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We propose a novel method to probe gluon linear polarization via energy correlations in hard scattering
processes. This approach exploits the characteristic cos 2ϕ azimuthal modulation in single- and two-point
energy correlations within jets initiated by polarized gluons. In contrast to conventional techniques that rely
on kt resummation or intricate jet substructure observables, our method offers a theoretically robust and
experimentally accessible avenue for gluon polarimetry. We perform an all-order analysis within the
Ciafaloni-Catani-Fiorani-Marchesini formalism, incorporating coherent branching effects to achieve
improved precision. Our predictions can be tested at current and future facilities, including the LHC,
RHIC, HERA, and the EIC.
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Introduction—Understanding the linear polarization of
gluons inside unpolarized nucleons is essential for mapping
their gluonic structure, a topic that has drawn significant
interest from both small-x and high-energy spin physics
communities [1–24]. The recent finding [25], together with
the observation that gluons exhibit 100% linear polarization
at small x in the dilute limit [2], indicate that the helicity
and orbital angular momentum of gluons are maximally
quantum entangled. This phenomenon has broad phenom-
enological implications, as evidenced by predicted sub-
stantial cos 2ϕ azimuthal asymmetries in two particle
production processes [3–9] and the transverse momentum
distribution of the Higgs boson at the LHC [13–22].
Despite these compelling signatures, directly measuring
linear gluon polarization remains a major challenge.
Traditional methods, such as those based on transverse
momentum dependent factorization, suffer from two key
limitations: the polarization signal is diluted by transverse
momentum dependent evolution effects at low transverse
momentum, and identical cos 2ϕ asymmetries can also
arise from final-state soft gluon emissions contaminating

the extraction [26,27]. To address these challenges, emerg-
ing observables like energy-energy correlations (EECs)
offer a novel and potentially more precise method for
measuring linear gluon polarization.
EEC based methods also leverage the cos 2ϕ azimuthal

asymmetry to probe linear gluon polarization. Specifically,
a cos 2ϕ azimuthal modulation in the squeezed limit of the
three-point energy correlator within a jet [28,29] provides a
direct probe of the linear polarization of intermediate
virtual gluons. Furthermore, the nucleon EEC (NEEC)
has emerged as a powerful tool for studying linearly
polarized gluon distributions [30,31]. The scale depend-
ence of the near-side EEC observables is governed by
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
dynamics and is not sensitive to soft gluon radiations,
yielding a theoretically cleaner analysis. Beyond jet sub-
structure study, EEC, originally introduced in the 1970s
[32,33] to test QCD in electron-positron colliders [34–41],
have evolved into a versatile precision tool with applica-
tions ranging from hot nuclear matter [42–50] to nucleon
structure studies [30,31,51–56] and beyond [56–101] (for a
nice review, see Ref. [102] and references therein).
Interestingly, Ref. [103] establishes a robust connection
between NEECs and fracture functions.
Inspired by recent developments [28,29], we introduce a

novel approach to probe the linear polarization of collinear
gluons emitted as initial-state radiation in Z0 production
process. As illustrated in Fig. 1, our method exploits the
azimuthal dependence of two-point EECs measured within
jets initiated by these gluons. The linear polarization vector is
aligned with the gluon’s transverse momentum vector. This
polarization generates a characteristic cos 2ϕ azimuthal
asymmetry in EECs. Here, ϕ denotes the angle between
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the gluon’s transverse momentum P⃗⊥ and the vector con-
necting two detector pixels that contribute to the correlation.
To achieve improved theoretical accuracy, we go beyond the
conventional DGLAP formalism by incorporating coherent
branching effects through the Ciafaloni-Catani-Fiorani-
Marchesini (CCFM) framework [104–107]. Notably,
although partial cancellations occur between g → qq̄ and
g → gg splittings, the resulting azimuthal asymmetry
remains substantial. To enhance experimental accessibility,
we further introduce a refined method to probe the linear
polarization of gluon by employing the one-point energy
correlation within the “winner-takes-all” (WTA) scheme, a
well-established jet event shape observable [108–111]. The
polarization signature is effectively encoded in a similar
cos 2ϕ modulation, where ϕ is defined as the angle between
P⃗⊥ and the vector connecting the detector pixel to the WTA
jet axis.
Our methodology shares the strengths of other EEC-

based methods, notably in avoiding the contamination from
final-state soft gluon radiations and eliminating the com-
plexities introduced by Sudakov resummation in such
analyses. Compared to prior EEC-based techniques, such
as those relying on three-point correlations [28,29] or the
NEEC probe [30], our method enhances precision and
experimental feasibility by directly targeting the asymme-
try within jets produced via polarized gluon fragmentation.
With this robust framework, we aim to set a new standard
for gluon polarimetry.
Formalism—Formally, the differential two-point EEC

inside a gluon jet can be defined as [69]

dhEECi
dθdϕ

¼
X
i;j

δðθij − θÞδðϕij;g − ϕÞEiEj

E2
g
; ð1Þ

where the sum runs over all pairs of particles ði; jÞ within
the identified jet, and Eg ¼

P
i Ei is the total energy of the

jet. Here, θij is the angle between particles i and j, and ϕij;g

denotes the azimuthal angle between the relative angle
vector θ⃗ij and the transverse momentum P⃗⊥ of the jet.
To facilitate an all-order analysis, it is convenient to

consider the θ-integrated EEC, which can be expressed as a
convolution of hard coefficients and the cumulant jet
functions [59],

hEECi ¼
X
i¼q;g

Z
dx x2Hiðx; μÞJiðln x2κÞ; ð2Þ

where κ ¼ θ2E2
g=μ2, and x is the momentum fraction of the

jet carried by the parton i. Ji denotes the standard
(unpolarized) cumulant jet function [59]. Hi is the hard
coefficient of resolving a parton carrying momentum
fraction x within the gluon jet at the scale μ, which will
be specified later.
As discussed above, there is a direct correlation between

the gluon branching plane and its polarization vector. In the
context of QCD evolution, this process can be naturally
divided into two distinct stages. First, as the parton shower
develops, the linear polarization of gluons is progressively
reduced due to scale evolution effects. Second, when a
linearly polarized gluon with offshellness Egθ undergoes a
single splitting, the resulting energy distribution exhibits a
characteristic azimuthal dependence. Taking these effects
into account, we arrive at a factorized expression for the
cos 2ϕ-weighted EEC,

Z
dϕ
π

dhEECi
dθdϕ

cos 2ϕ ¼
Z

dx x2HTðx; μÞ

×
αs
2π

1

θ

Z
dyyð1 − yÞ½P2ϕ

gg ðyÞ þ 2nfP
2ϕ
gq ðyÞ�Jg;Tðln x2κÞ:

ð3Þ

Here, Jg;T is the polarization-dependent jet function, which
is the second moment of the jet function. Its operator
definition is given by [28]

Jg;Tðlnx2κÞ¼
EJ

2ðN2
c−1Þ

X
X

X
i;j∈X

EiEj

E2
g
Θðθij <θÞ

×h0jB⊥μð0ÞjXihXjB⊥νð0Þj0i
�
gμν⊥ þ2Pμ

⊥Pν⊥
P2⊥

�
:

ð4Þ

Here, EJ is the energy of the jet. The gauge-invariant gluon
field strength operator is denoted by B⊥μ. The projection
tensor ðgμν⊥ þ 2Pμ

⊥Pν⊥=P2⊥Þ isolates the linearly polarized
component. The relevant azimuthal-dependent splitting
functions are

FIG. 1. Illustration of a proton-proton collision where a nearly
collinear, linearly polarized gluon is emitted from an incoming
parton in a hard scattering event. The gluon’s transverse mo-
mentum P⃗⊥ defines the reference axis. The magnified view
shows the resulting EEC within the jet cone, displaying the
cos 2ϕ anisotropy, where ϕ is the angle between P⃗⊥ and the
detector pair orientation.
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P2ϕ
gg ðyÞ ¼ 2CAyð1 − yÞ; P2ϕ

qg ðyÞ ¼ −yð1 − yÞ: ð5Þ

HT is the corresponding hard coefficient for producing a
linearly polarized gluon.
To proceed further, we note that the observable studied

here is closely related to the NEEC [30,31,51], since we
focus on gluon radiation in the forward region along the
beam direction, where P2⊥ ≪ Q2. We therefore adopt a
similar factorization approach, in which the initial-state
collinear gluon radiation is separated from the subsequent
hard scattering process. As an example, consider Z0 boson
production, where an incoming quark emits a gluon before
the hard interaction,

dσU
dξdyZd2P⊥

¼ σ0
αs
2π

CF
1

P2⊥
1þ ð1 − ξÞ2

ξ
; ð6Þ

dσT
dξdyZd2P⊥

¼ σ0
αs
2π

CF
1

P2⊥
2ð1 − ξÞ

ξ
; ð7Þ

where σ0 is the Born-level cross section for Z0 production,
and ξ denotes the longitudinal momentum fraction carried by
the gluon jet. The ratio σT=σU quantifies the degree of linear
polarization of the emitted gluon. Therefore, a natural choice
for hard coefficients reads Hiðx; μ ¼ θ0EgÞ ¼ δigδðx − 1Þ
and HTðx; μ ¼ θ0EgÞ ¼ σT=σUδðx − 1Þ, with θ0 ∼Oð1Þ.
In the DGLAP formalism, the evolution equations of the

jet functions are given by

∂Jiðln κÞ
∂ ln μ2

¼ αs
2π

X
j

Z
1

0

dyy2PijðyÞJj½lnðy2κÞ�; ð8Þ

∂Jg;Tðln κÞ
∂ ln μ2

¼ αs
2π

Z
1

0

dyy2PT
ggðyÞJg;T ½lnðy2κÞ�: ð9Þ

Here, i, j denote the parton flavors, and Pij is the
unpolarized splitting function. PT

ggðyÞ is the linearly polar-
ized gluon splitting function, which at the leading order
reads [112,113]

PT
ggðyÞ ¼ 2CA

y
ð1 − yÞþ

þ β0δð1 − yÞ; ð10Þ

with β0 ¼ ð33 − 2nfÞ=6.
Having discussed two-point EECs, we now consider the

single-point energy correlation, or jet event shape. This
observable quantifies the energy distribution within a jet by
measuring the correlation between the energy of a radiated
parton and the jet core itself. A key advance in this context
is the WTA jet axis reconstruction scheme [108–111].
Unlike conventional algorithms that define the jet axis as
the sum of all constituent momenta, the WTA algorithm
assigns the jet axis to the direction of the hardest particle
at each recombination step. This procedure effectively

eliminates recoil effects from soft gluon radiation, resulting
in a recoil-free jet axis that enables more precise measure-
ments of jet substructure and polarization-sensitive
observables.
Within the WTA scheme, the unpolarized and linearly

polarized single-point jet functions are denoted byDg=q and
Dg;T , respectively. In the DGLAP formalism, their scale
evolution is governed by

∂Diðln κÞ
∂ ln μ2

¼ αs
2π

X
j

Z
1

1
2

dyyPijðyÞDjðln y2κÞ; ð11Þ

∂Dg;Tðln κÞ
∂ ln μ2

¼ αs
2π

Z
1

1
2

dyyPT
ggðyÞDg;Tðln y2κÞ: ð12Þ

Here, the lower integration limit y ¼ 1=2 arises from the
kinematic constraint in the WTA scheme. Additionally,
note that the evolution equation involves a single power of
y, in contrast to the two-point EEC case where y2 appears.
Note that the one-point energy correlation under inves-
tigation differs from that studied in Ref. [114].
While the DGLAP formalism serves as the standard

approach for describing the scale evolution of jet functions,
its conventional implementation based on virtuality order-
ing does not intrinsically account for the destructive
interference of soft gluons at large angles. The CCFM
formalism [104–107] addresses this by implementing
angular ordering: each successive emission in the final-
state parton shower must occur at a smaller opening angle
than the previous one. This approach not only regulates
infrared divergences more effectively, ensuring that the
EEC remains finite as the angular separation θ → 0, but
also yields a more realistic description of energy flow and
correlations within jets.
In the original CCFM approach, it is necessary to

introduce a parton distribution that depends on the trans-
verse momentum in order to resum large logarithms at
small x. By analogy, we also define a transverse momentum
dependent jet function, Jgðln κ; ktÞ, which satisfies the
normalization condition

R
d2ktJgðln κ; ktÞ ¼ Jgðln κÞ.

This construction allows us to directly apply the CCFM
formalism to the evolution of the jet functions.
Following Refs. [107,115,116], and focusing for sim-

plicity on the gluon-to-gluon channel, the CCFM evolution
equation for the unpolarized gluon jet function can be
written in differential form as

∂

∂ ln μ2
Jgðln κ; ktÞ
Δsðμ2Þ

¼ αs
2π

Z
1−Λ=μ

Λ=μ
dyy2

×
Z

2π

0

dϕ0

2π

P̃ggðy; μ2; ktÞ
Δsðμ2Þ

Jg½ln κ; jk⃗t þ ð1 − yÞμ⃗j�; ð13Þ

where μ2 ¼ μ⃗2 sets the maximum allowed angle for
gluon emission, θmax ¼ μ=Eg, and Λ is an infrared cutoff.
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The angle ϕ0 denotes the azimuthal separation between k⃗t
and μ⃗. The Sudakov form factor Δs resums the effects of
virtual and unresolved real emissions. Importantly, due to
the implementation of angular ordering in CCFM, the y
dependence in the logarithm is eliminated.
In the CCFM framework, the splitting function P̃gg is

unregularized, retaining only the singular terms 1=y and
1=ð1 − yÞ. In the original context, a non-Sudakov form factor
Δns is introduced to resum logarithms of the form lnð1=yÞ.
However, for EEC observables, the energy-weighting factors
y or y2 suppress the 1=y divergence, making small-x resum-
mation via the non-Sudakov factor unnecessary.
Consequently, the unregularized splitting function for the
unpolarized case simplifies to P̃ggðyÞ ¼ 2CAf½y=ð1 − yÞ�þ
½ð1 − yÞ=y� þ yð1 − yÞg, which is independent of the trans-
verse momentum kt.
With this simplification, we can integrate over kt to

obtain an evolution equation for the inclusive jet function,

∂

∂ ln μ2
Jgðln κÞ
Δsðμ2Þ

¼ αs
2π

Z
1−Λ

μ

Λ=μ
dyy2P̃ggðyÞ

Jgðln κÞ
Δsðμ2Þ

: ð14Þ

The corresponding Sudakov form factor is given by

Δsðμ2Þ ¼

exp
�
−
Z

μ2

4Λ2

dμ02

μ02
αs
4π

Z
1−Λ

μ0

Λ=μ0
dy½P̃ggðyÞþ 2nfP̃qgðyÞ�

�
; ð15Þ

where P̃qgðyÞ is the unregularized splitting function for the
gluon-to-quark channel. This form closely parallels the
Sudakov factor used in parton shower algorithms.
Extending the above discussion to the case of linearly

polarized gluons, we find that the evolution of the corre-
sponding jet function Jg;T within the CCFM framework
takes a similar form to the unpolarized case,

∂

∂ ln μ2
Jg;Tðln κÞ
Δsðμ2Þ

¼ αs
2π

Z
1−Λ

μ

Λ=μ
dyy2

P̃T
ggðyÞ

Δsðμ2Þ
Jg;Tðln κÞ; ð16Þ

where the unregularized splitting function for linearly
polarized gluons is given by P̃T

ggðyÞ ¼ 2CA½y=ð1 − yÞ�.
The CCFM formalism can be directly extended to single-

point energy correlations in the WTA scheme. In the next
section, we examine the phenomenological consequences
of these improvements, particularly for azimuthal asym-
metries from linearly polarized gluons.
Phenomenological analysis—We now turn to the phe-

nomenological analysis of EECs and their sensitivity to
gluon polarization.
The boundary conditions for the jet functions are set at a

reference angle θ0 (e.g., θ0 ¼ 0.3), corresponding to a
factorization scale μ0 ¼ P⊥ ¼ 30 GeV for gluon energy
Eg ¼ 90 GeV, as motivated by the associated Z0 produc-
tion process. Specifically, we impose

Jgð0Þ ¼ 1; Jqð0Þ ¼ 0; Jg;Tð0Þ ¼ 1: ð17Þ

The quark jet function is initialized to zero, reflecting the
fact that quark contributions arise only from subsequent
branchings.
Collecting all pieces together, the azimuthal asymmetry

for the EEC, which encodes the effect of gluon linear
polarization, is given by hcos 2ϕi ¼ AðθÞHT=H, where the
analyzing power AðθÞ is defined as

AðθÞ≡
R
dyyð1− yÞ½P2ϕ

gg þ 2nfP
2ϕ
qg �Jg;TR

dyyð1− yÞf½P̃ggþ 2nfP̃qg�Jgþ½P̃qqþ P̃gq�Jqg
;

ð18Þ

with the limits of the y integration being set to
R 1−Λ=μ0
Λ=μ0 in

order to account for the coherent branching effects. For the
single-point energy correlation in the WTA scheme, the
expression of the asymmetry remains analogous. The
analyzing power AðθÞ serves as a key measure of the
observable’s sensitivity to gluon polarization, and is central
to our phenomenological study.
We now present numerical results for the unpolarized

distribution and the cos 2ϕ azimuthal modulations.
Figure 2 shows the self-normalized unpolarized angular
distributions for theEEC:ZgðθÞ ¼ ∂Jgðln κÞ=∂θ in the region
θ∈ ½0.01; 0.3�, using the boundary conditions specified
above. We compare results obtained from standard
DGLAP evolution with those from the CCFM formalism,
using infrared cutoffs Λ ¼ 0.3 GeV and Λ ¼ 0.7 GeV.
Notably, our calculations qualitatively reproduce the charac-
teristic plateau behavior of EECs. This plateau signifies the
onset of confinement and the transition to the nonperturbative
regime. The CCFM framework, by incorporating angular

FIG. 2. Normalized unpolarized angular distributions for the
EEC in the region θ∈ ½0.01; 0.3�, calculated with the boundary
conditions Jgð0Þ ¼ 1 and Jqð0Þ ¼ 0 at μ ¼ 30 GeV. Results are
shown for both standard DGLAP evolution and the CCFM
formalism with infrared cutoffs Λ ¼ 0.3 GeV and Λ ¼ 0.7 GeV.
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orderingandaneffective infraredcutoff, successfully captures
the dynamics of this transition,which remains challenging for
traditional collinear factorization. A comparison between
theoretical calculations in theDGLAPandCCFMformalisms
and data from eþe−-annihilation experiments is also pre-
sented in Supplemental Material [117].
Figure 3 illustrates the analyzing power AðθÞ, which

quantifies the maximal cos 2ϕ azimuthal asymmetry, for
both single-point and two-point EECs as a function of the
angle θ in the range 0.01 to 0.3. The shaded error bands
indicate the impact of varying the infrared cutoff Λ between
0.3 and 0.7 GeV. Despite the sensitivity of the unpolarized
distribution to Λ in the small-angle region, the analyzing
power AðθÞ remains remarkably robust. This stability arises
from the cancellation of common nonperturbative effects in
the ratio, confirming that the polarization signal is a
resilient observable. The results demonstrate that the
azimuthal asymmetry is sizable and should be accessible
to measurement at the LHC.
Recent ATLAS [72] and CMS [79] measurements

demonstrate the high precision achievable in mapping
the radial dependence of jet EECs. Our proposal extends
these studies by retaining the azimuthal ðϕÞ correlation
relative to the jet P⃗⊥. Since P⃗⊥ is a standard observable,
extracting the predicted cos 2ϕ modulation requires only a
modified binning strategy rather than new detector capa-
bilities. This makes existing LHC datasets ideal for seeking
direct evidence of linearly polarized gluons.
Moreover, the potential cancellation of the cos 2ϕ

modulation between g → qq̄ and g → gg splittings can
be effectively bypassed through flavor-tagging techniques.
For instance, the analyzing power is significantly enhanced
by isolating the g → bb̄ or g → cc̄ channel. Recently, the

CMS Collaboration [118] also developed a new technique
to select g → qq̄ branching events, and reported the first
direct observation of spin correlations [119] induced by
gluon polarization within jets. To illustrate the effectiveness
of flavoring tagging, we perform a fixed-order calculation
of the cos 2ϕ azimuthal asymmetry for a cc̄ pair produced
within a gluon-initiated jet in Z þ jet production at the
Tevatron (

ffiffiffi
s

p ¼ 1.96 TeV) utilizing scattering matrix ele-
ments presented in Refs. [120–123]. These cuts reveal a
large modulation reaching ∼40%, demonstrating the sig-
nificant sensitivity enhancement provided by heavy-flavor
tagging. More details are provided in Supplemental
Material [117].
Summary—We introduce a novel method to probe the

linear polarization of gluons by analyzing the energy
distribution within jets produced by initial-state radiation
in Drell-Yan–like processes. Gluon polarization appears as
a characteristic cos 2ϕmodulation in the azimuthal depend-
ence of the EEC and jet event shapes within the WTA
scheme.
Our approach is innovative both phenomenologically, as

it provides direct sensitivity to gluon polarization without
relying on complex declustering or tagging algorithms, and
theoretically, through the use of the CCFM formalism to
incorporate coherent branching effects. Notably, the CCFM
formalism naturally captures the plateau behavior observed
in the EEC, providing a unified description of both
perturbative and nonperturbative effects. While our
Letter centers on Drell-Yan processes, the technique
extends seamlessly to other hard scattering processes, such
as deep inelastic scattering and midrapidity di-jet produc-
tion accompanied by initial-state gluon radiation as shown
in Fig. 4. The predicted asymmetries can be validated with
existing data from HERA, RHIC, and the LHC, with
further tests anticipated at the future EIC. In summary,
this approach establishes a new framework for gluon
polarimetry with EECs in the perturbative large-angle
regime, while shedding new light on the transition from
nonperturbative to perturbative collinear dynamics in the
polarization-dependent case.
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FIG. 3. Gluon polarization analyzing power AðθÞ, representing
the maximal azimuthal asymmetry hcos 2ϕi, for single-point and
two-point energy correlations with nf ¼ 5, plotted as a function
of θ in the range 0.01 to 0.3 at μ ¼ P⊥ ¼ 30 GeV. The error
bands show the effect of varying the infrared cutoff Λ from 0.3 to
0.7 GeV.

FIG. 4. Schematic illustration of linearly polarized gluons from
initial-state radiation in deep inelastic scattering (left) and di-jet
production (right), showing characteristic energy patterns in jet
cones that enable probing gluon polarization.
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