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Jets in Nucleus-Nucleus Collisions

e Collimated showers of high energy
partons that result from a hard scattering

e High energy probes of QCD

o Energy correlators can probe the
- hadronization scale and the value of
i the strong coupling

5 5._  , i o Angular observables can probe QCD
— . _ splitting functions
Detection ) ) ) .
@\ Hadm%a(gn o 3-jet to 2-jet cross section ratios can
Fragmentation ~hadrons :
e OO . probe higher order QCD processes
https://www.ericmetodiev.com/post/jetformation/ Y Jets in vacuum are well-understood

using pQCD and simulated using Monte
Carlo event generators

o PYTHIA
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Jets in Heavy-lon Collisions

QGP

y

Strongly coupled liquid, called quark-gluon
plasma (QGP), is formed

Hard partons in jets traverse and interact with the
droplet of QGP
o Hard perturbative exchanges with
quasi-particles in the droplet of QGP
o Soft nonperturbative exchanges with QGP
= Jets lose energy to the plasma
= Lost energy sources a wake in the plasma
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Jets in ChatGPT
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Jets in ChatGPT

e Strongly coupled liquid, called quark-gluon
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Jets in Heavy-lon Collisions

Jets in heavy-ion collisions probe
the properties and microscopic
structure of hot-QCD matter!
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The QGP Resolution Length

At what length scale can quark-gluon plasma resolve two partons
produced in a splitting?

Two partons produced in a splitting will interact with QGP
independently if and only if they are separated by a distance above L __

L . = 0: The medium resolves splitting immediately after a parton fragments
= fully incoherent interactions with the plasma

o> L . = = The medium never resolves splittings
% = fully coherent interactions with the plasma
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Towards Constraining the QGP Resolution Length

e The Hybrid Strong/Weak Coupling Model of Jet Quenching
e Jet substructure observables that are sensitive to L __
e Using experimental data to constrain L __

Our model calculations are consistent with experimental data
only when QGP has a finite and nonzero resolution length!
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The Hybrid Strong/Weak Coupling Model arXiv:1405.3864v3, 1609.05842

[Casalderrey-Solana, et al.]
e Weakly coupled physics of hard scatterings and hard parton fragmentation

e Strongly coupled soft exchanges between partons in a jet and the medium

@\/O

Gauge Theory
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https://arxiv.org/abs/1405.3864
https://arxiv.org/abs/1609.05842

The Hybrid Strong/Weak Coupling Model

e Weakly coupled physics of hard scatterings and hard parton fragmentation

o Parton splittings that result in the jet shower are implemented using
PYTHIA 8, as determined by the high-virtuality, perturbative, DGLAP
evolution equations

e Strongly coupled soft exchanges between partons in a jet and the medium

;

arXiv:1405.3864v3, 1609.05842
[Casalderrey-Solana, et al.]

Gauge Theory
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The Hybrid Strong/Weak Coupling Model arXiv:1405.3864v3, 1609.05842

[Casalderrey-Solana, et al.]
e Weakly coupled physics of hard scatterings and hard parton fragmentation

o Parton splittings that result in the jet shower are implemented using

PYTHIA 8, as determined by the high-virtuality, perturbative, DGLAP
evolution equations

e Strongly coupled soft exchanges between partons in a jet and the medium

o At each time step in a parton shower, jet partons lose energy to the QGP
plasma as determined by a holographic energy loss formula @ @
dFE 4 Ein a:z 1 U
o - 2 auge eor
dx strongly coupled T Tstop xstop \/1 — (x/xstop)z DGLAP ey

Tstop = Ei/2 /(2T*/3 k) is the distance a parton can travel before

thermalizing with the medium. It depends on an O(1) global-fit
parameter

o Lost energy is deposited into the plasma in the form of a wake,
whose shape is calculated from viscous linearized hydrodynamics
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A QGP Resolution Length in the Hybrid Model

e |f two partons that result from the same splitting
are separated by a length smaller than L_, then
they will lose energy to the plasma — and produce
a wake — as if they were the parent parton.

e Inour implementation, L __ only applies to partons
within the same parton shower. Two partons
belonging to showers that were initiated by two arXiv: 1707.05245 [Hulcher, Pablos, Rajagopal]
different partons are treated as resolved
structures regardless of their separation.
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https://arxiv.org/abs/1707.05245

Probing L __ using the “Hard Group” Procedure

Look at re-clustered jets introduced by ATLAS at QM 2019, HP 2024, and arXiv: 2301.05606

O @)
’
o —>
0 PO
O
0 @)

L Anti-k, R = 0.2 skinny jets } Re-cluster skinny jets into
large-radius R = 1.0 jets

AR,, is the separation between the two hardest constituents of a large-radius jet
It effectively measures the angle of the hardest splitting in the R = 1 jet
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https://arxiv.org/abs/2301.05606

Constraining L ___ using Hard Group Data

217 Pb+Pb, 5.02 TeV, 0-10% # of PbPb jets
o = Reclustered R = 1.0 jets R AA
Y IO bt | et AU # pp jets

B [ |- Lres =0
B B L s = 2/(nT)

0.8 [ Jles= o

g ® ATLAS Data [PRL 131, 172301 (2023)]

06— o]

04—

o2l Single |
- Subjet |

0 04 02 03 04 05 06 07 08 09 1
AR,,

arXiv:2501.18683 [Kudinoor, Pablos, Rajagopal]
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https://arxiv.org/pdf/2501.18683

Constraining L ___ using Hard Group Data

051'2 B Pb+Pb, 5.02 TeV, 0-10% # of PbPDb jets
- Reclustered R = 1.0 jets R AA ™
200 251 GeV, |y| < 2.0 :
N e “ppsdsloev.lyl<eme # pp jets
[ Les=0
B Lies = 2/(nT)
0.8 [ Jles= o

® ATLAS Data [PRL 131, 172301 (2023)]

Single subjets are suppressed far less than

0.6 large-radius jets with multiple subjets
0.4
o2l Single |

Subjet |

II|III|III|III|III|I
20

0 04 02 03 04 05 06 07 08 09 1
AR,,

arXiv:2501.18683 [Kudinoor, Pablos, Rajagopal]
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https://arxiv.org/pdf/2501.18683

Constraining L ___ using Hard Group Data

£ 147 Pb+Pb, 5.02 TeV, 0-10% # of PbPb jets
o = Reclustered R = 1.0 jets R AA
N — i°°_< (_;"_T_i??l GVom=2l ] # pp jets
e Lrez = 2/(nT) Lres = oo Disfavored by data.
08 [ Lies= Partons within each shower

@ ATLAS Data [PRL 131, 172301 (2023)] .
are unresolved, and so RAA IS

Single subjets are suppressed far less than roughly independent of AR,

II|III|III|III|III|I

0.6 large-radius jets with multiple subjets /
| L. =0andL__=2/(nT)are
0.4 consistent with the data
o2l Single | "~ L, = 0: Constant suppression
Subjet | as a function of AR, >0

IIIIIIIII|IIII|IIII|lIII|IIII|IIII|IIII|IIII|IIII

0 04 02 03 04 05 06 07 08 09 1
AR,,

arXiv:2501.18683 [Kudinoor, Pablos, Rajagopal]
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Constraining L ___ using Hard Group Data

217 Pb+Pb, 5.02 TeV, 0-10% # of PbPb jets
o = Reclustered R = 1.0 jets R AA
Y IO bt | et AU # pp jets
B [ |- Lres =0
B B L. =2/(xT) Lres = oo Disfavored by data.
08— [ Lies= Partons within each shower
- ® ATLAS Data [PRL 131, 172301 (2023)] are unresolved, and so R, is
sl @ This region can constrain L__ roughly independent of AR,
i \ / L..=0andL__=2/(mT)are
0.4~ S consistent with the data
02 Single . L, = 0: Constant suppression
~ Subjet | as a function of AR, >0

IIIIIIIII|IIII|IIII|lIII|IIII|IIII|IIII|IIII|IIII

0 04 02 03 04 05 06 07 08 09 1
AR,,

arXiv:2501.18683 [Kudinoor, Pablos, Rajagopal]
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https://arxiv.org/pdf/2501.18683

Marzani, Soyez, Thaler]

Probing L __ using “Soft Drop” Procedure [/ ez o

Look at the groomed substructure of each R = 0.2 jet

Anti-k R = 0.2 jets Look inside eagh skinny Rg—cluster .the same j.et
t R=0.2 jet while dropping/grooming
away the soft prongs

R _is the separation between .
|t two prongs which satisy | g easures the angle of the first

R,\* g hard splitting in the jet
Zsubleading > Zcut (?) |

___________________________________
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https://arxiv.org/abs/1402.2657

Constraining L __

i Lres = 1/(nT)
- Lres =2/ (KT)
D L. = &8

i_ 5.02 TeV, 0-10%
Anti-k. R = 0.2 ch-jets, 60<p
pc™ ek >0.15 GeV, m™"*%1 < 0.9
Soft Drop z .= 02, p=0

e < 80, MY < 0.7

using Soft Drop Data

e PDbPD jets lose energy and
momentum to the plasma

e They originate from partons with
higher p than their pp
counterparts

e Higher p. = narrower splittings

| L, = oo still disfavored by data

L]
—_—

™ still difficult to constrain L.

0.2 e ALICE Data [PRL 128, 102001 (2022)]
'EENEEEEEE EEENE NN EEEEE EEEEE N EENE SRS EEEEE NN
0001020304 05 06 07 08 09 1 5
6, = -2
Rjet
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Probing L __ using Hard Group + Soft Drop

Procedure was pioneered by ATLAS and presented at QM25, arXiv:2504.04805

"
(@]
(@] OO OO
o) O
L
Hard Group skinny R = 0.2 jets Groom large-radius R = 1 jets
into large-radius R = 1 jets using Soft Drop

dR,, measures the angle of the first hard splitting in a large-radius jet

dR,, looks like Rg at small angles and like AR_, at large angles
Arjun Kudinoor | 20


https://arxiv.org/abs/2504.04805

Probing L __ using Hard Group + Soft Drop

Procedure was pioneered by ATLAS and presented at QM25, arXiv:2504.04805

"
(@]
(@] OO OO
o) O
L
Hard Group skinny R = 0.2 jets Groom large-radius R = 1 jets
into large-radius R = 1 jets using Soft Drop

dR,, measures the angle of the first hard splitting in a large-radius jet

dR,, looks like Rg at small angles and like AR_, at large angles
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https://arxiv.org/abs/2504.04805

Constraining L __ using dR,, Data

<.2F
o H Pb+Pb, 5.02TeV, 0-10% MHybridL =0
&L Reclustered R = 1.0 jets [ Hybrid L =1/(nT)
1 200<p_<251GeV,InI<13 I Hybrid L = 2/( T)
[ Hybrid L

o ATLAS Bita [: [arXiv:2504.04805]

0.6f
- s = o Is disfavored by the data
0.4—
0.2— L. =0is dlsfavored by the data (for the first time!)
O _I 1 1 1 I 1 11 1 I 1 1 1 1 I 1 1 1 1 I L1 L1 I 1 1 1 1 I 11 11 I 1 L1 1 I 1 1 1 1 I 1 L1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

dR,,
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Is L __~ 1/(nT) Reasonable?

re
e QGP screens static color charges that are separated by more than the Debye length
)\D = 1/mD

e We are considering massless partons in a jet, plowing through QGP. When L > L.,
they interact with the liquid QGP independently. It seems reasonable that L,.. ~ Ap
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Is L __~ 1/(nT) Reasonable?

re
QGP screens static color charges that are separated by more than the Debye length
Ap =1/mp

We are considering massless partons in a jet, plowing through QGP. When L > L.,
they interact with the liquid QGP independently. It seems reasonable that L,.. ~ Ap

In strongly coupled N=4 SYM, holographic calculations arXiv:0705.0994 [Bak, Karch, Yaffe|
=>Ap = 0.294/(7T). It is reasonable to expect Ap to be larger by a factor of 2-4 in QCD.

In weakly coupled QGP with N_= N, = 3, m}, = (3/2)¢°T? = 6ma,T?. Taking ;s = 1/3
yields A\p = 1.25/(7T)

S0, Lyes ~ 1/(wT)is reasonable
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https://arxiv.org/abs/0705.0994

Key Takeaways and Outlook

e Jets in heavy-ion collisions probe the properties and microscopic structure
of hot-QCD matter

e For the first time, experimental jet substructure measurements favor a
quark-gluon plasma with nonzero resolution length!

e Need to investigate the interplay between a nonzero L __and other physical
effects currently excluded in our model, like elastic scattering, to constrain
L .. with higher confidence

«l.2
o Pb+Pb, 5.02 TeV, 0-10% MHybridL =0
1 Reclustered R = 1.0 jets [ Hybrid |— =1/(nT)
200 <p_ <251 GeV,mi <1.3 Il Hybrid L = 2/( T)
[ Hybrid L
0.8 e ATLAS bata [arXiv:2504.04805]
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The Canonical Jet Quenching Observable

Jet Spectrum

Number of jets

pp collisions

Transverse Momentum p_
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The Canonical Jet Quenching Observable
Jet Spectrum

Energy Loss
\ Selection Bias

Number of jets

pp collisions

Pb+Pb collisions

Transverse Momentum p_
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The Canonical Jet Quenching Observable

Number of jets

Jet Spectrum

Energy Loss
\ Selection Bias

pp collisions

Pb+Pb collisions

Transverse Momentum p_

Nuclear Modification Factor

Pb+Pb/pp

Transverse Momentum p.
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Jet-Induced Wakes

e Due to soft exchanges with the medium, hard partons in jets lose
energy as they move through droplets of QGP formed in heavy
ion collisions

e The energy lost by each parton is deposited into the plasma in
the form of a wake

e The jets pulls some amount of QGP in the direction of the jet. So,
when you compare the freezeout of a QGP droplet containing a
jet wake to one without, it will have:

o Positive Wake: Additional soft particles in jet’s direction
o Negative Wake: Depletion of soft particles in the direction
opposite the jet [CMS PAS HIN-23-006, arXiv:2408.08599]

Goal: To see the "shape" of jet wakes in data and compare to
expectations from hydrodynamics

. - - -2
Long-term Goal: To see how QGP hydrodynamizes after it has Negative wake in th 2

been driven out of equilibrium by a passing jet direction opposite the jet
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https://arxiv.org/pdf/2408.08599

Elastic Scattering (aka Moliere Scattering)
arXiv: 1808.03250 [D’Eramo, et al.], 2208.13593 [Hulcher, et al.]

QGP Brick o, A

Motivation
e Asymptotic freedom mandates the presence of Pins C
quasi-particles in QGP at length scales below O(1/T)

e Can be probed by 2—2 scatterings between particles
in the jet shower and quasi-particles in the medium at
sufficiently high momentum exchange

Goal: First step to probing the particulate nature and
microscopic structure of the QGP
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QCD vs. N =4 SYM Theory

Use an N = 4 SYM theory instead! The hot strongly coupled liquid phases of N' = 4 SYM theory and
QCD are more similar to each other than their vacua and low energy physics (the problematic energy
sector that contributes to QCD’s nonconformality).

Differences between QCD and A/ = 4 SYM include

N, = 3 for QCD, whereas we take the N, — oolimit for A/ = 4 SYM calculations

QCD is not conformal, whereas A/ = 4 SYM is conformal

QCD demonstrates asymptotic freedom (coupling becomes weaker as energies increase to
infinity), whereas A/ = 4 SYM is strongly coupled at all length scales

In QCD, both the fundamental and adjoint degrees of freedom are important to thermodynamic
properties of QGP, whereas in A/ = 4 SYM, there are no fundamental degrees of freedom
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