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Coherent elastic neutrino nucleus 

scattering (aka CE’NS) 

+A pure weak neutral current process 

In general, in a weak neutral current process which involves
nuclei, one deals with nuclear form factors that are different 
for protons and neutrons and cannot be disentangled from the 
neutrino -nucleon couplings!

+Weak charge of the nucleus

protons neutrons
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Nuclear physics, but since 
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neutrons contribute the most

J. Erler and S. Su. Prog. Part. Nucl.
Phys. 71 (2013). arXiv:1303.5522 & PDG2022

+ Radiative corrections are expressed in 
terms of WW, ZZ boxes and the neutrino 
charge radius diagram ᴼ
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+ Neutrino -nucleon tree -level couplings 

Flavour dependence
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Interplay between nuclear
and electroweak physics

+This feature is always present when 
dealing with electroweak processes.

PVES

CE’NS

APV

ü Atomic Parity Violation (APV): atomic electrons interacting 
with nuclei . Cesium available. 

ü Parity Violation Electron Scattering (PVES): polarized 
electron scattering on nuclei . PREX(Pb), CREX(Ca)

ü Coherent elastic neutrino -nucleus scattering (CE’NS). 
Cesium-iodide ( CsI), argon (Ar) and germanium (Ge) 
available.

used for ÓÉÎגused for 2
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Nuclear physics with 
COHERENT(CsI) dataɎ a 
short chronological 
summary
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D. Papoulias et al., PLB 800 (2020) 135133, arXiv:1903.03722

Other works related to this topic I will 
not touch during this presentation

Coloma et al., JHEP 08 (2020) 08, 030, arXiv:2006.08624

D. A. Sierra et al., JHEP 1906:141 (2019) arXiv: 1902.07398

B. Canas et al., PRD 101, 035012 (2020), arXiv:1911.09831

X. R. Huang and L. W. Chen, PRD100 (2019) 7, 071301, arXiv:1902.07625



First average CsI neutron radius measurement (2018)

M. Cadeddu, C. Giunti, Y.F. Li, Y.Y. Zhang, PRL 120 
072501, (2018), arXiv:1710.02730

D. Akimov et al. Science 357.6356 (2017)+ Using the first CsI dataset from

ü 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 .

ü We fitted the COHERENT data in order to get information on the value of the 
neutron rms radius Ὑ , which is determined by the minimization of the …
using the symmetrized Fermi (t=2.3 fm ) and Helm form factors (s=0.9 fm ). 

2 υȢυ Ȣ
Ȣ fm
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V Only energy information used
x No energy resolution
x No time information
x Small dataset and big syst. uncer .



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

ЎὙ ḳὙ Ὑ ḙπȢχ Ȣ
Ȣ fm

The neutron skin
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Ὑ υȢυ Ȣ
Ȣ fm

Ὑ τȢψςρυ fm  and

Ὑ τȢχφφψ fm 

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

Proton rms radius for Cs and I

The CsI neutron skin (in 2018)

But this is not the end of the storyɎ
In 2020 the COHERENT 

Collaboration released the full CsI
dataset

G. Fricke et al., At. Data Nucl. Data Tables 60, 177 (1995).

πȢρς ЎὙ πȢςτfm

Theoretically



Improvements with the latest CsI dataset
+ New quenching factor

+ 2D fit, arrival time information included

+ Doubled the statistics and reduced 
syst. uncertainties 

VAnalysis with a Gaussian least -square function

a=0.05546, b=4.307, c= -111.7, d=840.4

üTheoretical number of CEvNSevents

üWith the inclusion of energy resolution

Analysis updated in this talk using a 
Poissonian least-square function
after the COHERENT data release!  

Cadeddu et al., PRC 104, 065502 (2021), arXiv:2102.06153  
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Akimov et al. (COHERENT Coll), arXiv:2111.02477, JINST 17 P10034 (2022)

It appeared last 
week on 

arXiv:2303.09360



M. Atzori Corona et al., arXiv:2303.09360

Suppresion of the full coherence



ЎὙ ὅίὍπȢφωπȢσψfm
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Ὑ ὅίὍυȢτχ πȢσψfm Ὑ ὅίὍ4.78fm

Average proton rms radius for CsI
M. Atzori Corona et al., arXiv:2303.09360

Only an averaged 

information is obtained, 

could we do more?

Use another electroweak 

process that measures the 

weak charge of Cs

The CsI neutron skin (2023 update)

7ͯ% precision



Atomic Parity Violation in cesium APV(Cs) 

Interaction mediated by the Z 
boson and so mostly sensitive 

to the weak (neutron) 
distribution. 

Interaction mediated 
by the photon and so 
mostly sensitive to the 

charge (proton) 
distribution 

ü Indeed, a transition between two atomic states
with same parity is forbidden by the parity
selection rule and cannot happen with the
exchange of a photon .

V However, an electric dipole transition amplitude
can be induced by a ὤboson exchange between
atomic electrons and nucleons Ą Atomic Parity
Violation (APV)or Parity Non Conserving (PNC).

ὗ ὤρ τÓÉÎ— ὔ+ The quantity that is measured is the usual weak charge

M. Cadeddu and F. Dordei , PRD 99, 033010 (2019), arXiv:1808.10202

+ Parity violation in an atomic system can be observed as an 
electric dipole transition amplitude between two 
atomic states with the same parity , such as the 6Ὓand 
7Ὓstates in cesium .
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Weak mixing angle from APV(Cs)
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Historically APV(Cs) has been used to estract the lowest energy determination of the weak mixing angle.

ɝὙ πȢρσfm

External assumption

APV(Cs) 

PDG

ɝὙ πȢρσfm

However Ὑ #Ó(or the 
neutron skin) has been 

taken from indirect 
measurements using 

antiprotonic atoms , which 
are known to be affected 
by considerable model 

dependencies

I will refer to APV 2021when using 
Im Ὁ from Sahoo et al. 

But, we also use NEW result on ImὉ !

Value of ImὉ used by PDG (V. Dzuba et al., PRL 109, 203003 
(2012))

V The theoretical PNC amplitude of the electric dipole 
transition is calculated from atomic theory to be

ϥ will refer to it with ɈAPV PDGɉ.

B. K. Sahoo et al. PRD 103, L111303 (2021)



1D fits
Ὑ fixed to theory*

ÓÉÎ‮ free to vary   

ÓÉÎ‮ fixed to theory 
ÓÉÎ— π πȢςσψφσυ
Ὑ free to vary   

* Nuclear shell model

Ὑ #Ó)υȢπφfm 



1D fits
Ὑ fixed to theory* 
ÓÉÎ‮ free to vary   

ÓÉÎ‮ fixed to theory 
ÓÉÎ— π πȢςσψφσυ
Ὑ free to vary   

* Nuclear shell model

Ὑ #Ó)υȢπφfm 



ῳὙ ρσσ#Ó=Ὑ Ὑ πȢς Ȣ
Ȣ ÆÍ

ɝὙ ρςχ)=Ὑ Ὑ πȢυχȢ
ȢÆÍ

Contribution of Cs and I disentangled!!

Assuming to know the value of the weak mixing angle at 
low energy ÓÉÎ— π πȢςσψφσυ

1st advantage: Ὑ ὅί& Ὑ Ὅseparation 
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COHERENT … APV …
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Even if theoretical nuclear models predict a similar neutron 
radius for Cs and I, i.e. Ὑ ὅί υȢπωÆÍ Ὑ Ὅ υȢπσÆÍȟ
meaning that the use of Ὑ ὅίὍ is OK for current precision, 
it is interesting to try to separate the cesium and iodine 
contributions.



Contribution of Cs and I disentangled!!

1st advantage: Ὑ ὅί& Ὑ Ὅseparation 
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Even if theoretical nuclear models predict a similar neutron 
radius for Cs and I, i.e. Ὑ ὅί υȢπωÆÍ Ὑ Ὅ υȢπσÆÍȟ
meaning that the use of Ὑ ὅίὍis OK for current precision, 
it is interesting to try to separate the cesium and iodine 
contributions.

ῳὙ ρσσ#Ó=Ὑ Ὑ πȢςτȢ
Ȣ ÆÍ

ɝὙ ρςχ)=Ὑ Ὑ πȢωχȢ
ȢÆÍ

Using ImὉ form B. K. Sahoo et al. 
PRD 103, L111303 (2021)(APV 2021)



2D fit: leaving both the 
weak mixing angle and the 
nuclear neutron radius*
free to vary

*average CsI neutron radius

16



2nd advantage : extract both Ὑ (CsI) and 
ÓÉÎ‮ from data

+APV(Cs) 
PDG

MIND THE SCALE

17



+APV(Cs) 
2021

MIND THE SCALE

18

2nd advantage: extract both Ὑ (CsI) &ÓÉÎ‮
from data



+APV(Cs) 
2021

19

APV PDG2020 (ῳὙ extrap . 

from antiprotonic atoms)

No assumptions on ɝὙ

are made. The skin is taken 
directly from CE ’NS 
experimental data 

Big impact due to the 
theoretical value of 
ImὉ used! needs to 
be clarified by the 
community! 

Weak mixing angle determination from APV
without any assumption on Ὑ (Cs)



ü APV2021: using ImὉ from
B. K. Sahoo et al. PRD 103, L111303 (2021) 

ü APVPDG: Using ImὉ from V. Dzuba et 
al., PRL 109, 203003 (2012)

Summary of nuclear neutron 
radius measurements

Despite the different fit configurations used 
to extract the values of Ὑ (CsI), Ὑ (Cs) and 
Ὑ (I), a coherent picture emerges with an 
overall agreement between COHERENT and 
APV results and the theoretical predictions. 

Using APV PDG we obtain on average larger values 
on the radii, still compatible within uncertainties

On the contrary, APV 2021 shifts 
downwards the measured radii towards the 
predictions, but in the simultaneous 2D fit 
with ÓÉÎ‮ where the correlation with the 
latter increases the extracted central
value of Ὑ (CsI).

Precision on Ὑ as 
low as 4ͯ.5% 
reached!

2D fit COHERENT(CsI)+APV(Cs) is stable 
against Im╔╟╝╒choice. Precision of 7ͯ% is 
reached even if letting ▼░▪ꜘ╦ free to vary! 

Ὑ (Cs) theo 
Ὑ (I) theo 

Ὑ (Cs) theo 
Ὑ (I) theo 



The past, present and future of Ὑ measurements with 
CE’NS and PVES 

Cadeddu et al., PRD 
102, 015030 (2020)

Ὑ τπ!Ò 4.2ÆÍ

COHERENT future argon: ɈCOH-LAr-750ɉ 
LAr based detector for precision CE ’NS

Single phase, scintillation 
only, 750 kg total (610 kg 
fiducial)
V 3000 CE’NS/year

D. Adhikari et al.
PRL126, 172502 (2021) 

Å COH-CryoCsI -I: 10 kg, cryogenic temperature τͯπὑȟtwice the light 
yield of present CsI crystal at 300K

Å COH-CryoCsI -II : 700 kg undoped CsI detector. Both lower energy 
threshold of 1 .4 keVnr while keeping the shape of the energy 
efficiency of the present COHERENT CsI. 

D. Adhikari et al. PRL 129, 042501 (2022)

ɝὙ #Á= 0.121±0.026±0.024 fm

Dominik Becker et al. 
Eur. Phys. J. A 54, 208 (2018), 
arXiv:1802.04759ɝὙ 0Â=0.283±0.071 fm

See details in D. Akimov et al., arXiv:2204.04575 (2022)

0.5% 
precision

Ὑ ὅίὍ=
5.06±0.023 fm

PVES

CE’NS CE’NS

PVES



The past, present and future of ÓÉÎ‮ with 
CE’NS and APV

COvNUS, TEXONO; CONNIE and MINER sensitivities 
from B. C. CaÎÁs, E. A. Garcés, O. G. Miranda, and A. 
Parada, PLB 784, 159ɀ162 (2018), arXiv:1806.01310.

3% 
precision



Conclusions
+ The weak-mixing angle -neutron radius degeneracy is always present in weak processes on nuclei

+ To break this degeneracy one can combine different EW measurements : Complementarity is the 
key!

+ In this game, CE’NS, even if not explicitly designed for this purpose, is a powerful tool for 
measuring the neutron form factor (6„suppression of full cohrence reached) that in turn is 
sensitive to Ὑ with a precision of 7%. 

+ In combination with APV(Cs) a precision as low as 4.5% in Ὑ is obtained and a consistent picture 
emerges. 

+ On the other hand CE ’NS is not so sensitive to the ÓÉÎ‮ ȟbut, in combination with APV(Cs) 
provides a complete data -driven value of ÓÉÎ‮ (historically APV uses a Ὑ (Cs) which is 
extrapolated)

+ The value of ÓÉÎ‮ is very dependent on the theoretical Im Ὁ used: needs to be clarified. 

+ We provide a complete sensitivity study for future COHERENT experiments in terms of ÓÉÎ‮
and Ὑ and we compared it with those coming from parity violation electron scattering showing 
that a similar precision (0.5%) can be achieved. 

The future is bright!
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CE’NS players so far

COHERENT CsI
+ Updated in arXiv:2110.07730v1 

COHERENT Ar
Akimov et al., COHERENT  Coll. PRL 126, 01002 (2021)

D. Akimov et al. Science
357.6356 (2017)

2022 New player: 

Dresden -II

+ 3 kg ultra -low noise

germanium detector .
A strong preference for the
presence of CEǈNS is found .

26





COHERENT CsI…
+Poissonian least-square function: 

+ Since in some energy-time bins the number of events is zero, we used the Poissonianleast-squares function







Dresden -II weak mixing angle results

+ Insensitive to Ὑ 'Å

+ Insensitive to the 
antineutrino flux 
parametrization

+Very sensitive to the Ge quenching 
factor parametrization

31

Ἳἱἶꜘ╦ Ȣ Ȣ
Ȣ

See also D. Aristizabal Sierra, V. De Romeri, and 
D. K. Papoulias, JHEP 09, 076 (2022)

M. Atzori Corona et al., JHEP 09, 164 (2022), arXiv:2205.09484



+COHERENT+APV
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Å In the absence of electric fields and weak neutral currents, an electric dipole (E1) transition between
two atomic states with same parity (6Sand 7S in Cs) is forbidden by the parity selection rule .

Å However an electric dipole transition amplitude can be induced by aὤboson exchange between atomic
electrons and nucleons Ą Atomic Parity Violation (APV)

Atomic parity violation * on C s

hyperfine levels

ü The weak NC interaction violates parity and mixes a small amount of the P
state into the 6S and 7S states ( ρͯπ ), characterized by the quantity
ἓἵ╔ ╟╝╒, giving rise to a 7SĄ 6S transition .

DIPOLE 
TRANSITION Ὑ ᴼ ȿὃ ὃ ȿ

=╔ ♫ ς╔ ♫╔ ╟╝╒

Ὁ

NO DIPOLE 
TRANSITION

Because the interference term is linear in ╔ ╟╝╒it can be
large enough to be measured, but it must be distinguished

from the large background contribution Ὁρ .

* also known as PNC 

(Parity nonconservation ) 

ü To obtain an observable that is at first order in this
amplitude, an electric field E (that also mixes S & P) is
applied . E gives rise to a ɈStark induced ɉE1 transition
amplitude, ἋἏthat is typically ρπtimes larger than ἋἜἚἍ
and can interfere with it .
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The experimental technique 
For there to be a nonzero interference term, the experiment must have a Ɉhandednessɉ,and if the
handedness is reversed, the interference term will change sign, and can thereby be distinguished as a
modulation in the transition rate

The PV amplitude is in units of the equivalent electric field required to give the 
same mixing of Ὓand ὖstates as the PV interaction

The transition rate is obtained by measuring the
amount of 850- and 890-nm light emitted in the
6P-6Sstep of the 7S-6Sdecay sequence .
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V The measurements culminated in 1997 when the Boulder group performed a 
measurement of ὃ Ⱦὃ with an uncertainty of just 0.35%. 

Ὑ ᴼ ȿὃ ὃ ȿḗὉρ ς╔ ♫╔ ╟╝╒

ü Stark -interference technique :  cesium atoms pass through a region of 
perpendicular electric, magnetic, and laser fields. The Ɉhandedness" of 
the experiment is changed by reversing the direction of all fields . 

[C. S. Wood et al., Science 275, 1759 (1997)] 

)Í ρȢυωσυυφ
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+ Experimental value
of electric dipole 
transition amplitude 
between 6S and 7S 
states in Cs

)Í

ρȢυωςτυυ
mV/cm

Bennet & Wieman , PRL 82, 2484 (1999)
Dzuba & Flambaum , PRA 62 052101 (2000)

‍ȡtensortransition
polarizability

It characterizes the size of 
the Stark mixing induced 
electric dipole amplitude 

(external electric field)

ƽ = 27.064 (33) ὥ

C. S. Wood et al., Science 
275, 1759 (1997)

V Theoretical amplitude of the electric dipole transition

nuclear Hamiltonian describing the electron -nucleus weak interaction

ü where d is the electric dipole operator, and 

”► ” ► ” ►ᴼneutron skin correction needed

PDG2020 average

Extracting the weak charge from APV

J. Guena, et al., PRA 71, 
042108 (2005)

PDG2020 average

ü I will refer with APV2021
when usign Im Ὁ from 
B. K. Sahoo et al. PRD 103, 
L111303 (2021)

see also

NEW result on ImὉ !

Value of ImὉ used by 
PDG (V. Dzuba et al., PRL 
109, 203003 (2012))



3 6

+ In order to measure Ὑ one has to subtract to the so -called Ɉneutron 
skinɉ correction in order to obtain

Weak mixing angle from APV(Cs)
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Historically APV(Cs) has been used to estract the lowest energy determination of the weak mixing angle.

ɝὙ πȢρσfm

External 
assumptio n

APV(Cs) 
PDG
ɝὙ πȢρσfm

Where ǌ(r) are the proton and neutron 
densities in the nucleus. 

However Ὑ #Ó(or the 
neutron skin) has been 

taken from indirect 
measurements using 

antiprotonic atoms , which 
are known to be affected 
by considerable model 

dependencies

ü I will refer with APV 2021when 
usign Im Ὁ from B. K. Sahoo
et al. PRD 103, L111303 (2021)

But, we also 
use

NEW result on ImὉ !

Value of ImὉ used by PDG (V. 
Dzuba et al., PRL 109, 203003 (2012))
ϥ will refer to it with ɈAPV PDGɉ.

V The theoretical PNC amplitude of the electric dipole 
transition is calculated from atomic theory to be



ὗ ȢȢḳ ςὤὫ πȢππππυὔὫ πȢππππφ ρ
‌

ς“
ὤρ τÓÉÎ— ὔ

ὗ
Ȣ
ὅί χςȢψςτς

VWeak charge in the SM including radiative corrections
Using SM prediction at low energy

ÓÉÎ— π πȢςσψυχυ

Experimentally
1„difference 

1Ɑ

ὗ ὅί χσȢςσρ

Atomic Parity Violation for weak mixing angle measurements

Theoretically

ÓÉÎ— ςȢτ-Å6=0.2367±0.0018

But which Cs neutron 
skin correction is used? 
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The dilemma COHERENT (CsI)

+ CE’NS is sensitive to the neutron skin

+ But less sensitive to the weak mixing 
angle

APV (Cs)

+ Sensitive to the weak mixing angle 

+ Similarly sensitive to the neutron skin 

Extrapolated from 
antiprotonic atomsɎ

(fixed skin)

APV(Cs) PDG 
corresponds to 
ɝὙ %ὼὸὶȢ πȢρσfm

38

APV(Cs) 
PDG
ɝὙ πȢρσfm

APV(Cs)
Free neutron skin



0.4

0.5

Ὅ ḙπȢρχ

Extrapolatedvaluefor Cs

ɝὙ ÆÍ πȢπτπȢπσ ρȢπρπȢρυ
ὔ ὤ

ὃ

V From this linear fit one
obtains the relation for
the neutron skin for
every nuclei

Extrapolated (not measured) 
value for cesium!

Ὅ ὔ ὤȾὃ
M. Thiel et al., Journal of Physics G, 46, 9 (2019), arXiv:1904.12269v1 

Antiprotonic data: radiochemical and the other based 
on x-ray data constraining the neutron distribution at 

the nuclear periphery
39

0.4

Ὅ ὔ ὤȾὃ

ῳὙ ÅØÔÒÁÐḙπȢρσ πȢπτfm

+ Neutron -skin of a variety of 
nuclei as extracted from 
antiprotonic data as a function 
of the asymmetry parameter, Ὅ. 

For cesium it gives

Extrapolated value of ɝὙ
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ῳὙ ḙπȢςς πȢπτfm

(ÕÓÉÎÇ02%8ÁÓÉÎÐÕÔ)

Extrapolated value of ɝὙ

PREX-I & PREX-II
ῳὙ πȢςψσπȢπχρfm

Pb

Cs
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D. Adhikari et al. PRL126, 172502 (2021) 
Meauseredvaluefor Pb



Neutron nuclear radius in argon
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Theoretical values

Ὑ τπ!Ò 4.2ÆÍ
More statistics needed.

See also:
Miranda et al., 
JHEP 05 (2020) 130

See also:
Payne et al., 
PRC 100, 061304 (2019)

Akimov et al, COHERENT  Coll. PRL 126, 01002 (2021)

Å Single phase, 
scintillation only, 
750 kg total (610 
kg fiducial)

Å 3000 CE’NS/year

COHERENT future argon: ɈCOH-Ar-750ɉ 
LAr based detector for precision CE ’NS
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