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THE QUEST FOR THE INVISIBLE

Made various indirect (gravitational) observations of very abundant dark matter

1 1 1 l 1

Plausible hypothesis: DM is some new type of particle



PROTOTYPICAL DD EXPERIMENT

e State-of-the-art DM experiments: multi ton liquid noble gas detectors (Xe, Ar)

e Expectevents: [V = GJ_ /
Umin

dv dE R

»— Top Photosensor ! . . P
i Array e Directly testing DM-SM interactions:

) - Al T <O

Anode (H—= , | o e |
. Xenon Gas - primary scintillation light (S1)

- electroluminescence/ionisation (S2)

<o, Liquid Xenon * Scattering cross section:
S . |
- particle physics (DM model)
QUTGONG
PARTICLE P - nuclear physics (form factors)

Cathode (O Z

- material science (structure of target )

™ Bottom Photosensor
Array

3 [Albers et al.; J.Phys.G 50 (2023) 1, 013001]



DIRECT DETECTION LANDSCAPE
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DIRECT DETECTION LANDSCAPE
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NEUTRINO BACKGROUND

e Incident energetic neutrinos can fake the DM
signal e.g. by undergoing coherent elastic
neutrino-nucleus scattering (CEvVNS)

 Most importantly, irreducible CEVNS &
background looks like WIMP signal! it i

e Energy thresholds of ~ O(few) keV =0 » |
= typical solar neutrino scattering energies! C
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CEVNS WITH SOLAR NEUTRINOS

Solar neutrinos
dominate at low energies

B leading flux at ~10 MeV
— start observing this now!

Diffuse supernova neutrinos
leading background at ~20-50

MeV —undetected, future target

Atmospheric

dominate at high energies, but
much smaller fluxes

— XLZD, PandaX-xT?

do,,

dF,
N—

do, T

dER

dF,

Neutrino Flux [em=2 s~! MeV~1]

----

-of 5o Atmospherig

LN

.: [Supernova -

N
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Credit: D. Cerdeno



CEVNS WITH SOLAR NEUTRINOS

dR
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LABORATORY FOR
(NEW) NEUTRINO PHYSICS

« Complementary measurement of solar neutrino fluxes
* Sensitive to v, flavour

e Tests of new neutrino interactions

e Both sensitive to nuclear and electron scattering



sin 6, AT LOW ENERGY

SM “precision” physics: CEVNS cross section directly depends on the value of sin 8y

My
- Ax

| <dUVN)
dER ) g\

(1

sin Oy, not well measu
at low energies!

can be extracted from

red

neutrino scattering at DD

experiments

[Maity, Boehm, PRD 112 5, 053001]

Combined results from

direct detection:

sin? fyy = 0.3010:2%  (PandaX-4

sin 9W = 0. 17"'8 2

O 05

LZ),

(

sin” Oy = 0.2570-%%  (XENONNT),
(
(

1),

combined) .
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NON-STANDARD INTERACTIONS

e Neutral current low-energy effective theory called non-standard interactions (NSI)

Vg Vg

LnsT = —2\/5 Gr Z 5£§ [Ea’YpPLVB] [JF’Ypr] P
f7P7a7IB aﬁ

f f

Ordinary matter is composed of f = {e,u,d}. Only these are relevant for matter

effects and scattering. Propagation only sensitive to vector component.

“ap = Cap ¢

e Three dimensional parameterisation including

neutron, proton and electron couplings

[Amaral, Cheek, Cerdeno, PF; 2302.12840]
[Coloma-+; JHEP 08 (2023) 032]
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https://arxiv.org/abs/2302.12846

RATE — FIRST PRINCIPLES

e Solar neutrinos propagate to the surface of the Sun and undergo matter oscillations;

free stream in vacuum to Earth; undergo second phase of terrestrial matter oscillations

e Scatter with the detector into any neutrino final state. Have to sum over asymptotic

162

final states
2

|"41/a—>zi V;

58 |‘€“”a>l2 = | D_Usi (vslSIva)
,L./, i b

Propagation
and scattering
_

Initial flavour a
_

e Consistent treatment captured by density matrix and generalised cross section

dR do, [ 2 d¢ -
— = T — | dF,
dER ! /Elr/nin dEV : _p ;dER_
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NSI NEUTRINO PROPAGATION




14

SOLAR PROPAGATION

Have to solve the time-depdendent
Schroeding equation in matter with
Hamiltonian.

Ve Ve
e v, — JEl o ey,
v, V.

In the Sun, this can be reduced to a two-
flavour problem and solved assuming
adiabatic evolution, with the matter

eigenvalues D(x) = diag(E]"(x), EJ"(x))

|S11]* 511551 S115%
p(e) — gxle) 8t = Sl o [pel R R R
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TERRESTRIAL PROPAGATION

e For terrestrial propagation, have to diagonalise the full Hamiltonian iteratively
along the path through the Earth
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15 [Amaral, Cerdeno, Cheek, Costa, PF; 2607.22817]


https://arxiv.org/abs/2607.22817

NSI NEUTRINO DETECTION




NSI @ DD EXPERIMENTS

XENONNT

PandaX-4T
e Sensitive to both

nuclear and electron
scattering!
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e Exploit signal
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SOLAR NEUTRINO SCATTERING

Vg el

Vs

Vo

(EPZ + &"N)ely

-~ -
______

1. The generalised coherent elastic neutrino nucleus scattering (CEvNS) cross section is
dCuN G My - My ER
dER af - s QEE

with Q,y =N — (1 —45sin?6y)Z and GEEI = (EPZ+E"N) ey

1 F?(ER)

1 2 NSI NSI ~NSI
7 YUN 504[3 — QuN Gozﬂ + Z Ga’y G'YB
¥

2. The generalised elastic neutrino-electron scattering (EVES) cross section:

dCue QG%me L ~L R ~R ER ° L ~R R ~L \ Me LR
(dER>aB: 7r Z {Gavaﬁ+Gavaﬂ 1_E_y — (GayGrp + GayGyp) 2F?

8

with gl = T} —sin® 6, Q7" and (vector NSI only):

1 1
L e , e RES S ete . e
Gos = (Oea + 91) 0ap + 5 525 ; Gop = 9r%ap + 2 5250

H ;J

18
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SOLAR NEUTRINO SCATTERING

Vg 56 EZ’E

Vs

Vo

(EPZ + &"N)ely

-~ -
------

e Can compute solar neutrino scattering rate including NSI in propagation and scattering:
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B IECTOR EFFECES

e Realistic signal predictions have to include detector effects and backgrounds

* Model energy thresholds, detector resolution and efficiencies via convolution integral

Efficiency

2
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[LZ collaboration; 2511.17350] [Amaral, Cerdeno, Cheek, Costa, PF; 2607.22817]



https://arxiv.org/abs/2607.22817
https://arxiv.org/abs/2511.17350

SNuDD

 Implemented the full chain of propagation, scattering plus detector effects for NSI
in solar v in open-source Python package: https://github.com/SNuDD/SNuDD.git

¥ main v ¥ 2Branches O 2 Tags Q. Gotofile T Add file ~ About box
SNuDD is a Python package for

Q cheekyparticle Delete snudd/datajexps/LZ2025/WS2022_data_hist_data.txt:Zone.ldentifier dbd7258 - last week %) 156 Commits computing the solar neutrino nuclear
and electron recoil spectra at direct
| notebooks Packaging data correctly 3 weeks ago detection experiments. SNuDD
accounts for both solar and
T J ] 79 5 52072 i i ] . . .
snudd Delete snudd/datajexps/LZ2025/WS2022_data_hist_data.... last week terrestrial neutrino propagation
- - , effects as well as for modifications of
[ .gitignore Removed build directory; no longer needed 3 months ago i
the neutrino-nucleus and -electron
[ LICENSE Initial commit 3 years ago scattering cross sections due to new
physics, including detector effects.
D README.md Revised README with updated citation 3 weeks ago
& github.com{SNuDD/SNuDD
(3 pyproject.toml Packaging data correctly 3 weeks ago 0 Readme
[ requirements.txt Adjusted requirements 3 weeks ago & GPL-3.0 license
A~ Activity
[ setup.py Packaging data correctly 3 weeks ago .
=) Custom properties
[ snudd_logo.png Adding logo 3 weeks ago Y 8 stars
&® 1 watching
README  GPL-3.0 license g = % 1fork

Report repository

Releases 2

© v1.0.0 (Latest)
3 weeks ago

+ 1release

Packages

No packages published
Publish your first package

Contributors 5
®0 ' 9

Languages

oyl 07,
PRupatotaock TN B ENibaEoe



https://github.com/SNuDD/SNuDD.git

NSI @ DD — NUCLEAR SCATTERING

XENONNT LZ Future
l NR | NR NR

PandaX-4T

Consider one NSI coupling at a time and N NE

compare sensitivity to global fit limits

22

experiments!

—~10° ' 100

[Coloma et al., JHEP 02 (2020) 023 ] 10° 10°

[Coloma et al., JHEP 08 (2023) 032 ] 107 10~ —
1072 - = 10~2F ! -

Constraints from DD are becoming 5y N S

competitive with dedicated neutrino ~1074 7 = -
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10 10
where neutron and proton NSI cancel o1 == 101
1072 7 12 .
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n = tan —— COS @ —102f - ~10-2} .
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terms in CEvNS cross section 100'“ 109
10-1F i 10-!
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https://arxiv.org/abs/2607.22817

NSI @ DD — ELECTRON SCATTERING

We show the sensitivities in the {£P, &€} plane

The current limits on the NSI for pure electron

couplings is illustrated by the green bar at
@ =xn/2

[Coloma et al., JHEP 08 (2023) 032 |

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

Direct detection experiments have excellent
sensitivity to ER!

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

"l DD experiments have complementary
sensitivity
— include in future global fit

[Amaral, Cerdeno, Cheek, Costa, PF; 2607.22817]

PandaX-4T
¥ NR ¥ ER

10° M

10!

102

R
Eee

n.@
Eup

10—1 e

4l
exy

XENONnT
i NR {§ ER

—10-2F

10° ‘ .‘.:_. "

102 7

-10-2}

102 =

LZ
B NR

10T

102 5

n)
eef

—10-2F

__10-—1 =

e¥

—~10-2]

—10-1_

100 EgEs

101

10-2f

Bl

—10-2T

=104

—10° ' =

100 =8

Future

NR | ER



https://arxiv.org/abs/2607.22817

NEW DETECTORS: RES-NOVA
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NEW TECHNOLOGIES: RES-NOVA

Upcoming underground cryogenic Light

Ly ; . |Detector
scintillator neutrino observatory based in |
Gran Sasso . i
Array of 8 tons of PbWO, scintillating o

crystals optimised for detecting CEVNS  PbWOa4

Powerfull background suppression:
- simultaneous readout of phonons and Conper §
|ight structure

- coincidence analysis with different
detector modules

Problem: commercial lead has 10* Bg/ton
of radioactive *'°Pb

— Use PDWO, grown with 2000 yr old _ g Be T

archeological lead from sunken Roman . 2 e (g

ships e | PN
P P+ o '-;‘-~"'Jx‘\

(expected ?1°Pb below 1 mBg/ton!)

Credit: N. Ferreiro lachellini
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NEW DETECTORS RES-NOVA

109

100 101 102

exposure [ton-yr]

101

Projections for RES-NOVA
demonstrator with 1-ton fiducial

volume and threshold of 0.5 keV show
promising sensitivity to NSI

Sensitivity depends crucially on
background rejection

Especially sensitive to ¢, , compared

to global fits

et!

[RES-NOVA, PF; 2602.23419]
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VECTOR MEDIATORS




ANOMALY-FREE PORTALS

e Natural UV-completions of NSI by anomaly-tfree U(1)s

é-*"’"/ SM fields
T =Y 0Qur"y with ¥ = Q, L,u,d, {,v
¥

e Infinite family of anomaly-free U(1) with SM field content.
Simple examples are:

1%
charging charging 1st & charging 1st &  charging 2nd &
quarks & 2nd generation 3rd generation  3rd generation 1%
leptons leptons leptons leptons

e All of these have interactions with neutrinos

gr gv

fP _
e (ERr) =

wa (ER) 2vV2GFr (2msEr + M%)
—————

= Solar neutrino scattering will be enhanced in direct detection!

28



LIGHT MEDIATORS

DD experiments sensitive to neutrinos i

both in electron and nuclear 10 3

scattering! -1 —; _

[Amaral, Cerdeno, PF, Reid; 2006.11225] s L

[Amaral, Cerdeno, Cheek, PF; 2104.03297] o _E _

[Blanco-Mas+, JHEP 08 (2025) 043] 107 3 3

[De Romeri+, JCAP 05 (2025) 012] el —_ BRP—— NR+ER{ MR
e

MA/ (GeV) MA/ (GeV) MA/ (GeV)

vector B — L

]_0_2 U AL L R L R | lillll]lll

/ DarkSide-20k

10-3—_ -

90% CL _ X

= S
107 ot - [—— .
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10—8 E crvrnd o vl g ||1||||i [ RAT| B AW A ATT] - ||||n_1
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[De Romeri+, JCAP 05 (2025) 012] [Amaral, Cerdeno, PF, Reid; 2006.11225]
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LIGHT MEDIATORS: ADDING DM

Adding DM:

LoM = —9p XVuX X"

Leptophilic mediators lead to observable DM and = =
neutrino signals = modified neutrino fog!

DM discovery limit (neutrino floor) depends on
experimental threshold £

Potential signal discrimination via spectral info
= need statistics (exposure, background)

10_2, T T T TT[ ] T T T r-r rrrri
: | | — Ea=1eV ]
Discovery limit o el
|| BSM neutrinos! |
1073} E R -
BP2 \\ *BP |
10741 & wBPL .
SN
S
7\\ U(l)Lp._LT
N | DM disovery my = m. /10 |
10_5 1 1 1 1 11 lll 1 llll 1 1 1 1 11 1 |
10! 102 10° 104
m, (MeV)

[Cerdeno, PF, Lopez Noé, Zapata; 2603.16863]
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https://arxiv.org/abs/2603.16863

LIGHT MEDIATORS: TESTING FREEZE-IN

Vector mediator models (B—L, L, — Lj) can accommodate (low reheating) freeze-in!

1072

31

Discovery limit &S N
. N :
BSM neutrinos! -«,\’\ o T N\
\\/\;\l‘ I" \‘Q‘\\\ﬁ\ I
- A N
: Q&7 & F
N SN AIE ; /
[ : SR peloor {1
DM disovery | J
/ 3 /
NN\ / R
RN / 7
\\\\\\ //I / 4
Ty =10MeV,” 100 MeV.-" 1GeV” ]
S <=7 100 GeV.

“fos

1072

[Cerdeno, PF, Lopez Noé, Zapata; 2603.16863]

Direct detection can observe DM and neutrino signal = DISCRIMINATION!



https://arxiv.org/abs/2603.16863

92

CONCLUSIONS

In the next years, direct detection experiments
will observe large numbers of (solar) neutrinos

= Novel type of neutrino experiments for free!

Electrons
Low energy thresholds and large exposures | T =
gives them great sensitivity to solar neutrinos | ——— Sl
= Particle
Sensitive to both CEVNS and EVES provides iy

complementary information to reactor and
spallation source neutrino experiments

DD experiments already allow to test neutrino
properties within and beyond the SM:

- NS

- light mediators

- sterile neutrinos

Novel cryogenic scintillators (RES-NOVA)
oromising for detecting solar 8B in CELNS

Direct detection experiments will become an important player for neutrinos!



33

BACKUP
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109

[

10°
exposure [ton-yr]

101

101

102

Easily scalable to multi-ton
experiment

Optimise for volume:

10-ton volume and threshold of 1 keV

RES-NOVA also targeting future core-

collapse supernova neutrinos;

see e.g. [RES-NOVA; JCAP 10 (2021) 064]

fee

NEW DETECTORS: RES-NOVA
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ADIABATIC PROPAGATION

e Two-state evolution in solar matter across finite distance Ax given by Hamiltonian:

D) +ivmtgm = ( BD s 073 X eX[if7 — sin 673 cos 073 ]
i e —e"X[107% + sin 073 cos 075 x| EI" — sin? 073 x

: S o R A sin 2015 sin dcp + V(a:)Im(EN (ZIZ))
with matter phase R s V(z)Re(en(x))

e Evolution adiabatic if

LAE™ — sin? 9™
’2 21 12 X| > 1

Y+ =

o y .m 3 m m
4073 + sin 073 cos 7% x|

e Adiabaticity depends on the CP
phase!

e Complex NSI can modity the
adiabaticty of neutrino evolution!

[Amaral, Cerdeno, Cheek, Costa, PF; 2607.22817]
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1. NEUTRINO PROPAGATION

Need to find the density matrix p'® = Sz®S" of solar neutrinos reaching earth!

In presence of a non-zero electron density neutrino oscillations are described by the
Schroedinger equation

p : 0 0 0 V.e 0 0
i—U = U0 Am2, 0 |U'+[ 0 0 of]|v
a2 \o 00 Amg, 0 0 0/
where
Ve
Am?j:m?_m? VCC:\/iGFNe(ZC) v=|v,
Vr

We define the PMNS matrix as

1 0 0 C13 0 S13 C12 S192 Bi el 0
E—-1"() C23 S93 0 1 0 — 8192 emch C192 0
0 R )\ C23 —S13 0 C13 0 0 1
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T. NEUTRINO PROPAGATION

In solar neutrino physics it is convenient to switch basis to # = O v with O = Ry; R,;

The evolution of 7 is then governed by the Hamiltonian

If Am3, > Amj, ~ A, the third eigenvalue AmZ, will dominate the matrix and the third
neutrino state decouples from the lighter ones = reduces to two-state problem

Solar best fit values:

Am3, = (2.5157)055) % 107%eV?

Am3, = (7.427030) x 107 "eV?
Ace ~ 10 %eV? Q E,, ~ 10 MeV

[Esteban et al., JHEP 09 (2020) 178
& NUFIT 5.1 [http:// www.nu-fit.org] ]

[Bahcall et al.,
Astrophys. J. Suppl. 165 (2006) 400]
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T. NEUTRINO PROPAGATION

The two-state system can be described by effective Hamiltonian H*t = HEM + it

Diagonalise this Hamiltonian via matter mixing matrix

m cos 075 e’ sin 073
= —e sinf7  cos 073

defining A = Amj,/(4E,) we find the matter eigenvalues and mixing angle:

: : 1
with p = sin 2012 q = cos 2019 — §c%3 VXE)
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MATTER EFFECTS WITH NSI

Presence of additional NSI matter potentials modifies propagation

with ¥ (x) = N, (x)/N,(x) and the matter NSls

eL¥ =c13 s13Re (823 62}1?0 = Er 52’790) — (1 T 5%3) €23 523 Re(eZ’f)—l-

o 0%3 (577,90 e 5?7,90) 4 853 3 8%3 033 (En,w - ! gn,w)
9 \“ee P 9 TT s

eN¥ = ci3 (cas Sl S OR A Bl [333 gLy C33 (€hF)" + c23 523 (eLeis SZ;O)}

Modifies matter mixing angle and energy eigenvalues through the quantities

_ /(Asin2613 cosdcp+V (z)Re(en))? + (Asin 2612 sin dop+V (z)Im(en))?
p_ A
V(z)ep(z) 1, V(x)
q = cos 2015+ A — 50%3 A
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PROPAGATION S-MATRIX

The full three-flavour propagation in matter is then given by the evolution equation

5 Ve Evol[H*] 0 e
L0t | Va — . Am? Va
7 0 exp|—1 - Eil L] Dg
e
=S

Assuming adiabaticity | AET) | > 2| 9’{‘2| within the Sun (i.e. a slowly varying matter
orofile), we can describe the full propagation in matter from the point of neutrino
creation to the surface of the sun by the S-matrix

with El =5 é12 . m m
D ok : ~ d E



