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Probing valence quark width of the proton in deeply virtual Compton
scattering at high energies”
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Abstract: We use the refined hot spot model to study the valence quark shape of the proton with the deeply virtual
Compton scattering at high energies in the color glass condensate framework. To investigate the individual valence
quark shape, a novel treatment of the valence quark width is employed. We calculate the cross-sections for coherent
and incoherent deeply virtual Compton scattering using, for the first time, different widths (B, and By) for the pro-
file density distributions of the up and down quarks instead of using the same width as in the literature. We find that
the cross-sections calculated with B, > By at each collision energy are consistent with each other, which is in agree-
ment with theoretical expectations, whereas those computed with B, < B; show some discrepancies. This outcome
implies that the up quark might emit more gluons than the down quark, leading to B, > B, at high energy. The im-
pact of energy on the outcome is estimated. Our results show that as the collision energy increases, the aforemen-
tioned discrepancies are not only significantly broadened, but also shift to a relatively smaller momentum transfer
range at the future Electron-lon Collider (EIC) and Large Hadron Electron Collider (LHeC) energies, which indic-
ates that the EIC and LHeC can provide an unprecedented chance to access the shape of the valence quark of the pro-

ton.

Keywords: gluon saturation physics, color glass condensate, proton shape fluctuations

DOI: 10.1088/1674-1137/ad2b50

I. INTRODUCTION

Unveiling the proton structure is a long-standing in-
terest in high energy physics. Currently, we are still far
from comprehensively understanding the spatial struc-
ture of the proton, including the event-by-event fluctuat-
ing shape and the profile density of its valence quarks.
Experimentally, deeply inelastic electron-proton scatter-
ing (DIS) is a good candidate for resolving the internal
structure of the proton, where a virtual photon emitted
from the electron is used as a probe to explore the proton.
Based on the inclusive DIS, the H1 and ZEUS collabora-
tions at HERA measured the proton structure functions
and obtained parton distribution functions [1, 2]. Diffract-
ive DIS (DDIS) of the y* + p interaction is an especially
effective approach to studying the internal proton struc-
ture because there is a large rapidity gap between the pro-
duced particle and scattered proton owing to the color
singlet exchange in the DDIS process [3—5]. This typical

signature can be exploited to identify diffractive events,
which can provide the cleanest data for the observables,
e.g., the differential cross-section do? *7/dt and diffract-
ive slope Bp. Moreover, future diffractive electron-ion
collisions at the Electron-lon Collider (EIC) [6], Large
Hadron Electron Collider (LHeC) [7], and Electron-ion
Collider in China (EicC) [8] will provide more accurate
data and further enter the small-x dynamic regions, which
will provide an unprecedented chance to access the de-
tailed structure of the proton.

Theoretically, color glass condensate (CGC) effect-
ive field theory is a powerful tool in describing the in-
clusive y*+ p DIS process [9—17] and proton geometric
shape [4, 5, 18], in which the scattering process can be
viewed as a virtual photon fluctuating into a quark-anti-
quark dipole, followed by the dipole interacting with the
proton target. Thus, the total cross-section can be simply
factorized into the virtual photon wavefunction multiply-
ing the dipole scattering cross-section. The CGC descrip-
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tion of the DIS process has two significant aspects. First,
it improves our understanding of the y* + p interaction. In
CGC framework, all information about the QCD dynam-
ics of the interactions is included in the dipole-proton
amplitude. Second, it dramatically simplifies the total
cross-section calculations because the virtual photon
wavefunction can be precisely computed by QED, and
the dipole cross-section can be obtained by solving the
Balitsky-Kovchegov (BK) [19, 20] or IMWLK equation
[19, 21-24]. Furthermore, the CGC framework can be
extended to describe y* + p DDIS where the target proton
remains intact after scattering of the virtual photon
[25-27].

It is known that DDIS is a useful probe for investigat-
ing the proton shape at high energies. At high energies,
the DDIS process is driven by the gluon content of the
target, which renders the cross-section of the DDIS pro-
cess proportional to the square of the dipole amplitude.
Therefore, the cross-section is highly sensitive to the un-
derlying QCD dynamics compared to that in the inclus-
ive DIS. Moreover, the differential cross-section of DDIS
(do/dt) offers the possibility of obtaining the transverse
spatial distributions of partons in the proton, as the
squared four-momentum transfer (¢) is the Fourier con-
jugate of the impact parameter profile of the proton. As a
consequence, DDIS can provide access to investigate the
geometric structure of the proton.

In the past decade, the DDIS process has been widely
used to study the proton shape [4, 5, 28—34]. Based on
the constituent quark picture of the proton, several hot
spot models have been proposed to describe the proton
shape in the exclusive DDIS [5, 31, 32, 35], where the hot
spot is actually a gluon formed by the emission from a
large x valence quark. At high energy, it has been found
that the proton is not a spherical object; it consists of sev-
eral hot spots and its shape fluctuates event-by-event [3].
The hot spot models can give a good description of the
vector meson productions at HERA. However, all the hot
spot models simply assume that the valence quarks (up
and down quarks) have the same profile densities,
namely, they obey the Gaussian distribution with the
same width (B, = B,). In fact, the gluon distribution of
each valence quark can be different in event-by-event ex-
periments. Recently, a lattice QCD study of the proton
generalized parton distributions (GPDs) in Ref. [36]
showed that the up quark exhibits a different distribution
width from the down quark in the unpolarized proton, and
the distortions between the up and down quarks are also
different in the polarized proton. Their findings inspire us
to study the profile density of the valence quark of the
proton.

In our previous study [37], we extended the hot spot
model to a refined hot spot model and used the exclusive
vector meson production to study the individual width of
the proton. We obtained a very interesting result: the

width of the valence up quark of the proton was larger
than or equal to the width of the down quark (B, > B,),
which is favored by the HERA measurements. In this
study, we focus on the deeply virtual Compton scattering
(DVCS) process, which is one type of exclusive diffract-
ive deep inelastic scattering process. One of the motiva-
tions behind this study is that although the DVCS cross-
sections are smaller than those of vector meson produc-
tions, they are not impacted by the theoretical uncertain-
ties associated with the scarce knowledge of the vector
meson wavefunction because the real photon wavefunc-
tion can be precisely calculated by QED, whereas the
vector meson wavefunctions can only be modeled with
relatively large model parameters. Thus, the DVCS pro-
cess can be used as a highly accurate and direct probe to
study the spatial structure of the proton. Another motiva-
tion is associated with the expectation that the DVCS pro-
cess could be used to study the collision energy impact on
the width of the individual valence quark and improve
our understanding of the 3-dimensional imaging of the
valence quark inside the proton at high energy. We find
that the discrepancies, which reflect the difference in the
distribution width of the valence quark, are broadened as
the collision energy increases. As shown in Sec. IV, the
discrepancies become larger at LHeC than at HERA and
EIC energies. We also find that in the DVCS process, the
discrepancies shift to a smaller momentum transfer re-
gion (#: 0.2 ~ 1 GeV?) than that of the exclusive diffract-
ive vector meson production process, which was studied
in Ref. [37], where remarkable discrepancies are found in
the relatively large ¢ region. The smaller # means that
higher statistical experimental data can be obtained,
which can provide more tight constraints on the width
parameters.

II. THEORETICAL FRAMEWORK OF DEEPLY
VIRTUAL COMPTON SCATTERING

In this section, we provide a brief overview of the
formalism used to calculate the differential cross-section
of DVCS in electron-proton collisions. We study the
DVCS process based on the Good-Walker picture and
CGC framework. In the Good-Walker picture, the DDIS
process can be classified into two types, coherent and in-
coherent diffraction, in terms of the scattered target pro-
ton dissociation. For coherent diffraction, the proton re-
mains intact after scattering, and the differential cross-
section is given by [38]

o=V (1+B)R
d~ lé6r

2
s

’ <ﬂy*ﬂ—>Vp(x’ Q2,A)>

(1

where (---) represents the average over the configura-
tions of the proton wavefunction. A 7~"7 is the diffract-
ive scattering amplitude, detailed information on which is
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introduced later. 1+4* and R, in Eq. (1) are the correc-
tions from the real part of A’ 7~"7 and skewness, respect-
ively, where f is the ratio of the real to imaginary part of
the scattering amplitude, which is written as [38]

5
B =tan (%) 2)

with
ol (A7) 3
T dIn(1/x) )

We take R, from Ref. [38] as

_2%8T(5+5/2)
§ \r T(©+4)

“)

In incoherent diffraction, the proton is dissociated
after scattering, and the differential cross-section is pro-
portional to the variance of the proton profile [39, 40],

dor 7=V (14B)R?
dt ~ l6r¢

<<‘ﬂ)’*PﬁVp(x, QZ’A)’2>

—[(A"PVP(x, 0% A ’ 5
(i )|, 5)

where based on the definition of variance, the first term
on the right hand side indicates that the square of the scat-
tering amplitude is performed before obtaining the aver-
age over the configurations of the proton wavefunction,
and the second term on the right hand side implies that
the average of the scattering amplitude over the configur-
ations of the proton wavefunction is performed before ob-
taining the square of the amplitude. By comparing Egs.
(1) and (5), we can see that the coherent cross-section is
calculated using the average over the scattering amp-
litude; hence, it is only sensitive to the average configura-
tion of the proton and provides overall information about
the structure of the proton (not the detailed structure).
Conversely, the incoherent cross-section is computed us-
ing the variance of the proton, which renders the incoher-
ent cross-section extremely sensitive to the details of the
structural fluctuations of the proton. Therefore, the inco-
herent diffractive cross-section can provide excellent ac-
cess to explore the internal structure of the proton.

Let us now introduce the diffractive scattering amp-
litude. Based on the CGC framework and color dipole
picture, the DVCS process (y*+p— y+p)can be di-
vided into three sub-processes, as shown in Fig. 1. (1)
The virtual photon fluctuates into a quark-antiquark di-
pole, (2) the dipole interacts with the proton target, and
(3) the dipole recombines into a real photon. Here, the

Fig. 1.  (color online) Deeply virtual Compton scattering
process in the dipole picture.

outgoing photon is real, and thus the DVCS process can
be directly observed in DIS experiments. The scattering
amplitude of DVCS can be obtained via the convolution
of the overlap function and dipole cross-section [38],

*p— . dZ "
AL Q%A =i / d&’r / &b / (B,
do_dip
b’

exp{-d[b-(1-2r]-A} (6)

where r denotes the transverse size of the quark-anti-
quark dipole, b represents the impact parameter of the di-
pole with respect to the proton target, b—(1—z)r is the
Fourier conjugate to the momentum transfer A (A% = —t),
z and 1 -z refer to the longitudinal momentum fraction of
the quark and antiquark, respectively, and Q7 is the virtu-
ality of the photon. The overlap function in Eq. (6) is giv-
en by [38]

f_ Notem b
T2 €r

+ miKO(er)Ko(mfr)} s @)

(v..,) [2° + (1 -2)’]e Ki(er)m K (myr)

where e; and m, are the charge and mass of a quark with
flavor f, respectively, K, and K; are the modified Bessel
functions of the second type, € =z(1-2)Q*>+m7, and
N, =3 is the number of colors. We would like to note that
we investigated the proton shape with exclusive diffract-
ive vector meson production in Ref. [37] . Where the
wavefunctions of the vector meson could not be directly
calculated, the modelling wavefunctions were used to
study the individual quark width; thus, the final results in-
evitably included uncertainties from the modeling. In this
study, the wavefunction in Eq. (7), which can be pre-
cisely calculated by QED, is used to estimate the DVCS
differential cross-section, as shown in the next section;
therefore, uncertainties from the modeling of the wave-
function are effectively avoided.

The dipole-proton cross-section is a key ingredient in
Eq. (6) because it includes all the QCD information on
the DVCS process. According to the optical theorem, the
dipole-proton cross-section can be calculated using the

054103-3



Wenchang Xiang, Dewen Cao, Daicui Zhou

Chin. Phys. C 48, 054103 (2024)

forward dipole scattering amplitude,

d o_dip

d’b

(b,r,x) =2N(b,r,x), ®)

where N is the dipole amplitude whose rapidity (or en-
ergy) evolution is characterized by the non-linear evolu-
tion equation, e.g., the BK or IMWLK equation. In the
past two decades, there has been significant progress in
understanding the non-linear evolution of QCD in terms
of the CGC. The LO BK equation was successfully ex-
tended to the NLO case [41—44], and the BK equation
was solved analytically [45—48] and numerically [49, 50].
Although the analytic dipole amplitude is obtained, it
only works in the saturation region, and the impact para-
meter dependence of the numerical dipole amplitude ex-
hibits a strong Coulomb tail. However, the impact para-
meter dependence of the dipole amplitude is a key factor
when studying the proton shape. In spite of the reason
mentioned above, we choose the impact parameter de-
pendent saturation model (IPsat) [51] to obtain the dipole
amplitude in this study, which is widely used in the liter-
ature and has been very successfully used to describe data
at HERA, RHIC, and LHC energies. Therefore, the di-
pole cross-section can be expressed as

dip
dij(b,r, X) = 2N(b, 1, %)

2

=2{1—exp(—§r

2
e AT B) .
©)

where T,(b) is the profile function of the proton, which is
assumed to be Gaussian [4, 5],

exp(—b—2>, (10)

Tp(6) = 2B
p

2rB,

where B, is the proton width. In Eq. (9), xg(x,u?) is the
gluon density, whose evolution obeys the DGLAP evolu-
tion equation. x in Eq. (9) is a scale that relates to r as

4
lu2: ﬁ-’_l‘l%v (11)

and the initial xg(x,u?) at (3 is
xg(x,uf) = Agx(1 - x)*S, (12)

where the model parameters uo, A,, and 1, are taken
from Ref. [52].

Note that the profile function of the proton in Eq. (9)
is for a single event. It does not consider the fluctuation

of the proton shape. In fact, the proton shape fluctuates
event-by-event. Consequently, the fluctuation has a large
impact on the dipole cross-section, which leads to an en-
hancement in the incoherent J/y production cross-sec-
tion [5]. The relevant fluctuations are discussed in the
next section.

III. SATURATION SCALE AND GEOMETRIC
FLUCTUATIONS

There are two important fluctuations playing key
roles in the DDIS process: saturation scale and geometric
shape fluctuations. First, we introduce the saturation scale
fluctuation. It has been shown that this fluctuation is sig-
nificant in the description of J/¢ production data in low ¢
regions at HERA [4, 5]. We consider the saturation scale
fluctuations used by Ref. [5], where the saturation scale
satisfies a log-normal distribution,

1 In® Q2/(Q?
P(an§/<Q§>)=ﬁexp —%] (13)

In terms of the above distribution, the expectation of

0} (Q3) is

E[Q(QD)] =exp [0?/2]. (14)

We can simply calculate the average of Q?, which is ap-
proximately 13% (for o =0.5) larger than that without
considering the saturation scale fluctuations. Therefore,
the log-normal distribution must be normalized to main-
tain the desired expectation. Note that a recent study
demonstrated that saturation scale fluctuations can be in-
terpreted as fluctuations in dipole size [35].

The geometric shape of a proton fluctuates event-by-
event at high energies. One natural and easy method of
investigating proton shape fluctuations is the hot spot
model, which assumes that the proton consists of several
"gluon clouds" [3—5]. The "gluon cloud" is formed by the
gluon emission from the large-x valence quark. It is
known that the gluon emission can also differ event-by-
event. As a consequence, the proton shape fluctuates
event-by-event.

In the hot spot model, the transverse position (b;) and
density profile of each constituent quark are both as-
sumed to have Gaussian distributions with width B,, and
B,,, respectively (where the subscripts gp and cg denote
the quark position and constituent quark, respectively).
Specifically, the density profile of each constituent quark
is expressed as

1 b?
Tey(b) = 7B exp\ 55 ) (15)
cq "

cq
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Considering the fluctuations, the proton density profile in
Eq. (9) should be replaced by [4, 5]

1 Ns

Ty(b) = 5 > Ty (b-by). (16)
S =1

where Ny, is the number of hot spots.

We would like to emphasize that all hot spot models
assume that the valence up and down quarks have the
same width (B, = B;) in the literature [4, 5, 28—34] but
not in our work in Ref. [37]. Thus, the differences
between the density profile of the up and down quarks
were neglected in Refs. [4, 5, 28—34]. However, a lattice
study of the proton's GPDs in Ref. [36] showed that the
density profile of the up quark is different from that of the
down quark owing to different distortion forces experi-
enced by the up and down quarks, which inspires us to
treat B, and B, separately.

In our previous study [37], we used the vector meson
production process to probe B, and B, and found that
B, > B, is favored by the HERA data, whereas B, < B,
cannot well reproduce the HERA data. In this study, we
use the DVCS process to probe the proton shape for two
main reasons. (1) In the DVCS process, the overlap func-
tion between the virtual and real photon can be precisely
calculated by QED, which significantly reduces the un-
certainties from modeling the vector meson wavefunc-
tion; thus, the DVCS process can be direct used to probe
the spatial structure of the proton. (2) Compared to the
vector meson production process, the discrepancies used
to distinguish B, from B, in the DVCS process are shif-
ted to relative smaller ¢ regions, where a large amount of
highly precise experimental data are located, which can
help reduce statistical errors in the analysis.

IV. RESULTS

In this section, we present the numerical results of the
coherent and incoherent differential cross-sections of the
DVCS processes at HERA, EIC, and LHeC energies. The
differential cross-sections are calculated in the cases of
B, > B, and B, < B,. The results presented below are ob-
tained for 10000 configurations of the proton.

A. DVCS process at HERA energy

The DVCS process is a good probe to directly re-
solve the structure of the proton because the overlap func-
tion between the virtual and real photon can be precisely
calculated. In this subsection, we study the widths of the
up and down quarks using our refined hot spot model
[37], where the width of the valence quark is treated sep-
arately instead of using a same width for up and down
quarks as done in the literature [4, 5, 29—34]. To explore
the detailed structure of the proton valence quark, we

vary the width parameters B, and B, but keep the aver-
age width of the valence quark B.,=(2B,+B,)/3=1.0
unchanged. Note that the 2 in front of B, represents the
two up quarks in a proton. We compare our numerical
results with the measurements from the H1 collaboration
at HERA at W =85 GeV [53, 54], which corresponds to
x ~ 1073, where our CGC framework is valid.

The coherent and incoherent differential cross-sec-
tions of the DVCS process as functions of momentum
transfer ¢ at W = 85 GeV are shown in Fig. 2. The upper
panel of Fig. 2 shows the results calculated at Q* =
8 GeV?, whereas the lower panel shows the calculations
at 0> =25GeV?. The solid curves denote the numerical
results of the coherent differential cross-section, and the
dashed curves represent the incoherent differential cross-
section (similarly defined in subsequent figures). Note
that the red curves are calculated using the parameters
from the original hot spot model with B,, =3.0 GeV~?
and B, =1.0GeV~? [4, 5], which can provide a reason-
able description of the vector meson production data at
HERA. We would like to note that B., is the average
width of the valence up and down quarks. The authors in
Refs. [4, 5] did not distinguish between the density pro-
files of up and down quarks. As mentioned above, we
maintain B,, = 1.0 GeV~? and select several typical cases
(B, =B, and B, < B,), e.g., B, =2B,, B, = 6B, (left hand
panel of Fig. 2) and B, = B,/2, B, = B,/6 (right hand pan-
el of Fig. 2). Note that the proton shape fluctuates event-
by-event, leading to fluctuations in the widths of the up
and down quarks event-by-event. As shown in Fig. 2, all
of our calculations of coherent differential cross-sections
can reproduce the H1 measurements regardless of B, > B,
or B, < B,, because the coherent cross-sectionis ob-
tained by obtaining the average on the level of the scatter-
ing amplitude. Thus, it can only probe the average struc-
ture of the proton and cannot resolve the width differ-
ence between up and down quarks.

The incoherent differential cross-section is obtained
using the variance of the scattering amplitude; therefore,
it is proportional to the variance of the proton profile,
which renders it extremely sensitive to the spatial struc-
ture of the proton. The dashed curves in Fig. 2 show that
the results computed with B, > B, are consistent with
each other (left hand panel), which agrees with the theor-
etical expectations, whereas the predictions calculated
with B, < B, exhibit several discrepancies from each oth-
er (right hand panel). Keep in mind that the average width
of the valence quarks is fixed. Only the dashed curves in
the left hand panel of Fig. 2 are consistent with each oth-
er, which seems to indicate that the width of the profile
density of the up quark is larger than or equal to that of
the down quark. Figure 2 also shows that at the same col-
lision energy, the discrepancies decrease as Q° increases.
Moreover, the discrepancies shift to the relatively smal-
ler ¢ region compared to those obtained in vector meson
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(color online) Coherent (solid curves) and incoherent (dashed curves) differential cross-sections of DVCS at +/s = 82 GeV and

0% =8GeV? and Q? =25 GeV? compared with the data from the H1 collaboration [53, 54]. The left hand side panel shows the results
calculated with B, > B,, whereas the results in the right hand side panel are computed with B, < B,.

productions in our previous study [37].

B. DVCS process at EIC and LHeC energies

To observe the impact of energy on the outcomes ob-
tained at the HERA energy, we study the DVCS process
at EIC and LHeC energies. The coherent and incoherent
differential cross-sections are calculated using our re-
fined hot spot model in the cases of W =100GeV and
W = 1000 GeV with the same width parameters as shown
in Fig. 2. Figure 3 presents the results calculated in the
EIC energy. The upper panel of Fig. 3 shows the results
calculated at Q% =5GeV?, whereas the lower panel
presents the predictions computed at Q% = 10 GeV2. As
shown, all the coherent differential cross-sections are
consistent with each other regardless the varying width of
the valence quarks, because the coherent cross-section

can only reflect the overall average of the proton shape
and not obtain deep information about the fine structure
of the proton. Fortunately, the incoherent process can
provide access to explore the internal structure of the pro-
ton. If proton shape flucutations (Eq. (16)) are not in-
cluded in the calculation of the incoherent cross-section,
the theoretical results will be several magnitudes smaller
than the measurements [5]. By comparing the incoherent
differential cross-sections in the right hand panel with
those in the left hand panel in Fig. 3, we can see that there
are significant differences. We use these differences to
distinguish the shape of the valence quark. The incoher-
ent differential cross-sections obtained in the case of
W, = W, are consistent with each other, which is in agree-
ment with the theoretical expectations. However, the in-
coherent differential cross-sections obtained in the case of

054103-6



Probing valence quark width of the proton in deeply virtual Compton scattering at high energies

Chin. Phys. C 48, 054103 (2024)

T T T T
2| A2 2 CohBy=By=1.0 GeVZ —— |
10 E W=100 GeV; Q=5 GeV' Incho BE=Bd=1-0 Gev-2 E
F Coh B,=2By4=0.84 GeV2 —— 1
F—~ Incho B,=2By=0.84 GeV2 ----- |
i Coh B,=6B4=0.969 GeV2
101k Incho B,=6B4=0.969 GeV-2 J
T 0 y
3
o100 E
3 f 1
£ [ ]
- 4
3 -1
B0 E
102 E
10-3\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0 0.2 04 06 08 1 1.2
It] [GeVv?]
LI o v B
2 . A2 2 =Bg=1. —
102 W=100 GeV; G?=10 GeV2 |nco B_BI— 10 GeV-2 :
i Coh B,=2B4=0.84 GeV2 —— |
Incho B,=2By=0.84 GeV2 - -~ 1
Coh B,=6By=0.969 GeV2
101 E Incho B,=6B4=0.969 GeV2
T I
B
o 100 /"
3
S I
% H
S0t ~__ A
102 4
10—3““\““\““\““\““\““
0 0.2 04 1 1.2

0.6 0.8
|t] [GeV2]

Fig. 3.

do/dt [nb/GeV?2]

do/dt [nb/GeV?]

L T P A
2 . A2 2 Coh B, =Bd=1.0GeV —
10 E W=100 GeV; Q=5 GeV' Incho BE=Bd=1.0 Gev-2 — 7
F Coh B,=By/2=0.525 GeV2 —— 1
F—~ Incho B,=By/2=0.525 GeV2 ---- |
i Coh B,=By/6=0.263 GeV2
10k Incho B =By/6=0.263 GeV2
100]/,.7 \‘\ ]
10-1 g \
10'2; 4
10-3\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0 02 04 06 08 1 1.2
It] [GeVv?]
LSS -y e S,
2 e 2 =Dd=1. 4
10 E W=100 GeV,Q =10 GeV Incho BE:B =1.0 Gev-? E|
F Coh B,=By/2=0.525 GeV2 —— 1
Incho B,=By/2=0.525 GeV2 -~ 1
i Coh B,=By/6=0.263 GeV2 1
101 L Incho B,=B/6=0.263 GeV2
100
107k
102 E |
10—3““\‘“‘\““\““\““\““

0 0.2 0.4 1 1.2

0.6 0.8
|t] [GeV2]

(color online) Coherent (solid curves) and incoherent (dashed curves) differential cross-sections of DVCS at +/s = 100 GeV and

0% =5GeV? and Q% = 10 GeV2. All the parameters used in the calculations are the same as those used for Fig. 2. The numerical results
in the left hand panel are calculated with B, > B;, whereas the predictions in right hand side panel are computed with B, < By.

W, < W, are inconsistent with each other. This outcome
gives further support to the findings obtained in our pre-
vious study [37]. Note that the outcome obtained in this
study is made more concrete because the wavefunction in
the DVCS process can be precisely calculated by QED;
therefore, the uncertainties from the modeling of the vec-
tor meson wavefunction are effectively removed.

The coherent and incoherent differential cross-sec-
tions at the LHeC energy are shown in Fig. 4. The para-
meters used to calculate the results in Fig. 4 are the same
as those used for Fig. 3 except the collision energy. The
outcomes extracted from Fig. 4 are almost the same as
those from Fig. 3. However, an overall analysis from Fig.
2 to Fig. 4 reveals two significant results: (1) the discrep-
ancies of the incoherent cross-sections presented in the
right panel of these figures (computed in the W, <W,
case) decrease as Q? increases, and (2) the discrepancies
between the incoherent cross-sections are broadened as

the collision increases. This means that the EIC and
LHeC can provide unprecedented opportunities to invest-
igate the shape of the valence quark inside the proton.

V. CONCLUSIONS AND DISCUSSIONS

In the DVCS process, the distribution widths of the
valence quarks of the proton are studied using the refined
hot spot model. The theoretical uncertainties associated
with the modeling of the vector meson wavefunction are
removed because the overlap wavefunction used in this
study can be precisely calculated by QED. As a con-
sequence, the DVCS process can be used as a direct
probe of QCD dynamics for the internal structure of the
proton. The coherent and incoherent differential cross-
sections of DVCS are calculated at HERA, EIC, and
LHeC energies. The results show that the coherent cross-
sections at each energy and Q® are consistent with each
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(color online) Coherent (solid curves) and incoherent (dashed curves) differential cross-sections of DVCS at Vs = 1000 GeV

and 0% =5GeV? and Q2 = 10 GeV2. All the parameters used in the calculations are the same as those used for Fig. 2. The numerical res-
ults in the left hand panel are calculated with B, > B4, whereas the predictions in right hand side panel are computed with B, < B,.

other owing to the coherent cross-section only reflecting
the average information of the proton. The predictions of
the incoherent cross-section at each energy and Q? coin-
cide with each other only in the case of B, > B,, which
agrees with the theoretical expectations, whereas the cor-
responding ones are inconsistent in the case of B, < B,.
Therefore, we can use this property as a probe to resolve
the shape of the valence quarks inside the proton.
Moreover, we find that the discrepancies between the in-
coherent cross-sections at each energy decrease as Q* in-
creases, and these discrepancies are broadened from the

HERA to LHeC energies. This outcome shows that the
future EIC and LHeC will provide excellent access to
study the internal spatial structure of the proton.

In this study, we assume that the density profiles of
up and down quarks obey a Gaussian distribution, al-
though their distribution widths are treated individually.
A recent study on lattice QCD showed that the distor-
tions of the valence quarks of the proton were different,
which inspires us to use different distributions to de-
scribe the density profile of up and down quarks in our
future work.
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