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Outline:

Direct (dark matter) detection experiments will soon observe solar neutrinos. This offers
a unique possibility to use them to test new physics in the neutrino sector.

| will illustrate this with two examples:

- Exploring the parameter space of neutrino Non-Standard Interactions (NSI) in a
complementary way to dedicated neutrino experiments

Amaral, Cerdefio, Cheek, Foldenauer, JHEP 07 (2023) 071 (2302.12846)

- Searching for sterile neutrinos in the MeV mass range and determining their mass

Alonso-Gonzalez, Amaral, Bariego-Quintana, Cerdefio, de los Rios (2307.05176)

28/11/2023 Liverpool


https://arxiv.org/abs/2302.12846
https://arxiv.org/abs/2307.05176
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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




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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A plausible hypothesis is that dark matter is a new
type of (stable, neutral, weakly-interacting) particle
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Dark matter can be searched for in different ways

These explore complementary properties of dark matter particle models

/ Direct Detection \ / Accelerators (LHC) \

(productlon

(dispeson)

Indirect searches
(annihilation or decay)
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Direct dark matter detection often requires large underground experiments

Expected number of events

N = €
Er

mymy
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Instrumentation conduits

High voltage Water tank

feedthrough
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veto

2x D-D neutron
calibration
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heat
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projection chamber
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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 L down
N = ————dvdFE
o 6mX’mN /'Umin v/ (7) dEr vaER

The scattering cross section contains the details about the microphysics of the DM model
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Unsuccessful searches lead to upper constraints 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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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).
5 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); Amaral et al. (2020)
Flores et al. (2020); Miranda et al. (2020); Shoemaker et al. (2021)
. et Hg TARGET
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Signal at Spallation Source experiments

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

monochromatic Du
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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 P 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 -7V Usual electroweak process mediated by the Zand W
bosons
\‘\‘
o
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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.

--1 Coherent Elastic neutrino-Nucleus Scattering (CEVNS)

Rare Standard Model process recently measured in

COHERENT Collab. 2017, 2021

O'Hare et al 2017

—— e o mm mm mm m mm mm mm mm Em mm o e mm m mm e mm e e mm e e mm e e e e o e e = =

(Inelastic) electron scattering

Usual electroweak process mediated by the Zand W

v v

spallation source experiments
Z
Irreducible background - neutrino fog/floor
q q
v v Ve e
A 174 bosons
e e e v
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Expected signal in a direct detection experiment

Emax d
N =c¢eny / > / Dve Dvar 4p dEx
v Epin

Ein dEI/ dER

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

q

dER

Qo

The Standard Model rate has no free parameters
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Expected signal in a direct detection experiment

Ema.x d¢ do-
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------------------------------ 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
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How high is the neutrino floor?

Scalar-mediated models
Boehm, Cerdeno, Machado, Olivares, Reid 2018
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This big increase is due to the
reevaluation of Supernovae
constraints

The neutrino floor can be orders of
magnitude higher than in the SM

Cerdeno, Cermeno, Pérez, Reid 2021
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Neutrino flux
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Neutrino flux

E
max d¢u do-y
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. Amaral, Cerdeno, Foldenauer, Reid 2020
Solar neutrinos
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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

28/11/2023 Liverpool

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

Ruppin, Billard, Figueroa-Feliciano, Strigari 2014
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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, Vs

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, Cerdefio, Cheek, Foldenauer 2023

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

spallation source experiments.
Alonso, Amaral, Bariego, Cerdefio, 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)

Vq Vs

Lnsi=—2V2Gp Y el e, Prvg) [f1°Pf] |
f=e,u,d gfp
a,f=e,u,T afl

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

AN
Eap

(m) protén-neutrén

New parametrisation including electron recoils

9
¢ =+v5cosnsing,  __==T77"

€P = /5 cosn cos g,
£" = /5 sin7.

Eaﬁ

(¢) proton-electrén
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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

|AVa_)E7; v

Z |u|2 > Usi (vglSlva)
\ B
Propagation

- Land scattermg -

Z(Sint)zé (Sint )5y generalised
B matrix element

.

: M= (5= F) M(vy—1)
Neutrino

density matrix

dR do,, d¢
TN Tr dE,
r / Irjnin EV |: ER]

Amaral, Cerdeno, Cheek, Foldenauer 2023
Coloma, Maltoni, Gonzalez Garcia 2023
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Neutrino propagation inside the Sun assumes adiabaticity |AFET5| > 2|9’f§

A

- . n,y e P Y (.’L') gn] cC
AmQ p Sl 2012 +2 EN [S gy S + Y 2

E7y = B3Ace T =2 VP2 + ¢2, B

ACC
AE, q = cos2019 + (2 eL¥IE+EP + Y, (2)€E"] — 033)

p)
Am3,

-~

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

d¢, N G% My My Er I 5 NSI NSI ~NSI | 12
(dER)QBZ T (1_ 2E3 > Z VN(SCX,B_QVN Gaﬂ *’EG’W7 G’YB F (ER)

GN3' = (2 Z 4+ €7 N) ery

ELECTRON RECOILS

vy Y

dER ™

~

e 1 e Fe
Géﬁ = (0ca + 97) 6ap + 9 (52’5’ + 522[5 ) )

1 ~
Gl = ghdan + 5 (ehF & —elfE)
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NUCLEAR SCATTERING

LZ XENONNT DARWIN
.1 NR ] NR (202 ] NR | NR
Consider one NSI coupling at a time and
compare sensitivity to global fit limits from

Coloma, Esteban, Gonzalez-Garcia, Maltoni 2020 10Y

Future DD experiments will be able to ~~_JIIIEs
improve existing constraints

Blind spots:

accidental cancellation between proton and
neutron contributions.

Z
n = tan™? (_N COS go)

SM-NSI interference terms in CEVNS cross sectio

QVN
& + Z%i"N

n,Y __
eoz,oz_
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NUCLEAR SCATTERING

LZ XENONNT DARWIN
.1 NR ] NR (202 ] NR | NR
Consider one NSI coupling at a time and
compare sensitivity to global fit limits from

Coloma, Esteban, Gonzalez-Garcia, Maltoni 2020 10Y

. . —1
Future DD experiments will be able to 107 F B bbb
improve existing constraints

Blind spots: g

accidental cancellation between protonand w
neutron contributions.

Z
n = tan™? (_N COS go)

SM-NSlI interference terms in CEVNS cross section —n/2 —m/4 0 /4 /2
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NUCLEAR SCATTERING

XENONNT DARWIN
[ NR (2022) i1 NR
100 ARG
B -
.
107!

Consider one NSI coupling at a time and

g
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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.
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LZ XENONnT
NUCLEAR + ELECTRON I NR ER M NR(2022) {71 NR P ER M ER (2022)
SCATTERING DARWIN

i NR iPER

We show the results on the {£7, €%} plane.

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

Direct detection experiments have excellent
sensitivity to ER.

ed?

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.

28/11/2023 Liverpool 31



LZ XENONnT DARWIN
I NR ER  NR(2022) i} NR i ER [ ER (2022) i NR {TPER

100

NUCLEAR + ELECTRON
SCATTERING

eg¥

We show the results on the {£7, €%} plane. ‘10'2:; """""""""""" 1 i |

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

Direct detection experiments have excellent
sensitivity to ER.

ch®

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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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) 14 Uy

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 —
9 Z’”Z; + g Z"M Ty + §9qZ,u Eq :qwq

Pospelov 2011

LD
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Foguel et al. 2201.01788
10!

lVele < 17 . 10_2
V|* <9.8-1073 | B

Rgl® =13 40+
[Arglelles et al. 2203.10811 (2022)]
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mZ, =
g5 =

2 -3
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10°
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10 10°
my, [GeV]
my [GeV] |Uea|® |Upa|? |Ura|?
BPla 2310 0 9x 1073 0
BP1d 2x 1073 0 9x 1073 9x 1073
BP2a 9x 1073 0 9 x 1073 0
BP2b 9x1073 0 9x 1073 9x10~*
BP2c 9x 1073 0 9 x 1073 4%x1073
BP2d 9x 1073 0 9x 1073 9x 1073
BP3a 20 x 1073 0 9 x 1073 0
BP4a 40 x 1073 0 9x1073 0
BP5a 60 x 1073 0 9 x 1073 0
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Inelastic contribution to neutrino-nucleus scattering
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dER N ma
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-------------------------------------------------- Neutrino-Nucleus Scattering
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Features in the recoil spectrum in spallation source experiments
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Parameter reconstruction in spallation source experiments

— % myg=2MeV 9 MeV
We assume a future experiment
at the European Spallation 1072 555855555555 ) ------------------------------ *j ----------- -
Source (ESS) facility. N
=)
10—3_
1074}
102
The mixing (with the muon =
neutrino) can be determined, 107
but the sterile neutrino mass
is normally unbounded from
-4 . W A
below. 10 1073 1072 1073 1072

my [GeV] my [GeV]

The mass can be reconstructed in a small range around
my ~ 15 — 50 MeV.
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Features in the recoil spectrum in direct detection

| —— SM + SBN

— SM 9MeV

=
o
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The features are not that
prominent as in spallation
source experiments.
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o
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The sterile neutrino mass is
more difficult to determine.
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QL <
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o
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The sterile neutrino mass is
more difficult to determine.
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Parameter reconstruction: combination DD+SS

9 MeV |

2
=
2
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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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—

o o s e
———
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4
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It also leads to better exclusion
limits if nothing is observed.

my [GeV]

39

28/11/2023 Liverpool



Regions where the sterile neutrino mass can be measured

-1 _
10 1 Uzl =4x 1073 { 1Uza]? =9 x 1073
1 |Uesl> =0 1 |Uea|?2 =0
~_ 1072 +--BRIGY==mmmmman BRIty
=~ | — g, = 1.0% { Spallation Source
10~3{ == Omx=4.0% 1 Direct Detection
{ == Opux = 6.0% ] .
: nmEl Oy = 12_0% : CombIrIEd
10> 102 10° 107
may [GeV] may [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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ELASTIC (or INELASTIC) SCATTERING OFF NUCLEI

. I 4
) ) i DIRECT DARK MATTER SEARCHES:
V'~ 200 km/s ) - What can we measure?
—
m> | GeV . ’
¢ . ErR ~ Kev

INELASTIC SCATTERING WITH ELECTRONS
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(&

Expected signal in a direct detection experiment

Ema.x
N = snT/
Ein

———————————————————————————————————————————————— (Inelastic) electron scattering |

1% v Ve e~
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ve 1. € v — Ja 1— — + o — 9,
E: ): B e U TR
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B e; e U Electron neutrinos Gopr = 28107 Oy 9’ asp,m = 5

do do

Mu and Tau neutrinos

1 1
vie = 28I 26 5 YGae = T3
Go: Sin W+2 Ya; +2
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10-3 4= ESS + DARWIN
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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 :Z ‘ Z ng <Vﬂ|Sint (Z |I/7><I/7|) SprOp|Va> 2
7 B )

|Al’a_)21' Vi

6;-3)‘

e N
= S S U Sl 5 (z|up><up|) v <z|ua><ua|) gl
ﬁa’735aA i P o

X (5]Sheva)

-3

v,9,p,

> (Sint)ps (Sint)py generalised
B matrix element

M*(vs—=f) M(vy—f)

Neutrino
density matrix

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

Amaral, Cerdeno, Cheek, Foldenauer 2023
Coloma, Maltoni, Gonzalez Garcia 2023
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Some interesting cases
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Some interesting cases

m ESS + DARWIN
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