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PVDIS with SoLID

PVDIS in SoLID setup:
à tracking (GEMs)
àexcellent PID (Calorimeter and 

LG Cherenkov)
àBaffles to reduce backgrounds
àHighest luminosity possible 

(thick targets, high currents)
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d/u at Large x

Major focus of JLab 12 GeV 
program is 1D nucleon structure 

àd/u ratio at large x of particular 
interest

àExtractions from inclusive 
electron scattering from H and D 
complicated by nuclear effects at 
large x

à3 proposed measurements to 
address this
à2 have already run and have 

final (near final) results
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d/u at Large x - MARATHON

<latexit sha1_base64="ZYi4PPUBDglAc7IUGHG3xbMGl5k="></latexit>

Fn
2

F p
2

=
2Rht → Fh

2 /F
t
2

2Fh
2 /F

t
2 →Rht

and SLAC E139 [28] experiments, and two distinct
calculations based on studies of data from DIS off nuclei,
described in Refs. [46] (using nuclei with A ≥ 4) and [52]
(using nuclei with A ≥ 3).
The focus of MARATHON was to study DIS from

helion and triton in order to extract Fn
2=F

p
2 in the range

0.19 < x < 0.83 using the measured σh=σt ¼ Fh
2=F

t
2 ratio

and model-calculated values of the superratio Rht. The
latter values come from the K-P model [45,46], which
provides a global description of the EMC effect for all
known targets (for a review see Ref. [53]). The model
includes a number of nuclear effects out of which the major
correction for the relevant kinematics comes from the
smearing effect with the nuclear energy-momentum dis-
tribution, described in terms of the nuclear spectral func-
tion, together with an off-shell correction to the bound
nucleon F2 [46]. The underlying nucleon structure func-
tions come from the global QCD analysis of Ref. [54],
which was performed up to NNLO approximation in the
strong coupling constant including target mass corrections
[55] as well as those due to higher-twist effects. For the
spectral functions of the 3H and 3He nuclei, the results of
Ref. [32] have been used. In order to evaluate theoretical
uncertainties, the 3He spectral function of Ref. [56] was
used. Reasonable variations of the high-momentum part of
the nucleon momentum distribution in 3H and 3He were
considered, and uncertainties in the off-shell correction of
Ref. [46], as well as in the nucleon structure functions, were
accounted for. The maximum resulting uncertainty inRht is
estimated to be up to "0.4% (at x ¼ 0.8), contributing
minimally to the total uncertainty in the final Fn

2=F
p
2 values.

The K-P calculations were performed prior to the analysis
of the MARATHON data.
The comparison of Fn

2=F
p
2 as extracted from σh=σt and

σd=σp was done at x ¼ 0.31, where nuclear corrections
contribute negligibly to EMC-type ratios like Rd and Rht,
as σA=A ¼ σd=2 [57] (determined by the A ≥ 3 data of
Refs. [28,58,59] and taking into account the quoted
normalization uncertainties therein). The K-P models used,
predicted a value of 1.000 at x ¼ 0.31 for bothRht andRd
with uncertainties of "0.1% and "0.2%, respectively. The
recent work of Ref. [52], based on a global analysis of
nuclear DIS data where the EMC effect is accounted
for through nucleon short-range correlations, found
Rhtðx ¼ 0.31Þ ¼ 1.001, with a similar uncertainty. The
values of σd=σp and σh=σt at x ¼ 0.31 were determined by
weighted fits to the MARATHON data, which included
statistical and point-to-point uncertainties added in quad-
rature. In order to match the Fn

2=F
p
2 values found using

the two different sets of nuclei, the σh=σt ratio at x ¼ 0.31
had to be normalized by a multiplicative factor of
1.025" 0.007. Consequently, all reported values of
σh=σt have been normalized upwards by 2.5%. The origin
of this necessary normalization is attributed to probable
inaccuracies in the determination of the nominal densities
of the 3H and 3He gas targets.
The normalized σh=σt values are given in Table II of the

Supplemental Material [49], together with associated
uncertainties. The Fn

2=F
p
2 values are given in Table III of

Ref. [49], together with associated uncertainties. Shown
also in Table III [49] are the Rht superratio values used to
find Fn

2=F
p
2 . The Rht uncertainty was incorporated in

quadrature with the point-to-point Fn
2=F

p
2 uncertainty.

Figure 2 shows the MARATHON Fn
2=F

p
2 results, along

FIG. 1. The σd=σp DIS ratio versus the Bjorken x from the JLab
MARATHON experiment. Also shown are seminal SLAC data
[50] in the same kinematic region as MARATHON (see text). All
error bars include statistical and random point-to-point uncer-
tainties, added in quadrature. The solid line is a fit to the SLAC
data. The dashed lines represent the one-sigma uncertainty of the
fit. The overall normalization error is "0.55% and "1.1% for the
MARATHON and SLAC data, respectively.

FIG. 2. The Fn
2=F

p
2 ratio plotted versus the Bjorken x from the

JLab MARATHON experiment. Also shown are JLab Hall B
BoNuS data [60], and a band based on the fit of the SLAC data
as provided in Ref. [50], for the MARATHON kinematics
[Q2 ¼ 14 · x ðGeV=cÞ2] (see text). All three experimental data-
sets include statistical, point to point systematic, and normali-
zation uncertainties.
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D. Abrams et al, PRL 128, 132003 (2022)

n/p structure function ratio extracted from 
ratio of 3He (2p+1n) and 3H (1p+2n) cross 
sections 

Assumes knowledge of the relative 
EMC effects in 3He and 3H
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d/u at Large x – MARATHON + Global Fits

Global fits suggest MARATHON data might 
provide more information about the existence 
of a possible isovector EMC Effect than d/u

à C. Cocuzza et al (JAM Collaboration), 
PRL127, 242001 (2021)

QCD analysis.—The final results of our extraction based
on over 1,000 Monte Carlo samples are illustrated in Fig. 2.
For the superratioR, our analysis shows that it is consistent
with unity until x ≈ 0.7, at which point it dips and reaches a
mean value of 0.96 at x ¼ 0.825. The uncertainties on the
superratio range from "0.4% at low x up to "3.5% at the
highest x. Without the MARATHON data the uncertainties
on R (not shown in Fig. 2) vary between 1.3% and 6.5%.
This improvement demonstrates that the 3He=3H data
provide a significant amount of information on the super-
ratio. Our results disagree with the KP model [15], which
predicts a rise to R ¼ 1.01 at x ¼ 0.825 [14]. They also
suggest that the uncertainties from the KP model, which are
an order of magnitude smaller than our extraction even after
the inclusion of the MARATHON data, are significantly
underestimated.

Related to the disagreements in the superratio, we also
find differences between our result for Fn

2=F
p
2 and the

extraction in Ref. [14] based on the KP model. We find that
while the MARATHON data lowers the central value at low
x for the n=p ratio, the central value is still well above the
KP model extraction. At high x values the disagreements
are smaller and the inclusion of the MARATHON data
brings our result slightly closer to the KP model extraction.
The impact on the d=u ratio from the inclusion of the

MARATHON data is seen to be very small. The small
changes for d=u at high x combined with the large
differences between the on-shell and off-shell fits at high
x (see Fig. 1) illustrate an important point: Due to the strong
constraints placed on the d=u ratio by vector boson
production data, and in particular the W asymmetry data
from CDF [52] and D0 [53], the high-x MARATHON data
primarily provide new information on nuclear effects, such
as the off-shell corrections, which are most relevant in that
region.
For the deuteron EMC ratio RðDÞ, in the intermediate-x

region our result is generally in agreement with the CJ15
extraction [5], while at high x it is between the CJ15 the
AKP17 [6] fits. Notably, we do not see a strong indication
for a unity crossing at x ¼ 0.31, as was assumed in
Ref. [14]. The inclusion of the MARATHON D=p data
reduces the ratio in the range 0.2 < x < 0.4.
The impact of the MARATHON data on the off-shell

corrections δu and δd is shown in Fig. 3. In particular,
whereas in the KP model [14,15] the proton and neutron
off-shell effects are set equal, in our analysis we allow
flavor dependence of the effects to be determined from the
global fit. Indeed, we find that while the δu=u ratio is
consistent with zero, for the d quark the δd=d ratio is
enhanced at large values of x.

FIG. 1. Ratios FD
2 =F

p
2 (left) and F

3He
2 =F

3H
2 (right) from

MARATHON [14] (black circles) at the experimental kinematics
Q2 ¼ 14x GeV2 compared with the full JAM fit (red solid lines
and 1σ uncertainty bands) and with an on-shell fit (green dashed
lines) which sets the off-shell corrections to zero.

FIG. 2. Results from the present JAM analysis including
MARATHON data (red bands) for the superratio R (top left),
Fn
2=F

p
2 ratio (top right), deuteron EMC ratio RðDÞ (bottom left),

and the d=u ratio (bottom right), compared with those without the
MARATHON data (yellow bands). The superratioR is compared
with the KP model input (gray band) used to extract the Fn

2=F
p
2

ratio in [14]. The deuteron EMC ratio RðDÞ is also compared with
that from CJ15 [5] (green band) and AKP17 [6] (light blue band).

TABLE I. Summary of the χ2 values per number of points Ndat
for the data used in this analysis. The MARATHON and JLab
E03-103 3He=D are separated from the rest of the fixed target
data, and their fitted normalizations are shown.

Process Ndat χ2=Ndat

Fitted
normalization

DIS
MARATHON 3He=3H 22 0.63 1.007(6)
MARATHON D=p 7 0.95 1.019(4)
JLab E03-103 3He=D 16 0.25 1.006(10)
Other fixed target 2678 1.05
HERA 1185 1.27

Drell-Yan 205 1.20
W-lepton asymmetry 70 0.81
W charge asymmetry 27 1.14
Z rapidity 56 1.04
Jet 200 1.11

Total 4466 1.11
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An even more direct way of quantifying this effect is to
compare the PDFs in the proton bound in 3He and in 3H,
defining the quantity

Δq
3 ≡

qp=3H − qp=3He
qp=3H þ qp=3He

; ð11Þ

which measures the strength of the isovector EMC effect
for q ¼ u and d quarks. Since 3He and 3H are mirror nuclei,
the ratio Δq

3 would vanish if the nuclear corrections were
purely isoscalar. Instead, the behavior in Fig. 3 indicates
some deviations from zero for Δd

3 at x≳ 0.4 and for Δu
3 at

x≳ 0.6. The fact that the Δq
3 are nonzero and of opposite

sign for u and d quarks suggests the presence of an
isovector component to the EMC effect. This effect is
not taken into account in standard nuclear PDF analyses
[65–68] which assume up=A ¼ dn=A, and thus may impact
not only all nuclear PDF fits, but also numerical calcu-
lations that utilize nuclear PDFs in quark-gluon plasma
simulations in heavy-ion collisions or neutrino-nucleus
interactions in high-energy astrophysics.
Outlook.—Our findings are the first indication of an

isovector effect in nuclear structure functions, and demon-
strate the power of combining the MARATHON 3He=3H
data with a global QCD analysis to provide simultaneous
information on PDFs and nuclear effects in A ≤ 3 nuclei.
Additional information on the nuclear EMC effects in 3He
and 3H separately will come from 3He=D and 3H=D ratios
measured by MARATHON, which are expected to be
analyzed in the near future.
Beyond this, constraints on neutron structure, and the

d=u PDF ratio at large x, will come from the BONuS
experiment at Jefferson Lab, which tags spectator protons
in semi-inclusive DIS from the deuteron. Future data on
DIS from asymmetric nuclei may also provide further
information on the isospin dependence of nuclear effects on
structure functions.

We thank F. Ringer and W. Vogelsang for the code used
for calculating theW-lepton cross sections, and A. Accardi,
P. Barry, I. Fernando, and Y. Zhou for helpful discussions.
This work was supported by the US Department of
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and the National Science Foundation under Grant
No. PHY-1516088. The work of C. C. and A.M. was
supported by the US Department of Energy, Office of
Science, Office of Nuclear Physics, within the framework
of the TMD Topical Collaboration, and by Temple
University (C. C.). The work of A.W. T. was supported
by the University of Adelaide and by the Australian
Research Council through the Discovery Project
DP180100497. The work of N. S. was supported by the
DOE, Office of Science, Office of Nuclear Physics in the
Early Career Program.
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d/u Ratio at Large x – BONuS12BONuS12 Near-Final Results

Sebastian Kuhn, presentation at 5th SRC-EMC Workshop, June 2026

Near-fin
al results

BONuS collaboration uses spectator tagging
à Detect recoil protons from deuteron target to tag 
“barely offshell” neutrons
à Reduces uncertainties due to nuclear effects
BONuS12 with CLAS12 (Run Group F in 2020)

RTPC

spectator 

d(e,e’ps)X
F2n/F2p through spectator tagging
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W2=M2 +2Mn – Q2

W*2=M*2 +2Enn 
– 2pn.q - Q2
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En = MD – Es 
pn = - ps

M*2= En
2
 – pn
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d/u Ratio at Large x from PVDIS

PVDIS with proton target provides 
alternate approach with reduced (or 
maybe just different) model dependent 
uncertainties
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ap1(x) =
12C1uu(x)→ 6C1dd(x)

4u(x) + d(x)

No nuclear effects!
à Higher twist relevant, but can get 

information from the LD2 
measurements

Larger reach in x would be nice, but 
provides constraint on PDF fits at large 
x, and tests systematics of other 
techniques
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The EMC Effect – Modification of Nuclear Structure Functions

Observation of the EMC Effect more 
than 40 years ago
à Inelastic structure function modified 
in nuclei
à Relevance of quark degrees of 

freedom in the nucleus

Measured for large body of nuclei – 
many questions remain:
1. What is the origin of the EMC Effect?
2. Are polarized quark structure 
functions also modified?
3. Are all quark flavors modified in the 
same way?
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Flavor Dependence of the EMC Effect from PVDIS
Suppressed by small 
values of C2, y-factor 

C1u=-0.19, C1d=0.34

Expanding about uA=dA limit, neglecting sea quarks: 

PVDIS directly sensitive to difference in up and down quark distributions in nuclei
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Flavor Dependence of the EMC Effect from PVDIS

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

Lead

Calcium-48

Z/N=20/28

Suppressed by small 
values of C2, y-factor 

C1u=-0.19, C1d=0.34
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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 for 50 days or running
Statistical uncertainties = 0.7% to 1.3%
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Beam Normal Single Spin Asymmetry

P

k(E,k)

P
X

k’(E’,k’
)

Beam normal single spin asymmetry in DIS 
provide access to the imaginary part of the 
two-photon exchange amplitude

Q2 dependence provides sensitivity 
to whether both photons couple to 
same quark, or if dynamics are more 
complex.

A! =
𝛼"#𝑚$ 𝑆% sin 𝜑&

2𝑄
𝑦' 1 − 𝑦

1 − 𝑦 + 12𝑦
'

∑( 𝑒()𝑞(𝑥)
∑( 𝑒(' 𝑞(𝑥)
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Beam Normal Single Spin Asymmetry
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Projected uncertainties

E12-22-004: Measurement of the Beam Normal Single Spin Asymmetry in 
Deep Inelastic Scattering using the SOLID Detector
Spokespersons M. Nycz*, W. Henry, Y. Tian, W. Xiong, X. Zheng
à 38 days
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SoLID-Lite and PVDIS
What does “SoLID-Lite” look like for PVDIS?
à Calorimeter can be reconfigured to provide about half of nominal PVDIS acceptance
à Still need Cherenkov, GEMs for larger accetpance

What about the baffles? Can they be simplified or optimized for reduced acceptance?

CHAPTER 3. APPARATUS 33

Figure 3.11: Left Ba✏e assembly.

Figure 3.12: 1/2 symmetric analysis geometry showing a representation of the steel skin
around the ba✏es.
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Summary
• Rich and interesting program of hadronic physics measurements accessible 

with PVDIS in SoLID
– Not discussed here: higher twist, target mass corrections

• Many of these measurements are dominated by statistical uncertainties
• Still of interest in a SoLID-lite scenario with possibly reduced 

statistics/acceptance
– d/u à loss of factor of 2 in statistics likely tolerable. Primary 

strength/interest is in reduced systematics in the interpretation
– PVEMC à loss of statistics not ideal, but discriminating power is large (8s 

with planned statistics), so may be ok
– BNSSA à reduced statistics would be more challenging
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EXTRA


