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Dual view on energy correlators
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DGLAP evolution

Time-like anomalous dimension
Running coupling

Incorporating track

Quantum interference in parton shower
nuclear structure

medium effects

massive quark
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S(nl)

Light-ray OPE

Space-like anomalous dimension

Smearing in spin
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Evolution for non-diagonal density matrix
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P.T. and N.P. Power corrections

see also lain and Zhiquan’s talks

the scaling
iInterpretation makes
the story appealing to
broader community




The track function formalism

H.-M. Chang, M. Procura, J. Thaler, W. Waalewijn, 2013
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The call for track-based calculation

observables. For all of these observables, the uncertainties for the track-based observables are significantly
smaller than those for the calorimeter-based observables, particularly for higher values of 5, where more
soft radiation is included within the jet. However, since no track-based calculations exist at the present

time, calorimeter-based measurements are still useful for precision QCD studies. ATLAS Collaboration, 1812.09837]
the selection of charged particle jets. Note that track-based observables are IRC-unsafe. In general, p

nonperturbative track functions can be used to directly compare track-based measurements to analytical

calculations [67-69]; however, such an approach has not yet been developed for jet angularities. Two
[ALICE Collaboration, 2107.11303]

Defined of track-based observable
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Track EEC is simple

H. Chen, I. Moult, X.Y. Zhang, HXZ, 2020

All hadron ENC:

do Tl(l)ElTQ(l)EQ T TN(l)EN
T QN H5(zm — COS (9@])

ENCtr — /dH

Complete factorization of measurement and weight
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RG flow of track function

RG equation for gluon track function
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EEC

4 d(Sum EiEj/Ez)

Ratio
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Track EEC at NLO

— NLO, Positively Charged

— 0.l LO (1978): Basham, Brown, Ellis, Love

— NLO, Partonic

- g;:;:;‘;:f;:f“”g“ NLO (2018): L. Dixon et al. 1801.03219

Pythia, All

Q =250 GeV

NLO on track (2018): Y.B. Li et al. 2108.01674

First ever track-based observable at NLO!

ALEPH e*e’, Vs = 91.2 GeV, Work-in-progress
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Modification of sc

aling from track
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* Modification to scaling from track is small at low point

 [wo-point is almost identical on track and all hadrons in shape

* |In the free hadron region, the charge-to-all hadron ratio approach (2/3)32
 Monotonicity increasing in slope for ratio of track ENCs
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Light-ray operators

i+

Hofman, Maldacena, 2008
Kravchuk, Simmons-Duffin, 2018

T— OO

£(7) = lim r? / dt ;T " (t, r77)
0

E(n) = /OO din-x) lim (7-x)*n*n"T,,(x)

N L— OO
— OO

The simplest light-ray operator measure the
asymptotic energy flow at null infinity



Regge trajectory for light-ray operator
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Energy correlators are the spectroscopy of high energy scattering
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Light-ray OPE: why important theoretically

Euclidean OPE: O(x)0(0)

Light-ray OPE:

Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov, 19
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dimensional Euclidean CFT

If the space of light-ray operators are fully
carved out, then any N-point energy
11c:orrela’cors can be build out from two-point



Light-ray OPE: how it works
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Spinning light-ray operator
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Different ways to polarize the gluon

un-pol. pol.
= (IIZI Zj:) Wwﬁi %m
A=EE = ( 2¢@g_ 2%@;9+)
— Tr{Ap o
f(¢> LAp. C3 = 157T(C’A—nfo)

How do we find the azimuthal asymmetry in experiment??

14



The EEEC

H. Chen, |. Moult, HXZ, 2020
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An analytic formula resumming the logs from light-ray OPE
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Comparing with “quantum” parton shower

Algorithm for incorporating the
full guantum mechanical effects
of spin correlation exist for quite
some time.

J. Collins, 1988: |. Knowles, 1990:; J. Forshaw,
J. Holguin, S. Platzer, 2019
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A. Karlberg, G. Salam, L. Scyboz, R. Verheyen, 2021

All-order EEEC, A = —-0.4

%1073 Quark jet

AR VARY

I>79> 710N ‘T0>59>100

Analytic + Toy shower

Our) o

9962.980°0 = (0

() {5255

Gluon jet

EEEC help validating the Monte-Carlo
Implementation
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Breaking degeneracy by PDFs
f(¢) =Tr[Ap

A=E& £ example of nuclear
proton energy correlator

How to write a light-ray OPE for a

_ _ ~ NLO]et++
proton state is an open question! Sy )
C3:fg(37)CA_nfofq(m) E /\/\
g - ‘ i
z

enhance the spin interference effects by
exploiting the difference of PDFs R Y R P T §
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Entangled by the Higgs

— I

_(p++ pi-
g <p——- ﬂ——>

D4+] = |p+-]

Maximally entangled state

A= gprotong X gprotong

Similarly idea used to probe CP
property of the Higgs

1. Plehn, D. Rainwater, D. Zeppenfeld, 2001
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/ B=|S (¢aa¢b) (¢a,¢b)+5(¢a,¢b)+S(¢a,¢b)| <2.

test of Bell inequality




Perturbative and non-perturbative power expansion

twist expansion

1
EE€ = ﬁ@722 + (90@7-:4 + '92@7':6 -+ .-

- Aqep
9,
AQ
N.P. Power corrections l QCD

QQ

In both expansions, symmetry plays a prominent role
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Hidden structure in twist expansion
195 Perturbative data at higher order in twist expansion
0r,

exhibit intriguing structure

2z = fge'®

highest transverse spin series
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Conformal block expansion for EEEC

£(71) EEEC is secretly a four point function
E (1) »
b /dt eZt”'P<Q|X(t'ﬁ,)gg(nl)f(ng)g(ng)x(O)\Q) = <515253>X

Lorentz invariance M, (E1E2E3)y =0

: 0 1 y
M, = _ZZ (pr Opi-V (1 < V)> C2 = §MMVMM
J
® OO <£15253>X = Z Cs. (n1,n9, On,, €) (@(‘;{73(712, 5)53(%3»)(
0,J

function of z

/ 0="> Cs5;([C2,057°1E)y + Y CaCs;(075°E3)
5] T 5,]
eigenfunction of Co
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Conformal block expansion

Chang, Simmons-Duffin, 2022

Chen, Moult, Sandor, HXZ, 2022
(E1E2E3)y = Y ¢5,Gs5(2)

5,3/‘ \
Kinematical data

dynamical data  ,nformal block in 2D CFT)
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Rapidly decaying coefficients
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onformal block expansion
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0=4,7=0

Conformal block expansion
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Pb+Pb with wake / vacuum

Hybrid Model, Wake = ON

Hadrons, Inclusive jets
n=1,06<AR <0.7

1.4
§ 1.2
2
w 038
W 06

Full anti-k jets, R =0.8
140 GeV/e < P, s <240 GeV/e

from Arjun’s talk

Can a single 0 = 6 block fit the model?

How to interpret jet wake using
conformal block expansion?



Non-perturbative power corrections to
energy correlators from light-ray OPE

2406.06668, with H. Chen, P. Monni, Z. Xu

25



10*

—qq

EEC,.

Significance of N.P. power corrections

power corrections = hadron - parton
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At % level, control over the power corrections are necessary
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Power expansion from symmetry
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I
68
+

R
©

1

coll. spin:

L~ Oiﬂ @[TJ] xr | AQco
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)
-

Key assumptions: the hadronization scale is boost invariant
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Scaling and its violation in power correction
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Power corrections also exhibits
scaling law!

Plotting in the correct variable 60

manifests that the transition happen
at a single transverse scale

Removing the classical scaling
behavior, leads to mild 80 but still

non-trivial dependence = new non-
perturbative function

Also exists Q dependence



Scaling violation from RG invariance

. ]. - g — A — — —
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Define a transverse momentum scale K|, = 6Q

~|J=N
ENCYE (K1,@) = Aqe x Da (Ki AQ) B e, (91

TS (4m)~tog, QN1 \ p?

non- perturbative
perturbative

In the absent of AQCD, 6 dependence in D can be predicted from Q dependence
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ENCNL (K — A Dy | 1,222 ) UK LATT=2 : Un(K.,Q) =P - / BTN
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define a non-perturbative func. D(K|) Q) dependence predicted



Universal N.P. functions

3 A2 <O [J——N] (n )>
N.P. D QCD Un(K . O T=2 @),

K7

Non-perturbative scale enters the formula as a boost invariant scale
Justify the use of light-ray OPE

The Q dependence of power corrections as a whole is predicted
30
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event generator
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What’s happening to EEC?

Expanding to the next-to-next-to-leading power

lim €(n1)€(n2) = —C - 0,5 (n) + =57 D - 075" (n2) + —5—=E - 0,5, (no) +
n1—no2 LT, 'CUL QUL
Q9 g9
2 4(J°+J+2)
7[J],Z(O) _ (2CF(4HJ ( J(J—I-l)) 3) —1F J((J+1)(J+)2) )
T= 4(J2+J+2 2(J°+J+1
—CF (J—1)J(J+1) 8Ca(H, (J—l)J(J+1)(J+2)) — 250

99 99

Pole at J=1 due to small-x singularity

Large anomalous dimension could enhance the sensitivities to NNLP
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An better scheme for e+e-

- i ] AE;N]/(Qﬂo) i ~ A2 7
!
the evolution factor
[N  Rn(Q,Q2) zn Rn(Q1,Q) 2N
Fl (KJ_aQ) — RN(Q17Q2)F1 (KJ_an) RN(QI,Q2)F1 (KJ_aQ2)

R (Q Q ) det (aS(Ql)A[lN]/@ﬁo) aS(Ql)A[zN]/(Qﬁo)> Log[Q] - Log[Q2] as (280 + A1 + A2) (Log[Q] - Log[Q1]) (Log[Q] - Log[Q2])
N 1,&/2) = A€

as(Q2)/\[1N]/(2Bo) aS(Qz)A[zN]/(%o) Log[Q1l] - Log[Q2] i 8 m (Log[Q1l] - Log[Q2])

RN(Q) QQ)
Rn(Q1,Q2)

Rn(Q1,Q)
RN(QI) Q2)

7 *QENCY” (K 1,Q) =

!

contains O(Aqcp) + O(Agep) + -+ requires input at two energy scales
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Results for the alternative scheme

- 7" — qq Q Herwig o~ EEC » E3C

0.20F  — 91.2 GeV 250 GeV - — 500 GeV. - — 1000 GeV

e For e+e-, fit for 250 and 500
GeV from Monte-Carlo and
predict other energy

e Same for Higgs->gg

 Now good agreement is found
even for EEC

 Agreement is even found deep
iInto the non-perturbative region
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100 ¢

- 2—point PEC Hadronization corrections f
' (2 = ._))( (T(‘\ '
10 ¢ , ;
\ all-particle
L
0.100¢
Pythia — LL
0.010¢ . : :
Pythia — Pythia partonic
[ e power—law fit
0.001 S | D
0.005 0.010 0.050 0.100
Iy,
100 ¢ 1 — : — . ;
- 2—-point PEC Hadronization corrections 1
| Q = 250 GeV |
10 % : 3
\ all-particle
L
0.100¢
Pythia — LL
0.010¢ . : :
Pythia — Pythia partonic
[ e power—law fit
0.001 e | |

0.005 0.010 0.050 0.100

Incorporatlng track again

power corrections on tracks Is
defined as Pythia - perturbative LL

A(n) A(”)

tr,1 tr,2

PNCY(zp) = PNCpert( L)

b " o
2-point 3-point 4-point
all-particle Aiz + = A(z) Ai) + = A(S) A§45) T A(4)
Al™ 0.00076 & 0.00006 | 0.00044 % 0.00004 | 0.000229 = 0.000013
ALY 7 x 1072 +0.0005 | 1.0 x 107° £ 0.00028 | 0.000031 = 0.00011
charged-particle ifil + AE)Q i‘f); A;if:z 1;'(55;1 Aﬁ%
AL 0.000266 + 0.000023 | 0.000106 = 0.000013 | 0.000044 == 0.000004
ALY 0 = 0.00019 0 = 0.00011 0 = 0.00004
AP /AT 0.35 0.24 0.19

M. Jaarsma, et al., 2307.15739
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Summary

Energy correlators provide a dual view of high energy scattering
Light-ray operators make symmetry manifest:

e spin physics

e perturbative and non-perturbative power corrections

Phenomenology and experimental driven measurement can bring in new
challenging for field theory: e.g. tracks

Simple, but not simpler
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