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What is CEνNS ?

CEνNS: Coherent elastic neutrino nucleus scattering

coherent: nucleon wavefunctions
are in phase
elastic: target remains in the same
energy state,
|g .s.〉 → |g .s.〉 transitions

Z

(A,Z)

να

(A,Z)

να

coherency limit: |~q| ≤ 1/Rnucleus

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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CEνNS experiments worldwide

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

+ SBC (Mexico), vIOLETA (Argentina), ESS (Sweden), CCM (USA)
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CEνNS evidence using reactor antineutrinos

arXiv:2202.09672 [hep-ex]

ON/OFF data
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Neutrino sources: artificial sources (π+ decay-at-rest)
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Neutrino sources: artificial sources (reactor neutrinos)
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Neutrino backgrounds at direct dark matter detection
experiments

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

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

Astropart. Phys. 23 (2005) 526]

Diffuse Supernova Neutrinos (DSN)
[Horiuchi, Beacom, Dwek, PR 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
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This talk will be about... but not restricted to...
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Standard Model physics
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Standard Model CEνNS cross section

(
dσ

dTA

)
SM

=
G 2
FmA

π

[
QV

2

(
1− mATA

2E 2
ν

)
+
���

���
���:

0
Q2

A

(
1 +

mATA

2E 2
ν

)]
F 2(Q2)

[DKP, Kosmas: PRD 97 (2018)]

Nuclear form factor

F (q2) =

∫
e−i~q·~rρ(r) d3r

where ρ(r) is the charge density distribution

weak mixing angle: sin2 θW not measured with high precision at low
energies

QV = (1/2− 2sin2 θW )Z − 1/2N ∝ N2
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Nuclear rms radius

slide from: M. Cadeddu @ NuFact 2018
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Phenomenological 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]

CEvNS data provides: a data driven
determination of the neutron rms radius

COHERENT (CsI) + APV (Cs): can
disentangle the Cs and I contributions

[Miranda et al. JHEP 05 (2020) 130]
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[Cadeddu et al., arXiv:2102.06153]
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Impact of form factor on CEνNS: COHERENT exp.
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[DKP, Kosmas, Sahu, Kota, Hota PLB 800 (2020) 135133]
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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

including Dresden-II results
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[SBC Collaboration] PRD 103 (2021) Khan, arXiv: 2203.08892 19 / 60



Incoherent vs. Coherent rates: πDAR and reactors

reactor neutrinos
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Incoherent vs. Coherent rates: solar neutrinos

Solar neutrinos
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Non Standard Interactions (NSIs)
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NSI Phenomenological description

Lagrangian describing non-standard neutrino interactions (NSI)

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 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 → Q

V
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

COHERENT Colab., arXiv:2110.07730
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COHERENT-CsI vs. COHERENT-LAr data
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Miranda et al. JHEP 05 (2020) 130
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Light vector mediator

Lvec = Z ′µ

(
gqV
Z ′ q̄γ

µq + gνV
Z ′ ν̄Lγ

µνL

)
+ 1

2
M2

Z ′Z
′
µZ
′µ

Z ′ contribution to CEνNS cross section Aristizabal, De Romeri, DKP: arXiv: 2203.02414(
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see also Flores, Nath, Peinado JHEP 06 (2020) 045

M. Cadeddu et al. JHEP 01 (2021) 116
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Light scalar mediator

Lsc = φ
(
gqS
φ q̄q + gνSφ ν̄RνL + H.c.

)
− 1

2
M2
φφ

2

φ contribution to CEνNS cross section Aristizabal, De Romeri, DKP: arXiv: 2203.02414(
dσ

dTN

)
scalar

=
G2
FM

2

4π

G2
φM

4
φTN

E2
ν

(
2MTN + M2

φ

)2
F 2(TN ), with Gφ =

gνSφ Qφ
GFM

2
φ

,

scalar charge: Qφ =
∑
N ,q g

qS
φ

mN
mq

f
(N )
T,q

10−4 10−3 10−2 10−1 100 101 102 103

mS [MeV]

10−8

10−7

10−6

10−5

10−4

10−3

g S

eff
ec

ti
ve

in
te

ra
ct

io
n

3σ excluded
2σ excluded
1σ excluded

CONUS k= 0.2

CO
NNIE

C
O

H
ER

EN
T

C
sI
+

LA
r

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

M. Cadeddu et al. JHEP 01 (2021) 116
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Neutrino Generalized Interactions (NGIs)
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Projected NGI sensitivity

Majumdar, DKP, Srivastava: arXiv: 2112.03309 [hep-ph] 29 / 60



B − L and Lµ − Lτ sensitivity
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Electromagnetic neutrino
properties
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taken from M. Cadeddu, Magnificent CEvNS 2020
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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
− 1

Eν

)
F 2
Z (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 an effective (process-dependent) neutrino magnetic moment relevant

to a given neutrino beam (reactor, SNS, etc.)
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Analysis of the COHERENT data: EM properties

Neutrino magnetic moment
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[Vogel, Engel: PRD 39 [1989] 3378]
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Electromagnetic contribution to CEνNS cross section

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

dσνN→νN
dEr

=
πa2

EMµ
2
ν Z

2

m2
e

[
1

Er
− 1

Eν

]
F 2
p (Q2)

Massive sterile neutrino in the final state?
[McKeen, Pospelov: PRD82 (2010)]

dσνN→νsN

dEr
=
πa2

EMµ
2
ν Z

2

m2
e

[
1

Er
− 1

Eν
− m2

4

2EνErM

(
1− Er

2Eν
+

M

2Eν

)
+

m4
4(Er −M)

8E2
νE

2
r M

2

]
F 2
p (Q2)

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

dσ

dEr

)
tot

=

(
dσ

dEr

)
SM

+

(
dσ

dEr

)
EM

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

to a given neutrino beam (reactor, πDAR, solar etc.)
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Active-sterile transitions via magnetic moment
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[Miranda, Papoulias, Sanders, Tórtola, Valle: 2109.09545 [hep-ph]]

COHERENT can cover a large space in sterile mass, previously unexplored
Reactor experiments are more sensitive to the magnetic moment
51Cr-based neutrino experiments can probe XENON1T

complementarity with large-scale experiments (DUNE, IceCube, NOMAD, SHiP)
see also P. Bolton et al. arXiv: 2110.02233 [hep-ph]
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Electromagnetic neutrino vertex

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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Effective neutrino magnetic moment @ experiments

µ2
ν 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+

Λi : entries of the transition magnetic moment matrix with λαβ = εαβγΛγ

three complex or six real parameters (3 moduli + 3 phases)
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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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Interference between magnetic and weak interactions

Non-zero contribution for massive final state neutrinos
[Grimus, Stockinger: PRD 57 [1998]

(
dσ
ν̄e e−→νs e−

dEr

)interf

=
αemGF m4√

2Eν me
Re

[∑
j,n

e
−i

∆m2
jnL

2Eν UejU
∗
en λ̃j4

(
me

Eν
−

Er

Eν

)
ZV∗
n4 +

(
2−

Er

Eν

)
ZA∗
n4

]

ZV ,A
jk = UejU

∗
ek + δjk g̃V ,A with g̃V = −1/2 + 2 sin2 θW and g̃A = −1/2

For νe − e− scattering: g̃A → −g̃A and ZV ,A
jk → (ZV ,A

jk )∗

incident νe or ν̄e : dσ
dEr
∝ m4

me
sin 2θ14

incident νµ or ν̄µ, dσ
dEr
∝ m4

me
c14s2

24

interference is vanishing for the case of solar neutrinos

For CEνNS one needs the replacements

λ̃ij → λ̃ijZFp(q2)

g̃V → QV and g̃A → QA

me → M
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Current limits on NMM

limits @ 90% C.L.
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Dirac vs. Majorana

10−1210−1110−10 10−9 10−8

|Λ1| [µB]

10−12

10−11

10−10

10−9

10−8

|Λ
2|

[µ
B
]

10−1210−1110−10 10−9 10−8

|Λ1| [µB]

10−12

10−11

10−10

10−9

10−8

|Λ
3|

[µ
B
]

10−1210−1110−10 10−9 10−8

|Λ2| [µB]

10−12

10−11

10−10

10−9

10−8

|Λ
3|

[µ
B
]

LSND GEMMA XENON1T

Majorana

10−12 10−11 10−10 10−9 10−8

|λ11| [µB]

10−12

10−11

10−10

10−9

10−8

|λ
22
|[

µ
B
]

10−12 10−11 10−10 10−9 10−8

|λ11| [µB]

10−12

10−11

10−10

10−9

10−8

|λ
33
|[

µ
B
]

10−12 10−11 10−10 10−9 10−8

|λ22| [µB]

10−12

10−11

10−10

10−9

10−8

|λ
33
|[

µ
B
]

LSND GEMMA XENON1T

Dirac

42 / 60



neutrino milli-charge

sin2 θW → sin2 θW

(
1− πaem√

2 sin2 θW GFMT
Qαα

)

anapole moment

sin2 θW → sin2 θW

(
1− 3πaem√

2 sin2 θW GF
aνα

)

[A. Khan: 2201.10578 [hep-ph]]
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Neutrino Backgrounds at Dark
Matter Detectors
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WIMP-nucleus scattering

weakly interacting massive particles (WIMPs)

Differential event rate as a function of Er

dRW

dEr
= ε

ρ0σSI(q)

2mχµ2

∫
|v |>vmin

d3v
f (v)

v

[Lewin and Smith: Astropart. Phys. 6 (1996)]

ρ0 = 0.3 GeV/cm2 local Halo DM density

σSI(q) = µ2

µ2
n

[ZFp(q) + (A− Z)Fn(q)]2 σχ−n

Spin-independent WIMP-nucleus scattering

mχ: WIMP mass

µ = mχmN/(mχ + mN): WIMP-nucleus reduced mass

f (v) =

 1
Nesc

(
3

2πσ2
v

)3/2
e−3v2/2σ2

v for v < vesc

0 for v > vesc

(Maxwell distribution)
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Neutrino events at dark matter direct detection exps
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Neutrino vs. WIMP events
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Conclusions: CEvNS complementarity to dark matter
searches

slide taken from: C. O’Hare Magnificent CEvNS 2020 Workshop 48 / 60

https://indico.cern.ch/event/943069/contributions/4104013/


Statistical analysis

Likelihood
[Billard, Strigari, Figueroa-Feliciano PRD 89(2014)]

L(mχ, σχ−n,Φ,P) =

nbins∏
i=1

P(N i
Exp,N

i
Obs)×

nν∏
α=1

G (φα, µα, σα)

Poisson distribution P(k, λ) = λk e−λ

k!

Gauss distribution G(x , µ, σ2) = 1
σ
√

2π
e
− 1

2

(
x−µ
σ

)2

N i
Exp = N i

ν(Φα)

N i
Obs =

∑
α N i

ν(Φα) + N i
W

λ(0) = L0
L1

where L0 is the minimized function

statistical significance: Z =
√
−2 lnλ(0).

e.g. Z = 3 corresponds to 90% C.L.

Neutrino flux normalizations & uncertainties

Type Norm [cm−2 · s−1] Unc. Type Norm [cm−2 · s−1] Unc.
7Be (0.38 MeV) 4.84× 108 3% 7Be (0.86 MeV) 4.35× 109 3%

pep 1.44× 108 1% pp 5.98× 1010 0.6%
8B 5.25× 106 4% hep 7.98× 103 30%

13N 2.78× 108 15% 15O 2.05× 108 17%
17F 5.29× 106 20% DSNB 86 50%
Atm 10.5 20% — — —
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Statistical analysis

Likelihood
[Billard, Strigari, Figueroa-Feliciano PRD 89(2014)]

L(mχ, σχ−n,Φ,P) =

nbins∏
i=1

P(N i
Exp,N

i
Obs)×

nν∏
α=1

G (φα, µα, σα)

Poisson distribution P(k, λ) = λk e−λ

k!

Gauss distribution G(x , µ, σ2) = 1
σ
√

2π
e
− 1

2

(
x−µ
σ

)2

N i
Exp = N i

ν(Φα)

N i
Obs =

∑
α N i

ν(Φα) + N i
W

λ(0) = L0
L1

where L0 is the minimized function

statistical significance: Z =
√
−2 lnλ(0).

e.g. Z = 3 corresponds to 90% C.L.

Discovery limit: smallest WIMP cross section for which a given experiment has a 90%
probability of detecting a WIMP signal at ≤ 3σ.

Profile likelihood ratio: test against the null hypothesis H0 (CEvNS background only) vs. the
alternative hypothesis H1 (WIMP signal + CEvNS background).
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Statistical analysis

Likelihood
[Aristizabal, De Romeri, Flores, DKP: 2109.03247 [hep-ph]]

L(mχ, σχ−n,Φ,P) =

nbins∏
i=1

P(N i
Exp,N

i
Obs)× G (Pi , µPi , σPi ) ×

nν∏
α=1

G (φα, µα, σα)

Poisson distribution P(k, λ) = λk e−λ

k!

Gauss distribution G(x , µ, σ2) = 1
σ
√

2π
e
− 1

2

(
x−µ
σ

)2

N i
Exp = N i

ν(Φα,Pi )

N i
Obs =

∑
α N i

ν(Φα,Pi ) + N i
W (Pi )

λ(0) = L0
L1

where L0 is the minimized function

statistical significance: Z =
√
−2 lnλ(0).

e.g. Z = 3 corresponds to 90% C.L.

Parameter (P) Normalization (µ) Uncertainty
Rn 4.78 fm 10%

sin2 θW 0.2387 10%
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Neutrino floor: SM uncertainties (weak mixing angle)

[Aristizabal et al. PRD 104 (2021)]

QW = ( 1
2 − 2 sin2 θW )Z − 1

2N

assume 10% uncertainty

vary around the central value:

sin2 θW = 0.2387
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[Aristizabal, De Romeri, Flores, DKP: 2109.03247 [hep-ph]]
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Neutrino floor: SM uncertainties (nuclear physics)
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[DKP: PRD 102 (2020)]

use Rp = 4.78 fm (fixed)

vary around Rn = 4.78 fm (central value)

assume 10% uncertainty on Rn
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[Aristizabal, De Romeri, Flores, DKP: 2109.03247 [hep-ph]]
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Neutrino floor: uncertainties beyond the SM (I)

A new scalar boson mediating CEvNS ?

dσS

dEr
=

G2
F

2π
mNQ2

S

mNEr

2E2
ν

F 2(q2) [Cerdeno et al. JHEP 05 (2016)]

scalar charge: QS =
CN
S FS

GF (2mNEr + m2
S )

[Aristizabal et al. JHEP 12 (2019)]

excluded by COHERENT
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[Aristizabal, De Romeri, Flores, DKP: 2109.03247 [hep-ph]]
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Neutrino floor: uncertainties beyond the SM (II)

A new vector boson mediating CEvNS ?

dσ

dEr
=

mNGF

2π
Q2

V

(
2− mNEr

E2
ν

)
F 2(q) [Cerdeno et al. JHEP 05 (2016)]

vector charge: QV = QW +
CN
V FV√

2GF (2mNEr + m2
V )

[Aristizabal et al. JHEP 12 (2019)]

excluded by COHERENT
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[Aristizabal, De Romeri, Flores, DKP: 2109.03247 [hep-ph]]
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Neutrino floor: uncertainties beyond the SM (III)

Electromagnetic neutrino properties

dσγ

dEr
= πα2

em Z2 µ
2
eff

m2
e

(
1

Er
− 1

Eν

)
F 2(q2) [Vogel, Engel et al. PRD 39 (1989)]

magnetic moment: µν

[XENON collab. PRD 102 (2020)]
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Neutrino floor: data-driven analysis

Utilize the measured CEνNS cross section with its uncertainty
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CsI

nσ = Nmeas
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nσ

1
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E
n

er
gy

b
in

LAr

nσ = Nmeas
Nth

what? extract the CEνNS cross section central values & standard deviations

how? weigh the theoretical SM value of the CEνNS differential cross section with a
multiplicative factor i.e. σi

meas = niσσ
i
th and use a spectral χ2 fit

why? all possible uncertainties that the cross section can involve–independently of
assumption–are encoded.

[Aristizabal, De Romeri, Flores, DKP: 2109.03247 [hep-ph]]
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Neutrino floor: data-driven analysis

Utilize the measured CEνNS cross section with its uncertainty
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analysis of CsI data: WIMP discovery limits improve compared to the SM expectation
(solid curves).
The measured CEνNS cross section (central values) is smaller than the SM expectation,
thus resulting in a background depletion.

analysis of LAr data: Results behave differently.

[Aristizabal, De Romeri, Flores, DKP: 2109.03247 [hep-ph]]
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Conclusions: physics potential using CEνNS

59 / 60



Thank you for your attention !
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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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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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Effective NMM relevant to solar neutrino detection

NMM in the mass basis is known to be(
µM
ν,eff

)2
(L,Eν) =

∑
j

∣∣∣∑
i

U∗αie
−i ∆m2

ijL/2Eν λ̃ij

∣∣∣2
neutrino mixing and oscillations between the source and detection considered

Λi : entries of the transition magnetic moment matrix with λαβ = εαβγΛγ

For solar neutrinos (mass basis) [Cañas et al.: PLB 753 (2016)]

(µM
ν, sol)

2 = |Λ|2 − c2
13|Λ2|2 + (c2

13 − 1)|Λ3|2 + c2
13P

2ν
e1 (|Λ2|2 − |Λ1|2)

solar electron neutrinos undergo flavor oscillations arriving to the detector as
an incoherent admixture of mass eigenstates (no phase dependence)

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 ,

with the unitarity condition, P2ν
e1 + P2ν

e2 = 1
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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

0 20 40 60 80 100 120 140 160
0

50

100

150

71Ga

D1

Tthres = 0 keV

Tthres = 5 keV

Tthres = 10 keV

0 20 40 60 80 100 120 140 160
0

50

100

150

71Ga

D2

Tthres = 0 keV

Tthres = 5 keV

Tthres = 10 keV

0 20 40 60 80 100 120 140 160
0

50

100

150

71Ga

D3

mχ [GeV]

Tthres = 0 keV

Tthres = 5 keV

Tthres = 10 keV

0 20 40 60 80 100 120 140 160
0

100

200

300

71Ga

D4

mχ [GeV]

Tthres = 0 keV

Tthres = 5 keV

Tthres = 10 keV

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)

6031362
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