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𝜆𝑍0 ≳ 2𝑅
• Neutral current process mediated by a 𝑍0 boson

• Coherent scattering: the nucleus recoils as a whole

Very tiny nuclear recoil
𝑻 ≲ 𝟏𝟎 𝐤𝐞𝐕

CEνNS: Coherent Elastic Neutrino-Nucleus Scattering CEνNS: Coherent Elastic Neutrino-Nucleus Scattering 
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𝜆𝑍0 ≳ 2𝑅
• Neutral current process mediated by a 𝑍0 boson

• Coherent scattering: the nucleus recoils as a whole

• Larger cross section compared to those of other               
𝜈-nucleus interactions (at the same energy) 
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 ∝ 𝑵𝟐Cross section scales as

The neutron contribution is much 
larger than the proton contribution!

M. Cadeddu et al., EPL 143 34001
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νES: Neutrino-Electron Scattering 
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Elastic scattering of neutrinos off atomic electrons:

Electron recoil energy
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νES: Neutrino-Electron Scattering 
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The Sun as a neutrino source

𝜈𝑒,𝜇,𝜏

Solar neutrinos are produced through two thermonuclear
reactions: the pp chain and the CNO cycle

𝐸𝜈 ≲ 20 MeV

• Neutrinos of all flavours are produced

• Suitable energies for CE𝜈NS and 𝜈ES

𝟖𝑩

hep

pp

Universe 2021, 7, 231 Nicola Cargioli, PhD Thesis

The Sun as a neutrino source
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From backgrounds…

S1: primary scintillation
S2: ionization signal

Dual-phase time projection chamber (TPC)

• Direct detection dark matter experiments search for nuclear recoil
signals from WIMPs

• Irreducible backgrounds: 
nuclear recoils (NR) from CE𝝂NS + electron recoils (ER) from 𝝂ES

From backgrounds…
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From backgrounds…to signal

S1: primary scintillation
S2: ionization signal

Dual-phase time projection chamber (TPC)

• Direct detection dark matter experiments search for nuclear recoil
signals from WIMPs

• Irreducible backgrounds: 
nuclear recoils (NR) from CE𝝂NS + electron recoils (ER) from 𝝂ES

J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001

XENONnT PandaX-4T Lux-Zeplin

𝝂ES (2025) 
Phys. Rev. Lett. 135, 011802

CE𝝂NS (2024) 
Phys. Rev. Lett. 133, 191002

𝝂ES (2022)
Phys. Rev. Lett. 129, 161805

CE𝝂NS (2024) 
Phys. Rev. Lett. 133, 191001 

𝝂ES (2025) 
Phys. Rev. Lett. 134, 041001

CE𝝂NS (2025) 
arXiv:2512.08065v2

Not considered in our analysis

LATEST AVAILABLE DATA

First evidence of CE𝝂NS from solar neutrinos!

From backgrounds… to signals
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Data analysis

CE𝝂NS data from PandaX-4T
We compare the theoretical number of predicted events to the 
experimental data:

By varying theoretical parameters, the prediction changes

The 𝜒2comparison shows which values best describe the data

Standard Model 
tests

Beyond the Standard
Model scenarios

Phys. Rev. Lett. 133, 191001 

CE𝜈NS:            Gaussian least-squares function

       𝜈ES:            Poissonian least-squares function

Data analysis
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STANDARD
MODEL
TESTS



Normalization of neutrino fluxes
• Only CE𝝂NS data (XENONnT and PandaX-4T)

• Main contribution from 𝟖𝑩 neutrinos, hep flux subdominant

90% CL1σ CL

Best limit: 𝜱𝒉𝒆𝒑 𝐒𝐍𝐎 < 𝟑 × 𝟏𝟎𝟒𝐜𝐦−𝟐𝐬−𝟏

Phys. Rev. D 102, 062006 (2020)

Φ8𝐵 Comb

[106cm−2s−1]
Φℎ𝑒𝑝 Comb

[104cm−2s−1]

Our work 6.7−1.7
+2.1 (1𝜎 CL) < 19 (90% CL)

GS98 
(Rev. Mod. Phys. 92, 45006 (2020))

5.46 0.8

Normalization of neutrino fluxes
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Weak mixing angle

It describes the electroweak coupling

Fundamental test of Standard Model

Well predicted by theory

𝒔𝒊𝒏𝟐𝝑𝑾

Weak mixing angle
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Weak mixing angle

It describes the electroweak coupling

Fundamental test of Standard Model

Well predicted by theory ≃ 𝟎. 𝟐𝟑𝟖𝟕𝟑

𝒔𝒊𝒏𝟐𝝑𝑾

Low-energy scale

Weak mixing angle
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It describes the electroweak coupling

Fundamental test of Standard Model

Well predicted by theory ≃ 0.23873
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Neutrino charge radius

In the SM neutrinos are neutral, but tiny charge radii are generated 
by radiative corrections to the vector couplings:

𝑔𝑉
𝑝

= ෤𝑔𝑉
𝑝

−
2𝜋𝛼
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𝜈 +
2𝜋𝛼

3𝐺𝐹
𝒓𝝂ℓ

𝟐

CE𝝂NS: 

𝝂ES: 

Neutrino charge radius
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Neutrino charge radius
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Neutrino charge radius
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BEYOND
THE
STANDARD
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Electromagnetic propertiesNeutrino electromagnetic properties

• In the simplest extension of Standard Model:

• Best upper limit on solar neutrinos : 𝜇𝜈𝑠
≲ 6.4 × 𝟏𝟎−𝟏𝟐𝜇𝐵

7 orders of magnitude
difference between
theory and experiments! 

XENON Collaboration, Phys. Rev. Lett. 129, 161805

𝜇𝜈 ≲ 3.2 × 𝟏𝟎−𝟏𝟗
𝑚𝑘

eV
𝜇B

CE𝝂NS: 

𝝂ES: 

Magnetic moment

14
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Millicharge

• In some BSM scenarios neutrinos can acquire a small 
electric charge 𝒒𝝂 (millicharge)

• Strongest constraint from neutrality of matter : 
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theory and experiments! 

XENON Collaboration, Phys. Rev. Lett. 129, 161805



Neutrino electromagnetic properties

Magnetic moment Electric charge
Magnetic moment

Electric charge

Strongest laboratory constraints!
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Light mediators

𝑳𝝁 − 𝑳𝝉 • New vector mediator 𝒁′, similar to
the 𝑍 boson but lighter

• The new boson couples directly
only with 𝝁 and 𝝉 flavours

CE𝜈NS:

𝜈ES:

N. Cargioli, PhD Thesis
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See also M. Demirci et al., Phys. Rev. D 111 (2025) 055032



Light mediators

𝑳𝝁 − 𝑳𝝉

CE𝜈NS:

𝜈ES:

N. Cargioli, PhD Thesis

Z’ coupling constant

• New vector mediator 𝒁′, similar to
the 𝑍 boson but lighter

• The new boson couples directly
only with 𝝁 and 𝝉 flavours

16

Z’ mass

See also M. Demirci et al., Phys. Rev. D 111 (2025) 055032



Conclusions and outlooks

• Direct detection dark matter experiments provide a powerful tool to probe low-energy neutrino 
interactions with nuclei and atomic electrons

• CE𝝂NS and 𝝂ES data enable tests of SM and the exploration of BSM scenarios

• Main results: upper limit on hep flux, lowest energy determination of weak mixing angle,
                                   strongest laboratory constraints on electromagnetic properties                                    

What’s next?

• The current analysis could be revisited with upcoming dark matter data

• Including inelastic channels for a more comprehensive picture

17

First evidence of neutrino absorption on argon with solar neutrinos by DEAP-3600 Collaboration (see G. Vera Díaz’s talk) 

CE𝛎NS data from Lux-Zeplin and from XENONnT’s SR2 data (see G. Volta’s talk) 



Thank you for your attention!



Neutrino interactions with nuclei at low energies 

The spatial scale that can be probed is determined by the de Broglie wavelength of the mediator 𝜆𝑍0 =
ℎ

𝑞
 

EPL 143 34001
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Form factors

20

The proton and neutron form factors account  for the spatial distribution of protons and neutrons inside the nucleus

Symmetrized Fermi 
parameterization

Helm parameterization

𝒄: half density radius, 𝒂: diffuseness parameter, 𝒕: thickness [ 𝑡 = 4𝑎𝑙𝑛(3))]

𝑡 defines the distance between points where the proton 
density drops from 90% to 10% of the plateau value

𝒋𝟏: first-order spherical Bessel functions
 𝒔: surface thickness
𝑹𝟎: box (or diffraction) radius EPL 143 34001



Effective electron charge 𝒁𝐞𝐟𝐟

21

𝑍eff 𝑍

𝑍eff is obtained by using the binding energies of the atomic shells, extracted from photo-absorption data

Nicola Cargioli, PhD Thesis

Atomic Data and Nuclear Data Tables 54.2 (1993), p. 181

𝒁𝐞𝐟𝐟
𝐗𝐞

Stronger effect for heavier atoms!



• In the SM neutrinos are neutral and there are no electromagnetic interactions at tree-level

• A neutral particle can be seen as a superposition of two charge distributions of opposite signs:

In the SM: 

Neutrino charge radius

22

Neutrino charge radius



τ neutrino charge radius

23

We consider constraints on the muon and electron neutrino charge radii from a 
global fit of neutrino data to strenghthen the precision on the τ flavor:

90% CL

Marginal Δ𝜒2 for the τ neutrino charge radius from each solar neutrino dataset:

1σ CL

M. Atzori Corona et al., Phys. Rev. Lett. 135, 231803



Light vector mediators
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Nicola Cargioli, PhD Thesis

Tree-level One-loop level
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Diagrams contributing to CE𝝂NS

Extended SM gauge group: 



Other results: Standard Model tests

25

Consistency between the available CE𝝂NS data and theoretical predictions

1σ CL



Other results: non-standard neutrino interactions (NSI)

26

A heavy mediator modifies the neutrino-quark 
coupling by an energy independent contribution:90% CL

Modified weak charge of the nucleus

▪ Simplified scenario with only two nonzero NSI 
parameters, only involving the electronic neutrino 
flavor

▪ νES cross section is not affected



Inelastic interactions with nuclei

27

𝜈𝑒 + Z
A𝒩 ⟶ 𝜈𝑒 + Z

A𝒩∗

Neutral Current (NC) 

𝜈𝑒 + Z
A𝒩 ⟶ 𝑒− + Z+1

A𝒩∗

Charged Current (CC)

▪ Can constitute a background for neutrinos
and dark matter experiments

▪ Are useful to detect solar and supernovae
neutrinos

▪ Can provide a better understanding of the 
nuclear structure

Inelastic interactions are subdominant with 
respect to CE𝜈NS, but…



Data analysis

28

Poissonian least-squares function:

Gaussian least-squares function:

Gaussian least-squares function used for US2+paired data from P4T(NR):
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