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Outline

(1) A brief history of energy correlators

- A popular new kid on the block and one of the oldest collider QCD observables?

(2) Links to fundamental theory

- Energy correlators are not just collider observables...

(3)Recent developments and phenomenological applications
- Probing the quark-gluon plasma

- Symmetries and jets formed from heavy decays



Outline

(1) A brief history of energy correlators (before | was born)

- A popular new kid on the block and one of the oldest collider QCD observables?

(2) Links to fundamental theory (I was in school)

- Energy correlators are not just collider observables...

(3)Recent developments and phenomenological applications (I got involved)
- Probing the quark-gluon plasma

- Symmetries and jets formed from heavy decays
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(1) A brief history of energy correlators

- A popular new kid on the block and one of the oldest collider QCD observables?
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A prief

The early years

nistory of

energy correl

alors

The original energy correlator was proposed by Basham, Brown, Ellis, Love /8

and its modern definition remains essentially unchanged.
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A prief

The early years

nistory of

eNergy correlators

The original energy correlator was proposed by Basham, Brown, Ellis, Love /8
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A prief history of energy correlators

The early years

The original energy correlator was proposed by Basham, Brown, Ellis, Love /8
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and its modern definition remains essentially unchanged. Albeit with simpler notation:
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A prief history of energy correlators
Th

e early years

dx ;L
bl Id 5 (9.. _ 9)
do j

Gij Q2 l

Inan ete™ experiment:
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A prief history of energy correlators
Th

e early years

dx ;L
bl Id 5 (9.. _ 9)
do j

Gij Q2 l

Inan ete™ experiment:
Sum over

many
events
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A bne nistory of energy correlators

e early years

dx ;L
= [d 6 —L5 (e _ 9)
do 102

Inan ete™ experiment:

os(Mz)=0.118 +0. 001(stat )+0 003(exp syst. )ioom(theor syst.)
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A bne

e early years

nistory of

Features of the eTe™ EEC spectrum
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The early years
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A prief history of energy correlators

A changing of the guard
However, there was little phenomenological progress in . Q=912 GeV
N : c - 1t as(@Q) =0.118
he following 20 years for several key reasons: = :
. e = 5
- Notice the large difference between measurements o
: : O
and the NNLO predictions... 3,
i
- Non-perturbative physics is crucial. L
- The LHC was coming and these issues are big hurdles. i
- |In parallel, there was a huge amount of development
into event-shapes and jet-observables. o
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A prief history of energy correlators
A changing of the guard

However, there was little phenomenological progress in . Q =91.2 GeV
Oés(Q):O.118

the following 20 years for several key reasons:

- Notice the large difference between measurements
and the NNLO predictions...

- Non-perturbative physics is crucial.
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A prief history of energy correlators
A changing of the guard

But whilst the phenomenologists were looking elsewhere, formal theory started to pay
attention...

Consider an operator which projects out the energy of the particles measured in a detector:
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With this, we can rewrite the energy correlator:

» E.E.

‘:1_?: ;Jd¢x|<in‘x - i :j>| 55@7_9)

= Jdd)x (in| BE|X +i+j)(X+i+j]in) 5(@-]-—9)
X

| S s . :
- Jdnldnz (in| &(n)E(ny) |in) & (6, - 0)



A prief history of energy correlators
A changing of the guard

But whilst the phenomenologists were looking elsewhere, formal theory started to pay
attention...

What is this “energy flow operator”?

()| X) = Z E; )i — B,/E) | X)

Sveshnikov, Tkachov "96; Tkachov '97; Korchemsky,
Sterman ‘99 demonstrated that it is determined by
the energy-momentum tensor integrated along o
ight-ray.

(1) = limJ dr 2 @.T, (t, rit)
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Links to fundamental theory

Energy correlators are not just collider opservaples

Studying n-point energy correlators amounts to studying correlation functions of the energy
flow operator.
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nksto:

undamenta

Energy correlators are not just collider opservaples

theory

Studying n-point energy correlators amounts to studying correlation functions of the energy
flow operator.

(in| &(ny)...&EMm,) | in)

Additionally, these are fundamental field theoretic operators and relating to the average null
energy condition:
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Links to fundamental theory

Energy correlators are not just collider opservaples

This has resulted in a wealth of new techniques for computing energy correlators.

A landmark result was the introduction of the light-ray OPE by Horman, Maldacena ‘08

C
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nks to fundamental theory

Energy correlators are not just collider opservaples

This has resulted in a wealth of new techniques for computing energy correlators.

A landmark result was the introduction of the light-ray OPE by Horman, Maldacena ‘08

C
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Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov 14
Kravchuk, Simmons-Duffin 18
Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov 19 99

Celestial Blocks AdS/CFT Effective theories Plus Many more

Lorentzian inversion Integrability Analyticity etc.



nks to fundamental theory

Energy correlators are not just collider opservaples

This wealth of development led to a now infamous exchange...
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https://online.kitp.ucsb.edu/online/strings09/maldacena/

Recent developments and phenomenological applications

T'he modern day resurgence

Citations per year
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QCD theorists did pay
attention once enough
work had been done so
that past hurdles could
e overcome!

Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov 14

Kravchuk, Simmons-Duffin 18
Kologlu, Kravehuk, Simmons-Duffin, Zhiboedov 19

Plus many more
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Zeee(X) (rad.™)

T'he modern day resurgence

Recent developments and phenomenological applications
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Heavy 1on jets

One of the core goals of HI collisions
s studying the quark gluon plasma.

However, it's challenging at @
fundamental level.

Jets and energetic particles are
oroduced along with the plasma.
This means both strongly couplea
and weakly coupled dynamics.

Computing the S-matrix or cross-
sections with precision is a present
impossibility.

& |(Pb-Pb|X +i+j)|* €

Relativistic Heavy-Ion Collisions

Recent developments and phenomenological applications

final detected
particle distributions

made by Chun Shen Kinetic
freeze-out

Hadronization
Initial energy

pre-
equilibrium . |
namics viscous hydrodynamics

free streaming
e

collision evolution

t~0fm/c t~1fm/c t ~ 1012 fm/c

Tt~ 10 fm/c

28



Recent developments and phenomenological applications
Heavy 1on jets

However, we can compute energy correlators inside heavy ion jets via the light-ray OPE!

C
(Pb-Pb | &(n,)&(n,) | Pb-Pb) = 92_3(3) (Pb-Pb | O)(n,) | Pb-Pb) + 6" Cy(Pb-Pb | O'l(n)) | Pb-Pb)+6 (6?)

Py

Luo, Qiu,
Sterman 93

b
~ 1+(Pb-Pb| O;’)(n,) | Pb-Pb)6”

29
Andres, Dominguez, Kunnawalkam Elayavalli, JH, Marquet, Moult "23-26



Recent developments and phenomenological applications
Heavy 1on jets

Pb-Pb . /syn = 5.02 TeV 0-10 %

 pr = 120-140 GeV

T &) )1 (Pb-Pb|O(n))| Pb-Pb) is a one-point function that
N euides “ T directly encodes the properties of the plasma
- T 1| (temperature, density, viscosity, etc).

hadron
gas :

pr = 140-160 GeV
(£185)

CMS

] Ly OPE “ T (Pb-Pb | &(n,)&(n,) | Pb-Pb) = o (3) (Pb-Pb| OY’l(n;) | Pb-Pb)
| +67IC,(Pb-Pb | 0)(n)) | Pb-Pb)+06 (6°)
T IpTI= 160180 GV R
CMS (£16)
g | g . We find exceptional agreement with CMS measurement and
| ALICE measurements.
0.01 0.1 9().4
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Recent developments and phenomenological applications

Heavy boson jets

This measurement is determined by a Wightman function

/ 7‘/“‘ (E(n1)E(n2))q = ;0(3(‘;"% G ) / d*z €77 (0| T} (z) £(n1)€(n2) J%(0)|0)

The Lorentz symmetries of the operators constrain this

- q*Fee (Z, M3 /¢, AZQCD/QQ)

/
\L‘\H: K - (€(n1)€(n2)), = 1% (ny - 13)?
N turn, this function F gy [ETr T i pr

<5(’n1)5( 2))

eTe~ — hadro N
Vs = 91.2Ge V ALEPH

s completely fixed by the
energy correlator on P
ete™ at the Z pole. | 5

EEC

= & L Tk
-1 . \ & .o. _ 1
10 - Lightray OPE .o. 4 Wilson Loop/Flux Tube . 10
W1 ALEPH D :
| . - e'e” .
i NNLL.y + NNLOgro + NNNNLLy,51, vages” i 31
i' L1 IIIIIll | | IIIIIII L1 IIIIIII | | llIIIII L1 III 1 IIIIIII 1 Illllll L1 IlllIIlI 1 IIIIIII 1 +
1075 104 1073 1072 107! 05 1-107* 1-107%2 1-107%® 1-107* 1-10"°

JH Moult Pathak, Procura, Sule 26 o



Recent developments and phenomenological applications

100,
50¢ — Interpolated OPAL data segments
Vs =91.2 GV Boosting
= 10¢ Colours match the right panel .
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Heavy boson jets

Du
ex|

e to these symmetries constraining th
‘reme perturbative precision - N4LL+N

But, moreover, we can also compute the non-perturbative co
oerfect agreement between pure

NLO.

Ntributions. This leads to

IStIC tu

v analytical theory and real

Recent developments and phenomenological applications

IS measurement, the theory can be computed with

nedr

ned event generat

on.

And, we can directly boost the ee™ measurement to test consistency between collision

systems.
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conc.

usions

Wrapping 48 years up in a single slide

- Energy correlators (EECs) have transitioned from collider QCD observables to fundamental

objects in the study of field theory.

- Consequently, EECs and their generalisations are a kind of “theorists’ playground”.

- A huge variety of technigues now exist for the calcu
amount of new phenomenology has been p

ation of EECs, and with these, a vast
‘oposed.

- Presently, theory outpaces experiment. This is an open invitation to experimentalists.
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