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Relative Neutrino Masses & Neutrino oscillations

ÅA major achievement of particle physics
ÅIt is important by itself, as a macroscopic 

manifestation of quantum effects

ÅIt proved that neutrinos have non- zero masses Č
huge impact to particle physics & cosmology

ÅNeutrinos are the possible source of CP violation 
which could explain the matter- antimatter asymmetry 
in the Universe

ÅAfter 24 years of its discovery, we still miss:

ÅMass ordering (|Dm2
23|Č Dm2

23)

ÅCP phase (d)

Åq23 octant 

ÅVery precise knowledge of oscillation 

parameters
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q13 and Dm2
32

ÅNew results from DayaBay nGdcapture:

ÅExpect final results from Daya Bay on combined 
nGd+nHanalysis:  ~2.6% for sin22q13 ?

ÅRENOreported new results(up to 2019)

ÅRENO will continue for another ~3 years(up to 4400 d)

sin22q13:   6.4%;     Dm2
ee: 4.1%

ÅDUNEcan measure sin22q13 in appearance channel, 
to a precision of ~ 5%  

Luk,Joo
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q23 and|Dm2
32|

ÅNew results from T2Kand Nova

ÅSuperKand Icecubealso reported new results 

from atmospheric neutrinos

ÅVarious combined 

analysis on the way

Bronner,Hartnell,Wan,Stuttard

Nova best fit: 
2.9%

~6%
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q12 and Dm2
21

ÅTension between solar & reactor result reduced to 1.5̀ .

ÅJUNOcan simultaneously measure ɲm2
21 and ̒ 12 using 

reactor antineutrinos and solar neutrinos with a great 
precision.

ÅHyperKwill improve the solar neutrino result 

Koshio,Zhao
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Future: Significant Improvement Expected  

ÅJUNOwill determine most oscillation 
parameters to a sub-percent level

ÅT2Kand Novawill improve sin2q23 

slightly

ÅORCA, Icecube, DUNE and HyperKcan 
improve sin2q23 significantly: 

ÅCombined analysis may reach ~ 1% for 
sin2q23

Åq23 octant can be probed with a good 
sensitivity

Current

(PDG2020) 

JUNO

̂100 d)

JUNO

(6 y)

Dm2
31

Dm2
32

1.3% 0.8% 0.2%

Dm2
21 2.4% 1.0% 0.3%

sin2q12 4.2% 1.9% 0.5

sin2q13 3.2% 47.9% 12.1%

Zhao,Yasuda

~4%(PDG2020) Č ~1.8%(1 exp.)
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Mass Ordering  
ÅNo concrete evidence of MO from individual 

experiment (T2K, Nova and SuperK)

ÅGlobal fit seems slightly prefer NO(<3s) 

ÅDefinite answer will come from JUNO, HyperK, 
DUNE, ORCA andIcecube.

Bronner,Hartnell,Zhao,Muether,Denton
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CP phase

Å~270o (-90o) seems slightly favored by many exp.s(< 3s)

ÅCombined analysis may give more preference, but not stable yet

ÅDUNE& HyperKcan give a more definite answer

ÅFurther improvement may come from KNO, ESSnuSB, and THEIA

Bronner,Hartnell
,Muether,Wilson
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Absolute Neutrino Masses, b & bbdecays

ÅFrom cosmology: Ɇmi < ~ 0.1 eV@95%CL

ÅFuture experiments may determine the mass (4s) in ~10 years

Åbdecays can probe mb~ 0.2 eV (future 0.02 eV ?) 

Å0nbbdecays can probe Mbb~0.01 eV 

ÅSearch for 0nbbdecays is a no loss game:

ÅIf 0nbbdecays seen Č Majorana neutrinos, lepton number violation

Åif no 0nbbdecays up to ¼Mbb¼~ 0.001 eV Č lightest neutrino mass can 

be determined to be ~ 5 meV

¼Mbb¼= | Ɇi (Uei )
2 m vi 

| 

mb=[Ɇi | Uei |
2 m2

vi
]1/2

Lesgourgues, Lasserre, Mena, Simkovic

Current Katrin limit

Katrin sensitivity

Katrin new ideas

J. Cao et al., 

arXiv:1908.08355 10
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bdecays: Katrin for mb

Lasserre



bdecays: Katrin for mb
Lasserre
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bdecays: New Projects
ÅECHO & HOLMS: calorimetric sensors coupled 

to 163Ho implanted sources
ÅObtained neutrino mass limit: ~ 150 eV

ÅPromise: ~ 1eV

ÅProject 8: Cyclotron Radiation Emission 
Spectroscopy(CRES)
ÅPhase I: prove of principle

ÅPhase II successful
ÅUncertainties understood

Åmb< 178 eV @90% C.L.

ÅPhase III: 
ÅAtomic T system & Larger cavity

ÅGoal in 5 years: mb< 0.4 eV

ÅPhase IV: 5 years ?
ÅGoal: mb< 0.04 eV

Gastaldo+Novistski

1 mm3

13



bb-decays: two modes

Continuous                      Monochromatic

b spectrum                     bspectrum



2nbb-decay mode
Å2n modebb decays would have a half lives in excess 

of 1020 years
ïM. Goeppert-Mayer, Physics. Rev. 48 (1935) 512

A second order process 
Only if the first order 
beta decay is 
energetically forbidden

Experimental observation of 
2nbb-ŘŜŎŀȅǎ ƛƴ мфулΩǎ Č

(left hand) neutrinos are 
Dirac 



Goals of 0nbbSensitivities 
ÅGoal 1:¼Mbb¼~ 0.01 eV covering IO region, 

achievable in 10 years
ÅTarget mass ~ 1 T

ÅGoal 2:¼Mbb¼~ 0.001 eV to determine the 
absolute mass of the lightest neutrino and the 
Majorana phase r, achievable in 20 years ?
ÅIncrease the target mass by a factor of 10 to 100 Č

10-100 t target mass

ÅGoal 3: ¼Mbb¼~ 0.0001 eV to cover (almost) all 
possible parameters space of Majorana 
neutrinos to prove or dis-prove Majorana 
neutrinos, achievable ?
ÅIncrease the target mass by another factor of 10 to 

100 Č 100-10000 t target mass

J. Cao et al., arXiv:1908.08355
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bbdecays: Summary of Current Results Simkovic

Experiment Isotope Exposure 

[kg yr]

T0n
1/2[1025 yr] mbb[meV]

Gerda 76Ge 127.2 18 79- 180

Majorana 76Ge 26 2.7 200- 433

CUPID- 0 82Se 5.29 0.47 276- 570

NEMO3 100Mo 34.3 0.15 620- 1000

CUPID- Mo 100Mo 2.71 0.18 280- 490

Amore 100Mo 111 0.095 1200- 2100

CUORE 130Te 1038.4 2.2 90- 305

EXO- 200 136Xe 234.1 3.5 93- 286

KamLAND- Zen 136Xe 970 23 36- 156
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bbdecays: KamLAND-Zen

ÅLoad 3% 136Xe(91% enriched) into LS 

ÅFill LS into a balloon at the center of 
KamLAND

ÅImprovement of KamLAND-Zen 800 
over KamLAND-Zen 400:
Å136Xe amount doubled

ÅBalloon produced in class-1 cleanroom: 
10 times less 232Th background

ÅNew rejection method for C & Xe
spallation products

ÅReached the IO region for the first 
time

ɿmɓɓʀ< 36-156 meV

T1/2 > 2.3 1026 yr

Gando
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bbdecays: Future Prospects
Zolotarova,Schoenert

We may be very close to 1 meV

Isotope Mass(t) <mbb>,meV

SNO+ 130Te 8 19-46

KamLAND2 -Zen 136Xe 1 ~20

NEXT-HD 136Xe 1 14-40

nEXO 136Xe 5 7-22

LEGEND-1000 76Ge 1 10-40

AMoRE-II 100Mo 0.1 12-22

CUPID 100Mo 0.24 12-20

CUPID-1T 100Mo 1 4-7

JUNO-bb 136Xe 50 4-10

130Te 100 3-14

JUNO-bb

Zhao et al., arXiv : 1610.07143, 

CPC 41̂ 2017̃ 5 
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How to Reach ¼mbb¼~ < 1 meV

Å Increase the target mass while reducing backgrounds: 

ï Internal backgrounds by purification and/or tagging

ïExternal backgrounds by tagging, (self-)shielding and/or

reduction of the surface-volume ratio

ï 8B solar nbackground reduction by directionality

ÅTechnology choices

ïGas & sampling detectors seems hard

ïLiquid scintillator detectors need to improve loading: 

Å136Xe: reduce the cost by 1 order 

Å130Te: increase the loading, reduce internal backgrounds

ïCrystal detectors need to improve shielding(in LAr?) and reduce the cost

Å International efforts for cope with the escalated cost:

ïEnrichment, R&D, site, shielding detector(HyperK, THEIA ?) 

ïNew ideas(resolution ?): LiquidOΣ ¢I9L!Σ Χ

THEIA-100

Schoenert, Wurm, Cabrrera
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Coherent Elastic Neutrino-Nucleus Scattering
Bonifazi



Coherent Elastic Neutrino-Nucleus Scattering
ÅNew results from COHERENT
ï full-exposure CsI[Na] data: 11.6 s, 

shape and rate agrees well with SM

ïAr data: 3 s

ïNSI and dark matter searches

ÅDresden-II found a strong 
preference for CEvNSsignals at 
reactors using Ge detector(<3s)

ÅTens other experiments at beams 
and reactors: no signals yet

ÅUpgrades and new experiments 
on the way

ÅPowerful for searches: DM, NSI, 
aŀƎƴŜǘƛŎ aƻƳŜƴǘǎΧ

Pershey, Bonifazi, Giunti

2202.09672
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Search for New Physics
ÅA long list: sterile neutrinos, proton decays, NSI, Unitarity test, dark sector, heavy 
ƴŜǳǘǊƛƴƻǎΣ ƴŜǳǘǊƛƴƻ ŘŜŎŀȅǎΣ ŘŜŎƻƘŜǊŜƴŎŜΣ Χ
ïVery high energies: 

ÅAt LHC exp.s, FPF, SHiP, SND, Χ

ïAt medium energies:

ÅHyperK, DUNE, SuperK, IcecubeΣ L/!w¦{Σ {.b5Σ Χ

ïAt low energies

ÅJUNO, JUNO-TAO, PROSPECT-LLΣ .9{¢Σ L{h5!wΣΧ

ïkeV neutrino searches: 

ÅKatrin, Project 8, Magneto-n, BeEST, HUNTER, etc.

Å/ƻǎƳƛŎ ƴŜǳǘǊƛƴƻ ǎŜŀǊŎƘŜǎΥ YŀǘǊƛƴΣ tǘƻƭŜƳȅΣ Χ

Å In 5 years from now, several new experiments will be 

operational, new results are expected 

Ohlsson, Di Crescenzo,Kling,
Leach,Messina,Lasserre,Novitski
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Sterile Neutrinos and Anomalies
ÅAn active area with a lot of experiments and 

anomalies

ïMost anomalies at ~3-4 slevel

ïSimplest 3+1 model seems in tension to cover all 
anomalies
ÅSome anomalies seems real, but maybe not related to 

sterile neutrinos

Å¢ƘǊŜŜ Ƴŀƛƴ ŎƭŀǎǎŜǎ ƻŦ άŜǾƛŘŜƴŎŜέ

ïReactor anomaly
ÅNeutrino-4 anomaly

ïGa anomaly

ïLSND anomaly

24
Guntiet al, PLB 829 (2022) 137054



Reactor Anomaly
Kopp, Licciardi, Bowen, Vogel

ÅFlux deficit can be explained as sterile neutrino

ÅMany experiments reported new results, no oscillation 
signals beyond 2s, except
ïNeutrino-4 sees a 2.7soscillation signal, but rejected by STEREO 

at 3.1s

ÅDayaBay reported that the flux deficit is mostly from 235U

ÅOther reactor and dedicated 235U spectrum measurement 
confirmed the DayaBay result

ÅCurrent flux calculations using these new data shows

no deficit, but the 5 MeV bump is still there 

ÅFurther improvement by JUNO-TAO and 

PROSPECT-II for reference nuclear data
ïNeutrino physics: CEvNSΣ ǎŜŀǊŎƘŜǎΣ Χ

ïNon-proliferation application

ïPrecision input for nuclear data

Phys. Rev. Lett. 118, 251801 (2017)
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Ga Anomaly
arXiv:2109.11482, PRL
arXiv:2201.07364, PRC

Combined:
0.80 ¤ 0.05

Elliott,Kopp, Licciardi,
Winklener& Spitz arXiv:2203.07214

ÅBEST confirmed GALLEX & SAGE deficit, but no 
dependence on the oscillation baseline

ÅKatrin+Reactorexperiments excluded most 
regions of the Ga anomaly 

ÅSeems not due to sterile neutrinos but other 
explanations should be looked for.

ÅFuture: 
ï 65Zn by BEST

ïNew data from PROSPECTII, DANSS  

ïNew experiments: JUNO-TAO and IsoDAR
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LSND Anomaly

ÅMiniBooNElargely confirmed LSND anomaly

ÅMicroBooNEdid not rule out the MiniBooNE
allowed region, and confirmed its background 
estimation, at least partially. 

ÅDayaBay+Minosexclude part of the MiniBooNE
allowed region

ÅThe LSND+MiniBooNEanomaly still exist
ïOther backgrounds ?

ïSterile neutrinos ?

ïnew physics ?

ïMore complicated models: Sterile + (NSI,Decay, 
Decoherence)

ÅFuture̔ SBND, ICARUS, JSNS2/JSNS2-LLΣ 5¦b9Χ 

Wei,Licciardi, Park,
Argüelles,Schukraft

Ἥ appearance

Ἥ disappearance

MicroBooNE
Preliminary
BNB Run 1-3
6.369¦10#' POT

95% CL

exclusion
limits
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Solar Neutrinos and Solar Physics
ÅBorexinoreported new CNO results: 

ÅCNO-null hypothesis excluded at ~7s

ÅEnergy spectrum(shape) compatible with 
electrons scattered by CNO neutrinos 

ÅC and N abundance determined

ÅCNO+7Be+8B disfavor SSM-[½ ŀǘ оΦмˋ

Å Improvement from JUNO expected if 
background can be controlled to 10-17 g/g

Caccianiga, zhao
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Diffused Supernova Neutrinos

ÅLatest results from SuperK

ïSignal right at the corner ?

ÅSuperK-Gdsuccessfully operated for 2 years with 0.01% 
loading. Phase 2 with 0.03% loading just started  

ÅJUNO can significantly improve the sensitivity 

ÅFuture experiments: HyperKΣ 5¦b9Σ ¢I9L!Σ Χ

ÅShall be discovered in ~15 years from now ! 

Mastbaum,Vagins,Zhao 29



Cosmic-Neutrinos and Multi-messengers 
ÅAstrophysical neutrinos firstly observed by Icecube
ï5ƛŦŦǳǎŜŘ ŦƭǳȄ ŀƴŘ ǎƻǳǊŎŜǎ άƛŘŜƴǘƛŦƛŜŘέ

ÅBaikai-GVD confirmed the flux result, KM3NET is 
joining the force

Å In association with Multi-messengers
ïneutrino detectors: JUNO, HyperK, DUNEΣ Χ

ïGW detectors: LIGO, Virgo,Kagro,Cosmic-Explorer,LISAΣΧ

ïCosmic-rays and HE gs: HWAC, HESS, Magic, LHAASO,CTA,Χ

ïg-rays and X-rays in space: Swift, Fermi, GECAM, eXTPΣΧ

ÅA bright new era for astrophysics:
ïQuantitative understanding of AGN, Blazers, Quazar, GRB, 

SuperNovaōǳǊǎǘΣ ōƛƴŀǊȅ ƳŜǊƎŜǊǎΣΧ

ïOrigin and acceleration mechanism of Cosmic-rays 

ïNeutrino oscillation and new physics searches

Bartos,Tjus, Wu, Park, Heijboer,Dzhilkibayev 30



Flux

Å Increased precision of experiment requires better 
understanding of sources(Flux), final states, and interaction 
cross sections

ÅEach type of experiments have specific issues
ïSolar̔ flux: ~1-5%, interactions ~1%

ïReactor̔ flux: 2%, interactions <1% 
ÅWith Near detector, flux errors < 1%

ïAtmospheric, flux: ~5-10%

ïAccelerator, flux: ~5-10%

ÅOff the energy peak, flux uncertainty can be much higher

ÅMain flux uncertainty is hadron production cross section

ÅWith near detector, flux errors ~3%

ïCosmic

ÅA long time development of Monte Carlo 

packages for atmospheric nflux

Sato, Fedynitch, Friend

31



Interaction Cross Sections
ÅProgresses of theoretic understanding and calculations

ÅA lot of measurement of cross sections by experiments 
and their prototypes
ïMany experiments: T2K, NOVA, MicroBooNe, MiniBooNE, 

MINERvAΧ

ÅDedicated experiments
ïHigh energy neutrinos: FASERn, SND, and FPF at LHC

ïMedium energy neutrinos: CLAS, e4n...

ÅGreat effort of Monte Carlo Modelling and improvement
ïGENIE, NEUT, NuWro, GiBUU

ÅStill a lot to do, in 

particular for new 

experiments

(new nucleus) 

Jachowicz, Fields, Lu, Gardiner,
Hen,  Kling, Di Crescenzo
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New Technologies: LS
ÅApproach 1: Hybrid of Cerenkov and Scintillation detector for Directionality 
ïMethod: Water-based LS, slow scintillation light, fast PMT or LAPPD readout

ï{ŜǾŜǊŀƭ ǇǊƻǘƻǘȅǇŜǎ ŀǘ ǘƻƴǎ ǎŎŀƭŜΥ !bbL9Σ {!b5LΣ 9h{Σ WƛƴǇƛƴƎ м¢Σ Χ

ïDirection capability using normal LS: Borexinosolar neutrino data

ïFuture: 

ÅJinping̔ 500t Ą 4kt

ÅTHEIA: 100 kt: for neutrino oscillations and 0nbbdecays

ÅApproach 2: loading for neutron tagging or 0nbbdecays
ïSuccessful Gd-loading up to ~0.1-0.3%, DayaBay, RENO, Double Chooz

ïTeloading: 0.5 ς4.0%, SNO+, JUNO-bb

ÅApproach 3: Opaque LS detector with a fiber array 

ï3D Imaging + timing: TPC-like

ïGood PID: e+, e-, g, n,pΣΧ

ïCƛōŜǊ ŀǊǊŀȅ ƛƴ ŀ ǳƴƛŦƻǊƳ ƳŜŘƛŀόƭƛǉǳƛŘκǎƻƭƛŘύΥ /ŜǊŜƴƪƻǾΣ {ŎƛƴǘƛƭƭŀǘƛƻƴǎΣ Χ

Wurm, Buck, Cabrera
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New Technologies: LArTPC
ÅNew ideas to for a large detector, easy 

operation and more applications: 
ïLow power, low noise readout 

ïSiPMat HV(300 KV) surfaces, 

ïAnalog signal, HV and power over fiber

ïLarge area reflective coating with WLS to collect light

ïFlat optical metalensesas light concentrators 
coupled with small area SiPMs

ïMagnet to discriminate particle charges

ïElectron multiplication in liquid to low the threshold 
to <100 keV Č DM, CEvNS

ïProportional scintillation light in LAr

ïDopants to convert scintillation light into charge for 
lowing the threshold and improve resolution Č 0nbb

ï Integrated charge and light (L) sensor

ïDual readout TPCs

Fava
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New Technologies: Emulsion Detector
ÅNuclear emulsion film: optical resolution < 0.5 mm

ÅScanning system(GPU): 0.5 Č 2.5ς10 m2/h
ïLarge field of view

ïMosaic imaginer with beam splitter to eliminate the dead zone

ÅThe decline of the photographic film Industry lead to 
the development of emulsion films at Nagoya U. 
ïStable and consistent large scale gel production 

ïNew automatic roll-to-roll facility for coating and drying to 
supply films ~ 8 m2/d

ÅTrack efficiency: 80->97%

ÅStart to supply for exp. 

Åa new stage for neutrino 

physics using emulsion 

films

NAKANO, Rokujo
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Projects: JUNO
Å Installation in smooth progress, after civil issues resolved

Å Key components production in good shape, technical and 
engineering problems solved.

Å Ambitious requirements, such as the energy resolution 
(3%@1MeV), cleanness(10-17 g/g), etc. seems realizable

Å LS Filling will start next year

Zhao
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Project: HyperK& T2HK
ÅBeam upgrade in progress, now: 0.5 MW, goal: 1.3 MW

ÅCivil construction went on smoothly

ÅNear detector(T2K) upgrade, and the intermediate detector in progress

Åta¢ǎ ǇǊƻŘǳŎǘƛƻƴ ǎǘŀǊǘŜŘΥ нлY ǇƛŜŎŜǎΣ  нлέΣ Iv9Σ .ƻȄ ŀƴŘ [ƛƴŜ 5ȅƴƻŘŜ 

Wilson̆ Sekiguchi

71 m high
68 m diameter
260 kt water 
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