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How do the unique features of QCD manifest in the properties of the QGP?

most strongly-coupled
QCD coupling 4 liquid ever observed

Rare and hard probes Energy transfer

Core questions driving the field

» How do the degrees of freedom of the quark-gluon plasma change with energy?
» How does a fluid quark-gluon plasma form in the aftermath of a collision?
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How do the unique features of QCD manifest in the properties of the QGP?

> Energy transfer
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Success of hard probes measurements 1in heavy-ion collisions

Jet quenching 1s a large, well-established effect in heavy-1on collisions

Ty P « ] : .
| _ (r\i!s//{ 25';5‘5':‘:;:“‘:‘;2,39:3?‘&%;25;3’ 392010 CEST m{ ] ATLAS anti-k, R =04 jets, Sy =5.02TeV ||"|
{ Lumiseclonn:4¢ | eessscsssssssssss s e E e e S S eSS S S S S S S SSSSSSSESsEa s e - -
i Leading jet
100 pr:205.1 GeVic
80
60 ! Subleading jet
w0 | :70.0 GeVA E,E‘E‘I‘I
20
0 D:'IF’:FE’IPEFE (=]
[=]
5 0.5 :
ly| < 2.8
2015 data: Pb+Pb 0.49 nb™, pp 25 pb”’ Eig - gg:ﬁ’
Ry E ) IIIIII‘(TIA A.> E.mtj Iuminosiiyluncer.l | 560 '.7Q°/:.:
4 - 40 60 100 200 300 500 900
p.[GeV]

ATLAS [1805.05635]

CMS [2405.10785]

Half as many jets in heavy-ion collisions

Enhanced momentum asymmetry of
compared to expectation from proton-proton

jets produced back-to-back
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Toward the future for hard probes measurements in heavy-ion collisions

1. Low energy -« High energy
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“Microscopic structure of the quark-gluon plasma”

Jet substructure: connect hadrons in a jet to
individual splittings in the parton shower » How does the structure of the

quark-gluon plasma depend on
energy and parton flavor?

» What is the form of the parton-
medium interaction?
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Energy loss and flavor biases 1n jet measurements

heavy-ion jets are very biased
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Brewer, Brodsky, Rajagopal [2110.13159]
In heavy-ion collisions, the splittings are much more dominantly quarks, since gluons lose more energy

Even if splittings only broaden in medium, the typical splitting may be narrower
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Accessing the unmodified jet energy
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(Z) boson-tagged jets: a golden channel for HL-LHC

Selecting on the energy of the boson removes jet energy selection biases

£ ZQQ\S\ | 80% quarks/ 20% gluons =2 initiating parton quark-enriched compared to
inclusive jet CMS [2109.03340]

Exciting existing measurements and prospects for more differential measurement in the future

(S = 5.02 TeV Pl > 60 GeV
PbPb 404 pub™ anti-k, jet R = 0.3
U RASA DAL RARS RARS RRLE LARE RARE RRAE RRL pp27.4pb'1 pJ:l>3OGeV- A¢iv>%t
[ CMS ! PbPb, 0-30 % L L R
sk O Smeared pp ] I CMS Cent. 0 -10%
. i l + pZ>60 GeVic | ’_\& 3 7 ]
0l amifeI?T jltR=03 4 : | ] . . . .
2z 1 i ; o> 80 Gevle |8/ Data ; With higher statistics, more accurate
°o ~In 1 ~ | W SCET, Chien-Vit ) . .
gy ; 6 g 2 bt ! and differential boson-tagged
+ § ; =l substructure measurements to come!
'é + * O g <
S =t 0 01 02 03
Jasmine Brewer (Oxford) Ar 7

CMS [1702.01060]



Accessing the splitting flavor

Heavy flavor jets Identify heavy quark splittings LHC Vs = 14TeV, k; algorithm, R = 0.7 |
| Herwig 6.5 5
L oL GSP g
* Large gluon splitting contribution (>50%) | EEx | 0.5 =
Egg!i” D B for early splittings |
’ . . o 100 1000
* High purity for late splittings in the shower o, [GeV]
ALICE [2106.05713] Banfi, Salam, Zanderighi [0704.2999]

Future: better techniques to distinguish gluon splitting and direct contributions

Heavy flavor Ry 4, heavy flavor substructure in pp, upcoming measurements in AA

Double heavy flavor jets Identify gluon splittings to heavy quarks at any scale in the shower

D,B * High purity gluon splitting contribution (~99%)

D B o Requires high statistics Attems, Brewer, Innocenti, Mazeliauskas, Park,
) van der Schee, Wiedemann [2209.13600]

Boson-tagged heavy flavor jets Y MWW % D,B
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Accessing the splitting flavor: advantages of higher kinematic reach

Gluon-enriched splittings in the secondary Lund plane

Secondary splittings of the softer branch are typically gluon splittings
Baldenegro, Soto-Ontoso, Soyez [2412.14247]

: @ + High purity of gluons (90-95%)

 Limited kinematics
Ejet > Eg > AQCD

| ] L J

purity perturbative control

Could be enabled by larger kinematic reach at HL-LHC
Quark and gluon-enriched splittings using heavy flavor

9 * Directly compare quark and gluon splitting modification in the same jet

* No requirement for direct kinematic selection of soft branch

Jasmine Bri ?’*

Requires high statistics and large kinematic reach 9



What 1s the form of the parton-medium interaction?

Medium-induced radiation

_/\’\/\ $kj_

v

Baier, Dokshitzer, Mueller, Peigne, Schiff (1996), Zakharov (1996)
Arnold, Moore, Yaffe (2003)
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Near-equilibrium response



Isolating medium response and medium-induced radiation

Medium depletion in the direction of a Z boson

* Depletion of medium around Z boson due to response of the
medium to the jet in the opposite direction

* Clean environment to test medium response
» No vacuum radiation or medium-induced radiation in the
direction of the Z

jet-induced medium excitation + Z-jet

C04026,0.02 0:4 0.6 0.86evm? Early measurements, but opportunity for differential studies in the future

Chen, Yang, He, Ke, Pang, Wang [2101.05422] ATLAS [2408.08599], CMS preliminary

Medium-induced radiation and medium response filling the deadcone

* Vacuum radiation suppressed at small angles from heavy flavor,
due to the deadcone

*  Opportunity to isolate medium-induced radiation and medium

responsce .
P Armesto, Salgado, Wiedemann [0312106];

Cunquiero, Napoletano, Soto-Ontoso [2211.11789] 11
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Toward the future for hard probes measurements in heavy-ion collisions

A

2. Late time Early time

proton-proton heavy-ion

position space information

shower fully in momentum space is physically important

» What is the space-time structure of a parton shower?
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Observing formation time effects at the HL-LHC

Energy loss and formation time in boson-jet events

* Splittings that happen early projected to have

more energy loss than those that happen late
Apolinario, Guerrero-Rodriguez, Zapp [2401.14229]

Formation time effects in gluon splitting to charm quarks

* Time-delayed probe of the medium: splittings
with formation time > 2 fm
e Unlike light quark splittings, can be formed

inside of outside the medium at small angles
Brewer, van der Schee, Wiedemann [2503.11764]; Barata, Brewer, Lee, Silve [in preparation]

Time-delayed probe of the plasma in top quark decays

—

Apolinario, Milhano, Salam, Salgado [1711.03105]
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Toward the future for hard probes measurements in heavy-ion collisions

3. Equilibrium -« Out-of-equilibrium

Heavy-ion collisions
. high energy scatterings \ energy loss

far from equilibrium initial hydrodynamics | hadron gas
~1fm/c ~ 10 fm/c
I I » time

2. :] [Hydrodynamics]

o

[=]

6 >
%
5
T

B E,.. = 100 GeV

iy — 20 GeV Ipp, Muller,Schuh [2009.14206]

q (GeV?/fm)

» Does the far-from-equilibrium initial state have an impact on hard probes?
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Toward the future for hard probes measurements in heavy-ion collisions

3. Equilibrium -« Out-of-equilibrium
Heavy-ion collisions
# high energy scatterings energy loss
far from equilibrium initial i hydrodynamics hadron gas
~1fm/c ~ 10 fm/c
I I » time
- Smaller systems (e.g. p-Pb, O-0)
high energy scatterings energy loss?
far from equilibrium initial - hadron gas

hydrodynamics?

: » time

~ few fm/c

» Does the far-from-equilibrium initial state have an impact on hard probes?
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Causes for hard probe measurements 1in small collision systems

00 \/§NN=7 TeV LAA=8.5 nb‘1 |Yh|<1-a

Constraining the size of energy loss in small systems I e
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Understanding the initial state from hard probes measurements

* Large momentum anisotropies, large gradients,
non-thermal interactions

CERN TH Institute “High energy probes of the initial stages™ https://indico.cern.ch/event/1487879/

Benchmarking formation time effects
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Concluding remarks on prospects for HL-LHC

Access to higher statistics and rare events

» controlling the energy of probe-QGP interaction
Improved heavy flavor capabilities

» flavor-dependence of the QGP properties
Larger kinematic reach

» leverage splittings deeper inside a jet

Measurements of hard probes 1n collisions of light 10ns

» jet quenching in small, out-of-equilibrium systems
» test splitting formation time
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