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We demonstrate the recently proposed nucleon energy-energy correlator (NEEC) fEECðx; θÞ can unveil
the gluon saturation in the small-x regime in eA collisions. The novelty of this probe is that it is fully
inclusive just like the deep-inelastic scattering (DIS), with no requirements of jets or hadrons but still
provides an evident portal to the small-x dynamics through the shape of the θ distribution. We find that the
saturation prediction is significantly different from the expectation of the collinear factorization.

DOI: 10.1103/PhysRevLett.130.181901

Introduction.—Small-x gluon saturation [1–6] has been
one of the central focuses in the nuclear physics community
in recent years and will be a major research area in the
future Electron Ion Collider (EIC) [7–9]. An effective field
theory called color-glass condensate (CGC) [4–6] has been
established to compute the hadronic and nuclear structure
functions in deep inelastic scattering (DIS) at small values
of Bjorken xB [10,11]. The CGC predicts the gluon
saturation with a characteristic scale Qs, as a consequence
of the small-x nonlinear dynamics governed by the
BK-JIMWLK equation [12–17]. The saturation scale Qs
represents the typical size of the gluon transverse momen-
tum inside the nucleus and grows as the momentum fraction
x → 0. For large nucleus and small x, typicallyQs > ΛQCD.
Previous experiments from DIS in ep collisions at

HERA and hadron productions in pA collisions at RHIC
and LHC have shown some evidence of gluon saturation at
small x. With the planned EIC in the horizon, this physics
will be explored in a systematic manner with unprec-
edented precision [7–9]. Extensive studies have been
carried out for the EIC experiments, including the inclusive
DIS structure functions at small xB [18–20] and the
azimuthal correlations of dijet, dihadron, photon jet, and
lepton jet in the inclusive or diffractive processes [21–56].
These processes are considered as promising channels to
look for the gluon saturation in eA collisions.

In this Letter, we present a novel approach to probe the
gluon saturation in eA collisions in terms of the nucleon
energy-energy correlator (NEEC) recently proposed in
Ref. [57], which is an extension of the EEC [58,59] to
the nucleon case. The EEC is the vacuum expectation of a
set of final state correlators to reformulate jet substructures
[60–84], while the NEEC is the nucleon expectation of the
initial-final state correlator. The latter encodes the partonic
angular distribution induced by the intrinsic transverse
momentum within the nucleon [57]. Therefore we expect
the features of the gluon saturation, especially the satu-
ration scale Qs that measures the size of the intrinsic
transverse momentum, should be naturally imprinted in the
NEEC. Our numeric results in Figs. 4 and 5 will show that
the saturation predictions have distinguished behaviors as
compared to those from the collinear factorization. From
this comparison, we can further deduce the saturation
scales in ep and eA collisions, respectively.
The quark contribution to the NEEC in the momentum

space is defined as

fq;EECðx; θÞ ¼
Z

dy−

4πEA
e−ixPy

−
γþhAjψ̄ðy−ÞL†ðy−Þ

× EðθÞLð0Þψð0ÞjAi; ð1Þ

where x is the momentum fraction that initiates a scattering
process, meanwhile, we measure the energy deposit in a
detector at a given angle θ from the initial state radiation
and the remnants through the energy operator, EðθÞjXi ¼P

i∈X Eiδðθ2i − θ2ÞjXi [85–88]. The measured energy
deposit is normalized to the energy EA carried by the
nucleus A. Here, ψ is the standard quark fields and L is the
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gauge link. The gluon EEC can be defined similarly. When
θEA ∼ ΛQCD, the fEEC probes the intrinsic transverse
dynamics of the nucleus A through the operator EðθÞ.
In the collinear factorization, when θEA ≫ ΛQCD, the

fq;EECðx; θÞ can be further factorized as

fi;EECðx; θÞ ¼
Z

dξ
ξ
Iij

�
x
ξ
; θ

�
½ξfj=AðξÞ�; ð2Þ

where fj=AðξÞ is the collinear PDF, and Iij is the matching
coefficient. The detailed derivation of the factorization is
given in [89] and can be obtained by taking the derivative of
the cumulant result in Eq. (36) with respect to θ therein.
Here Iij is found to be solely determined by the vacuum
collinear splitting functions [57,89].
As the values of x decrease, the fq;EEC receives dra-

matically enhanced contributions from the low x gluon. In
this high gluon density regime, the appropriate factoriza-
tion framework is the CGC formalism, where, especially,
the multiple parton interaction effects have been system-
atically taken into account. As result, the shape of the θ
distribution will be modified due to a sizable initial trans-
verse momentum qt of order the saturation scaleQs; see the
illustrations in Fig. 1. Therefore, the NEEC can be used to
probe the gluon saturation phenomenon and the small-x
dynamics, as we will show in the rest of this Letter.
The measurement and the factorization theorem.—We

follow [57] to consider the unpolarized DIS process lþ A →
l0 þ X in the Breit frame. We assume the nucleus is moving
along the þz direction. We measure the Bjorken xB ¼
½−q2=ð2P · qÞ�, the photon virtuality Q2 ¼ −q2 and the
energy

P
i Ei that deposits in a calorimeter at an angle θ

with respect to the beam, as shown in Fig. 2. Here q ¼ l0 − l
is the momentum carried by the virtual photon. We then
measure the weighted cross section ΣðQ2; xB; θÞ defined as

ΣðQ2; xB; θÞ ¼
X
i

Z
dσðxB;Q2; piÞ

Ei

EA
δðθ2 − θ2i Þ; ð3Þ

where EA is the energy carried by the incoming nucleus.
We note that the energy weight suppresses the soft con-
tributions, which is an important feature of the proposed
measurement and its resulting NEEC.

In order to probe the small-x dynamics, we are particu-
larly interested in the scenario in which xB ≪ 0.1, and we
place the detector in the far-forward region such that
Qθ ≪ Q while Qθ ∼Qs ≫ ΛQCD. At this point, we
emphasize that the measurement involves neither additional
hadron tagging nor jet clustering, and in contrast to the
TMD which restricts the events in the small qt region, this
approach is inclusive and does not veto events. It weights
the full cross section by the energy recorded at a certain
angle θ, therefore the probe is as inclusive as the DIS but
with additional control via θ.
When θQ ≫ ΛQCD, the weighted cross section can be

calculated perturbatively in the collinear factorization.
More interestingly, when Qθ ≪ Q, the ΣðQ2; xB; θÞ fulfils
the factorized form

ΣðQ2; xB; θÞ ¼
Z

dx
x
σ̂i;DIS

�
xB
x
;Q

�
fi;EECðx; θÞ; ð4Þ

where σ̂i;DIS is the fully inclusive partonic DIS cross
section. fi;EEC is the NEEC in Eq. (1). The factorization
theorem can be seen from Ref. [89] by taking out the xN−1

B
weight. The θ dependence enters entirely through the
NEEC fEECðx; θÞ, and therefore the θ distribution of the
ΣðQ2; xB; θÞ probes the NEEC when θ is small. We note
that fEEC satisfies the same collinear evolution as the
collinear PDFs

dfi;EECðx; θÞ
d ln μ

¼ Pij ⊗ fj;EEC; ð5Þ

as required by dΣ=d ln μ ¼ 0, and since dσ̂i;DIS=d ln μ ¼
−Pji ⊗ σ̂j;DIS. Here the convolution in the momentum
fraction is defined as f ⊗ gðxÞ≡ R

1
x ðdz=zÞfðx=zÞgðzÞ. It

is clear from the evolution that there is no perturbative

FIG. 1. The fEECðx; θÞ in the collinear factorization (left) and
the CGC framework (right). Here Q represents the center of mass
energy of the partonic cross section.

FIG. 2. The xB and Q2 measurement in DIS with a forward
detector that records the energy flow

P
i Ei at the angle θ. The

leading contribution is also illustrated where the collinear
splitting initiates the DIS process and a daughter parton that
hits the detector at θ ≪ 1. The momentum fractions are shown.
We abbreviate Pþ with P in this work for simplicity notation.
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Sudakov suppression in fEEC, due to the absence of the soft
contribution in the collinear factorization eliminated by the
energy weight [57].
Here are some comments on the factorization:
A key feature of the NEEC is that it does not involve

TMDs and in the kinematic region of Qθ ≫ ΛQCD, the θ
distribution comes entirely from collinear splitting, as
illustrated in Fig. 2. As demonstrated in [57], soft gluon
radiations do not contribute to the NEEC and there are no
Sudakov double logs from perturbative calculations which
are the key elements to apply the TMD factorization
properly. One way to see this is that the energy weight
in Eq. (3) suppresses the soft contributions. Another way is
to notice that the measurement under consideration does
not restrict the transverse momentum of parton (in the blue
line in Fig. 2) initiating the hard interaction to be small,
which is different from the SIDIS but a lot like the inclusive
DIS (highlighted by the dashed box in Fig. 2). The
factorized form in Eq. (4) also manifests the similarity
between the NEEC observable and the inclusive DIS
structure functions.
The leading order contribution to the measurement in

Fig. 2 can be found in the Supplemental Material of
Ref. [57] where one considers a parton out of the nucleus
A with momentum ξP splits into a parton with momentum
fraction ð1 − zÞξ that hits the detector at θ. At LO
z ¼ ðxB=ξÞ is the momentum fraction with respect to the
incoming parton and kt ¼ 1

2
ξð1 − zÞPθ is the transverse

momentum of the detected parton. Note that kt is insensi-
tive to the initial parton transverse momentum, for
ξPθ ≫ ΛQCD. When xB ≪ 0.1, the gluon density is over-
whelmingly dominant and we found for ΛQCD ≪ θQ ≪ Q
that ΣðQ2; xB; θÞ ¼

P
qð4πα2e2q=Q4Þfq;EECðxB; θÞ, with

fq;EECðx;θÞ¼
αsTR

2πθ2

Z
1

x

dξ
ξ
ð1−ξÞðξ2þð1−ξÞ2Þ

�
x
ξ
fg

�
x
ξ

��
:

ð6Þ

The collinear factorization predicts a ð1=θ2Þ-scaling
behavior at OðαsÞ. For very small θ, the scaling rule could
receive corrections from both the evolution of the fEEC in
Eq. (5) and nonperturbative effects. But for generic small θ,
these effects are mild and therefore θ2Σ will be insensitive
to the values of θ, up to OðθQÞ power corrections.
Furthermore, since the energy weight kills the soft con-
tribution, to all orders there will be no perturbative Sudakov
suppression in the small θ region in the collinear factori-
zation [57], as is clear from Eq. (5).
In practice, we demand θ > 0.1, corresponding to a

rapidity range of jyj < 3. This ensures that the detected
forward partons are well separated from the target beam.
We thus expect high twist effects in the collinear factori-
zation, such as interactions between the beam spectator and
the detected parton, to be mild. Consequently, their

corrections to the predicted θ distribution are small.
However, if there exists a large saturation scale Qs as
predicted by the CGC for small xB, the θ behavior could
change dramatically, as we will demonstrate.
The NEEC in the small-x regime.—In the small-x region,

the gluon density grows as ð1=xÞ and becomes overwhelm-
ingly important and has to be resummed to all orders.
To realize such resummation in fEEC, we invoke the
CGC effective theory framework and follow the strategy
in [90–92] to write the NEEC in terms of the CGC dipole
distribution. (The complete calculation using the full
dipole amplitude ψγ�→qq̄

T;L for γ� → qq̄ is presented in the
Supplemental Material [93]. Both approaches agree in the
small θ limit.) By evaluating the diagrams in Fig. 3, we find
in the leading logarithmic (LL) approximation

fq;EECðxB;θÞ¼
NCS⊥
8π4

Z
d2g⃗t

Z
1

ξcut

dξ
ξ
Aqgðξ;θ; g⃗tÞFg;xBðg⃗tÞ;

ð7Þ

where S⊥ is the averaged transverse area of the target
nucleus and gt ∼Qs ∼ θQ is the transverse momentum

transfer. Fg;xF ¼ R ðd2r⃗=4π2Þe−ig⃗t·r⃗tSð2ÞxF ðr⃗tÞ is the CGC
dipole distribution evaluated at the scale xF, where

Sð2ÞxF ðr⃗tÞ ¼ ð1=NCÞhTr½Wðr⃗tÞW†ð0⃗Þ�ixF , with the Wilson
line Wðr⃗tÞ constructed out of the gauge field Ac,
Wðr⃗tÞ ¼ P exp fig Rþ∞

−∞ dxþTcA−
c ðxþ; r⃗tÞg. xFðQ=xBÞ is

the rapidity scale or boundary that separates the fast-
moving modes being integrated out and the active
slow-moving partons in the CGC effective framework.
In this Letter, we default to the natural choice xF ¼
xB. ½ð1 − ξÞ=ξ�Q is the momentum “þ” component that
enters the detector. ξcut is determined by requiring the
momentum of the active quark does not exceed the rapidity
boundary. Here the coefficient Aqg is given by

Aqgðξ;θ; g⃗tÞ ¼
1

θ2
ð1− ξÞk⃗ 2

t ðk⃗t − g⃗tÞ2

×

���� k⃗t
ξk⃗ 2

t þð1− ξÞðk⃗t− g⃗tÞ2
−

k⃗t − g⃗t
ðk⃗t− g⃗tÞ2

����
2

; ð8Þ

FIG. 3. Representative diagrams for the leading contribution to
fq;EECðx; θÞ in the small-x region, where the double line repre-
sents the gauge link and the gluon requires momentum gþ ¼ xgP
and gt ∼Qs ∼ θQ.
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with kt defined as kt ¼ ½ð1 − ξÞ=2�ðQ=2Þθ, should be of
order Qs.
It is easy to show that if gt ∼Qs ≪ Qθ, Eq. (7) reduces

to the ð1=θ2Þ-scaling behavior of the collinear factorization
in Eq. (6). On the other hand, if θQ ≪ Qs, Eq. (7) scales as
θ0. We thus expect that in CGC, the θ2Σ will be indepen-
dent of the θ for θQ ≫ Qs, however, contrary to the
collinear factorization, suppressed when θQ ≪ Qs.
Meanwhile, the θ region between these two limits provides
the opportunity to estimate the saturation scale Qs. One
thing to mention is that in practice we will focus on
θ > 0.1, therefore although the value is small, it is still
sufficiently separated from the beam. Given that the beam
remnants are typically very energetic in the small xB region,
it is unlikely that they will hit the detector at such angles.
Numerics.—Now we study the numerical impacts of the

small-x dynamics on the shape of the θ2ΣðQ2; xB; θÞ
distribution from Eq. (7), compared with the collinear
prediction. We are particularly interested in the region
θ ≪ 1 where the θ distribution probes directly the
fEECðx; θÞ, see Eq. (4). For the small-x dipole distribution

Sð2ÞxF ðr⃗tÞ, we use both the MV model with rcBK running
[12,13,18,94–101] and the GBW model [102].
As for the MV model with rcBK running, we adopt the

MV-like model [103] as the initial condition, whose form

is Sð2Þx0 ðr⃗tÞ ¼ exp f−½ðr2t Q2
s0Þγ=4� ln ½ð1=ΛrtÞ þ e�g, where

we choose x0 ¼ 0.01, γ ¼ 1.119, Λ ¼ 0.241 GeV, Q2
s0 ¼

A1=30.168 GeV2 with A the atomic number. We use the
solution to the LL BK evolution with αs running
[95,98,103] of the dipole distribution to evolve the dipole
distribution from x0 to xF. In our calculation, we use the
result fitted from the HERA data for the transverse area of
the nucleus S⊥ [19]. The GBW model is implemented

using Sð2ÞxF ðr⃗tÞ ¼ exp ½− 1
4
r2t Q2

sðxFÞ�, where Q2
sðxFÞ ¼

ANðx0=xFÞλ GeV2 and we use x0¼2.24×10−4, λ ¼ 0.27
and AN ¼ 1 for the proton while AN ¼ 5 for the Au [104].

In Fig. 4, we show the CGC predictions for
θ2ΣðQ2; xB; θÞ as a function of θ. Since we are only
interested in the shape, we normalized the distribution
by

R θmax
θmin

dθθ2Σ. We fixed xB ¼ 3 × 10−3 and choose Q2 ¼
25 GeV2,

ffiffiffi
s

p ¼105GeV (left panel), andQ2 ¼ 100 GeV2,ffiffiffi
s

p ¼ 318 GeV (right panel). We present predictions from
CGC for both proton (in purple lines) and Au (in orange),
by the MV model with rcBK running and GBWmodel. We
see both models predict similar shapes in the θ spectrum, in
which the small-θ region is suppressed. They are impres-
sively different from the collinear expectations (in red lines
and green dots). In the figure, the collinear predictions
(red lines) are made out of the complete fixed order αs
calculation, without the Qθ ≪ Q approximation, using
CT18A [105] and EPPS21 [106] PDF sets for proton
and Au, respectively. To validate our collinear calculation
and to estimate the size of the evolution effect in Eq. (5), we
also run a Pythia82 simulation [107] for the proton case,
where the LL resummation is performed. We see that for
large θ, the fixed order calculations agree well with the
Pythia simulation, while for small θ values, the resummation
effects could be sizable but do not suppress the small-θ
region due to the absence of the perturbative Sudakov
factor in fEEC in the collinear factorization. The collinear
prediction for the Au follows closely that of the proton. The
notable difference demonstrates that the fEECðx; θÞ could
serve as a clean probe of the small-x phenomenon. For
comparison, we also show the predictions from the full
CGC calculation derived in the Supplemental Material [93]
using the GBW model in purple circles. We also find that
the θ shapes predicted by the rcBK evolution are similar to
the predictions by the linearized evolution, rcBFKL [94]
with the same gluon saturation initial condition. It can be
understood that for this kinematics the evolution effect is
mild and we are probing the onset of the gluon saturation.
In Fig. 4, the proton spectrum turns into a plateau for

large values of θ, which is expected from Eq. (7) when
Qθ ≫ Qs. We can define a turning point around which the

FIG. 4. Normalized θ2ΣðQ2; xB; θÞ distribution for proton and Au, with xB ¼ 0.003, for both Q2 ¼ 25 GeV2,
ffiffiffi
s

p ¼ 105 GeV (left
panel) and Q2 ¼ 100 GeV2,

ffiffiffi
s

p ¼ 318 GeV (right panel). Green dots are from Pythia82 simulation, in which we demand
0.00295 < xB < 0.00305, and 25 GeV2 ≤ Q2 < 35 GeV2 for the left panel while 100 GeV2 ≤ Q2 < 110 GeV2 for the right.
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slope of the distribution starts to switch its monotonicity.
The turning point allows us to estimate the size of the
saturation scale Qs. For instance, from the left panel of
Fig. 4, the turning point for the proton is roughly around
θ ∼ 0.15–0.2 and thus Qs ∼ θQ ∼ 0.75–1.0 GeV, which is
consistent with the values of the proton Qs. And we
estimate the saturation scale for the Au will be around
θ ∼ 0.4–0.5 and thus Qs ∼ θQ ∼ 2–2.5 GeV. The right
panel of Fig. 4 is similar to the left, but with
Q2 ¼ 100 GeV2. Since Q2 is larger, the distribution enters
the plateau earlier as expected. Now the turning point for
the Au is around θ ∼ 0.2–0.3 which again indicates that
Qs ∼ 2–3 GeV, consistent with the Q2 ¼ 25 GeV2 case.
We can further introduce the nuclear modification factor

RpA ¼ ½A−1ΣAðQ2; xB; θÞ=ΣpðQ2; xB; θÞ�, which helps to
reduce the systematics. In the collinear factorization, for
θQ ≫ ΛQCD, the θ distribution is determined by the
matching coefficient Iij as predicted by Eq. (6), which is
independent of the incoming nucleus species. Thus taking
the ratio RAp reduces the impacts from perturbative higher
order corrections as well as possible nonperturbative
hadronization effects, and the collinear factorization pre-
dicts the RAp insensitive to the θ values, as shown explicitly
as red lines in Fig. 5.
Once again, the small-x formalism changes the pattern as

we observed in Fig. 5, where the modification factor RpA is
suppressed in the small θ region, while converges toward
around unity as θ becomes large and Qθ ≫ Qs.
Conclusions.—In this Letter, we have proposed the

nucleon energy-energy correlator (NEEC) as a new probe
of the gluon saturation phenomenon in DIS at the future
electron-ion colliders. In particular, we have shown that the
θ shape of the NEEC fEECðx; θÞ behaves differently in the
collinear factorization theorem and the CGC formalism.
The drastic difference is due to the intrinsic transverse
momentum of order Qs induced by the nonlinear small-x
dynamics. We thus expect the fEEC to complement
the other standard small-x processes and offer a great

opportunity to pin down the onset of the gluon saturation
phenomenon in eA collisions.
The NEEC probe has an advantage over other standard

small-x processes because it is fully inclusive and does not
involve fragmentation functions or jet clustering. This
makes the observable both theoretically and experimentally
clean. Further extensions to other observables induced by
the intrinsic transverse dynamics of the nucleon or nucleus
are expected. Similar measurements, such as measuring
NEEC in prompt photon production, can also be carried out
at the LHC and fit into the ALICE forward calorimeter
program [108]. We hope that our results will motivate the
proposed measurement at current and future electron-ion
facilities and stimulate further applications of NEEC in
nuclear structure studies.
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