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What is CEνNS ?

CEνNS: Coherent elastic neutrino nucleus scattering

coherency limit: |~q| ≤ 1/Rnucleus

Z

(A,Z)

να

(A,Z)

να

3-momentum transfer |~q| =
√

2MT =
√

2E 2
ν (1− cos θ)

M: nuclear mass

Eν : incident neutrino energy

T : nuclear recoil energy

θ: scattering angle
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CEνNS has a really large cross section, but...

characteristic N2 dependence

push-pull:

heavy nucleus →σCEvNS → Tmax

Tmax = 2E2
ν

M ∼ keV
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Physics Motivations of CEνNS
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CEνNS experiments worldwide

from M. Green: Aspen 2019 Winter Conference, March 2019

+ SBC (Mexico), vIOLETA (Argentina), ESS (Sweden), CCM (USA)
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from N. Cargioli: Magnificent CEvNS 2020
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Standard Model physics & nuclear
structure

8 / 70



Standard Model CEνNS cross section

CEνNS cross section expressed through the nuclear recoil energy TA(
dσ

dTA

)

SM

=
G 2
FmA

π

[
Q2

V

(
1− mATA

2E 2
ν

)
+Q2

A

(
1 +

mATA

2E 2
ν

)]
F 2(Q2)

[DKP, Kosmas: PRD 97 (2018)]

Eν : is the incident neutrino energy

mA: the nuclear mass of the detector material

Z protons and N = A− Z neutrons

vector QV and axial vector QA contributions

F (Q2): is the nuclear form factor

QV =
[
2(gL

u + gR
u ) + (gL

d + gR
d )
]
Z +

[
(gL

u + gR
u ) + 2(gL

d + gR
d )
]
N ,

QA =
[
2(gL

u − gR
u ) + (gL

d − gR
d )
]

(δZ) +
[
(gL

u − gR
u ) + 2(gL

d − gR
d )
]

(δN) ,

(δZ) = Z+ − Z− and (δN) = N+ − N−, where Z+ (N+) and Z− (N−) refers to total
number of protons (neutrons) with spin up or down [Barranco et al.: JHEP 0512 (2005)]
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Standard Model CEνNS cross section

CEνNS cross section expressed through the nuclear recoil energy TA(
dσ

dTA

)

SM

=
G 2
FmA

π

[
Q2

V

(
1− mATA

2E 2
ν

)
+Q2

A

(
1 +

mATA

2E 2
ν

)]
F 2(Q2)

[DKP, Kosmas: PRD 97 (2018)]

Eν : is the incident neutrino energy

mA: the nuclear mass of the detector material

Z protons and N = A− Z neutrons

vector QV and axial vector QA contributions

F (Q2): is the nuclear form factor

QV =

[
1

2
− 2sin2 θW

]
Z − 1

2
N ,

QA =
1

2
(δZ) +

1

2
(δN) ,

weak mixing angle: sin2 θW not well measured at low energies
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Nuclear rms radius

slide from: M. Cadeddu @ NuFact 2018
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Evaluation of the form factors (Klein-Nystrand)

Follows from the convolution of a Yukawa potential
with range ak = 0.7 fm over a Woods-Saxon distribu-
tion, approximated as a hard sphere with radius RA.

FKN = 3
j1(QRA)

qRA

[
1 + (Qak )2

]−1

The rms radius is: 〈R2〉KN = 3/5R2
A + 6a2

k
Klein, Nystrand, PRC 60 (1999) 014903

First data driven determination of the neutron rms
radius

Papoulias et al. PLB 800 (2020) 135133
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Evaluation of the form factors (Helm)

Convolution of two nucleonic densities, one being a uniform density with cut-off radius R0,
(namely box or diffraction radius) characterizing the interior density and a second one that is
associated with a Gaussian falloff in terms of the surface thickness s.

FHelm(Q2) = FBFG = 3
j1(QR0)

qR0
e−(Qs)2/2

The first three moments

〈
R2
n

〉
=

3

5
R2

0 + 3s2

〈
R4
n

〉
=

3

7
R4

0 + 6R2
0 s

2 + 15s4

〈
R6
n

〉
=

1

3
R6

0 + 9R4
0 s

2 + 63R2
0 s

4 + 105s6 .

j1(x) is the known first-order Spherical-Bessel function

box or diffraction radius R0 (interior density)

s = 0.9 fm: surface thickness of the nucleus from spectroscopy data (Gaussian fallof).

J. Engel, Phys.Lett. B 264 (1991) 114
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Evaluation of the form factors (Symmetrized Fermi)

Adopting a conventional Fermi (Woods-Saxon) charge density distribution, the SF form factor is
written in terms of two parameters (c, a)

FSF

(
Q2
)

=
3

Qc [(Qc)2 + (πQa)2]

[
πQa

sinh(πQa)

] [
πQa sin(Qc)

tanh(πQa)
− Qc cos(Qc)

]
,

The first three moments

〈
R2
n

〉
=

3

5
c2 +

7

5
(πa)2

〈
R4
n

〉
=

3

7
c4 +

18

7
(πa)2c2 +

31

7
(πa)4

〈
R6
n

〉
=

1

3
c6 +

11

3
(πa)2c4 +

239

15
(πa)4c2 +

127

5
(πa)6 .

c: half-density radius

a fm: diffuseness

surface thickness: t = 4a ln 3

J.D. Lewin and P.F. Smith, Astropart.Phys. 6 (1996) 87-112
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Nuclear structure models: BCS calculations
Within the context of the quasi-particle random phase approximation (QRPA) method the form
factors for protons (neutrons) are obtained as

FNn =
1

Nn

∑
j

ĵ〈g .s.||j0(|q|r)||g .s.〉
(
v
p(n)
j

)2

where ĵ =
√

2j + 1, Nn = Z (or N), v
p(n)
j are the BCS probability amplitudes, determined by

solving iteratively the BCS equations.

T.S. Kosmas, J.D. Vergados, O. Civitarese and A. Faessler, NPA 570 (1994) 637

After choosing the active model space the following important parameters must be

properly adjusted
the harmonic oscillator (h.o.) size parameter b

the two pairing parameters g
p (n)
pair for proton (neutron) pairs that renormalise the monopole (pairing) residual

interaction of the Bonn C-D two-body potential (describing the strong two-nucleon forces)

η, π, ρ, ω, σ, φ

p(n) p(n)

p(n) p(n)

Realistic proton and neutron form factors

The Bonn C-D residual interaction is mediated
via one-meson exchange
R. Machleidt, Phys.Rev. C63 (2001) 024001
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Nuclear structure models: deformed shell model
Kota & Sahu: Structure of Medium Mass Nuclei: Deformed Shell Model and Spin-Isospin Interacting Boson Model, CRC Press

Assume axial symmetry
Model space: a set single-particle (sp) orbitals + an effective two-body Hamiltonian
Lowest-energy intrinsic states: by solving the HF single-particle equation self-consistently.
Excited intrinsic configurations: via particle-hole excitations over the lowest intrinsic
state.
Problem! Intrinsic states χK (η): do not have definite angular momenta

States of good angular momentum, projected from an intrinsic state χK (η)

|ψJ
MK (η)〉 =

2J + 1

8π2
√
NJK

∫
dΩDJ∗

MK (Ω)R(Ω)|χK (η)〉 ,

where NJK is the normalization constant given by

NJK =
2J + 1

2

∫ π
0

dβ sin βdJKK (β)〈χK (η)|e−iβJy |χK (η)〉 .

R(Ω) = exp(−iαJz ) exp(−iβJy ) exp(−iγJz ): general rotation operator

Ω: the Euler angles (α, β, γ)

|ψJ
MK (α)〉 projected from different intrinsic states are not in general orthogonal to each other

Band mixing calculations are performed after appropriate orthonormalization. The resulting
eigenfunctions are of the form

|ΦJ
M(η)〉 =

∑
K ,α

SJ
Kη(α)|ψJ

MK (α)〉 , SJ
Kη(α) : expansion coefficients

The nuclear matrix elements occurring in the calculation of magnetic moments, elastic and

inelastic spin structure functions etc. are evaluated using the wave functions |ΦJ
M(η)〉. 16 / 70



Comparison of the nuclear methods

DKP, Kosmas, Adv.High Energy Phys. 2015 (2015) 763648
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Probing nuclear form factors: COHERENT exp.
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Impact of form factor on CEνNS: COHERENT exp.
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Standard Model precision tests (away from the Z-pole)

current situation from COHERENT
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Miranda et al. JHEP 05 (2020) 130

future measurements can do better

[SBC Collaboration] L. J. Flores et al.

JPhys.Rev.D 103 (2021) 9, L091301

Aristizabal et al. arXiv: 2103.10857
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Incoherent neutrino-nucleus scattering

Naumov Bednyakov formalism

dσinc

dTA
=

4G2
FmA

π

∑
f =n,p

g f
inc

(
1− |Ff |2

)
×
[
Af

+

((
gL,f − gR,f ab

2
)2

+ g2
R,f ab

2(1− a)
)

+ Af
−g

2
R,f (1− a)

(
1− a + ab2

) ]
.

(1)

a =
q2

q2
min

' TA

Tmax
A

, b2 =
m2

f

s
. (2)

Here, Ap
± ≡ Z± (An

± ≡ N±) represents the number of protons (neutrons) with spin ±1/2 and

s = (p + k)2 is the total energy squared in the center-of-mass frame (p denotes an effective

4-momentum of the nucleon).

Bednyakov, Naumov, PRD 98 (2018) 053004

For a more detailed study see: [Hoferichter, Menéndez, Schwenk PRD 102, 074018
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Incoherent vs. Coherent rates: πDAR and reactors
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Non Standard Interactions (NSIs)

23 / 70



NSI Phenomenological description

Similarly, the Lagrangian describing non-standard neutrino interactions
(NSI), reads

LNSI = −2
√

2GF

∑

f = u,d
α,β= e,µ,τ

εfPαβ [ν̄αγρLνβ]
[
f̄ γρPf

]

J. Barranco, O.G. Miranda, C.A. Moura and J.W.F. Valle, PRD 73 (2006) 113001

O.G. Miranda, M.A. Tortola and J.W.F. Valle, JHEP 0610 (2006) 008

flavour preserving non-universal (NU) terms proportional to εfPαα.

flavour-changing (FC) terms proportional to εfPαβ , α 6= β.

The couplings with respect to the Fermi coupling constant GF

are of vector and axial vector type, as

vector couplings: εfVαβ = εfLαβ + εfRαβ

axial-vector couplings: εfAαβ = εfLαβ − εfRαβ
S. Davidson et. al., JHEP 03 (2003) 011
J. Barranco, O.G. Miranda and T.I. Rashba, JHEP 0512 (2005) 021

K. Scholberg, PRD 73 (2006) 033005
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NSI Cross sections and Nuclear Transition Matrix Elements

NSI CEνNS diff. cross section with respect to the scattering angle θ

dσNSI,να

d cos θ
=

G 2
F

2π
E 2
ν (1 + cos θ)

∣∣∣〈g .s.||GNSI
V ,να(Q)||g .s.〉

∣∣∣2 , (α = e, µ, τ)

DKP and T.S. Kosmas, Phys.Lett. B728 (2014) 482

The corresponding NSI nuclear matrix element (ME) are now written as∣∣∣MNSI
V ,να

∣∣∣2 ≡ ∣∣∣〈g .s.||GNSI
V ,να(Q)||g .s.〉

∣∣∣2 =[(
gp
V + 2εuVαα + εdVαα

)
ZFZ (Q2) +

(
gn
V + εuVαα + 2εdVαα

)
NFN(Q2)

]2

+
∑
β 6=α

[(
2εuVαβ + εdVαβ

)
ZFZ (Q2) +

(
εuVαβ + 2εdVαβ

)
NFN(Q2)

]2

The flavour preserving (FP) ME (obtained from LFP ≡ LSM + LNU)∣∣∣MFP
V ,να

∣∣∣2 =
∣∣∣MSM

V ,να +MNU
V ,να

∣∣∣2 .
The total coherent cross section is computed on the basis of the ME∣∣∣MNSI

V ,να

∣∣∣2 ≡ ∣∣Mtot
V ,να

∣∣2 =
∣∣∣MFP

V ,να

∣∣∣2 +
∣∣∣MFC

V ,να

∣∣∣2 .
DKP and T.S. Kosmas, Adv.High Energy Phys. 2015 (2015) 763648
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NSI Analysis of COHERENT-CsI data

see also Giunti PRD 101, 035039 (2020)

vector NSI: OqV
αβ

=
(
ν̄αγ

µLνβ
) (

q̄γµPq
)

CEνNS cross section becomes flavor dependent

through the substitution QV
W → QV

NSI

NSI vector couplings

QV
NSI =(2εuVαα + ε

dV
αα + gVp )Z + (εuVαα + 2εdVαα + gVn )N

+
∑
α,β

[
(2εuVαβ + ε

dV
αβ )Z + (εuVαβ + 2εdVαβ )N

]
.

Neutrino Generalized Interactions (NGI)

Aristizabal, De Romeri, Rojas, PRD98 (2018) 075018

DKP and T.S. Kosmas, Phys.Rev. D97 (2018) 033003
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Aristizabal, Liao, Marfatia, JHEP 1906 141 (2019)
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COHERENT-CsI vs. COHERENT-LAr data
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NSIs from string-inspired E6 theories

ε
L
u =− 4γ ŝ2

Zρ
NC
νN

 cβ√
24
−

sβ

3

√
5

8

 3cβ

2
√

24
+

sβ

6

√
5

8

 ,

ε
R
d =− 8γ ŝ2

Zρ
NC
νN

 3cβ

2
√

24
+

sβ

6

√
5

8

2

,

ε
L
d =εLu = −εRu ,

with cβ = cos β, sβ = sin β, γ =
(
MZ/MZ′

)2.

E6 models: (χ, ψ, η) corresponding to cos β = (1, 0,
√

3/8).

T3
√

40Yχ
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Barranco, Miranda, Rashba, PRD 76, 073008
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Light vector and scalar mediators
vector Z ′ mediator Dutta et al. PRD 93 (2016) 013015

Lvec = Z ′µ
(
g
qV

Z′ q̄γ
µq + gνV

Z′ ν̄Lγ
µνL

)
+ 1

2
M2

Z′Z
′
µZ
′µ

Z ′ contribution to CEνNS cross section

(
dσ

dTN

)
SM+Z′

= G2
Z′ (TN )

dσSM

dTN

,

GZ′ = 1 +
1
√

2GF

QZ′
QV

W

gνV
Z′

2MTN + M2
Z′
,

Z ′ charge: QZ′ =
(

2guV
Z′ + gdV

Z′
)
Z +

(
guV
Z′ + 2gdV

Z′
)
N

Scalar φ mediator Dent et al. PRD 96 (2017) 095007

Lsc = φ
(
g
qS
φ

q̄q + gνSφ ν̄RνL + H.c.
)
− 1

2
M2
φφ

2

φ contribution to CEνNS cross section

(
dσ

dTN

)
scalar

=
G2
FM

2

4π

G2
φM

4
φTN

E2
ν

(
2MTN + M2

φ

)2
F 2(TN )

Gφ =
gνSφ Qφ
GFM

2
φ

scalar charge: Qφ =
∑
N ,q g

qS
φ

mN
mq

f
(N )
T,q

see also Flores, Nath, Peinado JHEP 06 (2020) 045

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

Miranda et al. JHEP 05 (2020) 130
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Impact of the quenching factor
Konovalov, Magnificent CEvNS 2020

Papoulias PRD 102 (2020) 11, 113004
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Electromagnetic neutrino
properties
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Electromagnetic contribution to CEνNS cross section

The Electromagnetic CEνNS cross section reads [Vogel, Engel.: PRD 39 [1989] 3378

(
dσ

dTA

)

EM

=
πa2

EMµ
2
ν Z

2

m2
e

(
1− TA/Eν

TA

)
F 2(Q2) .

can be dominant for sub-keV threshold experiments
may lead to detectable distortions of the recoil spectrum

The helicity preserving SM cross section adds incoherently with the
helicity-violating EM cross section

(
dσ

dTA

)

tot

=

(
dσ

dTA

)

SM

+

(
dσ

dTA

)

EM

µ2
ν is the effective neutrino magnetic moment in the mass basis relevant

to a given neutrino beam (reactor, SNS, etc.)
Experimental measurements usually constrain some process-dependent effective parameter
combination
needs to be expressed in terms of fundamental parameters (TMMs + CP phases +
mixing-angles)
Even in the case of laboratory neutrino experiments, where the initial neutrino flux is fixed
to have a well determined given flavor, there is no sensitivity to the final neutrino state
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Electromagnetic neutrino vertex (spin component)

Dirac neutrinos: HD
EM = 1

2 ν̄Rλσ
αβνLFαβ + h.c.

λ = µ− iε is an arbitrary complex matrix

µ = µ† and ε = ε†.

Majorana neutrinos: HM
EM = −1

4ν
T
L C
−1λσαβνLFαβ + h.c.

λ = µ− iε: antisymmetric complex matrix (λαβ = −λβα)

µT = −µ and εT = −ε are two imaginary matrices.

three complex or six real parameters are required

In contrast to the Dirac case, vanishing diagonal moments

are implied for Majorana neutrinos, µMii = εMii = 0.

[Schechter, Valle: PRD 24 (1981), PRD 25 (1982)]
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The neutrino transition magnetic moment (TMM) matrix

The magnetic moment matrix λ (λ̃) in the flavor (mass) basis reads
[Tórtola: PoS AHEP 2003 (2003)]

λ =




0 Λτ −Λµ
−Λτ 0 Λe

Λµ −Λe 0


 , λ̃ =




0 Λ3 −Λ2

−Λ3 0 Λ1

Λ2 −Λ1 0




the definition λαβ = εαβγΛγ has been introduced,

the neutrino TMMs are represented by the complex parameters

Λα = |Λα|e iζα , Λi = |Λi |e iζi

three complex or six real parameters (3 moduli + 3 phases)
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Effective neutrino magnetic moment @ experiments

Is expressed in terms of the neutrino magnetic moment matrix and the
amplitudes of positive and negative helicity states 3−vectors a+ and a−,

In the flavor basis one finds [Grimus, Schwetz: Nucl. Phys. B587 (2000)]

(
µFν

)2
= a†−λ

†λa− + a†+λλ
†a+ ,

Introducing the transformations (U is the lepton mixing matrix)

ã− = U†a−, ã+ = UTa+, λ̃ = UTλU ,

In the mass basis reads
(
µMν

)2
= ã†−λ̃

†λ̃ã− + ã†+λ̃λ̃
†ã+
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TMMs in flavor & mass basis @ reactor facilities

Reactor antineutrinos: ν̄e (with a1
+ = 1)

flavor basis

(
µFν̄e , reactor

)2
= |Λµ|2 + |Λτ |2

where |Λµ| and |Λτ | are the elements of the neutrino TMM matrix λ describing the

corresponding conversions from the electron antineutrino to the muon and tau neutrino states

mass basis [Cañas et al.: PLB 753 (2016)](
µMν̄e , reactor

)2
=|Λ|2 − c2

12c
2
13|Λ1|2 − s2

12c
2
13|Λ2|2 − s2

13|Λ3|2

− c2
13 sin 2θ12|Λ1||Λ2| cos ξ3

− c12 sin 2θ13|Λ1||Λ3| cos(δCP − ξ2)

− s12 sin 2θ13|Λ2||Λ3| cos(δCP − ξ1) ,

with |Λ|2 = |Λ1|2 + |Λ2|2 + |Λ3|2 and

phase redefinition: ξ1 = ζ3 − ζ2, ξ2 = ζ3 − ζ1 and ξ3 = ζ1 − ζ2
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TMMs in flavor & mass basis @ SNS facilities (prompt)

Prompt beam: νµ (with a2
− = 1)

flavor basis
(
µFνµ, prompt

)2
= |Λe |2 + |Λτ |2

mass basis(
µMνµ, prompt

)2
= |Λ1|2

[
−2c12c23s12s13s23 cos δCP + s2

23

(
c2

13 + s2
12s

2
13

)
+ c2

12c
2
23

]
+ |Λ2|2

[
2c12c23s13s23s12 cos δCP + c2

23s
2
12 + s2

23

(
c2

12s
2
13 + c2

13

)]
+ |Λ3|2

[
c2

23 + s2
13s

2
23

]
+ 2 |Λ1Λ2|

[
c23c

2
12s13s23 cos (δCP + ξ3)− c23s

2
12s13s23 cos (δCP − ξ3)

+ c12s12

(
c2

23 − s2
13s

2
23

)
cos ξ3

]
+ 2 |Λ1Λ3| [c13s23 (c12s13s23 cos (δCP − ξ2) + c23s12 cos ξ2)]

+ 2 |Λ2Λ3| [c13s23 (s12s13s23 cos (δCP − ξ1)− c12c23 cos ξ1)] .

[Miranda, DKP, Tórtola, Valle, JHEP 1907 (2019) 103]
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TMMs in flavor & mass basis @ SNS facilities (delayed νe)

Delayed beam: (i) νe (with a1
− = 1) and (ii) ν̄µ (with a2

+ = 1)

νe component

flavor basis
(
µFνe , delayed

)2
= |Λµ|2 + |Λτ |2

mass basis(
µMνe , delayed

)2
= |Λ1|2

[
c2

13s
2
12 + s2

13

]
+ |Λ2|2

[
c2

12c
2
13 + s2

13

]
+ |Λ3|2 c2

13

− |Λ1Λ2|
[
c2

13 sin(2θ12) cos ξ3

]
− |Λ1Λ3| [c12 sin(2θ13) cos(δCP − ξ2)]

− |Λ2Λ3| [s12 sin(2θ13) cos(δCP − ξ1)] ,

[Miranda, DKP, Tórtola, Valle, JHEP 1907 (2019) 103]
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TMMs in flavor & mass basis @ SNS facilities (delayed ν̄µ)

Delayed beam: (i) νe (with a1
− = 1) and (ii) ν̄µ (with a2

+ = 1)

ν̄µ component

flavor basis
(
µFν̄µ, delayed

)2
= |Λe |2 + |Λτ |2

mass basis(
µMν̄µ, delayed

)2
= |Λ1|2

[
−2c12c23s12s13s23 cos δCP + s2

23

(
c2

13 + s2
12s

2
13

)
+ c2

12c
2
23

]
+ |Λ2|2

[
2c12c23s12s13s23 cos δCP + s2

23

(
c2

13 + c2
12s

2
13

)
+ s2

12c
2
23

]
+ |Λ3|2

[
1

4

(
2c2

13 cos(2θ23)− cos(2θ13) + 3
)]

+ 2 |Λ1Λ2|
[
c23s13s23

(
c2

12 cos (δCP + ξ3)− s2
12 cos (δCP − ξ3)

)
+ c12c

2
23s12 cos ξ3 − c12s12s

2
13s

2
23 cos ξ3

]
+ 2 |Λ1Λ3|

[
c13s23 (c12s13s23 cos (δCP − ξ2) + c23s12 cos ξ2)

]
+ 2 |Λ2Λ3|

[
c13s23 (s12s13s23 cos (δCP − ξ1)− c12c23 cos ξ1)

]
[Miranda, DKP, Tórtola, Valle, JHEP 1907 (2019) 103]
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Analysis of CEνNS data: sensitivity to |Λi |
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all results in units 10−10µB [Miranda, DKP, Tórtola, Valle, JHEP 1907 (2019) 103]
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Estimating the future prospects: luminosity factor variation
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all results in units 10−10µB [Miranda, DKP, Tórtola, Valle, JHEP 1907 (2019) 103]
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Current COHERENT setup: combined constraints
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[Miranda, DKP, Tórtola, Valle, JHEP 1907 (2019) 103]
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Current & Future Reactor experiments: combined
constraints
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[Miranda, DKP, Tórtola, Valle, JHEP 1907 (2019) 103] 43 / 70



Solar neutrinos from Borexino

[Miranda, DKP, Tórtola, Valle, JHEP 1907 (2019) 103]
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solar electron neutrinos undergo flavor oscillations arriving to the detector as an
incoherent admixture of mass eigenstates (no phase dependence)
dependence on neutrino mixing and oscillation factor between the source and detection is

considered
(
µMν,eff

)2
(L,Eν) =

∑
j

∣∣∣∑i U
∗
αie
−i ∆m2

ijL/2Eν λ̃ij

∣∣∣2
the oscillation probabilities from νe to mass eigenstates νi are approximated

P3ν
e3 = sin2 θ13, P3ν

e1 = cos2 θ13P
2ν
e1 , P3ν

e2 = cos2 θ13P
2ν
e2 ,

and the unitarity condition, P2ν
e1 + P2ν

e2 = 1
eff. neutrino magnetic moment for solar neutrinos in mass basis [Cañas et al.: PLB 753 (2016)]

(µMν, sol)
2 = |Λ|2 − c2

13|Λ2|2 + (c2
13 − 1)|Λ3|2 + c2

13P
2ν
e1 (|Λ2|2 − |Λ1|2)

Recall Borexino phase-II limit µν < 2.8× 10−11µB [Borexino Collab., Agostini et al.:PRD 96 (2017)]
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Impact of CP phases
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explore the robustness of TMMs limits [Miranda, DKP, Tórtola, Valle, JHEP 1907 (2019) 103]
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Sterile neutrinos & violation of
lepton unitarity
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Sensitivity to the sterile mixing parameters (COHERENT)
Matrix elements in the (3+1) scheme

|Ue4|2 = s2
14, |Uµ4|2 = s2

24c
2
14,

sij ≡ sinφij and cij ≡ cosφij

Mixing angles

sin2 2θαα = 4|Uα4|2(1− |Uα4|2)

sin2 2θαβ = 4|Uα4|2|Uβ4|2

Oscillation probability

Pαβ ≈=

{
1− sin2 2θαα sin2 ∆41

2
(α = β)

sin2 2θαβ sin2 ∆41
2

(α 6= β)
,

∆ij ≡ 2.54
(

∆m2
ij/eV2

)
(L/km) (GeV/Eν ),

where ∆m2
ij ≡ m2

i − m2
j
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timing information

distinguish νµ or νe/ν̄µ

exclusion curves: 100 kg CsI, 3 years
[Blanco, Hooper, Machado arXiv:1901.08094]
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Sensitivity to the sterile mixing parameters (reactors)
Matrix elements in the (3+1) scheme

|Ue4|2 = s2
14, |Uµ4|2 = s2

24c
2
14,

sij ≡ sinφij and cij ≡ cosφij

Mixing angles

sin2 2θαα = 4|Uα4|2(1− |Uα4|2)

sin2 2θαβ = 4|Uα4|2|Uβ4|2

Oscillation probability

Pαβ ≈=

{
1− sin2 2θαα sin2 ∆41

2
(α = β)

sin2 2θαβ sin2 ∆41
2

(α 6= β)
,

∆ij ≡ 2.54
(

∆m2
ij/eV2

)
(L/km) (GeV/Eν ),

where ∆m2
ij ≡ m2

i − m2
j

exclusion curves: reactor CEνNS experiments
[Berryman PRD D100 (2019) 023540]

★★
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Future sensitivities at π-DAR sources

[Miranda, DKP, Sanders, Tórtola, Valle, PRD 102 (2020) 113014]

sin2 2θ14

∆
m

2 4
1

[e
V

2
]

CENNS-610kg, L =28.4m

sin2 2θ24

CENNS-610kg, L =28.4m

10−2 10−1 100
10−1

100

101

10−2 10−1 100

σsys = 0

σsys = 2%

σsys = 5%

σsys = 0

σsys = 2%

σsys = 5%

L = 20 m
L = 30 m

sin2 2θ14

∆
m

2 4
1

[e
V

2
]

L = 20 m
L = 30 m

sin2 2θ24

10−2 10−1 100
10−1

100

101

10−2 10−1 100

CENNS-610kg CCM-7t ESS-10kg ESS-t

lα
Kαiνi e−iEitνi

K∗
βiKβj

νj

W− Z

survival probability

Pα =
∑
i,l,β

Kαi e
−iEi tK∗βiKβl e

iEl tK∗αl

49 / 70



Non-unitary (NU) neutrino mixing: general case

Assume: extra singlet neutral heavy leptons that mediate light-neutrino mass generation.

Goal: to constrain the non-unitarity parameters through neutral current.

The generalized charged current weak interaction mixing matrix reads N = NNPU3×3 with

NNP =

 α11 0 0
α21 α22 0
α31 α32 α33

 ,

with the diagonal (off-diagonal) components αii (αij ) being real (complex) numbers.

modifications in oscillation pattern

Pαβ =
3∑
i,j

N∗αiNβiNαjN
∗
βj−4

3∑
j>i

Re
[
N∗αjNβjNαiN

∗
βi

]
sin2

(
∆m2

jiL

4Eν

)

+2
3∑

j>i

Im
[
N∗αjNβjNαiN

∗
βi

]
sin

(
∆m2

jiL

2Eν

)
.

[Escrihuela, Forero, Miranda, Tortola, Valle, PRD 92 5, 053009]
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Non-unitary (NU) neutrino mixing: CEvNS experiments

For the short-baseline CEvNS experiments we are interested in here, there is no time for
oscillations among active neutrinos to develop.

Pee = α4
11,

Pµµ = (|α21|2 + α2
22)2, (3)

Pµe = α2
11|α21|2,

Peτ = α2
11|α31|2,

Pµτ ' α2
22|α32|2,

while the following “triangle inequalities” among the elements of the NNP matrix hold

|α21| ≤
√

(1− α2
11)(1− α2

22) ,

|α31| ≤
√

(1− α2
11)(1− α2

33) ,

|α32| ≤
√

(1− α2
22)(1− α2

33) .

[Escrihuela, Forero, Miranda, Tortola, Valle, PRD 92 5, 053009]
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Modification of neutrino spectra

Due to the zero-distance effect the neutrino spectra at the detector are:
dφNU

e
dEν

dφNU
µ

dEν
dφNU
τ

dEν

 =

Pee Pµe Pτe
Peµ Pµµ Pτµ
Peτ Pµτ Pττ




dφ0
νe

dEν
dφ0
νµ

dEν
dφ0
ντ

dEν

+

Pee Pµe Pτe
Peµ Pµµ Pτµ
Peτ Pµτ Pττ




dφ0
ν̄e

dEν
dφ0
ν̄µ

dEν
dφ0
ν̄τ

dEν

 .

with Pαβ = P(να → νβ).
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Sensitivity on NU parameters
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Sensitivity on NU parameters
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WIMP-nucleus scattering & the
neutrino floor
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Neutrino Backgrounds to Dark Matter Searches

Solar neutrinos
W. C. Haxton, R. G. Hamish Robertson, and A. M. Serenelli,
Ann. Rev. Astron. Astrophys. 51 (2013), 21

Low-energy Atmospheric neutrinos (FLUKA
simulations)
G. Battistoni, A. Ferrari, T. Montaruli, and P. R. Sala,

Astropart. Phys. 23 (2005) 526

Diffuse Supernova neutrinos S. Horiuchi, J. F.

Beacom, and E. Dwek, Phys. Rev. D79 (2009) 083013

type Eνmax [MeV] flux [cm−2s−1]

pp 0.423 (5.98± 0.006)× 1010

pep 1.440 (1.44± 0.012)× 108

hep 18.784 (8.04± 1.30)× 103

7Below 0.3843 (4.84± 0.48)× 108

7Behigh 0.8613 (4.35± 0.35)× 109

8B 16.360 (5.58± 0.14)× 106

13N 1.199 (2.97± 0.14)× 108

15O 1.732 (2.23± 0.15)× 108

17F 1.740 (5.52± 0.17)× 106

Solar neutrino fluxes and uncertainties in the frame-
work of the employed high metallicity SSM
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Astroneutrino-induced events at Dark Matter detectors
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Incoherent vs. Coherent rates: solar neutrinos
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Astro-neutrino events in the presence of new physics
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WIMP-nucleus cross section

Cross section in lab. frame

dσ(u, υ)

du
=

1

2
σ0

(
1

mpb

)2 c2

υ2

dσA(u)

du
,

spin dependent/coherent

dσA

du
=
[
f 0
AΩ0(0)

]2
F00(u)

+ 2f 0
A f 1

AΩ0(0)Ω1(0)F01(u)

+
[
f 1
AΩ1(0)

]2
F11(u) +M2(u) .

M2(u) =
(
f 0
S [ZFZ (u) + NFN (u)]

+ f 1
S [ZFZ (u)− NFN (u)]

)2
.

model dependent parameters
f 0
A , f 1

A for the isoscalar and isovector parts of the
axial-vector current

f 0
S , f 1

S for the isoscalar and isovector parts of the

scalar current

Spin structure coefficients

Fρρ′ (u) =
∑
λ,κ

Ω
(λ,κ)
ρ (u)Ω

(λ,κ)

ρ′ (u)

Ωρ(0)Ωρ′ (0)

with ρ, ρ′ = 0, 1 for the isoscalar and isovector
contributions

Ω(λ,κ)
ρ (u) =

√
4π

2Ji + 1

× 〈Jf ||
A∑

j=1

[
Yλ(Ωj )⊗ σ(j)

]
κ
jλ(
√
u rj )ωρ(j)||Ji 〉 .

ω0(j) = 1 and ω1(j) = τ(j) with τ = +1(−1)
for protons (neutrons)
Ωj : solid angle for the position vector of the j-th
nucleon.

evaluation of the reduced nuclear matrix element
(first calculate the single particle matrix
elements)

〈ni li ji ||t̂(l,s)J ||nk lk jk〉 =√
(2jk + 1)(2ji + 1)(2J + 1)(s + 1)(s + 2)

×

 li 1/2 ji
lk 1/2 jk
l s J

 〈li ||√4π Y l ||lk〉 〈ni li |jl (kr)|nl lk〉 ,

DKP et al., Adv.High Energy Phys. 2018 (2018) 6031362
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WIMP-nucleus cross section

Cross section in lab. frame

dσ(u, υ)
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=
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,
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+
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f 1
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]2
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+ f 1
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)2
.
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WIMP-nucleus scattering: nuclear physics corrections

The normalized spin structure functions Fρρ′ (u) with ρ, ρ′ = 0,1 are defined as

Fρρ′ (u) =
∑
λ,κ

Ω
(λ,κ)
ρ (u)Ω

(λ,κ)
ρ′ (u)

ΩρΩρ′

Ω
(λ,κ)
ρ (u) =

√
4π

2Ji + 1
× 〈Jf ‖

A∑
j=1

[
Yλ(Ωj )⊗ σ(j)

]
κ
jλ(
√
u rj )ωρ(j)‖Ji 〉 ,

ω0(j) = 1 and ω1(j) = τ(j) with τ = +1 for protons and τ = −1 for neutrons
jλ is the spherical Bessel function

the static spin matrix elements are defined as Ωρ(0) = Ω
(0,1)
ρ (0)

elastic scattering
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WIMP-nucleus scattering: nuclear physics corrections

The normalized spin structure functions Fρρ′ (u) with ρ, ρ′ = 0,1 are defined as

Fρρ′ (u) =
∑
λ,κ

Ω
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ρ (u)Ω
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√
u rj )ωρ(j)‖Ji 〉 ,

ω0(j) = 1 and ω1(j) = τ(j) with τ = +1 for protons and τ = −1 for neutrons
jλ is the spherical Bessel function

the static spin matrix elements are defined as Ωρ(0) = Ω
(0,1)
ρ (0)

inelastic scattering
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WIMP-nucleus rates
differential WIMP-nucleus event rate

dR(u, υ)

dq2
= Ntφ

dσ

dq2
f (υ) d3

υ, φ = ρ0υ/mχ

with the dimensional parameter u = q2b2/2

ρ0 is the local WIMP density
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f (υ): distribution of WIMP velocity
(Maxwell-Boltzmann)
for consistency with the LSP

WIMP-nucleus rate

〈R〉 =(f 0
A )2D1 + 2f 0

A f 1
AD2 + (f 1

A )2D3

+ A2
(
f 0
S − f 1

S

A− 2Z

A

)2

|F (u)|2D4 .

with

Di =

∫ 1

−1
dξ

∫ ψmax

ψmin

dψ

∫ umax

umin

G(ψ, ξ)Xi du ,

and
X1 = [Ω0(0)]2 F00(u) ,

X2 =Ω0(0)Ω1(0)F01(u) ,

X3 = [Ω1(0)]2 F11(u) ,

X4 =|F (u)|2 .

DKP et al., Adv.High Energy Phys. 2018 (2018)
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Elastic WIMP Event Rates

〈R〉el =

∫ 1

−1
dξ

∫ ψmax

ψmin

dψ

∫ umax

umin

G(ψ, ξ)
dσA(u)

du
du .

where [Pirinen, Srivastava, Suhonen, Kortelainen PRD 93, 095012]

G(ψ, ξ) =
ρ0

mχ

σ0

Amp

(
1

mpb

)2 c2

√
πv0

ψe−λ
2
e−ψ

2
e−2λψξ , with ψ = v/v0, λ = vE/v0, ξ = cos(θ).

Integration limits

ψmin =
c

v0

(
AmpTthres

2µ2
r

)1/2

, ψmax = −λξ +

√√√√λ2ξ2 +
v2
esc

v2
0

− 1−
v2

1

v2
0

−
2v1

v0

sin(γ) cos(α) ,

umin =AmpTthresb
2
, umax = 2(ψµr bv0/c)2

.
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Inelastic WIMP Event Rates

〈R〉inel = (f 0
1 )2E1 + 2f 0

A f
1
AE2 + (f 1

A )2E3 ,
where E1, E2 and E3 are the three dimensional integrals

Ei =

∫ 1

−1
dξ

∫ ψmax

ψmin

dψ

∫ umax

umin

G(ψ, ξ)X (i) du .

The integration limits read [Pirinen, Srivastava, Suhonen, Kortelainen PRD 93, 095012]
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2
b2µ2

r
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0

c2
ψ2

[
1−

√
1− Γ

ψ2

]2

, umax =
1

2
b2µ2

r

v2
0

c2
ψ2

[
1 +

√
1− Γ

ψ2

]2

,

where

Γ =
2E∗

µr c2

c2

v2
0

, E∗ is the excitation energy
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The neutrino floor

O’Hare PRD 94, 063527 (2016)
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The neutrino floor: uncertainties

slide taken from C. O’Hare @ Magnificent CEvNS 2020
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Summary

SM CEνNS reaction (conventional)

να + (A, Z)→ να + (A, Z), α = (e, µ, τ)

Finally observed on CsI(2017) and LAr(2020)
(other: MINER, TEXONO, CONNIE, Ricochet, νGEN, ν-cleus etc.)

CONUS (hints)

Very high experimental sensitivity (low detector threshold) is required

Z

(A,Z)

να

(A,Z)

να

Electroweak precision tests
NSIs
Electromagnetic neutrinos
Sterile neutrinos
Lepton Unitarity Violation
Impact to dark matter searches

... much more to expect
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Experimental configuration

[Miranda, DKP, Tórtola, Valle, JHEP 1907 (2019) 103]

Experiment detector mass threshold efficiency exposure baseline (m)

SNS
COHERENT CsI[Na] 14.57 kg [100 kg] 5 keV [1 keV] Eq. (??) [100%] 308.1 days [10 yr] 19.3
COHERENT HPGe 15 kg [100 kg] 5 keV [1 keV] 50% [100%] 308.1 days [10 yr] 22
COHERENT LAr 1 ton [10 ton] 20 keV [10 keV] 50% [100%] 308.1 days [10 yr] 29
COHERENT NaI[Tl] 2 ton [10 ton] 13 keV [5 keV] 50% [100%] 308.1 days [10 yr] 28

Reactor
CONUS Ge 3.85 kg [100 kg] 100 eV 50% [100%] 1 yr [10 yr] 17
CONNIE Si 1 kg [100 kg] 28 eV 50% [100%] 1 yr [10 yr] 30
MINER 2Ge:1Si 1 kg [100 kg] 100 eV 50% [100%] 1 yr [10 yr] 2
TEXONO Ge 1 kg [100 kg] 100 eV 50% [100%] 1 yr [10 yr] 28
RED100 Xe 100 kg [100 kg] 500 eV 50% [100%] 1 yr [10 yr] 19

Calculation of the number of events above threshold

Ntheor =
∑
να

∑
x=isotope

Fx

∫ Tmax
A

Tth

∫ Emax
ν

Emin
ν

fνα (Eν)A(TA)

(
dσx

dTA
(Eν ,TA)

)
tot

dEνdTA ,

luminosity for a detector with target material x : Fx = Nx
targΦν

Emin
ν =

√
mATA/2: the minimum incident neutrino energy to

produce a nuclear recoil
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Statistical analysis

First phase of COHERENT (with a CsI detector)

χ2(S) = min
a1,a2

[
(Nmeas − Ntheor(S)[1 + a1]− B0n[1 + a2])2

(σstat)2
+

(
a1

σa1

)2

+

(
a2

σa2

)2
]
.

measured number of events is Nmeas = 142,

a1 and a2 are the systematic uncertainties (signal and background rates), with σa1
= 0.28 and σa2

= 0.25.

Statistical uncertainty σstat =
√

Nmeas + B0n + 2Bss , where the quantities B0n = 6 and Bss = 405 denote the
beam-on prompt neutron and the steady-state background events respectively.

Reactor experiments and next generation of COHERENT

χ2(S) = min
a

[
(Nmeas − Ntheor(S)[1 + a])2

(1 + σstat)Nmeas
+

(
a

σsys

)2
]
,

with σstat = σsys = 0.2 (0.1) for the current (future) setups.

Probe TMMs through minimization over the nuisance parameter a and
calculate ∆χ2(S) = χ2(S)− χ2

min(S), with S ≡ {|Λi | , ξi , δCP}
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Constraints on TMMs from CEvNS experiments

Experiment |Λ1| |Λ2| |Λ3|
SNS prompt

CsI[Na] 69.2 [5.0] 70.2 [5.1] 89.6 [6.4]
HPGe 25.9 [5.1] 26.2 [5.2] 33.5 [6.6]
LAr 14.7 [2.9] 14.9 [2.9] 19.1 [3.7]
NaI[Tl] 16.6 [2.8] 16.8 [2.8] 21.5 [3.6]

SNS delayed
CsI[Na] 54.5 [4.2] 48.7 [3.7] 49.8 [3.7]
HPGe 21.3 [4.2] 18.9 [3.8] 19.1 [3.8]
LAr 11.3 [2.3] 10.1 [2.1] 10.4 [2.1]
NaI[Tl] 10.0 [2.3] 9.1 [2.0] 9.4 [2.0]

Reactor
CONUS 1.9 [0.37] 1.3 [0.26] 1.1 [0.22]
CONNIE 0.90 [0.13] 0.63 [0.09] 0.53 [0.08]
MINER 1.7 [0.58] 1.2 [0.41] 1.0 [0.34]
TEXONO 3.2 [0.46] 2.3 [0.32] 1.9 [0.27]
RED100 1.0 [0.14] 0.72 [0.10] 0.61 [0.08]

Solar
Borexino 0.44 0.36 0.28

90% C.L. limits on TMM elements |Λi |, in units of
10−10 µB , from current and future CEνNS experi-
ments. The numbers in square brackets indicate the
attainable sensitivities in the future setups.

CEνNS experiments are sensitive to
EM neutrino properties

can probe TMMs at 10−11µB at
least

competitive with large-scale solar
neutrino experiments

[Miranda, DKP, Tórtola, Valle, JHEP 1907 (2019) 103]
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Exclusion curves to sterile neutrinos

★★

taken from
[Berryman PRD D100 (2019) 023540] 5 / 5
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