LEVERHULME MANCHESTER
TRUST

1324
The University of Manchester

Energy correlators, light-ray operators and new directions

Jack Holguin

Based on work to come in collaporation with Kyle Lee

PSR 2026 1



LEVERHULME MANCHESTER
TRUST

1324
The University of Manchester

Jet physics!

v directions

rs, light-ray operators andGe

Jack Holguin

Based on work to come in collaporation with Kyle Lee

PSR 2026 2



Power corrections, OPE, NP: Chen et al. '21-26

LHC process Theory Experiment
NNLL: Dixon, Moult, Zhu 19 Strong Coupling° CMS 24
M | . OPE + Spin correlations: Chen, Moult, Sandor, Zhu '21-'23 Confinement: ALICE ‘94 '
assiess ]etS Tracks: Jaarsma, Li, Moult, Waalewijn, Zhu 23 )

Heavy boson jets

Z jets N4LL: JH, Moult, Pathak, Procura, Sule 26
Higgs jets N4LL: Gao, Lee, Zhang '26

Heavy coloured jets

b/c jets: Craft, Lee, Mecaj, Moult 22
Top mass: JH, Moult, Pathak, Procura 22
Top mass: JH, Moult, Pathak, Procura, Schofbeck, Schwarz '23-'26

D°-tagged jets: ALICE '24

MC: Devereaux, Fan, Ke, Lee, Moult '23
Twist: Fu, Muller, Sirimanna ‘24

OPE: Andres, Aretz, Dominguez, JH, Lee, Marquet, Moult '24-'26
Barata, Moult, Sadofyev, Silva 25

Proton-lon CO"ISIOnS OPE: Andres, Dominguez, JH, Marquet, Moult 24 p-Pb: ALICE 24
Barata, Kang, Lopez, Penttala 24
Jet quenching: Andres, Dominguez, Elayavalli, JH, Marquet, Moult 22
o o Predictions: Andres, Dominguez, JH, Marquet, Moult '24 \
lon-lon collisions Pb-Pb: CMS '24

Forward processes/
small-x

Nucleon ECs: Liu, Zhu '22-'23
CGC nucleon ECs: Liu, Liu, Pan, Yuan, Zhu '23

proposed for EIC

Electro-weak physics

Density matrix: Ricci, Riembau '22-'25

Generalised detector
correlators

Charged and Energy weighted detectors: Lee, Moult '23-25
EWOCs: Alipour-fard, Waalewijn '25
Jet detectors: JH, Lee '26

track function moments:
ATLAS '24

Energy correlators have exploded as a field
Selected results emphasising jets/small-angle physics

+ More



Energy correlators have exploded as a tield

Progress driven by the understanding of ight-ray operators

Power corrections, OPE, NP: Chen et al. '21-26

LHC process Theory Experiment
NNLL: Dixon, Moult, Zhu 19 Strong Coupling° CMS 24
M | . OPE + Spin correlations: Chen, Moult, Sandor, Zhu '21-'23 Confinement: ALICE ‘94 '
assiess ]etS Tracks: Jaarsma, Li, Moult, Waalewijn, Zhu 23 )

Confinement: STAR '23

Heavy boson jets

Z jets N4LL: JH, Moult, Pathak, Procura, Sule 26
Higgs jets N4LL: Gao, Lee, Zhang '26

Heavy coloured jets

b/c jets: Craft, Lee, Mecaj, Moult 22
Top mass: JH, Moult, Pathak, Procura 22
Top mass: JH, Moult, Pathak, Procura, Schofbeck, Schwarz '23-'26

D°-tagged jets: ALICE '24

MC: Devereaux, Fan, Ke, Lee, Moult '23
Twist: Fu, Muller, Sirimanna ‘24

OPE: Andres, Aretz, Dominguez, JH, Lee, Marquet, Moult '24-'26
Barata, Moult, Sadofyev, Silva ‘25

PrOton-Ion CO"ISIO“S OPE: Andres, Dominguez, JH, Marquet, Moult 24 p-Pb: ALICE 24
Barata, Kang, Lopez, Penttala ‘24
Jet quenching: Andres, Dominguez, Elayavalli, JH, Marguet, Moult '22
o o Predictions: Andres, Dominguez, JH, Marquet, Moult '24 :
lon-lon collisions Pb-Pb: CMS '24

Forward processes/
small-x

Nucleon ECs: Liu, Zhu '22-'23
CGC nucleon ECs: Liu, Liu, Pan, Yuan, Zhu '23

proposed for EIC

Electro-weak physics

Density matrix: Ricci, Riembau '22-'25

Generalised detector
correlators

Charged and Energy weighted detectors: Lee, Moult '23-25
EWOCs: Alipour-fard, Waalewijn '25
Jet detectors: JH, Lee '26

track function moments:
ATLAS '24

Light-rays
utilised

Light-rays and
the OPE

+ More



T
e

Therefore, it we can handle |i
iNn QCD, then we can

= | will

N Lee, Mou
O dnN ene

ne basic idea u

nergy correlato

nder

S D

'ne basic 1dea for this talk

t, Zhang 240919045 it was noticed that a jet measurement in Mellin space is very similar
gy correlator.

oinning this talk is to show that jet measurements are not just similar to

\_/

t they concretely are light-ray measurements.

Ne SIMml

ght-rays with an approach that is rigorous at a foundational level
arly foundational with jets.

use this to derive a factorisation theorem (already tough in 20 minutes), but this is just

the start of what is possible...



Outline

(1) What is the light-ray operator product?

- From CFT (the version often shown) to QCD (rarely discussed carefully)

(2) A new direction: jet cross-sections

- Factorisation and recent developments

(3)Jets are measurements of light-ray operators
. Deriving the jet factorisation from the QCD light-ray OPE

- The new insights this approach offers



Lignht-ray operators

The natural dual to S-matrices

- We typically formulate scattering amplitudes with S-matrices:
P(X = Y) ~ (X|Y)(Y|X)
and compute (Y| X) the in/out correlator using time ordered QFT:
PX - Y)~(X|U'(—00,+ )| YY|U(—0, + )| X)

. To do this, we express (typically by perturbative expansion) U in operators describing the local degrees of
freedom for the theory.

. However, we could instead choose to let Oy = | Y){Y | and work directly with the in-in Wightman correlator

. Over what operator basis can we express Oy?



Lignht-ray operators

The natural dual to S-matrices

. The appropriate basis for Oy = | Y)(Y | is the operator

basis for the asymptotic degrees of freedom on the
space-time boundary.

. This operator basis is given uniquely by light-ray
operators (for massless theories).

ntuitively, you can form a light-ray operator by
orojecting a local operator onto future infinity (below).
However, not all light-ray operators have local
counterparts.




Lignht-ray operators

Energy correlators

- The classic example is the energy flow operator:

4 2 0O _
E(n)= lim (a:__) / dg= —H™ T (ztn+x~n).

rt—o00 \ M N 60

for which we have &) = ) ) E; 8*(B/E;— A)| Y)(Y|.

Y ey

. Studying correlations of the EFO has led to the entire field of energy correlators:

(X|EWA)EA,) | X) ~ Z do,_;i.y EE; 5> (P, E; — n1)53(p]/E —,)
ij,Y "

- But energy correlators are a particularly simple case of a much broader approach! T
we work with equal-time (in-in) correlation functions or time-ordered (in-out) correla

he choice is, do

tion functions.
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['he light-ray operator product in CETs
The classic Hofman and Maldacena OPE

. In the most general case, we have an OPE that exists and which is completely unconstrained:

01(f1) O2(h2) ~ Y 67| co(ds) O(A)
O
. Each operator can be specified with CFT datag, its celestial conformal dimensiono = A — 1

and its collinear spin J. This data pins down how the operator transforms under the
conformal algebra.

- The OPE must satisty the conformal algebra and so we can use it to constrain the OPE.

- Consider the action of dilations and Lorentz transformations. We have two symmetries which

is sufficient to pin down the two conformal datum: kg = 0g — 0; — 0, andJg =J; +J, — 1.

E(P1) E(Rg) ~ 6772175 cee(8,) O3, 7) + ...
Hofman, Maldacena 08031467
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QCD is less constrained

- In QCD we only have Lorentz symmetry. The dil

- We must return to the most general case:

['he light-ray operator proaduct in QCD

ation was key to pinning down the CFT OPE.

@1(7?,1 @2 TLQ Z‘én‘ﬁ@ C@ ( )

- And, since we are not going to be able to S|m|o\
schematic with the general case.

- What Lorentz eigenvalues can be used to orgao

v pin down the OPE, we must stop being

nise the spectrum of QCD light-ray operators?

he boost weight 0y, and canonical spin J. Adc

itionally, these eigenvalues live on

continuous spectrum. Therefore, in QCD we have an entirely unconstrained continuous OPE:

01 (1) Oa(f) = 3 / AT Co(J. 167, 85) Ou(J. 7) .



Jet cross-sections

One of the most basic jet measurements is the inclusive single jet cross-section:
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Jet cross-sections

The small radius limit

A universal factorisation theorem for this type of measurement was first proposed in 2016 (Kang, Ringer, Vitev
1606.06732; Kaufmann , Mukherjee , Vogelsang 1506.01415). It has a DGLAP form:

2 2 D2
do :/da;dzH a:,Q—,u - J z,anR,,u d(zy5 — x2)
“2 4u2

dz;

where z; = 2E,/Q for eTe™ or z; = 2p,, coshn/Q more generally. Diagrammatically:

AN ///7 £ xb = [ \RE

However, it was discovered (van Beekveld et al 2402.05170) that this factorisation was inconsistent at two-loops.
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Jet cross-sections

The small radius limit

Conseqguently a new factorisation was proposed (Lee, Moult, Zhang 2409.19045):

do - Q? - £2Q? R?
20 _ Bz,% u) 1 _
i) /da: dz (az, 2 ,,u) J (z, n 122 ,,u) d(zg — x2)

't appears almost identical to the previous except for a single difference.

F 946 Q/T IKE
, e

<

The proposal is simply motivated, assuming the jet cross-section does factorise collinearly,
then this is the only other form consistent with the renormalisation group and reciprocity.

g
s

[

his has been verified as consistent at 2-loops.
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Jet cross-sections

The small radius limit

But, there are unanswered questions.

- Does the observable factorise collinearly to all orders (there are very good reasons to think it
does but no proof at CSS level)?

- What is the region of validity for the factorisation? It is the leading term in the large p; limit
but how do the corrections enter and what physics do they contain:

. Hadronisation is thought to go as 1/R and MPI as R?, can we see this?
Dasgupta, Magnea, Salam 0712.3014

- What happens when the jet is soft?

16
- What happens it we have more than one jet identitied?



Jet measurements in the in-in formalism

Mellin space representation

The inclusive jet rate measured on final states produced by an incoming state |y) can be expressed
ds:

d Jet
da Z/daxn (Z E;O(i € jet; Xp) — EJ)
jet € Xn

1€Xn

he measurement on the final state is distributional which blocks us cleanly writing it in the in-in
formalism. However, we can remedy this by moving to Mellin-space:

o0 jet
— /0 dE; EY ((i;;;J (R;¢) = /dﬁq c-dfy, (Y| E(R) - - E(R) szft(ﬁ; Xn) |9},

D% (7; X,,) ZHanEJet

jet 1=1

SV (2 ;)

:CL=R2/4

. |f not for the inclusion/exclusion criteria of the jet algorithm, this looks almost like an energy
correlator.




C/A jet measurements in the in-in formalism

The small R squeeze

Let’s focus on the inclusive Cambridge/Aachen jet rate and pin down one key property of the
algorithm.

Cambridge/Aachen clusters jets by an angular distance measure and E-scheme clustering:

|0, — 0] "

This couples the angular separation between particles with their energies to produce a final jet
axis as an energy weighted sum of the angular options of the jet constituents. By analysing the
clustering tree, it can be shown that

B, B, E
O (S) — 0, < RIn=2
Ep

18



C/A jet measurements in the in-in formalism

The small R squeeze

- Combining®

/ dE; EY
0

dajet
dE;

(R; ) = / Aty -+~ dft, (] E(y) -+~ () TE (R X)),

v

(7 Xn) = Y ][ 11 € jet] .

jet 1=1

l

D

aX(S) o 927

< R ln%
Loy

—

gives the following: Cambridge/Aachen clusters jets into a uniformly weighted core of

angular scale R (which is invariant under the ordering of clustering). Particles which are
clustered but lie outside this core are required to become exponentially soft as a function of
their distance from the core in units of the radius. Since the correlator is energy weighted,
they are therefore weighted out of the measurement exponentially.

. T
O

IS is suffic

to the OP

e

NT1O S

mit u

0 to R? corrections.

now that TP acts only to uniformly squeeze the energy flow operators

19
*and doing quite a lot of work



The light-ray OPE tor C/A jets in Mellin space

Mellin space representation

- We start with the tull QCD light-ray OPE as | previously introduced. The only difference now is

we are OPEing v operators instead of just 2 and we are integrating out some of the angular
dependence.

- Written even more carefully and specifying a perturbative operator basis, the QCD light-ray
OPE for this Mellin moment:

V] _ [“ag, g 37 R:
YN @) a;L=R2/4_/0 J JdEJ( )
S (23 LL / Ao A7 8(Ti (00, 73 as(1))) *CL (80, o, 2925 1) (O} (B0, J3 1))y (1 4+ O(292) ), Rew >0

- Now we need to use the properties/symmetries of QCD to pin down this OPE.

Chen 2311.00350 20



Constraining the light-ray OPE

Lorentz symmetry

- Now we constrain the OPE with the robust properties of QCD! We do so with a few steps:

O (T3 1))y = /O dE E77 H(™) (E; 4, p; as())
Mellin relation

S (21 ) ) > / 60 AT 8(T3 (80, 3 (1)) " (80, 7, w1, 292, 1) (O (B0, I3 )y (1+ O 2222))

Collinear boost plus
matching GeV dimensions

A 2 2 172
C(TO) D;as = 2 [dse’t [dp QCD K[V] (v+1+2s; 85 05) and L(E,R) = In BT In i

- The constrained OPE is just like a collinear tfactorisation theorem as we traditionally see!

SMapy) = 3 &t ZWZ / dE B H{")(B; v, pis; 05) O (L(B, R), 22 ) (14 O( 22

T0€{2,4,...}

21



The light-ray OPE gives the small-R tactorisation

[nverting the Mellin space representation

- Then we undo the rest of the Mellin transformation:

Sar) = Y oY [T aB B HE (5, i) ) (LB, R), 295210, (14 0(2e2))
— Jo

J
T0€{2,4,...}
1
5572) (L7 Aqop ; aS) — / dz 2" J(STO) (Z, L, Aqop ; Oés)
’ 0

HJ HJ

do CJA 1 ¢+100 1 c+100

3 = — —v—l [v] il v, —v—1 _ -
ag; BV =g | WESTT ), 6> 0 omi J i olw—u), wu>0
doCJIA RQ (70—2)/2 ( ) ( | A )
. _ T T QCD , CD

T0€{2,4,...}

E2 2 2 22
L(E,R) = m(”’L2 ) - ln(R _ )
p 4p



The pottom-line result

- And so we find the factorisation of Lee, Moult, Zhang 240919045 but now with sub-leading

corrections included and generalised to be process independent.
dO.CJA

a5 (Biv) = > (%2>(TO_2)/2; /O TdE /0 d H) (B ), s o) J§TO>(  L(E, R), e, )6(EZ—EJ) (1+0(A§§D))

€12,4,...
70 { } L(E R) _ Tr E2 _ R2E2
’ — 'u2 o 4'u2

- We can directly expand out the higher order corrections to get it into the form of Lee et al.

tda lit 2J  rlitzQ 2 Aqcp Aqcp
E _Z/ Pl (x’_z’as) o (5 1 (R Rsas) (14 0) + 0 52 ) + 0( 52 ) + (mon-DGLAP)

. We have shown that the factorisation is robust, hadronisation does go as 1/R and MPI as

R?. We have also given a light-ray operator level definition for some of these. The modified
convolutional structure appears as a consequence of Lorentz covariance.

['he lignt-ray OPE gives the small-R factorisation

23



Jets as lignht-ray measurements

Beyond the inclusive small-R jet cross-section
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Conclusions

and in terms of S-matrices.

- Energy correlators have blossomed into a wide field of research and this is largely motivatead
oy the dual descriptions the observables easily admit, both in terms of the in-in formalism

- However, whilst energy correlators are perhaps the most natural objects with this dual

description, it is not limited to them.

. Jet cross-sections appear as the “seco
representation is readily expressed in t

ale

AlS

most natural” since their Mellin space

iN-in formalism.

- From this approach, we have been able to derive the small-R factorisation of high energy
jets, pinning down the scaling and relevance of higher order corrections.

- Keep an eye on arXiv for more interesting jet physics which emerges naturally from this

approach.
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Constraining the light-ray OPE

Lorentz symmetry

- Firstly, we can use Lorentz covariance and dimensional analysis to pin down the OPE
coefficient.

S (2 ) ) } / Ao . 6(T3(80, 3 s(1))) "CL4) (80, 7, w1, 2922 1) (O (B0, 5 )y (1 + O(H22))

Collinear boost plus
matching GeV dimensions

L A b
i (507J$L,AQCD7“) = v g oTR /dﬁ ( QLCD> K;" (60, J, B; s (1))

27



Constraining the light-ray OPE

[nverting the Mellin space representation

- Secondly, we want to begin the process of inverting the Mellin transform. We start with the
operator basis:

(o) = Y3 / Ao A7 8(Ti (0o, J; s(1))) *Cla (80, J, w1, 292 1) (*O)en (B0, J5 )y (1 4+ O( 292

(O, (J; 1))y = /0 4B E'~V H) (B; 1, i as(11))



Constraining the lignt-ray O

Grouping ractors we find a Laplace transtorm

)

—]

- Thirdly, we group the pre-tfactors and change variables from under the integration from

J—v—1 .
J— 5= ; and recognise that 6y +J = 7, — 1

221 9) ZZ/d(SO dJ §(Ti(00, J; s())) *C}', (5o,J,wL,AQfD )("@S)ren((?o,ef; )y (1+0(AQCD

M) = >0 &Y [ AR B BB, s ) O (LE B)

T0€{2,4,...}

Where

~ A
C,STQ)( AQCD,aS = Q/dseSL /dﬁ( QCD) (Toa)(u 1+2s; B;05) ONA  L(E,R) = ln(

AQCD

o) (1+ o Ao




The light-ray OPE gives the small-R tactorisation

[nverting the Mellin space representation

- Finally, we undo the rest of the Mellin transformation:

Sar) = Y oY [T aB B HE (5, i) ) (LB, R), 295210, (14 0(2e2))
— Jo

J
T0€{2,4,...}
1
5572) (L7 Aqop ; aS) — / dz 2" J(STO) (Z, L, Aqop ; Oés)
| 0

HJ HJ

do CJA 1 ¢+100 1 c+100

: - E— v—1 y[v] - v, —v—1 _ -
dE,; (B;9) omi . dv (@L;9) ey —R2/4 c>0 omi | dv w” u o(w — u), w,u > 0
doCJIA R2 (70—2)/2 R A
e = X ()X [Ta [ s H ) I (50088, A o) 88— E) (14 0(A52))

T0€{2,4,...}

L L], E2 R2E2 30
) = () - (B2



eometric OPE picture

-
-
-

req. scale
dependence

~
-2
-

Symbol Meaning Status in perturbative QCD
J Lorentz / collinear spin exact (Lorentz eigenvalue)

0 canonical twist exact (counting label)

a partonic flavour R.G. mixes in flavour space
do=J+1—1 boost weight exact (commutes with Z)
O]=J-1 canonical mass dimension exact (Z dimensionless)

v (J; as) RG-flow exponent runs (not a symmetry eigenvalue)

A=J+71+~" Callan-Symanzik dimension runs with p
T=A—J twist runs with

d=A-1 celestial dimension runs (controls OPE operator relevance)




Reference algorithm which 1is OPE exact

dO.CJA s . .
iE, (R;) = E/daxn(w) Z | Z Vm(zl,...,zm)@(xL—Igggcziaib) .
n m=1 {i1<-<im}
(2.3)
The pairwise angular variable is
1 — cos0;;
Rij — 9 ’

and the cone constraint retains particles separated by less than the jet radius through the
small-angle identification

T = . (2.4)

The weights V,,, are built by inclusion—exclusion, so that an m-particle cluster contributes
its total energy without recounting configurations already resolved at lower multiplicity,

Vi(i1) = 6(Ey — E;), Vo(i1,12) = 0(Ey — E;y — Ei,) — Vi(in) — Vi(iz),

V(i1 .- yim) =0 (E J— Z Eia> — (clusters of fewer than m particles) . (2.5)
a=1

Lee, Moult, Zhang 240919045
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