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Jet quenching in heavy-ion collisions
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pp ms § AA C OMS Experiment i LHC, GERN
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t — ata recorded: Sun Nov 14 19:31:39 2010 CEST

\| Run/Event: 151076 / 1328520
Lumi section: 249
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Jet 1, pt: 70.0 GeV|

Jet 1,

pt =2.55TeV.
eta =-0.160
phi = -2.885

CMS Experiment at LHC, CERN
ata

Data recorded: Sun Jul 12 01:52:51 2015 CDT
Run/Event: 251562 / 310157776

Lumi section: 347

Dijet Mass 5.4 TeV

Quenched jet:

 modification of the transverse
( AA )__/: ><( PP ) energy balance

collision collision modification of jet internal
structure

« suppression of the jet yields
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Jet energy loss distribution

Quark-gluon
plasma

/\}

(in vacuum)

pJeyulag YeUOl pue ussialed
yeuuBH ‘uoijeloge||oo [YAVYIA Wo.y

t

jet quenched lost energy to

jet in vacuum

- - in medium the medium
Jets in medium: o pr+e
« Quark gluon plasma (QGP) is
created in the heavy-ion collision — — &

« Jet created by hard process within
QGP probes the medium

« Medium properties can be
retrieved by studying jet quenching
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Jet energy loss distribution

Quark-gluon

(in vacuum) hed
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lost energy to
in medium the medium

Jets in medium: pr+e

« Quark gluon plasma (QGP) is
created in the heavy-ion collision — —

« Jet created by hard process within
QGP probes the medium

jet quenched jet in vacuum

_ | given by D(E)
« Medium properties can be

retrieved by studying jet quenching L jet energy loss

distribution
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Jet energy loss distribution

Quark-gluon

(in vacuum) hed
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lost energy to
in medium the medium

Jets in medium: pr+e

« Quark gluon plasma (QGP) is
created in the heavy-ion collision — —

jet quenched jet in vacuum

« Jet created by hard process within
QGP probes the medium

« Medium properties can be

retrieved by studying jet quenching jet energy loss

distribution
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One parton through the medium

The energy loss distribution via medium induced gluon emissions of a hard
parton can be computed from the theory side [Arleo 2002, Baier 2001]

L In the one parton through the
medium, it depends on:

I
; .
/éé{( 7 number of radiated gluons
w; energy of emitted gluon i
d 9;%'}9\ df medium-induced

@ dw gluon spectrum

medium induced W
gluon emission
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One parton through the medium

The energy loss distribution via medium induced gluon emissions of a hard
parton can be computed from the theory side [Arleo 2002, Baier 2001]

L In the one parton through the
medium, it depends on:

I
; .
/gééé( 7 number of radiated gluons
w; energy of emitted gluon i
d 933’5& df medium-induced

@ @ gluon spectrum
medium induced w \ Depends on:

gluon emission « medium length: L

« transport coefficient: §(T)
« parton color: Cy
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One parton through the medium

The energy loss distribution via medium induced gluon emissions of a hard
parton can be computed from the theory side [Arleo 2002, Baier 2001]

In the one parton through the
1 : medium, it depends on:
o 7 3 ’ '

7 number of radiated gluons

w; energy of emitted gluon i

Casimir
scaling dJ
@ gluon spectrum

medium-induced

\ Depends on:

 medium length: L
« transport coefficient: §(T)
« parton color: Cy
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One parton through the medium

The energy loss distribution via medium induced gluon emissions of a hard
parton can be computed from the theory side [Arleo 2002, Baier 2001]

In the one parton through the
1 : medium, it depends on:
o 7 3 ’ '

7 number of radiated gluons

w; energy of emitted gluon i

Casimir
scaling dJ

medium-induced
dw gluon spectrum

K Does not depend on:

. jet
Pt
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One parton through the medium

The energy loss distribution via medium induced gluon emissions of a hard
parton can be computed from the theory side [Arleo 2002, Baier 2001]

In the one parton through the
1 : medium, it depends on:
o 7 3 ’ '

7 number of radiated gluons

. . w. energy of emitted gluon i
Casimir t i J

scaling dl medium-induced
dw gluon spectrum

A jet through
the medium

now we have p;
dependence

Alexandre Falcao ML4Jets 2022 10



Factorization

What to keep in D(&) to achieve universality?

 has been done [arXiv:1808.05310]:

D(5|pT7 CR7 Q(T)v L, R) — D({-:)
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Factorization

What to keep in D(&) to achieve universality?

has been done [arXiv:1808.053101:

D(5|pT7 CR7 Q(T)v L, R) — D({-:)

adding color dependence:

Di(8|pT7%7qA(T)7L7R)7 ZZQ)Q

Alexandre Falcao ML4Jets 2022

12



Factorization

What to keep in D(&) to achieve universality?

* has been done [arXiv:1808.05310]:
D(elpr, Cr,4(T), L, R) = D(¢)
« adding color dependence:

Di(8|pT7%7qA(T)7L7R)7 ZZQ)Q

factorization

theory

(simulation)

experimental ((PYTHIA))

data

what we want
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Available experimental data

inclusive jet events [arXiv:1805.05635]

[210 - 10%, Sy = 2.76 TeV [PRL 114 (2015) 072302
[510 - 10%, Sy = 5.02 TeV

[2130 - 40%, s = 2.76 TeV [PRL 114 (2015) 072302]
[]30 - 40%, S = 5.02 TeV

([ []] (T ) and luminosity uncer.

ATLAS | antik, R=04jets  lyl<2.1
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photon-tagged jet events [arXiv:1809.07280]

(1/N,)(dN/dx,)

ofolole)

parton fractions
I o S S
N o (=}

o
=1

ATLAS

pp 5.02 TeV, 25 pb™”
Pb+Pb 5.02 TeV, 0.49 nb™
pl =79.6-100 GeV

f= pp (same each panel)
t Pb+Pb

— e — —h
NBDOLNDDON

. S
o With quarks

02040608 1 1.21.41.61.8
X

11T 1
Mttt =
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++++ different parton
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Modelling the jet energy loss

Proposed distribution:

Gamma distribution

9—04804—16—5/0

D(e) =

parameters:

0 = (w)

a=(n)+1
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Modelling the jet energy loss

Proposed distribution:

Gamma distribution Pros:
. 9 * interepretable parameters
0~ 6_8/ e convolution of gamma
D(e) = g

dist. is still a gamma dist.

parameters: mean:

~» senergy of each _
0 = (w) < emitted gluon > <€> = af

o = <n> +1 ( number of )

emitted gluons

\—
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Modelling the jet energy loss

Proposed distribution:

Gamma distribution Pros:
. 9 * interepretable parameters
0~ %™ 6_8/ e convolution of gamma
D(e) = g

dist. is still a gamma dist.

parameters: mean:

~» senergy of each . :
) < emittZd gluon > <5> = af Cons

0= (w

B . more = more bias
a=(n)+ ( number of ) assumptions

\ » ' emitted gluons
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Modelling the jet energy loss

Proposed distribution:

Gamma distribution

9—@805—16—8/9

D(e) =

parameters:

~» senergy of each
6 = <w> < emitted gluon >

mean:

(e) = ab

a=(n)y+1

\—

( number of )
emitted gluons
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Different models:

No colour or p; dependence:

() = ab
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Results (very preliminary)

From the posterior distributions for the parameters, we can resconstruct the
R, 4 as well as predict other observables.

inclusive jet observable

0.80
— Dl(g)
0754 + exp.data
no color or p;
0701 dependence
0.65 1
5 0.60 1
0.55 A
0.50 A
0.45 1
0.40 ; ; i ; ;
200 400 600 800 1000
PFEt (GeV)

posterior distributions

-
uq o 2
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Results (very preliminary)

From the posterior distributions for the parameters, we can resconstruct the
R, 4 as well as predict other observables.

inclusive jet observable photon-tagged jet observable
0.80
— D(¢) 1.0 1 — D(¢)
0754 + exp.data + exp. data
no color or pr +
0701 dependence > +++
0.65 1 ~ photon-tagged jets
g %] prediction from obtained
& 0601 3 parameters
0.55 - E 041
0.50 1
0.2 1
0.45
0.40 i . : . : %07 ’ . . : . T T T
200 400 600 800 1000 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Pt (Gev) Xjy

posterior distributions
| plug them into
new observable

(which was not fitted)

-
aqO 2
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Results (very preliminary)

From the posterior distributions for the parameters, we can resconstruct the
R, 4 as well as predict other observables.

inclusive jet observable photon-tagged jet observable

0.80

— D(¢) 1.0 A

no color or p;

070 dependence ] +++:}—+
_/I/ )

— D{E)

0754 + exp.data + exp. data

photon-tagged jets
prediction from obtained

0.65
0.6

(1/N,)(dN/dx;,)

& 0607 parameters

0.55 049

0.50 no‘\, bad
0.2

"-"
0.45 bu
0‘40 A T T T T T 0'0 ] T T T T T T T T
200 400 600 800 1000 0.6 0.8 1.0 12 14 16 18 2.0
Pt (Gev) Xjy

D (&) with no color or p; dependence (2 parameters)
* high bias

* low variance

= underfitting
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Results (very preliminary)

From the posterior distributions for the parameters, we can resconstruct the
R, 4 as well as predict other observables.

inclusive jet observable photon-tagged jet observable

0.80

— D(¢) 1.0 A

no color or p;

070- dependence ] +++:I>+
_/I/*

— D{E)

0754 + exp.data + exp. data

photon-tagged jets
prediction from obtained
parameters

0.65
0.6

0.60

Raa
(1/Ny)(dN/dx;,)

0.55 - 041

0.50 A

0.2 1
0.45

0.0

0.40 -

200 400 600 800 1000 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
PFEt (GeV) Xjy

D (&) with no color or p; dependence (2 parameters)

* high bias
: color
* low variance model needs to be dependence
= underfitting »  improved color and p;
dependence
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Modelling the jet energy loss

Proposed distribution: Different models:

Gamma distribution

9—0&805—16—8/9

D(e) =
Only color dependence:
parameters: mean: <5> =o;0;, i=4q,g

(]
~» senergy of each _
0 = (w) < emitted gluon ) <E> = af

Color + p; dependence:

<5>z’ = qu;ei lin

a=(n)+1 ( number of >

emitted gluons

\—
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Results (very preliminary)

From the posterior distributions for the parameters, we can resconstruct the

R, 4 as well as predict other observables.

inclusive jet observable

0.80

—— D(&|CRr)
0.75 1 —— D(£|CR,p‘,“)

+ exp. data color and pr
e dependence
0.65 4

’3 0.60 4 —_—
0.55 1
0.50 4
only color
431 dependence
0.40 1
2(‘)0 460 6(')0 860 10'00
Pt (GeV)

D;(¢) with color dependence

(4 parameters)

« better agreement for inclusive
jet data

* lost in the phton-tagged data
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photon-tagged jet observable

1.0 4 —— DI(g|CRr)
—— D(€|Cgr, PFY)
084 + exp. data
photon-tagged jets
prediction from obtained

parameters

0.6

0.4 1

(1/Ny)(dN/dx;,)

0.2 1

0.0 A

0.6 0.8 1.0 1.2 14 16 18 2.0

D;(&) with color and p; dependence
(4 parameters + py)

« same agreement for inclusive data

« agreement with phton-tagged data
recovered
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Results (very preliminary)

From the posterior distributions for the parameters, we can also calculate
the mean energy loss (&)

160
— D) —— Dyle|Cr)
e | i Dg(flCR)
no color —— Dyle|Cr. PF)
120 A ‘
-=- Dyle|Cp, P
dependence 4 (€|Cr. PT
100 A J
gluon
3 . Pl
g /
Y 60" I .
]
| L quark
40 '
------------------- [
1 e e e e e '
20
'
|
8 - i : § T T T T T T
200 400 600 800 1000 200 400 600 800 1000
prt (Gev) plet (Gev),

The inclusive data does not
dintinguish clearly quarks and gluons
(posteriors dist. overlap)

Alexandre Falcao QCD®@LHC 2022 26



Results (very preliminary)

What if we fit to inclusive + photon-tagged data (only color dependence)?

inclusive jet observable photon-tagged jet observable
0.80
—— Dl(g|Cr) 1.0 —— Dl(€|Cr)
0.751 — Dl(e|C. PF") — D(&|Cr. P
— D(&|Cg) | + — D(g|Cr)
0701 4 exp.data e 08 + exp. data
0.65 A / R
.’f 0.6 -
< 0.60 1 s
= s
0.55 - . § e
0.50 A
0.2 A
0.45 A
0.40 A —
0.0 A
260 460 6(')0 860 10|00 1.’6 1j8 2.'0
PFt (GeV)

Posterior distribution for photon-
tagged jets improves without
worsening the inclusive jets
(as expected)
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Results (very preliminary)

color and p, only color

fit to inclusive + photon-tagged data
dependence dependence

(only color dependence)

160 I
— Dle) ‘ —— Dqle|Cr) -—- Dyle|Cr, P
140 - 1 === Dyle|Cr) —— Dyle|Cr, i)
no color — Dyle|Cr. P
1 dependence ' —=- DyelC P | - gluon
100 1 :
S e
8 80 1 . ]
360- I | /
|
= quark
404 1 | 0
B == v T I DR |
20 1
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
PEt (Gev) PFt (GeV) Pt (Gev)

Adding the photon-tagged data
gives more information on quark and
gluon jet energy loss

« energy loss of quarks and gluons
are distinguished
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Results (very preliminary)

color and py only zolor fit to inclusive + photon-tagged data
dependence deperl1 ence (only color dependence)
160
— Dl(¢) ‘ — Dq(ElCR) —— Dq(elck»Md)
140 4 1 == DglelCr) A — D, (e|Ca, i)
no color — DylelCr. P
e dependence ' -~ DylelCa.pf) | = gluon
100 1 1
S
8 80 ( ] / 1
“eo- I 1 / . i
I | | = quark
| |0 I
--------- ]
g ------ - -
q*rz‘é;il’ * “’Vﬁ%’
10'00 260 460 660 860 10‘00 2(‘)0 460 6(‘)0 860 10'00
CA P! (Gev) Pt (Gev)
Casimir <5>g = 6; <5>q
scaling .
Adding the photon-tagged data

gives more information on quark and
gluon jet energy loss

« energy loss of quarks and gluons
are distinguished

: , , , , , « Casimir scaling is seen

éCA/CF 3 4 5 6 8
(eg)/<‘9q)
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Summary and next steps

* From theory, we expect that quark and gluon jets loose energy differently in
the medium;

» Our goal was then to see if this we can prove this in a data driven way;
 For this, we relied on Bayesian analyses;

» We concluded that by only considering inclusive jet data this distinction is
not evident;

* By using photon-tagged jet data, a constrain in this quark and gluon
energy loss distribution is achieved.
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Summary and next steps

* From theory, we expect that quark and gluon jets loose energy differently in
the medium;

» Our goal was then to see if this we can prove this in a data driven way;
 For this, we relied on Bayesian analyses;

» We concluded that by only considering inclusive jet data this distinction is
not evident;

* By using photon-tagged jet data, a constrain in this quark and gluon
energy loss distribution is achieved.

Next steps:
« Add different measurements to better learn and validate the model;
» Improve the p, dependence parameterization;

 Test the model generalization by using the extracted energy loss
distributions to predict other kind of jet observables;

« Address the uncertainties from the simulation data;
* Move deeper in ML to find a less biased approach.
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