A direct detection view of
new neutrino physics
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/What we do not see in this image:\

66 billion (solar) neutrinos/cm?s

20 fg of dark matter/cm?s
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Dark Matter is a necessary and very abundant component in our Universe

We have observed its gravitational effects at different scales
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Galaxies:

The rotation velocity is
incompatible with the
visible mass (stars and
gas) and non-luminous
matter is needed.
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Galaxy clusters

Their typical velocities and
dynamics suggest that
dark matter has weak
interactions with
ordinary matter and is not
self-interacting.

Cosmological scales

CMB anisotropies together
with BBN compatible with a
new type of matter.



Dark Matter is a necessary and very abundant component in our Universe

We have observed its gravitational effects at different scales
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Dark Energy

A plausible hypothesis is that dark matter is a new
type of (stable, neutral, weakly-interacting) particle
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Velocity distribution of DM particles

Maxwellian distribution is a good fit in the Milky Way
Uncertainty in astrophysical parameters

Bozorgnia et al. 1601.04707



Circular velocity (kms™)
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Very few people know this, but the tiny pocket in
our jeans is for carrying 10 GeV of dark matter




Dark matter can be searched for in different ways

These explore complementary properties of dark matter particle models

/ Direct Detection \ / Accelerators (LHC) \

(productlon

(dispesion)

Indirect searches
(annihilation or decay)
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Direct Detection experiments

Underground detectors to look for “invisibles”

- weakly-interacting (that traverse the Earth)
- Neutral (or millicharged) :
- Cosmological or astrophysical origin —
- Stable enough

lonisation
Scintillation
Phonons (heat)
Bubble nucleation

Interactions are (to say the least) rare

- Background attenuation (cleanliness + shielding)
- Increasing target size

- Increasing search window (lower energy thresholds)

Background/signal discrimination

- Discriminate nuclear recoils (NR) and electron recoils (ER)
- Morphology of the signal (energy spectrum)

- Time-dependence (modulations)

- Directionality

17/12/2024 10



ELASTIC (or INELASTIC) SCATTERING OFF NUCLEI

Er ~ Kev

_ pav*(1 — cos 6%)

Er

my
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DIRECT DARK MATTER SEARCHES:
What can we measure?
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ELASTIC (or INELASTIC) SCATTERING OFF NUCLEI
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DIRECT DARK MATTER SEARCHES:
What can we measure?




lonisation and Phonon
Sensors




lonisation and Phonon
Sensors
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lonisation and Phonon
Sensors
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Direct dark matter detection often requires large underground experiments

Expected number of events

N = €
Er MyMN

&

Instrumentation conduits

High voltage Water tank
feedthrough

Gadolinium-loaded
liquid scintiliator
veto

2x D-D neutron

calibration

conduits Liquid xenon
heat
exchanger

494 photomultiplier tubes (PMTs)

7wnmllqubdxanonti )
Additional 131 “skin® PMTs

projection chamber
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dER

Scattering cross section
Particle physics (dark matter model)
Nuclear Physics (form factors)

Materials Science, solid-state physics etc
(describe the structure of the target in
the detector)
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Direct dark matter detection often requires large underground experiments

Expected number of events

p , down
N=[ —F_ v (7)) —2E 45 dEg
Er meN Umin dER
Dark matter halo parameters Scattering cross section
Local density and DM velocity distribution Particle physics (dark matter model)

function
Nuclear Physics (form factors)

Uncertainties in the halo parameters
Materials Science, solid-state physics etc

Directionality and time-dependence (describe the structure of the target in
the detector)
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Direct dark matter detection often requires large underground experiments

Expected number of events

p , down
N=[ F_ v (7)) —2E 45 dEg
Er meN Umin dER
Dark matter halo parameters Scattering cross section
Local density and DM velocity distribution Particle physics (dark matter model)

function
Nuclear Physics (form factors)

Uncertainties in the halo parameters
Materials Science, solid-state physics etc

Directionality and time-dependence (describe the structure of the target in
the detector)

Experimental parameters
Size, energy resolution, energy threshold

Backgrounds and signal identification

01/03/2024 Torino
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Direct dark matter detection often requires large underground experiments

Expected number of events

p L down
N = ————dvdFE
o 6mX’mN /'Umin v/ (0) dEr vAaER

The scattering cross section contains the details about the microphysics of the DM model

O =1,1y O = i8Sy - ——
= m
The most general case can be O = i . [L —»J_} N
. 3 = 1ON X v = q
described by means of an my O1 = iSy o
Effective Field Theory Oy =8y - Sn L ora
. q_, 012:SX'|:SN><’U}
05 = ZSX 0 |:m— X ’UL:| ~ . (j’
W O =il ] { N‘m_]
- 3 aconmions | acfufsd] oo
1=1,15 . G _’J_N N O =1 |:SX : m_N:| [SN 0 ]
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OS:_’X vt Oy = — gx L}[(?\]X{)’L)- q]
= my mn
Op = i85, - {SN x i]
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The resulting dark matter signature depends on the microphysics

Different effective operators lead to characteristic spectra (especially if there is a
momentum dependence)

EFT event sample for 10 GeV WIMP in Ge

0.25
Low-mass WIMPs are expected | | - | — EFT event sample
to leave more energy at small -- O3 10 GeV WIMP
energies. © 0.201- — Standard SI 5 GeV WIMP
S Standard Sl 10 GeV WIMP
Momentum dependent = Standard SI 20 GeV WIMP
interactions show a Q 015 T
characteristic “bump” o
g
%% 0.10
S
A low-energy threshold is o
crucial to discriminate these 0.05)
features
0.00 ‘ ‘ ‘ ‘ # L

6 8 10 12 14
Nuclear recoil energy [keV]

Another characteristic of a hypothetical DM signature would be its time dependence
(annual modulation) and eventually directionality.
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Unsuccessful searches have led to upper bounds on the scattering cross-section
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Future experiments will further explore the DM parameter space
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Future experiments will further explore the DM parameter space
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Future experiments will further explore the DM parameter space
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Coherent elastic neutrino-nucleus scattering (CEVNS)
MeV neutrinos have the equivalent length of ~fm and can scatter coherently with nuclei

First experimental detection of CEVNS at the COHERENT experiment, on two complementary
targets (Csl and Lar).
COHERENT Collab. 2017, 2021

The results are compatible with the SM prediction, leading to constraints on potential

new physics.
Coloma et al. (2017); Denton et al. (2018); Abdullah et al. (2018); de Rometri et al. (2020)
Amaral et al. (2020); Flores et al. (2020); Miranda et al. (2020); Shoemaker et al. (2021)...
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Signal at Spallation Source experiments

The neutrino flux contains three components: the continuous Ve and v, and the

monochromatic ﬁ“
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Neutrinos can be observed in direct detection experiments:

Direct detection experiments are becoming so sensitive that they will son be able to detect
solar and atmospheric neutrinos.

T T T T T T TS T T T T s e Coherent Elastic neutrino-Nucleus Scattering (CEVNS)
:' -
: V\ —v Rare Standard Model process recently measured in i
! S Y spallation source experiments .

- I
: .\ COHERENT Collab. 2017, 2021 |
! 1
i Ep Irreducible background - neutrino fog/floor :
" O'Hare et al 2017 )

\ //

/ (Inelastic) electron scattering \
V\
-V
S -V Usual electroweak process mediated by the Zand W
bosons
\‘\‘
o
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T S

Neutrinos can be observed in direct detection experiments:

Direct detection experiments are becoming so sensitive that they will son be able to detect

solar and atmospheric neutrinos.

----------------------------- Coherent Elastic neutrino-Nucleus Scattering (CEVNS)

Rare Standard Model process recently measured in

COHERENT Collab. 2017, 2021

O'Hare et al 2017

(Inelastic) electron scattering

Usual electroweak process mediated by the Zand W

v

spallation source experiments
Z
Irreducible background - neutrino fog/floor
q
v v Ve
7 bosons
e e e
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Expected signal in a direct detection experiment

Emax d
N=5nT/ Z/ ¢I/a deaT dEudER
E'x/nin

Ein dEl/ dER

Va

------------------------------ Coherent Elastic neutrino-Nucleus Scattering (CEVNS)
v
The Standard Model rate has no free parameters
(other than the Weak angle at very low energies)
.

q

dO’,,N

dER

G2 myE
| 471:Q3mN (1— N R)FZ(ER)

Qo

212

N — (1 —4sin0y)Z

e e e e o e o mm mm o mm mm o mm mm mm mm Em mm mm m mm o mm mm e mm mm mm e mm e mm o e mm o M mm e M e e mm e mm e M mm e mm e e e e e e e mm e e e o e =
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Expected signal in a direct detection experiment

Emax d¢y do-
N = = 2T JF,dE
=T Lth Z /;'l/nin dEV dER B

Va

------------------------------ Coherent Elastic neutrino-Nucleus Scattering (CEVNS)
v v
New physics can lead to extra contributions to CEVNS
Z/
- The neutrino floor rises
- It makes it possible to observe the new low-mass
mediators
q q
dO-VaN _G%MN 1 MNER
dEr ~ w___\ 2B )
'{2::' e Z O° Q, 2 2 .2 72 O k
% {LN:-|-| gz €z € QVQQN + 29:06336 I/oé2 2: F2(ER)
l 4 V2Gr(2MyEgr+ M3,) 2G5 (2MyER+ M3,)?!
SMi o\ ... NewPhysics /

e e e e o e o mm mm o mm mm o mm mm mm mm Em mm mm m mm o mm mm e mm mm mm e mm e mm o e mm o M mm e M e e mm e mm e M mm e mm e e e e e e e mm e e e o e =

01/03/2024 Torino 30

M e e 00



Neutrino flux

E
max d¢y do-u
N=c¢n / / = ——=L dE,dE
T Eth ; ,I,nin dEV dER R

Solar neutrinos o
dominate at low energy - the leading 9
contribution is the pp chain below 1 MeV 1o PP . Solar
= [.--" RIIE
Diffuse supernova neutrino background T, 107 Ll -.%B
relevant around ~20-50 MeV. Yet undetected  °
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E Pl e
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Neutrino flux

max
=E&ENr E
E mll’l

Solar neutrinos
dominate at low energy - the leading
contribution is the pp chain below 1 MeV

Produced as electron neutrinos, they
oscillate into other flavours

Ve Un V;
r d >
) —>-n.,12 N
N
(net o ssle) ' -’E
R

Ve

dqb,,e

< P(ve = va) d"”a’f dE,dEg

Amaral, DGC, Foldenauer, Reid 2020
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Matter oscillation in solar medium dominates flavour composition
reaching earth: at 10 MeV (8B) there is significant oscillation into v, v
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Experimental response to CEVNS

Solar neutrinos
dominate at low energy - the
leading contribution is the pp
chain below 1 MeV

Atmospheric neutrinos
contribute at higher energies but
at a much smaller rate

Diffuse Supernovae

Background
relevant around ~20-50 MeV

Ruppin, Billard, Figueroa-Feliciano, Strigari 2014
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Experimental response to CEVNS

Solar neutrinos
dominate at low energy - the
leading contribution is the pp
chain below 1 MeV

Atmospheric neutrinos
contribute at higher energies but
at a much smaller rate

Diffuse Supernovae

Background
relevant around ~20-50 MeV

Ruppin, Billard, Figueroa-Feliciano, Strigari 2014
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The neutrino floor can be substantially higher than in the SM

There are areas of the parameter space where direct detection experiments might mistake
dark matter and neutrinos (with new interactions)

Boehm, DGC, Machado, Olivares, Reid 2018

101 He 1074 Ge —-—— SuperCDMS HV | 145-37] Xe —— XenonlT
________ ‘:'_ --- SuperCDMS iZip s -— 1z
fm = Y o - \ o - -
1073 -"’i\“'\-\\\ ey _JoE T \':,\\\'l‘ 1073 77
NN T e ARY
: AN e —1 LYY -
o 10 N T e | 107 1 \ LN 1074 A
I S - Y .\\‘s
K B vl IS WPeve .\\ \.\\\ ~ i
21073 e e 10743 - RS 1Y 107
b>< -.:::..\\\‘
~“.‘
10745 10745 - ::\ 1045 A
1)
10-47 S M 10747 4 S M “-,\\ 10-47 -
——-- NEWS-G N
10—49 10-49 10-49
1071 10° 10! 10? 103 107! 10° 10! 102 103 107! 10° 10! 10?2 103
my[GeV] my[GeV] m,[GeV]
Ultimately, some discrimination is possible through
- Spectral shape
- Timing (annual modulation)
- Directionality (if available)
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The neutrino floor can be substantially higher than in the SM

dark matter and neutrinos (with new interactions)

There are areas of the parameter space where direct detection experiments might mistake

Boehm, DGC, Machado, Olivares, Reid 2018
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- Spectral shape
- Timing (annual modulation)
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Directionality (if available)

This big increase is due to the
reevaluation of Supernovae
constraints

\ DGC, Cermeno, Pérez, Reid 2021

/
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Direct (DM) detectors can be excellent complementary test of new neutrino physics

- Low energy threshold and excellent energy resolution
- Sensitive to both nuclear and electron recoils

- Sensitive to the three neutrino flavours v, v, vr

Two examples:

« Direct detection can already set constraints on the general neutrino non-standard
interaction (NSI) parameter space. Future direct detectors will complement information

from dedicated neutrino experiments
Amaral, DGC, Cheek, Foldenauer 2023

« It can also help to reconstruct the sterile neutrino mass when combined with data from

spallation source experiments.
Alonso, Amaral, Bariego, DGC, de los Rios 2023
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Effective theories: Non-standard Interactions

The new physics can be expressed in terms of an effective theory, which parametrises
corrections wrt the SM in terms of neutrino Non-Standard Interactions (NSI)

Vo 1/5

Lnsi=—2V2Gp Y el [PavpPLvs] [f7°Pf]
f=e,u,d é-fp
a,B=e,u,T af3

o _ _fL IR
gaﬁ _804,3 +6o¢5

! f

Direct detection experiments are sensitive to electron recoils. Therefore we must use a three-
dimensional parameter space for each NSI
EQB

(n) proton-neutron

New parametrisation including electron recoils

€ap
¢ =+v5cosysing,  __==7777

&P = /5 cosn cos g,
" =5 siny.

(p) proton-electron
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Effective theories: Non-standard Interactions

Neutrinos scatter in the detector in any of the neutrino final states. We need to sum
over all asymptotic final states

generalised
matrix element

Neutrino
density matrix

dR do,, d¢
TN Tr [p—| dE,

Amaral, DGC, Cheek, Foldenauer 2023
Coloma, Maltoni, Gonzalez Garcia 2023
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Effective theories: Non-standard Interactions

Neutrinos scatter in the detector in any of the neutrino final states. We need to sum
over all asymptotic final states

generalised
matrix element

Neutrino
density matrix

dR do,, d¢
TN Tr [p—| dE,

Amaral, DGC, Cheek, Foldenauer 2023
Coloma, Maltoni, Gonzalez Garcia 2023
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Neutrino propagation inside the Sun assumes adiabaticity |AET5| > 2|9$

A
= gi m,% [¢e vy Y. (:L') gn] cc
- p=sin2015+2eL¥ 5+ EP 4+ Y, Rl
m 2 21 D) D) m3q
ET?y = cigAcc F iE, vVpet+q©, A

q= cos20is + (2B [€°+ €7 + Va(2) €' — l3) —o
Am21

-~

SNuDD: Solar Neutrinos for Direct Detection
https://github.com/SNuDD/SNuDD
D. Amaral, A. Cheek, DGC, P. Foldenauer

SNuDD

Implemented the full chain of propagation, scattering plus detector effects for NSl in solar
Qeutrinos. Open-source Python package /
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https://github.com/SNuDD/SNuDD

We determine the new expressions for the generalized “scattering cross section” in terms
of the NSI parameters

NUCLEAR RECOILS

ool G My My EpY |1 42 NSI NSIANSI [ 2
<dER)aB= m <1  2E2 ) 1 Qv 9ap = Qun Gaj +Z:Gcw Gys | F(ER)

GN§' = (8 Z+€"N) elf

ELECTRON RECOILS

= 2Gp me M e Ep\* L AR R AL\ Me ER
(dER)aﬂ B Z {GQ’)’G’)‘B +Ga'yG,yﬂ 1 — E’/ —_ (Gﬂ’yG'y‘B _|_ GQ,),G,),[.}) W

™
¥
I

< 1 . "
Ggﬁ = (5ea +gi)éaﬁ — 5 (EZ’[;P +£~,Z[<jp£ ) ’

e 1 o o e
Gfﬂ = 9Rr 5(1[3 = 5 (EZ’; == EZ’Z; ) '
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NUCLEAR SCATTERING

LZ XENONRNT DARWIN
i) NR [l NR (202 i1 NR i1 NR
Consider one NSI coupling at a time and
compare sensitivity to global fit limits from
5 N
Coloma, Esteban, Gonzalez-Garcia, Maltoni 2020 109 ‘t\\\‘: ' o ! -
A %" s s
—1 —’:;, SNSees
Future DD experiments will be able to 107" p=== R sttt syt
improve existing constraints
_ il a
Blind spots: tg T T .3 &
accidental cancellation between proton and e A U L e
neutron contributions. —10~ 2} —
7 —1 k-~ 1 -zEsss=d===
— -1 10 S _ P ===
1=t (‘N ¢ [y, &1 1
"y, XN i I i
i §~ A Y I
LSNP
SM-NSI interference terms in CEVNS cross section —-7r/2 —-7r/4 0 7r/4 7r/2
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NUCLEAR SCATTERING

LZ XENONnT DARWIN
i NR [l NR (202 i1 NR ii NR

Consider one NSI coupling at a time and
compare sensitivity to global fit limits from

Coloma, Esteban, Gonzéalez-Garcia, Maltoni 2020

Future DD experiments will be able to
improve existing constraints

Blind spots:

accidental cancellation between proton and
neutron contributions.

A
n = tan~ 1! <_N COS go)

01/03/2024 Torino 44



DARWIN

NUCLEAR SCATTERING

Consider one NSI coupling at a time and v
compare sensitivity to global fit limits from

Coloma, Esteban, Gonzéalez-Garcia, Maltoni 2020

Future DD experiments will be able to
improve existing constraints

Blind spots:

. . 5
accidental cancellation between proton and Wl g
neutron contributions. l L

eny

A
n= tan~ 1! N COS
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LZ XENONnT
NUCLEAR + ELECTRON "I NR  ER ] NR(2022) {7 NR i ER [ ER (2022)
SCATTERING .

"I NR {7 ER

We show the results on the {&P, €€} plane.

ER sensitivities drop off towards ¢ = 0 (pure
proton), whereas NR sensitivities become
maximal.

Direct detection experiments have excellent
sensitivity to ER. :;08

Future DARWIN can potentially improve by an
order of magnitude over current electron NSI
bounds

Direct detection experiments become crucial to
constrain neutrino parameters.

They will need to be included in global neutrino
parameter fits.
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LZ XENONNT DARWIN

i1 NR ER [ NR(2022) 1 NR i ER [ ER (2022) i1 NR {ER

NUCLEAR + ELECTRON 10° i
SCATTERING 072

1072}
We show the results on the {&P, €€} plane. =1

=107¥F

—10°
ER sensitivities drop off towards ¢ = 0 (pure iy
proton), whereas NR sensitivities become ¢
maximal.

Direct detection experiments have excellent
sensitivity to ER.

ey

Future DARWIN can potentially improve by an
order of magnitude over current electron NSI
bounds

Direct detection experiments become crucial to
constrain neutrino parameters.

B

They will need to be included in global neutrino
parameter fits.
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INELASTIC SCATTERING INTO A STERILE NEUTRINO

Neutrinos can also undergo an “upscattering” into sterile states if the

mass of the sterile neutrino is smaller than the incident neutrino energy

(~10 MeV for Solar neutrinos; ~45 MeV for Spallation Source

experiments) 4 Vy

Direct detection experiments can probe this process. Current detectors
not enough to probe new parameter space but good potential for 7

future ones. Shoemaker, Tsai, Wyenberg 2007
Shoemaker, Wyenberg 2018

If there is a detection, how can we tell if the observed interaction is a q q
sterile neutrino or some sort of NSI? Can we measure the sterile
neutrino mass?

Example: sterile baryonic neutrino

2
mZ/ — 1 —
L2 Zy + 9 2" Doy + 5992 Eq TVua

Pospelov 2011

LD
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Parameter space

Foguel et al. 2201.01788
10!

Wail®'< 1.7 :1072 |
V)" <98-10-2 N -

|VTN|2 < 1.3 , 10_1 | LHCb Hp
1 [Arglelles et al. 2203.10811 (2022)]

10°

10!

* ... my, = 1 GeV /

LHCDb pp gz = 4. 10—3

9z, Mz i
muy, ‘VGN‘7 ’V,LLN‘7‘VTN’ o
106
10" 10°
myz, [GeV]
my [GeV] |Uea|? |Upa|? |Ura?
BPla 2x1073 0 9x 1073 0
BP1d 2% 1073 0 9x 1073 9x 1073
BP2a 9 x 1073 0 9x 1073 0
BP2b 9x 1073 0 9x 1073 9x10~%
BP2c 9x 1073 0 9x 1073 4%x1073
BP2d 9x 1073 0 9x 1073 D% 10
BP3a 20 x 1073 0 9x 1073 0
BP4a 40 x 1073 0 9x 1073 0
BP5a 60 x 1073 0 9x 1073 0
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Inelastic contribution to neutrino-nucleus scattering

dR, 1
dER N ma

Elnin.CEuNS dEl/
174

Elnax
/ v d¢,,_, docr.Ns

dER

Emax
" do, , doara
dE, = dE,
+/£\§|Lnin.a/4 dEl/ dER )

-------------------------------------------------- Neutrino-Nucleus Scattering

L 1
dEn ~ dp Qv

d0a4 . g4Z'A2 |Ua4|2 ma

mNER

dER  27E2(2maER +m%,)”

min, a’4 __
E; =

o ) F*(ER)

: 1
E:}nm.CEuNS s 5 (ER il \/E%? i 27n'AER> ~

e e e e o e o mm mm o mm mm o mm mm mm mm Em mm mm m mm o mm mm e mm mm mm e mm e mm o e mm o M mm e M e e mm e mm e M mm e mm e e e e e e e mm e e e o e =
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Features in the recoil spectrum in spallation source experiments

The inelastic contribution
leads to a distortion of the
recoil spectrum.

Since the distortion
depends on the sterile
neutrino mass, it is useful to
reconstruct this quantity if
there is a detection.

This is more easily
observable in the
contribution from the
monochromatic 7,

01/03/2024 Torino
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Features in the recoil spectrum in spallation source experiments

: "
— 1010 9 MeV
. . . . | "= * :
The inelastic contribution 2 { %
leads to a distortion of the T*‘ i
recoil spectrum. 5 10% .. .
5 i i
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Parameter reconstruction in spallation source experiments

We assume a future experiment
at the European Spallation
Source (ESS) facility.

The mixing (with the muon
neutrino) can be determined,
but the sterile neutrino mass

is normally unbounded from
below.

01/03/2024 Torino

my ~ 15 — 50

— = my=2MeV 9 MeV.
1072} N oA oA ) ------------------------------ @ ----------- -
=)
10—3,
104}
20 MeV
j (0 7| O —————
>
103
10744 " L J
1073 107 103 1072
my [GeV] ma [GeV]

The mass can be reconstructed in a small range around

MeV



Features in the recoil spectrum in direct detection

The features are not that
prominent as in spallation
source experiments.

The sterile neutrino mass is
more difficult to determine.

The sterile neutrino mass is

more difficult to determine.
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Parameter reconstruction: combination DD+SS

2 MeV

e ESS + DARWIN

— ESS
s DARWIN
- ———

10—
mga [GeV]

1073

The combination allows to

reconstruct smaller sterile

neutrino masses.

The sterile neutrino cannot be

produced from Solar neutrinos
if their mass is larger than

MeV.
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Regions where the sterile neutrino mass can be measured

-1
10 1 |Uza)2 =4 %1073 1 |Uns)2 =9 %103
EIUe42=0 EIUe42=0
o 1072 £=-BRiGr=mnemran- e e ===
3 : « :
=) | —0gu = 1.0% | Spallation Source
1073 == Ty =i4.0% { Direct Detection
| == Opux = 6.0% : 5
iy ww o 12.0% : Combined
10 102 10° 102
my [GeV] my [GeV]

Spallation source experiments alone can measure the sterile neutrino mass down to ~15 MeV

Including future data from direct detection allows to extend the range in which the sterile
neutrino mass can be reconstructed.

It is also crucial to break the degeneracy between couplings to the muon and tau neutrinos.
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Conclusions

Direct (dark matter) detection experiments will soon detect solar neutrinos, thereby
contributing to probing new physics in this sector

Their low energy threshold and resolution, and, specially, the fact that they are sensitive to both
electron and nuclear recoils will allow them to provide complementary information to that of
dedicated neutrino detector and spallation source experiments.

Liquid noble gas detectors (Xe) will probe new areas of the parameter space of non-standard
interactions, and their results will need to be included in neutrino global fits.

They might also make it possible to better reconstruct the sterile neutrino mass, improving
the results from spallation source experiments.
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Effective theories: Non-standard Interactions

Neutrinos scatter in the detector in any of the neutrino final states. We need to sum
over all asymptotic final states

2
IAVa_‘)Zi vi |2 =Z I ; Usi (v8]Sint (Z |V'7><V'7|) Sprop|Va)
1 Y

S5
f—f‘
Z ZU[BzUz\z (v8|Sint|v4) (V| Sprop (Z V) (Vp|> [Va)(val <Z|Vcr><’/cr|) rop|V5)
B0, i
X (vs|Shelva)

-5

7967P7

(Sint)ﬁa(smﬂ)ﬁv generallsed
matrix element

hd

Neutrino
density matrix

dR de, ¢
TN Tr dE, .
r / Lnin EV [ ER]

Amaral, DGC, Cheek, Foldenauer 2023
Coloma, Maltoni, Gonzalez Garcia 2023
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Light vector mediator as a solutionto (g-2), ¢

u?(1 — u)
u2 + (1;210 H A o

1
Ac7J,J=C)l"’i2 %/0 du

Oy zgi/ém

Amaral, DGC, Cheek, Foldenauer 2104.03297

xu :m“/MA/ 10—1

Lynch (2001)
Pospelov (2008)

102

Could also account 102

for an observed &
tension in the
Hubble parameter
104
(ANess = 0.4)
C L, L,
Escudero et al. (2019) 10-5 BP4 | 100 MeV | 1 x 10~ I
Araki et al. (2021) €l = 9ur /70
00 w0 '
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The reconstruction is optimal for masses of the order of 100 MeV. For smaller
masses, an upper limit can be found.

The coupling to
muons can be
determined in
all BPs.

But we do not
know which
model it is.
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CEVNS alone can only measure gz €z. Some sensitivity to the mediator mass,

especially for detectors with very low threshold (e.g., ESS10)

Loose
sensitivity for
masses above
~30 MeV
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If the correct relation is chosen, combined data shows consistency, as well as a
better reconstruction of the mediator mass
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Inconsistencies in the reconstruction exclude some choices of kinetic mixing

(for example, we attempt to reconstruct for |€z| = g5/10)
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Combining the information from direct detection, assuming the correct model,
direct detection leads to a better reconstruction.
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The whole area is inconsistent if the wrong model is assumed.



