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Introduction to jet quenching

CMS Experiment at LHC, CERN

e A Jetis an energetic and collimated || Run/Event: 151076 / 1328520

Lumi section: 249

ounch of particles produced in a

nigh-energy collision.

* Jets are extended objects, ideal to
study space time evolution.

® cnergy is lost in soft particles at large

Data recorded: Sun Nov 14 19:31:39 2010 CEST
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HI collision

Jet 1, pt: 70.0 GeV

H
2| CMS Experiment at LHC, CERN
i| Data recorded: Thu Aug 26 06:11:

Lumi section: 14
Orbit/Crossing: 3614980 / 281
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Setting up the picture
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Setting up the picture
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Modelling the medium

d<k: >
dt
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* [nclusion of size effects. R ZI\/ (w‘sO
. .

* Expanding medium with varying time for the onset of the
quenching (equilibration time).

medium Y = q/o

| Bj ovken Ko A ( L"O>

. relations in effective lengths between expanding and

static medium protiles, successtul in describing Raa and vz of
jets with sensitivity to medium expansions recently.

® The QGP favours an early quenching time/equilibration time

 Exploratory study of and soft jets in angular regions
through the equilibration time.

Adhya, Kutak, Placzek, Rohrmoser, Tywoniuk, EPJC, 2022
Adhya, Salgado, Spousta, Tywoniuk, EPJC, 2022.
Adhya, Salgado, Spousta, Tywoniuk, JHEP, 2020. g



What are we aiming to explore ?

® QUESTION : Possible to have an analytical formula ot the spectra across all gluon frequencies ?

® The static medium has already been explored, is it enough ? [STATIC medium IOE]Y. Mehtar- Tani, K. Tywoniuk and many
others (2019 onwards )
* Finite medium size effects
* include realistic medium scenarios relevant for inclusion in phenomenological in-medium
parton shower models.
e validity of the soft multiple and hard scattering not only as a function of energy but also as a
function of the initial guenching time of the medium.

e ANSWER : Are multiple scatterings important tfor radiative in-medium parton showers !
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Medium induced gluon radiation spectra

i

® DENSE medium: multiple-soft scattering. All order re-summation w/o Coulomb logarithm; Harmonic oscillator

® \arious MC in-medium parton showers use two analytical approaches :
® DILUTE medium: Single-hard scattering approximation (Opacity expansion).

(H O) approach [ BDMPS-Z (1996), C. A. Salgado, U. Weidemann (2006), K. Tywoniuk, S. P. Adhya (2022) ...].
® Also full numerical solutions [Caron-Huot and Gale (2010), Ke , Xu, Bass (2018) .. ]

R i

LO (N=0): vacuum NLO (N=1): In LO (HO): Multiple soft NLO : One hard scattering
radiation medium Single scatterings (wavy vertical  included (thick wavy line)
scattering ines) +
Opacity X = L/A => denseness of the medium. Multiple soft scattering
® (L<<A): Medium DILUTE, or weakly interacting re-summed to all orders

® (L>>A\):Medium DENSE, or strongly interacting
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Opacity expansion (N = 1)/GLV

il

® |n high-energy regime w » w., where O

The spectrum in a STATIC medium reads :

= formally valid.

NLO (N=1): In
medium Single
scattering

[STATIC medium] |. Isaksen, A. Takacs, K. Tywoniuk (2023)
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The spectrum in a GENERIC EXPAN
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Question: Re-definition of scales by
introducing expanding medium ? But first,
lets have a look at ROE ..
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DING medium
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Pushing to re-summed opacity expansion (ROE) iﬁ

® Soft emissions with short formation times, a single scattering still gives Sudakov FF = probability of no
elastic scattering b/w two times

the leading contribution to the spectrum (Bethe-Heitler regime).

® Expansion of finite transverse mom. exchange (real) + all-order re-summation of 5(k2, 1) T Go(t)

k2 + mD(t)2

zero transverse mom. exchange (virtual, through Sudakov) in scattering potential.

Constant vs dynamic Debye mass

® The elastic Sudakov form factor (GENERIC EXPANDING medium)
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The ROE and OE gluon spectra

Sensitivity to time dependent Debye mass Sensitivity to medium expansion parameter
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Question:

® |mpact of time dependent Debye mass
® Another level of complexity/ completeness ?

t a/3
() =To (t+t )

SPA, K. Tywoniuk (in preparation)
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Improved opacity expansion in generic medium

® Achieved by expanding the leading log potential around the harmonic oscillator.
® \\Ve have to match the spectra in the soft w -> 0 limit.
® Need a3 matching scale Q2 (chosen as typical transverse mom. generated during splitting).

® The LO spectra (0 t ds (BDMPS-2) : (0) jto [ 1 e
e LO spectra (0) spectra reads ( ) - de _ ~oy. ] 4t (L+t,)5 — 3
w—0 dw W | i
® The NLO (1) spectra reads :
dI(l) QO Qta I | . /v
I; = | = 2U L+ty,)2vE L—tZV”O - m 1 2
wli)l})w duw (q) 9 0w -( + )2 ( ) ( ) :(s)=7E+Z+2V—1+10g-\/\/§qg2 (S-i-tm)
® Features:
o ImpOSS|b\e to choose matching Q scale for BOTH LOGS to vanish.
® The spectra includes large frequency limit for the OE too.
® The spectral structure retains “memory” of medium evolution. SPA, K Tywoniuk (in preparation)
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Improved opacity expansion in generic medium

1 L . .
L2 > t;7 approximation (USEFUL analytical insight to choose matching scale)

® Ratio of radiative spectrum to NLO in expansion around Harmonic oscillator (LO) gives matching scale.

dIW/dw (g 1 . ow [(tn)\ B -
I ~| = |z F— +2v—1+1 -m = |
w50 A1©) /dw (q)z VBT g ey irios ﬂQz(L) K /0

* Re-definition of the scales of the problem (wc >> wBH); WBH = Bethe-Heitler frequency

\ 3; o) i | .

| L & | 9 L I /1t a/3 . Strict conditions on

| 2,\ —_— W 1t L2_a WRBH A — ] € — (ﬂ) Equilibration time
g (tm) S @< Em g tm A\ L and MFP
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Fixing matching scale on level of rate

* A more correct way of dealing with the non-local nature of the emission spectrum ==> fix the scale at
the level of the parton splitting rate.

CdIW/(dwdt) (4o 1 - Viw [ tm \¥?
lim == ) =471 - log
w—0 dI(O)/(det) q ) 2 1 \/§Q2 t+ 1t

* The effective jet transport parameter can be written as,

; A . Q3(t) 1.016
() = 4 [ qw ‘m = 4/ q(t)w g ff(t) — 40 (t) In 14
@ \/q (t-l—tm) va) ’ T In Q;ét)
* Re-definition of the scales of the problem,
1 () 2;1,4 e [S+1Tm, “
W) = Zgs? f2 (tm/s) Wi (8) = /2 - where fo(z) = 2*/*[(1+2)' 7 — 2'7*2]/(1 - a/2)
I 2 q0 tm

@XVI Polish Workshop on RHIC, Kielce, 2023 13 Souvik Priyam Adhya



Shrinking phase space for multiple emissions

 EEE—  Em— SPA, K. Tywoniuk (in preparation)
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* |n Bjorken medium (a = 1.0), the medium “hydrodynamization” time s

nould be much bigger than

the mean-free-path (t,, » A) in order to get contributions from the leac
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Summary, prospects and outlook

® |dentitying the expansion structure in the different regimes opens for the possibility of studying
the accuracy of re-summations in the medium through the OE, IOE and ROE.

e NOVELTY : Extended the formalism to include finite size realistic medium effects.

® |MPACT : Re-definition of scales to trace the phase space of allowed emissions for expansion
parameter of the medium and/or equilibration time.

¢ OUTLOOK : Implementation in Monte- Carlo codes for parton showers (faster, precise).

Phenomenology comparisons.

e Also working on :
» Exploring gluon saturation in jet quenching for upcoming Forward calorimeters in RHIC and LHC (with K. Kutak, W. Placzek, M.

Rohrmoser and K. Tywoniuk (Bergen, Norway)).
* |In depth analysis of Vacuum like emissions and dipole and antenna picture (projected with E. lancu and G. Soyez, IPhT, Paris).

If you find any of the works interesting, join us, will be happy to collaborate ! ek

MARIE CURIE
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