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Motivation
DIS from helium-3 and tritium proposed as a unique
and independent means of determining neutron/proton,
and hence d/u PDF, ratio at large x

MARATHON experiment at JLab Hall A

Independent determination of nuclear EMC effect
in deuterium and A=3 nuclei

never before been experimentally determined

Understanding structure of helium-3 also vital for
determination of polarized neutron structure

G. Petratos
Mon. 11:30
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It is crucial therefore that a reliable method be found for
extracting the free-neutron structure function from measured
cross sections. While extracting F2

n from nuclear cross sec-
tions at large x does require knowledge of the nuclear EMC
effect, it turns out that F2

n extracted from the ratio of deep
inelastic 3He and 3H cross sections is, within the likely ex-
perimental errors, almost completely independent of the
nuclear corrections.

B. Extraction of F2
n from AÄ3 mirror nuclei

Because the magnitude of the nuclear EMC effect in-
creases with the binding energy !or mass number A), light
nuclei are naturally best suited for playing the role of effec-
tive neutron targets. Ideally, one should consider systems
which maximize the symmetry between the binding effects
on the proton and neutron. By comparing the effective
‘‘structure function’’ of a bound proton with the free-proton
structure function F2

p !see Ref. "33# for a detailed discussion
about the definition of bound nucleon structure functions$,
one can infer the nuclear correction that must be applied to
obtain the free neutron F2

n from the bound neutron structure
function. Unfortunately, the lightest system—the
deuteron—is isoscalar, so that the proton and neutron infor-
mation cannot be separated through inclusive scattering
alone.
The three-nucleon system, on the other hand, offers a

unique opportunity for isolating the nuclear effects for both
the bound proton and the bound neutron with totally inclu-
sive scattering. In a charge-symmetric world the properties
of a proton !neutron$ bound in a 3He nucleus would be iden-
tical to that of a neutron !proton$ bound in 3H. If, in addi-
tion, the proton and neutron distributions in 3He !and in 3H)
were identical, the neutron structure function could be ex-
tracted with no nuclear corrections, regardless of the size of
the EMC effect in 3He or 3H separately.
In practice, 3He and 3H are of course not perfect mirror

nuclei—their binding energies for instance differ by
%10%—and the p and n distributions are not quite identical.
However, the A!3 system has been studied for many years,
and modern realistic A!3 wave functions are known to a
rather good accuracy. In a self-consistent framework one can
use the same NN interaction to describe the two-nucleon
system (NN scattering, deuteron form factors, quasielastic
eD scattering, etc.$ as well as to provide the basic input
interaction into the three-nucleon calculation. Therefore, the
wave functions can be tested against a large array of observ-
ables which put rather strong constraints on the models.
We start by defining the EMC-type ratios for the 3He and

3H structure functions !weighted by corresponding isospin
factors$:

R!3He$!
F2
3He

2F2
p"F2

n , !2$

R!3H$!
F2
3H

F2
p"2F2

n . !3$

The ratio of these,

R!
R!3He$
R!3H$

, !4$

can be inverted to yield the ratio of free neutron to proton
structure functions,

F2
n

F2
p !

2R#F2
3He/F2

3H

2F2
3He/F2

3H#R
. !5$

If the neutron and proton distributions in the A!3 nuclei
are not dramatically different, one might expect R&1. We
stress that F2

n/F2
p extracted from Eq. !5$ does not depend on

the size of the EMC effect in 3He or 3H, but rather only on
the ratio of EMC effects in 3He and 3H. In the following
sections, we show that while the variation in the A!3 EMC
effect can be up to 5% at large x, the deviation from unity of
the ratio R is typically less than 1%, and is essentially inde-
pendent of the model wave function.

III. DEEP INELASTIC SCATTERING FROM AÄ3 NUCLEI

In this section we outline the theoretical framework used
to describe deep inelastic structure functions from nuclei in
terms of nucleonic degrees of freedom. Corrections to this
approach will be discussed in Sec. IV.

A. Impulse approximation

The standard framework within which nucleon Fermi mo-
tion and the binding effects are described in deep inelastic
scattering from a nucleus at large x (x$0.4) is the nuclear
impulse approximation, in which the virtual photon scatters
incoherently from individual nucleons in the nucleon. Earlier
calculations of the EMC effect in A!3 nuclei within this
approach were reported in Ref. "34#.
The nuclear cross section is calculated by factorizing the

'*-nucleus interaction into '*-nucleon and nucleon-nucleus
amplitudes. In the absence of relativistic and nucleon off-
shell corrections "33,35,36,38# !which for the deuteron were
shown "39# to be negligible, and which are also expected to
be small for A!3), the nuclear structure function can then
be calculated by smearing the nucleon structure function
with a nucleon momentum distribution in the nucleus "40#.
Corrections to the impulse approximation appear in the

guise of final state interactions !interactions between the
nucleon debris and recoil nucleus remnants$, multiple rescat-
tering of the virtual photon from more than one nucleon, as
well as scattering from possible non-nucleonic constituents
in the nucleus. The rescattering corrections are known to be
important at small x, giving rise to nuclear shadowing for x
%0.1 "41#, while meson-exchange currents !at least for the
case of the deuteron$ give rise to antishadowing at small x
"42,43#. Although there is strong evidence for a role for vir-
tual (’s in polarized deep inelastic scattering on 3He "37#,
there is as yet no firm evidence of a role for non-nucleonic
degrees of freedom in unpolarized, nuclear deep inelastic
scattering.
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Basic idea (ca. 2001)
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We present a comprehensive analysis of deep inelastic scattering from 3He and 3H, focusing in particular on
the extraction of the free neutron structure function F2

n . Nuclear corrections are shown to cancel to within
1–2% for the isospin-weighted ratio of 3He to 3H structure functions, which leads to more than an order of
magnitude improvement in the current uncertainty in the neutron to proton ratio F2

n/F2
p at large x. Theoretical

uncertainties originating from the nuclear wave function, including possible non-nucleonic components, are
evaluated. Measurements of the 3He and 3H structure functions will, in addition, determine the magnitude of
the EMC effect in all A#3 nuclei.

DOI: 10.1103/PhysRevC.68.035201 PACS number!s": 13.60.Hb, 21.45.!v, 14.20.Dh

I. INTRODUCTION

It is a somewhat anomalous situation whereby the nuclear
effects in deep inelastic scattering !DIS" from few-nucleon
systems, for which the theoretical descriptions are most eas-
ily tractable, namely the deuteron, helium-3, and tritium, are
the least well known experimentally. For example, the
nuclear EMC effect has been extensively studied for 4"A
#200 $1%; but 20 years after the original EMC observation
$2% of nucleon structure function modification in medium, it
is still not known for A$2 or 3 systems.
The lack of knowledge of the EMC effect in A"4 nuclei

has been a major obstacle to a complete description of the
nucleon structure functions themselves. The distribution of
valence u and d quarks in the proton can be determined from
any two observables containing linear combinations of u and
d quarks, which are usually taken to be the proton and neu-
tron structure functions F2

p and F2
n . While the proton struc-

ture function is quite well constrained for light-cone momen-
tum fractions x$Q2/2M&#0.8, the neutron F2

n is usually
extracted from data on deuterium, however, beyond x'0.5
the large nuclear corrections can result in uncertainties of up
to '50% in F2

n/F2
p $3–7%. Here, Q2 is minus the photon

virtuality and & its energy, while M is the nucleon mass.
Inclusive proton and deuteron data, which have been almost
exclusively been used to constrain the d/u ratio, are there-
fore unreliable for determining the neutron structure function
beyond x'0.5, and other methods must be sought.
Several alternatives for obtaining an independent linear

combination of u and d quark distributions have been dis-
cussed recently, which could minimize or avoid the problem
of nuclear corrections. These include flavor tagging in semi-
inclusive scattering from hydrogen, in which (% production
at large z selects u and d quarks, respectively $7%, and parity-

violating e!p scattering, for which the left-right polarization
asymmetry arising from the )*-Z interference is, at leading
order, proportional to d/u $8%. Other proposals have utilized
the weak charged current to couple preferentially either u or
d flavors, for example asymmetries in W-boson production in
pp and pp̄ collisions $9% at Fermilab or RHIC, or charged
current e!p deep inelastic scattering at HERA $10%. One of
the more promising techniques appears to be the semi-
inclusive DIS from a deuterium target, with coincidence de-
tection of a low momentum spectator proton in the target
fragmentation region, which maximizes the likelihood of
scattering from a nearly on-shell neutron $11,12%.
In this paper we focus on a novel idea which would nei-

ther be subject to the low rates associated with weak current
reactions nor rely on the validity of factorization of target
and current hadrons in the final state in semi-inclusive scat-
tering. It involves maximally exploiting the mirror symmetry
of A$3 nuclei to extract the F2

n/F2
p ratio from the ratio of

3He/3H F2 structure functions $13%. Differences in the rela-
tive size of nuclear effects in 3He and 3H are quite small—
essentially on the scale of charge-symmetry breaking in
nuclei—even though the absolute size of the EMC effect in
an A$3 nucleus can be relatively large. Preliminary results
for the expected errors in the extraction have been presented
in Ref. $14%. !See also Ref. $15%." Here, we discuss in detail
the possible theoretical uncertainties associated with nuclear
effects in three-body nuclei and experimental considerations
relevant for a clean measurement of the 3He/ 3H structure
function ratio. Some of the latter have been summarized in
Ref. $16%. In particular, we consider effects of different
nuclear wave functions, charge-symmetry breaking, finite-Q2

corrections, as well as non-nucleonic degrees of freedom,
such as six-quark clusters, and explicit nucleon off-shell ef-
fects.
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Smearing functions

Tropiano et al.,
PRC 99, 035201 (2019)
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for tritium, assume isospin symmetry p/3H = n/3He, n/3H = p/3He

but isospin symmetry does not imply p/3He = n/3He !
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Check smearing functions against quasielastic   He data

Quasielastic scattering
3

nucleon elastic structure function given by elastic form factors
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Check smearing functions against quasielastic   He data

Quasielastic scattering
3

impulse approximation gives reasonable description
of QE data at           for x & 1 Q2 & 1 GeV2

Tropiano et al.,
PRC 99, 035201 (2019)
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If smearing functions well constrained at         , can one use
QE   He and  H data to extract nucleon’s e.m. form factors?

e.g., at kinematics of JLab E12-11-112 experiment
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3 3
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Tropiano et al.,
PRC 99, 035201 (2019)

Quasielastic scattering
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If smearing functions well constrained at         , can one use
QE   He and  H data to extract nucleon’s e.m. form factors?

e.g., at kinematics of JLab E12-11-112 experiment

y ⇡ 1
3 3

2 4 6 8
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exact
on-shell fp = fn

o↵-shell fp = fn

R(QE) ⌘ F
3He(QE)
2

F
3H(QE)
2

=
2 + (fn/fp)Rnp

(fn/fp) + 2Rnp

Quasielastic scattering

if 3 of the form factors known,
can extract the remaining one,
e.g., for neutron magnetic

f

N ⌘ f

N
22(x = 1)

Rnp =
G2

En + ⌧G2
Mn

G2
Ep + ⌧G2

Mp

fn/fp ⇡ 0.87 at QE peak

error if             assumed⇡ 10% fn = fp
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Nucleon off-shell corrections

Off-shell effects unphysical (of course), but can be discussed
within a given theoretical framework

Within WBA approach, Kulagin & Petti suggested to fit them
to nuclear structure function data Kulagin, Petti, NPA 765, 126 (2006)

Similar approach adopted in CJ15 global QCD analysis of
proton and deuteron data

�f

0 = C(x� x0)(x� x1)(1 + x0 � x)

Accardi et al., PRD 93, 114017 (2016)

parametrize (isoscalar) off-shell function as 3rd order 
polynomial, with parameters C and     , with    
determined from normalization condition
(off-shell effects do not modify valence quark number)

x0 x1
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Nucleon off-shell corrections

some difference in shape for isoscalar off-shell function
from KP and CJ analyses

CJ sensitive only to               ; 
KP assume                for heavier nuclei also

�fp + �fn

�fp = �fn
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JLab E03-103

JLab E03-103 experiment measured ratios of cross sections 
for light nuclei, including helium-3 / deuterium

Nucleon off-shell corrections

since helium-3 is more sensitive to proton than neutron,
fit proton off-shell function and extract neutron from

�fn =
1

Fn
2

⇥
(F p

2 + Fn
2 )�f

0 � F p
2 �fp

⇤

= �f0 � F p
2

Fn
2

(�fp � �f0)

Tropiano et al.,
PRC 99, 035201 (2019)

1.84% normalization 
uncertainty not shown
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Monte Carlo
parameter
distributions
(using JAM technology)

JAM talk
Tue. 12:00
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MC fits disfavor zero
off-shell correction
— easier for fit to vary one
     of the params. than keep
     same shape & compensate
     by normalization shift
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Isospin dependent off-shell functions

fits favor large cancellations between proton and neutron 
off-shell effects:  isovector off-shell     isoscalar off-shell�

off-shell functions weighted by nucleon virtuality           , 
where
— corrections to structure functions range from
     ~10% for p at x ~ 0.3 to ~30% for n at x ~ 0.6

|v| ⌧ 1

v2 = (p2�M2)/M2
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Impact on A=3 EMC ratios

limited model variation for helium-3 EMC ratio due to 
stronger sensitivity of helium-3 to proton structure

larger variation for tritium EMC ratio due to stronger 
dependence of tritium on (less well known) neutron structure
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Impact on super-ratios

potential for sizeable isospin dependent   off-shell effects
suggested (not ruled out) by E03-103 data

note:  this is not violation of any isospin/charge symmetry

*

*
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Assumptions made in the analysis:

Some of these can be improved:

E03-103 data & uncertainties are correct as given

Synopsis

Theoretical WBA framework valid for A = 2 & 3
—  total structure function = on-shell part + off-shell part
—  expand off-shell function to lowest order in v

Isospin symmetry for smearing functions in 3He & 3H

�fp, �fn

�f0 off-shell functions from CJ and KP analyses

—  same off-shell functions              in A = 2 & 3

should perform combined fit of all p, d and A=3 data
to self-consistently determine on-shell neutron and
off-shell p and n functions under same set of conditions 
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Strategy for analyzing MARATHON data
Least model-dependent ways to extract d/u ratio from
MARATHON data, without any assumption about super-ratio:

or

with       observables —                                          —
perform global fit at structure function level to extract
   unknowns —                     — to be used as input
into global QCD analysis (at parton level)

� 3

3 Fn
2 , �fp, �fn

3He/d, 3H/d, d (or d/p) + p

perform global QCD fit directly on all                     data
to extract PDFs                   — planned by CJ, JAM, … 
collaborations

p, d, 3He, 3H
, �fp, �fn
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Tο τέλος.

Eυχαριστώ!
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