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Measurements of the EMC effect for the tritium and helium-3 nuclei are reported. The data were
obtained by the MARATHON Jefferson Lab experiment which performed deep inelastic scattering
of electrons from deuterium and the three-body nuclei, using a cryogenic gas target system and the
Hall A High Resolution Spectrometers. The data cover the Bjorken 𝑥 range from 0.19 to 0.83, corre-
sponding to a squared four-momentum transfer 𝑄2 range from 2.7 to 11.9 (GeV/c)2. MARATHON
reports the first precision measurement of the EMC effect of tritium. The MARATHON results on
the three-body EMC effect are consistent with the trends of the heavier nuclei. They are compared
to available measurements from DESY-HERMES and JLab-Hall C experiments as well as with a
few-body theoretical predictions.

PACS numbers: 13.60.-r, 14.65.-q, 21.45.+v, 21.60.+v, 25.30.-c, 27.10.+h

The European Muon Collaboration (EMC) discovered
a significant suppression of the deep inelastic scattering
(DIS) cross section for iron per one bound nucleon (or
the structure function 𝐹2) with respect to that of deu-
terium for the Bjorken scaling variable 𝑥 from 0.3 to 0.7,
corresponding to the quark-valence region [1]. This vari-
able is defined in the lab frame as 𝑥 = 𝑄2/[2𝑀(𝐸 −𝐸′)]
where 𝑀 is the nucleon mass, and 𝐸 and 𝐸′ are the
incident and scattered lepton energies in the scattering
from the nucleus. This effect, named EMC effect, was
confirmed by a reanalysis of older SLAC data [2], and by
various experiments with electron and muon beams [3–
6]. Nuclear effects are commonly studied using the ratio
𝑅𝐴 = 𝜎𝐴/𝜎𝑑 of cross sections for scattering off a nucleus
𝐴 and deuterium 𝑑, normalized per one nucleon. In the
valence quark region 0.3 < 𝑥 < 0.6, 𝑅𝐴 is approximately
a linear function of 𝑥 with negligible 𝑄2 dependence. The
slope d𝑅𝐴/d𝑥 in this region depends on the nuclear tar-
get and its value increases with the nuclear mass number
𝐴. Nuclear effects on 𝑅𝐴 have also been studied in other
kinematical regions (for a review of data and models see
Refs. [7–11]).

In the infinite momentum frame, the Bjorken variable
𝑥 has the meaning of the fraction of the target nucleon’s

*Present address: Kellogg Radiation Laboratory, California Insti-
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†Present address: Department of Physics, Tsinghua University,
Beijing 100084, China.

momentum carried by quarks. Momentum conservation
suggests that if the valence quark fraction is suppressed
in nuclei then the corresponding lower-𝑥 fraction should
be enhanced. Quite a few models have been suggested to
explain the redistribution of missing valence light-cone
momentum in nuclei between bound nucleons and non-
nucleon degrees of freedom in nuclei such as nuclear pi-
ons, nucleon resonances, multi-quark clusters and also
considering the change of the quark-gluon confinement
scale in nuclear environment (for a review see [7–11]).
It is known since the 1970s that smearing the nucleon
structure function with the nuclear momentum distribu-
tion (due to Fermi motion) results in an enhancement of
the nuclear structure functions at high 𝑥 [12, 13]. The
EMC data [1] showed a striking deviation from the ex-
pectations on the Fermi motion effect [13]. A revision
of the Fermi motion correction to include the effect of
the nuclear binding allows a reduction of the discrepancy
between calculations and data [14]. Further refinements
and quantitative studies of the Fermi motion and nu-
clear binding effect with a realistic nuclear spectral func-
tion including a high-momentum component, can explain
about half of the observed EMC effect at its maximum
value around 𝑥 ∼ 0.7 [15–17], somewhat underestimating
the value of the slope d𝑅𝐴/d𝑥 at 𝑥 = 0.4. Since bound
nucleons are off-mass-shell due to the nuclear binding,
their invariant mass squared is, for kinematic reasons,
𝑝2 = 𝑝20 − 𝑝2 < 𝑀2. This off-shell effect results in a
nuclear modification to the structure of the bound nucle-
ons, after averaging with the nuclear energy-momentum
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distribution [18]. In the theoretical model of Ref. [17]
this effect is addressed in terms of a dimensionless func-
tion 𝛿𝑓(𝑥) describing the relative off-shell correction to
the nucleon 𝐹2 structure function. There, it was shown
that the EMC effect can be described with a high accu-
racy over the complete kinematic region covered by ex-
isting data using the same 𝛿𝑓(𝑥) function for bound pro-
tons and neutrons. Predictions based on this assumption
were verified with a broad range of data from a variety
of high-energy processes [19–21]. The further study of
a possible isospin dependence [20, 22] of this correction
requires the use of nuclei with a large neutron or proton
excess like 3H and 3He. Nuclear modifications of vari-
ous types of the bound nucleon structure in the valence
quark region are also present in a number of different
models [23–25]. Other nuclear effects, such as correc-
tions from meson-exchange currents and the propagation
of the hadronic (quark-gluon) component of the virtual
intermediate photon in the nuclear environment are rel-
evant in the small 𝑥 region [7–9, 26].

A crucial step in understanding the origin of the EMC
effect is a comparison of realistic calculations of the
structure functions of the lightest nuclei, deuterium 2H,
helium-3 3He (ℎ) and tritium 3H (𝑡), with precision
measurements. In this Letter we report the measure-
ment of the EMC effect of the 𝐴 = 3 mirror nuclei in
the MARATHON Jefferson Lab (JLab) experiment [27],
which previously determined the ratio of the proton (𝑝)
and neutron (𝑛) 𝐹2 structure functions, 𝐹𝑛

2 /𝐹
𝑝
2 , from

DIS measurements off tritons (𝑡) and helions (ℎ) [28].
MARATHON used the Continuous Electron Beam Ac-
celerator and the Hall A Facility of JLab.

Electrons scattered from 𝑑, ℎ, and 𝑡 particles in high-
pressure gas target cells in a cryogenic target system [30],
cooled to a temperature of 40 K, were detected in the Left
and Right High Resolution Spectrometers (HRS) of the
Hall [29]. The incident-beam energy was fixed at 10.59
GeV, and the beam current ranged from 14.6 to 22.5𝜇A.
The Left HRS was operated at a fixed momentum of 3.1
GeV/c, placed at angles between 16.81∘ and 33.55∘. The
Right HRS was operated at a single setting of 2.9 GeV/c
and 36.12∘. In each HRS system electrons were detected
using two planes of scintillators for event triggering, a
pair of drift chambers for particle track reconstruction,
and a gas threshold Čerenkov counter and a lead-glass
calorimeter for particle identification. The target cells
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 instrumentation (e.g. the
beam current monitors). Essential information for the
experimental apparatus has been provided in Ref. [28].
Additional detailed information on the Hall A spectrom-
eter Facility, and the associated beam instrumentation
with calibrations, as used in MARATHON are given in
Refs. [31–36].

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,

equal to the number of scattered eletrons for each bin di-
vided by the number of incident beam electrons and of
gas target nuclei per unit area, as described in Ref. [28].
The ratio of the yields for two targets is equivalent to the
ratio of their cross sections, because the identical lengths
of the target cells cancel out in the latter ratio. The over-
all electron detection efficiency, close to unity (∼ 0.985),
was found to be independent of target cell at all kinemat-
ics, so it cancels out in the ratios of the yields. Several
multiplicative correction factors were applied to the in-
dividual target yields. The correction for i) computer
dead-time ranged from 1.001 to 1.065, ii) target density
change due to beam heating effects from 1.066 to 1.112,
iii) falsely-reconstructed events originating from the end-
caps from 0.973 to 0.998, iv) events originating from pair
symmetric processes from 0.986 to 0.999, v) radiative ef-
fects from 0.853 to 1.167, vi) beta decay of tritons to he-
lions (applicable only to the tritium yield) [0.997 (0.989)
at the beginning (end) of the experiment], vii) Coulomb
distortion effects (0.997 to 1.000), viii) bin-centering ad-
justment (0.995 to 1.001). In the above, the ranges refer
to the 3He, 3H, and 2H gas yields. A cross section model
from Refs. [17, 19] was adopted for the Coulomb correc-
tion (which used the 𝑄2-effective approximation as out-
lined in Ref. [37]), and for the bin-centering correction.

The corrections to the ℎ/𝑑 and 𝑡/𝑑 cross section ra-
tios from each effect listed above become minimal, and
in some cases, so do the associated systematic uncertain-
ties. For example, the radiative effect correction ranges
from 1.000 to 1.004 and 1.006 to 1.012, respectively. The
dominant point-to-point systematic uncertainties for the
yield ratios are those from the beam-heating gas target
density changes [±(0.1% − 0.5%)], the radiative correc-
tion [±(0.25%− 0.45%)], and the choice of spectrometer
acceptance limits (±0.2%). The total point-to-point un-
certainty ranged from ±0.46% to ±0.49% for the ℎ/𝑑
cross section ratio, and ±0.34% to ±0.47% for the 𝑡/𝑑
ratio. Details on the determination of the yields, and all
associated corrections and uncertainties, can be found in
Refs. [32–36].

The experiment also collected DIS data for the pro-
ton, in the 𝑥 range from 0.19 to 0.37, for normaliza-
tion purposes. The resulting 𝜎𝑑/𝜎𝑝 ratio measured by
MARATHON is in excellent agreement with the refer-
ence measurements of the seminal SLAC-E49b and E87
experiments [38], as shown in Ref. [28]. The 𝑑/𝑝 data
from MARATHON allowed an accurate determination
of the 𝑅𝑛𝑝 = 𝜎𝑛/𝜎𝑝 ratio from the relation [19, 39]
𝑅𝑛𝑝 = (𝜎𝑑/𝜎𝑝)/𝑅𝑑 − 1, where 𝑅𝑑 = 𝜎𝑑/(𝜎𝑝 + 𝜎𝑛).

In the extraction of 𝑅𝑛𝑝 from the MARATHON 3He
and 3H data, it was realized [28] that the 𝜎ℎ/𝜎𝑡 ratio
had to be normalized by a factor of 1.025, a result of
requiring the equality of the 𝑅𝑛𝑝 values extracted from
𝜎ℎ/𝜎𝑡 and 𝜎𝑑/𝜎𝑝 in the vicinity of 𝑥 = 0.3. In this work
we follow the same approach by requiring that the 𝑅𝑛𝑝

value extracted individually from 𝜎𝑡/𝜎𝑑 and 𝜎ℎ/𝜎𝑑 be
equal to that extracted from 𝜎𝑑/𝜎𝑝 in the vicinity of 𝑥 =
0.3, where nuclear corrections are minimal. We define
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the EMC-type ratios for the cross sections of 3He (ℎ) and
3H (𝑡) as 𝑅ℎ = 𝜎ℎ/(2𝜎𝑝 + 𝜎𝑛) and 𝑅𝑡 = 𝜎𝑡/(𝜎𝑝 + 2𝜎𝑛),
respectively. Then, the double ratios ℛℎ𝑑 = 𝑅ℎ/𝑅𝑑 and
ℛ𝑡𝑑 = 𝑅𝑡/𝑅𝑑 allow us to determine 𝑅𝑛𝑝 in two separate
ways:

𝑅𝑛𝑝 =
2ℛℎ𝑑(𝜎

𝑑/𝜎ℎ)− 1

1−ℛℎ𝑑(𝜎𝑑/𝜎ℎ)
=

ℛ𝑡𝑑(𝜎
𝑑/𝜎𝑡)− 1

1− 2ℛ𝑡𝑑(𝜎𝑑/𝜎𝑡)
, (1)

once the ratios 𝜎ℎ/𝜎𝑑 and 𝜎𝑡/𝜎𝑑 have been measured
experimentally, and the ratios ℛℎ𝑑 and ℛ𝑡𝑑 have been
theoretically calculated with a reliable model.

Predictions for the 𝑅𝑑, ℛℎ𝑑, and ℛ𝑡𝑑 ratios were ob-
tained prior to the analysis of the MARATHON data
from the theoretical model of kulagin and Petti (K-
P) [17, 19], which provides a good description of the EMC
effect for all known targets (for a review see Ref. [26]).
This 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 distribution, described in terms of the nu-
clear spectral function, together with an off-shell correc-
tion to the bound nucleon cross sections [17]. The un-
derlying nucleon structure functions come from a global
QCD analysis [40], which was performed up to NNLO
approximation in the strong coupling constant including
target mass corrections [41] as well as those due to higher-
twist effects. For the spectral functions of the 3H and 3He
nuclei, the results of Ref. [39] have been used, while for
the 2H the wave function of AV18 nucleon-nucleon inter-
action [42] was applied. In order to evaluate theoretical
uncertainties, the 3He spectral function of Ref. [43] and
the 2H wave function of Ref. [44] was used. Reasonable
variations of the high-momentum part of the nucleon mo-
mentum distribution in 3H and 3He were considered, and
uncertainties in the off-shell correction of Ref. [17], as
well as in the nucleon structure functions of Ref. [40],
were accounted for [45].

The comparison of 𝑅𝑛𝑝 as extracted from the mea-
sured 𝜎ℎ/𝜎𝑑, 𝜎𝑡/𝜎𝑑, and 𝜎𝑑/𝜎𝑝 ratios was done at 𝑥 =
0.31, where nuclear corrections are not expected to con-
tribute to isoscalar nuclear ratios like ℛℎ𝑑, ℛ𝑡𝑑, and 𝑅𝑑.
This expectation is based on the experimental data for
𝐴 ≥ 3 nuclei [3–6] in the range 0.25 ≤ 𝑥 ≤ 0.35, tak-
ing into account the quoted normalization uncertainties
therein. This approach is also in line with the results
of Refs. [19, 46, 47]. The K-P model predicts a value of
1.000, 1.000, and 1.000 at 𝑥 = 0.31 for ℛℎ𝑑, ℛ𝑡𝑑, and
𝑅𝑑, with uncertainties of ±0.38%, ±0.42% and ±0.20%,
respectively. The values of 𝜎𝑑/𝜎𝑝, 𝜎ℎ/𝜎𝑑, and 𝜎𝑡/𝜎𝑑

at 𝑥 = 0.31 were determined by weighted fits to the
MARATHON data, which included statistical and point-
to-point uncertainties added in quadrature.

The results of the extraction of 𝑅𝑛𝑝 from the 𝜎𝑑/𝜎𝑝

data are, in the vicinity of 𝑥 = 0.3, in excellent agree-
ment with the corresponding results of JLab BoNuS [46]
and SLAC-E139 [3]. The predictions of Ref. [17] on 𝑅𝑑

are also in very good agreement with the independent
analyses of Refs. [25, 48].

FIG. 1: The MARATHON results on the 3He/2H and 3H/2H
ratio of the DIS cross sections vs. Bjorken 𝑥. The error bars
include statistical and point-to-point systematics uncertain-
ties. The solid line is the prediction of the model [19], the
dashed curve is the result of Ref. [22]

In order to match the 𝜎𝑛/𝜎𝑝 values found using the
three different sets of nuclei, the 𝜎ℎ/𝜎𝑑 and 𝜎𝑡/𝜎𝑑 ratios
at 𝑥 = 0.31 had to be normalized by a multiplicative fac-
tor of 1.021±0.005 and 0.996±0.005 respectively. These
two factors are perfectly consistent with the normaliza-
tion factor of 1.025±0.007 of the 𝜎ℎ/𝜎𝑡 ratio, as deter-
mined similarly in Ref. [28]. All values for the 𝜎ℎ/𝜎𝑑 and
𝜎𝑡/𝜎𝑑 ratios reported and further used in this work have
been normalized using these factors. The normalized ra-
tios’ values are given in Tables 1 and 2 of the online
Supplemental File, together with associated uncertain-
ties, and plotted in Fig. 1. As a matter of convention,
which will be followed for the remainder of this work, the
ratios have been adjusted so that the cross sections are
per nucleon.

The data are compared to the theoretical predictions
of the K-P model [17, 19, 45] and Ref. [22] (TEMS). Both
K-P and TEMS predictions are based on a nuclear con-
volution approach [17, 19, 49], but they involve different
assumptions. K-P uses the proton and neutron structure
functions from a global QCD fit [40] and the relative off-
shell correction from Ref. [17]. TEMS employs the results
of an analysis [50] with the off-shell effect adjusted from
a fit to JLab Hall C data [6], allowing for different off-
shell modifications for bound protons and neutrons. The
MARATHON data are in excellent agreement with the
K-P prediction over the entire measured range of 𝑥, as
quantified by a 𝜒2 per degree of freedom of 1.0.

The average of 𝜎ℎ/𝜎𝑑 and 𝜎𝑡/𝜎𝑑 provides a model-
independent determination of the average isoscalar EMC
effects of three-body mirror nuclei 3He and 3H. The re-
sulting isoscalar ratio (𝜎ℎ + 𝜎𝑡)/(2𝜎𝑑) values and asso-
ciated uncertainties are listed in Table 3 of the online
Supplemental file, and plotted in Fig. 2 along with sta-
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FIG. 2: The EMC effect in a isoscalar combination 3He+ 3H
of the cross sections vs. Bjorken 𝑥. The error bars include
statistical and point-to-point systematics uncertainties. The
solid line is the prediction of the model [19], the dotted and
the dashed curves are the results from Ref. [22] and Ref. [25],
respectively.

tistical and point-to-point systematic uncertainties added
in quadrature. Also shown are the predictions of K-
P [19, 45], TEMS [22] and Segarra et al. [25].
To obtain the isoscalar EMC effect separately for the

3He and 3H nuclei, the ratios 𝜎𝑡/𝜎𝑑 and 𝜎ℎ/𝜎𝑑 should
be corrected for the neutron (proton) excess. This is
achieved by applying a factor

𝐹IS =
𝐴(1 +𝑅𝑛𝑝)

2[𝑍 + (𝐴− 𝑍)𝑅𝑛𝑝]
, (2)

where (𝑍,𝐴) is (2,3) and (1,3) for 3He and 3H, respec-
tively. The 𝑅𝑛𝑝 = 𝜎𝑛/𝜎𝑝 values used in Eq.(2) come
directly from the MARATHON data [28], resulting in
the smallest possible associated uncertainty. The values
of the correction are given in Tables 4 and 5 of the online
Supplemental File. Using MARATHON-extracted 𝑅𝑛𝑝

in Eq.(2) allows us to cast the isoscalar ratios as follows:

(𝜎ℎ/𝜎𝑑)IS = 1
2 [𝜎ℎ/𝜎𝑑 +ℛℎ𝑡(𝜎𝑡/𝜎𝑑)] , (3)

(𝜎𝑡/𝜎𝑑)IS = 1
2 [𝜎𝑡/𝜎𝑑 + (𝜎ℎ/𝜎𝑑)/ℛℎ𝑡] , (4)

where ℛℎ𝑡 = 𝑅ℎ/𝑅𝑡 is the ratio of 3He (𝑅ℎ) and 3H
(𝑅𝑡) isoscalar ratios (“super-ratio”) for which we use the
K-P model prediction [19, 28]. The values of ℛℎ𝑡 for
MARATHON kinematics together with estimated theory
uncertainty are listed in [28] showing that ℛℎ𝑡 is well
below 1% for most points with a maximal value reaching
1.25%. Note that (𝜎ℎ/𝜎𝑡)IS = ℛℎ𝑡 and in the limitℛℎ𝑡 =
1 we have identical individual isoscalar EMC-effect for 3H
and 3He.

The measured values of (𝜎ℎ/𝜎𝑑)IS and (𝜎𝑡/𝜎𝑑)IS of
the individual EMC effects of the two 𝐴 = 3 nuclei
are given in Tables 4 and 5 of the online Supplemental
file, together with associated uncertainties, and plotted

FIG. 3: The 3He/2H cross section ratio from the
MARATHON experiment corrected for isoscalarity vs.
Bjorken 𝑥. The error bars include statistical and point-to-
point systematics uncertainties. Also shown are the results
from DESY-Hermes [5] and JLab-Hall C [6] experiments. The
solid line is the prediction of the model [19], while the dashed
(dotted) curve is based on the parameterization by SLAC-
E139 [3] in terms of the nuclear mass number 𝐴 (nuclear
charge density 𝜌).

in Figs. 3 and 4. Since the ratios 𝜎ℎ/𝜎𝑑 and 𝜎𝑡/𝜎𝑑 are
correlated, the uncertainties of the 𝐴 = 3, 3H and 3He
EMC effects have been determined by a Monte Carlo
simulation, where it has been estimated that one half
of both the point-to-point and overall scale uncertain-
ties are correlated. Shown in the Figures are the predic-
tions of K-P model [19, 45]. Also shown are the results
from SLAC-E139 parametrizations of the EMC effect, in
terms of the nuclear charge density 𝜌 and ln(𝐴) [3]. The
MARATHON data are in gross disagreement with the
charge density parametrization, but in a good agreement
with the mass number parametrization. Also shown in
Fig. 3 are data from the JLab Hall C E03-013 experi-
ment with 𝑊 2 ≥ 3.0 (GeV/c)2 [6], and from the DESY-
Hermes experiment [5] as listed in Ref. [51]. It is evident
from Fig. 3 that the MARATHON data tie very well
with the DESY-Hermes data but not with the JLab Hall
C data.

It is customary to extract from EMC effect measure-
ments, the slope of (𝜎𝐴/𝜎𝑑)IS in the 𝑥 range between 0.3
and 0.7, assuming that the effect follows there an approx-
imate linear behavior. A linear fit to the MARATHON
data including statistical and random systematic un-
certainties results in the values of −0.085 ± 0.037 and
−0.10±0.04 for 3He and 3H, respectively. The 3He slope
value is similar to the −0.085± 0.027 one by JLab E03-
013 experiment [6], although it uses different isoscalarity
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FIG. 4: The 3H/2H cross section ratio from the
MARATHON experiment corrected for isoscalarity vs.
Bjorken 𝑥. The error bars include statistical and point-to-
point systematics uncertainties. The solid line is the predic-
tion of the model [19], while the dashed (dotted) curve show
the 𝐴 (𝜌)-dependent SLAC-E139 parameterization [3].

correction factor values than MARATHON.
In summary, the MARATHON experiment has pro-

vided a precise measurement of the EMC effect for the
three-body nuclei 3He and 3H individually, as well as for
their isoscalar combination, in the range of Bjorken 𝑥
from 0.19 to 0.83 in the DIS regime with 𝑊 > 1.8 GeV
and 𝑄2 ≥ 2.73 (GeV/c)2. The results indicate that the
𝐴 = 3 EMC effects do not scale with the nuclear charge
density, while they are consistent with the 𝐴-dependent
SLAC-E139 fit results performed for 𝐴 ≥ 4 nuclei [3].

The MARATHON data are in agreement with theoreti-
cal predictions in which nuclear corrections are originated
by the energy-momentum distribution of bound nucleons
together with an off-shell modification of their internal
structure [17, 19], but they do not provide evidence for
a sizable isovector EMC effect component as argued in
Ref. [22]. Also, the MARATHON data for 𝑥 < 0.7 are
consistent with a parameterization of the EMC effect in
terms of the fraction of the nuclear high-momentum com-
ponent generated by short-range correlations [25].
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