Energy Correlators:

from Colliders to the Celestial Sphere and Back
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Some history

EEC: Correlation of energy deposition between two detector at an angle x

' 49 Weighted cross section
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Basham, Brown, Ellis, Love, 1978
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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
reasons: It is reliably calculable in asymptotically free perturbation theory; it has ra-
pidly vanishing (order 1/w? corrections due to nonperturbative confinement effects; and
it is straightforward to determine experimentally.
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The innate human Remarkable agility in
quest for deeper
theoretical insight

The era of precision

physics at the LHC experimental

realization

Nothing is as powerful as an idea whose time has come.

Victor Hugo




The journey began with a fundamental quest to understand detector



The journey began with a fundamental quest to understand detector operators

BES-IIl spectrometer



“Jets and quantum field theory”

Sveshnikov, Tkachov, 1996

“a systematic description of jet-related features of hadronic final
state in high energy physics can be achieved in a QF T-compatible
manner within the so-called formalism of C-algebra” cisfor calorimetric
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The birth of conformal collider physics

Hofman, Maldacena, 2008 Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, 2013
Wl€(n)|y) =0 EEC = (¢|&€(n1)&(n2)|¢)
Trivial in QCD, = / QJTT )

not so in CFT and Gravity Open the door for exploiting the

remarkable data for 4- pt functlon of CFT
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Henn, Sokatchev, Yan, Zhiboedov, 2019



Dual view on energy flow measurement

particle language operator language
Factorization, resummation Light-ray OPE, Symmetry
Hard X

Dual view of
energy correlators

v/ Z

~

Jet /
Substructure /¢

So
LL -> NNLL

Dixon, Moult, HXZ, 2019 Hofman, Maldacena, 2008

Chen, Moult, Zhang, HXZ, 2020 Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov, 2019
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The quest for precision
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Basham, Brown, Ellis, Love
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Track EEC
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From celestial sphere back to reality

€ P
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Imaging of emerging and
Intrinsic scales
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One-point energy flux

Kravchuk, Simmons-Duffin, 2018 energy operator
Chen, Moult, HXZ, 2021
Caron-Huot, Kologlu, Kravchuk, Meltzer,

Simmons-Duffin, 2022 light transform,
Y v=—-1-—Jp 0.5

d° ﬁ ¥
=%/ J o 506 - 2) B afpanp)

sum over all particles
measurement function

Q) = — Z/dam_% 3 (&)”_1 _ Am <@%V(1)>Q

O O
/ tot X heX Q tot

c.0.Mm. energy

The horizontal position determines measurement,  Art from Quantum Spectral Curve
the vertical position determines Q scaling Gromov, Levkovich-Maslyuk, Sizov, 2015
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From multiplicity to DGLAP trajectory
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Exponent /Dimensions
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From DGLAP to the full Riemann Surface

Im A energy operator

planar ' =4 SYM

/Y,ul M2 ... D.UJw

Art from Quantum Spectral Curve LHC simulation data

Gromov, Levkovich-Maslyuk, Sizov, 2015 Chang, Chen, Simmons-Duffin, talk at 2026, Beijing
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The scale of confinement from energy correlator

) Komiske, Moult, Thaler, HXZ, 2022
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Hofman, Maldacena, 2008

RG flow in QCD
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Energy correlators shed new light on strong
coupling measurement

NG
S TR
S

remove complex non-
perturbative corr. by ratio

(E1€2--E5-1)  (OV]) 7)—(3
b L O ~ g7(J1)—(3)

In the first order approximation,
scaling in angle depends .

Rethinking jet substructure Heroic efforts to calculate y(J)

In terms of energy correlators Moch, Vermaseren, Vogt, 2004

Moch, Ruijl, Ueda, Vermaseren, Vogt, 2017

Chen, Moult, Zhang, HXZ, 2020 + on going work
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Strong coupling from energy correlators
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approx NNLL: Chen, Gao, Li, Xu, Zhang, HXZ, 2023

Many directions to improve:
Loops, non-perturbative, matching

CMS

Summary of as(Mz)

m = NLO

Reference
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The scale of chiral symmetry breaking

'<?7b?7b> Bazavov et.al., 1111.1710

200 +

HISQ/tree: N_ =6, O(4)

175 |
2 ;
O Xm) /T m;/mg = 0.050 ——
Qe 150 |- 0.037 v
125 |-

100 |

What is the scale of chiral symmetry breaking?
How is it different from confinement scale?

75

50

HOW can we prObe it? 1:10 1150 1160 170 180 1;0 22)0 2110 2120
. - Fragmentation of Transversely Polarized Quarks Probed in
IS |t pOSSIb'G tO Transverse Momentum Distributions
probe the scale of John Collins
Ch i ral Sym metry Physics Department, Penn State University,

University Park, PA 16802, U.S.A.

breaklng at zero The new fragmentation function is sensitive to the coupling of the fragmentation
tem perature? process to (spontaneous) chiral symmetry breaking.
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Fragmentation energy correlators

Cao, Yu, Yuan, Zhang, HXZ, 2025

Deep inelastic scattering
Mel” NZ/CZ& 4 {D1 nyb (§2, AP, 1)

2B - 0 Tz ppr QF
Z |:fa/p (517 :u) Cab ( 9 ; i » o )
- DAy s 0 - &1 & @ p
7 i:.fk ® .. " +Pxasp (1, 1) ACus ( g )}
Post

+O (Ar/Q,Ar/pnT) .

ST. quark transverse spin
Ti: spin transfer matrix

hr/q,l (z,m;pn) = < Z dy__eipﬁy_/z Tr| T'{(O|W (oo,y_;w) Y (y_) En) | h,X; out >
X

2N 2m h: transversity
X - out | (00, 0; w " "
(h, X; out [HO)W (00, 0;w)[0)] H: FEC Collins function
*ying /2 2 x nr)' Pure collinear factorization formula
D}[LP;QZ K ] (Zvnaph) — ( T) %ih/q (Z797ph>

No Sudakov logs!
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Decomposition of polarization functlons

Cao, Yu, Yuan, Zhang, HXZ, 2025 + 0
4 —1 + 1 \/8(1 + 8) _8
9 o d. 4+
2(1—¢) (8r2Q2)? | dadQ2dgsdzdppdendndd 0 |Vel+e) 2¢ —Ved +e) L ¢h
= Cryy,rfs D]+ €Cryy o 1, D) -\ e —/el+e) 1

+ ST { [_CFUT,T [h7 HJ_] _ chUT,L [h7 HJ_H S (¢ _ (¢S — ¢h))

+1/2¢(1 + €) {CFSJ) h,H™] sin (¢ — (ds — 2¢n)) + CFz(JlT_) ‘h,H "] sin (¢ — ¢s)}

te [Cpo [hHE] sin (6 — (65— 36n)) + Cper [h H ] sin (6 — (85 + 6n))] |

+ longitudinal polarization, power corrections, etc

Modulation effects generated by non-perturbative
coupling of transversity and Collins

Structure determines by symmetry

follow from Diehl, Sapeta, 2005
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Decomposition of polarization functlons

Cao, Yu, Yuan, Zhang, HXZ, 2025 + 0
4 —1 + 1 ‘\/8(1 + 8) _8
9 o d. 4+
2(1—¢) (8r2Q2)? | dadQ2dgsdzdppdendndd 0 |Vel+e) 2¢ —Ved +e) L ¢h
= Cryy,rfs D]+ €Cryy o 1, D) -\ e —/el+e) 1

+ ST { [_CFUT,T [h7 %J_] _ chUT,L [h7 HJ_H S (¢ _ (¢S — ¢h))

+1/2¢(1 + €) {CFSJ) h,H™] sin (¢ — (ds — 2¢n)) + CFz(JlT_) ‘h,H "] sin (¢ — cbs)}

te [Cp [ HH] sin (6 — (65 — 36n)) + Cpoar [, M4 sin (6 — (05 + 6n))] |

+ longitudinal polarization, power corrections, etc

Modulation effects generated by non-perturbative
coupling of transversity and Collins

Structure determines by symmetry

follow from Diehl, Sapeta, 2005
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Decomposition of polarization functlons

Cao, Yu, Yuan, Zhang, HXZ, 2025 + 0
2 o 171 . + 1 Vel'+e)
y Qg N
2(1—¢) (872Q2)% |  dxdQ?d¢sdzdp? déndnde 0 [+/e( +

— CFUU,T [fv D] - 8CFUU,L [fa D] =

+ ST { [_CFUT,T [h7 /HJ_] _ chUT,L [hv HJ_H S (¢ _ (¢S — ¢h))

+1/2¢(1 + €) {CFSJ) h,H™] sin (¢ — (ds — 2¢n)) + CFz(JlT_) ‘h,H "] sin (¢ — cbs)}

te [Cpo [hHE] sin (6 — (65— 36n)) + Cper [h H ] sin (6 — (85 + 6n))] |
+ longitudinal polarization, power corrections, etc
Modulation effects generated by non-perturbative
coupling of transversity and Collins cos(¢@ — ¢ )
R(n)

Structure determines by symmetry violate parity

follow from Diehl, Sapeta, 2005 @
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Imaging the chiral breaking scale ?

Cao, Liu, Yu, Yuan, Yuan, Zhang, HXZ, in progress

Unpolarized only With Collins effects

FEC Distribution

FEC Distribution
¥SB effect may damp with

Confinement energy scale, AR e CaTins
Plateau distribution in — : ~
around O(A different scale to A
the free hadron region (Agep) 8 — 60 effect at small angle oCh Eg — Perturbation calculable
- Perturbation calculable ' 60
N -50 q
> 160 2 50
&,
& 40 y ! O
— Nyl 40
s 20 20
© % 10 10
e 101
[Ge ‘/] . . . .
preliminary preliminary

Interesting to compare the confinement scale and CSB scale
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The quest for precision

Collinear: S
Konishi, Ukawa, Veneziano

Central:
Basham, Brown, Ellis, Love
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Electron-Positron Alliance Collaboration, 2511.00149
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EEC
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The Recycle Frontier

Comparison of data from 1981, 1993, 2025
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Archived ALEPH data from 1994,
at 2025

reanalysis

ALEPH tracking detector, reproduce

published thrust data

Track function for EEC
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Chang, Procura, Thaler, Waalewijn, 2013
Chen, Moult, Zhang, HXZ, 2020
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EEC

@ Various scaling in EEC

| | I IIIIII | IIIIII| | IIIIII| IR | pre_COnfinement
+. 0e®, %0 o'o.o...oa..,.“. A 1
E® = — g COIT.) (1 + log corr.) + - - -
[ Free Hadron Gas \. 92 Q 93
| post-confinement
10° B

] 0?2
: BEEC = 9°(1 + log corr.) + - - -
| AQCD

1071 | Lighttsy OPE Lee, Pathak, Stewart, Sun, 2024; Chen, Monni, Xu, HXZ, 2024;
- @1  ALEPH Liu, Vogelsang, Yuan, HXZ, 2024; Barata, Kang, Lopez,
| NNLLco + NNLOpo + NNNNLLpop e, Penttala, 2024; Lee, Stewart, 2025; Chang, Chen, Liu,
(IR RTT| R AN T 11| B S N WA T 11| MR R R TTT| S A Simmons-Duffin, Yuan, HXZ, 2025; Guo, Yuan, Zhao, 2025:

—5 —4 —3 —2 —1
10 10 10 10 1005 0 Kang, Metz, Pitonyak, Zhang, 2025

0 /4 - All published in PRL



Determine «, from post-confinement plateau

Log running of the plateau height predicted by perturbation theory

0.0350 -

.
-
o
LD
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Height of the Confinement Plateau
= o o o -
- O O -) -
DO N DO DO %
- (\) @) -~ -
- @) - @) -]

0.0175 -

| pp+jets, R =04, |n| < 0.5, /s = 13.6 TeV gluon dominate
method 1, C, = 0.02590, C'; = 0.006301, twist4d = 5.718 at pr = 50 GeV

method 2, C, = 0.02611, C, = 0.006255, twistd = 5.734 at pr = 50 GeV

| E _ ete”, C, = 0.02508, C, = 0.006567, twistd = 1.3978 at ) = 50 GeV quark dominate

Scale variation~ 4.7% — 5.9%, p € [0.5,2.0]pr

—
——  Preliminary

Pythia | |
method 1  ——
M

method 2 —

use C' parameters in e™

¢ —

20

30 40 50 60 70
pT

30 Chen, Liu, Wang, Xing, Yang, HXZ, in progress
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Take home message

1. Energy correlators are a rare example where formal theory, collider
phenomenology, and experiments are finding common ground

2. Energy correlators provide an new way to image emergent and intrinsic
scales

3. Energy correlators provide a common language to discuss diverse
phenomena
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