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Intro: What type of physics do | do?

CMS, h
\\\/\ sPHE[IX

(Jlgfsf)dif I;?ebae\/s;/. ML on FPGAs tor fast  Today: Re-analysis of
lon collisions triggering archived data
...... + some phenomenological explorations Main idea: | am not a theorist!
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Energy Correlators

Energy flow in high-energy collisions can be characterized by energy correlators!

Define as the correlation of energy flow operator (V| &(1,)&(n,)---&E(n) | V)

where &(n,) = lim {dtrznfTOi(t, rn;)

F— o0

Characterizes the energy flux in the direction of i

In hadron collider environments, instead of 71, use

AR =/ Ay* + Agh?
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Projected N-point Correlators
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[PRL 130 (2023) 5, 051901]
% Transition region happens roughly at AQCD/ PT jet
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https://arxiv.org/abs/2201.07800

Measurements of E2Cs in pp collisions
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Transition region demonstrates remarkably universal behavior (ppR; ~ 2 — 3 GeV)
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[arXiv:2409. 126871
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across wide kinematic range from RHIC to the LHC!
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https://arxiv.org/pdf/2402.13864
https://arxiv.org/pdf/2409.12687
https://arxiv.org/abs/2309.05761

EEC In pp comparisons to models
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* None of the generators fully describe the data across all measured regions of phase

space.

* Difference on the order of 10-20% level.
- How can we understand these discrepancies with data? (We’ll get to this later)
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https://arxiv.org/pdf/2402.13864

Extracting a;
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[PRL 133 (2024) 071903]

» Slope of the E3C/E2C ratio can be
used in order to extract a,

[PRD 102, 054012 (2020)]

| « Best fit value of a(m,) is

+0.0014 10.0030 +0.0023
0.1229 7 00126tat) T oz5(theo) o ise(exp)

» Consistent with the world average of
0.1180 (see backup)

Most precise extraction of a, from jet substructure to date!
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https://arxiv.org/pdf/2402.13864
https://www.arxiv.org/abs/2004.11381

EECs in heavy-ion collisions [CMS-PAS-HIN-23-004]
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 First measurement of the EECs in
heavy-ion collisions!

» Peak position moves to the left in Hls due
to jet quenching.

- Large enhancement at large Ar.

-Compared to many theoretical descriptions,
hybrid model shown here (others in the

backup). [JHEP 10 (2014) 019]

[See Jussi’s talk at Hard Probes for more details!]
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https://indico.cern.ch/event/1339555/contributions/6040817/attachments/2932677/5150446/jussi_energyEnergyCorrelators_hardProbes2024.pdf
https://cds.cern.ch/record/2906425/files/HIN-23-004-pas.pdf
https://arxiv.org/pdf/1405.3864.pdf

Make precision
measurements
of “known”
effects

What else can
we do with

EECs?

Look for large
qualitative signatures
of relatively
“unknown” effects

i .\"‘ \ . '



Make precision
measurements

of “known”
effects

What else can

we do with

EECs? Look for large
qualitative signatures
of relatively
“unknown” effects

= - R Check out arXiv:2407.13818
n _ (to appear in JHEP) for one
- . example of this approach! '
: |



https://arxiv.org/abs/2407.13818
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First measurement of fully-
corrected E2C in ¢ ¢~ LEP data

Work in collaboration with Janice Chen (MIT), Yi Chen (Vanderbilt) and Yen-Jie Lee (MIT)




Large Electron-Positron Collider

« This talk will focus on collider-based studies of QCD at LEP.

LARGE HADRON COLLIDER —p

RELATIVISTIC HEAVY ION COLLIDER

Brookhaven

National Laboratory

@) Electron-positron collider () Hadron collider

|See full list of colliders at Wikipedial
Hannah Bossi (MIT) TH Heavy lon Coffee 3



https://en.wikipedia.org/wiki/List_of_accelerators_in_particle_physics#Colliders

CERN Accelerators

Large Electron-Positron Collider (1989 - 2000)
Experiments: ALEPH, DELPHI, OPAL, L3

West Area
e

clectrons
— POSIIONS
2030
antiprotons
Fb ions
= > ';‘ South Area
-
El LEAFﬂ
P Pbions
LEP: Large Electron Positron collider LP1: Lep Pre-Injector
SPS: Super Proton Synchrotron EPA: Electron Positron Accumulator
AAC: Antiproton Accumulator Complex L1L: Lep Injector Linac
1SOLDE: 1sotope Separator OnLine DEvice LINAC: LINear ACcelerator
PSB: Proton Synchrotron Booster LEAR: Low Energy Antiproton Ring

Variety of energies collected over the years! * =eersmies

Rudolf LEY, PS Division, CERN, 02.09 96

Hannah Bossi (MIT) TH Heavy lon Coffee


https://en.wikipedia.org/wiki/List_of_accelerators_in_particle_physics#Colliders

Relativistic Heavy lon Collider (RHIC)

(2000 - Present)
» Wide variety of species!

. PbPDb at , /sy = 200 GeV
« Future home of the EIC.

Brookhaven

National Laboratory

Hannah Bossi (MIT) TH Heavy lon Coffee 3


https://en.wikipedia.org/wiki/List_of_accelerators_in_particle_physics#Colliders

Large Hadron Collider (2008 - Present)

»L_argest machine ever built by human hands
*Proton-Proton, Proton-Lead, Lead-Lead and Xenon-Xenon collisions

Hannah Bossi (MIT) TH Heavy lon Coffee


https://en.wikipedia.org/wiki/List_of_accelerators_in_particle_physics#Colliders

LEP over the years

-
c

i:é P 1+ LEP 1: data taken at 91.2 GeV from 1992 - 1995
‘é 4 \ . Z-pole, eTe~ — gg dominant in hadronic data
510 | e'e —hadrons :
5 f + .

F N o \\ q

1025— (‘ ;

| SLC — \
10 —IIILEPI | ILEPII | _E e_ q

0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)

. LEP 2: data taken at higher energies (\/E — 183 — 209 GeV)
cete” > WTW™ - 4f
- W*W™ dominates in the high-multiplicity hadronic data

Hannah Bossi (MIT) TH Heavy lon Coffee



Why LEP?

» Archived LEP data presents a great opportunity to understand these discrepancies and
explore new parts of phase space! Much cleaner environment!

- Good background control
* No gluonic initial state radiation, no multi-parton interactions, negligible pileup.

« Structureless beam

- No complications of PDFs LRI
» Good final-state kinematic control. i e%ss L7
DL S
Cleanest test of QCD and X e
phenomenological models! sk e )
N~ TS
Prs N0 e+e_

Hannah Bossi (MIT) TH Heavy lon Coffee
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Apparatus for LEp PHysics (ALEPH)

=

Muon chamber
uon chambers . ALEPH was located at IP4 of LEP

Time projection
chamber

J Tracking

Calorimeter

Electromagnetic ]
Hadron [ Calorimetry

Calorimeter

Superconducting Magnet (1.5 T)

Hannah Bossi (MIT) TH Heavy lon Coffee
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Apparatus for LEp PHysics (ALEPH)

Welcome to ALEPH

Run=15768

Evt=5906

8 ALEPH 0w

LLLL CLPE A

L]
-
-.,

Z-boson decay into hadrons
But many things outdated - how did we go about this???

CCILC
Other Links: Glossary BriefBook CERN Photos Education Links

Chapters

N
®

ALEPH is a particle physics experiment installed at LEP, the large electron-positron collider at the CERN laboratory in Geneva/Switzerland. LEP produced its first collisions in July 1989 and
since then, millions of events have been recorded by the ALEPH particle detector. Its purpose is to explore the Standard Model of particle physics and search for manifestations of new physics.

The ALEPH experiment is a large collaboration of several hundred physicists and engineers from 32 universities and national laboratories from

around the world.

Links to other sites with information about particle physics

Glossary. BriefBook | CERN Photos | Education Links
CERN's ATLAS Particle FNAL's
Explore the Atom | Physics Tour | Adventure Particle Physics

Glossary

Webmaster@alephwww.cern.ch

ALEPH Website

Strong motivation to reanalyze
and reimagine old data with new

experimental tools (ex: jet reco)

Hannah Bossi (MIT)

TH Heavy lon Coffee
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https://aleph.web.cern.ch/aleph/aleph/Public.html

ALEPH Archived Data

 Yen-Jie Lee (MIT) contacted Gigi Rolandi and Roberto Technici about the use of
archived data and PYTHIA 6 MC w/ detector simulation. g
* Marcello Maggi also helped extract energy tflow information.  “euane”
» Guenther Dissertori provided analysis code for QCD paper. , y@@ \

\

- All samples converted to MIT Open data format

PRELIMINARY
IIIITIIII\I T LI T T T1TT]

"t "t T

__IIITIII TIIIT
i e*e Vs=91 GeV
10

- Successfully
reproduced corrected
thrust distribution from

® ALEPH Archived Data
- — EPJC35(2004)457

1= i
OO
—o107' &

MAR 2018

Gold mine for new re-analysis with new tools and techniques!

10° 2004, validating
archival.
V.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Thrust  _ %, |7
= max
A1

Hannah Bossi (MIT) TH Heavy lon Coffee 12



What has been done so far?

ALEPH Archived Data 1994, e*e” fs = 91.2 GeV

T« Measure jet spectra and jet substructure at 91.2 GeV
3x107'f Anti-k; jet R = 0.4 M@E |

02n< B, < 08n=

g N :—— Eijm 6 € T g
Coart  — evouen
e q
AR ==td  « Peak around 43 GeV, meaning that a majority of the
S e ..., ... .1 showeris captured by an R = 0.4 anti-k jet.
Jet E (GeV)

» Generally good description with models, some
[JHEP 06 (2022) 008]  deviations at lower jet E.

Hannah Bossi (MIT) TH Heavy lon Coffee


https://arxiv.org/abs/2111.09914

What has been done so far?
ALEPH ej‘e',I E{ = 183720? GeV

- N, =50 [YIOD -
- Tr;rust AXis

» Measurement of long-range near-side correlations
in eTe~ data from LEP 2.

O
o

- l O
‘ ~
H_f J0 @609 € 1 A M

o Data - MC -

ete” > WTW™ > 4f

SIgn(AV,) | |AV,)
o

0sl o CMS pp 13 TeV, vzb“b{z}_-
| CMSpp7TeV,v"2} |« y,(data) — v,(MC)
~ CMS pp 5 TeV, vj‘b{z} -
0 2 o (GeV) 4 6  « Excess observed in the high multiplicity interval
T

(V,;i. = 50) not seen in the MC.
[Phys.| ett.B 856 (2024) 138957]

Hannah Bossi (MIT) TH Heavy lon Coffee


https://arxiv.org/pdf/2312.05084

History of EECsine'e™

Energy Correlations in Electron-Positron Annihilation: Testing Quantum Chromodynamics

 Not a new Idea theorists worked
Department of Physics, U('?Iz{z:ce;fisvzé%; g]; Pzizﬁzgigz ,8)Seattle, Washington 98195 O n th i S I O n g a g O!

An experimental measure is presented for a precise test of quantum chromodynamics.
This measure involves the asymmetry in the energy-weighted opening angles of the jets

of hadrons produced in the process e*e™ — hadrons at energy w. It is special for several P R L 4 '1 "I 585 ('1 978)
reasons: It is reliably calculable in asymptotically free perturbation theory; it has ra- [ 7 \ ’
pidly vanishing (order 1/w?) corrections due to nonperturbative confinement effects; and
it is straightforward to determine experimentally.

C. Louis Basham, Lowell S, Brown, Stephen D, Ellis, and Sherwin T. Love

See [ (@) OPAL

* Not new for experimentalists either! q

I’Illl

 Measured in OPAL data

| |

|

» Only a bin-by-bin correction (no advanced
unfolding) 1

» with limited binning (especially in the small and
large angle regions).

1T 1T 1T

. . . 0 100 150
[Zeitschrift fiir Physik C Particles and Fields 59 (1993): 1-19.] > \ (dogrees)

Hannah Bossi (MIT) TH Heavy lon Coffee 14
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.41.1585
https://cds.cern.ch/record/247103/files/ppe-93-038.pdf

EECsine’e”

.In this first analysis, we use the variables 6; and z =

1 — cos(6; )

2
- 0, = opening angle in radians

- Use all particles in an event, allows us to probe QCD from the
collinear to the back-to-back region!

" EE
EZC(Z) — Z do E2J 5(Z — Zij
1]
- n LE.
- 1]
E2C(0)) = ) do——=6(0), -

Collinear @; ~ 0) Back-to-back or Sudakov (6, ~ )

Hannah Bossi (MIT) TH Heavy lon Coffee
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EECsine’e”

« Example using archived MC.
* Plot this in a double log style.

ALEPH e*e’, Vs = 91.2 GeV, Work-in-progress

1 -
- —— Example .
- -
Wl 4o -
L 10 — -
Wwis E . K ]
= S | .'0. g _
S " K K

D - X ~
© » — .\.\- ...4-". =
~— G>) — ..."" ’J —

() e D
zZ
NNWM.W.*’.“J
107° = =
| | L | |
0 0.5 1 1.5 2 2.5
6L

, d(Sum EE/E?)

107

a6,

Nevent

107

s W
- o0

Collinear @; ~ 0)

ALEPH e'e, Vs = 91.2 GeV, Work-in-progress

§ —— Example é
W S )
- i hy .
1 W :
i o ||
i
| | Ll m | T Ll ]
0.01 0.1 1 -1 7-01  m-0.01
9L
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EECsine™e” A

« Example using archived MC.
* Plot this in a double log style.

/
o0

Collinear @; ~ 0)

ALEPH e'e, Vs = 91.2 GeV, Work-in-prt

1 ALEPH e*e’, Vs = 91.2 GeV, Work-in-prc 1
= —— Example E —— Example
:n i Cv.°'w".
QO CELT .a*l:é-
LLI _ L i g
i’ J07E e @410 = i
<> — }
G -1 I R T
% B ‘o, @/ ||| 1 II I
= N 5 Il
Jz L S J5 L 1'1|
=z \"-.,.* Z 1“‘ |I I %
10_2 B Wv'-..-'-.-w 10_2 L] e
: U™ F
: Log scale from O to — ¢
| | | | | | | | ] | | | | 2 i | | |
0 0.5 1 1.5 — 0.01 '5_1 r

Hannah Bossi (MIT) TH Heavy lon Coffee



EECsine’e”

« Example using archived MC.
* Plot this in a double log style.

ALEPH e'e’, Ys = 91.2 GeV, Work-in-pri

1

- —— Example

- Transition

i Pl Collinear region is
-~ W the E2C we are
Wil 10 Hf e
e E already familiar
S kL with!
T
15 i L —

1021 ‘ ~ (with a different
-Free Quarks/ jacobian)
-hadron Gluons
0

L

O o @ \ ’
o\
N e 1
~ O

.)/ ‘0 /) »
o0

Collingar @; ~ 0)

[Moult et al.,

A Y

PRL 130 (2023

) 5, 051901]

7
) 1

10 ——

p—
<

and
—

Free Hadron

Normalized EEC
=

+

Transition

Charged-Hadron EEC

Quarks/Gluons

| _
5 . 5
+
: ¥ ¥
i s
. i CMS 2011 Open Data ‘
103t | "
-l-'l' AKS Jets, || < 1.9
f _[_.[. pit € [500,550) Gev  F
CHS, p;'“ > 1 GeV 3
1 (-4 P Ll B T
1077 =2 2 & ’
B 10 10 10

Ry
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https://arxiv.org/abs/2201.07800

EECsine’e”

« Example using archived MC.
* Plot this in a double log style.

orogress _ rogress -
—] o ’ ?*i**ﬂﬂ —
e 1 “Flipped” Log scale }ﬂlmd{;
Mr..,-ﬂ*"" T ‘;:: ” |
3 frommtomr — — :
: 2 | IF
5 > 55 :ls_ | it o e
' - 1 - 0.1 7t - 0.01
0, 9L
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- 4+ — R Back-to-back or Sudakov (6; ~ )
EECsine’c e

« Example using archived MC.
* Plot this in a double log style.

rogress

Transition
’ % 5 Back-to-back limit has
"**w : similar regions!
W -
"“ H‘ » Can be used to probe the universality
| ‘ of free hadron region (z-variable useful
Il for this)
Quarks/ Free |
Gluons hadron .
R AT

O,

Hannah Bossi (MIT) TH Heavy lon Coffee



EECsine™e
\\‘\ r—;‘ ’:5_‘ °
- Example using archived MC. s g
. . A/o. :. N
» Plot this in a double log style. 2 "R
Collinear (9, ~ 0)
: f\LEPH e'e’, Vs = 91.2 GeV, Work-in-progress _ 0? ALEPH e*e’, Vs = 91.2 GeV, Work-in-progress _
- —— Example | E —— Archived MC Gen Level E
| Transition Transition | ... Transition Transition ’
B | 10 EE:_ :... SO esneaga, M-""??fii.é{
— j“;(? :++ B ]
LL] . al # | ~ B N
S 10 [ H} i -
LLJ [ " N
AT YWoIH, E E
Iyl o N N — -
? I | I}*“H H} 4 EI° F -
5 ) | I )i | . }ﬂl ".’ H @D B |
— ¢ 1 ' ~ o ° 10 =
5 Llll Collinear (6, ~ 0) ” : :
102 i - = F :
s n | Free ree
] i = Quarks/Gluons =
C Free Free| 1 - U =
] Quarks/Gluons | - hadron hadron-
[ hadrOn hadron_ L I IIIIIII| I IIIIIII| N 1 IIIIIII| I IIIIIII| I I I |IIIIIII I |IIIIIII 1 |IIIIIII I |IIIIIII I |IIIIIII I |
| IIIIII| ] L1 IIIII| | ] IIIIII| |IIIIII ] ] |IIIIII | ] ||IIII L1 10-6 10-4 10-2 1/2 1'10-2 1'10_4 1'10-6
0.01 0.1 1 =w-1 nt-0.1 7t - 0.01 = (1- cos(0))/2
eL
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Bagk-to-back or Sudakov (6, ~ 7)

E2Cs in models

s 7, 8 e g
10 ALEPH e‘e’, s = 91.2 GeV, Work-in-progress P M *" ' — >
E  Archived MC —— Pythia8 Vincia ; . o‘..\ | / ,..
- Pythia8 —— Pythia8 Dire - CoIIi.he.ér (6, ~ 0)
< TE- — Herwi = . :
g - Sherpi 1 « Similar differences between
W | T — . — .
ele f 7 1 models as seenin ete” asin
5| 107°F \ = the pp case.
*-Zg . # Back-to-back or -
N ‘ Sudakov | - Larger 6; not comparable
107 ) ~ m)

(outside the jet)

I | IIIIIII| | IIIIIII| |IIIIIII | |IIIIIII | |IIIIIII
1.4 | 121yl III IIIIII| I I IIIIII| IIIIIII |IIIIII L 1IN .l

oLl ‘In free hadron region, models

2 1 . are roughly parallel to one
= o.gbl — another.
OGE{IHIIIM Ll Ll TR TER R mn
' 0.01 0.1 1 mw-1 mt-0.1 7t - 0.01

* In Quark/Gluon region different

0 : :
L showers give a different slope.

Hannah Bossi (MIT) TH Heavy lon Coffee 10



First fully-corrected E2Cs in e ¢~

E

1

E2

5
0(z — Zij)

E2C(z) = i do

1,]

Collinear (6, ~ 0)

« Can do this in a fully-corrected way, unfolding in two dimensions using archived
PYTHIA 6 for the response matrix.

- z or O axis
+ L, axis
» Huge advantage of doing thisine e is that E = 91.2 GeV is fixed! Normally, would
need to do three-dimensional correction, also correcting for the energy scale.
-First of its kind in e e ™!

Hannah Bossi (MIT) TH Heavy lon Coffee 17



Event selection

«Select on hadronic events

Event selection

Hadronic events at least five good tracks
total reconstructed charged-particle energy > 15 GeV
Acceptance T /36 < Osphericity < 297/36

* For this measurement, we use charged particles only.

Charged particles

Acceptance | cos | < 0.94

High quality tracks | pr > 0.2 GeV 44— Min p cutoff (reco)
at least 4 TPC hits

Impact parameter | dp < 2 cm, 29 < 10 cm

Hannah Bossi (MIT) TH Heavy lon Coffee 18



Systematic Uncertainties

» First look at the systematics designed to be conservative!

» Expect the final systematics to be greatly reduced from here!
* Number of TPC hits:

* >4 (hominal) varied to > 7
» Unfolding systematics (dominant)

» Chosen to be conservative, including number of iterations, choice of binning, prior
variation etc.

* Matching

» Vary the matching method used to match true

Hannah Bossi (MIT) TH Heavy lon Coffee
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First fully-corrected E2Csine¢™e™ ™™

10°
107
i

o 10
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ALEPH e*e’, Vs =91.2 GeV, Preliminary
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— —— Fully Corrected Data -
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Collinear (6, ~0)

» For this first look, systematics
are conservative.

» Shows good agreement with
Archived PYTHIA 6 MC across
all parts of phase space!

» Able to achieve unprecedented
binning and kinematic reach!

At first look collinear and back-
to-back regions look
comparable.
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Comparison with theory calculation

103 éLEPH e'e’, Vs =91.2 GeV, Preliminary _ Thank you to Max
= —— Fully Corrected Data = Jaarsma, Yibei Li, lan
B Track Func.tion Theory Calculation B Moult, Wouter Waalewijn,
102 _ (NNLL Collinear + NNNLL Sudakov) — HuaXing Zhu for providing
= Collinear (0, ~ 0) Back-to-back or Sudakov= the theory curves! YibeiLi ~ Max Jaarsma

(QL ~ TT)

» Compared to theoretical calculation

=
3
3
)

¥
s F L 1 with the following ingredients.
7 o Bl —+ Collinear: NNLL collinear
S|, E  aa .. .. 3 resumption
1_251 0_1 E_Flree Hadron Gas i - Free Hadron Gras_E ° Sudakov: NNNLL SUdakOV
- * 1 Resummation, Collins-Soper Kernel
102 | extracted from lattice QCD
: N I 1+ In both cases non-perturbative €2
-3 | | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L 11 111 |IIIIIII | |IIIIIII | |IIIIIII | |IIIIIII | |
10701 s s pe —uu— parameter extracted from the thrust.

Z = (1- cos(0))/2
- Excellent agreement! New measurements help further constrain error bars!
* This Is just the beginning!!!
Hannah Bossi (MIT) TH Heavy lon Coffee 21




Where do we

go from here?

Make precision Look for large

measurements qualitative signatures

of “known” of relatively
effects “unknown” effects

| will list some ideas, - SRS TR T
other ideas also ‘ RS &g )
. welcome!! b b - TR RO i s R
o ."‘,'(
‘.J.." l




Extend techniques here to other systems!

‘Path #1: Measure the E2C with all particles in the event in other systems!
* In principle no barrier to doing this!

CMS Simuiation Preliminary 5.02 TeV » Work ongoing to do this in heavy-ion collisions

ELH’ 7";';;(;;;6\,"'}, coa E with Z-tagged events!
10" E trk trk — (S+B)X(S+ E . . " . . .
o T e » Background is a major limitation for measuring
10°5 — PYTHIA BB E EECs in heavy-ions, but event-mixing strategy
B PYTHIA+HYDJET — BxB d,iff _: /OOkS ,OI’OmISIng'
% | |  ar®e nal %
10 & Blue: Generator level pp
v v v v b b b Ly gy
O 05 1 15 2 25 3 35 4
AR

[See talk at HP by Yi Chen for more details.]
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https://indico.cern.ch/event/1339555/contributions/6040838/attachments/2932324/5149782/20240923_ZEEC_HP2024_YiChen_v18.pdf

Opportunities of Higher-point correlators

BDP 2008-16 4
Boito 2015 T i;ays
Boito 2018 low O?
PDG 2020
Mateu 2018 i
Peset 2018 . QO
Narison 2018 (cé) E&?QS
Narison 2018 (bb)
BBGO6
JR14
ABMP16
|
NNPDF31 PDF fits
cT18
MSHT20
ALEPH (j&s)
OPAL (j&s)
JADE ()&s)
Disserton (3]) ete~
JADE (3)) i jets
Verbytskyi (2)) &
Kardos (EEC) shapes
Abbate (T)
Gehrmann (T) §
Hoang (C) ——
Klijnsma (t1)
CMS (tf) i
adron
H1 (jets)*
i colliders
d'Enterria (W/Z2)
HERA (jets)
PoG 2020 :electroweak
Gfitter 2018
FLAG2019 lattice

August 2021

i i 232 ANEEEEEREREN
0.110 0.115 0.120 0.125 0.130

as(M%)

BP 2008-16 FO
Boito 2018 FO
Boito 2021 FO
PDG 2022 tau

Ayala 2023

Peset 2018
Narison 2018 (cé)
Narison 2018 (bb)
BM19 (c?)

BM20 (bb)

JR14
ABMP16
NNPDF31

CT18

MSHT20
HERAPDF20jets

ALEPH (j&s)
OPAL (j&s)
JADE (j&s)
Dissertori (3))
JADE (3))
Verbytskyi (2))
Kardos (EEC)

Klijnsma (tt)
CMS (ti)

2 4

T decays

O

states

...................................... | < Useful for the extraction of «,.

PDF fits

ete-

jets

Shapes

H1 (jets)*
d'Enterria (W/Z)
HERA (jets)

CMS (incl. jets)*
ATLAS ([AJTEEC)

hadron
collider

« | *Path #2: Measure higher-point
WSS EERENEE SESSEEEEEEEN correlators and take the ratio with
was | lOwer point correlators.

. a, fits from e"e™ event shapes and

analytic hadronization characterization
c removed recently from world average

- Extracting from ¢ "¢~ EEC can be
useful here!

1 [PDG QCD Review 2021]

-------------------------------------- .’.‘----.-o--—-o-o--O-o----o.-.-o---l
Gfitter 2018 -
HEPfit 2022
PDG 2022 EW
-------------------------------------- .’.‘-.--.-o--------..-.----.----.---l
FLAG 2021 lattice
l A A A A l A
0.110 0.115
2
a.\m

August 2023 S( Z)

70120 0135 0130 [PDG QCD RGVIGW 20231
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https://arxiv.org/abs/2312.14015
https://arxiv.org/abs/2312.14015

Challenges of higher point correlators

» Higher point correlators are more difficult to measure.
» Computation takes more time, making unfolding to high precision very time intensive.
 There are potential solutions for this!

FAasTEEC: Fast Evaluation of N-point Energy Correlators

Ankita Budhraja?, Wouter J. Waalewijn®®

“Nikhef, Theory Group, Science Park 105, 1098 XG, Amsterdam, The Netherlands .
b Institute of Physics and Delta Institute for Theoretical Physics, University of Amsterdam, Science Park 904, 1098 XH, Amsterdam, The [a rXIV: 2406.0857 7]
Netherlands

New Angles on Energy Correlators

Samuel Alipour-fard,!'* Ankita Budhraja,?' ' Jesse Thaler,’>* and Wouter J. Waalewijn® 38

! Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
*Nikhef, Theory Group, Science Park 105, 1098 XG, Amsterdam, The Netherlands
3 Institute for Theoretical Physics Amsterdam and Delta Institute for Theoretical Physics, .
University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands [8.FXIV:241 0.1 6368]

- What would higher point correlators look like? Can already take a peak in MC!
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https://arxiv.org/abs/2406.08577
https://arxiv.org/pdf/2410.16368

Features of the E3C

10
1
ol
T PP
<10
E
5| 1073
"1Z104
107
1.4
1.2
O
= 1
0.8
0.6

ALEPH e*e’, Vs =91.2 GeV, Work-in-progress

= —— Archived MC —— Pythia8 Vincia ?
= — Pythia8 — Pythia8 Dire =
__ —— Herwig .
— —— Sherpa S
%{I | | IIIIII| | | IIIIII| |IIIIII | | ||IIIII | | |IIIIII %
:I ||||||| ||||||| ||||||| ||||||| |||||l|
- li.i g QR e : 1 'u%
— I” [lfﬂle‘ { A L S S s U
— il J‘I:H:ﬂlilll L1 IIIII| | L1 IIIII| |IIIII L1 | |IIIII |1 |

0.0° 0.1 1 m-1 nt-0.1 7t - 0.01
eL

» Asymmetry in the heights of
the peaks appears because
we choose the max distance.

» Dominated by
configurations with 2
particles from one shower
and one particle from the
other.

Generators differ by the same 10-20% seen in E2C!

Hannah Bossi (MIT)
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Features of the E3C

10 ALEPH e*e’, Vs = 91.2 GeV, Work-in-progress
E —— Archived MC Pythia8 Vincia E « See a SIOpe Change in the E3C/
L — Pythiag —pythiagDire | E2C ratio.
E —— Herwig B
S ~ —— Sherpa § : : '
S 10 P - * Rejecting 3-jet events removes
™ — — .
A i this structure.
E 10°F E
10° - L.
éir E o @-. ° ,
1.4 —HHH I > Ay
1.2F | . L = I
-g 1: | I M. T _ - . _abdl | ni|u|! |":| ‘ o @ Y y,
ccr:“ — AT s R i TSI * Se N\
0.8F- ﬂ Im i ‘ il e
:I.I b vl ) | | IIIIII| | | IIIIII| IIIIIII | | |IIIIII | | |IIIIII I:
0-6 0.01 0.1 1 7-1 n-0.1 7-0.01
eL

» MCs typically agree upon the ratio, except SHERPA in the small angle region
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E4C in ALEPH

10 ALEPH e'e’, Vs = 91.2 GeV, Work-in-progress 10 ALEPH e'e, Vs = 91.2 GeV, Work-in-progress
1 — Archived MC —— Pythia8 Vincia = —— Archived MC — Pythia8 Vincia =
=1 10 Pythia8 —— Pythia8 Dire e Pythia8 —— Pythia8 Dire =
LLI , u _
ﬁx 102 —— Herwig o 10~ — Herwig _
:::JJ'_—_ _— —— Sherpa g e Sherpa -
W |o O 1072 =
= N =
B | 9O 4n-3 _
=1 5 10 =
5 B -
v 5 _4 ]
z 107 E =
107 =—3 ”! ifl =
ih ool oo Lvrr e o I T
1.4: | INREERREL T T LR L L
o 12F .
."% ; "(_B' 1: Il ‘I - ’: - T |||'-.|,,':
0 E o2 o M . o E 1:;\..v r g, e e Gu-ine GOSN JOIIR 1 9 1 Ll;:l]!i“ii'i:' Il
- ! | R 0.8 1 b
06:1 |||||||| Lol Lol IR Livin 1 ||||||§u|_ 06_| llllﬂll | ' Ll TR AR L il
' 0.01 0.1 1 m-1 mt-0.1 7 - 0.01 ' 0.01 0.1 1 m-1 n-0.1 7t - 0.01
0, O,

Similar trends also seen in the E4C and the ratio of E4C/E2C.
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Look at the multiplicity dependence

» May be also interesting to study the EEC in different multiplicity intervals to
Investigate investigate long-range near side excess seen in high multiplicity

ete™ not seen in Archived MC.
ALEPH efe', ‘E. = 183720|9 GeV

I I
- N, =90 [YICD) -
 Thrust Axis 1

: «Tr_ﬁ 7

Ep tlk;hlqlr d;

2 ! o

>0

s u

s) B £ iHe /fl
7))

: , < i .’f)||.| ARNISENS
2 -' i (”-' RS N .:, S E ; R A M e o g e ReyessAlemany. Eernande
D t H d Od /mamics YA B NS RN SR (R - Giuliano Giacalone
o Data - _ : ik Bt
S R ; s Ipeng v -
: : GovenrtdHuqoiNi y

[nitia | nditions

-CMS pp 13 TeV, v3"{2} - e

Ultre I | ollis

o CMS pp 7 TeV, vSu {2y . S : Do _*_j,___f, g

JCtUle

CMS ppsTeV VSUb{Z} G acl atorepportunitie v__‘
2 b, (GeV) 4 Possibility discussed in “Light lons at

the LHC” workshop last week!
[Phys.Lett.B 856 (2024) 138957]
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https://indico.cern.ch/event/1436085/contributions/6107546/attachments/2967602/5221585/Small_Systems_Discussion.pdf
https://indico.cern.ch/event/1436085/contributions/6107546/attachments/2967602/5221585/Small_Systems_Discussion.pdf
https://arxiv.org/pdf/2312.05084

What about other LEP experiments?

Archived DELPHI 1998 Data at 183 GeV

10*

I llllllll | lllllll|

I llllll|

10

I lllllll

lllll

|

|

1!

llIllllllllllllllllllll‘T§|~|lHllll

10 20 30 40 50 60 70
offline
Nch

* Yesterday, Yen-Jie took open data from
DELPHI (publicly available here) and drew the
multiplicity distribution.

- Challenge: code is outdated, need
knowledge of Fortran, etc.

* Maybe we can grow our available archived
datasets!

DELPHI collision data hadr98 el

DELPHI
| pataser I cotision Jf oecers J ws1z0cev  ove-
Description

XShort DSTs,hadronic events for analysis; 98 data, 5th proc. Fix 1

Dataset characteristics

216319 events. 32 files. 4.9 GiB in total.

How were these data selected?

The data was recorded by the DELPHI detector in the year 1998. It was then recons truced by the detector reconstuction program DELANA and the physics DST program
PXDST (Version v98e1).
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https://opendata-qa.web.cern.ch/record/82723

Summary and conclusions

Energy correlators are powerful tools that can be useful for different types of QCD
studies.

‘Performing precision measurements

>
—
m
o
L
D
D

‘e, Vs =91.2 GeV, Preliminary

10°
—— Fully Corrected Data
Track Function Theory Calculation

- First fully-corrected measurement of j?k-  (NNLL Colinear + NNNLL Sudakov]
EECs from collinear to the back-to-
back region using ALEPH archived
data.

b |
IH*H Mgttt setigeese " ey, o ) ’mf*f*#i*#i ﬁll

e
"o. =

; d(Sum EiEj/EZ)

» Crucial for testing QCD and
phenomenological models. Data
provides first constraints in the
back-to-back region!

o
IIIII_LLE{‘IIIIIII
"s
__I IIIIIII| I IIIIIII| I IIIIIII| I II@HIIII' L I 111

|1 L 1111l L 11 111 |IIIIIII | |IIIIIII | |IIIIIII | |IIIIIII
10° 172 1-107? 1-10"

* Check out the data here! 7 = (1- cOS())/2

— |
O E
-h:
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https://aleph-new.docs.cern.ch/

Lots to look forward to!

CMS Experiment at the LHC, CERN
' Data recorded: 2024-Nov-06 10:55:06.459264 GMT
‘é Run/Event/LS: 387854 / 23097014 / 33

LHC Pagel Fill: 10329 E: 6799 Z GeV 06-11-24 11:14:04

ION PHYSICS: STABLE BEAMS
6799 GeV 1.63e+12 1.64e+12

Beta* IP1: 0.50 m Beta* |P2: 0.50m Beta* IP5: 0.50m Beta* |P8: 1.50 m

Inst. Lumi [(b.s)"-1] IP1l: 324,62 IP2: 272.90 IP5: 397.79 IP8: 156.07

FBCT Intensity and Beam Energy Updated: 11:14:04 finstantaneous Luminosity Updated: 11:14:01
3E12 _.l = — 7000 =

2.5E12

F
—_
N

1

Intensity

u[JJJ E — m.*

1300 1600 1900 22:00 01:00 04:00 07:00 10:00

i
J Y
T T T

1300 1700 21:00 0L:00 0%00 0900 — ATLAS —— ALICE — CMS — LHG

BIS status and SMP flags
Comments (06-Nov-2024 10:37:13) Link Status of Beam Permits

4 , _ Global Beam Permit
fill with 119 ion bunches Setup Beam

emittance scan with 15 points SAAM Frasenca

November 6 at 10:37 | "suicsams

AFS: 50ns_119b 58 51 58 56bpi_9inj_3INDIV_4NC_PbPbPM Status B1 PM Status B2

2024 HI Run of the
LHC currently ongoing
(until Sunday)!
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a, from CMS compared to world average

BP 2008-16 FO

Boito 2018 FO T decays
Boito 2021 FO &
PDG 2022 tau low Q%
Ayala 2023

PSS I e f— T 0.1229 "‘0-0014(31:8_1:) +0-0030(theo) +0.0023 (eXp)

Peset 2018 - 06 _0.0012 _0.0033 _0.0036
Narison 2018 (cd)
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------------------------------------------------------------------

e T 0.0040 I
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.................................... el - R~
Klijnsma (tt)
CMS (tt)
H1 (jets)*
d‘Enter.na (W/Z) :(?lﬁgoe?'
HERA (jets)
CMS (incl. jets)*
ATLAS ([AJTEEC)
..................................... ohe e ————--oo--
Gfitter 2018
HEPfit 2022 electroweak
PDG 2022 EW
FLAG 2021 lattice
g i 2 ;i B W A
0.110 0.115 0.120 0.125 0.130
as(m%)

August 2023
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How “flat” is the E2C(z)?

ALEPH e*e’, Vs = 91.2 GeV, Work-in-progress

jel  Arenved ML Gen Leve | *Take distribution and reflect it,
- 5 comparing it to itself.
10° =
- = *» Focus on the free hadron
w - 4 region.
HJJ._ . 102— “_:_
£ |° - =
@ - —
°l. T E
ek .
107" =
107 =
- | | IIIIII| | | IIIIII| [ 1111l | | IIIIII| | | IIIIII| I I O |IIIIII | | |IIIIII | | |IIIIII | | |IIIIII | | |IIIIII | | -
107 10 107 1/2 1-107? 1-10" 1-107°

z = (1- cos(0))/2
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EECs in pPb collisions

.,/ EEC |

EEC

1.2 -

lllll| | |

ALICE Preliminary
p—Pb and pp \s,, = 5.02 TeV

anti-k; ch jets, R =0.4, 20 < p. < 40 GeV/c
all pairs, p"" > 1.0 GeV/c .

ch jet

-@- p—Pb/pp

0.8

=0.02 GeV°/fm, L=3 fm —
=0.02 GeV?/fm, L=4 fm
0.

02 GeV?/fm, L=5 fm

| | 1 |

1072

10~
R

L

[See Anjali’s talk at HP for more details!]
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https://indico.cern.ch/event/1339555/contributions/6040810/attachments/2932582/5150292/HP24_ALICE_EECs.pdf

EECs in heavy-ions model comparisons

CMS 1.70nb" PoPb (5.02 TeV) + 302 pb” pp (5.02 TeV) CMS 1.70 nb" PoPb (5.02 TeV) + 302 pb” pp (5.02 TeV)
- + === PbPb 0-10% / pp _ ==«= PbPb 0-10% / pp
2_—+ —«— Holguin, k=0.3 21— —e«— Holguin, k=0.3
- +++ —+— JEWEL, no recoils - # —+— JEWEL, no recoils
- —+- —— JEWEL, with recoils & -_’_i - + —— JEWEL, with recoils
A 1.9 _'|'—_*__.|._—+— ch A 1.9
0 lo :_F___ e P, >1 GeV ' Olo
D0, D10,
o — O "
- 050 anti-k. R=0.4
C In "L I |<1.6 180 < jet p_ < 200 GeV
B Jet B jet T

IIII| | | | | IIIIII| | |

Data
Data

Theory
Theory

- -
—4-

'Data syst. unc. — - Data stat. unc.

I | | | |

:_ Data syst. unc. — - Data stat. unc.

| | l | |

0.5 0.5

| L1 | | |

107"

l I | | +

Ar 10 Ar
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EECs in heavy-ions model comparisons

1.70 nb™ PbPb (5.02 TeV) + 302 pb™' pp (5.02 TeV)

CMS 120 < jet p_ < 140 GeV
anti-k, R=04 /¥
h. |<1.6

jet

1.5

O
A Rle} 1=
o I
al |
\ == PbPb 0-10% / pp
0.5 pi“ >1 GeV CoLBT, g=0.5
i n=1 ColLBT, g=1.0
[ | | | | |
1.5 'Data syst. unc. — - Data stat. unc.
S|
2138
— i
05__1 | | | | R
107° Ar 10~
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EECs in heavy-ions model comparisons

1.70 nb™ PbPb (5.02 TeV) + 302 pb™' pp (5.02 TeV)
- CMS Preliminary 120 < jet p_ < 140 GeV
1_5_ CMS-PAS-HIN-23-004 anti-kT R=04
m. | <1.6

jet

PbPb
PP

=== PbPb 0-10% / pp
—— Holguin, k=0.1
—+ Holguin, k=0.3 pi" >1 GeV
—«— Holguin, k=0.5 n=1

L 1

0.5

Illllll

| lllllll | |

L

1.5 'Data syst. unc. — - Data stat. unc.

Illll

Theory
Data

Holguin, Andrés, Dominguez, Marquet, Moult

| 1 | | llllll| | |

0.5

1072 10~

Ar
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10,

0.50

0.10|

0.05

. 2 1
Lightray OPE Wilson Line OPE
| | | | | | | | | | |
1070 1072 10~4 10~3 10~2 10" 1 107! 10~2 10~3 10~4 1072 1070

Back-to-Back Limit:

Collinear Limit: -NNNLL Sudakov Resummation

-NNLL Collinear Resummation

(Three Loop DGLAP Evolution) Non-Perturbative Parameter ()
. - extracted from thrust
- Non-Perturbative Parameter () :
- Collins-Soper Kernel extracted from
extracted from thrust .
lattice QCD

Uncertainty band is a combination of perturbative scale variation, and variation of non-perturbative parameters. Large error
bars in the flat “plateau” regions are due to non-perturbative physics. Measurement constrains these regions.
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High multiplicty pPb

Ridge

M Lower multiplicty pp High multiplicty pp

Photo-production yPb

High multiplicity jet pp

Initial state complexity

Credit: Yen-Jie Lee Multiplicity
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Studying QCD with jets

o *In hadronic collisions, partons will hard-scatter.
, ‘ , - In eTe™ collisions annihilate producing a quark/
\ </ B anti-quark pair.
Hard \ \ . » A jetis the Spray of particles ’Fhat. results from
Scattering s LS the fragmentation and hadronization of an
= outgoing parton.

» Defined by specific algorithms that cluster
particles roughly into a cone of radius R.

——— " —  ——
Parton Shower Hadronization

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

Quantum Chromodynamics (QCD) is the theory of the strong force

0.35 —y— R _ _ _
A tdecay V’LO) = | [Nteraction strength dictated by the coupling constant o
- low Q2 cont. (N3LO) e -
i HERA jets (NNLO) 4
03 - Heavy Quarkonia (NNLO) y Can SOIVG QCD
e e jets/shapes (NNLO+res) F= |
- /pp (jets NLO) +e - - : - :
0as | - prefllllz?l(tlli (§N3LO) SO @ USIng perturbative expansions in powers of a,
,NNLO) ++ - .
PO ppftop, TR (perturbative QCD, a; < 1)
@ 02F
y | Using non-perturbative techniques
015 (non-perturbative QCD, a, ~ O(1))
L
_ rm—
0.1 F
!
- =oM% = 0.1179 + 0.0009 _ /1 I/ |, |
0.05 s sl = s ool e 5 ol J EX Lattlce QCD
1 10 100 1000 /Al VvV
o6ev U1
[Review of Particle Physics. PTEP, 2022:083C01, 2022] Gluon Quark
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https://pdg.lbl.gov/2022/reviews/contents_sports.html

Defining features of QCD |

L~}

Review of Particle Physics. PTEP, 2022:083C01, 2022]
0,35 Fr—— .

————rrrrr
T decay (N°LO) = ]
.‘:". low Q? cont. (N3LO) e -
03 i ‘ HERA jets (NNLO) F+— -
bW Heavy Quarkonia (NNLO)

e'e” jets/shapes (NNLO+res) F*
| ‘ pp/pp (jets NLO) e+ -
0.25 | ":2:;:::“ EW precision fit (N3LO) Fe— 7
! pp (top, NNLO) F+ -

Color confinement:
Colored partons have never
been observed In isolation

QCD potential grows as r increases

L ;-.-.—.—.—.—_-_._.____

0—_ —0 4 a, ;
V(r) = ——— 4+ kr 0.15
0——0 0—0 3 r |
0.1 - g W=
AS you pu” quarks apart at = o (M,?) = 0.1179 = 0.0009 :
some point becomes favorable 0.05 "t ol
. _ 1 10 100 1000
to form a new gg pair Q [GeV]

@ Asymptotic freedom: o, decreases at
high energies (high Q) and short distances
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https://pdg.lbl.gov/2022/reviews/contents_sports.html

QCD Phase Diagram

When temperature is hot enough QCD matter
becomes a deconfined state of quarks and gluons
called the Quark-Gluon Plasma (QGP)

Lattice QCD predicts smooth crossover at
pug =0and 7. ~ 150 MeV ( ~ 10" K).

-
@©
-—
O
Q
=
O
}_

Can recreate similar conditions in ultra-
Color Super- relativistic heavy-ion collisions.

conductor?

Baryon density

[Image Credit: Brookhaven National L ab]
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https://newscenter.lbl.gov/2021/03/05/tantalizing-signs-of-phase-change-turbulence-in-rhic-collisions/

Jets Iin heavy-ion collisions

PP

Heavy-lons (Pb—PDb)

—® 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 a colored probe of
the colored QGP medium!

—P Use pp, where jets are measured in vacuum, as a reference for no QGP.

Hannah Bossi (MIT)
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Jet gquenching models

Impact of the medium on the jet

As of now, no clear o Weak coupling Strong coupling
winner for best = %— Collisional Radiative AdS/CFT drag force
. . . -2
descnp’.uon of Jet S la 2 JEWEL w/ Recoils
guenching effects! GE) o 9
o |§ © LBT
cle T
Different models S =
- o
are difierent! o |.5 Mehtar-Tani et. al
o |2 O
| S|l © LIDO |
We will come back s 10 = Hybrid model
to these later! = | 2 MARTINI
s | ©
O |45
E |
o Factorization
-
> JEWEL w/o Recoils



Jets in Vacuum

{ — |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.

P+P

) What about jets in heavy-ion collisions??
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**This categorization scheme is largely based off of great

Jet quenChing talk by Jing Wangqg.

@ Impact of the medium on the jet — jet energy loss

Collisional
Weak ling limit 1
@ eax coupling fimi Hard Parton Jet
% Collisional . Radiative

. .y QGP Medium
% Radiative

AdS/CFT Drag

Strong coupling limit 4}2 S —i

% AdS/CFT drag force

QGP Medium

Variety of ways to implement each category —all theories won’t behave the same!
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https://indico.cern.ch/event/900973/attachments/2054497/3459962/20200623_CMS_LPCC_JingWang_v9.pdf
https://indico.cern.ch/event/900973/attachments/2054497/3459962/20200623_CMS_LPCC_JingWang_v9.pdf

**This categorization scheme is largely based off of great

Jet quenChing talk by Jing Wanag.

@ Impact of the jet on the medium — medium response

Recoll
Hole
@ Weak coupling limit
% Recoils (Kinetic based approach) I J>et
d d
II aa-‘
y
QGP Medium
Strong coupling limit Negative Wake Wake
% Wake (Hydrodynamics based approach)
\\ _>
% Includes positive and negative 5 o) g
contributions
QGP Medium

** Cartoon of the wake in

What tools are there to search for these medium response effects? position space
Hannah Bossi (MIT) TH Heavy lon Coffee



https://indico.cern.ch/event/900973/attachments/2054497/3459962/20200623_CMS_LPCC_JingWang_v9.pdf
https://indico.cern.ch/event/900973/attachments/2054497/3459962/20200623_CMS_LPCC_JingWang_v9.pdf

Search for the medium response (cuis-pas-HIN-23-006

oy 1 -1 : :
S:MS Pre//m/naryh Pthb (pp) 5.02 TeV 1.67 nb (hso1 pb) o Jse pT—dlfferentl al
4 40<p§<350 GeV ~ 1<p'<2 GeV 2<p?'<4 GeV Hybrid 4<p?'<10 GeV
o <2 Hyorc No wale measurement of the
% g #3‘\ PbPb 0-30% Reflected jgxg: Kﬁ)%&ml Z_hadrOn COrreIatiOn
g 2 L/ i CoLBT : .
S E Wi:z, A - - PYTHIA8 p?>20 GeV INn azimuthal angle (¢)
=_ 1 ¢ *’ RN D.i:.. \Y e . s
5 F 2%\ o N 7\ and rapidity.
% O:_'-----D,.--.--'\" ¢“¢J N ;.___5,!‘_1“,4*____3-;‘*;’ ﬁ"‘;\nﬁwﬂ | g
3 _Bar iR A 7 -
BN AT | See evidence of the
—2F NV medium response in
8 2F ) P the QGP!
I é--m-------:-n-r;-:- ,l__ N :_ _t- N . Pic == __f S | T .
0 BN ATt 3 RN RS~ I Different medium
D-_2§TI|IIIIE|IIII|lllllllll|IIII|IIIIlllllllllllllllllIllllllllllllIl|IllllIllllllllllllllllllllll
1 0 1 2 3 4 1 0 1 2 3 4 1 0 1 2 3 4 response
Az A2 AD mechanisms appear

similarly.

See talk by Yen-Jie Lee at Hard Probes for more details!

How do we begin to characterize the medium response further??
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-006/index.html
https://indico.cern.ch/event/1339555/contributions/6040903/attachments/2934056/5153148/20240925-HP2024-yenjie-v22.pdf

Make precision
measurements
of “known”
effects

This talk: What
else can we
do with EECs?

Look for large
qualitative signatures
of relatively
“unknown” effects

i .\"‘ \ . '



(&"(n,)&E"(n,)...8"(ny))

Can we uUSe EECS? ENC(R)) =(ﬂ ﬂdQﬁk)é(RL—AﬁL)-

=1

Yes! Many applications so far ... |
Andres et al. Phys. Rev. Lett. 130, 262301]

[Yang et al., Phys. Rev. Lett. 132, 011901] 0100 Two-Point Energy Correlator
[HB et al arXiv:2407.13818] 10" - 0.050
102 ] — — : q = 2 GeV?/fm; u=1 GeV | |
L f —=— Vacuum anti-k; jets, R =0.8 - I RN ~ 0.010 - :
3 - —e— Mediumw/wake 140 GeV/ic<p_ <240 GeV/c i AIES 0005»1 = ]
8 [ —+— Medium w/o wake T | “ N ke | E=100GeV, L=2 fm T _\_\_‘_‘—\_\_‘_‘;
= 0F S mans ERNS | L ya docgea | | O - |
W % DN 770 m§=20GeVm™! o
— ﬁ S ]00 il . 5.><10'4;
1 iﬁiﬂ 1 B . \\\ . M §=30GeVfm™!
- . b | — 0 sEEE= acuum
RS ™ : ~== E=100 GeV, vacuum > L T T e
4 e d B N L3 10 4 -3 ) -1 0
*-+i - l === E=200GeV, vacuum N 08 o
107 = = ‘ —— E=100 GeV, L=4 fm N E| 06 f%
: 4 ‘ —— E=100 GeV, L=8 fm wlte2 T
i i —— E=200 GeV, L=8 fm -4 3 2 -1 0
jo2 b L i 10-! ! E— —r—rr e
102 10 1 ' ' In 6
R 102 10~ 100

6
% Medium effects appear at a similar characteristic scale in the projected correlators

regardless of the physical mechanism driving these medium effects.

Can we distinguish these different physical mechanisms? What about
higher orders of N? What if we also included the full shape information?

Hannah Bossi (MIT) TH Heavy lon Coffee


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.262301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.011901
https://arxiv.org/abs/2407.13818

Exposing the wake with 3-point correlators

Idea: Study one type of medium response (wake) via its scaling dependence in the
projected correlator (E3C) and its distinct shape dependence in the full 3-point
correlator (EEEC). For this use the Hybrid Model [UHEP 10 (2014) 019]

Impact of the medium on the jet Impact of the jet on the medium —
— Jet energy loss

\A@ Drag Negative Wake Wake
/ ‘ '//
QGP Medium QGP Medium
Strong coupling limit Strong coupling limit
% AdS/CFT drag force Wake (Hydrodynamics based approach)
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https://arxiv.org/pdf/1405.3864.pdf

Projected 3-point correlators

Can first use higher-point projected correlators (ENC) correlators to study the scaling of
wake effects.

[HB et al arXiv:2407.13818]

| | I | | | | | | | 1 =
anti-k; jets, R =0.8 -
140 GeV/c < P e < 240 GeV/c

A
-
N
TTTTH

Normalized E3C
o
T
*+++ ]
%
Lé4
%
|

o Eﬁ*ﬁ#ﬁ
Ship i*@:
e +3q E
: Py -
: ++J +Wake effects prominent at large R; .
10_15— —a— I\\/Aacqum wak ¥
S Nediom wio aake | «Shift in the peak position due to jet energy
o . . A loss.
1072 107" R
L

We can get more information by studying the shape (full correlator, EEEC)!

QL

#* When N > 2 there are non-trivial shape dependencies in collinear limit.
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https://arxiv.org/abs/2407.13818

Coordinate system for EEECs

How do we visualize the full 3-point energy energy correlators (EEECs)?

» Use a 3D space with the following coordinate setups!

- Fix the longest side (R}) on the x axis
placing one of the particles at the origin.

- Set R; = 1 and rescale the rest of the
triangle accordingly.

* Fill the EEEC in bins (x,y) for the third particle
X In the triplet!

Coordinates chosen to have a flat Jacobian such that there is no preference for a single
region based on coordinate choices alone.
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Shape dependence in vacuum

Look at distribution for an R; slice

Vacuum

0.6< R <0.7

Rs LL }
LL
Ry 1
. 10724
Equilateral i
region
relatively y

unpopulated

.
.
.
.
.

B .

. B

. .

.
. .
.
. .
1 .
. .
. .
— o .
.
——— .
— .
— *”®
B
.
—
.
—
.
.
.
B .
.
.

—

140 GeV/c < p_ o <240 GeV/c

Normalized E3C
)

—

107"

102—

A
o
N
TTTTF

—_ — ————
anti-k; jets, R =0.8 =
140 GeV/c < P, ot < 240 GeV/c _
WUTEE: e
355 4
It :&%
- iiii =
N i'*'*‘.,ﬁ _
i RL *@‘
= —5— Vacuum b
- —e— Medium w/ wake =
- —4— Medium w/o wake i
L ! A [ R | I TR
1072 107" 1

Dominant shapes

when all
emissions are
correlated with

the same source
(parton shower)
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Shape dependence in medium

Wake = ON 140 GeV/c < p_. <240 GeV/c Wake = OFF 140 GeV/c < p_. <240 GeV/c
0.6 <R <0.7 Tt Tt

06< AR <0.7

R Medium, With Wake Medium, No Wake

Jet quenching alone reduces peak

Rise in equilateral and collinear structures due to the presence of the
uncorrelated wake!
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Ratios to vacuum

Wake = ON 140 GeV/c < p... < 240 GeV/c Wake = OFF 140 GeV/c < p.. < 240 GeV/c
0.6 <R <0.7 e 0.6<R, <0.7 et

B
"
..
.-
P
PR
"
"
.
s

....
ar"
.

O> 2—: .................
oo

.c 1 T

e 171
O E ............
HJJ 0.5}
R

08
14 0.6 0.4 0 L L
“ oo 02 X

<o No wake / vacuum

Wake leaves clear signatures in comparison to vacuum! Dramatically different
from the no wake case

% Shape of medium response is encoded in these ratios!
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