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Introduction to jet quenching

CMS Experiment at LHC, CERN -
Data recorded: Sun Nov 14 19:31:39 2010 CEST HI collision

7| Run/Event: 151076 / 1328520
{ Lumi section: 249

» A Jet1s an energetic and collimated
bunch of particles produced 1n a
high-energy collision.

Jet 1, pt: 70.0 GeV

» Jets are extended objects, 1deal to
study space time evolution.

* energy is lost in soft particles at large 7 ’ E flow
angles. | N\ —

H
| CMS Experiment at LHC , CERN
M o m‘ Gev 2| Data recorded: Thu Aug 26 06:11:00 2010 EDT
1 Run/_Even_t: 143960 / 15130265

mmmmmmmmmmmmm
Orbit/Crossing: 3614980 / 281

p-p collision -




Vacuum vs medium induced jets

Vacuum picture :

1. Jets originate from energetic partons that successively branch (similarly to an i R e e

accelerated electron that radiates photons).

3. Diverges for soft and collinear radiation. AP C dw do

4. Successive branchings are ordered from larger to smaller angles. B o 6

Jets in the QGP: Multi-scale problem !

Medium picture :

Many interactions occur during the formation of a soft gluon.
LPM 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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What’s new here ?

d<k: >
dt

=

: : A
* Inclusion of size effects. Static medium 4, (comst)

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

medim Y= q/o

N Bjovken AN (h))

. relations 1n effective lengths between expanding
and static medium profiles, successful in describing R4
and v; of jets with sensitivity to medium expansions t ()
recently.

* Exploratory study of and soft jets 1n angular
regions.

Adhya, Kutak, Placzek, Rohrmoser, Tywoniuk, 2022
Adhya, Salgado, Spousta, Tywoniuk 2022.
Adhya, Salgado, Spousta, Tywoniuk 2020.




Single gluon emission spectra

Single emission Gluon spectra

* The single gluon emission spectra in BDMPS-Z*
formalism are given as : ‘1
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Single gluon emission
* Multiple soft scattering approximation P(z) = Alteralli Parisi splitting functions spectrum: Arnold, 2009.



In- medium splitting rates

%statiC(Z) N %expanding(z T)

%( Z)static,soft x Q, P( Z) K'( Z)
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- The rates for all the profiles are similar at
very low evolution time or length of medium.

. In the Bjorken, the presence of the factor

Sart[to/(to + T)] leads to the dumping of the
splitting rate for T > T1o.

Adhya, Salgado, Spousta, Tywoniuk 2020
Scaling applications also by Caucal, Iancu, Soyez 2021
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In- medium gluon evolution eqn.

| P
The gluon evolution inside a medium 1s described by the BDIM equation : =4 5 /ff :
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Blaizot, Dominguez, lancu, Mehtar-Tani, 2014.



2-D differential distributions

Static, L = 6.0 fm
~ 00

 Hard-x (x ~1 ) regime
dominated by leading fragment in cascade

« Small kt : Gaussian profile due to
multiple soft-gluon scatterings.

* Large kr : Power law suppression due
to rare hard medium interactions.

~ 0-.001
D (X, kT) 1074

107°
107°

e Soft-x (x <<1) regime
accumulation of soft gluons towards the
medium scale
« Small krt : Distribution 1s narrower and
approx. Gaussian.
* Large kt : No distinct transition to a
power-law behavior.

We use kr~ (x £ 0) to analyse the behavior in angular space ?ﬁf&%ﬁ;?i:ced CAScades

Kutak, Placzek, Straka (2018).



Let us explore the scaling between
different medium profiles

The 1dea 1s to find the values of these parameters that
best approximate the dynamic spectrum along the path



Recent scaling applications
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| "Optimal scaling"
Static soft, analytical, » =30 GeV

—— Static, 0 =100 GeV
Exponential, =45 GeV
—— Bjorken, » =920 GeV, 1/t =0.03
® ATLASR,,

Qaa(py)

Gluon cascades

1
= / dz 2" 1 D(z,/zT)
0

10° 10°
p_[GeV]
Go [GeV?] static | exponential | Bjorken
no scaling 0.2 0.2 0.2
soft scaling 0.2 0.05 1.66
optimal scaling | 0.2 0.09 1.84
scaling by (w.) | 0.2 0.1 3.33

*The Bjorken profile depends on additional
choice of (70/7) : No universal scaling.

* Good, but not perfect scaling 1s achieved by
optimisation.

» Significant differences 1n g” for different types
of medium point to the importance of precise
modelling of jet quenching phenomenon.

Adhya, Salgado, Spousta, Tywoniuk, 2020.



Medium behaves

Elliptic flow as a function of pt for different media
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Adhya, Salgado, Spousta, Tywoniuk, 2022.

Elliptic flow as function of prfor BJ initial conditions
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o Agreement with sensitivity of vz on to [Andres et. al.,2020] which was done 1n more complex modelling of
the collision geometry, but less complex modelling of the medium induced showering.



How much energy tlows o
out of the jet cone *? thet cone

Jet




Scaling in the energy spectrum

Dotted line (..) 1s spectra for

l full angular region.
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* As one opens up the angle, recovery of more 0
* No change of harder gluons as they primarily remain collimated. Thermalisation effects
. .. ‘ . Mehtar- Tani, Schlichting, Soudi, 2022
« Hard jet fragments are sensitive to medium expansion, ones are not.

Adhya, Kutak, Placzek, Rohrmoser, Tywoniuk, 2022



Fully difterential spectra
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* Energy is re-distributed to larger angles for softer gluons.

. .. . . . . Adhya, Kutak, Placzek, Rohrmoser, Tywoniuk, 2022
* Collinear radiation with 1nsignificant transverse mom. broadening for hard gluons.



Which gluons we capture (in- cone) ?
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Adhya, Kutak, Placzek,
Rohrmoser, Tywoniuk, 2022

'HARD gluons
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» Hard sector: Medium recovers most of the energy already at 60 = 0.2; insensitive to medium expansion.

» Soft sector: Gluon cascade 1s narrower 1n the expanding medium than static medium.



Take home messages

R =
o SR

Softer Hard partons remain collinear, momentum broadening pre-dominantly caused
'AS

7 »Zijfv ;::4 by splittings rather than medium collisions and transverse momentum
t exchanges.

Qe A Subsequent decrease of momentum of hard partons into soft sector causes
% ﬁf{fw ~A  momentum broadening by transverse-momentum exchanges with medium
through elastic scattering as well as subsequent splittings into softer fragments.
However, 1n soft sector, broadening by subsequent gluon sp/iftings contributes
to out of cone energy loss at large angles. |
Harder and softer jet fragments within a cone are sensifive to details of
medium expansion.

Cascades 1n expanding media more collimated than static media.
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M. Spousta, C. Salgado, K. Tywoniuk, K. Kutak, M. Rohrmoser, W. Placzek Also working on :

r | Improved Opacity expansion for expanding
media [Adhya, Tywoniuk (in preparation)]
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