European Strategy
for Particle Physics

. -=An =-f' L st
Y Ll 4*'""""m4lll Hilf"*% 1 el

Measurements of neutrino
properties in the SM and beyond

S.Bolognesi (IRFU, CEA)
for the Neutrino & Cosmic messenger Working Group



Neutrino physics cases

- Neutrino oscillations

- granted physics case: CP violation, v mass ordering - tests of fundamental symmetries of Nature
- BSM door (Pilar’s talk)

- Neutrino have mass... but which one?

- Very important impact on cosmology (Valerie’s talk)

- Are neutrino new type of particles? Majorana vs Dirac

- OvBp: the most compelling and first order BSM case (Pilar’s talk)

- Neutrino as cosmic messangers: from low E (SuperNovae) to high E (Valerie’s talk)

- Neutrino & nuclear physics: neutrino-nucleus interaction cross-sections

- crucial for precision on oscillation, neutrino astrophysics

- new probes to study neutrino properties and nuclear properties



Neutrino oscillation experiments

- Accelerator neutrino, long-baseline experiments:

- controlled production of v and v + near detector - CPV and MO, precision PMNS (0,3, Am?yx)
- T2K, NOVA - HyperKamiokande, DUNE
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Neutrino oscillation experiments

- Accelerator neutrino, long-baseline experiments:

- controlled production of v and v + near detector - CPV and MO, precision PMNS (6,3, Am?y) N
- T2K, NOVA - HyperKamiokande, DUNE (both experiments have ~40/50% European collaborators) L)
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Neutrino oscillation experiments

- Accelerator neutrino, long-baseline experiments:
- controlled production of v and v + near detector - CPV and MO, precision PMNS (0,3, Am?;3)
- T2K, NOVA - HyperKamiokande, DUNE
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—— Mo oscillations

- Reactor neutrinos N U Y N Oy solr tem
- large statistics of ve ; 60 ] — Iﬂif;tifci;i‘;’;?
- DayaBay, RENO, Double Chooz short baseline: 613 %4“-
- long baseline (KamLand) JUNO: 6.2, Am?, ;
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Neutrino oscillation experiments

- Accelerator neutrino, long-baseline experiments:

- controlled production of v and v + near detector - CPV and MO, precision PMNS (0,3, Am?;3)

- T2K, NOVA - HyperKamiokande, DUNE

- Reactor neutrinos

- large statistics of v.
- DayaBay, RENO, Double Chooz short baseline: 6.3

- long baseline (KamLand) JUNO: 612, Am?, o
MO from “phase” of vacuum oscillation = »

Antarctic ice

- Atmospheric neutrinos

- large stat ‘for free’ but no control on flux:
sensitivity to MO, 023, Am?y;

- far detectors of LBL (eg SuperKamiokande) .
+ low-E dense detectors in observatories:

huge statistics (MegaTons)
with limited PID and resolution IceCube DeepCore 10Mton +
Upgrade 2MTon

Km3Net: deploying on-going
- ORCA 7MTon



Osclllations: where are we going?

- Two clear open physics cases at reach: CP-Violation and Mass Ordering

- Oscillation precision physics — impact on model building,
cosmology, Ovpp, ...

- number of events in long-baseline: x25 to x100 larger
than previous generation.
Importance of systematics (flux and xsec): precision — accuracy?

- JUNO: solar sector improved by factor 5 to 10 —» need accurate control of gigantic detector

- Overconstrain the oscillation system by combination of experiments to boost physics reach:
break degeneracies between PMNS parameters — systematics — New Physics




Mass Ordering

No

AmZ3 in ve and v, disapp (in vacuum)

JUNO + LBL(T2K/NOVA) 2-30 ~2026
2024 2030 2036 2042 2048
7F ]
o HK-10y :
g, WS JUNO-20y
i HK -4y . ]
af ;
| IR S | gilltal R
2FNuFit24 ORCA :
1F ESPP A
- Preliminary
0 | 1 | 1 |
2024 2030 2036 2042 2048

Various oscillations effects are sensitive to MO

Various ~30 hints in the next 5 years:
agreement or tensions?
(Systematic bias or New Physics hints?)

First clear unambiguous MO determination
from DUNE beam v

Also 50 expected ultimately from atmospherics
(ORCA, IceCube, HK) and JUNO

—combination of experiments allowing over-
constraints and x-checks.



Discovery of CP violation

—  Statistical errors only
. 2052 20,36 20‘4 o 20,44 ------ PP Improved syst. (v./V, xsec. error 2.7%)
Unique 100k R @i T2K syst. Ref.[4] (v./¥, xsec. error 4.9%)
o R I 1 &‘“12_ ' ! ! | ' ' I i ! ' ] ! ! L ! ' '
sensitivity on ; ] =T
80l HK-7y-30 DUNE-14y-30 | — .~
CPV fromLBL . ™} — — = 1OF
. “w — B
. Kia [ 7 W :“—
experiments: 5 60 HK-5y-50 DUNE-10y-50 c—z 8t
£ [ i i
g I [ N
2 a0 T
43 8 o |
L J o=
[ ] ‘€ /4F
20 ESPP - @ T
! Preliminary | of
0 I | 1 :
2032 2036 2040 2044 o o o » ]
Year 0 2 4 6 8 10

HK years (2.7x10%' POT/year 1:3 vV)

If CPV large, discovery in 2-4 years (2030-2032 depending on systematics)
but knowing MO is important in degenerate regions

If CPV small, systematics may be the ultimate limitation to the discovery

— Importance of combination of experiments!



PMNS precision

- Precision physics on solar sector (JUNO): | ESPP | - ESPP
1% - 0.3% precision on Am?, Pre“m”%ary Prelimirs PDG24
2% - 0.5% precision on sin?6;, :
_ . . I N IC+ '29
- Precision physics on v, disappearance 2 | o - H:ﬂ
parameters |Amy3?| and sin?0,; > i [l oinesa| Z ¢ L)
| DUNE '34
- . Maximali
- Precision on 0cp Pl B s
~7 degrees : if small CPV + - HK '38
~18 degrees : if large CPV :
i
i
. . . . | .
Present precision of LBL oscillation i § DUNE'46 - DUNE '46
experiments: v rate~2-4% and Escae ~4% E . . .
_ this precision must improve by a 0.45 050 055 060 06 238 242 246 250 254
sinZ 03 IAmZ;1 X 10-3eV?2

factor 4-5 in HK/IDUNE

— Need to improve control of systematics: flux and xsec (heutrino energy reconstruction)
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Flux tuning: NA61/SHINE at CERN

o8 Hadroproduction from proton scattering in the target:
——_ complex nuclear&hadronic physics

K+

n ;’ 'ﬂ /\ =:::'_'7:—-\“

\j’?p e _. crucial direct tuning by NA61/SHINE
MR (e.g improved the flux uncertainty by factor ~2 during T2K era)

magnetic horn
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Flux tuning: NA61/SHINE at CERN

@8 Hadroproduction from proton scattering in the target:
) e B (i complex nuclear&hadronic physics
Y _. crucial direct tuning by NA61/SHINE

/@’B{—**:;:)’:; (e.g improved the flux uncertainty by factor ~2 during T2K era)

magnetic horn

The dominant flux uncertainty for CPV & MO (v/v and wrong sign contamination) comes from low energy hadron

rescattering which escape (de)focusing
- proposal of new low-E beamline at SPS for NA61
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Flux tuning: NA61/SHINE at CERN

@8 Hadroproduction from proton scattering in the target:
L //*\\\J complex nuclear&hadronic physics
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MR (e.g improved the flux uncertainty by factor ~2 during T2K era)

magnetic horn

The dominant flux uncertainty for CPV & MO (v/v and wrong sign contamination) comes from low energy hadron
rescattering which escape (de)focusing
- proposal of new low-E beamline at SPS for NA61
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Near detectors and xsec measurements

Highly capable (near) detectors: exclusive reconstruction (low momentum protons,
neutrons, electron vs y...) + PRISM technique - overconstrain the xsec model
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Near detectors and xsec measurements

Highly capable (near) detectors: exclusive reconstruction (low momentum protons,
neutrons, electron vs y...) + PRISM technique - overconstrain the xsec model

Candidate: CC v, w/ 1 neutron

- T2K ND280 Upgrade: new generation ND
(eq, granular target — low threshold, neutron

kinematics) |“
Strong contribution from CERN |

- R&D for further upgrade under discussion

° A.,_
Time (nanoseconds)
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Near detectors and xsec measurements

Highly capable (near) detectors: exclusive reconstruction (low momentum protons,
neutrons, electron vs y...) + PRISM technique - overconstrain the xsec model

- T2K ND280 Upgrade: new generation ND
(eq, granular target — low threshold, neutron

kinematics)

Strong contribution from CERN

- R&D for further upgrade under discussion

- SBN@FNAL: rich xsec program
thanks to amazing capabilities of LAr

+

running ICARUS (CERN

contribution)

LAr TPC + HP Gas Argon TPC

for DUNE ND

»

Time ———————

uBo@d Proton-like blip

Epipt 7.36 MeV,

_ Off-Beam Data
Im Run 26972 Subrun 32 Event 1643

Electron-like blip
uBO@;;

dx

Epiip: 7-18 MeVe,
daw

1m MicroBooNE Simulation
Wires

. M, = _ % By % By % {1 — cos#..) = 538 MeV /¢’
pBooNE _ !

= E, = 406 MeV
E; =238 MeV A ===-.

BNB data: Run 8661 Event 603

Candidate: CC v, w/ 1 neutron

R R -
Time (nanoseconds)

18N MicroBooNE Data Aun 5616 Subrun 14 Event 704
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NUSTEL

NS TEC Training.
~ e i Ns/.rs‘rm -Nicieus .%JWW

Hic sunt leones!

Lesson from present generation of | T
experiments: known unknowns + Lo - D
unknown unknowns - biases PEAK pESONANCE REGION &

DEEP INELASTIC
SCATTERING
REGION

Especially away from QE peak

Strong EU (and CERN) physics expertise )

~MeV Q42M ~GeY energy transfer

-
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NUSTEL

NS TEC Training.
~ e i Ns/.rs‘rm -Nicieus .%JWW

Hic sunt leones!

Lesson from present generation of G| . Euastc
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experiments: known unknowns + [ W - 0 D
unknown unknowns . biases PEAK  RESONANCE REGION

DEEP INELASTIC
SCATTERING
REGION

Especially away from QE peak

Strong EU (and CERN) physics expertise )

~MeV Q42M ~GeY energy transfer

-

- New project from Neutrino Platform ‘nursery’:
realistic beamline design and detector technology
for monitored+tagged beam (hnuSCOPE)
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Hic sunt leones!

Lesson from present generation of
experiments: known unknowns +
unknown unknowns - biases
Especially away from QE peak

Strong EU (and CERN) physics expertise
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- New project from Neutrino Platform ‘nursery’:
realistic beamline design and detector technology
for monitored+tagged beam (hnuSCOPE)
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Future projects

- European funded exploratory studies:

ESSvSB: new neutrino beam line exploiting the proton beam at the ESS
SuperChooz: new gigantic short baseline at Chooz reactor experiment

- Opportunity for interesting detector R&D

Water based liquid scintillator (ND280++)
High Pressure Gas Argon TPC (DUNE ND)

Enhanced optical readout for LAr TPC (DUNE FD3/4)

Combination of water Cherencov and liquid scintillator (Theia proposal for DUNE Module
of opportunity)

Opaque scintillator (LiquidO)

13



Beyond
oscillations:
Baryon Number
Violation

Proton decay:
>10% years —» >10%years

p—etn®

p— e’

predictions

p— et K°
p— H+I{ﬂ
n — K"
p— KT

p— KT
predictions

Neutron-antineutron oscillations:
unique sensitivity at ESS with a new

proposed experiment (HIBEAM)

Soudan

Frejus

IMB Super-K Hyper-K
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minimal g2}, ~1e35yr at 3¢ for pYer’

e
minimal SUSY SU(5)
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Neutrinos & astrophysics

Neutrino, a new messenger from the cosmos (see Valerie’s talk)
Here focus on low energy neutrinos from SuperNovae (but also Sun, geoneutrinos)

New technologies being developed for low energy neutrino detection
New approaches for xsec measurements at very high energy

15



Neutrinos from SuperNovae burst

Rich information: direct look ‘inside’ a
complex astrophysical process

- HK has largest statistics (tenths of thousands of events at 10kPc)
& very good pointing (1 degree)

- DUNE: unique clean sample of ve

- JUNO: best neutrino energy resolution and lowest threshold
(pre-collapse neutrinos)

- IceCube (& ORCA)

Publ.Astron.Soc.Jap. 77 (2025) 2, L9-L15 e-Print: 2501.15256 [astro-ph.HE]

1
NoOsc
T T Osc-10 ==-=-=--
g = Osc-11 ——— |
Osc-12 ===

— timing triangulation with ~degrees pointing resolution

- SNEWS: combined trigger network crucial to enable
multimessanger

From observation of one SN (Kamiokande, Nobel
prize 2002) with ~24 events to thousands of events
in multiple experiments: a brand new field

would open !

Mean Energ




Diffuse SuperNovae background

Crucial insights in star formation history - present N
models of DSNB flux differs by order of magnitudes!
5 billion
! T years ago
SKVIEVIL |k — 1 I EXCe: Ne;;;itn;:eﬂom
:ﬁ @) 10 billion
e i i .................................. .............................. pun— yearsago
SKI-IV I l . 1 3
...._..,._.,......_..,,.......g._..,.......,,........,....,.....=;..,,.,......H..,........-,..,.é......“..,-..,..“...,... Big Bang L%’%?QB%“
SKI-VII =
. é l Consistent excess from SK (both

S I B 'DgNE;ﬂu;([c'm_;s_,;‘ pure water and Gd loading): 2.30 !
(1-5 events expected)

SK-Gd has realistic possibility for discovery!
- hext generation dominated by HK and JUNO (50-100 events each in 10 years)



~keV detectors for ~MeV neutrinos

Coherent-elastic neutrino-nucleus scattering: large xsec
Requires to measure of ~0.2-10 keV from nucleus recoll

Allow to probe SM and BSM with low-E neutrinos
(w/o gigantic detector)

10—37 J

10—38 J
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~keV detectors for ~MeV neutrinos

Coherent-elastic neutrino-nucleus scattering: large xsec
Requires to measure of ~0.2-10 keV from nucleus recoil

Allow to probe SM and BSM with low-E neutrinos
(w/o gigantic detector)

Available measurements

Experiment Neutrino source  Detector material Detection? Reference
COHERENT Pion-decay-at-rest Csl, 14.6 kg Yes arXiv:2110.07730
COHERENT  Pion-decay-at-rest Ar, 24 kg Yes arXiv:2003.10630
COHERENT  Pion-decay-at-rest Ge, 17.6 kg Yes arXiv:2406.13806
Dresden Il Reactor Ge, 3kg Yes arXiv:2202.09672
CONUS+ Reactor Ge, 2.83kg Yes arXiv:2501.05206
i 2
Connie Reactor =i 89 2g No arXiv:2110.13033
(very low threshold)
Texono Reactor Ge, 1.4kg No arXiv:2411.18812
nuGen Reactor Ge, 1.4kg No arXiv:2502.18502
Red 100 Reactor Xe, 126 kg No arXiv:2411.18641
XENONRT Solar Xe, 6ton Yes arXiv:2407.02877
PandaX-4T Solar Xe, b.5ton Yes arXiv:2407.

10892

Incoming neutrino

Outgoing neutrino

1072

Flux-averaged cross section [1074% ¢cm?]
=

=

|

w

102}
10"
107

1071

Recoiling nucleus
| eee———

ESPP-Preliminary

Based on input from COHERENT

10‘3% i

e
n decay-at-rest

Solar

Reactor

(Measurements assume

different Quenching E
Factors)
3 ¥ COHERENT [ CONNIE -
E v I XENONnT § CONUS+
I PandaX $ Dresden-II
. | N . . | N L . | N | N
0 20 40 60 80

Neuntron nimher
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~keV detectors for ~MeV neutrinos

Coherent-elastic neutrino-nucleus scattering: large xsec

Incoming neutrino Recoiling nucleus
Requires to measure of ~0.2-10 keV from nucleus recoill
. . Outgoing neutrino
Allow to probe SM and BSM with low-E neutrinos
(w/o gigantic detector) _
. ., ESPP-Preliminary
EXpIOSIOn Of proposals Based on input from COHERENT

Experiment Neutrino source Detector material Deployed? Reference C“E 103 T — T
COHERENT Pion-decay-at-rest Nal (3500 kg) 3/7 modules deployed COHERENT input OU i decay-at-rest
COHERENT Pion-decay-at-rest Liquid Ar (750 kg) Cryostat under commissioning COHERENT input <
COHERENT Pion-decay-at-rest Cryogenic Csl (low threshold) No COHERENT input l@
COHERENT Pion-decay-at-rest Ne No COHERENT input e iy
Captain Mills Pion-decay-at-rest Ar Commissioning last year arXiv:2105.14020 = '
ESS Pion-decay-at-rest Csl, Si, Xe, Ge, Ar, C3Fg No arXiv:1911.00762 &
(large 1 flux) s
Q
SuperCDMS Solar Si, Ge Commissioning Proceedings 2 Reactor
RES_NOVA Solar Pb No arXiv:2004.06936 Z
CYGNUS Solar He Mo arXiv:2404.03690 E
BULLKID Solar Si Demonstrator commissioned arXiv:2209.14806 _; "3?‘7“11“‘“1"1“-‘ (‘\I‘f“m‘
different Quenching
CONUS100 Reactor Ge No CONUS input %’o Factors)
CONNIE upgrade Reactor Si (low threshold) No CONNIE input 3
MINER Reactor Ge, Si Engineering runs done arXiv:1608.02066 g ¥ COHERENT [ CONNIE
NEON Reactor Nal Yes arXiv:2204.06318 flﬂ , ¥ XENONnT $ CONUS+
NUCLEUS Reactor Alp O3, CaWOy, (low threshold) Yes arXiv:2211.04189 » I PandaX # Dresden-I1I
Ricochet Reactor Ge (low threshald) Yes arXiv:2111.06745 = I I (5 S PO
SBC Reactor Ar Prototype under construction arXiv:2101.08785 = 20 40 60
NUXE Reactor Xe MNo Paper Nenit i
PALEQCCENE Reactor Difisrent maseriab faepioky No arXiv:2203.05525 crron mimher

defect formation, low threshold)




~keV detectors for ~MeV neutrinos

Coherent-elastic neutrino-nucleus scattering: large xsec

Requires to measure of ~0.2-10 keV from nucleus recoil

Allow to probe SM and BSM with low-E neutrinos
(w/o gigantic detector)

Experimental challenges to improve the measurements:
- 1-DAR at neutron spallation source (ve, v,) ~30 MeV
- need to improve flux uncertainty (can use v./v, ratio)

- at reactors (ve) ~5 MeV
- need better calibration of quenching factor
(CRAB approach + measure heat+ionization)

- from Sun (in large DM detectors) all flavours ~10 MeV

Flux-averaged cross section [1074% cm?]
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o
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—
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e
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Forward-LHC for ~TeV neutrinos

New way to probe production (PDF) and xsec at TeV + Trigger signal
to search for BSM signatures (eg, FIP):

[a)
'_
l6 |
T L >
SND@HL-LHC | | e
Measurement Uncertainty e
Stat.  Sys. i 480 m .
Gluon PDF 2% 5% 09
v, /v, ratio for LFU test 6% 10% = Accelerator v
ve /v, ratio for LFU test 2% 5% 8L
Charm-tagged ve/.v#' ratio for LF'U test 10% < 5% - o.?:— ’
v, and 7, cross-section 1% 5% - 2 P e o v,
—» L 06
§ F
2 o5
o 0Us5¢ ,_}__
= ]
@ 0.4 :— v, + U
:} 0.3:— =
- ,
02—
0'1 :I 1 1 L1 I 1 L ' L 1 L1 [ i
107 :
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Forward-LHC for ~TeV neutrinos

New way to probe production (PDF) and xsec at TeV +

to search for BSM signatures (eg, FIP):

SND@HL-LHC

Measurement Uncertainty
Stat.  Sys.
Gluon PDF 2% 5%
v, /v, ratio for LFU test 6%  10%
ve /v, ratio for LFU test 2% 5%
Charm-tagged v, /v, ratio for LEU test 10% < 5%
v, and 7, cross-section 1% 5%

- An obvious serendipitous opportunity

Event Rate E,-dN/dE,

FASER Upgrade

10
.. charm quark PDF
. S, CT14 at Q=2GeV
cosmic ray airshower
S 2.4 AIRES + SIBYLL 2.3d %,
9 - 5 %.. with intrinsic
o 2.0 with forward strangeness _.-="===----- . b 0.02 oo charm
= na enhancement BN x ©
T B e . T, baseline
~ 16 %,
E o, . lofi lol]
1.2+ \ X
10% 3 10 30 3
E [EeV] low-x gluon PDF
KS at kZ=10Gev?
/
m=50eVand Ua=01 baseline
expected statistical with saturation
o1 4
-8 10-° 10~
102 X
10*

- Proposal for a much bigger dedicated facility in future

(Forward Physics Facility)
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Forward-LHC for ~TeV neutrinos

New way to probe production (PDF) and xsec at TeV +

to search for BSM signatures (eg, FIP):

SND@HL-LHC

Measurement Uncertainty
Stat.  Sys.
Gluon PDF 2% 5%
v, /v, ratio for LFU test 6%  10%
ve /v, ratio for LFU test 2% 5%
Charm-tagged v, /v, ratio for LEU test 10% < 5%
v, and 7, cross-section 1% 5%

- An obvious serendipitous opportunity

Event Rate E,-dN/dE,

FASER Upgrade

10
0.06 .. charm quark PDF
. % CT14 at Q=2GeV
cosmic ray airshower —
S 2.4 AIRES + SIBYLL 2.3d S 0.04
g - = %, with intrinsic
o 2.0 with forward strangeness _.-="===-----~ - e .. charm
=1 R 0.02
R . 2. 2 S enhancement T *x
= Y T - Ty, baseline
~ 16 %,
E o, . lofi lol]
1.2+ \ X
10% 3 10 30 3
E [EeV] - low-x gluon PDF
- KS at kZ=10Gev?
/
m=50eVand Ua=01 baseline
expected statistical with saturation
uncertainties 0 '—6 10-5 10-4 1p-3
X
102

- Proposal for a much bigger dedicated facility in future

(Forward Physics Facility)

- SHIP granted physics case: 10-100 GeV neutrinos, enriched in v,

103 104
Neutrino Energy E, [GeV]
CCDIS Charm CC DIS
Ny, | 2.0 x 10° 1.2 x 10°
N,, | 5.8 x 10° 2.8 x 10°
N,. | 5.9 x 10* 3.2 x 103
Ny, | 4.0 x 10° 2.1 x 10*
Ny, | 1.3x10% 5.0 x10*
Ny, | 4.3 x 10* 2.5 x 103
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NUFIT 6.0 (2024) |

Neutrino mass

Various correlated observables:

- 0vpp

- direct m, in lab

- cosmology
(Valerie’s talk)

(Bands corresponds to value allowed by present oscillation measurements ~ ©° 10° 10 i
and unknown Majorana phases)



M,<0.45 eV (90%)

-1

1/N dN/dE (eV

1.5 1

1.0 4

le—4

— mg=0eV

— mp=2eV

le—11

1.5

M\

- .
. 18572 18574
N .

0 5000

10600
energy (eV)

~ S
T T
15000 20000

B decay: KATRIN++,

Project8, QTNM, PTolemy  Atomic tritium production mandatory

*H - °He + e- + Ve

. to avoid de 1eV broadening of
molecular tritium - global consortium
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M.e<0.45 eV (90%)

Counts/0.01eV

le—4

e = mg = 0 eV le—11
— mg=2eV
=
! 4
3 1.0
w
o
= , :
N -
§ 0.5 ~, 18572 18574

. ;
0 5000 10000
—eneray (V)

15000

Counts / 0.1

800

200

/
T
20000

— m(v,)= 0 evic?
——-m(vy)=2 evic?
- == m(v,)= 5 eVic?

1 L 1 1 1
00 05 1.0 15 20 25 30
Energy / keV

(1] 1
2.826 2.828

1
2.830  2.832 2.834
Energy / keV

B decay: KATRIN++,
Project8, QTNM, PTolemy

Atomic tritium production mandatory

3H - 3He + e- + Ve "~ to avoid de 1eV broadening of

molecular tritium - global consortium

e- capture: ECHo, HoLMEs  Challenge of scalability for

1183H0 + e- _ Ve + 163Dy* bolometers

Temperature

Time
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M,<0.45 eV (90%)

Counts/0.01eV

10°

le—4

15— pmoev le-11
mp = 2ev 15N\ B decay: KATRIN++,

T 10/ sl Project8, QTNM, PTolemy
% . 18572 18574 3H - 3He te-+ Ve
205 y

0.0 r T " —

0 5000 10000 15000 20000
o ” ol _\—%"f{g{' (eV)

800

Counts / 0.1

%
\
\
/ 200

— m(vy)= 0 evic’
——- m(vy)= 2 eVic®
=== m(vg)=5 fa\m:2

Atomic tritium production mandatory
" to avoid de 1eV broadening of
molecular tritium - global consortium

e- capture: ECHo, HoLmes  Challenge of scalability for
{183Ho + e- — Ve + 163Dy*

Temperature

1 L 1 1 1
00 05 1.0 15 20 25 30
Energy / keV

Significant R&D effort is required in the next years

to demonstrate the technology to reach 10 scale
This will be essential also to achieve the long-term goal of detecting the —
cosmic neutrino background (CvB) -> next major step beyond CMB

T 1
2.826 2.828

I
2.830 2.832 2834

Energy / keV

Time

bolometers
‘ — T ‘ T —
Project 8 —— Present
100 === Future
HOLMES
10 ECHo max 1
T m,/ X 1
$ N1
S 1F KATRIN B E
PTolemy i
0.1 _(mgun)IO P 3
0.01 B NO e
2025 2030 2035 2040
Year

ESPP preliminary
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Neutrinoless double beta decay

ST TTTTT T T I T I T I T T T I T T T TTTTT]
2VBB - “8(.?a E
4 o
I = %zr Nd E;24Bi) = 327 MeV T
= e Tl R B S s S B s s 7]
» v 3[ 82Gem .(lﬂoMo i
E & b w!Cd  Ey(*"TI) = 2.615MeV
E g - lmTe%l..f\l%Xe E
.r—; 2= 76 e O 0 —
& » Ge 0 =
_ 0.0 Og -
Radioactive 1= oo " 0o = DD -
/background : 0, " Og o o
Energy Qpp ottt @d v rad e by’
0 50 100 150 200 250 300
1 G M ) Mt Mass number
2 ~ 0v| Ov|
M, JVbAE
Y T~ Background ~10* - 10° cts/keV/kgly
/ Energy resolution ~ 50-5 keV

(Nuclear matrix element) x (phase space): S ~ Qgg® Mass x time ~ (100 kg — ton) x 10 years
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Technologies

Te (CUORE®* bolometers - SNO+ in LS): large natural abundance (30%), low Qg
Xe: low Qg
- Kamland-Zen LS: easy scalability but limited resolution (240 —» 120 keV)
- liquid TPC: EXO - nEXO, XLZD: improved resolution (~50 keV) and multivariate
analysis
- gas TPC (NEXT*): good resolution (12 keV), backgr. rejection with topological cuts
Ge (GERDA, Legend®): very low Qg but amazing resolution (2 keV), difficult scalability
Mo bolometers (CUPID*, Amore): high Qgs, good resolution (8 keV), difficult scalability

measured predicted ESPP pre“minary
104;

| [ ooam cugre Technological comparison:
% 1000, L I half-life for fixed mgs x background x AE
g 10 . LEGEND-200 I I SNO+
2 | | werer Pl exposure needed for a fixed sensitivity
g [ nEXO KamLAND2-Zen
g 10
n,‘_‘: | LEGEND-1000
k1 I I
“"’g 5 NEXT-HD I

01! CUPID/AMORE-IL

NEXO w/ multivariate

* Underground laboratories in Europe 25



Technologies

- Te (CUORE* bolometers -~ SNO+ in LS): large natural abundance (30%), low Qg
- Xe: low Qg
- Kamland-Zen LS: easy scalability but limited resolution (240 —» 120 keV)
- liquid TPC: EXO - nEXO, XLZD: improved resolution (~50 keV) and multivariate
analysis
- gas TPC (NEXT*): good resolution (12 keV), backgr. rejection with topological cuts
-  Ge (GERDA, Legend®): very low Qg but amazing resolution (2 keV), difficult scalability
- Mo bolometers (CUPID*, Amore): high Qgs, good resolution (8 keV), difficult scalability

Not one winning option: we need to keep the technological development on various fronts.
Complex control of background - confirmation from at least two different technologies.
Discovery on different isotopes will bring complementary info (NME vs BSM)

- hext-to-next generation:
- Ba++ tagging in Xe detectors (scale with mass instead of vmass)
- bolometers with very high Qgs isotopes: Zr,Nd
25



Status and prospects

Bl Normal Ordering Il Inverted Ordering I Normal Ordering Il Inverted Ordering Bl Normal Ordering Il Inverted Ordering

ESPP preliminary

10_1&\\\ ! \\\Q 107

urrent limits

mgs < meV needs cancellations/fine tuning

_ 2 2
mBB_|m1C13CIZe

2i(a, =6 2 2 2ila,=6 2
i(a, cp)+m2c13512e ia, cp)+m3513|

---------- 2 107 2F---- m----oRIITIEDRL SRS 2 1072
< | s
B 1[]—3 L E : 1 0_ 3 i
ESPP ESPP x5 ta
Preliminary Preliminary Sz 25 2 Preliminary
107! 1 102 10! - —T 107! 1
eV| ESPP preliminary nm[ﬂV] ESPP preliminary > my [eV]
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Status and prospects

B Normal Ordering I Inverted Ordering B Normal Ordering I Inverted Ordering B Normal Ordering Il Inverted Ordering

197> N 167 N ' 15
N\\\ N TR
E 102F---=----------—2 pEiciaicliates E 1072} ---- PP - - -—~"Te=CC -l E R e e
-3 3L gTOB: g% 'I(]—.'\i_ +§
10 10 ESPP E;’i 5 o ©
Preliminary Preliminary x&! 3 25 2 Preliminary
103 102 107 1 102 107 1 107! 1
ESPP preliminary Miighs [€V] ESPP preliminary My, [eV] ESPP preliminary 2y [eV]
- Already putting limits on BSM (see Pilar’s talk) — StandardModel 208 —— Ppro(1=2) - LV 208p
Background — BBxoxo/BBxo(n=3) Sterile neutrino (1.0 MeV)
- These detectors are exquisite measurement devices: et e =
new nuclear measurements and BSM searches in the ]
107 4
2vpBp spectrum =
2 10ty
- modeling of matrix elements to interpret a signal (and S 5]
evaluate future sensitivities): £ 0]
- input from single and double charge exchange measurements .| - n
- convergence when short- & long-range correlations included r.Phys.J.C 84 (2024) 9, 925 e-Print: 2405.10766 [nucl-ex] ™,

- = —3 T T T r T
- correlations (in some models) between 2vf and Ovpp b 500 1000 1500 2000 2500
Enerev [keV1



Summary

- Oscillations experiments: MO, CPV, PMNS precision + BSM reach.
Improved control of systematics and combination of experiments are game changers

- Particularly crucial expertise in Europe (and at CERN) on flux and xsec for LBL: new opportunities and
new projects (NA61/SHINE low-E beamline, nuSCOPE, nuSTORM)

- Success of Neutrino Platform for DUNE and T2K - future: DUNE FD3/4 modules, HK ND280++
- complete ‘hub’ for neutrino analysis pivotal for combination of experiments

- Neutrino rich physics case beyond oscillations from very low-E: CEVNS, SuperNovae,
. to very high-E: forward neutrinos at HL-LHC, astrophysics sources

- Need to settle SM effects and nuclear physics — new door to BSM

- Neutrino masses in lab: major technological challenge to go beyond present generation.

Important impact on cosmology

- OvBp: the most compelling BSM physics case. A big technological challenge: R&D should
continue
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DUNE Phase Il white paper: https://arxiv.org/pdf/2408.12725
DUNE Contribution toSnowmass 2021e-Print:2203.06100 [hep-eX]

HyperKamiokande LBL sensitivity: https://arxiv.org/abs/2505.15019
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JUNO Chin.Phys.C 46 (2022) 12, 123001 e-Print: 2204.13249 [hep-ex]
JUNO — T2K/NOVA pheno combination: Phys.Rev.D 111 (2025) 1, 1 e-Print: 2404.08733 [hep-ph]
JUNO - Chin.Phys.C 49 (2025) 3, 033104 e-Print: 2405.18008 [hep-eX]

References:

MEXT:

1l Gomez-Cadenas, 3rd Summit on
DBD, 2025

nEXO:
https://arxiv.org/pdf/2106.16243

D. Leonard, 1° Yemilab Workshop
2024

KamLANDZ-Zen:

[taru Shimizu,

International Conference on the
Physics of the two Ininities, 2023
AMoRE: document submitted to
ESPPU

SNO+: document submitted to
ESPPU

CUPID: slides submitted to ESPPU
LEGENMD: slides submitted to ESPPU
¥LZD: M. Schumann, 3rd Summit on
DBED 2025

28



NAG61/SHINE additional impact

Knowing the flux precisely is also crucial in order to enable precise neutrino xsec

measurements at SBN@FNAL.

Impact of new proposed low-E beamline on SBND

Fractional uncertainty

0'4: SBND work in progress . .
0.35 - Muon neutrino at SBND Total HP —x* prod.
—K" prod. — Nuc inel.
o3 ~—Nuc gel. —Nuc tot.
025 xqel.  —mtot.
0.2 === prod. ---K prod.
0.15F
0.1F
- pll_ oo
0.05—
002 1 2 3 d - -

Neutrino energy (GeV)

Fractional uncertainty

o
I

0.35

0.3

0.25

0.2

0.15

0.1

0.05

— SBND work in progress
= — Total HP —=* prod.

- With the NA61 predicted data — i+
- constraint with =* and K*

g Muon neutrino at SBND

prod. — Nuc inel.

—Nuc gel. —Nuc tot.

= mgel. —mtot.
- -7 prod. -—-K prod.
02 1 2 3 4 5 6

Neutrino energy (GeV) 29



ESS (+ ESSvSB)

Fundamental (nuclear and) particle physics center for neutron physics (complementary to
colliders)

Rich particle physics program with neutron:

1st n moderator: cold

/ and thermal neutrons . ..
oroton beam - (UNgSten target -> neutron - CEVNS - h|gh precision n decay
spallation source SV ——— - n,nbar oscillations - n interferometry
sEgeal ulireet -n EDM, charge - n spin and spin procession

Construction on-going
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ESS (+ ESSvSB)

Fundamental (nuclear and) particle physics center for neutron physics (complementary to

colliders)

1st n moderator: cold

/ and thermal neutrons

tungsten target -> neutron
proton beam —3 spallation source
2nd n moderator: cold,
very-cold, ultra-cold

neutrons

Construction on-going

Rich particle physics program with neutron:
- CEVNS

- n EDM, charge

Further opportunities being explored:

New target and beamline for oscillations

Alternatives:
- different monitored/tagged beamline
- use pions to feed a low energy muon
storage ring

p

6:10~*

‘|r10-3§ _
_:.lo-ii

—410°2f

—6:1072

- high precision n decay
- n-nbar oscillations - n interferometry

- n spin and spin procession

Solar _\—

— 7

th3=10" flxmrerﬁ:rence/
Al ESSE

DUNE

500

1000

1500

L/E (km/GeV)

2000

With new ND and FD

(HK mass x2)
— improved dcp
resolution:

for large CPV

18 - 7 degrees
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SuperChooz

New large detector (10 kTon) for reactor ve
(Chooz site, 0:3) but also ve and NC
- - solar and geo-neutrinos and new

e measurements at reactor

Chooz-A: Cavern Reactor Core

- CC:y,+ 115In —le” )K€y + yleD
ccC: l_le + D = €+ + n) (7 = 4.7us decay of Sn*) :
(T ~ 220us for only HOC)

1 anti-matter
Super Far Detector @ Chooz-A

LiquidO’s prototype MINI-II (upgrade)

Technology based on | "
LiquidO: b ‘
Ré&D on-going

Hits perfibre e
| B 116keY

~10L multi-i

Exploratory study funded by o,
AntiMatterOTech and CLOUD - e
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Step Into the future

Systematics control crucial for PMNS precision physics but also for BSM searches

- Measure oscillations in model- Eg: drop all SM assumptions (allows for steriles, NSI...)
i : CP <-> T violati = L- d d t fixed E
independent way — characterizes L/E violation even dependency at fixe

- Explore neutrino reach with open mind: Eg: Quantum Correlations, Bell's like inequality in the time domain
(LGI), coherence on thousands of km
new observables

- Search for Quantum Gravity effects -
along the baseline g '
I-:“ :_J Phase perturbatio t
- CPT: AD/Elena CPT baryonic -> nm ot e
L] I-:[I:;CUIDGJZ-UZE:&! I t

vs nmbar disappearance: CPT leptonic

0 1 2 3

Energy power, n
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https://arxiv.org/abs/1602.00041

We should look at the topic from a wider prospective (beyond the present “simplistic”
paradigm of the measurement of PMNS parameters)

- The ‘standard’ oscillation paradigm (PMNS-based) is very strict and ‘accidental’
In particular it assumes - minimal 3-flavour scenario

- standard neutrino interactions for production and detection

- standard matter effects along propagation

S —
~__ ///
~

Phys.Rev.Lett. 128 (2022) 9, 091801

What we want to do is to characterize v EE0 6V ~ No good fit with
precisely the oscillation as a function of the 0061 . True Prob. — 3L (HKK) " L-even terms
fundamental variable LIE: combine different L 005 —4t —3L(ESS) & only -
and different E 0.04! »  T-Violation !
. | 3nu probability
o> 0.03] with 8cp = 90°
Example: 0.02| |
CP violation in a more model-independent 0.01!

way — search for T-violation - look for L

dependency of oscillations at fixed energy s e e e 15-00'

L [km] 33



Events at LBL

Experiment | T2K NOvA | Hyper-K DUNE Ultimate statistics

Baseline (km) | 295 800 295 1300 (HK 10 years — 2038
prD{v-nmch 318 211 =10100  ==13500 DUNE 15 years - 2046)

Ny, (V-mode) | 137 125 | ~14000 ==5000
NEP (v-mode) | 94 82 =2100  ==2000 L
NiP (v-mode) | 16 33 ~1900 =600 J\

«

Baseline 295 km Baseline 810 km Baseline 1300 km
Energy 0.6 GeV Energy 2.0 GeV Energy 3.0 GeV
0.08 - = 0.08—————————~————————— 0.08—— e .
~  Baseline = 295 km MH E Buseling = 810 km NH ~ Baseline = 13(K) km —MNH B
Energy = 0.6 GeV —IH Energy = 2.0 GeV —H 1 ~ Energy = 3.0 GeV —IH -
[ Bep=0 | I [ 8ep=0 ] [ O8p=0 1
0.06 - 0.0 cP 1 ).06 L ce
) & Bop = 402 s  Bgp = #4112 e _\ A Sgp = 4112
[ - % bep=-mi2 - B 3 Bep=-m2 o E‘ 4 i Bop=-mi2 A
T ; Bep= 7 By 1 r . .
. 0.04- ol . T 004 : o= ® T ooa- Do EE
= = : ' = F it 1
g 1 E - 1 F I |
\!|1;B s = lJ..lﬁ : sin’8,. =03 1 - :il'n"BIJ =(L3 % =1
0.02— sin’8,, =0.022 0.02} sina,, = 0.022 1 0.02  sin’8 = 0422 =
Ho w4 - osin’l, =045 1 ' win®l,. < 045 j
Am, —zﬁxlll Iu\r:'l L Am®. =7 F-'XIDJ eVl L .'\rnT 255107 oV i
e M 1 - ] I-"'"I'u.-=3""“"\‘}" . a 8] LoAm, =25x107 eV’ : ; :
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Ocp VS MO degeneracies

HK 10 years (2.70E22 POT 1:3 viV})

18

’)

10

0 exclusion ( \' Ay
[

———  Beam (Known MQ) True NO
16 s Beam {(Unknown MO)

Atmospherics (Unknown MO)
Combined (Known MQO)
Combined (Unknown MO)

sin[ﬁw}
o B0 B oon oo
T | | T

=3
Hyper-K preliminary
True normal ordering, improved syst. (vJ/V, xsec. error 2.7%)
sin’(8,;)=0.0218 sin’(8,,)=0.528 Am2,I= 2.509 x 10~ eV?/c*

HK 10 years (2.70E22 POT 1:3 vV)
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OM (| I -‘T\‘TW I [ M

=3 -2 -1 0 1 2 3
Hyper-K preliminary
True inverted ordering, improved syst. (v./V, xsec. error 2.7%)
sin’(8,,)=0.0218 sin’(0,,)=0.528 |Am2,|= 2.509 x 10" eV?/c*

True J.,
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Neutrino cross sections in Long-baseline Experiments
Neutrino scattering ~1 GeV

» At GeV-scale neutrino event generators must model both interaction of neutrino with a nucleon and the
impact of the surrounding nucleus on this process

* Final state interactions, collective nuclear excitations, hadron-quark transition, low-W hadronization...

* Models do reasonably well for quasi-elastic interactions

— 0.9¢ -~ 45p = 8r
5 E —4— T2K < ~— MicroBooNE T E
S 08f e oF S £
3 o7E — SF:y2=13.91 Sl . —— SF*:y? = 19.69 2 g ¢ Minerva
.:-.‘ ' E 2 i o o E ______ GENIE: =959 :—f 6 — SFf =64.26
= 06E S 0000000 e GENIE:y2 = 7.62 B aE 2 =9. ‘e E
S E = F [l 3 S T GENIE: 2 = 49.15
S 05F LFG:¥? = 5.61 5 5[ © LFG:y? = 13.42 2 -
2 E L2 Ffa =} 4F LFG:2 =71.10
C 04fF S 200 .
E OE 23 5
& 03F 15 S
= 0'22— 10f 8 2
= E E -
= 1
glg0.1¢ 5 . 8
0 i L - G_" ) RN U EFRFAr IR
0 0.2 04 0.6 0.8 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0‘7 0.8 0.9 0 02 04 06 08 1 12 14 16 18 2
Sp_l_ [GeVic] pr [GeVic] 5pT [GeV/c]

W. Filali et al,
https://arxiv.org/pdf/2407.10962

Imperial College London Meutrine Oscillation, Mixing and Mass Splitting 23 16/06/2025



Neutrino cross sections in Long-baseline Experiments
Neutrino scattering ~1 GeV

» At GeV-scale neutrino event generators must model both interaction of neutrino with a nucleon and the
impact of the surrounding nucleus on this process

* Final state interactions, collective nuclear excitations, hadron-quark transition, low-W hadronization...

» Models struggle to describe other data samples well (one example below)

MEUT {65.6/7) = GENIE G10a (43.5/7)
— NUWRO (22.5/7) I MINERwvA CCMir Data
oM e © 12K €XPEriment developing interaction model and uncertainties for
b E neutrinos with energies from 0.3 - 2 GeV for Carbon and Oxygen
3 ; targets

25F » Hyper-K benefits from this

20F

1.5 3 .,"!

1 + DUNE uses argon target, beam neutrino energy mainly above 1 GeV

o P
1.0 - ’)/

(LT} dN,/dT, (cmZ/MeV/nucleon)

» No existing data on argon in this energy range

0s5F

00 Bl L Ll e b L a1
“"0 50 100 150 200 250 300 350 400
T. (MeV)

« Some data from SBN program at lower energy

Imperial College London Meutrino Oscillation, Mixing and Mass Splitting 25 16/06/2025



Systematics in long-baseline experiments

Present precision of oscillation experiments: nu rate~2-4% and Escae ~4% — this precision
must improve by a factor 4-5 in HKIDUNE

magnetic horn

Protons - hadrons (focusing)
- leptons and neutrinos.

highly capable

Near oscillations

Detectors along baseline
N(E™)=[ ¢(E,)xa(E,)R(E,,E;”)dE,

K

- ND always sensitive to xsec X flux: 0 ..*® e ™ O wrong” Prurong

- ND and FD are different (acceptance, En)

- Flux is not monochromatic — En must be reconstructed
from final state particles (neutrons, thresholds, ...)

\

_/

huge underground

Far
Detector(s)

N(E® ZI:fl: E,)xo(E, R(E,, E™)dE,

We need:
- predictive and tuned

S flux and xsec models

- highly capable near

detectors
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Neutrino cross sections in Long-baseline Experiments
Impact on oscillation physics - T2K

* Neutrino event generator cross g I‘EE'&‘LE 10a
section predictions differ by 50% at £ o L. Munteanu,
low energy transfer (right) 2 S NUFACT 2024
* T2K study: %
« Fit simulated data from CRPA =
model at near and far detector, i
» Extract oscillation parameters iy 3 10prrrrrer e :
= = = g AsimovA22. w/ RC Nominal (NH} '
« Compare to expected value from % - Y ot Y SFioCRPA (W)
A i - ! F SFIGCRPA (IH) .
nominal sensitivity fit o Scaled._ssimov (VH)
o\
« Observed shift in best-fit value of Am2, £ %
: : 4F \
« Shift as large as total systematic error on Am3, N3 \ %,
» Added as additional error 2 %
1 \
9.3 2.]55 24 2:15 25 255 Zfb 265 2.2;

Imperial College London Meutrino Oscillation, Mixing and Mass Splitting 25

AmZ, (NO) / lAm2 | (I0) [eV?]



Neutrino cross sections in Long-baseline Experiments
Impact on oscillation physics - DUNE DUNE simulafion

i Mominal (x* = 0.00) T3
% MNuWro [xf_ 4.09) ! 4
. . L] 25— MNEUT (¥2 = ?.5?1 :,.L;"'-.‘I i
 DUNE has wide-band beam at higher E L eI A4\ L7
ener iy “iL il
 Modelling of neutrino energy v. g | ccine _ i S i}
. o Ar target GEMIEV3 10a (3% = 1.17)
Important E - T GIBUU (42 = 45.04
0.4k — SuSA; 2 ? = 6.10)
| | _ L et 100 kMWt
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CP Violation sensitivity
Hyper-K and DUNE
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dcp resolution
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Incoming neutrino Recoiling nucleus
CEVNS
> SM, already done Outgoing neutrino
® Weak mixing angle
» BSM
® Neutrino charge radius e NSI
® Nuclear form factors ® Light mediators

» SM, doable in the future

} A ® Neutrino millicharge
® Supernova detection via Neutral Currents

O(10) events/tonne for a 10 M, supernova at 10 kpc [arXiv:1606.09243] ¢ Neutrino magnetic moment
® |nelastic cross sections for E, ~ 10 MeV, for supernova detection elsewhere ¢ Dark matter produced in the beam
ve—O [Super/Hyper-K] and v.—Ar [DUNE], never measured. D,O detector taking T

data, 750 kg Ar detector proposed.

® Potentially, reactor monitoring (CEvNS detectors are small)

Rate measurements - major technological challenge: control of E..c.i and extract
reliable differential information vs Q?

+ measurement at different energies and lowest possible threshold (reactors)

Flavour ratio at t-DAR unique feature for sterile searches and very useful for NSI
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SuperNovae burst

Look at 10kpc rate for easy comparison, then distance to see 100 events, required for

model measurements
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172K and NOVA

Antineutrino mode e-like candidates

T2K Runi-11 Preliminary
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T2K beam + SK atmospherics

» The CP-conserving value of the Jarlskog invariant is excluded with a significance between 1.9 and 2 o
 In the frequentist analysis, p-value for CPC is 0.037 but increase to 0.05 when potential biases due to cross-
section mis-modeling are included
* Normal ordering is preferred, p-value for 10 0.08
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