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How you can learn from a model

e There are things you can do with a model (here, the Hybrid
Model) that you cannot do with experimental data. (Eg,
turn physical effects off and on) ...

e ... but that nevertheless teach us important lessons for
how to look at, and learn from, experimental data.

e TODAY: findng jet observables that are (i) dominated by,
or (ii) insensitive to, wakes that jets make in the soup.

e Parton shower loses momentum. Medium gains momen-
tum in the jet direction. Medium is a hydrodynamic liquid
— jet excites a wake.

e After freezeout, momentum conservation means wake be-
comes soft hadrons with net momentum in jet direction.

e What an experimentalist reconstructs as a jet necessarily
includes hadrons originating from the (modified) parton
shower and from the wake in the droplet of QGP.

e INn a model, though, the wake can be turned off and on.
e First, a brief intro to the Hybrid Model. ..



A Hybrid Approach

Casalderrey-Solana, Gulhan, Milhano, Pablos, KR, 2014,15,16; Hulcher, DP,KR,
'17; JCS,ZH,GM,DP,KR, '18; JCS,GM,DP,KR, '19; JCS,GM,DP,KR, Yao, '20

e Hard scattering and the fragmentation of a hard parton
produced in a hard scattering are weakly coupled phenom-
ena, well described by pQCD.

e The medium itself is a strongly coupled liquid, with no
apparent weakly coupled description. And, the energy the
jet loses seems to quickly become one with the medium.

e Try a hybrid approach. Think of each parton in a parton
shower a la PYTHIA losing energy a la dFE/dx for light
quarks in strongly coupled liquid.

e LOOk at R,y for jets and for hadrons, dijet asymmetry,
jet fragmentation function, photon-jet and Z-jet observ-
ables. Upon fitting one parameter, /ots of data described
well. Value of the fitted parameter is reasonable: ziherm
(energetic parton thermalization distance) 3-4 times longer
in QGP than in N =4 SYM plasma at same T.

e Then: add the wake in the plasma; add resolution effects;

look at jet shapes, jet masses jet substructure observables;
add Moliere scattering...



Quenching a Light Quark “Jet”

Chesler, Rajagopal, 1402.6756, 1511.07567
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e Take a highly boosted light quark and shoot it through
strongly coupled plasma...

e A fully geometric characterization of energy loss. Which
IS to say a new form of intuition. Energy propagates along
the blue curves, which are null geodesics in the bulk. When
one of them falls into the horizon, that’s energy loss! Pre-
cisely equivalent to the light quark losing energy to a hy-
drodynamic wake in the plasma.
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Implementation of Hybrid Model

Casalderrey-Solana, Gulhan, Milhano, Pablos, KR, 1405.3864,1508.00815
e Jet production and showering from PYTHIA.

e Embed the PYTHIA parton showers in hydro background.
(241D hydro from Heinz and Shen.)

e Between one splitting and the next, each parton in the
branching shower loses energy according to

1 dE 427 1
B odr 2
Ein dz "*therm \/x’%herm —a?

where ziherm = Eiln/3/(2/<escT4/3) with xsc one free parameter

that to be fixed by fitting to one experimental data point.
(ksc ~ 1 —1.5in N = 4 SYM; smaller ksc means xipnerm IS
longer in QGP than in N =4 SYM plasma with same T.)
e Turn energy loss off when hydrodynamic plasma cools be-
low a temperature that we vary between 145 and 170
MeV. (This, plus the experimental error bar on the one
data point, becomes the uncertainty in our predictions.)

e Reconstruct jets using anti-£7.



Perturbative Shower ... Living in Strongly Coupled QGP

« High Q* parton shower up until
hadronization described by DGLAP
evolution (PYTHIA).

«  For QGP with T~Ay¢p, the medium
interacts strongly with the shower.

« Energy loss from holography:

Casalderrey-
Solana et al.,

2015




Perturbative Shower ... Living in Strongly Coupled QGP

« High Q* parton shower up until
hadronization described by DGLAP
evolution (PYTHIA).

«  For QGP with T~Ay¢p, the medium
interacts strongly with the shower.

« Energy loss from holography:

Casalderrey-
Solana et al.,

2016

Energy and momentum conservation =——» deposit hydrodynamic wake in QGP liquid
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Response without Transverse Flow

® Building block: perturbation on-top of Bjorken flow

JCS, Milhano, Pablos, Yao, Rajagopal 20 E(n, = 0) Su®(n, = 0)
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@Sound waves = take energy away from jet

@Diffusion wake
=lost momentum becomes moving fluid along the jet path

® :
On average: JCS, Teaney and Shuryak 05

diffusion wake dominates over sound waves in particle production

See for Yang, He, Chen, Ke, Pang and Wangattempts to disentangle Mach and wake in COLBT
HP2023 J. Casalderrey-Solana 27/03/2023




Estimation of the Hadrons from the Wake

® Assuming:

$ small perturbations on top of Bjorken flow.

¥ perturbation stays localised near jet’s rapidity. (2 Fully constrained by

energy-momentum

Expand Cooper-Frye spectrum to first order in perturbations: _
conservation.

EdA3N = : m? cosh(y — y;) exp e cosh(y — y;)
d°p 32w T . T - (2 Computationally
1 efficient.
{pTAPT cos(¢ — ¢;) 3mT AMr cosh(y — yj)}

() Neglects important
effects from local flow.

/dndzml or

APj_:’w’r/dza:J_dn(Suﬂ_ T

Velocity pert. Temperature pert.

Daniel Pablos 18 INFN Torino



Estimation of the Hadrons from the Wake

.| e ® Sample hadrons from one body dist.
f‘ pr dist. ® Energy-momentum conservation through Metropolis.
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Dragging the QGP

Increase particle

production in jet direction,
decrease In opposite direction
(boosted fluid cells).

ANch(Aq’ch,z ’Aych,z)

Increase particle
production isotropically.

37

With respect to unperturbed background
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Fig. from Yen-Jie’s slides
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Missing pr observables — 2016

e Adding the soft particles from the wake is necessary if we
aim to describe data. It also seems that our treatment of
the wake does not fully capture what the data calls for.

e If goal is seeing larger angle scattering of partons in the
jet, ignore the wake, look at observables sensitive to 5-20
GeV partons; groomed jet substructure observables.

e Lets focus on wake: what was key oversimplification?

e We assumed that the wake rapidly equilibrates, and be-
comes a small perturbation on the hydro flow and hence
a small perturbation to the final state particles. The only
thing the thermalized particles in the final state remem-
bers is the energy and net momentum deposited by the
jet. This is natural at strong coupling.

e We assumed the perturbations to the final state spectra
due to the wake are small at all p;. Need not be so at
intermediate pr.



Recovering Lost Energy: Missing Pt

10 F Quenching Only .

0.103050.7091.113151.71.9
A

Energy is recovered at large angles in the form
of soft particles

Adding medium response is essential for a full
understanding of jet quenching

10

Quenching + Medium Response




Recovering Lost Energy: Missing Pt
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Energy is recovered at large angles in the form
of soft particles

Adding medium response is essential for a full
understanding of jet quenching

Quenching + Medium Response
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Recovering Lost Energy: Missing Pt

40

PbPb-pp R=0.3, 0-10% PbPb-pp R=0.3, 10-30%

(pr) [GeV]

40 T T T T

| PbPb - pp R = 0.3, 0-10%

1 PbPb - pp R=0.3, 10-30%

In PbPb, more asymmetric dijet events are

dominated by soft tracks in the subleading jet side

Discrepancies w.r.t. data in the semi-hard regime

motivate improvements to our model

E MS. ".:fvi-n' ment at LH i




Jet radius
dependence
of Missing Pt
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On the Right Track

Crude calculation of particles in jet originating from wake
has been part of the Hybrid Model since 2016. Weaknesses
and strengths known. On the right track, but...

We have too many particles with 0.5 GeV< pr <2 GeV.
We have too few particles with 2 GeV< pr <4 GeV.

Further improving our description of the low-p; component
of jets, as reconstructed, requires full-fledged calculation
of the wake. And, the energy and momentum given to the
plasma by the jet may not fully thermalize.

Full hydrodynamic calculation of wake due to every parton
In every jet in a sample of 100,000 jets is expensive. Jet
wake from linearized hydrodynamics will suffice, and will
modify Hybrid Model predictions in the direction indicated
by data. Use the linearity of linearized hydro to speed up
calculation of wake. Casalderrey-Solana, Milhano, Pablos,
KR, Yao 2010.01140 and in progress.



An Implementation Problem

® Monte Carlo analysis: millions of events

® Full hydro analysis of back-reaction: Hard to combine
Simulating an event is very time consuming

We need approximations!

@ Energy injection is small as compared to the fireball = linearization
@COLBT: linearised Boltzman equation
@Here: linearized hydro response

@But not everything is linear:

® Deposition rate Non-linear dependence
on jet energy

® Particle production Ex» T

HP2023 J. Casalderrey-Solana 27/03/2023




Incorporating Iransverse Flow

@l inearized solution on top of radial flow is inefficient:

@Different simulations for each collision configuration

® An efficient approximate procedure
® Compose wake from linearised Bjorken solutions by
locally boosting to a frame with no transverse flow

® Correct for the direction of the jet after this boost

® Compute time between deposition time and freezeout

depending on transverse flow

® Applicable to any transverse flow
@Fast generation of flow fields induced by jets

®@Library of cases for each deposition point + linear superposition

HP2023 J. Casalderrey-Solana 27/03/2023




Visualizing Jet Wakes

Three recent (HP2024) examples of observables that we
can use to visualize jet wakes, in different ways.

In all cases, use Hybrid Model to assess sensitivity to jet
wakes by turning them off and on.

Yen-Jie’s talk.
Arjun’s talk.

Energy-energy-energy correlators. ..
Bossi, Kudinoor, Moult, Pablos, Rai, KR 2407.13818



Summary and Outlook

First p" differential measurement of

Z%-hadron correlation in azimuthal
angle and rapidity

We report the first direct evidence of

medium response in QGP

High statistics analysis with Run3+4

data in the near future
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Visualizing Jet Wakes

Three recent (HP2024) examples of observables that we
can use to visualize jet wakes, in different ways.

In all cases, use Hybrid Model to assess sensitivity to jet
wakes by turning them off and on.

Yen-Jie’s talk.
Arjun’s talk.

Energy-energy-energy correlators. ..
Bossi, Kudinoor, Moult, Pablos, Rai, KR 2407.13818



Multiple Wakes

We have learned that wider structures tend to be more suppressed,
but can we analyze the medium response to these multiple structures?

See M. Park’s talk
See M. Nguyen'’s talk
See B. Hofman'’s talk

See A. Kudinoor’s talk

1.8 < Ay12 <2.0

g IR AL/ T
s 222,54 /p7#
Q R ‘f?o{"o,"" X

-

Just wake particles

Exploit ATLAS’ reconstruction of large R jets via hard small R jets. See M. Rybar’s talk

Daniel Pablos 41 IGFAE - USC



Multiple Wakes
See M. Park’s talk

We have learned that wider §tructures tend to be more _suppressed, See M. Nguyen’s talk
but can we analyze the medium response to these multiple structures? See B. Hofman’s talk

0.06 1.8< Ay12 <2.0

0.7 < pr < 1GeV

0.06

0.04

0.04 0.04

0.02

0.02 0.02

Bl Wake + Nonwake (Pb+Pb) Soft particles contribution dominated by wake(s). >ee A. Kudinoor's talk
B Wake (Pb+Pb)

B Non-Wake (Pb+Pb) . .
I Vacuum (pp) Outlook: Non-trivial interference patterns? Event plane correlations?

Daniel Pablos 42 IGFAE - USC



Visualizing Jet Wakes

Three recent (HP2024) examples of observables that we
can use to visualize jet wakes, in different ways.

In all cases, use Hybrid Model to assess sensitivity to jet
wakes by turning them off and on.

Yen-Jie’s talk.
Arjun’s talk.

Energy-energy-energy correlators. ..
Bossi, Kudinoor, Moult, Pablos, Rai, KR 2407.13818



Energy Correlators in Jets

Definition

Number of particles in the correlation Power on energy weight

ETVC(RL) = (ﬂjdgzﬁk)

k=1

(&"(n))&E"(n,)...E"(ny))

Largest distance between N particles

A.Rai, Yale University MITP-EEC Workshop 2024



Lessons for Energy Correlators

Hadrons coming from the response of the medium to the
parton shower are a component of what is reconstructed as
a jet in heavy ion collisions. But to date (before HP2024)
it has been difficult to find and measure jet observables
that are unambiguously dominated by this component.

Physics of energy correlators in jets in vacuum will be mod-
ified in heavy ion collisions, as parton shower is modified.
In some kinematic regimes, this beautiful physics will be
obscured by particles coming from the wake.

If wake can obscure, perhaps in some kKinematic regimes
it can dominate? Not for E2C or projected E3C; they
depend only on R;. Modification of the shower, and wake,
both modify E2C and E3C in same large-R; regime.

If the wake can obscure, perhaps in some kinematic regimes
it can dominate! — Imaging the “shape’” of the wake via
energy-energy-energy correlators!

Long term: use event selection and correlator engineering
to see how wake evolves/dissipates by comparing smaller/larger
collisions, smaller/larger path length.



E2C and E3C in Heavy lon Collisions

Looking for interesting physics

Wake effects appear at large angles
Effects are further enhanced for E3C!

cL\I)-loz é o ' ' ! o = 0102 é ] | | | T T T 1] 3
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**Green (solid diamonds) curve implements unphysical energy loss
A.Rai, Yale University MITP-EEC Workshop 2024



Lessons for Energy Correlators

Hadrons coming from the response of the medium to the
parton shower are a component of what is reconstructed as
a jet in heavy ion collisions. But to date (before HP2024)
it has been difficult to find and measure jet observables
that are unambiguously dominated by this component.

Physics of energy correlators in jets in vacuum will be mod-
ified in heavy ion collisions, as parton shower is modified.
In some kinematic regimes, this beautiful physics will be
obscured by particles coming from the wake.

If wake can obscure, perhaps in some kKinematic regimes
it can dominate? Not for E2C or projected E3C; they
depend only on R;. Modification of the shower, and wake,
both modify E2C and E3C in same large-R; regime.

If the wake can obscure, perhaps in some kinematic regimes
it can dominate! — Imaging the “shape’” of the wake via
energy-energy-energy correlators!

Long term: use event selection and correlator engineering
to see how wake evolves/dissipates by comparing smaller/larger
collisions, smaller/larger path length.



A NEW COORDINATE SYSTEM

For each triplet of particles that contribute to the EEEC,

1) Find the two particles that are separated the most — the
distance between them defines R, .

2) Define (x, y) coordinates such that the origin lies on top of any
one of the two particles from step 1, and the x-axis points in
the direction of the other particle from step 1.

3) Scale all lengths of the triangle formed by the triplet by R,
(equivalently, set R = 1 and rescale the triangle accordingly).

4) Fill the EEEC in bins of the (x, y) coordinates of the remaining
third particle in the triplet

Ex: Equilateral triangles correspond to (X, y) = (2, {/3/2).

y

’
[
.

I

Green points below this line are equivalent to green points
symmetrically above this line

Arjun Kudinoor | 7



Vacuum

anti-k; jets, R =0.8
06<R <07 P

EEEC,,,

_.
Q

_.
<

EEECs IN (x , y) COORDINATES

Vacuum EEEC

140 GeV/e < ijet <240 GeV/e

Pb+Pb with wake EEEC

Full anti-k; jets, R=0.8

Hybrid Model, Wake = ON
140 GeV/c < ijet <240 GeV/c

Hadrons, Inclusive jets )
n=1,06<R <07

EEEC,,,

The wake fills in the phase space
relatively unpopulated in vacuum.
R ";I

Arjun Kudinoor | 8



The Wake on the EEEC

140 GeVic <p_ <240 GeVlc OFF 140 GeVic <p_ <240 GeVic

i @
BN 3-point energy correlator (EEEC) in PbPb:
R o

. —@ - - Striking dependence on the wake.

0.6 <Rp <0.7 —ip Specially manifest in the equilateral region.
then rescaled to 1 ﬁ, _ _ :
» Dominated by jet-wake-wake correlations.
See A. Rai’s poster Bossi et al. - 2407.13818

Daniel Pablos 40 IGFAE - USC


https://arxiv.org/abs/2407.13818

EFFECT EVEN MORE PRONOUNCED IN GAMMA-JETS

Inclusive Jets

jet Selection Criteri Gamma-Jets
Y e electio eria Wake = ON, v - tagged jets 140 GeV/c < pl <240 GeV/c Wake = ON 140 GeV/c < ijet< 240 GeV/c
e Photon p, > 40 GeV anti-k; jets, R = 0.8 anti-k jets, R = 0.8 ’
06<A <07 .- 06<R <07
o Ad . >21/3 ) P - _
Y, Jet © 7 ° .
e ZE <5GeVinanR=04 < ° = I
PY-E A S,
cone around ¥y W = B
L [
o i RETER
wm E m 3
w g w o e
Z q ) w 2
054 05
0.8
Y

What factors contribute to these differences?

e Different jet selection criteria
Inclusive jet events largely contain jets that are roughly back-to-back with other jets that produce

[ J
their own wakes. So, in inclusive jets we have to worry about the effects coming from the wake

of an away-side jet.

Arjun Kudinoor | 15



Lessons for Energy Correlators

Hadrons coming from the response of the medium to the
parton shower are a component of what is reconstructed as
a jet in heavy ion collisions. But to date (before HP2024)
it has been difficult to find and measure jet observables
that are unambiguously dominated by this component.

Physics of energy correlators in jets in vacuum will be mod-
ified in heavy ion collisions, as parton shower is modified.
In some kinematic regimes, this beautiful physics will be
obscured by particles coming from the wake.

If wake can obscure, perhaps in some kKinematic regimes
it can dominate? Not for E2C or projected E3C; they
depend only on R;. Modification of the shower, and wake,
both modify E2C and E3C in same large-R; regime.

If the wake can obscure, perhaps in some kinematic regimes
it can dominate! — Imaging the “shape’” of the wake via
energy-energy-energy correlators!

Long term: use event selection and correlator engineering
to see how wake evolves/dissipates by comparing smaller/larger
collisions, smaller/larger path length.



Jets as Probes of QGP

Model calculations enabling key steps...
Disentangling jet modification from jet selection.
Showing that QGP can resolve structure within jet shower.

Identification of new experimental observables, and predic-
tions, that are enabling new experimental measurements
to “see’” the particles originating from jet wakes. Points
the way toward visualizing dynamics of jet wakes in droplets
of QGP and how they hydrodynamize.

Identifying those jet substructure observables that are sen-
sitive to scattering of jet quarks/gluons off QGP quarks/gluons,
“seeing the latter a la Rutherford, and are not sensitive to
particles coming from the wake.

Next several years will be the golden age of HIC jet physics:
SPHENIX, LHC runs 3 and 4, new substructure observ-
ables. Many theoretical and experimental advances are
whetting our appetite for the feast to come.

We can learn about the microscopic structure of QGP, and
the dynamics of rippling QGP.



Identifying Jet Observables

with which to “See” the
Short-Scale Structure of QGP

Krishna Rajagopal
MIT

with
Zach Hulcher (Stanford)
Dani Pablos (INFN Torino)



why Moliere scattering?
why add to Hybrid Model?

QGP, at length scales O(1/T), is a strongly coupled liguid.
Flow, and jet observables sensitive to parton energy loss,
are well-described (eg in hybrid model) in such a fluid,
without quasiparticles.

At shorter length scales, probed via large momentum-
exchange, asymptotic freedom — quasiparticles matter.

High energy partons in jet showers can probe particulate
nature of QGP. Eg via power-law-rare, high-momentum-
transfer, large-angle, Moliere scattering

“Seeing” such scattering is first step to probing micro-
scopic structure of QGP.

What jet observables are sensitive to effects of high-momentum-
transfer scattering? To answer, need to turn it off/on.

Start from Hybrid Model — in which any particulate effects
are definitively off! Add Moliere, and look at effects...



Moliere Scattering in a brick of QGP (D’Eramo, KR, Yin, 2019)

[ Power-law-rare medium kicks which can } /I JEWEL LBT\
. . n b b
probe particle constituents of QGP o MARTINI.
’ harder to turn off
Length, L Temp, T \_ Y

D’Eramo et
k al., 2019
X

Y
QGP Brick

- Sufficiently hard scattering should be perturbative. Tree-Level 2-2
massless scattering

« High p; particle can be deflected, changing its energy and direction. | amplitudes

* Recoiling particle, k,, a new particle to be quenched
« Thermal particle, k;, from BE/FD distribution, removed from medium.

[0%e) 2T L 2
dep (M
) f dky np (kp)[1 £ np (k)] J zfl g4|
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p/T

Results (for a QGP brick)
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1x10714 0

0 0.5 1 1.5 2 2.5 3

6
50 1x10
40 1x108
30
\ 1x10-10
20
-12
10 1x10
0 V 1x10-14
0 0.5 1 1.5 2 25 3

Incoming gluon, p;,, = 20T,L = 15/T Incoming gluon, p;, = 100T, L =15/T
«  Excluding i > 10 m3 not a simple curve on this plot, but effects visible

- Restricting to 1, £ > 10 m% excludes soft scatterings; justifies assumptions made in
amplitudes; avoids double counting. Can vary where to set this cut...

« Analytical results — fast to sample

« Apply at every time step, to every rung, in every shower, in Hybrid Model Monte Carlo....
And, if a scattering happens, two subsequent partons then lose energy a la Hybrid



Gaussian Broadening vs Large Angle Scattering

Elastic scatterings of exchanged momentum ~m,,

—> (Gaussian broadening due to multiple
soft scattering

At strong coupling, holography predicts Gauss

broadening without quasi-particles (eg: N=4 1}

SYM)

3

T[EF(%) \/ITS
r

1/N dN/dkr

P(k,)~exp (— ﬁki) § =

qL”

Adding this in hybrid model (C-S et al 2016)

10-°

yielded little effect on jet observables. 0.1

Today, Bayesian inference from hadron R, data
indicates P(k,)~K T3 with K~ 2 — 4 . This need
not have anything to do with quasiparticles.
* Add Moliere scattering with momentum

exchanges > my, ; here, a = 10 and 80 GeV
incident jet parton

100

g

L 1L R

L=31fm, £ =80 GeV

) | T
a=10,T =03 GeV Eﬁ ﬁ%m |
3 1

i i
K =0 & Moliere —=— g
K =2 & Moliere —=—i - .
K = 4 & Moliere ——d o ooo 3
K=2r—e— E
K=4r—e—
M|
1 10
kr [GeV]




Perturbative Shower ... Living in Strongly Coupled QGP

« High Q* parton shower up until
hadronization described by DGLAP
evolution (PYTHIA).

«  For QGP with T~Ay¢p, the medium
interacts strongly with the shower.

« Energy loss from holography:

Casalderrey-
Solana et al.,

2016

Energy and momentum conservation =——» deposit hydrodynamic wake in QGP liquid

utp, Ho Dy
() s(2)] |

dAN 1
prdprdpdy  (2m)3 J vdxdydnsmyrcosh(y —ns)




Adding Moliere Scattering to Hybrid Model

« High Q* parton shower up until
hadronization described by DGLAP
evolution (PYTHIA).

«  For QGP with T~Ay¢p, the medium
interacts strongly with the shower.

« Energy loss from holography:

Energy and momentum conservation =——=> activate hydrodynamic modes of plasma

utp, UbDy
f<Tf+5T>_f< Iy ) } 9

dAN 1
prdprdpdy  (2m)3 J vdxdydnsmyrcosh(y —ns)




p(r) (PbPb/pp)

Jet Shapes and Fragmentation Functi

0.5

anti-ky R = 0.4, pi§* > 100 GeV

- PbPb, /5 = 5.02 ATeV, 0-5%

a=10

No Elastic, No IVVa.ke ]
New Elastic, No Wake ]
No Elastic, With Wake s -
New Elastic & Wake ]

0.8 1

1/Niets dN/dz (PbPb/pp)

—_
ot
T

—_

[ anti-ky R = 0.4, g’ > 100 GeV
- PbPb, /5 =5.02 ATeV, 0-5%

a=10

No Elastic, No Wake w1
New Elastic, No Wake .
No Elastic, With Wake mmmm ]
New Elastic & Wake 1

~—

|

0.01

0.1

z

= Elastic scattering effects look very similar to wake effects, but smaller.

Moliere scattering transfers jet energy to high angle and lower momentum
fraction particles. So does energy loss to wake in fluid.

In these observables, effect of Moliere looks like just a bit more wake.

In principle sensitive to Moliere, but in practice not: more sensitive to wake.

Moliere effects are even slightly smaller if @, £ > a m3 with a=10.

What if we look at groomed observables? Less sensitive to wake...



1/NdN/dR4 (PbPb/pp)
o © = = e
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Three “groomed” gamma-Jet Observables: R, Girth,
and angle between standard and WTA axes

GO

— . . . . . . 2 . .
L I I No Elastic, INo Wake mmm | - I I l\ITo Elastic, No ]VVa.ke .
L With Elastic, No Wake 4 With Elastic, No Wake ]
L No Elastic, With Wake s | L No Elastic, With Wake . |
- With Elastic, With Wake mwm a 15 With Elastic, With Wake mmmm
Zot = 0.2, 3 =0 & L ]
> I
L _ (sl L
o
A I
= 1
$ i
: |z
/3 =5.02 ATeV, 0-30% 5 0 V8 =5.02 ATeV, 0-30%
i = 05 - .
- pp > 100 GeV, Ag > 27 /3 : - pj> 100 GeV, A¢ > 21/3
| z; > 0.4, anti-ky R=0.2 | - z7 > 0.4, anti-kp R=0.2
L | L L | L | s 1 L ' | L L ! L 0 L 1 L 1 L | L | L
0 0.05 0.1 0.15 0.2 0 0.02 0.04 0.06 0.08 0.1
2‘5 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
L i No Elastic, No Wake mmmm |
All show much less sensitivity to : With Elastic, No Wake ]
2 L No Elastic, With Wake . _

wake: R=0.2; Moliere scattering
shows up; effects of Moliere and
wake are again similar in shape,
but here effects of Moliere are
very much dominant.

- /s =5.02 ATeV, 0-10% With Elastic, With Wake mess |
- 40 < ph < 200 GeV, A¢ > Tr/8 1

15 | 30 < " < 120 GeV, anti-kp R=0.3

1/NdN/dARwta (PbPb/pp)

0 P 1 P S B ST S 1 TR P TR |

0 0.05 0.1 0.15 0.2 0.25 0.3
ARV\FTA
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1/NdN/dR4 (PbPb/pp)
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Gamma-Jet Observables:

R_q and Girth

- pp > 100 GeV, Ag > 27 /3
| z; > 0.4, anti-ky R=0.2

L ' No Elllasigic, INo I\Vai{e — ]
L With Elastic, No Wake
No Elastic, With Wake s |

- Zeut — 02, ,3 = 0 Wlth ElaStlc, Wlth Wake | |

/5 = 5.02 ATeV, 0-30%

1 L L L L 1 L L L L 1

0.05

All show much less sensitivity to
wake: R=0.2; Moliere scattering
effects are very much dominant.

But why is Raa below 1?7 Selection
bias! With x,>0.4 selection,
missing too many of the most
modified jets.

2 . .
- | | l\ITo Elastic, No ]\Va.ke -
4 With Elastic, No Wake ]
L No Elastic, With Wake . |
- E 15+ With Elastic, With Wake mmmm
& I ]
> I
4 Ay L
I
A I
- 1
$ I
] 3
= | /s=5.02 ATeV, 0-30%
= oo5 §
8 - pj> 100 GeV, A¢ > 21/3
| zy > 0.4, anti-kr R=0.2
0 I L | | | | L |
0.2 0 0.02 0.04 0.06 0.08 0.1
g
2 T T T L D L
- No Elastic, No Wake mmmmm
Ally With Elastic, No Wake _
L No Elastic, With Wake |
L5 With Elastic, With Wake s
- Vacuum ]
& I
=3
~ L ]
%r LE VE =5.02 ATeV, 0-30% -
z ph > 100 GeV, Ad > 27/3 |
- pr > 10 GeV, anti-kr R=0.21
0.5 -
0 I - -

g
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1/NdN/dRy (PbPb/pp)
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Gamma-Jet Observables: R, and Girth, with x,>0.1

['s}

o

T T — T T T T T T T 2 T T T T T '
L No Elastic, No Wake mmmm | 3 No Elastic, No Wake -
L With Elastic, No Wake 4 With Elastic, No Wake ]
L No Elastic, With Wake . | L No Elastic, With Wake .
= With Elastic, With Wake wmss o 15 - With Elastic, With Wake mmmmm -
Zeut = 0.2, 3 =0 Lo
3 I
i Ay L
o]
£ I
<1
<
S
/s =5.02 ATeV, 0-30% | = o | /3 = 5.02 ATeV, 0-30% :
- ph> 100 GeV, A¢ > 21/3 . T L ph> 100 GeV, Ag > 21/3 ]
25> 0.1, anti-ky R=0.2 | -z > 0.1, anti-kp R=0.2
' 1 L L L L | 1 1 L 1 | L L L L 0 L | L | L | L | L
0.05 0.1 0.15 0.2 0 0.02 0.04 0.06 0.08 0.
R, g
2 L L L L L I R B B
- Al No Elastic, No Wake mmmmm |
i i i 7 With Elastic, No Wake ]
Oln previous slides, Rg and Girth _ N Blantie itk Woke, |
with xJ>0.4: missing the most L5 With Elastic, With Wake s 1
. . i Vacuum ]
modified jets. Here, xJ>0.1. g
1] [ L] \ B 1
Moliere scattering important, and S 10 V& =5.02 ATeV, 0-30% -
= y ]
causes RAA >1 . = pp > 100 GeV, Ag > 27/3 _
L pr > 10 GeV, anti-kr R=0.21
0.5 - -
Selection bias reduced (cf ’
Brewer+Brodsky+KR); some 0ol -

L '0.5""1""1.5" 2 Y
effects of wake visible. z



1/NdN/dRy (PbPb/pp)
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Gamma-Jet Observables:

R, and Girth, with x;>0.8

L ' No Elllasflsic, INo I\Vai{e — ]
L With Elastic, No Wake
No Elastic, With Wake . |

i Zat = 0.2, 8=0 With Elastic, With Wake s

/s =15.02 ATeV, 0-30%

py > 100 GeV, A¢g > 27/3

|z > 0.8, anti-k7 R=0.2

o

0.05

On previous slides, Rg and Girth
with xJ>0.4: missing the most
modified jets. Here, xJ>0.8.
Selection bias increased.

Moliere scattering still important,
and but selection bias so strong
that it does not yield Raa >1.

1/NdN/dg (PbPb/pp)

1/N,dN/dz

With Elastic, No Wake

No Elastic, With Wake s |
With Elastic, With Wake s

l\ITo Ela.s’;ic, No ]\Va.ke — ]

0.5

V8 =5.02 ATeV, 0-30%
pp > 100 GeV, Ag > 21/3
zy > 0.8, anti-kr R=0.2

1 L 1 L 1 L 1

0.02 0.04 0.06 0.08

0.5

All y With Elastic, No Wake

No Elastic, With Wake s |
With Elastic, With Wake s 7

Vacuum

/5 = 5.02 ATeV, 0-30%

INo'Elva.stlic, INOIWé.keK — 1

vl > 100 GeV, A > 21/3 |
pr > 10 GeV, anti-kr R=0.21

zg

2.5
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Gamma-Jet Observables:

R, and Girth, with x;>0.4

/s =5.02 ATeV, 0-30%
- pp > 100 GeV, Ag > 27 /3
| z; > 0.4, anti-ky R=0.2

L ' No Elllasigic, INo I\Vai{e — ]
L With Elastic, No Wake
No Elastic, With Wake s |

- Zeut — 02, ,3 = 0 Wlth ElaStlc, Wlth Wake | |

1 L L L L 1 L L L L 1

0.05

All show much less sensitivity to
wake: R=0.2; Moliere scattering
effects are very much dominant.

But why is Raa below 1?7 Selection
bias! With x,>0.4 selection,
missing too many of the most
modified jets.

2 . .
- | | l\ITo Elastic, No ]\Va.ke -
4 With Elastic, No Wake ]
L No Elastic, With Wake . |
- E 15+ With Elastic, With Wake mmmm
& I ]
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4 Ay L
I
A I
- 1
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] 3
= | /s=5.02 ATeV, 0-30%
= oo5 §
8 - pj> 100 GeV, A¢ > 21/3
| zy > 0.4, anti-kr R=0.2
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g
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Ally With Elastic, No Wake _
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z ph > 100 GeV, Ad > 27/3 |
- pr > 10 GeV, anti-kr R=0.21
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1/NdN/dRy (PbPb/pp)
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Gamma-Jet Observables: R, and Girth, with x,>0.1
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/s =5.02 ATeV, 0-30% | = o | /3 = 5.02 ATeV, 0-30% :
- ph> 100 GeV, A¢ > 21/3 . T L ph> 100 GeV, Ag > 21/3 ]
25> 0.1, anti-ky R=0.2 | -z > 0.1, anti-kp R=0.2
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0.05 0.1 0.15 0.2 0 0.02 0.04 0.06 0.08 0.
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Oln previous slides, Rg and Girth _ N Blantie itk Woke, |
with xJ>0.4: missing the most L5 With Elastic, With Wake s 1
. . i Vacuum ]
modified jets. Here, xJ>0.1. g
1] [ L] \ B 1
Moliere scattering important, and S 10 V& =5.02 ATeV, 0-30% -
= y ]
causes RAA >1 . = pp > 100 GeV, Ag > 27/3 _
L pr > 10 GeV, anti-kr R=0.21
0.5 - -
Selection bias reduced (cf ’
Brewer+Brodsky+KR); some 0ol -
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effects of wake visible. z



Summary

e Groomed jet radius and girth measured in y+jet events in pp and PbPb
»|_eading recoill jet from p1 >

x,; > 0.4 (w/ guenched jets):

no narrowing observed

X, > 0.8 (less quenched |ets):

narrowing is restored

CMS  PbPb1.7nb’ pp301pb' (5.02 TeV) CMS PbPb 1.7 nb", pp 301 pb’ (5.02 TeV)

: i . ) ° + Data : B T T T T | T T T ]

- Centrality: 0-30% Hybrid model, L =0 - 1.6~ Centrality: 0-30% - I[—)Iag% id model, L_=0 -

0| 1.4-Softdropz =0.2 = Elastic, no wake®s — o - 7 Ely k s N

Sl cut — = Elastic, wake ] L|o 1.4 Softdropz =02« astic, no wake™ —

T - cut - = Elastic, wake ]

_ B=0 No elastic, no wake - i o B 7

1.2~ == No elastic, wake - 1.2 - P=0 Ng glggﬂgs \r/]v%lz\éake —

— ] — — —_ bbbl ) :

1_ —— T ! _; ] s —

- | e o o - , =

- , § e e ree R e o8 005 L OO LU -

0.8—M,l<1.44 FT — : e .

- 0.6 | o -

- <2 p! > 100 GeV - - e

06 o i w 04__ P > 100 GeV ]

PLAp >21/3 pp’ > 0.4 | i . ]

[ Tvet TUT - - A >2m/3  p'pl>0.8 -

| | | | | | | ] | | | | | | I | | | | 0.2_ »Y,Jet T T ]

0 0'05 0'1 0'1.5 . 0'2 B | | | | | | | | | | | | | | | | | | | |
Groomed jet radius Rg 0 0.05 0.1 0.15 D

0
CMS, arXiv:2405.0273 Groomed jet radius Rg

Matthew Nguyen for CMS Jet shower width & survival bias w/ gamma-jets

100 GeV photons studied for two selections:

10


https://arxiv.org/abs/2405.02737

y-jet substructure, prospects

PbPb
PP

xJ>0.4
CMS PbPb 1.7 nb™", pp 301 pb™ (5.02 TeV)
I 1 —T r r r T T r Tt T 1
I _{ i:‘ —¢— Data
16k p;>100 GeV, p_; >04 * | Elastic L,_=0, no wake _
F Inl<1.44, h\jet' <2 A | Elastic L =0, wake
1.4 Ao >2r No elastic L =0, no wake
i viet 3 ® | No elastic L__=0, wake
Softdropz =0.2,=0 -
1.2 et Centrality: 0-30% —
L
1 I
0.8 — —
0.6 =
N L ) 1 1 N 1 | L i | L ) 2 M i
0 0.05 0.1 0.15 0.2

Groomed jet radius Rg

The survivor bias can be fully suppressed when x; — 0
(the model has a strong survivor bias down to xJ=0.1)

Since low jet pr is limited by detector effects, such zero bias limit
can be achieved by increasing the energy of the photons

|deally, simultaneous measurement of xy and substructure ,current

results are statistically limited

25

CMS-PAS-HIN-23-001



1.2

1/NietsdN/(dRg/R) (PbPb/pp)

Gamma-Jet Observables with p;¥ >150 GeV:
R, and Girth, with x;>0.2

/5 = 5.02 ATeV, 0-30%
g > 150 GeV, A¢ > 2n/3
(z7 > 0.2, anti-kp R=0.2

L With Elastic, No Wake i

No Elasilsic, No IVVa.ke — |

No Elastic, With Wake . |

Zout = 0.2, B =0 With Elastic, With Wake s

0

0.2 0.4 0.6 0.8 12
R,/R

On previous slides, pt¥>100 GeV;,
here, pt¥ >150 GeV.

Means x,>0.2 corresponds to
pret>30 GeV. And, no need to go
down to x,>0.1.

Moliere effects substantial;
selection bias reduced; wake
effects negligible.

1/NdN/dg (PbPb/pp)

1/N,dN/dz

—
(24
— T

—_
T L —

0.5

/5 = 5.02 ATeV, 0-30%

pp > 150 GeV, Ag > 21 /3

zy > 0.2, anti-kr R=0.2

l\lTo Elasflsic, No I\Vake — ]

With Elastic, No Wake

No Elastic, With Wake s |
With Elastic, With Wake s

0.02

0.04

0.06 0.08

0.1

0.5

All 5

Il\To'El'a.stlic, INOIWé.ké — 1

With Elastic, No Wake

No Elastic, With Wake s |
With Elastic, With Wake s 7

Vacuum

/5 = 5.02 ATeV, 0-30%

vl > 150 GeV, Ag > 21/3 |
pr > 30 GeV, anti-kr R=0.2

zg
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1/NjetsdN/d(Rg/R) (PbPb/pp)
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Gamma-Jet Observables with p;¥ >150 GeV:
R, and Girth, with x;>0.4

_\/E = 5.02 ATeV, 0-30%
—p} > 150 GeV, A¢ > 27/3

| No Elastic, No |VVake |
L With Elastic, No Wake
s No Elastic, With Wake
= With Elastic, With Wake mmmm

z7 > 0.4, anti-k7 R=0.2

0

0.2 0.4 0.6 0.8
(Bg/R)

On previous slides, pt¥>100 GeV;,
here, pt¥ >150 GeV.

Means x,>0.4 corresponds to
pret>60 GeV.

Moliere effects substantial;
selection bias significant; wake
effects negligible.

1/NdN/dg (PbPb/pp)

1/N,dN/dz

o
<

15 |

0.5

—_
ot

With Elastic, No Wake

No Elastic, With Wake s |
With Elastic, With Wake s -

l\lTo Elastlic, No |VVake — ]

—_
T L

Vs = 5.02 ATeV, 0-30%
pt > 150 GeV, A¢ > 27 /3
z7 > 0.4, anti-kp R=0.2

0.02 0.04 0.06 0.08

All y With Elastic, No Wake

No Elastic, With Wake s |
With Elastic, With Wake s 7

Vacuum

/5 = 5.02 ATeV, 0-30%

Il\To'El'a.stlic, INOIWé.ke’ — 1

vl > 150 GeV, Ag > 21/3 |
pr > 30 GeV, anti-kr R=0.2

0.5 1 1.5 2
zg

2.5



1/NietsdN/d(Rq/R) (PbPb/pp)

1.2

Gamma-Jet Observables with p;¥ >150 GeV:
R, and Girth, with x;>0.8

No Elastic, No IVVa.ke |
With Elastic, No Wake i
No Elastic, With Wake |

With Elastic, With Wake s

[\/s = 5.02 ATeV, 0-

0

o i
_4pT>150 GeV, Ad)>27r/3 —
(x5 > 0.8, anti-kr R=0.2 |
| L | L | | L
0.2 0.4 0.6 0.8 12
(Rq/R)

On previous slides, pt¥>100 GeV;,
here, pt¥ >150 GeV.

Means x,>0.8 corresponds to
pret>120 GeV.

Moliere effects substantial;
selection bias dominant; wake
effects negligible.

1/NdN/dg (PbPb/pp)

1/N,dN/dz

2 ; . .
- | | l\lTo Elastic, No IVVa,ke -
I With Elastic, No Wake ]
L No Elastic, With Wake s |
L5 I With Elastic, With Wake s
N
0 - /8 =5.02 ATeV, 0-30%
b B
- pph > 150 GeV, A¢ > 21/3
- x5 > 0.8, anti-kp R=0.2
0 I | L | L | | |
0 0.02 0.04 0.06 0.08 0.1
g
2 T T T T T T T T T T T T T T T T T
- No Elastic, No Wake mmmmm |
All y With Elastic, No Wake _
L No Elastic, With Wake s |
1.5 i With Elastic, With Wake s 7
Vacuum
1] /5 = 5.02 ATeV, 0-30% -
ph > 150 GeV, A¢ > 21/3 1
- pr > 30 GeV, anti-kp R=0.21
0.5 .
0 [ -

1.5 2
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1.2

1/NietsdN/(dRg/R) (PbPb/pp)

Gamma-Jet Observables with p;¥ >150 GeV:
R, and Girth, with x;>0.2

/5 = 5.02 ATeV, 0-30%
g > 150 GeV, A¢ > 2n/3
(z7 > 0.2, anti-kp R=0.2

L With Elastic, No Wake i

No Elasilsic, No IVVa.ke — |

No Elastic, With Wake . |

Zout = 0.2, B =0 With Elastic, With Wake s

0

0.2 0.4 0.6 0.8 12
R,/R

On previous slides, pt¥>100 GeV;,
here, pt¥ >150 GeV.

Means x,>0.2 corresponds to
pret>30 GeV. And, no need to go
down to x,>0.1.

Moliere effects substantial;
selection bias reduced; wake
effects negligible.

1/NdN/dg (PbPb/pp)

1/N,dN/dz
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0.5

/5 = 5.02 ATeV, 0-30%

pp > 150 GeV, Ag > 21 /3

zy > 0.2, anti-kr R=0.2

l\lTo Elasflsic, No I\Vake — ]

With Elastic, No Wake

No Elastic, With Wake s |
With Elastic, With Wake s
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With Elastic, No Wake

No Elastic, With Wake s |
With Elastic, With Wake s 7

Vacuum

/5 = 5.02 ATeV, 0-30%

vl > 150 GeV, Ag > 21/3 |
pr > 30 GeV, anti-kr R=0.2

zg
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Gamma-Jet Observables with p¥ >150 GeV and R=0.4:
R, and Girth, with x;>0.2

1.8 T T T T T T 2 T T T T T T
I No Elastic, No Wake mmmm | - No Elastic, No Wake s
= 16 With Elastic, No Wake i With Elastic, No Wake ]
& L No Elastic, With Wake mmmm | L No Elastic, With Wake mmmm |
A 14t With Elastic, With Wake s | o L5 With Elastic, With Wake mmm -
ﬁ _Zcut:0‘2,5:0 b :g* : ]
12t ] A, I
< E
S 2
= 05 | %
T 98 [5 = 5.02 ATeV, 0-30% 1 2 | veEEoR AT, 030% -
39’ 0.6 [ph > 150 GeV, A > 21/3 - . - pp > 150 GeV, Ag > 21/3 1
T o4 [#7 > 02, anti-ky R=0.4 | - zy > 0.2, anti-ky R=0.4
L | L | L | L | L 0 s | L | L | L | L
0 0.2 0.4 0.6 0.8 12 0 0.02 0.04 0.06 0.08 0.1
(Rq/R) g
2 L A B T T T T
- Al No Elastic, No Wake mmmmm |
i i > v With Elastic, No Wake ]
O.n previous slides, pt¥ >150 GeV _ _ NS _
with R=0.2. Here, R=0.4, so that L5 With Elastic, With Wake s
. Vacuum ]
we can “catch” more wake, with g |
L] L] " \ [ 1
little selection bias. SR V5 =502 ATeV, 0-30% 1
= _ pp > 150 GeV, Ap > 27/3
. .- 1. - pr > 30 GeV, anti-kr R=0.41
Moliere effects substantial; 05 | :
selection bias reduced; wake :
effects significant. ol o v v L e Y. ‘
0.5 1 1.5 2 2.5

Ty



1/NjetsdN/d(Rg/R) (PbPb/pp)

1.2

Gamma-Jet Observables with p;¥ >150 GeV and R=0.6:
R, and Girth, with x;>0.2

L No Elasilsic, No IVVake — |
L With Elastic, No Wake i
No Elastic, With Wake s |

Zew =0.2,8=0 With Elastic, With Wake mwm |

/s = 5.02 ATeV
- > 150 GeV, A¢ > 2r
27 > 0.2, anti-kr R=0.6

0 0.2 0.4 0.6 0.8 12

(Rg/R)

On previous slides, pt¥>150 GeV
with R=0.2. Here, R=0.6, so that
we can “catch” even more wake,
with little selection bias.

Moliere effects substantial;
selection bias reduced; wake
effects enormous, and as in
Brewer+Brodsky+KR.

1/NdN/dg (PbPb/pp)

e
o

1/N,dN/dz

15 |

0.5

—_
ot

l\IIo Elastic, No IVVa,ke |
With Elastic, No Wake ]
No Elastic, With Wake s |
With Elastic, With Wake

—_
T | —

ﬁW

pp > 150 GeV, Ag > 21/3
zy > 0.2, anti-k7 R=0.6

0.02 0.04 0.06 0.08 0.1

| l lNo Elastic, NoIWake ]
With Elastic, No Wake ]
No Elastic, With Wake s |
With Elastic, With Wake mmm

Vacuum

All 5

/5 = 5.02 ATeV, 0-30% 1
ph > 150 GeV, A¢ > 27/3 1
pr > 30 GeV, anti-kr R=0.6

0.5 1 1.5 2 2.5
Ty



Gamma-Jet Observables with p;¥ >150 GeV and R=0.6:
R, and Girth, with x;>0.8

18 T T T T T T 2 T T T T T
L No Elastic, No Wake mmmm | - No Elastic, No Wake mmmm |
= 16 With Elastic, No Wake - With Elastic, No Wake ]
& L No Elastic, With Wake | L No Elastic, With Wake |
i 1.4 F With Elastic, With Wake s | a 15| With Elastic, With Wake mmms
8 Zew =0.2,8=0 | & ]
3 I
12t . A :
s i ] ~ !
S o !
S o
S o8] | 5
= T [/5=5.02 A z os | /52502 ATeV, 0-30% 1
3 I >~ 0.5 1
g 0.6 tp} > 150 GeV, A¢p > 273 . : pg > 150 GeV, A¢ > 21 /3 1
— 04 (27 > 0.8, anti-kr R=0.6 i - z7 > 0.8, anti-ky R=0.6
L | | | 1 | L | L 0 L 1 L | L 1 L 1 L
0 0.2 0.4 0.6 0.8 R 0 0.02 0.04 0.06 0.08 0.
(RQ/R) g
2 I e e I NS B B
- Al No Elastic, No Wake mmmm |
H H v With Elastic, No Wake
Yy > I 1 ’ ]
O.n previous slides, pt¥ >150 GeV _ No Plaotis, With Wole _
with R=0.2. Here, R=0.6. But, L5 With Elastic, With Wake s
y . . - i Vacuum
we’ve turned the selection bias g
~—~ - i
back ON. Z 1t V5 = 5.02 ATeV, 0-30% -
g _ ph > 150 GeV, A¢ > 2r/3
. . - 1. - pr > 30 GeV, anti-kr R=0.6
Moliere effects still substantial; 05 1
selection bias dominant; wake I
effects greatly reduced, as in 0 e s

Brewer+Brodsky+KR. 25



Jet axis difference

Studying the jet axis decorrelation, which is the angular difference between the WTA and E-Scheme jet axes

WTA axis = direction of leading energy flow in jet E-Scheme axis = direction of average energy flow in jet

Aj = \/(nE—Scheme — nWTA)2 4 (¢E—Scheme — pWTA)?2

Photon-jet schematic Hybrid model prediction

No Elastic, No Wake s |
With Elastic, No Wake

WTA Aj

N\
\ Saf No Elastic, With Wake wes
< | b0z Aley, (5105 With Elastic, With Wake s
=9 60 < py. < 200 GeV, A¢ > 27/3
&= 5 30 <pt <100 GeV, anti-ky R=0.3
—
ES I
T
=
<
= 5
photon =
Z. Hulcher, D. Pablos, K. Rajagopal: arXiv:1405.3864
0 L ! L L | ! L L | i
0 0.05 0.1 0.15 0.2 0.25 0.3
Aj

Potentially sensitive to elastic scattering effects in the QGP
Photon tags hard scattering energy and constrains the quark/gluon fraction of recoiling jets

i Molly Park 4 HP 2024

CMS



https://arxiv.org/abs/1405.3864

» Data agrees well with Jewel and with

Result: Aj shape ratio theory comparison

30 < p’** < 60 GeV

PbPb / pp

30 < p'** < 60 GeV
CMS Prel/m/nary

PbPb 1 69 nb”", pp 302 pb” (5.02 TeV)

T T ‘
355 30<p <60GeV 60<p ' <100 GeV
- & CMS data + 60 <p) <200 GeV
= JEWEL, no recoil ol <1.442 E
[ = JEWEL, recoil hn ot
25 ’ s Aq) >3h]|<16 ,
E I PYQUEN = antl k;R=03
2L = PYQUEN, wide angle T
1.51
1;—¢7:F’ e e e e e
0.5
u Cent. 0-10% T Cent. 0-10%
07\\\\\\\ | R | T ool | R

0.01 Aj 0.1 0.01 A] 0.1

Jewel, recoil: medium recoil particles included and subtracted
: medium recoil particles ignored
Pyquen: baseline model of jet quenching

Pyquen, wide angle: additional wide angle gluon radiation

* Pyquen overpredicts broadening effects

PbPb / pp

CMS Preliminary
30 <p' <60 GeV

PbPb 1 69 nb", pp 302 pb” (5 02 TeV)

60<p ' <100 GeV

- CMS data

60 < p”T <200 GeV

3 HYBRID, no elastic, no wake 'l < 1.442 E

o5 == HYBRID, no elastic, wake Aq) > 23n mJetl <16 ]
HYBRID, elastic, no wake ]
antl k;R=0.3

2 B HYBRID, elastic, wake
1.5

1 ,,,,,,,,,,,,,,,
0.5

Cent. 0-10% Cent. 0-10%
- P p———

| “0‘.01 | A] = 01 | - ‘0.01 Aj 0.1

610-1Z-NIH-SVd ‘SIND

: strongly-coupled model of jet quenching

Hybrid, no elastic, wake: conservation of energy imposed

: scattering from medium particles

Hybrid, elastic, wake: conservation of energy + scattering within medium

with elastic scattering effects

« Shapes are relatively insensitive to wake affects, which appear to mostly affect the overall jet yield

Molly Park

30

CMS
HP 2024 |


https://cds.cern.ch/record/2904759?ln=en

Seeing Through Jet Wakes

Identifying observables that are insensitive to jets’ wakes
lets us see effects of elastic Moliere scattering of jet par-
tons off medium partons in the perturbative regime.

Rg, girth, leading k7, WTA axis, D or B mesons within jets.

Can “engineer”’ R; and girth observables in y+4jet events
to reduce (enhance) selection bias by selecting with z; >
a low (high) threshold. When selection bias is reduced,
elastic scattering yields Raa > 1.

Can also “engineer” these observables to reduce (enhance)
effects of the wake by choosing small (large) R jets.

Need to make sure models and measurements have same
selection bias, which is to say for ~-jet observables need
to make sure we have same z;, distribution.



Seeing Through Jet Wakes

Identifying observables that are insensitive to jets’ wakes
lets us see effects of elastic Moliere scattering of jet par-
tons off medium partons in the perturbative regime.

Rg, girth, leading k£, WTA axis, D or B mesons within jets.

Impressive new experimental measurements. At HP2024,
and coming soon. More than I had time to show.

Modification of inclusive subjet observables (number, and
angular spread, of subjets within inclusive jets) are espe-
cially sensitive to elastic scattering. And are unaffected by
the wake. They reflect what it is that makes the effects
of scattering different from those of the wake.

Now enough different substructure measurements and hy-
brid model calculations of observables that are sensitive to
elastic scattering and resolution length (and insensitive to
wake) that a Bayesian study is motivated.

All these observables may also be influenced by other ways
in which jet shower partons “see” particulate aspects of
QGP. That'’s great!



Inclusive Jets within Inclusive Jets: Inclusive Subjets

1. Reconstruct jet with R=0.6

2. Recluster each jet’s particle
content into subjets with R=0.15

1/Njets dN/dnSubJ
o o
e

|||||||||||||

vvvvvvvvvvvvvvvvvv

No Elastic, No Wake s ]
New Elastic, No Wake .
No Elastic, With Wake mmm ]
New Elastic & Wake mmm
Vacuum ]

anti-kp R = 0.4, pi* > 100 GeV —
PbPb, /s = 5.02 ATeV, 0-5%

Rs =01

8ubJ

Moliere scattering visible as increase in number of subjets; no
such effect coming from wake at all.

Moliere scattering also yields more separated subjets...

These observables are directly sensitive to “sprouting a new
subjet” the intrinsic feature of Moliere scattering which makes it

NOT just a bit more wake.




Inclusive Subjets

1. Reconstruct jet with R=0.4

2. Recluster each jet’s particle
content into subjets with R=0.1

|No Elastilc, No Walée —
New Elastic, No Wake

No Elastic, With Wake

New Elastic & Wake

Vacuum

anti-kr R = 0.4, pjiﬁt > 100 GeV
PbPb, /s =5.02 ATeV, 0-5%

1/Njets dN/d((As/R)) (PbPb/pp)

Rg=0.1 _f
P R S S S Lo L L L L ]
2 3 4 5 B 8
NSubJ Whlch
Qisrr,. ey
L o e e T T ) T ' T St,-/b y
No Elastic, No Wake ar, [ No Elastic, No Wake Ufed
[ New Elastic, No Wake ™~ [ With Elastic, No Wake -/
2:5 ' No Elastic, With Wake s & 25 'No Elastic, With Wake s a=4 ]
[ New Elastic & Wake mmmmm i With Elastic & Wake s ]
2 b 1 & 2° .
: Rs=0.1 anti-kr R = 0.4, pi* > 100 GeV ] 5 : Rg=0.1 anti-kr R = 0.4, gt > 100 GeV |
1.5 PbPb, /s = 5.02 ATeV, 0-5% 41 =15 PbPb, /s = 5.02 ATeV, 0-5%
B ] i ]
| L E '
| —_— |
0.5 | 1 Zosf .
0 | | 1 | | | L | 0 | | | |




Jets as Probes of QGP

Model calculations enabling key steps...
Disentangling jet modification from jet selection.
Showing that QGP can resolve structure within jet shower.

Identification of new experimental observables, and predic-
tions, that are enabling new experimental measurements
to “see’” the particles originating from jet wakes. Points
the way toward visualizing dynamics of jet wakes in droplets
of QGP and how they hydrodynamize.

Identifying those jet substructure observables that are sen-
sitive to scattering of jet quarks/gluons off QGP quarks/gluons,
“seeing the latter a la Rutherford, and are not sensitive to
particles coming from the wake.

Next several years will be the golden age of HIC jet physics:
SPHENIX, LHC runs 3 and 4, new substructure observ-
ables. Many theoretical and experimental advances are
whetting our appetite for the feast to come.

We can learn about the microscopic structure of QGP, and
the dynamics of rippling QGP.



BACKUP SLIDES



Previous measurement in inclusive jets

Studying the jet axis decorrelation, which is the angular difference between the WTA and E-Scheme jet axes
WTA axis = direction of leading energy flow in jet E-Scheme axis = direction of average energy flow in jet

Aj = \/(nE—Scheme — pWTA)2 4 (¢E—Scheme — pWTA)?2

2 I ALICE ® pp % L ALICE ® pp

T 40F {5 =5.02Tev ® Pb-Pb0-10% ST | (5.=502TeV ® Pb-Pb0-10% -
|§ E  Ch-particle jets, anti-k, Syst. uncertainty |% 40  Ch-particle jets. anti-k; Syst. uncertainty -
—lo 30F = ; g o [ mm - ]
" = jet ] Lo jet
- mooyg | 40<p; <60GeV | ey 60 < p; <80 GeV >
0F R=-02, |7 |<0.7 ] o0k . R=02, |y |<0.7 ] E
jet . jet
L ] [ ] o
10 2 ° 7 L 8 52
[ ] ] -
a C ! " n . . 1 a . ] L ~ . . o EJ‘
0 2F e MATTER+LBT s JEWEL, recoils off ] { 2F e MATTER+LBT s JEWEL, recoils off 3 <
& :\ ...... medium g/g JEWEL, recoilson 1 _;S % :\ ...... medium g/g JEWEL, recoils on -
-A r - p_ broadening - '_ p.. broadening - <
o 1.5 i T ] o 1.5F N T N
1 f— """""" 1 m% """"""""""""""""""""""" 4 |
- : e —— o
05F 05F — 4 [«
i , i ‘ [
£|y 2F —— Hybiid (Les=0) £, 2F — Fyrid Ce=0) ] (@
&l E Hybrid (Lyes = 2/xT) 1 Sle o Hybrid (Les =2/2T) 1 |1
al 1.5m Hybrid (Lrgs = =) al 1.5p Hybrid (Les =) |23
| i T — E 1 oo E
05F 3 0.5 3
0 0.02 004 006 008 0.1 0 0.02 004 006 008 0.1
Aj Aj

Inclusive jet measurements of Aj show signs of narrowing in PbPb compared to pp collisions
In other jet measurements such as R, narrowing in inclusive jets likely due to selection bias

N - CMS
i Molly Park 5 HP2024 |


https://arxiv.org/abs/2303.13347

®

AT Searching for the quasi-particle in QGP

T | T T T T I L} L} T T I T T 1 T | T T  § T I T L} L} T | T
0 —10%, Pb — Pb, \/sxy = 5.02TeV I Hybrid w/ wake

Anti bz oh-particle jos, R = 0.2, .| < 0.7 BHybrid w/ wake + Moliere New publication
60 < ) [ JETSCAPEV3.5 AA22
PT,chjet < SOGQV/C I JEWEL f
- Bl (recoils) - .
I JEWEL (no recoils) arXiv:2409.12837

Pb—Pb/pp

kT = PT, subleading sin AR

AR= /a7 + A5 (R R R

kt g (GeV/c)

» First measurement of the hardest relative transverse jet splitting Bas Hofman 23/09 14:40

» Need well-controlled models baseline from theory to investigate Moliere effects to search quasi-particle in QGP

» Provide new constrain on the microscopic structure and dynamics of the quark—gluon plasma
23/09/24

ALICE highliehts (X. Bai 26



Quenching model comparison (hybrid)

CMS PbPb 1.7 nb”, pp 301 pb' (5.02 TeV) CMS PbPb 1.7 nb”, pp 301 pb™ (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
. 2.2—p! > 100 GeV —¢— Data — i L o ~¢— Data ]
Hybrid: weak+strong coupling 3 otid model, L =0 [ Gentrality: 0-30% Rybrd model,L =0 -
' ' 0 - pL/p>04 Elastic, no waké®® - 9| 1.4—Soft dro =02 s Elastic, no waké®® —
”ﬂOde| Of Jet queﬂChlﬂg aa "7 — = Elastic, wake 1 58 P o - = Elastic, wake ]
1.8 |n|<144|n|<2 . .
al * 7 et No elastic, no wake 1 o - B=0 No elastic, no wake -
1.6—A(p > 21/3 == No elastic, wake . 1.2~ == No elastic, wake ]
— v,jet [ i B B
- i — m% ]
1.ap CMS, arXiv:2405.0273 E s — ¢ -
. — 7 — | } _
Calculations w/o coherence (Lies = 0)  12== : _ e
|3 = os[I<144 — -
e \Wake plays no role for these jet kinematics (R, pr) 08F | v - In, <2 P, > 100 GeV )
O.G;Centrality: 0-30% . _—_ 06_ A(p'Y et > 275/3 pj_?t/pi > 04 - _
" " " B | | | | | | | | | | | | | | | | | | | N B | | | | | | | | | | | | | | B
e Elastic scattering improves agreement w/ model 5 505 .04 006 .08 01 ; S OE K RS 55
Jet girth g Groomed jet radius Rg
CMS PbPb 1.7 nb , pp 301 pb™ (5.02 TeV) CMS PbPb 1.7 nb™, pp 301 pb™ (5.02 TeV)
[ | | | | | | | I | B | | | | | | | | | | | | | | | | | I I h
22 :—pi > 100 éeV + Data = - Centrality: 0-30% o Data -
: C et/ Hybrid model — ‘_ Hybrid model _
Val’ylﬂg COhel’eﬂCe |eﬂgth 2la 25 P; /Py > 0.4 ngerlgs[[?c? neo wake: . 50_1'4_ Softdropz_ =0.2,p=0 ngerllas?co n% wake: _
i Q1.8 _—|T] | < 1.44, |11. | <2 I—res= ©o __ ﬁ Q B : Lres 7
v et S ll:res= 8/(TET) a 1 2—_ant|—kT R=0.2 — ll:res_ 8/(7’[1-) __
- Lres = 0: incoherent limit 16749, i > 213 ™ % E J — = -
1.4 — ﬁL_-___ ' -
| | S - 1= | . ‘% ]
- I_res = 2/(7TT) Intermediate 1-2:_ - B i : § EES R —~
1 : e k- = 0.8 <1.44 =
| E | —] | _—_—_—_
- I—res —> O oM COhereﬂt ||m|t 0.8 ;_an’[i_k_l_ R=02 | § IEI:_ ] B h] | <2 p? > 100 GeV i
- T 0.6/ o 2
0-6Gentrality: 0-30% - - Ae  >2m3 plip > 0.4 -
B | I | | I | | | I ] | | | ] | | ] ] ] ] | | | ] ] ] ] | | ] ] ] | | | ] ]
0 0.02 0.04 0.06 0.08 0. 0 0.05 0.1 0.15 0.2
Jet girth g Groomed jet radius R
g
Matthew Nguyen for CMS Jet shower width & survival bias w/ gamma-jets 15


https://arxiv.org/abs/2405.02737

Higher-Point Correlators

% Simplest example is the 3-point
correlator

L R Interesting to study both the shape (full correlator,
S EEEC) and the scaling (projected correlator, ENC)!

R % When N > 2 there are non-trivial shape
M dependencies in collinear limit.

Visualize the shape in 3D space where the dimensions are

Ry .
R, C=— ¢ = arcsin
Ry

See Bianka's talk from yesterday

Hannah Bossi (MIT) Energy Correlators at the Collider Frontier


https://indico.mitp.uni-mainz.de/event/358/contributions/4983/attachments/3583/4646/BiankaMecaj_Mainz.pdf

3-point correlator in vacuum

% Let’s explore the 3-point correlator in vacuum at a fixed R; slice!

In vacuum all emissions are correlated with

the same source (parton shower)! 0.006

2 CMS 2011 Open Data
) AKS Jets, [n*t| < 1.9 B
~ pr' € [500, 550) GeV 0.003
Js LTI Ll H Charged Hadron EEEC
\ 4 ' S :\ Az ~0.25 0.004
1 R, ;
— L R i |
\ Liat v 3 0.003
= - R
oy M \
Hard X - y }‘ | - 0.002
Scattering & squeezed o
triangles 0,001
0.0 . 0.4 0.6 0.8 o O
When ¢ is small, behavior similar for all ¢ i

[Komiske et al., PRL 130 (2023) 5, 051901]
In collinear limit, reflect 2-point correlator.

Hannah Bossi (MIT) Energy Correlators at the Collider Frontier


https://arxiv.org/abs/2201.07800

Shape dependence in vacuum

Can also visualize this in 3D with the kinematics we will use

for our nominal case!

Vacuum

anti-k jets, R =0.8

140 GeV/c < P, o <240 GeV/c

—
o
N

O 2 ] T ] | T
L1 f —=— Vacuum anti-k jets, R = 0.8

3 [ —* Mediumw/wake 140 GeVic<p_ <240 GeV/c

N I —4— Medium w/o wake Tet

T 10 ++4+4 =
= . .

= 2ak g

RL
RS
RM
All other shapes not
prominent in vacuum!

% All emissions correlated with the same source (parton shower)

Hannah Bossi (MIT)

Energy Correlators at the Collider Frontier



Ratios to vacuum

Wake = ON 140 GeVic<p, . <240 GeVic Wake = OFF 140 GeVic<p <240 GeVic
anti-k jets, R =0.8 __ | anti-k jets, R = 0.8 |
06<R <07 T 0.6<R <07
I .
D el N e TR
TRESEN = b g S
— 143 | | B S = 14_; ----------------------------
g 12 8 125
O 1 ST
0.8 TR
W06 W 0.6 s
0.4 0.4
0.2 0.2
0 0
1.4 1.4
z z
1 1
03 04 7 s 03 04 O E
0 g 01092 0 5 0.1 02
Wake / vacuum No wake / vacuum

Wake leaves clear signatures in comparison to vacuum!
% Shape of medium response is encoded in these ratios!

Hannah Bossi (MIT) Energy Correlators at the Collider Frontier



Energy weighting

 Can tune the energy weighting (n) to enhance or suppress contributions of
low pr particles (where the wake sits)

Wake =ON, n=0.5
anti-k; jets, R =0.8
0.6 < RL <0.7 TS

140 GeV/c < P, o <240 GeV/c

N
|

.°°
(&)
1|

i

N
(&)
1

EEEC,__,/EEEC,,,

N

Energy weight — (E )V (&' (n))&"(n,)...&"(ny))

Wake =ON, n=1
anti-k jets, R =0.8

Wake =ON,n=1.5
anti-k; jets, R =0.8
0.6 < F?L <0.7

140 GeV/c < P, ot < 240 GeV/c 140 GeV/c < P, ot < 240 GeV/c

EEEC,__,/EEEC,,,

More wake

Hannah Bossi (MIT)

Energy Correlators at the Collider Frontier
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R} scan

- Can use projected correlator to see which R; values enhance sensitivity.

0102 ; | | I | | | | | | | [ | | | | ! | | | IE
i f —8— Vacuum anti-k- jets, A = 0.8 -
8 —e— Mediumw/wake 140 GeVic<p | <240 GeV/e "
N T —+— Medium w/o wake Tet B
c 10 =
& = cry
5 - By shifting Ry , we
e - expect to change
i i:E: _ sensitivity to the wake!
- .
-1 ' ]
107 =
- +
10—2 l ] ] 1 | ] ] ] ] ] ] | | l l l ] ] ] 1
i) —1 )
10 10 R

Hannah Bossi (MIT) Energy Correlators at the Collider Frontier 13



R} scan

- Wake becomes more prominent at large angles (large Ry )

Wake = ON
anti-k . jets, R =0.8

04<R <05

140 GeV/c < P, o <240 GeV/c

0.4 <R <05

Wake = ON
anti-k . jets, R =0.8

0.5< RL <0.6

140 GeV/c < P, o <240 GeV/c

0.5 <R <0.6

More wake

Wake = ON
anti-k; jets, R =0.8

0.6 < RL <0.7

140 GeV/c < ijet <240 GeV/c

0.6 <R <0.7

— — >

Hannah Bossi (MIT)

Energy Correlators at the Collider Frontier
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y - tagged EEEC

Wake = ON
anti-k+ jets, R =0.8

0.6 < RL <0.7

140 GeV/c < ijet <240 GeV/c

-
-
P
-
-
-
-
-
-
-
-
-
-

Inclusive Sample

Wake = ON, y - tagged jets 140 GeV/c < p! <240 GeV/c
anti-k jets, R =0.8 .
06<R <07

.=
.=
-

-----
----
----
----
P
-------
------
----
----
----

-----
PR
----
----
PR
----
----
----
----
----
----

-
PRI
-
---
____
P
P
.-

an"
PR
-
.=
an"
PR

PR
PR
P
an"
PR
-
.=
an"
PR

1.5—: )
I
0.5
0)
1.4
@
1
g
0 o O1 0.2 03 04 9
y-tagged Sample

Using y-tagged jets removes selection bias and greatly enhances sensitivity to

the wake!

Hannah Bossi (MIT)

Energy Correlators at the Collider Frontier
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Experimental case

Prie > 100 GeV/c

Wake = ON, vy - tagged jets 140 GeV/c < pYr <240 GeV/c
anti-k; jets, R = 0.6 ,otTrk > 0.7 GeV/c
04<R <05 n=05

* R = 0.6 inclusive jets measured In
----- experiments

E R I o ALICE: [PLB 849 (2024) 138412]

FR CMS: [JHEP 05 (2021) 284]

(uﬂja O_; """" = -Recent progress on y/Z-tagged jets
ATLAS: [PLB 846 (2023) 138154]
STAR: [arXiv:2309.00145]
¢

| | CMS: [arXiv:2405.02737]
o0 ° 'PRL 128 122301 (2022)]

Wake effects still visible even in more realistic experimental environment!
See Yen-Jie's and Jussi's talk for experimental progress!

Hannah Bossi (MIT) Energy Correlators at the Collider Frontier 18



https://indico.mitp.uni-mainz.de/event/358/contributions/4993/
https://indico.mitp.uni-mainz.de/event/358/contributions/4984/
https://arxiv.org/abs/2303.00592
https://arxiv.org/abs/2102.13080
https://arxiv.org/abs/2405.02737
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.122301
https://arxiv.org/abs/2303.10090
https://arxiv.org/abs/2309.00145

Analysis procedure

1. Select events based on the presence of a high-p ‘trigger’ hadron Trigger hadron

2. Do jet reconstruction on these events

3. Count jets recoiling from the trigger hadron as function of:
e opening angle (A@) of jet relative to trigger axis
 transverse momentum (pT,et) Of recoill jet

4. Define observable:

1 d3N AA ( 1 d3 AA—h+jet+X )

jet
N2A dpsh 1 (dA@dre oAA=DEX dpsh ' dAgpdr

trig

prpell prh€ETT

Recolling jet

* Perturbatively calculable
Ratio between high-pt hadron and jet production cross sections

e Semi-inclusive
events selected based on presence of trigger — count all recoll jets in defined acceptance

Jaime Norman (University of Liverpool) h+jet energy redistribution and broadening with ALICE 20



A ....i[(Ap) distributions in pp and Pb-Pb collisions
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and R=0.5 at low py
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Trigger hadron

InA(Pranie) - Fecoil jet yield modification in Pb-Pb collisions

e ""“t R=02 7 Arec:oil(Pb o Pb) .........
[— ——l — oo A -
..".'-.- » AA |A€0—7T| < 0.6 = /.
L Arecoil(pp) I
ecolling jet 3
} | | | | | | | | | | | | | | | | | | | | | | | | | | | -
~ ALICE —m— Data
55 Pb-Pb0-10% ===+ JETSCAPE (Matter+LBT) o Suppression at20 < pr i < 80 GeV/c
/Sy = 2-02 TeV — JEWEL (recoils on, 4MomSub) .
Ch-particle jets, anti-k; Hybrid model — Jet energy loss
2 R=0.2, |77 | <07 B No Elastic, No Wake

B No Elastic, Wake
Ap - 7l < O 6 Elastic, No Wake

TT{20,50) — TT{5,7} Elastic, Wake » Rising trend with p T,chjet

— interplay between hadron and jet energy loss?
Less trigger surface bias when pr..c > > D 67

: 1

1
0.5 e Models (Hybrid, JETSCAPE) capture rising trend
N T A R I S .JEWELdescribesIow—pT,jetIAA
0 20 40 60 80 100 120 140
o p_ (GeVic) B .
”/JETSCAPE T,ch jet ,’ JEWEL { Hybrld model

Elastic (Moliére) scatterings and

wake (medium response) included |

F. d’Eramo, K. Rajagopal, Y. Yin, JHEP 01 (2019) 172 [
K B Z. Hulcher, D. Pablos, K. Rajagopal, 2208.13593 (QM22)

Medium response effects via |

treatment of ‘recoils’
K. Zapp, EPJ C, Volume 74, Issue 2, 2014 |
&\ R. Elanavalll K. Zapp JHEP 1707 (2017) 141 /,»"
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Energy loss based on MATTER (high |
virtuality) and LBT (low virtuality) |

K JETSCAPE, Phys. Rev. C 107, 034911



https://arxiv.org/abs/2208.13593

Trigger hadron

InA(Pranie) - Fecoil jet yield modification in Pb-Pb collisions
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Summary and outlook

< | | | | | | | | | | | | | | | | | | | | | | | | | | I I I I I I | | | | | | I I
<
—

B ALICE —=— Data
_ — Pb-Pb 0-10% = =s===s JETSCAPE (Matter+LBT)
Trigger hadron 2.5 — /5. = 5.02 TeV —— JEWEL (recaoils off)
B San = 9 © — JEWEL (recoils on, 4MomSub)
— Ch-particle jets, anti-k Hybrid model
- R=04 _ B No Elastic, No Wake
2 04, I, | <05 s No Elastic, Wake
A - x| <0.6 Elastic, No Wake
TT{20,50} - TT{5,7} Elastic, Wake

10 < Pr et < 20 GeV/c |

Recoiling jet

20 40 60 80 100 120 140 2 25 3

P et (GEV/C) Ag (rad)

o First observation of significant low-p ., Jet yield and large-angle enhancement in Pb-Pb
collisions with ALICE!

e Medium response or medium-induced soft radiation favoured as cause for both measured effects

e |Looking forward to further studies with Run 3 data with ALICE after significant upgrade programme
arXiv:2308.16128

Jaime Norman (University of Liverpool) h-+jet energy redistribution and broadening with ALICE arXiv:2308.16131
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Hadron—Charge-Jet Acoplanarity, LHC energy

Preliminary
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Study acoplanarity in hadron - charged jet system.

Parameters similar to ALICE

Very little effect from Moliere scattering; increase in acoplanarity that we

see is almost entirely due to the wake.

Significant effect caused by the wake seen for R=0.4 jets, not for R=0.2

Iaa indicates effect of wake enhances number of jets at these pr

And indeed effect of wake seen only in the lower charged jet pt bin

Moliere scattering: jet sprouts added prongs, not much overall deflection
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Hadron--Charge-Jet Acoplanarity, LHC energy
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Study acoplanarity in hadron - charged jet system.
Parameters similar to ALICE

Very little effect from Moliere scattering; increase in acoplanarity that we

see is almost entirely due to the wake.

Significant effect caused by the wake seen for R=0.4 jets, not for R=0.2

Iaa indicates effect of wake enhances number of jets at these pr
And indeed effect of wake seen only in the lower charged jet pt bin

Moliere scattering: jet sprouts added prongs, not much overall deflection
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FIG. 4: Plots of g—z(ns = 0) as functions of x and y at three different times 7 for Case 1
(ideal fluid; left panels) and 2 (viscous fluid; right panels). Note that we have used
different color bars in different panels; assessing the strength of the perturbations (in this
and the next two Figures also) requires looking at the color bars to see the magnitudes

corresponding to the reddest and bluest colors.
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FIG. 5: Plots of éu”(n, = 0) as functions of z and y at three different times 7 for Case 1

(ideal fluid; left panels) and 2 (viscous fluid; right panels).



