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We study the transverse energy-energy correlator (TEEC) observable in photon-hadron and photon-jet
production in pþ p and pþ A collisions at small x. We derive the relevant expressions in the high-energy limit
of the scattering where the dipole picture is applicable and show how the dependence on the fragmentation
function of the hadron cancels due to the momentum-sum rule. The nonperturbative scattering with the target
nucleus is expressed in terms of the dipole amplitude, which also describes nonlinear gluon saturation effects.
The TEEC observable is computed in the Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider
(LHC) kinematics, and we show that it can be sensitive to the dipole amplitude, making it a potentially good
observable for studying saturation effects.
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I. INTRODUCTION

The gluon density of nucleons has been observed to
grow rapidly with increasing energy [1]. In the high-energy
limit of QCD, nonlinear gluon recombination effects start
to become important, taming down the growth of the gluon
density. This gluon saturation phenomenon can be under-
stood using the color-glass condensate effective field theory
[2,3] where the nonlinear evolution of the nuclear gluon
field is given by the Jalilian-Marian-Iancu-McLerran-
Weigert-Leonidov-Kovner (JIMWLK) [4–10] equation.
Because of the numerical complexity in solving the
JIMWLK equation, the simpler Balitsky-Kovchegov equa-
tion [11,12] is often used instead.
While gluon saturation is well established from the

theoretical point of view, it has been challenging to find
clear signs of saturation in the experimental data. For
saturation effects to be important, the experimental observ-
able has to be sensitive to momentum scales of the order of

the saturation scale Qs ∼Oð1 GeVÞ. This makes it chal-
lenging to distinguish gluon saturation from other non-
perturbative effects that might be present at such low
momentum scales. Thus, choosing a suitable observable
to study saturation is of utmost importance.
In this paper, we consider the transverse energy-energy

correlator (TEEC) observable as a potential probe for
saturation effects. Energy-energy correlators (EECs) are
infrared-safe event-shape observables that were originally
designed for electron-positron colliders [13,14], and TEEC
was later developed as amore suitable observable for colliders
involving initial hadrons [15]. The main advantage of EEC
andTEECobservables is their insensitivity to nonperturbative
hadronization effects in the final state, allowing one to have a
sharper focus on the other parts of the collision process.
TEEC has gained a lot of interest in the recent years

[16–21] and has also been considered at small x for
electron-hadron production in deep inelastic scattering
[22]. In addition, one can also consider the asymmetry
of the TEEC (ATEEC) [15,23] as asymmetries in EECs for
eþe− have previously been found to be advantageous in
certain ways, such as eliminating linear errors in a phase-
space cutoff parameter [24], exhibiting much smallerOðα2sÞ
corrections [15], and sensitivity to gluon emission in 3-jet
events [25], and asymmetries in TEECs may have analo-
gous desirable qualities in hadron collisions.
We consider the TEEC observable for photon-hadron

and photon-jet production in pþ p and pþ A collisions in
the small-x regime. As illustrated in Fig. 1, at leading order,
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an incoming parton from the proton scatters off the gluon
shock wave (representing multiple gluon exchanges),
producing a photon and a final-state parton which sub-
sequently fragments into a hadron or a jet. There are two
main advantages for considering processes with a photon in
the final state. First, measuring the photon momentum
allows one to focus on a specific phase space of the
collision where the saturation effects are expected to be
more pronounced. Specifically, considering photons pro-
duced in the forward direction ensures that the energy of the
parton-target collision is high enough for the dipole picture
to be applicable, and limiting the photon transverse
momentum to be not too high makes the process more
sensitive to saturation [26–37]. Second, photon-hadron
production is computationally simpler than hadron-hadron
production, for example, which involves higher-order
Wilson line correlators [38,39]. This means that we can
compute the process away from the back-to-back limit that
is often employed to make the computation numerically
easier but also requires a resummation of large Sudakov
logarithms [20,21]. Thus, analyzing the numerical results in
our case is simpler as we do not need to introduce
additional nonperturbative components related to the
Sudakov logarithms. We note a parallel study on photo-
hadron TEEC from a Monte Carlo perspective in Ref. [40].
The paper is organized as follows. In Sec. II, we derive

the relevant expression for photon-hadron and photon-jet
TEEC in the dipole picture. The numerical results using
these expressions are shown in Sec. III where we also
discuss the role of TEEC as a probe for gluon saturation.
Finally, the results are summarized in Sec. IV.

II. THEORETICAL FORMALISM

In this section, we derive the relevant expression for the
TEEC observable in photon-hadron and photo-jet produc-
tion in pþ p and pþ A collisions at small x. We also
present the details of the dipole amplitude employed in our
numerical calculations.

A. Transverse energy-energy correlator

The TEEC for photonþ hadron (γ þ h) production in
pþ A collisions can be written as

dΣγþh

dyγd2pγdτ
¼

X
h

Z
dyhd2ph

dσpþA→γþhþX

dyγd2pγdyhd2ph

×
EγTEhT

EγTð
P

h0Eh0TÞ
δ

�
τ −

1þ cosϕ
2

�
; ð1Þ

where pl and yl represent the transverse momentum and the
rapidity of the particle l, respectively. The transverse energy

is defined as ElT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
l þm2

l

q
. The azimuthal angle

between the photon and the hadron is denoted by
ϕ ¼ ∠ðpγ;phÞ, and

P
h represents a summation over all

outgoing hadrons. Additionally, we use pl
T ¼ jplj inter-

changeably throughout this paper. The variable τ is related
to the azimuthal angle via

τ ¼ 1þ cosϕ
2

: ð2Þ

In this parametrization, the back-to-back region (ϕ → π)
corresponds to τ → 0, while the collinear limit (ϕ → 0)
corresponds to τ → 1. We will assume that the transverse
momentum is large enough for the particle masses to be
negligible and write ElT ¼ jplj.
The cross section for pþ A → γ þ hþ X can be

written in terms of partonic cross sections for
aþ A → aþ γ þ X as

dσpþA→γþhþX

dyγd2pγdyhd2ph

¼
X
a

Z
1

zmin

dz
z2

Dh=aðz; μ2Þ

×
Z

1

xmin

dxpfa=pðxp; μ2Þ
dσaþA→aþγþX

dyγd2pγdyad2pa
; ð3Þ

where a is a parton from the proton, xp the momentum
fraction of the initial parton a relative to the proton with a
lower bound xmin ¼ pþ

γ =Pþ
p , and we are working in a frame

where the proton has a large plus momentum Pþ
p . The

parton distribution function (PDF) of the proton is written
as fa=p, with μ2 being the typical momentum scale of the
process. The parton-to-hadron fragmentation function is
written as Dh=a, and here we are working in the collinear
factorization approach for fragmentation such that the
momenta of the hadron and the final parton are related
by ph ¼ zpa. The momentum fraction z has a lower bound
zmin ¼ pþ

h =ðPþ
p − pþ

γ Þ determined by the kinematics of the
process [27]. We have neglected the hadron mass so that the
rapidity of the outgoing parton and the hadron are the same,
ya ¼ yh. Note that, throughout this paper, we work at the
leading order in the dipole picture. As a result, the initial
parton a in the PDF fa=p is the same as the parton flavor in
the fragmentation function Dh=a, i.e., a quark or an
antiquark.

FIG. 1. Illustration of the pþ p=A → γ þ hþ X processes in
the pþ p (or pþ A) collisions in the small x regime.
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The TEEC kernel in Eq. (1) can be expressed as
EγTEhT=½EγTð

P
h0 Eh0TÞ� ¼ jphj=jpaj ¼ z. In particular,

when inserting Eq. (3) into Eq. (1) and writing the
integration of the hadron momentum in terms of the
partonic momentum, the lower bound of z becomes 0.
The z integration becomes the momentum-sum rule

X
h

Z
1

0

dzzDh=aðz; μ2Þ ¼ 1; ð4Þ

and therefore the dependence on the fragmentation function
vanishes. We can then simplify the expression in Eq. (1) to

dΣγþh

dyγdp2
γdτ

¼ π
X
a

Z
dyad2pa

Z
1

xmin

dxpfa=pðxp; μ2Þ
dσaþA→aþγþX

dyγd2pγdyad2pa
δ

�
τ −

1þ cosϕ
2

�

¼ 2πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τð1 − τÞp X

a

Z
dya

Z
djpajjpaj

Z
1

xmin

dxpfa=pðxp; μ2Þ
dσaþA→aþγþX

dyγd2pγdyad2pa

����
τ¼ð1þcosϕÞ=2

: ð5Þ

Note that as we are using the collinear approximation for hadronization, the angle ϕ is also the azimuthal angle between the
photon and the parton, i.e., ϕ ¼ ∠ðpγ;paÞ. For quarks (and likewise for antiquarks), we can write the partonic cross section
as [27,38]

dσqþA→qþγþX

dyqdyγd2pqd2pγ
¼ δð1 − zq − zγÞ

2e2qαem
ð2πÞ2 zq½1þ z2q�

ðpq þ pγÞ2z2γ
p2
γ ½zγpq − zqpγ�2

S⊥F xAðpq þ pγÞ; ð6Þ

where we have denoted by zγ ¼ pþ
γ =ðxpPþ

p Þ and zq ¼ pþ
q =ðxpPþ

p Þ the momentum fractions of the outgoing particles with
respect to the initial quark, eq is the fractional charge of the quark, and S⊥ is the transverse size of the target. The (Fourier-
transformed) dipole amplitude F is given by

F xðqÞ ¼
Z

d2r
ð2πÞ2 e

−iq·rSxðx; yÞ; ð7Þ

where Sxðx; yÞ is the S matrix for dipole-target scattering with transverse coordinates x and y, with r ¼ x − y being the
dipole size.
Substituting Eq. (6) into Eq. (5), the integral over xp is evaluated using the delta function from the former. This

results in

TEECγþhðτÞ≡ dΣγþh

dyγdp2
γdτ

¼ 2πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τð1−τÞp X

a

Z
dya

Z
djpajjpajxpfa=pðxp;μ2Þ

2e2aαem
ð2πÞ2 za½1þz2a�

ðpaþpγÞ2z2γ
p2
γ ½zγpa−zapγ�2

S⊥F xAðpaþpγÞ; ð8Þ

where the variables appearing in the integrand can be
written as

xp ¼ jpajeya þ jpγjeyγffiffiffi
s

p ; cosϕ ¼ 2τ − 1;

za ¼
jpajeya

jpajeya þ jpγjeyγ
; zγ ¼

jpγjeyγ
jpajeya þ jpγjeyγ

; ð9Þ

and in the lab frame Pþ
p ¼ P−

A ¼ ffiffiffiffiffiffiffi
s=2

p
. For the factori-

zation scale μ and the small-x scale used in the dipole
amplitude F x, we choose,

μ2 ¼ p2
γ ; xA ¼ jpaje−ya þ jpγje−yγffiffiffi

s
p : ð10Þ

In addition to the photonþ hadron TEEC we can also
consider the photonþ jet (γ þ jet) TEEC. In this case,
hadronization is not relevant, and the TEEC is expressed
differentially in terms of the jet momentum. At leading
order, jets are identified with the outgoing parton a, and the
corresponding TEEC can be read from Eq. (8) as
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TEECγþjetðτÞ≡ dΣγþjet

dyγdp2
γdyjetdp2

jetdτ

¼ πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τð1 − τÞp X

a

xpfa=pðxp; μ2Þ
2e2aαem
ð2πÞ2 za½1þ z2a�

ðpa þ pγÞ2z2γ
p2
γ ½zγpa − zapγ�2

S⊥F xAðpa þ pγÞ: ð11Þ

At leading order, where the jet consists of a single parton,
we have pa ¼ pjet and ya ¼ yjet. Note that here we do not
integrate over the momentum of the jet, in contrast to
the γ þ h case. Equation (11) is essentially the same as the
differential cross section for γ þ jet production as the
transverse momentum weight appearing in TEEC is iden-
tically one, but at higher orders the expressions would be
different.
To study the differences between protons and heavy

nuclei, we also define the nuclear modification factor for
both the γ þ h and the γ þ jet TEECs,

RpAðτÞ ¼
1

A
TEECAðτÞ
TEECpðτÞ

: ð12Þ

The subscript of TEEC, A or p, denotes whether the target
is a heavy ion (A) or a proton (p), respectively. The
normalization factor 1=A has been chosen such that without
saturation effects this ratio should be close to 1.
In addition, we compute the asymmetry in the TEEC

between ϕ and π − ϕ [15,23], known as the ATEEC, which
is defined as

ATEECðτÞ≡ dΣasym

dτ
≡ dΣ

dτ0

����
τ0¼τ

−
dΣ
dτ0

����
τ0¼1−τ

: ð13Þ

B. Model inputs

The S-matrix Sxðx; yÞ in Eq. (7) can be modeled using
the color-glass condensate effective field theory [41–43].
We will assume that it depends only on the dipole size and
write Sxðjx − yjÞ≡ Sxðx; yÞ. Consequently, the function F
in Eq. (7) also depends only on the magnitude of the
momentum: F ðqÞ ¼ F ðjqjÞ. The dependence of Sx on the
x variable is given by the running-coupling Balitsky–
Kovchegov (rcBK) equation [11,12]

∂SxðjrjÞ
∂ log 1=x

¼
Z

d2r0Krunðr; r0Þ

×½Sxðjr0jÞSxðjr − r0jÞ − SxðjrjÞ�: ð14Þ

The running-coupling kernel in the Balitsky prescription
[44] reads

Krunðr; r0Þ ¼ Ncαsðr2Þ
2π2

×

�
r2

r02ðr − r0Þ2

þ 1

r02

�
αsðr02Þ

αsððr − r0Þ2Þ − 1

�

þ 1

ðr − r0Þ2
�
αsððr − r0Þ2Þ

αsðr02Þ
− 1

��
; ð15Þ

with the coordinate-space running coupling

αsðr2Þ ¼
12π

ð33 − 2NfÞ log
�

4C2

r2Λ2
QCD

	 : ð16Þ

Here, Nf ¼ 3, ΛQCD ¼ 0.241 GeV, and C2 is a free
parameter that controls the dependence of the coupling
on the length scale r. For the initial condition of the rcBK
equation we use the model [45]

Sx0ðrÞ¼1−exp

�
−
ðr2Q2

s0Þγ
4

log

�
1

ΛQCDr
þe ·ec

��
: ð17Þ

For the proton target, we take the median values of the
parameters C2, Q2

s0, ec, and S⊥ð¼ σ0=2Þ from the
4-parameter fit (with γ ¼ 1 fixed) in [45]. For nuclear
targets, we modify the saturation scale and the transverse
size by [22]

Q2
s0;A ¼ cA1=3Q2

s0; S⊥;A ¼ A2=3S⊥=c: ð18Þ

The parameter c takes into account the uncertainty in the
nuclear geometry, and we vary it between 0.5 < c < 1.0
[46,47]. We do not include a corresponding uncertainty for
the proton case, as the model inputs are fixed. The geo-
metric uncertainty will be reflected in the nuclear modi-
fication factor.
For the proton PDF, we use the CT18NLO [48] set via

the LHAPDF [49] library.

III. NUMERICAL RESULTS

We consider two representative kinematic regimes
that correspond to the typical phase space probed by
the Relativistic Heavy Ion Collider (RHIC) [50,51] and
Large Hadron Collider (LHC) [52,53] experiments:

(i) RHIC: pγ
T ¼5GeV, yγ ¼ 2, pjet

T ¼ 5 GeV, yjet ¼ 2,
and

ffiffiffi
s

p ¼ 200 GeV;
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(ii) LHC: pγ
T ¼10GeV, yγ ¼4, pjet

T ¼ 10 GeV, yjet ¼ 4,
and

ffiffiffi
s

p ¼ 5.02 TeV.
In the numerical evaluation of the photonþ hadron

TEEC, we perform a numerical integration using the
adaptive cubature method following Eq. (8). The integra-
tion ranges of ya and jpaj are constrained by momentum
conservation, which requires all relevant momentum frac-
tions—zγ, zq, and xp—to remain within the physical
interval (0,1).
As in the usual small-x implementation, the dipole

amplitude F xðqÞ is obtained by carrying out the Fourier
transform [as in Eq. (7)] of the numerically evolved dipole
S-matrix SxðrÞ according to the rcBK equation. However,
this procedure can be challenging due to the rapid oscil-
latory nature of the Bessel function, and unphysical
oscillations in jqj at high momentum often emerge
[45,54–56]. To address this issue, we first fit the evolved
SxðrÞ at each x using Eq. (17), treatingQs0, ΛQCD, γ, and ec
as free parameters. The Fourier transform is then applied to
the fitted SxðrÞ, yielding a smooth and positive F xðqÞ. An
alternative method, proposed in Ref. [56], involves directly
fitting F xðqÞ to a power law at large jqj to suppress
oscillations.
We examined scale uncertainties for the pþ p case,

following standard practice in perturbative QCD compu-
tations. At leading order (LO), the only scale dependence
arises from the factorization scale μ in the proton PDF, with
the default choice μ ¼ pγ

T . To estimate the uncertainty, we
varied this scale to μ ¼ 0.5pγ

T and μ ¼ 2pγ
T , and found that

the TEEC changes by about 4%. Beyond LO, real gluon
emission introduces explicit dependence on the strong
coupling αsðμÞ, and the associated scale variation would
naturally lead to larger uncertainties, especially in the
relatively small transverse-momentum region considered

here. A detailed assessment of scale uncertainties in the
TEEC for pþ p collisions will be left to future work
beyond LO.

A. Photon + jet

We calculate the γ þ jet TEEC, as defined in Eq. (11),
along with the associated nuclear modification ratio RpA in
the selected RHIC and LHC kinematic regions. The results
are shown in Fig. 2. One can see that the TEEC curves, for
both pþ p, and pþ Au(Pb), exhibit a similar overall
pattern, increasing as they approach τ ¼ 0 and τ ¼ 1,
and reaching a minimum around τ ¼ 0.5, as indicated
by the 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τð1 − τÞp

factor in Eq. (11). Here, we focus on
the regime τ ¼ 0.1 ∼ 0.9where our calculation applies. The
regions near τ ¼ 0 and τ ¼ 1 correspond, respectively, to
the back-to-back [20] and collinear [57] limits of γ þ jet
production, and require additional resummation of large
logarithmic contributions in the back-to-back limit, this can
be achieved using transverse momentum dependent (TMD)
resummation [19–22], while in the collinear limit one has to
resum collinear emissions of final-state particles [57,58].
While we note that these external regions, especially the
back-to-back limit, can also be interesting for studying
the nuclear structure, we leave the combination of the
resummation techniques with the dipole picture for
future work.
In the nuclear modification factor RpA, the effect from

the τ-dependent overall factor no longer contributes, and
the dominant τ dependence enters through the dipole
amplitude F xAðkÞ where

k ¼ ½jpγj2 þ jpjetj2 þ 2ð2τ − 1Þjpγjjpjetj�1=2: ð19Þ

FIG. 2. Photon-jet TEEC, as defined in Eq. (11), and their ratios, as defined in Eq. (12), as a function of τ.
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Consequently, larger τ corresponds to a larger transverse
momentum transfer in the dipole-target cross section.We find
that theRpA showsdifferent behaviors inFig. 2(a) at theRHIC
energy scale and in Fig. 2(b) at the LHC energy scale. In the
former case, the RpA is above 1 throughout the probed τ
regime, and decreasing at larger τ, whereas in the latter case,
the RpA is below 1 and slightly increases toward larger τ.
To further understand the underlying mechanism of the

obtained RpA, we examine its relation to the dipole ampli-
tude and in a broader pT regime. We note that in calculating
the γ þ jet TEEC, the nuclear modification factor defined in
Eq. (12) reduces to a weighted ratio of the dipole amplitudes
between the nucleus and the proton targets,

Rγþjet
pA ðτÞ ¼ 1

A
S⊥;A

S⊥
FAðkÞ
FpðkÞ

¼ 1

cA1=3

FAðkÞ
FpðkÞ

: ð20Þ

Here, we denote the proton and nuclear dipole amplitude by
FAðkÞ and FpðkÞ, respectively. Note that by giving the
photon and jet kinematics, the small-x scale in the target xA is
determined. In Fig. 3, we present the ratio of the Au (Pb)
and proton dipole amplitudes at the corresponding xA
used in Fig. 2(a) [Fig. 2(b)]. If, in addition, one fixes the
photon and jet pT , the value of τ is also determined, as the
momentum transfer in the dipole amplitude depends solely
on τ. In both panels, the τ ¼ 0.1 and 0.9 are indicated
by red vertical dashed lines, and the intermediate τs are in
between.
In the left panel, the ratio is below 1 at very small k,

increasing and surpassing 1 at larger k before peaking
around k ¼ 1 ∼ 3 GeV and decreasing toward a nearly
constant value close to 1. For the McLerran–Venugopalan
(MV) model, it has been shown that due to the particular A
dependence of the dipole-target cross section, there is an

FIG. 3. Ratio of nucleus-proton dipole amplitude as defined in Eq. (20).

FIG. 4. Photon-jet ATEEC, as defined in Eqs. (11) and (13), as a function of τ.
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enhancement in the nuclear modification at large k [59–61],
a phenomenon known as the Cronin effect [62]. The location
of the peak of the enhancement (the “Cronin peak”) is
associated with the saturation scale. In our calculation, the
initial saturation scale for the nuclear target (Au) is given by
Q2

s0;A ¼ cA1=3Q2
s0 according to Eq. (18). A larger value of c

corresponds to scattering at a higher saturation scale, leading
to a more pronounced Cronin peak and a shift to a higher
peak position. Specifically, the ratio of the two peak
positions expected by the saturation scale is Qs0ðc ¼ 1.0Þ=
Qs0ðc ¼ 0.5Þ ¼ ffiffiffi

2
p

, which agrees with our findings shown
in the left panel of Fig. 3. As indicated by the τ lines in the
figure, we are probing the k region after the Cronin peak;
therefore, we see an enhanced but decreasing RpA in

Fig. 2(a). Probing the peak region requires a smaller
photon and/or jet pT . In contrast, the ratio in the right panel
is at a much smaller xA, and is below 1 in the entire k ¼
0 ∼ 30 GeV region being plotted, and there is no clear
Cronin peak anymore. This flattening of the Cronin peak
when going to higher energies is expected [61], and instead
of the Cronin peak the behavior of the nuclear modification
factor is now similar to the region to the left of the Cronin
peak in the left panel: a higher saturation scale (the c ¼ 1.0
case) leads to more suppression. Interestingly, the curves in
the right panel lie below 1 even at high values of k, indicating
a sizable suppression in the nuclear modification.
Next, in Fig. 4 we focus on the γ þ jet ATEECs as

defined in Eq. (13). At RHIC energy, as shown in Fig. 4(a),

FIG. 5. Photon-hadron TEEC and its asymmetry ATEEC, as defined in Eqs. (8) and (13), shown as functions of τ.

TRANSVERSE ENERGY-ENERGY CORRELATORS AT SMALL … PHYS. REV. D 112, 076006 (2025)

076006-7



the γ þ jet TEEC for pþ p happens to be relatively
symmetric, resulting in an ATEEC curve that stays close
to zero. In contrast, the TEEC for pþ A is noticeably larger
near the back-to-back region than that in the large τ region,
leading to a positive and decreasing ATEEC curve. On the
other hand, at LHC energy, the nuclear modification factor
remains within a relatively flat band, as shown in Fig. 2(b)
and the right panel of Fig. 3. Consequently, the ATEECs for
pþ Pb collisions, as shown in Fig. 4(b), exhibit little
qualitative difference from that for pþ p, which is increas-
ing and concave down in the plotted region. However, the
asymmetry in the band itself caused by the pþ Pb
asymmetry is greater in magnitude than for pþ p even
though the corresponding TEEC is smaller in magnitude, as
shown in Fig. 2(b).

B. Photon + hadron

We calculate the γ þ h TEEC, as defined in Eq. (8),
together with the associated nuclear modification ratio RpA

in the selected RHIC and LHC kinematic regions. The
results are presented in Fig. 5(a). As in the γ þ jet case, the
TEECs are larger at the smaller and larger ends of τ, due to
the overall factor of 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τð1 − τÞp

in Eq. (8). The RpA

exhibits a similar behavior compared to that of the γ þ jet
TEEC (as in Fig. 2) with the same jet kinematics; it
decreases asymptotically to a value slightly above 1 over
that τ range. A difference is that the γ þ h band is slightly
wider because it arises from integrating over a range of xA
values. The study in Ref. [40] also reports nuclear sup-
pression especially in the small τ region, albeit at a larger
center-of-mass energy. Moreover, the pþ p graph is now
clearly asymmetric, rising much higher in the forward
region (τ → 1) than in the back-to-back region (τ → 0).
Figure 5(b) shows the γ þ h ATEECs as defined in

Eq. (13). The aforementioned asymmetries in the pþ p
TEEC curves are reflected in the corresponding ATEEC
curves. All three ATEEC curves in the left panel, i.e., at the
RHIC energy, remain negative, indicating a larger corre-
lator in the forward region compared to that near the back-
to-back region, exhibiting a different behavior compared to
that in the γ þ jet case, as shown in Fig. 4(a). The three
ATEEC curves in the right panel, corresponding to the LHC
energy, are also negative—similar to the γ þ jet case shown
in Fig. 4(b)—but exhibit a stronger asymmetry in the pþ p
case compared to pþ A.

IV. CONCLUSIONS

We have studied the transverse energy-energy correlator
(TEEC) and its derived observables—the nuclear modifi-
cation factor RpA and the asymmetry ATEEC—in both
photon-hadron and photon-jet production in pþ p and
pþ A collisions at small x. We have computed these
observables at the RHIC and LHC energies using a

framework based on the dipole picture, where nonlinear
gluon dynamics in the small-x regime are encoded in the
dipole amplitude evolved via the rcBK equation.
One of the main advantages of the photon-hadron TEEC

over standard azimuthal correlations is that the dependence
on the fragmentation function cancels due to the momen-
tum-sum rule, thereby reducing theoretical uncertainties
associated with hadronization. The TEEC is directly
sensitive to the structure of the target in the high-energy
limit. We find that for smaller pγ

T and smaller values of τ,
the results are more sensitive to variations in the initial
condition of the dipole amplitude, as reflected in the
uncertainty band for c∈ ½0.5; 1.0�. This is expected, since
these regions correspond to lower momentum transfers
∼2

ffiffiffi
τ

p
pγ
T , which are more affected by gluon saturation

effects. Extending the calculation to even smaller values of
τ would further enhance sensitivity to saturation physics
but would require the resummation of Sudakov logarithms,
which we leave for future work.
The results demonstrate that TEEC and ATEEC are

promising observables for probing gluon saturation in high-
energy nuclear collisions. The formalism developed here
can also be extended to study TEECs in dihadron and dijet
production in both pþ p and pþ A collisions. We look
forward to future experimental measurements of TEEC and
ATEEC observables, which can further constrain the small-
x gluon structure and deepen our understanding of QCD
dynamics in the saturation regime.
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