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Introduction to jet quenching
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* Jets are extended objects, ideal to
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study space time evolution.
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Vacuum vs medium picture

Vacuum picture : oy
- /_/v O &

1. Jets originate from energetic partons (quarks and gluons) that successively > - i RS

branch (similarly to an accelerated electron that radiates photons). 3 J0

3. Diverges for soft and collinear radiation. dP = Cp

4. Successive branchings are ordered from larger to smaller angles. w 0

Jets in the OGP: Multi-scale problem !

Medium picture :

Many interactions occur during the formation of a soft gluon.
Suppression of small angle radiation.

No collinear divergence!

In QCD: formation time of gluons decrease with energy

decrease!




Setting up the picture
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Modelling the medium

d<k: >
dt

=

* [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 recently, is it enough ?  [STATIC medium IOE]Y. Mehtar- Tani, K. Tywoniuk
and 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 for 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) .. ]

LO (N=0): vacuum
radiation

Opacity X = L/\ => denseness of the medium.

® (L << \): Medium DILUTE, or weakly interacting
® (L>>A\):Medium DENSE, or strongly interacting
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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) .. ]

LO (N=0): vacuum NLO (N=1): In
radiation medium Single
scattering

Opacity X = L/\ => denseness of the medium.

® (L << \): Medium DILUTE, or weakly interacting
® (L>>A\):Medium DENSE, or strongly interacting
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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) .. ]

LO (N=0): vacuum NLO (N=1): In LO (HO): Multiple soft
radiation medium Single scatterings (wavy vertical
scattering lines)

Opacity X = L/\ => denseness of the medium.

® (L << \): Medium DILUTE, or weakly interacting
® (L>>A\):Medium DENSE, or strongly interacting
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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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ils

Opacity expansion (N = 1)/GLV

® |n high-energy regime w » w., where OE formally valid. .
The spectrum in a STATIC medium reads : NLO (N=1): In
medium Single
scattering
drV=1 on T We y = L
W ~ 200 —X— = 7
dw @ 4X )\ [STATIC medium] |. Isaksen, A. Takacs, K. Tywoniuk (2023)

The spectrum in a GENERIC EXPANDING medium,

deN:lfvzaﬁ “e (Tm) ~ 28 —— tm )" @ 0 (22-)" fort <L
do 2N T —a) (L) w do(t) =4 *° (t+tm) orts
0 for ¢t > L
9o (Tm) = 23,/ (2 — )
We = %MQL
Question: Re-definition of scales by introducing
expanding medium ? But first, lets have a look at ROE .. p? ~mi = (1+ N;/6)g*T?.

Wiedemann (2000); Gyulassy, Leval,Vitev (2001)
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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.

® The elastic Sudakov form factor (GENERIC EXPANDING medium)
Attty = i o) T oo (wen) T e (() ) (@) ) Y]

® The ROE spectrum in a GENERIC EXPANDING medium,

dIv=l  4a0,Cr [ L2 p° -
_ s d¢ dt Y (D% 1)) A(to. t1) sin | 2= (t, — t1)|
W 0 " /o 2/0 1/p (P, 2) (2, 1)3111 _2w( 2 1)_
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Pushing to re-summed opacity expansion (ROE) ‘il?

® Soft emissions with short for
the leading contribution to t

mation times, a single scattering still gives

ne spectrum (Bethe-Heitler regime).

Sudakov FF = probability of no
elastic scattering b/w two times

® Expansion of finite transverse mom. exchange (real) + all-order re-summation of

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

® The elastic Sudakov form factor (GENERIC

EXPANDING medium)

ay 1/3 oy 1/3 ay 1/3 ay 1/3 i
Aty = oz (oo (e) | ofi(asm) b oan{(o(am) ) -(o(s8s) )} "

0.8

0.4

® The ROE spectrum in a GENERIC EXPANDING medium,

INr=1 4 s L to 2 i
w3 == CR/ dtz/ dt1/ B(p?, t2)A(ta, t1) sin [g—w(h—tl)] ' 0.0 -
0 0 L

dw w p
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The ROE and OE gluon spectra

Sensitivity to time dependent Debye mass Sensitivity to medium expansion parameter

e o ® ° ® —
100 N 100
@) o
~— ~—
— 1+ T — 1
"g o
S 3
5 ;
~~ 0.011 — Q 0.01
o — OE; a=1,t,/L=0.9, mD — — OE; a=2,t,/L=0.9 mD(T)
) ) ——
. —— ROE; a=1, t,/L =0.9; mD - —— OE; a=0.5, t,/L = 0.9; mD(T)
e OE;a=1,t,L=0.9 mD(T) —— ROE; a =2, t,/L = 0.9; mD(T)
104" e ROE:a=1,t,/L=0.9; mD(T) * 10 ROE: a=05,t,/L=09: mD(T)
| l 1 | 1 | 1 1
0.01 10 104 0.01 10 10
W/, Ny
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 = (L) 29, L+ ty) wE(L) — t2E(0 _ m @ ((tn ) ®
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 \/§Q2(L) K /0

m m 2 o (=) fort <L
@ =\Jw(T) =yfae () =i iy = { (=) ot <
L L Ve 0 fort > L

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

\ 3; e i | .

| L & | 9 L | I /[t a/3 ' Strict conditions on

| 2,\ — W 1t L2_a WRBH " A — 1l € — (ﬂ> Equilibration time
g (tm) S G g tm AN\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.

LAl /(dwdt) (q_o) 1 T - Gw
w0 dIO® /(dwdt)  \¢/)2)1F T 17 %o

* The effective jet transport parameter can be written as,

Q(t) = \/ G ( t j”;m)a = Vi(tw

* Re-definition of the scales of the problem,

Genr(t) =

tm

<t+tm

)

Jeft

Q*(t)

q\O (t) In ug

1

2

204
| wl(;f{) (s) = lf* °

(o)
o wM(s
(s) i

I

5% fa (tm/s)
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 where f,(z) = 2%/2[(1 4+ z)'~2/2 — 2172/2] /(1 — a/2)
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Shrinking phase space for multiple emissions

10 -

w dl/dw

0.01 +

® |n static medium (a = 0), arrived at a nice matching spectra over a broad kinematical range.

XXX Cracow EPIPHANY Conference

e For w. >> wgH, WE L (t,\*3
1< =
have to demand A

SPA, K. Tywoniuk (in preparation)
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Shrinking phase space for multiple emissions

SPA, K. Tywoniuk (in preparation)
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Full Full
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0.001 QCHSIH 0.1 l.wc 10 100 1000 0.001 0.01 QL)}SH l.wc 10 100 1000
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L

® |n Bjorken medium (a = 1.0), the medium “hydrodynamization” time should be much bigger e For . >> . We T
than the mean-free-path (t, » A) in order to get contributions from the leading-order IOE terms. have to demglrzlwld 1< ( m)
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emissions

SPA, K. Tywoniuk (in preparation)

Shrinking phase space for multiple
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. . . . C BH, m
than the mean-free-path (t,, » A) in order to get contributions from the leading-order IOE terms. have to demand < (f)
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Shrinking phase space for multiple emissions

a=0.0
10
3
o
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o
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Full
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Novel:

® Newer bounds on the maximum anc

® The expanding media FAILS to see t
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ne multiple scattering regime !
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Bethe-Heitler gluon frequencies.

w dl/dw

SPA, K. Tywoniuk (in preparation)
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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, 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

XXX Cracow EPIPHANY Conference * Souvik Priyam Adhya



