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» Strongly interacting matter has a
complex phase diagram full of
iInteresting phenomenal

* Throughout this conference,
we will explore this phase
diagram as well as how the
pieces fit together!

This Talk: Experimental perspective
of the Quark-Gluon plasma

[See Dana Avramescu’s Talk Mon. 09:00]
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What we will talk about today

I won’t dive into the experimental details! Goal is to give a sense of the big picture!

Part 1 : What is the QGP? How
do we study it?

Part 2 : What have we learned
about the QGP and its properties?

* lots I don’t have time for, bias towards new & big picture things

Part 3 : What will we do In the future?

* what we’ve learned in blue * open questions/future directions in orange
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Part 1 : What is the
QGP? How do we
study Iit?
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THE QUARK-GLUCN PLASMA

[Ann. Rev. Nucl. Part. Sci. 71 (2021)]  * When QCD matter reaches
sufficiently high temperatures it

Lattice QCD ............... - é 7‘ s .
0} o 0 5i0 oS 8:0ac0 0 becomes a deconfined state of
%09 2 ° © | Quark-gluon plasma ° quarks and gluons called the
rtical point -’ Quark-Gluon Plasma (QGP).

E - Lattice QCD predicts a smooth
: crossover at g = 0 and
T.~ 150 MeV ( ~ 10'* K).

.

SH" T | P « 250,000 times hotter than the
,; /// MHM I // il ' core of the sun
. / | I ;'m / / Il/// perconductor? - o
S olllliual hﬂ'm’l’, I mll - Similar conditions thought to have
& Ry 1 ayon density i existed just a few us after Big Bang.

. Neutron star
117 Chiral EFT eutron stars
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QUESTICNS TO ANSWER BY STUDYING THE QGP

What happens to QCD when we release the confinement potential?

What are the intrinsic and dynamical properties of the QGP medium? What is
its quasiparticle structure? How do these features give rise to its behavior?

How are fundamental QCD processes like the parton
evolution and hadronization modified in the QGP?

What is the equation of state of QCD matter? Does the QCD
phase diagram have a critical point? If so, where?

How does the QCD matter in these extreme
conditions become confined into hadronic matter?

We need combination of theory + experiment to answer all of these questions!

[Heavy lon Collisions: The Big Picture, and the Big Questions, Wit Busza, Krishna Rajagopal, Wilke van der Schee]
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» Since we can’t revisit the early universe, instead we recreate these extreme conditions with
the collisions of ultra relativistic heavy ions.

Heavy-ion collisions are a very experimentally complex & challenging environment -
like smashing two Swiss watches together to see how they work!
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EXPERIMENTAL FACILITIE

Two complementary machines!

Q

Lf Relativistic Heavy-lon Collider (RHIC)

LHC:- 27knt"

LHCD

ATLAS %

EXPERIMENT HLICE

RHIC (O ~ 100 GeV), more flexible (more + LHC (O ~ 10 TeV), high energies, focus on
species + energies), polarized beams. proton-proton running, also heavy ion program
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We’ve had a very busy last few years!
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RECENT HIGHLIGHTS Heavy-ion run at the LHC begins

For the next 17 days, every minute counts to take lead-lead collision data

First-ever collisions of oxygen at the 6 NOVEMBER, 2024 | By Chetna Krishna
LHC [CERN News, November 2024]

The Large Hadron Collider gets a breath of fresh air as it collides beams of protons and TOPIC: Accelerators

oxygen ions for the very first time. Oxygen-oxygen and neon-neon collisions are also Accelerator Report: The 2026 run will be
on the menu of the next few days .
short but intense

1JULY, 2025 | By Anais Schaeffer
Every day counts, so the LHC operations teams have mapped out a

[CERN News, July 2025] precise sequence of running phases to maximise the physics output
during the machine’s final months
Relativistic Heavy lon Collider (RHIC) Enters 25th and Final Run ey Bt M Lostrf e Opstons G 607

Collisions of gold ions and other experiments will complete the RHIC science program and provide crucial
insights for the future Electron-lon Collider (EIC)

12 March, 2026

[CERN News, Mar 2020]

March 24, 2025

[BNL Newsroom, March 2025]

First Physics Results from the sPHENIX Particle Detector
Com mon theme: LOtS Of Measurements of charged particles and energy density from gold-gold smashups provide foundation for

f. t t h_ h i t _t : deep insight into early universe matter
irsts at high intensity!

July 17, 2025
[BNL Newsroom, July 2025]
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EXPERIMENTAL ERA

IT'S THE END OF AN

ToPiC: Accelerators The last great U.S. particle collider is no more.
CERN bids farewell to the LHC and enters Long What comes next could be even better
Shutdown 3 After 25 years, Brookhaven National Laboratory’s Relativistic Heavy Ion

. . . . o Collider—the U.S.’s largest and only particle collider—has ceased operations,
The Large Hadron Collider is embarking on its most ambitious upgrade but its science lives on

yet

[Scientific American, Feb. 2026]

[CERN News, June 2020]
ATLAS enters the high-luminosity era

29 June 2026 | By ATLAS Collaboration

[ATLAS Press Statement, June 2020]

THE- END OF RUNWS3

L ast colfsions at SPHENIX, February 6t
[CMS News. June 2026]

All data | will show In this talk was taken at colliders no longer
operating. Will need to wait until 2030s for data from EIC & HL-LHC!
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... BUT WE HAVE A TREASURE TROVE OF DATA

[CI\/IS Public Luml Tota\s] [ATLAS Lumi Totals] [ALICE Performance]
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 Largest datasets to date.... by A LOT

* Only just now seeing the first few results from recently
collected data at RHIC & LHC!!

| |
Jun 15 Jul-05 Jul-25 Aug- 14 Sep-03 Sep-23 Oct- 13 Nov-03 Nov-23 Dec-13 ¢ At the LHC Only

Au+Au inelastic collisions
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OVER MANY COLLISION SYSTEMS!

* Many more collision systems collided at RHIC/LHC not include here, including asymmetric collision systems.

NeNe xXeXe

Increasing complexity (scales with A)

» Each collision system accesses different phenomena, important to measure across
collision systems to understand the full range of complexity contained within QCD.

» Recent efforts to re-analyze LEP data and new datasets in OO & NelNe are crucial also
for understanding QCD & the QGP.
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?

A COLLISION

WHAT HAPPENS IN

- QGP follows a
hydrodynamical
evolution,
expands and
cools, then
hadronizes.

* All we see are the
hadrons that free
stream and are

measured In the
detector! Time: 0 fm/c < 1fm/c ~10 fm/c ~1015 fm/c

[ALICE, A journey through QCD)]

» Use different targeted probes to collect information about each stage of the collision!
» Full picture allows us to characterize the QGP and provides a rich lab for studying QCD!
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OF QGP PROPERTIES

@ Soft Probes: hadronization products of
the QGP medium

—® collective properties of QGP

@ Hard Probes: products of early-stage hard
scattering that interact with the QGP

|| medium.

—® dynamical properties of QGP

Electroweak Probes: probes that have a long mean free path relative to the size of
the QGP (negligible interactions)

—p effects of different stages of QGP formation

Use pp collision data at same energy as a reference,
where difference is taken as an in-medium property.

® —» «— ©
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Part 2 : What have

- we learned about
the QGP and its
properties?

|||il-%“§§§§§§?:§§ e B Hannah Bossi (hannah.bossi@cern.ch)
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@ Soft Probes: hadronization products of
& the QGP medium

v

— , Q’"

o G i R —® collective properties of QGP
: S SRS ST T -
- e VS @ Hard Probes: products of early-stage hard
% scattering that interact with the QGP
medium.

— dynamical properties of QGP

Electroweak Probes: probes that have a long mean free path relative to the size of
the QGP (negligible interactions)

—p effects of different stages of QGP formation

Use pp collision data at same energy as a reference,
where difference is taken as an in-medium property.

® —» «— ©
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» QGP expanding into vacuum results in radial flow.

C: T _> » Quantified by measuring the (py) of produced
/ l \\ particles.

» Spatial anisotropies in the initial state create strong

Bulk viscosity Radial Flow pressure gradients that result in anisotropic flow.

. | "D  Quantified by the Fourier decomposition of the

_ flow harmonics.

Shear viscosity Anisotropic Flow
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 We have learned that hydrodynamics provides a quantitative description of RHIC and
LHC data across different initial state geometries with impressive precision. [arXiv:2412.19393]
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 We have learned that hydrodynamics provides a quantitative description of RHIC and
LHC data across different initial state geometries with impressive precision. [arXiv:2412.19393]
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- We have learned that non-zero v, signals appear
collision systems where no QGP was expected.

| ] I
[ Ta% L
f Ei5 :
(Y .3 ST
=z S

'S EVERYTHING FLOW?

PLB 765 (2017) 193

GMS_

| [ AL AL LN | N LN A DL N B EEL L RN B B N L e
0] PP1S=13TeV vS“b{2 |An|>2} 1 pPb \SNN—STev + POPD |5y =276TeV g o- - g:’g‘g% o 0.5<p <5GeV : - ﬁ:’;::ms uy 0.5<p;<5GeV
m Vv {4} T T o ° ¢ T 0.15 o vS“b{Z}.Data Vo{2} Hydro + IPGlasma + PGCM | 0.15 o vgub{z}D:;ta vo{2} Hydro + IPGlasma + PGCM |
pp '<|>' z%g% T pr T . ® ° - " .‘.“ ok [ m §UP2) Data V4{2} Hydro + IPGlasma + PGCM _| [ m \§UP2) Data v4{2} Hydro + IPGlasma + PGCM |
2 4 1 i L | L |
I @) V2{LYZ} { o ©® o 000, ® | %3' 8 _ 0.1_— Lo ® e o o0 o, : ” 0-1__’ o ® ® ®© 0 0 o o ° . ]
>C\l ’ ® o i ° o |
0.05[ t‘-'.f. o T .I*‘ ) % Q.* AT Pbe . ® 8 ;- NeNe ¢ 3
- o # 1 od 1 & 0.05% 00 | 0052 ¢
_ . [ | 1 .+ | ® | . g oy 1 Pam'm e .
° | 1 | i III.......” i Illl-...'i
0.3 <p. <3.0GeV/c 0.3 <p.<3.0 GeV/c 0.3 <p. <3.0GeV/c N S S e i L
_I | m <|2-4 | -.I | ml < 2|_4 | --I | m| < 2|_4 | 1 20 40 (E;O o 80 20 40 60 - 80
L P L1 L I T I T L 11 L T T T T I T L1 entrallty[/o] Centrallty[A)]
0 50 100 150 0 100 200 300 O 100 200 300
Noffhne offline offline .
rk N N [ Ann.Rev.Nucl.Part.Sci. 68 (2018) | ALEPH e*e’, s = 183-209 GeV
- | | | | | | | I | | |
o Dlﬁerentlal 01 [PRC 85, 014901] 0.22_! T 1 | T 1 1 l T 1 1 l T 11 ] T 1 1 I T 1 1 I T T 1] | Ntrk250 _
. _ = p+Au 200 GeV 0-5% - i - |
- Cu +Cu Collisions 0.2 :Mu 2006:\,0_5% He3Au y 05_Thrust Axis _
measurements of flow [ ezz4Gevuieo o | ot - Hewmooovasn | + |
0.08}~ ' e ~ E== SONIC p+Au - — L J
" " " N oo 62.4 GeV. v {TPC} © mam + >
increasingly important. | ¥aocevyiree , ¥ o1 Msonc s (Y 2 4+_+_—‘—,\
. X | 0.14f AP = . Iﬂ . ’&0 20 @ 9 e e
« P ted 1 oo * : i e T |3z
romptedasmall . "} % R I TN .2l 1 2 _
. - $ $ > 0_1:— U EJ o h - » 6 6 -o-Data- MC -
systems revolution to oo . + Lo o - . [EL L : +CMS pp 13 TeV, v¥4(2} -
i VO w . i —0.5— su%
N1 _% - = N CMS pp 7 TeV, v, {2}
] " . 004"_ ] | l L
conditions needed for | ucu : SR 2 4 6
QGP f " ettt | 0020 PHENIX - PT<GeV>
0 10 20 30 40 50 60 v/ ]
N lllll L1 1 1 l L1 1 1 J L1 1 l L1 1 1 l 1 1 1 l_‘
ormation. o Moot Corfin oL d - [PLB 856 (2024) 138957

I BBl Massachusetts , :
I I Institute of Hannah Bossi (hannah.bossi@cern.ch)

Technolog


mailto:hannah.bossi@yale.edu
https://arxiv.org/pdf/2312.05084
http://dx.doi.org/10.1016/j.physletb.2016.12.009
https://arxiv.org/abs/1801.03477
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.85.014901

SHEAR AND BULK VISC:
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QGP

» WWe have learned that Bayesian analysis provides a clear path to extract
QGP properties from experimental measurements w/ input from models.
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T (GeV)

Significant improvement over the years! New data + new techniques!
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QGP AS A NEAR PERFECT LiQUID

] [Nature Physics 15. (2019)] P2 |

_ Water » Can compare Bayesian
o - extractions of the shear

. viscosity over entropy

j density ratio, n/s

1 Helium

= + QGP has a lower /s than
1 -

5 any known substance

0 E Quark—gluon plasma g
I I I I I
0 0.5 1.0 1.5 2.0 2.5
TIT,

» We have learned that the QGP is a near perfect liquid!
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QGP AS A HIGHLY VORTICAL LIQUID + Angular momentum of

[Nature 548 (2017) Incoming nuclei results

| | Illllll |

AU+AU 20-50% ; In polarization with
* A this study - respect to the reaction

@ A this study ) . .
# A PRC76 024915 (2007) plane direction.

O A PRC76 024915 (2007)

!l J 7 %
My 77 /
’ ’{) I 2
// 174 W
Z7 "t/
N2
%

V4

% -~ N
A
Y /’ 7
7
2

) * Here, measure

__ - global hyperon (A)
ety : polarization.

) o
* atﬁ # » _ We have learned that

the QGP is the most
vortical system ever
SUMMER YOUTHFUL T B |
AGREEMENT SELECTION SECRETS |
Time for nations to match Recommended reading for How the hypothalamus helps | | | I l | | | | O S e rV e
words with deeds the holiday season to control the ageing process ™

PAGE 25 PAGE 28 PAGE 52

m O NATURE.COM/NATURE
i ust 2017

L. Ruan, KITP]
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THE SEARCH FOR THE CRITICAL POCINT

104 2 R d d R RIS o (GeV)
» We have taken two beam energy scans : s-1 [IBES-I [FxT z
R = AT -
[ ] ] ] b
at RHIC that have provided new insight = 0 F
S’ = A =
] n [ | — p’o’ —
to the search for the critical point. @
2 £ ; L e 28 iy NN 09_—.
0-5% Au+Au Collisions at RHIC > - g ,§ : :; ' -
——— - LL] MW W NN
. - RS2 NI I X NI X IO KX
10 ‘10: .0:0 ;:’1 ‘0. ": K] :0.0 ’0’ —
A\, 0207 NN . S AN N RN
GC.re S
NN A :’0’ o %% "0 bets :
ey STAR i B IR R KL
| T - 0.1 . 05506 07

s A -~ Hydro EV  Deviates from non-critical-point model
- 7 osten Y% HRG CE 1 calculations and peripheral collision 70-80%

- FXT -0.5<y-y , <0 - . | b ral
-1 / Iilgfgs\a/nalysisc L‘ UrQMD -0.5<y<0.5 __ data, S|gn|f|Cance Of deVIatIOn at ] 2 - 50

|y . . (Pl?i 126, 092301) UrQMD —l0.5<y-yCM<IO

3 4 5 6 7 8910 20 30 [PRL 135 (2025) 14, 142301]

Caishert Y Y8 (B9V) Important area for additional theory input!

[See Thomas Schaefer’s talk Mon. 14:00] [See Lorenz von Smekal’s talk Mon. 14:30]
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@ Soft Probes: hadronization products of
\ the QGP medium

—p collective properties of QGP

@ Hard Probes: products of early-stage hard
scattering that interact with the QGP
medium.

—® dynamical properties of QGP

Electroweak Probes: probes that have a long mean free path relative to the size of
the QGP (negligible interactions)

—p effects of different stages of QGP formation

Use pp collision data at same energy as a reference,
where difference is taken as an in-medium property.

® —» «— ©
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HARD PROCESSES

Confinement Detectors

s 1 - Fundamental QCD processes that
Bds = occur when partons scatter with high

\g:attering KL momentum transfer (“hard”).

~
~
\ N
\ \
-

~—
N

» Parton fragments via a parton shower
and eventually becomes confined
inside hadrons via hadronization.

"————— | e

Parton shower, perturbative  Hadronization, non-perturbative

Essence of QCD is encoded across these scales —
construct observables sensitive to this!
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» Jets and energy correlators are two complementary types of observables that are
sensitive to the underlying dynamics of the hard scattering!

» A spray of are created in a hard scattering.

» Jets are the result of combining using jet clustering
algorithms with a specified resolution parameter, related to
the cone radius K. [JHEP 0804:063 (2008)]

* Enerqgy correlators look at
correlations between energy flow
R deposits in a hard scattering.

» Can be computed amongst jet
constituents or the whole event.

'— OO0

Defined as the correlation of energy flow operator %(ﬁl) = |lim [dﬂ” anToi(f, r ’751)
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HARD PROCESSES IN THE QGP

» Hard processes are expected to be modified in the QGP!

- High pr parton is expected to lose

energy in interactions with the QGP
(jet quenching).

 f

* Formed before QGP formation.

» A colored probe of the colored QGP
medium!
» Useful for understanding its
\ dynamical properties.

pp Heavy-lons
- Use pp, where measurements are performed in vacuum, as a reference for no QGP.

See Adam Takacs’s Talk Mon.11:00] [See Florian Lindenbauer’s Talk Mon. 11:30]
See Min An’s Talk Mon. 12:00]
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Parton energy loss leading to a suppression of jet yields in
heavy-ions (A—A) in comparison to vacuum (pp).
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EXPECTATION

Parton energy loss leading to a suppression of jet yields in
heavy-ions (A—A) in comparison to vacuum (pp).

Collisional
@ Internal structure modification Hard%@ Je
x"/ Radiative
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EXPECTATIONS OF JET QUENCHING

Parton energy loss leading to a suppression of jet yields in
heavy-ions (A—A) in comparison to vacuum (pp).

Collisional

Hard Parton

@ Internal structure modification T

X Radiative

@ Medium should respond to the presence of the jet
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Parton energy loss leading to a suppression of jet yields in
heavy-ions (A—A) in comparison to vacuum (pp).

Collisional

@ Internal structure modification Hard%@ i PT jet

X Radiative

Negative Wake Wake

@ Medium should respond to the presence of the jet

; o)/ Jot

Different jets lose energy differently depending on different partonic structures,
flavors, transverse momenta, path lengths through the medium, etc.

Differential measurements are key to understanding dynamical properties of QGP.
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VHAT HAVE LEARNED SO FAR?

Parton energy loss leading to a suppression of jet yields in
heavy-ions (A—A) in comparison to vacuum (pp).

[EPJC 84 (2024) 3. 247) » WWe have learned that jets are
< B [ [ [ [ 1 T 1 | [ [ [ [ 1 1 |_ . . .
12l 0-10% antik, jets, A = 0.4 - suppressed, indicating that partons lose

B STAR Au+Au \'s,,, = 200 GeV, Phys.Rev.C 102 (2020) 054913  _ energy_
= ALICE Pb-Pb |s,, = 5.02 TeV, Phys. Rev. C 101 (2020) 034911
1= ® ATLAS Pb-Pb \s, = 5.02 TeV, Phys.Lett.B 790 (2019) 108-128  _|
- ® CMS Pb-Pb \s,, =5.02 TeV, JHEP 05 (2021) 284 -
0.8 — CMS l —]
. / '_+" [l -
0.6 == TAR> g LICE - *—
L _‘;o-"*oro-. =t —+— _
| .;.."' _
| 'O- _
04— —]
i ATLAS -
— EXPERIMENT —
- RHIC * "% ° LHC .

O | | | | | | | 1 | | | | | | | | 1
10° GeV/ 10°

ev/C
pT, jet ( )
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YHAT HAVE LEARNED SO FAR?

Parton energy loss leading to a suppression of jet yields in
heavy-ions (A—A) in comparison to vacuum (pp).

» We have learned that the amount of energy lost appears to depend color-charge
[IPLB 846 (2023) 138154]

2018 Pb+Pb 1.7 nb™", 2017 pp 260 pb™', s, = 5.02 TeV
<1 .8_ [ I 1 I I | I I T T 1 | ] B I | 1 1 | | I I | | I I I | | T T T T I T T T T | T

[EPJC 83 (2023) 438] [PLB 875 (2026) 140299]

1.8F LIDO model Centrality 0-20% —| € [ ALICE 0-10 % Pb—Pb 1 12 ATLAS 2
~~ _ - ' s © 2 8 _
= 1.6 N - 1 4 charged jets, anti-k BID’ jets N 1 = _,71_ -I S _____.
) 4 - E " o D%jets, R=0.3 WD’ jets w/o dead cone i ]
% < T _ 1-2__ 3 < p_ < 36 GeV/c MInc. jets 1 o8 - m_
.‘=;3:< 1o — = _ . +Inclu5|ve jets, R =0.2 - EIEI: - : * + ]
~ E — B E global uncertainty 1 06 By m¥ w e * il .
.C}L < 1 - - 0.8_— n u — 0 ) @
-Qm< _ ATLAS | B - W -
08_ anti-k, R = 0.2 jets, |y|<21 ] 1 04
T F Pb+Pb 2018, 1 4(1 7) nb™ . - -
- pp 2017, 260 pb™’ : - For y-tagged jets [PLB 790 (2019) 108] 7
0'6-, | | T T o.2_—p.yr>5OGeV,|nY|<2.37 Inclusive jet . y-jet :
80 100 120 140 160 180 200 220 240 260 280 | - Ad(y.jet) > /2 0-10% 0-10%  _
p [GeV] B 0 A R TR N AN T TR N TR NN T N N NN SN T S R |
b -et R T 0 L L |2 50 100 150 200 250 300
- 10 10
J AA oot (GeVic) Jet p_[GeV]
., | D"-jet R -jet R
[See Jean Du Plessis’s Talk Mon. 12:30] JEL AN VICLLXA A
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VHAT HAVE LEARNED SO FAR?

Parton energy loss leading to a suppression of jet yields in
heavy-ions (A—A) in comparison to vacuum (pp).

[PRC 107 (2023) 054909

< | L I| | | | 1T I| | | o
= 20 ATLAS 0, 0-10%" We have learned that the amount of energy
. 5.02 TeV, 260 pb™ anti-k; R =0.4jets, [y| <2.1 _ ' A1
R a0 lost also depends on a jet’s substructure
[ TeessR ey e T -
- : - Color charge may also play a role, quark
1ot - jets narrower than gluon jets.
Ly # _
P i ¥ i
- g -
0.6— i _
- ) 7 | _
] —o—pj:t>158GeV f % : : |
0.4 | N N N e
- +158<pJTet<ZOOGeV g_c:
0ol ~#200< p*' < 315 GeV a
I 3 315 <p”1‘?t <501 GeV _
bor e o T 0z 03 _ _
r Quark jet Gluon jet

g
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YHAT HAVE LEARNED SO FAR?

Parton energy loss leading to a suppression of jet yields in
heavy-ions (A—A) in comparison to vacuum (pp).

1.6 | ]
CCMS [T 0 536 Tev) s NeNe536Tev) | 8 [T e LT T T 0+0 48.2 nb™, p+p 21.3 pb™" (200 GeV)
1.4 ' 4 T~ 2_ATLAS Preliminary A¢>7ﬂ'/8 | 2_IHII’II-I|EIA;I;(II|DI 'I_"_|""|"'l|""| """""" =
I . - S reliminary .
< 190 & | XeXe (5.44 TeV, 0-80%) | © | PbPb (5.02 TeV) 1 § - ®0-10% ®=60-80% /1< pTlﬁ 79 GeV (S Ty and i une. =
Y . i 'g : 1_6:— anti-k, R=0.4 | e |0-20% |® |40-60% ® —:
% n % 1.5+ i : 43_ * | 20-40% [®]60-80% E
€ e RN + ' F :
2 08l e " . \O — .  —— 1 -
k5 - Rl i t $ §_6 11 - j"ll """ I"J"'= """" o m mé L= : e 1T $—==rf -I E
D 0.6f . 1 = ' b By 0.8= * g -
L b ® . * —
_(CU - N o . ,é - ® @ ® P : =
O 04__ 6 6 "5 . N\, - ] 0.6 ¢ + -
T B i Ml <1 8 0.5¢ -1 | 04:_ | -
— Bgg 5 ° I 32 ' O+O 8 nb \Syn = 5.36 TeV - s -
0.2 ] ~—~ [ -1 N.N . ] - ]
T Data binned for comparison ] pp 400 pb anti-k, R = 0.4 jets 0.2 B
L Y R Y Y ST, 2T Y 020 2530 35 40 45 50 55 60 65
10 102 . . . . . . . x pT [GeV]
P (GeV) ]
arXiv:2602.21325] [PRL 136 (2026) 162301] [ATLAS-CONF-2025-010] [SPH-CONF-JET-2026-02]

» We have seen indications of parton energy loss in light ions!

I I I Bl Massachusetts

JJ nstituteot Hannah Bossi (hannah.bossi@cern.ch)

Technolog


mailto:hannah.bossi@cern.ch
https://arxiv.org/abs/2510.09864
https://arxiv.org/abs/2602.21325
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2026-02
https://cds.cern.ch/record/2942013

Internal structure modification

» WWe have learned that both the jet structure and jet substructure are modified when you
compare AA distributions to a pp reference

jet structure: distribution of radiation jet substructure: splitting pattern
0 0.05 0.1 0.15 Ay

Sy = 5.02 T?V _pi 69 G_eV g 4. p;; """ ALICE {5, = 5.02 TeV -
pp27.4pb”" p®>30Gev, A > n —| = 3L | Sys.uncertainty R=02, |n |<0.7 1
T Y 8 2, jet -
— T T © o5k _ 60<pTchjet<8OGeV/C_:
[CMS  Cent.0-10% P Soft DIop 7,02, =0 - ... but we have also

Q - - 2 E

’:Q i i 5 _ + = Fragged = 0-88, franseq = 0-89 _ /ea rned
—" i _ - ™ & :
Q. - M Data 1 e c e
~ | B SCET.. Chien-Vitev i 0.5F a E
a 2 G . o i
o . — LBT | o S T S B S =
0O | 0 2 . JETSCAPE Caucal , N

0 | % - Pablos, L. =0 Yuan, gL =5 GeV
— o) - Pablos, L,.s =2/aT =~ Yuan, med q/g i
: ol 15 C Pablos, L, =~  ==Yuan, quark -
Q L ey :
1 | TS --:’.\.i.; ........................................ _
| | — ; ‘lﬂ :
0 01 02 03 0.5 — ™%
Ar 0 02 04 06 08 1
89
[PRL 122, 152001 (2019)] [PRL 128. 102001 (2022)]

7= 7=
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WHAT HAVE LEARNED SO FAR?

@ Medium should respond to the presence of the jet VA

» We have learned that (though difficult) you can measure the
medium response!

CMS [arXN 2602 19431] 0.66 nb’ (PbPb), 299 ob” pp).502Tev - Medium
e oo lepe  080% - Quantified by difference between
| ¢ : -; symmetric and asymmetric dijjet
- ) + 1 + | ' u ' o ¥l pairs. () [PRL135,072302)
> T T 1
n —0.2 . + - Jet 1
* 1 I : /
04f15pPr <26V I | : % -
E 0.2} [ o - / \
f1a ol 1 :: : - Q/Q@ i
| U Geisga | ! .
s (Wl | \ @ ,
& 02 IR an" ™| e(1015) T ‘ h <0
-0.4 ‘2<p$h <4 .G.e.v. ......... T 7 set2
2 1 0 1 2-=2
ch, jet1 ch, jet ch, jet
An An An

See also [PLB 874 (2026) 140120] [PRC 111 (2025) 044909
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BUT DO SEE JET QUENCHING EVERYWHERE?

» We have seen no such indications of jet guenching in smaller systems

IN26.007 larXiv:2606.18143]
1.6 [PRL 136 (2026) 162301] N CMS Preliminary __pPb (pp) 8.16 TeV 174 nt’ (301 pb’) %ﬁ 1oL siﬁ'fan; op (5= = 5,02 TeV o | |
. T T T T T — T T T 1] ] = : " = P | anti ch jets. NN < pehiet eVic
i CMS - OO0 (5.36 TeV) | © | PbPb (5.02 TeV) | 9'0 0.4:— |05|<<pT1 ;3155 GeV —: AL]H i alltp:ws h;: t>1R0 Goe:llltz:0 o 9 GeV
1.4 BB oPb (5.02 Tev) | @ | XeXe (5.44 TeV, 0-80%) — E 0 35 You < 3 -
1.2_— — Z | g & pp (extrapolated 8.16 TeV) § L R R ot
mé N ] % 0.2:— ® oPb = i
Q@ 1 _ 0 1:_ ] pp reflected =
% : : | E - pr reflected N . E > E;I:nt)ésre)r model
c 08 - oF q s -
g’ 06:— —: _01;@ & o o ’ ®_§ 1072 | | — I.l]cl—1
g - - 0 2:_ o e = EEC R
O | . —V.c[_ -
041 B = ———— e e e E "
- il s <1 1 oo : » Low pr wide angle
ol - Q = 3 .
: I %++++++%CH}— enhancement in the EEC
i | | | | L1 1 lI | | | | L1 1 lI ] o —0015 —g ]
: 0 TR S ] still not fully understood
e - B -
Pr (580 Rt L . PRL 136 (2026) 12, 122301
Charged patrticle R 5 Z_hadron Correlations PRL 134 (2025) 25, 251903
PRL 135 (2025) 11, 112302
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» We have learned that Bayesian inference also useful for hard process transport coefficients

[Progress in Particle and Nuclear
Physics, 103990 (2022)]

[HotQCD, JHEP 09 (2025) 180]

] 12
B | | [ [ | | | | [ | | | | | | i - 27TTDS
jet transport 16 — JETSCAPE Matter M. Xie et. al, 2206.01340 ] Heavy q uark Bayesian $ LQCD, charm
[ - 10— pert. NLO ® LQCD, bottom -
B JETSCAPE LBT LIDO, 2010.13680 i _ _ vees AdS/CFT ¥ LQCD. M — oo
= = A N AdS/CF D, M |
COefﬁClent (g) 14 - A JET Collaboration ~ [] C.Andres et. al, KLN LHC, 1606.04837 | dlfoSlOn ] e QPMp, charm A ALICE
- - = QPMp, bottom
19 - O C. Andres et. al, KLN RHIC, 1606.04837 b c O efﬁ ci ent 8- i::i::i ;}:::Z:n N
: C. Andres et. al, Hirano LHC, 1606.04837 : - o ’
AE ~ aSNC AL2 1 O __ 1 C. Andres et. al, Hirano RHIC, 1606.04837 _— 6 - -
~/ q «|>_ i + M. Xie et. al, 2003.02441 i ]
4 & 8 :_ 4 X. Feal et al, Quark Jet, 1911.01309 _: 4- T |
i - i 1A
6 — )
iy | | |
4__ +Z¥+ —_ -,.:‘.t. A L LR 1
: o7 ¢ : 0- T[MeV]-
2 B + QP S + 4 ] ' T J T T T
- o® - 150 200 250 300
O _ | | | | | | | | | | | | | | 1 |
0.2 0.4 0.6 0.8
T (GeV)

» We’'re in the process of learning that including hard-soft correlations matters! [arxiv:2603.09584]
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@ Soft Probes: hadronization products of
& the QGP medium

v

— , Q’"

o G i R —» collective properties of QGP
: S SRS ST T -
- e VS @ Hard Probes: products of early-stage hard
% scattering that interact with the QGP
medium.

— dynamical properties of QGP

Electroweak Probes: probes that have a long mean free path relative to the size of
the QGP (negligible interactions)

—p effects of different stages of QGP formation

Use pp collision data at same energy as a reference,
where difference is taken as an in-medium property.

® —» «— ©
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DIRECT PHOTONS AS A QGP THE

At low p the direct photon

| ¢ TaB L
! 4% ;
{ e ~ SR A

[ALICE, A journey throuqh QCD]

' ' > 102 I_I"“;XIP(lPIT/ITeﬁ) 0-20% Au-Au {s,,, = 200 GeV B 20-40% Au-Au Vs, = 200 GeV ]
spectrum Is dominated by > 5] PHENIX 5] PHENIX
thermal photons radiated S, ™ R R

>, :

. . 3 ©_ ] ?_
during QGP evolution Zlg I
© - N

b % E

» Possible to extract T %, 1 :
: : 107 ® N =
effective temperature with _ o o :
a fit. 0 Pb-Pb \s_. = 2.76 TeV @ncnm e s = 1
1075 Paquet et al. R = = =N 22 -

Linnyk et al. o, %, =% 5

106k = V. Hees et al. %06 o, - -

* We have learned that the 107 0-20% Pb-Pb Vs, = 2.76 TeV = T 20-40%Pb-Pb {5, =276 TeV ’ S
effective temperature of the | F ™7 %, 4i ey e s rramey " :
QGP in central collisions 18F | © Eroroys-276Tev I
— + . 1.6_— _EE_ = = NLO pQCDnnPDI.:: CTEQ6.1M/EPS09 I _E

e = 304 231 MeV s e ] § memocrorerss L
Slgnl ICanty dbove 1:05________:_:,:_:“__':_.-_-_"_' _________ _:_ ______ < oo“_’L’_:_‘__’:-_‘_"_—_- ______ :
TC ~ 150 MeV 0'8-4><1o-" — R R XY T T a— BTN X

p. (GeV/c) p. (GeVi/c)
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DILEPTON INVARIANT MASS

» Dilepton pairs from different stages of the collision have different invariant mass

» Can shed light on time-dependence of temperature, thermalization, possible chiral
symmetry restoration in the hot hadronic phase.

g i): 10§— QL;EE ':ii:tin?ri—ssm v Elggﬁ‘ta" sum é ’ We have Created an
5 Moo S | revzevencos e 3 gmbitious program to
o g 1 P0GV NIGSEEL = :
@ Hadronic % | i (A7,/0.02) + (Ap /0.5) > 1 —o- ::(;o:nn:eeeq) L e+e_§ make d||epton
e op decays 2" Fihw, —geeomme 3 measurements! Very
>' ' _ 2\ —— e —J/y - e*e,ye'e _‘ ]
ct/bb /0 AR | . challenging due to large
= backgrounds.
A —
QGP ] —= + LHC Run 3 data show
g 1 Improved precision, but
ER s A Oy — large differences between
8% SIS sue i FH—— .
Mee (GEV/C?) | SR B data and cocktalil
m,. (GeV/c?)
[Cartoon from Jerome Jung, Hard Probes]
. how to topologically separate sources at intermediate masses!
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Part 3 : What will we
do in the future?
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Facility Operations

~
u» Brookhaven 2026 2030 2035

National Laboratory

Relativistic Heavy lon
Collider

Electron lon Collider Construction & Commissioning Phase |  Science

@

NS

Large Hadron Collider | | Long Shutdown 3 | LHC Run 4 Long Shutdown 4

What can we hope to learn at these new facilities? What can we do in the meantime?

Many examples, let’s highlight a few at each facility!
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ISOLATING QUASIPARTICLE

STRUCTURE

OF QGP

- Parton traversing QGP can undergo 2 — 2 Moliere
scatterings off of medium quasiparticles.

» Jets are ideal probes of quasi-particle structure of QGP.

[Hulcher et. al arXiv:2603. 08776]

0.4

" /5 =5.02 ATeV, 0-30%
> 150 GeV, A > 27/3
_ xy > 0.2, anti-k+ R=0.2

o
_pT

No Mohere No Wake I
With Moliere, No Wake
No Moliere, With Wake s .
With Moliere & With Wake

0

0.2

0.4

R,/R

0.6

OO/pp

—
N W A

1.1
,
0.9
0.8
0.7
0.6

[Kudinoor et. al. arXiv:2603.2359]

0+0, 5.36 TeV, 0-100%

60 < pCh <80, ™™ < 0.5

p-Crh track > O 15 GeV mch track| < O 9
Soft Drop z =0.1,8=0

Anti-k. R = 0.4 ch-jets

I With Moliere, With Wake
I With Moliere, No Wake
No Moliere, With Wake

-No Moliere, No Wake
IIIIII IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIII

-

01 02 03 04 05 06 0.7 038 OR9 1

Q/Rjet

- Recent calculations indicate y + jet and OO are good places to look! New data helps!
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HL-LHC UPGRADES

» All detectors will be getting upgrades to increase the physics output, coupled with much
higher instantaneous luminosity.

- CMS & ATLAS:

» Both experiments getting new all-silicon tracking systems that
significantly extend forward coverage. Useful for studies of quark
and gluon dependence.

» CMS will gain a new high granularity calorimeter, containing millions
of channels - very high resolution!!

« ATLAS will have a high granularity timing detector to help with pileup
created from high collision rates.

- ALICE FoCAL: Forward Calorimeter at 3.4 < n < 5.8 extending
coverage of ALICE to x ~ 107° complementary to EIC.
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QCD QUESTICNS FCR THE EIC

» What happens to protons & nuclei under the constraint of the confinement potential?
|See Krishna Rajagopal’s Talk Mon. 16:30]

[Brookhaven National Lab] ,,,))))H,,,W' » Parton distribution function (PDF) changes

C:\ " e S «T\\}.?,{’)"m\ . .
»f% o 212 G as a function of momentum fraction (x) and
Y Z; “‘g?"\‘“?:f?'/.% 7%
"/,2 o \\?W/’Z/’{\\ /‘ \\?}d }\‘\(:‘ﬁ\( 3 | 2
OF WS ) A transfer (O“).
= S Ty, ;3“)));2’? y
s B v 7 7 "\: "A,' ,,)\
ﬁ\ * How are quarks and gluons
S N :-' M

distributed In space and momentum

S inside nuclei?
“W% Low x

W(‘((ﬂ\\\\\\\

» How do properties of nucleons emerge
from partons and their interactions?

High x

» What happens to the gluon density in nuclei? Does it saturate?
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\f/ - In an ultraperipheral collision (UPC) b > 2R , suppressed

voc strong interactions between nuclei.
VATV - Generate large perpendicular electric fields, which can be
y b /)‘\ approximated by an equivalent beam of quasi real photons.
w— UPCs effectively turn hadronic colliders into photon colliders!
D

)‘\ Ultraperipheral collision
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—_— - In an ultraperipheral collision (UPC) b > 2R , suppressed
strong interactions between nuclel.

u
%777711 » Generate large perpendicular electric fields, which can be
" approximated by an equivalent beam of quasi real photons.
= UPCs effectively turn hadronic colliders into photon colliders!
u

Photonuclear interaction

 EIC will do this at lower energies, better hard process
Kinematic control, better forward coverage, polarized beams

» We have already started to learn a lot from these! UPC
studies will be greatly improved by new event selection
systems in Run 3 data.

Deep inelastic scattering

BBl Massachusetts . .
III Institute of Hannah Bossi (hannah.bossi@cern.ch)

I I Technolog


mailto:hannah.bossi@cern.ch

- Studying the QGP is crucial for understanding QCD matter in extreme conditions.

- Experimentally very difficult and complex environment!

- We’ve made considerable progress on experimental measurements of the QGP

» With new data, new techniques, and new theory inputs we’ve learned a lot over the
last few years!

* We have only scratched the surface of measurements w/ existing RHIC + LHC data!
- Simultaneously lots to be excited about for EIC & HL-LHC in the 2030s.

Feedback loop with theory is now more important than ever!!

Thanks to Dana Avramescu, Cristian Baldenegro, Chris McGinn, Krishna Rajagopal and
Jing Wang for the useful discussions that helped with crafting the message for this talk.
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Negative Wake Wake

@ Medium should respond to the presence of the jet VA

» We have learned that (though difficult) you can measure the
medium response!

CMS PbPb (pp) 5.02 TeV 1.67 nb™' (301 pb™)

1-55_ IyZ|<2.4 1<p$h<2 GeV 2<p$h<4 GeV | ® E?ER?DO-SOO/C’ 4<p$h<10 GeV

N 1 HysBrID No wake _

5 'E PO PbPb 0-30% Reflected -- PYQUEN « Use Z+hadron correlations to
7 O 059950 GeV Corter have a way to study negative
-g OE_ 5 P —a .--PYTHIA8p$>ZOGeV | ave : y y g
T N R ol e SRl Rt L contributions to medium
< NX—7 ' response without selection bias
TS -E . effects.

o115 _

Q- * Models w/ medium response
i OE—---—‘::::;j;::jjj._—‘,—_‘-‘::r&---’ 4-:_9;_9‘:;;;.’:::‘"_-:‘—-;#;_0;5 B s e L o n SR S describe data, regardless Of
ﬁ —1;:Illlllllllll|IIII|IIII|IIIITIIII|IIII IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII IIIIIIIIIlIIIIlIIIIlIIIIlIIII|IIII|IIII underlying meChanism'

-3 2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Aych,Z Aych,Z Ayc:h,Z

[PLB 874 (2026) 140120]

I I I Bl Massachusetts

JJ nstituteot Hannah Bossi (hannah.bossi@cern.ch)

Technolog


mailto:hannah.bossi@cern.ch
http://dx.doi.org/10.1016/j.physletb.2025.140120

A QGP IS FORMED?

w * Not much was known in the beginning of what should
©  pe expected, but there were some proposed “smoking

t“" . gun” signatures of QGP.

0 0 'l
€ dEy/dn dEy/dn _
o) » Looking closer
200 y’a
e - Most involve sharp changes around some scale €.
100 i
L dE e . » Very little numbers on the x-axis, where this scale
width (Elllhad ratio) Nro/Ng+4n—- 2‘ 2‘:). " 3“ %ﬂu‘)‘ appears
03 DCC J'os 14 —— Chiral
0 - 0
N - B 30 years later, some signatures are still
- Mgide >5 lc jets -
- - \ unobserved and some have been extensively
mixed 473 upp(y
ph el < measured! Let’s go through some of these.
i e : QGP
€e dEy/dn €e dEy/dn

[Ann.Rev.Nucl.Part.Sci. 46 (1996)] [EPJC 84 (2024) 3, 247]
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OF HYDRODYNAMIC DESCRIPTIC

1970s

1980s

<1950s 1960s and 1970s “Hydrodynamic -Bjorken: Analytic ‘Momentum anisotropy
-Relativistic equations of Relativistic equations of calculations for BEVALAC modeling of HICs proposed as measure
motion for viscous fluids motion for viscous fluids Predictions of shock -Transport coefficients of elliptic flow (1992)
Eckart, Cattaneo Muller, Israel, Stewart waves in HICs from gauge theories -Blast wave
-Applications to -Bear mountain workshop phenomenology
COSMIC ray events (1974)

-Al%orithm development
-First hydro+hadron
cascade hybrid

Fermi, Landau -Blast wave model

2000
*CERN press release: 2001 2002 2003
Evidence for a New -Shear viscosity «3+1D ideal hydro Analytic calculation
State of Matter from the at strong coupling calculation for of effect of shear viscosity
CERN lead beam program 2+1D ideal hydro RHIC energy on flow signatures
-2+1Dideal hydro +hadron cascade Event-by-event quantum
predictions for RHIC for SPS and RHIC fluctuations
-RHIC begins operation -Extensive hydro in the initial state
-Shear viscosity computed modeling for RHIC

at weak coupling

2005 2007
BNL press release: -Effective field theory
RHIC Scientists description of fluid
Serve Up dynamics

LHC begins operation
‘Understanding that nuclear
geometry fluctuations drive
higher flow harmonics
v(%ubser: 2D analytic

2009

-Study of role of

initial state fluctuations
on anisotropic flow

‘Perfect’ Liquid «2+1D viscous Event-by-event fluid modeling
hydrodynamic hydrodynamic -Anisotropic hydrodynamics
simulations simulations *First 3+ 1D viscous

relativistic simulations
-Elliptic anisotropy measured
inp+p at LHC

2012

-Elliptic anisotropy in

p+Pb collisions at LHC
+IP-Glasma model

2013
-First Bayesian
analysis to extract
transport parameters

2015
RHIC small system scan
-Far off-equilibrium
hydrodynamic attractor

Combined hydrodynamic

‘DNMR 2nd order discovered analysis of p+p, p+Pb, Pb+Pb
hydrodynamics from -Exact solution -Anomalous fluid dynamics
kinetic theory of Boltzmann equation Spin hydrodynamics
‘Hydrodynamic for Gubser flow ‘Magneto-hydrodynamics
Huduations ‘Maximum entropy hydrodynamics

‘Hydrodynamic manifestations
of nudear structure
Far-off-equilibrium dynamics,
hydrodynamization/thermalization
Fluctuating hydrodynamics near
the QCD critical point
-Limits of hydrodynamical
modeling

arXiv:2412.19393]
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YHAT HAVE LEARNED SO FAR?

Parton energy loss leading to a suppression of jet yields in
heavy-ions (A—A) in comparison to vacuum (pp).

CMS - - @.:.5'.0.2 TeV, PbPb 404 gbf, pp 27.4 pb
A B e S IR S, WAL B We have Iea/jnec.j thgt jets are
oaf =¥ 1 1 ¥ * I et i i suppressed, indicating that partons lose
[ e I ey ! ——- 5
0.6 % 1 T ] energy.
0.4 1« We have learned that this happens even
A et <2 j | at...
© T TR e T w R-081  _m R-i0
e @ mem @R very high transverse momentum (py)
[ I I =+ ;
0.8 4 * I +— I B : o f | R
066 ke i _: or very large
0.4 + T : » In peripheral collisions
T 9 0-10% [T I 30-50% [ 1T, T [ Lumi '
0-2:‘ +-10-30% @8 1 -#50-90% 1 ]
0200 1000 200 _ 1000 200 1000

P (GeV)
[JHEP 05 (2021) 284]
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heavy-ions (A—

CMS 0- 10%

Pbe 404 ub 2 27.4 pb1

LEARNED SO

Parton energy loss leading to a suppression of jet yields in
A) iIn comparison to vacuum (pp).

[ 300 < p ‘< 400 GeV

T 400 < P < 500 GeV

A
o
,%:5505;_ (S = 5.02 TeV :
| —+———] —— , ———] —————————]
\:E 500 < p ' < 1000 GeV anti- k |njet| < 2
[ ® CMS0-10% 7
1 = Hybrid w/ wake
1T = Hybrid w/o wake
B Hybrid w/ pos wake ]
— | —MARTINI

0.5}

LBT w/ showers only

LBT w/ med. response

I 1 1 l 1

02 04 0.6 0.8

1 02 04 06 08 1
Jet R

[JHEP 05 (2021) 284]

FAR?

» WWe have also learned that it is very difficult for a
single model to simultaneously capture the

differential evolution of “simple observables” (R, A)

across kinematic regions.

 We have some indications
that the balance between
competing mechanisms

depends on Py

0.2

[PLB 849 (2024) 138412]

B I | I I I | I I I ]
— ALICE, 0-10% Pb-Pb \'Spn 50002 TeV ]
- Ch-particle jets, anti-k, Injetl <0.9-R

|I|ALICE Data
- mm LIDO
mm LBT

~ mm MARTINI

— JEWEL w/o Recoils
mm Factorization

Mehtar-Tani et. al, g
Mehtar-Tani et. al, q
Mehtar-Tani et. aI all .
Hybrid Model w/ Wake —
mm JETSCAPE v3.5 AA22

20 40

60

80 100 120 140
D (GeV/c)

T, ch jet
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@ Internal structure modification

» We have learned that selection bias plays a role in modification, inducing narrowing
behavior that hides other effects of interest.

Medium-modified
t .
narrowie - Electromagnetic probes are a great
way to remove selection bias, can

narrow access the unmodified pr.

Unmodified
jet spectrum

Yield

Jet

Medium-modified Ny,
broad jet . . }/ / Z

p, window  Measured jet p,

[PLB 861 (2025) 139088]
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YHAT HAVE

B i
i s
i e iy

FAR? [JHEP 06 (2025) 120] s

[PLB 864 (2025) 139409]

o SRs c; ) 0-10% Pb—Pb data ALICE
MS -ci Pb—Pb syst. uncert. \[s,, = 5.02 TeV
= ol = £ pp data Ch.-particle anti-k jets ]
Internal StrUCture mOdIflcatlon e — Tl |~ pp syst. uncert. 40<p°hjet<GOGeV/c |
i jet 1 10 & Inet|<07 R=0.2 -
i 120<pT <150 GeV_. - . o 7 202 =0 |
| ] ] - T //O)// 6 .
We have learned narrowing is everywhere! zi7 | Convaitybin | | o
- o 16 -
oo .a #10-30% 1 ZZ .
“|Z20}p F 430-50% 1 : o
_ =  v50-80% | ; =
[PRC 113 (2026) 4, 044905] [PRL 135, 031901 (2025)] _ 2 R ———————
§ [ ALCE o o 0500 L | d& 18 e Tt prion EJcms
gn: L {50 =5.02 TeV ® Pb-Pb0-10% - 0-10%, 30-50% Pb—Pb, pp /snn = 5.02 TeV  [llHybrid w/ wake | -""'I-lq_,.._ . S Hgbrid modeﬁno clastic) |
3 4ol Ch-particle ets, antiky Syst. uncertainty 1 Anti-kt ch-particle jets, R = 0.2, |njet| < 0.7 Hybrid w/ wake + Moliere LN T PR 1er-, H::brid model (with elastic) -
“o O = WA Standard 60 < pr, . < 80 GeV/c JETSCAPEV3.5 AA22 ] [ antik, R=04, 1" <16 ] s :
| 60 < p™"* < 80 GeV/c .ch jet JEWEL (rec0||s) O\ ( PbPb 5.02 TeV 1 1.4 * ]
- L =Py I JEWEL (no recoils) o 12 ' T [ N, ]
20+ R=02, | |<07 0 ° 1 1o2E _
A 0 | l[?ynamical grooming a = 1.0 Soft drop z.,+ = 0.2 o [ g 1 [ \ ]
1 O S L L N L L L L I Lf) '_ g _' 1—_ % i b
......... —.1...- . - T 1_%#*-I- i ‘
Bla 2PN o MATIERAST  — JEWEL recols off 15[ ALICE t:+ 1. 2 | TeeemEE :
2 150 N\ p__ broadening = a 4 Data 1 la 9 e -
: = T &' 14 © 0.8 B 0.6 .
0 - - 10 Y | |
I T e [ e P 0 0.2 0.4
21 + + __ ? 1S 0.6 k Mg
| SO +_¢_.,|._ | 0 0.05 0.1 [PLB 871 (2025) 139929]
e — Lo S r— _ AJ o 1 of - ATLAS |
0 1 2 3 4 5 60 1 2 3 4 5 6 [ P+ 172 b pp 255pb1
g (GeV/¢) g (GeV/ ) Flomowe sty

® Data, R=1.0, |n|<1.3
B Hybrid L. = 0

B Hybrid Lies = 1/(r T)

| Hybrid Les=2/(n T)
B Hybrid Lgs = o

llll

0.8

’20‘
{.
L]
a 3
®

—L—III|III|III|III|III|III|I—

0.6

» This narrowing makes it very difficult to isolate effects!

0.2

II||III|III|III

II(T >and Ium| uncer.
02 04

o

06 08

o
B>
D
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@ Internal structure modification

CMS PbPb 1.7 nb™, pp 301 pb™ (5.02 TeV) CMS PbPb 1.7 nb”, pp 301 pb' (5.02 TeV)
| | | | | | | | | | | | | | | | | | | I | | | | | |
- — . D ]
— Centrality: 0-30% y Data — 1'6— Centrality: 0-30% ata .
L Hybrid model, L =0: __ Hybrid model, L =0: -
& |a 1-4[ Soft drop z,,=02p=0 E|);.S’[IC no wakd®® _ x|o 1-4anti-k; R=0.2 Elastic, no wakg®® __
f S N Elastic, wake — f Q Elastic, wake -
- anti-k; R=0.2 No elastic, no wake - 1.2 ® No elastic, no wake ~ —
1.2— T No elastic, wake — e =i No elastic, wake -
MI‘IIIML lllllllllllllll I ] 1_ i .
— — | ﬁr T ]
1 T } E [ n u n K u —
= § | = 0.8— _ =
— § ..... " n _ _
0.8]In | < 1.44 S - = 0.6/ | <1.44 e ; —
- Y ] B Y _
- h]Jet| <2 p_ > 100 GeV ] 0_4__|T'|jet| <2 p_ > 100 GeV -
0.6— jet Y PO e sy jet Y —
- Ao >2u3  plipl > 0.4 - 0o 2C > 23 pr/p >08 -
] ] | ] | ] ] | ] | ] ] ] ] | ] l l ] B I | | ] | | ] | ] | ] ] ] ] | ] ] l l B

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 02
Groomed jet radius R Groomed jet radius Rg

Jet/ pT > (.4 : Narrowing Jet/pT > (0.8 : Selecting on less

quenched jets restores narrowing.
* fragmentation photons can impact interpretation

- /e have learned y+ jet is useful for removing selection bias, yet no single set of
parameters describes data (pp reference issue?)

effect not seen for y+jet

[PLB 861 (2025) 139088]
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@ Internal structure modification

» WWe have learned that it is possible to isolate a population of vacuum-like
splittings in heavy-ions

0.5 CMS PbPb 1.7 b+ pp 301 pb”" (5.02 TeV) [HIN-24-016, arXiv:2602.09271 Submitted to PRL]
— - Pp et _ . . . . " . .
,_ oz +PPoosm e pioiasy |+ Density of emissions in pp is higher than in PbPb.
31 2 ! & k; € [10,20] GeV | |
Sl T e hardest ky - Expected due to softening and broadening of
© ., 0= :
e the jet shower.
S ===+ Ratio is flat, relative shapes of angular
Y S ———— distributions are independent angle.
& 0.6 ;_G&xmxxmwx% | * | | | |
£ 045 wake: tﬂg%'?: 24T L= - Consistent with the hypothesis that earliest
0.2 NO wake: = = /Tt = 00 _ .
e — splittings are produced in vacuum.
g o8- v . : +
8 gif — [Phys. Rev. D 110, 014015 (2024)]
~ ooF MIJETMED [JEWEL [ JETSCAPE

1 12 14 16 18 2 22 24
In(1/A)
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S K £ .
Ry Ry 4 &

[QM 2025 Poster, Tucker Hwang]
| | | | | | | | | |

ALICE Preliminary

" o-Pb and pp (o < 5,02 TeV % 1 15  Large angle
p and pp \'s,, = 5. e L ALICE Preliminary | -
| antik,chiets, R=0.4 - . b-Pb Ve = 5.02TeV enhancement in
1.2~ all pairs, p!™ > 1 GeV/c + ALICE — anti-kt ch-particlekjets,R = 0.4 ALICE + pPb collisions
- | - 1.1+ |Niet| < 0.5, P73 >1GeV/C
i H ‘ _l_ O Z(J) < PT,chjet <T40 GeV/c ++ Compared to pp'
| | & ol C .
' Lol | . R * EXperimental
1t L " i q AR result robust
i i L. | =t et oh
ee%e dgalnst changes
*L | 4 - . . .
1 T4 +¢ — _ in pr bin split,
08 —&— (20, 40) GeV/c _
' W . = (40, 60) GeV/c track pr cut,
| 80 G _
I l l | l [ 1 I_|‘_ (60 8OI) eV/IC Charge, = =n
107 107
R,

» Can be described by enhancement of a number of theory predictions
[PRL 134 (2025) 25, 251903] [PRL 135 (2025) 11, 112302] [PRL 136 (2026) 12, 122301]
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[PLB 866 (2025) 139550]
1.70 nb™ PbPb (5.02 TeV) + 302 pb ' pp (5.02 TeV)

IN THE

P e~ (RIS ,‘

Ananya Rai Talk @ QM 2025 - CMS 120 < jet p_< 140 GgV
(é - ALICE Preliminary s,,,,_soz Tev ) 1.5 anti-k; R=0.4
W16 Anti-k; charged-particle jets, R = 0.2 | |ﬂ.et| < 16 .
~ 40 < pTch_ < 60 GeV/c, |I] |<07 | O l 1
14 ) pairs, p"‘°">1GeV/c B aNle}
- Hybrldth elastic, with ake: g Q- 1_
12- e i . e :
: -né’;:i'é‘:?é,"wﬂﬁ wgiii : - === PbPb 0-10% / pp -
10_ 1 Coeas IC, NO wake — Hybrid, no wake h ] |
- B vacuum — - 0.5_ ] Hybl'ld, pOS. wake p_(;_ >1GeV CMS
Hybrid, full wake  n=1 | =
| | | | I N |
1.5 Data syst. unc. — - Data stat. an.
= - B -
— i [1
S|l 1
0O T
— i
O5_| | | | | R i |
o 10°° 107"
f Ar
T * Large angle enhancement seen at CMS not seen in ALICE,
o - : : :
05l likely due to cutoff from jet radius (0.2).

T L
AL« Useful to push to larger radii, higher orders, etc ....!
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OSITY TOTALS

[CMS Public Lumi Totals]

[Phys. Rept. 1115 (2025) 219

Collision System | COM Energy Delivered Lumi Recorded Lumi
Dp 2.76 TeV 5.61 pb™* 5.51 pb™!
PbPb 2.76 TeV 0.194 nb~! 0.183 nb™!
Runs 1 + 2 op 5.02 TeV 369.97 pb~! 350.92 pb~!
PbPb 5.02 TeV 2.48 nb™! 235 nb~!
oPb 5.02 TeV 36.67 nb™! 36.01 nb™!
oPb 8.16 TeV 188.3 nb™! 180.2 nb™!
XeXe 5.44 TeV 3.50 x 103 nb™! 3.42 x 1073 nb~!
Collision COM Delivered Lumi Recorded Lumi
System Energy
pp 5.36 TeV 520.43pb™" 483.10pb™"
PbPb 5.36 TeV 6.652 nb™! 6.045 nb™*
Run 3 - : 1
* Excluding 2026, which is yet to come! PO 9.62 TeV 48.4 nb 46.5nb
00 5.36 TeV 9.4 nb™! 9.0nb™!
NeNe 5.36 TeV 0.91nb™" 0.9 nb™

I I I Bl Massachusetts

I I Institute of
Technolog

Hannah Bossi (hannah.bossi@cern.ch)


mailto:hannah.bossi@yale.edu
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://arxiv.org/abs/2405.10785

» Let’s now look at this in terms of # of events. [CMs-DP-2024-002]

NTs ﬂN 3 [CMS Public Lumi Totals]

[Phys. Rept. 1115 (2025) 219

» Dramatic increase in # of hadronic events as compared to Run 2.

I Run 2 (2018)
Hadronic S Fun 3 (2023)
N Run 3 (2024)
I Run 3 (2025)

'Run 2 (2018)
UPC I Run 3 (2023)

. Run 3 (2024)
e Run 3 (2025)
0 5 10 15 20 25 30 35 40
\K # events / billion

V~C

[ 4
N

e

» Significant improvements made in # of ultra-peripheral collision
events recorded!

QVAVAVAVAVAVAVAY
UVAVAVAVAVAVAVAY

\%W * Not the focus today, but lots of cool physics can be done here!

|See, for example, Gian Michele Innocenti’s talk next week]

)‘\ Significant improvements in Run 3 as compared to Run 2! What we do with this?

I I I H Bl Massachusetts

JJ nstituteot Hannah Bossi (hannah.bossi@cern.ch)

Technolog


mailto:hannah.bossi@yale.edu
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://arxiv.org/abs/2405.10785
https://cds.cern.ch/record/2887066/

**This categorization scheme is largely based off of great

J T Q u c H ﬂ G talk by Jing Wang.

Impact of the medium on the jet — jet energy loss

Collisional
@ Weak coupling limit S
Jet
——p Collisional Hard Parton .
X Radiative

—Fp Radiative

AdS/CFT Drag

— JSoFTores

(B) Strong coupling limit <¢ /
—» AdJS/CFT drag force > Jet —4—

&

Variety of ways to implement each category —all theories won’t behave the same!
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**This categorization scheme is largely based off of great

J T Q u c H ﬂ G talk by Jing Wang.

@ Impact of the jet on the medium —

Recoll
Hole
@ Weak coupling limit
—p Recolls (Kinetic based approach) i , -
x'/
Strong coupling limit Negative Wélfe Wake
—P \Wake VA ft
(Hydrodynamics based approach) e

Variety of ways to implement each category —all theories won’t behave the same!
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NUCLEAR MODIFICATION FACTOR

Parton energy loss will lead to a suppression of jet yields in
pp heavy-ions (A+A) in comparison to vacuum (pp).

—® We use the R, , to probe this expectation.

PT et —P® Ratio of the jet yield in AA compared to the expected
| yield if no hot or dense medium was present.
| dzl\GEEPb
Nevent dedy
Ryp = = ——— R,, <1 — Suppression
jet
<TAA> dp-dy O—> — 0

Jet suppression is a key signature of QGP formation!
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[Brewer et. al: Phys. Rev. Lett.122.222301 ]
—® |f some populations lose more energy than others,
we Will see a suppression purely from taking the

ratio at a fixed pr.

—p |deally for every jet in vacuum, want to see what it

| becomes in heavy-ion collisions
pT,Jet

—P® Potential ways to do this...

—® ML techniques to access the initial jet p1  [JHEP 2021, 206 (2021)]

—p y-tagged measurements of jets and their substructure

BBl Massachusetts . .
III Institute of Hannah Bossi (hannah.bossi@cern.ch)

I I Technolog


mailto:hannah.bossi@yale.edu
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
http://JHEP.%202021,%20206%20(2021)

Energy correlators look at
correlations between energy flow
deposits in a hard scattering.

Defined as the correlation of energy flow operator

&(n,) = lim Jdtrzn{TOi(t, rn,)

'— OO0

where (‘Ij \ Cg(ﬁﬂ %(ﬁz) e %(ﬁk) ‘ LP)

Characterizes the energy flux in the direction of 7

In hadron collider environments, instead of 71, use AR = - /Ay2 + A¢2
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