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• JLab/Hall D, GlueX検出器を使った実験


• 9 GeV制動放射ガンマ線


• 4πを覆う荷電・中性検出器

• SPring-8/LEPS2検出器を使った実験


• 1.5-2.9 GeV 逆コンプトン散乱ガンマ線


• 10°-120°を覆う荷電検出器。(w/ 側方γ線)
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Fig. 4. Rapidity-differential cross sections of the photo-produced J/ψ in the labo-
ratory frame, from the Starlight generator for case 4. The dashed line corresponds 
to the case where the proton is the photon-emitter, the solid line corresponds to 
the case where the gold nucleus is the photon-emitter. kinematic cuts on η and pT
(see text) were applied to both contributions.

where the collection of an integrated luminosity of 400 pb−1 oc-
curred. According to our Starlight simulations, one could expect 
the production of about 41 000 J/ψ in the STAR acceptance5. Our 
simulations suggest that the J/ψ photo-production rate in pH↑

collisions at AFTER@LHC is about a factor five bigger than at RHIC 
per year.

In 2023, STAR is expected to collect 1.75 pb−1 of Aup↑ colli-
sions. According to Starlight, one would expect the production of 
40 000 J/ψ with the gold nucleus as the photon source6. In PbH↑

collisions, the J/ψ photo-production yield at AFTER@LHC would 
be smaller by at least one order of magnitude with respect to RHIC 
Aup↑ collisions.

4. Evaluation of the STSAs within the GPD formalism

The most common theoretical framework to describe exclu-
sive photo-production of vector quarkonia [29] in the collinear 
factorisation is based on the generalised parton distributions 
(GPDs) [30–37]. In this section, we derive the relation between 
the J/ψ STSA and the gluon GPDs.

4.1. Elements of kinematics

According to Fig. 5, q is the photon momentum, p (resp. p′) is 
the incoming (resp. outgoing) proton momentum and pψ the J/ψ
momentum. Then, we define:

# = p′ − p , P = p + p′

2
, Wγ p = √

sγ p, t = #2 ,

(q − #)2 = p2
ψ = M2

ψ , ξ =
M2

ψ

2W 2
γ p − M2

ψ

, (3)

where ξ is the fraction of the longitudinal momentum transfer.

5 In [23], a similar study was performed with the SARTRE MC generator, account-
ing for, on top of kinematic cuts, all trigger and reconstruction efficiencies. The 
expected number of detected photo-produced J/ψ was found to be 11000.

6 A similar study with the SARTRE MC generator [23] with kinematic cuts as well 
as all trigger and reconstruction efficiencies gives 13000 expected events.

Fig. 5. Typical Feynman graph for the Born (LO) contribution to J/ψ photo-
production off a proton with a gluon GPD.

To parametrise the momenta of the particles in the process, 
it is convenient to introduce two light-cone vectors: n2

+ = n2
− =

0 , n+n− = 1 . Any vector a is then decomposed in the following 
way: aµ = a+nµ

+ + a−nµ
− + a⊥ , a2 = 2a+a− − →

aT
2 .

We choose the coordinate frame in which the momenta are 
given by:

q =
(W 2
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N)

2(1 + ξ)Wγ p
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N
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(4)

where mN is the nucleon mass. We are interested in the kinematic 
region where the invariant transferred momentum,

t = #2 = −
(

4 ξ2

1 − ξ2 m2
N + 1 + ξ

1 − ξ

→
#T

2
)

, (5)

is much smaller (in absolute value) than M2
ψ . In the scaling limit 

the variable ξ parametrises the plus component of the momentum 
transfer.

4.2. The STSA in terms of the GPDs

The factorisation formula at the leading order in αs , in which 
the quark contribution is absent, reads:

M = 23√πeeqε⋆(pψ ) · ε(pγ )

M3/2
ψ

√
Nc ξ

R(0)

1∫

−1

dx T g(x, ξ) F g(x, ξ, t) (6)

where: eeq is the electric charge of the heavy quark (ec = 2/3, 
eb = −1/3), Nc = 3, R(0) is the J/ψ radial wave function at 
the origin in the configuration space, ε(pψ ) (resp. ε(pγ )) is the 
polarisation vector of the J/ψ (resp. γ ) and T g(x, ξ) the gluon 
hard-scattering amplitude, describing the partonic subprocesses 
γ g → (c̄c)g which, at LO, reads:

T g(x, ξ) = ξ

(x − ξ + iε)(x + ξ − iε)
αs(µR) . (7)

The hard-scattering amplitudes at NLO were calculated in [29,38,
39].

DVCS (DVMP, TCS, ..)

probe the nucleon structure with two quark lines

access quark GPDs

Vector meson photoproduction

probe the nucleon structure with two gluon lines

access gluon GPDs

mass radius



gravitational form factor of the dipole parametrization
(see the curves in Fig. 1). The only heavy quarkonium
photoproduction data near the threshold is from
GlueX [11]. We determined the dipole parameter to be
ms ¼ 1.23" 0.19 GeV, and the proton mass radius to beffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.55" 0.09 fm, from the fit to the J=ψ data.
In experiment there are already some data published on the
near-threshold photoproductions of light quarkonia. We
take the differential cross sections of near-threshold ϕ
photoproduction at different photon energies by LEPS
Collaboration [45]. The extracted dipole parameter and
the proton mass radii are listed in Table I, from the fits to
the ϕ data. The average mass radius of the three extracted
values is obtained to be

ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.67" 0.10 fm.We take
the differential cross sections of near-threshold ω photo-
production at different photon energies by SAPHIR at
ELSA [46]. The extracted dipole parameter and the proton
mass radii are listed in Table II, from the fits to the ω data.

The average mass radius of the two extracted values is
obtained to be

ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.68" 0.03 fm.
Figure 2 shows the extracted proton mass radius as a

function of the mass of the vector meson, which comes
from the color dipole interacting with the proton target. The
extracted values are consistent with each other within the
statistical uncertainties. The combined analysis of the data
of the three vector mesons gives the average proton mass
radius to be

ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.67" 0.03 fm, with the average
dipole parameter to be ms ¼ 1.01" 0.04 GeV.
The validity of using Eq. (7) in describing the light vector

meson photoproduction off the proton is understandable.
Brodsky et al. suggest that the forward differential cross
section of any possible vector meson leptoproduction can
be factorized into the qq̄wave function of the vector meson
and the gluon distribution of the target, in the region of
small momentum transfer [47]. In the nonperturbative
approach, phenomenological Pomeron exchange gives a
good description of the diffractive vector meson production
under small t [48,49]. It is commonly agreed that the
Pomeron exchange is a good approximation of the
exchange of two gluons. The previous analysis finds that
the two-gluon form factor describes the ϕ photoproduction
well [44]. The ϕ and ω data used in this work are in the
small t range (∼0.4 GeV2), for which the two-gluon
exchange contribution is dominant. Therefore the formal-
ism in this analysis is approximately effective in describing
the photoproductions of light vector mesons.
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FIG. 1. The differential cross sections of the photoproductions
of J=ψ [11], ϕ [45], and ω [46] vector mesons near the thresholds.
The energies of the incident photons are labeled in the figure for
the corresponding experimental data. Some of the cross sections
are scaled with the factors, which are also indicated in the figure.

TABLE I. The extracted values of the dipole parameter and the
proton mass radii from the differential cross sections of ϕ
photoproduction near threshold at different photon energies.

Eγ (GeV) 1.62 1.72 1.82

ms (GeV) 0.82" 0.24 1.17" 0.30 0.96" 0.20ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

(fm) 0.83" 0.25 0.58" 0.15 0.71" 0.15

TABLE II. The extracted values of the dipole parameter and the
proton mass radii from the differential cross sections of ω
photoproduction near threshold at different photon energies.

Eγ (GeV) 1.1375 1.1625

ms (GeV) 1.06" 0.06 0.99" 0.04ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

(fm) 0.65" 0.04 0.69" 0.03
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FIG. 2. The proton mass radii from different meson production
channels. The dashed line shows the average value from the
least-square fit.

EXTRACTION OF THE PROTON MASS RADIUS FROM THE … PHYS. REV. D 103, L091501 (2021)

L091501-3

 質量半径の測定 4

gravitational form factor of the dipole parametrization
(see the curves in Fig. 1). The only heavy quarkonium
photoproduction data near the threshold is from
GlueX [11]. We determined the dipole parameter to be
ms ¼ 1.23" 0.19 GeV, and the proton mass radius to beffiffiffiffiffiffiffiffiffiffi
hR2

mi
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¼ 0.55" 0.09 fm, from the fit to the J=ψ data.
In experiment there are already some data published on the
near-threshold photoproductions of light quarkonia. We
take the differential cross sections of near-threshold ϕ
photoproduction at different photon energies by LEPS
Collaboration [45]. The extracted dipole parameter and
the proton mass radii are listed in Table I, from the fits to
the ϕ data. The average mass radius of the three extracted
values is obtained to be
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¼ 0.67" 0.10 fm.We take
the differential cross sections of near-threshold ω photo-
production at different photon energies by SAPHIR at
ELSA [46]. The extracted dipole parameter and the proton
mass radii are listed in Table II, from the fits to the ω data.

The average mass radius of the two extracted values is
obtained to be

ffiffiffiffiffiffiffiffiffiffi
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mi
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Figure 2 shows the extracted proton mass radius as a

function of the mass of the vector meson, which comes
from the color dipole interacting with the proton target. The
extracted values are consistent with each other within the
statistical uncertainties. The combined analysis of the data
of the three vector mesons gives the average proton mass
radius to be

ffiffiffiffiffiffiffiffiffiffi
hR2

mi
p

¼ 0.67" 0.03 fm, with the average
dipole parameter to be ms ¼ 1.01" 0.04 GeV.
The validity of using Eq. (7) in describing the light vector

meson photoproduction off the proton is understandable.
Brodsky et al. suggest that the forward differential cross
section of any possible vector meson leptoproduction can
be factorized into the qq̄wave function of the vector meson
and the gluon distribution of the target, in the region of
small momentum transfer [47]. In the nonperturbative
approach, phenomenological Pomeron exchange gives a
good description of the diffractive vector meson production
under small t [48,49]. It is commonly agreed that the
Pomeron exchange is a good approximation of the
exchange of two gluons. The previous analysis finds that
the two-gluon form factor describes the ϕ photoproduction
well [44]. The ϕ and ω data used in this work are in the
small t range (∼0.4 GeV2), for which the two-gluon
exchange contribution is dominant. Therefore the formal-
ism in this analysis is approximately effective in describing
the photoproductions of light vector mesons.
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FIG. 1. The differential cross sections of the photoproductions
of J=ψ [11], ϕ [45], and ω [46] vector mesons near the thresholds.
The energies of the incident photons are labeled in the figure for
the corresponding experimental data. Some of the cross sections
are scaled with the factors, which are also indicated in the figure.
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momentum distribution [4,15,16,19], and the pressure
distribution [17,18,20] inside the proton respectively.
AðtÞ, BðtÞ and DðtÞ are all renormalization scale invariant,
since here the GFFs are defined as the sum of quark and
gluon contributions. As a consequence of momentum
conservation, the constraint Að0Þ¼1 is given [15,16,18].
Recently the form factor of T00 is suggested to be the mass
form factor [5,6,21].
Theoretically, much progress has been made on the

GFFs, such as LQCD [22], holographic QCD [23], light-
cone QCD [24], MIT bag model [25], NJL model [26],
chiral perturbation theory [27–29], instanton model [30],
QCD sum rule [31] and the dispersion relation [32]. The
form factors of the proton are usually described with the
dipole form, which corresponds to an exponential distri-
bution of the concerned physical quantity of the proton. For
the dipole form parametrization AðtÞ ¼ Að0Þ=ð1 − t

m2
A
Þ2,

LQCD calculation gives mA ¼ 1.13$ 0.06 GeV [22] and
the soft-wall model of holographic QCD gives mA ¼
1.124 GeV [23]. The dipole gravitational form factor also
meets the asymptotic behavior of the GFF at large
momentum based on the perturbative QCD [33] and the
power counting analysis [34–36].
To access the mechanical properties of the proton, the

electromagnetic interaction can be used. In principle, the
GFFs of the proton can be extracted from the generalized
parton distributions (GPD) with the full t dependence and ξ
dependence [18,20]. Using the dispersion relation, the GFF
DðtÞ was indirectly extracted from the deeply virtual
Compton scattering data in a recent analysis [20]. The
peak repulsive pressure about 1035 pascals is deduced from
the analysis of DðtÞ. Moreover, the repulsive pressure and
the confining pressure are balanced around r ¼ 0.6 fm
[20]. For the pion, the mass radius has been reported to be
0.32–0.39 fm by Kumano et al., via the measurement of the
generalized distribution amplitude (GPA) of the pion [37].
The obtained mass radius of the pion is significantly
smaller than the charge radius of the pion, and it is
consistent with the Nambu-Jona-Lasinio (NJL) model [26].
It is interesting to search for new experimental methods

beside the measurements of GPDs and GPAs to acquire the
GFFs of the proton. In the framework of holographic QCD,
the diffractive photoproductions of heavy quarkonia on the
proton are connected to the GFFs of the proton [23,38–40].
The near-threshold J=ψ andϒ productions in e-p scattering
and p-A ultraperipheral collision are suggested to study the
proton mass problem [39,40]. Based on the holographic
QCD model, a recent calculation shows that the elastic
proton-proton scattering can be used to test the GFFs [41].
A more reliable way is to employ the van der Waals
interaction between the color dipole and the proton at low
energy suggested by Kharzeev, which is a famous vector-
meson-dominance (VMD) model [21,42]. The scalar
gravitational form factor of the trace of the EMT is
measured via the interaction between the dipole and the

proton. Following Kharzeev’s work and assuming a dipole
form GFF, we performed an analysis of the proton mass
radius from the differential cross section data of the near-
threshold vector meson photoproductions, including the
data of J=ψ , ϕ, and ω.
In the nonrelativistic limit, the mass distribution can be

deduced using the scalar gravitational form factor instead of
the form factor of T00 [21]. Explicitly, the definition of the
mass radius hR2

mi is given by

hR2
mi≡ 6

M
dGðtÞ
dt

!!!!
t¼0

; ð3Þ

with Gð0Þ ¼ M. The meaning of the definition of the
proton radius was recently discussed for the measuring
processes of both hydrogen spectroscopy and high-energy
elastic scattering [43]. The relativistically correct defini-
tions of the proton radius and charge density are introduced
under the perturbation theory of light-front dynamics in the
literature [43]. The scalar gravitational form factor is
defined as the matrix element of the trace of the EMT,
which is written as [5,6,21]

GðtÞ ¼ AðtÞM − BðtÞ t
4M

þDðtÞ 3t
M

: ð4Þ

The gravitational form factors are usually parametrized as
the dipole form. Therefore we have

GðtÞ ¼ M
ð1 − t=m2

s Þ2
; ð5Þ

in which ms is a free parameter to be determined exper-
imentally. According to the definition, the mass radius is
connected to the dipole parameter ms as

hR2
mi ¼

12

m2
s
: ð6Þ

The near-threshold cross section of quarkonium photo-
production is directly related to the matrix element of the
scalar gluon operator, hence the scalar gravitational form
factor can be accessed [21,42]. The differential cross
section of the photoproduction of the quarkonium can be
described with the GFFs, which is written as [21,23,38,44]

dσ
dt

∝ G2ðtÞ: ð7Þ

By studying the differential cross section of the vector
meson photoproduction off the proton, we can extract the
parameterms of the scalar form factor. Then we acquire the
radius information by using Eq. (6).
Figure 1 shows the differential cross sections of

the vector meson photoproductions as a function of t.
The differential cross sections are fitted with the scalar
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the soft-wall model of holographic QCD gives mA ¼
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momentum based on the perturbative QCD [33] and the
power counting analysis [34–36].
To access the mechanical properties of the proton, the
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AðtÞ, BðtÞ and DðtÞ are all renormalization scale invariant,
since here the GFFs are defined as the sum of quark and
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proton are connected to the GFFs of the proton [23,38–40].
The near-threshold J=ψ andϒ productions in e-p scattering
and p-A ultraperipheral collision are suggested to study the
proton mass problem [39,40]. Based on the holographic
QCD model, a recent calculation shows that the elastic
proton-proton scattering can be used to test the GFFs [41].
A more reliable way is to employ the van der Waals
interaction between the color dipole and the proton at low
energy suggested by Kharzeev, which is a famous vector-
meson-dominance (VMD) model [21,42]. The scalar
gravitational form factor of the trace of the EMT is
measured via the interaction between the dipole and the

proton. Following Kharzeev’s work and assuming a dipole
form GFF, we performed an analysis of the proton mass
radius from the differential cross section data of the near-
threshold vector meson photoproductions, including the
data of J=ψ , ϕ, and ω.
In the nonrelativistic limit, the mass distribution can be

deduced using the scalar gravitational form factor instead of
the form factor of T00 [21]. Explicitly, the definition of the
mass radius hR2

mi is given by

hR2
mi≡ 6

M
dGðtÞ
dt

!!!!
t¼0

; ð3Þ

with Gð0Þ ¼ M. The meaning of the definition of the
proton radius was recently discussed for the measuring
processes of both hydrogen spectroscopy and high-energy
elastic scattering [43]. The relativistically correct defini-
tions of the proton radius and charge density are introduced
under the perturbation theory of light-front dynamics in the
literature [43]. The scalar gravitational form factor is
defined as the matrix element of the trace of the EMT,
which is written as [5,6,21]

GðtÞ ¼ AðtÞM − BðtÞ t
4M

þDðtÞ 3t
M

: ð4Þ

The gravitational form factors are usually parametrized as
the dipole form. Therefore we have

GðtÞ ¼ M
ð1 − t=m2

s Þ2
; ð5Þ

in which ms is a free parameter to be determined exper-
imentally. According to the definition, the mass radius is
connected to the dipole parameter ms as

hR2
mi ¼

12

m2
s
: ð6Þ

The near-threshold cross section of quarkonium photo-
production is directly related to the matrix element of the
scalar gluon operator, hence the scalar gravitational form
factor can be accessed [21,42]. The differential cross
section of the photoproduction of the quarkonium can be
described with the GFFs, which is written as [21,23,38,44]

dσ
dt

∝ G2ðtÞ: ð7Þ

By studying the differential cross section of the vector
meson photoproduction off the proton, we can extract the
parameterms of the scalar form factor. Then we acquire the
radius information by using Eq. (6).
Figure 1 shows the differential cross sections of

the vector meson photoproductions as a function of t.
The differential cross sections are fitted with the scalar
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質量半径Rmは陽子の荷電半径Rc = 0.8409 ± 0.0004 fm

に比べて小さい。グルーオンコア？πの雲？
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Gluon GPDに関連して..

閾値近傍でのベクトル中間子光生成測定から、質量半径
（グルーオン分布のサイズ）も測定されている

ダイポール型のスカラー重力形状因子
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FIG. 16. The forward (t = 0) differential cross section as a func-
tion of final particle center-of-mass momentum from this work (filled
red points) and SLAC [45] measurements (open black points).

The fits in Fig. 15 also directly give an extrapolation of
the cross sections to t = 0, dσ/dt (0), Table II. These results
are plotted in Fig. 16 as a function of the final proton (or
J/ψ) c.m. momentum, q, together with the SLAC measure-
ments of dσ/dt at t = tmin also extrapolated to t = 0 using
their measured exponential slope of 2.9 GeV−2 [45]. Such
a plot allows extrapolation of dσ/dt (0) to the threshold,
dσ/dt (0)|thr., that corresponds to q = 0. Reference [42] uses
the VMD model and dispersion relations to parametrize the
forward J/ψ-p scattering amplitude, T ψ p, and to fit all ex-
isting J/ψ photoproduction data including those data taken
at large center-of-mass energies. The parametrization is then
used to fit the forward differential cross sections and estimate
dσ/dt (0)|thr.—see Fig. 3 in Ref. [42], which is an analog
to our Fig. 16. Alternatively, the extrapolation to threshold
can be done by expanding T ψ p in partial waves, with the
S wave being dominant near threshold. Initial extrapolations
were previously reported along with the preliminary GlueX
results [46], but will not be discussed further in this paper. It is
of importance that the GlueX measurements are much closer
to the threshold than the SLAC measurements [45] (the latter
used in Ref. [42]), at the same time constraining dσ/dt (0)|thr.
to lower values than the SLAC results and Ref. [42]. For the
purpose of providing a quantitative estimate, let us assume
dσ/dt (0)|thr. is close in value and uncertainty to the lowest-q
data point in Fig. 16, 2.86 ± 2.03 nb/GeV2, where we have
included the overall scale uncertainty. This value corresponds
to a very small J/ψ-p scattering length, αJ/ψ p, which is given
by [7]

|αJ/ψ p| =

√
dσ

dt
(0)

∣∣
thr.

γ 2
ψ

απ

k2
γ p

π
, (6)

where kγ p is the c.m. momenta of the initial particles and γψ is
the photon-J/ψ coupling constant obtained from the J/ψ →
e+e− decay width. We find |αJ/ψ p| = (21.3 ± 8.2) × 10−3

fm, which, compared to the size of the proton of ∼1 fm scale,
indicates a very weak J/ψ-p interaction. However, note that
the VMD model is used in Eq. (6) to extract this value.

8 9 10 20
210

110

1

10[n
b]

E  [GeV]

SLAC
Cornell
GPD (Ivanov, Sznajder, Szymanowski, and Wagner)
GPD and LQCD (Guo, Ji, and Liu) 

FIG. 17. Comparison of the J/ψ total cross sections from this
work (GlueX) to the SLAC [45] and Cornell [47] data and two QCD
theoretical calculations in the two-gluon exchange factorization
model (in LO) from Ref. [48] and from Ref. [10]. The latter calcu-
lation uses gravitational form factors from lattice calculations [44].
The SLAC total cross sections are estimated from their dσ/dt |t=tmin

measurements [45] assuming a dipole t dependence from the fit of
our differential cross section at the highest energy, Fig. 15. The error
bars shown for the GlueX data are the statistical and systematic errors
summed in quadrature.

We can use the mass scale ms from the fits in Fig. 15
(Table II) to estimate the proton mass radius as prescribed in
Ref. [11],

√〈
r2

m

〉
=

√
6

mp

dG(t )
dt

∣∣∣∣
t=0

=
√

12
m2

s
, (7)

where the scalar gravitational form factor, G(t ), is related to
the measured t distributions through the VMD model. Equa-
tion (7) gives

√
⟨r2

m⟩ = 0.619 ± 0.094 fm, 0.464 ± 0.024 fm,
and 0.521 ± 0.020 fm for Eγ = 8.93, 9.86, and 10.82 GeV, re-
spectively. More sophisticated estimations of the proton mass
radius require knowledge of the A(t ) and C(t ) gravitational
form factors separately [10,41].

In Fig. 17 we compare our total cross section results to
models that assume factorization of the J/ψ photoproduction
into a hard quark-gluon interaction and the GPDs describing
the partonic distributions of the proton. This factorization in
exclusive heavy-meson photoproduction in terms of GPDs
was studied in the kinematic region of low |t | and high beam
energies [8]. The factorization was explicitly demonstrated by
direct leading order (LO) and next-to-leading order (NLO)
calculations. In Ref. [10], it was shown that in the limit of high
meson masses and at LO, the factorization in terms of gluon
GPDs is still valid down to the threshold. Calculations in
this framework were performed for the J/ψ photoproduction
cross section using parametrizations of the gravitational form
factors obtained from the lattice results of Ref. [44]. These
calculations for the total cross section are compared to our
measurements in Fig. 17. While they agree better with the
SLAC data at higher energies, they underestimate our near-
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Fig. 1 Vector-meson dominance model mechanism for the near-
threshold J/ψ photoproduction

phenomenological models, effective field theories and lattice
QCD. In the last two decades, tens of states beyond the con-
ventional quark model were found, many of them by different
experiments in different reactions. However, their structure
still needs to be resolved. For recent reviews on both the-
oretical and experimental aspects of exotics in the heavy
quark sector see, for example, Refs. [8–16]. An intriguing
recent discovery was a set of hidden-charm pentaquark can-
didates, observed in the Λb decays by the LHCb Collabora-
tion [17,18] and called Pc states, which triggered a flood of
theoretical investigations. However, a subsequent search of
the Pc states in the GlueX experiment using the photoproduc-
tion process γ p → J/ψp did not reveal any signal [19]. The
analyses in Refs. [20,21] which conclude that the branching
fraction of the Pc → J/ψp should be at most a few per cent
are also based on the VMD model: The photon is assumed
to convert to a J/ψ which rescatters then with the proton
target to form Pc states. In fact, VMD is generally assumed
in estimating the cross sections for the photoproduction of
hidden-charm and hidden-bottom pentaquark states [22–33].

The rich physical implications related to the photoproduc-
tion of the J/ψ off the proton provide a strong motivation
to revise the assumptions underlying the VMD approach,
and identify its possible caveats. Specifically, (i) the J/ψ
attached to the photon is highly off-shell while the J/ψp scat-
tering length is defined for the on-shell scattering amplitude;
(ii) the Λ+

c D̄
0 threshold is only 116 MeV above the J/ψp

threshold, rendering the contribution from the Λc D̄ channel
potentially sizeable and thus making the relation between the
photoproduction cross section and the trace anomaly contri-
bution to the nucleon mass even more obscure. In this paper,
we investigate the implications of the latter observation.

We propose a new coupled-channel (CC) mechanism
for the near-threshold J/ψ photoproduction which is not
directly related to the nucleon matrix element of the gluonic
operator since the J/ψp final state is produced through the
nearby open-charm channels Λc D̄ and Λc D̄∗, see Fig. 2. In
particular, we demonstrate that the data recently measured
at GlueX can be quantitatively understood using this mecha-
nism with reasonable parameters. With this mechanism, the

Fig. 2 Mechanism for the near-threshold J/ψ photoproduction
through Λc D̄(∗) which then rescatter into J/ψp

Fig. 3 Feynman diagram for the proposed CC mechanism. The dashed
blue line pinpoints the open-charm intermediate state

direct relation between the trace anomaly contribution to the
nucleon mass and the J/ψ near-threshold photoproduction,
that is present in the VMD model, is obscured. We discuss
the implications of this mechanism, and suggest experimen-
tal observables which should allow one to test the picture
outlined here.

2 Coupled-channel mechanism

The cross section for the inclusive production of a charm and
anti-charm quark pair, γ p → cc̄X with X denoting every-
thing that is not detected, is about two orders of magnitude
higher than that for the exclusive production of the J/ψ ,
γ p → J/ψp (for a compilation of the data and a VMD
model fit see Ref. [34]). This might indicate that the cross
sections for the pairs of open-charm mesons and baryons are
sizeable, which was also expected in Ref. [35]. Then, open-
charm channels close to the J/ψp threshold could potentially
contribute significantly to the J/ψp production. While there
are no data for the photoproduction of open-charm chan-
nels in the pertinent energy region yet, it should be noted
that the cross sections for the analogous reactions in the
strangeness sector, γ p → K+Λ/K+Σ0 [36–40], are indeed
much larger than that for the near-threshold φ meson produc-
tion, γ p → φp [41–43].

For the J/ψp photoproduction off the proton, the clos-
est open-charm channels are Λ+

c D̄
0 and Λ+

c D̄
∗0 with the

thresholds just 116 and 258 MeV above the J/ψp threshold,

123

Possible structure (2.6σ)

If the t-channel process is dominant, the photoproproduction cross

section can be written as:
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• For Pomeron exchanges, the photoproduction cross

section can be written in the form
d‡

dt
(“p æ „p) =
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dt
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t=tmin
exp(≠b„|t ≠ tmin|)

„ æ K+K≠ „ æ KLKS

• Di�erential cross sections for „ photoproduction in the reaction “p æ p„ followed by
„ æ K+K≠a and KSKL

b show some enhancement in the photon beam energy range near 2.1
GeV.
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J/ Comparison of the Λ(1520) peak 

Previous New 

Peak 
position(MeV) 

1517.6±1.6 1517.8±1.0 

Peak width (MeV) 18.5±2.2 16.8±1.6 

Peak height 53.0±5.2 128.3±8.2 

S/N ratio 1.74±0.22 1.55±0.15 

MMn(γ,K-)X>1.6GeV/c2  
to keep the condition of the blind analysis. 

Previous data New data 

γp →K+Λ(1520) →K+K-p 

K-⇔K+ 

n ⇔ p 

γn →K-Θ+→K+K-n 

・Λ(1520) peak was found to be consistent for two data sets. 

・Is there any problems on new data? 
・Is it possible to add two data sets? 
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FIG. 13. The measured differential cross sections with both sta-
tistical (inner bars) and total (outer bars) uncertainties shown for the
three energy regions, from Eq. (5). The points are fitted with a sum
of two exponential functions. The second exponential contribution is
most significant in the lowest energy bin, where the slope changes
sign.

We then fit the weighted M(e+e−) distribution to obtain a
luminosity-weighted number of J/ψ events in each bin of Eγ

and t , which we denote NJ/ψ
wt (Eγ , t ). The energy resolution as

measured by the experimental setup is better than the 45 MeV
bin size used in this procedure.

The cross sections are reported at the mean t and Eγ

values within each bin (red points in Fig. 12). Note that for
a given energy region, the mean Eγ values depend on the t
bin. Still, we attribute a common mean energy within each
energy region and treat the corresponding deviations of the
cross section due to the energy correction as a systematic
error. In addition, generally, the cross section averaged over
the bin deviates from the cross section at the mean Eγ and t
where it is reported, especially for the bins that are wide and
have nonrectangular shapes. This deviation will also be treated
as a systematic error.

To calculate the differential cross section, we divide the
luminosity-weighted number of J/ψ events in each bin by the
area of the bin, a(Eγ , t ), and correct for the reconstruction
efficiency ε(Eγ , t ):

dσ

dt
(Eγ , t ) = NJ/ψ

wt (Eγ , t ) [GeV · nb]
a(Eγ , t ) [GeV · GeV2]

1
ε(Eγ , t )

. (5)

Thus, the differential cross section will be in units of
[nb/GeV2]. The area of each bin is calculated with MC by
generating a uniform distribution over the whole rectangular
(Eγ , t) plane in Fig. 12.

We apply the same procedure for the extraction of the
J/ψ yields as explained in Sec. III for the total cross sec-
tion. The efficiencies calculated from MC, εMC(Eγ , t ), are
corrected by the overall normalization correction as obtained
in Sec. III, using the BH process. Thus, in Eq. (5) we use
ε(Eγ , t ) = εMC(Eγ , t ) × (0.847 ± 0.019). Now we have all
the ingredients in Eq. (5) to calculate the differential cross
sections, and the results are given in Fig. 13. To parametrize

them, they are fitted with a sum of two exponential functions.
To check the consistency of the differential cross sections,
we integrate the fitted function over the corresponding range
tmin(Eγ i ) − tmax(Eγ i ), where Eγ i is the mean energy for the
corresponding energy region, and compare these integrals
with the total cross section results. We find a good agreement,
shown in Fig. 11.

We consider three sources in the systematic uncertainties of
the individual differential data points: (i) the uncertainty in the
fitting procedure, (ii) the correction due to the alignment of the
results to a common mean energy, and (iii) the bin-averaging
effect. To estimate the last two effects, we create a two-
dimensional cross section model based on our measurements.
For that we use the fits of the differential cross sections in
Fig. 13. The total cross section is also fitted with a polynomial.
We note that these cross section parametrizations were used
in the J/ψ generator for all the MC results presented in this
paper. The main contribution to the systematic uncertainties
for the individual data points comes from the J/ψ fitting pro-
cedure where we compare the yields extracted from a fit with
either fixed widths (based on MC) or as a free parameter, in
the same way as was done for the estimation of the systematic
uncertainties in the total cross section.

The overall normalization uncertainty of the differential
cross sections is the same as for the total cross section; see
Table I.

The numerical results for the differential cross section,
along with statistical and systematic errors, are given in Ta-
bles IV, V, and VI of the Appendix. Note that in all the plots
in the next section, the error bars of the GlueX data points
include both the statistical and systematic errors added in
quadrature.

VI. DISCUSSION

In our cross section measurements, we observe two appar-
ent deviations from the expectations: (i) of a smooth variation
of the total cross section as a function of beam energy, and (ii)
of an exponentially decreasing t dependence in the differential
cross sections. We previously mentioned the structure in the
8.8–9.4 GeV region (Fig. 11) in Sec. IV. If we treat the
two points there as a potential dip, then the probability that
they are not a statistical fluctuation from a smooth fit to the
observed cross sections corresponds to a significance of 2.6σ .
However, if we consider the probability for any two adjacent
points in the whole energy interval (8.2–11.44 GeV) to have
a deviation of at least this size, then the significance reduces
to 1.4σ . Another feature that we observe is the enhancement
of the differential cross section for the lowest energy region
towards |t |max (Fig. 13), which can be interpreted as an s-
or u-channel contribution. We estimate a 2.3σ significance
of such a deviation when compared to a dipole fit of the
differential cross section. All the above significance estimates
include both statistical and systematic errors. The relevance
of these features to the reaction mechanism will be discussed
below.

Recently the J/ψ-007 experiment located in Hall C at
Jefferson Lab published results on J/ψ photoproduction [41].
They reported dσ/dt in 10 fine energy bins with similar total
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contribution beyond gluon exchange

• For , differential cross section  follows the exponential  dependence:  


• For , non-exponential dependence is seen in the energy slice closest to the threshold (8.2 GeV)

ϕ(ss̄) dσ/dt t

J/ψ(cc̄)
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Fig. 4.2: d�/dt vs t � tmin. The green dashed curves are the fitting results with the free B
parameters. The red solid curves are the fitting results with the fixed B (B = 3.57 GeV�2).
The hatched histograms represent systematic errors.

The obtained differential cross sections are fitted by Eq. (1.20) to extract the t-slope factor B
and (d�/dt)t=tmin (the green dashed curves in Fig. 4.2). Figure 4.3 shows the energy dependence
of the t-slope factor B1. The results are consistent with LEPS 2005 results [10] within statistical
uncertainties in the overlapping region.

1We do not use the lowest energy bin 1.67 < E� < 1.87 GeV, since we have only two data points as shown in
Fig. 4.2.
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Fig. 4.2: d�/dt vs t � tmin. The green dashed curves are the fitting results with the free B
parameters. The red solid curves are the fitting results with the fixed B (B = 3.57 GeV�2).
The hatched histograms represent systematic errors.

The obtained differential cross sections are fitted by Eq. (1.20) to extract the t-slope factor B
and (d�/dt)t=tmin (the green dashed curves in Fig. 4.2). Figure 4.3 shows the energy dependence
of the t-slope factor B1. The results are consistent with LEPS 2005 results [10] within statistical
uncertainties in the overlapping region.

1We do not use the lowest energy bin 1.67 < E� < 1.87 GeV, since we have only two data points as shown in
Fig. 4.2.
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 photoproduction can be used as a probe of the gluon distribution of the proton

→ mass radius of the proton & D-term can be accessible in the kinematic region where the gluon 
exchange process is dominant. Need to pin down the production mechanism near threshold!

J/ψ
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Comparison of the Λ(1520) peak 

Previous New 

Peak 
position(MeV) 

1517.6±1.6 1517.8±1.0 

Peak width (MeV) 18.5±2.2 16.8±1.6 

Peak height 53.0±5.2 128.3±8.2 

S/N ratio 1.74±0.22 1.55±0.15 

MMn(γ,K-)X>1.6GeV/c2  
to keep the condition of the blind analysis. 

Previous data New data 

γp →K+Λ(1520) →K+K-p 

K-⇔K+ 

n ⇔ p 

γn →K-Θ+→K+K-n 

・Λ(1520) peak was found to be consistent for two data sets. 

・Is there any problems on new data? 
・Is it possible to add two data sets? 

 Photoproduction of  and  near thresholdϕ(ss̄) J/ψ(cc̄)



 核子および原子核の構造 7
核子構造の物理 (後藤 et al.)

核子構造は原子核内でどう変化するか？



 自由核子構造の研究 8
• 1960年代、SLACの電子線と核子の弾性散乱により形状因子が測定される。

• 深非弾性散乱により構造関数が測定、パートン模型が確立。

• 一般化パートン分布の測定がJLab, COMPASS/AMBER@CERN, J-PARCを中心に進行中。

5次元相空間でのパートン分布

The mother distribution/Wigner関数

原理的には核子のすべての物理量を
この分布から導出可能

(2+1)次元の一般化パートン分布

                                   [次ページ]



9 一般化パートン分布
パートンの横方向の空間分布
 quark GPD .. Deeply Virtual Compton scattering (DVCS)

gluon GPD .. Deeply Virtual Meson production (DVMP)
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J/ ,�, ⇢

Jiの和則 .. スピンの軌道角運動量成分を取りだせる。


Jiによる質量の分解

(gluon GPD)

trace anomaly項にアクセスできる




 原子核中での核子 10
自由核子の研究はよく進んでいる。では原子核中での核子の構造は？

原子核内でのハドロンの質量変化の研究はあるが、構造変化の研究は少ない

またEMC効果という大きな謎も。

Or Hen et al., RMP 89, 045002 (2017)



 EMC効果 11
1983年にCERNのEMC（European Muon Collaboration）によって、鉄や鉛などの重い原子核中の核子
の構造関数が、自由な陽子や中性子の構造関数に比べて変化していることが示された。

→ 原子核内の核子のクォーク分布が変化している。

核内の全ての核子の構造が変化しているのか？一部の核子のみか？メカニズムは？

波動関数が重なりあっている短距離相関(Short Range Correlation, SRC)
対を構成する核子なら、構造が変化していても自然か？

→ JLab/CLASによるSRC解析



 短距離相関 (Short Range Correlation, SRC) 12

シェル模型（独立粒子描像）

核子は他の核子が作る平均場中を運動

.. 原子核のエネルギー準位をよく説明

distribution calculations shown in Fig. 2(lower) use an optical
potential, a modern bound state wave function, and an off-shell
cross section σep and fit only the magnitude [see Gao et al.
(2000) for details]. The calculations describe the data well,
except for the fact that the ratio of data to theory (the
spectroscopic factor) is approximately 0.7. This means that

the experiment measured only 70% of the expected number
of p-shell protons.
This depletion of the spectroscopic factor was observed over

a wide range of the periodic table at relatively low-momentum
transfer (see Fig. 3) for both valence nucleon knockout using the
ðe; e0pÞ reaction (Lapikas, 1993) and stripping using the
ðd;3 HeÞ reaction (Kramer, Blok, and Lapikas, 2001). Only
about 60%–70% of the expected valence nucleon strength was
observed. The missing strength implies the existence of
collective effects (long-range correlations) and short-range
correlations in nuclei. The spectroscopic factors and the size
of the collective effects depend onmomentum transfer (Lapikas
et al., 2000; Frankfurt, Strikman, and Zhalov, 2001). In
addition, the spectroscopic strength for valence proton knock-
out (e.g., 1p3=2 proton knockout from C) is distributed over
many states and not all of these states are included when
measuring the spectroscopic factor. The results in Fig. 3 cannot
be directly related to the probability of short-range correlations
in nuclei due to the effects of momentum transfer dependence,
state splitting, and collective effects. Our focus will be on the
short-range correlations as observed using high-momentum
transfer probes.
In the DWIA independent particle shell model we expect

that the spectroscopic factors are unity and that there is little
cross section at large Emiss. The fact that spectroscopic factors
are significantly less than unity for all nuclei and that there is
significant cross section at large missing energy indicates that
this simple model picture omits important physics. This is not
surprising, since the short-ranged nature of the strong nuclear
forces implies that nucleons must be influenced by nearby
nucleons. There is no fundamental one-body potential in the
nucleus, unlike the central one-body Coulomb potential that
binds electrons to form the structure of the atom.
Indeed, since the NN forces are short ranged, the fact that

the shell-model approximation has any relevance is somewhat

FIG. 2. (Upper) The Oðe; e0pÞ cross section plotted vs missing
energy atQ2 ¼ 0.8 GeV2 and ν ¼ 0.439 GeV for different angles
θpq between the proton spectrometer and q. The curve labeled
DWIA is a distorted wave impulse approximation calculation of
s-shell knockout; the other curves are calculations of two-nucleon
knockout including meson exchange currents (MEC), delta
production (IC), and central and/or tensor correlations. From
(Liyanage et al., 2001. (Lower) The cross section plotted vs
missing momentum for the 1p1=2 and 1p3=2 states. The curves
show DWIA calculations. See Gao et al. (2000), Liyanage et al.
(2001), and Fissum et al. (2004) for details. From Gao et al., 2000.

FIG. 3. The fractional spectroscopic factors (the ratio ofmeasured
cross sections to those calculated with the independent particle
shell model) for valence nucleon knockout ðe; e0pÞ. Adapted
from Lapikas, 1993.

Hen et al.: Nucleon-nucleon correlations, short-lived …
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シェル模型を超えた描像

2つ(以上)の核子の波動関数が短時間重なり合う


SRCの実験的特徴 (or 定義)


* 相対運動量: 大 (  )


* 重心系運動量: 小 (  )

原子核中の約20%の核子がSRCを起こしている

krel > kF ∼ 250 MeV/c
kCM < kF

断面積と独立粒子模型計算の比(e, e′￼p)



 SRCに関して分かっていること 13

quantum numbers of the deuteron (S ¼ 1, T ¼ 0), a neutron-
proton system (Vanhalst, Cosyn, and Ryckebusch, 2011).
The two nucleons in 2N-SRC have a typical distance of

about 1 fm which means that their local density is a few times
higher than the average nuclear density. The relative momen-
tum of the two nucleons in the pair can be a few times the
Fermi momentum kF, which is large. SRCs of more than two
nucleons probably also exist in nuclei and might have higher
density than that of the 2N-SRC. However, their probability is
expected to be significantly smaller than the probability of
2N-SRC (Bethe, 1971).
The 2N-SRC are isospin-dependent fluctuations. For

example, the deuteron is the only bound two-nucleon system.
We know now that density fluctuations involving one
neutron and one proton occur more often than those involving
like nucleons; see Sec. II.C. Therefore we examine the
deuteron first.
The simplest nucleus, the deuteron, has spin S ¼ 1, isospin

T ¼ 0, and Jπ ¼ 1þ. The relevant quantity for electron
scattering is nðkÞ which is the probability of finding a nucleon
of momentum between k and kþ dk. This function is the sum
of two terms, one arising from the l ¼ 0 (s wave), and the
other from the l ¼ 2 (d wave). At momenta of interest for
short-range correlated pairs (i.e., p significantly greater than
pF ≈ 250 MeV=c, where pF is the typical Fermi momentum
for medium and heavy nuclei), the otherwise small d wave
becomes important. This is especially true at p ≈ 400 MeV=c
where there is a minimum in the s wave. In the Argonne V18
potential (Wiringa et al., 2014) the d-wave component is due
to the tensor force. The combination of d and s waves leads to
a “broad shoulder” in the deuteron momentum distribution,
which extends from about 300 to 1400 MeV=c in the AV18
potential; see the Appendix for an explanation. This broad

shoulder is also a dominant feature in the tail of the single-
nucleon momentum distributions computed with realistic
internucleon interactions (see Fig. 4), in particular, with the
AV18 potential for A ≤ 12 (Wiringa et al., 2014) and more
effective approaches for heavier systems (Ciofi degli Atti and
Simula, 1996; Ryckebusch, Vanhalst, and Cosyn, 2015).
We can also consider the spatial wave function of the

nucleus. The short-range part of the NN interaction gives a
correlation hole at small NN relative distances; see Fig. 5.
Precise definitions are given in the Appendix. Calculations
with various bare realistic interactions show that, apart from a
normalization factor depending upon the different number of
pairs in different nuclei, the relative two-nucleon density
ρrelðrÞ and its spin-isospin components ρN1N2

ST ðrÞ at r ≤ 1.5 fm
exhibit similar correlation holes, generated by the interplay of
the short-range repulsion and the intermediate-range tensor
attraction of the NN interaction, with the tensor force
governing the overshooting at r≃ 1.0 fm. The correlation
hole is universal in that it is almost independent of the mass A
of the nucleus (Ciofi degli Atti, 2015). The depth of the
correlation hole depends on the short-distance behavior of the
potential. The value of R0 shown in Fig. 5 refers to the cutoff
on the short-distance N2LO nucleon-nucleon potential, as
defined by Gezerlis et al. (2014). A correlation hole is seen to
occur for R0 ¼ 1 fm, but is much less deep for R0 ¼ 1.2 fm.
The use of such a soft potential is not suitable in the present
experiment-based high-scale context. Furthermore, this soft
potential predicts erroneous nucleon-nucleon phase shifts for
the 3D1 partial wave and also for lab energies greater than
250 MeV.
In momentum space, the existence of this universal corre-

lation hole translates into nucleon momentum distributions
nAðpÞ that are significant at large momentum (p ≥ pF) and
that are similar for all nuclei nAðpÞ ∝ ndðpÞ at these large
momenta (Frankfurt and Strikman, 1981, 1988; Ciofi degli
Atti and Simula, 1996; Alvioli et al., 2013). Frankfurt and

FIG. 4. The nucleon momentum distributions n0ðkÞ (dashed
lines) and nðkÞ (solid lines) plotted vs momentum in fm−1 for
the deuteron, 4He, 12C, and 56Fe. Adapted from Ciofi degli Atti and
Simula, 1996.

FIG. 5. Scaled two-body distribution function ρA2;1ðrÞ=A [see
Eq. (A11)] for nuclei with A ¼ 2, 3, and 4. A correlation hole is
seen for all of these nuclei. The two sets of curves are obtained
with the (left) AV18þ UIX and (right) N2LO potentials. The
meaning of R0 is discussed in the text. Adapted from Chen
et al., 2016.
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原子核中での核子の運動量分布

using the Glauber approximation [19,62] (Fig. 7, right). The experimentally extracted transparency
ratios showed good agreement with Glauber calculations. Recently, this work was extended to
measurements of neutron knockout (e, e0

n) reactions in both SRC and Mean-Field kinematics [20]
(Fig. 7 top panel). The extracted transparency for both proton and neutron knockout in mean-field
and SRC kinematics were observed to agree with each other and with Glauber calculations. The
combined nuclear mass dependence of the data is consistent with power-law scaling of A

↵ with
↵ = �0.285 ± 0.011, which is consistent with nuclear surface dominance of the reactions.

2.4 Nuclear Asymmetry Dependence in SRCs

The predominance of np-SRC pairs leads to interesting phenomena in asymmetric nuclei. Without
SRC pairs, neutrons in neutron-rich nuclei should have a higher Fermi momentum and thus a
higher average momentum and kinetic energy than the minority protons. However, since the high-
momentum tail of the momentum distribution is dominated by np-pairs, there should be equal
numbers of protons and neutrons above kF . Therefore, the excess neutrons in a neutron-rich nucleus
should either increase the fraction of correlated protons or occupy low-momentum states. In either
case, the fraction of high-momentum protons should be larger than that of neutrons [13, 27,28].

	3	

common angular region for detecting both protons and 
neutrons, correcting for the neutron and proton detection 
efficiencies, and accounting for the different momentum 
resolutions. The latter was a significant challenge as, 
being neutral particles, neutrons do not interact in the 
tracking system. Thus, their momentum must be inferred 
from the time difference between the electron scattering 
in the target and the neutron detection in the calorimeter, 
leading to about 10 - 15% momentum resolution for the 
detected neutrons [25]. Proton momenta were determined 
to an uncertainty of about 1% from the curvature of their 
trajectories in the CLAS magnetic field. 
We accounted for this momentum resolution difference 
by: (1) selecting the desired A(e,e’p) events in high- and 
low-momentum kinematics, (2) “smearing” the proton 
momentum for each event using the measured neutron 
momentum resolution, and (3) using unsmeared and 
smeared A(e,e’p) event samples to study bin migration 
effects and optimize the event selection criteria. This 
allowed us to produce a smeared event sample with as 
many of the ‘original’ A(e,e’p) events as possible (i.e. 
high selection efficiency), and as few other events as 
possible (i.e. high purity). We used the smeared proton 
momenta in the final selection of A(e,e’p) events for 
consistency with the A(e,e’n) analysis.  The final event 
selection criteria are detailed below. 
Low-initial-momentum events are characterized by low 
missing energy and low missing momentum (Emiss < 80-
90 MeV; and #*$++ = #*$++ < 250 MeV/c) [25]. 
Because the neutron resolution was not good enough to 
select these events directly, we developed a set of 
alternative constraints to select the same events by using 
the detected electron momentum and the knocked-out 
nucleon angle, which were unaffected by the neutron 
momentum resolution [25].  We optimized these 
constraints using the unsmeared and smeared protons so 
that the final event sample contains about 90% of the 
desired sample with about 15% contamination, resulting 
in about 5% more events in our sample.  We assumed 
cross section corrections of about 5%, which caused a 
less than 1% correction to ratios between different nuclei. 
We assumed systematic uncertainties equal to the 
corrections, see Supplementary Material for details. 
Similarly, we selected the high-initial-momentum events 
in two steps.  We first selected QE events with a leading 
nucleon by cutting on the energy and momentum transfer 
and requiring that the outgoing nucleon be emitted with 
most of the transferred momentum in the general 
direction of the momentum transfer. We then selected 
high-initial-momentum events by requiring large missing 
momentum (#*$++ > 300 MeV/c). These selection 
criteria ensured that the electron interacted with a single 
high-initial-momentum proton or neutron in the nucleus 
[3, 27]. We then optimized the nucleon-momentum 
dependent cuts using the smeared and unsmeared protons.  
This gave us a final event sample with 85% of the desired 
sample and about 15% contamination, resulting in about 
the same number of events.  We corrected for this when 
extracting the cross-section ratios. The procedures for the  

 extraction of cross-section ratios and their associated 
systematic uncertainties from the measured event yields 
are detailed in the supplementary materials [25]. 
To verify the neutron detection efficiency, detector 
acceptance corrections, and event selection method, we 
extracted the carbon neutron-to-proton reduced cross-
section ratio for both high and low initial nucleon 
momenta: [12C(e,e’n)/	23] / [12C(e,e’p)/24] (i.e. measured 
cross-sections scaled by the known elastic electron-proton 
24 and electron-neutron 23 cross-sections). Figure 2 
shows these two measured cross-section ratios are 
consistent with unity, as expected for a symmetric 
nucleus.  This shows that in both high- and low-initial-
momentum kinematics we have restricted the reaction 
mechanisms to primarily QE scattering and have 
correctly accounted for the various detector-related 
effects.  
For the other measured nuclei, the (e,e’n)/(e,e’p) low-
momentum reduced cross-section ratios grow 
approximately as N/Z, as expected from simple nucleon 
counting. However, the (e,e’n)/(e,e’p) high-momentum 
ratios are consistent with unity for all measured nuclei, 
see Fig. 2.  
The struck nucleons could reinteract as they emerged 
from the nucleus. Such an effect would cause the number 
of detected outgoing nucleons to decrease and modify the 
angles and momenta of the knocked-out nucleons. The 
decrease in the measured cross section would be nearly 
identical for protons and neutrons and thus, any effects 
should cancel when forming cross-section ratios [25]. 
Since rescattering changes the event kinematics, some of 
the events with high measured #*$++ could have 

 
Fig 2 | The relative abundances of high- and low-
initial-momentum neutrons and protons. [A(e,e’n)/	23] 
/ [A(e,e’p)/24] reduced cross-section ratio for low-
momentum (green circles) and high-momentum (purple 
triangles) events. The initial nucleon momenta 
corresponding to each type of event are illustrated in the 
inset. The lines show the simple N/Z expectation for low-
momentum nucleons and the np-dominance expectation 
(i.e., ratio = 1) for high-momentum nucleons. The inner 
error bars are statistical while the outer ones include both 
statistical and systematic uncertainties [25]. 
 

	4	

originated from electron scattering from a low-initial-
momentum nucleon, which then rescattered, increasing 
#*$++.  If the high-initial-momentum (high-#*$++) 
nucleons were caused by electron scattering from the 
more-numerous low-initial-momentum nucleons followed 
by nucleon rescattering, then the high-momentum 
(e,e’n)/(e,e’p) ratio would show the same N/Z 
dependence as the low-momentum ratio. As the high-
momentum (e,e’n)/(e,e’p) ratio is independent of A, 
nucleon-rescattering effects must be small.  
 Thus, these data indicate that there are equal numbers of 
high-initial-momentum protons and neutrons in 
asymmetric nuclei, even though these nuclei contain up to 
50% more neutrons than protons. This observation is 
consistent with high-momentum nucleons belonging 
primarily to np-SRC pairs, even in neutron rich nuclei 
[20]. This number equality implies a greater fraction of 
high-initial-momentum protons.  For example, if 20% [1] 
of the 208 nucleons in lead-208 are at high-initial-
momentum, then these consist of 21 protons and 21 
neutrons.  This corresponds to a high-momentum proton 
fraction of 21/82 ~ 25% and a corresponding neutron 
fraction of only 21/126 ~ 17%.  
In order to quantify the relative fraction of high-
momentum protons and neutrons in the different nuclei 
with minimal experimental and theoretical uncertainties, 
we extracted the double ratio of (e,e’N) high-initial-
momentum to low-initial-momentum events for nucleus 
A relative to carbon for both protons and neutrons. We 
find that the fraction of high-initial-momentum protons 
increases by about 50% from carbon to lead (see Fig. 3).   

Moreover, the corresponding fraction of high-initial-
momentum neutrons seems to decrease by about 10%. 
Nucleon-rescattering should increase in larger nuclei and 
should affect protons and neutrons equally. Since, unlike 
the protons, the neutron ratio decreases with A, this also 
rules out significant nucleon rescattering effects.  
To determine whether the observed high-initial-
momentum proton fraction is large enough to make the 
average kinetic energy of protons larger than that of 
neutrons in heavy neutron-rich nuclei, we compared it to 
a simple phenomenological (i.e. experiment-based) np-
dominance model [3, 20] that uses the mean-field 
momentum distributions from one of three different 
models at low momentum (k < kF) and a deuteron-like 
high-momentum tail, scaled by the measured fraction of 
high-momentum nucleons in nuclei [25]. The model 
predictions for the relative fractions of high-momentum 
nucleons agree with the data, increasing our confidence in 
the model, see Fig. 3. This model also predicts a neutron-
to-proton average kinetic energy ratio (<Ekin

n>/<Ekin
p>) 

that decreases with neutron excess, reaching 0.8 for lead 
[3, 20-21, 25]. The data therefore present a first direct 
experimental indication that on average protons move 
faster than neutrons in neutron-rich nuclei.  
The surprising fact that increasing the number of 
neutrons in a nucleus increases the fraction of high-
initial-momentum protons, predicted by [20] and 
calculated by [3, 21], has several broad implications. 
Neutron stars contain about 5 to 10% protons and 
electrons in their central layers [28]. Our work implies 
that the extreme neutron excess in a neutron star would 
dramatically increase the average momentum of the small 
minority of protons. This disproportionately large effect 
could have significant implications for the cooling rate 
and equation of state of neutron stars [13 ,14] and thus 
needs to be addressed in realistic descriptions of these 
systems.  
There is evidence that the high-momentum nucleons 
associated with SRC pairs are responsible for the EMC 
effect, the change in the quark distribution of nucleons 
bound in nuclei [1, 15]. The EMC effect may result from 
temporary high-density fluctuations in the nucleus in 
which the internal structure of the affected nucleons is 
briefly modified [1].  If this mechanism indeed occurs, 
then the higher-momentum minority protons in neutron-
rich nuclei should be more modified than the neutrons. 
Observing such increased modification of the proton 
structure in neutron rich nuclei could shed new light on 
the currently unknown origin of these modifications. 
Furthermore, the existence of short range correlated pairs 
in nuclei and their np dominance in heavy nuclei has 
significant implications in many areas of nuclear physics, 
including nuclear correlation functions and the double 
beta decay rate of nuclei [29], the nature of the repulsive 
core of the nucleon-nucleon interaction [4], and our 
understanding of neutrino-nucleus interactions [30].  
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Fig 3 | Relative high-momentum fractions for 
neutrons and protons. Red circles: The double ratio 
of the number of (e,e’p) high-momentum proton events 
to low-momentum proton events for nucleus A relative 
to carbon. The inner error bars are statistical while the 
outer ones include both statistical and systematic 
uncertainties. Red bands: the prediction of the 
phenomenological np-dominance model [25]. Blue 
squares and bands: the same for neutron events. The 
inset demonstrates how adding neutrons increases the 
fraction of protons in the high momentum tail.  The red 
line at N/Z and the blue line at 1 are drawn to guide the 
eye.  
 

Figure 8: Nucleon knockout studies of heavy nuclei [12]. Left: Extracted ratio of proton
to neutron knockout from above and below the nuclear Fermi momentum. Right: Extracted
fraction of high-momentum (k > kF ) protons and neutrons in nuclei relative to 12C, compared
with SRC model predictions (shaded squares).

In a paper recently published in Nature [12], we reported the first simultaneous measurement of
hard QE electron scattering o↵ protons and neutrons (i.e., A(e, e0

p) and A(e, e0
n) reactions) in 12C,

27Al, 56Fe, and 208Pb. The simultaneous measurement of both proton and neutron knockout allowed
a direct comparison of their properties with minimal assumptions. The measurement was made in
two di↵erent kinematical settings, one corresponding to electron scattering primarily o↵ nucleons
from an SRC pair (pmiss > kF ), the other from nucleons in the nuclear mean field (pmiss < kF ). Using
these event samples, the reduced cross-section ratios: [A(e, e0

n)/�en]/[A(e, e0
p)/�ep] (i.e., measured

cross-sections divided by the known elementary electron-proton, �ep, and electron-neutron, �en,
cross-sections) were extracted for each kinematical setting. The results shown in Fig. 8 (left) indicate
that the n/p mean-field reduced cross-section ratios grow approximately as N/Z for all nuclei, as
expected from simple nucleon counting. However, the SRC ratios in all nuclei are consistent with
unity, consistent with np-SRC dominance of the high-momentum tail.

To quantify the pairing mechanism leading to constant n/p ratios for SRC nucleons, we also ex-
tracted the relative fraction of high-missing-momentum to low-missing-momentum events in neutron-
rich nuclei relative to 12C, see Fig. 5 (right). This extraction was done separately for protons and
neutrons, and shows that the neutron SRC probabilities are independent of the nuclear neutron

12

平均場模型(M.F.)で引いた線。

過剰なテール成分がSRCで説明される。



 2核子ノックアウト反応の角度相関 14

extract information on the SRC-pair isospin structure and pc.m.
distribution, as well as their A and momentum dependence.
This additional information, however, comes at the price of

increased sensitivity to FSI. FSI can be generally split into two
main contributions: rescattering between the nucleons of the
pair, and rescattering between the nucleons of the pair and the
residual A − 2 system. Rescattering between the nucleons of
the pair will alter the measured relative momentum but leave
pc.m. unchanged. Rescattering between the nucleons of the
pair and the residual A − 2 system will change the momentum
of the outgoing nucleons and “attenuate” them. The attenu-
ation of the nucleons as they traverse the nucleus is usually
referred to as the “nuclear transparency” and limits the spatial
region probed in the experiment to the outer part of the
nucleus. It can be calculated in the Glauber approximation (for
large enough nucleon momentum). The momentum changes
also affect the measured kinematical distributions. Here the
use of high-momentum transfer, as required for hard reactions,
also allows using the Glauber approximation to calculate the
effects of FSI and to select kinematics to minimize their
effects, in either the measured cross sections or the kinemati-
cal distributions.
Specifically, at Q2 ≥ 1.5–2 ðGeV=cÞ2 and xB ≥ 1 (or pro-

ton scattering experiments at jtj; juj; jsj ≥ 2 GeV=c2) Glauber
calculations show that the outgoing nucleons predominantly
rescatter from each other and not from the residual A − 2
system (Frankfurt and Strikman, 1981, 1988; Frankfurt et al.,
1993; Ciofi degli Atti and Simula, 1996; Arrington,
Higinbotham et al., 2012). This implies that certain quantities
such as the total pair momentum pc.m. and pair isospin
structure are insensitive to rescattering while other quantities
like the pair relative momentum prel are very sensitive to
rescattering and thus cannot be reliably extracted from the
experimental data; see Frankfurt, Sargsian, and Strikman
(1997) and Shneor et al. (2007) for details. The contributions
of MEC and IC are also minimized at high Q2 and xB ≥ 1.
The first exclusive hard two-nucleon knockout experi-

ments, measuring the 12Cðp; 2pnÞ and 12Cðe; e0pNÞ reactions,
were done at BNL and JLab, respectively (Tang et al., 2003;
Piasetzky et al., 2006; Shneor et al., 2007; Subedi et al.,
2008). These experiments scattered 5–9 GeV=c protons
(BNL) and electrons (JLab) off high initial momentum
(300 ≤ pi ≤ 600 MeV=c) protons in 12C and looked for a
correlated recoil nucleon emitted in the direction of the
missing momentum. The JLab experiment measured both
proton and neutron recoils, whereas the BNL experiment
measured only recoiling neutrons. Both experiments mea-
sured at large-momentum transfer [Q2 ≈ 2 ðGeV=cÞ2], which
suppressed competing reaction mechanisms and largely con-
fined FSI to be between the nucleons of the pair.
The main results of the 12C measurements are shown in

Figs. 6, 7, and 8. Figures 6 and 7 show the angular correlation
between the momentum vector of the recoil nucleons and the
reconstructed initial momentum of the knocked-out proton.
For the BNL data, the angle is shown as a function of the
recoil neutron momentum. Two distinct regions are visible:
below the Fermi momentum where no angular correlation is
observed, and above the Fermi momentum where a clear back-
to-back correlation is seen. The width of the recoil nucleon

opening angle distribution allowed extracting the pair c.m.
motion; this motion can be described by a Gaussian distri-
bution in each direction, with σ ¼ 143$ 17 (BNL) and σ ¼
136$ 20 (JLab). These values are also in overall agreement

FIG. 6. Distributions of the relative angle (γ) between the
reconstructed initial momentum of the knockout proton and the
recoil neutron. Results for 12Cðp; 2pnÞ events fromBNL, shown as
a function of themomentum of the recoil neutron (a) and for events
with recoiling neutron momentum greater than (b) and less than
(c) kF ¼ 225MeV=c. Note the transition from an isotropic dis-
tribution to a correlated one at about kF ¼ 225 MeV=c. Adapted
from Tang et al., 2003 and Piasetzky et al., 2006.

FIG. 7. Distributions of the relative angle (γ) between the
reconstructed initial momentum of the knockout proton and
the recoil nucleon. Results for 12Cðe; e0ppÞ events from JLab at
kinematics corresponding to scattering off ∼500 MeV=c initial
momentum protons. From Shneor et al., 2007.
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核内運動量の大きいSRC核子が、対で存在しているという描像が良くなり立つ。
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with theoretical calculations (Ciofi degli Atti and Simula,
1996; Colle et al., 2014). The electron and proton reactions
are characterized by completely different operators and FSI
mechanisms; therefore the agreement of their c.m. momentum
distributions validates the consistent treatment of FSI in these
measurements.
For example, for proton induced reactions the effective

nuclear density is smaller than for electron induced reactions
due to absorption effects that prefer scattering from the edge of
the nucleus. The overall agreement between the results
obtained using different high-energy hadronic and leptonic
probes at very different momentum transfer (2 and 5 GeV2)
strongly supports the interpretation that in these reactions the
projectiles interact with one nucleon of the SRCs. Note also
that the saturation of the recoil channels by neutron and
protons puts a strong limit on the admixture of non-nucleonic
degrees of freedom in SRCs.
Figure 8 shows the extracted ratio of two-nucleon knockout

(proton-neutron and proton-proton) to single proton knockout
events and the ratio of proton-neutron to proton-proton two-
nucleon knockout events. The ratios are all corrected for finite
acceptance effects and shown as a function of pmiss, the
reconstructed initial momentum of the knocked-out protons
for 300 ≤ pmiss ≤ 600 MeV=c. The ratio of two-nucleon
knockout to single proton knockout is directly related to
the fraction of high-momentum protons that are in SRC pairs.
As can be seen, within statistical uncertainties of about 10%,
all single-nucleon knockout events at 300 ≤ pi ≤ 600 MeV=c
were accompanied by the emission of a recoil nucleon. The
proton-to-neutron recoil ratio was found to be approximately
1∶10, which corresponds to 20 times more np-SRC pairs than
pp-SRC pairs in 12C (Subedi et al., 2008). This observed
proton-neutron pair dominance was associated with the
dominance of the tensor part of the nucleon-nucleon inter-
action at these initial moments (Sargsian et al., 2005;
Schiavilla et al., 2007).

A follow-up measurement of 4Heðe; e0pNÞ in similar
kinematics set out to better constrain the importance of the
tensor part of the NN interaction at short distance and
extend the experimental data to larger initial momenta
400 ≤ pi ≤ 800 MeV=c (Korover et al., 2014). At these
higher momenta, the scalar repulsive core of the nucleon-
nucleon interaction is expected to dominate over the tensor
part, increasing the fraction of pp-SRC pairs. The 4He nucleus
was chosen to further reduce FSI and allow for comparisons
with detailed ab initio few-body calculations. The results of
this measurement are shown in Figs. 9 and 10.
The two-nucleon opening angle distribution for 4He (see

Fig. 9) is very similar to that for C (see Fig. 7). The
reconstructed missing mass distribution peaks at small
missing mass for both pp- and np-SRC pair knockout.

FIG. 8. The ratio of 12Cðe; e0pNÞ double knockout events to
12Cðe; e0pÞ single knockout events, shown as a function of the
reconstructed initial (missing) momentum of the knocked-out
proton from the 12Cðe; e0pÞ reaction. Triangles and circles mark
12Cðe; e0pNÞ and 12Cðe; e0ppÞ events, respectively. The square
shows the 12Cðe; e0ppÞ=12Cðe; e0pnÞ ratio. A clear dominance of
12Cðe; e0pnÞ events is observed, evidence of the tensor nature of the
nucleon-nucleon interaction in themeasuredmomentum range. The
pie chart on the right illustrates our understanding of the structure of
12C, composed of 80% mean-field nucleons and 20% SRC pairs,
where the latter is composedof∼90%np-SRCpairs and5%pp and
nn SRC pairs each. Adapted from Subedi et al., 2008.

FIG. 9. The distribution of the cosine of the opening angle γ
between pmiss and precoil for the 4Heðe; e0pnÞ reaction. The solid
curve is a simulation of scattering off a moving pair with a c.m.
momentum distribution having a width of 100 MeV=c. The
insets show the missing mass distributions. Adapted from
Korover et al., 2014.

FIG. 10. The measured pp to pn ratio as function of the proton
missing momentum ( labeled q) (Korover et al., 2014) compared
to calculations of the two-nucleon momentum distribution
(Wiringa et al., 2014) integrated over various ranges of the
c.m. momentum from zero (bottom curve) to infinity (top curve)
(Weiss et al., 2016). The data are shown as a function of the
nucleon momentum and the calculations are shown as a function
of the pair relative momentum. The two are equivalent for low
c.m. momentum of the pair but differ at large c.m. momentum.
Adapted from Weiss et al., 2016.
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deuteron momentum distribution. Experimental and theoreti-
cal studies of the latter show that, for 300 ≤ k ≤ 600 MeV=c,
nðkÞ ∝ 1=k4 (Hen, Weinstein et al., 2015). This specific
functional form follows directly from the dominance of the
tensor force acting in second order; see Appendix A.1 for
details.
The predominance of np-SRC pairs implies that, even in

asymmetric nuclei, the ratio of protons to neutrons in SRC
pairs will equal 1. This, in turn, implies that in neutron-rich
nuclei, a larger fraction of the protons will be in an SRC pair
(Hen et al., 2014; Sargsian, 2014a), i.e., that a minority
nucleon (e.g., a proton) has a higher probability of belonging
to a high-momentum SRC pair than a majority nucleon (e.g., a
neutron). This effect should grow with the nuclear asymmetry
and could possibly invert the kinetic energy sharing such that
the minority nucleons move faster on average then the
majority. This asymmetry could have wide ranging implica-
tions for the Neutrinos at the Tevatron (NuTeV) anomaly
(Zeller et al., 2002) (see Secs. III.D.1and VI.A.5), the nuclear
symmetry energy and neutron star structure and cooling rates
(Hen, Li et al., 2015; Hen, Steiner et al., 2016), neutrino-
nucleus interactions (Acciarri et al., 2014; Weinstein, Hen,
and Piasetzky, 2016), and more. The study of the nuclear
asymmetry dependence of the number of SRC pairs and their
isospin structure is an important topic that could be studied in
future high-energy radioactive beam facilities.

III. DEEP INELASTIC SCATTERING AND THE
EMC EFFECT

Basic models of nuclear physics describe the nucleus as a
collection of unmodified nucleons moving nonrelativistically
under the influence of two-nucleon and three-nucleon forces,
which can be treated approximately as a mean field. In such a
picture, the partonic structure functions of bound and free
nucleons should be identical. Therefore, it was generally
expected that, except for nucleon motion effects, DIS experi-
ments which are sensitive to the partonic structure of the
nucleon would give the same result for all nuclei.

Instead, the measurements (Aubert et al., 1983; Arneodo,
1994; Geesaman, Saito, and Thomas, 1995; Piller and Weise,
2000; Norton, 2003; Frankfurt, Guzey, and Strikman, 2012;
Hen et al., 2013; Malace et al., 2014) show a reduction of the
structure function of nucleons bound in nuclei relative to
nucleons bound in deuterium in the valence quark region. We
term this reduction the EMC effect. Since its discovery, over
30 years ago, a large experimental and theoretical effort has
been put into understanding the origin of the effect. While
theorists have had no difficulty in creating models that
qualitatively reproduce nuclear DIS data by itself, there is
no generally accepted model. This is because the models are
either not consistent with or do not attempt to explain other
nuclear phenomena.
The nuclear deep inelastic scattering data also show a

reduction in the small xB region of the structure function,
known as the shadowing region. The physics of shadowing
has been well reviewed (Frankfurt, Guzey, and Strikman,
2012) recently and is not a subject of the present review.
Section I.B showed that the nucleon-nucleon interaction

leads to the existence of SRC pairs in nuclei and Sec. II
showed the evidence for and our knowledge of the properties
of these pairs.
This section will describe deep inelastic scattering and its

relationship to nucleon parton distributions. The EMC effect
and the limitations of conventional nuclear physics to explain
it will then be discussed. Section IV presents the phenom-
enological relationship between the number of SRC pairs in a
nucleus and the strength of the EMC effect and uses that
relationship to gain new insight into the origin of the EMC
effect.

A. DIS and nucleon structure functions

We begin with a brief description of deep inelastic scatter-
ing on a nucleon. See one of the many texts for details, e.g.,
Close (1979), Halzen and Martin (1984), Roberts (1994),
Thomas and Weise (2001), or Collins (2013). The latest
information is contained in the Particle Data Group tables
(Olive et al., 2014). The inclusive deep inelastic scattering
process ðe; e0Þ involves a lepton scattering from a target, with
only the final state lepton being detected. If spin variables are
not observed, the process depends on only two variables,
which are traditionally chosen to be the electron energy loss ν
and negative of the four-momentum transfer from the lepton to
the targetQ2 ¼ q2 − ν2; see Fig. 18. At large enough values of

FIG. 17. A qualitative sketch of the dominant features of the
nucleon momentum distribution in nuclei. At k < kF, the nucleon
momentum is balanced by that of the other A − 1 nucleons and
can be described by mean-field models. At k > kF, the nucleon
belongs to a pn-SRC pair and its momentum is balanced by that
of one other nucleon.

FIG. 18. Deep inelastic scattering at large values ofQ2. A lepton
( labeled e) scatters from a nucleon by emitting a spacelike virtual
photon with four-momentum q, which is absorbed on a single
quark with momentum fraction xBPþ. Only the outgoing lepton
is subsequently detected.
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pp対に比べてnp対は20倍多い（テンソル力由来）

nn対の測定はないが、pp対と同程度だと考えられている



CLASによる ”修正された構造関数” 16

uncertainties, 1σ or 68% confidence level. The figure was adapted from [20]. 
 
The DIS cross-section on a nucleon can be expressed as a function of a single structure 

function, 2
2 ( , )BF x Q . In the parton model, xB represents the fraction of the nucleon 

momentum carried by the struck quark. 2
2 ( , )BF x Q describes the momentum distribution 

of the quarks in the nucleon. 
 
Motivated by the correlation between the magnitude of the EMC effect and the SRC-

pair density ratio (a2), we model the modification of the nuclear structure function, 2
AF  

for nucleus A, as entirely caused by the modification of np SRC pairs in that nucleus. 
 

                        (1) 
 
where A

SRCn is the number of np SRC pairs in nucleus A, 2 2,   p nF F  are the free-proton 
and free-neutron structure functions, 2 2,  p nF F   are the average modified structure 
functions for protons and neutrons in SRC pairs, which are assumed to be the same for 
all nuclei.  

 
Since there are no model-independent measurements of the neutron structure function, 

we then rearrange equation (1) to depend on the deuteron structure function 
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Where 2 2/p dF F  has been previously extracted [21] and a2 is the measured per-

nucleon cross-section ratio shown by the red lines in Fig. 2b.1-4. Here we assume that a2 
approximately equals the per-nucleon SRC-pair density ratio between nucleus A and 
deuterium [1, 22-26].  

 
Because 2 2

p nF F   is assumed to be nucleus-independent, our model predicts that 
the left-hand side of the equation above should be a universal function (that is, the same 
for all nuclei). This means that the nucleus-dependent quantities on the right-hand side of 
the equation above combine to give a nucleus-independent result. 

 
This is shown in Fig. 3. The left panel of Fig. 3 shows the per-nucleon structure-

function ratio of different nuclei relative to deuterium. The approximately linear deviation 
from unity for 0.3 ≤ xB ≤ 0.7 is the EMC effect, which is larger for heavier nuclei. The 
right panel shows the relative structure modification of nucleons in np SRC pairs, 
extracted using the right-hand side of the equation above. 
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and free-neutron structure functions, 2 2,  p nF F   are the average modified structure 
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This is shown in Fig. 3. The left panel of Fig. 3 shows the per-nucleon structure-

function ratio of different nuclei relative to deuterium. The approximately linear deviation 
from unity for 0.3 ≤ xB ≤ 0.7 is the EMC effect, which is larger for heavier nuclei. The 
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 .. 構造関数 (クォークの運動量分布)F2(xB, Q2)

CLAS, Nature 566, 354 (2019)

修正項 ( : np SRC対の数)nA
SRC

モデル非依存の が無いため以下の関係式を用いて式変形Fn
2

唯一の現象論的パラメータ ( に対応。核子がnp対中にいる確率)


  * 核子数Aに依存

  * Bjorken変数xBに非依存

nA
SRC

左辺は核子数Aに依存しない

<latexit sha1_base64="5y6dkySUqNVuppO1W4bi6PAgz6o="></latexit>

Fn
2 ! F d

2 � F p
2 � nd

SRC(�F p
2 +�Fn

2 )

Deep inelastic scattering

p

µ

P P 0

q

• proton is destroyed ) no current Jµ associated with vertex
) need to construct general hadron tensor Lµ⌫

p ⌘ Wµ⌫

• we have gµ⌫, Pµ, qµ, and parity violating "µ⌫�⌧ (for CC)

Wµ⌫ =�W1gµ⌫ +W2
PµP⌫

M2p
+ iW3"µ⌫�⌧P

�q⌧

+W4qµq⌫ +W5(pµq⌫ + p⌫qµ) + iW6(pµq⌫ � p⌫qµ)

• charge conservation Wµ⌫q⌫ = 0 and hermiticity of Wµ⌫ fix W4,5,6

• 3 form factors (structure function) describing proton in inelastic scat.: W1(x,Q2),W2(x,Q2),W3(x,Q2)
• functions of two scalars
• for parity conservating QED only two (W3 = 0)
• we don’t need to know W4,W5,W6 as Lµ⌫

e q⌫ = 0 ) W e↵µ⌫ = �W1gµ⌫ +W2
PµP⌫

M2p

spin-0

spin-1/2for S � M2p , i.e. neglecting term
M
2
py

2k·P

d�pointel
dQ2

=
4⇡↵2e2q
Q4


1� y +

1
2
y2
�

) d�inel
dx dQ2

=
4⇡↵2

Q4


(1� y)

F2(x,Q2)
x

+ 2F1(x,Q2)
1
2
y2
�

try it by evaluating Lµ⌫
e Wµ⌫ and using F1 ⌘ W1, F2 =W2

⌫

Mp
(textbook 5.2) # #

conventional choice
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for nucleus A, as entirely caused by the modification of np SRC pairs in that nucleus. 
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functions for protons and neutrons in SRC pairs, which are assumed to be the same for 
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Since there are no model-independent measurements of the neutron structure function, 

we then rearrange equation (1) to depend on the deuteron structure function 
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extracted using the right-hand side of the equation above. 

 

2 2

2 2 2 2

2 2

( )
( )

( / 2)

A p

d p n d d
SRC

d

F FZ N N
n F F F F

F A a N

   
   


 

2 2 2 2 2( )A p n A p n
SRCF Z F N F n F F        

011014-4JPS Conf. Proc. , 011014 (2019)26

Proceedings of the 8th International Conference on Quarks and Nuclear Physics (QNP2018)
Downloaded from journals.jps.jp by 192.50.6.250 on 03/21/24

uncertainties, 1σ or 68% confidence level. The figure was adapted from [20]. 
 
The DIS cross-section on a nucleon can be expressed as a function of a single structure 

function, 2
2 ( , )BF x Q . In the parton model, xB represents the fraction of the nucleon 

momentum carried by the struck quark. 2
2 ( , )BF x Q describes the momentum distribution 

of the quarks in the nucleon. 
 
Motivated by the correlation between the magnitude of the EMC effect and the SRC-

pair density ratio (a2), we model the modification of the nuclear structure function, 2
AF  

for nucleus A, as entirely caused by the modification of np SRC pairs in that nucleus. 
 

                        (1) 
 
where A

SRCn is the number of np SRC pairs in nucleus A, 2 2,   p nF F  are the free-proton 
and free-neutron structure functions, 2 2,  p nF F   are the average modified structure 
functions for protons and neutrons in SRC pairs, which are assumed to be the same for 
all nuclei.  

 
Since there are no model-independent measurements of the neutron structure function, 

we then rearrange equation (1) to depend on the deuteron structure function 
 
 

                       (2) 
 

 
 
Where 2 2/p dF F  has been previously extracted [21] and a2 is the measured per-

nucleon cross-section ratio shown by the red lines in Fig. 2b.1-4. Here we assume that a2 
approximately equals the per-nucleon SRC-pair density ratio between nucleus A and 
deuterium [1, 22-26].  

 
Because 2 2

p nF F   is assumed to be nucleus-independent, our model predicts that 
the left-hand side of the equation above should be a universal function (that is, the same 
for all nuclei). This means that the nucleus-dependent quantities on the right-hand side of 
the equation above combine to give a nucleus-independent result. 

 
This is shown in Fig. 3. The left panel of Fig. 3 shows the per-nucleon structure-

function ratio of different nuclei relative to deuterium. The approximately linear deviation 
from unity for 0.3 ≤ xB ≤ 0.7 is the EMC effect, which is larger for heavier nuclei. The 
right panel shows the relative structure modification of nucleons in np SRC pairs, 
extracted using the right-hand side of the equation above. 

 

2 2

2 2 2 2

2 2

( )
( )

( / 2)

A p

d p n d d
SRC

d

F FZ N N
n F F F F

F A a N

   
   


 

2 2 2 2 2( )A p n A p n
SRCF Z F N F n F F        

011014-4JPS Conf. Proc. , 011014 (2019)26

Proceedings of the 8th International Conference on Quarks and Nuclear Physics (QNP2018)
Downloaded from journals.jps.jp by 192.50.6.250 on 03/21/24

Aに非依存であるべき

related to y, the minimum momentum of the struck nucleon.
The approximate equality shown in Eq. (13) holds for 1.3 ≤
αtn ≤ 1.7 and p > pF. The second approximate equality
appearing in Eq. (13) is obtained using the relation
jpj ≈ Mj1 − αtnj=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αtnð2 − αtnÞ

p
. Measured ratios should be

less sensitive to the influence of final state interactions, as
discussed next. Nevertheless, the accuracy of replacing cross-
section ratios by ratios of densities, as shown in Eq. (13),
needs to be studied further. Furthermore, as yet there is no
separate calculation of the numerator term of Eq. (13), i.e., the
basic nuclear cross section for the ðe; e0Þ reaction at large
values of xB.
Physics at large values of xB.—The next step is to use the

inclusive ðe; e0Þ cross section to look for the effects of SRC
pairs in nuclei by choosing kinematics where mean-field
nucleons cannot contribute to the reaction. This is done by
using xB > 1. Just as conservation of four-momentum ensures
that xB ¼ 1 is the kinematic limit for scattering from a single
nucleon, xB ¼ 2 is the kinematic limit for scattering from a
cluster of two nucleons and xB ¼ 3 is the kinematic limit for
scattering from a three-nucleon cluster.
As a result, we can expand the ðe; e0Þ cross section into

pieces due to electrons scattering from nucleons in two-, three-
, and more-nucleon SRCs (Frankfurt and Strikman, 1981,
1988; Frankfurt et al., 1993)

σðxB;Q2Þ ¼
XA

j¼2

ajðAÞσjðxB;Q2Þ; ð14Þ

where σjðxB; Q2Þ ¼ 0 for xB > j and the fajðAÞg are propor-
tional to the probability of finding a nucleon in a j-nucleon
cluster. This is analogous to treating the nuclear structure in
terms of independent nucleons, independent nucleon pairs,
etc. Equation (14) is based on the lack of interference between
amplitudes arising from scattering by clusters of different
nucleon number that occurs because the important final states
are different. Its importance lies in the fact that in a given
kinematic region the ratio of cross sections can be used to
determine information about short-range correlations.
If we consider only the a2 term, then we can write

a2ðAÞ ¼
2

A
σAðxB;Q2Þ
σdðxB;Q2Þ

: ð15Þ

This approximation should be valid for 1.5 < xB ≤ 2. The
effect of neglecting clusters of three or more nucleons has
never been studied.
If the momentum distribution for jyj > pFermi is dominated

by nucleons in SRC pairs, then we expect that the momentum
distributions for nucleus A and for deuterium should be almost
identical. This similarity should show up as a plateau in the per
nucleon cross-section ratio of the two nuclei. Figure 15 shows
a sketch of this process.
The cross-section ratio of nucleus A to deuterium or to 3He

has been measured at SLAC (Frankfurt et al., 1993) and at
Jefferson Lab (Egiyan et al., 2003, 2006; Fomin et al., 2012).
They have all observed a plateau in the cross-section ratio at
Q2 > 1.4 GeV2 and in the range 1.5 ≤ xB ≤ 1.9; see Fig. 16.
This corresponds to y ≥ pthresh ¼ 275$ 25 MeV=c, which is

FIG. 15. Electron quasielastic scattering from a nucleon in
deuterium (left) and from a nucleon in a SRC pair in a heavier
nucleus (right). The labels ΓNN and ΓA refer to the deuteron and
nuclear vertex functions, respectively.

FIG. 16. Inclusive per nucleon cross-section ratios of (top)
nuclei to 3He at 1.4 < Q2 < 2.6 GeV2 and (bottom) nuclei to
deuterium at Q2 ¼ 2.7 GeV2. Adapted from (top) Egiyan et al.,
2006, and (bottom) Fomin et al., 2012.

Hen et al.: Nucleon-nucleon correlations, short-lived …
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Fig 1 | DIS and QE (e,e′) Cross-section Ratios. The per-nucleon cross-section ratios of nucleus with atomic number 
A to deuterium for (a. 1 - 4) DIS kinematics (0.2 ≤ xB ≤ 0.6 and W ≥ 1.8 GeV). The solid points show the data of this 
work, the open squares the data of [9] and the open triangles show the data of [10]. The red lines show the linear fit. 
(b. 1 - 4) QE kinematics (0.8 ≤ xB ≤ 1.9). The solid points show the data of this work and the open squares the data of 
[11]. The red lines show the constant fit. The error bars shown include both statistical and point-to-point systematic 
uncertainties, both at the 1σ or 68% confidence level. The data are not isoscalar corrected. 
 
The analysis reported here was motivated by the quest to 
understand the underlying patterns of nucleon structure 
modification in nuclei and how this varies from 
symmetric to asymmetric nuclei. We measured both the 
DIS and QE inclusive cross-sections simultaneously for 
deuterium and heavier nuclei, thereby reducing the 
uncertainties in the extraction of the EMC effect and SRC 
scaling factors. We observed that: (1) the EMC effect in 
all measured nuclei is consistent with being due to the 
universal modification of the internal structure of 
nucleons in np-SRC pairs, permitting the first data-driven 
extraction of this universal modification function, (2) the 
measured per-proton EMC effect and SRC probabilities 
continue to increase with atomic mass A for all measured 
nuclei while the per-neutron ones stop increasing at A ≈ 
12, and (3) the EMC-SRC correlation is no longer linear 
when the EMC data are not corrected for unequal 
numbers of proton and neutrons. We also constrained the 
internal structure of the free neutron using the extracted 
universal modification function and we concluded that in 
neutron-rich nuclei the average proton structure 
modification will be larger than that of the average 
neutron. 
We analyzed experimental data taken using the CLAS 
spectrometer [23] at the Thomas Jefferson National 
Accelerator Facility (Jefferson Lab). In our experiment, a 
5.01 GeV electron beam impinged upon a dual target 
system with a liquid deuterium target cell followed by a 
foil of either C, Al, Fe or Pb [24]. The scattered electrons 
were detected in CLAS over a wide range of angles and 
energies which allowed extracting both QE and DIS 
reaction cross-section ratios over a wide kinematical 
region (See Supplementary Information section I). 
The electron scattered from the target by exchanging a 
single virtual photon with momentum !⃗ and energy #, 
giving a four-momentum transfer $! = |!⃗|! − #!. We 
used these variables to calculate the invariant mass of the 

nucleon plus virtual photon (! = (* + #)! − |!⃗|! 
(where m is the nucleon mass) and the scaling variable 
-" = $! 2*#⁄ . 
We extracted cross-section ratios from the measured 
event yields by correcting for experimental conditions, 
acceptance and momentum reconstruction effects, 
reaction effects, and bin-centering effects. See 
Supplementary Information section I. This was the first 
precision measurement of inclusive QE scattering for 
SRCs in both Al and Pb, as well as the first measurement 
of the EMC effect on Pb. For other measured nuclei our 
data are consistent with previous measurements but with 
reduced uncertainties. 
The DIS cross-section on a nucleon can be expressed as a 
function of a single structure function, 0!(-" , $!). In the 
parton model, -" represents the fraction of the nucleon 
momentum carried by the struck quark. 0!(-" , $!) 
describes the momentum distribution of the quarks in the 
nucleon, and the ratio, 
[0!#(-" , $!) 3⁄ ]	 	60!$(-" , $!) 2⁄ 78 , describes the relative 
quark momentum distributions in nucleus A and 
deuterium [2, 7]. For brevity, we will often omit explicit 
reference to -" and $!, i.e., writing 0!# 0!$⁄ , with the 
understanding that the structure functions are being 
compared at identical -" and $!. Because the DIS cross-
section is proportional to F2, experimentally the cross-
section ratio of two nuclei is assumed to equal their 
structure-function ratio [1, 2, 6, 7]. The magnitude of the 
EMC effect is defined by the slope of either the cross-
section or the structure-function ratios for 0.3 ≤ xB ≤ 0.7 
(see Supplementary Information sections IV and V). 
Similarly, the relative probability for a nucleon to belong 
to an SRC pair is interpreted as equal to a2, the average 
value of the inclusive QE electron-scattering per-nucleon 
cross-section ratios of nucleus A compared to deuterium  

2

4

6

8

This Work

Published Data

Bx
0.8 1 1.2 1.4 1.6 1.8 2

/2
)

D
�

/A
)/(

A
�(

0

2

4

6

8

0.8 1 1.2 1.4 1.6 1.8 2

D2C/12 D2Al/27

D2Fe/56 D2Pb/208

b.1)

b.3)

b.2)

b.4)

0.8

0.9

1

1.1

This Work

Published Data (SLAC)

Published Data (JLab)

0.2 0.3 0.4 0.5 0.6

0.8

0.9

1

1.1

0.2 0.3 0.4 0.5 0.6

D2C/12 D2Al/27

D2Fe/56 D2Pb/208

Bx

/2
)

D
�

/A
)/(

A
�(

a.1) a.2)

a.3) a.4)

核子あたりのSRC対密度の比（重陽子に対する）

上式は1.5 < xB < 2 の弾性散乱領域で有効



 CLASによるSRC解析とEMC効果 18

uncertainties, 1σ or 68% confidence level. The figure was adapted from [20]. 
 
The DIS cross-section on a nucleon can be expressed as a function of a single structure 

function, 2
2 ( , )BF x Q . In the parton model, xB represents the fraction of the nucleon 

momentum carried by the struck quark. 2
2 ( , )BF x Q describes the momentum distribution 

of the quarks in the nucleon. 
 
Motivated by the correlation between the magnitude of the EMC effect and the SRC-

pair density ratio (a2), we model the modification of the nuclear structure function, 2
AF  

for nucleus A, as entirely caused by the modification of np SRC pairs in that nucleus. 
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where A

SRCn is the number of np SRC pairs in nucleus A, 2 2,   p nF F  are the free-proton 
and free-neutron structure functions, 2 2,  p nF F   are the average modified structure 
functions for protons and neutrons in SRC pairs, which are assumed to be the same for 
all nuclei.  

 
Since there are no model-independent measurements of the neutron structure function, 

we then rearrange equation (1) to depend on the deuteron structure function 
 
 

                       (2) 
 

 
 
Where 2 2/p dF F  has been previously extracted [21] and a2 is the measured per-

nucleon cross-section ratio shown by the red lines in Fig. 2b.1-4. Here we assume that a2 
approximately equals the per-nucleon SRC-pair density ratio between nucleus A and 
deuterium [1, 22-26].  

 
Because 2 2

p nF F   is assumed to be nucleus-independent, our model predicts that 
the left-hand side of the equation above should be a universal function (that is, the same 
for all nuclei). This means that the nucleus-dependent quantities on the right-hand side of 
the equation above combine to give a nucleus-independent result. 

 
This is shown in Fig. 3. The left panel of Fig. 3 shows the per-nucleon structure-

function ratio of different nuclei relative to deuterium. The approximately linear deviation 
from unity for 0.3 ≤ xB ≤ 0.7 is the EMC effect, which is larger for heavier nuclei. The 
right panel shows the relative structure modification of nucleons in np SRC pairs, 
extracted using the right-hand side of the equation above. 
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このA依存性が「EMC効果」
• 核子数Aに依らない普遍的な構造関数の修正


• np-SRC対中の構造関数のみ修正している（最小限）


• フリーパラメータ無し！（ は弾性領域のデータから。）a2
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Fig 2 | Universality of SRC pair quark distributions. The EMC effect for different nuclei, as observed in (a) ratios 
of 90!#/3; 90!$/2;8  as a function of xB and (b) the modification of SRC pairs, as described by Eq. 2. Different colors 
correspond to different nuclei, as indicated by the color scale on the right. The open circles show SLAC data [9] and 
the open squares show Jefferson Lab data [10]. The nucleus-independent (universal) behavior of the SRC 
modification, as predicted by the SRC-driven EMC model, is clearly observed. The error bars on the symbols show 
both statistical and point-to-point systematic uncertainties, both at the 1σ or 68% confidence level and the gray bands 
show the median normalization uncertainty.  The data are not isoscalar corrected. 
 
at momentum transfer Q2 > 1.5 GeV2 and 1.45 ≤ xB ≤ 1.9 
[1, 11-15] (see Supplementary Information section III). 
Other nuclear effects are expected to be negligible. The 
contribution of three-nucleon SRCs should be an order of 
magnitude smaller than the SRC pair contributions. The 
contributions of two-body currents (called “higher-twist 
effects” in DIS scattering) should also be small (see 
Supplementary Information section VIII). 
Figure 1 shows the DIS and QE cross-section ratios for 
scattering off the solid target relative to deuterium as a 
function of xB. The red lines are fits to the data that are 
used to determine the EMC effect slopes or SRC scaling 
coefficients (see Extended Data Table I and II). Typical 
1= cross-section ratio normalization uncertainties of 1 – 
2% directly contribute to the uncertainty in the SRC 
scaling coefficients but introduce a negligible EMC slope 
uncertainty. None of the ratios presented have isoscalar 
corrections (cross-section corrections for unequal 
numbers of protons and neutrons), in contrast to much 
published data. We do this for two reasons, (1) to focus 
on asymmetric nuclei and (2) because the isoscalar 
corrections are model-dependent and differ among 
experiments [9, 10] (see Extended Data Fig. 1). 
The DIS data was cut on Q2 >1.5 GeV2 and W > 1.8 GeV, 
which is just above the resonance region [25] and higher 
than the W > 1.4 GeV cut used in previous JLab 
measurements [10]. The extracted EMC slopes are 
insensitive to variations in these cuts over Q2 and W 
ranges of 1.5 − 2.5 GeV2 and 1.8 − 2 GeV respectively 
(see Supplementary Information Table VII). 
Motivated by the correlation between the size of the EMC 
effect and the SRC pair density (a2), we model the 
modification of the nuclear structure function, 0!#, as due 
entirely to the modification of np-SRC pairs. 0!# is 
therefore decomposed into contributions from unmodified 
mean-field protons and neutrons (the first and second 
terms in Eq. 1), and np-SRC pairs with modified structure 
functions (third term): 

0!# = 9> − ?%&'# ;0!( + 9@ − ?%&'# ;0!) + ?%&'# 90!(∗ +
0!)∗;                   Eq. 1 

= >0!( +@0!) + ?%&'# 9Δ0!( + Δ0!);, 
where ?%&'#  is the number of np-SRC pairs in nucleus A, 
0!((-" , $!) and 0!)(-" , $!) are the free proton and 
neutron structure functions, 0!(∗(-" , $!) and 0!)∗(-" , $!) 
are the average modified structure functions for protons 
and neutrons in SRC pairs, and Δ0!) = 0!)∗ − 0!) (and 
similarly for Δ0!(). 0!(∗ and 0!)∗ are assumed to be the 
same for all nuclei. In this simple model, nucleon motion 
effects [1–3], which are also dominated by SRC pairs due 
to their high relative momentum, are folded into Δ0!( and 
Δ0!). 
This model resembles that used in [26]. However, that 
work focused on light nuclei and did not determine the 
shape of the modification function. Similar ideas using 
factorization were discussed in [1], such as a model-
dependent ansatz for the modified structure functions 
which was shown to be able to describe the EMC data 
[27]. The analysis presented here is the first data-driven 
determination of the modified structure functions for 
nuclei from 3He to lead. 
Since there are no model-independent measurements of 
0!), we apply Eq. 1 to the deuteron, rewriting 0!) as 0!$ −
0!( − ?%&'$ 9Δ0!( + Δ0!);. We then rearrange Eq. 1 to get: 

																?%&'
$ 9Δ0!( + Δ0!);

0!$

=
0!#
0!$

− (> − @) 0!
(

0!$
−@

(3/2)B! −@
,																			Eq. 2 

where 0!( 0!$⁄  was previously measured [28] and B! is the 
measured per-nucleon cross-section ratio shown by the 
red lines in Fig. 1b. Here we assume B! approximately 
equals the per-nucleon SRC-pair density ratio of nucleus 
A and deuterium: 9?%&'# /3; 9?%&'$ /2;8  [1, 11-15]. 
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• EMC効果は、原子核中の短距相関核子が一時的に
内部構造を変化させるダイナミカルな効果である


• 変化のメカニズムが解明されたわけではない

• 変化の仕方は弾性散乱領域の測定から予言可能

LETTER RESEARCH

We also constrained the internal structure of the free neutron using 
the extracted universal modification function and we concluded that 
in neutron-rich nuclei the average proton structure modification will 
be larger than that of the average neutron.

We analysed experimental data taken using CLAS (CEBAF Large 
Acceptance Spectrometer)23 at the Thomas Jefferson National 
Accelerator Facility (Jefferson Laboratory). In our experiment, a  
5.01-GeV electron beam impinged upon a dual target system with a 
liquid deuterium target cell followed by a foil24 of either C, Al, Fe or 
Pb. The scattered electrons were detected in CLAS over a wide range of 
angles and energies, which enabled the extraction of both quasi-elastic 
and DIS reaction cross-section ratios over a wide kinematical region 
(see Supplementary Information section I).

The electron scattered from the target by exchanging a single virtual 
photon with momentum q and energy ν, giving a four-momentum trans-
fer of Q2 = |q|2 – ν2. We used these variables to calculate the invariant 
mass of the nucleon plus virtual photon, W2 = (m + ν)2 − |q|2 (where 
m is the nucleon mass), and the Bjorken scaling variable xB = Q2/(2mν).

We extracted cross-section ratios from the measured event yields by 
correcting for effects of the experimental conditions, acceptance and 
momentum reconstruction, as well as reaction effects and bin-centring 
effects (see Supplementary Information section I). To our knowledge, 
this was the first precision measurement of inclusive quasi-elastic scat-
tering for SRCs in both Al and Pb, as well as the first measurement of 
the EMC effect on Pb. For other measured nuclei our data are consistent 
with previous measurements, but with reduced uncertainties.

The DIS cross-section on a nucleon can be expressed as a function 
of a single structure function, F2(xB, Q2). In the parton model, xB  
represents the fraction of the nucleon momentum carried by the  
struck quark. F2(xB, Q2) describes the momentum distribution of the 
quarks in the nucleon, and the ratio / / /F x Q A F x Q[ ( , ) ] [ ( , ) 2]2

A
B

2
2
d

B
2  

describes the relative quark momentum distributions in a nucleus A 
with mass number A and deuterium2,7 (d). For brevity, we often omit 
explicit reference to xB and Q2—that is, we write /F F2

A
2
d—with the 

understanding that the structure functions are being compared at iden-
tical xB and Q2 values. Because the DIS cross-section is proportional to 
F2, experimentally the cross-section ratio of two nuclei is assumed to 
equal their structure-function ratio1,2,6,7. The magnitude of the EMC 
effect is defined by the slope of either the cross-section ratios or the 
structure-function ratios for 0.3 ≤ xB ≤ 0.7 (see Supplementary 
Information sections IV and V).

Similarly, the relative probability for a nucleon to belong to an SRC 
pair is interpreted as equal to a2, which denotes the average ratio 
of the inclusive quasi-elastic electron scattering cross-section per 
nucleon of nucleus A to that of deuterium at momentum transfer1,11–15 
Q2 > 1.5 GeV2 and 1.45 ≤ xB ≤ 1.9 (see Supplementary Information 
section III).

Other nuclear effects are expected to be negligible. The contribu-
tion of three-nucleon SRCs should be an order of magnitude smaller 
than the SRC-pair contributions. The contributions of two-body cur-
rents (called ‘higher-twist effects’ in DIS) should also be small (see 
Supplementary Information section VIII).

Figure 1 shows the DIS and quasi-elastic cross-section ratios for 
scattering off a solid target relative to deuterium as a function of xB. 
The red lines are fits to the data that are used to determine the EMC-
effect slopes or SRC scaling coefficients (see Extended Data Tables 1, 2). 
Typical 1σ cross-section-ratio normalization uncertainties of 1%–2% 
directly contribute to the uncertainty in the SRC scaling coefficients but 
introduce negligible uncertainty in the EMC slope. None of the ratios 
presented has isoscalar corrections (cross-section corrections for une-
qual numbers of protons and neutrons), in contrast to much published 
data. We did not apply such corrections for two reasons: (1) to focus 
on asymmetric nuclei and (2) because isoscalar corrections are model- 
dependent and differ among experiments9,10 (see Extended Data Fig. 1).

The DIS data were cut at Q2 > 1.5 GeV2 and W > 1.8 GeV, which 
is just above the resonance region25 and higher than the W > 1.4 GeV 
cut used in previous Jefferson Laboratory measurements10. The 
extracted EMC slopes are insensitive to variations in these cuts over 
Q2 and W ranges of 1.5−2.5 GeV2 and 1.8−2 GeV, respectively (see 
Supplementary Information Table 7).

Motivated by the correlation between the magnitude of the EMC 
effect and the SRC-pair density (a2), we model the modification of the 
nuclear structure function, F2

A, as entirely caused by the modification 
of np SRC pairs. F2

A is therefore decomposed into contributions from 
unmodified mean-field protons and neutrons (the first and second 
terms in equation (1)) and np SRC pairs with modified structure func-
tions (third term):

= − + − + +

= + + ∆ + ∆
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Fig. 1 | DIS and quasi-elastic (e,e′) cross-section ratios. a–d, Ratio 
of the per-nucleon electron scattering cross-section of nucleus A 
(A = 12C (a), 27Al (b), 56Fe (c) and 208Pb (d)) to that of deuterium for DIS 
kinematics (0.2 ≤ xB ≤ 0.6 and W ≥ 1.8 GeV). The solid points show 
the data obtained in this work, the open squares show SLAC (Stanford 
Linear Accelerator Center) data9 and the open triangles show Jefferson 

Laboratory data10. The red lines show a linear fit. e, f, Corresponding 
ratios for quasi-elastic kinematics (0.8 ≤ xB ≤ 1.9). The solid points show 
the data obtained in this work and the open squares the data of ref. 11. The 
red lines show a constant fit. The error bars shown include both statistical 
and point-to-point systematic uncertainties, both at the 1σ or 68% 
confidence level. The data do not include isoscalar corrections.
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Figure 11: High-precision measurements of the EMC e↵ect (left) and SRC scaling (right) led
by the spokespersons [11].

Figure 12 shows the measured structure function ratios of nuclei relative to deuterium (left panel),
and the extracted modification function of SRC pairs, using �F

N
2 = F

N⇤
2 � F

N
2 (right panel). As

can be seen, while the nuclear structure functions vary significantly between di↵erent nuclei, the
extracted SRC pair modification function is universal for all nuclei.

LETTERRESEARCH

where nSRC
A  is the number of np SRC pairs in nucleus A, F x Q( , )p

2 B
2   

and F x Q( , )n
2 B

2  are the free-proton and free-neutron structure func-
tions, ∗F x Q( , )p

2 B
2  and ∗F x Q( , )n

2 B
2  are the average modified structure 

functions for protons and neutrons in SRC pairs and ∆ = −∗F F Fn n n
2 2 2  

(and similarly for ∆F p
2 ). ∗F p

2  and ∗F n
2  are assumed to be the same for all 

nuclei. In this simple model, nucleon-motion effects1–3, which are also 
dominated by SRC pairs owing to their high relative momentum, are 
folded into ∆F p

2  and ∆F n
2 .

This model resembles that used in ref. 26. However, that work focused 
on light nuclei and did not determine the shape of the modification 
function. Similar ideas using factorization were discussed in ref. 1, such 
as a model-dependent ansatz for the modified structure functions, 
which was shown to be able to describe the EMC data27. The analysis 
presented here, to our knowledge, is the first data-driven determination 
of the modified structure functions for nuclei from 3He to Pb.

Because there are no model-independent measurements of F n
2 , we 

apply equat ion (1)  to  the deuteron,  rewrit ing F n
2  as 

− − ∆ + ∆F F n F F( )p p n
2
d

2 SRC
d

2 2 . We then rearrange equation (1) to get:

∆ + ∆
=

− − −

/ −
n F F

F

Z N N

A a N
( ) ( )

( 2)
(2)

p n
F
F

F
FSRC

d
2 2

2
d

2

p
2
A

2
d

2

2
d

where /F Fp
2 2

d has been previously extracted28 and a2 is the measured 
per-nucleon cross-section ratio shown by the red lines in Fig. 1e–h. 
Here we assume that a2 approximately equals the per-nucleon  
SRC-pair density ratio between nucleus A and deuterium1,11–15: 

/ / /n A n( ) ( 2)SRC
A

SRC
d .

Because ∆ + ∆F Fp n
2 2  is assumed to be nucleus-independent, our 

model predicts that the left-hand side of equation (2) should be a uni-
versal function (that is, the same for all nuclei). This requires that the 
nucleus-dependent quantities on the right-hand side of equation (2) 
combine to give a nucleus-independent result.

T h i s  i s  t e s t e d  i n  F i g .   2 .  T h e  l e f t  p a n e l  s h ow s 
/ / /F x Q A F x Q[ ( , ) ] [ ( , ) 2]2

A
B

2
2
d

B
2 , the per-nucleon structure-function 

ratio of different nuclei relative to deuterium, without isoscalar cor-
rections. The approximately linear deviation from unity for 
0.3 ≤ xB ≤ 0.7 is the EMC effect, which is larger for heavier nuclei. The 
right panel shows the relative structure modification of nucleons in np 
SRC pairs, ∆ + ∆ /n F F F( )p n

SRC
d

2 2 2
d, extracted using the right-hand side 

of equation (2).
The EMC slope for all measured nuclei increases monotonically with 

A whereas the slope of the SRC-modified structure function is con-
stant within uncertainties; see Fig. 3 and Extended Data Table 2. Even 
3He, which has a markedly different structure-function ratio owing to 
its very large proton-to-neutron ratio of 2, has a remarkably similar 
modified structure function to the other nuclei, with the same slope. 
Thus, we conclude that the magnitude of the EMC effect in different 

nuclei can be described by the abundance of np SRC pairs and that 
the proposed SRC-pair modification function is in fact universal. This 
universality appears to hold even beyond xB = 0.7.

The universal function extracted here will be tested directly in the 
future using lattice quantum chromodynamics (QCD) calculations26 and 
by measuring semi-inclusive DIS off the deuteron, tagged by the detec-
tion of a high-momentum backward-recoiling proton or neutron, that 
will enable direct quantification of the relationship between the momen-
tum and the structure-function modification of bound nucleons29.

The universal SRC-pair modification function can also be used to 
extract the free neutron-to-proton structure-function ratio, /F Fn p

2 2 , by 
applying equation (1) to the deuteron and using the measured proton 
and deuteron structure functions (see Extended Data Fig. 1). In addi-
tion to its own importance, this F n

2  can be used to apply self-consistent 
isoscalar corrections to the EMC effect data (see Supplementary 
Information equation (5)).

To further test the SRC-driven EMC model, we consider the isopho-
bic nature of SRC pairs (that is, np dominance), which leads to an 
approximately constant probability for a neutron to belong to an SRC 
pair in medium-to-heavy nuclei, while the proton probability 
increases22 as N/Z. If the EMC effect is indeed driven by high-momen-
tum SRCs, then in neutron-rich nuclei both the neutron EMC effect 
and the SRC probability should saturate, whereas for protons both 
should grow with nuclear mass and neutron excess. This is done by 
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Fig. 2 | Universality of SRC-pair quark distributions. a, b, The EMC 
effect for different nuclei, as observed in ratios of / / /F A F( ) ( 2)2

A
2
d  as a 

function of xB (a) and the modification of SRC pairs, as described by 
equation (2) (b). Different colours correspond to different nuclei, as 
indicated by the colour scale on the right. The open circles show SLAC 
data9 and the open squares show Jefferson Laboratory data10. The nucleus-

independent (universal) behaviour of the SRC modification, as predicted 
by the SRC-driven EMC model, is clearly observed. The error bars show 
both statistical and point-to-point systematic uncertainties, both at the 1σ 
or 68% confidence level, and the grey bands show the median normalization  
uncertainty at the 1σ or 68% confidence level. The data do not include 
isoscalar corrections.
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Figure 12: Left: measured structure function ratio for nuclei relative to deuterium (without
model-dependent iso-scalar corrections). Right: the extracted universal modification function
of nucleons in SRC pairs [11].

3.2 Branching ratio modification

To gain further insight to the modification of nucleons bound in SRC pairs, we propose to measure
the variation in the Branching Ratios (BRs) for hard photonuclear reactions o↵ free (/quasifree) vs.
deeply bound nucleons in the deuteron, 4He and 12C. Changes in the measured BRs, which may
depend on the momentum transfer, scattering angle and nuclear transparency, will shed new light
on the mechanisms of quark-gluon nucleon structure modification in nuclei. The detailed description
of this novel observable follows.

The proton (or neutron) is a complex system that can be described in QCD at any given moment
as a superposition of di↵erent Fock states:

|protoni = ↵PLC |PLCi + ↵3qg |3q + gi + ↵3qqq̄ |3qqq̄i + ↵3q⇡ |3q⇡i + . . . (4)

15

uncertainties, 1σ or 68% confidence level. The figure was adapted from [20]. 
 
The DIS cross-section on a nucleon can be expressed as a function of a single structure 

function, 2
2 ( , )BF x Q . In the parton model, xB represents the fraction of the nucleon 

momentum carried by the struck quark. 2
2 ( , )BF x Q describes the momentum distribution 

of the quarks in the nucleon. 
 
Motivated by the correlation between the magnitude of the EMC effect and the SRC-

pair density ratio (a2), we model the modification of the nuclear structure function, 2
AF  

for nucleus A, as entirely caused by the modification of np SRC pairs in that nucleus. 
 

                        (1) 
 
where A

SRCn is the number of np SRC pairs in nucleus A, 2 2,   p nF F  are the free-proton 
and free-neutron structure functions, 2 2,  p nF F   are the average modified structure 
functions for protons and neutrons in SRC pairs, which are assumed to be the same for 
all nuclei.  

 
Since there are no model-independent measurements of the neutron structure function, 

we then rearrange equation (1) to depend on the deuteron structure function 
 
 

                       (2) 
 

 
 
Where 2 2/p dF F  has been previously extracted [21] and a2 is the measured per-

nucleon cross-section ratio shown by the red lines in Fig. 2b.1-4. Here we assume that a2 
approximately equals the per-nucleon SRC-pair density ratio between nucleus A and 
deuterium [1, 22-26].  

 
Because 2 2

p nF F   is assumed to be nucleus-independent, our model predicts that 
the left-hand side of the equation above should be a universal function (that is, the same 
for all nuclei). This means that the nucleus-dependent quantities on the right-hand side of 
the equation above combine to give a nucleus-independent result. 

 
This is shown in Fig. 3. The left panel of Fig. 3 shows the per-nucleon structure-

function ratio of different nuclei relative to deuterium. The approximately linear deviation 
from unity for 0.3 ≤ xB ≤ 0.7 is the EMC effect, which is larger for heavier nuclei. The 
right panel shows the relative structure modification of nucleons in np SRC pairs, 
extracted using the right-hand side of the equation above. 
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2 Recent progress in the quantitative study of SRCs

The study of short-range correlations is a broad subject. It covers a large body of experimental
and theoretical work, as well as phenomenological studies of the implications of SRCs for various
phenomena in nuclear, particle and astro-physics. The discussion below is focused primarily on
recent experimental activities co-led by the spokespersons, and theoretical developments that are
most relevant for the objectives of the current proposal. A full discussion of SRC physics is available
in a recent RMP review [6], as well as in a theory-oriented review [7].
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(-pCM,EA-2≡ pCM+(mA-2+E*)2 )2

SRCSRC

Figure 1: Diagrammatic representation and kinematics of the triple-coincidence A(e, e0Np)
reaction within the SRC breakup model. Dashed red lines represent o↵-shell particles. Open
ovals represent un-detected systems. Solid black lines represent detected particles. The mo-
mentum and energy of the particles are also indicated.

Previous studies of SRCs have used measurements of Quasi-Elastic (QE) electron scattering at
large momentum-transfer, see Fig. 1. Within the single-photon exchange approximation, electrons
scatter from the nucleus by transferring a virtual photon carrying momentum ~q and energy !. In
the one-body view of QE scattering, the virtual photon is absorbed by a single o↵-shell nucleon with
initial energy ✏i and momentum ~pi. If the nucleon does not re-interact as it leaves the nucleus, it will
emerge with momentum ~pN = ~pi + ~q and energy EN =

p
p
2
N + m

2
N . Thus, we can approximate the

initial momentum and energy of that nucleon using the measured missing momentum, ~pi ⇡ ~pmiss ⌘
~pN � ~q, and missing energy, ✏i ⇡ mN � ✏miss ⌘ ✏N � !. When ~pmiss > kF , the knockout nucleon
is expected to be part of an SRC pair [6–9, 14, 16, 22]. The knockout of one nucleon from the pair
should therefore be accompanied by the simultaneous emission of the second (recoil) nucleon with
momentum ~precoil ⇡ �~pmiss. At the relevant high-Q2 of our measurements (> 1.7–2.0 GeV/c), the
di↵erential A(e, e0

p) cross-sections can be approximately factorized as [3, 44]:

d
6
�

d⌦k0d✏k0d⌦Nd✏N
= pN ✏N · �ep · S(pi, ✏i), (1)

where k
0 = (k0

, ✏k0) is the final electron four-momentum, �ep is the o↵-shell electron-nucleon cross-
section [44], and S(pi, ✏i) is the nuclear spectral function that defines the probability for finding a
nucleon in the nucleus with momentum pi and energy ✏i. Di↵erent models of the NN interaction
can produce di↵erent spectral functions that lead to di↵erent cross-sections. Therefore, exclusive
nucleon knockout cross-sections analyzed with this method are sensitive to the NN interaction.

In the case of two-nucleon knockout reactions, the cross-section can be factorized in a similar
manner to Eq. 1 by replacing the single-nucleon spectral function with the two-nucleon decay function
DA(pi, precoil, ✏recoil) [9,22,45]. The latter represents the probability for a hard knockout of a nucleon
with initial momentum ~pi, followed by the emission of a recoil nucleon with momentum ~precoil. ✏recoil

is the energy of the A � 1 system, composed of the recoil nucleon and residual A � 2 nucleus.

5

ほぼ全てのSRCデータは電子線ビームを使って得られている。


* 結果の解釈が、背景プロセスの理解度に依存 → 大きな不定性


* SRC現象はプローブ（やエネルギー）によらない普遍的な現象。他プローブでの検証が不可欠

Photon-inducedなSRC測定が、背景プロセスの理解、扱いに対する強い制限を与える

電子線だと前方に放出

These assumptions need to be proven.
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Figure 10: Diagrammatic representation and kinematics of the triple-coincidence A(�, ⇡Np)
reaction, one of the main channels of interest for SRC breakup by a real photon beam. As in
Fig. 1, dashed red lines represent o↵-shell particles. Open ovals represent un-detected systems.
Solid black lines represent detected particles. The momentum and energy of the particles are
also indicated.

3 Photonuclear probes of bound nucleon structure

3.1 The EMC E↵ect and SRCs

The relative abundance of SRC pairs in nuclei can be extracted from measurements of inclusive
(e, e0) cross-section ratios for di↵erent nuclei at high-Q2, xB > 1 kinematics [6–9, 11, 63–66]. For
fixed Q

2, these cross-section ratios scale as a function of xB starting approximately at xB � 1.5
The height of the scaling plateau is often used to extract the relative number of high-momentum
nucleons (i.e. SRC pairs) in the measured nuclei. We refer to these as the ‘SRC scaling coe�cients’.

In a recent series of publications [6, 29–31], we and others have shown that the extracted SRC
scaling coe�cients linearly correlate with the strength of the EMC e↵ect in nuclei from 3He to 197Au.
The latter is the slope of the deviation from unity of the isoscalar DIS cross-section ratio for nuclei
relative to deuterium in the range 0.3  xB  0.7. The EMC e↵ect is commonly interpreted as
evidence for modification of the partonic structure function of bound nucleons [6, 60, 61].

The observation of a correlation between the strength of the EMC e↵ect and the SRC scaling
coe�cients in nuclei generated new interest in the EMC e↵ect (see e.g. CERN Courier cover paper
from May 2013; ‘Deep in the nucleus: a puzzle revisited’ [32]) and gave new insight into its possible
origin. Several models have been proposed by us and others that attempt to explain the underlying
dynamics that drive the EMC e↵ect and its correlation with SRC pair abundances; see a recent
review in Ref. [6].

In a data-mining analysis recently published in Nature [11], led by graduate student B. Schmook-
ler and the spokespersons, a high-precision measurement of both the SRC scaling coe�cients and
the EMC e↵ect was performed for 12C, 27Al, 56Fe and 208Pb (see Fig. 11). The new data were used
to examine the finer aspects of the EMC-SRC correlation. Specifically, we examined whether the
EMC data can indeed be explained by assuming the nuclear structure function can be factorized
into a collection of un-modified mean-field nucleons and modified SRC pairs:

F
A
2 = (Z � n

A
SRC)F p

2 + (N � n
A
SRC)Fn

2 + n
A
SRC

�
F

p⇤
2 + F

n⇤
2

�
, (3)

where n
A
SRC is the number of np-SRC pairs, F

N
2 (xB) are the free nucleon (proton and neutron)

structure functions, and F
N⇤
2 (xB) are the average modified nucleon structure functions in SRC

pairs. n
A
SRC is taken from experiment (i.e. from (e, e0) scaling ratios at xB > 1.5), and the modified

structure function of SRC nucleons, F
N⇤
2 (xB), is expected to be universal (i.e., independent of the

surrounding nuclear environment).
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後方に放出

これらの背景プロセスは電子線と光子ビームで大きく異なる。

* MECは光子ビームだとtransverse response functionが支配的であることが知られている


* 反跳核子が後方に散乱される光子ビーム測定では、FSIの効果が小さくなることが期待される(?)
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that of free nucleons [6,11,59–61]. The ability of the AV18-based GCF calculation to reproduce our
data over the entire measured ✏miss-pmiss range suggests that such modifications do not significantly
impact the e↵ective modeling of the nuclear interaction, o↵ering support for using point-like nucleons
as e↵ective degrees of freedom for modeling of nuclear systems up to very high densities.

2.2 Two-Nucleon Knockout Reactions

The above-mentioned results constitute some of the most advanced, ongoing (i.e. unpublished),
analysis that utilizes the scale-separated GCF to calculate factorized nucleon-knockout cross-sections
using di↵erent models of the NN interaction. These studies are made possible by the vast progress
made in the study of SRCs using hard knockout reactions over the last decade. Below, we review
key published results from initial measurements of nuclei from 4He to 208Pb.

2.2.1 np-SRC dominance and the tensor interaction

First measurements of exclusive SRC pair breakup reactions focused primarily on probing the isospin
structure of SRC pairs. These experiments were initially done at BNL using hadronic (proton) probes
on 12C, and continued at JLab with leptonic (electron) probes on 4He, 12C, 27Al, 56Fe and 208Pb.

Focusing on a missing momentum range of 300–600 MeV/c, comparisons of the measured A(e, e0
p)

and A(e, e0
pN) cross-section indicated that the full single-proton knockout cross-section is exhausted

by the two-nucleon knockout cross-sections, i.e., the data were consistent with every (e, e0
p) event

having the correlated emission of a recoil nucleon [14, 16, 17, 22]. A common interpretation of these
results is that the nucleon momentum distribution above kF is dominated by nucleons that are
members of SRC pairs.

While the current analysis uses the SCX calculations of
Ref. [31] and the formalism detailed in the Supplemental
Material [48], other calculations for these corrections can
be applied in the future. See Supplemental Material [48]
for details on the numerical evaluation of Eq. (2) and its
uncertainty.
These SCX-corrected pp=pn ratios agree within uncer-

tainty with the ratios previously extracted from Aðe; e0ppÞ
and Aðe; e0pÞ events [3], which assumed that all high-
missing momentum nucleons belong to SRC pairs. In
addition, the SCX-corrected pp=np ratio is in better
agreement with the GCF contacts fitted here but is not
inconsistent with those determined in Ref. [28]. This is a
significant achievement of the GCF calculations that opens
the way for detailed data-theory comparisons. This will be
possible using future higher statistics data that will allow
finer binning in both recoil and missing momenta.
The pp=np ratios measured directly in this work are

somewhat lower than both previous indirect measurements
on nuclei from C to Pb [3], and previous direct measure-
ments on C [20]. This is due to the more sophisticated
SCX calculations used in this work [31] compared to the
previous ones [57]. This is consistent with the lower values
of the pp to np contact extracted from GCF calculations fit
to these data mentioned above.
To conclude, we report the first measurements of high

momentum-transfer hard exclusive np and pp SRC pair
knockout reactions off symmetric (12C) and medium and

heavy neutron-rich nuclei (27Al, 56Fe, and 208Pb). We find
that the reduced cross-section ratio for proton-proton to
proton-neutron knockout equals ∼6%, consistent with
previous measurements off symmetric nuclei. Using
model-dependent SCX corrections, we also extracted the
relative abundance of pp- to pn-SRC pairs in the measured
nuclei. As expected, these corrections reduce the pp-to-np
ratios to about 3%, so that the measured reduced cross-
section ratios are an upper limit on the relative SRC pairs
abundance ratios.
The data also show good agreement with GCF calcu-

lations using phenomenological as well as local and non-
local chiral NN interactions, allowing for a higher precision
determination of nuclear contact ratios and a study of their
scale and scheme dependence.While the contact-term ratios
extracted for phenomenological and local-chiral interactions
are consistent with each other, they are larger than those
obtained for the nonlocal chiral interaction examined here.
Forthcoming data with improved statistics will allow map-
ping the missing and recoil momentum dependence of the
measured ratios. This will facilitate detailed studies of the
origin, implications, and significance of such differences.
Previous work [3] measured Aðe; e0pÞ and Aðe; e0ppÞ

events and derived the relative probabilities of np and pp
pairs assuming that all high-missing momentum Aðe; e0pÞ
events were due to scattering from SRC pairs. The agree-
ment between the pp=np ratios directly measured here and
those of the previous indirect measurement, as well as with
the factorized GCF calculations, strengthens the np-pair
dominance theory and also lends credence to the previous
assumption that almost all high-initial-momentum protons
belong to SRC pairs in nuclei from C to Pb.
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Accelerator and Physics Divisions at Jefferson Lab that
made this experiment possible. We are also grateful for
many fruitful discussions with L. L. Frankfurt, M.
Strikman, J. Ryckebusch, W. Cosyn, M. Sargsyan, and
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out as part of the Jefferson Lab Hall B Data-Mining
project supported by the U.S. Department of Energy
(DOE). The research was supported also by the National
Science Foundation, the Pazy Foundation, the Israel
Science Foundation, the Chilean Comisin Nacional de
Investigacin Cientfica y Tecnolgica, the French Centre
National de la Recherche Scientifique and Commissariat
a l’Energie Atomique the French-American Cultural
Exchange, the Italian Istituto Nazionale di Fisica
Nucleare, the National Research Foundation of Korea,
and the UK’s Science and Technology Facilities Council.
Jefferson Science Associates operates the Thomas
Jefferson National Accelerator Facility for the DOE,
Office of Science, Office of Nuclear Physics under
Contract No. DE-AC05-06OR23177. The raw data from
this experiment are archived in Jefferson Lab’s mass
storage silo.
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FIG. 3. Extracted ratios of pp- to np-SRC pairs plotted versus
atomic weight A. The filled green circles show the ratios of pp- to
np-SRC pairs extracted from ðe; e0ppÞ=ðe; e0pnÞ cross-section
ratios corrected for SCX using Eq. (2). The shaded regions mark
the 68% and 95% confidence limits on the extraction due to
uncertainties in the measured cross-section ratios and SCX
correction factors (see Supplemental Material [48] for details).
The magenta triangle shows the carbon data of Ref. [20], which
were also corrected for SCX. The open black squares show the
indirect extraction of Ref. [3]. The uncertainties on both previous
extractions mark the 68% (i.e., 1σ) confidence limits. The
horizontal dashed lines show the 12C GCF-calculated contact
ratios for different NN potentials using contact values fitted
directly to the measured cross-section ratios. See text for details.
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Figure 4: np-SRC dominance in nuclei from 12C to 208Pb extracted from A(e, e0Np) and
A(e, e0p) measurements [13, 14, 17], compared with GCF calculations [17].

Furthermore, the measured A(e, e0
pn) and A(e, e0

np) cross-sections were found to be significantly
higher than the A(e, e0

pp) cross-section. This finding, consistently observed in all measured nuclei,
was interpreted as evidence for np-SRC pairs being about 20⇥ more abundant than pp-SRC pairs
(Fig. 4). From a theoretical standpoint, this np-SRC predominance was interpreted as resulting from
the dominance of the tensor part of the NN interaction at the probed sub-fm distances [6,7,24–26]
(see Fig. 5.

It should be pointed out that, on average, the tensor part of the NN interaction is long-ranged
and small compared to the dominant scalar part. However, studies of the deuteron suggest that
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np対-pp対比やそのA依存性など、電子線での測定（＆解釈）を光子ビームでも確認することがまず重要
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• JLab/Hall D, GlueX検出器を使った実験


• 9 GeV制動放射ガンマ線


• 4πを覆う荷電・中性検出器


• d, 4He, 12Cデータ取得済。解析中

• SPring-8/LEPS2検出器を使った実験


• 1.5-2.9 GeV 逆コンプトン散乱ガンマ線


• 10°-120°を覆う荷電検出器。(w/ 側方γ線)


• feasibility確認のための原子核標的データを取得
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LETTER RESEARCH

We also constrained the internal structure of the free neutron using 
the extracted universal modification function and we concluded that 
in neutron-rich nuclei the average proton structure modification will 
be larger than that of the average neutron.

We analysed experimental data taken using CLAS (CEBAF Large 
Acceptance Spectrometer)23 at the Thomas Jefferson National 
Accelerator Facility (Jefferson Laboratory). In our experiment, a  
5.01-GeV electron beam impinged upon a dual target system with a 
liquid deuterium target cell followed by a foil24 of either C, Al, Fe or 
Pb. The scattered electrons were detected in CLAS over a wide range of 
angles and energies, which enabled the extraction of both quasi-elastic 
and DIS reaction cross-section ratios over a wide kinematical region 
(see Supplementary Information section I).

The electron scattered from the target by exchanging a single virtual 
photon with momentum q and energy ν, giving a four-momentum trans-
fer of Q2 = |q|2 – ν2. We used these variables to calculate the invariant 
mass of the nucleon plus virtual photon, W2 = (m + ν)2 − |q|2 (where 
m is the nucleon mass), and the Bjorken scaling variable xB = Q2/(2mν).

We extracted cross-section ratios from the measured event yields by 
correcting for effects of the experimental conditions, acceptance and 
momentum reconstruction, as well as reaction effects and bin-centring 
effects (see Supplementary Information section I). To our knowledge, 
this was the first precision measurement of inclusive quasi-elastic scat-
tering for SRCs in both Al and Pb, as well as the first measurement of 
the EMC effect on Pb. For other measured nuclei our data are consistent 
with previous measurements, but with reduced uncertainties.

The DIS cross-section on a nucleon can be expressed as a function 
of a single structure function, F2(xB, Q2). In the parton model, xB  
represents the fraction of the nucleon momentum carried by the  
struck quark. F2(xB, Q2) describes the momentum distribution of the 
quarks in the nucleon, and the ratio / / /F x Q A F x Q[ ( , ) ] [ ( , ) 2]2

A
B

2
2
d

B
2  

describes the relative quark momentum distributions in a nucleus A 
with mass number A and deuterium2,7 (d). For brevity, we often omit 
explicit reference to xB and Q2—that is, we write /F F2

A
2
d—with the 

understanding that the structure functions are being compared at iden-
tical xB and Q2 values. Because the DIS cross-section is proportional to 
F2, experimentally the cross-section ratio of two nuclei is assumed to 
equal their structure-function ratio1,2,6,7. The magnitude of the EMC 
effect is defined by the slope of either the cross-section ratios or the 
structure-function ratios for 0.3 ≤ xB ≤ 0.7 (see Supplementary 
Information sections IV and V).

Similarly, the relative probability for a nucleon to belong to an SRC 
pair is interpreted as equal to a2, which denotes the average ratio 
of the inclusive quasi-elastic electron scattering cross-section per 
nucleon of nucleus A to that of deuterium at momentum transfer1,11–15 
Q2 > 1.5 GeV2 and 1.45 ≤ xB ≤ 1.9 (see Supplementary Information 
section III).

Other nuclear effects are expected to be negligible. The contribu-
tion of three-nucleon SRCs should be an order of magnitude smaller 
than the SRC-pair contributions. The contributions of two-body cur-
rents (called ‘higher-twist effects’ in DIS) should also be small (see 
Supplementary Information section VIII).

Figure 1 shows the DIS and quasi-elastic cross-section ratios for 
scattering off a solid target relative to deuterium as a function of xB. 
The red lines are fits to the data that are used to determine the EMC-
effect slopes or SRC scaling coefficients (see Extended Data Tables 1, 2). 
Typical 1σ cross-section-ratio normalization uncertainties of 1%–2% 
directly contribute to the uncertainty in the SRC scaling coefficients but 
introduce negligible uncertainty in the EMC slope. None of the ratios 
presented has isoscalar corrections (cross-section corrections for une-
qual numbers of protons and neutrons), in contrast to much published 
data. We did not apply such corrections for two reasons: (1) to focus 
on asymmetric nuclei and (2) because isoscalar corrections are model- 
dependent and differ among experiments9,10 (see Extended Data Fig. 1).

The DIS data were cut at Q2 > 1.5 GeV2 and W > 1.8 GeV, which 
is just above the resonance region25 and higher than the W > 1.4 GeV 
cut used in previous Jefferson Laboratory measurements10. The 
extracted EMC slopes are insensitive to variations in these cuts over 
Q2 and W ranges of 1.5−2.5 GeV2 and 1.8−2 GeV, respectively (see 
Supplementary Information Table 7).

Motivated by the correlation between the magnitude of the EMC 
effect and the SRC-pair density (a2), we model the modification of the 
nuclear structure function, F2

A, as entirely caused by the modification 
of np SRC pairs. F2

A is therefore decomposed into contributions from 
unmodified mean-field protons and neutrons (the first and second 
terms in equation (1)) and np SRC pairs with modified structure func-
tions (third term):

= − + − + +

= + + ∆ + ∆
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Fig. 1 | DIS and quasi-elastic (e,e′) cross-section ratios. a–d, Ratio 
of the per-nucleon electron scattering cross-section of nucleus A 
(A = 12C (a), 27Al (b), 56Fe (c) and 208Pb (d)) to that of deuterium for DIS 
kinematics (0.2 ≤ xB ≤ 0.6 and W ≥ 1.8 GeV). The solid points show 
the data obtained in this work, the open squares show SLAC (Stanford 
Linear Accelerator Center) data9 and the open triangles show Jefferson 

Laboratory data10. The red lines show a linear fit. e, f, Corresponding 
ratios for quasi-elastic kinematics (0.8 ≤ xB ≤ 1.9). The solid points show 
the data obtained in this work and the open squares the data of ref. 11. The 
red lines show a constant fit. The error bars shown include both statistical 
and point-to-point systematic uncertainties, both at the 1σ or 68% 
confidence level. The data do not include isoscalar corrections.
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Figure 11: High-precision measurements of the EMC e↵ect (left) and SRC scaling (right) led
by the spokespersons [11].

Figure 12 shows the measured structure function ratios of nuclei relative to deuterium (left panel),
and the extracted modification function of SRC pairs, using �F

N
2 = F

N⇤
2 � F

N
2 (right panel). As

can be seen, while the nuclear structure functions vary significantly between di↵erent nuclei, the
extracted SRC pair modification function is universal for all nuclei.

LETTERRESEARCH

where nSRC
A  is the number of np SRC pairs in nucleus A, F x Q( , )p

2 B
2   

and F x Q( , )n
2 B

2  are the free-proton and free-neutron structure func-
tions, ∗F x Q( , )p

2 B
2  and ∗F x Q( , )n

2 B
2  are the average modified structure 

functions for protons and neutrons in SRC pairs and ∆ = −∗F F Fn n n
2 2 2  

(and similarly for ∆F p
2 ). ∗F p

2  and ∗F n
2  are assumed to be the same for all 

nuclei. In this simple model, nucleon-motion effects1–3, which are also 
dominated by SRC pairs owing to their high relative momentum, are 
folded into ∆F p

2  and ∆F n
2 .

This model resembles that used in ref. 26. However, that work focused 
on light nuclei and did not determine the shape of the modification 
function. Similar ideas using factorization were discussed in ref. 1, such 
as a model-dependent ansatz for the modified structure functions, 
which was shown to be able to describe the EMC data27. The analysis 
presented here, to our knowledge, is the first data-driven determination 
of the modified structure functions for nuclei from 3He to Pb.

Because there are no model-independent measurements of F n
2 , we 

apply equat ion (1)  to  the deuteron,  rewrit ing F n
2  as 

− − ∆ + ∆F F n F F( )p p n
2
d

2 SRC
d

2 2 . We then rearrange equation (1) to get:

∆ + ∆
=

− − −

/ −
n F F

F

Z N N

A a N
( ) ( )

( 2)
(2)

p n
F
F

F
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d
2 2

2
d

2

p
2
A

2
d

2

2
d

where /F Fp
2 2

d has been previously extracted28 and a2 is the measured 
per-nucleon cross-section ratio shown by the red lines in Fig. 1e–h. 
Here we assume that a2 approximately equals the per-nucleon  
SRC-pair density ratio between nucleus A and deuterium1,11–15: 

/ / /n A n( ) ( 2)SRC
A

SRC
d .

Because ∆ + ∆F Fp n
2 2  is assumed to be nucleus-independent, our 

model predicts that the left-hand side of equation (2) should be a uni-
versal function (that is, the same for all nuclei). This requires that the 
nucleus-dependent quantities on the right-hand side of equation (2) 
combine to give a nucleus-independent result.

T h i s  i s  t e s t e d  i n  F i g .   2 .  T h e  l e f t  p a n e l  s h ow s 
/ / /F x Q A F x Q[ ( , ) ] [ ( , ) 2]2

A
B

2
2
d

B
2 , the per-nucleon structure-function 

ratio of different nuclei relative to deuterium, without isoscalar cor-
rections. The approximately linear deviation from unity for 
0.3 ≤ xB ≤ 0.7 is the EMC effect, which is larger for heavier nuclei. The 
right panel shows the relative structure modification of nucleons in np 
SRC pairs, ∆ + ∆ /n F F F( )p n

SRC
d

2 2 2
d, extracted using the right-hand side 

of equation (2).
The EMC slope for all measured nuclei increases monotonically with 

A whereas the slope of the SRC-modified structure function is con-
stant within uncertainties; see Fig. 3 and Extended Data Table 2. Even 
3He, which has a markedly different structure-function ratio owing to 
its very large proton-to-neutron ratio of 2, has a remarkably similar 
modified structure function to the other nuclei, with the same slope. 
Thus, we conclude that the magnitude of the EMC effect in different 

nuclei can be described by the abundance of np SRC pairs and that 
the proposed SRC-pair modification function is in fact universal. This 
universality appears to hold even beyond xB = 0.7.

The universal function extracted here will be tested directly in the 
future using lattice quantum chromodynamics (QCD) calculations26 and 
by measuring semi-inclusive DIS off the deuteron, tagged by the detec-
tion of a high-momentum backward-recoiling proton or neutron, that 
will enable direct quantification of the relationship between the momen-
tum and the structure-function modification of bound nucleons29.

The universal SRC-pair modification function can also be used to 
extract the free neutron-to-proton structure-function ratio, /F Fn p

2 2 , by 
applying equation (1) to the deuteron and using the measured proton 
and deuteron structure functions (see Extended Data Fig. 1). In addi-
tion to its own importance, this F n

2  can be used to apply self-consistent 
isoscalar corrections to the EMC effect data (see Supplementary 
Information equation (5)).

To further test the SRC-driven EMC model, we consider the isopho-
bic nature of SRC pairs (that is, np dominance), which leads to an 
approximately constant probability for a neutron to belong to an SRC 
pair in medium-to-heavy nuclei, while the proton probability 
increases22 as N/Z. If the EMC effect is indeed driven by high-momen-
tum SRCs, then in neutron-rich nuclei both the neutron EMC effect 
and the SRC probability should saturate, whereas for protons both 
should grow with nuclear mass and neutron excess. This is done by 
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Figure 12: Left: measured structure function ratio for nuclei relative to deuterium (without
model-dependent iso-scalar corrections). Right: the extracted universal modification function
of nucleons in SRC pairs [11].

3.2 Branching ratio modification

To gain further insight to the modification of nucleons bound in SRC pairs, we propose to measure
the variation in the Branching Ratios (BRs) for hard photonuclear reactions o↵ free (/quasifree) vs.
deeply bound nucleons in the deuteron, 4He and 12C. Changes in the measured BRs, which may
depend on the momentum transfer, scattering angle and nuclear transparency, will shed new light
on the mechanisms of quark-gluon nucleon structure modification in nuclei. The detailed description
of this novel observable follows.

The proton (or neutron) is a complex system that can be described in QCD at any given moment
as a superposition of di↵erent Fock states:

|protoni = ↵PLC |PLCi + ↵3qg |3q + gi + ↵3qqq̄ |3qqq̄i + ↵3q⇡ |3q⇡i + . . . (4)
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There’s lots of other photon-nucleus physics too!

Branching ratio
modification

Probing color
transparency

Probing neutrons via
charged final states

Photon structure

. . .

|pifree =↵PLC |PLC i+ ↵3qg|3q + gi+
↵3q⇡|3q + ⇡i+ . . .

|pibound =↵boundPLC |PLC i+ ↵bound3qg |3q + gi+
↵bound3q⇡ |3q + ⇡i+ . . .
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Table 1: List of possible exclusive photonuclear reactions o↵ protons and neutrons that are
within the detection capabilities of the GlueX spectrometer. Note that neutron reactions are
only possible using nuclear targets (deuteron and heavier).

Proton Reactions Neutron Reactions

� + p ! ⇡
0 + p � + n ! ⇡

� + p

� + p ! ⇡
� + �++

� + n ! ⇡
� + �+

� + p ! ⇢
0 + p � + n ! ⇢

� + p

� + p ! K
+ + ⇤0

� + n ! K
0 + ⇤0

� + p ! K
+ + ⌃0

� + n ! K
0 + ⌃0

� + p ! ! + p —

� + p ! � + p —

where the di↵erent brackets represent states of the proton (or neutron) with the corresponding ↵

representing the amplitude of each state. By definition all weights must sum to 1. The minimal
state of the nucleon includes only the 3 valence quarks and is assumed to be small in size and with
a reduced strong interaction. Such a state is referred to as a Point-Like Configuration (PLC). The
other states include more complex configuration involving additional gluons, quark-antiquark pairs,
pions etc. These states are all components of the wave function of the nucleon.

The modified structure of a proton (or neutron) bound in a nucleus can then be represented by
a di↵erent, decomposition into the same Fock states:

|proton⇤i = ↵
⇤
PLC |PLCi + ↵

⇤
3qg |3q + gi + ↵

⇤
3qqq̄ |3qqq̄i + ↵

⇤
3q⇡ |3q⇡i + . . . (5)

where the di↵erence between a free and bound proton is depicted by the di↵erence between the ↵

and ↵
⇤ coe�cients in Eqs. 4 and 5. An example of such an e↵ect can be found in the ‘Point Line

Configurations Suppression’ model of Frankfurt and Strikman [67] or the ‘Blob-Like Configurations
Enhancement’ model of Frank, Jennings, and Miller [68] that propose a possible explanation to the
EMC e↵ect in which the PLC part of the bound nucleon is di↵erent than in a free one.

We stress that the Fock space description of bound nucleons is somewhat more complex as
nucleons bound in nuclei span various states: e.g. mean-field vs. SRC nucleons, high vs. low local
density etc., allowing the ↵

⇤ coe�cients to possibly depend on the detailed nuclear state of the
bound nucleon. For example, in the PLC suppression model [67], |↵⇤

PLC/↵PLC|2 � 1 is proportional
to the nucleon o↵-shellness (approximately to the square of the nucleon momentum) with much
smaller modification for configurations close to the average ones. Hence one expects maximal bound
nucleon modification in the processes dominated by scattering from small size configurations.

We expect that di↵erent Fock states will absorb high-energy photons di↵erently and lead to
di↵erent branching ratios (BR) for various final states (e.g., �p ! ⇡

��++; ⇢0
p). We propose to use

the unique capability of GlueX to measure simultaneously the BRs of many decay channels of an
excited nucleon following the absorption of a real photon at high momentum transfer (large t). By
measuring these BR for nucleons in a range of nuclei from deuterium through lead we will be able to
see di↵erences in the Fock state decomposition, and hence the structure, of bound and free nucleons.

For a free proton GlueX will measure the branching ratio (BR) for many reactions, including �p !
⇡

��++, ⇢
0
p, K

+⇤, K
+⌃0, and others. By measuring these reactions, and the neutron equivalents

(listed in Table 1), on deuteron and nuclear targets, we can extract the BRs for scattering o↵ free
(/quasi-free) vs. deeply bound nucleons. As each reaction is sensitive to a di↵erent combination of
Fock states, modifying their contribution to the bound proton will modify their BRs.

Current theoretical models do not allow us either to predict the exact change in BRs as a function
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The plan for this experiment:

Nuclear targets
GlueX detector in standard configuration
Measure many photo-production channels on SRC nucleons

p reactions n reactions
�p ! ⇡0p �n ! ⇡�p
�p ! ⇡��++ �n ! ⇡��+

�p ! ⇢0p �n ! ⇢�p
�p ! K+⇤ �n ! K0⇤
�p ! K+⌃0 �n ! K0⌃0
�p ! !p �n ! K+⌃�

�p ! �p �n ! K�⌃+

...
...

Extract cross-section ratios
C/d
Channel 1 / Channel 2
Double ratios
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核子を異なるフォック状態の重ね合わせで記述する模型。

原子核中で核子の状態が変化したとき、フォックベクトル（ケットベクトル）は変化せず、その係数が変更
を受ける。

原子核中と自由空間での反応分岐比を比較することで、この「修正された係数」の情報にアクセスできる。

（ただ現在のところ、分岐比が予言できるほど理論が整備されていない）
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• 核子構造が原子核中で変化することが知られている（EMC効果, 1983-）


• JLab/CLASのSRC解析により、np SRC核子の構造関数が核種によらず普遍的に変化す
ることでEMC効果が説明できるという主張がなされた


• またこの変化量は自由パラメータではなく、弾性散乱領域の測定値から決まる


• CLASの解釈は背景プロセスの理解に依存しており、別プローブ（光子）での測定が重
要になる


• 光ビームでの測定は、JLab/Hall Dの8 GeVビームで測定済み（解析中）、SPring-8/
LEPS2の2 GeVビームで検討中である


