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T H E  W E A K  M I X I N G  A N G L E  ( W M A )

• The Weinberg angle, 𝜃𝑊 is a fundamental parameter of the electroweak (EW) 
theory of the Standard Model (SM), usually expressed as sin2 𝜃𝑊.

• It is the angle by which, due to spontaneous symmetry breaking, the original SU(2)L⨂U(1)Y
generators rotate to produce as a result the 𝑍# boson, and the photon.

• WMA determines the relative strength of the weak neutral current (NC) vs. electromagnetic 
interaction. Namely at tree level

sin2 𝜃𝑊 = 1 − 𝑀𝑊
2

𝑀𝑍
2 =

𝑔’2

𝑔2+𝑔’2

with 𝑔 being the weak isospin and 𝑔’ the weak hypercharge.

• Its value depends on the renormalization prescription.                                                         
In the Minimal Subtraction Scheme (MS)

sin( -𝜃)(𝜇) =
*+’%(-)

*+%(-)/ *+’%(-)

where the couplings are also defined in the MS and the energy scale 𝜇 is chosen to be 𝑀0 for  
many EW processes. The WMA becomes scale dependent.
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S C A L E  
D E P E N D E N C E  
O F  T H E  W E A K  
M I X I N G  A N G L E

• The value of sin! $𝜃" varies as a function of the momentum transfer or 
energy scale («running»).

• The vacuum polarization contributions are crucial
• The «running» function changes sign at 𝜇 = 𝑀" where the fermionic 

screening effects are overcompensated by the anti-screening effects

Erler et al. JHEP 03 (2018) 196, ArXiv:1712.09146
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S C A L E  
D E P E N D E N C E  
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Perfect TEST of the SM!!

Indirect searches using precise measurements of 

well predicted SM observables can reach mass 

and energy scale
s beyond those directly 

accessible by today’s high-energy accelerators.



E X P E R I M E N T A L  
S T A T U S

PDG 2021

Atomic Parity 
Violation on 

133Cs

Precision 
measurements from 
accelerators at 𝑴𝒁

𝜇 ≈ 0.158 GeV

𝜇 ≈ 2.4 MeV

Polarized ep 
scattering

Pure leptonic ee 
scattering

Theory prediction very precise: 
the width of the blue curve 
exceeds the theory uncertainty!

• Measurements at the Z0 pole very 
precise! 

• There are a variety of BSM 
scenarios that can have considerable 
influence on low-energy precision 
measurements but little effect on 
collider measurements at the Z0-
mass energy scale. 

• E.g. the dark-photon model, which 
allows large effects for dark Z 
mediators of a few hundred MeV at 
low 𝜇, but no effects at the Z0 pole.

Polarized 
electron-deuteron 

scattering
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𝑄𝑊𝑃 can be extracted from the parity-violation 
asymmetry 𝐴𝑒𝑝 (interference between 
electromagnetic and weak scattering 
amplitudes) that can be measured with a 
longitudinally polarized electron beam 
incident on an unpolarized-proton target:

E X P E R I M E N T A L  
S T A T U S

PDG 2021

Atomic Parity 
Violation on 

133Cs

Polarized ep 
scattering

Precision 
measurements from 
accelerators at 𝑴𝒁

𝜇 ≈ 0.158 GeV

𝜇 ≈ 2.4 MeV

Latest measurement by Qweak Collaboration,
obtained from a measurement of the weak 
charge of  the proton:

𝑄)* = 1 − 4 sin2 𝜃𝑊
that quantifies the vector coupling of the Z0

boson to the proton.

“Precision measurement of the weak charge of the 
proton, Nature 557, 207–211 (2018)”

𝐴$% =
𝜎& − 𝜎'
𝜎& + 𝜎'

𝜎± cross-section of helicity-
dependent elastic scattering 
of polarized electrons on p

sin! $𝜃"(𝜇 = 0) = 0.2383 ± 0.0011

Pure leptonic ee 
scattering

Polarized 
electron-deuteron 

scattering
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E X P E R I M E N T A L  
S T A T U S

PDG 2021

Atomic Parity 
Violation on 

133Cs

Polarized ep 
scattering

Precision 
measurements from 
accelerators at 𝑴𝒁

𝜇 ≈ 0.158 GeV

𝜇 ≈ 2.4 MeV

Lowest-energy measurement from APV 
(Atomic Parity Violation) obtained measuring 
the nuclear weak charge of 133Cs:

𝑄),,-./ ≈ −𝑁 + 𝑍(1 − 4 sin0 𝜃))

that quantifies the vector coupling of the Z0

boson to the protons and neutrons in the 
nucleus.

For cesium, where N = 78 and Z = 55, the 
SM prediction of the weak charge is

𝑄),,-./1234.6722.=-73.23(1)

“Electroweak Model and Constraints 
on New Physics, PDG (2021)”

Pure leptonic ee 
scattering

Polarized 
electron-deuteron 

scattering
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A T O M I C  PA R I T Y  V I O L A T I O N  O N  C s

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 6𝑆 and 
7𝑆 states in cesium.

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 

• Indeed, a transition between two atomic states
with same parity (6S and 7S in Cs) is forbidden
by the parity selection rule and cannot happen
with the exchange of a photon.

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

𝑄)12 ≈ 𝑍 1 − 4 sin( 𝜃)34 − 𝑁

M. Cadeddu and F. Dordei, Reinterpreting the weak mixing angle from 
atomic parity violation in view of the Cs neutron rms radius measurement 
from COHERENT, PRD 99, 033010 (2019), arXiv:1808.10202
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Ø The quantity that is measured is the weak charge



hyperfine levels

Ø The weak NC interaction violates parity and mixes a small amount of the P state into the
6S and 7S states (~10'((), characterized by the quantity 𝐈𝐦(𝑬𝑷𝑵𝑪), giving rise to a
7S à 6S transition.

DIPOLE 
TRANSITION

𝑅=>→@> = |𝐸A ± 𝐸BCD|E =
=𝑬𝜷E ± 2𝑬𝜷𝑬𝑷𝑵𝑪 + 𝐸BCDE

NO DIPOLE 
TRANSITION

Because the interference term is linear in 𝑬𝑷𝑵𝑪 it can be large
enough to be measured, but it must be distinguished from the large
EM background contribution (𝐸,

! ).

Ø 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
“Stark induced” E1 transition amplitude, 𝑬, that is typically
10- times larger than 𝑬𝐏𝐍𝐂 and can interfere with it.

A T O M I C P A R I T Y V I O L A T I O N I N  C E S I U M
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For there to be a nonzero interference term, the experiment must have a “handedness”, 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 
𝑆 and 𝑃 states as the Parity Violating interaction

The transition rate is obtained by measuring the amount
of 850- and 890-nm light emitted in the 6P-6S step of
the 7S-6S decay sequence.

R
oberts et al., A

nnu. R
ev. N

ucl. Part. Sci. 
65, 63 (2015)

ü The measurements culminated in 1997 when the Boulder group performed a measurement of 
𝐴123/𝐴4 with an uncertainty of just 0.35%. 

𝑅34→67 = |𝐸8 ± 𝐸9:;|< ≃ 𝐸8< ± 2𝑬𝜷𝑬𝑷𝑵𝑪
Ø Stark-interference technique:  cesium atoms pass through a region of perpendicular 

electric, magnetic, and laser fields. The “handedness" of the experiment is changed by 
reversing the direction of all fields. 

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

Im !ABC
"

= −1.5935 56 #$
%#

T H E  E X P E R I M E N T A L T E C N I Q U E
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H OW  T O  E X T R A C T  T H E  W E A K  C H A R G E

12

(and in turn the Weinberg angle…)

Experimental value of 
electric dipole transition 
amplitude between  6S 
and 7S states in Cs

−Im 𝐄𝐏𝐍𝐂
𝛃

=
1.5935 56 mV/cm

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

Bennet and Wieman, PRL82, 2484 (1999)
Dzuba and Flambaum, PRA62,052101 (2000)
G. Toh et al., PRL123, 7, 073002 (2019)

𝜷: tensor transition polarizability
It characterizes the size of the Stark 
mixing induced by the electric dipole 
amplitude (due to the external 
electric field) 

Obtained from the average of two 
measurements that differ by 2.7𝜎.

β = (𝟐𝟕. 𝟎𝟔𝟒 ± 𝟎. 𝟎𝟐𝟓𝒆𝒙𝒑 ±
𝟎. 𝟎𝟐𝟏𝒕𝒉) 𝒂𝑩𝟑

PDG2021 average

Theoretical APV (or PNC) amplitude of the 6S-7S electric 
dipole transition

is the nuclear spin-independent Hamiltonian describing the 
electron-nucleus weak interaction

where d is the electric dipole operator, and 

𝜌 𝒓 = 𝜌𝑝 𝒓 = 𝜌𝑛 𝒓 → neutron skin (Δ𝑅<=) correction needed

𝐻123 = −𝐺</(2 2)𝑄"𝛾-𝜌(𝑟)

7
=

8

9

6𝑠|𝐻123|𝑛𝑝(/! 𝑛𝑝(/!|𝒅|7𝑠
𝐸?@ − 𝐸=%!/#

+
6𝑠|𝒅|𝑛𝑝(/! 𝑛𝑝(/!|𝐻123|7𝑠

𝐸A@ − 𝐸=%!/#

𝐸123=

𝑄.
/01 = 𝑁

Im 𝐸234
𝛽 /01. (

𝑄.
𝑁 Im 𝐸234

56. ( 𝛽/01.756.



H OW  T O  E X T R A C T  T H E  W E A K  C H A R G E
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(and in turn the Weinberg angle…)

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

𝑄.
/01 = 𝑁

Im 𝐸234
𝛽 /01. (

𝑄.
𝑁 Im 𝐸234

56. ( 𝛽/01.756.

𝑄C
DEF

GG
HIICs = −72.82 ± 0.26JKL ± 0.33MNFor cesium (N=78) one finds:

PDG2021 average

• Within the SM this can be translated into a determination 
of the weak mixing angle:

sinO 𝜃CPQR = 0.2367 18

𝜇 ≈ 2.4 MeV
• To be compared with the SM predictions including radiative 

corrections:

𝑄"BC&D.F. ≡ −2 𝑍 𝑔GH
$% + 0.00005 + 𝑁 𝑔GH$= + 0.00006 1 −

𝛼
2𝜋

≈ 𝑍 1 − 4 sin! 𝜃"BC − 𝑁 − 73.23(1)
for Cs

and

sin2 c𝜃𝑊 0 = 0.23857(5) ~1𝜎 exp-SM difference



D E P E N D E N C E  O F  s i n 8 𝜃. F RO M  T H E  N U C L E A R  
S T RU C T U R E

The electroweak interaction with the nucleons
depends on the spatial distribution of both protons
and neutrons.

The effect of the different neutron and proton
distributions has been explicitly considered in the
atomic theory calculations 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.

14

D
zu

ba
V.

 A
. e

t 
al

., 
PR

L 
10

9,
 2

03
00

3 
(2

01
2)

All these corrections contribute to the determination of 

Im 𝐸123 KL = 0.8977 ± 0.0040 ×10'((|𝑒|𝑎M
𝑄"
𝑁
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The effect of the neutron skin was then introduced 
thanks to an ad-hoc correction:

Δ𝑅=% ≡ 𝑅= − 𝑅%
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0.4

0.5

𝐼,- ≅ 0.17 𝐼*> ≅ 0.21

Extrapolated value for Cs

Δ𝑅=%[fm] = − 0.04 ± 0.03 + (1.01 ± 0.15)
𝑁 − 𝑍
𝐴

Δ𝑅
=%
[fm

]

Extrapolated (not measured) value for cesium!

𝐼 = (𝑁 − 𝑍)/𝐴

𝛥𝑅=%1N = 0.283 ± 0.071 fm

“[…] Thus, we must conclude that processes involving 
hadronic probes tend to grossly underestimate the many 
sources of theoretical uncertainties.”

Thiel M. et al., Journal of Physics G, 46, 9 (2019)
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0.4

𝐼 = (𝑁 − 𝑍)/𝐴

PREX-I & PREX-II
PRL 126, 172502 (2021)

E S T R A P O L A T E D  VA L U E F O R Δ𝑅!"#$

Extr. value for Cs: I = 9:;<<
=>>

≅ 0.17à 𝛥𝑅78?@ ≅ 0.13 ± 0.04 fm

• The correction has been obtained exploiting antiprotonic 
atom x-ray data, that allowed the determination of the 
neutron skin for a variety of nuclei as a function of the 
asymmetry parameter I.

• From a fit to these measurements, the extrapolated 
neutron skin value for each element was found to be

• Antiprotonic atoms constrain the neutron distribution at the 
nuclear periphery 

Assumptions needed to extrapolate the measurement 
towards the interior of the nucleus.

Phys. Rev. Lett. 87, 082501 



H OW  C A N W E G E T I N F O  O N  T H E  N E U T RO N  
S K I N  O F  C E S I U M ?
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Most of the information we have on the nuclear size 
and nucleon’s distribution inside the nuclei are mainly
related to the electric charge and thus to the protons. 

𝑅 ≅ 1.23 𝐴=/> fm 
This is because these information are extracted using
electron-nuclei scattering data and muonic x-ray
spectroscopy that are sensitive only to the charge
distribution.

One needs a process that involves mainly neutrons 
and cesium atoms in order to extract information 
on the neutron distribution inside the nucleus.𝑅7

𝑅8
N
e
u
t r

n S k
i n

o

Δ𝑅=% ≡ 𝑅= − 𝑅%



T H E  M A I N  I D E A

A T O M I C  P A R I T Y  
V I O L A T I O N  ( A P V )

C O H E R E N T  E L A S T I C  
N E U T R I N O  N U C L E U S  

S C A T T E R I N G  ( C E v N S )

Forbidden by 
selection rules

Allowed!

Luckily, both experimental results 
involve cesium nuclei so that 
combining their information can 
shed light on the neutron skin. 

In both cases the process is mediated 
by a Z boson which couples mostly 
with neutrons. Both APV and CEvNS
are sensitive to the neutron 
distribution! 

∆𝑅NO≡ 𝑅N − 𝑅O



W H A T  I S  C E 𝜈 N S ?

• Coherent elastic neutrino-nucleus 
scattering (CE𝜈NS):   A neutrino 
scatters off a nucleus via exchange 
of a Z, and the nucleus recoils as a 
whole

• Predicted in 1974 by Freedman

• It took more than 40 years to 
finally measure nuclear recoils 
originating from this neutrino 
interaction!

𝝂𝜶 + 𝑨, 𝒁 → 𝝂𝜶 + 𝑨, 𝒁 18



C O H E R E N C E  M E A N S …

Nucleon wavefunctions in the target nucleus are in phase with each other at low momentum transfer.

The interaction is coherent up to neutrino energies 𝐸B~50 MeV for medium size nuclei. 

Image: J. Link Science Perspectives

For 𝑞 F 𝑅 ≪ 1:

Nuclear radiusThree-
momentum

transfer

𝑑𝜎tuvwx 𝐸v, 𝐸y
𝑑𝐸y

≅
𝐺zO

4𝜋
𝑄{O 𝑚w 1 −

𝑚w𝐸y
2𝐸vO

|𝐹 𝐸y |O

𝑄O = 𝑁 − (1 − 4 sin! 𝜃") 𝑍where

as sin! 𝜃" is about 1/4, the second term is close to zero and the cross 
section scales with the number of neutrons squared σ ∝ 𝑁!.𝑞 = 2𝑚2𝐸P
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A N  A C T  O F  
H U B R I S

The cross section is rather 
large for the neutr ino 

world…

D. Akimov et al. Science 357.6356 (2017)
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A N  A C T  O F  H U B R I S

…However hard to observe due to tiny 
nuclear recoil energies:

𝑞 ≪
1
𝑅

The maximum nuclear recoil energy for a 
target nucleus of mass 𝑚C is given by

𝐸y��E ≅
Ou/0

�1�Ou/

which is in the keV range for Eν∼50 MeV.  
(For caesium nuclei 𝐸DEFG ≈ 40 keV)
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A N  A C T  O F  H U B R I S

…However hard to observe due to tiny 
nuclear recoil energies:

𝑞 ≪
1
𝑅

The maximum nuclear recoil energy for a 
target nucleus of mass 𝑚C is given by

𝐸y��E =
Ou/0

�1�Ou/

which is in the keV range for Eν∼50 MeV.  
(For caesium nuclei 𝐸DEFG ≈ 40 keV)

These energies are below the typical detection 
threshold of the conventional large neutrino 
detectors (~MeV).
Dark matter detector developed over the last 
decade are sensitive to ~keV to 10’s of keV recoils!

DM

CE𝜈NS

22



S O U R C E  R E Q U I R E M E N T S

Two types of neutrino sources are 
considered in experiments

At a spallation neutron source, 
where the neutrinos are produced 
from the decay of pions/muons 

At nuclear reactors, where the 
neutrinos are produced in beta 

decays of fissions fragments 

Need an appropriate source of neutrinos (high 
flux, well understood, pulsed for background 
rejection, multiple flavors, etc).

Moreover, shielding from natural radioactivity or 
source-induced backgrounds is required.

23



T H E  C O H E R E N T  E X P E R I M E N T  - S N S

The Spallation Neutron Source @Oak Ridge

• 1GeV protons hit liquid-Hg target

• Recently reached 1.4MW

• Pulsed @60Hz: measure steady-state bkg out of beam!

• Pion-decay-at-rest neutrino source

• Multi-target program to measure 𝑁( dependence

delayed
prompt

Figure from J. Gehrlein

24

The COHERENT 
energy and time 

information allow us 
to distinguish the 

interactions of 𝜈" , 𝜈#
and 𝜈#

2.2 𝜇𝑠



C O H E R E N T  A T  T H E  S N S :  C s I

• First CsI result 2017!

• First CE𝜈NS detection with 14.6 kg CsI
scintillating crystal

• 19.3 m from the source

• 134 ± 22 CE𝜈NS events: 6.7σ significance

• To be compared with prediction: 173 ± 48 events

D. Akimov et al. Science 357.6356 (2017) 
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C O H E R E N T  C s I  2 0 2 0

• Increased statistics. More than 2x!

• 2D Likelihood fit in numbers of 
photoelectrons and reconstructed time.

No-CE𝜈NS rejection 11.6σ
SM CE𝜈NS prediction 333±11(th)±42(ex)

Fit CE𝜈NS events 306±20

Fit χ2/dof 82.4/98

CE𝜈N cross section 169'!?&QR×10−40 cm2

SM cross section 189 ± 6×10−40 cm2

• Result is consistent with SM prediction at 1σ
• Flux uncertainty now dominates the systematic 

uncertainty.
• Overall systematic uncertainty reduced: 28% →13%

COHERENT Collaboration, arXiv:2110.07730 (2021)
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WHAT CAN WE LEARN FROM 
CE𝜈NS?



Neutrino energy

Nuclear recoil energy

Mass of the nucleus
SM vector neutron 

coupling

Proton Form 
Factor

Neutron Form 
Factor

Weinberg angle

SM vector proton 
coupling

W H A T  C A N  W E  L E A R N  F RO M  C E 𝜈 N S ?

𝑑𝜎tuvwx 𝐸v, 𝐸y
𝑑𝐸y

≅
𝐺zO𝑚w
𝜋

1 −
𝑚w𝐸y
2𝐸vO

𝒈𝑽
𝒑 𝐬𝐢𝐧𝟐 𝝑𝑾 𝑍𝑭𝒁 𝒒 𝟐 + 𝒈𝑽𝒏𝑁𝑭𝑵 𝒒 𝟐 2
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W H A T  C A N  W E  L E A R N  F RO M  C E 𝜈 N S ?

Neutrino energy

Nuclear recoil energy

Mass of the nucleus
SM vector proton 

coupling
SM vector neutron 

coupling

Nuclear physics

Weinberg angle

New 𝝂interaction

Neutron Form 
Factor

Proton Form 
Factor

EW 
precision

+ …

New 𝝂
properties

𝑑𝜎tuvwx 𝐸v, 𝐸y
𝑑𝐸y

≅
𝐺zO𝑚w
𝜋

1 −
𝑚w𝐸y
2𝐸vO

𝒈𝑽
𝒑 𝐬𝐢𝐧𝟐 𝝑𝑾 𝑍𝑭𝒁 𝒒 𝟐 + 𝒈𝑽𝒏𝑁𝑭𝑵 𝒒 𝟐 2
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With CEvNS we can measure 𝐬𝐢𝐧𝟐 𝝑𝑾
and 𝑭𝑵 𝒒 𝟐



It is convenient to have an analytic expression like the
Helm form factor

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

Recoil energy

T H E  F O R M F A C T O R

𝑗@ : spherical Bessel
function of the first
kind 𝑹𝟎: box radius, s:
surface thickness
q: momentum transfer. 

Helm R.  Phys. Rev. 104, 1466 (1956) 

𝑑𝜎
𝑑𝐸y

≅
𝐺zO𝑚w
4𝜋

1 −
𝑚w𝐸y
2𝐸vO

𝑄{O×|𝐹{D�� 𝐸y |O

𝑔�
F𝑍𝐹� 𝐸y, 𝑅F + 𝑔��𝑁𝐹w 𝐸y, 𝑅�

O

Weak charge × weak form factor

Proton    + Neutron from factor
Extensively studied
Huge bibliography Poorly known… 

For a weak interaction like for CEvNS you deal with the
weak form factor: the Fourier transform of the weak charge
distribution (neutron + proton distributions weighted by
the weak mixing angle)

𝑅PS@T$US ≡
3
5𝑅R

! + 3𝑠!

s ~ 0.9 fm



31

Another useful parametrization is the so-called two-parameters Fermi (2pF) density distribution of the form

𝜌81M 𝑟, 𝑐, 𝑎 =
𝜌N

1 + 𝑒 OPQ /R

• The half-density radius c is related to the root-mean
square (rms) radius

𝑅PS@
!%< ≡ ⟨ ⟩𝑟! =

3
5
𝒄! +

7
5
𝜋 𝒂 !

• The a parameter, called diffuseness, is related to the
surface thickness t:

𝑡 = 4 𝑎 ln 3 ≅ 4.40 𝑎

half-density radius 

Surface thickness

T WO  PA R A M E T E R F E R M I  D E N S I T Y

r [fm] 

𝜌>8H 𝑟, 𝑐, 𝑎, 𝑤 = 1 + 𝑤
𝑟(

𝑐(
𝜌(8H

Three-parameters Fermi density distributions

• The w parameter allows for a dip or a bump                               
in the central region. 

𝑅PS@ ≡ ⟨ ⟩𝑟! ≡ ∫ P#W(r) X$ P
∫ W(r) X$P = ∫ P#W(r) X$ P

Y$
→
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F I T T I N G T H E  C O H E R E N T C s I DA T A  F O R  T H E  
N E U T RO N R A D I U S

AB
AC�

≅ D�
�E�
FG

1 − E�C�
HC��

𝑔I
J𝑍𝐹K 𝐸L , 𝑅J

MN/P + 𝑔IQ𝑁𝐹R 𝐸L , 𝑅QMNP 2

𝑅8IJ & 𝑅8K very well known so one can fit 
COHERENT CsI data looking for 𝑅7IJK …

(For fixed 𝑡 = 2.3 fm)

ü From muonic X-rays 
data we have:

𝑅%3@ = 4.821 ± 0.005 fm  (Cesium rms proton radius)
𝑅%Z = 4.766 ± 0.008 fm  (Iodine rms-proton radius)

𝑅[L3@ = 4.804 fm   (Cesium charge rms radius )
𝑅[LZ = 4.749 fm (Iodine charge rms radius )

𝑅=2BC = 𝑅DE
0 −

𝑁
𝑍
⟨ ⟩𝑟F0 +

3
4𝑀0 + ⟨ ⟩𝑟0 GH

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

~0.017 fm



Since it is expected that also the neutron structures of Cs and I are similar and the current uncertainties of the 
COHERENT data alone do not allow to distinguish between them, we consider 𝐹2,3@(𝑞!) ≃ 𝐹2,Z(𝑞!) ≃ 𝐹2(𝑞!)

In order to get information on the neutron distribution of the --
(QQ𝐶𝑠 and -Q

(!A 𝐼 system,  we considered the following
parameterizations of the neutron form factor

1. Two-parameters Fermi form factor

Neutron rms radius

2. Helm form factor

Neutron rms radius

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

33

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

T WO  D I F F E R E N T N E U T RO N F O R M F A C T O R
PA R A M E T R I Z A T I O N S

COHERENT 
Energy range



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...

∆𝑅&'()*= 0.76 ± 0.44 fm

The neutron skin

34

𝑅7IJK = 5.55 ± 0.44 fm

U S I N G  T H E  L A S T  D A T A  R E L E A S E  F RO M  C O H E R E N T

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

𝑅8IJ = 4.821 fm  and
𝑅8K = 4.766 fm 

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

Proton rms radius for Cs and I

Cadeddu et al., arXiv:2102.06153
Cadeddu et al., PRD 101, 033004 (2020), arXiv:1908.06045 



W H AT  I F  W E  
E X P L O I T  A L S O  

A P V  DATA ?
35

COHERENT CEvNS
target is CsI

APV target is Cs

… and they both depends on 
𝑅2 Cs . Can we disantangle 

it wrt 𝑅2 I ?



𝑄) ≡ 𝑍𝑞8(1 − 4 sin( 𝜃)) − 𝑁𝑞C

N E U T RO N  S K I N C O R R E C T I O N A P V

36

Cadeddu et al., arXiv:2102.06153 

𝜟𝑹𝒏𝒑(𝟏𝟑𝟑𝐂𝐬)= 𝑹𝒏 − 𝑹𝒑 = 𝟎. 𝟒𝟓]𝟎.𝟑𝟑`𝟎.𝟑𝟑 𝐟𝐦
Δ𝑅NO(127I)= 𝑅N − 𝑅O = 1.1]a.b`c.a fm

COHERENT (CsI)
+ APV(Cs)

The weak charge for APV with the neutron skin contribution reads

This coupling depends on the integrals

proton and neutron 
densities in the 

nucleus as a function 
of the radius r

Ø We performed the calculations considering charge, proton 
and neutron distribution densities that correspond to the 

form factors in the CEνNS cross section using both Helm 
and 2pF parametrizations.

Contribution of Cs and I disentangled!!

Assuming to know the SM prediction at low energy
sin( e𝜃) 0 = 0.23857 5 , thus 𝑄)34 = −73.23 1 .

matrix element of the electron 
axial current between the 
atomic s1/2 and p1/2 wave 

functions in nucleus.



C O H E R E N T + A P V C O M PA R E D T O  P R E X
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Strong linear 
correlation between the 
neutron skin of Cs and 

Pb among different
nuclear model 
predictions.

PREX, PRL 126, 172502 (2021)

Relativistic mean field nuclear
model predictions

Nonrelativistic Skyrme-Hartree
Fock predictions

PREX: parity-violating asymmetry in the 
elastic scattering of longitudinally polarized 
electrons on 208Pb

𝛥𝑅NO(133Cs) = 0.45]a.dd`a.dd fm



C A N  W E  L E A R N  
S O M E T H I N G  
M O R E  F RO M  

C E v N S A N D  A P V ?
38

COHERENT CEvNS
target is CsI

APV target is Cs

… and they both depends on 
𝑅2 Cs and sin!𝜃" . Can we 

get information on both 
simultaneously?



C O H E R E N T  C O N S T R A I N T S  O N  T H E  
W E I N B E R G  A N G L E

ü The dependence of the weak charge on the Weinberg angle allows CE𝜈NS to measure it

39

Pershey, talk @Magnificent CE𝜈NS ‘20

sinO 𝜗C = 0.220��.�O���.�O 

Measurement not currently 
competitive due to the suppression of 
the proton contribution! 

COHERENT 

ALONE IS NOT 

PRECISE 

𝑑𝜎tuvwx 𝐸v, 𝐸y
𝑑𝐸y

≅
𝐺zO𝑚w
𝜋 1 −

𝑚w𝐸y
2𝐸vO

𝒈𝑽
𝒑 𝐬𝐢𝐧𝟐 𝝑𝑾 𝑍 𝑭𝒁 𝒒 𝟐 + 𝒈𝑽𝒏 𝑁 𝑭𝑵 𝒒 𝟐

O

𝜇 ≈ 50 MeV



W E I N B E R G  A N G L E A N D  R n ( C s )  T O G E T H E R

• We assume that sin! 𝜗" has the same value
at the momentum transfer scales of COHERENT 
CEνNS data (about 50 MeV) and the APV data 
(about 2 MeV), as in the SM prediction. 

• Therefore, our analysis probes new physics beyond 
the SM that can generate a deviation of sin! 𝜗"
from the SM prediction that is constant between 
about 2 and 50 MeV.

• For this measurement, we assume 𝑅= Cs = 𝑅= I
(the two radii are expected to have values that
differ by less than 0.1 fm)
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Both CEvNS data on CsI and APV on Cs depends on 𝑅N and sin< 𝜗e : strong interplay between 
nuclear physics and weak interactions. Try to exploit correlations in both measurements! 

Nuclear Shell 
Model of 𝑅< CsI

SM



W E I N B E R G  A N G L E A N D  R n ( C s )  T O G E T H E R
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CE𝜈NS +APV 1d marginalization on sin! 𝜗"
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Here the value of 𝑅=(133Cs) was extrapolated from 
hadronic experiments using antiprotonic atoms, known 
to be affected by considerable model dependencies. 

sin( 𝜗) = 0.2406;#.##></#.##><

• The inclusion of the experimental input of 
𝑅= CsI has the effect of shifting the measurement 
of sin! 𝜗" towards larger values with
respect to the PDG APV value.

• The uncertainty is kept at the percent level

• Moreover, this value keeps into account the
correlation with the value of 𝑅= determined 
simultaneously using two electroweak probes, that 
are known to be practically model independent.



A D D I T I O N A L  
G H O S T  T R A C K  

N O T  
I N C L U D E D  I N  

T H E  
A B S T R A C T

42

Cadeddu et al. PRD Letter 104, 011701 (2021)



W H A T  I F  N E W  P H Y S I C S  I S  O U T  T H E R E ?

• Among the possible explanations, these anomalies could indicate the presence of an additional 
sub-GeV-scale gauge boson, 𝑍4

• The 𝑍4 couples to the SM bosons via kinetic mixing, parametrized by ε, and 𝑍 − 𝑍4 mass matrix 
mixing, parametrized by 𝜀5 = 𝑚5%/𝑚6 𝛿

• The existence of such a boson modifies the anomalous magnetic moments and it wouls introduce 
a new source of parity violation that could affect the weak charge of p and nuclei.

43

Anomalous muon magnetic moment

Electron anomalous magnetic moment 
redetermined after a new determination 
of the fine structure constant: 

Positive discrepancy of about 1.6 𝜎.

PRL 126,141801 (2021)

Nature, 588, 61 (2020)

Phys. Rev D 85, 115019 (2012)



G L O B A L F I T F O R T H E 𝑍 g B O S O N

44Cadeddu et al. PRD Letter 104, 011701

Performing a global fit to muon and 
electron g-2, APV(Cs) and Qweak
(weak charge of the proton) we find

We revisit the determination of 
𝑄" Cs thanks to a practically 
model-independent 
extrapolation of 𝑅= Cs from 
the recent determination of 
𝑅= Pb performed by PREX. 

+

+

𝜀



G L O B A L F I T F O R T H E 𝑍 g B O S O N

45Cadeddu et al. PRD Letter 104, 011701

Performing a global fit to muon and 
electron g-2, APV(Cs) and Qweak
(weak charge of the proton) we find

We revisit the determination of 
𝑄" Cs thanks to a practically 
model-independent 
extrapolation of 𝑅= Cs from 
the recent determination of 
𝑅= Pb performed by PREX. 

The running 
of the weak 
mixing angle 

is also 
modified by 
the presence 
of a light Z 

boson 

Using these best fit values and 
uncertainties we show how the 
running is modified by a 𝑍X boson

sin$𝜗% → 𝑘&sin$𝜗% with



F U T U R E  P RO S P E C T S  A N D  C O N C L U S I O N S

• Nice interplay of several electroweak probes for the 
determination of fundamental EW and nuclear  
parameters.

• COHERENT CsI detector dismantled.

• APV in Cs could still be improved by reducing the 
uncertainties in the calculation of the PNC amplitude 
EPNC as well as the experimental determination of the 
Stark vector transition polarizability 𝛽.

• Huge 750 kg Ar detector will be used in the upgrade 
phase: good determination of Rn(Ar).

• Big worlwide effort to measure CEvNS using different 
targets, new measurements expected soon!

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

• 3000 CEvNS/year

COHERENT future argon: “COH-Ar-750” 
LAr based detector for precision CEvNS



B A C K U P  S L I D E S 47



BACKUP PREX AND 
NUCLEAR DENSITIES



• 953 MeV electron beam on a diamond lead-
diamond sandwich target

• laboratory scattering angle of ≈5°
• four-momentum transfer squared of 

⟨ ⟩𝑄0 ≅0.00616±0.00005 GeV2.

• Thomas Jefferson National Accelerator Facility (JLab)



I M P L I C A T I O N S  O F  R N I N  T H E  
A S T RO P H Y S I C A L  S E C T O R

• The neutron skin of a neutron-rich nucleus is the result of the competition between the 
Coulomb repulsion between the protons, the surface tension, that decreases when the 
excess neutrons are pushed to the surface, and the symmetry energy.

• Symmetry energy: reflects the variation in binding energy of the nucleons as a function 
of the neutron to proton ratio. 

• The density dependence of the symmetry energy, that is a fundamental ingredient of the 
EOS, is expressed in terms of the slope parameter, L, that depends on the derivative of 
the symmetry energy with respect to density at saturation.

• Given that L is directly proportional to the pressure of pure neutron matter at saturation 
density, larger values of ∆Rnp imply a larger size of neutron stars.

Theoretical calculations show a strong linear correlation between ∆Rnp and 
L, namely larger neutron skins translate into larger values of L

Reed at al., PRL 126, 172503 (2021)
Horowitz et al., PRL 86, 5647 (2001)
Cadeddu et al., arXiv:2102.06153  

Lower limit for L suggested by the combined COHERENT and APV result 
L >38.5 MeV

50



The left-hand panel displays the well-known correlation
between the slope of the symmetry energy at saturation 
density and the neutron-skin thickness of lead. Also
shown in Fig.1 is the even stronger correlation between
Rskin and the slope of the symmetry energy at the slightly
lower density of

At such a lower density, which represents an average value
between the central and surface densities, the symmetry
energy is well constrained by the binding energy of heavy
nuclei with a significant neutron excess. Relying on the
strong Rskin - L correlation together with the improved
PREX-2 limit, one obtains the Gaussian probability distribution for 
L displayed in Fig.1b

these limits are systematically
larger than those obtained using 
either purely theoretical
approaches or extracted from a 
theoretical interpretation
of experimental data



• The EOS of infinite nuclear matter at zero temperature is enshrined in the energy per particle, which depends on 
both the conserved neutron (ρn) and proton (ρp) densities. 

• Moreover, it is customary to separate the EOS into two contributions, one that represents the energy
of symmetric (ρn = ρn) nuclear matter and another one that accounts for the breaking of the symmetry. That is

total baryon density given by the sum of neutron and proton densities

is the neutron-proton asymmetry

The first order correction to the energy of symmetric nuclear matter 𝜺𝑺𝑵𝑴 𝝆 is encoded in the symmetry energy 
S 𝜌 . The symmetry energy quantifies the increase in the energy per particle of infinite nuclear matter for systems 
with an isospin imbalance (e.g., more neutrons than protons). Further, given the preeminent role of nuclear saturation, 
the energy of symmetric nuclear matter and the symmetry energy may be described in terms of a few bulk 
parameters that characterize their behavior around saturation density.  Density dependence of the symmetry energy 

The first term (J) represents the correction to the binding energy of symmetric nuclear matter, whereas the second term (L) 
dictates how rapidly the symmetry energy increases with density. It is the slope of the symmetry energy L that displays a strong 
correlation to the neutron skin thickness of 208Pb.

EQUATION OF STATES

nuclear saturation density



Neutron skin 
lead
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BACKUP APV



N U C L E A R  I N T E G R A L S

For any nucleus, f(r) is given by (at order 𝑍𝛼 !)

55

James and Sandars, Journal of Physics B:
Atomic, Molecular and Optical Physics 32, 3295 (1999)

where V(r) represents the radial electric potential determined uniquely by the charge distribution 
𝝆𝒄 𝒓 of the nucleus (obtained by solving the Poisson equation 

Considering the nucleus as a sphere of radius Rc and constant density (cd), in the limit of small neutron 
skins one retrieve the usual formulae for 𝑞%,=



R E I N T E R P R E T I N G A P V  I N   V I E W O F  C O H E R E N T
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1. Remove the neutron skin correction from the total value of the theoretical amplitude

[Viatkina A. V. et al., PRC  100, 034318 (2019), see also
Derevianko A., PRA 65 012106 (2001)]

2. Re-evaluate it as a 
function of the neutron radius 

[S. Pollock, E. N. Fortson, and L. Wilets, PRC 46, 2587 (1992), S. Pollock and M. 
Welliver, PLB 464, 177182 (1999), C. J. Horowitz,  et al. PRC 63 025501 and many 
others]

3. Derive the new experimental value of 𝑄"
`ab.

--
(QQ𝐶𝑠 using 𝑅=3@ found fitting COHERENT data

𝑄e
ijk.,m.n

oo
cdd𝐶𝑠, 𝑅N;4 = 5.5]c.c`a.b fm = −73.3]c.6`c.d

The factors qp and qn incorporate the radial dependence of 
the electron axial transition matrix element by considering
the proton and the neutron spatial distribution. 
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[Wieman and Derevianko ArXiv:1904.00281]

PDG average: 1.5924 ± 0.0055 mV/cm Including 10.1103/PhysRevA.71.042108

𝑄𝑊
𝑒𝑥𝑝 = 𝑁

Im 𝐸𝑃𝑁𝐶
𝛽 𝑒𝑥𝑝. ∙

𝑄𝑊
𝑁 Im 𝐸𝑃𝑁𝐶

𝑡ℎ. ∙ 𝛽𝑒𝑥𝑝.+𝑡ℎ.



Theoretical APV ( o r PNC) amplitude of the 6S-7S electric dipole transition

We follow the PDG prescription using:

Where we just subtract the neutron skin correction.

• More recent calculation by Sahoo, Das, and Spiesberger, Phys. Rev. D 103, L111303 (2021), achieved 
by using a variant of the perturbed relativistic coupled-cluster theory, which treats the 
contributions of the core, valence, and excited states to EPNC on the same footing unlike the 
previous high precision calculations. Their final EPNC value is 0.8893(27) in contrast to the results 
that have been reported previously as 0.8906(24) and 0.8977(40) in units of ×10-11i(-Qw/N).

• ~ 1.7 sigma tension. It would imply Qw=-73.71(26)exp(23)th and sin! 𝜃#(2.4 MeV)=0.2408(16)
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DzubaV. A. et al., PRL 109, 203003 (2012)

Significant shift wrt sinO 𝜃CPQR = 0.2367 18

𝑄𝑊
𝑒𝑥𝑝 = 𝑁

Im 𝐸𝑃𝑁𝐶
𝛽 𝑒𝑥𝑝. ∙

𝑄𝑊
𝑁 Im 𝐸𝑃𝑁𝐶 𝑡ℎ. ∙ 𝛽𝑒𝑥𝑝.+𝑡ℎ.



E X P E R I M E N T A L  D E T E R M I N A T I O N  O F  𝛽

• There are currently two semi-empirical approaches to β of similar precision. 

1. The ratio of the off-diagonal hyperfine amplitude to the vector polarizability was measured 
directly by the Boulder group. Combined with the hyperfine amplitude, computed 
precisely by Dzuba and Flambaum, one finds β= (26.957±0.044exp.±0.027th.)𝑎$% . 

2. Alternatively, one can combine the measurement of the ratio of scalar to vector transition 
polarizabilities by Choet al. with the recent calculation of the scalar polarizability by Toh
et al. to obtain β= (27.139±0.030exp.±0.030th.) 𝑎$% , in agreement with earlier results based 
on this approach. 

• The two determinations average to β= (27.064±0.025exp.±0.021th.) 𝑎$% , while they differ by 
2.7σ

59

𝑄𝑊
𝑒𝑥𝑝 = 𝑁

Im 𝐸𝑃𝑁𝐶
𝛽 𝑒𝑥𝑝. ∙

𝑄𝑊
𝑁 Im 𝐸𝑃𝑁𝐶 𝑡ℎ. ∙ 𝛽𝑒𝑥𝑝.+𝑡ℎ.



A N T I P RO T O N I C DA T A  I S S U E
• “[…] The first technique was to bombard a sample of material with antiprotons. The antiprotons–

which are negatively charged, like electrons–took up orbits around nuclei. They dropped from high-
energy orbitals to close-in orbits near the nuclear surface, where their quarks annihilated with those of 
either a proton or a neutron. The identity of the particle destroyed by the antiproton determined the 
type of radioactive isotope left behind. By measuring the decay of isotopes inside a sample over a 
period of months and feeding that information into nuclear models, the team got a picture of the 
nuclear surface.

• In the second set of experiments, the researchers showered a thin film of material with antiprotons. This 
time they observed the x-rays emitted as the antiprotons descended through the energy levels. The 
spectra of x rays from the lowest energy levels changed as a result of antiproton interactions with the 
nuclear surface. The team put the change in spectra into the same models to determine the neutron 
distribution on the surface of the nucleus.”

60

“[…] Specifically, does the error accurately reflect the myriad of theoretical uncertainties associated 
with the antiproton-nucleon scattering amplitudes and their possible modification in the nuclear 
medium, the antiproton nucleus optical potential, and the antiprotonic orbits involved in the 
annihilation process? And more significantly, can a two-parameter Fermi distribution—or even a more 
realistic one—faithfully extrapolate from the nuclear periphery to the nuclear interior. Is this a case of 
“the tail wagging the dog”?” [Thiel M. et al., Journal of Physics G, 46, 9 (2019), arXiv:1904.12269v1] 



N E U T RO N S K I N 2 0 8 P b :  H a d r o n i c p r o b e s

61

“[…] An extracted value for the neutron radius of Rn208 = 
(5.75 ± 0.09) fm
(or equivalently R skin208 = (0.32 ± 0.09) fm) is shown in 
figure alongside experimental results obtained with other 
hadronic probes and various theoretical predictions.”

Neutron skins of atomic nuclei: per aspera ad astra M. Thiel1 , C. 
Sfienti1, J. Piekarewicz , C. J. Horowitz , M. Vanderhaeghen1, 
arXiv:1904.12269v1 

Proton-nucleus scattering

α-particle scattering
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BACKUP COHERENT



F L U X  F RO M  S N S
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F O R M  F A C T O R

64



2.3𝜎 evidence of nuclear structure 

suppression of coherence

This was the first model independent
measurement of the CsI neutron radius

65

𝑅QMNP = 5.5lm.mno.p fm

F I R S T  AV E R A G E C s I N E U T RO N D E N S I T Y
D I S T R I B U T I O N M E A S U R E M E N T

Ø 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.

Ø Fitted the COHERENT data in order to get information on the 
value of the neutron rms radius 𝑅=, which is determined by the 
minimization of the 𝝌𝟐 using the symmetrized Fermi and Helm 
form factors. 

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

COHERENT 

DATA



N E W  I N G R E D I E N T S …  Q U E N C H I N G  F A C T O R
A N D  𝛽
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Quenching factor for CsI

66

𝑹𝒏𝑪𝒔𝑰 = 𝟓. 𝟎 ± 𝟎. 𝟕 𝐟𝐦

New 𝛽 Old 𝛽



C s I  2 0 2 0  V S  2 0 1 7

Improved systematics and re-analysis of the quenching factor: ratio between the scintillation 
light emitted in nuclear and electron recoils, that determines the relation between the number 
of detected photoelectrons and the nuclear recoil kinetic energy

• Increased statistics. More than 2x!
• On June 10, 2019 the detector has 

been decommissioned.

2020
2017

Systematics: 3.6%

Systematics: 25%

COHERENT Collaboration, talks @Magnificent CE𝜈NS ‘20
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F RO M  T H E  C H A R G E  T O  T H E  
P RO T O N  R A D I U S

68

Point-
proton 
radius

Mean squared charge 
radius of a single 

proton
ª «𝑟b! = 0.7071 fm2

Mean squared charge 
radius of a single 

neutron
⟨ ⟩𝑟d! = −0.1161 fm2

Relativistic Darwin-
Foldy correction
~0.033 fm2

Spin-orbit correction
~0.09 fm2  for efCa

~ 0.028 fm2  for !RfPb

Charge 
radius

𝑅*+, = 𝑅-./01, + $ %𝑟-, + 2
3
⟨ ⟩𝑟%& + '

()L + ⟨ ⟩𝑟& *+

One need to take into account finite size of both protons and neutrons 
plus other corrections 

G. Hagen et al. Nature Physics 12, 
186–190 (2016),  Arxiv: 1509.07169

M. Cadeddu et al. PRD 102, 015030 (2020),
Arxiv: 2005.01645

Spin-independent Spin-independent 
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Point-
proton 
radius

Mean squared charge 
radius of a single 

proton
ª «𝑟b! = 0.7071 fm2

Mean squared charge 
radius of a single 

neutron
⟨ ⟩𝑟d! = −0.1161 fm2

Relativistic Darwin-
Foldy correction
~0.033 fm2

Spin-orbit correction
~0.09 fm2  for efCa
~ 0.028 fm2  for !RfPb

Charge 
radius

𝑅*+, = 𝑅-./01, + $ %𝑟-, + 2
3
⟨ ⟩𝑟%& + '

()L + ⟨ ⟩𝑟& *+

One need to take into account finite size of both protons and neutrons 
plus other corrections 

𝑅%Dgh = 𝑅bijdk! + ª «𝑟b! =

= 𝑅[l! −
𝑁
𝑍
⟨ ⟩𝑟d! +

3
4𝑀! + ⟨ ⟩𝑟! Bm

RMS proton 
distribution radius

G. Hagen et al. Nature Physics 12, 186–190 (2016), 
Arxiv: 1509.07169

M. Cadeddu et al. PRD 102, 015030 (2020),
Arxiv: 2005.01645
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Future data of the COHERENT experiment may lead to a
better determination of the neutron rms radius 𝑅= and of the
neutron skin Δ𝑅=% . Figure shows the estimation of the
sensitivity to 𝑅= 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 𝑅! measurement

current systematic uncertainties 
half the current 

systematic uncertainties

one-quarter of the current 
systematic uncertainties

𝜟𝑹𝒏≃0.5 fm

The current sensitivity gives a relative uncertainty 
Δ𝑅=/𝑅= ≃ 17%, which is in approximate agreement 
with the uncertainty of our determination of 𝑅=.

𝜟𝑹𝒏≃0.4 fm

𝜟𝑹𝒏≃0.3 fm



C O H E R E N T  I N  A R G O N

• 2020 first results using Ar, aka CENNS-10. 

• 27.5 m from the SNS target.

• Active mass of 24 kg of atmospheric argon

• Single phase only (scintillation), thr. 20 keVnr
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Observed cross section consistent with 𝑁2 dependence

>3σ CE𝜈NS detection significance

CENNS-10 continues data taking and 5σ
significance should be reached with the data up 

to end of 2020.
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N E U T RO N  D I S T R I B U T I O N  R A D I U S  I N  A r

• The Z boson couples mostly with neutrons, so information on the neutron distribution 
can be obtained, which is very difficult to measure.

• Indeed, e scattering and 𝜇 spectroscopy can probe only the proton distribution

• The information of 𝑅& is encapsulated in the form factor 𝑭𝑵 𝒒 𝟐 .

Nuclear 
physics
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COHERENT ONLY

Theoretical values with Sky3D nuclear 
models :

𝑅= 40Ar < 4.2(1σ),6.2(2σ),10.8(3σ) fm

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

𝑅< 40Ar < 4.33 fm @90% CL

Important complementarity 
of 𝑹𝒏 with the astrophysical 
sector 

Reed at al., PRL 126, 172503 (2021)
Horowitz et al., PRL 86, 5647 (2001)
Cadeddu et al., arXiv:2102.06153  

See also:
Payne et al., PRC 100, 061304 (2019)
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R E I N T E R P R E T I N G A P V  I N   V I E W O F  C O H E R E N T
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1. Remove the neutron skin correction from the total value of the theoretical amplitude

[Viatkina A. V. et al., PRC  100, 034318 (2019), see also
Derevianko A., PRA 65 012106 (2001)]

2. Re-evaluate it as a 
function of the neutron radius 

[S. Pollock, E. N. Fortson, and L. Wilets, PRC 46, 2587 (1992), S. Pollock and M. 
Welliver, PLB 464, 177182 (1999), C. J. Horowitz,  et al. PRC 63 025501 and many 
others]

3. Derive the new experimental value of 𝑄"
`ab.

--
(QQ𝐶𝑠 using 𝑅=3@ found fitting COHERENT data

𝑄e
ijk.,m.n

oo
cdd𝐶𝑠, 𝑅N;4 = 5.5]c.c`a.b fm = −73.3]c.6`c.d

The factors qp and qn incorporate the radial dependence of 
the electron axial transition matrix element by considering
the proton and the neutron spatial distribution. 
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T H A T ’ S  N O T  A L L  F O L K S !

Sterile 
neutrinos

• Mechanism for probing 
sterile 𝜈 oscillations

Formaggio et al., PRD 85, 013009 (2012)
Blanco et al., PRD 101, 075051 (2020)
Miranda et al., PRD 102, 113014 (2020)

Supernova 
neutrinos

• Opacity source for SN 𝜈
• CE𝜈NS as a mean to 

detect SN 𝜈
Horowitz et al., PRD 68, 023005
DarkSide-20k, JCAP03(2021)043

Dark 
Matter

• Discovery potential for DM 
from the decay of a dark 
photon and subsequent DM 
recoil in COHERENT

Dutta et al., PRL124, 121802 (2020)
COHERENT, PRD 102, 052007 (2020)

• Determination of the 𝜈 floor 
for DM experiments 

Bohem et al., arXiv: 1809.06385 (2018)

• Low-mass DM searches

Axion 
searches

• Production of ALPs by 
the 𝛾-ray flux of reactors 
and detection in low-thr
detectors close by

Dent et al., PRL 124.211804
Sierra et al., arXiv:2010.15712
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R E A C T O R  V S  S T O P P E D - P I O N  A S  S O U R C E S

From K. Scholberg
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O N G O I N G  A N D  F U T U R E  E X P E R I M E N T S

• Several ongoing experimental effort exploiting different materials and sources

• New results by several collaborations expected soon

CE𝜈NS search and study experiments around the world
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See B. Mauri, NUCLEUS outer veto 
prototype for the CEʋNS detection at 
nuclear reactors, PhD Forum @Invisible2021
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From K. Scholberg
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C O H E R E N T  U P G R A D E

Ge delivery ~March 
2021
Commission/acq. 
summer 2021!

Finalizing 
design/shielding

• 610 kg fiducial 
volume

• 3000 CEvNS per 
SNS-year

• R&D of cryostat, 
photodetectors

• NaIvE -- 185 kg NaI array
• Test-bed for future ton-scale NaI

“Neutrino cubes”
• Liquid scintillator surrounded by 

heavy shielding
• Search for fast n from CC 

interactions in Pb/Fe/Cu
• Detection scheme for SN v’s

MARS
• Layered plastic scintillator 

w/ Gd paint
• capture-gated fast n 

detection
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C O 𝜈 U S

• Experiment @ the Brokdorf nuclear power plant in Germany, 
~17 m from the core

• Flux of more than 1013s−1cm−2 at the experimental site

• Eν< 10MeV and tiny recoils → Low threshold

• Reactor off periods allows to study the surrounding background

• Four 1 kg low-background germanium crystals installed inside a 
multilayer shield

Conus, PRL 126, 041804 (2021)

Best limit on CEνNS by reactor 
�̅� in the fully coherent regime 
(presented as a function of the 
quenching parameter k) 

• k > 0.27 disfavored by data
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C O N N I E  E X P E R I M E N T

• Fully depleted, high resistivity CCDs as particle detectors 
fabricated on high-resistivity (10-20 kΩ cm) silicon

• Each sensor consists of a square array with 16 millions quare 
pixels of 15μm×15μm pitch each

• Close to Angra 2 nuclear power plant (Brazil)

• The engineering proto-type of the experiment was installed 
at the reactor site in late 2014

• A complete upgrade of the sensors was performed in mid 
2016, with the main objective of increasing its active mass 
by a factor of∼40,  reaching recoil energies down to 1 keV

• No significant excess of events in the reactor-on minus 
reactor-off subtraction, strongly limited by the statistics of 
the reactor-off data.

CONNIE, PRD 100, 092005 (2019)
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N U - C L E U S

• @ a nuclear power reactor (Chooz Nuclear Power Plant) with gram-scale using ultra-
low-threshold cryogenic detectors.

• A 0.5 g NUCLEUS prototype detector, operated above ground in 2017, reached an 
energy threshold for nuclear recoils of below 20 eV

• This sensitivity is achieved with tungsten transition edge sensors which are operating at 
temperatures of 15 mK and are mainly sensitive to non-thermal phonons.

• The NUCLEUS collaboration is preparing a 10 g array of cryogenic detectors

• The setup is planned to move to Chooz for commissioning in 2021, with data taking 
expected to start there in early 2022

• Future: R&D effort to upgrade the total mass to 1 kg.

Journal of Low Temperature Physics volume 199, pages 433–440 (2020)
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C O H E R E N T  @ E U RO P E A N  S PA L L A T I O N  
S O U R C E

• ESS will combine the world’s most powerful superconducting proton linac with an advanced 
hydrogen moderator, generating the most intense neutron beams.

• It will also provide an order of magnitude increase in neutrino flux with respect to the SNS

Neutron production from existing and planned spallation sources

• Expected 8.5×1022 neutrinos per flavor per 
year, an order of magnitude higher than the 
equivalent of 9.2×1021 from a reference 1 MW, 
0.94 GeV SNS

• Low threshold detectors to increase statistics

JHEP 2020, 123 (2020)
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F U T U R E  P RO J E C T I O N S

• P2: measurement of the parity violating asymmetry in 
the elastic electron-proton scattering, with an 
accuracy comparable to that of the existing collider 
measurements of Δsin²Θw=0.0003 (0.13% relative 
uncertainty)

• MOLLER @ Jefferson Lab: parity-violating 
asymmetry in polarized electron-electron (Moller) 
scattering. Will improve the E158 result by a factor ~5

• 𝑎): Improved measurement of 𝑎) with half of the 
current experimental uncertainty (inclusion of Run2 
and Run3)
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• P2: measurement of the parity violating asymmetry in 
the elastic electron-proton scattering, with an 
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