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Isovector EMC Effect from Global QCD Analysis with MARATHON Data
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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 *He to *H 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 F/F} neutron to
proton structure function ratio and on the d/u PDF ratio, they suggest an enhanced nuclear effect on the
d-quark PDF in the bound proton, questioning the assumptions commonly made in nuclear PDF analyses.
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Introduction.—The quest to unravel the three-dimen-
sional structure of the nucleon has recently taken on new
impetus 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
distributions and generalized parton distributions. These
complement the more traditional observables, such as from
lepton-nucleon deep-inelastic scattering (DIS), that provide
information on the one-dimensional structure encoded in
parton distribution functions (PDFs). While these are in
contrast relatively well understood [1,2], even there one
finds important unanswered questions.

Amongst the most notable gaps in our knowledge is 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, placing
significant constraints on the u-quark PDF, the absence of
free neutron targets has meant that the d-quark distribution
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 handicapped
by significant uncertainties in the nuclear corrections at
high x [5-7].
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To remedy this, several dedicated experimental efforts
have been launched to map out the ratio of d to u PDFs at
large x. Amongst these are spectator proton tagging in
semi-inclusive DIS from the deuteron (D) [8,9], to measure
the (nearly) free neutron structure function, and W-boson
production in pp or pp collisions, which at large rapidities
selects the u or d PDFs [10]. An alternative experiment
proposed to exploit the mirror symmetry of A = 3 nuclei to
extract the neutron to proton structure function ratio from
the ratio of *He and 3H cross sections, where nuclear effects
are expected to largely cancel [11,12]. Differences between
the free nucleon and nuclear structure functions were first
observed by the European Muon Collaboration (EMC)
[13], which is now referred to as the “nuclear EMC effect.”
The results from the subsequent MARATHON experiment
that was performed at Jefferson Lab Hall A were recently
presented [14].

The experiment measured the *He/H ratio in the range
of Bjorken-x values between 0.195 and 0.825 and Q?
between 2.7 and 11.9 GeV?, with the D / p ratio taken over
a smaller x range as a systematic check. Using as an
input the deuteron EMC ratio R(D) = F?/(F} + F3) or
the superratio of the *He and *H EMC ratios, R =
R(*He)/R(*H), where R(*He) = F;He/(ZFf + F3) and
RCH) =F ;H /(F5 +2F%), the neutron to proton ratio
F3/FY can be directly extracted using the measured

FP/FL or F ;He /F ZH ratios, respectively.
In the MARATHON analysis [14], the model calculation
of Kulagin and Petti (KP) [15] was used to extract F4/F}
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from R. Assuming that all EMC ratios forA =2 and A = 3
nuclei cross unity at x = 0.31, an overall normalization of
1.025 was applied to the *He/?H data to match the ratio
F3/FY extracted from F?/FL at x = 0.31 using the KP
model. While the unity crossing is approximately estab-
lished empirically from measurements of the EMC effect in
heavy nuclei, F3 /FP [16,17], it has not been demonstrated
experimentally for light nuclei, with A <3. The
MARATHON data are unique in their ability to provide
information on isovector effects, with n/p values for *He
and *H ranging from J to 2.

In this Letter we use the JAM Monte Carlo global QCD
framework [18,19] to produce the first global analysis of
the high-energy scattering data on A = 3 nuclei, including
the MARATHON results, together with data on protons and
deuterons. No prior knowledge of R is needed, and this
combined analysis allows the first simultaneous extraction
of information on nucleon PDFs and nuclear effects in
A < 3 nuclei. In contrast, by assuming the KP model [15]
for the nuclear corrections, the analysis [14] introduces
significant bias into the extracted F%/FJ ratio and under-
estimates the true uncertainties associated with the model
dependence of the superratio. In particular, while the KP
model assumes that the off-shell modifications of bound
protons and neutrons are equal and identical for all nuclei
[15], our analysis allows a data-driven identification of
explicit isospin dependent nuclear effects in A = 3 systems.

Theoretical framework.—Our theoretical framework is
based on the JAM iterative Monte Carlo approach to QCD
global analysis [19,20], which utilizes Bayesian inference
sampling methodology that allows thorough exploration
of the parameter space and robust error quantification.
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 theoreti-
cal bias.

Our analysis uses data from a variety of high-energy
scattering processes, including DIS, Drell-Yan, and weak
boson and jet production. For DIS, QCD factorization
theorems [21] allow us to write the F, structure function as
a sum of convolutions of hard scattering functions, C, ,,
and nonperturbative quark and gluon PDFs, and higher
twist (HT) power corrections,

FY(x.0%) = (Zeq [C, ® an] +[C, ® gN]> (x. 0%)

(v,

where N = p, n, 3 = qy + Gy, and x here is the Bjorken
scaling variable, with 0? the four-momentum squared of
the exchanged photon. (Note that beyond leading order in

a, the Bjorken variable no longer coincides with the parton
momentum fraction; however, for ease of notation we will
distinguish between these only when necessary.) The hard
scattering functions C, , are expanded to next-to-leading
order accuracy in the QCD coupling.

The coefficients of the HT terms, CHT, are determined
phenomenologically from low-Q? data, and can be differ-
ent for protons and neutrons. In addition to HT corrections,
at finite Q% Eq. (1) includes also the effects of target mass
corrections, which are implemented within collinear fac-
torization as described in Refs. [22,23]. In this analysis, we
parameterize the PDFs at the input scale Q3 using the
standard form,

f(x,03) = Nx*(1 = x)P(1 + yv/x + nx), (2)
as in the recent JAM19 analysis [18].

For nuclear DIS, the same factorization allows F4 to be
expressed in terms of the nuclear PDFs ¢ as in (1). In the
nuclear impulse approximation at x> 0 the scattering
takes place incoherently from individual (off-shell) nucle-
ons in the nucleus, and one can write the nuclear PDF

as a sum of on-shell and off-shell nucleon contributions
[24-27],

off
qs = ZCIN/A = Z ‘IN//)x + qZ(V/A)] (3)

where we suppress the dependence upon x and Q2. The
notation g4 refers to the PDF of a quark ¢ in a nucleus N,
as modified within a nucleus A. In the weak binding
approximation (WBA) [26,27], appropriate for light A <
3 nuclei, both terms in (3) can be expressed as convolutions
of nucleon smearing functions and quark distributions,

N/A fN/A® N> (4)

(off) (off)
1\(/)/,4 f[\(/)/A ® 5(]N/A» (5)

where 6qy/4 are the off-shell smearing functions and
the symbol ® represents the convolution [f ® g|(x)=

JA(dy/y)f(x)g(x/y). The functions fN/A and fl\;’/fi

on-shell and off-shell light-cone momentum distributions
of nucleons N in nucleus A, respectively [28,29], and can
be computed from the nuclear wave functions or spectral
functions. Note that the integrand of the off-shell smearing
function is weighted by the nucleon virtuality, v(p?)=
(p* — M?)/M? < 0, where M is the nucleon mass, making
it nearly 2 orders of magnitude smaller than the on-shell
function.

Since the focus of the MARATHON experiment is on the
F3/FL (and d/u) ratio at large x > 0, we will restrict the
discussion of the nuclear effects to the valence quark sector,
which is also where the main features of the nuclear EMC
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effect appear. Previous global QCD analyses with deuteron
DIS data included within the WBA framework [5,6] found
strong evidence for the presence of nucleon off-shell
effects. The off-shell corrections were implemented at
the nucleon structure function level [5,6,15], with the
deuteron data sensitive to one combination of the proton
and neutron off-shell functions. A later structure function
analysis [29] included *He/D ratios measured at Jefferson
Lab [30] and found potentially significant isospin depend-
ence of the off-shell functions, albeit within sizeable
uncertainties. However, this nucleon level formulation with
isospin dependence introduces explicit charge symmetry
breaking, which one ultimately would want to test [31].

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

5up/D :5dn/D7 6dp/D :5un/D7 (6)

and similarly for *He and *H nuclei,

Oup e = 0dy oy, od e = ity 3, (7a)

oy iy = 6d, e, od, iy = Sty e (7b)
so that the 12 off-shell functions (for # and d quarks in p
and n in D, *He and *H) reduce to 6. If we further assume
that the spectator system to the DIS from D and *H respects
isospin symmetry, then the u and d off-shell functions in the
deuteron and *H can be related by

Su,p = Ou,py = ou, (8a)
5d,p = 8d,y = 5d. (8b)

Because for ou the product of the third component of
isospin of the struck quark and of the spectator nucleon(s)
is negative, while for dd this is positive, an isovector
nuclear correction would lead to changes of opposite sign
between them [32,33]. For the off-shell corrections in the
proton in *He we expect the isovector effects to approxi-
mately cancel, and take

(6u + 25d). (9)

| =

Oy e ~ 26d ), e =

To preserve the number of valence quarks in the bound
nucleons in nuclei, the off-shell functions must satisfy

1 1
/0 dx bu(x) :/) dxéd(x) = 0. (10)

Note that because the off-shell functions d¢g are convoluted

with the off-shell smearing functions, f 5\(,’;;) the fact that the

nucleon virtuality v(p?) 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 [34] deuteron wave function and the KPSV [35]
He spectral function, for example, we find

off ff ff
(o) m=43%,  (foR ) n=6.8%, (fO0)~-9.5%,

with corresponding values for the neutron using charge
symmetry. Using other deuteron [36-39] and *He [40] wave
function models does not change our conclusions.

For the parameterization of the off-shell functions, we
take the same form as for the PDFs in Eq. (2), and assume
that all quark flavors for the off-shell functions except du
and od are zero at the input scale. The 5qy /4 functions

evolve with Q2 in the same way as the on-shell PDFs. In
our fits, we treat N, a, and f as free parameters, and without
loss of generality set y = 0, so that the parameter 7 is fixed
by the sum rules.

Quality of fit—In addition to the new MARATHON
data, we fit also F, data from fixed target experiments on p
and D from BCDMS [41], NMC [42,43], SLAC [44], and
Jefferson Lab [9,45], as well as the reduced neutral and
charged current proton cross sections from the combined
H1 and ZEUS analysis from HERA [46], all with kinematic
constraints W? > 3.0 GeV? and Q* > m?. We also include
for the first time in a global QCD analysis the Jefferson Lab
E03-103 data on 3He/D [30]. Drell-Yan di-muon data in
pp and pD collisions from the Fermilab E866 [47,48] and
E906 experiments [49] are included, and for weak vector
boson mediated processes we use reconstructed Z/y* cross
sections and W* asymmetries from the Tevatron [50-53],
as well as inclusive W*-lepton asymmetries [54] from
CMS [55-58], LHCD [59,60], and STAR [61]. Also fitted
are jet production data from the Tevatron [62,63] and
STAR [64].

The results of our Monte Carlo analysis are summarized
in Table 1. The overall y* per datum of 1.11 shows that
the data are described well. The resulting fits to the

MARATHON FP/F! and FY/FM data are shown in
Fig. 1. For D/ p we are able to fit the data well with a fitted
normalization of 1.019(4). For the *He/°H ratio, the
description of the high-x data improves with the inclusion
of off-shell corrections, with the y?>/Ny, increasing sig-
nificantly to 1.29 when the off-shell corrections are
switched off. This dataset displays by far the largest
sensitivity to off-shell corrections, and thus is critical for
the extraction of these effects. In Ref. [14] a normalization
of 1.025(7) was included for this dataset based on results
from the KP model [15], 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 allow the
global fit to determine the normalization. Our fitted value
of 1.007(6) is in disagreement with the value from the
KP model.
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TABLE I Summary of the y* values per number of points N,
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.

Fitted
Process Ngw  x*/Ngy  normalization
DIS
MARATHON *He/*H 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

QCD analysis.—The final results of our extraction based
on over 1,000 Monte Carlo samples are illustrated in Fig. 2.
For the superratio R, 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 = 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/°H 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 = 1.01 at x = 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.

FP/FY |15 FHe/FH

0.85F

1.2
0.80}
| MARATHON l
—JAM i |
0.75 ---on-shell fit ’ Q2 — 1dx GeV?
0.2 0.3 01 @ 02 04 06 08

FIG. 1. Ratios FP/F! (left) and FI/F (right) from
MARATHON [14] (black circles) at the experimental kinematics
0? = 14x GeV? compared with the full JAM fit (red solid lines
and lo uncertainty bands) and with an on-shell fit (green dashed
lines) which sets the off-shell corrections to zero.

Related to the disagreements in the superratio, we also
find differences between our result for F4/F5 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 DO [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 R(D), 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 =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 du and od 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 éu/u ratio is
consistent with zero, for the d quark the 6d/d ratio is
enhanced at large values of x.

n P
R o F}/F}
1.00 X Q= 14z GeV?
0.5
= JAM
= JAM 04 JAM (no MARATHON)
0.95/ == KP model Q? = 14z GeV? 0.3/  MaraTHON + KP model
= JAM
-
1= ors R(D) 05 d/u
105/ Apcp17 04 @ =10GeV?
JAM (no MARATHON) 0.3
1.00 gz e T B JAM
Q2= 10 GeV? 01 JAM (no MARATHON)

02 L 0z Ted 008
FIG. 2. Results from the present JAM analysis including
MARATHON data (red bands) for the superratio R (top left),
F% /FY 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 superratio R is compared
with the KP model input (gray band) used to extract the F4/F}
ratio in [14]. The deuteron EMC ratio R(D) is also compared with
that from CJ15 [5] (green band) and AKP17 [6] (light blue band).
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éq/q

Q% =10 GeV?

0.2 0.4 0.6 0.8
xr

FIG. 3. Ratio of off-shell to on-shell PDFs §¢/q (left) and the
difference between proton valence quarks in He and *H nor-
malized to the sum, AZ (right), for valence u (red bands) and d
(blue bands) quarks, at Q> = 10 GeV?>.

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

Ag — 4p/H — 4p/He ’ (1 1)
9p,H 1 4p/He

which measures the strength of the isovector EMC effect
for ¢ = u and d quarks. Since *He and *H are mirror nuclei,
the ratio A7 would vanish if the nuclear corrections were
purely isoscalar. Instead, the behavior in Fig. 3 indicates
some deviations from zero for Ag’ at x 2 0.4 and for Af at
x 2 0.6. The fact that the A 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 u”/4 = @"/4, 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/*H
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 *He
and *H separately will come from *He/D and *H/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.
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