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The EMC Effect and Local Density

EMC

SRC
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EMC Effect and Short-Range Correlations
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O. Hen et al, Phys.Rev. C85 (2012) 047301 

Weinstein et al  first observed linear 
correlation between size of EMC effect and 
Short-Range Correlation “plateau” using 
EMC and older SRC data

Correlation strengthened with addition of 
JLab 6 GeV SRC (beryllium) data

This result provides a quantitative test of level of correlation 
between the two effects, but does not provide a microscopic 
explanation for EMC Effect
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Describing the EMC Effect with SRCs
One can model the EMC effect using contributions from unmodified (mean field nucleons) and modified 
nucleons in SRCs
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à Existing EMC data can be described by universal function

Schmookler et. al., Nature 566 (2019) no.7744, 354-358
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Nuclear PDFs and SRCs

A. W. Denniston et al, Phys.Rev.Lett. 133 (2024) 15, 152502

and TRADITIONAL enhancements. Furthermore, at high-x
value, above ∼0.6, the difference is most pronounced. Part
of this enhanced high-x effect can be understood to result
from the effects of Fermi motion that are known to grow
with x and are included in our approach inside the
modification function and therefore leads to the appearance
of enhanced modification effects at high x [70].
As noted earlier, when we combine the elements of

Fig. 2 to construct the nPDFs, we find that the valence
nPDFs for the TRADITIONAL and SRC fits are identical,
within uncertainties. This highlights the fact that the nPDFs
are truly constrained by the data, despite the differing
parametrizations.
Conclusions—We have performed the first-ever global

QCD analysis of nuclear PDFs using a framework based on
concepts from SRC nuclear models. It leads to similar, or
better, data description as compared to the TRADITIONAL

parametrization, and enables a meaningful physical inter-
pretation of the fit. The incorporated data include the high-
energy DIS, DY, and electroweak boson production com-
monly used in nPDF fits. The analysis determines both the
standard “average” nuclear PDFs (that can be compared
with TRADITIONAL nPDF fits), as well as a universal
distribution of partons in SRC nucleon pairs and the
fractions of such SRC pairs.
This analysis represents a direct extraction of nuclear

structure information from experimental observables
directly probing quark-gluon nuclei dynamics. The fact
that the obtained fractions of SRC pairs agree with their
previous extractions from the low-energy quasielastic data
establishes a direct link between high-energy partonic

properties and lower-energy nuclear physics. It thus
presents a significant advance in our quest to understand
atomic nuclei in terms of QCD. Furthermore, the extracted
distributions of partons in SRC pairs can be directly tested
using measurements of tagged processes at the Jefferson
Lab accelerator and the future Electron-Ion Collider.
This new nPDF set can also potentially impact the

analysis of heavy-ion measurements that require a combi-
nation of nuclear PDFs, together with initial state nuclear
matter effects [71–73]. Whereas TRADITIONAL approaches
thus far assign the same nPDF to all nucleons in the
calculated initial-state distributions, the SRC approach
allows additional flexibility. With the SRC PDFs, we
can (i) follow the TRADITIONAL approach and simply use
averaged distributions, or (ii) we can construct a more
complex initial-state nucleon distribution using a combi-
nation of the free-nucleon PDF and SRC-modified PDF to
each nucleon depending on its correlation state.
Furthermore, it is noteworthy that the SRC parametrization
(in which the dependence of A and x is factorized) produces
an excellent description of the data; the conceptual sim-
plicity of this parametrization is striking.
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FIG. 2. The ratio of the rescaled structure function FA
2=A to the

isoscalar combination ðFp
2 þ Fn

2Þ=2, computed for the TRADI-

TIONAL PDFs for carbon, iron, and lead. Separately, we show the
isoscalar F2 structure function computed with the SRC compo-
nent, fSRCi , of the baseSRC PDFs divided by the aforementioned
isoscalar combination. Both FA

2 and F2 are calculated using the
LO formula [69] at Q ¼ 10 GeV. The baseSRC curve illustrates
the shape of the relative nuclear modification, which is universal
and independent of A. This nuclear modification is weighted by
the SRC coefficients (typically ∼10% to 30%) and added to the
proton PDF to yield the full nPDF.
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Modification of SRC contribution

Can also include SRC-based approach in 
global fits of nuclear PDFs

Nuclear structure studies show that the formation of
short-lived excitations, caused by strongly interacting
short-range correlated (SRC) nucleon pairs [28–31] are
significant. While the abundance of SRC pairs differs
among nuclei, they are predominantly proton-neutron pairs
[28,32–37] and have the same behavior in all nuclei
[29,30,38–40]. Consequently, SRC pairs have universal
properties across nuclei and typical separation energies of
15%–30% of the nucleon mass, which is significantly
higher than that of mean-field states [39–42]. The large
energies and significant spatial overlaps of SRC pairs
motivated various studies of the relation between SRC
pairs and bound-nucleon structure [29].
This analysis studies nPDFs based on our understanding

of high-resolution nuclear structure with SRCs. It allows
for the first time to split the partonic structure inside nuclei
into mean-field and SRC contributions and to extract
information on nuclear structure from an analysis of the
partonic content of nuclei. We try to take a model-agnostic
approach by focusing on the broad-scale features common
to modern high-resolution nuclear structure models, min-
imizing dependence on specific model details.
Short-range nuclear structure—The fundamental quan-

tity of nuclear structure that is relevant for our study is the
nuclear spectral function SAðk; EÞ that defines the proba-
bility of finding a nucleon with momentum k and separa-
tion energy E in a nucleus with mass number A. We use a
normalization convention of

R
SAðk; EÞk2dkdE≡ 1.

Direct many-body calculations of SAðk; EÞ are computa-
tionally unfeasible for A > 3 nuclei. Therefore, we employ
an established approximation where the spectral function is
divided into two parts [30],

SAðk; EÞ ¼ SMF
A ðk; EÞ þ SSRCA ðk; EÞ; ð1Þ

with SMF
A ðk; EÞ representing the single nucleons in a mean

field (MF), and SSRCA ðk; EÞ representing the spectral func-
tion of nucleons in SRC pairs.
The separation presented in Eq. (1) is rooted in the vastly

different energy scales associated with the single-nucleon
mean-field potential and the interaction energy inside
SRC pairs. While mean-field nucleons have momenta and
energy below nuclear Fermi momentum (kF ∼ 250 MeV=c)
and Fermi energy EF ∼ 35 MeV, the strong pairwise
interaction energy inside SRC pairs leads to relative
momenta of 300–800 MeV=c and separation energies of
150–400 MeV [39–42].
The high-energy scale associated with interactions in

SRC pairs leads to a further factorization of their spectral
function into a universal (nucleus independent) pair spec-
tral function distribution, scaled by a (nucleus dependent)
pair abundance factor [41],

SSRCA ðk; EÞ ≈ Z
A
CA
p × SSRCp ðk; EÞ þ N

A
CA
n × SSRCn ðk; EÞ:

ð2Þ

In the above approximation, we do consider all possible
ðpnÞ; ðppÞ, and ðnnÞ nucleon-nucleon pairs by introducing
effective coefficients, CA

pðnÞ, that sum the number of ðpnÞ,
ðppÞ and ðnnÞ, ðnpÞ pairs, respectively.
Here, CA

N (N ¼ p, n) are nucleus-dependent constants
that “count” the fraction of nucleons in SRC pairs, and
SSRCN ðk; EÞ are universal (nucleus-independent) pair distri-
butions that are dominated by the strong nucleon-nucleon
interaction at short distance. Z and N are the total number
of protons and neutrons in the nucleus (Z þ N ¼ A). The
universal pair spectral functions follow normalization
conventions of

R
SSRCN ðk; EÞk2dkdE≡ 1 (N ¼ p, n) and

therefore
R
SMF
A ðk; EÞk2dkdE ¼ 1 − ðZCA

p þ NCA
nÞ=A.

Combining Eqs. (1) and (2) we obtain

SAðk; EÞ ≈ SMF
A ðk; EÞ þ Z

A
CA
p × SSRCp ðk; EÞ

þ N
A
CA
n × SSRCn ðk; EÞ; ð3Þ

where we emphasize that the mean-field term SMF
A ðk; EÞ

captures low-energy, single nucleon dynamics and the SRC
terms CA

N × SSRCN ðk; EÞ captures universal high-energy
nucleon-pair dynamics.
We note that the approximation presented in Eq. (3)

enjoys significant support [36,39,41,43–46] by recent
analyses of ab initio many-body nuclear structure calcu-
lations and high-energy electro-induced nucleon knockout
measurements. Furthermore, Eq. (1) can in principle be
extended to also include three-nucleon correlation effects
that are neglected in the context of this Letter.
SRC motivated nuclear-PDFs—nPDFs are defined

within perturbative QCD using the framework of collinear
factorization [3,47]. This framework allows the computa-
tion of cross sections, dσAB→X, for scattering of particles A,
B into final state X as convolutions of perturbatively
calculable parton-level short-distance cross sections,
dσ̂ij→X, and nonperturbative PDFs, fiðjÞ, where i and j
sum over the partonic content of hadrons A and B,
respectively.
Introducing these nuclear quark and gluon distributions

to the nuclear structure model of Eqs. (1) and (2) leads to an
nPDF parametrization that is composed of a linear combi-
nation of free-nucleon PDFs (representing the quasifree
nucleons), and SRC PDFs that describe the universal quark
and gluon distributions inside an SRC pair,

fAi ðx;QÞ ¼ Z
A
½ð1−CA

pÞ× fpi ðx;QÞ þCA
p × fSRCpi ðx;QÞ&

þN
A
½ð1−CA

nÞ× fni ðx;QÞ þCA
n × fSRCni ðx;QÞ&:

ð4Þ

Here, fAi ðx;QÞ is the nPDF of parton type i (gluon or quark
flavors) in a nucleus with mass number A, carrying

PHYSICAL REVIEW LETTERS 133, 152502 (2024)

152502-2

Can break into contributions of 
unmodified mean-field contribution and 
modified SRC contribution

PDF fit works well, but this is a natural 
consequence of the originally observed 
correlation
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EMC-SRC Correlation
What causes the detailed nuclear dependence to be the same?
àCommon cause? Does one drive the other?

Two hypotheses:
1. High virtuality 
àEMC effect driven by virtuality of nucleon – relative probability to have high-momentum 
nucleon

2. Local Density
àEMC effect driven by local density – nucleons are close together

These hypotheses can be tested to looking at correlation vs. modified SRC variable

R2N à a2 corrected for CM motion of correlated pair à number of SRCs
a2 à number of high-momentum nucleons coming from SRCs and pair 
motion

Neither picture ruled out by existing data
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Nuclear Dependence of EMC and SRCs

Detailed study of nuclear dependence of EMC effect and SRCs does not 
favor either picture

Can we distinguish between these two pictures via some new 
observable? à Flavor dependence of the EMC effect

High virtuality Local density

a2 ~ number of high momentum 
nucleons

R2N ~ number of nucleons “close” 
together

Arrington et al, PRC 86, 065204 (2012)



8

Flavor dependence and SRCs
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If EMC effect due to high virtuality, flavor dependence of EMC effect emerges 
naturally

à If EMC effect from local density, np/pp/nn pairs all contribute (roughly) equally

High momentum nucleons from SRCs emerge 
from tensor part of NN interaction – np pairs 
dominate

à Probability to find 2 nucleons “close” 
together nearly the same for np, nn, pp

Ppp = Pnn ≈ 0.8Pnp

For r12 < 1.7 fm: 

S.C. Pieper and R.B. Wiringa, Ann. 
Rev. Nucl. Part. Sci 51, 53 (2001)
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SRCs, the EMC Effect and Flavor 
Dependence
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M. Sargsian, arXiv:1209.2477 [nucl-th] and arXiv:1210.3280 [nucl-th]

High momentum nucleons in the nucleus come primarily from 
np pairs

àThe relative probability to find a high
 momentum proton is larger than for neutron for N>Z nuclei

nA
p (p) ≈ 1

2xp
a2(A, y)nd(p)

nA
n (p) ≈ 1

2xn
a2(A, y)nd(p)

xp =
Z

A

xn =
A− Z

A

Probability to find SRC

Under the assumption the EMC effect comes from “high virtuality” (high 
momentum nucleons), effect driven by protons (u-quark dominates) à similar 
flavor dependence is seen in some “mean-field” approaches 
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Flavor Dependence of the EMC Effect in Mean Field 
Approach

Q2 = 5.0 GeV2
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Mean-field calculations predict a flavor dependent EMC effect for N≠Z nuclei 

Cloët, Bentz, and Thomas, PRL 102, 252301 (2009)

Isovector-vector mean field (r) 
causes u (d) quark to feel additional 
vector attraction (repulsion) in N≠Z 
nuclei 

Experimentally, this flavor dependence has not been observed directly
Flavor dependence could be measured using PVDIS, pion Drell-Yan, SIDIS, 
unpolarized EMC Effect… 

This model includes explicit quark 
degrees of freedom à nuclear 
dynamics included via shell model
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Pion Drell-Yan
October 29, 2018 14:15 WSPC/INSTRUCTION FILE emc

The Challenge of the EMC Effect 19

ūπ− = d̄π+ , and ūπ+ = d̄π−), A/D and charge ratios for the pion-induced Drell-Yan
reaction can be expressed

ωDY (π+ +A)

ωDY (π− +A)
→

dA(x)

4uA(x)
, (13)

ωDY (π− +A)

ωDY (π− +D)
→

uA(x)

uD(x)
, (14)

ωDY (π− +A)

ωDY (π− +H)
→

uA(x)

up(x)
, (15)

where only the dominant terms in the cross section have been retained.
At present, there is limited data available on the pionic Drell-Yan reaction (see

Ref. [38] for an in-depth overview). In particular, the pionic Drell-Yan reaction
from nuclei has been measured by the NA339, 40 and NA1041 experiments at CERN
which used π− to measure the Pt/H andW/D ratios, respectively, while the Omega
collaboration measured the π+/π− ratio from tungsten.42 These data are globally
consistent with the overall nuclear dependence of quark distributions observed in
DIS. More recently, the pionic Drell-Yan data has been examined in the context of a
model that predicts significant differences in the modification of up and down quark
distributions in nuclei (see Fig. 9) and it was observed that this model is slightly
favored over one that includes no flavor dependence, but with limited significance
due to the relatively large uncertainties of the data.43 Future measurements at
COMPASS-II44 could provide increased precision in measurements of pionic Drell-
Yan from nuclei and potentially provide unambiguous information regarding the
flavor dependence of the EMC effect.

A possible flavor dependence of the EMC effect is particularly interesting in
the context of the observed correlation between the size of the EMC effect and
the a2 = ωA/ωD ratio measured for inclusive electron scattering at x > 1. One
explanation for this correlation is that the EMC effect is driven by high-momentum
nucleons in the nucleus. Since these high momentum nucleons should primarily
come from correlated nucleon pairs, the a2 ratios serve as an indication of the
relative probability to find these high-momentum nucleons. One implication of a
connection between the EMC effect and high momentum nucleons is that a flavor
dependence of the EMC effect should be induced for N "= Z nuclei.46, 47 For heavy
nuclei with N > Z, a given proton is more likely to be found in a correlated (high-
momentum) pair than a neutron. Since the proton contains two valence up quarks,
one would expect up quarks to experience greater modification in those nuclei. It is
worth noting that a similar flavor dependence was first predicted using a mean-field
approach with no reference to short-range correlations,45, 48 so observation of such
a flavor dependence is no guarantee of the validity of the high-momentum nucleon
explanation of the EMC effect. However, the failure to see such a flavor dependence
would pose a challenge to this picture.

dσπ±A

dxπdx2
=

4πα2

9sxπx2

�

q

e2
q[qπ±(xπ)q̄A(x2) + q̄π±(xπ)qA(x2)]

Drell-Yan reaction: quark from hA annihilating with quark from hb à virtual photon à lepton pair

Drell-Yan with pion beams provides access to flavor dependence of 
quark distributions
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EMC Flavor Dependence: Pion Drell-Yan
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Experiment Flavor Ind. Flavor dep.
NA3 1.3 0.5

NA10 0.60 2.5

Omega (low Q2) 6.2 3.2

Omega (high Q2) 1.4 0.96

χ2/DOF

Pion-induced Drell-Yan sensitive to potential 
flavor dependence, but existing data lack 
precision
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Pion Drell-Yan at COMPASS
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σDY (π+ + A)
σDY (π− + A)

≈ dA(x)
4uA(x)

σDY (π− + A)
σDY (π− + D)

≈ uA(x)
uD(x)

dσπ±A

dxπdx2
=

4πα2

9sxπx2

�

q

e2
q[qπ±(xπ)q̄A(x2) + q̄π±(xπ)qA(x2)]

Unfortunately, COMPASS has not produced 
results on this observable à (low statistics)
à Planned for AMBER
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Semi-Inclusive DIS
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Assuming factorization holds, SIDIS acts as 
a “flavor tag” for struck quark
à Similar to polarized quark distribution 
extractions

dσ

dxdQ2dz
=

�
f e2

fqf (x)Dh
f (z)

�
f e2

fqf (x)

�
dσ

dxdQ2

�

Df
h(z) – fragmentation function

quark of flavor f  à hadron h

qf(x) = quark distribution

x = fraction of proton momentum carried by quark
z = Ehadron/n
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Semi-Inclusive DIS
z=0.5nuc. PDF (flavor Ind.)

uv only
dv only
Cloet et al.
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Nuclear PDFs (no flavor dep.)
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Toy model:
uV only: EMC effect due to modification of uA only
dV only: EMC effect due to modification of dA only F2

A unchanged
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SIDIS - Interpretability
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Hadronization is modified in the nuclear 
medium
à Probability for quark f to form hadron h 
changes
à Depends on A, hadron kinematics

RA
h (z, ν) =

�
1
σe

dσ
dzdν

�

A�
1
σe

dσ
dzdν

�

D

Complicates interpretation of SIDIS 
measurements of flavor dependence if effect 
different for p+ and p-

à This could possibly be checked with 
measurements at x=0.3 (no EMC effect)

Hadron attenuation effects should be smaller at EIC!
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SIDIS with A=3 Nuclei

8 of 12

neutron (proton) in 3H (3He), so we can recalculate the average u and d quark in each
isotope:

uH =
(ũp + ũn)np + up

3
=

Rnp
H (u + d) + u

3
,

dH =
(d̃p + d̃n)np + dp

3
=

Rnp
H (u + d) + d

3
,

uT =
(ũp + ũn)np + un

3
=

Rnp
T (u + d) + d

3
,

dT =
(d̃p + d̃n)np + dn

3
=

Rnp
T (u + d) + u

3
.

(15)

We also can link Rnp
A to the EMC ratios:

RH
EMC =

2
3
(Rnp

H � 1) + f iso
H/D, RT

EMC =
2
3
(Rnp

T � 1) + f iso
T/D. (16)

Plugging Eq. (15) into Eq. (6), we have:

Rp,�
H/D(x) =

2
3
(Rnp

H +
4uv � dv

3uv + 3dv
), Rp,�

T/D(x) =
2
3
(Rnp

T +
4dv � uv

3uv + 3dv
), (17)

The values of Rnp
H(T) were calculated with the strengths of the modification (RH(T)

EMC) match-
ing the SLAC fit or the KP model.
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Figure 4. Projected ratios of Rp,�
A/D for 3H (left) and 3He (right). Dashed line Rp,±

A/D are calculated with the
SIDIS structure functions constructed with various nuclear-PDF models discussed in the text. The data
points are based on the SIDIS MC events with standard SIDIS cuts and one fixed z-bin (0.35 < z < 0.45).
1% point-to-point systematic uncertainties are combined with the statistical errors.

Fig. 4 shows the experimental projection of the Rp,�
H/D (left) and Rp,�

T/D(right) where curves
represent different hypotheses discussed above. The JAM calculations are also given for
comparison with the JAM PDFs from the QCD global analysis in Ref. [21]. The JAM PDFs in He
and T are estimated using Fermi smearing of the JAM on-shell nucleon PDFs, while allowing
for off-shell nuclear effects to be flavor dependent.

Even after the tight SIDIS cuts and a single 0.35<z<0.45 bin is chosen, the statistical
uncertainties are still small enough even at very high x thanks to the wide acceptance of
CLAS12. The projected data should be precise enough to distinguish small differences from

Can also explore flavor 
dependence with light nuclei 
with very different N/Z ratios:

3He: N/Z = 0.5
3H: N/Z = 2

Expected effects due to hadron 
attenuation much smaller

Requires tritium target

Conditionally approved experiment in Hall B:
“Semi-Inclusive Deep Inelastic Scattering Measurement of A=3 Nuclei with CLAS12 in Hall B”
Spokespersons: L. Weinstein*, O. Hen, D. Dutta, D. Gaskell, D. Meekins, D. Nguyen, J. West, Z. Ye
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Parity violating electron scattering

Electron beam at JLab is highly 
polarized à electron spins 
preferentially oriented in one direction

γ∗

Z
0

γ∗

2

∗In DIS, the electromagnetic interaction is 
independent of electron spin à parity conserving

DIS can also proceed via the weak interaction à 
parity violating, but highly suppressed

The asymmetry is sensitive to the interference 
between EM and Weak contributions
à Coupling for weak interactions for a given quark 
flavor not the same as electromagnetic



19

Flavor Dependence from PVDIS
APV ⇡ � GFQ2

4
p
2⇡↵


a1(x) +

1� (1� y)2

1 + (1� y)2
a3(x)

�
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a1(x) = 2

P
C1qeq(q + q̄)P
e2q(q + q̄)
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Suppressed by small 
values of C2, y-factor 

C1u=-0.19, C1d=0.34

Expanding about uA=dA limit, neglecting sea quarks: 
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A � d+A

u+
A + d+A
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q± = q(x)± q̄(x)

PVDIS directly sensitive to difference in up and down quark distributions in nuclei
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Flavor Dependence from PVDIS

Cloët, Bentz, and Thomas, PRL 109, 182301 (2012)

APV ⇡ � GFQ2

4
p
2⇡↵


a1(x) +

1� (1� y)2

1 + (1� y)2
a3(x)

�
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which eliminates 1 to 1:5! [20,22] of the NuTeV discrep-
ancy with respect to the standard model in their measure-
ment of sin2"W . Thus, quite apart from the intrinsic
importance of understanding the dynamics of quarks within
nuclei, the observation of these large flavor-dependent
nuclear effects illustrated in Fig. 1 would be direct evidence
that the isovector EMC effect plays an important role in
interpreting the NuTeV data. It would also indicate the
importance of flavor-dependent effects in our understand-
ing of the EMC effect in nuclei like lead and gold.

The a2 function is potentially sensitive to charge sym-
metry violation effects as well, which are a consequence of
the light quark mass differences and electroweak correc-
tions [16–18]. In this case Eq. (6) reduces to

a2ðxÞ ’
9

5
# 4sin2"W # 6

25

#uþðxÞ # #dþðxÞ
uþp ðxÞ þ dþp ðxÞ

; (8)

where #uþ % uþp # dþn and #dþ % dþp # uþn . These
effects are largely independent of the medium effects
already discussed [22] and by using the central value of
the parametrizations of Ref. [35] we find this correction to
be negligible on the scale of Fig. 1. Therefore, nuclear

effects should dominate the discrepancy between the naive
expectation and an empirical result for a2ðxAÞ. However,
if charge symmetry violation effects turn out to be larger
than expected, together with any residual uncertainty asso-
ciated with strange quarks at low x, these effects can
be constrained via measurements on isospin symmetric
nuclei.
The EMC effect can be defined for both the traditional

DIS and $Z interference structure functions, via the ratio

Ri ¼ Fi
2A

Fi;naive
2A

¼ Fi
2A

ZFi
2p þ NFi

2n

; (9)

where i 2 $, $Z. The target structure function is labelled
by Fi

2A, while Fi;naive
2A is the naive expectation with no

medium effects whatsoever, and can be expressed as a
sum over the free proton and neutron structure functions.
Therefore, if there were no medium effects Ri would be
unity. Expressing the EMC effect in terms of the PDFs we
find the parton model expressions

R$ ’ 4uþA þ dþA
4uþf þ dþf

; R$Z ’ 1:16uþA þ dþA
1:16uþf þ dþf

; (10)

where qf are the quark distributions of the target if it were
composed of free nucleons. For an isoscalar target we have
R$ ¼ R$Z (modulo electroweak, quark mass and heavy
quark flavor effects). However, for nuclei with N ! Z
these two EMC effects need not be equal. The solid line
in Fig. 2 illustrates our EMC effect results for F$

2A in
nuclear matter, with Z=N ratios equal to that of iron (top)
and lead (bottom), while the corresponding EMC effect in
F$Z
2A is represented by the dot-dashed line. The dotted

and dashed lines illustrate the EMC effect in the u and d
quark sectors, respectively. We find that as the proton-
neutron ratio is decreased, the EMC effect in F$

2A increases,

whereas the EMC effect in F$Z
2A is reduced. Consequently,

for N > Z nuclei we find that R$ <R$Z on the domain
xA * 0:3, which is the domain over which our valence
quark model can be considered reliable.
The fact that uA=uf < dA=df and as a consequence

R$ < R$Z in nuclei with a neutron excess is a direct con-
sequence of the isovector mean field and is a largely model
independent result. In Ref. [20] it was demonstrated that
the isovector mean field leads to a small shift in quark
momentum from the u to the d quarks, and hence, the
in-medium depletion of uA is stronger than that of dA in the
valence quark region. Because uA is multiplied by a factor
four in the ratio R$, the depletion is more pronounced for
this ratio than for R$Z, where the d quark quickly domi-
nates as Z=N becomes less than one.
We find that the flavor-dependent effects in nuclei like

lead and gold are approximately at the 5% level or greater,
in the valence quark region. Effects of this size are large
enough to be observed in planned PVDIS experiments [36]
at Jefferson Lab after the 12 GeV upgrade. Because of the

FIG. 1 (color online). Asymmetric nuclear matter results for
a2ðxAÞ obtained by using the Z=N ratio of iron (top) and lead
(bottom). In each figure the dotted line is the isoscalar result, the
dot-dashed line the naive expectation where no medium effects
are included, and the solid line is the full result.

PRL 109, 182301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 NOVEMBER 2012

182301-3

Modeling - nPDFs

Varying weights in fits between lepton/Drell Yan and ⌫ can
show tension between data sets

nCTEQ fits show dramatic di↵erences in a similar vein at CBT

Few percent e↵ect in a2
Ca48 from Cloet-Bentz-Thomas for  1a

x
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Ca48 from Cloet-Bentz-Thomas for  1a

Seamus Riordan — ECT* Q&GinN 2018 EMC PVDIS 12/27

Lead

Calcium-48

Z/N=20/28

a1(x) = 2

P
C1qeq(q + q̄)P
e2q(q + q̄)
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Suppressed by small 
values of C2, y-factor 

C1u=-0.19, C1d=0.34
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PVEMC with SoLID

High precision measurement possible with 
proposed SoLID spectrometer in Hall A

Two proposed SoLID configurations:
1. PVDIS à planned measurements on 

proton and deuteron
2. SIDIS/J/y

PVEMC measurement requires target with 
N ≠Z and large EMC effect
à 48Ca satisfies both requirements with 

smaller radiation length than heavier 
targets (e.q., gold or lead)
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Projections - Sensitivity

CBT Model

No flavor dependence

Up only

Down only

Scaling models (p>300 MeV, 
kinetic energy, average density, 
overlap probability)

8s sensitivity to CBT 
model (neglecting 
normalization 
uncertainty)

C12-22-002: Conditionally approved to run in Hall A using SoLID (50 days)



23

What about anti-quarks?

VOLUME 64, NUMBER 21 PHYSICAL REVIEW LETTERS 21 MAY 1990
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FIG. 2. Ratios of the dimuon yield per nucleon for Fe/'H vs dimuon mass, pr, and xz. The pr and xz ratios only include data

from the pure continuum mass region, 4 ~M ~9 GeU and M ~ 11 GeU.

EMC effect fall into three general categories: pion-
excess models, quark-cluster models, and rescaling mod-
els. These models can also be used to predict the nuclear
dependence of DY dimuon production. The acceptance
of the E772 spectrometer was taken into account in each
of the following calculations.
The pion-excess model in its earliest forms' ' pre-

dicted a rise in the F2"'/F2" ratio at small x, as well as a
depletion for x, ~0.2. The small enhancement in the
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FIG. 3. Ratios of the Drell-Yan dimuon yield per nucleon,
Yg/Y2„, for positive xF The curves show. n for Fe/ H are pre-
dictions of various models of the EMC effect. Also shown are
the DIS data for Sn/ H from the EMC (Ref. 4).

pion cloud surrounding a bound nucleon arises from a
conjectured attractive p-wave rr-N interaction in nuclear
matter. The strength of this interaction is often charac-
terized by the Landau-Migdal parameter go., typical
values found in the literature range around go-0.6-0.7.
Figure 3 compares the results of a calculation's (using
the structure functions of Ref. 14) with go 0.6 to the
present Fe/ H DY data; it is completely inconsistent
with the data. The pion-excess model of Ref. 17, which
uses a different pion distribution function, predicts a
similar enhancement in the antiquark content of nuclei,
in disagreement with our data.
Quark-cluster models view the nucleus as composed of

a combination of ordinary nucleons plus some fraction of
multiquark (6q, 9q, and higher) clusters formed by the
overlap of nucleons. The uncertainties in these models
come from the essentially unknown structure functions
of multiquark clusters. In the model of Carlson and
Havens, ' for example, the parton structure functions
were parametrized according to constituent counting
rules. The gluon momentum fraction for the 6q cluster
was constrained to be the same as for the free nucleon.
This results in a significant enhancement of the sea even
for a modest 15% 6q-cluster fraction. The calculated
DY ratio (Fig. 3) is in significant disagreement with the
present data. An alternate but plausible assumption,
that the sea-to-glue momentum fraction in 6q clusters is
the same as it is for nucleons, leads to a smaller enhance-
ment of the DY ratio. However, such a calculation is
still in disagreement with our data.
The rescaling model assumes that nuclear binding re-

sults in a phenomenon similar to the scaling violation as-
sociated with gluon emission. ' Comparisons to the
present DY data are made on the basis of the scale
change of structure functions f(x„g) f(xt, gg ),
where (-2 over the Q range of our data. The calcula-
tion, shown in Fig. 3, yields a scaling violation similar to
DIS. It approximately fits the DY data, except in the

2481

• The “pion excess” picture suggests that the anti-quark 
distributions should be enhanced in nuclei

• Measured using Drell-Yan reaction by E772 at 
Fermilab

• Significant contributions from nuclear pions ruled out
• Limited x range

µ
+

µ
-

p (beam)

N (target)

x1 q

x2 q
_

γ
*

D.M. Alde et al., PRL64: 2479 (1990)

• Most models of the EMC effect ignore anti-quarks

E906 (SEAQUEST) should provide improved precision at larger x
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SEAQUEST results

• No enhancement seen as in the case of a pion excess model!
• EMC like behavior is displayed but results are consistent with 1

Slide courtesy Arun Tadepalli
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SEAQUEST Comparison with E772
*E772 systematics not shown

• No enhancement seen as in the case of a pion excess model!
• EMC like behavior is displayed but results are consistent with 1
• Basically in agreement with E772 results in the overlap region

Slide courtesy Arun Tadepalli

Carbon Iron Tungsten
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Further Studies of the EMC Effect via Inclusive Target 
Ratios?

EMC effect has been studied extensively via A/D ratios – what more 
can we learn?

àAdditional light and heavy nuclei
àLight nuclei allow use of “exact” nuclear wave functions
àExplore EMC-SRC connection via A dependence at ~ fixed N/Z, N/Z 

dependence at ~ fixed A
àFlavor dependence from inclusive measurements? 
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JLab E12-10-008: More detailed study of Nuclear 
Dependence

J. Seely, et al., PRL 103, 202301 (2009)

E03-103: EMC at 6 GeV
à Focused on light nuclei
à Large EMC effect for 9Be
à Local density/cluster effects?

E12-10-008: EMC effect at 12 GeV 
àHigher Q2, expanded range in x (both low and high x) 
à Light nuclei include 1H, 2H, 3He, 4He, 6Li, 7Li, 9Be, 10B, 11B, 12C
à Heavy nuclei include 40Ca, 48Ca and Cu and additional heavy nuclei of particular 

interest for EMC-SRC correlation studies

Spokespersons: J. Arrington, A. Daniel, N. Fomin, D. Gaskell 
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JLab: E12-10-008 (EMC) and E12-06-105 (x>1) –
Exploring the EMC-SRC Connection

1H
2H
3He
4He

6,7Li
9Be
10,11B
12C

27Al
40*,48Ca
48Ti
54Fe
58,64Ni

64*Cu
108*Ag
119*Sn
197*Au
232Th

Heavier nuclei: 
Cover range of N/Z 
at ~fixed values of A

Light nuclei: 
Reliable 
calculations of 
nuclear structure 
(e.g. clustering)

§ Both experiments use wide 
range of nuclear targets to 
study impact of cluster 
structure, separate mass and 
isospin dependence on SRCs, 
nuclear PDFs

§ Experiments will use a 
common set of targets to 
provide more information in the 
EMC-SRC connection
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EMC Effect in 10B and 11B
A few days of the allocated time E12-10-008 
used in 2018 to help commission the new Hall 
C equipment after 12 GeV upgrade

EMC Effect in 10B and 11B found to be similar 
to 4He, 9Be, 12C

àBoth boron isotopes have significant a 
cluster structure like 9Be and 12C

àReinforces “local density” picture 
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EMC Effect in 10B and 11B

A few days of the allocated time E12-10-008 used 
in 2018 to help commission the new Hall C 
equipment after 12 GeV upgrade

EMC Effect in 10B and 11B found to be similar to 
4He, 9Be, 12C

à Both boron isotopes have significant a cluster 
structure like 9Be and 12C

à Reinforces “local density” picture 

Can also define the “relative 2-nucleon overlap”
<latexit sha1_base64="KnmFoQfdTgT0IfrjZk9+Q91pW+Q=">AAACHHicbZDLSgMxFIYz9VbrbdSlm2AR3FhmVKoboagLV7aCvUBbhkx62oZmMkOSEcrQB3Hjq7hxoYgbF4JvY3oRausPgZ/vnMPJ+f2IM6Ud59tKLSwuLa+kVzNr6xubW/b2TkWFsaRQpiEPZc0nCjgTUNZMc6hFEkjgc6j6vathvfoAUrFQ3Ot+BM2AdARrM0q0QZ59UvQSCXyAL3CDE9HhgIveLW7IsT+aote/1LOzTs4ZCc8bd2KyaKKSZ382WiGNAxCacqJU3XUi3UyI1IxyGGQasYKI0B7pQN1YQQJQzWR03AAfGNLC7VCaJzQe0emJhARK9QPfdAZEd9VsbQj/q9Vj3T5vJkxEsQZBx4vaMcc6xMOkcItJoJr3jSFUMvNXTLtEEqpNnhkTgjt78rypHOfcfC5/d5otXE7iSKM9tI8OkYvOUAHdoBIqI4oe0TN6RW/Wk/VivVsf49aUNZnZRX9kff0AOxOgPQ==</latexit>

Orel = hON i � hODi

Derived from probability to find 2 nucleons “close” to each other
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40Ca/48Ca Relative Norm. (1.4%)

40Ca48Ca - no flavor dependence48Ca - with flavor dependence

0.8

1

1.2

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Flavor dependence from Inclusive 40Ca and 48Ca
Measure inclusive EMC effect for similar A, 
different N/Z

CBT model predicts a ~3% effect for 48Ca at 
x=0.6
àN/Z = 1.4

If there is no flavor dependence, difference 
between 40Ca and 48Ca should be less than 
1% (SLAC E139 A-dependent parametrization)

x

sA/sD

E12-10-008 expands on this idea by measuring several 
nuclei with similar A, but varying N/Z
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Preliminary Extraction of N/Z Dependence170

Figure 4.11: EMC slopes from this work determined from fits over the range 0.3 <
xBj < 0.6 with their naive A-dependence removed for nuclei with mass numbers in
the range 40 ! A ! 64 are plotted as a function of N/Z and shown alongside EMC
slopes from fits over the same xBj range of theoretical predictions for N/Z = 1 and
N/Z = 1.4 nuclear matter [90] from the CBT model described in Ref. [32].

The 40Ca and 48Ca targets provide the largest lever arm to measure isospin de-

pendence, as they have very different neutron-to-proton ratios and similar numbers

of nucleons. The observation that the EMC slopes of 40Ca and 48Ca are very similar

suggests that the EMC effect does not have a significant isospin dependence. This

conclusion is further supported by the similarity between the slopes of 58Ni and 64Ni.

However, if the EMC effect is only A-dependent with no isospin-dependence at all,

it is then difficult to explain the difference between the measured EMC slopes of

the 48Ca and 48Ti targets, as they have the same number of nucleons. This may

suggest that some other property of these nuclei, apart from A and isospin, has an

Cameron Cotton (UVa) focused on 
study of N/Z dependence of EMC Effect

à Extracted size of EMC Effect for 
40Ca, 48Ca, 48Ti, 58Ni, 64Ni, 54Fe

à Removed A-dependence of EMC 
Effect using fit to isoscalar nuclei

à Compared A>40 nuclei relative to 
40Ca

Model from Cloët, Bentz, and Thomas 
would result in larger EMC Effect for 
48Caà results suggest little or no 
difference

Trend vs. N/Z also not understood Ratios above all relative to deuterium à there is a 
correlated error that should be removed
à Purple error bar = estimated uncertainty after removing 
correlated piece
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Spectator Tagging and the EMC Effect1.1. The spectator mechanism 13

Figure 1.1: The process A(e, e
Õ(A ≠ 1))X within the impulse approximation [23].

F
N/A

2 is the DIS structure function of the nucleon N in the nucleus A, nA(|P̨A≠1|) is the three-
momentum distribution of the bound nucleon, z

A

1 = (p1 · q)/M‹ is the light cone momentum
of the bound nucleon and K

A is a kinematical factor given by
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, (1.2)

with y = ‹/Ee, yA = (p1 · q)/(p1 · ke) and xA = xB/z
A

1 .

Nuclear e�ects in Eq. 1.1 are generated by the nucleon momentum distribution nA(|P̨A≠1|)
and by the quantities yA and z

A

1 , which di�er from the corresponding quantities for a free
nucleon (y = ‹/Ee and z

N

1 = 1). In this framework the o�-mass shellness of the nucleon
(p2

1 ”= M
2) generated by nuclear binding is taken into account within some small relativistic

corrections when A > 2 [43]. In all the studies we propose here, it is important to ensure
that the spectator mechanism is dominant and that scattering between spectator nucleons
and other reaction products is properly modeled. Our main goal here is to make sure we
understand the simple deuterium case as well as the more complex helium target.

To test the spectator mechanism, we use the P̨A≠1 dependence of semi-inclusive cross
section ratio of di�erent nuclei at the same values of xB, Q

2 and with |P̨AÕ≠1| = |P̨A≠1|

R(xB, Q
2
, |P̨A≠1|, z

A

1 , z
A

Õ

1 , yA, yAÕ) © ‡
A

1 (xB, Q
2
, |P̨A≠1|, z

A

1 , yA)
‡

AÕ
1 (xB, Q2, |P̨AÕ≠1|, z

AÕ
1 , yAÕ)

. (1.3)

In the Bjorken limit, the A dependence of R is expected to be entirely dominated by
the nucleon momentum distribution nA(|P̨A≠1|), which exhibits a strong A dependence.
Therefore, measurements of the R ratio as a function of the recoil momentum |P̨A≠1| provide
a strong test of the spectator mechanism independently of the model for F

N/A

2 . Figure 1.2

Spectator tagging can be used to determine
the kinematics of the struck nucleon

2 complementary programs of ”tagged EMC” 
measurements at JLab

2.3. Design of the ALERT Detector 26

Figure 2.3: The schematic layout of the ALERT detector design, viewed from the beam
direction.

shorter distance between wires and optimization of the electric field over pressure ratio. Our
design is based on other chambers developed recently. For example for the dimuon arm of
ALICE at CERN, drift chambers with cathode planes were built in Orsay [54]. The gap
between sense wires is 2.1 mm and the distance between two cathode planes is also 2.1 mm,
the wires are stretched over about 1 m. Belle II is building a cylindrical drift chamber very
similar to what is needed for this experiment and for which the space between wires is around
2.5 mm [55]. Finally, a drift chamber with wire gaps of 1 mm is being built for the small
wheel of ATLAS at CERN [56]. The cylindrical drift chamber proposed for our experiment
is 300 mm long, and we therefore considered that a 2 mm gap between wires is technically a
rather conservative goal. Optimization is envisioned based on experience with prototypes.

The radial form of the detector does not allow for 90 degrees x-y wires in the chamber.
Thus, the wires of each layer are at alternating angle of ± 10¶, called the stereo-angle,
from the axis of the drift chamber. We use stereo-angles between wires to determine the
coordinate along the beam axis (z). This setting makes it possible to use a thin forward end-
plate to reduce multiple scattering of the outgoing high-energy electrons. A rough estimate
of the tension due to the ≥2600 wires is under 600 kg, which appears to be reasonable for a
composite end-plate.

The drift chamber cells are composed of one sense wire made of gold plated tungsten
surrounded by field wires, however the presence of the 5 T magnetic field complicates the
field lines. Several cell configurations have been studied with MAGBOLTZ [57], we decided

1. Low energy recoil detector for 
reconstructing residual, recoiling 
nucleus 

2. Backward angle proton/neutron 
detectors to sample high momentum 
(hundreds of MeV) nucleons 
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E12-11-107 (Hall C) and E12-11-003a (Hall B)

Measure structure function of high momentum nucleon in deuterium by tagging the spectator
àTake ratio of yield at large x (EMC region) to low x (no EMC expected)
àRequires new, large acceptance proton/neutron detectors at back angles

d(e,e’p)

Spokespersons: O. Hen, L. Weinstein, S. Gilad, S. Wood. H. Hakobyan
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The expected uncertainties for the ratio of the in-medium to free proton response function as 
calculated from the simulated data according to Eq. 1 are shown in Fig. 23 for 40 PAC days with 
Run Group B.  The expected uncertainties for the full data taking period of 75 days are shown in 
Fig. 24.  These uncertainties are much smaller than those of E12-11-107 (see Fig 12 right) for the 
proton. 
 

 

 

Figure 23:  The α s  dependence of the modified proton response function ratio F2 p
eff / F2 p  as in Fig. 8 

with model predictions and simulated data including statistical (inner error bars) and systematical (outer 
error bars) uncertainties for 40 days of data.  We expect an additional 4% interpretation uncertainty (see 
text for details).  The label “Q2 = 5 GeV2” refers to the models, not the data. 

d(e,e’n)

↵s = (Es � pzs)/ms
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Nucleon virtuality:

Run complete – data 

under analysis
Data taking in progress
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ALERT Program in Hall B3.1. Projections 48

Figure 3.4: This figure is similar to figure 1.4, it shows predictions of the ratio R
A(x, x

Õ) for
A = 2 and A = 4 as a function of the momentum of the recoil nucleus A≠1 at perpendicular
(left) and backward (right) angle. The full and dashed curves are predictions for CLAS12
kinematic [23, 71] of the x-rescaling (binding) and Q

2-rescaling models, respectively, points
are projections for 2H (red) and 4He (blue).

3.1.4 Tagged EMC Ratio

The experiment can also confront the striking predictions for backward versus forward
tagged EMC in binding models, as illustrated in the Figure 3.5. We see that the model
prediction will be clearly tested, however the reach in xB for the backward recoils is also
strongly constrain by the beam time available for the experiment. Indeed, the strongest
e�ect is expected at xB ≥ 0.5 for which we need high statistics.

The measurement of the tagged EMC ratio is a very good observable even for other kinds
of model, in the low momentum regime one should be able to reproduce very nicely the classic
EMC e�ect and then be able to study its dependence to the spectator angle and momentum.
In general, models based only on o�-shellness predict no di�erences between nuclei at a given
spectator kinematic. This prediction can be tested nicely with the measurement presented
here.

1.4. Tagged EMC ratio 16

The quantity R
A which is defined by:
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represents the ratio between the cross sections on the nucleus A at two di�erent values of
the Bjorken scaling variable. Due to the cancellation of all the other terms but the nucleon
structure functions in Eq. 1.4, R

A is highly sensitive to the nuclear e�ect. In the binding
model (x-rescaling), where the inclusive nuclear structure function is expressed through a
convolution of the nuclear spectral function and the structure function of the bound nucleon,
one has
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In the Q
2-rescaling model [18], which is based on the medium modification of the Q

2-evolution
equations of QCD and the assumption that the quark confinement radius for a bound nucleon
is larger than the one for a free nucleon, the ratio becomes

R
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, ›A(Q2)Q2)
(1.6)

While Eq. 1.5 is expected to depend both on A and |P̨A≠1|, Eq. 1.6 would be a constant.
By detecting nuclei with di�erent recoil angles, this ratio would exhibit di�erent behaviors,
allowing a more detailed examination of the dynamics. Figure 1.4 shows theoretical predic-
tions of the R

A ratio in the x- and Q
2-rescaling models at both perpendicular and backward

recoil kinematics. We see there the power of discrimination of such measurement, between a
model that link the EMC e�ect directly to the spectator momentum and one where it arises
independently of it.

1.4 Tagged EMC ratio

Another observable used in theoretical calculations for the tagged EMC ratio is

R0(x, Q
2) =

s
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a
‡

A

1 dP̨A≠1
s

b

a
‡

D
1 dP̨A≠1

, (1.7)

in which the cross section is integrated over a small momentum range of the recoil nucleus
P̨A≠1. In binding models it leads to opposite behavior for recoil nuclei emitted forward
versus backward (Figure 1.5) that cancels in the usual inclusive EMC ratio. These resulting
deviations are much larger than the usual inclusive EMC e�ect and provides opportunity for
a significant experimental test of the binding models.

3.1. Projections 47

Figure 3.3: This figure is similar to Figure 1.3, it shows the predictions from [40] of the
ratio F

bound

2p
/F2p compared to projected statistical error bars for the proposed experiment

(blue points). Dashed line is a prediction for the PLC suppression model, dotted is for the
Q

2-rescaling model, and dot-dashed for the binding/o�-shell model.

indications that these kind of studies are on-going in the theory community [75].

3.1.3 Testing the Rescaling Models

The main goal of our experiment is to discriminate decisively between models of
EMC, Figure 3.4 illustrates this capability. We have here a high di�erentiation power
between x-rescaling and Q2-rescaling models. We note the good coverage and small
error bars for ◊PA≠1 = 90¶ (75 < ◊PA≠1 < 105¶). This is due to the better acceptance
for this angle. The measurement at backward angle (◊PA≠1 > 150¶), however, is much
more di�cult and is the main constraint driving our beam time request. Still, in order
to obtain our planned precision with a reasonable beam time request, the backward an-
gles are selected from 150¶ and up instead of the 160¶ which is used for the theory predictions.

We notice the complementarity of our choice of targets in the phase space covered, this
is due to the fact that larger recoil nuclei are more absorbed by the target material and
have higher detection threshold. At the same time, the Fermi momentum is larger in helium
allowing better statistics at high pA≠1. Using helium is then also an opportunity to explore
higher spectator momentum with a reasonable beam time request.

Low energy recoil detector gives high precision at low to  
moderate virtuality
à Significant difference between “x-rescaling” (binding) and Q2 
rescaling models
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Polarized EMC Effect
I.C. Cloët et al. / Physics Letters B 642 (2006) 210–217 215

Fig. 4. The first spin-dependent multipole (K = 1) u- and d-quark distributions
in 11B (at Q2 = Q2

0).

Fig. 5. The second spin-dependent multipole (K = 3) u- and d-quark distribu-
tions in 11B (at Q2 = Q2

0).

ply given by

(30)Σ (A) = "uA + "dA ≡ Σ(Pp + Pn),

(31)g
(A)
A = "uA − "dA ≡ gA(Pp − Pn),

where "qA represents the first moment of "qJJ
A and Σ , gA

are the medium modified nucleon quantities, defined by divid-
ing out the non-relativistic isoscalar and isovector polarization
factors for H = J . We find that Σ and gA are both suppressed
in-medium relative to the free values, as summarized Table 2.
This decrease of gA in-medium is in agreement with the well
known nuclear β-decay studies which, after taking into ac-
count the nuclear structure effects, require a quenching of gA

to achieve agreement with empirical data.3

In Figs. 6–9 we give results for the EMC and polarized EMC
effect in 7Li, 11B, 15N and 27Al at Q2 = 5 GeV2. The dashed
line is the unpolarized EMC effect, the solid line is the K = 1
polarized EMC effect and the dotted line is the M = J polar-
ized EMC result (cf. Eqs. (26) and (23), respectively). For the
unpolarized EMC effect the results agree very well with the

3 The required quenching factors can be seen, for example, by comparing the
experimental and calculated Gamow–Teller matrix elements given in Refs. [30,
31].

Fig. 6. The EMC and polarized EMC effect in 7Li. The empirical data is from
Ref. [32].

Fig. 7. The EMC and polarized EMC effect in 11B. The empirical data is from
Ref. [32].

Table 2
Results for the first moment of the in-medium quark distributions in the bound
proton and the resulting spin sum and nucleon axial charge. It is clear that the
moments tend to decrease with increasing A

"u "d Σ gA

p 0.97 −0.30 0.67 1.267
7Li 0.91 −0.29 0.62 1.19
11B 0.88 −0.28 0.60 1.16
15N 0.87 −0.28 0.59 1.15
27Al 0.87 −0.28 0.59 1.15
Nucl. Matter 0.74 −0.25 0.49 1.05

experimental data taken from Ref. [32], where importantly we
obtain the correct A-dependence.

Consistent with previous nuclear matter studies, we find that
the polarized EMC effect is larger than the unpolarized case,
with the exception of the multipole result for 7Li at x ! 0.6.
Based on the wavefunction in Ref. [29] the neutrons give a
small contribution to the polarization. To test the dependence
on the neutron polarization we also coupled the two neutrons to
spin-zero, so that P

3/2 3/2
n = 0, which is closer to the quantum

Monte Carlo result of −0.04[27]. We find that these results are
very similar to those in Fig. 6.

Cloët, Bentz, and Thomas, Phys. Lett. B 642 (2006) 210–217 

Precision of expected results

NNM = Naive nuclear model (just counting percentage of polarization, and dilution 
factor, no Fermi motion); SNM = Standard Nuclear Model (nucleons-only); QMC = CBT 
(Cloet Bentz Thomas); MSS =  H. Fanchiotti, C. Garca-Canal, T. Tarutina, and V. Vento, 
(2014), arXiv:1404.3047 [hep-ph]; S/AS=shadowing/antishadowing (Guzey-Strikman).

Similar to unpolarized DIS, can define nuclear ratio for 
polarized structure functions

R =
FA
2

ZF p
2 + (A� Z)Fn

2
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R =
g1A

Ppg1p + Png1n
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JLab E12-14-001 in Hall B will use 7LiD solid polarized target

Polarized EMC effect provides another possible handle 
on connection to SRCs
à Smaller fraction of polarized nucleons involved in 
SRCs
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Intermediate conclusions
• Connection between EMC Effect and SRCs and theory developments have 

suggested new avenues of investigation
– Tagged EMC measurements
– Investigation of flavor dependence (valence)

• Several methods à preliminary Hall C results
– Spin-dependent EMC effect
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Nuclear dependence of structure functions
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World Data on RA/RD

SLAC E140:  PRD 49, 5641 (1994)
RA-RD for Fe, Au
Only true Rosenbluth separated data

NMC:
Phys. Lett. B 294, 120 (1992)
RCa-RC
Nucl. Phys. B 481, 23 (1996)
RSn-RC 
Multiple beam energies, RA-RC extracted using 
Q2 dep. fit at fixed x

HERMES:
Phys Lett. B 567, 339 (2003)
RA/RD for Kr, N, 3He
Fit e dependence at fixed x for single beam 
energy (changing Q2)
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0.15 < x < 0.8

 0.06 < x < 0.15

 0.03 < x < 0.06

 0.01 < x < 0.03
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SLAC E140: RA-RD

[E140 Phys. Rev. D 49 5641 (1993)]

E140 measured e dependence of cross section 
ratios sA/sD for

x=0.2, 0.35, 0.5
Q2 = 1.0, 1.5, 2.5, 5.0 GeV2

Iron and Gold targets

RA – RD consistent with zero within errors

No Coulomb corrections were applied

Large e data: Ee ~ 6-15 GeV   Ee’ ~ 3.6-8 GeV
Low e data:   Ee ~ 3.7-10 GeV   Ee’ ~ 1-2.6 GeV
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Coulomb Distortion in Heavy Nuclei

e

e’
p

n
Electrons scattering from nuclei can be 
accelerated/decelerated in the Coulomb field of the nucleus
à This effect is in general NOT included in most radiative 

corrections procedures
à Coulomb Corrections are perhaps more appropriately 

described in terms of multi-photon exchange, but 
Coulomb Corrections provide convenient shorthand 

• Well-known effect in QE scattering - relevant particularly for Coulomb sum rule
• Can be calculated in QE using DWBA à experimentalists use Effective Momentum 

Approximation (EMA) to apply corrections to data
• Comparisons of EMA with detailed DWBA calculations resulted in ”improved EMA”

Ee à Ee + V0      Ee’à Ee’ + V0    with “focusing factor”  F2 = (1+V0/Ee)2

V0 à (0.7-0.8)V0,  V0=3a(Z-1)/2R

[Aste et al, Nucl. Phys. A, 806:191-215 (2008) Eur.Phys.J.A26:167-178,2005,  Europhys.Lett.67:753-759,2004]



42

Electron-Positron Comparisons in QE Scattering

Gueye et al., PRC60, 044308 (1999)

• Comparisons of electron and positron scattering have been performed in QE scattering
• Were used to fit V0 in context of EMA
• V0 = 10 MeV for Fe, 20 MeV for Fe

data are available for both 12C !21" and 208Pb !22" over a
wide range of incident energies at the same angle. An inter-
polation procedure allowed us to find the incident electron
energy Ee! whose response corresponds to the optimal
matching between the positions of the electron and positron
quasielastic peaks. We chose paths of interpolation which
connect the maxima as well as the minima of the measured
response functions, and in between, we followed the paths of
the constant ratio between maximum and minimum.
Finally, the electron energy Ee! and the relative normal-

ization factor N of the electron and positron spectra are var-
ied to minimize the #2 between the two responses. The ex-
perimental value of the effective Coulomb potential energy
is then obtained as

!VC!"$Ee#!Ee!%/2.

If EMA is a good approximation, we must find a good
matching between the two spectra and a value of N compat-
ible with unity. In addition, the value of VC for different
kinematics on the same target should be the same. The re-
maining differences between the positron and electron re-
sponses, if any, are due to higher-order effects $focusing%.

B. Experimental results

Figures 5, 6, and 7 show the electron and positron re-
sponse functions after radiative corrections for the two 208Pb
and the 12C kinematics. We observe a shift between the elec-
tron and positron responses which increases with the nucleus
charge.
Figures 8, 9, and 10 present the positron response func-

tions for the three kinematics, together with the electron re-
sponses which result from the fitting procedure described in
Sec. III A, i.e., at incident energies Ee#!2!VC! and normal-
ized by the factor N. We note an overall fair agreement be-
tween the positron and electron responses.
The results of the Coulomb potential determination are

summarized in Table I for all the kinematics. For 208Pb the
VC values obtained for the two kinematics covered by this

FIG. 5. Positron and electron response functions for the kine-
matics 208Pb 420 MeV-60°.

FIG. 6. Positron and electron response functions for the kine-
matics 208Pb 262 MeV-143°.

FIG. 7. Positron and electron response functions for the kine-
matics 12C 420 MeV-60°.

FIG. 8. Positron experimental response function for the kine-
matics 208Pb 420 MeV-60° $full circles% compared to the electron
response function at Ee!"Ee#!2!VC!"383 MeV normalized by
the factor N"1.04 $open circles%. The positron elastic tail is at 420
MeV $dotted-dashed line%, the electron elastic tail is at 383 MeV
$dashed line%. Calculations by the Ohio group !14" are shown for
positron at 420 MeV $thick solid line% and for the electron at 383
MeV $thick dashed line%. Calculations by Traini et al. !12" are
shown for a positron at 420 MeV $thin solid line% and for electron at
383 MeV $thin dashed line%. The difference between the thin solid
and thin dashed lines is very small and cannot be distinguished in
the figure.

P. GUÈYE et al. PHYSICAL REVIEW C 60 044308

044308-6
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Coulomb Corrections in Inelastic Scattering
• E. Calva-Tellez and D.R. Yennie, Phys. Rev. D 20, 105 (1979)

– Perturbative expansion in powers of strength of Coulomb field
– Effect of order à 
– “For any reasonable kinematics, this is completely negligible” à plugging in JLab/SLAC 

kinematics, this is not true!
• B. Kopeliovich et al., Eur. Phys. J. A 11, 345 (2001)

– Estimates non-zero effect using Eikonal approximation à applies estimates to vector 
meson production, not DIS

• O. Nachtmann, Nucl. Phys. B 18, 112 (1970)
– Coulomb Corrections for neutrino reactions
– DWBA calculation that results in modifications to structure functions à “at most 5%” effects 

for energies > 1 GeV
– Final state particle only, not directly applicable to electron/positron scattering 

−Zα

12
(Q2)2

ν2

(Ee + E′
e)

EeE′
e

< r >
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RA-RD: E140 Re-analysis

Re-analyzed E140 data using Effective 
Momentum Approximation for published “Born”-
level cross sections
à Total consistency requires application to 
radiative corrections model as well 

RA-RD = -2E-4 +/- 0.02

RA-RD = -0.03 +/- 0.02

Including Coulomb Corrections yields result 
1.5 s  from zero when averaged over x
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ε

σ
A
/σ

D

E140 Fe Q2=5
E139 Fe Q2=5
JLab Cu Q2=4-4.4

slope = -0.007 +/- 0.043
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E139 Fe Q2=5
JLab Cu Q2=4-4.4

slope = -0.053 +/- 0.044
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Combined analysis of SLAC E139, E140 and JLab 6 GeV data for Fe/Cu at x=0.5, Q2~5 GeV2

No Coulomb Corrections with Coulomb Corrections

PRC 104(6):065203, 2021

RA-RD at x=0.5 (combined analysis)



46

Nuclear Dependence of R

Combined fit to SLAC E139, 
E140, and JLab E03103 data
àExamined A-dependence 

of RA-RD at x=0.5, Q2=5 
GeV2

Data lack precision to make 
definitive conclusion

à More data required!
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Other Hints of non-zero RA-RD

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.01  0.1  1

R
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-R
C

x

NMC: RSn-RC

NMC: RCa-RC

SLAC: RAu-RFe

SLAC: RFe-RD

RSn-RC=0.04

RSn-RC=0.3 RN

EPS09
HKN07

nDS
RSn – RC = 0.040 +/- 0.026 (stat) +/- 0.020 (sys)

àAveraged over x=0.0125 – 0.45
à<Q2> = 10 GeV2

NMC results for RSn-RC systematically larger than zero

What are the consequences for A/D 
ratios for F1 and F2 if this is true?

V. Guzey et al, PRC 86 045201 (2012)
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Other Hints of non-zero 
RA-RD
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FIG. 2: The extracted values of RC → RD versus W 2 (left) and versus x (right) for bins in Q2 (0.5 ↑ Q2 ↓ 3.75 GeV2). The
locations [23] of the QE peak and the 1232, 1520 and 1950 MeV nucleon resonances are shown as violet, red, green and dark
cyan arrows, respectively.The curves represent the fit [24] to all available experimental data on deuterium and carbon (including
our iterated data). The blue and magenta bars represent the correlated uncertainties due to angle o!set and the radiative tail
from the excited states for 12C respectively.

2.75, 3.25 and 3.75 GeV2 utilizing the global fit. The
structure functions FL, and F1 (and F2) are then ex-
tracted from linear fits (equation 3) to the cross section
versus ω with a requirement that !ω → 0.25. The aver-
age statistical uncertainty on the measured cross section
is 1.2%. An additional uncertainty due to Q2 bin cen-
tering was included, which is equal to 5% of the applied
correction. The uncertainty to the measured cross sec-
tion due to the charge symmetric background is ↑ 3%
at large angles and high W 2 values. The total point to
point uncertainty in the measured cross section is 2.1%.
Fig. 1 shows the extracted values of RD (left two panels)
and RC (right two panels) versus W 2 at the eight values
of Q2 noted.

The systematic errors correlated in ω are shown on the
bottom of each panel and include contributions from the
uncertainty in the absolute angle of the spectrometer (0.2
mrad) and the uncertainty in the radiative corrections.
At small W 2, the dominant source of systematic error is
from radiative corrections. There is an overall system-

atic error of ±0.023 from uncertainties in the theoretical
formulation of the radiative corrections [35]. In the cal-
culation of radiative correction for 12C we add to the
cross section additional uncertainties of 5% in the radia-
tive elastic tail contribution, and 15% in the contribution
of the radiative tail from nuclear excitations [30].
Most of the systematic errors in the di”erence RD↓RC

cancel when it is extracted from linear fits to the ratio of
di”erential cross section

εD

εC
=

εT
D

εT
C

[1 + ω→(RD ↓RC)] (6)

where ω→ = ω/(1 + ωRC). Note that ωRC is small and the
resonance structure in RC is smeared by Fermi motion.
Fig. 2 shows RC ↓RD versus W 2 (left two panels) and

versus x (right two panels) for eight di”erent values of
Q2. The average values of !R = RC ↓RD and RD over
the region 1.5 ↔ W 2 ↔ 4.75 GeV2 are shown in table I,
for Q2 values of 0.5, 0.8, 1.25, 1.75, 2.25, 2.75, 3.25, and
3.75 GeV2, respectively. The data indicate that there is a
di”erence in the nuclear modifications of the longitudinal

Hall C measurements in resonance region 
indicate RA-RD>0
à Combined analysis in DIS region suggests 

RA-RD<0 in DIS region
à Hall C measurement has some DIS coverage 

as well

Measurements inconsistent?

S. Alsalmi et al, 2501.13316 [nucl-ex]
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Consequences of RA-RD >0 
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V. Guzey et al, PRC 86 045201 (2012)

F1 ratio purely transverse

Anti-shadowing disappears for F1 ratio, remains for F2

Anti-shadowing from longitudinal photons?
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Consequences of RA-RD >0 
σA

σD
=

FA
1 (x)

FD
1 (x)

�
1 +

�(RA −RD)
1 + �RD

�

V. Guzey et al, PRC 86 045201 (2012)

F1 ratio purely transverse

• Anti-shadowing disappears for F1 ratio, remains for F2
• Anti-shadowing from longitudinal photons?
• Non-trivial change to EMC ratio at larger x
• Parton model: R=4<kT

2>/Q2

• <kT
2> smaller for bound nucleons? 

    [A. Bodek,  PoS DIS2015 (2015) 026]

IMPACT OF NUCLEAR DEPENDENCE OF . . . PHYSICAL REVIEW C 86, 045201 (2012)
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FIG. 4. (Color online) The impact of the nontrivial nuclear depen-
dence of R on the structure function ratios around the antishadowing
region for (a) EMC Cu/D [8], (b) BCDMS Fe/D [6], and (c) NMC
Ca/D [10] data. The values of ε are close to unity.

by the NMC Sn/C measurement at higher Q2 require a
significant extrapolation in Q2. However, for the lack of better
input, in our analysis of the SLAC data we adopt the same
assumptions for "R as those used above. Since the values
of ε for these two data sets are not close to unity [see
Fig. 2(a)], "R > 0 leads to noticeable differences between
the ratio of the structure functions and the ratio of the cross
sections according to the trend described by Eqs. (6) and (7):
FA

1 /FD
1 < σA/σD < FA

2 /FD
2 .

In summary, the assumed nontrivial nuclear dependence
of R leads to a decrease or to a complete disappearance (in
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FIG. 5. (Color online) The impact of the nontrivial nuclear depen-
dence of R on the structure function ratios around the antishadowing
region for SLAC (a) E139 [7], and (b) E140 [20] Fe/D data.

some case) of enhancement of the FA
1 /FD

1 structure function
ratio in the 0.1 < x < 0.3 region. If confirmed by future
experiments, this observation would indicate that the effect of
antishadowing in σA is predominantly due to the contribution
of the longitudinal structure function FA

L , instead of FA
1 as

implicitly assumed in most phenomenological analyses.

III. EXPERIMENTAL LIMITS ON DETERMINING
RA − RD

Thus far we have examined the impact of a nuclear
dependence of R on the extraction of the nuclear-dependent
structure function ratios FA

1 /FD
1 and FA

2 /FD
2 from cross

section ratios. The logical question then becomes “What is
the limit on the experimental precision for RA − RD?” In
this section we shall explore this question within the context
of the precision likely to be available for the dedicated
longitudinal/transverse (L/T) separation measurements over
the next decade or two. For guidance we shall refer to the
highest precision experiments performed at SLAC [7,20,23]
and JLab [21,28]. These experiments have shown that reducing
the σA/σD cross section ratio uncertainties, point to point in
ε, below 1% is experimentally challenging, yet obtainable.
For instance, the point-to-point uncertainties from JLab exper-
iment E94110 [28] on cryogenic hydrogen have been estimated
at about 1.5%, which was found to be consistent with the width
of the distribution of residuals determined from the linear fits.

045201-5
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Nuclear Dependence of FL

Figure 2: Ratio of the gluon distribution in 40Ca to the free proton for various PDF fits. The plot on the
left [7] shows PDFs from EPS09 [14], HKN07 [15], and nDS [16], while the plot on the right shows more
recent fits from EPPS21 [17] and nCTEQ15HIX [18]

This can be seen in Fig. 2 where gA(x)/gp(x) for 40Ca is plotted for various PDF fits. For those fits that
have significant antishadowing, the gluon contribution is suppressed at low x, and those with little or no
antishadowing show little suppression at small x. While the distributions of gluons in the nucleus will be
constrained with high precision at EIC via measurements of the Q2 dependence at low x, this experiment
will provide information at moderate x via Rosenbluth separations - the comparison of constraints from
the two techniques in the region of kinematic overlap will provide a valuable cross-check of the theoretical
uncertainties inherent in both techniques.

In the valence region, contributions from quarks dominate and it is unlikely that effects from gluon PDFs
play a significant role in a possible nuclear dependence of R. On the other hand, longitudinal contributions
to the cross section could provide information with respect to parton transverse momentum, and in particular,
this experiment could provide sensitivity to the possible nuclear dependence of the average kT of quarks.
This can also potentially be studied using semi-inclusive DIS in nuclei by examining the PT dependence of
the produced hadrons. An excellent example of this can be seen in the recent publication from the CLAS
Collaboration [20] in which the production of charged pions in SIDIS was studied for several nuclei. In
SIDIS reactions, a change in the PT distribution of the produced hadrons in a nucleus can come about
either from differences in the initial state quark distributions, or from final state effects for the outgoing
hadron. Disentangling the two effects can be difficult - of note is the agreement of the recent CLAS results
with the GiBUU model [21], in which nuclear effects arise primarily due to final state hadron and pre-hadron
interactions (see Fig. 3). Studying the nuclear dependence of R at large x would provide another, potentially
easier to interpret, technique for providing information about transverse quark distributions in nuclei.

4 Recent experimental developments

Since the approval of this experiment, the analysis of the 6 GeV experiment E04-001 [22], which aimed
to measure the nuclear dependence of R and the separated structure functions in the resonance region, has
been completed for comparisons of carbon to deuterium, shown in Fig. 4. While most of the data from
this experiment were taken in the resonance region, the data in the lowest x bins approach the nominal DIS
region (W > 2 GeV ). In this example, there appears to be a consistent trend at larger values of Q2 for
RC →RD to be greater than 0.

The E04-001 results are in contrast to the recently published results presented in Ref. [23], in which an

4
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Longitudinal cross section also has contributions from gluonsà measurements of R could provide 
constraints on gluon distributions 
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Jefferson Lab E12-14-002

L/Ts at central 
kinematics

L/Ts in the 
acceptance

example

• Precision Measurements and 
Studies of a Possible Nuclear 
Dependence of R=σL/σT  [S. 
Alsalmi, M.E. Christy, D. Gaskell, W. 
Henry, S. Malace, D. Nguyen, T.J. 
Hague, P. Solvignon]

• Measurements of nuclear 
dependence of structure 
functions, RA-RD via direct L-T 
separations

Detailed measurements of x and Q2 dependence for Copper target
à A dependence at select kinematics using C and Au
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Jefferson Lab E12-14-002

Depends critically on correct application of Coulomb Corrections

Projected uncertainties for RA-RD 
à will provide information on x-dependence and Q2 
dependence at fixed x
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E12-14-002 and Coulomb Corrections

Coulomb corrections a key systematic issue for E12-14-002

à L-T separations require varying epsilon. Smaller epsilon corresponds to smaller beam energies and 
scattered electron momenta à larger Coulomb corrections

à Size of Coulomb correction highly correlated with the very effect we are trying to study
à Need robust tests to verify CC magnitude and epsilon dependence
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Testing Coulomb Corrections with Electrons
Coulomb corrections can be tested by measuring target ratios at fixed x and e
à Varying Q2 allows us to change E and E’ and hence size of CC

�A

�D
=

FA
2 (1 + ✏RA)(1 +RD)

FD
2 (1 +RA)(1 + ✏RD)

Fixed e minimizes potential 
dependence on RA-RD

Fixed x required due to EMC effect

EMC effect measurements have 
shown little or no dependence on Q2
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E12-14-002 Coulomb Corrections Test

e Q2 (GeV2) E (GeV) E’ (GeV) q (deg.) CCoulomb

0.2 3.48 4.4 0.69 64.6 11.6%

0.2 9.03 11.0 1.38 45.5 6.2%

0.7 2.15 4.4 2.11 27.9 3.5%

0.7 5.79 11.0 4.83 19.0 1.9%

x=0.5

Gold and Deuterium targets at fixed x=0.5

CC test will measure precise Au/D ratios in HMS
à 2 shifts (16 hours) at 60 µA 

E/ (GeV)
σ

A
u/σ

D

electrons

EB=4.4 GeV, ε=0.2

EB=11 GeV, ε=0.7

0.75

0.8

0.85

0.9

0.95

0 1 2 3 4 5
Normalization uncertainty à dominated by 
gold and LD2 target thicknesses

No Coulomb effects
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Testing Coulomb Corrections with Positrons
Positron beam at JLab an excellent opportunity for studying Coulomb Corrections 
in DIS

Key questions:
1. Are Coulomb Corrections relevant for DIS?

• For QE scattering effects have been clearly observed experimentally – 
consensus that CC are required

• “Makes sense” that they should be needed for DIS, but proof is needed
2. Is the Improved Effective Momentum Approximation (EMA) 

adequate/appropriate for DIS?
• EMA has been checked/optimized in QE scattering via comparisons to 

DWBA calculations
• Equivalent calculations for DIS appear to be more challenging and perhaps 

model dependent
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Future 12 GeV Ce+BAF Accelerator Complex
New Beamline

to CEBAF Tunnel

New e+ Injector
 at LERF

123 MeV e+ Beam
Injected to NL

New Transport Line 
along SL and West Arc

CEBAF Polarized
Electron Injector

123 MeV e+

Slide courtesy Joe Grames, Positron Working Group Meeting, March 2025
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JLab Positron Program (so far..)

2/7

Physics Status

❖ The three pilars of the Positron Experimental Program at JLab have been recognized and approved by 
the JLab Program Advisory Committee for a total of 412 days. 

E. Voutier

March 24th-26th, 2025
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JLab E12+23-003
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positrons EB=4.4 GeV, ε=0.2

EB=11 GeV, ε=0.7
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E12+23-003 [D. Gaskell, N. Fomin, W. Henry] 
will perform CC test w/positrons at same 
kinematics as E12-14-002

àConditionally approved in 2023
à Will allow direct comparison of electrons 
and positrons
àTarget ratios (Au/D) minimize uncertainty in 

e+/e- comparison
àMeasurement requires only one of the Hall 

C spectrometers 
àEven with low maximum beam current (1 

µA), short run time
Measurement time with overhead <10 days

No Coulomb effects



61

Coulomb Corrections Test: Electrons and Positrons

Cleanest measurement of CC 
from super-ratio for e+/e-:
à Insensitive to assumptions 
in electron/positron-only CC 
test

R =
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�Au
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Summary: Part 2
• In addition to studying the EMC Effect – important to constrain assumptions 

behind EMC Effect measurements
• Measuring the nuclear dependence of R experimentally challenging, but 

ideally suited for JLab and Hall C
– Coulomb corrections a crucial question
– Can be quantified with a possible positron beam


