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High energy probes of the 1nitial state and the formation time of quenching

hydrodynamics hadron gas

Goal: separate effects of medium modification into late and early times
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High-energy parton modification in finite-temperature QCD

Single parton

Parton undergoes transverse momentum diffusion

— TN L kL d(k1)

Kicks occasionally induce gluon radiation

Radiation can’t be resolved instantaneously
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High-energy parton modification in finite-temperature QCD

Single parton

Parton undergoes transverse momentum diffusion

— TN L kL d(k1)

Kicks occasionally induce gluon radiation

Radiation can’t be resolved instantaneously
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Implications for jet modification: from jets to splittings

hadrons

* Momentum broadening of splittees m9< <

2F
: - Increasing formation time (“lifetime”) 7¢ ~ —-
* Formation time-dependence s ( ) 7S Q?

of medium interactions QQ< m< MQJ<
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This talk: a path toward uncovering these signatures in measurements

-~ hadrons
L] /

Hadrons to splittings % o
1—-2

Confounding effects: multiple types of splittings

Isolating individual splittings with heavy quarks ‘ ) —g &m<

f charm
Phenomenology - e
 Jet substructure modification m< ‘:. _—
* Energy correlators '
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This talk: a path toward uncovering these signatures in measurements
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Accessing splitting functions from jet substructure

00O
o° - Access kinematics of gluon that
00 initiated the shower (py, Q2,...)
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Accessing splitting functions from jet substructure

Access kinematics of gluon that
initiated the shower (p7, 02,...)

Larkoski, Marzani, Soyez, Thaler [1402.2657]

Enables measurement of e.g. QCD splitting function from hadron level

Jasmine Brewer (Oxford) 9

Larkoski, Marzani, Thaler [1502.01719], Larkoski, Marzani, Thaler, Tripathee, Xue [1704.05066]



Confounding effects from multiple types of splittings
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Splittings are actually typically narrower in heavy-ion collisions?!
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Selection bias in jet measurements

Steeply-falling spectrum — heavy-ion jets

(log-log)
t PP are very biased towards losing little energy
do Y
e A-A Fractional energy loss
P
! 5. unquenched jets > 80 GeV

energy loss quenched jets > 80 GeV

Probability
w

0 - ; ; ; ; ;
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Fractional energy loss

In heavy-ion collisions, the splittings are much more dominantly quarks, since gluons lose more energy

Even 1f splittings only broaden in medium, the typical splitting may be narrower
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This talk: a path toward uncovering these signatures in measurements
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« Hadrons to splittings % o
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* Confounding effects: multiple types of splittings

* [solating individual splittings with heavy quarks - — mﬁ<

charm
hadrons
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Accessing individual splittings using heavy quarks

Heavy flavor splittings: —g Q_O_O_Q,<

c,b c,b
Advantages:

* Heavy flavor 1s preserved in the shower

and not produced at hadronization > charm
S
== hadrons

Used in ALICE [2106.05713]

 —

* Access later (more modified) splittings in the shower

* At high energies, access light flavor splittings
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Preliminaries: controlling the kinematics of g — ¢¢ splittings 1n vacuum

Approaches: .

Jasmine Brewer (Oxford)

C/A with heavy flavor
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Remove cases where the g — c¢c splitting is on a “soft” branch
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Estimating the modification of g — c¢cC splittings 1n jets

* (Calculated medium-modified g — cc splitting function

E
SQQ@< ch Pg—>cé(Ega kga Z) — ngi(;cé(k37 Z) + Pgm—e>(i(_:(Eg7 kgv Z)

< Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann JHEP 01 (2023) 080 [2203.11241]

* Estimate the modification inside jets

/4 DO Get kinematics of g = ¢C ( 1 med ,
— 2Pp) (EpR22)

g—cc gy Ne
:DO med (Ega kg’z) e + Q2

Reweight each splitting by w;5e; —
~ (épg—wé) (kg, Z)

— T

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann Phys.Rev.Lett. 132 (2024) 21 [2209.13600]
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Calculate energy loss for jet as a whole

1.0 ;Pbe, \'/sNN - 5.02 Tev; 0- 16%, EPPS16 J
0°9f o ATLAS inclusive - &
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parton-level jets in Pythia with nuclear pdfs 0.8} AL =5 Gevie
< 07—
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* Jet energy loss from quenching each cluster with weights Barata, Caucal, Soto-Ontoso, Szafron [2312.12527]
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Quenching weights

T
rapid turbulent
thermalization; w K w,

J
T
semi-hard perturbative

gluon emission 16



This talk: a path toward uncovering these signatures in measurements

charm
hadrons

* Phenomenology |
e Jet substructure modification m,< -
* Energy correlators
g — cC
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Inclusive jets
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energy loss alone “narrows” splittings
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Observing medium-induced broadening

s
IS

— proton-proton

—energy loss only

4 B 8 10

g — cC splittings

2

g — cc
0.35 — proton-proton
0.30 — energy loss only
0.25 energy loss + broadening

0.20
0.15
0.10
0.05
0.00

energy loss alone has little effect

Isolating g — cc splittings may provide an opportunity to

quantitatively measure medium-induced broadening 18



Controlling the formation time of g — ¢ splittings

* (Can use kinematics to change the
formation time in vacuum

1et ! 0-20 " - . )
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Jasmine Brewer (Oxford) with Wilke van der Schee and Urs Wiedemann [2503.11764]
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Controlling the formation time of g — ¢ splittings

e (Can use kinematics to change the * Medium modification vanishes for
formation time 1n vacuum formation times above the medium length
S 50 GeV | 020 2200 GeV | 0.147 | S SIOfth(j’li% Zcut‘ =I0-I2§
Eg>50GeV. oo i E, > 200 GeV | 0.12F 1. T >50 GeV+
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...... C/A 1/ c ; 0 06i vacuum ]
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Effects of energy loss

no jet energy loss 1nclud1ng Jet energy loss
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Formation time effects imprint on the modification of the
formation time distribution even with energy loss effects included
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Another approach beyond jet substructure: energy correlators

Substructure: Use (approximate) angular ordering of QCD to reconstruct emission history of shower from

hadron level

EEC
* A
O 0 ,’Ilnl \\\915
O UG
Og % &
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Another approach beyond jet substructure: energy correlators

Substructure: Use (approximate) angular ordering of QCD to reconstruct emission history of shower from
hadron level

EEC
@ A
O / E.E
021 ! 23
o O /s
0 o5
O 92.36)@ E>E,
623 924
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Another approach beyond jet substructure: energy correlators

Substructure: Use (approximate) angular ordering of QCD to reconstruct emission history of shower from

hadron level

Energy correlators: Consider correlations among produced hadrons

1—z

Heavy flavor jets EEC
9 A
Ce
@ EqEs
EEC(6 / dz 9‘*‘”(9 ?) 2(1 —2) 012
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* throughout, normalize by total number of jets “



In vacuum: quark mass effects in energy correlators

bb/cc vacuum EEC

0.00035, 4.
0.00030 ... qg/i10 P 100 GeV | 1.0 pr*>100 GeV
DDDUEE seses O - ‘j 0.8 PT:.‘-'-ZBD Galy
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Heavier quarks tend to fragment Characteristic suppression of
earlier, at larger angles heavy/light EEC at small angles

See also Craft, Lee, Mecaj, Moult [2210.09311] 6 dead ~ Mg / E
ead-cone

Next step: understanding the medium modification of the g — q@g correlator
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Medium modification of the g — q@q splitting function 1n energy correlators

EEC,,.4(light)/EEC, .. (light)-1
0.6 E=50 GaVy

0.4 E=100 GaV
— E=200 GeV
0.2 —E=300 GaV
— E=500 GaV
0.0
-0.2
-2.5 -2.0 -1.5 -1.0 -0.5

Log(&]

Enhancement at large angles

Depletion at intermediate angles

Momentum broadening effect

No modification at very small angles

At small enough angles, massless splittings are
always formed outside the medium

Jasmine Brewer (Oxford)
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Medium modification of the g — q@q splitting function 1n energy correlators

EEC,.4(light)/EEC., ..(light)-1

EEC, .q(CE)EEC, ,.(cc)-1
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Enhancement at large angles

Depletion at intermediate angles

Momentum broadening effect
No modification at very small angles

At small enough angles, massless splittings are
always formed outside the medium

Jasmine Brewer (Oxford)

Log[8]

For massive quarks, splittings can be
formed in the medium for all angles!

. E,=50 GeV
E — Ez=100 GeV
~ g

- - E,=200 GeV
)

‘g — E ;=300 GeV
R — E,=500 GeV
L YR
(= L=4fm
©

TfN

2E,2(1 — 2)

m? + E22%(1 — z)20?
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Medium modification of the g — q@q splitting function 1n energy correlators
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Medium modification of heavy flavor correlators
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Qualitative signature of formation time effects at small angles

ongoing work with Joao Barata, Kyle Lee, and Joao Silva [2503.xxxxx]
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Effects of energy loss on energy correlators of jets with two heavy quarks

Energy loss shifts the EEC toward smaller angles. ..

unmodified (dashed), modified (solid) Putting it together: interplay of medium-

: s 7 anlitt .
oo o modified g — cc splitting with energy loss
— p¥'>100 GeV , — : S —
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30
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* g — cc splittings provide a controlled
environment in which to measure in-
medium momentum broadening

« kinematics can be used to control the
splitting formation time and access
formation time-dependent modification

e Unique imprint of formation time in
the medium modification of massive
g — qq energy correlators

Jasmine Brewer (Oxford)

Conclusions
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