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The ratio of the nucleon F2 structure functions, Fn
2 /F

p
2 , is determined by the MARATHON

experiment from measurements of deep inelastic scattering of electrons from 3H and 3He nuclei.
The experiment was performed in the Hall A Facility of Jefferson Lab and used two high resolution
spectrometers for electron detection, and a cryogenic target system which included a low-activity
tritium cell. The data analysis used a novel technique exploiting the mirror symmetry of the two
nuclei, which essentially eliminates many theoretical uncertainties in the extraction of the ratio.
The results, which cover the Bjorken scaling variable range 0.19 < x < 0.83, represent a significant
improvement compared to previous SLAC and Jefferson Lab measurements for the ratio. They are
compared to recent theoretical calculations and empirical determinations of the Fn

2 /F
p
2 ratio.

PACS numbers: 12.38.-7, 13.60.-r, 14.65.-q, 25.30.-c, 27.10.+h

The nucleon structure functions, found from deep
inelastic scattering (DIS) of electrons by protons and
deuterons, have been of fundamental importance in es-
tablishing the internal quark structure of the nucleon [1].
First measurements occured in a series of DIS experi-
ments at the Stanford Linear Accelerator Center (SLAC)
circa 1970 [2], which showed the existence of point-
like entities within the nucleons. Further studies of
muon-nucleon and neutrino-nucleon DIS experiments at
CERN and Fermilab [3] established the quark-parton
model (QPM) for the nucleon [4], and provided support-
ing evidence for the emerging theory of quantum chro-
modynamics (QCD) [5].

The cross section for deep inelastic electron-nucleon
scattering, where the nucleon breaks up, is given, in
the one-photon-exchange approximation, in terms of the
structure functions F1(ν,Q2) and F2(ν,Q2) of the nu-
cleon. In the lab frame and in natural units it reads [4]:

d2σ

dΩdE′
= σM

[
F2(ν,Q2)

ν
+

2F1(ν,Q2)

M
tan2

(
θ

2

)]
, (1)

where σM = 4α2(E′)2

Q4 cos2
(
θ
2

)
is the Mott cross sec-

tion, α is the fine-structure constant, E is the inci-
dent electron energy, E′ and θ are the scattered elec-

∗Present address: Canon Medical Research USA Inc., Vernon Hills,
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tron energy and angle, ν = E − E′ is the energy trans-
fer, Q2 = 4EE′ sin2(θ/2) is the negative of the four-
momentum transfer squared, and M is the nucleon mass.

The scattering process is mediated through the ex-
change of virtual photons. The cross section can also
be written in terms of cross sections for the absorption
by the nucleon of longitudinally, σL, or transversely, σT ,
polarized photons. The functions F1 and F2 are related
to the ratio R = σL/σT as F1 = MF2(ν2 +Q2)/[Q2ν(1+
R)] [2]. All of the above formalism can also be applied
to the case of DIS by a nucleus, with F1 and F2 becom-
ing the structure functions of the nucleus in question. It
should be noted that the ratio of DIS cross sections of
different nuclear targets is equivalent to the ratio of their
F2 structure functions if R is the same for all nuclei. The
latter has been confirmed experimentally within inherent
experimental uncertainties [6].

The basic idea of the QPM [7, 8] is to represent DIS
as quasi-free scattering of electrons from the nucleon’s
partons/quarks, in a frame where the nucleon possesses
infinite momentum. The fractional momentum of the
nucleon carried by the struck quark is then given by
the Bjorken “scaling” variable, x = Q2/(2Mν). In
the limit where ν → ∞, Q2 → ∞ with x finite be-
tween 0 and 1, the nucleon structure functions become:
F1 = 1

2

∑
i e

2
i fi(x) and F2 = x

∑
i e

2
i fi(x), where ei is the

fractional charge of quark type i, fi(x)dx is the proba-
bility that a quark of type i carries momentum in the
range between x and x + dx, and the sum runs over all
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quark types. Since the charges of the up (u), down (d)
and strange (s) quarks are 2/3, −1/3 and −1/3, respec-
tively, the F2(x) structure function for the proton (p) is
given by: F p2 (x) = x[(4/9)U +(1/9)D+(1/9)S], and due
to isospin symmetry, that of the neutron (n) is given by:
Fn2 (x) = x [(1/9)U + (4/9)D + (1/9)S], where U = u+ū,
D = d + d̄, and S = s + s̄, with bars denoting anti-
quarks [4].

The positivity of the structure functions dictates that
the ratio of the neutron to proton F2 functions is bounded
for all values of x: (1/4) ≤ Fn2 /F

p
2 ≤ 4, a relationship

known as the Nachtmann inequality [9]. This relationship
was verified in the pioneering SLAC experiments E49a
and E49b circa 1970 [10], which found that the ratio ap-
proaches unity at x = 0 and ∼1/4 at x = 1. The SLAC
findings showed that at low x the three quark-antiquark
distributions are equal, dominated by sea quarks, and
that at large x the u (d) quark distribution dominates
in the proton (neutron). These findings were surprising
as the expectation, at the time, from SU(6) symmetry
was that Fn2 /F

p
2 should be equal to 2/3 for all x. The

behavior of the ratio at x = 1 was justified by the di-
quark model of Close [11], and Regge phenomenology,
initiated by Feynman [12]. In Close’s diquark model, the
diquark configuration with spin 1 is supressed relative to
that with spin 0. The phenomenological supression of
the d quark distribution, which results from the Fn2 /F

p
2

value of 1/4 at x = 1, can be understood in the quark
model of Isgur [13] in terms of the color-magnetic hyper-
fine interaction between quarks, which is also responsible
for the N -∆ mass splitting. It should be noted that per-
turbative QCD arguments [14] and a treatment based
on quark-counting rules [15] suggest that the nucleon F2

ratio should have the larger value of 3/7 at x = 1.

The original considerations of the magnitude of the nu-
cleon F2 ratio were called into question in the 1990s when
a re-examination of the subject by Whitlow et al. [16],
who using the original SLAC data [10] and a plausible
model of the EMC effect in which the deuteron, medium
and heavy nuclei scale with nuclear density [17], found
a strong sensitivity in the determination of the ratio at
large x. The EMC effect, discovered at CERN [18] and
quantified precisely at SLAC [19], characterizes the modi-
fication of the nucleon structure functions in nuclear mat-
ter. The above strong sensitivity was subsequently con-
firmed by Melnitchouk and Thomas [20], in a relativistic
re-analysis of the SLAC data, which assumes the presence
of minimal binding effects in the deuteron. In Ref. [16],
it also became evident that the nucleon F2 ratio was very
sensitive to the choice of the nucleon-nucleon (N-N) po-
tential model governing the structure of deuterium, later
confirmed in Refs. [21, 22]. The large uncertainty in the
extraction of the Fn2 /F

p
2 ratio at large x calls into ques-

tion the presumption that Fn2 /F
p
2 and D/U tend to 1/4

and zero, respectively, as x approaches 1.

These difficulties in the Fn2 /F
p
2 determination can

be remedied using a method proposed by Afnan et
al. [23, 24], which determines the Fn2 /F

p
2 ratio from DIS

measurements on 3H (triton) and 3He (helion), exploit-
ing the isospin symmetry and similarities of the two
A = 3 mirror nuclei. In the absence of Coulomb in-
teractions and for an isospin symmetric world, the prop-
erties of a proton (neutron) bound in the 3He nucleus
should be identical to that of a neutron (proton) bound
in the 3H nucleus. Defining the EMC-type ratios for the
F2 structure functions of helion (h) and triton (t) by:
Rh = Fh2 /(2F

p
2 +Fn2 ) and Rt = F t2/(F

p
2 + 2Fn2 ), one can

write the ratio of these ratios as Rht = Rh/Rt, which
directly yields the ratio of the free neutron to proton F2

structure functions:

Fn2
F p2

=
2Rht − Fh2 /F t2
2Fh2 /F

t
2 −Rht

. (2)

The Fn2 /F
p
2 ratio found from Equation (2) depends on

the ratio of the EMC effects in 3He and 3H. Since the
neutron and proton distributions in the A = 3 nuclei
are similar, the ratio can be calculated reliably with the
expectation that Rht ' 1 [24], once Fh2 /F

t
2 is measured

experimentally. The possibility for such a determination,
proposed at Jefferson Lab (JLab) in 1999 [25], was also
supported by the works of Refs. [26] and [27]. An official
JLab proposal (PR12-10-103) [28] was submitted to and
approved by the Lab in 2010.

This JLab E12-10-103 experiment, known also as
MARATHON [28], used the Continuous Electron Beam
Accelerator and Hall A Facilities over 66 days in the win-
ter/spring of 2018. Electrons scattered from light nu-
clei were detected in the Left and Right High Resolution
Spectrometers (LHRS and RHRS) [29]. The incident-
beam energy was fixed at 10.59 GeV, and the beam
current ranged from 14.6 to 22.5 µA. The experiment
detected DIS events from the proton, deuteron, helion,
and triton particles using a cryogenic gaseous target sys-
tem [30]. The LHRS was operated at a fixed momentum
of 3.1 GeV/c, placed at angles between 16.81◦ and 33.55◦.
The RHRS was limited in momentum and was, therefore,
operated at a single setting of 2.9 GeV/c and 36.12◦.

The target system consisted of four high-pressure cells,
of length 25.0 cm and diameter 1.27 cm, containing
3He, 3H, 2H, and 1H gases. The four cells were filled
at temperatures of 294.3, 296.3, 296.1, 297.4 K, and
pressures of 17.19, 13.82, 35.02, 35.02 atm, resulting in
densities (determined from data-suppported virial mod-
els [31]) of 2.129±0.021, 3.400±0.010, 5.686±0.022, and
2.832 ± 0.011 kg/m3, respectively. To prevent overheat-
ing, the target cells were cooled to a temperature of 40 K,
and the beam current was limited to 22.5 µA. The tar-
get assembly also contained an empty cell and a “dummy
target” consisting of two Al foils separated by 25.0 cm,
which were used to measure the contribution to the scat-
tered electron yields from the Al end-caps of the target
cells. The targets were cycled many times in the beam
for each kinematic setting in order to minimize effects
of possible drifts of the beam diagnostic or other instru-
mentation (e.g. the beam current monitors). Because
of safety hazards associated with (radioactive) tritium,



4

x Q2 W 2 σd/σp ∆stat ∆ptp ∆syst ∆tot

(GeV/c)2 (GeV/c2)2

0.195 2.73 12.2 1.725 0.005 0.010 0.009 0.015
0.225 3.15 11.7 1.697 0.005 0.008 0.009 0.014
0.255 3.57 11.3 1.674 0.007 0.008 0.009 0.014
0.285 3.99 10.9 1.656 0.008 0.010 0.009 0.016
0.315 4.41 10.5 1.629 0.008 0.010 0.009 0.016
0.345 4.83 10.1 1.588 0.009 0.010 0.009 0.016
0.375 5.25 9.63 1.544 0.013 0.016 0.008 0.023

TABLE I: The ratio of deuteron to proton DIS cross section
at the selected x, Q2, and W 2 kinematics of MARATHON.
Listed are the statistical (stat), point-to-point (ptp), and
overall/scale systematic (syst) components of the total (tot)
error. The latter is the quadrature sum of the three compo-
nents. The overall/scale systematic component of ±0.55% is
due to the uncertainties in the nominal gas target densities of
the hydrogen and deuterium gases (combined in quadrature).

such targets have been used only twice in past electronu-
clear physics experiments in the USA (Stanford [32] and
MIT [33]).

Scattered electrons were detected in the LHRS and
RHRS using two planes of scintillators for event trig-
gering, a pair of drift chambers for electron track re-
construction, and a gas threshold Čerenkov counter and
a lead-glass calorimeter for electron identification. The
event trigger consisted of a coincidence of the logical sig-
nals of either one of the two scintillator planes and the
Čerenkov counter, which is estimated to be efficient at the
99% level. Details on the Hall A Facility, and beam line
and detector instrumentation as used in MARATHON,
including calibrations, are given in Refs. [34–39].

Particles in the two HRS systems were identified as
electrons on the basis of a minimal pulse height in the
Čerenkov counter (“Čerenkov cut”) and the energy de-
posited in the calorimeter, consistent with the momen-
tum as determined from the drift chamber track us-
ing the spectrometers’ optical properties (“calorimeter
cut”). The detector efficiencies for both spectrometers
were found to be stable, and independent of the gas tar-
get used at a given kinematics. The efficiency of the
Čerenkov detectors was above 99% (the average number
of photoelectrons for the LHRS and RHRS detectors were
11 and 9, respectively). The efficiency of the preradiator
segments of the calorimeters was above 99%, and that
of the total absorption segments was above 98%. The
FWHM energy resolution of the two calorimeters were
measured to be 5.0%/

√
E′ and 4.3%/

√
E′ for the LHRS

and RHRS, respectively.

Because of the low density of the gas targets, the elec-
tron counting rate was dominated, for all kinematics, by
events originating from the target cell Al end-caps, as the
total thickness of the two end-caps of the 3He, 3H, 2H and
1H cells was 0.55, 0.60, 0.51, and 0.64 mm, respectively.
Tritium-safety concerns prevented the use of collimators
to mask the end-caps of the cells from the spectrome-
ters. As a result, the gaseous target length as seen by
the spectrometers could not be accurately defined, and
the rejection of events originating from the end-caps was

x Q2 W 2 σh/σt ∆stat ∆ptp ∆syst ∆tot

(GeV/c)2 (GeV/c2)2

0.195 2.73 12.2 1.112 0.003 0.005 0.008 0.010
0.225 3.15 11.7 1.124 0.003 0.004 0.008 0.010
0.255 3.57 11.3 1.141 0.004 0.004 0.008 0.010
0.285 3.99 10.9 1.160 0.005 0.005 0.008 0.011
0.315 4.41 10.5 1.154 0.005 0.004 0.008 0.011
0.345 4.83 10.1 1.171 0.006 0.005 0.008 0.011
0.375 5.25 9.63 1.177 0.008 0.006 0.008 0.013
0.405 5.67 9.21 1.219 0.009 0.004 0.009 0.014
0.435 6.09 8.79 1.206 0.010 0.005 0.009 0.014
0.465 6.51 8.37 1.226 0.010 0.004 0.009 0.014
0.495 6.93 7.95 1.235 0.010 0.004 0.009 0.014
0.525 7.35 7.53 1.260 0.011 0.004 0.009 0.015
0.555 7.77 7.11 1.267 0.011 0.004 0.009 0.015
0.585 8.19 6.69 1.268 0.012 0.004 0.009 0.016
0.615 8.61 6.27 1.268 0.013 0.004 0.009 0.016
0.645 9.03 5.85 1.292 0.013 0.004 0.009 0.017
0.675 9.45 5.43 1.289 0.014 0.004 0.009 0.018
0.705 9.87 5.01 1.309 0.014 0.004 0.009 0.017
0.735 10.3 4.59 1.302 0.013 0.004 0.009 0.017
0.765 10.7 4.17 1.316 0.014 0.004 0.009 0.017
0.795 11.1 3.75 1.312 0.015 0.004 0.009 0.018
0.825 11.9 3.40 1.301 0.017 0.004 0.009 0.020

TABLE II: The helion to triton DIS cross section ratio (after
normalization, see text) at the x, Q2, and W 2 kinematics of
MARATHON. Listed also are the statistical (stat), point-to-
point (ptp) and overall/scale systematic (syst) components of
the total (tot) error. The latter is the quadrature of the three
components.

accomplished by using a software “target position recon-
struction cut”. This cut rejected events which were re-
constructed by the spectrometers to originate from a po-
sition in the target cell close to the end-caps. Typically,
events with a reconstructed position within a range of
2 cm from the end-caps were eliminated, resulting in an
average effective target length, Lt, of 21 cm. Only events
with one track in the drift chambers that was clearly
within the well-established angular and momentum ac-
ceptance limits of the spectrometers were included in the
electron data sample. Events with two or more tracks
were dominated by those passing through the edges of
the exit of the Al vacuum pipe in the spectrometers.

All events properly identified as electrons originat-
ing from the gas inside each target cell were binned by
Bjorken x, resulting in the formation of an electron yield,
Y (x), defined as:

Y (x) =
Ne′

NeρtLt
Ccor, (3)

where Ne′ is the number of scattered electrons (events
found within the spectrometer acceptance limits that
passed the Čerenkov, calorimeter and target “cuts”), Ne

is the number of incident beam electrons, ρt is the den-
sity of the gas target, Lt is the selected target length, and
Ccor = CdetCcdtCdenCtecCpspCradCcdeCbinCdth. Here,
Cdet is the correction for trigger and detector ineffi-
ciency, Ccdt is the computer dead-time correction (1.001
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x Rht ∆Rht Fn
2 /F

p
2 ∆stat ∆ptp ∆syst ∆tot

0.195 0.9989 0.0009 0.724 0.005 0.011 0.016 0.020
0.225 0.9990 0.0009 0.701 0.006 0.008 0.016 0.019
0.255 0.9991 0.0009 0.668 0.008 0.008 0.015 0.019
0.285 0.9993 0.0008 0.635 0.008 0.009 0.014 0.019
0.315 0.9997 0.0009 0.647 0.010 0.008 0.015 0.019
0.345 1.0003 0.0008 0.618 0.010 0.008 0.014 0.019
0.375 1.0010 0.0008 0.610 0.013 0.010 0.014 0.021
0.405 1.0019 0.0008 0.547 0.014 0.006 0.013 0.020
0.435 1.0029 0.0007 0.567 0.015 0.007 0.013 0.021
0.465 1.0039 0.0007 0.540 0.015 0.006 0.013 0.020
0.495 1.0049 0.0007 0.528 0.014 0.006 0.012 0.020
0.525 1.0058 0.0007 0.496 0.015 0.006 0.012 0.020
0.555 1.0067 0.0007 0.489 0.015 0.006 0.012 0.020
0.585 1.0074 0.0008 0.489 0.016 0.006 0.012 0.020
0.615 1.0081 0.0009 0.489 0.016 0.005 0.012 0.021
0.645 1.0087 0.0010 0.461 0.016 0.006 0.011 0.020
0.675 1.0093 0.0013 0.466 0.018 0.006 0.011 0.022
0.705 1.0098 0.0017 0.442 0.016 0.005 0.011 0.020
0.735 1.0104 0.0020 0.451 0.016 0.005 0.011 0.020
0.765 1.0111 0.0024 0.436 0.016 0.006 0.011 0.020
0.795 1.0118 0.0030 0.441 0.017 0.006 0.011 0.022
0.825 1.0125 0.0043 0.455 0.020 0.009 0.011 0.024

TABLE III: The Fn
2 /F

p
2 ratio for the MARATHON x kine-

matics. Listed also are the ratio’s statistical (stat), point-to-
point (ptp), and overall/scale (syst) components of the total
(tot) error. The latter is the quadrature of the three compo-
nents. Also listed are the values for the Rht super-ratio and
their uncertainties used in the F2 ratio extraction (see text).

to 1.065), Cden is a correction to the target density due
to beam heating effects (1.066 to 1.125), Ctec is a cor-
rection for falsely-reconstructed events originating from
the end-caps (0.973 to 0.998), Cpsp is a correction for
events originating from pair symmetric processes (0.986
to 0.999), Crad is a correction for radiative effects (0.826
to 1.173), Ccde is a correction for Coulomb distortion ef-
fects (0.997 to 1.000), Cbin is a bin-centering correction
(0.995 to 1.001), and Cdth is a correction for the beta
decay of tritons to helions, applicable only to the tritium
yield [0.997 (0.989) at the beginning (end) of the experi-
ment]. A cross section model by Kulagin and Petti (K-P),
based on the works of Refs. [40–42], was adopted [43] for
the bin-centering correction, and the Coulomb correction
(which used the Q2-effective approximation [44]).

When forming ratios of electron yields from different
targets, which are equivalent to cross section ratios, the
effective gas target length Lt (18.0-22.5 cm) and the
correction Cdet cancel out. In general, the corrections
to the ratios from each effect become minimal, and in
some cases, so do the associated systematic uncertainties.
For example, the radiative effect correction, ranges from
0.997 (at the highest x) to 1.015 (at the lowest x) for the
h/t cross section ratio. The dominant point-to-point sys-
tematic uncertainties for the yield ratios are those from
the beam-heating gas target density changes [±(0.1%-
0.5%)], the radiative correction [±(0.25%-0.45%)], and
the choice of spectrometer acceptance limits (±0.2%).
The total point-to-point uncertainty ranged from ±0.4%
to ±1.0% for the d/p cross section ratio, and ±0.3% to

1.3

1.5

1.7

1.9

2.1

0.15 0.20 0.25 0.30 0.35 0.40
Bjorken x

13.3 GeV - SLAC 10.4 GeV - SLAC 12.5 GeV - SLAC
11.9 GeV - SLAC 10.0 GeV - SLAC 10.6 GeV - JLab

Solid Circles : MARATHON - E=10.6 GeV
Open symbols : SLAC - E=10.0-13.3 GeV

σd /σp

FIG. 1: The ratio of the DIS cross sections of deuteron
and proton plotted versus the Bjorken x from the JLab Hall
A MARATHON experiment. Also shown are seminal SLAC
data [45] in the same kinematic region as MARATHON (see
text). The dashed curve is a fit to the MARATHON data.
The JLab error bars include all uncertainties added in quadra-
ture. The SLAC error bars do not include an overall normal-
ization uncertainty of ±1.3%.

±0.5% for the h/t ratio. Details on the determination of
the yields, and all associated corrections and uncertain-
ties, can be found in Refs. [35–39].

The experiment also collected DIS data for the proton
and deuteron (d) over the x range from 0.19 to 0.37 for
the purpose of finding the Fn2 /F

p
2 ratio in the vicinity

of x = 0.3, where it is known that nuclear corrections
are minimal [40, 42], and comparing it with the Fn2 /F

p
2

ratio found using DIS by the triton and helion. The
measured values of the σd/σp ratio are given in Table I.
In addition to the x and Q2 for each kinematic setting,
the values of the square of the invariant mass of the final
hadronic state, W 2 = M2 + 2Mν −Q2, are also given in
Table I. The σd/σp = F d2 /F

p
2 values, plotted in Figure 1,

are compared to measurements from the seminal SLAC
E49b and E87 experiments [45] taken with similar beam
energies. It is evident from Fig. 1 that the JLab and
SLAC data are in excellent agreement. Given the ratio
Rd = F d2 /(F

p
2 + Fn2 ), the Fn2 /F

p
2 ratio is calculated as

Fn2 /F
p
2 = (F d2 /F

p
2 )/Rd − 1 [26, 41]. The Rd ratio used

in the MARATHON F d2 /F
p
2 data analysis is from the

model by Kulagin and Petti based on Refs. [40, 41]. The
results of this model are, in the vicinity of x = 0.3, in
excellent agreement with determinations using data from
the JLab BoNuS [46] and SLAC E139 [19] experiments,
and a theoretical calculation based on a study of data
from DIS off nuclei with mass number A ≥ 4 [42].

The focus of MARATHON was to study DIS from
helion and triton in order to extract the Fn2 /F

p
2 ra-

tio in the range 0.19 < x < 0.83 using the measured
σh/σt = Fh2 /F

t
2 ratio and model-calculated values of the

super-ratio Rht. The values used for Rht come from the
theoretical model by Kulagin and Petti [41, 42], which
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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 [53], and a band based on the fit of the
SLAC data as provided in Ref. [45], for the MARATHON
kinematics [Q2 = 14 · x (GeV/c)2] (see text). All three ex-
perimental data sets include point to point and normalization
systematic uncertainties.

provides a global description of the EMC effect for all
known targets (for a review see Ref. [47]). The K-P model
includes a number of nuclear effects out of which the ma-
jor 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 [42]. The underlying proton and neutron
structure functions come from the global QCD analysis
of Ref. [48], which was performed up to NNLO approxi-
mation in the strong coupling constant including target
mass corrections [49] as well as those due to higher-twist
effects. For the spectral functions of the 3H and 3He
nuclei, the results of Ref. [26] have been used. In or-
der to evaluate theoretical uncertainties, the 3He spec-
tral function of Ref. [50] was used. Reasonable varia-
tions of the high-momentum part of momentum distri-
bution in 3H and 3He were considered, and uncertain-
ties in the off-shell correction of Ref. [42], as well as in
the nucleon structure functions, were accounted for. The
maximum resulting uncertainty in Rht is estimated to be
up to ±0.4% (at x = 0.8), contributing minimally to the
total uncertainty in the final Fn2 /F

p
2 values. The K-P

calculations were performed prior to the analysis of the
MARATHON data.

The comparison of Fn2 /F
p
2 as extracted from σh/σt and

σd/σp was done at the x value of 0.31, where it is widely
accepted that nuclear corrections contribute negligibly to
EMC-type ratios like Rd and Rht, as σA/A = σd/2 [51].
The K-P models used, predicted a value of 1.000 at x =
0.31 for both Rht and Rd with uncertainties of ±0.1%
and ±0.2%, respectively. A recent work by Segarra et
al. [52] found Rht(x = 0.31) = 1.001, with a similar un-
certainty. This work is based on a global analysis of nu-
clear DIS data where the EMC effect is accounted for by

0.2

0.6

1.0

1.4

0.1 0.3 0.5 0.7 0.9
Bjorken x

F2
n/ F2

p

σh /σt

Solid blue curves : Kulagin and Petti
Long-dashed red band : Segarra et al.
Short-dashed green band : Accardi et al.

Solid circles/squares : JLab MARATHON

FIG. 3: The DIS σh/σt and the Fn
2 /F

p
2 ratios from the

MARATHON experiment, plotted versus the Bjorken x, com-
pared to the theoretical predictions of Kulagin and Petti. The
Fn
2 /F

p
2 data are also compared to a CJ Collaboration pre-

diction [56] (short-dashed band), and a recent extraction by
Segarra et al. [52] (long-dashed band) (see text). The error
bars include overall systematic uncertainties. All curves corre-
spond to the MARATHON kinematics [Q2 = 14·x (GeV/c)2].

a universal modification of nucleons through short-range
correlations. The values of σd/σp and σh/σt at x = 0.31
were determined by weighted fits to the MARATHON
data, which included statistical and point-to-point un-
certainties added in quadrature. In order to match the
Fn2 /F

p
2 values found using the two different sets of nuclei,

the σh/σt ratio at x = 0.31 had to be normalized by a
multiplicative factor of 1.025±0.007. Consequently, all
values of σh/σt reported in this work have been normal-
ized upwards by 2.5%.

The normalized σh/σt values are given in Table II
along with statistical, point-to-point, overall/scale, and
total uncertainties. The x, Q2 and W 2 values of each
kinematic setting are also given in Table II. The Fn2 /F

p
2

values are given in Table III along with statistical, point-
to-point, overall/scale, and total uncertainties. Shown
also in Table III are the Rht super-ratio values used to
find Fn2 /F

p
2 . The Rht uncertainty was incorporated in

quadrature with the point-to-point Fn2 /F
p
2 uncertainty.

Figure 2 shows the MARATHON results for the Fn2 /F
p
2

ratio, along with data from the JLab Hall B BoNuS
experiment [53] for W 2 > 3.25 (GeV/c2)2, evolved to
the Q2 of MARATHON [16], and the results from early
SLAC measurements with W 2 > 3.30 (GeV/c2)2 [10, 45].
All results include statistical and point-to-point uncer-
tainties, as well as overall (scale) uncertainties. The
SLAC results are presented as a band, the width of which
at high x is dominated primarily by uncertainties due the
choice of the N-N potential used for the evaluation of the
deuteron wave function [16, 21, 22]. The MARATHON
data are in good agreement with the BoNuS data, and fall
well within the SLAC results band. The highest-x points
are consistent with the Fn2 /F

p
p ratio tending to a value

between 0.4 and 0.5 at x = 1. This is consistent with
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the predictions of perturbative QCD and quark counting
rules (for which this ratio is 3/7 at x = 1), and with a
recent prediction [54] that treats strong interactions us-
ing the Dyson-Schwinger equations, where diquark cor-
relations in the nucleons are consequences of dynamical
chiral symmetry breaking (for which the nucleon F2 ratio
lies, at x = 1, between 0.4 and 0.5). It is also consistent
with a covariant quark-diquark model which also predicts
that the F2 ratio should be 3/7 at x = 1 [55].

The MARATHON Fn2 /F
p
2 ratio values are in excellent

agreement with those predicted by Kulagin and Petti
based on nucleon structure functions from the global
QCD analysis of Refs. [40, 48], as quantified by a χ2

per degree of freedom of 0.8. The MARATHON Fn2 /F
p
2

results are compared to the K-P prediction in Figure 3.
Shown also in the Figure are the σh/σt MARATHON
values compared with the K-P prediction, which uses
the nucleon structure functions of Refs. [40, 48] and the
A = 3 spectral functions of Ref. [26]. Also shown in Fig-
ure 3 is a recent nuclear DIS determination by Segarra
et al. [52], and the most recent calculation for Fn2 /F

p
2 by

the CTEQ-JLab (CJ) Collaboration [56], evolved to the
Q2 of MARATHON [52].

The precision of the MARATHON data is expected
to constrain theoretical models of the few body nuclear
structure functions, and to be used in algorithms which
fit [40, 56, 57] hadronic data to determine the essentially
unknown (u + ū)/(d + d̄) ratio at large Bjorken x. It

should be noted that additional high-quality data on the
nucleon F2 ratio are expected from the extension [58] of
the original BoNuS experiment [53] using semi-inclusive
electron-deuteron scattering with a 10.4 GeV beam. In
addition, MARATHON will dissemimate, in a separate
communication, results on the EMC effect of 3H and 3He,
incorporating a full set of DIS data taken with the deu-
terium target over the full x-range of the experiment.

We acknowledge the outstanding support of the staff
of the Accelerator Division and Hall A Facility of JLab,
and work of the staff of the Savannah River Tritium
Enterprises and the JLab Target Group. We thank
Dr. M. E. Christy for useful dicussions on the optical
properties of the HRS systems. We are grateful to Dr.
W. Melnitchouk for his contributions to the development
of the MARATHON proposal, and to Dr. A. W. Thomas
for many valuable discussions on and support of the
MARATHON project since its inception. This mate-
rial is based upon work supported by the U.S. Depart-
ment of Energy (DOE), Office of Science, Office of Nu-
clear Physics under contracts DE-AC05-06OR23177 and
DE-AC02-06CH11357. This work was also supported by
DOE contract DE-AC02-05CH11231, DOE award DE-
SC0016577, National Science Foundation awards NSF-
PHY-1405814 and NSF-PHY-1714809, the Kent State
University Research Council, the Pazy Foundation and
the Israeli Science Foundation under grants 136/12 and
1334/16, and the Italian Institute of Nuclear Physics.

[1] 1990 Nobel Lectures in Physics: J. I. Friedman, Rev.
Mod. Phys. 63, 615 (1991); H. W. Kendall, Rev. Mod.
Phys. 63, 597 (1991); R. E. Taylor, Rev. Mod. Phys. 63,
573 (1991).

[2] J. I. Friedman and H. W. Kendall, Annu. Rev. Nucl. Sci.
22, 203 (1972); and references therein.

[3] D. H. Perkins, Rep. Prog. Phys. 40, 409 (1977).
[4] F. E. Close, An Introduction to Quarks and Partons, Aca-

demic Press, London (1979).
[5] F.J. Yndurain, Quantum Chromodynamics, Springer-

Verlag, Berlin (1983); T. Muta, Foundations of Quantum
Chromodynamics, World Scientific, Singapore (1987).

[6] D. F. Geesaman, K. Saito, and A. W. Thomas, Annu.
Rev. Nucl. Part. Science 45, 337 (1995); L. H. Tao et al.,
Z. Phys. C70, 387 (1996).

[7] J. D. Bjorken, Phys. Rev. 179, 1547 (1969); J. D. Bjorken
and E. A. Paschos, Phys. Rev. 185, 1975 (1969).

[8] R. P. Feynman, Phys. Rev. Lett. 23, 1415 (1969).
[9] O. Nachtmann, Nucl. Phys. B38, 397 (1972).

[10] A. Bodek, M. Breidenbach, D. L. Dubin, J. E. Elias,
J. I. Friedman, H. W. Kendall, J. S. Poucher, E. M. Ri-
ordan, M. R. Sogard, and D. H. Coward (SLAC-E49b),
Phys. Rev. Lett. 30, 1087 (1973); J. S. Poucher et al.
(SLAC-E49a), Phys. Rev. Lett. 32, 118 (1974).

[11] F. E. Close, Phys. Lett. B43, 422 (1973).
[12] R. P. Feynman, in Proceedings of 3rd International Con-

ference of High Energy Collisions, Gordon and Breach,
1970; R. Carlitz, Phys. Lett. B58, 345 (1975).

[13] N. Isgur, Phys. Rev. D59, 034013 (1999).

[14] G. R. Farrar and D. R. Jackson, Phys. Rev. Lett. 35,
1416 (1975).

[15] S. J. Brodsky, M. Burkardt, and I. Schmidt, Nucl. Phys.
B441, 197 (1995).

[16] L. W. Whitlow, E. M. Riordan, S. Dasu, S. Rock, and
A. Bodek, Phys. Lett. B282, 475 (1992); and Ref. [9]
therein.

[17] L. L. Frankfurt and M. I. Strikman, Phys. Rep. 160, 235
(1988).

[18] J. J. Aubert et al., Phys. Lett. B123, 275 (1983).
[19] J. Gomez et al., Phys. Rev. D49, 4348 (1994).
[20] W. Melnitchouk and A. W. Thomas, Phys. Lett. B377,

11 (1996).
[21] A. Accardi, W. Melnitchouk, J. F. Owens, M. E. Christy,

C. E. Keppel, L. Zhu, and J. G. Morfin, Phys. Rev. D84,
014008 (2011).

[22] J. Arrington, J. G. Rubin, and W. Melnitchouk, Phys.
Rev. Lett. 108, 252001 (2012).

[23] I. R. Afnan, F. Bissey, J. Gomez, A. T. Katramatou,
W. Melnitchouk, G. G. Petratos and A. W. Thomas,
Phys. Lett. B493, 36 (2000).

[24] I. R. Afnan, F. Bissey, J. Gomez, A. T. Katrama-
tou, S. Liuti, W. Melnitchouk, G. G. Petratos and
A. W. Thomas, Phys. Rev. C68, 035201 (2003).

[25] G. G. Petratos, J. Gomez, A. T. Katramatou, and
W. Melnitchouk, in Proceedings of Workshop on Exper-
iments with Tritium at JLab, Jefferson Lab, Newport
News, Virginia, September 1999.
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