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History 

𝜈 + 𝑍
𝐴N → 𝜈 + 𝑍

𝐴N
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What is a nuclear recoil?

The neutrino interacts with a nucleus containing Z protons and N neutrons, 
transferring some energy to it. The nucleus, which can be part of a crystalline 
lattice or free to move (e.g., noble gases), gets perturbed. To give an idea:

𝑚𝑁 ≃ 100 GeV; 𝐸𝜈 ≃ 10 MeV →
𝐸𝜈

𝑚𝑁
= 10−4

• Qualitatively, the detail of the interaction is governed by the momentum transfer in the process, 𝑞 = 𝑝′ − 𝑝

• This is related to the De Broglie wavelength 𝜆𝑍0 ≃
ℏ𝑐

𝑞
≃

197 MeV fm

10 MeV
≃ 20 fm

The process is coherent when the de Broglie wavelength is larger than the nuclear dimension

Coherent 𝝂 −N  Interaction

with 𝑞 = 2𝑚𝑁𝑇nr

𝒑′

𝒑
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1 MeV 10 MeV 100 MeV                     1 GeV 10 GeV                    100 GeV   

M.Cadeddu et al 
EPL 143 (2023) 3, 34001

𝐸𝜈 ≃ 100 GeV 𝜆𝑍0 ≪ 𝑅

 Interaction with individual 

constituents: inelastic process

𝐸𝜈 ≃ 100 − 1000 MeV 𝜆𝑍0 < 𝑅

 Scattering not totally coherent

𝐸𝜈 ≃ 10 MeV 𝜆𝑍0 > 𝑅

 Coherency condition

Coherence occurs when the de Broglie wavelength of the 𝑍0 exceeds the nuclear size.

≃ 6 − 10 fm

𝝂 −N  Interactions

𝝀𝒁𝟎 ≃
𝟏

|𝒒|

𝑬𝝂
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Semi-classical treatment 

Coherency occurs when an elementary projectile (in this case, the neutrino) elastically scatters off a complex system (for us, 
the nucleus) made up of A individual constituents (the nucleons). Now, consider the nucleons with specific positions 
𝑥𝑖 , (𝑖 = 1… . 𝐴)
By the principle of superposition, the amplitude of the process F 𝒑, 𝒑′  can be written as the sum of the contributions 

from each individual nucleon 𝑓𝑖 𝒑, 𝒑
′ , where the individual amplitudes are weighted by a phase factor that accounts for 

the relative phase of the wave at the point 𝒙𝒊.
When multiple scatterings are negligible, we have:

F 𝒑, 𝒑′ =෍

𝒊=𝟏

𝑨

𝒇𝒊 𝒑, 𝒑
′ 𝒆𝒊 𝒑

′−𝒑 𝒙𝒊

The cross section is therefore

𝑑𝜎

𝑑Ω
≃ F 𝒑, 𝒑′ 𝟐

x

y

z

𝒙𝒊 = (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖)

𝜈

𝑝

p′

Coherence from a Quantum-Mechanical View
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If 𝑞𝑅 ≪ 1, the phase factors will be equal to 1. Therefor
𝑑𝜎

𝑑Ω
≃ 𝐴2 ሚ𝑓 𝒑, 𝒑′

𝟐

Here, we introduce the mean ampliture ሚ𝑓, since the interaction amplitude on protons and neutrons, as we will see, is different. 

For a quantum system, we cannot define the positions of the constituents of the target. We introduce the spatial density of 
nucleons 𝜌 𝑥 . In this now realistic case, the amplitude will be:

F 𝒑, 𝒑′ = ሚ𝑓 𝒑, 𝒑′ න𝑑3𝑥 𝜌 𝑥 𝑒𝑖𝑞⋅𝑥
It reduces to the previous case for 

𝜌 𝑥 = σ𝑗 𝛿 𝑥 − 𝑥𝑗

This quantity is the Fourier transform of the nucleon distribution, and it is 
what is referred to as the Form Factor (FF). It describes the loss of 

coherence due to the finite structure of the nucleus.

Coherence from a Quantum-Mechanical View
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The CE𝜈NS Lagrangian is

Leptonic
current

Hadronic
currentSum over 

quarks

4 fermion
interaction 
𝑀𝑍0 ≫ 𝑞

The CE𝝂NS Lagrangian
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The CE𝜈NS cross section is (see Appendix A)

𝑑𝜎𝜈ℓ −𝑁
SM

𝑑𝑇nr
=

𝑮𝑭
𝟐𝒎𝑵

𝜋
𝟏 −

𝑻𝐧𝐫
𝑬𝝂

−
𝒎𝑵𝑻𝐧𝐫

𝟐𝑬𝝂
𝟐

𝑸𝑾
𝟐 𝑭𝑾

𝟐

Constants

𝐺𝐹 =
2𝑔2

8𝑚𝑊
2 : Fermi constant

𝜎 ∝ 𝑚𝑁: nuclear mass

Kinematics
Phase space factor

Weak charge of the nucleus
Describes the strength of the 

neutrino coupling with the nucleus

Nuclear Form Factor
Describes the loss of coherency for 

increasing neutrino energies

What are the two dominant terms 
in this expression, in your opinion?
As an exercise, try to perform the 
relativistic kinematics calculation.

The CE𝝂NS Cross Section
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Let us focus on a fundamental quantity, the weak charge of the nucleus 𝑸𝑾. This is defined as

𝑸𝑾 = 𝒈𝑽
𝒑
𝒁 + 𝒈𝑽

𝒏𝑵

• 𝒈𝑽
𝒑

and 𝒈𝑽
𝒏 are the couplings of neutrinos with individual protons and neutrons. They are well predicted by 

electroweak theory, and at tree level* they are:

• 𝑔𝑉
𝑝
=

1

2
− 2𝐬𝐢𝐧𝟐𝜽𝑾 ∼ 0.02274

• 𝑔𝑉
𝑛 = −

1

2

These couplings are not dependent on the neutrino flavor!

The weak mixing angle 𝐬𝐢𝐧𝟐𝜽𝑾 is responsible for 
the suppression of the neutrino proton coupling

𝑔𝑉
𝑝
≪ 𝑔𝑉

𝑛 , i.e.
𝜎 ∝ 𝑁2

*Radiative corrections play a fundamental role!

The Nuclear Weak Charge
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The weak mixing angle, 𝐬𝐢𝐧𝟐𝜽𝑾, is a key parameter of the electroweak theory 𝐒𝐔 𝟐 𝐋 ⊗𝐔 𝟏 𝐘

It is responsible for the mixing of the 𝐵𝜇 field (𝑈 1 𝑌 gauge symmetry), and the 𝑊𝜇
(3)

field associated to the 𝑆𝑈 2 𝐿

symmetry. 

𝑒 = 𝑔sin𝜃𝑊 = 𝑔′cos𝜃𝑊
• 𝑔: SU 2 L gauge coupling
• 𝑔′: U 1 𝑌 gauge coupling

In the MS scheme, it is defined as:

sin2 መ𝜃 𝜇 =
ො𝑔′2(𝜇)

ො𝑔2 𝜇 + ො𝑔′
2
(𝜇)

sin2𝜃𝑊 𝑞2 = 0 ≃ 0.23873(5) 

The Weak Mixing Angle
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Particle data group 2024

The weak mixing angle determines the intensity of the 
fundamental electroweak couplings.
It is not a constant quantity, but its value changes with 
energy.

The Weak Mixing Angle

𝐬𝐢𝐧𝟐𝜽𝑾 𝒒𝟐 → 𝟎 ≃ 𝟎. 𝟐𝟑𝟖𝟕𝟑(𝟓)

𝑔𝑉
𝑝
=
1

2
− 2𝐬𝐢𝐧𝟐𝜽𝑾 ∼ 0.02274

The theoretical prediction is very precise.
Few measurements at low energy, CE𝜈NS offers a new 

opportunity to measure 𝐬𝐢𝐧𝟐𝜽𝑾 𝒒𝟐 → 𝟎 .
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Radiative corrections provide additional contributions to the neutrino-nucleus interaction vertex.

This diagrams are very important. They are they only photon-mediated
neutrino interaction in the standard model!

This is the so-called neutrino charge radius

There are also other radiative corrections, discussed in Appendix B.

Radiative Corrections
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The neutrino charge radius is therefore a vertex correction to the CE𝜈NS process, responsible for a new 

contribution in the neutrino-proton coupling through the radiative correction 𝝓𝝂ℓ−𝑾, which is connected to 𝒓𝝂ℓ
𝟐

𝑔𝑉
𝑝
≃
1

2
− 2 sin2 𝜃𝑊 − 2𝝓𝝂ℓ−𝑾 + other radiative corrections (1 loop)

𝑔𝑉
𝑝
≃
1

2
− 2 sin2 𝜃𝑊 −

2𝜋𝛼𝐸𝑀
3𝐺𝐹

𝒓𝝂ℓ
𝟐 + other radiative corrections (1 loop)

Neutrino Charge Radius

Electroweak Couplings (tree level)

𝑔𝑉
𝑝
=
1

2
− 2𝐬𝐢𝐧𝟐𝜽𝑾 ≃ 0.02274

𝑔𝑉
𝑛 = −

1

2

With radiative corrections (RC)

𝑔𝑉
𝑝
𝜈𝑒 ∼ 0.0382

𝑔𝑉
𝑝
𝜈𝜇 ∼ 0.0299

𝑔𝑉
𝑝
𝜈𝜏 ∼ 0.0255

𝑔𝑉
𝑛 = −0.5117

MAC et al. JHEP 05 (2024) 271

Weak mixing angle
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In general, a neutral particle can be described as a superposition of two charge distributions of opposite signs, which is 
non-zero only for non-zero momentum transfers, 𝑞2. This effect is attributed to the series expansion of the charge form 
factor.

The neutrino charge radius is defined as

The charge form factor is thus interpreted as the Fourier transform of the charge distribution associated with the neutrino 
interaction.

Fundamental Physics Test

We can fit for this data using
currently available data
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We have already defined the nuclear form factor (FF) as the Fourier transform of the nuclear density.
To describe the different nuclear composition in terms of protons and neutrons, the weak form factor is defined 
as

𝐹𝑊 =
1

𝑄𝑊
𝑔𝑉
𝑝
𝑍𝑭𝒑 + 𝑔𝑉

𝑛𝑁𝑭𝒏

This parameterization allows for the separation of the contributions from protons and neutrons.

The proton distribution is generally different from the neutron distribution.
In the case of a large nucleus, this gives rise to the so-called neutron skin, due to the fact that there are more 
neutrons than protons.

The Nuclear Form Factor

F 𝒑, 𝒑′ = ሚ𝑓 𝒑, 𝒑′ න𝑑3𝑥 𝜌 𝑥 𝑒𝑖𝑞⋅𝑥
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The nuclear density of the charge distribution is slightly different from the proton one, as the former includes a 
small contribution from neutrons.

• 𝜌ch: charge distribution
• 𝜌𝑝: proton distribution

• 𝜌𝑛: neutron distribution
• 𝜌𝑤𝑘: weak charge distribution

Nicola Cargioli, PhD Thesis

An important quantity is the average rms radius of 
the distribution

The Nuclear Form Factor

𝑅𝑝,𝑛
2 =

׬ 𝑟2𝜌𝑝,𝑛𝑑
3𝑟

𝜌𝑝,𝑛𝑑׬
3𝑟
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The form factor thus takes into account this spatial distribution of nucleons. It can be described analytically 
using the Symmetrized 2 parameters Fermi.

The parameter c is the half density radius, while 𝑎 = 4 𝑡 /log(3).

• The thickness is defined as the 
difference between the radius where 
the density drops from 90% to 10% 
of the plateau value (𝑡 ≃2.3 fm)

The Nuclear Form Factor
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Below is the form factor for protons and neutrons for some nuclei commonly used in CE𝜈NS research.

Again, it is exactly the Fourier transform of the nuclear density 
distribution.

• The form factor is ∼1 at low energies, as expected.
• We note the presence of the so-called diffraction minima.
• When the form factor becomes small, coherence is lost and 

the CE𝜈NS cross-section collapses.

• The form factor closes earlier for heavier nuclei.

Why does it happen?

The Nuclear Form Factor
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Solar neutrinos: The Sun is the most abundant source of low-energy neutrinos in nature

Neutrinos are produced by the pp chain and the CNO cycle.
This results in an extremely intense flux of low-energy 
neutrinos.

Universe 7.7 (2021)
Rev. Mod. Phys. 92(2020), p. 45006

Solar Neutrinos

𝝂𝒆

𝜈𝑒,𝜇,𝜏

𝑬𝝂 < 𝟏𝟎 MeV Phys. Rev. Lett. 133, 191002 (2024)
Phys.Rev.Lett. 133 (2024) 19, 191001
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Hg

𝝅−

𝝅+

Proton beam

𝑬𝒑 ∼ 𝟏 GeV

Captured 99%

Hg

𝝉𝝅+ ∼ 𝟐𝟔 𝐧𝐬

𝝅+ → 𝝁+ + 𝝂𝝁
𝝁+

P𝐫𝐨𝐦𝐩𝐭 𝝂𝝁 mono-energetic 

(𝑬𝝂 ≃ 𝟐𝟗. 𝟖 𝐌𝐞𝐕)

𝝁+ → ഥ𝝂𝝁 + 𝝂𝒆 + 𝒆+

𝝉𝝁+ ∼ 𝟐. 𝟐 𝝁𝐬

Delayed 

ഥ𝝂𝝁, 𝝂𝒆

Pion Decay at Rest: 𝜋-DAR. 
A pulsed proton beam strikes a mercury target → Pions are produced following 
the nuclear cascade.
The 𝜋+ decay produce a prompt 𝜈𝜇 emission, followed by a delayed 𝜈𝑒, ҧ𝜈𝜇 

emission

𝝅-DAR Neutrinos
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There are many nuclear reactors in the world, about 400. There is also a 
global movement with many experiments searching for CE𝜈NS at reactors.ҧ𝜈𝑒

𝐸𝜈 ∼ 3 MeV

Neutrinos are produced through the 𝛽 decay of fission fuels 
235U, 239Pu, 241Pu, 238U.

Additionally, the neutrons produced can be absorbed by the fuel itself 
or by the reactor walls, triggering further reaction chains.

We are dealing with a very intense ഥ𝝂𝒆 flux ∶∼ 𝟏𝟎𝟏𝟑 𝝂/[𝒔 𝒄𝒎𝟐]

Reactor Flux - Phys.Rev.C 108 (2023) 5, 055501

Neutrinos from Nuclear Reactors
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𝑑𝜎𝜈ℓ −𝑁
SM

𝑑𝑇nr
=
𝐺𝐹
2𝑀

𝜋
1 −

𝑀𝑇nr

2𝐸𝜈
2 𝑔𝑉

𝑝
(𝜈ℓ )𝑍𝐹𝑍 ത𝑞 2 + 𝑔𝑉

𝑛𝑁𝐹𝑁 ത𝑞 2 2

Couplings:
𝑔𝑉
𝑝
𝜈𝑒 ∼ 0.0382

𝑔𝑉
𝑝
𝜈𝜇 ∼ 0.0299

𝑔𝑉
𝑝
𝜈𝑒 ∼ 0.0255

𝑔𝑉
𝑛 = −0.5117

Considering all the elements, the cross-section takes the form:

We now evaluate 𝜎 = 0׬
𝑇nr
max

𝑑𝑇nr
𝑑𝜎

𝑑𝑇nr

The CE𝝂NS Cross Section
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Up to this point, we are able to understand why CE𝜈NS is so 
interesting
• The cross-section is very large, and scales with 𝑁2

• For 208Pb, it is about 2 orders of magnitude larger than inverse 
beta decay (IBD).

• It is about 4 orders of magnitude larger than the neutrino cross-
section on a cesium atom.

• Fenomenologia del CE𝝂NS

Comparison with IBD and Other Processes

IBD:

Why is it so difficult to observe?
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The answer comes from kinematics

• Small nucles: for the same 𝐸𝜈 the nucleus recoils 
more, but the cross section is smaller

• Big nucleus:  the nucleus recoils less, but the cross 
section is bigger

In general, a detector with a very low threshold, 
∼keV, with a low background, and typically a large 

mass, is required.

CE𝝂NS: Main Challange



End of the 1° Part

Questions? 
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2° Part:

Dr. Riccardo Cerulli will tell 
you how we made it! ( … 43 
years after the theoretical

prediction)
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Supplemental
Material

i. Appendix A: 

Evaluation of the 

Cross Section

ii. Appendix B: 

Radiative Corrections
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• Appendix A

CE𝝂NS Cross Section
• Appendix B

We remind here the Lagrangian for the interaction

Where 𝑔𝑉 , 𝑔𝐴 are the electrowek couplings with the Z0 boson.

For neutrinos

For quarks                                                                 , i.e.
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Here we introduce the operator number of quarks, 𝑁𝑞
𝑝(𝑛)

which projects the quark vector current into nucleon states and 

returns the number of quarks inside the proton or neutron:

Defining the vectorial current of quarks as we get

• Appendix A

Quarks Number Operator
• Appendix B
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The formalism described so far does not describe the interaction with the entire nucleus, but rather with the individual protons 
and neutrons. To proceed, we introduce the nucleon number operator, Z and N, which returns the number of protons and 
neutrons within the nucleus when applied to the initial nuclear state.

Defining , we have

We rewrite the lagrangian as

The matrix element in terms of the 
spinors, with spin 𝑠𝑠′𝑟𝑟′, is

The matrix element weighted
over the spin is

• Appendix A

Nucleon Number Operator
• Appendix B
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The cross section will be therefore

The observable is the nuclear recoil energy:

Where s, t are the mandelstam variables

• Appendix A

CE𝝂NS Cross Section
• Appendix B
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The weighted matrix element is, in fact

Recalling that and

Here, one only has to use the trace rules to obtain

• Appendix A

CE𝝂NS Cross Section
• Appendix B
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Therefore we have

Including the form factors, we get our expression.

• Appendix A

CE𝝂NS Cross Section
• Appendix B
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Our formalism for radiative corrections is based on the Particle data group (PDG) report, which refers to Erler
et al.  Prog.Part.Nucl.Phys. 71 (2013) 119-149. We evaluate the left/right neutrino couplings with fermions at 
the one loop level 

Neutrino charge radius
Weak mixing angle

• Appendix A

Radiative Corrections
• Appendix B

https://arxiv.org/abs/1303.5522
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WW-box WW crossed-box

ZZ-box

Numerically:

𝜌 = 1.00063, 𝛼𝑍 = 𝛼𝐸𝑀 𝑀𝑍 = 127.952 −1, 𝛼𝑠 𝑀𝑊 = 123−1, s0
2 = sin2𝜃𝑊 0 = 0.23863,

sZ
2 = sin2𝜃𝑊 𝑀𝑍 = 0.23121, 𝑐𝑍

2 = 1 − sin2 𝜃𝑊 

Those are the tree-level couplings, with
sin2𝜃𝑊 𝑀𝑍 insted of sin2𝜃𝑊 0 .

• Appendix A

Radiative Corrections
• Appendix B
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Flavor dependence

• Appendix A

Radiative Corrections
• Appendix B

For protons
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For neutrons

Finally

The neutron coupling does not depend on the 
flavor

Correzioni Radiative
• Appendix A

Radiative Corrections
• Appendix B
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