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QCD at high temperatures @@@

—Pp At sufficiently high temperatures QCD matter becomes a hot and dense deconfined
medium known as the Quark Gluon Plasma (QGP) in which quarks and gluons are
asymptotically “free”.

—P» At low temperatures, QCD matter is confined inside colorless hadrons.

20| il Quark-Gluon Plasma — In nature, a QGP at extremely high
S Pn * e, S .
E pog| UMV (<1078 RN . temperatures and low baryon density
£ IeE e 3 }: existed ~ 10us after the Big Bang.
é 150 \Af‘
g “' —P QGP at low temperatures and high
1001 : : :
ciars baryon density speculated to exist in
fron
*01 = the core of neutron stars.
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Phase Diagram for Strongly Interacting Matter
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Experimentally recreating the QGP

—p Hot and dense QGP medium can be experimentally recreated through the
collisions of relativistic heavy-ions.

PN Relativistic Heavy-lon Collider (RHIC)
(Many species, many energies)

AU—AU, A /SNN = 200 GeV
Brookhaven National Lab (Long Island)

Future home of the electron-ion collider!

Large Hadron Collider (LHC)

LA %

ALICE

PH--ENIX
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The ALICE Detector

—P Dedicated heavy-ion experiment at the LHC.

— Reconstructs jets at mid-rapidity (|n| < 0.7)
iIn pp, p-Pb and Pb—PDb collisions.

p
K, e— TN
s — . >

— - =
— S
- e

o Tt — Utilizes high precision tracking
detectors (Inner Tracking
System and Time Projection
Chamber) to measure
charged-particle jets** over a

wide range in jet pr.

S

—® Full jets combine charged
particle information with neutral
particle information measured In
the electromagnetic calorimeter.

ALICE is great for jet measurements, especially measurements of jet substructure!
**In this talk (unless otherwise specified) assume charged jets!
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What is a jet?

/ —3 In hard scatterings, partons scatter off of
one another with a high momentum transfer.

—p A et is the spray of particles that results from
the fragmentation and hadronization of a
= parton.

Hard
Scattering

. 4
4 " "
4
4

——— " —  ——
Parton Shower Hadronization

Jets are sensitive to physics information from many physics scales — great object to study
these different processes!
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Jets in Vacuum

P+P

—® |n vacuum a majority of hard scatterings are 2—2,

resulting in high transverse momentum (p) partons
traveling back to back in the transverse plane.

—p Production of partons calculable in perturbative QCD
(PQCD).

— Jets in vacuum useful for testing fundamental QCD
properties.

L What about jets in heavy-ion collisions??

Hannah Bossi (Yale University)

BNL Seminar



Jets as a probe of the QGP

v

—® High pt parton is expected
to lose energy In interactions
with the hot and dense
medium Iin heavy-ion
collisions (jet quenching).

—p Jets are an excellent probe
of the QGP as they
experience its full evolution!

P+pP Heavy-lons (A+A)

—P» Use pp, where jets are measured in vacuum, as a reference for no QGP.
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Modeling Jet Energy Loss

—P Jets could interact with the medium (and lose energy) in a variety of ways.

—® Amount of energy loss can depend on the path length through the medium (L),
density of the medium and the flavor of the parton.

Weakly-Coupled Limit Strongly-Coupled Limit

/ Gauge Theory

l)(l AP -

E E-AE

+AE

E-AE

X
(medium)

\Collisional (L) Radiative (L) AdS/CFT “drag force” (L)
- JHEP 10 (2014) 019
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https://arxiv.org/abs/1405.3864

Expectations of jet quenching (1/2)

Parton energy loss leading to a suppression of jet yields in daN

heavy-ions (A—A) in comparison to vacuum (pp). dp % D

A—A

pT,jet

VacUum jet Jet in Medium Image Credit:Jing Wang

Momentum broadening Medium-induced wake
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Deflection of the jet centroid due to multiple soft
scatterings or scatterings with QGP quasi-particles.

@ Different jets with different partonic structures,
flavors, transverse momenta, path lengths through
the medium, etc. lose energy differently.

"Quark Jet Gluon Jet
—® The same jets can lose energy differently due to fluctuations in jet-medium interactions.

—p [solating the same jet population can be challenging, but useful for disentangling
energy loss mechanisms! — Differential jet measurements!
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Jet quenching observables

—P Different observables designed to probe different expectations!

@ Parton energy loss — Inclusive jet yields (more on this later)

@ Internal structure modification @ Jet deflection @ Path length dependence

Correlations of jets w/ other objects

Jet structure — Jet substructure —

distribution of partonic splittings in '
radiation in the jet. the jet. Jet-Jet y-Jet Jet-Hadron

What we withess In experiment is actually a convolution of these effects!

Hannah Bossi (Yale University) BNL Seminar 10



Radial profile CMS Jet shapes

pp 27.4 pb™ (5.02 TeV) PbPb 404 ub™ (5.02 TeV)
anti-k; R=0.4 jets, P> 120 GeV, h]jet|<1 .6

—p Look at p(Ar) which probes the p density of
constituents in a specified radial ring.

0.7 < p!< 300 GeV

—p When we compare these Q&
distributions between s
heavy-ions and pp, we e
see a large excess of _
wide angle particles. <

Q.
—P [ argest excess is outside

of the jet radius. 02 04 06 08 1

—3p Consistent with out of cone radiation via momentum Ar
broadening.

Would we at some point recover the energy lost via out-of-
cone radiation? JHEP05(2018)006.
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https://link.springer.com/content/pdf/10.1007/JHEP05(2018)006.pdf

Jet axis differences

50

do
o d‘A,'?axis

40

30

20

Pb—Pb

- ALICE Preliminary
[ \Spn = 5.02 TeV

- Ch-particle jets, anti-k

B Pb-Pb0-10%

O pp
Sys. uncertainty

- WTA - Standard
—— WTA-S8D (z_,=0.1, 5=0)
—#- WTA -SD (z_,=0.2, 5=0)

40 < p‘;" I < 60 GeV/c
R=02 |n |<0.7
| et

-

—p Substructure
observable looking
at the difference
between jet axis

definitions.

ALICE

P.Cal et. al, JHEP 04 (2020) 211

Standard: axis of anti-k E-scheme jet.

Groomed: soft drop groomed axis.

Winner Take All: hardest prong of
reclustered C/A jet.

Suppression of large AR, ...in Pb—Pb, consistent with a narrowing of jets in Pb—Pb.

dX18S
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https://link.springer.com/article/10.1007/JHEP04(2020)211

The Nuclear Modification Factor (R, »)

Parton energy loss will lead to a suppression
of jet yields in heavy-ions (A+A) in comparison
PP to vacuum (pp).
+A
PT jet —® Ratio of the jet yield in Pb—Pb compared to the expected
yield if no hot or dense medium was present.

—® We use the R, , to probe this expectation.

1 AN . R.. > 1 — Enhancement
N event dp Tdy cent AA
Rap = o R,, = 1 - No modification
<TAA> dprdy oO—> —©

Ry, < 1 — Suppression

Suppression (as measured via the R, ,) is a key observable of QGP formation!
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Phys. Rev. C. 102, 054913
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Phys. Rev. C 101, 034911

Phys. Lett. B 790 (2019) 108
High py

>
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.054913
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.034911
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.034911

New view of suppression

—P» We are entering a new era of jet suppression measurements!

Classic view: Jet suppression measurements offer
evidence of QGP formation.

PP
New view: Differential measurements of
A+A suppression can bridge the gap between different
PT.jet experimental expectations of jet quenching and

offer new insights into the QGP and its properties!

—P | et’s take a look at some of these measurements!
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Suppression as a function of r,
—® Look at the substructure dependent K, sto comblne expectations @and @

Rg between subjets.

—® See that wider jets are more suppressed
independently of jet p!

—P Substructure seems to be a key factor in
amount of energy loss.

—®» What are some other examples of differential
measurements of jet suppression?

@E X l:IE-I!TI\ﬁNST ATLAS-CONF-2022-026

ccg

1.2

0.8

0.6

0.4

0.2

—ATLAS Preliminary
[ pp5.02TeV, 260 pb !

Pb+Pb 5.02 TeV, 1.72 nb™

o Xe
o Xe

—&— [nclusive
—— 000 < Fqg< 0.02
- 0.11 < r <0.26

—» Look at the Ry pas a function of R, the angle

»n
+ B

+

. 4 )

l
&
I

—i— I'9=0

0-10 %—
anti-k, R=04 jets, Iyl <2.1 -

Z.4=02 =0 7

&

—#— 0.02<r,<0.11
¢ 0.26 < r,<0.40

| 1
200 300

400

1 L
500 600

P’ [GeV]
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https://cds.cern.ch/record/2806467/files/ATLAS-CONF-2022-026.pdf

Photon-tagged R, , £

—® Look at the photon tagged R, »to combine expectations @ and @ k

2018 Pb+Pb 1.7 nb', 2017 pp I260 pb™’
] I 1 . l 1 ] | l | 1 ] l | 1 L ] 1 ] 1) L

T —® Inclusive jets lose more energy
A S Preliminary S, = 5.02 TeV _
1 ittt ittt Sttt + than photon-tagged jets (quark

[ + .
== dominated).
0.8 , - ITI*Ix |
g ' —P Gluon jets expected to lose more
< 06 O o :
% energy than quark jets due to
0 color factors.
[PLB 790 (2019) 108]
Inc. jet y+jet
0.2 }—-anti-k_R =04 jets == 0-10% ~m- 0-10%
p’ > 50 GeV, In'| <2.37 —4— 10-30%
m?"l < 2.8, Ad(y jet) > n/2 ~4— 30 - 80% 4
R 80 100 120 140 160 = —< CA =
y-tagged jet p_ [GeV] 3

/ Quark jet Gluon jet
SIATLAS |

exPERIMENT ATLAS-CONF-2022-019
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http://cds.cern.ch/record/2805980/files/ATLAS-CONF-2022-019.pdf

Relative suppression of dijets
—® Compare R, ,0f leading and subleading jets to probe expectations @ and @

. e 1.1
—p Dijet asymmetry i F ATLAS anti-k, R = 0.4
cy 1= ~—e— Leading Jets —e— Subleading Jets
sensitive to E ——LDO:p =13 e LIDO: p_ =1.8
path length 09F Pb+Pb 2.2 nb” 0, 0,] > 7n/8
0.8E PP 260 pb P, 2/pT 2 0.32
dependence °E 0-10% Pb+Pb iyl < 2.1
and fluctuations 0.7F Vs =502Tev ¢
in energy loss. 0.6f- =
0.5F @l e e e
el o ggpeee — ____—— "
Jet—J et 0.4 -..‘;.;.'- L iy ' cutall
—_p : : 03 _éfuafl :1.6 %o T,,)=0.9%
Subleading jets more suppressed 0.2 :
than leading iet 10° 23102 3x10? 4x10
an leading jets. b [GeV]

ATLAS

EXPERIMENT arXiv: 2205.00682
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https://arxiv.org/pdf/2205.00682.pdf

R-dependence of the K,

—® R-dependence of the R, ,is another way to disentangle energy loss mechanisms.

—® Recovery of wide angle radiation R, , /

—® Medium response adds energy to the jet

cone Ry, /
va \no¥ e . .
(QGP neganve ke —»p Large R jets have more eftective energy
s h ‘ loss sources, therefore could experience
medium \
REE |
‘% jet more quenching. Ry \\
harg 5 A
porfon / , —P Increase gluon to quark ratio at fixed pr,
image Credit:Jing Wang gluons lose more energy R » \\

—® These measurements rely on ability to measure large range in R and py!
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 R=0.4 we

£=0.6 mm— /5 = 5.02 ATeV
R =0.8 s 1

1.4 -

What does theory say? (1/3)

—® Some models have R, ydecreasing = Mehtar-Tani et. al

, : Analytical calculation with
with R, reflects increased gluon to resummation of eneray

quark ratio and wider jets losing more loss from vacuum-like

0.2)

1.2

1
0.8 b_

R)/Raa(R

emissions includes soft 5‘
| energy. _ | energy flow and recovery. o6 L 0-10%
Hybrid Model with No Medium Effects l L I
100 1000
AdS/CFT non-pert. regime. Jet pr [GeV]

Phys. Rev. Lett. 127, 252301 (2021)

non-eq. contrib.

1.0
<8§: ———| —R=01 —R=038
| Ve =002 eV p g4 ¢ ATLAS
100 1000 ° R=04
Jet pp [GeV] 0.0 - —R =0.6 A ALICE

200 400 600 800
Phys. Rev. Lett. 124, 052301 (2020) Phys.Rev. Lett. 122, 252301 (2019)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.122.252301
https://arxiv.org/abs/1907.12301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.252301

What does theory say? (2/3)

p Some models have R sincreasing with R, reflects

iIncreased recovery of energy and influence of the
medium response.
CCNU

Hybrid Model with Jet-fluid model with jet transport
Medium Effects and relativistic hydrodynamics.
1 e MR A e e e SEEL S e e e
Medium response via Inclusive, PbPb (2.76 TeV) (b)
wake. AdS/CFT non- Ggo~ | -170“:";-':"“
pert. regime. 08 F s 10 GeVic —

non-eq. + QGP ridge & trough contrib. -

SCETg  JHEP05(2016)023

Medium interactions mediated by
Glauber gluon exchange.

N ¥nw =276 TeV
HEE Inl <2, 0-10%

0%
06
s I

0n2

0o
&0 100 150 200 250 0o
Pr

JEWEL JHEP 1707 (2017) 141
Scattering and radiative energy loss

1.2 | e 09— with and without recoiling medium.
1 ﬁ_ 8; — JEWEL+PYTHIA Pb+Pb (0 — 5%) (2.76 TeV)
= (). 1.8
. . o - | | | I | I L | | I I L I IIIIIIII .
< 0.8 R= 20 s 16 —R=02 =
0.6 1.4 — — R=06 —
, 5 ~— R=08 E
0.4 - === R=0.3 (Shower) EE — R=10 -
0.2 ATeV . 02 r - gzgg :msmueul yaro) e anti-kJI_ jets, |7 < 2.0; 4MomSub =
: = 5.02 ATeV - T R=0 - L — ' i —
Vs o = R=0.9 (Shower+Hycro) o T = I ' i 2
0 PP | . . PP | prpp— R:o() (S’M 0.6 _:t—\_'_,—g—_g_- . ! — =
100 1000 -—'—\_._::j_._! ! ) -
Jet pr [GeV] 04 == E
50 100 150 200 250 02 F- E
Phys- ReV- Lett- 1241 052301 (2020) pF' (GCV/C) 0 :l L1 1 I L1 | | L1 1 1 I | I I L1 1 1 | ) I I | I | I l:
150 200 250 300 350 400 450 500
Phys. Rev. C 95, 044909 (2017) jet p. [GeV]
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https://arxiv.org/abs/1907.12301
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP05%25282016%2529023&v=a72a13e0
https://arxiv.org/abs/1701.07951
https://arxiv.org/abs/1707.01539

What does theory say? (3/3)

—® Some models have R, ,constant with R, reflects some cancellation of effects.

JETSCAPE
R AA / (MATTER + LBT) §(E, T, 0?)
S — Pb-Pb ySyny =5.02 TeV .J — Qo=1.0GeV
- ‘\! 0_1 00/0 ~== Qp=2.0 GeV 0N,

] © 15 : t | Qv=3.0GeV  errhe
Q: " ) af"tl-k'r, |’7fe I < 2.0 . Preliminary
= — & 1O[mmm— S S VS W—— —+-—-—--+
N’ e —
> < @ ()

S 051 250<pt<300Gev .} 500<p<1000Gev |
0.2 0.4 06 08 1002 04 06 08 10
RAA \ Jet R

Theory is undecided (very discriminative observable) - what does experiment say?
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https://arxiv.org/pdf/2009.02410.pdf

ATLAS R-Dependence of the R, ) oo
—» ATLAS has a measurement of the R-dependence of R, =
the R, at2.76 TeV. | 60-80%
—P Not exactly quantitatively comparable Ny 20 .
- 2P Pb+Pb\/sT,N 276 TeV 0-10 % -
to the R, 5, but qualitatively another < 1_8:_J‘L " 7ub1 ATVLAS E
important measurement of © F7 e *R=03 -
suppression. e L.l T "H=04 -
5 * N P FHA=05
—® Shows an increase in the ch with et b o Lo r
increasing R, reflects recovery of 12—

energy and increased influence of the .,
medium response.

0.8

Iyt

50 60

| | | I
70 100

40
p_[GeV]
@AT LAS Phys. Lett. B 719 (2013) 220-241
EXPERIMENT
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https://www.sciencedirect.com/science/article/pii/S037026931300049X

CMS R-Dependence of the K, o

—p The CMS experiment was able to

measure out to R = 1.0 by measuring CMS 0-10% PbPb 404 ub™' pp 27.4 pb’
jets at very high pr, where the a ot
background has less of an effect. v S PORS Py S 10 Cew S
Raa /7 € q 5 anti-ky, n,| <2
— No visible R- 3 \é . W CMSO-10%

I o = Hybrid w/ wake
dependence’ % m 1 e == Hybrid w/o wake
consistent with the % Hybrid w/ pos wake
cancellation of effects. < Jet R — MARTINI

0.5 LBT w/ showers only
LBT w/ med. response
R
e 02 04 06 08 1 ( JHEPOS(2021)284
—® Because models vary in their prediction of Jot R
the R-dependence, this variable has high 9

discriminating power!

What does lower p indicate? Could we measure this with ALICE?
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https://arxiv.org/abs/2102.13080

Measuring large R jets at low p

—p Large R jets are expected to
recover radiation that occurs
outside of the small R jet cone.

—p Large R jets have a more complex
substructure and could lose more
energy.

—p These jets are difficult to measure
due to the larger background!

(Proportional to R?)

—p This is especially true at lower p+ where the background can be on the order of
the jet pr itself! Need new techniques to make these measurements in ALICE!
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ML background estimator

—p ML approach: Use ML to construct the mapping between measured and corrected
jet.

ML

—p Keep the models simple from an ML-perspective (shallow NNs, minimal set of
variables), for transparency and to reduce biases on the training sample.

Goal is to use ML to reduce the residual fluctuations remaining after background
subtraction, making measurements at large R and low p possible.

R.Haake, C. Loizides Phys. Rev. C 99, 064904 (2019)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.064904

Features for training

Ask ourselves two questions

How important is the feature to
the model? — Feature Scores

Higher the feature score, more
often variable is used in training.

How correlated is the feature
with other features?

Iteratively remove unimportant or highly correlated features!

R.Haake, C. Loizides Phys. Rev. C 99, 064904 (2019)

Feature Score | Feature | Score
Jet p (no corr.) 0.1355 | Pfeonst | 0.0012
Jet mass 0.0007 | pfcons: | 0.0039
Jet Area 0.0005 | p7const | 0-0015
Jet py (area based corr.) | 0.7876 | Pf.onse | 0.0011
LeSub 0.0004 | p?.onse | 0-0009
Radial moment 0.0005 | PP onse | 0.0009
Momentum dispersion 0.0007 | Pfconst | 0.0008
Number of constituents 0.0008 | pfconst | 0-0007
Mean of constituent pys | 0.0585 | p7.onse | 0-0006
Median of Constituent pys | 0.0023 | pi%onee | 0.0007
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.064904

Process

Training

Testing

Train on “hybrid event”
created by embedding
jets from simulation
(PYTHIA) into Pb-Pb

Background

Apply ML estimator to

Shallow neural network events not used In

training.

Key is that this Do we get back the
background is realistic. signal we put in?

Hannah Bossi (Yale University) BNL Seminar
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Testing performance

— Test if we are getting closer to the “truth”(PYTHIA detector level jet pr) with
5]? = PTrec — PT.true

IIIIIIII |IIII|IIIIIIIIIIIIIIIIIIII
B ALICE Performance, Embedded PYTHIA |

_ 0-10% Pb-Pb Y5 = 5.02 TeV

0.1— Ch-particle jets, anti-k, R = 0.4, |77 | < 0.9- R—

P T, ch jet = 40 GeV/c e ML-based

o=57GeV/c ]

Area-based |
o=12.4 GeV/c _

_ | | ]
— ALICE Performance, Embedded PYTHIA ]

‘_ 0-10% Pb-Pb {s,, = 5.02 TeV =

- Ch-particle jets, antlk R=04,[n |<0.9-R .
. >4O GeV/c

N NN
o ASTE =
|

ility density

0-10% central

-o— Area-based
-a- ML-based

30-50% central
-o= area-based
-o= ML-based

Probabilit
o
2
|

14

0.081 B 12

Standard deviation (GeV/c)
o

III|III|III|III|III|III|III|III|III|I

i 10 ~
0.04_ 8 -
- 6 -
0.02} A -
- 2 -
0 e ® | | |l = - 0 |
-40 -30 -20 -10 O 10 20 30 40 0.2 0.4 0.6

op_ (GeV/c) Jet resolution parameterR

— Narrowing of this distribution corresponds to a reduction of residual fluctuations.

ML based method has significantly reduced residual fluctuations as
compared to the area-based method!
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Fragmentation bias

—P [earning on constituent information in training
creates a dependence on how those constituents
are distributed in the jet (fragmentation).

——— We train on PYTHIA fragmentation (no QGP effects).

2.5

b ™| <2.1anti4 R=0.4 jets |

< g < oz | —eeeepp VWE KNOw that the fragmentation is modified
® 126 < p < 158V, fRg S02TeV - by the presence of the medium.

R D(z)

1.5

—p We want to investigate how this impacts the
final result that we get with ML!

Pb+PD, 0-10%

0.5
1072 107" 1

z
Phys. Rev. C 98, 024908 (2018)
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https://arxiv.org/pdf/1805.05424.pdf

Fragmentation toy modifications

We also study a toy model with three different ways to
alter constituents of the jet, changing the fragmentation
to generate a different training set.

Also use this varied fragmentation to fill the response -
use systematic to check the whole procedure! This
systematic (along with tracking) are largest.
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Fragmentation of tovy compared to data

¢ CMS vy+jet FF Fractlonal 25% A R=0.

[®) B | | L®] B |
QD L ¢CMSy+etFF Fractional 25% A R=0.2 - Q L 5
5 PRL 121 (2018) 242301 Fractional 25% A R =0.6 S PRL 121(2018) 242301 Fractional 25% A R=0.6 -
Boe nATASH: il Bog AL ~fetmpeine
g - PRC 98 (2018) 024908 ~ Bluons On@,’ - g - PRC 98 (2018) 024908 ~ Glions oniy -
=2 [ _ 2 [ -
E 20 N\ ] 8 2_——T— —
S [ i— - ;8 e —*— -
B _ - - -
= —- | -—* B *—
B _-_—I- 7 B _._—l- 7
1— B — — 1= +—-—_._ —
B —i— *.;_._—.— . B =.;+.:r R — ~
_ — —¢ o ‘ _ - ¢ _ _
0.5 ' — 0.5/~ . | -
— ALICE Simulation Ch-particle jets, anti-k-,R =0.4 \, — ALICE Simulation Ch-particle jets, anti-k;, R =0.4 ™7
- PYTHIA + Thermal Bkg 40 < p_ o <100 GeV/c - - PYTHIA + Thermal Bkg 100 < Pr o <200 GeV/c -

B | | | | o1 | | ’ | | | L |_ O | | | | R | | | | I I
02 107" m 1075 107" 1
Z Z

—+pp Our fragmentation variations qualitatively cover the data in different regions of phase

space.
—P Toy model parameters motivated by experimental data: JHEP 05 (2018) 006
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Area-based comparisons (0-10%) @) cerai 0-10%

—p Let’s first take a look at our results in comparison to the standard (area-based pedestal

subtraction of the background).

R=0.2

R=0.4

—p Good agreement in
regions of phase space

< [T T I < [T T L
@ 4 ol ALICE Preliminary | @4 5| _ALICE Preliminary _ where we can measure!
~ Ch-particle jets, anti-k;,R = 0.2, |/7jet| <0.7 ~ Ch-particle jets, anti-k;,R = 0.4, |/7jet| <0.5 N
_ @ 7 ,, normalization uncertainty i _ @ 7 ,, normalization uncertainty i
e - L R R 5 —p :
i ¢ Area-Based,p‘Trf‘ICekad>5GeV/c | i o Area-Based,p‘Tr?f;kad>7GeV/c | ML a”OWS for the eXtenSIOn
0.8 +] ML-Based 1 o8- 2] ML-Based - of measurement to lower in
0.6 0.6 - Pt
0.4 0.4 —® Measurements at large R
0 0ol [almb B not possible in central
I 0-10% Pb—Pb |5,y = 5.02 TeV - . 0-10% Pb—Pb |5y = 5.02 TeV - collisions due to the
ol Lot b b b L o) I N A IR A
20 40 60 80 100 120 140 20 40 60 80 100 120 140
p, ., (Gevic) b, @evic background.
Hannah Bossi (Yale University) BNL Seminar 33



Area-based comparisons (30-50%)

R AA

1.2

0.8

0.6

0.4

0.2

R=0.2

__ALICE Preliminary
~ Ch-particle jets, anti-k;,R=0.2,|n_|<0.7

Jet

B 7 ,, normalization uncertainty

¢

Area-Based, p"* > 5 GeV/c
T, lead

¢

ML-Based

20

40 60 80 100
p

T, ch jet

120

(GeV/c)

R AA

1.2

0.8

0.6

0.4

0.2

R=0.4

__ALICE Preliminary

~ Ch-particle jets, anti-k,R = 0.4, |/7jet| <0.5

B 7 ,, normalization uncertainty

| 30-50% Pb—Pb {5 =5.02TeV -

I .
B o Area-Based,p‘Tralc;kad>7GeV/c |
- = | ML-Based 7
I I ISR RN SRS RNV IN BT
20 40 60 80 100 120
Py o GOVIO

R AA

1.2

0.8

0.6

0.4

0.2

R =0.6

__ALICE Preliminary
~ Ch-particle jets, anti-k,R = 0.6, |/7jet| <0.3

B 7 ,, normalization uncertainty

o
@

- @

Area-Based, p'®k > 7 GeV/c
T, lead

ML-Based

20

40 60 80 100
p

T, ch jet

—P» (Good agreement in regions of phase space where we can measure!

—® Very differential measurement of jet suppression!

120

(GeV/c)
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Nuclear modification factors (0 10%)

LIDO: JHEP 05 (2021) 041 JEWEL: JHEP 1707 (2017) 141 Hybrid Model: Phys. Rev. Lett. 124, 052301 (2020)

Linearized transport for jet-medium  Scattering and radiative energy loss Medium response via wake. AdS/CFT non-

interactions, includes jet-induced  with and without recoiling medium. pert. regime.
hydrodynamic medium response.

R=0.2

R=0.4

R =0.6

<C [ | 1 [ | [ [ [ | [ 1 | 1 [ | 1 [ | [ [ [ <C [ | [ 1 | 1 [ | [ [ [ | [ 1 | 1 [ | [ [ [ <C [ | [ 1 | 1 [ | [ [ [ | [ [ [ | [ 1 | 1 [
< L . < L . < L _
@4 5[_ALICE Preliminary | X4 oL ALICE Preliminary | @4 oL ALICE Preliminary ]
~ Ch-particle jets, anti-k;,R = 0.2, |/7 | <0.7 i ~ Ch-particle jets, anti-k;,R = 0.4, |/7 | <05 i ~ Ch-particle jets, anti-k;,R = 0.6, |/7 | <0.3 j
_ [ T ,, normalization uncertainty _ _ [ T ,, normalization uncertainty _ _ [ 7 ,, normalization uncertainty i
T - LR EEEEEES - T s
] [ ML-Based Hybrid Model w/ Wake i (@ ML-Based Hybrid Model w/ Wake i [@]ML-Based Hybrid Model w/ Wake
i LIDO W JEWEL w/o Recoils | i LIDO JEWEL w/o Recoils | i LIDO JEWEL w/o Recoils |
0.8 m JEWEL w/ Recaoils | 0.8 m JEWEL w/ Recaoils | 0.8 i JEWEL w/ Recoils |
0.6 0.6 — 0.6 —
0.4~ t - 0.4 — - 0.4 N
I o ¢ i i - y i 1
| ¢ ¢ _ | - H - * _ | . Y * + y
02— 1 ¢ — 0.2 m — 0.2— o =
- 0-10% Pb-Pb \s,, =5.02 TeV - - 0-10% Pb-Pb \s,, =5.02 TeV - - 0-10% Pb-Pb \s,, = 5.02 TeV
] I | I I I | I I I | I I I | I I I | I I I | I I I ] I | I I I | I I I | I I I | I I I | I I I | I I I | ] I | I I I | I I I | I I I | I I I | I I I | I I I i
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
'OT, ch jet (GGV/C) pT, ch jet (GGV/C) pT, ch jet (GGV/C)

—® Measuring down to lower p and larger R than ever before in heavy-ions at

the LHC!
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https://arxiv.org/pdf/2010.13680.pdf
https://arxiv.org/abs/1707.01539
https://arxiv.org/abs/1907.12301

R-dependence via R, , ratios (@) cera o-10%

> No evidence of R=0.4/R=0.2 R=0.6/R=0.2

N L L L O L B < O B L L L L RS
R -dependence S 1.4~ ALICE Preliminary, 0-10% Pb-Pb |5, =5.02TeV —| S 1.4 ALICE Preliminary, 0-10% Pb-Pb |5, = 5.02 TeV —
between R — 02 SI:I/ E Ch-particle jets, anti-k-, |’7jet| <0.9-R : CE E Ch-particle jets, anti-k, |/7jet| <0.9-R E
<12 — =12 —
and R =0.4. x T :
<t B o ~ -
o 1~ S I8 oo A | =

1 B 1 B

x L x |
30.8— — \5::0.8_— =

) x | x [

—P R = 0.6 jets appear 0.6 1 osl o|* i + —
more suppressed o 1 -
than R = 0.2 jets, ; : : :
Suggesting an R- 0.2— [m]ALICE Data [1] JEWEL w/o Recoils — 0.2— [#|ALICE Data [Tl JEWEL w/o Recoils —

- LIDO Hybrid Model w/ Wake - - LIDO Hybrid Model w/ Wake -
dependence. ol 2|O Lo 4|O L1 6|O L 8|O L |1(|)O| | |1£0| | |14O o 2|0 L1 4|O L1 6|O 1 8|O L |1(|)O| | |1£0| | |140
pT, ch jet (GeV/C) 'OT, ch jet (GeV/C)
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R-dependence of the K,

—® R-dependence of the R, ,is another way to disentangle energy loss mechanisms.

—® Recovery of wide angle radiation R, , /

—® Medium response adds energy to the jet
cone Ry, /

é; Large R jets have more effective energy
‘ |
loss sources, therefore could experience

more quenching. Ry, \\

Quark jet Gluon jet - -
/v —» Increase gluon to quark ratio at fixed pr,

gluons lose more energy R » \\

Our results favor
larger influence of
these effects!

Hannah Bossi (Yale University) BNL Seminar

37



Conclusions

—Pp Quantifying jet quenching effects can be a difficult task as many different
effects impact the amount of energy lost.

—Pp Differential measurements of jet suppression serve as one promising path
to overcome these difficulties!

We looked at one differential measurement made using a novel ML-based
correction method, measuring the dependence of the R, o on the jet radius R

down to the lowest ever inclusive jet p+'s measured at the LHC.

—>

—pp \We see that wider jets are more quenched, could be due to more effective

energy loss sources, changing g/g fractions or different jet populations?
More studies needed!

What’s next?
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Extensions of ML Method in ALICE

—P Want to repeat the R-dependent studies with full jets.

—® Can use EMCal triggers to go to higher pr.

——P This will be more comparable with measurements at
ATLAS/CMS.

—P Full jets are limited in R by the acceptance of the
calorimeter.

R ——P Can we also use the same ML techniques
g for measurements of jet substructure! Stay
tuned!
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Brewer et. al: Phys. Rev. Lett.122.222301

—® |f some populations lose more energy than others,
we Will see a suppression purely from the selection

bias by measuring modified jets at a fixed pr.

Survivor bias

—Pp Selecting on the initial energy removes narrowing
for more quenched |ets.

Inclusive in x» D
Xp<0.90 mam
Xp=>0.90 mam

Inclusive in yy N
x,;_<0_90 =
Xx =>0.90

Final selection

5 Initial selection

2.0 O'Sfﬁ, R=04
F pp Jet pr > 200 GeV

pT,jet

—P So far, no reliable way to |
measure the initial pr of the jet

itself in experiment. ML ni---..‘.ib.pf’fp'f2A°f)cfv,AA |
teChniqueS are prOmiSing_ 000 005 010 0.15 0‘.50 0.25 030 035 000 005 010 015 l)hio 025 030 035

1M per?N/AR, (PBPbYpp)
; Eand
¥
. P . a a '

POPD Jet py > 100 GeV
& priyp = 200 GV

—® Can use y-tagged measurements to probe similar effects.
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SPHENIX and other developments @RHIC

—® RHIC is a fantastic environment to study these effects SPHE
as well, especially with the addition of sPHENIX!

—® Spectrum much steeper, much lower jet momenta
—® Different g/g fractions (much more quarks)

=~ 10"

RHIC @ 200 GeV
o 1
2 ol Pythia p+p | § ¥ 2
3 | = LHC/5 = 5.5 TeV £09F £
2 107} W/ 2 TeV -
- — RHIC Vs 0.2 Te\ 508} ®0
— = -
& 10 anti-k: R = 0.4 Jets 50 7:_ 50 7
" 2 F Quark Jet Fraction (LO) =
® 10°} o I o
'b 205 2%
5 10° Sosf 2o.
é 107 Qo.4f go.
10* §o.3:~ Gluon Jet Fraction (LO) §0
10° 0.2} 0.
10" 0.1} 0.1
." o T l A Al l 111111 l ‘
107020 40 60 80 100 120 140 160 180 200 220 2 w0 e 80 (G 50 100 150 200 250 300 350 490 4% &) °
P [GeVic] ' '

Many new opportunities on the horizon! Stay tuned!
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Large R Comparisons w/ ATLAS & CMS

—p We know these show different qualitative trends, but here is a quantitative

Comparison

2.5 — ]
ALICE Preliminary, R = 0.6 (upper syst. only)

ATLAS PLB 719 (2013) 220, R = 0.5 (R, to 60-80%)
2~ CMS JHEP 05 (2021) 284 2021, R = 0.6

Courtesy of Prof. Dennis Perepe//tsa Caveats:
| -4 = ALICE measures charged jets
while ATLAS/CMS measure full

jets.
—® Different rapidities: ALICE

Ryn/ Ran(0.2) O Rep/ Rep(0.2)

1.5 ol -
-t ++++++++ - (7] < 0.7), ATLAS (| ] < 2.1),
N Lo B S en OO - CMS (|7] < 2)
: | I |1 — Different center of mass
os 11117 ” energies (ALICE & CMS - 5.02
: : TeV, ATLAS - 2.76 TeV)
o '162 ' . '1_0 —p Different observable (ALICE & CMS

pjet or ,UCh jet [GeV] RAA’ ATLAS RCP)

— Different R (ALICE & CMS R = 0.6, ATLAS R = 0.5)
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Quark/gluon fractions as a function of R

ALICE Kjnematics: charged jets Vs, =5.02TeV, ml<0.9-R, p=™ >0.15 GeV
C — .
@) —
S 0.9k —e— R=0.2 . .
S et o Roa —® The g/g fractions in PYTHIA
£ b e R=06 have an R-dependence!
- T E
@) = N
0.6¢ —® Smaller radii have more
0.5F oo 2 uark iets
- —0—_'__._:._:'::‘::'::': 9 J '
04y o83 3880
03688
0.2F
0.1
T T R T R T R R
90 60 80 100 120 140
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Jet Subjet Fragmentation

- (Cluster jets with radius R and subjets with radius
r < R. Look at the fragmentation of the subjet.

pr,subjet
ZAR —

pT.jet

- Hint of hardening at intermediate z. with a hint of
modification as z, — 1.

=% |n this region, the sample is closer to a purely
quark-jet sample.

- Could this be due to modification of the q/g fraction?
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Technical Detalls of the ML

Regression task where the regression target is the detector level jet pr.

Here we are prioritizing a simple model!
Training sample 10%, testing sample 90%.

Implemented in scikit-learn. Default parameters used unless otherwise specified.

Shallow Neural Network Linear Regression Random Forest

Shallow, 3 layers with Normalization set to  Ensemble of 30 decision trees.
[1 OO, 100, 50] nodes true by default. Maximum number of

ADAM optimizer, stochastic features set to 15.

gradient descent algorithm.

Nodes/neurons activated by a
RelU activation function.
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Quantum chromodynamics (QCD)

—p Quantum Chromodynamics (QCD) is the theory of the strong force that
mediates the interactions between partons (quarks and gluons)

0(Q) |

03+
0.2 +

011

Sept. 2013
v T decays (N3LO) |
= [attice QCD (NNLO)
a DIS jets (NLO)

0 Heavy Quarkonia (NLO)
o e'e¢ jets & shapes (res. NNLO) .

® 7/ pole fit N3LO)
v pp —> jets (NLO)

X v!
Y '\

ik v'.-'f-.

= QCD ag(M,) = 0.1185  0.0006

10 Q [GeV] 100 1000

Two distinguishing features

@ Asymptotic freedom:
Coupling constant a

decreases at high
energies (high Q)

Color confinement:
Colored partons have never
been observed In isolation
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Exact scalings as a function of R

[ Parton Shower | [ Hadronization ) [ Underlying Event

lllllllllll
...................
....

.
3 .
ay .®
......
--------------------

~ In(1/R) J | ~ /R J * ~ R?

XsPr ZCA
(5pr)g = ~Ce 5P ln(R)(zmz—g)wws). (0P T)bad = m({‘ ) FO(R) (5p7) U ~ %AUERZ

Parameterization derived by taking T

. a(u) = p10(p — py) where p
]Ic:rorr;. QC? ﬁg'ttmg corresponds to scale at which a, IS Energy density per unit
JHeton e infinite (Landau pole) rapidity

(6p1), = —%m(%) [CA(Zan - —) + Trrg 478] + O(ag),
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Jets In experiment

Experimental jets are not a perfect proxy for the dynamics of the parent parton.
— Different physics effects can move energy into or outside of the experimental jet cone.

Parton Shower | Hadronization | [ Underlying Event |

7 ; | ! |
~ In(1/R) ~ 1/R ~ R?

Effects such as hadronization and the underlying event are non-perturbative.

Each of these effects scales differently with the cone radius R, jets can be used to
study these effects!
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