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Abstract

Patterns of energy flow in high-energy final states are shaped by hadronization and confinement dynamics, nuclear-matter effects,
and the spin and flavor structure of hadrons. Measuring these patterns exposes how nonperturbative QCD reorganizes short-distance
radiation into correlated hadronic energy flow. Energy correlators provide an infrared-safe and correlation-based way to read this
information. Their light-ray operator structure connects collider observables to modern OPE methods and opens new windows
on nonperturbative QCD dynamics. Jet substructure provides a more traditional route to the same energy-flow information inside
jets. Together, these observables turn final-state radiation patterns into probes of hadronization, confinement, nuclear matter, hadron
structure, and spin dynamics.

Keywords: Energy correlators; energy flow; jet substructure; confinement; hadronization; nuclear matter; hadron structure; spin
physics; light-ray OPE; power-correction; di-hadron fragmentation; transverse-momentum-dependent factorization.

1 Introduction

The distribution of energy in a high-energy final state is one of the most direct experimental records of QCD radiation. Although it is
measured after hadronization, its angular structure retains information about the dynamics that produced and reshaped the radiation, from
perturbative branching to confinement, nuclear interactions, and spin-dependent correlations. This review describes recent progress in using
energy-flow measurements as quantitative probes of these aspects of QCD.

Two related developments have made this connection especially useful. Jet substructure [1, 2] provides controlled ways to select and
identify radiation inside jets, while energy correlators [3] measure energy-weighted angular correlations in the same final states with a
direct operator interpretation. This combination connects experimentally resolved jet measurements with QCD dynamics ranging from
perturbative evolution to hadronization, nuclear effects, and spin-dependent correlations.

2 Energy Correlators and Novel Jet Substructure Methods

2.1 Energy Correlators

Energy correlators were introduced in QCD by Basham, Brown, Ellis, and Love in the study of e*e™ annihilation, where weighted angular
correlations of final-state energy flow were proposed as infrared-safe probes of asymptotic freedom [4, 5]. In recent years, energy correlators
have undergone a renewed development driven by converging progress in quantum field theory, perturbative QCD, nuclear physics, and
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collider measurements [3]. The conformal-collider analysis of Hofman and Maldacena placed energy-flow correlations in a light-ray-
operator framework and showed that their small-angle singularities are controlled by nonlocal light-ray operators of definite spin [6, 7].
In perturbative QCD, the small-angle limit is controlled by collinear evolution and admits an anomalous-dimension governed scaling
law [8, 9]. Recent theoretical and experimental work has shown that this near-side region contains more than the asymptotic perturbative
region. As the angular scale is lowered, the correlator passes through a parton-hadron transition region and into a post-confinement regime
governed by genuinely nonperturbative di-hadron fragmentation dynamics [3, 10-20]. The opposite endpoint, the back-to-back limit, is
governed by transverse recoil and factorizes in the same transverse-momentum space that appears in standard TMD factorization [21-23].
The near-side and back-to-back endpoints therefore probe different infrared limits of the same energy-flow correlator, collinear evolution
and hadronization for the small angle limit, and recoil-sensitive TMD dynamics for almost back-to-back configuration. Measurements
at LEP, RHIC, and the LHC have used these two limits to extract «, identify angular transition scales, test hadronization models, and
quantify medium-induced modifications in nuclear collisions [11, 12, 24-28]. The same energy-flow construction has also been adapted to
hadron structure, spin physics, and small-x dynamics. Examples include nucleon energy correlators (NECs) [29-34], semi-inclusive energy
correlators (SIECs) [35-37], one-point energy correlators (OPECs) [38—45], and transverse energy-energy correlators (TEECs) [46-52].

2.1.1 Standard EEC: definitions, kinematics, and regime structure
The standard EEC is defined as the correlation function of two energy-flow operators inserted between states created by a hard source [6],
[ d*x e (0|07 (x) &) E(R) O(0)[0)

EEC = -
Q? [ d*x e (0|07 (x) 0(0)[0)

M

where O denotes the hard source, such as the electromagnetic current J*. Here, ¢* is the total timelike momentum injected into the system,
and Q = /¢2. The operators E(7;) and E(f;) measure the energy flux through detectors oriented along 7 and 7. The detector operator
is [53]

&) = f dt lim PPn'T%(, r), 2)
0 r—o0

which is the standard light-ray transform of the energy-momentum tensor in the direction 7 [6]. This operator definition could be imple-
mented directly on future quantum computers; for pioneering studies, see Ref. [54-56]. Higher-point energy correlators (ENC) are obtained
by inserting additional energy-flow operators and have found broad applications in collider physics [10, 57-64]. Energy correlators can also
be made quantum-number resolved by restricting the energy flow to hadrons carrying specified charges, flavors, or other labels, providing
more differential probes of hadronization and heavy-flavor dynamics [57, 65-69].

Using a completeness relation, Eq. (1) can be rewritten in the familiar event-level form !

ax _ d(T,'_,' E,’E_/'
E_%:fTF(S(X 0i) s 3)

where o is the inclusive cross section. The sum runs over final-state hadrons i and j, E; and E; are their energies, and 6;; is their opening
angle. In hadronic collisions, the EEC can be generalized to the transverse-energy-weighted cross section differential in the azimuthal
separation, leading to the TEEC observable [46]. The final-state hadrons may be selected inclusively, within jets, or on tracks [57, 66], with
the last option offering superior angular resolution. For later discussion, it is convenient to introduce

1 —cosy
=— @)

Figure 1 shows the LEP measurement of the EEC in e*e™ annihilation using tracks over the full angular range, which provides a direct
scan of the physics probed at different angular separations. In the central part of the distribution, the relevant scale remains of order Q, and
the EEC is described quantitatively by perturbation theory [71-73] up to hadronization power corrections.

Toward the small-angle side, the relevant transverse scale decreases as Qy/2 ~ Q v/z, and the correlator resolves collinear dynamics. On
this side, the EEC exhibits a nontrivial scaling law, first discovered by Hofman and Maldacena [6], who argued in conformal field theory
that the small-angle singularity of energy correlators is controlled by light-ray operators of definite spin, and the near-side distribution
takes a pure power law, giving the original conformal-collider picture of angular scaling [6]. Later in QCD, this structure is realized in a
more quantitative form. The small-z limit admits a leading-power factorization theorem together with all-order resummation, so that the
asymptotic EEC can be written as a perturbative scaling law whose exponent is determined by the relevant moments of the timelike splitting
functions [8]. The singular behavior as z — 0 is therefore predicted order by order by collinear QCD evolution.

The LEP data in Fig. 1, however, shows that this perturbative scaling law cannot persist down to arbitrarily small z. The near-side
spectrum contains more than one domain. At moderately small z, the distribution follows the perturbative scaling regime. Further toward
z — 0, the data enter a transition region before reaching a post-confinement domain with a different scaling pattern. The departure from the
perturbative small-z law marks the onset of nonperturbative dynamics.

The original EEC introduced in Refs. [4, 5] was fully differential in the relevant angles, with additional dependence on # and ¢, where 6 denotes the opening angle
between one energy flow (i) and the beam, and ¢ denotes the azimuthal angle of energy flow j relative to the plane spanned by the beam and energy flow i. This additional
angular information is later found to be relevant for hadron spin structure studies [70].
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Fig. 1: The energy flux in e*e™ collisions, and the corresponding EEC distribution, illustrating 45 years of experimental efforts and de-
velopments: the first PLUTO measurement (1981), LEP measurements with hadronic calorimeters (1993), and the track based ALEPH
measurement (2025). The two energy flow operators are illustrated as green dots. Varying angles, one probes physics at different scales
estimated by Q min[ vz, VI — z], exhibiting different scaling laws. The z — 0 limit is controlled by collinear physics and the distribution
scales as z71*7®, whereas the z — 1 limit probes the conventional TMD regime. The apparent symmetry of the distribution is therefore
accidental. Figure reproduced from [13].

The back-to-back endpoint also involves a transition, but of a different kind. For z — 1, the dynamics are instead those of a recoil-
sensitive TMD observable governed together by soft and collinear radiations, and the appropriate variable is the recoil away from perfect
momentum balance. In this region, it is useful to trade the angular variable for a recoil momentum [23],

dx 1 do
= dx; dx; x;x; ———— 5
dz zo.lzjlf Xidx; x;x; dx. dx, 4z 5)
with
& S & k2
—0-=fd2kl—0-45(1—2——2 ) ©6)
dx;dx;jdz dx; dx; d*k, o

Here x; and x; are the energy fractions of the measured particles, and K. is the net recoil transverse momentum, which vanishes in the
exact back-to-back limit. Equation (6) shows that the distance from z = 1 is set by k2 /Q?, placing the back-to-back EEC in the same
recoil-sensitive class as standard TMD factorization observables [21, 23].

The standard EEC thus contains a recoil-sensitive back-to-back TMD region and a small-angle limit with perturbative, transition, and
post-confinement domains, making it a versatile tool for exploring hadron structure and a broad range of hadronic dynamics.

2.1.2 Back-to-back EEC: the TMD dynamics

In the back-to-back limit, 1 — z ~ ki/ Q? < 1, the differential cross section factorizes at leading power as [23]

Po 1 S (&b g 2 b b S
—— | =-H &Pk | ==t Rs 11—z 2 Foid i = v | Foo il xjs == v | Seec(Bo, i, v) . 7
dridxydelot 2 (Qs:u)f if(Zn)ze z 02| " X X, KV g )l Xj x; 1, v|Seec(by,u,v) @)

Here x; and x; are the energy fractions of the two measured hadrons, K. is the total imbalance conjugate to 1 —z. The scales u and v
denote the renormalization and rapidity scales, respectively. The hard function H(Q, u) governs the short-distance production, the TMD
fragmentation functions F,_,; and F,_,; describe the two collinear jets, and the soft function Sggc carries the recoil-sensitive rapidity
dynamics. At leading power, the back-to-back EEC is therefore a recoil-sensitive TMD observable.

The corresponding soft sector admits the operator definition [23]

e 1 - - -
Seec(bu ) = lim -t (OIT[S 7, (08 ,-(O)] T[S 1 0B )S - 05|10} ®)
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Fig. 2: The comparison of the full Collins-Soper kernel K (b, = 2GeV) extracted from EEC in Ref. [74] with other phenomenological
extractions in [76—79] in the upper plot, and to lattice QCD calculations from different collaborations [80-82] in the lower panel. Figure
from Ref. [74].

Here

iby iby -
yv<bu—(7°—°bl), by =2¢7, )

and the vectors n and 7 are the two lightlike jet directions, b, is the impact parameter conjugate to the recoil momentum, and S .. and S .. are
eikonal Wilson lines. The rapidity-regulated shift yv(l_; 1) defines the soft matrix element whose rapidity evolution enters the Collins-Soper
structure. Its relation to the standard DIS/TMD soft sector is [33]

n-n
Sunlbuspv) = Sesc(bu Ly +1n 22, 4), (10)

with b, = |b,| and L, the rapidity logarithm. The same rapidity-sensitive soft physics therefore appears in both the back-to-back EEC
and DIS TMD factorization, so that the back-to-back EEC is governed by the same Collins-Soper rapidity evolution that controls TMD
observables [3, 33, 74, 75].

After summing over hadrons with the energy weight, the EEC jet function obeys the sum rule [33]

b,
Jf(bL,Eﬁ,u,szf dxng;;E( z /-l) Zfdffc,f( Enptv ) an
h

where Jy is the flavor-f EEC jet function, Ej is the energy flowing into the 7i-collinear jet, F’ ,?/IZ,E is the OPE-matched TMD fragmentation
function into hadron /4, and C;; are the perturbative matching coeflicients. The hadronic and partonic fragmentation fractions are denoted
by x and &, respectively. After the energy-weighted sum, the back-to-back EEC is expressed in terms of the same matching coefficients that

appear in TMD fragmentation, with the replacement of the conventional TMD fragmentation function by the EEC jet function.

2

dx > b, bR ki > > >

B =@ [P [ B 1o (B ) B Brgir) St (12)
The back-to-back EEC therefore probes the same recoil-sensitive dynamics that underlie conventional back-to-back hadron and jet observ-
ables, with the identified object replaced by an energy-weighted flow measurement. The factorization theorem for projected N-point energy
correlators in the back-to-back limit has also been discussed recently [64].
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The same logic extends beyond the unpolarized e*e™ case. In spin-dependent DIS, the energy-weighted correlator in the current-
fragmentation, nearly back-to-back region takes the form [33]

dotC, d=b
{(+N—l b, -q.
Y Ph ey § f(z); O | H(QP 1) (bt V)| Ty (b, gt ¥) |0 XByyn(e, b gt v) + A0S 0 xAByn(x, by Eyope. )] (13)

Here x and y are the DIS Bjorken and inelasticity variables, ¢, is the measured transverse recoil, E, and Ej are the characteristic energies
along the beam and current directions, A, is the lepton helicity, and S is the longitudinal target polarization. The functions By and ABy/y
are the unpolarized and polarized TMD beam functions, while o-é’ "L are the corresponding leptonic prefactors. The back-to-back energy
correlator in DIS is governed by the same EEC jet function and the same soft sector as in the standard problem; the spin dependence enters
through the polarized beam function AB/y [33]. Collins-type azimuthally dependent correlators have also been proposed as probes of
nucleon structure and TMD dynamics in SIDIS-like settings [70]. Back-to-back TEECs in ep collisions probe small-x spin structure; in this
case the Sivers asymmetry can be related to C-odd odderon exchange within TMD factorization [52].

In e*e™ annihilation, the precision frontier for Eq. (11) is at next-to-next-to-next-to-next-to leading logarithmic (N*LL) resummation
accuracy and is further matched onto the next-to-next-to-leading-order (NNLO) fixed order calculation [20]. An additional but very good
approximation is required in the fixed order prediction for the EEC measured using tracks [20], since the energy correlator measured on
tracks is not infrared-collinear (IRC) safe. The N°LL resummation was also achieved for back-to-back TEEC in pp collisions [48, 51] and
the current fragmentation region EC in DIS of Eq. (13) [33].

This level of perturbative control opens the possibility of using the back-to-back EEC as a precision probe of TMD dynamics. For
phenomenology, however, the strictly asymptotic endpoint description is not sufficient. At the level of present precision, the large-b
behavior of the rapidity evolution, conventionally encoded in the nonperturbative part of the Collins-Soper kernel, can become numerically
relevant together with other nonperturbative corrections [20]. This has motivated a recent precision program based on comparisons between
resummed EEC predictions and e*e™ data [20, 75, 83, 84].

Ref. [83] treated the back-to-back EEC as jointly sensitive to a,(mz) and to the nonperturbative component of rapidity evolution, and
performed a simultaneous extraction at N>LL accuracy. The resulting comparison with other phenomenological and lattice determinations
of the Collins-Soper kernel is shown in Fig. 2. Working at N*LL accuracy, Ref. [75] examines the same strategy, arguing that existing data
provide only limited constraining power on the kernel. Ref [75] further suggests that the situation could be improved by data from ongoing
or future experiments, such as Belle II, by which 5% precision measurement will improve constraints on the Collins-Soper kernel. We note
that both the analyses are based on e*e~ data that did not exploit the superior angular resolution of track-based measurements. An analysis
using the corresponding e*e™ benchmark provided by the archived ALEPH Z-pole study at 91.2 GeV [13], which brings the back-to-back
EEC into direct contact with modern source-unfolded data, is therefore well motivated. An extraction that includes the recent ALEPH
datasets was carried out in Ref. [84] which combines N°LL resummation in the back-to-back region with NNLO fixed-order calculations.

2.1.3 Small-angle EEC: hadronization, di-hadron fragmentation and light-ray OPE

In the small-angle limit, z — 0, the distribution is governed by the leading-power factorization theorem [8, 9]

2
—H0=—Zfdffj @& Q" Nyep) H, (éan) (14)

where H, denotes the hard function for producing a parton a carrying momentum fraction £. Unlike the jet function that appears in the back-
to-back limit, the jet function j, in this regime depends on both energy insertions. The form of this factorization theorem is fixed by Lorentz
symmetry, renormalization-group invariance, and the general structure of the EEC in massless QCD [9], and it remains valid throughout the
perturbative, transition, and post-confinement regimes. Both the hard and jet functions obey DGLAP-like evolution equations.

In the perturbative region Q > Q+/z > Aqcp, the leading power jet function is independent of Agcp and is known perturbatively at
NNLL accuracy. It predicts the scaling law, dX/dz ~ z~'**® visible for example in Fig. 1 and Fig. 4. Here, ¥(3) is the 3rd moment of the
singlet splitting function (twist-2 spin-3 anomalous dimension) 2. The scaling law was first derived in the framework of CFT [6]. Phe-
nomenologically, the scaling law in this region was used as a determination of the strong coupling constant by the CMS collaboration [28].
By taking the ratio of E3C/EEC in jets at the LHC with /s = 13 TeV, CMS measures as(Mz) = 0. 1229+8 88‘5‘8 which sets the most precise
as (M7) value obtained using jet substructure observables.

In the perturbative regime, the leading nonperturbative power correction to Eq. (14), of order Aqcp/Q, was derived in Ref. [85] by
analyzing the leading renormalon ambiguity of the EEC in e*e™ annihilation. It takes the form

asvt 1 Qiy
dz 0 2 Olz(1 - 2)32°

(15)
where

Q1) = QA VOV (16)

2More precisely its eigenvalues, since it involves multiple such operators.
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Table 1: Light-ray spin (boost) and scaling dimension of various quantities used in OPE.

is the same leading power correction that appears in e*e” event-shape observables in the dijet limit [86-90]. Here N, = N¢, N, = Né -1,
and Er(n) = ﬁ f do &(it) = 2z(1 - 2))*/? f d¢ &(if) denotes the transverse energy-flow operator. The specific form of Q;; in Eq. (16)
follows from boost invariance.

This leading-power analysis admits a simple physical interpretation. At lowest order in ay, the leading Aqcp/Q correction arises when
one of the energy-flow detectors is aligned with soft hadrons with energies of order Aqcp, while the other is aligned with one of the
energetic dijets. Ref. [91] further generalized this result to N-projected point energy correlators in e*e™ and showed that, for any N, the
leading correction is governed by the same universal parameter Q ;.

A complementary perspective on the nonperturbative corrections was developed in Ref. [92], which uses light-ray operator product
expansion (OPE) techniques to organize power corrections without assuming an explicit operator form for the correction. For the simplest
two-point energy correlator, the light-ray OPE at leading twist, T = 2, reads

Aqcp
Iy

. 15 U J=
lim E01)8(m2) = ~C()- 0L ma, ) +

ny—-ny

B - 8Py ) + -+, amn

where € and D are OPE coefficients related to the jet function j,, and the twist-2 light-ray operators, also known as the DGLAP opera-

tors [93], are
L7 +cin+H)/-1

Y Lgvy. g = ¥ @ ’ 18

=2 2l T=2] =2 E_lea,qu(l'DwL)JfZGzﬂ' 18)

Here L, = lim,, 1™ fooo dt denotes the light-ray transform. The light-ray operators are characterized by the light-ray dimension —A; =

J — 1 and the light-ray spin J, = —A + 1, where J and A are the spin and scaling dimension of the local operator O prior to the light-ray

transform. In the light-ray OPE, the light-ray dimension —A;, = J — 1 and spin J;, = —A + 1 must match on both sides of Eq. (17). For twist

operators, A — J = Ay — J; = 7, and therefore / = —A; + 1 = —J;, — 7 + 1. Table 1 summarizes quantities that appear frequently in analyses
of the light-ray OPE for energy correlators. A similar light-ray OPE strategy also applies to N-projected point energy correlators.
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Figure reproduced from [11]

The twist-2 light-ray operator 6522 (n, u) obeys the DGLAP evolution equation [7, 9, 94, 95]

d = 2
u@OL’JZ(n; w =Y @ - O, s, (19)

where yyz]z is the anomalous-dimension matrix for the twist-2 light-ray operators and is given exactly by the J-th Mellin moment of the
splitting function. Renormalization-group invariance then implies the quantum scaling of the EEC power correction, yielding

az’ 32 Ao [ Adep OV n; 0))
— =7 ""——D]|1 . =2 e )
dz im0 z 0 > /13 Uus, Q) o0 (20)
where U(uy, Q) is the evolution operator
Cdu -
U(ﬂJ,Q)EPeXP(— f fvii;%)). @1
My

and p; ~ Q+/z is the natural scale for the OPE coefficient D or the jet function j,. Given the power correction at a scale Qp, Eq. (20)
predicts its value at another scale Q. Since (6[::22] (n; Q) ~ Q, as seen from Eq. (18), the combination Qz*2dX"" /dz is independent of
Q up to logarithmic evolution. Such predictions are presented in Fig. 3 for energy correlators measured in pp — Zq and pp — Zg using
Herwig simulation. Recently, the light-ray OPE was also applied to analyze the EEC power correction and its scaling at generic angles [96].
Through detector matching [93], the resulting anomalous dimension is related to the BFKL detector eigenvalue, tying the scaling of energy-

flow power corrections to Regge light-ray dynamics.
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As z decreases, the EEC undergoes a transition from the perturbative to the nonperturbative domain, with distinct scaling behaviors
observed experimentally [12]. A plateau emerges in the post-confinement region Q vz < Aqcp, suggesting an approximately uniform
distribution of hadrons in this regime. Figure 4 shows the ALICE measurement of the EEC distribution in jets using charged hadrons.
The presentation adopted by the ALICE collaboration is equivalent to an additional normalization of the EEC by the squared jet energy
Q% ~ (pSM)2. As seen in Fig. 4, in the post-confinement domain, this further Q>-normalized-EEC is approximately independent of the
input energy Q, up to mild In Q corrections. Although the plateau itself is qualitatively consistent with several strong-coupling-inspired
model predictions [6], the observed Q? scaling is hard to accommodate, since most such models predict Q-independent EEC in the post-
confinement domain and hence a Q2 behavior for EEC/Q?. For a long time, the nonperturbative regime remained much less understood.

Since the EEC is dimensionless, its approximate Q? scaling points to the presence of an intrinsic scale that compensates the dimensional-
ity. A purely conformal description does not by itself supply such a dimensionful scale. In QCD, by contrast, the natural candidate is Agcp
which implies that in the post-confinement regime one expects dX/dz ~ Q?/ AQCD The appearance of the factor A(‘)ZCD in turn suggests
the existence of a nonperturbative distribution that controls the dynamics in the post-confinement region. Indeed, recent studies [15-19]
uncovered the di-hadron fragmentation nature of this region, which show that jet function j, in the factorization theorem in Eq. (14) is
related to the di-hadron fragmentation function (DiFF) by

1

Ja@E Q1 Nyep) = f dwi dwy Ry 6 ]wleDh'hz/%wl,wZ,ﬁr,uz), (22)

hy,hy [ §2 Q2

where D//2/¢ is the unpolarized diFF for parton a — hh;. ﬁT is the relative transverse momentum of /; and /,. £ is the parton momentum
fraction and wy ), is the hadron momentum fraction with respect to the fragmenting parton.
One can further expand in z (or equivalently Ry) to find [16]

JaE Q1 Ny = €207 ) f dwy dwy wiws Dy w, O, ) + 23)

iy

where ... represents terms suppressed as z — 0. Plugging the expanded the jet function back into Eq. (14), one finds

dx i
2= ’Z f dw dwy wiwg D" wa, 0,42%) |
hy,hy

deg*H, (5 In Q—)] +0(2) (24)

which predicts the Q scaling in the post-confinement domain. The corresponding quantum scaling follows from the evolution of the DiFF
DIt/ and the inclusive single-parton production cross section H,,.

The same post-confinement scaling can also be derived from the light-ray OPE without assuming the DiFF representation [16]. Matching
the light-ray dimension and spin, and considering the post-confinement plateau behavior, gives the leading contribution [16]

=2 O s
i <5('l15;3(ﬂ2)> _ o fz(”) O Q<4”2 D) 0. OAgGhy). 25)
QCD

since & with J; = —6 and —A;, = 2, together with the 2 scaling, fixes J = 5 for twist-2 operators and determines the A62CD coefficient.
Ref. [16] also extended the light-ray OPE analysis to power-suppressed terms in z and to nonlinear powers of the energy-flow operator &".

Recalling that (O“ SJ(r12 1)) scales as Q% as indicated by Eq. (18), the light-ray OPE analysis recovers the Q? scaling in the post-
confinement domain. Furthermore, since (O” SJ(nz 1))/ Q* is simply the fourth moment of the single-parton production rate, one can

identify the OPE coeﬁiment D (“) with the corresponding moment of the DiFF in Eq. (24) [16].

QLD
Repeating the previous derivation with the replacement J =2 — J = 5, one finds that the EEC in the post-confinement region is given

by

0= n; 0))
<4 )l

dZP'C .
dz 150 A2

ﬁmJ/AQCD) Uus, Q) - , (26)

where U(uy, Q) is the evolution operator

U(;zf,@zPexp(— f ”Z‘ - 51(;1)) @7)
Hy

Therefore, once the height of the post-confinement plateau is known at one energy scale Qy, its height at a different energy Q can be
predicted from Eq. (26).

Beyond its connection to DiFFs, Ref. [16] proposed using the quantum scaling of the post-confinement plateau height to determine «,
with controlled nonperturbative inputs (D, and D,). Although the current theoretical control is limited to LL/NLL accuracy, this framework
could be extended to NNLL resummation matched to N3LO fixed-order results in e*e™ [97] and ep [98] collisions, as well as to N’LO at
the LHC [99], by adapting calculations that are already available. Further progress on the four-loop splitting functions [100] could, once
completed, push the resummation accuracy to N3LL.

The transverse-spin sector of the light-ray OPE was applied to the squeezed limit of the three-point energy correlator [95]. In this limit,
the QCD light-ray OPE shows that the leading-twist expansion of energy-flow operators closes onto light-ray operators with transverse spin
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Fig. 5: Ratio of the EEC in Pb-Pb and p-p collisions compared with representative theoretical calculations. The measured shape contains
both genuine medium modification and the bias induced by selecting quenched jets at fixed reconstructed energy. Figure from Ref. [106].

Jj =0,2, so that the transverse-spin-two gluon operator provides a natural cos(2¢) analyzer of spinning gluons. This observation underlies
later EEC-based proposals for gluon polarimetry [42, 101]

2.1.4 Energy correlators for hot and cold nuclear matter

Energy correlators measure how the angular pattern of a jet is modified by matter. Different components of the in-medium shower populate
different angular regions. The small-angle region remains tied to collinear evolution and hadronization, while larger angles are sensitive to
the scale at which the medium resolves and redistributes the jet energy. In heavy-ion collisions this separation is nontrivial, since perturbative
radiation, elastic scattering, recoil, hydrodynamic response, transport, and hadronization all contribute to the measured distribution. For
broader reviews of jet quenching and jet substructure in nuclear collisions, see Refs. [102-105]. The basic nuclear observable is the ratio to
a proton baseline,

dEAA /d9 REEC(Q) dEpA/dg

2
dz,,/do’ dz,,/do”’ @8

REC© -
with the jet definition, kinematic cuts, and energy weighting kept fixed between numerator and denominator. The first CMS measurement
of energy correlators inside high-pr jets in Pb-Pb collisions observed a significant modification relative to the p-p reference [106]. At fixed
reconstructed jet energy, the ratio receives contributions from both large-angle medium response and quenching bias. The selected Pb-Pb
jets originate from a different distribution of initial parton energies and from a shifted quark-gluon composition. This bias can affect the
transition and hadronization regions before the genuine medium response is isolated.

The first theoretical interpretations separate into two closely related directions. One treats the EEC as a perturbative probe of the angular
structure of medium-induced radiation. The semi-hard implementation of the BDMPS-Z multiple-scattering formalism [107-112] was
used by Andres, Dominguez, Holguin, Marquet, Moult, and collaborators to identify the angular scale at which the QGP resolves the jet
and to quantify how quenching bias enters inclusive-jet comparisons [24, 26, 113-116]. A second direction follows the full jet and its
recoil through the medium. The CoLBT calculation of Yang, He, Moult, and Wang combines coupled Boltzmann transport [117-119],
the linear Boltzmann transport framework [120-123], high-twist energy loss [124, 125], CLVisc hydrodynamics [126—128], and hybrid
hadronization [129, 130]. In this description the large-angle enhancement is dominated by medium response from elastic scatterings,
whereas the small-angle suppression reflects parton energy loss and transverse-momentum broadening [131]. Together these calculations
show that the EEC is sensitive not only to the amount of energy loss, but also to the angular scale at which the medium resolves and
redistributes the jet energy.

Flavor composition provides an additional handle on this physics. Heavy-flavor jets contain the dead-cone scale 6,, ~ mgy/pr, below
which vacuum radiation from a heavy quark is suppressed [132]. Medium-induced radiation and elastic scattering can partially populate this
region, so that the dead-cone scale and the medium-modification scale are separated at sufficiently large jet energy and become entangled



10 Energy-Flow Tomography of QCD: Correlators across Confinement, Matter, and Spin

Two—Point Correlator

N
S

N

— 5 .
107 w Bottom ® Charm ® Massless

E=500 GeV, L=3 fm, u = 1 GeV, ny=3. fm™

vac

-21
10 = Bottom ® Charm ® Massless
E=200 GeV, L=6 fm, u = 1 GeV, ny=1. fm™!

1073

1,
W|
'E'Ulo—l
Q
—| g

1072} B Bottom ® Charm ® Massless
E=50 GeV, L=8 fm, u = 1 GeV, ny=1. fm™

— Total ----- Vacuum

-4 -3

) 1 0
In 0

Fig. 6: EEC for heavy-quark jets in a QGP. At high energy the dead-cone and medium-modification scales are separated; at lower energy
the medium fills the dead cone. Figure reproduced from Ref. [114].

at lower energy [114, 133, 134]. Xing, Cao, Qin, and Wang studied heavy- and light-flavor jet EECs in a realistic QGP simulation and
found a clear flavor hierarchy, controlled by the interplay of quark mass, parton energy loss, induced radiation, and medium response [135].
Flavor selection also changes the quark-gluon mixture of inclusive and photon-tagged jet samples, which can generate visible modifications
of the EEC ratio even before one isolates the microscopic origin of the medium response [136]. The first ALICE measurement of EECs in
charm-tagged jets in p-p collisions provides the corresponding experimental benchmark for this flavor-differential program [137].

The separation of medium response from selection bias can be sharpened by exploiting the approximate scaling of the small-angle
correlator. Refs. [115, 116] introduced an unbiasing transformation that removes the leading effect of the shifted initiating parton energy.
After this transformation, the centrality dependence of the large-angle enhancement becomes clearer: it is largest in central Pb-Pb events
and decreases toward peripheral collisions. This behavior supports a medium-origin interpretation of the large-angle modification, while
leaving residual flavor-composition and jet-selection effects to be controlled in precision comparisons. Color-neutral tagged samples, such
as photon- or Z-recoiling jets, provide a complementary way to reduce the same ambiguity.
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Fig. 7: Unbiased ratio of the EEC in Pb-Pb and p-p collisions as a function of centrality. The reduction of the enhancement from central to
peripheral collisions supports a medium-response interpretation of the large-angle modification. Figure adapted from Refs. [115, 116].

The two-point correlator locates the angular scale of nuclear modification. Higher-point correlators probe the geometry of the radiation
at that scale. In the hybrid strong/weak-coupling model, the first shape-dependent three-point study showed that configurations with three
well-separated detector directions are especially sensitive to hadrons produced by the wake excited by the jet in the QGP [138]. A later
two- and three-point analysis in the same phenomenological framework included elastic scattering and wakes sourced by recoiling partons,
improving the comparison with CMS and ALICE measurements and motivating correlator variants with enhanced wake sensitivity [139].
The hydrodynamic response has also been treated analytically for the energy flux and the two-point EEC; in that case the medium back-
reaction produces a large-angle contribution that competes with the perturbative QCD component [140]. Barata, Moult, Sadofyev, and
Silva then developed a systematic multi-point treatment of jets fragmenting in a dense QGP, showing how projected N-point correlators
and shape-dependent three-point correlators distinguish perturbative modification of the cascade from hydrodynamic back-reaction [141].
A further step was taken in Ref. [142], where the EEC was studied directly on many-body QCD states rather than only on jets propagating
through a medium. In a near-equilibrium state, the small-angle correlator is organized into several dynamical regimes. At the largest
separations within the small-angle region, the disconnected contribution is fixed by the collective flow of the medium and gives a classical
hydrodynamic scaling. At smaller separations, connected stress-tensor fluctuations become important and the correlator is controlled by
hydrodynamic modes. At still smaller angles, the hydrodynamic description must be matched onto the light-ray OPE, before the observable
eventually reaches the dilute hadronic regime. The explicit construction with boost-invariant Gubser flow shows how collective geometry
and azimuthal perturbations are imprinted directly on the final-state energy flow. Related developments address LO energy-loss effects,
anisotropic matter, collinear in-medium EECs, track functions in a hot QGP, EFT factorization, and energy-loss functions [143—147]. These
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Fig. 9: Projected N-point energy correlators in vacuum and in medium. The medium modifies the scaling and angular structure of the
correlator through both perturbative jet modification and hydrodynamic back-reaction. Figure reproduced from Ref. [141].

works address different components of the medium problem including wake-sensitive correlators, hydrodynamic back-reaction, in-medium
collinear, evolution, charged-energy fractions, and energy-loss functions.

Cold nuclear matter supplies the baseline for the hot-medium program. In p-A and e-A collisions there is no long-lived QGP, but nuclear
PDFs, multiple scattering, final-state interactions, and nuclear-size-enhanced higher-twist matrix elements can still modify the angular
energy flow. These systems have the advantage that they can be organized within standard hard-scattering factorization [148, 149]. The
higher-twist nuclear matrix elements needed for this description were developed long before modern EEC applications [150-162]. Energy
correlators provide an angular observable in which such nuclear matrix elements can be organized and constrained. In e-A collisions,
Devereaux, Fan, Ke, Lee, and Moult showed that the nuclear size is imprinted as an onset angle in the final-state energy flux, with an
A'/6 rescaling aligning the onset of medium modification for different nuclei in their eHIJING study [163]. Fu, Miiller, and Sirimanna
computed the jet EEC in cold nuclear matter at leading order in the jet-medium interaction and found that the modification depends on the
jet energy, the scattering power of the cold medium, and the path length in the nucleus [164]. Barata, Kang, Mayo Lépez, and Penttala
extended the collinear EEC framework to single-inclusive jet production in p-p and p-A collisions, combining perturbative evolution with
a nonperturbative model that covers the full angular region relevant for current measurements [27].

A complementary operator organization is available in the small-angle region. In this limit, the product of two energy-flow operators
admits a light-ray OPE along the detector direction,

} 1 _
lim En)Ems) = — OV () + OV (my) + -+, (29)
ny—ny 02

where 6 is the opening angle between the two detectors and O denotes a spin-J, twist-t light-ray operator. This expansion is not a
complete description of the nuclear modifications discussed above. Transport broadening, elastic scattering, wake dynamics, hydrodynamic
response, flavor selection, track-function effects, and energy-loss bias enter through additional medium dynamics and through the state in
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which the light-ray operators are evaluated. The OPE fixes the leading small-angle power structure and organizes the corresponding nuclear
dependence into light-ray matrix elements. For a nuclear state compared with a p-p state, the same expansion gives, schematically,

D) A p (A AT (30)
2I’I’(g) Agp A;uc Agp |

where Ag and AQ denote the twist-two and twist-four light-ray matrix elements in the state i = nuc, pp, including the perturbative matching
coeflicients appropriate to the chosen normalization. After the leading normalization factor is removed, the first nuclear correction is
therefore controlled by the difference of twist-four to twist-two matrix-element ratios and takes the form

[é((g)) ~l+alP+---. 31
124 norm.
Ref. [165] showed that this leading nuclear correction to the two-point EEC is consistent with an enhanced twist-four light-ray matrix
element, producing a ratio of the form 1 + a6?, up to quantum corrections, and describing recent A-A and p-A data over the angular
range used in current nuclear measurements. The OPE-based description isolates the leading small-angle power structure, while transport,
hydrodynamic response, in-medium splitting, track functions, and energy-loss functions describe additional medium dynamics over the
measured angular range.

Recent work has expanded these complementary descriptions. In the thin-medium regime, Ke, Mecaj, and Vitev [166] derived RG
evolution for in-medium EEC jet functions in SCET [167-171] with Glauber exchange (SCETg) [172, 173], computing one-loop jet
functions with medium-induced splitting kernels at first order in opacity and identifying an angular and energy regime sensitive to medium-
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Fig. 12: Schematic light-ray-OPE organization of the small-angle two-point energy correlator in a nuclear state. The medium dependence
enters through the expectation values of the light-ray operators. Figure reproduced from Ref. [165].

induced anomalous dimensions. Multiplicity-conditioned EEC jet functions give a separate perturbative handle on event selection: selecting
jets at fixed normalized multiplicity changes the EEC anomalous dimension, which is relevant for controlling multiplicity-dependent biases
in nuclear-environment measurements [174]. At small x, TEEC observables in electron-hadron, vector-boson-tagged hadron, and photon-
hadron production probe dipole amplitudes and saturation dynamics [175-177]. One-point energy correlators (OPECs) in e-A collisions
provide an inclusive probe of cold-nuclear-matter broadening and TMD-sensitive nuclear modification at EIC kinematics [43]. In the small-
x CGC limit, the DIS OPEC probes saturation dynamics: the momentum-sum rule cancels the fragmentation-function dependence, leaving
the dipole amplitude as the nonperturbative input [45]. Energy correlators therefore organize cold nuclear baselines, hot-medium response,
wake dynamics, track effects, energy-loss bias, and higher-twist light-ray matrix elements in a common angular variable.

2.1.5 Energy correlators adapted for hadron structure

Recently, a growing body of work [29, 30, 32-37, 41, 42, 45, 52, 70] has extended the EEC paradigm to hadron-structure physics. In this
setting, energy correlators serve both as more inclusive, calorimetric alternatives to observables built from identified hadrons or jets, and as
genuinely new nonperturbative correlators of energy flow that complement conventional TMD PDFs and TMD FFs.

Nucleon energy correlators and target-fragmentation tomography

The nucleon energy correlator (NEC) was introduced as the DIS analogue of the EEC, with the energy-flow operator inserted between
nucleon states rather than vacuum states [29]. This turns the standard EEC from final state correlations into an initial-final state correlator. In
the Breit frame, with the incoming nucleon moving along the reference beam direction, the basic measurement is the solid angle distribution
of the hadronic energy deposited in the target fragmentation region (TFR). A convenient energy-weight definition analogue to the standard
EEC in Eq. (3) is

dx E;
—ZE d 2, p) == 8(Q - Q) 32
dQ? dxy dQ £ f o(xg, 07, pi) Ep ( ) (32)

where xz = Q*/(2P - q) is the Bjorken variable, Q% = —¢? is the virtuality of the virtual photon, Ep is the energy of the incoming nucleon,
E; is the energy of a detected final-state hadron, and €); is the angle measured from the nucleon beam direction. For notational simplicity,
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the dependence on the azimuthal angle is suppressed unless it is explicitly needed. The corresponding energy-flow operator acts as

1 A E;
ES(Q) 1X) = Z E 0(Q - Q) |X). (33)

ieX
The DIS energy pattern can therefore be written as the hadronic tensor with an inserted energy-flow operator,

2
B %
dQ?dxpdQ O
where L, is the lepton tensor and j* is the electromagnetic current. Equation (34) makes the main distinction from a standard final-
state EEC explicit. The energy measurement is still calorimetric and inclusive, but the matrix element now probes how a struck parton is
correlated with the angular energy distribution of the target remnant.

The distinction is the most manifest in the TFR, where the hard scattering and target fragmentation are separated by the Bjorken limit.
The leading-power factorization has the form [29, 31]

s Yde  (xp s Agcp
107 dxy dQ —Za‘,fm ?O—a(?>Q7/~‘)fa (cf,Q,ﬂ)+O( 0 ) (35)

where a = ¢, g, g labels the struck parton, H, is the same short-distance partonic cross section that appears in inclusive DIS and the new
non-perturbative object, the unpolarized nucleon energy correlator (NEC) is introduced as

7 EQ)
2 P2

Ly f d4y6””E—P<P|J" "W EQ) JOIP), (34)

Ay~ _ipty - .
fPeQ) = f %e”‘“}y (PlyGIW) WO (0)IP), (36)
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for the quark NEC and the gluon NEC can be found in Ref. [31]. Here W stands for the collinear Wilson line. Its extension to other spin
effects such as the Sivers effect, the proton longitudinal spin are also discussed in the literature [29, 33, 178, 179]

The factorization theorem and the operator definition indicate that the nucleon energy correlator in the TFR is controlled by collinear
dynamics, in close analogy with the small-angle EEC. In this case, the transverse structure of the target is not accessed through an explicit
transverse-momentum measurement, but through the angular distribution of the measured energy flow.

Figure 15 [32] shows the NEC distribution over the full polar-angle range at EIC kinematics, obtained from Pythia simulations and
perturbative-QCD calculations. The NEC spectrum displays the same qualitative pattern as the EEC distribution. In the TFR, the small-
angle limit § — 0 is characterized by the perturbative scaling dZ/d6 ~ 6~'*”, where the anomalous dimension v is generated by DGLAP-like
evolution and is determined by the spacelike splitting functions. Deviations from this scaling mark the transition from partonic to hadronic
degrees of freedom. At still smaller angles, where the post-confinement domain is reached, the NEC develops an approximately uniform
distribution, paralleling the plateau observed in the small-angle EEC.

Compared with the standard EEC, however, the nonperturbative structure of the NEC remains largely unexplored. A systematic study of
the NEC would therefore provide a complementary probe of nucleon structure. One concrete example is its recently established connection
to fracture functions [178, 180]. This connection, in turn, offers a natural framework for analyzing the post-confinement scaling of the NEC,
in close analogy with the role of DiFFs in the small-angle EEC.
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Moreover, because the NEC is collinear, it is largely free from Sudakov suppression and robust against soft contamination, making it
an useful probe of the nucleon’s intrinsic spin structure. As an illustration, Ref. [101] showed that, in DIS, measuring the energy-energy
correlator with one detector b in the central region and the other detector a in the TFR probes linear gluon polarization through the cos(2¢)
modulation implied by the factorization theorem

dx dnagne; (dz XB ¢ (X5 1 R XB [ Xp
S R = et [ Ry 0,8 .)(—,92)+- 26)AH(z, v, 0 —dg(—,az) 37
dpdQd0d0pdd lu=n, 0~ Q) 7 @RI\ )t g NGy, 07 (7 0 en

where ¢ = ¢, — ¢p, and d? denotes the linearly polarized component of the gluon NEC [101]

ij ij

N s ;6
@@= 6+ [an”JT - ET]df (.6 9

where ny is the transverse unit vector pointing along the energy flow. Although Eq. (37) resembles the naive TMD expression for dijet probes
of linearly polarized gluons, its angular structure is more rigid and holds to all orders. In the small-6, limit, factorization separates the sector
associated with energy flow a from the hard tensor that fixes direction b. The a-dependence is contained in the linearly polarized gluon
NEC, while the b-dependence enters through the hard scattering. The only leading-power contraction of the two traceless transverse tensors

s (mini OIN(minj O L . . . L
is (n;né - {)(n’bni - 7’) = % cos(2¢). Radiative corrections can change the scalar coefficient, but not the harmonic. This differs from

ordinary TMD dijet observables, where soft radiation can correlate the two measured transverse directions and generate a less constrained
angular dependence [181].

Other advantages of the NEC, including probing the onset of gluon saturation [30], the small-x odderon [34], and a pivotal avenue for
delving into quantum entanglement and scrutinizing the Bell inequality at high-energy colliders [182] have also been explored recently
in the literature. The connection of the NEC to the transverse momentum moments (TMMs) of the TMD distributions has also been
established [35] and will be discussed later.

The NEC construction has also been used to probe chirality-flipping interactions in ep collisions [179]. The light-quark electroweak
dipole operators may be written as

1 - — - — _ _
Laipoe = 75 [Cus Q0" ug H By + Cuy Q' ug H W}, + Cup Q0" dg H By + Caw Qo t'dg H W}, | + h.c.. (39)

In ordinary unpolarized inclusive DIS, the interference of these chiral-odd amplitudes with the Standard Model is suppressed. A chiral-odd
NEC avoids this suppression by using the azimuthal direction of the target-side energy flow as a transverse-spin analyzer, restoring the
leading interference term for new-physics dipole operators without requiring a polarized nucleon beam or identified final-state hadrons. The
relevant quark transversity NEC has the form

ij AV Pty 7o e[ 8(Q)
€/nrj hi(x.0) = f T TPIOD WHODlie s TS WOWOIP), (40)
so that the dipole-SM interference generates cos ¢ and sin ¢ calorimetric asymmetries,
) (x,60) 0
in ¢ S ¢ Lg v
AR A B A Re/ImCyy 7. 41)
¢ (X,

Here v is the Higgs vacuum expectation value and C, , denote the photon and Z-dipole combinations after electroweak symmetry breaking.
The size of the dipole-SM interference can be estimated using the relation between the NEC and the Boer-Mulders TMD transverse-
momentum moment (TMM) [35], with existing TMD extractions as nonperturbative input [183—185]. The resulting calorimetric azimuthal
asymmetries require neither a polarized proton beam nor identified final-state hadrons. This makes the observable experimentally simpler
than single transverse spin asymmetry and dihadron-based proposals and applicable not only at the EIC but also to the existing HERA
data. The projected EIC reach is competitive with, and in several comparisons stronger than, existing LHC Drell-Yan bounds [186], see
Fig. 16, and proposed EIC dihadron probes [187], while retaining separate sensitivity to the real and imaginary parts of the light-quark
dipole couplings.

Semi-inclusive energy correlators and TMD transverse-momentum moments

Semi-inclusive energy correlators (SIECs) extend the NEC by correlating a reference hadron with the surrounding energy flow [35]. The
basic idea is to correlate a reference hadron with the energy flow carried by the radiation surrounding it. If the reference hadron is the
incoming proton, the observable reduces to the NEC in the target fragmentation region. If the reference hadron is an identified final-state
hadron, the same construction defines the fragmenting energy correlator [35, 36] in the current or jet fragmentation region. The two cases
could be written in parallel as

dZTFR 1 dEIéFR 1
7 = fdQ W(Q) E_PS(Q) and W = fth W(Qh) E—hS(Qh), (42)
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Fig. 16: Comparison between the NEC single-operator constraints at the EIC and those reported in Ref. [186] based on Drell-Yan measure-
ments at the LHC. Figure courtesy of Y. Huang, X. Tong and H. Wang [179].

where w is an angular weight, Q is measured with respect to the incoming proton in the first case, and €, is measured with respect to the
identified hadron in the second case. In the small-angle limit, their factorization takes the form

A A
dZrer = ) G0 ® fO+ O(%), Al = Y dog ® DG, + O( QQCD). 43)

where the corresponding nonperturbative objects are the NEC £ and the fragmenting energy correlator D;?/a whose operator definition can
be found in [35, 36]. A related example is the quarkonium energy correlator [188], which measures the energy flow at an angular distance
from an identified quarkonium and provides a probe of the energy pattern associated with heavy-quark hadronization.

A key observation of Ref. [35] is that, in the massless limit, the transverse momentum of a state |X) can be expressed in terms of the

energy-flow operator as

kr = f dQXIEQ) Ar|XY,  iir = (cos$,sing), (44)

Therefore, the relation of SIECs to TMMs immediately follows, such that
f dkr k) KN Fop(x k) = (PHY f ]‘[dgf net (88, Q.. Q) +pc., (45)
=1

where F,/p denotes a generic TMD PDF, £&¢ is the N-point NEC, and “p.c.” denotes perturbatively calculable corrections associated
with restricting the angular measurement to the collinear region. The connection was used to estimate the size of the BSM dipole-SM
interference in Ref. [179]. Similar relation holds for the TMD FFs and fragmenting energy correlators [35].

More generally, by varying the angular weight w(€2), one selects different structures of the radiation pattern. As an example, for a
transversely polarized target one may choose the azimuthal weight w/i' (Q) = % €"n.y5ty, with the transverse spin vector s; and € the
antisymmetric tensor in the transverse plane, to measure the Sivers effects through the target-side NEC

s di?
f wi'(Q) fE(x,Q) = f mk,z fio(x, k). (46)

Fragmentation-side weights isolate Collins-sensitive moments in the same spirit [35, 37].

One point energy correlator

The one-point energy correlator (OPEC) is the simplest member of the energy-correlator family. Instead of measuring pairwise energy
correlations, it measures the angular distribution of energy flow relative to a chosen reference direction. For the OPEC induced by a
vector current like in e*e™ annihilation, rotational invariance and energy positivity fix the one-point energy distribution up to a single
parameter [6, 39, 189, 190]

E 3 1
(EW)) = % [1 +a5(§sin29— 1)] , -5 Sag< 1, 47

where 6 is measured from the beam axis. The two endpoints are saturated by free theories with different matter content. QCD therefore
gives a particularly interesting realization of this observable. At short distances the vector current creates quark degrees of freedom, while
at long distances confinement converts the same energy distribution into hadronic states. The parameter ag then interpolates between the
fermionic and scalar-like extremal correlators. This flow can be reconstructed by matching perturbative QCD at short distances to chiral
perturbation theory in the hadronic regime, making the OPEC a direct probe of how confinement reshapes the angular structure of energy
flow.
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Fig. 17: QCD flow of the OPEC parameter ag as a function of the center-of-mass energy. The gray regions are excluded by the energy-
positivity bound —1/2 < ag < 1. The black band denotes the low-energy QCD reconstruction, while the colored curves show perturbative-
QCD predictions at increasing fixed-order accuracy. Existing indirect determinations from SLAC, JADE, OPAL, and DELPHI are also
shown. The low-energy and charmonium regions are especially important for testing how the fermionic short-distance energy flow is
reorganized into hadronic degrees of freedom. Figure from Ref. [39].

Fig. 17 shows the QCD flow of ag. At large timelike momentum transfer, the electromagnetic current resolves quark degrees of freedom
and ag approaches the fermionic side of the allowed region. Atlow energies, the same current produces a small number of exclusive hadronic
channels, with several channels fixed by symmetry near the extremal boundaries. Two-pseudoscalar states saturate the upper endpoint, while
three-pseudoscalar and vector-pseudoscalar channels are driven toward the lower endpoint by the anomalous Wess-Zumino-Witten structure
[39]. The motion of ag therefore gives a one-parameter measure of how confinement reorganizes angular energy flow.

Existing information on ag is indirect, relying on recast longitudinal-fragmentation measurements or related inclusive observables. A
direct OPEC measurement would instead determine the angular energy flow itself and test the confinement-driven flow shown in Fig. 17.
BESIIL and in the future the Super Tau-Charm Facility, cover the timelike region where ag should be most sensitive to the change from
exclusive hadronic production to quark-level continuum dynamics [191, 192].

The OPEC can also be measured within a jet, with the angle measured from the jet axis. For the conventional anti-k7 jet, the OPEC
follows the standard TMD factorization and offers a new venue to the TMD distributions [38, 40, 41]. A particularly clean spin application
was proposed in transversely polarized p' p collisions [41]. The azimuthal dependence of the OPEC distribution has the form

dXopEC

—— =7 Z i s —Pn)> 43
A6, ddydndpy vu + Zyr sin(@s — ¢,) (43)

where ¢, is the azimuthal angle of the proton spin and ¢, is the azimuthal angle of the measured energy flow. The spin-dependent Z; 7 struc-
ture functions take the factorized form contains the transversity distribution h‘f(x) convoluted with a perturbative spin-transfer coefficient
and an OPEC jet function,

0’2 ~ ins
Zyr = 6u=>p7 D i) ® folx ) ® ARG () © pron T2, ) + 0( (49)

a,b,c

AQCD)
pTen ’

where AHC™ represents the spin-dependent partonic matrix elements and . is the OPEC fragmenting jet function can be shown related
to the TMD Collins function. It therefore probes transversity h{(x,u) through the angular flow of jet energy rather than through the
transverse momentum of a single identified hadron. Compared with identified-hadron Collins asymmetries, the energy-flow measurement is
IRC safe and can access much smaller angular scales. The similar one-point structure has also been used to study gluon polarization in the
initial target [42], which provides a gluon polarimetry with OPEC without relying on complex declustering or tagging algorithms. Inspired
by Ref. [41], STAR measured OPEC spin asymmetries in transversely polarized pp collisions at +/s = 200 GeV using 7" and 7~ energy
flow [44]; see Fig. 18. Similar and larger asymmetries were also observed in EEC measurements based on 7"z~ pairs [41].

2.2 Novel methods beyond Energy Correlators

Jet substructure provides a more traditional route to the same energy-flow information inside jets. Its observables probe QCD radiation
through jet shapes, grooming, splitting variables, charges, and flavor tags [1, 2, 193-199]. Track-based measurements can be described
with track-function factorization [200], while recoil-free axes define a class of angular observables in which soft recoil is reduced by
construction [201]. In hadron-structure and nuclear applications, different jet-substructure measurements separate different combinations
of recoil, flavor, mass, and medium response.
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Fig. 18: Spin asymmetries measured by STAR using OPEC and EEC on #*, 7~ in p' p collisions. Figure reproduced from [41].

A representative example is Soft Drop [199], which isolates the first sufficiently hard splitting in the reclustered jet. One defines

: B
min(pri, pr2) R,

g=—T——, Ry = ARy, Zg > Zewt| | s (50)
¢ pri+ pr2 # ¢ 7R

where pri, are the transverse momenta of the two branches that first satisfy the grooming condition, R, is their opening angle, R is

the original jet radius, and (zy, ) specify the grooming cut. The same radiation pattern may be projected onto jet angularities, energy-

correlation functions, and jet charge,
o=y, A= agl, Qo= 4 1)
ieJ i<jeJ ieJ
with z; = pri/pry, q; the electric charge of constituent i, and 6; or 6;; denoting angles measured relative to a chosen jet axis or between jet
constituents. These observables are complementary: A, probes the radial energy profile, e(zo‘) emphasizes correlated prongs, and Q, tags
flavor flow. Energy correlators belong to this broader class of weighted radiation observables, distinguished by their direct formulation in
terms of energy flow and by their simple infrared-safe weighting.
For hadron structure, the most direct use of substructure is hadron-in-jet production [202]. In this case the jet fixes the hard collinear
direction, while the identified hadron probes fragmentation at fixed longitudinal fraction and transverse momentum relative to the jet axis.

Schematically,

do(pp > (ethX) ~ )" fu® fo ® Hapse ® Gz, jr, R p1), (52)
abc

where G._,, denotes a fragmenting-jet function or, for the transverse momentum jr measured from the standard jet axis, when jr < prR, a
TMD fragmenting-jet function matched onto ordinary TMD fragmentation functions. The formalism developed from the original hadron-in-
jet construction to fragmenting-jet functions and then to TMD fragmenting-jet functions [202—-208]. It now provides a common framework
for longitudinal fragmentation fits, Collins and polarizing asymmetries, and transverse-momentum measurements inside jets [205-214].
Experimentally, STAR has already measured azimuthal asymmetries of hadrons inside jets, while future EIC measurements can extend
these tests to a cleaner lepton-hadron environment [215-219]. A complementary flavor-sensitive direction is jet charge. After its classic
introduction and modern factorized formulation [220-222], jet charge was proposed as a flavor prism for TMD and spin studies at the
EIC [223]. Recent work on medium-modified and nonperturbative jet charge has sharpened both the phenomenological optimization and
the theoretical interpretation of this observable [224, 225].

At the EIC and in cold nuclear matter, jet substructure helps separate initial-state nuclear PDFs from final-state broadening and
hadronization. Jet angularities in photoproduction already show sensitivity to the EIC environment [226]. An interesting related exam-
ple is the use of O-jettiness as an event-shape veto to isolate intrinsic TMD dynamics. The calculation uses a joint-resummation framework
for the logarithms associated with both the veto scale and the vector-boson transverse momentum, and the same veto logic was also dis-
cussed as a tool for spin-dependent measurements at the EIC [227]. Ref. [227] showed that imposing a 0-jettiness cut suppresses initial-state
radiation in TMD observables and can substantially enhance transverse single-spin asymmetries in W* and Z° production at RHIC. In par-
ticular, the W* SSA at g, =5 GeV and central rapidity y = 0 was found to increase by about 115%, strengthening the sensitivity to the
predicted Sivers-function sign change. The dependence for W* SSA on the O-jettiness cut with ¢, integrated over 1 GeV < g, < 6 GeV
is illustrated in Fig. 19. As the veto is tightened, the oscillation amplitude of Ay increases, while the inclusive limit shows a more diluted
spin asymmetry. This pattern suggests a possible physical reading of event-shape cuts as a dial on the radiation environment seen by the
measured TMD observable. A tighter veto reduces the phase space for unresolved radiation that can recoil against, and thereby dilute, the
spin-dependent transverse-momentum correlation. In this restricted sense, the role of 0O-jettiness is analogous to the controlled decoher-
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ence of matter-wave interference by environmental radiation [228], where changing the coupling to emitted radiation changes the observed
interference contrast [229]. Whether this interpretation can be made more quantitative, and how it can be tested experimentally, remain
interesting questions for future study.

Along the cold-nuclear-matter jet direction, Refs. [230, 231] studied inclusive jet and jet-charge production in e + A, and then heavy-
flavor jet rates and groomed substructure, thereby establishing a systematic SCET-with-Glauber framework for cold-matter jet tomography.
Machine-learning-based jet and event classifiers have also been proposed at the EIC to enhance flavor separation and process identification
in hadron-structure and spin measurements [232].

Heavy-flavor tagging adds a second perturbative lever arm through the quark mass and makes the dead-cone region directly accessible.
The theoretical and experimental program has progressed from semi-inclusive heavy-flavor jet functions in pp and heavy-ion collisions to
prompt b-jet substructure, Soft-Drop analyses of heavy-flavor jets, and fully differential heavy-flavour jet-substructure calculations [233—
237]. This direction is directly relevant for both eA and AA studies, since mass effects help disentangle broadening, energy loss, and
fragmentation from genuinely medium-induced modifications.

In heavy-ion collisions, grooming and resolved-branching observables turn jet quenching from an inclusive suppression problem into
a differential probe of coherence, formation time, and medium response. Measurements of zg, Ry, groomed mass, subjet fragmentation,
jet shapes, and angularities are now available in Pb-Pb and Au-Au systems [238-243]. The theoretical picture combines vacuum-like and
medium-induced emissions, color decoherence, recoil and wake effects, and dynamically groomed scales [105, 244-253]. The observable
dependence is essential: z, is closely connected to the splitting function, R, to the medium resolution angle, groomed mass and k7., to hard
transverse kicks, and heavy-flavor-tagged substructure to the interplay of dead-cone physics and in-medium branching. Recent work has
made the bridge back to correlator-based observables explicit, showing how jet shapes, substructure observables, and energy correlators
probe complementary aspects of the in-medium radiation pattern [143].

3 Conclusions and outlook

Energy correlators expose the scale dependence of final-state QCD through angles. Their angular distributions trace intrinsic QCD scales,
from perturbative radiation to post-confinement energy flow. Light-ray operators provide a natural description of the energy correlators, as
in conformal-collider analyses of energy flow. The corresponding OPE relates angular scaling to anomalous dimensions in the perturbative
region and to hadronic matrix elements in the long-distance region. Through the energy correlators, this operator framework provides a new
tool for studying nonperturbative QCD in measured hadronic final states.

Energy-flow correlations also retain tensor and spin information. At small angles, the relevant structures are governed by collinear dy-
namics and are not mixed with leading soft recoil. They can probe spin-dependent angular structures in regimes where ordinary transverse-
momentum measurements are affected by recoil. In the back-to-back region, recoil enters at leading power, and the EEC connects with
TMD factorization through Collins-Soper evolution.

The same final-state radiation can be constrained with more exclusive jet observables. Axes, grooming, subjet kinematics, jet charge,
flavor tags, and identified hadrons provide experimental control over the radiation pattern and the hadronization history of a jet. Energy
correlators supply the inclusive angular moments and the operator interpretation. Used in this form, these measurements open new ways to
study hadron structure, nuclear structure, nuclear matter, spin-dependent final-state dynamics, and jet formation in QCD.
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