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Summary

• Theoretical introduction to Coherent Elastic
neutrino Nucleus Scattering (CEnNS)

• The role of the neutron form factor

• The COHERENT experimental result

• Tools for determination of the rms neutron distribution radius

• Results

• Conclusions and implications

2



3

𝑑𝜎𝐶𝐸𝑛𝑁𝑆 𝐸𝜈 , 𝐸𝑟

𝑑𝐸𝑟
=

𝐺𝐹
2

4𝜋
𝑄𝑤

2 𝑚𝑁 1 −
𝑚𝑁𝐸𝑟

2𝐸𝜈
2 |𝐹 𝐸𝑟 |2

𝝂𝒙 + 𝑨, 𝒁 → 𝝂𝒙 + 𝑨, 𝒁
Coherent neutrino scattering on Nucleus (CNS) for a spin-zero nucleus and neglecting radiative corrections [1]

𝑄𝑤 = 𝑁 − (1 − 4 sin2 𝜃𝑊) 𝑍

[1] D. Z. Freedman, Phys. Rev. D 9, 1389 (1974) 𝜃𝑊 (Weak mixing angle)

𝐺𝐹 ≅1.16×10−5 GeV−2  (Fermi constant) 

Weak nuclear hypercharge (N number 

of neutrons, Z number of protons)

For momentum transfer small compared to inverse target size, i.e. 𝑞𝑅 ≪ 1 (𝐸𝜈 ≲ 50 𝑀𝑒𝑉)

0.0454 ± 0.0003

Coherent Elastic neutrino-Nucleus Scattering (CEnNS)

Unique nuclear form factor



Assumption: Since the mass distribution in the nucleus is difficult to probe, it is generally assumed that mass and charge
densities are proportional so that charge densities, determined through elastic electron scattering or muonic spectroscopy
data [2] can be utilized instead.
It is convenient to have an analytic expression. This
expression has been provided by the Helm form factor [3]

• The nuclear form factor, F(q), is taken to be the Fourier transform of a spherically symmetric
ground state mass distribution normalized so that F(0) = 1:

Where 𝑗1 is the spherical Bessel function of the first kind and 𝑹𝟎 is the
box (or diffraction) radius, s is the surface thickness and q is the
momentum transfer. The parameters 𝑅0 and s are usually chosen to
match numerical integration of Two-Parameter Fermi model or other
parametric models of nuclear density. For example, Lewin and Smith [4]
demonstrated a method for fitting parameters in the Helm form factor to
muonic spectroscopy data in the Fricke et al. compilation [2]

Recoil energy

The nuclear form factor (𝑞𝑅≪1)  

[2] G. Fricke et al. Atom. Data Nucl. Data Tabl. 60 (1995), pp. 177–285 
[3] Helm R.  Phys. Rev. 104, 1466 (1956)

[4] J. D. Lewin and P. F. Smith. Astropart. Phys. 6 (1996), pp. 87–112

Lewin and Smith prescription 
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For example, charged current inverse β decay on
protons has a total cross section of σ  𝜈𝑒p ≅10−40

cm2 and elastic neutrino-electron scattering has a
total cross section of σ 𝜈𝑒e ≅10−43 cm2 .

5

Typical values of the total coherent neutrino-
nucleus scattering cross section is in the range of
∼10−38 cm2 which is at least an order of
magnitude larger than other neutrino interactions
in this energy range.

But very small recoil energy…

CEnNS cross sections

The maximum nuclear recoil energy for a target nucleus of mass 𝑚𝑁 is given by 𝑬𝒓
𝒎𝒂𝒙 =

𝟐𝑬𝝂
𝟐

𝒎𝑵+𝟐𝑬𝝂
which is in

the keV range for Eν∼50 MeV. (For caesium nuclei 𝐸𝑟
𝑚𝑎𝑥 ≈ 40 keV)
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[5] D. Akimov et al. “Observation of 
Coherent Elastic Neutrino-Nucleus 

Scattering” Science 357.6356 (2017)

The CEnNS has
eluded detection for
four decades, even
though its predicted
cross-section is the
largest by far of all
low-energy neutrino
couplings.

They observed this process at a 
6.7𝜎 CL, using a low-background, 
14.6-kg CsI scintillator exposed to 
the neutrino emissions from the 
Spallation Neutron Source at Oak 
Ridge National Laboratory.

The COHERENT experiment
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The result is within the 68% confidence band of the
Standard Model prediction of 173 events, shown as a
shaded region and a vertical dashed line.

Comparison of log-likelihood values at counts of 0 and
134 indicates that the null hypothesis, corresponding
to an absence of CEnNS events, is rejected at a level of
6.7-sigma, relative to the best fit.

• The Likelihood analysis [5], using the standard CEnNS cross section (with a unique nuclear form factor) 
showed that the best-fit value is 134 ± 22 CEnNS events.

5𝜎

2𝜎
1𝜎

This small discrepancy could be used to put constraints to exotic neutrino physics like non standard interactions
between neutrinos and quarks (arXiv: 1806.07424, PRD 97 0330033, JHEP 1807 037, JHEP 1805 066, PLB 775 54-57…) 
however only relaxing the approximation of a unique form factor for protons and neutrons it is possible to achieve a 

very good fit to the data.

The COHERENT experiment (result)
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The rms neutron distribution
radius Rn and the difference
between Rn and the rms radius Rp
of the proton distribution (the so-
called “neutron skin”)

The Z boson couples
preferentially with 

neutrons!

The CEnNS process as unique probe of the neutron density
distribution of nuclei

Even if it sounds strange, spatial
distribution of neutrons inside
nuclei is basically unknown!

The CEnNS process itself can be used to provide the first 
model independent measurement of the neutron 
distribution radius, which is basically unknown for most of 
the nuclei.
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𝑑𝜎𝜈−𝐶𝑠𝐼
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2
𝑭𝑵𝒖𝒄𝒍

𝟐 𝑬𝒓, 𝑹𝑵𝒖𝒄𝒍

CEnNS cross section with different neutron and proton form
factors

[6] A. Drukier and L. Stodolsky, Phys. Rev. D30, 2295(1984).

[7] J. Barranco, O. G. Miranda, and T. I. Rashba, JHEP 0512, 

021 (2005), hep-ph/0508299.

[8] K. Patton, J. Engel, G. C. McLaughlin, and N. Schunck, 
Phys. Rev. C86, 024612 (2012), arXiv:1207.0693 [nuclth]Two different form factors, one for the proton distribution

and one for the neutron distribution

This factor is small ~0.0454 and moreover
Z<N so the contribution of the proton form
factor is negligible!!

Hence, measurements of the process give information on the 
nuclear neutron form factor, which is more difficult to obtain than

the information on the proton one, that can be obtained with elastic 
electron-nucleus scattering and other electromagnetic processes.
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The proton structures of 55
133𝐶𝑠 (𝑁 = 78) and 53

127 𝐼 (𝑁 = 74) have been studied 
with muonic spectroscopy and the data were fitted with two-parameter Fermi 
density distributions of the form

𝜌𝐹 𝑟 =
𝜌0

1 + 𝑒 𝑟−𝑐 /𝑎

Where, the half-density radius c is related to the rms radius and

the a parameter quantifies the surface thickness t=4aln(3)
(in the analysis fixed to 2.30 fm).

• Fitting the data they obtained

𝑅𝑝
𝐶𝑠 = 4.804 fm   (Caesium proton rms radius )

𝑅𝑝
𝐼 = 4.749 fm (Iodine proton rms radius )

[9] G. Fricke et al., Atom. Data Nucl. Data Tabl. 60, 177 (1995). 

half-density radius 

Surface thickness

Electron scattering and 
muonic spectroscopy can 
probes only the proton

distribution

The proton form factor

5.6710(1) fm (Cs)
5.5931(1) fm (I)



Since it is expected that also the neutron structures of Cs and I are similar and the current uncertainties of 
the COHERENT data do not allow to distinguish between them, we consider

In order to get information on the neutron distribution of the 55
133𝐶𝑠 and 53

127 𝐼 system,  we considered the
following parameterizations of the neutron form factor

1. Symmetrized two-parameter Fermi form factor

Neutron rms radius

2. Helm form factor

Neutron rms radius

s is the surface thickness. We consider the value s = 0.9 fm which 
was determined for the proton form factor of similar nuclei.

11

We consider the same value of t = 2.30 fm as for the proton 
form factor.

Neutron form factor parametrization

COHERENT 
Energy 
range
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The theoretical number of CEnNS events in each energy bin i depends on the neutron form factor and it is given by

𝑁𝑖
𝑡ℎ = 𝑁𝐶𝑠𝐼  

𝐸𝑟𝑖

𝐸𝑟𝑖+1

𝑑𝐸𝑟  
𝐸𝑚𝑖𝑛

𝑑𝐸𝜈 𝐴 𝐸𝑟

𝑑𝑁𝜈

𝑑𝐸𝜈

𝑑𝜎𝜈−𝐶𝑠𝐼

𝑑𝐸𝑟

Fitting the COHERENT data: the CEnNS xsec

𝑑𝜎𝜈−𝐶𝑠𝐼

𝑑𝐸𝑟
=

𝑑𝜎𝜈−𝐶𝑠

𝑑𝐸𝑟
+

𝑑𝜎𝜈−𝐼

𝑑𝐸𝑟

In the case of the COHERENT experiment, the coherent 
elastic scattering is measured on Cs and I, which contribute 
incoherently, leading to the total cross section

With the already discussed approximation

The integrated cross section is given by



𝑁𝑖
𝑡ℎ = 𝑁𝐶𝑠𝐼  
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𝐸𝑟𝑖+1

𝑑𝐸𝑟  
𝐸𝑚𝑖𝑛
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The theoretical number of CEnNS events in each energy bin i depends on the neutron form factor and it is given by

Fitting the COHERENT data: Acceptance efficency

where Θ(x) is a modified Heaviside step function and 
the parameters have values

[10] B.J. Scholz. First observation of coherent elastic neutrino-nucleus 
scattering. Ph.D. thesis, University of Chicago (2017).
[11] COHERENT Collaboration data release, arXiv:1804.09459v1 [nucl-ex] 
[12] D. Akimov et al. “Observation of coherent elastic neutrino-nucleus 
scattering." Science 357, 1123-1126 (2017). 1708.01294. 

The processing and analysis of the CsI data imposed an 
acceptance efficiency in terms of the photoelectron 
content of the signal x
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The total neutrino flux is composed of

• Prompt 𝜈𝜇 component from stopped pion decays

• Two delayed components of 𝜈𝜇 and 𝜈𝑒 from muon decays

The theoretical number of CEnNS events in each energy bin i depends on the neutron form factor and it is given by

Fitting the COHERENT data: neutrino flux

𝑁𝑖
𝑡ℎ = 𝑁𝐶𝑠𝐼  

𝐸𝑟𝑖

𝐸𝑟𝑖+1

𝑑𝐸𝑟  
𝐸𝑚𝑖𝑛

𝑑𝐸𝜈 𝐴 𝐸𝑟

𝑑𝑁𝜈

𝑑𝐸𝜈

𝑑𝜎𝜈−𝐶𝑠𝐼

𝑑𝐸𝑟

E𝜈 ≤ mµ/2≅52.8 MeV, with the normalization factor η=rNPOT/4πL2, where
r = 0.08 is the number of neutrinos per flavor that are produced for each
proton on target, NPOT = 1.76 × 1023 is the number of proton on target and
L = 19.3 m is the distance between the source and the COHERENT detector.

𝜈
𝜈

𝜈

𝜈 𝜈

𝜈

𝜈 𝜈
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The theoretical number of CEnNS events in each energy bin i depends on the neutron form factor and it is given by

𝑁𝑖
𝑡ℎ = 𝑁𝐶𝑠𝐼  

𝐸𝑟𝑖

𝐸𝑟𝑖+1

𝑑𝐸𝑟  
𝐸𝑚𝑖𝑛

𝑑𝐸𝜈 𝐴 𝐸𝑟

𝑑𝑁𝜈

𝑑𝐸𝜈

𝑑𝜎𝜈−𝐶𝑠𝐼

𝑑𝐸𝑟

Fitting the COHERENT data: last ingredients

𝑁𝐶𝑠𝐼 is the number of CsI in the detector given by NAMdet/MCsI, 
where NA is the Avogadro number, Mdet = 14.6 kg, is the 
detector mass, and MCsI = 259.8 is the molar mass of CsI.

We considered only the 12 energy bins from i = 4 to i = 15 for 
which the COHERENT Collaboration fitted the quenching factor 
obtaining the linear relation between the observed number of 
photoelectrons 𝑁𝑃𝐸 and the nuclear kinetic recoil energy 𝐸𝑟

given by 
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The 𝜒2 definition
To fit the data the following 𝜒2 has been defined

• For each energy bin i, 𝑁𝑖
𝑒𝑥𝑝

and 𝑁𝑖
𝑡ℎare, respectively, the experimental and theoretical number of 

events, 𝑩𝒊 is the estimated number of background events and 𝝈𝒊 is the statistical uncertainty. 

• 𝛼 and β are nuisance parameters for the systematic uncertainties of the signal rate and of the 
background rate, respectively. The corresponding standard deviations are 𝜎𝛼 = 0.28 and 𝜎𝛽 = 0.25.



This is the first model independent
measurement of the CsI neutron radius
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𝑅𝑛
𝐶𝑠𝐼 = 5.5−1.1

+0.9 fm

First average CsI neutron density distribution measurement

• We first compared the data with the predictions in the case of 
full coherence, i.e. all nuclear form factors equal to unity: the 
corresponding histogram does not fit the data.

• We fitted the COHERENT data in order to get information on the 
value of the neutron rms radius 𝑅𝑛, which is determined by the 
minimization of the 𝝌𝟐 using the symmetrized Fermi and Helm 
form factors. 



Theoretical values of the proton and neutron rms radii of Cs and I obtained 
with nuclear mean field models. The value is compatible with all the models...

∆𝑅𝑛𝑝
𝐶𝑠𝐼≡ 𝑅𝑛 − 𝑅𝑝 ≅ 0.7−1.1

+0.9 fm

The neutron skin
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𝑅𝑛
𝐶𝑠𝐼 = 5.5−1.1

+0.9 fm

The neutron skin

… but the central value tends to favour 
models that predict a larger value of 𝑹𝒏. 

𝑅𝑝
𝐶𝑠 = 4.804 fm  and

𝑅𝑝
𝐼 = 4.749 fm 

are around 4.78 fm, with a 
difference of about 0.05 fm
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i
n

o

Proton rms radius for Cs and I



Ratio between the differential cross-section with a unique Helm 
nuclear form factor (in the Lewin Smith parametrization) and 

that including the neutron form factor with 𝑅𝑛 ≈5.5 fm. 
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Cs neutron radius and implications
Upcoming direct dark matter detection experiments will have
sensitivity to detect neutrinos from several astrophysical sources
(Sun, atmosphere, and diffuse Supernovae)

Information on 𝑹𝒏 is important for a precise determination of the
background due to CEnNS in dark matter detectors. This background
will crucially limit the discovery potential [13]. Until now, this
background has been evaluated using a unique Helm nuclear form
factor for protons and neutrons, with the Lewin-Smith prescription
[4] for the input value of the nuclear radii. Since Cs and I have similar
atomic and mass numbers to that of Xenon (A=131, Z=54), we can
estimate the impact of the inclusion of different proton and neutron
form factors (with the value of 𝑅𝑛 found in our paper) on the
neutrino background for experiments like DARWIN [14], XENONnT
[15], and LZ [16], that use Xenon as a target.

The ratio varies between 1 and 2 in the 
region where most of the events are 
expected but it grows up to 5 at large 
energies ∼ 50 keV. 

[13] Billard et al. PRD 89, 023524 (2015)
[14] J. Aalbers et al., JCAP 1611, 017 (2016)
[15] E. Aprile et al. (XENON), JCAP 1604, 027 (2016)
[16] B. J. Mount et al., arXiv:1703.09144 [physics.ins-det] 

Neutrino 
floor



This study has many consequences for direct dark matter searches and also for nuclear 
physics models and for the equation of state of neutron stars! 
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NEUTRON DISTRIBUTION INFORMATION USING CEnNS

• A novel way to measure the neutron distribution has been proposed

• Analysing the COHERENT data, the first determination of the average neutron distribution radius of Cs and

I has been obtained. The practically model-independent value of 𝑹𝒏 = 𝟓. 𝟓−𝟏.𝟏
+𝟎.𝟗 fm has been derived.

• Moreover, the COHERENT data show a 2.3σ evidence of the nuclear structure suppression of the full
coherence.

• The difference between the neutron and proton rms radii, the “neutron skin”, has been derived:

𝑹𝒏 − 𝑹𝒑 ≅ 𝟎. 𝟕−𝟏.𝟏
+𝟎.𝟗 fm. The best-fit value indicates the possibility of a value that is larger than the

model-predicted values which lies between about 0.1 and 0.3 fm.

Conclusions



Thanks for your attention
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BACKUP
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Future data of the COHERENT experiment may lead to a
better determination of the neutron rms radius 𝑅𝑛 and of
the neutron skin Δ𝑅𝑛𝑝. Figure shows the estimation of the

sensitivity to 𝑅𝑛 of the COHERENT experiment as a function
of the number of protons on target with the current
systematic uncertainties, with half the current systematic
uncertainties, and with one-quarter of the current
systematic uncertainties, including the effect of the beam-
off background.

• With the current systematic uncertainties and 10 times 
the current number of NPOT, the data of the COHERENT 
experiment will allow us to determine 𝑹𝒏 within about 
0.5 fm. 

• If the systematic uncertainties are reduced by half or 
one-quarter, 𝑹𝒏 can be determined within about 0.4 or
0.3 fm, respectively. 

Projection for 𝑅𝑛 measurement

𝜟𝑹𝒏≃0.5 fm

The current sensitivity gives a relative uncertainty 
Δ𝑅𝑛/𝑅𝑛 ≃ 17%, which is in approximate agreement 

with the uncertainty of our determination of 𝑅𝑛.

𝜟𝑹𝒏≃0.4 fm

𝜟𝑹𝒏≃0.3 fm



Fattoyev et al. “Neutron skins and neutron 
stars in the  multi-messenger era” , Phys. 

Rev. Lett. 120, 172702

On August 17, 2017 the Advanced LIGO and Advanced Virgo gravitational-wave
detectors made their first observation of a binary neutron star inspiral.

The collaboration was able to infer also the tidal deformability parameter,
which is related to the neutron star equation of state and to the neutron skin

24

Neutron skin and implications

Tidal deformability
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radius of a 1.4 solar 
neutron star
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• Differences from Standard-Model prediction could be a sign of new 
physics

• Supernova process (Supernova evolution: Coherent neutrino scattering (σ ~ A2) may push heavy 

elements to the outer shell of the star (Rev. Nucl. Part. Sci 27 167, 1977)

• Supernova neutrino detection (Supernova neutrino detection: ~10 neutrino-nucleus coherent 

events on argon in a 10 second window per ton for a galactic supernova at 10 kpc. Important info about 𝜈𝜇 and 𝜈𝜏
that is out of reach for Water Cerenkov)

• Weak mixing angle (The weak mixing angle can be found by measuring the absolute cross-section. A 

cross section measurement with ~ 10% uncertainty gives a uncertainty of ~ 5% at low Q values. Canas et al. PLB, 784, 
159-163 (Arxiv:1806.01310)) 

• Non-standard neutrino interactions (The signature of NSI is a deviation from the expected 

cross section. See Barranco, et al. PRD 76, 073008, Arxiv:0702175 (2007)] for specific NSI new physics possibilities 
from a neutrino-nucleus coherent measurement (extra neutral gauge bosons, leptoquarks, and R-parity breaking 
interactions) 

• Sterile neutrinos
• Dark Matter direct detection (irriducible background)

• Unique probe of the neutron distribution inside a nucleus (this talk)

Why is Coherent neutrino Nucleus scattering interesting? 



Neutron rms radius

1. Symmetrized Two-parameter Fermi form factor

2. Helm form factor

Neutron rms radius
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Neutron form factor parametrization
𝜌𝐹 𝑟 =

𝜌0

1 + 𝑒 𝑟−𝑐 /𝑎𝜌𝑆𝐹 𝑟 = 𝜌𝐹 𝑟 +𝜌𝑆𝐹 −𝑟 − 1 with

The Helm FF is defined as the product of two fairly simple form factors: one associated

with a uniform (box) density FB and the other one accounting for a Gaussian

falloff FG
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Helm form factor
The Helm FF is defined as the product of two fairly simple form factors: one associated with a uniform (box) density FB and 
the other one accounting for a Gaussian falloff FG

Here, Θ is the Heaviside function and j1(x) is the spherical Bessel function of order one

A great advantage of the Helm form factor is that it is defined in terms of a form factor that encodes the uniform interior 
density and another one that characterizes the nuclear surface. As a consequence, the Helm form factor is defined entirely 
in terms of two constants the box (or “diffraction”) radius R0 and the surface thickness s, parameters that need to be fit 
separately for each nucleus. A closed form expression for the Helm density exists and it is given by

The first three moments of the Helm distribution 
are given by



Neutron rms radius

1. Symmetrized Two-parameter Fermi form factor

2. Klein form factor

The collaboration uses a unique nuclear form factor for 
neutrons and protons (one for Cs and one for I) as 
described in [1]. The Klein FF (see Fig. 7.5) is an 
approximation of the the Woods-Saxon distribution as a 
hard sphere, with radius RA, convoluted with a Yukawa 
potential with range r = 0.7 fm. 

[1] Spencer Klein and Joakim Nystrand. Phys. Rev. C60 (1999), p. 014903. 
arXiv:hep-ph/9902259 [hep-ph] 
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The COHERENT collaboration prescription
𝜌𝐹 𝑟 =

𝜌0

1 + 𝑒 𝑟−𝑐 /𝑎𝜌𝑆𝐹 𝑟 = 𝜌𝐹 𝑟 +𝜌𝑆𝐹 −𝑟 − 1 with



Neutron density distribution



The proton structures of Cs and I have been studied
with muonic atom spectroscopy 



The proton structures of Cs and I have been studied
with muonic atom spectroscopy 

From L. A. Schaller, Muonic atoms spectroscopy
Zeitschrift für Physik C Particles and Fields 
1992, Volume 56, Supplement 1, pp S48–S58

Starting point for the calculations of all muonic atom energy levels
is the Dirac point nucleus approximation. In intermediate muonic
states, the muon-nucleus system is almost hydrogenlike, and the
approximation is good. Near the nucleus however, the finite
nuclear charge size may lower the muonic binding energy by as
much as 50%. Hence, the Dirac equation has to be numerically
solved, using a static central potential with adjustable nuclear
charge parameters. Due to the double integration procedure, the
exact form of the chosen nuclear charge distribution (usually a
two-parameter Fermi distribution) does not influence the final
result in an appreciable way.

Due to the large overlap of the innermost muonic wave functions
with the nuclear charge density in all but the lightest nuclei,
nuclear ground state moments and their 'fine structures' in terms
of isotope or isotone shifts can be determined with high precision.
By means of hyperfine structure splittings, magnetic dipole
moments and electric quadrupole moments of the nuclear ground
states can be measured
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[5] D. Akimov et al. “Observation of Coherent Elastic 
Neutrino-Nucleus Scattering” Science 357.6356 (2017)
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Parity Violation in Electron Scattering from PREX

∆𝑅𝑛𝑝
𝑃𝑏= 0.33−0.18

+0.16 fm
First model independent measurement of the lead neutron radius using
Parity violation in electron  scattering

By comparing the cross sections for left- and right-handed 
electrons scattered from various unpolarized nuclear targets, 
the small parity-violating asymmetry can be measured



Neutron Skin
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neutron star

They use the FSUGold2 nuclear model to predict the tidal polarizability Λ of a 
1.4 solar mass neutron star as a function of both the lead neutron skin and 
the radius of a 1.4 M neutron star. The 90% confidence limit on Λ 1.4 ≤800 
extracted from the GW signal translates into a corresponding upper limit on 
the radius of a 1.40 M neutron star of R1.4 ≤13.9 km. Also shown in the figure 
is the central value of neutron skin as measured by the PREX collaboration. 
Adopting the Λ 1.4 ≤ 800 limit excludes the neutron skin>0.28 fm region. 

Fattoyev et al. Phys. Rev. Lett. 120, 172702
“Neutron skins and neutron stars in the  multi-messenger era” , 

However, if the large value of the neutron skin is confirmed by PREX-II, 
then an intriguing scenario may develop. A thick neutron skin would 
suggest that the EOS at the typical densities found in atomic nuclei is stiff, 
while the small neutron-star radii inferred from the BNS merger implies 
that the EOS at higher densities is soft. 

The evolution from stiff to soft may be indicative of a phase transition in 
the interior of neutron stars.



Marginalized posterior for the tidal deformabilities of the two 
binary components of GW170817. The green shading shows 
the posterior obtained using the Λa (Λs, q) EOS-insensitive 
relation to impose a common EOS for the two bodies, while the 
green, blue, and orange lines denote 50% (dashed) and 90% 
(solid) credible levels for the posteriors obtained using EOS 
insensitive relations, a parameterized EOS without a maximum 
mass requirement, and independent EOSs, respectively. The 
grey shading corresponds to the unphysical region Λ2 < Λ1 
while the seven black scatter regions give the tidal parameters 
predicted by characteristic EOS models for this event

GW170817: Measurements of neutron star radii and equation of state The LIGO 
Scientific Collaboration and The Virgo Collaboration, arXiv:1805.11581v1 



36

Neutron skin and implications

Viñas, X. et al. Eur. Phys. J. A50 (2014) 27

The neutron skin is correlated with several nuclear 
quantities, e.g. with the slope of bulk symmetry energy



CEnNS in DM 
experiments
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𝝂 𝐸𝝂
𝑚𝑎𝑥

(MeV)
𝐸𝒓

𝑚𝑎𝑥(keV) 
Argon

𝐸𝒓
𝑚𝑎𝑥(keV)
Xenon

pp 0.42 9.6 ∙ 10−3 2.9 ∙ 10−3

7Be 0.86 0.041 0.0124

pep 1.40 0.119 0.0367

15O 1.73 0.161 0.0491

8B 16.4 14.6 4.5

hep 18.8 18.9 5.8

DSNB 82.5 363.3 111.3

Atm. 944 45 ∙ 103 14 ∙ 103

SOLAR

DSNB
ATMOSPHERIC

Neutrino Flux
@Earth

𝐸𝑟
𝑚𝑎𝑥 =

2𝑚𝑁𝐸𝜈
2

𝑚𝑁 + 𝐸𝜈
2

𝑚𝑁 ≫ 𝐸𝜈 2𝐸𝜈
2

𝑚𝑁 + 2𝐸𝜈

Spectrum of a single
SN emission. Fermi-
Dirac spectrum for
the redshifted
energy E’.

𝑅𝐶𝐶𝑁𝑧 𝑧 is the rate of core-collapse SN for 
comoving volume as a function of the redshift z

Neutrino flux and maximum recoil energy
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𝑑𝜎

𝑑𝐸𝑟
=

𝐺𝐹
2

4𝜋
𝑄𝑤

2 𝑚𝑁 1 −
𝑚𝑁𝐸𝑟

2𝐸𝜈
2 |𝐹 𝐸𝑟 |2

𝑑𝑅𝜈(𝐸𝑟)

𝑑𝐸𝑟
= 𝜂 ×  

𝐸𝜈𝑚𝑖𝑛

𝒅𝑵

𝒅𝑬𝝂
×

𝑑𝜎 𝐸𝜈, 𝐸𝑟

𝑑𝐸𝑟
𝑑𝐸𝜈

Neutrino fluxes @Earth

Atmospheric 
neutrinos are the 

dominant
component! 

𝐸𝜈
𝑚𝑖𝑛 =

𝑚𝑁 𝐸𝑟

2
(in the limit 𝑚𝑁 ≫ 𝐸𝜈)

Region of interest 1 keV ≲ 𝐸𝑟≲ 200 keV

CEnNS event rate for argon

𝐸𝑟≳ 20 keV
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A WIMP signal could almost perfectly be mimicked by solar 

neutrino backgrounds

8B

Atm

Solar

8B

Atm

Solar

Mainly Atmospheric
neutrinos

Xenon

Argon

Argon

Same number of 
WIMP and background 
neutrino events but
different shape! 

A likelihood analysis which make use of the 
shape information would help in disentangling
WIMP from atmospheric neutrinos! 

Similarities between neutrino and WIMP spectrum
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The “neutrino floor”

The “neutrino 
floor”

This limit can be shown to be the ultimate discovery limit for all direct Dark Matter experiments!

Main Assumptions:
- Xenon as a target and so it is not directly comparable with exclusion limits obtained from differet targets esperiment
- It assumes two particular energy thresholds [3 eV and 4 keV] and predicts 500 neutrino events from coherent neutrino
scattering on nuclei -> strong limit for DM discovery!

J. Billard and E. Figueroa-Feliciano (MIT)

L. Strigari (Stanford University)

PHYSICAL REVIEW D 89, 023524 (2015)

Isoevents neutrino 
curves

The “neutrino floor” Isoevents neutrino curves

Exposure
(Mass×Time)

Exposure
(Mass×Time)
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 𝜎90% 𝐸𝑡ℎ, 𝑀𝜒 =
2.3

𝑀𝑇 1 𝑛𝑒𝑢𝑡𝑟 ×  𝐸𝑡ℎ

𝐸𝑢𝑝 𝑑𝑅𝜒

𝑑𝐸𝑟
𝑑𝐸𝑟

1000 background-free exclusion limits, isovalues of WIMP
events (2.3 at 90% C.L.), as a function of the WIMP mass,
with varying thresholds (𝐸𝑡ℎ) from 0.001 to 200 keV and
adjusted each curve’s exposure (MT) such that each
experiment expects a neutrino background of one event.

WIMP-nucleus recoil spectrum

Coherent elastic neutrino nucleus background

𝑑𝑅𝜒

𝑑𝐸𝑟
=

𝜎𝑤−𝑛

2𝑀𝑤 𝜇𝑛
2 𝐴2𝐹2 𝐸𝑟 𝜌0  

𝑓1 𝑣

𝑣
𝑑𝑣

𝑑𝑅𝜈(𝐸𝑟)

𝑑𝐸𝑟
= 𝜂 ×  

𝐸𝜈𝑚𝑖𝑛

𝑑𝑁

𝑑𝐸𝜈
×

𝑑𝜎𝐶𝑁𝑆 𝐸𝜈, 𝐸𝑟

𝑑𝐸𝑟
𝑑𝐸𝜈

𝑀𝑇 1 𝑛𝑒𝑢𝑡𝑟 =
1 𝜈 𝑒𝑣𝑒𝑛𝑡𝑠

 𝐸𝑡ℎ

𝐸𝑢𝑝 𝑑𝑅𝜈
𝑑𝐸𝑟

𝑑𝐸𝑟 [𝜈 𝑒𝑣𝑒𝑛𝑡𝑠 𝑡𝑜𝑛−1𝑦𝑒𝑎𝑟−1]

Below this black curve the 
WIMP search becomes
difficult because of CEnNS

Best WIMP sensitivity in the presence of CEnNS (neutrino floor)



𝜎𝜒−𝑛(𝑀𝜒 = 100 GeV) = 5.6 ⋅ 10−49 cm2 𝜎𝜒−𝑛(𝑀𝜒 = 100 GeV) = 1.7 ⋅ 10−48 cm2

Xenon Argon

13

M. Cadeddu and E. Picciau, «Impact of neutrino background prediction
for next generation dark matter detectors”, JPCS 956 n.1, 012014 (2018)

Comparison between argon and xenon isoevents curve
Billard et al. Phys. Rev. D 89, 023524 (2014)


