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Jet quenching in QCD matter, in one slide
Jet shower in-medium

Jet shower In vacuum

Superposition of
e vacuum shower
* medium-induced gluon emission

Evolution of a highly virtual parton via
gluon radiation

Quantum interference — angular ordering

 hardest radiation is most collinear with
jet axis

» Precise understanding in pQCD

» Accurately calculable with QCD-based

Monte Carlo models | Jet quenching: redistribution of jet shower
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These processes happen simultaneously
and interfere

Angle-ordering i1s modified or destroyed




Jet quenching: observable consequences

1. Energy loss 2. Modification of
jet substructure

v

4. Recovery of
large-angle radiation
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What can jet modification tell us about the QGP?
This talk:

Color coherence: does the jet see the QGP as a coherent scattering target or
as multiple targets? -

— resolve the color coherence length of the QGP

Can we detect the scattering of jets off QGP quasi-particles? Or jet excitation of
the QGP fluid? Are these experimentally distinct?

Substructure broadening

—ﬂ 2

Acoplanarity broadening

A(p yd ‘l
‘)" V

Quasi-particles or
medium excitation?

LHCP 6/3/2 Modification of jets in the QGP



Some gquestions arising along the way

Jet-initiating partons can be a quark or a gluon, with different color charges
(Casimir factor ratio C,/C=9/4)

Do g and g interact differently with the QGP?

Jets are complex objects observed as a multi-
hadronic correlation with a vast range in p scale

Heavy ion collisions generate complex background

Do we understand jet measurement biases, and can
we control them?

el-.._.L Hadronization
- Fragmentation hadrons @GR .
@ 00 .

partons (4]
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Jet yield energy loss — yield suppression
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2018 Po+Pb 1.7 nb™, 2017 pp 260 pb™, {5, = 5.02 TeV
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Energy loss < Yield suppression

Yield in PbPb
Geometric factor x Yield in pp

Raa =
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Measurement of substructure-dependent jet
suppression in Pb+Pb collisions at 5.02 TeV with the ATLAS

EXPERIMENT

ATLAS detector Phys. Rev. C 107 (2023) 054909

DOI: 10.1103/PhysRevC.107.054909

] _ g arXiv:2211.11470
Apply jet grooming \

r,= angular opening between
two hardest subjets

Yield in PbPb

— R —
Hard I’adIaFIOY_] happens e_:arly A% ™ Geometric factor x Yield in PP
» Dbefore jet interacts with QGP?
v 1 2 12FATLAS 0-10 % anti-k, R=04 jets]
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« greater yield suppression IR R A
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probes color coherence o sson o <ol ]
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r,-tagged suppression: model comparisons

JETSCAPE MC Caucal et al. pQCD
T 1 _B_ T i =T 1 6 T T T T
= f ATLAS E| pf“ - 158 GeV i o EI p'e‘ > 158 GeV ATLAS = -
14F 0-10% ] 14 0-10% 4
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1.2F IIIQDDﬂP_f'ﬂSﬁGE”—: 1.2} 12<Q.<18GeV ]
- [*]315<pf <501 GeV ] 1: 017<a, <035
b ] anti-k, R = 0.4 jets, Iyl < 2.1
D_Eﬁ E 2 0.8 z,, =02 =0 -
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[[] JETSCAPE (MATTER+LBT) EL -
02 ppsopTev, 260pp™ Mk A=0digls = 0.2 pp5.02Tev, 260 pb*
ob F'D+F’Ib502TE‘H?2ﬂD‘ 2 =02 =0 ] ob Pb+Pb 5.02 TeV, 1.72 py R
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rq Ig
Quenching model: . _
«  Hard Thermal Loop (HTL) formalism Quené:l[w)llz\/lgprgode]l. | f l
»  Multi-stage as fn of jet virtuality . (soft mult scat.) formalism
(MATTER+LBT) «  Partonic only N
Coherence model: jet-medium interaction Coherence model: critical angle separates
decreases at higher jet virtuality coherent and incoherent energy loss

Models capture gross features of data; miss detalils
 additional support for color coherence driving energy loss
* more accurate modeling needed for quantitative analysis
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Measurement of the angle between jet axes in Pb—Pb collisions at

/NN = 5.02 TeV

clustering u
€ i

.....
.....
o

declustering

parton

groomed-away ‘\ soft i
R radiation :

hadronization |
.

partons

Characterizes redistribution of soft relative
to hard radiation due to quenching

Medium-induced narrowing of axis correlation

Selection bias: gluon-induced jets preferentially
suppressed...?

Model comparison prefers incoherent e-loss (L,.=0)

* contrast ATLAS r-tagged
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ALICE
arXiv:2303.13347

AR, = angular
difference between
Std and WTA axes

| ALICE

S =2.02 TeV

" Ch-particle jets, anti-k,
- m' WTA-Standard
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. R=02, I |<07 ]

® pp .
u Pb-Pb 0102 -
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Coincidence channel: y+jet

q
Measure jet recoiling from Y
prompt photon
& q
(a) Compton (b) annihilation (c) fragmentation
S [ ATLAS Simulaion {5502 Tev ]
113 1= ) _Iml..lﬂl{)n S= > eV _| +-
Quark-initiated fraction ~ £ | " wri<zs | . Vel
of recoil jets : e
S os-
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- - ) —=- —& PYTHIA8 -
y—tagged: bias towards o2 v <257 &+ SHERPA
recoil quark jets Nt T A
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Jet p‘;"“’ [GeV]
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Comparison of inclusive and photon-tagged jet
suppression in 5.02 TeV Pb+Pb collisions with ATLAS

Phys. Lett. B 846 (2023) 138154

ATLAS DOI: 10.1016/].physletb.2023.138154

Yield in PbPb

Raa = . — .
Geometric factor x Yield in pp Larger suppression for gluon-enhanced
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Yield
suppression

2018 Pb+Pb 1.7 nb™, 2017 pp 260 pb™, |'s,, =5.02 TeV

deconvolute
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Phys. Lett. B 846 (2023) 138154
DOI: 10.1016/].physletb.2023.138154

Estimated energy loss
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Larger e-loss for gluons than quarks
« consistent with relative Casimir factors
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jet Naive LO:
Ty = Pr * recoll jet is azimuthally back-to-back, x; =1
v p% * vy doesn’t interact in QGP
* enery loss — x;,<1

% ‘ e LO — — g,..~1.8 Rad.+Col.
_ i 207 J T Oz 2Rag.col

But QCD is not so kind. Sis. [y 1l L Fie
NLO: significant broadening .| 41T 1 —% P00 G 2,560 oV

i vy
Data: also broadened Y o5
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—

=
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0of

= 0.8}

v+jet kinematic balance

CMS  anti-k, jet R=03, p’:‘ > 30 GeVic, W™ < 1.6, 'l < 1.44, p:_::-ﬁl] GeVic, a.q:_n :-%E VS = 5-02 TeV, PbPb 404 pb™, pp 27 4 pb™
| ®IPbPb  Cent 50-100% ] Cent 30 -50% T
F @] pp (smeared) ] T

Low x; biases towards multi-jet configurations
(gluon-enhanced)
§ - similar magnitude to jet quenching effects

"Cent. 0-10% ]

LO

Cert. 10 - 30%

P

Dai, Vitev and Zhang
PRL 110, 142001 (2013)
arXiv:1207.5177

CMS

PhysLett B785, 14 (2018)

arxXiv:1711.09738
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Girth and groomed radius of jets recoiling against isolated _CMS
photons in lead-lead and proton-proton collisions at |

VS = 0-02TeV

Select recoil jet populations for comparison:
* Xy;,>0.4: more inclusive
* X;,>0.8: bias against e-loss, multi-jet configurations

8
Substructure observables: \
* Groomed subjet separation R, & g =

« Ungroomed girth g
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Jet shape dependence on y+jet p-balance

jet
pT

L~y =
Py

CMS,
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arXiv:2405.02737

CMS _PbPb 1 ? nb1 pp 301 pb (5.02TeV)
T I b
- o —e= Data - CMS _PbPD | ? nb”, pp 301 pb (5.02TeV)
- Centrality: 0-30% Hybrid model, no elastic 16 T ' _._ Data ' E
8, 14 Softdropz =02 = Lies= 2/(nT). no wake  — ' Hybrid model, no elastic J
Sa [ o === Lig= 2/(nT). wake ] o Aot don N5 s L= 2/(nT), nowake 1
o - p=0 Lies= e, N0 wake ] %‘ ( = L= 2/(nT). wake 1
12 minst Ligg= oo, wake ~ ey Lyee= . N0 Wake -
|||_|| T : ’ mnm LrES: oa, wake 7
1 i—-———_ |
Da__h"lrl{‘]d-é-_@ I I — Da—_ llllllllllllllllllllllllllllll
= T F. .. T.T." | C Z
06: h]iet|{2 p; > 100 GeV ] 0_6_—h1r|<144 >—|E|—< § =
b ji i W ¥ -
- Ap > 23 pp! >0.4 XJy> 0.4 ] 0.4l <2 p! > 100 GeV -
Loy e e by oy T jet T
0 0.05 0.1 5 0o A9, > 203 plip;>08 X;,> 0.8 |
. roomed ]Bt radius R C v vy by T
Broad selection 0 0.05 0.1 0.15 0.
Groomed jet radius Flg
Suppress e-loss + mult-jet config.
X3, > 0.8 narrows jet shape

« similar biasto i
* not reproduced

Lk

« selection bias due to p; cut (q-enhanced)

nclusive jet
by quenching models...?

Compare ATLAS
e-Ioss/rgcorreIation
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Measurements of jet quenching using semi-inclusive hadron+jet Q11
distributions in pp and central Pb-Pb collisions at ,/syy = 5.02 TeV /0

Ratio A=0.2 / R=0.5

LHCP ¢

ALICE

= £, 081120008 | ALCE 7
S =3 0-10 % Pb-Pb, {5y = 5.02 TeV 3 ]
o 107'F — Ch-particle jets, anti-k; = PRC In press
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B10° e, . Statistical treatment of
© 107 +|TI{5'7}| reqe;esrz)ce 0001 - E :
> ntegral = 1. +0. —_— 3
— = 10—7 TT?SO?SO) signal —4— baCkground — Unb'ased
108 " Integral = 1.748 = 0.002 E AN
10 Ay, (TT(20,50} - TT(5,7)) 3 recoil Jet measurement at
1 T T S SO SN N R | %
-50 0 50 100 150 low p., large R
pree  (GeVle)
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E 2 5 | T T I T T T | T T T T | T T T | T T T I T T I_
e AL S S B s s By B . o UL ALICE ]
o5[ ALICE —=— Data, Aoy ] N L m =502 TeV —— Pb-Pb, 0—-10% i
S g PRS=502TeV = gus ncertainty 7 o« = ® Cnoparticle jets, anti-k; o .
B Cn-particie jets, anti-k, JETSCAPE ] = Wy —m <06 PP
[, e m<08 N i g 20 o0 116 dotted lines: E
o 1 TT20500-TT(57p  — PYTHIAS Monash 2013 7 P B {20,501 - TT{5,7} line=: JETSCAPE i
r —— inclusive jets, pp (=13 TeV _ C ]
C ] o 15— —
C ] |:||;|: - i
1 :_ _: ? L -
- FRE——— < [ e s -
05— — B 7]
C AT BT R 0.5 __ __
0 100 120 140 PR T SR T SN N SR N N N T
P, (GEVIC) 0 80 100 12{95 w140
chj
'UT,ch jet (Gevie)

Robust jet shape observable: ratio of semi-incl. yield for R=0.2/R=0.5
— medium-induced jet shape broadening
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Compare jet shape observables with
different bias

g 2_5_—',%' e TTTTrTrm T CcMS PbPb 1.7 nb”, pp 301 pb’ (5.02 TeV) CMS _ IPle’llﬂl-?r]b”l. pp 301 Pb'l'(ﬁ-ﬂ?Tt?V)
1 E ol [Sn=502Tev —=- PD-PD,0-10% 4 F o T etData 16F ity =e- Data =
< E #®  Crparticie jets, anti-ky -&-pp ] | Centrality: 0-80% +Hybrid model, no elastic - Centrality: 0-30% Hybrid model. no elastic J
E o[- " unp-m<os - o 14 Softdiopz =02 s Le=2/(T). nowake  —| 8| 1.4 90ftmomz, =02 == L= 2/(nT). nowake 7
8 [ TH2050;-TTGET) dotted linee: JETSCAPE ] g cut === L= 2/(nT), wake ] _c:‘n. 4 === L= 2/(nT), wake ]
E C i o ) 2_ Lyes= o=. NO Wake 4 o 1 : L ee= o=, N0 Wake
a: 15 C 7 . mnm Lraz oo, Wwake ]
(=] C i = 1] 1 N  Emge=)
C [ & ] I WBBENL 0 e
— 1 = s -
3 C . i - 06FMml<144
4 C IRUTLTTI T T — = s STTLTTTNTT ORI TN TP TR TE AT r hlf I % .
sk e = E < p] > 100 GeV ] 074—_r%|<2 pl>100 GeV — ]
2 i 06— ot T C A ]
N CAp  >2n8 pipf 504 . N CAp  >2m3  pplso8 X,1>0.8 |13
0 W 80 100 120 140 P B B s sl L oA DR N e
p. __ (GeViec) 0 0.05 0.1 015 02 0 0.05 0.1 015 0.2
T.ch jet Groomed jet radius Rg Groomed jet radius Rg
No p; bound — no selection bias Moderate bias Strong bias
* medium-induced jet broadening « no shape change * jet shape narrowing

Take-home message:
* Jet shape measurements are sensitive to p-cut selection bias
« needs to be taken into account in theory/data comparisons
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Search for quasi-particle scattering in the quark-gluon plasma with jet
splittings in pp and Pb—Pb collisions at ,/snny = 5.02 TeV

Microscope

Fi t
_______ 0 "seon preliminary
Scatteri
;r?glznng k-r Raymond Ehlers talk
Gold @ INT-21r-2b
foil

Use jet grooming to isolate hard k; splittings
— enhanced rate in Pb+Pb?

groom

ln 20 H. Andrews et al.,
J.Phys.G 47 (2020) 6, 065102

A
N I
Koy ﬁ

G173

In T RL/3 2

B
In AL

In1/R In\/qL3 In 1/9

2
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https://www.int.washington.edu/sites/default/files/schedule_session_files/RaymondINT.pdf

Microscope

Fluorescent
........ 6 . screen
Scattering
angle

Polonium
sample

O
10 ALICE Preliminary
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I * - Anti-kt ch-particle jets
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& -
= ——
% R
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= - 30-50% Pb-Pb .
— 10%¢ =
4 0-10% Pb-Pb
Soft drop Zeut = 0.2

3
kr g (GeV/c)

Suppression, not enhancement, is
observed at high k;
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GeV/c)™

Quasi-particle scattering: enhancement in
high-k- splitting rate

10°
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_‘WT"T

ALICE Preliminary ]

pp, Pb—=Pb \/sny = 5.02 TeV |
Anti-kt ch-particle jets ]

R =02, |ru| <07
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4

;

_+PP 4
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0 1 2 3 4 5
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Not well-described by model

calculation including Moliere

scattering

Modification of jets in the QGP
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Observation of medium-induced yield enhancement and acoplanarity
broadening of low-pt jets from measurements in pp and central Pb-Pb =M

collisions at /sy = 5.02 TeV

— — e ———————————————
5 F  Cpey=0.811+0.008 ALICE 3
3 TE 0-10 % Pb-Pb, sy, = 5.02 TeV §

o 107"k e Ch-particle jets, anti-k; =
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o ._1_’1073 C_ ‘* - *;:—_E** =VU.3 |7]le'| <VU. é
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‘—|2:= 10”7 _._ TT{20,50} signal —t—
108 Integral = 1.748 = 0.002 ;
10 —— A,y (TT{20,50} - TT{5,7}) 3
‘ A R B

-50 0 50 100 150
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pT,ch jet (Ge /C)

10:—

| , 5 = ratio of recoil
yields PbPb/pp

Striking acoplanarity
broadening ...only at low
pr and only for large R!

LAY
ALICE

PRL in press
arXiv:2308.16131

PRC in press
arXiv:2308.16128

Acoplanarity distribution
Ag: search for in-medium
scattering

AL L LB B L B
| ALICE i

Sy =502 TeV, Pb—Pb 0-10 %
Ch-particle jets, anti-k 1

“fiﬁj

JEWEL:
=+ = racoile off

1 TT{20,50} - THS, 7}

i

20 = meH{:iﬂ GeVic | 30 {mejﬁe.:SD GeVic |
1 | 1 1 1 | L1 L1 | L1 1 | I 1 1 | | 1 | | 1 11 | | 1
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T T T T I T T T T | T T T T | T
| ALICE ]
1 {50 =5.02 TeV, Pb—Pb 0-10 %

1 Ch-particle jets, anti-k,
1 120,503 - TS, 73

| .

20 < Prene< 30 GeVic | 30 =< Prenjer < 50 GeVic |
| | I | I 1 11 1 | | L1 1 1 I | T | | T | |
2 25 3 2 2.5 3
Ag (rad) Ag (rad)

Striking acoplanarity broadening ...only at low p; and only for large R!

Quasi-particle scattering? QGP medium response (a.k.a. “wake”)

Microscope

Fluorescent
,,,,, 9 screen
Scattering

angle

Disfavored by strong R-dependence Currently the favored interpretation

* Run 3 analyses under way for

more detailed study
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Outlook

Jet quenching as a probe of the QGP was proposed by Bjorken four decades ago
 vast experimental efforts at multiple facilities have amassed a rich dataset
 vast theory effort

But jets are complex multi-hadron objects governed by QCD at multiple scales
— understanding the effects of the QGP on jets, and in turn understanding what
we learn about the QGP from jet quenching, is ongoing

This talk discussed recent progress based on mature LHC data and creative analysis

techniques:

* role of coherence 1n jet quenching — measure color coherence scale of QGP?

e (Vs genergy loss; correspondence with Casimir factors

 elucidation of selection bias in measurements of substructure, especially jet
broadening

 search for QGP guasi-particle scattering, which revealed the wake instead

Future:
 LHC Run 3+4; STAR/SPHENIX@RHIC: mature, highly differential measurements
« Ultimate theory/data comparison: multi-observable Bayesian Inference
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Taxonomy of current jet quenching measurements

Driven by experimental considerations: arrows
connect observables with just one thing changed

Incl hadron suppression (ch, n°)

Di-hadron 1, (high p;)

EECs

v
-~

Incl y/Z production

y/Z+hadron I,

h+jet 1ap

YIZ+jet |on

yIZ+jet X;,
energy balance

LHCP 6/3/24

N

Light hadron v,

Incl D/B-meson Rap

Jet acoplanarity

/

substructure

Modification of jets in the QGP

D-meson v,

Incl D/B-jet Rya

I Small systems

RHIC vs LHC

24



Lots of measurements!
How to understand what they are telling us?

Ask targeted questions and go systematically
This talk: focus on recent measurements of jet substructure and correlations. ..
EECs » ?

Incl hadron suppression (ch, n°)

Di-hadron 1,4 (high p;) Incl D/B-meson Ry,

Light hadron v,

Incl y/Z production

D-meson v,

v/Z+hadron I,
‘

y/Z+Jet lXJ, ‘

acoplanarity,. .. | Jet acoplanarity

——

Incl D/B-jet Rya

l Small systems

RHIC vs LHC
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