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Abstract

In the context of future electron-ion collision experiments, particularly the Electron-lon Collider (EIC) and the Electron-Ion
Collider in China (EicC), investigating exclusive photoproduction processes is of paramount importance. These processes
offer a distinctive opportunity to probe the gluon structure of nuclei across a broad range of Bjorken x, thereby enabling
measurements of nuclear shadowing and facilitating the search for gluon saturation and color glass condensates. This study
explores the potential of utilizing neutron tagging via the Coulomb excitation of nuclei to precisely determine the impact
parameter for exclusive photoproduction in electron-ion collisions. By developing the equivalent photon approximation for
fast electrons, this study incorporates a coordinate-space-dependent photon flux distribution to elucidate the relationship
between the photon transverse momentum distribution and the collision impact parameter. Furthermore, the differential cross
section for Coulomb excitation of nuclei is derived by leveraging the spatial information from the photon flux. Our calcula-
tions demonstrate that neutron tagging can significantly alter the impact parameter distributions, thereby providing a robust
method for impact parameter manipulation in electron-ion collisions. This study provides valuable insights and strategies for
exploring the impact parameter dependence of exclusive photoproduction, offering novel insights for experimental design
and data analysis. Ultimately, it enhances our understanding of the gluon distribution within the nucleus.
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1 Introduction

Electron-ion collisions present an unparalleled opportunity
for investigating the internal structures of nucleons and
nuclei [1], particularly the distribution of gluons across
different momentum scales. Upcoming facilities, includ-
ing the Electron-Ion Collider (EIC) [2] in the USA and the
Electron-Ion Collider in China (EicC) [3], are specifically
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designed to probe these structures over a broad range of
photon virtuality (Q%) and Bjorken x, thereby enabling the
study of phenomena such as nuclear shadowing and gluon
saturation. The deployment of high-energy electron beams
in interactions with protons and heavy ions facilitate precise
measurements of the spatial and momentum distributions of
gluons within the target [4], which is crucial for advancing
our understanding of quantum chromodynamics (QCD) in
dense nuclear environments.

Exclusive photoproduction is a key process for probing
the gluon distribution within nuclei. In this process, a virtual
photon emitted by an electron coherently interacts with the
target, producing a vector meson while leaving the target
intact. This interaction serves as a direct probe of the gluon
density, as the cross section is sensitive to the gluon distri-
bution within the target. Specifically, in coherent photopro-
duction, the virtual photon fluctuates into a quark—antiquark
pair, which subsequently scatters elastically from the target
through the exchange of a color-neutral object, typically a
Pomeron, at high energies [5]. Such studies are essential
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in understanding phenomena such as gluon shadowing,
where gluon densities in nuclei are suppressed compared
with those in free protons, and in providing compelling evi-
dence for gluon saturation and the formation of color glass
condensates [6-9].

To gain insights into the spatial distribution and fluc-
tuations of gluons, measurements of the differential cross
section do /dr are of paramount importance [10]. Momen-
tum transfer ¢ is directly related to the transverse distance
between the interacting particles, thereby yielding essential
information on the spatial distribution of gluons within the
nucleus. In relativistic heavy-ion collisions, significant pro-
gress has been made in probing this distribution via do /d¢
measurements [11]. Early studies conducted by the STAR
experiment at the relativistic heavy-ion collider (RHIC)
utilized p meson photoproduction to reconstruct the spa-
tial distribution of gluons via an inverse Fourier transform
of the do /dt distribution [12]. Further advancements were
achieved by the ALICE experiment at the large Hadron
collider (LHC), which measured do /dt while accounting
for the transverse momentum of the photons [13]. This
approach introduced interference effects that facilitated a
more detailed analysis of gluon spatial distributions. More
recently, STAR [14] reported measurements of p meson
photoproduction that exploited the linear polarization of
photons, which introduced an additional dimension to the
analysis, thereby enhancing the sensitivity to spatial ani-
sotropy and gluon density fluctuations within the nucleus.

The accurate determination of the ¢ distribution also
necessitates a comprehensive understanding of the trans-
verse momentum distribution of the photons involved in
photoproduction. As this transverse momentum distribution
cannot be directly measured, it is typically approximated
using the equivalent photon approximation (EPA) [15],
which inherently involves integration over the impact
parameter. However, recent theoretical and experimental
studies on photon—photon collisions in heavy-ion collisions
have demonstrated that the photon transverse momentum
distribution is highly dependent on the collision impact
parameter [16-21]. This dependence necessitates a detailed
investigation of the parameter dependence of exclusive pho-
toproduction processes. In both electron-ion collisions and
ultra-peripheral heavy-ion collisions (UPCs), conventional
methods, such as using charged particle multiplicity to deter-
mine the impact parameter, are not feasible. Recent meas-
urements by the STAR [18], ALICE [22, 23], and CMS [9,
19] experiments have successfully utilized neutron emission
from the Coulomb excitation of nuclei to effectively control
the “collision centrality” in UPCs. This progress motivates
the adoption of a similar technique for regulating the impact
parameter in electron-ion collisions specifically by tagging
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neutrons from Coulomb excitation to determine the interac-
tion centrality, that is, the impact parameter.

Determining the probability of Coulomb dissociation
(CD) as a function of the impact parameter in UPCs neces-
sitates the calculation of the photon flux in spatial coor-
dinates. In UPCs, the spatial distribution of the photon
flux is typically computed using EPA, which assumes a
straight-line trajectory for the ions involved. This assump-
tion is valid when the motion of colliding ions is not sig-
nificantly influenced by the electromagnetic field over the
collision duration. However, in electron-ion collisions at
an EIC, the photon flux induced by the electron cannot
be described by the conventional EPA, as the straight-
line approximation breaks down owing to the substantial
deflection of the electron under the electromagnetic field
of the heavy ion. Consequently, a precise derivation of
the spatial distribution of the photon flux induced by the
electron is essential to accurately calculate the CD prob-
ability as a function of the impact parameter in electron-
ion collisions.

This study aims to address these challenges by extending
the conventional EPA framework to incorporate the unique
dynamics of electron-induced photon flux in electron-ion
collisions. By developing a spatially dependent photon flux
distribution, we aim to establish a more precise relationship
between the transverse momentum distribution of photons
and the impact parameters of the collisions. Within this
refined framework, we propose to study the impact param-
eter manipulation in exclusive photoproduction processes
in electron-ion collisions by tagging neutrons from Cou-
lomb excitation. By achieving impact parameter control via
neutron tagging, this study introduces a new methodology
for probing the spatial and momentum structures of gluons
in nuclei, thereby contributing to the experimental design
and data analysis strategies for future electron-ion collision
experiments.

2 Methodology

2.1 Kinematics of Electron-Proton/Nucleus
Scattering

To derive the photon flux, we begin by analyzing the kine-
matics of lowest-order of electron—proton (e + p) scattering,
as illustrated in Fig. 1. Although our primary interest lies in
electron-nucleus (e + A) collisions, the photon flux gener-
ated by the electron is essentially the same in both e + p and
e + A interactions. Therefore, to ensure both simplicity and
generality in the derivation, we perform the analysis within
the context of e + p-scattering.
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Fig.1 (Color online) Feynman-like diagram for electron—proton
scattering. p and p/ are the four-momenta of the electron before and
after scattering, respectively. Furthermore, ¢ and P represent the four-
momentum of the photon and proton, respectively

Let the z-axis be the direction of motion of the incident
electron. The four vector of the incident electron p and that
of the scattering electron p’ are given by

p=(E..0,0,p,) ey
and
P = (E.p.p,.pl). )

The four-momentum ¢ of the emitted photons is
q = (@, ~py =Py p,)- 3)

The four-momentum conservation is as follows:

p.=p.+p, 4)
E,=E +o, 5)
E; = p?+n, 6)

Py=El—pl=m = (E,~0) ~(p.=p,) =ml. (]
where E, and E! are the energies of the incident and scatter-
ing electrons, respectively; m, is the mass of the electron;
p, and p; are the z-components of the momentum of the
incident and scattering electrons, respectively; @ and p are
the energy and transverse momentum of the virtual photon.
The momentum of the virtual photon is

py:pz—\/(Ee—a))z—p%—mg. (8)

The virtuality of the photon is expressed as

¢ =a" —pi-p, )

2

~at =i (p-V(E—af <i-m) . ao)

The virtuality of the photon reaches its minimum and maxi-
mum values in two distinct scenarios: when the electron’s
direction remains unchanged after scattering, and when the
electron’s direction is reversed following scattering. Then,

>, and g2 _canbe written as

¢ =2E,0 — 2E> 4+ 2m’+
2
2\/<E3_mg) [(Ee—w) _mg]’ (11)

2
qfnax =@’ - [\/Eg—mg+ \/ (Ee—a))z—mg] .

The maximum photon energy is E, — m, which consequently
results in

2 2 2
qmax|w=Eg—Wl = qmin|w=Ee—m =2me - 2E€m’ (12)
This indicates that the photon flux is zero at w = w,,,,, which
is consistent with our expectations. For 0% = —¢? < «?, the
Q2 and Q% are expressed as
m*w?

Q@ o=—" (13)

min Ee (Ee _ a))

2
Qs = 4E(E. — @) (14)

2.2 Photon Flux Derivation

Considering the lowest order of QED, the cross section for
the process shown in Fig. 1 is given by [24]

do,, = 6, (w)dn, (15)

o,(w) is the absorption cross section for photons with fre-
quency w, and dn is the equivalent photon number. Let the
amplitude for virtual photon absorption be represented as
M* On averaging over the initial spin states and summing
across the final states, the cross section for electron—proton
scattering is given by

4ra
)
(271)45(19 +P-p — k)dF d3p’ (16)

44/(pP?2 — p2P2 2E(27)3’

M*vMypyv

where I' is the phase space volume and p*” is the density
matrix of the virtual photon produced by an electron that
is given by
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e 55 o [(p+me) 7 (P +me) 7] dn__ “ PV + 02
2(—¢% an dQ*dw  2zQ°E,(E, —m,)
_ (g“”— q“q”)  (2r—-9)"(2p—q)" _ @
¢ i 4nQ°E,(E, —m,) (23)
. .. . 2F — w)? 4m?
For a nuclleus. with a defined charge distribution, rather % QE, — ) b1 e \/m
than a point-like particle, Eq. 17 can be extended to the w? + Q? X
following: , )
) Here, dgzzw can be converted into dpd,ﬁ by applying a varia-
P = T Tr [(p+m) " (p +m)~"] ble change
v 18) 2 o0
a"q 2 9 90
— g _
opr Odw
Cp - a2 v 2p.pr (24)
P —q)\ep—¢g = <
- . D(Q?). (19) 5 dprde,
q - —p2 —m2
V(E=a)' =p} —m
Am?F2+Q?F?
where C(Q?) = F2 (Q?) and D(Q?) = g L and F2, i i
and FIZF are the magnetic and electric form factors of the d’n — 2Py d’n )
nucleus, respectively. After integration over the phase space dprdw \/ ( E — a))2 — P2 —m? dQ*dw (25)
e T e

volume, the cross section can be expressed as

__a [(gP)z—qZPZ]I”
_47r2|q2| (pP)? — p2P?

, 20)

d*p
E "’

X (2" o + pOOO'S)

or and oy are the cross sections for transverse and scalar
photon absorption, respectively, and oy is negligible. The
coefficients p? are the elements of the density matrix in the
yp-helicity basis, written as

— gP)? 4m? 4m?
2++:(2pP—qP) 1+ —5, PP =2pt - — -2
(gP)? — g2P2 2 2

@1

In the remaining frame of the proton, that is, the target
frame, the following relationship holds:

P P
w= q—, E,= p—,
my my

d*p’ da)d(—qz)d(p (22)
T —
Ee o fm—m

Let Q% = —g?, where the equivalent photon number is:
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The photon density matrix can be treated as the square of
the photon wave function. Therefore, the equivalent photon
number in the coordinate space can be obtained by perform-
ing a representation transformation in Eq. 25:

2
d’n a Plna [pre  d2n
an _ @ 1/ A g (o)), @6
dPrdw  won? </0 20 dprdw 1(pr ) (26)

Pr,.. is determined using 02, E, and w. Hereafter, we refer
to the method for obtaining the photon flux in this manner
as the lowest-order QED approach.

For photoproduction in relativistic heavy-ion collisions,
the photon flux is typically estimated using the conventional
EPA, which was independently derived by Williams [25]
and Weizsicker [26] in the 1930s. In their derivation, they
assumed that the charged particles moved along straight-
line trajectories and obtained the spatial distribution of the
electromagnetic field by solving the vector potential wave
equation. The spatial distribution of the equivalent photon
number was subsequently derived based on the relationship
between the energy flux density and equivalent photon num-
ber. This approach provides an effective way to describe the
photon flux distribution, which can be expressed as
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G(2) @n
)

where Z denotes the charge number of the charged particle,
y represents the Lorentz factor of the charged particle, and
w is the photon energy. For a point-like particle, the photon
flux is

ZZ 2
npt(a),xL) = M[IQ(%)] . (28)

72y? Y

2.3 Coulomb Dissociation in Electron-lon Collisions

Analogous to the Coulomb excitation process in relativis-
tic heavy-ion collisions, Coulomb excitation in electron-ion
collisions can be factorized into two distinct components:
the emission of virtual photons by electrons and the cor-
responding photon absorption cross section of the nucleus.
The virtual photons emitted by electrons can be estimated
using the framework described in the previous subsection.

The lowest-order probability that a nucleus is excited to
a state that subsequently emits at least one neutron (denoted
as Xn) can be expressed as [27]

My, (b) = / dwn(®,b) 6y, ;s s+(®), (29)

where n(w, b) represents the photon flux at a given impact
parameter b and oy, 4 4-(®) is the photoexcitation cross
section for an incident photon with energy w obtained from
experimental data [28-32].

Notably, under specific conditions, such as very small
impact parameters and extremely high beam energies,
the value of my, could exceed 1, implying that the excita-
tion probability would lose its probabilistic interpretation.
Although such conditions are improbable in current or near-
future facilities, it is beneficial to address this scenario for
the sake of completeness. To maintain a valid probabilistic
interpretation, my, () is treated as the mean number of pho-
tons absorbed by the nucleus and we assume that the photon
multiplicity follows a Poisson distribution [33, 34]. In this

context, the probability of absorbing zero photons (i.e., zero
neutron emission) is given by

POb) = ema®), (30)

whereas the probability of exactly absorbing N photons is:
(D)

P () — my (b

o gom), 31

The normalized probability density for the absorption of one
photon with energy E| can be expressed as

n(E,, b) OyA—A*(E))

D(E,, b) =
P ! an(b)

) 32)

and the probability density for absorbing N photons with
energies E|,E,, ..., Ey is:

N
H[:l n(El'9 b) 0yA—>A*(Ei)

33
e ) (33)

p(N)(E19E29 9EN7 b) =

For a specific electromagnetic dissociation channel involv-
ing the emission of i neutrons, the probability density of an
N-photon absorption process can be evaluated as

PEN)(b):/.../dEl...dEN

x PYND)p™(E,, ... ,En.D)f(E,, ... . Ey),

(34
where f(E|, ..., Ey) represents the branching ratio of a spe-
cific channel with i emitted neutrons. We assume that simul-
taneous absorption of multiple photons is allowed, leading
to a simplified form of the branching ratio,
FAEy, ... Ey) = f,.( P Ek). The values of £, for different

neutron emission channels were extracted from the ngn
model, as described in Ref. [35].
Finally, the total probability of emission of i neutrons is
given by
o0

P, (b) = 2 PO®). (35)

k=1

2.4 Vector Meson Photoproduction in Electron-lon
Collisions

The vector meson photoproduction in electron-ion collisions
can be estimated in a manner similar to Coulomb excita-
tion calculations. The primary difference lies in replacing
the photon absorption cross section of the nucleus with the
yA — VA cross section. Specifically, the scattering amplitude
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', 4 ya including the shadowing effect, can be derived using
the Glauber model [36] combined with the vector meson
dominance (VMD) approach [37]:

Son—vw(0)
oyn (36)
X 2[1 - exp(—%T'(TcL) >]

where f,y_yy(0) is the forward scattering amplitude for
y + N — V + N and oy, represents the total vector meson-
nucleon (VN) cross section. The modified nuclear thickness
function 77(X,) that considers the coherence length effect
is given by

ray= [ (42 )emidn g =20
)= PAVALHE Jede gL == = (3T)

(o)

FyA—»VA(?CL) =

where g, denotes the longitudinal momentum transfer
required to produce a real vector meson, My, is the vector
meson mass, and y, is the Lorentz factor of the nucleus.

Considering the impact of the photon’s virtuality on
the photon-nucleon scattering cross section, the equivalent
vector meson flux is introduced as

2vo M &n .
dwdQ? M‘% +0? ) dwdQ?’
2 n
where <W+VQ2 ) represents the suppression factor associated

with the transition amplitude from the virtual photon fluctua-
tion to the corresponding vector meson, and » is determined
by fitting the experimental data [38, 39]. The equivalent vec-
tor meson flux in the coordinate space % can be obtained
using the method outlined in the previous section.

The amplitude distribution for the vector meson photo-
production process is given by

Au classical EPA

(GeV'im?)

20
o2 1418 Egm

(a) Photon flux from classical EPA

Fig.2 (Color online) Comparison of the photon flux distribution
induced by a Au nucleus with £ = 100GeV per nucleon, as calcu-
lated using the conventional EPA model (panel a) and the QED deri-
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(b) Photon flux from QED

A7) =T (7)) /n(@0.7,), (39)

where 7, — 7, = b and g + 7, = X,. The production ampli-
tude in momentum space can be obtained by applying a
Fourier transformation to the amplitude in the coordinate
representation:

Ve 1 Az ipy X
Ap,,b) = > / d*x, A, b)ePris, (40)

From Eq. 40, the differential cross section 2—': can be
calculated.

Finally, the photoproduction cross section in conjunction
with the Coulomb excitation of the nucleus can be estimated
as follows:

do—eA—>eA*+Xn _ 2 = 2
T_/d xl/a)‘A(b,xL)| “n

x P, (b) 2zb db,

where Y is the rapidity of the photoproduced vector meson
and w = %M ve', where P, (b) represents the probability of
emitting i neutrons, which accounts for the Coulomb excita-
tion contribution.

3 RESULTS

In ultra-peripheral heavy-ion collisions, the photon flux is typi-
cally calculated using the classical EPA approach, as given by
Eq. 27. This model assumes that the charged particles involved
move along straight-line trajectories. However, concerns have
been raised regarding the validity of this assumption, particu-
larly at the energies probed at RHIC and LHC. To examine the
applicability of the classical EPA model, we compared it with
the QED approach, which does not rely on the straight-line
trajectory assumption. Figure 2 presents the photon flux dis-
tribution induced by a Au nucleus with an energy of 100 GeV

R = QED/classical EPA

] 2 4 6 8 10 12 14 16 18 20
 (fm)

(c) QED to classical EPA photon flux ratio

vation (panel b), as well as the ratio of the QED results to the classi-
cal EPA results (panel c)
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per nucleon, calculated using both the classical EPA and QED
models, along with the ratio of the QED results to the classi-
cal EPA results. The figure indicates that both models predict
a maximum photon flux at the radius of the Au nucleus, and
a subsequent decrease as the photon energy w increases. Fur-
thermore, the ratio between the QED and classical EPA results
remains close to unity, indicating that the classical EPA model
provides an accurate approximation of the photon flux for UPCs
and is effectively equivalent to the QED-derived expression
under these assumptions.

However, the use of Eq. 27 becomes problematic in the
context of electron-ion collisions. This is primarily because
the energy of an electron is significantly lower than that of
a heavy ion, which renders the straight-line approximation
invalid. Furthermore, direct application of Eq. 27 does not
constrain the photon energy from exceeding the energy of
the charged particle, which is physically incorrect. To illus-
trate this limitation, we compare the photon flux distribu-
tions calculated using the classical EPA and QED models
for an electron with an energy of 5 GeV. Figure 3 presents
the 2D photon flux distribution and the ratio of the QED to
classical EPA results. The comparison clearly demonstrates
a substantial difference between the two models, with the
QED-derived flux showing distinct fluctuations and tend-
ing toward zero as the photon energy approaches the elec-
tron energy. This behavior underscores the inadequacy of
the classical EPA model in describing the photon flux for
electron-ion collisions.

Figure 4 provides a further comparison of the photon
energy distributions obtained using the classical EPA and
QED models. The photon flux calculated using the QED
model closely follows the classical EPA prediction at low
photon energies but rapidly approaches zero as the pho-
ton energy approaches the total energy of the electron. In
contrast, the photon flux calculated using the classical EPA
model decreases smoothly without reaching zero. This dis-
crepancy further underscores the limitations of the classical
EPA model for electron-ion collisions and demonstrates that
the photon flux distribution derived from the QED model

Electron classical EPA Electron QED

(a) Photon flux from classical EPA

(b) Photon flux from QED

'.-> F ]
8 ]
= E. =5 GeV |
c| e
Tlo
1 E
o Classical EPA ]
i — QED .
10_1 ? 75
1072 e ~':E
o F E
= 14 -
© E E
o 12 = E
F — QED/Classical EPA 3
06 ; é
0.4 ; é
0.2 f—
‘05 1 15 2 25 3 35 4 45 5
o (GeV)

Fig.4 (Color online) Upper panel: The Z—; distribution calculated
from the classical EPA model (black line) and the QED model (red
line). Lower panel: The ratio of the QED results to the classical EPA
results

is more suitable for accurately describing these processes.
Consequently, the QED approach offers a more reliable
framework for calculating the impact parameter depend-
ence of photoproduction processes in electron-ion collisions.

The lowest-order QED-derived photon flux enables accu-
rate evaluation of the Coulomb excitation of a nucleus dur-
ing electron-ion collisions. As an illustrative example, we
consider e + Au collisions at the EIC energies, specifically at
18 x 100 GeV per nucleon. The corresponding P, (b)-distri-
bution, representing the dissociation probability as a function
of the impact parameter, is shown in Fig. 5. The dissocia-
tion probability, characterized by neutron emission, exhibits
a rapid decrease with increasing impact parameter. Notably,
the probability distribution exhibits an oscillatory pattern,
which can be attributed to the wave nature of the photons

R = QED/classical EPA

o (GeV)

3
0012 0 i 2 383 4 5 6 7 8 9 10

r(fm)

(c) QED to classical EPA photon flux ratio

Fig.3 (Color online) Comparison of the photon flux distribution induced by an electron with E = 5GeV, as calculated using the conventional
EPA model (panel a) and the QED derivation (panel b), along with the ratio of the QED results to the classical EPA results (panel c)
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E=)
o 1
107" E E
E —0n
----- n .
>1n
10° E 3
104 E
—5 L I I I I I I I I I
10 10 12 14 16 18 20

0 2 4 6 8
b (fm)

Fig.5 (Color online) Nucleus break-up probability of Au-197 as
a function of impact parameter in e+Au collision at EIC energy
(18 X 100 GeV) for different number of neutron emission. Black line:

“On” mode. Red line: “1n” mode. Blue line: “>1n" mode

emitted by the electrons, resulting in interference effects.
Dissociation processes involving a higher number of emit-
ted neutrons are more probable at smaller impact parameters,
indicating stronger electromagnetic interactions in more cen-
tral collisions. This characteristic offers a practical method for
determining the impact parameter in electron-ion interactions
by counting the number of emitted neutrons detected using
a zero-degree calorimeter (ZDC). The rapidity distribution
of the emitted neutrons was studied at the EIC energy using
a DPMIJET generator [40], providing valuable insights for
designing the ZDC for the EIC. The correlation between neu-
tron emission and the impact parameter enables the categori-
zation of the collision events based on their geometric overlap,
facilitating a more precise study of photonuclear interaction
dynamics in electron-ion collisions.

-3
€ 1.6 710 T

g i *, 0 i
E 14F  e+Au—e+Aut+p —on, (0)=80fm ]
[e]Ke] [ ]
Py -=-100x1n, (b)=2.7 fm |
na -100x>1n, (b)=2.6 fm ]
08l ]

08l 18 x 100 GeV, Y=0
0alit ]

(a)

Furthermore, the different photoproduction processes,
even those with the same neutron tagging, exhibit varia-
tions in impact parameter distributions. This is because
the photon energies involved in different processes vary,
thereby impacting the spatial distribution of photons relative
to electrons. Unlike hadronic heavy-ion collisions, where
centrality is defined by a fixed impact parameter range, the
impact parameter determination in electron-ion collisions
via neutron tagging depends on the specific photoproduc-
tion process under consideration. Therefore, this must be
evaluated on a case-by-case basis. To illustrate this, we pre-
sent calculations for coherent p° and J/y photoproduction
accompanied by different neutron tagging at the EIC and
EicC energies.

Figure 6 presents the do /db distributions for coherent p°
photoproduction at the EIC and EicC energies, with different
line types and colors representing distinct neutron emission
modes. The average impact parameter for the “On” mode
is significantly larger than that for the “1n” and “>1n" (at
least two neutrons) modes. This is because neutron excita-
tion requires additional photons, which reduces the aver-
age impact parameter. The distinct variation in the impact
parameters across neutron emission modes demonstrates the
feasibility of determining the impact parameter of electron-
ion collisions by tagging neutrons from Coulomb excitation.
Furthermore, the cross section exhibits fluctuations with
respect to the impact parameter, a phenomenon that arises
from the oscillatory behavior of the J; Bessel function in
the coordinate distribution of the photon flux, as described
by Eq. 26. A comparison of the results at the EIC and EicC
energies indicates that variations in the center-of-mass col-
lision energy have negligible effect on the average impact
parameter, indicating that the proposed method is effective
across different collision energy regimes.

g 16 X107
g 141 e+Au—>e+Au*+p0 —0n, (b)=8.0 fm 8
s 1.2 i ----100x1n, (b)=3.2 fm,:
N O U 100x>1n, (6)=2.8 fm
o8| .
sk 3.5 x 10.35 GeV, Y=0 ]

b (fm)

(b)

Fig.6 (Color online) Z—: for p° photoproduction at EIC (a) and EicC (b) energy. Black line: “On” mode. Red line: “1xn” mode. Blue line: “> 1n”

mode. The results of “1n” and “> 1n” have been multiplied by 100
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Fig.7 (Color online) ‘% for J /w photoproduction at EIC (a) and EicC (b) energy. Black line: “On” mode. Red line: “1n” mode. Blue line: “> 1n”

mode. The results of “1n” and “> 1n” have been multiplied by 100

Figure 7 illustrates the do /db distributions for coherent
J /w photoproduction at EIC and EicC energies. Similar to
the p° case, the average impact parameter for the On mode
is much larger than those for the other neutron emission
modes. In addition, the average impact parameter (b) for
J/w is typically smaller than that for p° in the correspond-
ing neutron emission modes. This behavior can be attributed
to the larger mass of J/w compared with p°, which corre-
sponds to a higher photon energy. In addition, this results in
a larger cross sectional ratio 6, /6, of J/y than for rho.
Consequently, the photon is closer to the electron, result-
ing in a reduced average impact parameter. The sensitive
dependence of the average impact parameter on neutron
emission via Coulomb excitation observed across different
vector mesons further underscores the effectiveness of this
method for determining the impact parameter in experimen-
tal electron-ion collisions.

4 Summary

We investigated the feasibility of employing neutron tag-
ging, resulting from the Coulomb excitation of nuclei, as
a precise method to ascertain the impact parameters of
exclusive photoproduction events in electron-ion colli-
sions. By developing an equivalent photon approximation
for electrons, this study integrated a photon flux distribu-
tion in coordinate space, thereby validating the relation-
ship between the distribution of the photon’s transverse
momentum and the impact parameters of the collisions.
The differential cross section for the Coulomb excitation
of nuclei was calculated by leveraging the spatial data of
the photon flux. Our calculations indicate that the pres-
ence or absence of neutron excitation in the photoproduc-
tion process can markedly shift the distributions of impact

parameters, thereby offering a reliable technique for con-
trolling the impact parameter in electron-ion collision
experiments. This study provides essential methodologies
and insights for examining the dependence of exclusive
photoproduction processes on impact parameters, yield-
ing novel perspectives for the design of experiments and
data analysis.
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