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We perform first-principle calculations of electron-nucleus scattering on 3He and *H using the
Green’s function Monte Carlo method and two approaches based on the factorization of the final
hadronic state: the spectral-function formalism and the short-time approximation. These three
methods are benchmarked among each other and compared to the experimental data for the longi-
tudinal and transverse electromagnetic response functions of *He, and the inclusive cross sections of
both 3He and *H. Since these three approaches are based on the same description of nuclear dynamics
of the initial target state, comparing their results enables a precise quantification of the uncertainties
inherent to factorization schemes. At sufficiently large values of the momentum transfer, we find
an excellent agreement of the Green’s function Monte Carlo calculation with experimental data and
with both the spectral-function formalism and the short-time approximation. We also analyze the
relevance of relativistic effects, whose inclusion becomes crucial to explain data at high momentum

and energy transfer.

I. INTRODUCTION

The spectrum of the inclusive lepton-nucleus cross sec-
tion exhibits a variety of features that are sensible to
both long- and short-range nuclear dynamics. At low
energies, coherent scattering, excitation of low-lying nu-
clear states, and collective modes are the dominant re-
action mechanisms. At energy transfers on the order of
hundreds of MeV, the leading mechanism is quasielas-
tic (QE) scattering, where the electroweak probe inter-
acts primarily with individual bound nucleons. These,
after interacting with other nucleons, are ejected from
the target. Corrections to this leading one-body mech-
anism arise from processes in which the lepton couples
to pairs of correlated nucleons via nuclear two-body cur-
rents [1-3].

Electron-scattering experiments play a key role in val-
idating the nuclear shell model, as well as in expos-
ing its limitations. A fully quantitative description of
experimental data requires including nuclear correla-
tions, which reduce the occupation probability of low-
momentum shell-model states and lead to the appear-
ance of high-momentum components in the nuclear wave
function. These are generated by the short-range com-
ponent of the nuclear interaction, also relevant for the
stability of neutron stars [4-6]. The experimental inves-
tigation of short-range correlations (SRC) has flourished
over the last few years and it is realized by selecting kine-
matics where the role of short-range correlated pairs of
nucleons become dominant [7, 8]. The analysis of exper-
imental data taken in this kinematic region has unveiled
the importance of the tensor component of the nuclear
potential that causes the dominance of neutron-proton
correlated pairs with respect to the proton-proton and

neutron-neutron pairs [9-11]. In addition, the analysis
of SRC pairs is relevant to improve our understanding of
the interplay between nucleonic and partonic degrees of
freedom [12, 13].

Moreover, current and planned neutrino-oscillation ex-
periments rely on theoretical estimates of lepton-nucleus
cross sections required to reconstruct the energy of the
incoming neutrino [14-18]. The uncertainty associated
with these calculations, often based on simplified mod-
els of nuclear dynamics, is one of the most important
sources of systematic error in these experiments. There-
fore, achieving a robust description of all the reaction
mechanisms at play in the broad kinematic region rele-
vant to accelerator-based oscillation experiments is neces-
sary to improve the accuracy of the extracted oscillation
parameters [19-21].

Microscopic calculations of lepton-nucleus scattering
cross sections use nucleons as fundamental degrees of
freedom and allow one to fully account for the important
many-body effects in both many-nucleon interactions and
electroweak currents. A microscopic approach that has
been extensively used in recent year is the quantum
Monte Carlo (QMC) method [22]. The QMC method, in
particular the Green’s function Monte Carlo (GFMC),
produces results for the inclusive cross sections of “He
and '2C that are in excellent agreement with available
experimental data [23-25]. In a QMC calculation, nu-
cleons are correlated in pairs and triplets via two- and
three-nucleon interactions, while one- and two-nucleon
electromagnetic currents are used to describe the interac-
tion with the external probe. Two-body currents are con-
structed from the two-nucleon interactions consistently,
that is by imposing that they satisfy charge conserva-
tion with the given two-nucleon interaction. The grow-
ing computational cost of the GFMC with the number of
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nucleons currently limits the applicability of this method
to nuclei with A < 12 nucleons. Furthermore, despite
having relativistic corrections included in the electromag-
netic current operator, the GFMC method is not applica-
ble to lepton-nucleus scattering in the large momentum
and energy transfer regime, where fully relativistic cur-
rents and kinematics must be considered.

An alternative approach that addresses these short-
comings relies on the spectral function (SF) of the nu-
cleus [26-28]. This method is based on the factorization
of the final hadronic states and has the advantage of be-
ing applicable to larger nuclear systems. Moreover, it can
accommodate for both relativistic kinematics and meson-
production mechanism [27, 28]. The latter has been in-
cluded in the SF formalism by using the electroweak pion
production amplitudes generated within the dynamical
coupled-channel (DCC) model [29-31]. The contribu-
tions of these different reaction mechanisms have been
combined to obtain neutrino and electron scattering on
12C for different kinematics [32, 33].

Recently, the Short-time-approximation (STA) [34] has
been developed to calculate nuclear responses in nuclei
with A > 12 within a QMC framework. At present, this
computational algorithm has been tested within the Vari-
ational Monte Carlo (VMC) method [22] to study elec-
tron scattering from the alpha particle. The algorithm
exploits a factorization scheme to consistently retain two-
body physics, namely two-body currents and correla-
tions. Despite limiting the description of the scattering
process to interactions of the probe with pairs of corre-
lated nucleons, the STA is found to be in good agreement
with both GFMC predictions and experimental data for
electron scattering from the alpha particle [34] and, as in
the SF formalism, can accommodate relativistic effects
and meson production reactions.

In this work, we compute the -electromagnetic
responses and inclusive double-differential electrons-
scattering cross sections of 3H and 3He, comparing the
GFMC, SF, and STA predictions with experimental data.
Besides the intrinsic interest of our first-principle calcu-
lations, we gauge the accuracy and the regime of validity
of the factorization approximation by comparing SF and
STA results against virtually exact GFMC calculations
that are carried out within the same model of nuclear
dynamics for the initial state. In addition, we compare
the GFMC and STA non-relativistic calculations with
the relativistic results obtained within the SF formalism
(see, e.g., Ref. [35]), and assess the importance of includ-
ing relativistic effects at kinematics regions with higher
values of energy and momentum transfer.

This paper is structured as follows. Sec. II provides the
definition of the electromagnetic responses and inclusive
cross section. Sec. III is devoted to the description of
the GFMC, SF and STA approaches. Our results are
summarized and discussed in Sec. IV, while in Sec. V we
state our concluding remarks.

II. ELECTRON-NUCLEUS SCATTERING
CROSS SECTION

The inclusive double differential cross section for the
scattering of an electron with initial four-momentum &k =
(E, k) on a nucleus at rest is written as

d?o o? F' "
(dE’dQ’)e CQYE L B (1)
where the outgoing electron has a momentum k' =
(E',KX'), a ~ 1/137 is the fine structure constant, and
Q' is the scattering solid angle in the direction specified
by k’. The energy and the momentum transfer are de-
noted by w and q, respectively, with Q? = —¢? = g —w?.
The lepton tensor is fully determined by the lepton kine-
matic variables. Neglecting the electron mass, it is given

by

1
Lp,u = ﬁ(lﬂ#k; + k;ky — g'l“/ ]f . kl) . (2)
The hadronic tensor describes the transition between the
initial and final nuclear states |¥() and |¥ ;) with energies
E4' and E;ﬁl7 where A denotes the number of nucleons in
the nucleus

R* (qw) =Y (ol J" T (q,w)[W s} (W ¢]T" (q, w)[Wo)
f
X 5(E64+w7E}4). (3)

The sum included all the possible hadronic final states,
both bound and in the continuum, and J*(q,w) is the
nuclear current operator. For inclusive processes, the
cross section of Eq. (1) only depends on the longitudinal
and transverse response functions, Ry (q,w) = R%(q,w)
and Rr(q,w) = [R*(q,w) + RYY(q,w)]/2, respectively

(g7a). = (i) [(5) Rt

+ (tan2 g - ;g;)RT(Iqu)} .4

The Mott cross section

<da> B [ acos(0/2) ]2 (5)
v ) [2Esin?(0/2)

only depends upon the scattering angle # and on the out-
going electron energy E’.

A. Nuclear current

The GFMC, SF, and STA methods use as input a
many-body nuclear Hamiltonian that consists of non-
relativistic single-nucleon kinetic energy terms, and two-
and three-nucleon interactions

2
H=Y -0 VY + Y Vi, (6)

i<j i<j<k



where v;; and Vjj; are sophisticated potentials [3, 22]
that model the interaction between pairs and triples of
nucleons. In this work, the Argonne v1g two-nucleon in-
teraction [36] is utilized in combination with the Illinois-7
three-nucleon force [37] (used in the GFMC calculations)
or the Urbana IX three-nucleon interaction [38] (used
in the STA calculations). The highly-realistic Argonne
v1g [36] potential reflects the rich features of the nucleon-
nucleon force. It is written in terms of operator structures
involving space, momentum, spin and isospin nucleonic
coordinates, predominantly arising from one- and two-
meson-exchange-like mechanisms. The long-range part
of the nucleon-nucleon interaction is due to one-pion-
exchange; the intermediate-range component involves op-
erator structures arising from multipion-exchange sup-
ported by phenomenological radial functions; the short-
range part is described in terms of Woods-Saxon func-
tions [1, 22, 36]. The Argonne vis has 40 parameters
that have been adjusted to fit the Nijmegen pn and pp
scattering data base [39], consisting of ~ 4300 data in
the range of 0 — 350 MeV, with a x?/datum close to one.
While fitting data up to 350 MeV, the Argonne v;g repro-
duces the nucleon-nucleon phase shifts up to ~ 1 GeV, an
indication that its regime of validity extends beyond the
energy range utilized to constrain the adjustable param-
eters. This is also an indication that relativistic effects
are (partially) embedded in the parameters entering the
nucleon-nucleon interaction.

Analogously to the nuclear potentials, electroweak cur-
rents can also be expressed as an expansion in many-body
operators that act on nucleonic degrees of freedom

Jr=D )+ Y ) (7)

i<j

The ellipsis denotes terms involving three nucleons or
more, which are found to be small [40] and will be ne-
glected in this work.

The electromagnetic current can be schematically writ-
ten as

Jom = s+ L, (8)

where the first term is isoscalar and the second is isovec-
tor, depending upon the isospin operators 7,. The rela-
tivistic expression of the one-body current is

Fa
B — i) | Fiat + it
Jem = u(p') |[Fav* +io G

up),  (9)

where p and p’ are the initial and final nucleon momen-
tum. The isoscalar (S) and isovector (V) form factors,
F1 and Fs, are given by combinations of the Dirac and
Pauli ones, F; and F3, as

1
Fio= §[F52 + FYyr], (10)
where 7, is the isospin operator and

FPy=FPy+ Fy, FYy=FP,— Fy. (11)

The Dirac and Pauli form factors can be expressed in
terms of the electric and magnetic form factors of the
proton and neutron as

G — Gh™
147
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_GE +7Gy
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! 147
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with 7 = Q?/4m3%. While the SF formalism uses the
relativistic expressions above, the one-body charge and
current operators employed in the GFMC and STA ap-
proaches are obtained from the nonrelativistic reduction
of the covariant operator of Eq. (9), including all the
terms up to 1/m3%, in the expansion. The charge (0),
transverse (L), and longitudinal (||) components with re-
spect to the three-momentum q of the nonrelativistic ex-
pansion of the current read

0 s G2 2GS, — G3

39.5(1) = £ =M —Lq-(0;xpi),
2 1—|— Q2/4mN 8mN
G2 G3

Lo _YE 1 UM ,

JW,S(’L) _QmN [ 4mN (q X O-)Z ’

. . w .

Jl,‘,s(l) ZEJS,S- (13)

The isoscalar and isovector component of the electric and
magnetic form factors are

S _ P n
G =Gpm+GEum

GE,M = G%,M - G%‘,M : (14)

The isovector contributions to the current J¥ , are ob-
tained by replacing G 5y — G} 7=

The gauge invariance of the theory imposes that the
electromagnetic charge and current operators satisfy the
continuity equation

where ppv = J2y, which provides an explicit connec-
tion between the nuclear interactions and the longitudi-
nal component of the current operators. For instance,
the isospin and momentum dependence of the NN in-
teractions leads to nonvanishing commutators with the
one-body charge operator and hence to the emergence of
two-body terms in the current operator. The GFMC and
STA calculations reported in this work have been car-
ried out using the two-body currents most recently sum-
marized in Refs. [1, 3, 22]. They include both “model-
independent” and “model-dependent” terms as defined
in Ref. [41]. The former are obtained from the nucleon-
nucleon interaction, and satisfy current conservation by
construction. The leading operator is the isovector “m-
like” current, with important contributions also due to
p-like terms. The additional two-body currents induced
by the momentum dependence of the nucleon-nucleon in-
teraction have been found to give contributions that are
much smaller than those generated by the static part of
this interaction, in particular the OPE current [42].



The transverse components of the two-body currents,
i.e., the model-dependent components, cannot be di-
rectly linked to the nuclear Hamiltonian. In this work, we
adopt the latest formulation of Refs. [23-25, 34, 43-45]
and include the isoscalar pmy transition and the isovector
current associated with the excitation of intermediate A-
isobar resonances. The pmy couplings are extracted from
the widths of the radiative decay p — v [46] and the Q?
dependence of the electromagnetic transition form factor
is modeled assuming vector-meson dominance. Among
the model-dependent currents, those associated with the
A isobar are the most important and enhance the trans-
verse electromagnetic response functions.

It is worthwhile to point out that the realistic interac-
tions and currents utilized in the present work—Argonne
v1g two-nucleon [36] and Urbana IX or Illinois-7 three-
nucleon [37, 38] interactions and associated currents—
provide a quantitatively successful description of many
nuclear electroweak observables [3], including charge
radii, electromagnetic moments and transition rates,
charge and magnetic form factors of nuclei with up to
A = 12 nucleons [1, 40, 42, 44, 47-53], and electromag-
netic response functions [23-25, 34, 43, 45, 54, 55].

III. THEORETICAL APPROACHES
A. Green’s function Monte Carlo

The Green’s function Monte Carlo method is suit-
able to solve the Schrédinger equation of nuclei with up
to A = 12 nucleons with percent-level accuracy. The
ground-state of a given Hamiltonian H is obtained by
propagating in imaginary-time a starting trial wave func-
tion |¥r)

[To) o Tlggo exp|—(H — Eo)7]|¥7), (16)

where 7 is the imaginary time, and Ejy is a parameter
used to control the normalization. The above imaginary-
time propagation can also be used to extract dynami-
cal properties of atomic nuclei. The energy dependence
of the response functions can be inferred by computing
their Laplace transform, dubbed as Euclidean response
function [56]

Ea(q,T):/ dwe “"Ro(q,w), a=LT. (17)

th

Fixing the intrinsic energy dependence of the charge and
current operators to the QE peak: Jo(q) = Ja(q,wqE),

with wqr = \/q? + m% — mx, one can express the Eu-
clidean responses as ground-state expectation values

Eo(a,7) = (Ul J} (q)eHT=EI7 ] (q)| W)
— |Fa(q)[?e™T, (18)

where the elastic form factor is defined as F,(q) =
(Uo|Ja(q)|¥g). The calculation of the imaginary-time

4

correlation operator (Wo|JI(q)e™(H=Fo)7 ] (q)|¥o) is
carried out with GFMC methods similar to those used
in projecting out the exact ground state of H from a
trial wave function. It proceeds in two steps. First, an
unconstrained imaginary-time propagation of the state
|Wo) is performed and stored. Then, the states J,(q)|0)
are evolved in imaginary time following the path pre-
viously saved. During this latter imaginary-time evo-
lution, estimates for E,(q,7;) on a uniform grid of ;
values are obtained by evaluating the scalar products of
e~ H=Fo)mi ] (q)|0) with (¥g|J(q) — a complete discus-
sion of the methods is in Refs. [23, 24, 45].

The above expectation value is evaluated on a uniform
grid of n, imaginary-time points [56, 57]. A set of noisy
estimates for E,(q, 7;) can be obtained by performing in-
dependent imaginary-time propagations, from which the
average Euclidean response E,(q,7;) and the covariance
C;; between the data at 7 = 7; and 7 = 7; can be readily
estimated [23]. Note that, in general, the covariance ma-
trix C' is nondiagonal because of correlations among the
imaginary-time points.

Retrieving the energy dependence of the response func-
tions from their Euclidean counterparts is a nontriv-
ial problem. For the smooth quasiealstic responses on
which this work focuses on, we employ a version of
the maximum-entropy technique developed specifically
for this type of problem [45]. It has to be noted that
machine-learning algorithms have recently been devel-
oped to invert the Laplace transform [58] and are capable
of precisely reconstructing the low-energy transfer region
of the response functions.

B. Short-time approximation

In the short-time approximation [34], the response de-
fined in Eq. (3) is calculated performing a real-time prop-
agation. This scheme can be appreciated by rewriting the
response as

< dt
Ra(q,w) _ / %eZ(WJrEO)t

x (Yol L (a) e Jo(@)|Wo) ,  (19)

where we have replaced the sum over the final states with
a real-time propagator. In the STA, we evaluate the real-
time matrix element in Eq. (19) for short times. We re-
tain the full QMC ground state and current operators,
and final state interactions at the two-nucleon level—
specifically, those final state interactions affecting only
pairs involved at the electromagnetic interaction vertex.
In doing so, the STA accounts for two-nucleon interac-
tions and currents and ensuing interference terms, con-
sistently, i.e., satisfying current conservation. In prac-
tice, in the scattering process only two correlated nucle-
ons interact with the probe via both one- and two-body
currents. Schematically, the current-current correlator



entering the real-time matrix elements can be written as

JT e~ iHE 7 ZJT thJ +ZJT thJ (20)
i#]
+ 3 (Tt 4 T T )
i#]

where we neglected terms terms with three or more ac-
tive nucleons. In the expansion above, the Hamiltonian
at the vertex correlates nuclei in pairs, that is it only
includes the two-nucleon interaction which in this work
is the Argonne v;g. Three-nucleon interaction effects are
ignored in the final states, although they are fully in-
cluded in the ground state. Note that only two nucleons
are propagated. The equations above show how inter-
ference terms between one- and two-nucleon currents are
taken into account. While correctly reproducing the sum
rules, the STA does not reproduce the correct threshold
behavior of the response at values of momentum trans-
fer ¢ < 300 MeV/c. We account for threshold effects by
redistributing the strength of the response to higher val-
ues of energy transfer and preserving the correct value
for the sum rules. Details on how threshold effects are
accounted for can be found in Ref. [34].

After the insertion of a complete set of two nucleon
states, the response in Eq.(19) can be evaluated as an
integral of a response density, D, (e, Ecn), over the rel-
ative energy, e, and center of mass energy, Fe,,, of the
interacting pair (or, equivalently, over relative and CM
momenta, p’ and P’; of the pair of struck nucleons):

/de/ dE.n Dy (€, Ecm)

X d(w+E—e—FEe) . (21)

This response has contributions coming from the ground
state for which the exact elastic response is simply
(Yol Ju (@) o).

Analogously to the subtraction of the elastic form fac-
tor in Eq. (18), the contribution of the exact elastic
response—illustrated in Fig. 2—is subtracted from the
total response density—given in Fig. 1—that is

D(e, Eecm) — Dei(e, Eem) (22)
where, for convenience, we omitted the subscript . The
elastic contribution D, is calculated from the overlaps
between the ground state and intermediate states with
two active nucleons, here schematically denoted with Ws.
Assuming that the elastic contribution is large at small
momentum transfer and that that the internal nuclear
dynamics dominates the overlap to states of given p’ and
P’, the elastic contribution to the total response density
can be approximated with

Da(a,p’,P') = |(To|J (q) | To)?

X Z<\IIO|\I/2 (p/a Plvﬂ)><\112 (p/’P/a 5) |\I}0> ) (23)
B

where the sum runs over all two body quantum numbers
B. In the limit of zero momentum transfer the response is
fully elastic, while at large momentum transfer the elastic

response goes to zero.
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FIG. 1: H total longitudinal response density at q =
300 MeV/c, as a function of relative energy and
center-of mass energy.
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FIG. 2: 3H elastic contribution to the total longitudinal
response density at ¢ = 300 MeV/c.

C. Spectral function

In the region of large q it is reasonable to approximate
the hadronic final state with the factorized expression

Py) = Ip) @[5, (24)

where |p) is a plane wave describing the propagation of
the final state nucleon with momentum |p|, while |¥2—1)



describes the (A — 1)-body spectator system. The inco-
herent contribution to the longitudinal and transverse re-
sponse function is obtained by inserting a single-nucleon
completeness relation in Eq. (3)

Z/d3k

Te=pP,N

Pr(k, E)

mN
" e)e(k +q)

X 6@+ e(k) — e(k + )| (25)

> (k5! LNk + ) (Pl alk)

where we retain only the one-body current contribution.
In the above equation we used the relations p = k+q
and © =w — E+mpy —e(k).

The spectral function Pj, (k, E), i.e., the probability
distribution of removing a nucleon with momentum k
and isospin 7, = p, n from the target nucleus, leaving the
residual (A — 1) system with an excitation energy E, can
be written as [59]

P, (k,E) =

ZI Wi lllk) 1251

— EATY), (26)

X 0 (E + B o,
Here |¥{') is the ground state of the Hamiltonian,
such that H|U{') = Fo|¥¢), whereas |U2A~1) are the
eigenstates and energies of the (A — 1)-nucleon system:
HwA1) = BA-L|wA-1),

Note that in Eq. (26) the state |k) represents a single-
particle plane wave with momentum k and isospin 7
(we average over the spin). Using second-quantization
definitions, we introduce the annihilation and creation
operators ag, az, so that the definition of the SF reads

ZI‘POI N Falk

— By, (27)

P, (k,E) =

X 5(E + B

The single-nucleon momentum distribution is obtained
integrating the spectral function over the removal energy

e, (k) = (W ol ) = [dEP,(cB). (29

The proton and neutron spectral function and the corre-
sponding momentum distributions are normalized as

a3k a3k
/dE( m Pk, E) = /Wnp(k)—Z,

3 3
/dE(i:;an(k, E) :/(i:;snn(k) =A-27, (29)

where Z is the number of protons and A is the number of
nucleons of a given nucleus. This normalization is con-
sistent with that of the VMC single-nucleon momentum
distributions reported in [60].

For clarity, let us deal with the proton spectral func-
tion first. The single-nucleon (mean-field) contribution
P;V[F(k, E) for A = 3 nuclei corresponds to identifying

|UA-1Y with the ground-state of the A — 1 system

MF
PMF(k, E) =

). @)

MF()§(E — Ba+ Ba_q1 —
np()( A+ Ba_1 A

where B4 and B4 are the binding energies of the initial
and the A — 1, remnant nucleus respectively and ma_1
is the mass of the remnant. In the above equation we
introduced the mean-field proton momentum distribution

' (k) = [(Lg[[[k) © |77, (31)
in which (U§|[|k) ® [WA~1) is the Fourier transform of
the single-nucleon radial overlap that can be computed
within both VMC and GFMC [61].

The high removal energy and momentum component
of the spectral function arises from the contribution of
correlated pairs of nucleons, as argued in Ref. [59] and,
more recently, in the context of the contact formal-
ism [62, 63]. It amounts to a three-body final state with a
high-momentum nucleon and a leftover pair of nucleons:
WA K [UA2) with HwA-?) = BA-2(wa-?),
Note that we have neglected the correlations between the
struck nucleon |k’) and the pair of spectator nucleons. As
a consequence, the state |k’) [U24~2) is not orthogonal to
the ground state of |[¥2A~1) entering the mean-field piece
of the spectral function.

The corresponding two-body (correlation) contribu-
tion to the SF is given by

31/
P ) = 3 [l 1) w2

x §(F + B3t —e(k') — EA72). (32)

Assuming that the (A —2)-nucleon binding energy is nar-
rowly distributed around a central value Bs_o, we can
use the completeness of the final states |4 ~2) to get

d3k’
POk, E) =N, > / ink,(k k')

TR/ =DM

/\2
X 5(E — B —e(K)+ Bas — M)} . (33)
2ma—o
where m 4_o is the mass of the recoiling A — 2 system
and N, is an appropriate normalization factor. VMC es-
timates of the two-nucleon momentum distribution, de-
fined as

Ny r (K K) = (U8 afaral, a9 (34)

can be found online [64] for several nuclei with up to
A = 12 nucleons. To isolate the contribution of short-
range correlated nucleons, we introduce cuts on the rel-
ative distance between the pairs of particles in the two-
body momentum distribution. The cut is selected in such
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FIG. 3: Single proton momentum distribution of 3He.

a way that the overall normalization of the nucleon spec-
tral function is correctly reproduced. Selecting pairs with
a given range of relative distance provides an effective
way to orthogonalize |k') [W2A~2) and the ground state of
|wA=1) by isolating the contribution of short-range cor-
related nucleons in the A — 2 system.

The full SF is given by the sum of the mean-field and
the correlated part [59]

Py(k,E) = P)'""(k,E) + P (k, E). (35)

The momentum distributions obtained integrating the
total, MF, and correlated spectral function of 3He are
displayed in Fig. 3 and compared to the VMC momen-
tum distribution computed independently. As expected,
the MF component of n(k) dominates the low-momentum
region, whereas the short-range correlated pairs enter-
ing Py mostly contribute to the high-momentum tails.
The sum of the MF and correlation components of the
momentum distribution is in excellent agreement with
the VMC momentum distribution, corroborating the ac-
curacy of our approach.

D. Cross section calculation

The analysis of scaling properties of nuclear response
functions has been discussed in a number of works
[65, 66]. More recently the scaling ansatz has been suc-
cessfully used to interpolate and extrapolate electroweak
response functions for different values of the energy and
momentum transfer [25, 35, 55]. In the present work,
we adopt the same interpolation algorithm based on the
scaling of the nuclear responses presented in Ref. [35].
For the GFMC and STA calculations which rely on a
nonrelativistic treatment of the kinematics, the longitu-
dinal and transverse response functions can be expressed
as a function of the nonrelativistic scaling variable i,

defined as

e = i (

2
w— al” e) (36)
2mN

where kp is the Fermi Momentum and € is a parameter
chosen to account for binding effects in the initial and
final states. In the present analysis we used kp = 180
MeV and € = 10 (15) MeV for the *H (3He) nucleus.

The SF formalism allows one to directly compute the
cross section; the computational cost required to evalu-
ate the nuclear response functions for different values of
w and q is quite small. In order to test the accuracy
of the interpolation procedure, within the SF approach
we compared the cross-section results obtained from a di-
rect calculation and interpolating the response functions.
Since the SF quasielastic kinematics is fully relativistic,
in this case we use the scaling function defined in Ref. [67]

1 A—T

P =
ﬁ\/(1+A)T+mm

(37)

with

€Er :\/k%er?V/mel,
A=(w—e€)/(2mn),
k=lq|/(2mn),

T =(laf* - w?)/(4m}) .

The values of kr and ¢ are the sames as in the nonrela-
tivistic case.

IV. RESULTS

The different panels of Fig. 4 display the longitudinal
(left) and transverse (right) electromagnetic responses of
3He for different values of the momentum transfer |q|.
The blue represent the experimental data of Ref. [56].
The black and green curve correspond to the GFMC
one- and one- plus two-body current contributions. The
yellow solid and dashed curves display the STA one-
and one- plus two-body current calculations and the red
dashed line show the SF results, where only the one-body
current operator has been included. At low momentum
transfer, the GFMC results exhibit the correct behavior
in both the longitudinal and transverse channel, prov-
ing to be in excellent agreement with experiments. Once
the elastic contributions are subtracted and the correct
behavior at threshold has been enforced, the STA cal-
culations are very close to the GFMC ones. Final state
interactions, not included in the current SF calculations,
are relevant at ¢ = 300 MeV. Neglecting these correc-
tions yields an excess of strength in the SF results with
respect to the experimental data for the longitudinal re-
sponse and a shift of the quasiealstic peak toward too
large w values. Note that, in this work we applied a



quenching factor to the SF response functions by sub-
tracting the incoherent contribution of the elastic form
factor from the sum rule, corresponding to Eq. (18) at
7 = 0. This effect is more significant for the longitudi-
nal response functions at q up to 400 MeV and leads to
a quenching of the strength of the response. The elas-
tic contribution is significantly smaller in the transverse
channel and for this reason it has not been subtracted
from the transverse response functions obtained within
the SF approach. Within the STA, the elastic contribu-
tion was found to be negligible in the transverse chan-
nel, and in the longitudinal for values of the momentum
transfer ¢ > 700 MeV. In the STA, the correct behav-
ior at threshold has been enforced to correctly reproduce
the transverse response functions at ¢ = 300 and ¢ = 400
MeV. In the GFMC and STA calculations, two-body cur-
rents provide the enhancement required to correctly re-
produce the transverse data. The SF results, based on
the single nucleon current alone, slightly underestimate
the data.

The discrepancies between data and the SF results are
also visible for ¢ = 500 MeV because of the missing final-
state interaction (FSI) corrections, while for this kine-
matics the GFMC and STA results nicely agree among
each other and with the experiment. At ¢ = 700 MeV,
relativistic corrections to both the kinematics and the
current operators become sizable and considerably nar-
row the width of the quasielastic peak. The GFMC and
the STA include relativistic corrections in the current
operator up to O(q?/m?). However, this is not suffi-
cient to correctly reproduce the position, the height, and
the width of the peak in neither the longitudinal nor the
transverse channel. On the other hand, for large momen-
tum transfer the factorization of the hadronic vertex is
expected to be a good approximation and the SF results
with relativistic kinematics correctly reproduce experi-
mental data in both panels.

In Fig. 5, we present the longitudinal and transverse
responses of 3H, for the same values of the momentum
transfer as in Fig. 4. To the best of our knowledge, there
are no experimental data available for the 3H electromag-
netic response functions at these values of momentum
transfer. The general behavior of the theoretical curves
is analogous to what observed for He. However, even
after subtracting the spurious elastic contribution from
the STA and SF results, the three different approaches
exhibit discrepancies in the position and strength of the
peaks for ¢ = 300 MeV. The absence of FSI corrections
leads to a shift toward large w in the SF results for both
g = 300 and ¢ = 500 MeV. The STA and GFMC re-
sults nicely agree for ¢ = 500 and ¢ = 700 MeV. Analo-
gously with the He responses, for the latter values of the
momentum transfer, relativistic corrections become rel-
evant, as apparent when comparing the essentially non-
relativistic GFMC and STA results with those obtained
within the SF approach.

In Fig. 6 we present the contributions of the differ-
ent nucleon-nucleon pairs for >H and 3He response func-

tions, compared to the total responses. The data has
been smoothed to remove the numerical artifacts that
can be seen in the responses obtained in the STA for low
and high values of w. For all practical purposes the same
procedure can be applied to the data in Figs. 4 and 5.
For both the longitudinal and transverse responses the
dominant contribution comes from np pairs. The same is
true for the effect of two-nucleon currents. The longitudi-
nal response (left panel) in 3He has a small contribution
given only by the pp pair, while the contribution of the
nn pair in 3H is negligible, since the charge form factor
of the neutron is very small. In the transverse case (right
panel), both pp and nn pairs give a small contribution to
the total responses.

The inclusive electron scattering cross section on *He
and 3H targets are shown in Figs. 7 and 8, respec-
tively. The various plots correspond to different values
of the beam energy and scattering angles and display the
double-differential inclusive cross sections as a function
of the energy transfer. The curves and colors scheme
adopted to represent experimental data, GFMC, STA,
and SF theoretical results are the same as in Fig. 4.
The comparison between experiment and theory is re-
stricted to the quasielastic-peak region; reproducing the
experimental data at larger w would require dealing with
pion-production mechanisms. The inclusion of explicit-
pion degrees of freedom in the GFMC method is in its
infancy [68] and computing the relevant Euclidean re-
sponse functions involves nontrivial challenges for the fu-
ture. On the other hand, since the STA involves only
two active nucleons in the final state, it is amenable to
the inclusion of pion production channels. As with the
SF approach, both the pion-production mechanism and
fully relativistic two-body currents have been included —
see Ref. [32] for recent 12C calculations. However, more
work is required to deal with isospin-asymmetric nuclei,
such as *H and 3He.

Neglecting the binding in the initial state and FSI,
at the quasielastic peak, the energy and the momentum
transfer are related by wqe ~ (q3 +m%)"/* —my. For
the kinematics in which qqg is small, we observe a very
good agreement between the GFMC and the data, while
the STA and SF results show some minor discrepancies
with the experiment. For moderate values of the momen-
tum transfer, there is a very good agreement between the
three approaches and the data. Note that for large values
of the scattering angle, two-body currents enhance the
GFMC and STA results, primarily via the interference
with one-body currents, bringing theoretical calculations
closer to experimental data. For the A = 3 nuclei that
we are considering in this work, the two-body current
contribution amounts to < 10% of the total strength.
This effect is known to be more sizable for larger and
more compact nuclei, such as *He and '2C, as discussed
in Refs. [23, 25, 34]. In the kinematics with large qqg,
where relativistic effects are dominant, the SF calcula-
tions are in good agreement with the experiment in the
quasielastic region, whereas the GFMC and STA fail to
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FIG. 4: Longitudinal and transverse response functions of >He.



reproduce the position and the width of the peak.

V. CONCLUSIONS

We carried out theoretical calculations of the electro-
magnetic response functions and inclusive cross sections
on >H and 3He nuclei for a variety of kinematical setups.
These observables are relevant for the electron-scattering
program conducted at Jefferson Lab and other facilities
worldwide, which are designed to investigate short-range
aspects of nuclear structure. Our analysis is based on
quantum Monte Carlo methods, as they are ideally suited
for accurately treating both the long- and short-range
components of the nuclear wave function that emerge
from realistic two- and three-body interactions.

We thoroughly benchmarked three approaches: the
Green’s function Monte Carlo, the short-time approxi-
mation and the spectral function. The GFMC, which
has already been extensively employed to perform wirtu-
ally exact calculations of inclusive electron- and neutrino-
scattering [25, 35, 44] on *He and '2C, retains the full
complexity of nuclear many-body correlations in both
the initial and final states of the reaction. The GFMC re-
sults for the electromagnetic response functions and cross
sections of *H and 3He in the quasielastic region are in
excellent agreement with experimental data, for low and
moderate values of the momentum transfer. In this re-
gard, it is important to include two-body currents, which
bring about a ~ 10% excess strength with respect to the
one-body case. At larger values of q, the nonrelativistic
GFMC calculations fail to reproduce the correct position
and width of the quasielastic peak. A possible way to im-
prove the GFMC results in this kinematical region is to
consider relativistic corrections in the kinematics com-
bined with the use of a convenient reference frame, as
done in Ref. [35].

The STA and the SF approaches are based on the fac-
torization of the final hadronic state, which allows one
to overcome some of the limitations of the GFMC. The
STA fully retains two-nucleon dynamics and accounts for
correlations in the initial and final state as well as two-
body currents and interference terms. Consistent with
the GFMC results, the latter enhance the transverse re-
sponse functions in the quasielastic region and are needed
to reproduce experimental data. Once the correct be-
havior at threshold is enforced and the spurious elastic
contributions are subtracted from the longitudinal re-
sponses at values of momentum transfer lower than ~ 300
MeV, a good agreement between the STA calculations
and experimental data is observed for the electromag-
netic responses and cross sections up to moderate values
of the momentum transfer. The current version of the
STA approach suffers from analogous limitations as the
GFMC in the high momentum transfer region that could
be remedied using the strategy of Ref. [35]. The STA is
amenable to a more direct inclusion of relativistic effects
and meson production mechanisms. In this work, the
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STA algorithm has been applied to the VMC computa-
tional method, it is, however, exportable to other QMC
methods suited to study larger nuclear systems, e.g., the
Auxiliary Field Diffusion Monte Carlo method [22].

We presented a novel algorithm to obtain the SF of
3H and 3He combining VMC calculations of the nuclear
spectroscopic overlaps with two-body momentum distri-
butions. Since the SF formalism can accommodate fully-
relativistic kinematic and currents, its predictions for
large values of momentum transfer are in better agree-
ment with experiments than both the GFMC and the
STA In particular, the SF results correctly reproduce
the width and the position of the quasielastic peak for
both the longitudinal and transverse responses of He
at ¢ = 700 MeV. However, the SF only retains the in-
coherent contribution to the nuclear response function
and cross section. In addition, final state interaction be-
tween the struck nucleon and the spectator system are ne-
glected altogether in the present work. As a consequence,
there are some discrepancies between the SF results and
experiments at low momentum transfer, which are miti-
gated once the spurious elastic contribution is subtracted
from the theoretical calculations. Two-body currents
and pion-production amplitudes have already been im-
plemented in the SF formalism for isospin-asymmetric
nuclei [32]. However, they have not been included in
the present H and 3He results because of the nontriv-
ial difficulties involved when dealing with light, isospin-
asymmetric nuclei.

Our analysis has shown that the GFMC, STA and SF
results for inclusive electron scattering on both 3H- and
3He agree reasonably well in all the kinematic regions
that we considered. The reason for this agreement has
to be found in the consistent description of nuclear cor-
relations in the initial target state — and in the rem-
nant systems in the case of STA and SF methods. The
three methods appear to be remarkably close in the re-
gion corresponding to 400 MeV < qqr < 600 MeV. In
this regime, the factorization of the final state appears
to be a reliable approximation and, concurrently, rela-
tivistic effects play a relatively minor role. Besides being
relevant for the current experimental program, our study
paves the way for precise quantification of the uncertain-
ties inherent to factorization schemes. As a follow up of
this work, we intend to carry out a similar analysis for
12C and other A < 12 nuclei, on the line of Ref. [69)].

Our work has also highlighted a few current limitations
of these three methods. Relativistic effects in the interac-
tion vertex and in the kinematics of the reaction play an
important role in the high momentum transfer regime.
While the SF approach takes them into account, work
is ongoing to include them in both the GFMC and STA
approaches. On the other hand, some developments are
required in the SF formalism to account for two-body
currents — including their interference with one-body
terms — in isospin-asymmetric nuclei.
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FIG. 7: Inclusive double-differential cross sections for electron scattering on 3He.
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14



VI. ACKNOWLEDGEMENTS

This work is supported by the U.S. Department of
Energy under contracts DE-SC0021027 (L.A. and S.P.),
DE-AC52-06NA25396 (J.C.), and DE-AC02-06CH11357
(A.L. and R.B.W.), and through the Neutrino Theory
Network (A.L. and S.P.) and the FRIB Theory Alliance
award DE-SC0013617 (S.P.). The work of J.C., A.L.,
and R.B.W. is also supported by the NUclear Computa-
tional Low-Energy Initiative (NUCLEI) SciDAC project.
A_.L. is also supported by the DOE Early Career Research
Program award.

N.R. is supported by Fermi Research Alliance, LLC un-
der contract number DE-AC02-07CH11359 with the U.S.

15

DOE, Office of Science, Office of High Energy Physics.
The many-body calculations were performed on the par-
allel computers of the Laboratory Computing Resource
Center, Argonne National Laboratory, the computers
of the Argonne Leadership Computing Facility via the
INCITE grant “Ab-initio nuclear structure and nuclear
reactions”, the 2019/2020 ALCC grant “Low Energy
Neutrino-Nucleus interactions” for the project NNInter-
actions, and the 2020/2021 ALCC grant “Chiral Nu-
clear Interactions from Nuclei to Nucleonic Matter” for
the project ChiralNuc, and on resources provided by the
Los Alamos National Laboratory Institutional Comput-
ing Program.

[1] J. Carlson and R. Schiavilla, Rev. Mod. Phys. 70, 743
(1998).

[2] O. Benhar, D. day, and I. Sick, Rev. Mod. Phys. 80, 189
(2008), arXiv:nucl-ex/0603029.

[3] S. Bacca and S. Pastore, J. Phys. G41, 123002 (2014),
arXiv:1407.3490 [nucl-th].

[4] O. Benhar, (2019), arXiv:1903.11353 [nucl-th].

[5] M. Piarulli, I. Bombaci, D. Logoteta, A. Lovato, and
R. B. Wiringa, Phys. Rev. C 101, 045801 (2020),
arXiv:1908.04426 [nucl-th].

[6] A. Sabatucci and O. Benhar, Phys. Rev. C 101, 045807
(2020), arXiv:2001.06294 [nucl-th].

[7] M. Duer et al. (CLAS), Phys. Rev. Lett. 122, 172502
(2019), arXiv:1810.05343 [nucl-ex].

[8] A. Schmidt et al. (CLAS), Nature 578, 540 (2020),
arXiv:2004.11221 [nucl-ex].

[9] R. B. Wiringa, R. Schiavilla, S. C. Pieper, and J. Carl-
son, Phys. Rev. C89, 024305 (2014), arXiv:1309.3794
[nucl-th].

[10] O. Hen et al., Science 346, 614 (2014), arXiv:1412.0138
[nucl-ex].

[11] C. Ciofi degli Atti, Phys. Rept. 590, 1 (2015).

[12] O. Hen, G. A. Miller, E. Piasetzky, and L. B. Weinstein,
Rev. Mod. Phys. 89, 045002 (2017), arXiv:1611.09748
[nucl-ex].

[13] B. Schmookler et al. (CLAS), Nature 566, 354 (2019),
arXiv:2004.12065 [nucl-ex].

[14] The MicroBooNE
www-microboone.fnal.gov.

[15] The NOvA Experiment, http://www-nova.fnal.gov.

[16] The T2K Experiment, http://t2k-experiment.org.

[17] The Deep Underground Neutrino Experiment, http://
www.dunescience.org.

[18] Hyper-Kamiokande, http://www.hyperk.org.

[19] O. Benhar, P. Huber, C. Mariani, and D. Meloni, Phys.
Rept. 700, 1 (2017), arXiv:1501.06448 [nucl-th)].

[20] T. Katori and M. Martini, J. Phys. G 45, 013001 (2018),
arXiv:1611.07770 [hep-ph].

[21] L. Alvarez-Ruso et al. (NuSTEC), Prog. Part. Nucl.
Phys. 100, 1 (2018), arXiv:1706.03621 [hep-ph].

[22] J. Carlson, S. Gandolfi, F. Pederiva, S. C. Pieper, R. Schi-
avilla, K. E. Schmidt, and R. B. Wiringa, Rev. Mod.
Phys. 87, 1067 (2015), arXiv:1412.3081 [nucl-th].

[23] A. Lovato, S. Gandolfi, J. Carlson, S. C. Pieper, and

Experiment, http://

R. Schiavilla, Phys. Rev. Lett. 117, 082501 (2016),
arXiv:1605.00248 [nucl-th].

[24] A. Lovato, S. Gandolfi, J. Carlson, E. Lusk, S. C. Pieper,
and R. Schiavilla, Phys. Rev. C 97, 022502 (2018),
arXiv:1711.02047 [nucl-th].

[25] A. Lovato, J. Carlson, S. Gandolfi, N. Rocco, and
R. Schiavilla, Phys. Rev. X 10, 031068 (2020),
arXiv:2003.07710 [nucl-th].

[26] O. Benhar, A. Fabrocini, S. Fantoni, and I. Sick, Nucl.
Phys. A 579, 493 (1994).

[27] N. Rocco, A. Lovato, and O. Benhar, Phys. Rev. Lett.
116, 192501 (2016), arXiv:1512.07426 [nucl-th).

[28] N. Rocco, C. Barbieri, O. Benhar, A. De Pace,
and A. Lovato, Phys. Rev. C99, 025502 (2019),
arXiv:1810.07647 [nucl-th].

[29] H. Kamano, S. X. Nakamura, T. S. H. Lee, and T. Sato,
Phys. Rev. C88, 035209 (2013), arXiv:1305.4351 [nucl-
th].

[30] S. X. Nakamura, H. Kamano, and T. Sato, Phys. Rev.
D92, 074024 (2015), arXiv:1506.03403 [hep-ph)].

[31] H. Kamano, S. X. Nakamura, T. S. H. Lee, and T. Sato,
Phys. Rev. C94, 015201 (2016), arXiv:1605.00363 [nucl-
th].

[32] N. Rocco, S. X. Nakamura, T. S. H. Lee, and A. Lo-
vato, Phys. Rev. C 100, 045503 (2019), arXiv:1907.01093
[nucl-th].

[33] N. Rocco, Front. in Phys. 8, 116 (2020).

[34] S. Pastore, J. Carlson, S. Gandolfi, R. Schiavilla, and
R. B. Wiringa, Phys. Rev. C 101, 044612 (2020),
arXiv:1909.06400 [nucl-th].

[35] N. Rocco, W. Leidemann, A. Lovato, and G. Orlandini,
Phys. Rev. C 97, 055501 (2018), arXiv:1801.07111 [nucl-
th].

[36] R. B. Wiringa, V. G. J. Stoks, and R. Schiavilla, Phys.
Rev. C 51, 38 (1995), arXiv:nucl-th/9408016.

[37] S. C. Pieper, AIP Conf. Proc. 1011, 143 (2008).

[38] B. S. Pudliner, V. R. Pandharipande, J. Carlson, and
R. B. Wiringa, Phys. Rev. Lett. 74, 4396 (1995),
arXiv:nucl-th/9502031.

[39] V. G. J. Stoks, R. A. M. Klomp, M. C. M. Rentmeester,
and J. J. de Swart, Phys. Rev. C 48, 792 (1993).

[40] L. E. Marcucci, M. Viviani, R. Schiavilla, A. Kievsky,
and S. Rosati, Phys. Rev. C 72, 014001 (2005),
arXiv:nucl-th/0502048.


http://dx.doi.org/10.1103/RevModPhys.70.743
http://dx.doi.org/10.1103/RevModPhys.70.743
http://dx.doi.org/ 10.1103/RevModPhys.80.189
http://dx.doi.org/ 10.1103/RevModPhys.80.189
http://arxiv.org/abs/nucl-ex/0603029
http://dx.doi.org/10.1088/0954-3899/41/12/123002
http://arxiv.org/abs/1407.3490
http://arxiv.org/abs/1903.11353
http://dx.doi.org/ 10.1103/PhysRevC.101.045801
http://arxiv.org/abs/1908.04426
http://dx.doi.org/10.1103/PhysRevC.101.045807
http://dx.doi.org/10.1103/PhysRevC.101.045807
http://arxiv.org/abs/2001.06294
http://dx.doi.org/ 10.1103/PhysRevLett.122.172502
http://dx.doi.org/ 10.1103/PhysRevLett.122.172502
http://arxiv.org/abs/1810.05343
http://dx.doi.org/10.1038/s41586-020-2021-6
http://arxiv.org/abs/2004.11221
http://dx.doi.org/10.1103/PhysRevC.89.024305
http://arxiv.org/abs/1309.3794
http://arxiv.org/abs/1309.3794
http://dx.doi.org/10.1126/science.1256785
http://arxiv.org/abs/1412.0138
http://arxiv.org/abs/1412.0138
http://dx.doi.org/10.1016/j.physrep.2015.06.002
http://dx.doi.org/10.1103/RevModPhys.89.045002
http://arxiv.org/abs/1611.09748
http://arxiv.org/abs/1611.09748
http://dx.doi.org/10.1038/s41586-019-0925-9
http://arxiv.org/abs/2004.12065
http://www-microboone.fnal.gov
http://www-microboone.fnal.gov
http://www-nova.fnal.gov
http://t2k-experiment.org
http://www.dunescience.org
http://www.dunescience.org
http://www.hyperk.org
http://dx.doi.org/10.1016/j.physrep.2017.07.004
http://dx.doi.org/10.1016/j.physrep.2017.07.004
http://arxiv.org/abs/1501.06448
http://dx.doi.org/10.1088/1361-6471/aa8bf7
http://arxiv.org/abs/1611.07770
http://dx.doi.org/10.1016/j.ppnp.2018.01.006
http://dx.doi.org/10.1016/j.ppnp.2018.01.006
http://arxiv.org/abs/1706.03621
http://dx.doi.org/ 10.1103/RevModPhys.87.1067
http://dx.doi.org/ 10.1103/RevModPhys.87.1067
http://arxiv.org/abs/1412.3081
http://dx.doi.org/ 10.1103/PhysRevLett.117.082501
http://arxiv.org/abs/1605.00248
http://dx.doi.org/ 10.1103/PhysRevC.97.022502
http://arxiv.org/abs/1711.02047
http://dx.doi.org/ 10.1103/PhysRevX.10.031068
http://arxiv.org/abs/2003.07710
http://dx.doi.org/ 10.1016/0375-9474(94)90920-2
http://dx.doi.org/ 10.1016/0375-9474(94)90920-2
http://dx.doi.org/10.1103/PhysRevLett.116.192501
http://dx.doi.org/10.1103/PhysRevLett.116.192501
http://arxiv.org/abs/1512.07426
http://dx.doi.org/ 10.1103/PhysRevC.99.025502
http://arxiv.org/abs/1810.07647
http://dx.doi.org/10.1103/PhysRevC.88.035209
http://arxiv.org/abs/1305.4351
http://arxiv.org/abs/1305.4351
http://dx.doi.org/10.1103/PhysRevD.92.074024
http://dx.doi.org/10.1103/PhysRevD.92.074024
http://arxiv.org/abs/1506.03403
http://dx.doi.org/10.1103/PhysRevC.94.015201
http://arxiv.org/abs/1605.00363
http://arxiv.org/abs/1605.00363
http://dx.doi.org/10.1103/PhysRevC.100.045503
http://arxiv.org/abs/1907.01093
http://arxiv.org/abs/1907.01093
http://dx.doi.org/10.3389/fphy.2020.00116
http://dx.doi.org/ 10.1103/PhysRevC.101.044612
http://arxiv.org/abs/1909.06400
http://dx.doi.org/ 10.1103/PhysRevC.97.055501
http://arxiv.org/abs/1801.07111
http://arxiv.org/abs/1801.07111
http://dx.doi.org/10.1103/PhysRevC.51.38
http://dx.doi.org/10.1103/PhysRevC.51.38
http://arxiv.org/abs/nucl-th/9408016
http://dx.doi.org/10.1063/1.2932280
http://dx.doi.org/10.1103/PhysRevLett.74.4396
http://arxiv.org/abs/nucl-th/9502031
http://dx.doi.org/10.1103/PhysRevC.48.792
http://dx.doi.org/ 10.1103/PhysRevC.72.014001
http://arxiv.org/abs/nucl-th/0502048

[41] D. O. Riska, Phys. Rept. 181, 207 (1989).

[42] L. E. Marcucci, M. Pervin, S. C. Pieper, R. Schiavilla,
and R. B. Wiringa, Phys. Rev. C 78, 065501 (2008),
arXiv:0810.0547 [nucl-th].

[43] G. Shen, L. E. Marcucci, J. Carlson, S. Gandolfi,
and R. Schiavilla, Phys. Rev. C 86, 035503 (2012),
arXiv:1205.4337 [nucl-th].

[44] A. Lovato, S. Gandolfi, R. Butler, J. Carlson, E. Lusk,
S. C. Pieper, and R. Schiavilla, Phys. Rev. Lett. 111,
092501 (2013), arXiv:1305.6959 [nucl-th].

[45] A. Lovato, S. Gandolfi, J. Carlson, S. C. Pieper,
and R. Schiavilla, Phys. Rev. C 91, 062501 (2015),
arXiv:1501.01981 [nucl-th].

[46] H. Berg, W. Arnold, E. Huttel, H. H. Krause, J. Ulbricht,
and G. Clausnitzer, Nucl. Phys. A 334, 21 (1980).

[47] S. Pastore, L. Girlanda, R. Schiavilla, M. Viviani,
and R. B. Wiringa, Phys. Rev. C80, 034004 (2009),
arXiv:0906.1800 [nucl-th].

[48] L. Girlanda, A. Kievsky, L. E. Marcucci, S. Pastore,
R. Schiavilla, and M. Viviani, Phys. Rev. Lett. 105,
232502 (2010), arXiv:1008.0356 [nucl-th].

[49] S. Pastore, L. Girlanda, R. Schiavilla, and M. Viviani,
Phys. Rev. C84, 024001 (2011), arXiv:1106.4539 [nucl-
th].

[50] S. Pastore, S. C. Pieper,
R. B. Wiringa, Phys. Rev.
arXiv:1212.3375 [nucl-th].

[61] V. M. Datar, D. R. Chakrabarty, S. Kumar, V. Nanal,
S. Pastore, R. B. Wiringa, S. P. Behera, A. Chatterjee,
D. Jenkins, C. J. Lister, E. T. Mirgule, A. Mitra, R. G.
Pillay, K. Ramachandran, O. J. Roberts, P. C. Rout,
A. Shrivastava, and P. Sugathan, Phys. Rev. Lett. 111,
062502 (2013).

[62] S. Pastore, R. B. Wiringa, S. C. Pieper, and R. Schi-
avilla, Phys. Rev. C90, 024321 (2014), arXiv:1406.2343
[nucl-th].

[63] S. Pastore, A. Baroni, J. Carlson, S. Gandolfi, S. C.
Pieper, R. Schiavilla, and R. B. Wiringa, Phys. Rev.
C97, 022501 (2018), arXiv:1709.03592 [nucl-th).

[64] R. Schiavilla, A. Baroni, S. Pastore, M. Piarulli,

R. Schiavilla, and
C87, 035503 (2013),

16

L. Girlanda, A. Kievsky, A. Lovato, L. E. Marcucci, S. C.
Pieper, M. Viviani, and R. B. Wiringa, Phys. Rev. C 99,
034005 (2019).

[65] J. L. Barrow, S. Gardiner, S. Pastore, M. Betancourt,
and J. Carlson, Phys. Rev. D 103, 052001 (2021),
arXiv:2010.04154 [nucl-th].

[56] J. Carlson, J. Jourdan, R. Schiavilla, and I. Sick, Phys.
Rev. C 65, 024002 (2002), arXiv:nucl-th/0106047.

[67] J. Carlson and R. Schiavilla, Phys. Rev. Lett. 68, 3682
(1992).

[58] K. Raghavan, P. Balaprakash, A. Lovato, N. Rocco,
and S. M. Wild, Phys. Rev. C 103, 035502 (2021),
arXiv:2010.12703 [nucl-th].

[59] O. Benhar and V. R. Pandharipande, Phys. Rev. C47,
2218 (1993).

[60] VMC momentum distributions, https://www.phy.anl.
gov/theory/research/momenta/.

[61] VMC and GFMC radial overlaps, https://www.phy.
anl.gov/theory/research/overlap_gfmc/index.html.

[62] R. Weiss, I. Korover, E. Piasetzky, O. Hen,
and N. Barnea, Phys. Lett. B 791, 242 (2019),
arXiv:1806.10217 [nucl-th].

[63] R. Cruz-Torres et al., Nature Phys. 17, 306 (2021),
arXiv:1907.03658 [nucl-th].

[64] VMC two-body momentum distributions, https://www.
phy.anl.gov/theory/research/momenta2/.

[65] W. M. Alberico, A. Molinari, T. W. Donnelly, E. L. Kro-
nenberg, and J. W. Van Orden, Phys. Rev. C38, 1801
(1988).

[66] M. B. Barbaro, R. Cenni, A. De Pace, T. W. Don-
nelly, and A. Molinari, Nucl. Phys. A643, 137 (1998),
arXiv:nucl-th/9804054 [nucl-th].

[67] J. A. Caballero, J. E. Amaro, M. B. Barbaro, T. W.
Donnelly, C. Maieron, and J. M. Udias, Phys. Rev. Lett.
95, 252502 (2005), arXiv:nucl-th/0504040.

[68] L. Madeira, A. Lovato, F. Pederiva, and K. E. Schmidst,
Phys. Rev. C 98, 034005 (2018), arXiv:1803.10725 [nucl-
th].

[69] N. Rocco, A. Lovato, and O. Benhar, Phys. Rev. C 94,
065501 (2016), arXiv:1610.06081 [nucl-th].


http://dx.doi.org/10.1016/0370-1573(89)90129-4
http://dx.doi.org/ 10.1103/PhysRevC.78.065501
http://arxiv.org/abs/0810.0547
http://dx.doi.org/ 10.1103/PhysRevC.86.035503
http://arxiv.org/abs/1205.4337
http://dx.doi.org/ 10.1103/PhysRevLett.111.092501
http://dx.doi.org/ 10.1103/PhysRevLett.111.092501
http://arxiv.org/abs/1305.6959
http://dx.doi.org/ 10.1103/PhysRevC.91.062501
http://arxiv.org/abs/1501.01981
http://dx.doi.org/ 10.1016/0375-9474(80)90136-0
http://dx.doi.org/ 10.1103/PhysRevC.80.034004
http://arxiv.org/abs/0906.1800
http://dx.doi.org/ 10.1103/PhysRevLett.105.232502
http://dx.doi.org/ 10.1103/PhysRevLett.105.232502
http://arxiv.org/abs/1008.0356
http://dx.doi.org/10.1103/PhysRevC.84.024001
http://arxiv.org/abs/1106.4539
http://arxiv.org/abs/1106.4539
http://dx.doi.org/10.1103/PhysRevC.87.035503
http://arxiv.org/abs/1212.3375
http://dx.doi.org/ 10.1103/PhysRevLett.111.062502
http://dx.doi.org/ 10.1103/PhysRevLett.111.062502
http://dx.doi.org/10.1103/PhysRevC.90.024321
http://arxiv.org/abs/1406.2343
http://arxiv.org/abs/1406.2343
http://dx.doi.org/ 10.1103/PhysRevC.97.022501
http://dx.doi.org/ 10.1103/PhysRevC.97.022501
http://arxiv.org/abs/1709.03592
http://dx.doi.org/10.1103/PhysRevC.99.034005
http://dx.doi.org/10.1103/PhysRevC.99.034005
http://dx.doi.org/ 10.1103/PhysRevD.103.052001
http://arxiv.org/abs/2010.04154
http://dx.doi.org/ 10.1103/PhysRevC.65.024002
http://dx.doi.org/ 10.1103/PhysRevC.65.024002
http://arxiv.org/abs/nucl-th/0106047
http://dx.doi.org/10.1103/PhysRevLett.68.3682
http://dx.doi.org/10.1103/PhysRevLett.68.3682
http://dx.doi.org/ 10.1103/PhysRevC.103.035502
http://arxiv.org/abs/2010.12703
http://dx.doi.org/10.1103/PhysRevC.47.2218
http://dx.doi.org/10.1103/PhysRevC.47.2218
https://www.phy.anl.gov/theory/research/momenta/
https://www.phy.anl.gov/theory/research/momenta/
https://www.phy.anl.gov/theory/research/overlap_gfmc/index.html
https://www.phy.anl.gov/theory/research/overlap_gfmc/index.html
http://dx.doi.org/ 10.1016/j.physletb.2019.02.019
http://arxiv.org/abs/1806.10217
http://dx.doi.org/10.1038/s41567-020-01053-7
http://arxiv.org/abs/1907.03658
https://www.phy.anl.gov/theory/research/momenta2/
https://www.phy.anl.gov/theory/research/momenta2/
http://dx.doi.org/ 10.1103/PhysRevC.38.1801
http://dx.doi.org/ 10.1103/PhysRevC.38.1801
http://dx.doi.org/ 10.1016/S0375-9474(98)00443-6
http://arxiv.org/abs/nucl-th/9804054
http://dx.doi.org/ 10.1103/PhysRevLett.95.252502
http://dx.doi.org/ 10.1103/PhysRevLett.95.252502
http://arxiv.org/abs/nucl-th/0504040
http://dx.doi.org/10.1103/PhysRevC.98.034005
http://arxiv.org/abs/1803.10725
http://arxiv.org/abs/1803.10725
http://dx.doi.org/10.1103/PhysRevC.94.065501
http://dx.doi.org/10.1103/PhysRevC.94.065501
http://arxiv.org/abs/1610.06081

