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"2Quantum Monte Carlo

Goal: solve the many-body problem for correlated systems in a non perturbative fashion

GFMCVMC AFDMCCVMC

A minimization
E ! E0E � E0

⌧ propagation

(C)VMC 
GFMC 
AFDMC

light systems A  12

AFDMC A ! 1infinite matter

CVMC     
AFDMC A ⇠ 50

light to medium- 
mass nuclei

12

40

Cons:
‣ Limitations in the systems and/or in the interaction to be used 
‣ Can be computationally expensive

Pros:
‣ Ab-initio: microscopic approach, bare interactions 
‣ Good for strongly correlated systems 
‣ Stochastic method: errors quantifiable and systematically improvable � ⇠ 1/

p
N

1
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2-body corr3-body corr mean field

2. DMC: propagation in imaginary time: ⌧ ! 1
e�H⌧ | V i | 0i ⌧ = Md⌧

M � 1

d⌧ ⌧ 1

1. VMC: variational search of optimal parameters for | V i

‣ spatial degrees of freedom: diffusion of positions in coordinate space

‣ sign problem: constrained path approximation + unconstrained evolution

‣ spin-isospin degrees of freedom: Hubbard-Stratonovich transformation

spin-isospin 
rotations

auxiliary 
fieldsNote: 2-body operators only
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ground-state of light nuclei within 1-2% with respect to GFMC
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"5Nuclear Hamiltonians: phenomenological potentials

H =� ~2
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J. A. Carlson et al., Rev. Mod. Phys. 87, 1067 (2015)

remarkable description of the physics of light nuclei up to 12C
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K. M. Nollett et al., PRL 99, 022502 (2007)
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where K2 is the modified Bessel function of the order of 2
(Carlson, Pandharipande, and Schiavilla, 1993).

IV. LIGHT NUCLEI

A. Energy spectra

Results of GFMC calculations for light nuclei using the
AV18þ IL7 Hamiltonian are compared to experiment in
Fig. 3 and Table I (Brida, Pieper, and Wiringa, 2011;
McCutchan et al., 2012; Lovato et al., 2013; Pastore et al.,
2013, 2014; Wiringa et al., 2013; Pieper and Carlson, 2015).
Results using just AV18 with no 3N potential are also shown
in the figure. Figure 3 shows the absolute energies of more
than 50 ground and excited states. The experimental energies
of the 21 ground states shown in the table are reproduced with
an rms error of 0.36 MeVand an average signed error of only
0.06 MeV. The importance of the three-body interaction is
confirmed by the large corresponding numbers for AV18 with
no 3N potential, namely, 10.0 and 8.8 MeV. About 60
additional isobaric analog states also have been evaluated
but are not shown here.
Table I gives the ground-state energies E, proton (neutron)

point radii rp (rn), magnetic moments μ (including two-body
current contributions, see Sec. V), and quadrupole moments Q
for all the particle-stable ground states of A ≤ 10nuclei, plus
12C and the resonant ground states of 7He and 8Be. Many of
these results were obtained in recent studies of spectroscopic
overlaps, electromagnetic transitions and sum rules, and
isospin mixing. The energies, radii, and electromagnetic
moments are in generally good agreement with experiment.

A detailed breakdown of the AV18þ IL7 energies into
various pieces for some of the nuclear ground states is shown
in Table II. The components include the total kinetic energyK,
the contribution v18of the strong-interaction part of AV18, the
full electromagnetic potential vγij, the two-pion-exchange parts
of IL7 V2π

ijk, the three-pion-ring parts V3π
ijk, and the short-range

repulsion VR
ijk. In the last column, δvij is the expectation value

of the difference between v18and v80 , which is the part of the
NN interaction that is treated perturbatively because v80 is
used in the propagation Hamiltonian. The sum of the six
contributions K through VR

ijk does not quite match the total
energy reported in Table I because they have been individually
extrapolated from the mixed energy expression Eq. (46).
Several key observations can be drawn from Table II. First,

there is a large cancellation between kinetic and two-body
terms. Second, the net perturbative correction δvij is small
(< 2%) compared to the full v18expectation value. Third, the
total Vijk contribution is ∼5% of vij, suggesting good
convergence in many-body forces, but it is not negligible
compared to the binding energy. Finally, the V3π

ijk contribution
that is unique to the Illinois potentials is a small fraction of the
V2π
ijk in T ¼ 0states, but does get as large as 35% in T ¼ 2

states.
In describing the structure of the light nuclei, it is

convenient to characterize specific Jπ; T states by their
dominant orbital and spin angular momentum and spatial
symmetry 2Sþ1LJ½n&, where ½n&denotes the Young diagram
for spatial symmetry (Wiringa, 2006). [This classification is
essentially a modern update of the discussion in Feenberg
and Wigner (1937).] For example, 4He is a 1S0½4&state, and
the ground state of 6Li is predominantly 3S1½42&, with
admixtures of 3D 1½42&and 1P1½411&. Because NN forces
are strongly attractive in relative S waves, and repulsive in
P waves, ground states of given Jπ;T have the maximum
spatial symmetry allowed by the Pauli exclusion principle.
For the same spatial symmetry, states of higher L are higher
in the spectrum. Further, due to the effect of NN spin-orbit
forces, iterated tensor forces and also 3N forces, the spin
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FIG. 3 (color online). GFMC energies of light nuclear ground and excited states for the AV18 and AV18þ IL7Hamiltonians compared
to experiment. See Table I for references.
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Motivation
Nuclear interactions - Chiral EFT
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Chiral EFT is an expansion in
powers of Q/�b.
Q ≥ mfi ≥ 100 MeV;
�b ≥ 800 MeV.
Long-range physics: given
explicitly (no parameters to
fit) by pion-exchanges.
Short-range physics:
parametrized through contact
interactions with low-energy
constants (LECs) fit to
low-energy data.
Many-body forces enter
systematically and are related
via the same LECs.
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‣  �EFT: expansion in power of Q/⇤b

Q ⇠ m⇡ ⇠ 140MeV soft scale

⇤b ⇠ m⇢ ⇠ 800MeV hard scale

‣ Long-range physics: given explicitly (no 
parameters to fit) by pion-exchanges 

‣ Short-range physics: parametrized  
through contact interactions with  
low-energy constants (LECs) fit to  
low-energy data 

‣ Many-body forces enter systematically  
and are related via the same LECs 

‣ Possibility for error quantification

Nuclear Hamiltonians: local chiral potentials

local: 
good for 
QMC

cD & cE fit to:
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GFMC

n-↵

Some details:

✓ coordinate-space cutoffs: R0 = 1.0 fm (harder) R0 = 1.2 fm (softer)
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✓ coordinate-space regulators: ⇠ e�(r/R0)
4

✓ different 3-body operator structures: VD �! D1, D2 VE �! E⌧, EP, E 13

Table III. Energy per nucleon (in MeV) for 4He, 16O, and
SNM at ⇢0. The employed potential is AV60. No Coulomb in-
teraction is considered here. Results are shown for the linear,
independent pair, and full quadratic two-body correlations.
Errors are statistical.

System Linear Ind-Pair Quadratic
4He �6.79(1) �6.81(1) �6.78(1)
16O �7.23(6) �7.59(9) �7.50(9)

SNM �13.92(6) �14.80(7) �14.70(11)

eters obtained for the linear wave function of Eq. (55).

C. Fit of the three-body interaction

The three-body interaction, which appears naturally
in the chiral expansion at N2LO, introduces two addi-
tional LECs that need to be fit to experimental data.
The choice considered here is to fit the LECs cD and
cE , multiplying the intermediate- and short-range parts
of the 3N interaction respectively (see Eq. (14)), to two
uncorrelated observables as in Ref. [23]: the binding en-
ergy of 4He and n-↵ scattering P -wave phase shifts. This
choice probes properties of light nuclei (the 4He binding
energy) while also providing a handle on spin-orbit split-
ting via the splitting in the two P -wave n-↵ phase shifts.
Furthermore, the n-↵ system is the lightest nuclear sys-
tem presenting three interacting neutrons. It follows that
this choice constrains cD and cE well, and also probes
T = 3/2 physics.

The detailed fitting procedure is reported in Ref. [23],
where different parametrizations of the three-body force
for different cutoffs were explored. No fit for the E
parametrization and the softer cutoff R0 = 1.2 fm was
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Figure 4. P -wave n-↵ elastic scattering phase shifts compared
to an R-matrix analysis of experimental data [46].

Table IV. LECs cD and cE for different cutoffs and
parametrizations of the 3N force.

3N R0 (fm) cD cE

E⌧ 1.0 0.0 �0.63

1.2 3.5 0.09

E 1.0 0.5 0.62

1.2 �0.75 0.025

reported at that time. However, in Ref. [33] a signifi-
cant overbinding of 16O was found for this softer cutoff
and the E⌧ parametrization of the 3N interaction. Lo-
cally regulated chiral interactions spoil the Fierz ambigu-
ity typically exploited to allow the selection of one of six
operators in the contact interaction VE : see Refs. [23, 47]
for details. This means that observables will depend on
the parametrization of the 3N interaction and as sug-
gested in Ref. [23], this is especially true for larger or
more dense nuclear systems. Ref. [23] also showed that
the E⌧ parametrization was the most attractive of the
two parametrizations, while the E parametrization was
the least attractive. Therefore, it became important to
consider now the E parametrization with the softer cut-
off R0 = 1.2 fm. This combination is thus explored in
this work, together with the E parametrization for the
R0 = 1.0 fm cutoff, and the E⌧ parametrization for both
cutoffs. In Fig. 4 we report the P -wave n-↵ phase shifts
for the four different combinations of operator structure
and cutoff considered in this work. The corresponding
values of cD and cE are shown in Table IV.

D. Test of the three-body calculation

The energies reported in Figs. 2 and 3 correspond to
the expectation values of the effective Hamiltonian H 0,
Eq. (44). These need to be adjusted with the pertur-
bative correction of Eq. (46)—also extracted from the
unconstrained evolution—in order to obtain the final re-
sults reported in Tables VIII and IX. Once the optimal
set of parameters ↵i is found, these corrections are small,
almost consistent with zero within Monte Carlo statisti-
cal uncertainties, as shown in Table V.

The final result hHi is, however, nearly independent of
variations of the ↵i parameters, even for larger systems.
This is shown in Table VI where the ↵i are arbitrarily
changed in 16O within 5 � 10% with respect to the op-
timal values, given in the first row for each cutoff. This
results in . 4% variations of the total energy, compati-
ble with the overall Monte Carlo statistical uncertainties.
Note that, in order to save computing time, this test has
been done using the constrained evolution. However, the
optimal constrained expectation values hVperti are con-
sistent with the unconstrained ones of Table V.

Unless specified otherwise, in the following, all ground-
state energies correspond to the final expectation value
hHi, extracted from the unconstrained Monte Carlo re-
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D.L. et al., PRL 120, 122502 (2018), D.L. et al., PRC 97, 044318 (2018)

Results: binding energies

-16

-14

-12

-10

-8

-6

-4

-2

0

3H 3He 4He 6He 6Li 12C 16O

(a)  R0 = 1.0 fm

E/
A 

(M
eV

)

Exp

LO

NLO

N2LO Eτ     

N2LO E1     

-16

-14

-12

-10

-8

-6

-4

-2

0

3H 3He 4He 6He 6Li 12C 16O

fit

R0 = 1.0 fm
<latexit sha1_base64="GnM6yU9twDk2VfZcTRPQX7gC6go="></latexit><latexit sha1_base64="GnM6yU9twDk2VfZcTRPQX7gC6go="></latexit><latexit sha1_base64="GnM6yU9twDk2VfZcTRPQX7gC6go="></latexit><latexit sha1_base64="GnM6yU9twDk2VfZcTRPQX7gC6go="></latexit>



"9

AFDMC
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Results: charge radii
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D.L. et al., PRC 97, 044318 (2018)

no 2-body

currents
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Results: charge form factors
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The protons and neutrons in a nucleus can form strongly correlated nucleon pairs. Scattering
experiments, in which a proton is knocked out of the nucleus with high-momentum transfer and
high missing momentum, show that in carbon-12 the neutron-proton pairs are nearly 20 times as
prevalent as proton-proton pairs and, by inference, neutron-neutron pairs. This difference
between the types of pairs is due to the nature of the strong force and has implications for
understanding cold dense nuclear systems such as neutron stars.

Nuclei are composed of bound protons (p)
and neutrons (n), referred to collectively
as nucleons (N). A standard model of the

nucleus since the 1950s has been the nuclear
shell model, in which neutrons and protons move
independently in well-defined quantum orbits in
the average nuclear field created by their mu-
tually attractive interactions. In the 1980s and
1990s, proton-removal experiments using elec-
tron beams with energies of several hundred

megaelectron volts showed that only 60 to 70%
of the protons participate in this type of inde-
pendent particle motion in nuclear valence states
(1, 2). At the time, it was assumed that this low
occupancy was caused by correlated pairs of
nucleons within the nucleus. The existence of nu-
cleon pairs that are correlated at distances of
several femtometers, known as long-range correla-
tions, has been established (3), but these accounted
for less than half of the predicted correlated nu-
cleon pairs. Recent high-momentum transfer mea-
surements (4–12) have shown that nucleons in
nuclear ground states can form pairs with large
relative momentum and small center-of-mass
(CM) momentum due to the short-range (scalar
and tensor) components of the nucleon-nucleon
interaction. These pairs are referred to as short-
range correlated (SRC) pairs. The study of these
SRC pairs allows access to cold dense nuclear
matter, such as that found in a neutron star.

Experimentally, a high-momentum probe can
knock a proton out of a nucleus, leaving the rest
of the system nearly unaffected. If, on the other
hand, the proton being struck is part of an SRC
pair, the high relative momentum in the pair
would cause the correlated nucleon to recoil and
be ejected as well (Fig. 1). High-momentum
knockout by both high-energy protons (8–10)
and high-energy electrons (12) has shown, for kin-
ematics far from particle-production resonances,
that when a proton with high missing momentum
is removed from the 12C nucleus, the momentum
is predominantly balanced by a single recoiling
nucleon. This is consistent with the theoretical
description that large nucleon momenta in the nu-
cleus are predominantly caused by SRC pairing
(13). This effect has also been shown when in-
clusive incident electron, scattered electron (e,e')
data were used (4, 5, 14), although that type of
measurement is not sensitive to the type of SRC
pair. Here we identify the relative abundance of
p-n and p-p SRC pairs in 12C nuclei.

We performed our experiment in Hall A of
the Thomas Jefferson National Accelerator Facil-
ity (JLab), using an incident electron beam of
4.627 GeV with a beam current between 5 and
40 mA. The beam was incident on a 0.25-mm-
thick pure 12C sheet rotated 70° to the beam line to
minimize the material through which the recoiling
protons passed.We used two high-resolution spec-
trometers (HRS) (15) to define proton-knockout
events for 12C(e,e'p). The left HRS detected
scattered electrons at a central scattering angle
(momentum) of 19.5° (3.724 GeV/c). These val-
ues correspond to the quasi-free knockout of a
single proton with transferred three-momentum
q= 1.65 GeV/c, transferred energy w = 0.865
GeV, Q2 = q2 − (w/c)2 = 2(GeV/c)2 (where Q2 is
the four-momentum, squared), and Bjorken
scaling parameter xB = Q2/2mw = 1.2, where m
is the mass of the proton. The right HRS detected
knocked-out protons at three different values for
the central angle (momentum): 40.1° (1.45GeV/c),
35.8° (1.42 GeV/c), and 32.0° (1.36 GeV/c).

Fig. 1. Illustration of the 12C(e,e'pN)
reaction. The incident electron beam
couples to a nucleon-nucleon pair via
a virtual photon. In the final state,
the scattered electron is detected
along with the two nucleons that
are ejected from the nucleus. Typi-
cal nuclear density is about 0.16
nucleons/fm3, whereas for pairs the
local density is approximately five
times larger.
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These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the 12C(e,e'pp)/12C(e,e'p) and the 12C(e,e'pn)/
12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
single recoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron 12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of 12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the 12C(e,e'pn)
and 12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for 12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of 12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the 12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of 12C, we combined the pair faction
results with the inclusive 12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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Fig. 3. The average fraction of nucleons in the
various initial-state configurations of 12C.
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data from: O. Hen et al., PRC 85, 047301 (2012)

J. E. Lynn, D.L. et al., in preparation
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AFDMC

Results: neutron-rich nuclei

R0 = 1.0 fm
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Duer et al., Nature (2018)

LETTER RESEARCH

increased fraction of SRC nucleons in an asymmetric nucleus compared 
to carbon. We used carbon as a reference because it is a well studied, 
medium-mass symmetric nucleus and has similar average density to the 
other nuclei measured here. In addition, forming cross-section ratios 
relative to carbon significantly reduces the effects of detector accept-
ance and efficiency corrections (see Supplementary Information). For 
each kinematical setting, we used the same selection criteria on the 
detected scattered electron and associated knocked-out nucleon to 
select quasi-elastic A(e,e′p) and A(e,e′n) events.

Low-initial-momentum events are characterized by low miss-
ing energy and low missing momentum (Emiss < 80–90 MeV and 
pmiss = |pmiss| < 250 MeV c−1, where c is the speed of light in vacuum; 
see Supplementary Information). Because the neutron momentum 
resolution was not good enough to select these events directly, we 
developed a set of alternative constraints to select the same events by 
using the detected electron momentum and the knocked-out nucleon 
angle, which were unaffected by the neutron momentum resolution 
(see Methods).

Similarly, we selected the high-initial-momentum events in two 
steps. We first selected quasi-elastic events with a leading nucleon by 
setting conditions on the energy and momentum transfer and requir-
ing that the outgoing nucleon be emitted with most of the transferred 
momentum in the general direction of the momentum transfer. We 
then selected high-initial-momentum events by requiring large missing 
momentum (pmiss > 300 MeV c−1). These selection criteria ensured that 
the electron interacted with a single high-initial-momentum proton  
or neutron in the nucleus2,3,12. Lastly, we optimized the nucleon- 
momentum-dependent conditions to account for the neutron  
momentum reconstruction resolution and corrected for any remaining 
bin-migration effects (see Methods).

To verify the neutron detection efficiency, detector acceptance  
corrections and event selection method, we extracted the neutron- 
to-proton reduced cross-section ratio for carbon, for both high and low 
initial nucleon momenta: [σ12C

(e,e′n)/σn]/[σ12C
(e,e′p)/σp] (that is, the 

ratio of measured cross-sections for the scattering of electrons from 
carbon, scaled by the known elastic-scattering electron–neutron, σn, 
and electron–proton, σp, cross-sections). Figure 2 shows that these two 
measured cross-section ratios are consistent with unity, as expected for 
a symmetric nucleus. This shows that in both high- and low-initial- 
momentum kinematics, we have restricted the reaction mechanisms 
to primarily quasi-elastic scattering and have correctly accounted for 
the various detector-related effects.

For the other measured nuclei, the low-momentum (e,e′n)/(e,e′p) 
reduced cross-section ratios grow approximately as N/Z, as expected 
from the number of neutrons (N) and protons (Z) in the nucleus. 
However, the high-momentum (e,e′n)/(e,e′p) ratios are consistent with 
unity for all measured nuclei (see Fig. 2).

The struck nucleons could reinteract as they emerge from the 
nucleus, which we refer to as final-state interaction. Such an effect 
would cause the number of detected outgoing nucleons to decrease 
and also modify the angles and momenta of the knocked-out nucleons.  
These effects were estimated for symmetric and asymmetric nuclei 
using a relativistic Glauber framework, which showed that the decrease 
in the measured cross-section is similar for protons and neutrons and 
thus has a minor impact on cross-section ratios (see Methods).

Because rescattering changes the event kinematics, some of the 
events with high measured pmiss could have originated from electron 
scattering from a low-initial-momentum nucleon, which then re -
scattered, thus increasing pmiss. If the high-initial-momentum (high-
pmiss) nucleons originated from electron scattering from the more 
numerous low-initial-momentum nucleons, followed by nucleon res-
cattering, then the high-momentum (e,e′n)/(e,e′p) ratio would show the 
same N/Z dependence as the low-momentum ratio. Because the high- 
momentum (e,e′n)/(e,e′p) ratio is independent of A, these nucleon- 
rescattering effects must be small in this measurement.

Thus, the constant (e,e′n)/(e,e′p) high-momentum ratios indicate 
that there are equal numbers of high-initial-momentum protons and 

neutrons in asymmetric nuclei, even though these nuclei contain up to 
50% more neutrons than protons. This observation is consistent with 
high-initial-momentum nucleons belonging primarily to np SRC pairs, 
even in neutron-rich nuclei25. This equality implies a greater fraction 
of high-initial-momentum protons. For example, if 20% of the 208 
nucleons in 208Pb have high initial momentum, then these consist of 
21 protons and 21 neutrons. This corresponds to a high-momentum 
proton fraction of 21/82 ≈ 25% and a corresponding neutron fraction 
of only 21/126 ≈ 17%.

To quantify the relative fraction of high-momentum protons and 
neutrons in different nuclei with minimal experimental and theoretical  
uncertainties, we extracted the double ratio of (e,e′x) high-initial- 
momentum to low-initial-momentum events for nucleus A relative to 
carbon for both protons and neutrons. We found that the fraction of 
high-initial-momentum protons increases by about 50% from carbon 
to lead (see Fig. 3).

Moreover, the corresponding fraction of high-initial-momentum 
neutrons seems to decrease by about 10% ± 5% (1σ). Nucleon rescat-
tering, if substantial, should increase in larger nuclei and should affect 
protons and neutrons equally (see Methods). Because, unlike the pro-
ton ratio, the neutron ratio decreases slightly with mass number, this 
also rules out sizeable nucleon rescattering effects.

Figure 3 also shows the results of a simple phenomenological  
(that is, experiment-based) np-dominance model5,26 that uses a mean-
field momentum distribution at low momentum (k < kF) and a scaled 
deuteron-like high-momentum tail. This model agrees with our data 
and also predicts momentum-sharing inversion, that is, on average 
protons move faster than neutrons in neutron-rich nuclei.

These results indicate that high-momentum nucleons and short-
range two-body currents are universal and independent of the 
shell model. This conclusion holds for both the quasi-elastic and  
unitary-transformed pictures of the interaction and indicate that 
nuclei must be viewed in a scale-dependent way: nuclear structure 
at higher momentum scales and shorter distances must be described 

Fig. 3 | Relative high-momentum fractions for neutrons and protons. 
Red circles with error bars denote the double ratio of the number of (e,e′p) 
high-momentum proton events to low-momentum proton events for 
nucleus A relative to carbon. The inner error bars are statistical and the 
outer ones include both statistical and systematic uncertainties, both at the 
1σ or 68% confidence level. Blue squares with error bars show the same 
for neutron events. Red and blue rectangles show the range of predictions 
of the phenomenological np-dominance model for proton and neutron 
ratios, respectively (see Supplementary Information). The red line (high-
momentum fraction equal to N/Z) and the blue line (high-momentum 
fraction equal to 1) are drawn to guide the eye. The inset demonstrates 
how adding neutrons to the target nucleus (solid red curve) increases the 
fraction of protons in the high-momentum tail (shaded region).
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increased proton kinetic 
energy for N>Z

very preliminary!!
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Results: neutron-rich nuclei
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QMC study of nuclei up to Oxygen and Calcium is possible  

‣ both phenomenological and local chiral interactions (delta-less & delta-full) 

‣ full many-body correlated wave functions 

‣ uncertainty quantification: many-body method and theoretical (for chiral 
potentials) 

Short-range correlation effects 
‣ single- and two-nucleon momentum distributions: universality of the tail for a 

given interaction model, 10-20% of the total strength from SRC 

‣ single- and two-nucleon momentum distributions: scheme and scale dependent, 
but ratios are largely scheme and scale independent and consistent with data 
extracted from experiments 

‣ short-range correlation scaling factor: two-body densities are scheme and scale 
dependent, but ratios are largely scheme and scale independent, and the 
resulting a2 is consistent with data extracted from experiments 

‣ neutron-rich nuclei: investigating SRC effects with QMC?
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