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Coherent Elastic Neutrino Nucleus Scattering
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Coherent Elastic Neutrino Nucleus Scattering

Neutrino Sources
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Coherent Elastic Neutrino Nucleus Scattering

CEνNS Process

• Theoretically proposed in 1974 in the Standard Model (SM)

framework. (Freedman, Phys.Rev.D 9 (1974))
• In the process, neutrinos collide with nucleus via Z boson followed by

recoil nucleus.
• Incoming neutrinos interact with nucleus as a whole without changing

its internal state.
• It can occur at low enough Q2 where the de Broglie wavelength is

large compared to nuclear radius.
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Coherent Elastic Neutrino Nucleus Scattering

• It provides relatively large σ
among other neutrino

interaction processes.

• Hard to detect; the nuclear

recoil energy, Tnr , is around a

few keV.

• Successfully detected by

COHERENT Collaboration in

2017. (D. Akimov et al.,

Science 357 (2017)).
• The heavier the target, the greater the boost in the cross-section but

the smaller the recoils.

• The CEνNS process is well predicted in the SM. Therefore, a measured

deviation from it can provide a test of beyond SM (BSM) physics.
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Coherent Elastic Neutrino Nucleus Scattering

CEνNS Cross-Section

• CEνNS is a pure weak neutral current process mediated by a Z boson.

• The SM CEνNS di�erential cross section is given by[
dσνN
dTnr

]
SM

=
G 2
FmN

π

(
QSM

V

)2
F 2(|q⃗|2)

(
1− mNTnr

2E 2
ν

)
(1)

Weak charge of the nucleus

QSM
V = gp

VZ + gn
VN (2)

with the proton and neutron couplings

gp
V = 1/2(1− 4sin2θW ), gn

V = −1/2 (3)
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Coherent Elastic Neutrino Nucleus Scattering

Form Factor

• The F (|q⃗|2) describes the
structure of the nucleus.

• We use the Helm

parameterization (Helm, 1956)

F (|q⃗|2) = 3
j1(|q⃗|R)
|q⃗|R

e−
1
2
|q⃗|2s2 ,

(4)

where j1 is the �rst order

Spherical Bessel function, and

the momentum transfer is

Q2 ≡ −q2 = 2mNTnr . (5)

• The CEνNS process is focused

in the region Q ≲ 50 MeV. For

this scale, it can be taken to be

F 2(|q⃗|2) ≈ 1.
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Coherent Elastic Neutrino Nucleus Scattering

N2 Dependence

• A deviation from ∝ N2 prediction can be a signature of

beyond-the-SM physics (Scholberg, 2021).

• Q2
V =

(
N − (1− 4 sin2 θW )Z

)2
, sin2 θW = 0, 23857

QV ∝ N, σ ∝ Q2
V → σ ∝ N2 (6)

• Verify the expected neutron-number dependence of cross-section:

Neutron Number
0 10 20 30 40 50 60 70 80 90

)2
 c

m
40-

C
ro

ss
 s

ec
tio

n 
(1

0

1

10

210

310

Na

Ar

Ge

I Cs

COHERENT Measurements

SM Prediction

FF = unity

Klein-Nystrand FF

 

Figure from COHERENT, PRL 126, 012002 (2021).

Karadeniz Technical University Beyond Standard Model: From Theory to Experiment (BSM-2023) 9



Neutrino Magnetic Moments

Neutrino Magnetic
Moments
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Neutrino Magnetic Moments

EM Properties of Neutrino

• Non vanishing mass of neutrinos are indicated by neutrino oscillation

process (Pontecorvo, 1957; Maki et. al. 1962).

• This fact leads to the requirement of SM extension, since neutrinos

are massless in the SM.

• Electromagnetic properties (magnetic moment, charge radius,

milicharge) are one of the possibilities (Giunti & Studenikin, 2015).
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Neutrino Magnetic Moments

• For neutrinos the electric charge is

zero and there are no electromagnetic

interactions at tree-level.

• Such interactions comes from

quantum loops e�ects that allow

neutrinos direct interaction with

photon and charged particles.

• Important consequences can be observed in astrophysical

environments, in which neutrinos propagate over long distances in

vacuum and in matter (Jana, 2022).
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Neutrino Magnetic Moments

Review of Sterile Neutrino

• It is possible that there are additional massive neutrinos, such as those

at the eV scale suggested by anomalies found in short-baseline

oscillation experiments (Aguilar, et. al., 2001; Abdurashitov, et. al.,

2006).

• In the �avor basis the additional neutrinos are sterile. Measurement of

the invisible width of the Z -boson that the number of light active

neutrinos is three (Schael, et. al., 2006) and the existence of a heavy

fourth generation of active fermions with an active neutrino heavier

than mZ/2 is disfavored by the experimental data (Lenz, 2013).

• From the theoretical point of view, it is likely that if there are sterile

neutrinos, all neutrinos are Majorana particles, but the Dirac case is

not excluded (Giunti and Studenikin, 2015).
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Neutrino Magnetic Moments

Neutrino Magnetic Moment

• In mininal SM extensions in which neutrinos acquires Dirac masses

through right-handed neutrinos the MM is given by (Rev.Mod.Phys. 87

(2015) 531)

µν =
3eGF

8
√
2π2

mν
∼= 3.2× 10−19(

mν

eV
)µB . (7)

• The Lagrangian for the neutrino magnetic moment

(σαβ = i [γα, γβ]/2) (Harnik et. al., 2011):

L ⊃ µν ν̄σ
αβ∂βAαν, (8)

The photon Aα mediates the new interaction.
• The e�ective magnetic moment µν is given in unit of Bohr magneton

µB =
√
4παEM/(2me).

• For magnetic moment from the sterile neutrino (Phy. Rev. D 106,095022 (2022)):

L ⊃ d ν̄lσ
µνν4Fµν , d2 =

παEM

m2
e

∣∣∣∣µνl4

µB

∣∣∣∣2 . (9)
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Neutrino Magnetic Moments

The Cross-section

Many BSM theories predict a MM larger than the value in Eq(9). It adds

incoherently to the cross-section:
• Contribution of the active neutrino magnetic moment is calculated by[

dσ

dTnr

]νaMM
=

πα2
EM

m2
e

∣∣∣∣µνℓ

µB

∣∣∣∣2 Z 2|F (|q⃗|2)|2
(

1

Tnr
− 1

Eν

)
. (10)

This may lead to detectable distortions of the recoil spectrum. µ2ν is

an e�ective neutrino magnetic moment relevant to a given neutrino

beam.
• Regarding the case of sterile neutrino, with state ν4 and mass m4, the

cross-section is obtained as[
dσ

dTnr

]νsMM
=

πα2
EM

m2
e

∣∣∣∣ µν

µB

∣∣∣∣2 Z 2|F (|q⃗|2)|2
(

1

Tnr
− 1

Eν

− m2
4

2EνmNTnr

(
1− mN − Tnr

2Eν

)
− m4

4(mN − Tnr )

8E 2
νm

2
NT

2
nr

)
.

(11)
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Neutrino Magnetic Moments

• Kinematic constraint of the sterile case is

m2
4 ≲ 2mNTnr

(√
2

mNTnr
Eν − 1

)
, (12)

• The minimum neutrino energy induced by ν4 is

Emin
ν =

m2
4 + 2mNTnr

2(
√

Tnr (Tnr + 2mN)− Tnr )
, (13)

which is higher than the active neu-

trino case.

• The Emin
ν continuously

decreases as the increase of

the recoil energy, until Emin
ν

reaches the extreme value

Emin
ν = m4 +m2

4/2mN .
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Di�erential Rate

Di�erential Rate
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Di�erential Rate

Di�erential Rate

• The di�erential rate of the CEνNS in general can be written as

dR

dTnr
=

ϵ

mT

∫ Emax
ν

Emin
ν

dEν
dΦ(Eν)

dEν

dσ(Eν ,Tnr )

dTnr
, (14)

where dΦ(Eν)/dEν represents solar neutrino �ux. Here we consider

BS05(OP) solar neutrino (Bahcall & Serenelli, 2005).

• In this equation, the ϵ is the exposure of the experiment, and mT is

the target nuclei.

• The nuclear recoil energy is converted from electron equivalent one

with quenching factor.
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Di�erential Rate

Solar Neutrino Flux

Solar neutrinos: huge �ux of neutrinos coming from the Sun spanning on a

wide range of energies up to 20 MeV.

• Solar neutrino �ux from BS05(OP) standard solar model.

• On the Earth, neutrino �ux from 8B and hep are the most observable.
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Numerical Results

Numerical Results
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Numerical Results

Event Rate

Predicted event rate of the νaMM as a function of the nuclear recoil energy

for µν = 10−9µB (with µB is the Bohr magneton).

• The contribution of active

neutrino magnetic moment

(νaMM) is suppressed by the

recoil energy Tnr .

• The e�ect of νaMM would

become signi�cant at low recoil

energy.

• One needs the low threshold

experiments for improved

exploration.
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Numerical Results

Predicted event rate of the νsMM as a function of the nuclear recoil energy

for µν = 10−9µB and several sterile neutrino masses.

• The νsMM contribution

decreases with the increment

of sterile neutrino masses.

• The contribution of the νsMM

is similar to that of the νaMM

case.

• However, the e�ect of the

νsMM is suppressed at low

recoil energies due to the

presence of the sterile neutrino

mass in the Emin
ν relation (13).
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Numerical Results

Statistical Analysis

• We adopt the pull approach of the χ2 function

χ2 = min(ξj )

20∑
i=1

(
R i
obs − R i

exp − B −
∑

j ξjc
i
j

∆i

)2

+
∑
j

ξj (15)

.

• R i
obs and R i

exp are the observed and expected event rates, respectively.

• We use 20 data points from CDEX-10 experiment (Geng et.al., 2023)

for R i
obs .

• ∆i denotes the experimental uncertainty.

• The solar neutrino �ux uncertainty is represented by c ij .
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Numerical Results

• The constraint on active neutrino magnetic moment
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• The upper limit is obtained as |µν |(µB) ≲ 1.874× 10−9 at 90% CL.
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Numerical Results

• We derive the new bound on

sterile neutrino case from the

recent CDEX10 data.

• We superimpose our projected

sensitivities from realistic

(%10) and optimistic (%1)

scenarios.

• The upper-limit for the 90%
C.L. with 2 d.o.f is found to be

µν4 ≲ 2.79× 10−9.
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• We compare our results with available limits. There is a small

improvement compared to COHERENT (CSI) result.
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Numerical Results
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Numerical Results
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Summary

Summary
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Summary

Summary

• We have studied the magnetic moments for active and sterile

neutrinos in the framework of CEνNS.

• Their e�ects to CEνNS are studied using solar-neutrino �ux with

CDEX10 data.

• Behavior of these properties are shown in the event-rate spectrum.

• We derive new constraints on magnetic moments of the active and

sterile neutrinos.

• Although some of the limits obtained are not competitive with

available results yet, they provide complementary and relevant

information.

• The CEνNS process proves to be once again an important tool for

testing sectors beyond SM with highly competitive precision.
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