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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!

2𝝂𝜶 + 𝑨, 𝒁 → 𝝂𝜶 + 𝑨, 𝒁



Deep Inelastic 
Scattering

Coherent 
elastic 
neutrino-nucleus 
scattering

Interactions with          
nucleons inside 
nuclei, often 
disruptive,   
hadroproduction

L OW- E N E R G Y  R E G I M E
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keV MeV GeV TeV PeV

𝝂

Interactions with nuclei 
and electrons, minimally 
disruptive of the nucleus



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 𝐸!~50 MeV for medium size nuclei. 
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Image: J. Link Science Perspectives

For 𝑞 % 𝑅 ≪ 1:

Nuclear radiusThree-
momentum

transfer

𝑑𝜎"#$%& 𝐸$, 𝐸'
𝑑𝐸'

≅
𝐺()

4𝜋
𝑄*) 𝑚% 1 −

𝑚%𝐸'
2𝐸$)

|𝐹 𝐸' |)

𝑄! = 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 = 2𝑚$𝐸%



A N  A C T  O F  
H U B R I S

The cross section is rather 
large for the neutr ino 

world…
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D. Akimov et al. Science 357.6356 (2017)



A N  A C T  O F  H U B R I S

6

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

𝑞 ≪
1
𝑅

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

𝐸𝑟𝑚𝑎𝑥 ≅
2𝐸𝜈2

𝑚𝑁+2𝐸𝜈

which is in the keV range for Eν∼50 MeV. 
(For caesium nuclei 𝐸#$%& ≈ 40 keV)



A N  A C T  O F  H U B R I S
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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



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



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

9

delayed
prompt

Figure from J. Gehrlein



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 10

D. Akimov et al. Science 357.6356 (2017)



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.
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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&"'()*×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, talks @Magnificent CE𝜈NS ‘20



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

12

C
O

H
E

R
E

N
T,

 P
R

L 
12

6,
 0

12
00

2 
(2

02
1)

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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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
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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



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
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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



WHAT CAN WE LEARN FROM 
CE𝜈NS?
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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 ?

𝑑𝜎"#$%& 𝐸$, 𝐸'
𝑑𝐸'

≅
𝐺()𝑚%
𝜋

1 −
𝑚%𝐸'
2𝐸$)

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

𝑑𝜎"#$%& 𝐸$, 𝐸'
𝑑𝐸'

≅
𝐺()𝑚%
𝜋

1 −
𝑚%𝐸'
2𝐸$)

𝒈𝑽
𝒑 𝐬𝐢𝐧𝟐 𝝑𝑾 𝑍𝑭𝒁 𝒒 𝟐 + 𝒈𝑽𝒏𝑁𝑭𝑵 𝒒 𝟐 2



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  C s I

• 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 .
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Nuclear 
physics
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Δ𝑅𝑛𝑝(133Cs)= 𝑅𝑛 − 𝑅𝑝 = 0.45−0.33+0.33fm

Δ𝑅𝑛𝑝(127I)= 𝑅𝑛 − 𝑅𝑝 = 1.1−0.9+1.0fm

COHERENT + APV(Cs)

See also:
Cadeddu et al., PRL 120, 072501 (2018)
Cadeddu et al., PRD 101, 033004 (2020)
Papoulias, PRD 102, 113004 (2020) 
Khan and Rodejohann, PRD 100, 113003 (2019)
Coloma et al,  JHEP 08:030 (2020)
Aristizabal Sierra et al., JHEP 6, 141 (2019)

Theoretical values with Skyrme-
Hartree-Fock (SHF) and relativistic 
mean field (RMF) nuclear models :



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 .
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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)



W E I N B E R G  A N G L E

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

20

EW 
precision
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sin" 𝜗# = 0.220&*.*"/(*.*"0

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

However, CE𝜈NS is helpful in combination with 
APV measurement on 133Cs in order to provide 
experimental constrain on 𝑅, and sin" 𝜗#
simultaneously.
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W E I N B E R G  A N G L E

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

21

EW 
precision

sin" 𝜗# = 0.220&*.*"/(*.*"0

C
ad

ed
du

 e
t 

al
, a

rX
iv

:2
10

2.
06

15
3

Here the value of 𝑅,(133Cs) was extrapolated from 
hadronic experiments using antiprotonic atoms, known 
to be affected by considerable model dependencies. 
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However, CE𝜈NS is helpful in combination with 
APV measurement on 133Cs in order to provide 
experimental constrain on 𝑅, and sin" 𝜗#
simultaneously.

Measurement not currently competitive due 
to the suppression of the proton contribution 
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H E AV Y V S  L I G H T  N S I  M E D I A T O R SNew 𝝂
interaction

Effective four fermion interaction 
Lagrangian. The parameters 𝜀 describe the 

size of NSI relative to standard neutral-
current weak interactions.

One can assume the existence of U’(1) 
with an additional vector Z’ or a scalar 𝜙.
One has also an explicit  dependence on 

momentum transfer and Q charges.

«Heavy» mediator «Light» mediator

«Above ∼10 MeV»«Above ∼ 1 GeV»

𝑑𝜎123$4 𝐸3 , 𝐸%
𝑑𝐸%

≅
𝐺5" 𝑚$

𝜋 1 −
𝑚$𝐸%
2𝐸3"

𝑄6"

where 𝜀67
89=size of NSI relative to SM

One can consider vector neutral-current neutrino non-standard interactions 

𝑄6" = 𝑔.
/ + 𝟐𝜺𝜶𝜶𝒖𝑽 + 𝜺𝜶𝜶𝒅𝑽 𝑍𝐹4 �⃗� 5 + 𝑔., + 𝜺𝜶𝜶𝒖𝑽 + 𝟐𝜺𝜶𝜶𝒅𝑽 𝑁𝐹6 �⃗� 5 2

+ ?
𝜷8𝜶

𝟐𝜺𝜶𝜷𝒖𝑽 + 𝜺𝜶𝜷𝒅𝑽 𝒁𝑭𝒁 𝒒 𝟐 + 𝜺𝜶𝜷𝒖𝑽 + 𝟐𝜺𝜶𝜷𝒅𝑽 𝑵𝑭𝑵 𝒒 𝟐 𝟐
where

𝜀ℓℓ
89 =

𝑔;’"𝑄ℓ’𝑄8’
2𝐺5 �⃗� " +𝑀;’

"𝑞" ≪ 𝑀=> →

@COHERENT no sensitivity to 𝜀??.

𝜀ℓℓ
89 ∝

𝑔;’"𝑄ℓ’𝑄8’
𝑀;’
"

𝑞" ≫ 𝑀=> → 𝜀ℓℓ
89 ∝

𝑔;’"𝑄ℓ’𝑄8’
�⃗� "

C. Giunti, PRD 101, 035039 (2020)
J. Barranco et al, JHEP 0512:021 (2005)

𝑔;’𝑄ℓ’

𝑔;’𝑄8’



L I G H T  M E D I A T O R S

23

C. Giunti, Phys. Rev. D 101, 035039 (2020)

Degeneracy strip due to 
cancellation in the cross 
section

Limits on different Z′ light mediator models 
combining CsI and argon COHERENT data.

CONNIE best limit
for 𝑀4<<5 MeV

New 𝝂
interaction

M. Cadeddu et al, JHEP 01 (2021) 116

Improved limits for 
20<𝑀;><200 MeV

B-L

Universal

Improved
 lim

its for

𝑀;>
> 5 M

eV

𝐿' − 𝐿(

Complementarity with 𝝂 oscillation data!
P. Coloma et al, JHEP 01 (2021) 114

Miranda et al, JHEP 05 (2020) 130For scalar mediators:
(Backup)

CONNIE, JHEP 04 (2020) 054

(Backup)



H E AV Y M E D I A T O R S
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New 𝝂
interaction

Combined analysis with 𝝂 oscillation data available

See also:
P. Coloma et al, PRD 96, 115007 (2017)
Denton at al., arXiv: 1804.03660
Denton and Gehrlein, JHEP 04 (2021) 266
J. Barranco et al, JHEP 0512:021 (2005)
Dutta et al., JHEP 2020, 106 (2020)

P. Coloma et al, JHEP 01 (2021) 114
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Comparison with oscillation data: 

+ change in NSI parameters
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E L E C T RO M A G N E T I C  I N T E R A C T I O N S

25

Ø Effective Hamiltonian

Ø The electromagnetic properties of neutrinos are embedded by the vertex function 

C. Giunti,A. Studenikin,
Rev Mod Phys, 87, 531 (2015)

For 𝜈’s the electric charge is zero and there are no electromagnetic interactions at tree level. However, such 
interactions can arise from loop diagrams at higher orders of the perturbative expansion of the interaction. 

Ø We are interested in the neutrino part of the amplitude which is given by the 
following matrix element

Magnetic and electric dipole momentsCharge and anapole moment

New 𝝂
properties



N E U T R I N O  C H A R G E  R A D I U S
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New 𝝂
properties

Ø In the SM the effective vertex reduces to γ,F q' since the contribution q,γ, ⁄q, q' vanishes in the coupling 
with a conserved current

𝐹 𝑞) = 𝐹 0 + 𝑞) =
d𝐹 𝑞)

d𝑞)
k$lm

+⋯ = 𝑞)
𝑟)

6
+⋯

𝑟$ℓ
)
&n

= −
𝐺(

2 2𝜋)
3 − 2 log

𝑚ℓ
)

𝑚*)

𝛬! 𝑞 = 𝛾! − 𝑞!𝛾! ⁄𝑞! 𝑞" 𝐹 𝑞" ≅ 𝛾7𝐹 𝑞8

Ø In the Standard Model

[Bernabeu et al, PRD 62 (2000) 113012, NPB 680 (2004) 450]

𝑟!=
'
-.

= −8.2 ×10/00 cm'

𝑟!>
'

-.
= −4.8 ×10/00 cm'

𝑟!?
'
-.

= −3.0×10/00 cm' “A charge radius that is gauge-independent, finite 
is achieved by including additional diagrams in the 

calculation of 𝐹 𝑞" ”



• Argon data more sensitive to the 
neutrino electric charges because of 
the lower nuclear mass.

• Only existing laboratory bound of 
𝑞@!!.

• Muon neutrino magnetic moment 
only about five times larger than
the best current laboratory limit
(Borexino and red giants).

𝜈 charge radii 𝜈 millicharges 𝜈 magnetic moments

27

N E U T R I N O  P RO P E RT I E S
New 𝝂

properties
Cadeddu et al, PRD 102, 015030 (2020)
Cadeddu et al, PRD 101, 033004 (2020)

See also Miranda et al, JHEP 05 (2020) 130
(Backup)• Better constraints from reactor & accelerator experiments



T H A T ’ S  N O T  A L L  F O L K S !

28

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



C O N C L U S I O N S

• CE𝜈NS observation has opened a fantastic window to a plethora of physics observables.

• From an experimental point of view exciting moment: new results by several 
collaborations expected soon.

• Large and growing interest in the theory community,

• Application to many different areas of particle and nuclear physics and possibilities to 
explore complementarity between different sectors.

29
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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
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From K. Scholberg



F L U X  F RO M  S N S
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Neutron rms radius

1. SymmetrizedTwo-parameter Fermi form factor

2. Helm form factor

Neutron rms radius

33

NEUTRON FORM FACTOR
PARAMETR IZAT ION

𝜌1 𝑟 =
𝜌2

1 + 𝑒 #/3 /%𝜌EF 𝑟 = 𝜌F 𝑟 +𝜌EF −𝑟 − 1 with

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



F O R M  F A C T O R
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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

35

• 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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From M. Cadeddu, Magnificent CEvNS 2019



C O H E R E N T  A N D  P R E X
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PREX, Phys. Rev. Lett. 126, 172502 (2021)

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

Cadeddu et al., arXiv:2102.06153  



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.

38

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



C O H E R E N T  U P G R A D E
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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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From K. Scholberg



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.
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CONNIE, PRD 100, 092005 (2019)



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.
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Journal of Low Temperature Physics volume 199, pages 433–440 (2020)

https://link.springer.com/journal/10909


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

43

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)



Scalar mediator scenario:
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L I G H T  M E D I A T O R SNew 𝝂
interaction

Miranda et al, JHEP 05 (2020) 130
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L I G H T  M E D I A T O R SNew 𝝂
interaction

From P. Coloma, 3rd Nuclear and Particle Theory meeting 2021



H E AV Y
M E D I A T O R S
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New 𝝂
interaction

Combined analysis with 𝝂 oscillation data available
P. Coloma et al, JHEP 01 (2021) 114
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From M. Cadeddu, Magnificent CEvNS 2019
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From M. Cadeddu, Magnificent CEvNS 2019
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From M. Cadeddu, Magnificent CEvNS 2019
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Single energy bin analysis for LAr
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N E U T R I N O  
P RO P E RT I E S

New 𝝂
properties



L A R G E  WO R L D - W I D E  I N T E R E S T  I N  
P U R S U I N G  C E 𝜈 N S
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