARi,j@t o) 9)
ei R ’ ARlJet — \/Ay AC”

Larger A5 Good agreement

with pQCD calculations
Kang, Lee, Liu, Ringer PLB 793 (2019) 41

Small 45: Non-perturbative

See also: CMS arXiv 2109.03340
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Jet quenching in heavy-ion collisions

Theoretical challenges in AA

O Strongly-coupled vs. weakly coupled interaction!?

0 Factorization in AA!?

O Spacetime picture of parton shower?

O

Jet substructure is an appealing tool to disentangle these

In 20 4
. . Andrews et al. JPG 47 065102 (2020
0 Target specific regions of phase space j o
<+~ jet substructure ———————0p
Q@Q’o‘) .Q&Q & VQQQ :
S S S S ° >
Q D \ch» DF e e e Q S
%S@ D = &QQ Q)@Q %&6
Q) Q) Q) 1/3
2
pT prR  prr m orr Mye T AQeD In . .
Yang-Ting Chien, QM2018 In1/R In /GL3 In 1/(9
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Jet quenching in heavy-ion collisions

State-of-the-art jet quenching models include:

0 Modified jet fragmentation, such as:

Medium-induced soft gluon radiation e.gJEWEL JHEP 03 (2013) 080

SCET-based factorization with modified jet function eg Ringer et al. PRL 122 (2019) 25
Strongly-coupled AdS/CFT-based drag e.g. Hybrid Model JHEP 09 (2015) 175

O
8
8
O

0 Expanding medium described by relativistic viscous hydrodynamics

N

0 Tuned to measurements of soft observables
e.g. [ETSCAPE PRC 103, 054904 (2021)

0 Medium response and transport

0 Measurements include all energy flow correlated to hard jet
e.g.LBT PRC 91 (2015) 054908

c‘//

9 Major advances in last decade — but large landscape of models remain to be differentiated
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Heavy-ion collisions: Background

Y.J. Lee, CMS

Heavy-ion collisions produce a large underlying
event due to the hadronization of the QGP

pr- ~ 100 GeV/c for R = 0.4 jet
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Heavy-ion collisions: Background

Y.J. Lee, CMS

Heavy-ion collisions produce a large underlying
event due to the hadronization of the QGP

pr- ~ 100 GeV/c for R = 0.4 jet

PbPb
: .  pp
Background effects must be corrected for, in addition Soft Drop ze,: = 0.1
CA reclusteri
to detector effects br e = 49 GeV/c
O Measurements challenging at low-p, large-R | o L L g
ALICE JHEP 09 (2015) 170 op + thermal

CMS JHEP 05 (2021) 284 e ovTHIA

= Background

0 Mis-tagging of substructure objects: groomed splittings, leading subjets _-¥
JM, Ploskon PRC 102 (2020) 044913

ames Mulligan, LBNL CERN LHC Seminar Dec 7,2021
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Groomed substructure — Pb-Pb

How is the hard jet
substructure modified
in heavy-ion collisions?

. pP T,subleading
Lo =
g PT leading + PT subleading
H \/ Ay? + Ag?
g R

Grooming condition: 7 > 7., = 0.2
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| o B — T T T
S| 1oL e pp ALICE \s, =5.02TeV -
2 - m Pb-Pb0-10% Charged-particle jets
How is the hard jet T| & [  Sysuncetanty =02 1n <07
. < ; 60<p . <80GeVic -
substructure modified N Soft Drop z,,=0.2, B=0 -
in heavy-ion collisions!? ‘e Moos = 087, e = 0.88 -
i []
,‘ Z _ pT,subleading 2 - - . - . —
'1 - pT,leading +pT,subleading I

e — 1« a . . | . . . . |
o - m JETSCAPE 1 Pablos, L, =0 ]
Sl 1.4F Caucal Pablos, L., = 2/xT .
0 i 8h|en Pablos, L =« -
1.2 " :

No significant modification
in z, distribution

Grooming condition: 7 > 7., = 0.2
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Groomed substructure — Pb-Pb

ALICE aerv2 I’07 12984

40 0.05 0.1 0.15 Rg
- J|N i AMICE (2 —EnoTay 1 Dl 3 - | '
SIS 1oL e pp ALICE (s, =5.02TeV | | el oo ALICE (S =5.02 TeV - :
. . e " m Pb-Pb0-10% Charged-particle jets S 2t m Pb-Pb 0-10% Charged- part|cle jets E
H OW IS the hard let — b_*qi sl Sys. uncertainty go— 0.2, | n,etl8(<) (é?w 4 - b_aql 3F | Sys. uncertainty /6:1’0— 0.2, | n.et|8; (()3-|7V/ -
- eV/c 1 - eV/c -
bstructure modified ? e - 250 mm e E
SUDSTructu Ooairi 6 Soft Drop z,,=0.2, =0 _ 2; + Soft Drop z,,=0.2, f=0 1
in heavy-ion collisions!? ‘e Figes = 087, 0, =088 -3 ' Fgos = 088, 1300, =089
9 g [ m 8 1E : s -
Z _ p T,subleading 2 — : : -
g B PT leading +pT,subleading I 05 :_ . . _E
! ! ! | | [ ! ! | ! ! ! ! ! | ! ! ! | ! ! ]
o) - o)
o - SUJETSCAPE 1 Pablos, Ly, =0 1 Bl 2FH Chibesloco o VaanoL-5Gev? -
ol 1.4¢ Cﬁ.U'Cna Pablos, L, =2/aT . o< - Pablos, L,.. = 2/xT * Yuan, med g/g
al i Qir:e Pablos, L, = «© . al 5 Pablos, L, = «© ==Yuan, quark
1.2 — 1.5 '
0.2 0.5

No significant modification
in z, distribution

The cores of jets are narrower in
Pb-Pb compared to pp collisions

" Sensitive to QGP resolution Ienth
—> Mlcroscoplcstructure of QG

0.2

Grooming condition: z > 7., =
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Ungroomed jet substructure

How is the soft jet
substructure modified
in heavy-ion collisions?
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Ungroomed jet substructure sucerss s

Jet mass M = \/E2 — pa — p2
How is the soft jet

substructure modified @  0.10% Pb_Pb 5. = 276 Tev
in heavy-ion collisions!? = PYTHIA Perugia 2011
= = : Q-PYTHIA
< 0 B R L LB B B
8 : 6O<pT’Chjet<80 GeV/ic ALICE :
5 020 JEWEL + PYTHIA 0-10% Pb-Pb 7 Poor description by
- i Recoil on - ] )
2 g g' rnrnnna ReCOil Off : jEt quenChlng mOdEIS
O 2 -
© .
2 Large impact of
< medium response

James Mulligan, LBNL CERN LHC Seminar Dec 7,202



Ungroomed jet substructure

ATLAS PRL 123 042001 (2019)

Longitudinal momentum fraction of hadrons in jets
How is the soft jet

. — ! L b ! L
substructu re modrﬁed 16 f_ v-tag (p1=80-126 GeV, ,DJTet = 63-144 GeV) _f
in heavy-ion collisions? D( ) 1 dnch 15 E L8| Data, 5.02 TeV, 0-30% Pb+Pb / pp =
) = ‘ E_ SCET, _E
]Vjet dz 4 E ‘ Hybrid -
N 1.3 — CoLBT-hydro =
_ jet E 1.2 = * E
z:pTcosAR/pJT ° . JE E
T - -
o L S b ot =
0.9 -ATLAS =
0.8 - pp 25 pb-1 ‘ =
"~ E Pb+Pb 0.49 nb” -
0.7 - ' T ]
107° 10~

Z
Simultaneous description of high-z and low-Z

IS an open question

See also: CMS PRC 90,024908 (2014)
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Subjet fragmentation

Cluster inclusive jets with radius R, then recluster with anti-k, with radius r

Neill, Ringer, Sato JHEP 07 (2021) 041
Kang, Ringer,Waalewijn |HEP 07 (2017) 064

ALICE

ch subjet
=11
r — . ° °
pe Inclusive subjets
ISMD arXiv 2110.1546
SIN" . 5| ALICE Preliminar -

L ALIVE Freliminary subjets _

© _?5 10 - (pp (s =5.02TeV]) <’Vr=Jp.1>=4-8

. . . s - Chargedjefs anti-k; ¢ NS“_bJ:t28> ~ 07
Measure subjets to probe jet quenching ~ R=04 11 |<05 - :
. . 102 » 80 < Pr o o <120 GeV/c E
O Probe higher z than hadron fragmentation = or=01 ‘

i =0.2

measurements CMS PRC 90 (2014) 2 024908 A\ - gys_ uncertainty -
| ATLAS PRL 123 (2019) 4 042001 10 PYTHIAS Monash 2013 i -
E ] ' @

\ 0 Opportunity to test universality of jet : o -
- : 1 .
fragmentation functions  Qiu, Ringer, Sato, Zurita PRL 122 (2019) 25 - . Y -
- . .
— C I I I I I I I : I I I I | : : : ]
Jr,med(z) =J med(z) oT 15: ¢
’ R CDUE 1?. """" ' """""""" (Y L S .‘ ’-*'._
0.5 E
parton — subjet  parton —» jet O0——02 04 06 08 1
ZI’
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Subjet fragmentation — Pb-Pb (®

ALICE

Leading subjets

ol 107 oD arfly 2110.15%¢7 Hardening distribution at intermediate z,
o - ALICE Preliminary . . .
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Subjet fragmentation — Pb-Pb (®

ALICE

Leading subjets . .
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SI¥ AUCEPrelminary 0 Atz — 1, the sample becomes closer to purely quark jets!
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New path to disentangle quenching effects
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Outlook — jet substructure in heavy-ion collisions

By measuring carefully chosen observables...

0 Calculable in proton-proton collisions

0 Corrected for background and detector effects

...we are producing an emerging picture of jet quenching phenomenology

0 Hard splitting momentum distribution not strongly modified — z,
0 Collimation/filtering of wide jets — 0,

0 Medium-induced soft splitting can be exposed in region dominated by quark jets — z,
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Where do we go from here!

Bayesian inference to extract QGP properties using multiple jet observables

Controlled comparisons of specific aspects within model (q vs. g, medium response, ...)
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Observable design to add new information to these global extractions
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0 Information content distinguishing pp from AA jets Lo M, Ploskor, Ringer arXiv 2111.14589

ames Mullisgan, LBNL CERN LHC Seminar Dec 7,2021
g



Summary

ALICE measurements of jet substructure in proton-proton collisions are

providing new tests of our first-principles understanding of QCD

0 Explore the transition from the perturbative to non-perturbative regimes

8 More results not shown here: dead cone, Lund plane, axis differences, Dynamical grooming, ...

New measurements of jet substructure in heavy-ion collisions are producing an
emerging picture of jet quenching and starting to connect to QGP properties

0 Emphasis on observables that can be directly compared to theoretical calculations

ALICE jet capabilities in LHC Runs 3+4 will enable new extractions of QGP properties

O |ncreased statistics by 50-100x, improved tracking — HF-jet, y-jet, larger py
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