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https://arxiv.org/pdf/2407.13818

Energy Correlators in Jets

Motivation

Calculable in
pQCD

= Grooming
Energy &
(Correlators} Reclustering

ot necessary

Separation of scales

% Active area of research

% Recent results from ALEPH, ALICE, CMS,

STAR — wide energy range!

x Extension to QCD matter in experiment!
Hard Probes 2024

Ananya Rai, Yale University

E2C

Ratio to PYTHIAS

10?
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CMS

See talk by A. Nambrath!
See poster by P Dhanker!
See poster by B. Liangman!
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https://arxiv.org/abs/arXiv:2409.12687

Energy Correlators in Jets

Definition and construction
' E3C: Projected 3-point correlator

R, ?Rs Project along RL> R, sz
Ry, Ry
°t il e

Number of particles in the correlation Track pr

NV
r

o i 1 - o
ENC(R;) = dR. S(R. — AR.) - X b vy Otep 1. Find a jet
) Z J Lo 2 (Prje) PrPr - Pr) Step 2. Create triplets from jet constituents

Step 3. Find the largest distance between
any pair in the triplet

Largest distance between N particles Step 4. Fill an energy-weighted histogram
Ananya Rai, Yale University Hard Probes 2024 3
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Talk outline

A.Rai et al arXiv:2407.13818
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https://arxiv.org/pdf/2407.13818

The ALICE Detector

Constructing jets

% Inner Tracking System
% Time Projection Chamber

Charged-particle jet pr bins

20 - 40 GeV/c

40 - 60 GeV/c

60 - 80 GeV/c

Ananya Rai, Yale University

1. ITS 6. EMCAL
2. V0and TO 7. PHOS
3. TPC 8. Muons

4. TRD 9. AD
5. TOF 10. ZDC
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= ALICE tracking detectors offer great angular resolution
(~ Tmrad for p%”“"k = 1 GeV/c)

* This analysis: Run 2 data at v/s = 13 TeV, Charged-particle,
anti-k jets, A= 0.4, |7, | < 0.5, pi™** > 1 GeV/c o build

correlators
Hard Probes 2024 4



QFT Detour: Anomalous dimensions
What they are and why they matter

QFT operators have a scaling/mass

. . . | Probes quantum
dimension A 4. E.g., in 3+1D, scalar field ¢

mechanical corrections!
Measuring and extracting
these Is a great way to probe
QCD dynamics

has A, = 1, fermion field y has A, = 3/2
—
Quantum mechanical effects =%A ;

gets shifted by “anomalous dimensions”,

Y 6
Ap=As+7p

In the case of energy correlators, extracting these
probes the strong coupling constant, ag !

Ananya Rai, Yale University Hard Probes 2024



Results: EEC

pp \/s = 13 TeV
. Normalized by the area (in the measured range) & bin width
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Confinement

Non-perturbative ———————————————  Perturbative

Ananya Rai, Yale University

Hard Probes 2024

Confinement

Hadronic Physics

Perturbative
Evolution

% QCD evolution from right (perturbative
partons) to left (hon-perturbative, free
streaming hadrons), with peak region
representing confinement transition

* Curve shifts left with increasing jet pt —
elongating the perturbative regime

* ¥, — anomalous dimension of EEC
operator - guantum correction!

s Powers of the slope:
“Scaling behavior”



Results: E3C

pp \/E — 1 3 Te V o1 12 No]rmalizgq by the area (in ghg mgagure_d range) gnd bin yvidth
0 ALICE Preliminary |
b | [ ch,jet _
° | T op VS = 13 TeV +60<pT. <80 GeV/c
% Preserve the overall _ 210 anti-k., ch-particle jets - 40 < pih"et <60 GeV/c —
TP . o) .
size” of the correlation . R=04,|_|<05 == 20 < p>' < 40 GeV/c _

by keeping information |  py™>1GeVic

about largest angle .
B E cg o ]
R 6 - S = _
- R, Slope Slope
~R; <.
Ry,
+ Similar behavior as the | == L T g~ * 73 is the anomalous
EEC e = dimension of E3C
1072 | - ‘1(;_1 | 1 operator!
Confinement Al

Non-perturbative ——————————————  Perturbative
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Results: ESC/EEC

pp\/g = 13 TeV

2

L

do.,./dR
do./dR,

1.6—

1.4
* Trivial correlation low Ry

regime comes from free 1.2
streaming hadrons

Slope in non-perturbative (g
regime is the same for all _

jet pr bins. 0.4—

-

0.2

1.8—

ALICE Prelimina;y

pp Vs =13 TeV
anti-k;, ch-particle jets
R=04,|n |<0.5

jet

p‘Trale >1 GeV/c

|

|

|

| | I | |

~0— 60 < pih“'et < 80 GeV/c
- 40 < pf""e‘ < 60 GeV/c
e 2() < pih’jet <40 GeV/c

1072

107"

Slope in perturbative
regime ~ REZ, 2

Y3 T Vo X0
—>Slope x a

s Change in slope with jet
Pt — Indicative of
running of coupling

s« pQCD prediction:

YN+1 = VN
Reproduced in data!

Both E3C & EEC are normalized by the area (in the measured range) and bin width.

Ananya Rai, Yale University Hard Probes 2024 3
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aq extraction at ALICE : E3C/EEC Ratio
o]0 \/E =13 TeV

5 ~ Full jet
'l “F
2R E pQ(J’_D NLL —— 60 <(@" 80 GeVic
0| w1.8— s=13TeV je
sle : sz oa — 40 < ﬂTt <60 GeV/c
1.6 — p;l:ack > 1 GeV/c m—20< p’ft <40 GeV/c
1.4 :— .R/
1.2 »
1 Z_ .R/'
0.8/—
0.6— . .
- ENC computed on charged-particles in
04— full jets
- Lee, Mecaj, Moult, arXiv:2205.03414
0.2 ; | | | | | | | | I ) |
10” 10
R
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aq extraction at ALICE : E3C/EEC Ratio

pp \/s = 13 TeV

"V Cause uncertainty in mapping

Charged jet

| | |

—o— 60 << 80 GeV/c

~8= 40 < p’ ' < 60 GeV/c
—te= 20 < p‘T’“J‘at < 40 GeV/c

Slope in perturbative
regime ~ R/*""2

| | I— | | |

2 ~ Full jet
vl il ] o e 2 ' '
SIS, | PACDNLL = 60 <(@*) 80 GeVic SfS I ALICE Preliminary
l(B 81. [ES— — . ™ (1
S |3 8: pp 6= 13 TeV === 40 < p'< 60 GeV/c ) 51.8— pp Vs =13 TeV
oF R=0.4 B 50 L 7' < 40 GeVi °'™ - anti-k,, ch-particle jets
L )| rack
. P'Ta >1GeV/c T 1.6 pR-= 0.4, |njet| <0.5
B ™ track
1.4:_ .R/ 4l oM >1GeV/c
1.2 ”
1}—
- .R/' |
0.8—
— 0.8}
- ENC computed on charged-particles in 0.6
04— full jets :
- Lee, Mecdj, Moult, arXiv:2205.03414 0.4+
02 ; | | | | | L1 1 | 1 | | ] -
10” 10 0.2 | A
R. 10—2

* Trends between theory and data agree
* Current work: extract y and map to aq

Ananya Rai, Yale University
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Can we build a Charged to Full Jet mapping for the ENC?

Do’s and dont’s

[ [ 1T 11

8 14— ALICE Simulation | ]
W PYTHIApp 5= 13Tev —e— Charged-particle jets N
1ol anti-k; jets, R=0.4 —— Charged-particles in full jets
B |17jet| <0.5, ptTraC" >1GeV/c N
10 — 60< ,oTJet <80 GeV/c I
u Ry N
8 —
_ . _
. - -.-_.__._-0--.- ++,"* E
- *‘+ %%% By AR %;% N
L - %* **¥ _
4 %* %% —
i* %% ﬁﬁév 7
o, Ch jet: 60 - 80 GeV/c *@% ]
- % , —
- Full jet 60 80 GeV/c %**¥¥;

0 I I I I

107 10-1
A
2/3 % plull = peh o
T Jjet T, ) et
[ T T

8 {4 ALICE Slmulatlon | ]
W PYTHIA pp V5= 13 Tev —— Charged-particle jets N
1ol anti-k; jets, R =0.4 —+— Charged-particles in full jets —
~ |77 | < 0.5, p"‘"“ck >1GeV/c B
ol 90 < Pl < 120 GeV/c i
— 60< pCh <80 GeV/c 2
8f— -
Nl e .
- NCOA _
B %*%‘4“ |
4= * —
" o ® ** _|
- - x. R 2 |
*  Chjet: 60 - 80 GeV/c “#,, N
2— |
- Full jet 90 -120 GeV/c gy

oL ! L] ! Y

107 107"
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Can we build a Charged to Full Jet mapping for the ENC?

Do’s and dont’s

EEC

14

[ [
. ALICE Simulation

~  PYTHIApp Vs = 13 Tev —— Charged-particle jets

— anti-k;jets, R=0.4

12—

10

o

—— Charged-particles in full jets

— In, | <05, P> 1 GeVic

I
(o))
S
A

o
A
(0]
o
Q)
®
<
~~
o

%o
fffff

'&

=" Ch jet: 60 - 80 GeV/c ‘1,
- Full jet 60 80 GeV/c

o«
*
®
*
«

]F*II|III|III|III|III|III|III|I

1072 101

% 4, 1ull
2/3 pT,Jet pT,Jet

|

14—

EEC

. ALICE Slmulatlon

—  PYTHIApp Vs =13 Tev —*— Charged-particle jets
—  anti-k; jets, R=0.4 —+— Charged-particles in full jets

12—

10—

N
III|I¢IIIII|III|I
+

- |’7 | <0.5, pt > 1 GeV/c
— 90<pf ull <120 GeV/c
— 60<p <80 GeV/c

*
Ch jet: 60 - 80 GeV/c "+,
Full jet 90 -120 GeV/c

P
»
»
»
»
»

_**II|III|III|III|III|III|III|I_

-2 107"
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% Trivial scaling does not work

— as expected

ALICE Simulation, PYTHIA pp Vs = 13 TeV
Response matrix for ch-particle and full anti-k; jets, R = 0.4, |17iet| <0.5

100

)

90

80

ul (GeV/c

T,jet

p

70
60
50
40
30

20

19

o IIII|IIII|IIII|IIII

20 30 40 50 60

* To extract ag precisely using
E3C/EEC, we need to account

pch  (GeV/c)

for jet energy scale differences

Hard Probes 2024
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Can we build a Charged to Full Jet mapping for the ENC?

Do’s and dont’s

3 b s LT 8x Trivial scaling does not work % Track functions — one avenue for
—  PYTHIApp Vs =13 TeV —*— Lhargead-partclie Jets _
—  anti-k- iets. R =0. —— Charged-particles in full jets - - "
e = — as expected creating a mapping!
— 60< ijet <80 GeV/c i
e | R, - ATLAS CONF—2024 012
8__ __ ALICE Simulation, PYTHIA pp vg _ 13 TeV 4il LI | LI | LI | IIIIIIIIII .I | | IDIIa..Ital. IIIIIIIIIII E
- JO 7] Response matrix for ch-particle and full anti-k; jets, R = 0.4, |’7iet| <0.5 -8 _BO = ATLAS Preliminary Puthi =
N "," .o, - 5 100 . - 3_5_ Is - 1 O ythia —
- . %%%eeee%ee%e%*gg* . > | s 13 TeV, 140 fb’ N Sherpa (AHAD|C) =
4—_' *%%ee* *3:% T g 90 _§ 10 3:_ 600 GeV < pT < 800 GeV v Sherpa (Lund) =
;:; i ﬁﬁ . =% g = o 5 Central n bin =
o, Ch jet: 60 - 80 GeV/c **%i ] ) . = ;. = =
- Full jet: 60 - 80 GeV/c Fuy 70 o 2 =
0 L1 : | i § 1 5:_ . ‘ E
10 1o o 60 - SIE s
L = — _
B 1= 7 —
K full ¢ 50 - = =
- — [ —
2/3 pT,Jet pT,Jet s . . : -
D aLioe Smulaien T = = o 1zi:::I::::}::::}::::I::::I::::I::::I::::I::::I:::é
= —  PYTHIApp Vs =13 Tev —*— Charged-particle jets _ 303_ 10¢ 8 % '15_ ___________________________________ | —— B & T
12:_ anti-k; jets, tRk 0.4 —#— Charged-particles in full jets _: 20 = Et*g O 82— z & s | _i
:gno|;f3|5p1zog1vc/aeV/c . E S
10— ) Ch ) evic — 101_ = — Total Syst. -- - Stat. | - - MC Model -.- Exp. Conditions e
- 60 < p" <80 GeV/c - 0 20 30 40 50 60 70 80 pi'}:?GeV/::)OO > 0.2E ....... Unfolding Tracking — JES+JER -
B B | @ % 0.1= -
u s _ =T = i Feom==s=n==ey
s S . © O OFEESEESriiaairass e s Sl il s
[ e ] : : © 2 s ... amEr e e Pl E
e . - * To extract ag precisely using S 0 E
- : *a — 0) 0.1 02 03 04 05 06 07 08 09 1
*  Chjet: 60 - 80 GeV/c “#,, N ,
T Fulljet: 0120 Gevie e, E3C/EEC, we need to account :
B | L | | | #i* . .
0 —
for jet energy scale differences = Z(Prm)/P Tjet

v
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-012/

aq extraction at ALICE : E3C/EEC Ratio

Motivation

arXiv:2402.13864 arXiv:2405.79396
CMS 36.3 b (13 TeV) 0.6 | -
0.8 . ' ' o o ] — R,NLL+LO + Q(Ry) -
R LN --- R, NLL +LO i
/ c”Nj | as(mz) = 0.125 B
80-7 7 c&% 0.5} — a,(my) = 0.115 —
O & i m | — a,(mz) =0.105 ]

L
X asln(RL) % 0.6 - § : :
S = 04 _
.R/‘ %09 - S i
- @ .
_ 2 ]
_ [ ’
0.4_ N C'T) 03_ —
0.3} . 0 T R:t _
: g":d/ O,2H | | | | | | | | | | | | | | ]—l_l_l | ]
0 2h PR URURUN NS RS S SRS SI NI RS S ST R g:é 1.2 /1“1 _%;“l‘_ L A N B B B B _g
‘477200 400 600 800 1000 1200 1400 1600 Slo 11E P 3
jet G V LE“EJ“ égé P | : ‘ ¢ T —‘!_E
Py (GeV) X = S R R $, Pyphia ¢ Hervig | =
ALICE o P 500 1000 1500 2000

_ +0.0014 +0.0030 +0.0023 - Q(GeV)
ag(mz) = 0.12297 501> (stat) o033 (theo) o036 (exp) jet energy range /

* Map to ag — access non-perturbative

4% precision! .
corrections at our energy scales!

Ananya Rai, Yale University Hard Probes 2024 11


https://arxiv.org/pdf/2402.13864
https://arxiv.org/pdf/2405.19396

Ongoing work

pp \/s = 13 TeV :

| I | | L | | I

- ALICE Preliminary R pch,jet 50 GoV/c _
< <
T

1.8— ppVs=13TeV .
. . . ch,jet
* Preliminary results used bin-by-bin - anti-ky, ch-particle jets =40 <p " <60 GeVic .

dog,/dR,
Jo .. JdR,

6~ R=04,In <05 =20 < p"* < 40 GeV/c
p‘f‘ck >1 GeV/c

correction method (possible due to i
excellent Ry resolution at ALICE) f.4

fror(RES, P%j'tet) = ENCye/ ENC,

1.2

ruc
1

EN Ctrue(p"}r, 3‘1;) = (1/ fcorr)EN Cdet(p %Stet) 0.8

** Map charged to full jets to set the jet >oF Slope in perturbative

. . . - V3~V
energy scale (via track functions or via a 0.4 regime ~RL3 ’ _

model dependent mapping) i | o | o

10° 10°
* Perform 3D unfolding to extract

anOmalous d | menSiOnS and rela‘te 'tO as Both E3C & EEC are normalized by the area (in the measured range) and bin width.

Ananya Rai, Yale University Hard Probes 2024
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Normalized by the area (in the measured range) & bin width
I I

[
(|.|-3 12 I I I T I I | I I
Wl ALICE Preliminary ,
b | | ch,jet
o
o

210~ anti-k;, ch-particle jets =40 < 2" <60 GeVic
| R=04,In_[<05 = 20 < p* < 40 GeV/c
p‘T"""k >1GeV/c

Why study jet substructure . A
with energy correlators? Energy Correlator
measurements at ALICE :

2 -1
[ . 10 10 R

Extending Energy Correlator
measurements 1o
Heavy lons

See jet EEC session
earlier today!

. See C. Andres’ talk in
this session!

See A. Rai’s poster!

k’
z/Outlook and summary ceeeec*
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Energy Correlators in Heavy lon Collisions

Active area of research!

A Coherent View of the Quark-Gluon Plasma from
Resolving the Scales of the Quark-Gluon Plasma with Energy Correlators Q

Energy Correlators

Carlota Andres,’ Fabio Dominguez,” Raghav Kunnawalkam
- ' wrquet,’ and Ian Moult®

Advancing the understanding of energy-energy y F-91128 Palaiseau, France
_ ] o Enerrias (IGFAE),
correlators in heavy-ion collisions jo de Compostela 15782, Spain
y New Haven, CT Carlota Andres,” Fabio Dominguez,” Jack Holguin,” Cyrille Marquet,” lan Moult®

y, Upton NY ,
bilt University, Nashville, TN “CPHT, CNRS, Ecole polytechnique, Institut Polytechnique de Paris, 91120 Palaiseau, France

New Haven, CT 06511 b Instituto Glalego de Fisica de Altas Enerxias (IGFAE), Unwersidade de Santiago de Compostela, Santiago
de Compostela 15782, Spain

Jodo Barata,® Paul Caucal,’ Alba Soto-Ontoso,® and Robert Szafron®

@ Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA

SUBATECH UMR 6457 (IMT Atlantique, Université de Nantes, IN2P3/CNRS), 4 rue Alfred
Kastler,44307 Nantes, France

¢CERN, Theoretical Physics Department, CH-1211 Geneva 23, Switzerland

—

Probing the Short-Distance Structure of the Quark-Gluon Plasma
with Energy Correlators

Zhong Yang,' Yayun He - [an Moult,* and Xin-Nian ~Seeing Beauty in the Quark-Gluon Plasma with Energy Correlators

' Institute |

Flavor Hierarchy of Jet Energy Correlators inside the Quark-Gluon Plasma 0075, & Carlota Andres,’ Fabio Dominguez,? Jack Holguin,' Cyrille Marquet,’ and Ian Moult®
, Institute ' ! J :

1

YCPHT, CNRS, Ecole polytechnigue, Institut Polytechnique de Paris, 91120 Palaiseau, France

Wen-Jing Xing,j Shanshan Cao,* Guang-You Qin,” ' and Xin-Nian Wang? * ’ ‘ “Instituto Galego de Fisica de Altas Enerzias (IGFAE),
Institute Of Frc.mtz'er.and Interdisciplinary Scz’ence,. Universidade de Santiago de Compostela, Santiago de Compostela 15782, Spain
Shandong University, Qingdao, Shandong 266237, China *Department of Physics, Yale University, New Haven, CT 06511

®Institute of Particle Physics and Key Laboratory of Quark and Lepton Physics (MOE),
Central China Normal University, Wuhan, 430079, China
(Dated: September 20, 2024)
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AdS/CFT Drag

+
> —<—
——
—L

‘Jet Energy Loss” |
Drag Force

C )

Impact of jet on medium

Negative Wake Wake

~
~ N
- ? ' -~

.

“Medium Response”
Hydrodynamic Wake

* Experimentally interesting because ratios

E3C/E2C

NN
SR

N

1.8
1.6
1.4

1.2

3
0.8
0.6

E3C/EEC in Heavy lon Collisions
A study in the Hybrid Model

Impact of medium on jet A.Rai et al arXiv:2407.13818

—=— Vacuum

—e— Medium w/ wake
—4— Medium w/o wake

anti-k+ jets, R =0.8
140 GeV/e < P, o <240 GeV/c

<%Illl

1072

are more robust to detector effects!

* Ratios will also cancel some uncorrelated background effects

Ananya Rai, Yale University

Hard Probes 2024

—

* “Flat” region corresponds
to the presence of the
wake

*In pp, we access the
anomalous dimensions of
vacuum QCD.
Interpretation for HIC?

14


https://arxiv.org/pdf/2407.13818

Background Subtraction in Heavy lon Collisions

Pythia study: Energy Correlators in a Thermal Toy

** Embedding Pythia jets in a thermal toy — now we have signal (s) and

in our jets (pA subtraction already performed)

Adding uncorrelated
background to Pythia jet,
New Jet = Signal +

E3C

**Similar study for EEC in backup

Ananya Rai, Yale University

—h
o
&

Curves are bin width normalized

~  ALICE Simulation ——

—  PYTHIA pp + thermal bkg Vs = 5.02 TeV

—  anti-kq, ch-particle jets

— R=04,ln_|<05 —e—

- track

— PTraC >.e(t)t.rZeGeV/ C E3C

— 20< /o‘T T <120 GeV/e

—— 60 < pf“em <100 GeV/c

—  —— total

— = bbb .-

— —%— sbb

— —+— Ssb —+

— —+— SSS ——

— e

— e —O— —+—

[ — .
p— ——

— —0—_*_

- —4— ——

_ —— — _ ——— — 44—

IO L *_—It——t—_lt L |._|_=|=!4=—l—_.| | ==

Hard Probes 2024

particles

** Goal: Correct the black curve
(total) so it matches the pink
curve (sss)

** How to achieve this?
- Correct uncorrelated bkg using
min bias/mixed events
- Correct for jet-selection bias

15



Background Subtraction for E3C

A multi-cone story Cones centered on jet axis of jet radius R

hermal Cone 1 Thermal Cone 2 hermal Cone 3

J=5+18B

(B ) B,=B,B,b,
3 2B J°B, =8+ B)*B, /B 1By, = SB Bb b

J =3 +.+ B|+|3 ! ( ) 1 > 2 2—]—2+ « /' We need a 3rd

J :jet ](Bl) =5+ B)(Bl) BI(BZ) —B B2B2 cone because of

S : signal particles in jet this term!
B : bkg particles in jet

B, B, B : bkg particles in thermal cones
Takeaway: We need a third cone to correct for E3Cs!

**Similar method for EEC but only 2 cones needed
Ananya Rai, Yale University Hard Probes 2024 16



Background Subtraction in Heavy lon Collisions

Pythia study: Energy Correlators in a Thermal Toy

x10™ Curves are bin width normalized
O [
m —  ALICE Simulation —e—
4T PYTHIA pp + thermal bkg s = 5.02 TeV
3 5:_ anti-k;, ch-particle jets
T R=04, | <05 .
3 pfFaCk > 0.7 GeV/c
- 20< PP <120 GeVie
25— 60 < ;fft’rec" < 100 GeV/c E3C
- e total
2E" = bbb ——
- sbb
1.5— —+—ssb —+
— —+— SSS ——
1__ —e— e
— . .
[ — —a——
— ' Te——
0.5 I o .
— o —4— —a— —+—
oL+ PR S M S . AR =" =

* Thermal cone correction works but doesn’t give complete closure

E3C

Thermal cone
correction

—»

bias from upward underlying event fluctuations
Hard Probes 2024

Ananya Rai, Yale University

0.8

0.6

0.4

0.2

>_<1 07>
- ALICE Simulation, E3C after thermal cone correction
"~ PYTHIA pp + thermal bkg Vs = 5.02 TeV
- anti-k;, ch-particle jets, R = 0.4, |77jet| <0.5
~ 60 < pJTe“eC" <100 GeV/c —e— corrected
jet,true
- 20 < pJT <120 GeV/c 88
i ptTraCk > 0.7 GeV/c
B — ¢
: —
- T ——
_:._ —n
u e
B T T —e—
_I | | | | | | [ | | | ——#—
1072 107"

— culprit is the jet selection

17



Background Subtraction for E3C

Pythia study: Jet selection bias and c-factor correction

2] —
S10°g~  ALICE Simulation
G 10 PYTHIA pp + thermal bkg Vs = 5.02 TeV
1; anti-k+, ch-particle jets 0 et _ 057 5 GeV
E R=04,n 1<05 ivogne
107 = — —
= p® 540 GeV/c ’Oavg =191.6 GeV
102 T
1078 -
= o Thermal
1074 = T L
- E cone
10 = +
107 - c-factor
107 = correction
108 =
1079 &
10_10él_lllllllllII|IIII|IIII|III|IIII|III|IIII|IIII
0 50 100 150 200 250 300 350 400 450 500
p _(GeV)
UE
jet

** Underestimation of Pk related to jet selection

bias — more likely to select jets that sit on an
“upward fluctuation of the background” —
more background particles in jet

Ananya Rai, Yale University

O
1.2
L]

0.8
0.6
0.4

0.2

% c-factor = E3C ( RL)Zzge /E3 C( RL) jet

x107°
- ALICE Simulation, E3C after thermal cone + c—factor correction
_ PYTHIA pp + thermal bkg Vs = 5.02 TeV
— anti-k+, ch-particle jets, R = 0.4, |77 | <0.5
 60< pJet 180 <100 GeV/c —e— corrected
- 20 < pJet e 2120 GeV/c
P> 0.7 GeVic TTSSS
| — O o
i e T
| ——
o e o
o e
B —e—
| | ] | L
107 107
RL

bkg

** Accounting for background UE density
differences gives closure!

Hard Probes 2024
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Normalized by the area (in the measured range) & bin width
I I T I I

|
(L|-3 12 I I I | I I
wf ALICE Preliminary :
b | | ch,jet

10/— anti-ky, ch-particle jets =40 < 2" <60 GeVic
S | R=04, 1l < 0.5 = 20 < p* < 40 GeV/c
p‘T"""k >1GeV/c

T —~+ ) A.Rai et al arXiv:2407.13818

6~ + + Slope S 2.4F —|IE|I—I\|/acuuml o e - . =

++:*: ~ 172 S oF —e— Medium w/ wake anti-ly jets, H =0.8 -

Slope +++ = 1/R; (L&Jljz'zi_—«f—Mediumw/owake 140 GeVic<p <240 GeVic

~R; 41— **E o o i

é;t_‘__..-.- *.A_"F +++* 18 f_

ok _._** ""_::_-* ] 1.6 +

o ® e %% ., . L | =T 1.4 ++-+§§Ef+ —

o’ *e 107 | TS | | R 1.2 + +¢i§%}&ﬂ*++ =

I e - 4320 ]

Why study jet substructure °-, . Cieeeee., I -
I ® e TS SO E
with Energy Correlators? Energy Correlator T -
RL

measurements at ALICE .

Extending Energy Correlator
measurements 1o
Heavy lons

Outlook and summary «.....*

Ananya Rai, Yale University Hard Probes 2024


https://arxiv.org/pdf/2407.13818

8 12 | | I | I
wif ~ ALICE Preliminary .
b | | ch,jet
S |o op V5 = 13 TeV -0-60<pT. <80 GeV/c
_| B10— anti-k, ch-particle jets =40 < Pimet <60 GeV/c
3 | R=04,ln/<05 == 20 < p" < 40 GeV/c
ptT’aC" >1 GeV/c
8 I

AN —g— ++ Slope
' ~1 Rl—)'z
Slope | + 4= /R,
L e -
— -
=" —
*+ ——_y i
2k e -
e -o-_._
| =jhe=
** | | | | | | | | |
107 107!

Energy Correlators show clear

separation of energy scales
Inside jets

Ananya Rai, Yale University

Summary and Outlook

Energy Correlators in vacuum QCD and beyond

N

dog, /dR,
Jo../dR,

1.6

1.4

1.2

| l | I [ I I I [ l [

0.8

0.6

0.4—

0.2

"
—o— 60 < pi"'je‘ <80 GeV/c
- 40 < p‘T’“”'e‘ <60 GeV/c
—te= 20 < p‘T’“Je‘ <40 GeV/c

ALICE P;elimina;y

pp Vs = 13 TeV
anti-k;, ch-particle jets
R=0.4, |njet| <0.5
p‘Trale >1 GeV/c

| I | I | I | l | I |

1072

=

10

Y

sensitive to running of the strong
coupling, as. We can extract the slopes

of EBC/EEC and relate them to ag by mapping

atios of projected correlators are

to the correct jet energy scale

Hard Probes 2024

x107°
@)
m1 .2 __ ALICE Simulation, E3C after thermal cone + c-factor correction
| PYTHIA pp + thermal bkg Vs = 5.02 TeV
~ anti-k, ch-particle jets, R =0.4, |n_| < 0.5
1— jet,reco Jet

- 20< pJTe""“e <120 GeV/c

0.8 P> 0.7 GeVic SSS

L I —

B ——
- ——

0.6— °
B ——
L _._

04—
-  —
L ———

0.2
N | | L »

1072 107"

al

We understand how to perform
background subtraction in the QGP for
the correlators.
Time to go looking
for jet modification in the QGP!

19






Jets and Jet Substructure

Looking inside jets

** Modeled by iterative splittings of hard
scattered partons during the initial

collision
| = =
et 8
g El. &
Q i
BUdd - I
S il = T ** Multi-scale objects: QCD evolution
% Sl: imprinted on jets as they go from
Perturbative by perturbative to non-perturbative

evolution 1 scales

Ananya Rai, Yale University Hard Probes 2024 20



Correlation Functions

Some intuition from other systems

* Correlation functions indicate phase Image Credlit: Austin Joyce

transitions /
Eg 1: Ferromagnetic transition, Correlation/ Y>

length — o0

C N
(X-S) \/

Inflation Reheating CMB LSS

time

E~1/(T—-Tgp) T Eg 2: Uge Cprrele}tions to trace back
to possible inflation scenarios

Ananya Rai, Yale University Hard Probes 2024 21



Energy Correlators in Jets

Constructing the correlators

EEC (or E2C): 2-point correlator E3C: Projected 3-point correlator

Project along R;
.R/. e R
o FoA A L S

65\ B \\ Prf” 30 e Sk

A (pH) Ry A a3 il

: o (¢

Ry

A

ENC(RL):HZZN:' / dRy, R — ARyp)
R >
L g‘_
1. Find a jet 1. Find a jet
2. Create pairs from jet constituents 2. Create triplets from jet constituents
3. Fill an energy-weighted histogram 3. Find the largest distance between any pair in

the triplets

4. Fill an energy-weighted histogram
Ananya Rai, Yale University Hard Probes 2024 22



doee

Model / Data

Ananya Rai, Yale University

Comparison to MC generators

pp /s = 13 TeV

| ALICE Preliminary — Herwig 7 (2 — 2 hard QCD)
PP _‘E =13 Tev_ _ === Pythia 8 (Monash tune)
10— anti-k;, ch-particle jets
R=04,l | <05 == Data
— 40< p;“’jet < 60 GeV/c
gl ptTraCk >1 GeV/c
B R
L
40-60 GeV/c
6 I
| | | I
ol -e= Pythia / Data -m= Herwig / Data
1§::t:¢¢:t:+ : _._":Id-"" e
8
6 B 1 1 1 1 1 1 1 | 1 1

1072

107

dogge

ALICE Preliminary

pp Vs =13 TeV
anti-k, ch-particle jets
R =04, |njet| <0.5

40 < p;“’iet <60 GeV/c
ptTraCk >1 GeV/c

40-60 GeV/c

== Herwig 7 (2 — 2 hard QCD)
== Pythia 8 (Monash tune)

== [ata

©

Model / Data

—r —h
NS
|

—o- Pythia / Data

-m= Herwig / Data

e

o O

—_
CDI03

107

do,,/dR,
do..JdR,

Model / Data

o o

N

1.6

1.4

1.2

© o
o)) o0

©
N

— —
N A

0 — i

ALICE Preliminary

pp Vs =13 TeV
anti-k, ch-particle jets
R=04, |njet| <0.5

40 < pih’jet < 60 GeV/c
ptTrele >1 GeV/c

40-60 GeV/c

= Herwig 7 (2 — 2 hard QCD)
=== Pythia 8 (Monash tune)

== [)ata

—_—k
C>|(D
N

—o- Pythia / Data

-m= Herwig / Data

107

% Herwig shows better agreement for ENC. Differences more pronounced in the hadronization

region (non-perturbative corrections matter!)
% The ratio to MC sits at unity for ESC/EEC — non-perturbative power corrections as modeled

in MC largely cancel. EBC/EEC isolates perturbative physics
Hard Probes 2024
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aq extraction at ALICE : E3C/EEC Ratio

PP \/E = 13 TeV v Cause uncertainty in mapping,
Full iet will compete with jet energy resolution'xc,,arged jet
4 Q:—JID'.'_J 2 T o T T | T | I | T I
_ ALICE Preliminary

ol 2F
o | — pQCD NLL — @ KR K& .
. F 60 <ip; x 80 GeVic ol & ~o= 60 < <80 GeV/c
¢ 18 pp V=13 TeV = 40 < p*' < 60 GeV/c -Sw T o= 15TV B
©lo L R-04 T © r  anti-k,, ch-particle jets ~#=40<p_ " <60 GeV/c -
1.6 — pt-l[ack > 1 GeV/c =20 <dT <40 GeV/c 1.6/— R = 0.4, mjetl <0.5 —tr= 20 < ,D:_h’jet <40 GeV/c
- - plck s 1 GeV/e
1.4 — . 1.4 T
- L
12— 0./ 1.2
- R,
0.8 — 0.8}
0.6/— L 0.6
- ENC computed on charged-particles in » . . )
04 full jets 0 Slope in perturbative
E Lee, Mecaj, Moult, arXiv:2205.03414 L regime ~ RES 2 -
0.2 | | | | | | | | I | | | |
5 1 0.2 | | | | 1 | | | | |
10 10 / f | R_ 10—2 10_1 =
At LL collinear in pQCD Y9 ra‘ft'o” L
d OV + 1 a. (R
ENC(R,)) = —— | (1,Dexp | — r ) In {(Kip) (X, X,) | Hy(p)
dRy | Po ay(p) / * Trends between theory and data agree

PhysRevlett 130051901 QGD betdfunction 1 pTlscale Jetproduetion * Current work: extract y and map to ag

(1 loop) Hard Probes 2024

Ananya Rai, Yale University


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.051901

Background Subtraction in Heavy lon Collisions
Energy Correlators in a Thermal Toy

See talk by J. Viinikainen
See talk by A. Tamis

o 4108 Curves are bin width normalized ., X190 Curves are bin width normalized
W = ALICE Simulation o A= ALICE Simulation e
35 PYTHIA pp + thermal bkg (s = 5.02 TeV —  PYTHIA pp + thermal bkg Vs = 5.02 TeV
— anti-k¢, ch-particle jets 35 anti-k;, ch-particle jets
3 R=04,[n |<05 - A=04n [<0.5 —
- pie* > 0.7 GeVie 3 P >0.7GeV/c
05— 20 < p™ < 120 GeVic - — 20<p."™ <120 GeVic
E 60 < pj_?t,reco <100 GeV/c . 2_5:— 60 < pjft,reco <100 GeV/c
2— - total —e— —e— - —— lotal L
- . bb EEC . . S E3C s .
15 =sb —e— 15— 4+ ssb .
~  +SS o . — -+ SSS ——
— —— _ —e—
Adding uncorrelated 15 e e 15 —— e ..
background to Pythia jet, 05 Il _._—'—=.=H_ — 0.5 =,=:': ++:¢;+ﬂ_
New Jet = Signal + EPU _._:;:—-—_'_ B :_,_=o=='= e T e
N L U I . ] I o> i O] SEPERTSE SS SMESES SR S
1072 101 : 107 107! 1
R, Ay
** Embedding Pythia jets in a thermal toy — now we have signal (s) and particles

** Want to reduce this problem to a pp jet Pt scale unfolding problem

Ananya Rai, Yale University Hard Probes 2024 29



Background Subtraction: EEC

A multi-cone story

S* =285 +28S+.....

Want to correct B*=2B,B, +2B,B;+ .....
this background

J?=S?+B?+ ZSB\/

Note: S° includes terms such as $;S; + 5,5, + .. ... but R, = 0 for these
B? includes terms such as BB, + B,B, + . . ... but R, = 0 for these

J=8S+18B

2SB - 2S1B1 + 2S1B2 + .....

Ananya Rai, Yale University Hard Probes 2024



Background Subtraction for EEC

A multi-cone story

Thermal Cone 1

J=8S+18B

J? =52 ++

S* =288, 4+258;+..... 2JB, =2(S + B)B,

B*=2B,B,+2BB; + ..... (B))* = 2(B,By), + 2(B|B;); + . . ..
Ananya Rai, Yale University Hard Probes 2024



A multi-cone story

J=8S+18B

J? =52 ++

Background Subtraction for EEC

hermal Cone 1

B

However, B5, # BB

S* =288, 4+258;+.....
B2 — 2B1B2 + 2BIB3 + .....

Ananya Rai, Yale University

(B))* =2(B;B,); +2(B;By){ +....
Hard Probes 2024 28



Background Subtraction for EEC

A multi-cone story

Thermal Cone 1 Thermal Cone 2

B b,

J=5+B
However, B5, # BB
Therefore, we need to a third cone that can account for this: 55, = 5,5,

S* =288, 4+258;+..... 2JB, =2(S + B)B,

B*=2B,B,+2BB; + ..... (B))* = 2(B,By), + 2(B|B;); + . . ..
Ananya Rai, Yale University Hard Probes 2024 29



Background Subtraction for EEC

A multi-cone story
BB, # BB

Thermal Cone 1

B

J=S+B

S* = J* - 2JB, + 2B,B,

Ananya Rai, Yale University Hard Probes 2024

Thermal Cone 2

30



Background subtraction for E3C

A multi-cone story

25BB’

1

BB//B/

1

hermal Cone

Thermal Cone 1 Thermal Cone 2

B’ B//

J = S'l‘B B)3 /B/B/ B/ ZB//=B/B,B,,
=57 +.+ 3S2B + SB 2B | (S +5 )2B | [/JB'B" = SB'B"+BB'B" / e need a 3rd
IN2 __D/'D!" D! b f
E) =S+ BYEY] (BB BB

=3(S7S, + S8, +..) + 655,85, +... | @ J2B'=(S?+ B2+ 2SB)B'=S*B'+B*B'+2SBB’
3 — 2 2 + , + / 2 ’2 y2 y2
ng 3((2222 :?233 . % _|-I_— 3213253 L )’= B\B{"+B\B)"+ ...+ SB[ "+S,5;
1 2 12251 I Y Y oY oY
B2S _ (BZSl 4 B2S2 ) + 2B Ble + *JBB —SIB1B1+ e +S5B3B2+ c o +B1B1B1+B2B1B1+ c o

Ananya Rai, Yale University “ Hard Probes 2024 31



Background subtraction for E3C

A multi-cone story

hermal Cone 1 hermal Cone 2 hermal Cone

B/

J= S+B (B/)3 _ B/B/B/ (B/) B//=B/B/B// B/B//B
3 _ Q3 3 2 2 J2B,= S+ B 2B/ JB'B" = SB'B"+BB’'B"
/ > +++ ] _( ) ) > L We need a 3rd
J(B)"= (S + B)(B’) B'(B")*=B'B"B" cone because of

this term!

S3 = J3 —(B)? = 3J2B' = 3J(B)? + 3(B")*B" + 3B'(B")* + 6JB'B" — 6B'B"B

Ananya Rai, Yale University Hard Probes 2024 32



Background Subtraction in Heavy lon Collisions

Correcting for jet selection bias

Simple study: Add thermal tracks to your Pythia jet to artificially add background particles to the jet.
Forcing the thermal background to have the same number of tracks

107
O 0 —— _ 51.051
HJJ | ALICE Simulation, EEC after thermal cone correction > ~  ALICE Simulation, EEC after thermal cone correction
= - thermal- jet > — . - |
- Forcing N bkegr-r':;:Clgg ©=N bkg-tracks &J) 1.04 Z Forcing NLthFJ[VTELEgne - Nfl:g-tracks
2.5~ PYTHIA pp + thermal bkg Vs = 5.02 TeV 4 ; 0aF~ PYTHIA pp + thermal bkg (s =5.02 TeV
- anti-ky, ch-particle jets —e— corrected S E | anti-kg, ch-particle jets
e R=04,1n_|<0.5 — S5 08 1.02= R=04,p |<05
L pack 5 0.7 GeVic | PP >0.7GeVic |
B T jet,reco L 1.01 — | Y S
- 60 <p] <100 GeV/c - | 4 |
150 20<p™"™ <120 Gevie 155 pu G e DS S B S
i —— 0.99F L]
1 ‘ S - |
B —— 0.98—
| [
| —_— — .
- 0.97- 60 < p"°° < 100 GeVic
0.5~ —— 0.96F- 20<p™™ <120 Gevie
= —— T C
: :I | I I I I I I I I | I ] ]
L l l l RN l I 0.95 1072 10~
1072 10" &

No c-factor correction needed!

Ananya Rai, Yale University Hard Probes 2024
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Correcting for jet selection bias

Now, add extra tracks under the jet and force the thermal background to have less tracks

x107
O 2 . . .
II:IIJJ | ALICE Simulation, EEC after thermal cone correction
: hermal- jet
B Forcmg N Lk%r-rtrllrgclggne N bkg-tracks
—  PYTHIA pp + thermal bkg Vs = 5.02 TeV
1 5__ anti-k, ch-particle jets —e— corrected

| R=04, |njet| <05 — S
- ptTraCk > 0.7 GeV/c
- 60 <P <100 GeV/c

1__ 20 < P2 < 120 GeV/c
- ——
N o e
N W

0.5—

S, ’ ’
— _._
— ——
— ——

O | | | | | | | | | 1 | | | _I ]

1072 107

Ananya Rai, Yale University

= ECcorrected/ = ECsignal

— —
~ o
III|IIIIlIIII|IIII|IIII|IIII|IIII

—
W

—i
N

1.1

0.9

0.8

Background Subtraction in Heavy lon Collisions

ALICE Simulation, EEC after thermal cone correction

- thermal-cone jet
Fo rcing N bkg-tracks N bkg-tracks

PYTHIA pp + thermal bkg Vs = 5.02 TeV
anti-k+, ch-particle jets

R =0.4, |’7,-et| <0.5

pﬁa‘*‘k > 0.7 GeV/c

60 < /df“e“’ <100 GeV/c
20 < ﬂf“"“e <120 GeV/c

c-factor correction needed!

10~

_L_
o
¥

Hard Probes 2024




Before and after c-factor correction: EEC

1.8
1.6
1.4

1.2

0.8
0.6
0.4
0.2

x107°

ALICE Simulation, EEC after thermal cone correction
PYTHIA pp + thermal bkg Vs = 5.02 TeV

anti-k, ch-particle jets

R=0.4, |’71et| <05

,otTrele > 0.7 GeV/c

60 < ﬂf”ew <100 GeV/c

20 < /ojft’"“e <120 GeV/c

'|"'|'+

_L_
o |
o
—
<

Ananya Rai, Yale University

c-factor

1.6

1.4

1.2

0.8

0.6

0.4

0.2

—  ALICE Simulation, c-factors for EEC ~c,=B'B/BB
— PYTHIA pp + thermal bkg {s =5.02 TeV - c. — BB"/BB
- antikq, ch-particle jets, R = 0.4, n | < 0.5 2
60 < P < 100 GeV/e c; = 2JB'/25B
— 20< ﬂf"”“e <120 GeV/c
— ptTraCk > 0.7 GeV/c
I - —— 5 g = S
;_ ——— . E——
=il BN

107 107"

Hard Probes 2024

X

Background Subtraction in Heavy lon Collisions

—_k
<
W

ALICE Simulation, EEC after thermal cone + c-factor correction
PYTHIA pp + thermal bkg Vs = 5.02 TeV

anti-k+, ch-particle jets

R =0.4, |njet| <0.5

ptTraCk > 0.7 GeV/c

60 < d’f”ec" <100 GeV/c
20 < /df"”“e <120 GeV/c

corrected

107"

—
o
o

35



Background Subtraction in Heavy lon Collisions

Before and after c-factor correction: EEC Split Test

EEC
o

1.8
1.6
1.4

1.2

0.8
0.6
0.4

0.2

Ananya

3

x10 1.5

[ ALICE Simulation k=,

— EEC split test (thermal cone + c—factor correction) 8

C PYTHIA pp + thermal bkg Vs = 5.02 TeV L 1.4

B o)

— anti-kq, ch-particle jets corrected 5

B _ S

- R=04,p_|<05 — g (13

— plck 5 0.7 GeV/c LLI

B ! jet,reco LLI

- 60<pT’ <100 GeV/c

C 20< pl"™ <120 GeV/o 1.2

= - . 1.1

R o 1

:1 | | | | Lo | —— 0.9
107 107

Rai, Yale University

ALICE Simulation
EEC split test (thermal cone + c-factor correction)

PYTHIA pp + thermal bkg Vs = 5.02 TeV
anti-k+, ch-particle jets

R = 0.4, |njet| <05

ptTraCk > 0.7 GeV/c

60 < ﬂf”e"" <100 GeV/c

20 < ﬂf"”“e <120 GeV/c

Hard Probes 2024
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Jet selection bias

B'B"BIBB'B" = c,
(B)’B"IB*B'=c,
B'(B")*IB(B’)*= c;

(B)’IB’ = Cy

(6JB'B” - 6f,B'B"B)/6SBB") = cs
(3J(B')" - 31B(B"))I3SB” = ¢

(3J2B' - 3f,(B')°B" - 6f,JB'B" + 6f,B'B'B)3S’B = ¢;

Ananya Rai, Yale University
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Background Subtraction in Heavy lon Collisions

ALICE Simulation, c-factors for E3C

Hard Probes 2024
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Energy Correlators in Jets

Definition

_,Number of particles in the correlation
EI\‘IC/ R) = - dQ- | 5(R, — AR :
(Rp) = 1} 7y (R, — AR;) - m

Largest distance between N particles

Ananya Rai, Yale University Hard Probes 2024

(E(n)&E(ny)...E(ny))
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Jet selection bias due to UE fluctuations

Upwards fluctuations pass the cut

A
i
Upwards UE
. _ﬂuct:ation PR sub threshold o
‘ ,&" = PT chjet
’ \\
l, \\
Downwards ¢ ,' \"
UE fluctuation/ \
I~ : -
4 r
\
;| Background

pedestal
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