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Quenched g, in Nuclei and Emergent Scale Symmetry in Baryonic Matter
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The recent RIKEN experiment on the quenched g4 in the superallowed Gamow-Teller transition from
1095 indicates the role of scale anomaly encoded in the anomalous dimension ' of the gluonic stress tensor
Tr Gﬁu. This observation provides support to the notion of hidden scale symmetry emerging by strong
nuclear correlations with an infrared (IR) fixed point realized—in the chiral limit—in the Nambu-
Goldstone mode. We suggest there is an analogy in the way scale symmetry manifests in a nuclear medium
to the continuity from the unitarity limit at low density (in light nuclei) to the dilaton limit at high density
(in compact stars). In between the limits, say, at normal nuclear matter density, the symmetry is not visible,

hence hidden.
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Introduction.—There is a long-standing “mystery” last-
ing more than four decades [1] as to why the Gamow-Teller
(GT) transition in the simple shell model in nuclei requires
a quenching factor g ~ (0.75-0.80) multiplying the axial
coupling constant g7 = 1.276 which would make ¢&t —
1.0 (see, e.g., Ref. [2] for extensive up-to-date reviews).
The standard nuclear f decay process typically involves a
superallowed transition with zero momentum transfer, so it
was natural to associate ¢&' ~ 1 with something more
fundamental than standard nuclear many-body interactions,
such as basic renormalization due to the vacuum change
induced by the nuclear medium. That the effective ¢St
involving a nearly conserved axial current is near unity
reminded one—falsely as is now understood—of the
conservation of vector current (CVC) hypothesis where
gy = 1. The question then arose as to whether this constant
¢ near 1 could signal certain thus-far unrecognized
intrinsic properties of the underlying theory currently
accepted, QCD, or just a coincidental outcome arising
entirely from mundane strong nuclear correlations or from
a combination of both fundamental and mundane. This is
an important question, not just for nuclear physics but also
for going beyond the standard model, given that the GT
matrix element figures importantly in neutrinoless double
beta (Ovpf) decays involving non-negligible momentum
transfers, hence not superallowed.

We discuss in this Letter how the quenching of g, in
nuclei and dense matter reveals the way scale symmetry,
hidden in the vacuum in QCD, manifests through strong
nuclear correlations and make a conjecture on its implica-
tion on the IR fixed-point structure of QCD.

The approach most appropriate to address this issue is
effective field theories (EFTs) “modeling” QCD. The
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scheme currently adopted by most of the theorists in
nuclear physics resorts to a cutoff ~(400-500) MeV,
giving what’s now established as the standard chiral
effective field theory (SyEFT for short) where only the
nucleons and pions figure as the relevant degrees of
freedom. As described in great detail in Ref. [3], we find
it far more powerful and predictive to resort to a higher
cutoff, 2700 MeV, in particular for going to high densities
relevant to massive compact stars. The relevant degrees of
freedom with such a cutoff are the lowest-lying vector
mesons V, = (p,®) with mass 2700 MeV possessing
hidden local symmetry (HLS) and a scalar meson with
mass ~600 MeV denoted y as a dilaton—pseudo-Nambu-
Goldstone boson—of broken scale symmetry. The model
consisting of V, and y together with the nucleons
constructed in consistency with both scale and chiral
symmetries will be referred to as generalized scale-chiral
EFT (GoEFT). It has been established that this GoEFT in
what is referred to as a “leading order scale symmetry
(LOSS)” approximation is surprisingly successful, with
very few parameters, for describing not only nuclear matter
at the equilibrium density ny~0.16 fm™ but also the
compact-star matter at n ~ (5-7)ng [3].

In the same LOSS approximation, it has been shown that
the quenching factor in ¢ ~ 1 is given predominantly, if
not entirely, by standard nuclear correlations, with little
corrections from intrinsic QCD effects. (These include
multibody meson-exchange currents that are counted as
higher-order corrections in SyEFT.) Any significant
deviation from ¢§" ~ 1 would then have to be considered
as a signal for scale-symmetry (explicit) breaking, a
quantum anomaly, in terms of the anomalous dimension
f of the gluonic stress tensor Tr wa. This issue of possible
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deviation from ¢5T~1 becomes particularly relevant
and poignant in nuclear physics—and possibly in OvSf
processes—due to upcoming precisely measured GT
transitions in doubly magic nuclei where the “extreme
single particle shell model (ESPM)” is applicable. This will
be the principal issue treated in this Letter.

What does nature say?.—We first summarize what we
consider to be a relevant global indication in the observed
GT transitions. For this we arbitrarily consider two nuclear
mass regions: A < 60 (light) and A > 60 (heavy). Among
the many available, we resort to Ref. [2].

In nuclei up to A ~ 60, ¢¢t in the shell model comes out
to be

gt = QIightggree ~0.98 —1.18 (1)
with gff®¢ = 1.276 given by the neutron decay in matter-free
vacuum. For reasons clarified later, we simply give only
the relevant ranges, eschewing error bars, in theoretical
estimates. In the range ¢ = 0.76-0.93 implied by Eq. (1),
let us pick what gives ¢ ~ 1

QIight ~(0.78. (2)

As the mass number goes up above A ~ 60, it is seen that
the quenching factor tends to decrease to g ~ 0.5 for,
e.g., A~ 100.

It should be stressed here that what one obtains in the
shell-model calculations depends on details of the model
space, correlations included, etc. Instead of the specific
values in light nuclei listed in Ref. [2], what matters is the
rough value for & near unity and the decreasing tendency
with the increasing mass number. The calculation we will
rely on, described below, is made in the GoEFT, resorting
to a Fermi-liquid fixed point (FLFP) theory. Now the
question is which shell model calculation maps to the
GoEFT result? Our proposal is the superallowed GT decay
of the doubly magic nucleus '%°Sn. (This process has
been exploited in Ref. [4] to argue for a “first-principle
resolution” of the g, quenching problem. We contest
this point below.) What is crucial here is that it
provides the ESPM [5] to be identified with the result
of GoEFT.

Briefly stated, the doubly magic '°°Sn has 50 neutrons and
50 protons in completely occupied states. In an ESPM
description, the GT transition involves the decay of a proton
inacompletely filled shell (g9, ) to a neutron in an empty shell
(97/2), thereby giving a precisely defined quenching factor
¢"SPM. Limited to the configuration space of the nucleons
only, the ggspy completely captures nuclear correlations up to
but below the A-N mass difference. In the FLFP description
exploited here, the transition corresponds precisely to the
GT transition of a quasiproton to a quasineutron on top of
the Fermi sea with the quenching factor denoted as ¢,
implying that the renormalization-group f function for the

quenching factor in the FLFP theory is nearly zero. Therefore
we arrive at the relation
gr =~ 5™, (3)

Superallowed GT decay in '°°Sn.—There is at present a
conflicting information on the superallowed transition in
100Sn, This generates an interesting future development for
the fundamental issue of scale symmetry in a nuclear
medium.

In the old measurement performed at the GSI
Helmholtzzentrum fiir Schwerionenforschung, Germany
[5], the GT strength was

BaY = 91555, (4)

In the ESPM [6], the GT strength for the 'Sn decay to
190 comes out to be [7]

BESPM = 17.78. (5)
This gives the quenching factor
ZESPM 0.6 — 0.8, (6)

Given the large error bars, one can only say that this is not
inconsistent with Eq. (2).

However there is a more stringent recent experiment
from RIKEN that gives a lower GT strength with much less
error bars [8],

BRIEN = 4,470 )
giving the quenching factor in the range
gEsEM = 0.46 — 0.55. (8)

This is clearly at odds with gjigy [Eq. (2)].

We now suggest this difference offers a glimpse into how
scale symmetry manifests in dense baryonic matter.

Prediction in GoEFT.—This calculation was first done
in Ref. [9] with a model that incorporates chiral-scale
symmetry [I0] in the Landau-Migdal Fermi-liquid
approach to nuclei [11]. It has been shown recently [12]
that the result obtained in Ref. [9] corresponds precisely to
what one obtains in the LOSS approximation in G6EFT [3]
and therefore is in agreement with Eq. (2).

If the RIKEN result Eq. (8) is reconfirmed in the future
experiments, this would raise a question on the validity of
not only the LOSS approximation in the analysis of
compact-star properties made in Ref. [3] but also all other
EFT approaches. This is because what is involved is the role
of scale symmetry breaking associated with a quantum
anomaly in the equation of state (EOS) for baryonic matter
at all densities. At present there is no nonperturbative
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calculation of the anomalous dimension §' which figures
crucially in the scale anomaly of QCD, so this may give the
first glimpse of how scale symmetry emerges in a nuclear
medium and in strong interactions in general.

To address this problem in the framework of GGEFT, we
write the quenching factor as

GGomrt = dssB X gsNe- 9)

Here the ggsp represents the quenching factor inherited
from QCD due to explicit scale symmetry breaking (SSB)
in GoEFT, and ggne accounts for strong nuclear many-
body correlations (SNCs).

Scale symmetry in the nuclear axial current.—Scale
symmetry or more generally conformal symmetry in strong
interactions is a highly controversial issue dating from the
1960s, and even now there is no consensus among the
experts. The scale symmetry we are concerned with here is
an emerging, not intrinsic, symmetry at low energy and not
directly tied to the basic structure of scale anomaly. In
nuclear physics, there is no question that a scalar degree of
freedom, which may be identified with the f(500) in the
particle booklet, is essential, i.e., attraction in nuclear
potentials and covariant density functional approaches,
the existence of soft scalar modes at high density, etc.
At not too high densities, say ~ng, SyYEFT without a scalar
has the power to generate the necessary scalar property
when treated in high orders in chiral expansion involving
pion fields only. But it is highly doubtful that it can
correctly capture the properties of scalar excitations, e.g.,
soft modes, at high density as in compact stars.

Currently, scale symmetry figures prominently in Higgs
physics for going beyond the standard model involving a
large number of flavors [3] where a narrow-width scalar
“meson” with mass lower than pseudoscalars appears. The
scale symmetry we are concerned with in nuclear physics,
however, involves N r ~2-3. There is no such narrow-
width scalar in QCD in the vacuum, so in some circles, it
has been argued that there is no IR fixed-point structure in
nuclear physics.

Whether there is an IR fixed point in QCD awaits
nonperturbative calculations which for the moment remain
difficult to perform. The problem we are dealing with here
involves emergent symmetries that may not necessarily be
directly connected to the fundamental symmetries of QCD.
The issue concerns both HLS and scale symmetry which
we will focus on.

It has been observed that at high densities relevant to
compact stars, say, n 2 3n,, there arise a variety of
(approximate) symmetries induced by nuclear correlations
[3]. Most notable is the topology change where a solitonic
baryon, i.e., skyrmion, fractionalizes into two half-
skyrmions with the chiral condensate averaged to zero but
with nonvanishing pion and dilaton decay constants,
f==~f,#0, thus remaining in the Nambu-Goldstone

(NG) mode. There also emerges parity doubling in the
baryon spectrum. And in the dilaton limit, the fundamental
axial coupling g, tends to unity. Thus the IR structure is
quite similar to the scheme proposed by Crewther and
Tunstall (CT) [13] in QCD and in technicolor [13,14]. In
our case we are away from the possible IR fixed point if it
exists, but what is relevant is that soft theorems with both the
pseudoscalars 7z and scalar y govern the dynamics. It should
be stressed that we have here scale symmetry emergent in
nuclear correlations, not necessarily reflecting on fundamen-
tal theory. A notable possibility here is that given that nuclear
correlations are governed by QCD, one could relate the IR
structure we have to what CT proposed for QCD [13].

This scheme leads to certain predictions that are not
shared by other theories, e.g., density functional approaches,
SyEFT, etc [3]. A notable case is the precocious onset of
conformal sound velocity at nonasymptotic density in
compact stars. Our suggestion is that the g4 quenching
phenomenon is also consistent with the emerging sym-
metries as in dense baryonic matter.

Following Ref. [15] where the GGEFT was worked out,
we can write the axial current in the medium in the form

GsSBIAVT Vs (10)
with
gssp = ca + (1 —cy)®” (11)

where ' is the anomalous dimension of TrG,zw and
0<c4y <1 is an arbitrary constant. In the vacuum,
@ = 1, so the #/ dependence is absent. In nature the scalar
mass is nonzero, so /' cannot be zero. Now both ¢, and /7',
known neither empirically nor theoretically, can be density
dependent in the medium. On the other hand, in the
medium, the quantity @ is defined by

fy(n)  fa(n)
Iy fa
where f, (f) and f, (f7) are, respectively, the dilaton and
pion decay constants in the vacuum (in the medium). f7 is
known up to nuclear matter density by experiment [16].
It is notable that the property of scale symmetry breaking
in the GT operator appears entirely in the factor gggg. It can
be simply associated with an intrinsic QCD effect distinct
from mundane nuclear correlations. Note that the f
representing scale anomaly, an explicit breaking, can figure
with density dependence only when c4 < 1.
Quenching factor in the LOSS approximation.—In
Ref. [12], the LOSS approximation exploited in Ref. [3]
for compact-star physics (namely in the EOS) was invoked,

®(n) = < 1 for n #0, (12)

cy = 1. (13)

Hence in LOSS,
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B = 1. (14

Since in this approximation the ' effect is entirely lodged
in the dilaton potential (giving mass to the scalar dilaton),
the current is simply g7y, ysy.

The ggne Was worked out in Ref. [12] using the FLFP
formula [9]. It has been argued [17] that the many-body
meson-exchange currents figuring at N"LO for n > 3 could
be dropped. The reason for this is as follows: The leading
multibody correction to the single-particle GT operator
appears only at N3LO [18], consisting of a large number of
terms—more than 11 terms [19]—some of which are with
unknown parameters. Furthermore there are also “recoil
terms” due to the inevitable nonrelativistic approximation
which are mostly ignored in the field. These are of the
comparable strength to those terms taken into account.
There can be considerable cancelations among the terms as
is noted in light nuclei [20]. Hence unless all are included
there is no reason to believe that the sum of part of the terms
can give a reliable estimate. If those terms of N3LO
partially included are important as in Ref. [4], then the
terms of N"LO for n > 3 must be included to be consistent
with the chiral expansion, which appears most likely
impossible in practice. In fact the “chiral filter mechanism”
[17] states that many-body corrections to the GT operator
be suppressed. In Ref. [9], those terms together with
contributions from higher baryon resonances not figuring
in the relevant degrees of freedom considered are dropped
for consistency with the Landau Fermi-liquid structure.
This strongly suggests that the “first-principle resolution”
to the quenched g, in 'Sn made in Ref. [4] is totally
unfounded.

Now taking the large N, and large N limits where N, is
the number of colors and N is kg/(A — ky)—where A is
the cutoff in the momentum space of the Fermi sphere, it
was shown that [9]

Landau __

1 . \-2
dsne — <1_3CDF]1T> (15)

where F7 is the pionic contribution, precisely calculable by
soft-pion theorems, to the Landau parameter F.

Now the crucial questions are how accurate is Eq. (15)
and what are the possible corrections to it? Nobody knows
how to compute 1/N,. corrections to g4. Here we assume
that the leading approximation is good to the extent that
low-energy theorems involving g4 such as the Goldberger-
Treiman relation are accurate. The large N, more appro-
priate for the problem, however is a different matter. 1/,
which is of order 1/3 at normal nuclear matter density, is
not small. However, that the FLFP approximation works
remarkably well for such low-energy EW processes as the
anomalous orbital gyromagnetic ratio §g; and the enhanced
axial charge transition expressed in eypc, both in Pb nuclei,
as shown in Ref. [9], suggests that the same could hold for

the GT transition. One can understand this as that the FLFP
approach captures certain (very) high order effects of the
standard chiral EFT that suppress high-order 1/N . terms.
This is indicated by the fact that the standard badly fails to
explain those two processes. This aspect of the problem
could be checked by doing systematic high-order 1/N
calculations in the V), ;-renormalization-group formalism
developed at Stony Brook. It is that formalism that was
applied to compact-star matter in Ref. [3] where all the
relevant references can be found. This is in progress for
both normal nuclear matter and dense compact-star matter.
And, the work, including a nontrivial expansion in scale
symmetry, is also in progress.
With the value ®(ny) ~ 0.8 from [16], we get

gsinda ~ .79, (16)
Thus in the LOSS approximation
ghandan ~ 1.0, (17)

It turns out that Eq. (15) is very weakly dependent on
density, thus when calculated at nuclear matter density in a
Fermi-gas model, it is good for both light and heavy nuclei.

Impact of the anomalous dimension f'.—The SNC result
Eq. (16), identified as the effect of nuclear correlations
obtained in the LOSS without explicit # dependence, does
not imply that /' is negligible. The /' is responsible for the
scalar mass m,, which is important in nuclear interactions,
e.g., the scalar-exchange potential, so it cannot be zero.
Now the deviation from the LOSS approximation arises
from the ¢; coefficients with ¢; < 1.

That the LOSS seems to work well in the EOS for
nuclear matter in the GGEFT approach [3] could be taken as
an indication for ¢; ~ 1. If, however, dense matter is
described in the HLS Lagrangian put on crystal, it was
realized that [21] unless the ¢ coefficient in the homo-
geneous Wess-Zumino (HWZ) term is cywy < 1, there can
be no chiral transition at high density. The energy of
nuclear matter at high density is found to diverge unless the
effective @ mass goes to infinity which is totally at odds
with nature. This is directly related to the close interplay
between the w-nucleon coupling in many-nucleon system
phrased in GeEFT, which is intimately connected with the
scalar attraction [22].

To have an idea how things go, let’s assume c4 ~ 0.15
and f' ~2.0—the same values that resolve the HWZ
problem in Ref. [21]. That would give

4qssB :CA+<1—CA)q)ﬂ/%O.63 (18)
which leads to

GESPM = gosp X gL 0,63 x 0.79 ~0.50.  (19)
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This could explain the RIKEN result [Eq. (8)] if the RIKEN
data turns out to be correct.

Now the obvious question is this. In nuclear as well
as compact-star matter, the LOSS approximation with ¢
coefficients set equal to 1 fares well with nature [3]. Will
the ¢ coefficients much less than 1, as seem required in
the HWZ and g, problems, upset those “good” results?
An old analysis using a different formalism for incorpo-
rating the anomalous dimension indicates that there is no
difficulty for nuclear matter [23]. Whether this is also the
case in the CT scheme and in particular at high density
where the LOSS approximation is more justified is being
investigated [24].

Continuity in scale symmetry from dilute to dense
baryonic matter.—There is an indication in nuclear observ-
ables that scale symmetry or conformal symmetry is
present in nuclear interactions both at very low energy
and density and very high density but in between there is no
indication for such symmetry. At very low energy and
density, at the unitarity limit (in the framework of pionless
EFT), conformal symmetry emerges in light nuclei and in
the EOS of baryonic matter [25]. At the normal nuclear
matter density, on the contrary, such symmetry is evidently
absent, but at high density approaching the dilaton-limit
fixed point (DLFP), the symmetry reappears [3]. The
precocious convergence to conformal sound velocity v? =
1/3 signals the emergence of the symmetry at high density.

A continuity between the two limits seems to appear also
in the way ggsp manifests in the g, quenching phenomenon
going from light nuclei to heavy nuclei. This would require
that the quenching factor gggp be near 1 making g% — 1 in
low-mass nuclei but drop to ~1/2 as one goes to heavier
nuclei. This would be consistent with the observation in
Ref. [2]. Athigh density, n > n; , where n, ), is the density
at which the half-skyrmion phase sets, the approach to the
DLFP “forces” the “fundamental” g4, — 1 [3]. So at the two
limits, scale symmetry appears to manifest with g5 — 1.
We have no idea how this changeover takes place. It could
perhaps involve a totally unexplored transition such as
what’s discussed in Ref. [26] involving topology with HLS
and hidden scale symmetry.

Conclusion and remarks.—The GoEFT formalism we
developed before for the EOS of baryonic matter including
massive compact-star matter [3] indicates that the very
recent data on the GT strength from the RIKEN experiment
[8] could expose how the scale symmetry hidden in the
matte-free vacuum emerges in the heavy nuclei sector.
What seems to play a key role here is a non-negligible
anomalous dimension ' of the gluonic stress tensor Tr Gﬁv.
This observation suggests an analogy to the continuity from
the unitarity limit at low density (in light nuclei) to the
dilaton limit at high density (in compact stars). At both
ends, there is an insinuation, albeit indirect, for a scale
(or conformal) invariance. This is consistent with the
observations made at some high density, say, 23n,

namely, the possible vanishing of the (averaged) chiral
condensate with however a nonvanishing pion (and dilaton)
decay constant, parity doubling in the baryon structure, and
the pseudoconformal sound velocity of the compact star; all
consistent, up to today, with what’s available in nature.
Intriguingly the quenching of g, in light and heavy nuclei
and in the dilaton limit obtained in GoEFT, although it is
not feasible to make a rigorous argument at present,
suggests, along with compact-star physics, the presence
of an IR structure with the nonvanishing f, and f, at the IR
fixed point, hence in the NG mode [13]. However given that
nuclear correlations—that give ggnc leading to ¢S ~ 1 in
light nuclei—are dictated by QCD, the IR structure
indicated in the emergent scale symmetry we discussed
in this Letter could very well support the CT scenario for
QCD proper. Clearly a lattice measurement for the IR
structure for Ny ~2-3 stressed by CT would be highly
desirable.

The work of Y.-L. M was supported in part by the
National Science Foundation of China (NSFC) under
Grants No. 11875147 and No. 11475071.

“ylma@ucas.ac.cn
Tmannque:.rho@ipht.fr

[1] D. H. Wilkinson, Phys. Rev. C 7, 930 (1973).

[2] J. T. Suhonen, Front. Phys. 5§, 55 (2017); J. Engel and
J. Menendez, Rep. Prog. Phys. 80, 046301 (2017).

[3] Y.-L. Ma and M. Rho, Prog. Part. Nucl. Phys. 113, 103791
(2020).

[4] P. Gysbers et al., Nat. Phys. 15, 428 (2019).

[5] C.B. Henke et al., Nature (London) 486, 341 (2012).

[6] A. de Shalit and I. Talmi, Nuclear Shell Model (Academic

Press, New York/London, 1963).
[7] T. Faestermann, M. Gorska, and H. Grawe, Prog. Part. Nucl.
Phys. 69, 85 (2013).

[8] D. Lubos et al., Phys. Rev. Lett. 122, 222502 (2019).

[9] B. Friman and M. Rho, Nucl. Phys. A606, 303 (1996);
[10] G.E. Brown and M. Rho, Phys. Rev. Lett. 66, 2720 (1991).
[11] A.B. Migdal, Theory of Finite Systems and Applications to

Finite Nuclei (Interscience, London, 1967).

[12] Y.L. Li, Y.L. Ma, and M. Rho, Phys. Rev. C 98, 044318
(2018); Y. L. Li, Y. L. Ma, and M. Rho, Chin. Phys. C 42,
094102 (2018).

[13] R.J. Crewther and L. C. Tunstall, Phys. Rev. D 91, 034016
(2015); O. Cata, R.J. Crewther, and L.C. Tunstall,
Phys. Rev. D 100, 095007 (2019).

[14] R.J. Crewther, Universe 6, 96 (2020).

[15] Y.L. Li, Y.L. Ma, and M. Rho, Phys. Rev. D 95, 114011
(2017).

[16] P. Kienle and T. Yamazaki, Prog. Part. Nucl. Phys. 52, 85
(2004).

[17] M. Rho, arXiv:1910.06770.

[18] T.S. Park, L.E. Marcucci, R. Schiavilla, M. Viviani,
A. Kievsky, S. Rosati, K. Kubodera, D.-P. Min, and
M. Rho, Phys. Rev. C 67, 055206 (2003).

142501-5


https://doi.org/10.1103/PhysRevC.7.930
https://doi.org/10.3389/fphy.2017.00055
https://doi.org/10.1088/1361-6633/aa5bc5
https://doi.org/10.1016/j.ppnp.2020.103791
https://doi.org/10.1016/j.ppnp.2020.103791
https://doi.org/10.1038/s41567-019-0450-7
https://doi.org/10.1038/nature11116
https://doi.org/10.1016/j.ppnp.2012.10.002
https://doi.org/10.1016/j.ppnp.2012.10.002
https://doi.org/10.1103/PhysRevLett.122.222502
https://doi.org/10.1016/0375-9474(96)00215-1
https://doi.org/10.1103/PhysRevLett.66.2720
https://doi.org/10.1103/PhysRevC.98.044318
https://doi.org/10.1103/PhysRevC.98.044318
https://doi.org/10.1088/1674-1137/42/9/094102
https://doi.org/10.1088/1674-1137/42/9/094102
https://doi.org/10.1103/PhysRevD.91.034016
https://doi.org/10.1103/PhysRevD.91.034016
https://doi.org/10.1103/PhysRevD.100.095007
https://doi.org/10.3390/universe6070096
https://doi.org/10.1103/PhysRevD.95.114011
https://doi.org/10.1103/PhysRevD.95.114011
https://doi.org/10.1016/j.ppnp.2003.09.001
https://doi.org/10.1016/j.ppnp.2003.09.001
https://arXiv.org/abs/1910.06770
https://doi.org/10.1103/PhysRevC.67.055206

PHYSICAL REVIEW LETTERS 125, 142501 (2020)

[19] H. Krebs, Proc. Sci., CD2018 (2019) 098 [arXiv:1908
.01538].

[20] S. Pastore, A. Baroni, J. Carlson, S. Gandolfi, S. C. Pieper,
R. Schiavilla, and R. B. Wiringa, Phys. Rev. C 97, 022501
(R) (2018).

[21] Y.L. Ma and M. Rho, Phys. Rev. D 97, 094017 (2018).

[22] W.G. Paeng, H. K. Lee, M. Rho, and C. Sasaki, Phys. Rev.
D 88, 105019 (2013).

[23] C. Song, G. E. Brown, D. P. Min, and M. Rho, Phys. Rev. C
56, 2244 (1997).

[24] P.-S. Wen and Y. L. Ma (to be published).

[25] U. van Kolck, Nuovo Cimento C 42, 52 (2019); 1. Tews,
J.M. Lattimer, A. Ohnishi, and E.E. Kolomeitsev,
Astrophys. J. 848, 105 (2017).

[26] N. Kan, R. Kitano, S. Yankielowicz, and R. Yokokura,
arXiv:1909.04082.

142501-6


https://arXiv.org/abs/1908.01538
https://arXiv.org/abs/1908.01538
https://doi.org/10.1103/PhysRevC.97.022501
https://doi.org/10.1103/PhysRevC.97.022501
https://doi.org/10.1103/PhysRevD.97.094017
https://doi.org/10.1103/PhysRevD.88.105019
https://doi.org/10.1103/PhysRevD.88.105019
https://doi.org/10.1103/PhysRevC.56.2244
https://doi.org/10.1103/PhysRevC.56.2244
https://doi.org/10.1393/ncc/i2019-19052-7
https://doi.org/10.3847/1538-4357/aa8db9
https://arXiv.org/abs/1909.04082

