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ENERGY CORRELATORS

) In many fields, correlation functions are considered to be fundamental objects which encode the
dynamics of the underlying theory.

. -
e

TR TV I R
SrSalis” 0

Much like cosmology, we observe at the detectors that are placed

at cosmic scale away from where the events originated.

.« o h _
(Collision events happen at iz ~ ey~ 2% 10 “ meters, and observed at ~ 10 meters away)

10°! orders in distance!

O(1) meters D(10%!) meters
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ENERGY CORRELATORS

In many fields, correlation functions are considered to be fundamental objects which encode the
dynamics of the underlying theory.

) Much like cosmology, we observe at the detectors that are placed

at cosmic scale away from where the events originated.
O

Energy Flow Operators (Light Ray Operators) &£(7) = dt lim r*n'Ty; (t,rn)
0 T— 00 %

(2) O, Basham, Brown, Ellis, Love, *78-79
Z Eo0 (Qp a 27 ) ‘ X> Sveshnikov, Tkachov, “95
a

™

=

=
||

Korchemsky, Sterman, 01
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ENERGY CORRELATORS

) Indeed, energy-energy correlators are one of the very first studied event shape (or correlatlons)

| | | I | | | | | | I | | ’ I |
observables in QCD Basham, Brown, Ellis, Love, "78-79 . MS, LO +

- - - MS, NLO + Q;

—— MSR, LO + 2, (Ry)
— MSR, NLO + Q4 (Ry)
} OPAL(1993)

10°

l 1.11111['

Many precise calculations!

1 dX
o dyx

Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov " | 3
Dixon, Luo, Shtabovenko,Yang, Zhu " 18 101

Luo, Shtabovenko, Yang, Zhu " 19

Henn, Sokatchev, Yan, Zhiboedov " | 9

I

\

O
|
3
N

~_———

| | | I | | | l | | | l | | | I |
0 20 40 60 &80 100120 140 160 180

)| \If> x (degrees) Schindler, Stewart, Sun "23

T T

/

/

|

|

|

\

\
Lo

Impressive agreements from recent calculation, without any fits!

dé’_z/da -0 (0 — 0i5) ~ (¥IE (1) € (R2)| V)

Weighted cross-section, or, ensemble averaged observable
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JET SUBSTRUCTURE AS CORRELATION FUNCTIONS

) Jet limit corresponds to the collinear limit (OPE limit) of the correlation
functions of the Energy Flow Operators

) Field theory often predicts universal scaling as operators approach

each other
130
,% 120 |
< 1100
% 100 t '
S o ‘ e
2 oo ]
Much interests from the formal theory: Hofman, Maldacena, “08
Kravchuk, Simmons Duffin, * 1 8 Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, " | 3
Henn, Sokatchev,Yan, Zhiboedov, "1 9 Kologlu, Kravchuk, Simmons Duffin, Zhiboedov, "9 CAN THIS UNIVERSAL SCALING OF THE FIELD
Korchemsky, " 19 Chang, Kologlu, Kravchuk, Simmons-Duffin, "20

Belin, Hofman, Mathys, " |9 Caron-Huot,Kologlu,Kravchuk,Meltzer,Simmons-Duffin, "22 THEORY BE OBSERVED IN JETS AT THE LHC???
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CONFORMAL COLLIDERS MEET THE LHC

2023
2019/2020 2022 ALICE 23

Eulj) Q:_I E ALICE Preliminary % E
Z | " pp Vs =5.02 TeV .
-OX U Anti-k; ch-particle jets, R = 0.4 -
3.0/ — T — —7 4 + T 5 | 40< pl' <60 GeVre, | <05 ALICE -
, i E3C/EEC CMS 2011 Open Data || TI=T gL pehrat_ 1.0 GeV/ _
| NLL Projected Correlators | 1 FAGEEC AKS Jes, [ <19 | Z 6: P eVic . Data :
5F . - ' € [500, 550] GeV B |
2 25, B ESC/EEC ] .g : + ESC/EEC Iéhafng-Hadro]n Ratios 7| | L& 5__ pQCD (NLL) —
£ | — E4C/EEC ’ & + E6C/EEC CHS, p*¢>1Gev 71t B AR i
= 20 — E5C/EEC é ot i I - : .
2 | — E6C/EEC O t 4 ~
= _ _
o | & 5 EEE .
. 15| Ll I " =% ]
= ] _1}’,{....;: 3 S i
s AK5 Jets, |n| < 1.9 [ T __ . . - L -
o pr = 500-550 GeV | (& 1072 10°! 10° o[ = 7
0.01 002 o005 o010 020 o0s0 Ry és .~ E
fir - a*_,_—:
L] L] O__ ! ] ! I ! ] —
Open data analyses and QCD Factorization 102 .
[ [ ) [ RL
Rethinking Jets with Energy Correlators . ‘
KL, Megaj, Moult "22 Real D |
| ‘ eal Data analyses
Chen. Moult Zhang Zhu 20 Komiske, Moult, Thaler, Zhu "22
S SR at the LHC
Dixon, Moult, Zhu " 19 .
VaN A T- — VS
E(ny) & (ng) ~ E 07 *0; (nq) )
(3

Observation of the universal of QCD predicted at the operator
levels from the light-ray operator product expansion!
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ENERGY CORRELATORS MAPPING HIGH ENERGY COLLIDER EVENTS

Collinear limit General angle region Back-to-back region
x — 0 X — T

o,
»
o

E(n) :/ dt lim r°n"Ty;(t,rh) <=
0 .

T— 00

4 o\/:o

[/
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Collinear limit

100
§ (nlojet++)

— s Logs
> — a’Log
2 0t
=107~ =
W
°

[ | | |

-2 Ly b Ty e s bl i ]
10 o S S Yy N |} y R
y=In(tan[6/2])

x — 0

0.10 T T T T
Three-Point £y Correlators

Ealo&

NLL aceuracy  (225@%Q)
<gtr5tr5tr>

0.00 1 S
Up-type Jet

005 Down-type Jet

B Gluon Jet
_0'89001 0.605 0.610 0.650 0.1‘00 0.5‘00 1

Two-Point Energy Correlator

e ;\vullitv.' '- n -' ;vv\ Y—utv‘vll(':—\ E
I =0 . n=2 R=} g = 172 GeV _.
Q = 2000GeV — &, = 115GeV =
I+ e i, » 180 GeN s
v /
E |
05§ 'y
A\ ZZ

Solid = Hadren level a0

Dashed = Parton level
e e 1 PP EFEIPEE B

0 - e
004 005 006 007

0.08 0.0 0.1

I'wo-Point Energy Correlator

¢ 0.5

NNLO + NNLL

5] g
0.0

Dixon, Moult, Zhu, " 19

General angle region

Dixon, Luo, Shtabovenko,Yang, Zhu, " 1 8

EEC(y)

120 — ]

B
“‘ EVENT2 CUTOFF=10""*

......... Il

AAAAA

T T T T

— Analytic

* EVENT2

L " L "

EVENT2-Analytic
0.02 | T jAmalyti] l

T T \:

-1.0 =05 0.0 05

1.0

\“ .,"'
40} % .;'
20
\ ______________________
o
— Lo
- 20 i I’ \\
AR g NLO
----- - NNLO A
—40¢ \
‘\
20 40 60 80 100 120 140

X
Henn, Sokatchev, Yan, Zhiboedov, " | 9

ENERGY CORRELATORS MAPPING HIGH ENERGY COLLIDER EVENTS

Back-to-back region

X — T

as(mz) = 0.118

ete” — v* — hadrons

N°LO + N4LL
Duhr, Mistlberger,Vita, "22

162 164 166 168 170 172

x[°]

174

176

178 180

---- LP NLL + NLP NNLO

160 165 170 175 180
0
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ENERGY CORRELATORS MAPPING HIGH ENERGY COLLIDER EVENTS

Collinear limit General angle region Back-to-back region
x — 0 X — T

How does intrinsic heavy quark mass affect each of these regions of particle collisions?



ENERGY-ENERGY CORRELATORS AT
GENERAL ANGLE WITH MASS

&

T(ﬁz)
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ENERGY-ENERGY CORRELATORS AT GENERAL ANGLE WITH MASS

X H(z) J
/M << . > ‘_® X
J X & e x — 0
7“?(7—?32) Colli
Back-to-back ollinear
TodX
) Sum rule connects different singular regions dX@ = Otot
0

) Provides the mean to study singular regions

e useful for developing factorization formalism

) Opportunity to explore the function space of the observable
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ENERGY-ENERGY CORRELATORS AT GENERAL ANGLE WITH MASS
I I I11 I11

axL) a.C _
d;(w - ;WF/dedﬁQH (2@, 2¢.¥) 220240 (Xoo — foq (@, ¢ ) + 22040 (X — fag (2q. ¢, y)) + Qgcase]
ete— o - o -
0<y= %n <1
£ (i) X
7‘;('7-2)

0.8+

e, I ] massless
= Y * Phase space suppression for massive final states
04 LI = 7
= 29
0.2+ 0
O_I 1
0 0.2 0.4 0.6 0.8 1.0
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ENERGY-ENERGY CORRELATORS AT WITH MASS

dz(l) a.C I II III III
df N ;WF/dedeH (zg, x@,y) [2:13@:1:@5 (XQQ — Joo (:I:Q,a:@,y)) + 220240 (xQg — fQg (xQ,xQ,y)) +Qgcase]
ete— - - o -
' 0<y= %m, <1
£ (i) X
Zem)

I I Matrix Elements

H(CEQa QZ‘Q, y) — HO(‘CEQa 'CEQ) - yQHQ(ZEQa ZCQ) =+ y4H4(£EQ7 $Q)

$2Q +x%
(1 —2q)(1 —z4)

The usual massless one  Hy(rg,xq5) ~
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ENERGY-ENERGY CORRELATORS AT WITH MASS
I I I11 I11

axil) as;C _
df N ;WF/dedeH (:UQ, x@,y) [2:1:@:1:@5 (XQQ — Joo (:I:Q,:I:Q,y)) + 2x0Qx40 (XQg — fog (xQ,xQ,y)) +Qgca,se]
ete— - - o -
' 0<y= %m, <1
£ (i) X
e

III Measurements (Study of function space of Energy-Energy Correlators) i

1 4,
fQg ~ can be rationalized, usual logarithmic structure
T, \/ xQQ — 1

1
- cannot be rationalized JJ/C‘

foq ~
\/51322 — yQ\/xé — 92
1

:>/dx*

Amplitude bootstrap

Dixon et al, Henn et al, ...

Elliptic integrals

v/ Pi(z*)
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ENERGY-ENERGY CORRELATORS AT GENERAL ANGLE WITH MASS

Lot '.\‘ XQg

L 4
t' 1
. 4
4 ’
e
Y
’ - 3
2 3
§~ -
'''''''

XQg

% — — s T
7 £() X
4

Back-to-back Collinear

E(ri2)
0.150 — B
0.125 RE 0.6 Qg Qg
— massless
I« 0.100+F
S
— — mnassless
:1/2 S 0.075+
=3
= 0.050}

0.025+

0




BACK-TO-BACK ENERGY-ENERGY
CORRELATORS WITH MASS
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ENERGY-ENERGY CORRELATORS WITH MASS

1.h
kJ_,s

2 - — EQ
dZM _ /koJ_/ d bJ_ —sz RLH(Q M) (bJ_7m L, V )Jéw (bJ_,m,,U,V)S(bJ_,,U, V) 5(1 < Qé>

S
where 2z —
2
Assuming AQCD < Q2(1 — Z) ~ m? . [See s talk for NP matching]

von Kuk, Michel, Sun "23

JM(b,m,p, v Z/da;:nDh/Q (x, b1, m, p,v) = /dxzvd@/@ (x, b1, m, v — ]

/dlBCEdQ/Q (CC,bJ_,m,,LL,V) ZXI:I — 1
q
+ [arr Y 1o, (r.0m S [ dzDynem)
j n

o(frpelei) =1
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BACK-TO-BACK ENERGY-ENERGY CORRELATORS WITH MASS

7<‘;(772)
ool ng - FO 1x10° m:% - FO
10 — Back-to-back 5% 104" — Back-to-back
90+
==
Al
=

10+

5L

0.995 0.996 0.997 0.998 0.999 1.000
X

0.601 0.0|050.0|1O O.O|500.1IOO O.5IOO 1
R N
) One can see that the fixed order and factorization results with finite mass agrees in the
back-to-back region!



COLLINEAR ENERGY-ENERGY
CORRELATORS WITH MASS
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COLLINEAR ENERGY-ENERGY CORRELATORS WITH MASS

=) 1
2 2 7 7 2
H(LE) J(x,x) - ‘-LL'\ - Z(XapTaanu) — / dx x J(X,ZIZ‘,mQ,,LL) 'H(xameu)
O X e b :

—

Collinear dynamics factorize identically for different collider environment

i Light-Ray OPE !
>

h Two-Point Energy Correlator _ |
12 _‘ .... '.'...' ........................... Y il ()] gl ST .
iy <5152> > ;0 > ;0
EJJ 1.0 ¢ CMS Open Data |
T o8l LU
= | NLL - =
é@ 0.6_— - & n t l
= _
R AK5 Jets, [n] < 1.9 1 = 7o
' pr = 500-550 GeV - E(n)E (no) = g O~ (n
0.2+ ( 1) ( 2) H2(1—s) 7 ( 1)
“%02 o005  ot0 020 050 * The universal scaling behavior is given by the Light-Ray OPE

X in the conformal region.
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COLLINEAR ENERGY-ENERGY CORRELATORS WITH MASS

Energy Correlators in Jet

Baikov 2008 :
Davier 2014 : | d:
O 1 02 — ' et o Boito 2015 T ?sc‘:ays
— Pich 2016 e
L - Boito 2018 Io?’ Q
LL — PDG 2018 § :
O B Vateu2018 | - @
D B Peset 2018 i poun: states
N ___________________________________ ~) A N VOV - N N
.(__5 1 O — BBGO6 o :
— JR14 ; :
E — MMHT14 Dsl(s
- e ABMP16 : PDF fits
(@) B NNPDF31 : :
Z CT14
ALEPH (j&s) .I'
1 OPAL (j&s) [
e JADE (j&s) | | :
= Dissertori (3j) ete-
S : JADE (3)) I jets
[ Verbytskyi (2j) ] &
B v Kardos (EEC) 4 sh?pes
B Abbate (T) o :
‘. Gehrmann (T) F—@——
1 -1 s Hoang (C) —o—
0 — : STAR Preliminary: f5 = 200 GeV, 15 < Full Jet p_ <20 GeV/c _ = [linsma (68 | | poke . RN
e : STAR Preliminary: fs = 200 GeV, 20 < Full Jet P, < 30 GeV/c B — CMS () ha:d_ron
[ —@ STAR Preliminary: fs = 200 GeV, 30 < Full Jet p, <50 GeVic - e HI Gjets) collider
5 & ALICE Preliminary: s = 13TeV, 20 < Charged Jet p, <40 GeV/c ‘ P J :
. w— ALICE Preliminary: s = 13TeV, 40 < Charged Jet p; <60 GeV/c ‘v v -1 T . el T
ES e ALICE Preliminary: fs = 13TeV, 60 < Charged Jet p, <80 GeV/c = i PDG 2018 - IR ook
—3 ALICE Preliminary: fs = 5.02TeV, 20 < Charged Jet p, <40 GeV/c B Gfitter 2018 — :
e ALICE Preliminary: s = 5.02TeV, 40 < Charged Jet p, <60 GeV/c JEL BN E ettt I ettt i ae s n s e = e e S
1 0—2 — 44 ALICE Preliminaryé_ fs = 5.02TeV, 60 < Charged Jet pé< 80 GeV/c — FLAG2019 P lattice
e — CMS Preliminary: Is = 13TeV, 97 < Full Jet p_ < 220 GeV/c = L ) . .
nam - CMS Preliminary: fs = 13TeV, 220 < Full Jet p_< 330 GeV/c = 0110 0.11> 10120 1 0.125: 0.130 CMS Collaboration 23
5 — CMS Preliminary: fs = 13TeV, 330 < Full Jet p, <468 GeV/c — August 2019 : ‘as(M3%)
B - é CMS Preliminary: ¥s = 13TeV, 468 < Full Jet p, <638 GeV/c el
EB : —— CMS Preliminary: ‘@ = 13TeV, 638 < Full Jet p, <846 GeV/c Sy
CMS Preliminary: Is = 13TeV, 846 < Full Jet p_< 1101 GeV/c
B : CMS Preliminaz: i‘§= 13TeV, 1101 < Full i b <1410 GeV/c = a (mZ) =0 1229+8-%‘518 =0 1229+0.0014(stat.)+0.0030(theo.)+O.0023(exp.)
' CMS Preliminary: Is = 13TeV, 1410 Full Jet p_ < 1784 GeV/c &) . —U. * -0. )=0. )—=0. :
1 0—3 | ] ] 1 I;I L1 | ] ryI L1 1 11 I< i | ] | L1 1 11 | | | | L1 1 11 0 OOIZ(Stat ) 0 0033(th60 ) 0 0036(exp )
4 -3 2 -1 i
1 0 1 0 1 O 1 0 1 major source
AR Covariance Neutral hadron
QCD scale of

P Universal scaling measured in real data from ALICE, CMS, and STAR e e T
from 15 GeV to 1784 GeV! Uncertainty ~ 4%, most precise from

jet-substructure measurement to date
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COLLINEAR ENERGY-ENERGY CORRELATORS WITH MASS

) Energy correlators allow the hadronization process to be directly imaged inside high energy
jets: transition from interacting quarks and gluons and free hadrons is clearly visible!

Free hadrons

dNEEC

1
N,

EEC gives angular scale p ~ pr0;;

Free Hadrons

"~ ALICE Preliminary
C pp Vs=
_ Anti-k; ch-particle jets, R = 0.4
C 40< ph't<60GeV/c Ml <05
B pT“P ‘>10GeV/c

5.02 TeV

universal anomalous
scaling region

Interacting quarks and gluons

ALICE -

e Data ]
~pQCD (NLL) A
— AxR,

Hofman, Maldacena, 08

KL, Mecaj, Moult "22

X Komiske, Moult, Thaler, Zhu "22
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VERY FIRST DIRECT DETECTION OF DEADCONE

) Fundamental predictions of our gauge theory— [See s talk] t
directly observed for the very last year! [See also 's talk] na ure

W ALICEdata === PYTHIA v.8 LQ/inclusive proton-proton s = 13 TeV P e > 2.8 GeV/c
no dead-cone limit
w— PYTHIA v.8 Charged jets, anti-k;, R = 0.4 k> 200 MeV/c
- SHERPA = == SHERPA LQ/inclusive C/A reclustering 17,4pl< 0.5
no dead-cone limit
0 (rad)
0.37 0.22 0.14 0.08 0.22 0.14 0.08 0.22 0.14 0.08 0.05
rtrr[prrrrprrrorp Tt Tttt et [ rr Tl
5 < Epogiato < 10 GeV 10 < Epyiator < 20 GeV 20 < Ep_ginior < 35 GeV
15r T No deadcone [ ======" b-mmmes
l == N - : Dead-cone effect
= =szzz=z=zzk=z==zz==: - - - --- : " 4 radiation suppressed inside a cone
@ 10 Esusasss 1 * Withe“-ﬂﬂf
0.5 I T 1
" 1 Yes deadcone T |
0||||||||1||||||||||||1|||||||||||||||1|||||||||||||||||||
1.5 2.0 2.5 3.0 [ALI CE 2022]

1.0 15 2.0 25 15 2.0 25
In(1/6)




Normalized EEC

Kyle Lee

120__ Virtuality ~ pTRL _I_MQ
| Two-Point Energy Correlator
100}
= = Light Jet
80__ = = (Charm Jet
= = Beauty Jet
60
40}
_ AKS5 Jets, |n| < 1.9
20 pr = 500-550 GeV
0.001 0,005 0.010 0.050  0.100

ENERGY-EN

72
\

<3

0.500

20/25

ERGY CORRELATORS WITH MASS

1
(X, p7, Qs 1) =/O de2®J (x,x,mq, ) - H (2, pr, pv)

Collinear dynamics factorize identically for different collider environment

2.0
1.5+
1.0

0.5-

EEC(beauty)/EEC(light) Ratio

<gl 52 > Beauty

<gl 82>light

= NLO
= = Pythia

AKS5 Jets, |n| < 1.9 |
pr = 500-550 GeV

[
0.005 0.010

X

! I I T
0.050 0.100

* Presence of the mass forces heavy flavor hadrons to be
formed at an earlier time. This is clearly probed via energy correlators!

! I
0.500
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COLLINEARENERGY-ENERGY CORRELATORS WITH MASS

3
e A
Seta ’;'f...
R . g2 7
5 ...35,‘
o

1
(X, p7, Qs 1) :/0 de2®J (x,x,mq, ) - H (2, pr, pv)

Collinear dynamics factorize identically for different collider environment

s . ) 1 1
JQ\X#O(X,m):O‘fF{[54+4Z(53—252—3] 111(125, )+—(952 ) >}+c.c where 0 = ——

T



Kyle Lee 22/25

COLLINEAR ENERGY-ENERGY CORRELATORS WITH MASS

H
— : (x)@J(x,X) v
(i) . Y =T
5 Y,

Making contact with the general angle result:

do z—0
e = LP + NLP 4+ NNLP + . ..
“1Qg+Qg
LRy N3 42 10 | . o\4 N3 (52 OS2
LP X 27;{[ 4(i6)* + 12(i9)° — 4(i9) ]1n(1+i5> [ —(40)" + 4(46)° — 2(46)* + 3] A+ 1) - 9(46) }+c.c,
3 (52 2 241\ | (1 2 5+i
NP o —2(3008° +5308° +2086* + 4162 — 27) 1507 (0% +1) (6610g (75 ) +i (1 —206%) log (521) )

15 (02 +1)° 15 (62 +1)°

Leading power agrees and one can obtain higher power results from expanding the general angle result!
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RESOLVING THE QGP USING ENERGY CORRELATORS

) The standard energy loss corresponds to the measurement of the one-point energy correlator

) Two-point energy correlators clearly identify the scale at which the energy loss occurs, and
gives robust prediction across different models! o~ prb;;

Two—Point Energy Correlator

Two—Point Correlator

~ E=100 GeV, L=2 fm
- Mg =10GeV*fm!

- W §=20GeVfm™!

[ X I ; 102" Bottom ® Charm ™ Massless
. Mg =30GeV-fm |
i it - - o]
S N . - E=50 GeV, L=8 fm, u = 1 GeV, ny=1. fm
4 321 e ] Qb wmmms Vacuum
10—3 ----------------------
.............. :’l%qq;:‘g L _3 _9 o 0
In 6
T
In 6

Andres, Dominguez, Holguin, Kunnawalkam Elayavalli, Marquet, Moult 22
Andres, Dominguez, Holguin, Marquet, Moult "23

Barata, Mehtar-Tani 23
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PROBING HIGHER POINT STRUCTURE

) Higher-point correlators probe more detailed aspects of interactions.

o e . . . Maldacena 02, Komatsu " 10
to distinguish the models of inflation. Cabass, Pajer. Stefanyszyn, Supel “21....

Extremely interesting physics detail hiding under the non-gaussianity in CMB!

We must also dream big!
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BEAUTIFUL AND CHARMING ENERGY CORRELATORS

) One can statistically measure the gluon suppression (dead cone) within the heavy jets
as compared to the light jets by taking the ratio of energy correlators.

1'5} <81 82 > Beauty = = Pythia :
<51 82>Light §

AKS5 Jets, |n| < 1.9 |
pr = 500-550 GeV

-
|
]
—_

L | I I I | L | I I I |
0.005 0.010 0.050 0.100 0.500

0.0 W= _———— _————— ———— 0.0
0.0 0.2 04 0.6 0.8 1.0 0.8 0.6 04

Ry Craft, KL, Mecaj, Moult "22 E0r12 Eor1 Cfaft, Conzalez, KL, Megaj, Moult "23

) Higher-point structure provides nontrivial shape information
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BEAUTIFUL AND CHARMING ENERGY CORRELATORS

) One can statistically measure the gluon suppression (dead cone) within the
as compared to the light jets by taking the rati

¥
scale kng

ecar Moult “22 o0 0z 04 06 os 10 08 06 04 02 00 |
, 1Y1€C], Emi2 Ea1v Craft, Gonzalez, KL, Megaj, Moult “23

) Higher-point structure provides nontrivial shape information



