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Neutrinos: Background For Dark Matter Searches N
eutrino-Electron Elastic Scattering

Low energy neutrino interactions are a powerful tool to test the SM and investigate BSM 
scenarios
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𝜈

𝜈

Many different source that can be exploited

• Solar Neutrinos: huge flux of 
neutrinos coming from the Sun 
spanning on a wide range of energies up to 
20 MeV

• π/K-DAR: neutrinos from the
decay-at-rest of 𝜋/𝜇/Κs
(for example, @ SNS)

• Reactor Neutrinos: electron 𝜈̅"
produced by the 𝛽-decays 
during the fission chain

Mainly two processes that enter the game

• 𝜈ES: elastic scattering off atomic 
electrons

detectable recoil energy;
elastic process with low 
momentum transfer

• CE𝜈NS: coherent interaction with 
atomic nuclei

low momentum transfer and 
small nuclear recoil energy;
the nucleus recoils as a whole;
nuclear structure plays a role 2/13



Neutrinos: Background For Dark Matter Searches N
eutrino-Electron Elastic Scattering

Solar Neutrinos: huge flux of 
neutrinos coming from the Sun

𝝂ES: elastic scattering off atomic electrons
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Examples of Big Solar neutrino experiments: Present and future looks bright with Big Direct Dark 
Matter detectors: designed for Dark Matter (WIMPs) 
searches: low thresholds, low background …

Super Kamiokande

KamLand Borexino

DarkSide

XENON
LUX-ZEPLIN (LZ)

Many experiments have been built for detecting solar neutrinos via 𝜈ES and CE𝜈NS
But also, some other detectors could represent an opportunity for neutrino physics

In this work we 
exploit LZ data… and many more experiments 3/13
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Interplay between Neutrino 
Experiments and Direct 

Dark Matter searches
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Solar Neutrinos Flux
N

eutrino-Electron Elastic Scattering
Only a “narrow” part of the total flux contributes to the analysis: the low energy contributions

We considered only 
the flux up to 2 MeVPP chain

𝟕𝑩𝒆 861 keV 
line

But interactions are flavor dependent in 
the SM ⟶ we need to identify the 
neutrino flavor for each flux component

Electron neutrino 
survival probability

4/13

arXiv:1812.02326
10.1142/9789811269776_0225
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The total cross section is the sum of the 
different flavor contribution weighted by the 
probability of having a certain neutrino flavor 

Neutrino oscillations need to be 
accounted for when calculating 
the total cross section



𝜈ES In Standard Model And Beyond
N

eutrino-Electron Elastic Scattering

N I C O L A C A R G I O L I 2 3  M A R C H  2 0 2 3 M A G N I F I C E N T  C E 𝜈N S

“Simple lepton-lepton” interaction
For electron neutrinos CC+NC, for muon and tau neutrinos only NC
The interactions is not with free electrons but atomic electrons
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Neutrino-electron (free) cross section

The couplings can be calculated precisely in SM accounting for radiative corrections

The interaction is modified in presence of beyond the standard model neutrino properties
We consider the possibility for the so-called neutrino Electromagnetic Properties

Neutrino Magnetic Moment Neutrino Electric (milli-)Charge
Neutrinos could have a “small” magnetic moment, 
also in relation with their small (but non-zero) masses

Neutrinos could manifest an electric charge, even 
if significantly small

For free electrons one would just define the free-electron cross section for the 
atomic number Z
For bound electrons the situation is more complicated, we will discuss some 
possible descriptions
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Neutrino Magnetic Moment
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https://neutrinos.fnal.gov/mysteries/mass/

In the minimal extension of SM in which neutrinos acquire Dirac masses 
through the introduction of right-handed neutrinos, the magnetic moment (MM)
is

𝜇! =
3 𝑒 𝐺"
8 2𝜋#

𝑚! ≃ 3.2 ∗ 10$%&
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𝑒𝑉 𝜇'

The magnetic moment interaction adds incoherently to the weak interaction because it flips helicity
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However, neutrinos are a mixture of mass eigenstates due to the phenomenon of oscillations; the 
measured MM from Solar 𝜈ES is an effective value given by
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Where 𝜇./ is an element of the neutrino electromagnetic moments matrix and 𝐴/ 𝐸, 𝐿 is the 
amplitude of the k-mass state at the point of scattering

N
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agnetic Properties

MM cross 
section ∝ 𝟏/𝑻𝒆

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

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

https://neutrinos.fnal.gov/mysteries/mass/


Neutrino Magnetic Moment
If atomic electrons where free, the cross section would just be multiplied by the 
atomic number Z. This is not a good approximation: electrons are bound!

FEA approximation: Free Electron Approximation modified via a stepping 
function 

atomic number Z effective 𝑍!""(𝑇#)
this accounts for the effective number of electrons that can be ionized by a 
certain energy deposit 𝑇#

N
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𝑍!""(𝑇#) is specific for every atom
Important for Xenon (binding energies are not negligible)

It has been obtained using edge energies from photo-absorption 
data
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Neutrino Electric Charge
In some BSM scenarios, neutrinos can have an electric charge EC (and thus a coupling to 
the photon)

In the FEA approximation, the contribution of the  EC to the cross 
section is not incoherent, and it is obtained by substituting the SM vector 
coupling with

𝑔$
%ℓ → 0𝑔$

%ℓ = 𝑔$
%ℓ + & &'(

)$*%
𝑞%ℓ

The sign of the electric charge does matter! 

In the FEA approximation the cross section is

N
eutrino Electrom

agnetic Properties8/13
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𝛾

𝝂
May I?

Contribution
∝ 𝟏/𝒒𝟐 ≈ 𝟏/𝑻𝒆
Cross section ∝ 𝟏/𝑻𝒆𝟐
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the contribution is enhanced 
at low recoil energies for 
both MM and EC

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



FEA and EPA approximations
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eutrino Electrom
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Germanium
Target

Xenon
Target

Neutrino Magnetic Moment Neutrino Electric Charge
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The FEA approach gives similar results to RRPA 
for the MM, while EPA doesn’t work well
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The EPA cross section depends on 
the neutrino mass (𝑚" = 1 𝑒𝑉)
The sign doesn’t matter

RRPA: Relativistic Random-Phase Approximation, ab-initio approach able to improve the description of 
the atomic many-body effects
EPA: Equivalent Photon Approximation, relates the ionization cross section to the photo-absorption one

The EPA approach gives similar results to RRPA 
for the EC, while FEA doesn’t work well

https://arxiv.org/abs/1411.0574


THE LZ Dark Matter Detector As A Probe Of Neutrinos
5.5 t fiducial LXe detector at Sanford Underground Research Facility in Lead, South Dakota 
~5 keV12 threshold (efficiency=50%)
60.3 live days 
333±17 events of which 27.2 ± 1.6 events of 𝜈ES
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J. Aalbers et al., First Dark Matter 
Search Results from the LUX-ZEPLIN 
(LZ) Experiment (2022), 
arXiv:2207.03764 

Physical Review D 107, 053001(2023)
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𝜎& = 5.1 % neutrino 
background
𝜎' = 7% neutrino flux

𝜇3455 XENONnT < 6.4×1067&𝜇8 11/13
Phys. Rev. Lett. 129, 
161805 (2022)
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What LZ Says About 𝜈MM And 𝜈EC

Physical Review D 
107, 053001(2023)



World Wide Picture
• LZ data allowed us to set the second-best world limit on neutrino MM from laboratory experiments, 

second to the recent XENONnT result 
• And the strongest constraint on neutrino EC when the EPA approximation is adopted to describe the 

neutrino-electron interaction
• Great improvement with respect to previous bounds, and not far from indirect astrophysical constraints 

(𝜇!012+3~10$%#𝜇')
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See Francesca 
Dordei’s talk!



Outlook
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C
onclusions

13/13

• Dark Matter and CE𝝂NS Community are 
both putting a great effort to improve and 
enlarge the number of available experimental 
probes

• They will provide complementary 
information to unveil neutrino properties

• An effort from the theoretical side is also 
needed, especially in defining a clear and 
“user-friendly” prescription for dealing 
with neutrino scattering off atomic 
electrons

https://ned.ipac.caltech.edu/level5/Sept17/Freese/Freese5.html

Matthieu VIVIER@Magnificent CEvNS workshop 2020 
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Solar Neutrinos Flux
N

eutrino-Electron Elastic Scattering
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We considered only 
the flux up to 2 MeV

PP chain
!𝐵𝑒 861 keV 

line

But interactions are flavor dependent in the SM
We need to identify the neutrino flavor for each flux 
component

𝑃## = sin( 𝜃)* + cos( 𝜃)* 𝑃+, is the average survival probability for solar neutrinos reaching the 
detector
We consider 𝑃+, = 0.55, as the dominant components are pp and -𝐵𝑒 fluxes (low energy spectrum)
𝑃#. = 1 − 𝑃## cos+ 𝜃+* and 𝑃#/ = 1 − 𝑃## sin+ 𝜃+*

Electron neutrino 
survival probability

Neutrino oscillations need to be accounted for when 
calculating the total cross section
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𝜈ES In Standard Model And Beyond
N

eutrino-Electron Elastic Scattering
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The couplings can be calculated precisely in SM accounting for radiative corrections
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𝜈ES In Standard Model And Beyond
N

eutrino-Electron Elastic Scattering
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“Simple lepton-lepton” interaction
For electron neutrinos CC+NC, for muon and tau neutrinos only NC
The interactions is not with free electrons but atomic electrons
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Neutrino-electron (free) cross section
The couplings can be calculated precisely in SM accounting for radiative corrections, so that 
𝑔4
!$ = 0.9521, 𝑔5

!$= 0.4938, 𝑔4
!%= −0.0397, 𝑔4

!& = −0.0353, 𝑔5
!%,& = −0.5062

The interaction is modified in presence of beyond the standard model neutrino properties
We consider the possibility for the so-called neutrino Electromagnetic Properties

Neutrino Magnetic Moment Neutrino Electric (milli-)Charge
Neutrinos could have a small magnetic moment, also 
in relation with their small (but non-zero) masses

Neutrinos could manifest an electric charge, even if 
significantly small

For free electrons one would just define the free-electron cross section for the atomic 
number Z
For bound electrons the situation is more complicated, we will discuss some possible 
descriptions
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Neutrino Magnetic Moment
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https://neutrinos.fnal.gov/mysteries/mass/

In the minimal extension of SM in which neutrinos acquire Dirac masses through 
the introduction of right-handed neutrinos, the magnetic moment (MM) is

𝜇! =
3 𝑒 𝐺"
8 2𝜋#

𝑚! ≃ 3.2 ∗ 10$%&
𝑚!

𝑒𝑉
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The magnetic moment interaction adds incoherently to the weak interaction because it flips helicity
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However, neutrinos are a mixture of mass eigenstates due to the phenomenon of oscillations; the 
measured MM from Solar 𝜈ES is an effective value given by
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#, ,** =:
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:
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Where 𝜇./ is an element of the neutrino electromagnetic moments matrix and 𝐴/ 𝐸, 𝐿 is the amplitude 
of the k-mass state at the point of scattering

N
eutrino Electrom

agnetic Properties

MM cross 
section ∝ 𝟏/𝑻𝒆

For the Majorana neutrino, only the 
transition moments are nonzero (diagonal 
set to zero due to CPT conservation)

For the Dirac neutrino, all elements 
are potentially nonzero

https://neutrinos.fnal.gov/mysteries/mass/


FEA and EPA approximations
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Germanium
Target

Xenon
Target

Neutrino Magnetic Moment Neutrino Electric Charge

Phys.Rev.D 91 (2015) 1, 013005; ArXiv: 1411.0574
PHYSICAL REVIEW D 
100, 073001 (2019)  

The FEA approach gives similar results to RRPA 
for the MM, while EPA doesn’t work well

The FEA approach underestimates the cross section respect 
to RRPA for the EC, while EPA gives similar results
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The cross section depends on the neutrino mass (𝑚! = 1 𝑒𝑉)
The sign doesn’t matter

However, EPA works well only for 
recoils below few keVs, so when we 
use EPA, we actually take the larger 
cross section between EPA and FEA
Phys. Rev. D 99, 032009 (2019) 
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THE LZ Dark Matter Detector As A Probe Of Neutrinos
5.5 t fiducial LXe detector at Sanford Underground Research Facility in Lead, South Dakota 
~5 keV12 threshold
60.3 live days 
333±17 events of which 27.2 ± 1.6 events of 𝜈ES
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J. Aalbers et al., First Dark Matter Search 
Results from the LUX-ZEPLIN (LZ) 
Experiment (2022), arXiv:2207.03764 
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THE LZ Dark Matter Detector As A Probe Of Neutrinos
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J. Aalbers et al., First Dark Matter Search 
Results from the LUX-ZEPLIN (LZ) 
Experiment (2022), arXiv:2207.03764 

https://doi.org/10.3390/universe7080313

https://doi.org/10.3390/universe7080313
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Physical Review D 107, 053001(2023)

J. Aalbers et al., First Dark Matter Search 
Results from the LUX-ZEPLIN (LZ) 
Experiment (2022), arXiv:2207.03764 
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𝜎& = 13% neutrino background
𝜎' = 7% neutrino flux
𝜎0 = 100% *-Ar normalization
More conservative analysis
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Argon-37 Analysis of the LZ data

9:Ar background 
component

!"Ar
fixed
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!"Ar
free

𝜇" = 1.1×10#$$𝜇% 𝜇"[&'𝐴𝑟] = 1.2×10#$$𝜇%

Physical Review D 107, 053001(2023)


