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Reinterpreting the weak mixing angle from atomic parity violation in view
of the Cs neutron rms radius measurement from COHERENT
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Using the first model independent average neutron rms radius of '*3Cs and '?’I obtained from the
analysis of the coherent elastic neutrino-nucleus scattering data of the COHERENT experiment, we
show the effect on the weak mixing angle measurement from the atomic parity violation (APV) in
cesium. Despite that the large uncertainty on the neutron skin measurement makes it difficult to draw
statistically significant conclusions on the weak mixing angle, we exploit the fact that the APV result is
highly sensitive to the cesium neutron rms radius, R,, to combine the APV and the COHERENT
measurements in order to get a better determination of R,, assuming that the standard model is correct.
The value of R, = 5.42 £0.31 fm is obtained, improving significantly the current uncertainty. This
result allows to infer a meaningful value of the cesium neutron skin, the difference between the neutron
and proton distribution radii, equal to AR,,, = 0.62 & 0.31 fm, showing for the first time a 2¢ deviation

from zero.
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The weak mixing angle, 9y, also known as the Weinberg
angle, is a fundamental parameter in the theory of the
electroweak (EW) interactions included in the standard
model (SM) of particle physics [1,2]. In practice, the
quantity sin® 9y, is usually quoted instead of the weak
mixing angle itself.

Since the 1970s, the predictions of the SM EW theory
have been extensively tested thanks to low-energy mea-
surements in neutrino scattering and deep inelastic polar-
ized electron-deuteron scattering [1,3]. From then, it took
almost one decade to have the first precision measurement
of sin? 9y, by means of dedicated neutrino and charged
lepton scattering experiments. Subsequently, the experi-
ments performed at the LEP1 and SLC colliders also
provided valuable information on the state of health of
the SM, confirming the EW theory predictions thanks to
many measurements of Z-boson properties, finally estab-
lishing the SM as the correct theory. In particular, at the
Z-pole, it was possible to achieve the most precise
measurements of sin® 9y, in the high-energy EW sector,
in perfect agreement with SM predictions.
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The experimental determination of sin?dy, provides a
direct probe of physics phenomena not included in the SM,
usually referred to as new physics. A summary of the weak
mixing angle measurements as a function of the energy
scale, Q, is shown in Fig. 1, along with the SM predicted
running of sin® dy, calculated in the so-called modified
minimal subtraction (m) renormalization scheme [1,4,5].
The most recent experimental value, which falls in the mid-
energy range, has been derived from the measurement of the
weak charge of the proton, Q%,, performed by the Qe
Collaboration and found to be Q{,’V = 0.0719 £ 0.0045 [6],
showing an excellent agreement with the SM prediction.
Moving to the low-energy sector, the most precise weak
angle measurement so far belongs to the so-called atomic
parity violation (APV) experiments, also known as parity
nonconservation (PNC), using cesium atoms. Atomic parity
violation is caused by the weak interaction, either by
Z-boson exchange between the electrons and the nucleus
or by P-violating inter-nuclear forces, and it is manifested in
P-violating atomic observables [7]. Such experiments plays
a unique role complementary to those at high-energy [8].

In particular, APV is highly sensitive to extra Z (Z')
bosons predicted in grand unified theories, technicolor
models, supersymmetry and string theories, underscoring
the need for improved experimental determinations of
sin? 9y, in the low-energy regime [8]. Moreover, historically
the APV measurement has moved significantly over the
years, being mostly lower than the SM prediction, at near
zero momentum transfer, calculated in the MS scheme [1]
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FIG. 1. Variation of sin?dy with energy scale Q. The SM

prediction is shown as the solid curve, together with experimental
determinations in black at the Z-pole [1] (Tevatron, LEP1, SLC,
LHC), from APV on cesium [9,10], which has a typical
momentum transfer given by (Q) ~ 2.4 MeV, Mgller scattering
11]] (E158), deep inelastic scattering of polarized electrons on
deuterons [3] (e2H PVDIS) and from neutrino-nucleus scattering
[12] (NuTeV) and the new result from the proton’s weak charge at
0 = 0.158 GeV [6] (Qyear)- In red it is shown the result derived
in this paper, obtained correcting the APV data point by the direct
cesium neutron rms radius determination obtained in Ref. [13].
For clarity we displayed the old APV point to the left and the
Tevatron and LHC points horizontally to the left and to the right,
respectively.

sin?0$M = 0.23857(5). (1)

motivating a further investigation of all the inputs entering in
this measurement.

The APV determination of sin? 9y, is derived by meas-
uring the weak charge of '*3Cs, 0%;. In the SM, for a
nucleus with N neutrons and Z protons, the weak charge
including EW corrections is defined as [14]

Q§VM+radcorr = _Z[Z(gzl"/ -+ 0.00005)
+ N(g%, + 0.00006)] (1 - 1)

27
~ Z(1 — 4sin’iM) — N, (2)

where o is the fine structure constant and the nucleon
couplings, g4, and ¢4%, are given by

e 1 . 1
gA"’,z—E—Q—ZsmzH%VM, and g3y ~ 5. (3)

The numerically small adjustments in Eq. (2) are discussed
in Ref. [14] and include the result of the yZ-box correction
from Ref. [15]. For cesium, where N = 78 and Z = 55, the
SM prediction of the weak charge is [1]

oyrdeon — —73.23(1). (4)
Experimentally, the weak charge of a nucleus is extracted
from the ratio of the parity violating amplitude, Epyc, to the
Stark vector transition polarizability, f, and by calculating
theoretically Epyc in terms of Qy, leading to

ImEpnc Ow
v B exp NImEpyc th/ prh )

where fex, i and (ImEpyc )y, are determined from atomic
theory, and Im stands for imaginary part. In 1997, the
most precise result of QS was obtained using the exper-
imental input [9] (ImEpnc/f)ex, = —1.5935(56) mV/cm
or (IMEpnc/f)exp = —3-0988(109) x 10~[e|/ag (where
ag is the Bohr radius and |e| is the electric charge), if f is
given in atomic units to be consistent with Eq. (5). In 1999,
a more precise value of Q% was extracted, using the most
accurate value of 3 at the time, # = 26.957(51)a}, coming
from an analysis [16] of the Bennett and Wieman mea-
surements [17]. Moreover, the theoretical uncertainty of
(ImEpnc )y, Was reevaluated by improving the calculation
with the comparison with other measurable quantities, such
as hyperfine levels, obtaining

, Ow

(IMEpyc) i = 0.9065(36) x 107" feaj

(6)
Using this input, the value of Q% = —72.06(28) o (34) 1
was measured, which differed from the SM prediction
at the time by 2.30. Over the past decade, several
theoretical developments appeared to reduce the tension
with the SM (such as the inclusion of Breit and QED
radiative corrections), shifting the numerical coefficient
in Eq. (6) to 0.8906(26) x 107!'. This led to Q% =
=73.16(29)¢xp(20), in excellent agreement with the
SM expectation. However, a recent reevaluation [10],
with the inclusion of many-body effects that were
neglected in previous works, moved back the result to
values more similar with earlier works [18], namely
(ImEpnc)y, = 0.8977(40) x 107 |e[a3 %, leading to

W = —72.58(29),(32),- By comparing the experi-
mental value with the up-to-date SM prediction in
Eq. (4), a difference of 1.5¢ is found, §Q$ =
QS — QMradeom — () 65(43). This translates in a similar
deviation in the weak mixing angle, giving sin’ @y, =
0.2356(20), to be compared to the SM value in Eq. (1).

In this paper, we want to discuss the effect on Q(V:VS of the
difference between the neutron and proton distribution in a
nucleus, in view of a recent measurement of the average
neutron rms distribution radius, R,,, of '33Cs and >/ [13].
Indeed, the parity violation in atoms is dominated by the
Z-boson exchange between atomic electrons and neutrons,
and so (ImEpyc )y, must be computed from the atomic wave
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functions. Since the wave function of the atomic electrons
varies over the dimension of the nucleus, the final electro-
weak interaction with the nucleons depends on the spatial
distribution of both protons and neutrons [19]. The effect of
the different neutron and proton distributions has been
explicitly considered in the atomic theory calculations in
Ref. [20], but at the end it was neglected, and the same
distribution for protons and neutrons was assumed, because
the estimated size of the correction was small compared to
existing uncertainties at the time. However, as the exper-
imental accuracy improved, it was realised that the effect
could have no longer be neglected. Following the notation
introduced in Ref. [21], the effect of the finite nuclear size
is to modify N and Z in Egq. (2) to ¢,N and ¢,Z
respectively, where

) = / ()i (1) (7)

Here f(r) is a g-independent folding function determined
from the radial dependence of the electron axial transition
matrix element inside the nucleus, while p,,(,) is the neutron
(proton) spatial distribution normalized to unity. The
difference between g, and g, has the effect of modifying
the effective weak charge SM value as'

Q%VMJrradcorH»n.s, _ Q?}VMJrradcorr + AQréV_p’ (8)

where the correction, AQy,”, is defined as

AQy " =N(1-q,/q,). ©)

An estimate of the effect of different possible neutron
distributions on AQY,” can be obtained assuming a
uniform nuclear charge distribution (p(r) constant out
to some radius), and then parametrizing the neutron
distribution only with the value of R, [22]. Using this
approximation, one solves the Dirac equation for the
electron axial matrix elements, f(r), near the origin by
expanding in powers of a. Finally, assuming R, ® R,
being R, the well-experimentally known proton rms
distribution radius, and introducing a single small param-
eter, ¢ = (R;/R3) — 1, it is possible to find [19,21,23]

g, ~ 1 — (Za)2(0.26), (10)
gn(R,) = 1 — (Za)?*(0.26 + 0.221¢), (11)
AQET(R,) ~ N(Za)(02216)/q,.  (12)

"There are additional small corrections to AQ/;” arising from

the internal structure of the nucleon, but these can be safely
neglected [19].

In Eq. (12) it is shown the rough dependence of the weak
charge correction on the difference between neutron and
proton distributions, characterized by e.

In the most recent reevaluation of the APV result already
cited [10], the authors, among other corrections, attempted
to remove the effect of the difference between R, and R,
originally calculated in Ref. [24], from the experimental
value of Q%;. This allowed a direct comparison with the SM
prediction Q;‘,;VM“adc"”, that does not include this effect.
Since at the time of Ref. [10] there was not any cesium
neutron radius measurement, the correction on (ImEpyc)y,
due to the difference between R, and R, has been obtained
exploiting antiprotonic atom x-ray data [25]. From these
data, the value of the so-called neutron skin, AR,,=
R, — R, has been measured for a number of elements.
From a fit to these measurements, the extrapolated neutron
skin value for each element was found to be AR,, =
(=0.04 £0.03) + (1.01 £ 0.15) =2 fm, where A is the
mass number. For '3%Cs, one can extrapolate the value
AR,, = 0.13(4) fm, which, combined with the very well
known value of R, =4.807(1) fm for '*Cs at the time
[26], gave a correction to (ImEpyc)y of —0.0018(5) x
107" |e|a} S, as explicitly visible in Table IV of Ref. [10].
Here, we want to remove this correction (but keeping all the
other corrections introduced in Ref. [10]), in order to
retrieve the experimental value of QF including the
neutron skin effect, indicated with Q™. Removing this
correction, the theoretical amplitude needed in Eq. (5),
becomes

ow

(ImEpyc) i = 0.8995(40) x 10" fefaf =

(13)
from which one finds Q§™ = —72.44(43).

In Ref. [13], using the coherent elastic neutrino-nucleus
scattering (CEnNS) data of the COHERENT experiment
[27], the authors were able to determine for the first time
the average neutron rms radius of '33Cs and '?I. Being
the values of R, for these nuclei very similar, with a
difference of about 0.05 fm [28], it is expected that also the
values of R, are equal within the current uncertainties.
They obtained a practically model-independent value of
RGOHER — 55799 fm that corresponds to a neutron skin
value of ARSOHER ~ 07407 fm.

This provides a unique opportunity to derive for the first
time a data-driven correction to Q%™ in order to obtain a
new value of Q% that can be directly compared with
oprradeor  Using Eq. (12) one finds

%/s — ngsn.s. _ AQ';V_p
= —72.44(43) - 0.913
= -73.312, (14)
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which now relies on a direct experimental input for a
cesium nucleus. We note that now the central value of Q%
is shifted towards the SM value in Eq. (4). Indeed, the
difference with the SM prediction is now 5Q% = —0.11] 2.
Unfortunately, the inclusion of the experimental input
of the neutron distribution radius of the cesium has also
the effect to increase significantly its uncertainty,
thus making it difficult to draw conclusive statements.
Just as an academic exercise, relating this result to the
weak mixing angle [10], we obtain® an APV value of
sin? 9y = 0.2397000%, as showed by the red point in Fig. 1.

Motivated by the fact that the APV measurement
depends so crucially on the neutron skin value, the first
can be used in combination with the COHERENT data to
determine the value of R, for '33Cs. Assuming that the SM
is correct, and so assuming the PDG value [1] of the weak
mixing angle at low momentum transfer,” the following
combined APV and COHERENT least-squares function
can be built

o

a2 AN
+ (0(1) + (0,;) +Xapvs (15)
where the first three terms refer to the COHERENT data
analysis (see Ref. [13] for details), in which in every energy
bin i, NP and N'" are, respectively, the experimental and
theoretical number of CEnNS events, with the latter
depending on R,, B; is the estimated number of back-
ground events from Ref. [27], and o, is the statistical
uncertainty. The nuisance parameters « and f represent the
systematic uncertainty of the signal rate and of the back-
ground rate, respectively, with associated standard devia-
tions of ¢, = 0.28 and o4 = 0.25 [27]. The last ingredient
in the least-squares function refers to the APV measure-
ment for cesium and can be written as

QCsn.s. _ AQ"‘I’ _ QSM+radcorr 2
Yapy = <( " w) " . (16)

OApPY

. Z <N?"P —(1+ N - (1 +ﬁ>B,->2
i=4

in which o4py is the total uncertainty corresponding
to Opapy = 0.43.

Figure 2 shows the corresponding marginal values of
the y* as a function of R,, superimposed with the values
obtained fitting the COHERENT data alone. One can see
that the inclusion of the APV measurement allows to shrink

’In the determination of R, for cesium using CEnNS data the
value of the weak mixing angle is used, however this dependence
is very small and it does not change the outcome of this paper.

*Note that this procedure is perfectly consistent since the
neutron radius from COHERENT data has been obtained
assuming the same low-energy value of the weak mixing angle.
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FIG. 2. With the red solid curve it is shown the
Ay? =7 - ;(ﬁlin, with y? as defined in Eq. (15), as a function
of the neutron rms radius, R,,, obtained from the combined fit of
the COHERENT data and the APV cesium measurement. With
the blue dashed line it is shown the Ay? obtained fitting the
COHERENT data alone (see Ref. [13]).

significantly the Ay? profile, and to make it symmetric with
respect to the best fit value, reducing the available space
for low R,’s. The result with the inclusion of the APV
measurement is

R, =542+0231 fm, (17)

which is highly compatible with that obtained using
CEnNS data only. Using the value found in Eq. (17) and
the updated value of R, for '*3Cs, R, = 4.804(1) fm [28],
it is possible to infer for the first time a meaningful value of
the 133Cs neutron skin, which is

AR,, = 0.62 + 0.31 fm, (18)

The central value shows a preference for a possible larger
than the model-predicted values [13,23], despite more
precise measurements are required to confirm it.
Information on AR, , is of particular importance because
it is correlated with many neutron-rich matter properties,
like the total and the isovector densities [29-33]. Moreover,
the value of AR, provides important information on the
equation of state (EOS) of nuclear matter. Recently, this
field of research has gained great attention after the
observation of a binary neutron star inspiral performed
by the Advanced LIGO and the Advanced Virgo gravita-
tional-wave experiments [34], from which it was possible
to infer information on neutron star EOS [35,36]. In
particular, one of the main features of EOS, that has been
recently studied in detail, is the symmetry energy, S, and its
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density dependence, a quantity known as the slope parameter
L= 3,00(3—;3 x being p, the so-called saturation density.
0

Since the neutron skin is linearly correlated with L, an
experimental measure of AR,,, is probably the most reliable
way to determine L (see Ref. [37] for areview). Moreover, the
value of L has a direct impact on the properties of neutron
stars. Indeed, larger values of L, and thus larger values of
AR, ,, would suggest a stiffer EOS and allow for even larger
neutron star masses. Finally, a more precise determination of
R, is crucial in order to better constraint [38] the most
insidious background for future direct dark matter detectors
[39] which is due to CEnNS process. Indeed, if not well
characterized, it will crucially limit the dark matter discovery
potential. Future dark matter experiments like XENONnT
[40], DARWIN [41], and LZ [42] will use xenon as a target
material and since cesium has similar atomic and mass
numbers to that of xenon, information on R, found in this
paper could help to better estimate the total number of
expected CEnNS background events.

In conclusion, using the model independent average
neutron rms radius of '3Cs and '?"I obtained in Ref. [13]
from the analysis of CEnNS data of the COHERENT
experiment, we attempt to determine a first data-driven
value of the weak mixing angle at very low momentum
transfer derived from APV effects in cesium. The central

value of the EW nuclear charge Q% = —73.31]3 is shown
to be shifted towards the SM one, with a difference
504 = —0.1"|2. For illustrative purpose, the weak mixing
angle would become sin? 9y, = 0.23970°. However, the
uncertainty, which is dominated by that of the cesium
neutron distribution radius, is significantly enlarged with
respect to the previous one, making it premature to draw
any conclusion. This result however highlights the crucial
importance of pursuing more precise measurements of R,,,
for instance using future updates of COHERENT and other
CEnNS experiments, as showed in Ref. [13].

Finally, exploiting the fact that the APV result largely
depends on the cesium neutron radius and assuming
that the SM is correct, we perform a combined fit of the
latter with the COHERENT data. A better determination
of the neutron rms radius of cesium is obtained, namely
R, =542+ 0.31 fm. The inclusion of the APV data
allows to reduce the uncertainty on the radius by one third
with respect to the first experimental result in Ref. [13] and
a meaningful determination of the neutron skin of cesium
nuclei, leading to AR,,, = 0.62 & 0.31 fm, showing for the
first time a 20 deviation from zero.

M.C. is grateful to C. Giunti and M. Lissia for
stimulating discussions.

[1] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).

[2] K. S. Kumar, S. Mantry, W. J. Marciano, and P. A. Souder,
Annu. Rev. Nucl. Part. Sci. 63, 237 (2013).

[3] F. Wang, and M. Matsuoka, Nature (London) 560, 563
(2018).

[4] J. Erler and M. J. Ramsey-Musolf, Phys. Rev. D 72, 073003
(2005).

[5] J. Erler and R. Ferro-Hernandez, J. High Energy Phys. 03
(2018) 196.

[6] D. Androic¢ et al. (Qweak Collaboration), Nature (London)
557, 207 (2018).

[7] B. M. Roberts, V. A. Dzuba, and V.V. Flambaum, Annu.
Rev. Nucl. Part. Sci. 65, 63 (2015).

[8] M. S. Safronova, D. Budker, D. DeMille, D. F. J. Kimball,
A. Derevianko, and C.W. Clark, Rev. Mod. Phys. 90,
025008 (2018).

[9] C.S. Wood, S.C. Bennett, D. Cho, B. P. Masterson, J. L.
Roberts, C. E. Tanner, and C. E. Wieman, Science 275, 1759
(1997).

[10] V. A. Dzuba, J.C. Berengut, V.V. Flambaum, and B.
Roberts, Phys. Rev. Lett. 109, 203003 (2012).

[11] P.L. Anthony et al. (SLAC E158 Collaboration), Phys. Rev.
Lett. 95, 081601 (2005).

[12] G.P. Zeller et al. (NuTeV Collaboration), Phys. Rev. Lett.
88, 091802 (2002); 90, 239902(E) (2003).

[13] M. Cadeddu, C. Giunti, Y. F. Li, and Y. Y. Zhang, Phys. Rev.
Lett. 120, 072501 (2018).

[14] J. Erler and S. Su, Prog. Part. Nucl. Phys. 71, 119
(2013).

[15] P. G. Blunden, W. Melnitchouk, and A. W. Thomas, Phys.
Rev. Lett. 109, 262301 (2012).

[16] V. A. Dzuba and V. V. Flambaum, Phys. Rev. A 62, 052101
(2000).

[17] S.C. Bennett and C. E. Wieman, Phys. Rev. Lett. 82, 2484
(1999); 83, 889(E) (1999).

[18] V. A. Dzuba, V. V. Flambaum, and J. S. M. Ginges, Phys.
Rev. D 66, 076013 (2002).

[19] S.J. Pollock, E. N. Fortson, and L. Wilets, Phys. Rev. C 46,
2587 (1992).

[20] S. A. Blundell, J. Sapirstein, and W. R. Johnson, Phys. Rev.
D 45, 1602 (1992).

[21] S.J. Pollock and M. C. Welliver, Phys. Lett. B 464, 177
(1999).

[22] E. N. Fortson, Y. Pang, and L. Wilets, Phys. Rev. Lett. 65,
2857 (1990).

[23] C.J. Horowitz, S. J. Pollock, P. A. Souder, and R. Michaels,
Phys. Rev. C 63, 025501 (2001).

[24] A. Derevianko, Phys. Rev. A 65, 012106 (2001).

[25] A. Trzcinska, J. Jastrzgbski, P. Lubinski, F. J. Hartmann, R.
Schmidt, T. von Egidy, and B. Klos, Phys. Rev. Lett. 87,
082501 (2001).

033010-5


https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1146/annurev-nucl-102212-170556
https://doi.org/10.1038/d41586-018-05928-x
https://doi.org/10.1038/d41586-018-05928-x
https://doi.org/10.1103/PhysRevD.72.073003
https://doi.org/10.1103/PhysRevD.72.073003
https://doi.org/10.1007/JHEP03(2018)196
https://doi.org/10.1007/JHEP03(2018)196
https://doi.org/10.1038/s41586-018-0096-0
https://doi.org/10.1038/s41586-018-0096-0
https://doi.org/10.1146/annurev-nucl-102014-022331
https://doi.org/10.1146/annurev-nucl-102014-022331
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1126/science.275.5307.1759
https://doi.org/10.1126/science.275.5307.1759
https://doi.org/10.1103/PhysRevLett.109.203003
https://doi.org/10.1103/PhysRevLett.95.081601
https://doi.org/10.1103/PhysRevLett.95.081601
https://doi.org/10.1103/PhysRevLett.88.091802
https://doi.org/10.1103/PhysRevLett.88.091802
https://doi.org/10.1103/PhysRevLett.90.239902
https://doi.org/10.1103/PhysRevLett.120.072501
https://doi.org/10.1103/PhysRevLett.120.072501
https://doi.org/10.1016/j.ppnp.2013.03.004
https://doi.org/10.1016/j.ppnp.2013.03.004
https://doi.org/10.1103/PhysRevLett.109.262301
https://doi.org/10.1103/PhysRevLett.109.262301
https://doi.org/10.1103/PhysRevA.62.052101
https://doi.org/10.1103/PhysRevA.62.052101
https://doi.org/10.1103/PhysRevLett.82.2484
https://doi.org/10.1103/PhysRevLett.82.2484
https://doi.org/10.1103/PhysRevLett.83.889
https://doi.org/10.1103/PhysRevD.66.076013
https://doi.org/10.1103/PhysRevD.66.076013
https://doi.org/10.1103/PhysRevC.46.2587
https://doi.org/10.1103/PhysRevC.46.2587
https://doi.org/10.1103/PhysRevD.45.1602
https://doi.org/10.1103/PhysRevD.45.1602
https://doi.org/10.1016/S0370-2693(99)00987-9
https://doi.org/10.1016/S0370-2693(99)00987-9
https://doi.org/10.1103/PhysRevLett.65.2857
https://doi.org/10.1103/PhysRevLett.65.2857
https://doi.org/10.1103/PhysRevC.63.025501
https://doi.org/10.1103/PhysRevA.65.012106
https://doi.org/10.1103/PhysRevLett.87.082501
https://doi.org/10.1103/PhysRevLett.87.082501

M. CADEDDU and F. DORDEI

PHYS. REV. D 99, 033010 (2019)

[26] W. Johnson and G. Soff, At. Data Nucl. Data Tables 33, 405
(1985).

[27] D. Akimov et al. (COHERENT Collaboration), Science
357, 1123 (2017).

[28] G. Fricke, C. Bernhardt, K. Heilig, L. A. Schaller, L.
Schellenberg, E.B. Shera, and C. W. de Jager, At. Data
Nucl. Data Tables 60, 177 (1995).

[29] B. A. Brown, Phys. Rev. Lett. 85, 5296 (2000).

[30] C.J. Horowitz and J. Piekarewicz, Phys. Rev. Lett. 86, 5647
(2001).

[31] P. G. Reinhard and W. Nazarewicz, Phys. Rev. C 81, 051303
(2010).

[32] M. B. Tsang et al., Phys. Rev. C 86, 015803 (2012).

[33] G. Hagen ert al., Nat. Phys. 12, 186 (2016).

[34] B. Abbott et al. (Virgo and LIGO Scientific Collaborations),
Phys. Rev. Lett. 119, 161101 (2017).

[35] B.P. Abbott et al. (Virgo and LIGO Scientific Collabora-
tions), Phys. Rev. Lett. 121, 161101 (2018).

[36] F.J. Fattoyeyv, J. Piekarewicz, and C. J. Horowitz, Phys. Rev.
Lett. 120, 172702 (2018).

[37] M. Baldo and G. F. Burgio, Prog. Part. Nucl. Phys. 91, 203
(2016).

[38] M. Cadeddu and E. Picciau, J. Phys. Conf. Ser. 956, 012014
(2018).

[39] J. Billard, L. Strigari, and E. Figueroa-Feliciano, Phys.
Rev. D 89, 023524 (2014).

[40] E. Aprile et al. (XENON Collaboration), J. Cosmol.
Astropart. Phys. 04 (2016) 027.

[41] J. Aalbers er al. (DARWIN Collaboration), J. Cosmol.
Astropart. Phys. 11 (2016) 017.

[42] D.S. Akerib et al. (LUX-ZEPLIN Collaboration), arXiv:
1802.06039.

033010-6


https://doi.org/10.1016/0092-640X(85)90010-5
https://doi.org/10.1016/0092-640X(85)90010-5
https://doi.org/10.1126/science.aao0990
https://doi.org/10.1126/science.aao0990
https://doi.org/10.1006/adnd.1995.1007
https://doi.org/10.1006/adnd.1995.1007
https://doi.org/10.1103/PhysRevLett.85.5296
https://doi.org/10.1103/PhysRevLett.86.5647
https://doi.org/10.1103/PhysRevLett.86.5647
https://doi.org/10.1103/PhysRevC.81.051303
https://doi.org/10.1103/PhysRevC.81.051303
https://doi.org/10.1103/PhysRevC.86.015803
https://doi.org/10.1038/nphys3529
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.120.172702
https://doi.org/10.1103/PhysRevLett.120.172702
https://doi.org/10.1016/j.ppnp.2016.06.006
https://doi.org/10.1016/j.ppnp.2016.06.006
https://doi.org/10.1088/1742-6596/956/1/012014
https://doi.org/10.1088/1742-6596/956/1/012014
https://doi.org/10.1103/PhysRevD.89.023524
https://doi.org/10.1103/PhysRevD.89.023524
https://doi.org/10.1088/1475-7516/2016/04/027
https://doi.org/10.1088/1475-7516/2016/04/027
https://doi.org/10.1088/1475-7516/2016/11/017
https://doi.org/10.1088/1475-7516/2016/11/017
http://arXiv.org/abs/1802.06039
http://arXiv.org/abs/1802.06039

