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SPH E@ I will focus primarily on aspects relevant for jets in HICs R H I C

% Limited time: I will omit many interesting new works (check HP23 and QM22 for more complete picture)



A quick overview: jets in and out of matter ¢) Brookhaven

6' CMS Experiment at LHC, CERN
e B coa — | Data recorded: Sun Nov 14 19:31:39 2010 CEST
& eriment at : — Run/Event: 151076 / 1328520
Data re)c(:‘c))rdad? Thu Aug 26 06:11:00 2010 EDT ’ L:t?ﬁ s\:aecTion: 249
Run/Event: 143960 / 15130265
Lumi section: 14
Orbit/Crossing: 3614980 / 281
Jet 1, pt: 70.0 GeV
Jet 0, pt: 205.1 GeV
In-medium jets get quenched and broaden
pp dijet event in CMS PbPb dijet event in CMS



National Laboratory

o o o o ~N -
A quick overview: jets in and out of matter e Brookhaven

Jet fragmentation 1n perturbative regime described 1n collinear limit of the theory

ms CMS Experiment at LHC, CERN

- 3 Data recorded: Thu Aug 26 06:11:00 2010 EDT
¢| Run/Event: 143960 / 15130265
\ | Lumi section: 14

Orbit/Crossing: 3614980 / 281 &

a,C db?

T 9x2 g2

P(z)dzdao

1 — 2z

Exhibits singular behavior in soft and collinear limits

-—fp (bservables computed in controlled expansion
I_, in the strong coupling constant and large logs

In matter: equivalent expansion more complex, no
general way to organize 1t
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A quick overview: jets in and out of matter

Jets are produced at the same time as the QGP

They serve as indirect hard probes of the matter

Their evolution happens in parallel to the medium

Early times: Non-equilibrium matter (Glasma)

(too) short times scales ?

Intermediate times : QGP phase

dominant region

Hadronic phase: Long lived

Expected smaller modifications to jets;
non- perturbative effects
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A quick overview: jets in and out of matter

Studying jets in HICs 1s a challenging problem! Most work done on lowest order processes

O(ay) O(a)

“momentum broadening”

“medium 1induced gluon emission™

Major approaches to jets in HICs have given us: general picture of the problem,
relevant scales and dominant effects
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Momentum broadening
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Momentum broadening in flowing and anisotropic matter () Srogkhaven

Transverse plane

or directic

\
/ Initial jet orientation n

. Medium: static slab length L

'Sadofyev et al, 2021-2023]
[Fu, Casalderrey-Solana, Wang, 2022]
 Antiporda et al, 2021]
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Momentum broadening in flowing and anisotropic matter (&) Brooknhaven

QGP 1s a flowing and structured background: what can jets tell us about these features 7

S r———— 0.5} 27N [JB et al, 2304.03712]
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X k“/qL
Appearance of non-trivial azimuthal structures New calculations available also for medium

induced spectrum
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Momentum broadening in flowing and anisotropic matter (&) Brooknhaven
End goal: use jets as tomographic probes of the matter

Open question: which are the 1deal observables to be computed?

[Antiporda et al, 2110.03590]
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Reconstruct localization of parton using Jet observables
moments of phase space distribution including these effects are now available
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Tpp et al, 2020] Nucleus B
Carrington et al, 2021 ]

[Hauksson, Iancu, 2023 ]

Boguslavski, 2023 ]
| Avramescu, 2023 ]
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Momentum broadening in glasma phase
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Jets are produced early 1n the collision and thus can be sensitive to full matter evolution

Effect 1: large parameter at early times

\ I

|

——q 1 (Qs = 2.0GeV)
—41 (Qs = 1.5GeV)
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[Ipp et al, 2001.10001, 2009.14206]

Effect 2: anisotropic broadening
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Momentum broadening in glasma phase

Jets are produced early 1n the collision and thus can be sensitive to full matter evolution

Many open questions: [s the large jet quenching parameter sufficient to compensate short time scales ?

Which types of observables should be sensitive to this stage and not washed out
by hydro evolution ?

q(1)

{}lllﬂ.\'

Jet polarisation in an anisotropic medium
90% effect (?)

S. Hauksson and E. lancu,

o

’ of their parents. Based on that, we conclude that a net polarisation for the jet should survive in
q, 1 | - [ \ the final state if and only if the medium anisotropy is sizeable as the jet escapes the medium.

0 - ly hydrodynamic stage [‘ (= L

[Carrington et al, 2112.06812] [Hauksson, Iancu, 2303.03914]



L? Brookhaven

National Laboratory

Momentum broadening in glasma phase

Many open questions: How can we consistently connect all the stages ?

New: EKT approach to connect three stages; similar effects to the glasma phase

10

Kinetic [Hyd rodynamich

E

o BN £ =100 GeV
% | Ejet = 20 GeV
O 4-

N’
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10t 10010
7 (fm/c)

[Boguslavski, 2303.12595]
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Momentum broadening in glasma phase

Many open questions: How significant are the early stages for the full evolution of the jet?

Early stages might have important effect in describing harmonics
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[Andres et al, 2211.10161]



Moliere scattering in the QGP

Jets could be sensitive to the presence of quasi-particles in the QGP

[JB et al, 2009.13667] ‘

T T
kL[GeV]
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Moliere scattering in the QGP
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Useful pheno tool to study observables sensitive to Moliere scattering

[Krishna Rajagopal HP23]
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Hybrid model

[Edmond Iancu HP23]

100<pr,jet <130 GeV,R=0.4, z,,t = 0.2 _

JetMed

Open question: are these the correct observables to see large angle kicks?



Corrections to the scattering kernel

104
S :
O
~S 100
'é
L 1072
a0
k=
g 10
v
S
A 106
108

[Schlichting, S'ogd'i, '2'1'11.1373'1] |
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UV: pQCD at NLO IR: EQCD
[Arnold, Xiao, 2008] [Aurenche, Gelis, Zaraket, 2002]
[Gighlier1, Kim, 2018] |Caron-Huot, 2008]

Behavior in IR moditied due to non-
perturbative screening



Quantum corrections to scattering rate

LO jet quenching parameter receives radiative corrections

Logs come from gluon receiving a single hard kick
from the medium

See also work on including classical corrections: [Ghiglieri, Weitz, 2207.08842]

[Caucal, Mehtar-Tani, 2109.12041]
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Medium induced gluon spectrum
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In-medium gluon production
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Some of the developments for momentum broadening can be extended to radiation

[JB et al, 2106.07402]

Feal, 1811.01591]
Andres, 2002.01517]
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Isaksen, 2206.02811]
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In-medium gluon production Qe
Some of the developments for momentum broadening can be extended to radiation

[Schlichting, Soudi, 2111.13731]
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Dominant effect coming from collisional kernel
rather than approximation for the spectrum
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Quantum corrections to splitting rate

Impressive multi year calculation to understand structure of double and single logs
due to overlapping formation times [Amold. -2010-now]

formation times
|

et

formation times
I
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So far, we have only been able to compute the radiative spectrum
in the soft gluon limait
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In medium cascade and jet thermalization ¢) Brooknaven

New: solutions for EKT describing the jet, including medium response and expansion

[Mehtar-Tani et al, 2209.10569]

[Adhya et al, 2210.15803]
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Some Extra Topics
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QIS applications in jet : Quantum simulation

Quantum Algorithms for Jet Clustering

A quantum algorithm for high energy physics simulations

Annie Y. Wei,''* Preksha Naik,!>T Aram W. Harrow,!'* and Jesse Thaler!:?:3

arXiv:1908.08949v2 [hep-ph] 5 May 2020

Benjamin Nachman,* Davide Provasoli,! and Christian W. Bauer?!
Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Wibe A. de Jong?

arXiv:1904.03196v2 [hep-ph] 24 Dec 2019 Quantum Annealing for Jet Clustering with Thrust*

Andrea Delgado!'T and Jesse Thaler?:*

arXi1v:2205.02814v1 [quant-ph] 5 May 2022

Quantum walk approach to simulating parton showers

A Digital Quantum Algorithm for Jet Clustering in
High-Energy Physics
Diogo Pires!-’, Pedrame Bargassa>>'', Jodo Seixas'**, and Yasser Omar!->+

arXiv:2101.05618v1 [physics.data-an] 11 Jan 2021

Khadeejah Bepari,® Sarah Malik,’ Michael Spannowsky® and Simon Williams®

arXiv:2109.13975v2 [hep-ph] 5 Sep 2022

r- EFT approaches----=-=-========--=-occmmoccnmnconnn-- -

Simulating collider physics on quantum computers using effective field theories

Christian W. Bauer_*\ and Benjamin Nachmarﬁ\ Marat Freytsist

arX1v:2102.05044v1 [hep-ph] 9 Feb 2021
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QIS applications in jet : Quantum simulation (¢) Brookhaven

[JB et al, 2307.01792]

[de Jong et al, 2010.0357]
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QIS applications in jet : Entropy measures

Ldz [ df 20,(zE0)C; _ A
The Entropy of a Jet Si(E, R) =E(E,R)+/ 7/3 7 (W )i o-auro) Sg(2E,0) + Si(E,0)] ,
_AL Ldz B d6 20,(zE0C; A 8mC;as(zE0)\?
Duff Neill! and Wouter J. Waalewijn® 3 Fi(E,R) = Ai(R, R;) e 2R / — /R 7 (W )G i [Az‘(Rv 9)_111( z29(2 Ez) )]
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Phenomenological developments: ENCs (¢) Brookhaven

Two—Point Energy Correlator
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Full picture for this observable in HICs 1s still not clear, possible competing effects to be studied
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® I tried to give overall picture of recent developments on
jets, 1 the context of HICs

® Many exciting new developments: Jets in flowing matter

Jets 1n matter out of equilibrium

More complete understanding of the
radiative spectrum

® [ omitted several new 1deas: Medium induced radiation inside the dead cone
Kinetic theory approach to jet quenching

MC development and parton showers 1n matter



