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We report the results of a Monte Carlo global QCD analysis of unpolarized parton distribution
functions (PDFs), including for the first time constraints from ratios of 3He to 3H structure functions
recently obtained by the MARATHON experiment at Jefferson Lab. Our simultaneous analysis of
nucleon PDFs and nuclear effects in A=2 and A=3 nuclei reveals the first indication for an isovector
nuclear EMC effect in light nuclei. We find that while the MARATHON data yield relatively weak
constraints on the Fn

2 /F
p
2 neutron to proton structure function ratio and the d/u PDF ratio, they

suggest a strongly enhanced nuclear effect on the d-quark PDF in the bound proton.

Introduction — The quest to unravel the 3-dimensional
structure of the nucleon has recently taken on new im-
petus with the development of experimental programs
at modern accelerator facilities at CEBAF at Jefferson
Lab, RHIC at BNL and COMPASS at CERN aimed
at studying processes sensitive to transverse momentum
dependent (TMD) distributions and generalized parton
distributions (GPDs). These complement the more tra-
ditional observables, such as from lepton-nucleon deep-
inelastic scattering (DIS), that provide information on
the 1-dimensional structure encoded in parton distribu-
tion functions (PDFs). Whilst these are in contrast rela-
tively well understood [1, 2], even there one finds impor-
tant unanswered questions.

Amongst the most notable gaps in our knowledge of
PDFs, we mention the decomposition of the proton sea
into individual flavor components, and the structure of
valence quark PDFs carrying a large fraction x (x → 1)
of the nucleon’s light-cone momentum. While a wealth of
data has been accumulated on protons, which have placed
significant constraints on the u-quark PDF, the absence
of free neutron targets has meant that the d-quark distri-
bution at large x has remained much more elusive [3, 4].
The traditional method of extracting neutron structure
from inclusive deuteron DIS has been shown to be rather
problematic and handicapped by significant uncertainties
in the nuclear corrections at high x [5, 6].

To remedy this lamentable situation, several dedicated
experimental efforts have been launched in recent years to
map out PDFs, and particularly the ratio of d to u PDFs,
at large values of x. Amongst these are spectator proton
tagging in semi-inclusive DIS from the deuteron [7, 8], to
measure the (nearly) free neutron structure function, and
weak vector boson production in pp or pp̄ collisions, which
at large rapidities selects the valence u or d PDFs [9]. An
alternative experiment was proposed [10, 11] to exploit
the mirror symmetry of A = 3 nuclei to extract the neu-
tron to proton Fn2 /F

p
2 structure function ratio from the

ratio of 3He and 3H cross sections, in which the nuclear ef-
fects are expected to largely cancel. The results from the
subsequent MARATHON experiment that was performed
at Jefferson Lab Hall A were recently presented [12].

In particular, the experiment measured the 3He/3H
ratio in the range of Bjorken-x values between 0.195
and 0.825 and Q2 between 2.7 and 11.9 GeV2, with the
deuteron/proton ratio taken over a smaller x range as
a normalization check. Assuming that the super-ratio
of EMC ratios in 3He and 3H, R = R(3He)/R(3H) ≈ 1,

where R(3He) = F
3He
2 /(2F p2 + Fn2 ) and R(3H) =

F
3H
2 /(F p2 + 2Fn2 ), the neutron to proton ratio Fn2 /F

p
2

can be directly extracted from R and the measured
F

3He
2 /F

3H
2 ratio.

In the MARATHON analysis of the measured 3He/3H ra-
tios, the model calculation of Kulagin and Petti (KP) [13]
was used for R to extract the Fn2 /F

p
2 ratio. The KP

model was used to determine the overall normalization
of the 3He/3H ratio data, as well as the deuteron to pro-
ton cross section ratio data, so that both ratios produce
the same extracted Fn2 /F

p
2 as in the KP analysis [12].

Furthermore, the MARATHON analysis assumed that all
EMC ratios for A = 2 and A = 3 nuclei cross unity at
x = 0.31. While this is approximately established em-
pirically from measurements of the EMC effect in heavy
nuclei, FA2 /F

D
2 , it has not been verified experimentally

for light nuclei, such as for R(3He) or R(3H), or for the
deuteron EMC ratio, R(D) = FD2 /(F

p
2 + Fn2 ).

In this paper we present an alternative analysis
which does not assume prior knowledge of R, using
the JAM Monte Carlo global QCD framework [14, 15]
to fit all available high-energy scattering data on pro-
tons, deuterons, and A = 3 nuclei, including the
MARATHON data. While the MARATHON experiment
alone is not able to unambiguously determine both PDFs
and the nuclear effects in A ≤ 3 nuclei, by combining
those results with the global set of high-energy scatter-
ing data we are able to simultaneously extract informa-
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tion on nucleon PDFs and nuclear effects in A ≤ 3 nuclei.
In contrast, by assuming the KP model [13] for the nu-
clear corrections, the analysis [12] introduces significant
bias into the extracted Fn2 /F

p
2 ratio and underestimates

the true uncertainties associated with the model depen-
dence of the super-ratio. In particular, while the KP
model assumes that the off-shell modifications of bound
protons and neutrons are equal and identical for all nu-
clei [13], our analysis allows a data-driven identification
of possible isospin dependent nuclear effects.

Theoretical framework — Our theoretical framework
is based on the JAM iterative Monte Carlo approach to
QCD global analysis [15, 16], which utilizes Bayesian in-
ference sampling methodology that allows thorough ex-
ploration of the parameter space and robust error quan-
tification. Unlike attempts to extract partonic physics
information from a single experiment, which invariably
requires model-dependent inputs and assumptions, the
virtue of a global analysis is its ability to determine
the nucleon PDFs and nuclear effects simultaneously and
with minimal theoretical bias.

Our analysis uses data from a variety of high-energy
scattering processes, including deep-inelastic scattering
(DIS) from protons, deuterons and A = 3 nuclei at fixed
target and collider facilities, Drell-Yan lepton-pair pro-
duction at Fermilab, weak vector boson production at
the Tevatron and LHC, and jet cross sections in pp̄ and
pp collisions at the Tevatron and RHIC. For DIS, QCD
factorization theorems [17] allow us to write the F2 struc-
ture function as a sum of leading-twist contributions, ex-
pressed as convolutions of hard scattering functions, Cq,g,
and nonperturbative quark and gluon PDFs, with higher
twist (HT) power corrections,

FN2 (x,Q2) =
(∑

q

e2
q

[
Cq ⊗ q+

N

]
+
[
Cg ⊗ gN

])
(x,Q2)

×
(

1 +
CHT
N (x)

Q2

)
, (1)

where q+
N ≡ qN + q̄N , and x here is the Bjorken scaling

variable with Q2 the four-momentum squared of the ex-
changed photon. (Note that beyond leading order in αs
the Bjorken variable no longer coincides with the parton
momentum fraction, x; however, for ease of notation we
will distinguish between the two only when necessary.)

The coefficients of the HT terms, CHT
N , can be deter-

mined phenomenolgically from low-Q2 data, and can be
different for protons and neutrons. In addition to HT
corrections, at finite Q2 the right hand side of Eq. (1)
includes also the effects of target mass corrections, which
can be implemented within collinear factorization as de-
scribed in Refs. [18, 19]. In this analysis, we parameterize
the PDFs at the input scale Q2

0 using the standard form,

f(x,Q2
0) = Nxα(1− x)β(1 + γ

√
x+ ηx) (2)

as in the recent JAM19 analysis [14].

For nuclear DIS, the same factorization allows FA2 to
be expressed in terms of the nuclear PDFs q+

A as in (1).
In the nuclear impulse approximate, at x � 0 the scat-
tering takes place incoherently from individual (off-shell)
nucleons in the nucleus, and one can generally write the
nuclear PDF as a sum of on-shell and off-shell nucleon
contributions [20–23],

qA(x,Q2) ≡ q(on)
N/A(x,Q2) + q

(off)
N/A(x,Q2). (3)

In the weak binding approximation (WBA) [22, 23], ap-
propriate for light nuclei such as D, 3He or 3H, both
the on-shell and off-shell terms in (3) can be expressed
as convolutions of nucleon smearing functions and quark
distributions in the nucleon,

q
(on)
N/A(x,Q2) =

[
f

(on)
N/A ⊗ qN

]
(x,Q2), (4)

q
(off)
N/A(x,Q2) =

[
f

(off)
N/A ⊗ δqN/A

]
(x,Q2), (5)

where the symbol ⊗ represents the convolution [f ⊗ g](x)

≡
∫ A
x

(dy/y) f(x) g(x/y). The functions f
(on)
N/A and f

(off)
N/A

are on-shell and off-shell light-cone momentum distribu-
tions of nucleons N in nucleus A, respectively [24, 25],
and can be computed from the nuclear wave functions
or spectral functions. The main difference between the
on-shell and off-shell smearing functions is that the inte-
grand of the latter is weighted by the nucleon virtuality,
v(p2) ≡ (p2 − M2)/M2 < 0, where M is the nucleon
mass, which reduces the magnitude of the off-shell func-

tions q
(off)
N/A by about two orders of magnitude compared

with the on-shell functions.
Since the focus of the MARATHON experiment is on

the Fn2 /F
p
2 (and d/u) ratio at large x � 0, we will re-

strict the discussion of the nuclear effects to the valence
quark sector, which is also where the main features of
the nuclear EMC effect appear. Previous global QCD
analyses of proton and deuteron DIS and other high-
energy data [5, 6] found strong evidence, within the WBA
framework, for the presence of nucleon off-shell effects,
beyond the traditional binding and Fermi motion cor-
rections, needed to obtain a good fit to the data. The
off-shell corrections in the deuteron were implemented at
the nucleon structure function level [5, 6, 13], with the
deuteron data sensitive to one combination of the proton
and neutron off-shell functions. A later structure func-
tion analysis [25], including 3He/D ratios measured in
Jefferson Lab Hall C [26], explored possible differences
between proton and neutron off-shell functions. The
analysis found potentially significant isospin dependence
of the off-shell functions, albeit within sizeable uncertain-
ties. However, the formulation in terms of the off-shell
functions at the nucleon level necessarily introduces ex-
plicit charge symmetry breaking, which one ultimately
would want to test [27].

On the other hand, by formulating the off-shell cor-
rections at the quark level one can ensure that charge
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symmetry is respected. In particular, for the deuteron
we require the u and d off-shell corrections to satisfy

δup/D = δdn/D, δdp/D = δun/D, (6)

and similarly for 3He and 3H nuclei,

δup/3He = δdn/3H, δdp/3He = δun/3H, (7a)

δup/3H = δdn/3He, δdp/3H = δun/3He, (7b)

so that the 12 off-shell functions (for u and d quarks in p
and n in D, 3He and 3H) reduce to 6. The number can be
further reduced by observing that, if isospin symmetry is
preserved, the u and d off-shell functions in the deuteron
and 3H can be related by

δup/D = δup/3H ≡ δu, (8a)

δdp/D = δdp/3H ≡ δd, (8b)

Because for δu the product of the third component of
isospin of the struck quark and the spectator nucleon(s) is
negative, while for δd this is positive, an isovector nuclear
correction would lead to changes of opposite sign between
them [28, 29]. For the off-shell corrections in the proton
in 3He we expect the isovector effects to approximately
cancel and take

δup/3He ≈ δdp/3He =
1

2

(
δu+ 2 δd

)
. (9)

To preserve the number of valence quarks in the bound
protons and neutrons in all nuclei, the off-shell functions
must satisfy∫ 1

0

dx δu(x) =

∫ 1

0

dx δd(x) = 0. (10)

Note that because the off-shell functions δq are convo-

luted with the off-shell smearing functions, f
(off)
N/A , the fact

that the nucleon virtuality v(p2) averages to a number
roughly twice as large in magnitude in A = 3 as A = 2
accounts for the expected increase in off-shell effects in
the former. For the Paris [30] deuteron wave function
and the KPSV [31] 3He spectral function, for example,
we find

〈f (off)
p/D 〉 ≈ −4.3%, 〈f (off)

p/3He〉 ≈ −6.8%, 〈f (off)
p/3H〉 ≈ −9.5%,

with corresponding values for the neutron, 〈f (off)
n/D 〉 =

〈f (off)
p/D 〉, 〈f

(off)
n/3He〉 = 〈f (off)

p/3H〉 and 〈f (off)
n/3H〉 = 〈f (off)

p/3He〉. Us-

ing other deuteron [32–35] and 3He [36] wave function
models does not change our conclusions.

For the parametrization of the off-shell functions at the
input scale, we take the same form as for the PDFs in
Eq. (2), and assume that all quark flavors for the off-shell
functions except δu and δd are zero at the input scale.
The δqN/A functions evolve with Q2 in the same way as
the on-shell PDFs. In our fits, we treat N , α, and β as
free parameters, and without loss of generality set γ = 0,
so that the parameter η is fixed by the sum rules.

Quality of fit — In addition to the new MARATHON

data, we fit also F2 data from fixed target experiments
on p, d, and 3He from BCDMS [37], NMC [38, 39],
SLAC [40], and Jefferson Lab [8, 26, 41], with kine-
matic constraints W 2 > 3.0 GeV2 and Q2 > m2

c . Un-
der the same cuts, we also include the reduced neutral
and charged current proton cross sections from the com-
bined H1/ZEUS analysis from HERA [42], and Drell-Yan
di-muon data in pp and pd collisions from the Fermilab
E866 experiment [43]. For weak vector boson mediated
processes, we use Z/γ∗ and W± cross sections and asym-
metries from the Tevatron [44–47]; W±-lepton cross sec-
tions and asymmetries from CDF [48] and D0 [49, 50]
at the Tevatron; and W±-lepton asymmetries from the
CMS [51–54] and ATLAS collaborations [55–57] at the
LHC. Also fitted are jet production data from the Teva-
tron [58, 59] and RHIC [60].

The results of our Monte Carlo analysis for the χ2

values per number of points Ndat are shown in Table I
for each type of process, along with the individual val-
ues for the MARATHON and other nuclear DIS data and
the overall normalizations. The overall χ2/Ndat of 1.11
shows that the analysis is able to describe the data quite
well. The W and lepton asymmetry data are the most
difficult to fit, with χ2/Ndat of 1.48 and 1.57 respec-
tively, because of the high precision of the data. For
the MARATHON data, we obtain an excellent description
with a χ2/Ndat of 0.64 for 3He/3H and 0.72 for D/p.

The resulting fits to the MARATHON FD2 /F
p
2 and

F
3He
2 /F

3H
2 data are shown in Fig. 1. For D/p we find

some tension with the rest of the world fixed target data,
which is resolved by reducing the theoretical values with
a fitted normalization of 1.016(4) for this dataset. This
allows a simultaneous fit to the NMC D/p data, which
achieves a χ2/Ndat of 0.89 and a fitted normalization of
0.991.

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

process Ndat χ2/Ndat fitted norm.
DIS

MARATHON 3He/3H 22 0.64 1.009(5)
MARATHON D/p 7 0.72 1.016(4)
JLab E03-103 3He/D 16 0.20 1.012(8)
NMC D/p 189 0.89 0.991(5)
other fixed target 2489 1.06
HERA 1185 1.28

Drell-Yan 250 1.08
lepton rapidity 156 1.57
W charge asym. 27 1.48
Z rapidity 56 0.94
jet 196 0.87
total 4593 1.11
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FIG. 1. Ratios FD
2 /F

p
2 (left) and F

3He
2 /F

3H
2 (right) from

MARATHON [12] (black circles) at Q2 = 14x GeV2 com-
pared 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.

For the 3He/3H ratio, the description of the high-x
data clearly requires the inclusion of off-shell corrections,
with the χ2/Ndat increasing to 1.45 in the on-shell fit
when the off-shell corrections are switched off. This
dataset displays the largest sensitivity to off-shell cor-
rections, and thus is critical for the extraction of these
effects. In Ref. [12] a normalization of 1.025(7) was in-
cluded for this dataset based on results from the KP
model [13], which assumes that R(d) and R are unity
at x = 0.31. To avoid this model bias, we remove this
normalization from the data and instead fit the normal-
ization ourselves within the global fit. Our fitted value of
1.009(5) is in disagreement with the value above derived
from the KP model.

QCD analysis — The final results of our extraction
are illustrated in Fig. 2, where we show the fitted super-
ratio R, the deuteron EMC ratio R(D), the Fn2 /F

p
2 ratio,

and the resulting d/u PDF ratio from the global fit. For
the super-ratio R, our analysis shows that it is consis-
tent with unity until x ≈ 0.7, at which point it dips and
reaches a mean value of 4% below unity at x = 0.825.
The uncertainties on the super-ratio range from ±0.5%
at low x up to ±2.5% at the highest x. Without the
MARATHON data the uncertainties on R (not shown in
Fig. 2) vary between 4% and 15%. 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 [13], which predicts a rise to
R = 1.01 at x = 0.825 [12]. They also suggest that the
errors from the KP model, which are an order of magni-
tude smaller than our extraction even after the inclusion
of the MARATHON data, are significantly underestimated.

Given the disagreement on the super-ratio, it is not
surprising that we also find some differences between our
result for Fn2 /F

p
2 and the extraction in Ref. [12] using

the KP model. We find that the MARATHON data de-
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FIG. 2. Results from the present JAM analysis including
MARATHON data (red bands) for the super-ratio R (top left),
Fn
2 /F

p
2 ratio (top right), deuteron EMC ratio R(D) (bottom

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

2 /F
p
2 ratio in [12]. The deuteron EMC

ratio R(D) is also compared with that from the CJ15 [5]
(green band) and AKP17 [6] (light blue band).

creases the n/p ratio by a moderate amount at low x
and increases it by a small amount at high x. While
this brings the results of our extraction closer to the KP
model calculations, there are still significant disagree-
ments at low and high x, with our extraction giving a
value of 0.40(4) for the ratio at x = 0.825, compared to
0.46(2) in Ref. [12], although the deviation is within 1σ.

The impact on the d/u ratio from the inclusion of the
MARATHON data is similar to that on Fn2 /F

p
2 , with a

slight decrease (increase) at low (high) x. The small
changes for d/u at high x combined with the large differ-
ences 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 pro-
duction data, and in particular the W asymmetry data
from CDF [44] and D0 [45], 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 ratioR(D), in the intermediate-
x region our result is generally in agreement with the
CJ15 extraction [5], while at high x it is closer to the
AKP17 fit [6]. Notably, we do not see a strong indica-
tion for a unity crossing at x = 0.31, as was assumed in
Ref. [12]. The inclusion of the MARATHON D/p data re-
duces the ratio in the range 0.2 < x < 0.4, as the theory
must be adjusted downwards to accommodate the new
data lying below the rest of the fixed target data.

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 [12, 13] 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
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FIG. 3. Ratio of off-shell to on-shell PDFs δq/q (left) and
the difference between proton valence quarks in 3He and 3H
normalized to the sum, ∆q

3 (right), for valence u (red bands)
and d (blue bands) quarks, at Q2 = 10 GeV2.

is consistent with zero, for the d quark the δd/d ratio is
strongly enhanced at large values of x.

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

∆q
3 ≡

qp/3H − qp/3He

qp/3H + qp/3He
, (11)

which measures the strength of the isovector EMC effect
for q = u and d quarks. Since 3He and 3H are mirror nu-
clei, the ratio ∆q

3 would vanish if the nuclear corrections
were purely isoscalar. Instead, the behavior in Fig. 3 in-
dicates clear deviations from zero at x & 0.4 in ∆u

3 and
even more so in ∆d

3. The fact that the ∆q
3 are nonzero and

of opposite sign for u and d quarks strongly suggests the
presence of an isovector component to the EMC effect.

Outlook — This is the first indication of an isovector ef-
fect in nuclear structure functions, and demonstrates the
power of the MARATHON 3He/3H data, when combined
with a global QCD analysis, to provide unique informa-
tion on PDFs at large x and simultaneously on nuclear
effects in A = 2 and A = 3 nuclei. Additional infor-
mation on the nuclear EMC effects in 3He and 3H sepa-
rately will come from 3He/D and 3H/D ratios measured
by MARATHON , which are expected to be analyzed in
the near future.

Beyond constraints on neutron structure, and the d/u
PDF ratio at large x, will come from the BONuS exper-
iment 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 in-
formation on the isospin dependence of nuclear effects on
structure functions.
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