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Three-neutrino oscillation:
Future



The DUNE experiment

Deep Underground Neutrino Experiment

Neutrino Flux at 1300 km T v, Flux, v Mode
{ (CDR Optimized Beam) :

—— Opt. Engineered (RAL) '

| 4

—— CDR Reference

1300 km o

Unoscillated vs /125 MeV /m? /POT
Unoscillated vs / GeV / m?/ Year

True v Energy (GeV) Neutrinog Energy (GeV)

On-Axis Wide Band Beam (lower and higher energies) allows access to wide
L/E range:

L 1300 km km L 1300 km km
= 2scev ~ 205w = oscev — 170055
(15t Oscillation Maximum) (2nd Oscillation Maximum)

e Separate neutrino and antineutrino modes



The DUNE experiment

Deep Underground Neutrino Experiment

Sanford
Underground —
Research R L L -
Facility

Fermilab

Tunable 60-120 GeV proton beam
1.2 MW upgradeable to 2.4 MW

Long-Baseline Neutrino Facility
South Dakota Site Neutrinos from
" Fermi National
/‘ Accelerator Laboratory
7 in lllinois

Ross Shaft
1.5 km to surface

Facility
and cryogenic
support systems

One of four

n i < ‘ A & v v i
i = K, v ; detector modules of the
S k 7 » Lo - Deep Underground
N « & 4 Neutrino Experiment

Four 17 kton -mass Liquid Argon Time
Projection Chamber (LArTPC) detectors.



LArTPC — Working Principle
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Vv
36°|363

Anode wire planes:
vy

/A7

Liquid Argon TPC

m.Lp.fonization:
6000 e/mm

Cathode
Plane

-—
Eqrife ~ 500V/em

LArTPC critical features:

* LAr ultra high purity.

* Uniformity and stability of the
Electric Field.

time

Charged particles from v-interactions release
energy either ionizing (e- and Ar+) or exciting

the Ar atoms (Ar*):

* lonized electrons are drifted (¥ms) by high

electric field toward anode (TPC)
reconstruction of  tracks/showers
calorimetry (dE/dx).

 Excitation produces prompt scintillation
photons (~ns) establishing the t, of the

interaction (Photon Detectors). Ar*+Ar -

Ar; - 2Ar+vy

Combing ionization and scintillation signals :
3D imaging reconstruction of tracks and
showers.

and



LArTPC —Capabilities

Few mm resolution.
Energy measurement.
e-y separation using
distance from vertex
and dE/dx.

Particle identification
through dE/dx.
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Event display in LATTPC (MicroBooNE MC)

From Jianming Bian XIX International Workshop on Neutrino Telescopes (2021)

dE/dx (arbitrary units) dE/dx (arbitrary units)

dt/dx (arbitrary units)



v, CC evis/GeV/ Okt/MW.yr

DUNE: Primary Physics Goals

Mass hierarchy

v, CC spectrum at 1300 km, Am3, = 2.4e-03 eV ?
1000 —— . —————r] ——0.2
N Il v. CC spectrum —:0.18 sinQ(A- _ aL)
. . . - siN?26,., = 0.0, §_=n/; - 2 -2 31 2
sool] Oscillation maximum = S’ o1 soome oqs | (Va7 Ve) = sin” b sin® 2613 (A1 —al)? Aj
TIme0l e Jo1a 2 sin(Asz; — al)
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Measure of the total rates and energy spectrum of v, and v, at far detector.
The peak of the v, CC spectrum matches with the oscillation maximum.

Unique capability for measuring with high sensitivity the CP violation phase and
identifying the neutrino mass hierarchy at the same time.



DUNE: Oscillated energy spectrum
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CP violation(CPV) Sensitivity

CP Violation Sensitivity

CP Violation Sensitivity
DUNE Sensitivity 7 years (staged) DUNE Senchivity 7 years (staged)
Inverted Ordering
10
_ 10 years (staged) sin'20,, = 0.085 + 0.003 " 10 years (staged)
6,,: NuFit 2016 (90% C.L. range) ****** sin,, = 0.587 + 0.042

Normal Ordering
sin’26,, = 0.085 + 0.003

8,,: NuFit 2016 (90% C.L. range) sinf,, = 0.441 + 0.042

Inverted

1 Normal
Q1 -0.8-06-04-02 0 0.2 0.4 06 0.8 1 Q1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1
Sep/T Oep/T
t
dcp — (50%6

The width of the band is the variation of 90%CL range values of 8,3 given in NuFit 2016

Equal running in the neutrino and antineutrino mode



Mass Hierarchy Sensitivity

Mass Hierarchy Sensitivity Mass Hierarchy Sensitivity
zuns f;':;'::“'"v 7 years (staged) DUNE Sensitivity 7 years (staged)
lormal ng Inverted Orderi
sin’20,, = 0,085 + 0.003 0 10 years (staged) sin'26,, = o'mnfo.m " 10 years (staged)
023: NuFit 2016 (90% C.L. range) ****** 3‘"’923 = 0.441 £ 0.042 25 92’: NuFit 2016 (90% C.L. range) =*=*** sln’()n =0.587 +0.042

Inverted

q1 -0.8-06-04-02 0 0.2 04 06 0.8 1 Q1 08060402 0 02 04 06 0.8 1
Ocp/T Scp/T

¢ c
5cp — 50%6

* The width of the band is the variation of 90%CL range values of 8,3 given in NuFit 2016
* Equal running in the neutrino and antineutrino mode



Tokal to HyperKamiokande (T2HK)

Water Cherenkov Experiment

~9 times
fiducial volume

22.5 kt —188 kt

50,000 tons 260,000 tons

Super-Kamiokande Hyper-Kamiokande

'VH_>VP_ = VH_>V
T | LI I D R N RN N I B NN N L L B NN B B T T T
- ‘j 2.5° Off-axis v flux .

u

1 —— Am3,=2.5x10"° eV?, sin°0,,=0.5 —

Osc. Prob

0.5

L fH AT N B
0.5 1 15 2 25 3
E, (GeV)

Jeanne Wilson Neutrino 2022

Super-Kamiokande J-PARC
[

Near Detector 280 m

Immm

Neutrino Beam

295 km

e 295 km Baseline

e 2.5° Off —axis beam peaked at 0.6 GeV

e v,/U, beam

* Near detector for constraining uncertainties
on flux and neutrino interaction models.

* Start operation at 2027

V=V, VPV,

‘_8 0‘1_ T ‘ T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ]
& | |25 Off-axisv flux -
u -

S 0.08] —— 5,=0°, NH, v -
© —— 8,,=270°, NH, v ]
0.06 - 8,5=0° NH, ¥ ]

- === 8,=270° NH, ¥ 1

0.04(} .
0.02H -




T2HK: Oscillation Physics Goals

CP violation

HK 10 vears (2.70E22 POT 1:3 v¥)
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Jeanne Wilson Neutrino 2022
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Tre normal ordering, improved syst. (v./v, xsec. error 2.7%)
sin*(6,,)=0.0218 sin’(8,,)=0.528 |Am3,|= 2.509 x 10~ eV7ic*

* 10 years running
* 1:3 v/U mode

Mass Hierarchy (Ordering)
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sin’(8,,)=0.0218 sin*(6,,)=0.528 |Am3,|= 2.509 x 107 eV¥c*



Beyond Three-neutrino
oscillation:
Sterile neutrino



Sterile neutrino 3+1

3+1

| I}
Am; oo Ut Ue2 Ues |Ues
U — Uul Uu2 UMS Uu4
U’Tl U7'2 U’T3 UT4

] |
Am’ ps 1 Uso Usz |Usa
B | —

A”’:o'_:n

Ve Vg Vg — I/g

PRL/g =0 Png = Vg Pr(r) = 1 :575

Sterile neutrino does not feel Standard model interactions
(right-handed singlet)



Oscillation probabilities in 3+1

In Short Baseline Experiments (SBL) we have:

. 2 {A31 0
~/ p— 2N
<E>SBL_O(1)_Am O(1eV3) = | Ay — 0 o
m;
Rij = —1F—

Py, v, =sin®20,5sin” A%} (a # B)

Only one oscillation

frequency is present
g yisp Pya—wa = 1 — sin® QQZ:SHE Agll (az B =e, Hy T, S)

‘ Where:

sin? 2003 = 4Uaa|?|Upal”

two neutrino system

sin® 20n0 = 4|Uns|?(1 — [Uasl?)



Liquid Scintillator Neutrino
Detector (LSND)

800 MeV proton beam Production

Scintillation sphere from positron

Protons on target (water)
produces mostly T*

Scintillation sphere of 2.2-MeV
gamma ray from neutron capture

Water target/

= ;J,+I/p, (Decay at rest)
Copper beamstop

LSND detector
(the tank)

Ve
Detection

LSND

Prompt scintillation signal

U.p — etn IBD

Positron signal

\ 4

\
T T+15ns T+186pus Time

167 tons of Mineral Oil doped with
fluorescent (Butyl —PBD)

Neutron signal

" np — dvy
2.2 MeV photon

Neutrino Energy ~ 20 — 55 MeV 7~ much less produced and absorbed

L 30 ' '
<Ls~ Zmlv%v before decaying (pion capture)



LSND Anomaly

% ,.q---'lﬂ2 =
§ 17.5 - ® Beam Excess i : g
L - . = [ LsnD 90 CL
£ 15| B2 pM,—V,.e)n ‘E []LsnD eg% cL
3 ;_ = pwen  INtrinsicy 10k 3
@ 125 - sources -
i EEEE other
10|
; & ik
7.5
: 107
25} :
0f ——
- . . | . . . . | . . . | . IIIIII| Il L1l IIII 1 IIIIIII|
0.4 06 0.8 1 1.2 1.4 10° 102 0"
L/E, (meters/MeV) sirF 26

A. Aguilar —Arevalo et al. PRD64, 112007 (2001)
P(v, — v.) = 0.245 £ 0.067 £ 0.045% Amigyp > 0.02eV?

U, appearance with 3.8 o signal significance <5 >~0(1)



Mini Booster Neutrino Experiment
(MINIBOONE) :. o w on

E

0.6(0.4) GeV

500 m

Booster 50 m

Neutrino Target
Beam _’%}

8 GeV proton and

@(E)[vPOT1 (GeV em?)]

Decay gour -
beam Horn Region Earth Detector £ .}
primary beam secondary beam tertiary beam Y I SO L
- - - ' ] ’ E,(GeV) ’ ) ’

(protons) (mesons) (neutrinos) .
Interaction Track Cherenkov
MiniBooNE detector

Muon .’;:::z?.:.‘

Search for v, — v, and v, — v,

¥, CCQE Se8s Y558
gt p Ho <<<« %"..?:.:':
1280 8'|nCh Signal Electron

.,-::.,,, PMTs (SR) T OCOE '}, .'.:
.. .4)(10 %coverage) \ "7 P ‘ "« i, 8

Neutral pion

....C- :
NCr® . e o)

- °
v+ N v+ N+m &l _ e “e®Ce g

818 tons of mineral
oil (CH,) no
scintillation doped




MiniBooNE Anomaly

Low-Energy

r;-'-1[}2 ST T T ITT T T TTT7
Excess 3 F 4l | —e8%CL i
2 F 1 ~ T 31 .
= = [ other = B % ¢ —90% CL ]
B sof- : = T r -3 —e5%CL -
e : s ¥ G ——99% CL -
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Sm:_%_“'&* I d I v from ° = —4g CL ]
= - KARMEN2
250~ ba : modade [ v, from K C e 90% CL ]
= - _ OPERA 7]
w00 : - 90% CL .
E o e E
100 - .
= - i

05 200 400 800 BOO 1000 1%”) I
E,” [MeV] 10—1:_
. . pe . . . E LSND 90% CL
4.8 o overall significance (neutrino+antineutrino) - . .
L D LSND 99% CL \\\

Main Backgrounds (limitations on e/y separation) S T T TTT R, T
10° 107 107" _ 22E|1

sin

v+ N—>v+N+7°
Neutrino + Antineutrino mode combined
YT
v+ N—=v+A Consistent with LSND

bN—I—fy



Micro Booster Neutrino Experiment
(MicroBooNE)

(Main)Goal: Test MiniBooNE Anomaly
(electron Low-Energy Excess)

Fully active Calorimetry + High-resolution Tracking

Same beam employed by

2.5m MicroBooNE
Beam | Time Projection Chamber
470 m e, & (80 tons Liquid Argon)
source-detector 7. ASNGEES
2am | (HEIRSEE
Cryostat =S A
(170 tons Liquid -« RN o
Argon) 10.4 m j < k M|n|BOONe
Anode wire planes

Separation between interaction vertex and
shower starting point
*E_/"‘- *‘}’é * Large opening angle (e* e’)
= AT * 1 MIP versus 2 MIP

ete™ production

Taken from Hanyu Wei (Neutrino 2022)



Events/100 MeV

MicroBooNE - Results

MicroBooNE 6.369 x 10 POT
—+— BNB dalta, 338 = = = Prediction ol 4v best-(il
v, CC, 3400 v, CC, 19.0
NC, 223 thers, 10.1
= Pred. uncertainty

IR

3v hypothesis

L i | L L 1

1 l = 1 L

=

1000 1500
Reconstructed E,, (MeV)

500 2000

3v hypothesis consistent with data

(absence of excess)

2500

= !
- |t MicroBooNE 6.369x10°° POT
- { 95% CL,
10k \ === Data, profiling
= ) == == Sensitivity, profiling
. B ' = = Sensitivity, v, App. only
» \
- 1
oy =t =
= -
< N
107
- I LSND 90% CL (allowed)
i LSND 99% CL (allowed)
10—2 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 [
107 107 107 107 1
s 2
sIn°26,,,

—

Exclusion limit

P. Abratenko et al, Phys.Rev.Lett. 130 (2023) 1, 011801



Gallium Anomaly

For calibration the solar v, -Gallium experiments (SAGE and GALLEX) used

very intense (MCi) v.-radioactive sources of 3’Ar and °Cr :
1Ci = 3.7 x 10?° decays/s

ve-Radioactive sources ~ O (10) solar neutrinos
e~ +37 Ar =37 Cl

E ~ 0.81 MeV ‘ 71 Ga —"t Ge+ e~

e~ +°1 Cr ootV a
E ~0.75 MeV

J. Kopp et al., JHEP 1305, 051 (2013)

10'F
>
LB
— 10t
(o L
» F
<]
GaIJij
1071
£ 95% CL
103 10~ 2 101

“rjcéll2

Compatible with Am? > O (1eV?)



Baksan Experiment on Sterile Transitions
BEST

Test of the Gallium Anomaly V. V. Barinov et al., PRL. 128, 232501 (2022)
l.D L 1 L | L 1 L 1 L 1 L 1 L | L 1 L 1 L
' [ 130 |
7] 12 ]
E g [ l1o -
)] * bfp]
heating system ‘—QMM7 i i
=4 - o 64 -
| EE ) 5] - ]
=~ J H ¢+ P1Cr -3.28 MCi “5 - oL ]
R ‘ ‘ O 4_ . —]
GG. | 6 ;] . . 1
‘“ Rl 1 . . i
! ‘ 2 . _
Ga 1 b - - b
; il ¥ -
=7 ) L & R o o] ]
podes Edcompreser 00 01 02 03 04 05 06 07 08 09 10
R,=0.66m R, =1.096 m sin"26

Consistent Rinner = 0.79 & 0.05
onsisten < BEST result 4 ¢ deficit
between them R, = 0.77 +0.05
o Explained by Am? > 0.5eV?



Reactor Antineutrino Anomaly (RAA)

A reevaluation of the reactor antineutrino fluxes (Huber, PRC 84(2011) 024617, Mueller
PRC 83(2011) 054615) resulted in a 3.5 % increase in the flux, implying a 5.7% deficit in
the average rate of reactor experiments (G. Mention et al., PRD83, 073006 (2011)).

DAL IO I AL 1L B R L1 B A AL B B MRRTLL Neutrino sterile oscillation
.= 2 - .
2 L1— 2V j proposed as solution
2 | model
"58 ] | h ~J. Link -Workshop on Fundamental Physics (2019)
Q—! = ) “\ — 102: T | T T ||||| T T T T I T I TTTTH
E 0.9— 341V I ﬂ ,,"_‘. ‘% ; 2 dof A" contours ;
= — model I ” * Tz ]
= 0.8— \ =
g 08 \ g0 E
£ 07 \ 2 i
2, — 3vmodel = |U.y| =0 ; [ % { .
%5 0.6— 10" =
v | Reactor Atmgspheric Sc E =
05— anomaly ]
o = — 90% CL
0.4—1 EETI |[|||u| ! |||||||| LN ol |||||||| B | —eswcL =
10 — 99% CL .
| L1 ||||| | | 11 ||||| | [ N
0':‘ 107 107" 10’

1 10° 10
Rtactor To Detect T DlStclIlCC

- 2
sin {Zenew]

Pg—i__lw ~ 1— (1—|U€3|2—‘Ue4| |U63\251n A

ea|?) |Ueal? sin
— |Ueal?) |U 2sin® A3,



Very Short-baseline experiment (VSBL)

A = Neutrino-4

e Reactor experiments

e Distance to the reactor core O (10m) I

o To test the RAA (large Am? > 1eV?)
e Large background (small overburden)

e S/B ratio at least O (1)
e Extended core (0.5 —3.0)m

PROSPECT




——Am®=7.2 eV’ sin’(20) = 0.36, resolution 250 keV, bin 125 keV 125, 250, 500 keV. 5=+250 energy resolution. 2 cycles. Am = 7.3eVZ, sin’26 = 0.36. 2.90 CL
184 O Observed, 24p, average (125, 250, 500 keV). First obs. + second cycl
16 Average 125, 250, 500 keV
! Am'=7.3 eV', sin’(20) = 0.36 L/MoF  20.61/17 (1.21) GoF  0.24
Unity /DoF  31.90/19 (1.68) GoF  0.03
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Neutrino-4: 3.50 oscillation effect Amﬁl ~ 7.3eV? sin? 2014 ~ 0.36

VSBL results

sin’20,,

RENO-NEOS: from spectral comparison
Am?, = 2.41eV? sin® 20,4 = 0.08

sin? 200, = 4|Ues|?(1 — |Ues|?)
sin? 20,, = sin® 2014
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Absolute Neutrino Mass



Neutrino Mass

Standard Model Particle masses

1018
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Particle
Mass 9
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From Markus Steid|



Neutrino Mass Measurement - decay

The way to measure the neutrino mass is via the electron spectrum from
B—decay :
A non-zero neutrino mass

modifies the endpoint region
of the 3 —spectrum

1§X—>§+1Y+e—+;7€

1.2
1
50.8
W [
o 0.6 m, =0 eV Fraction of decays
= i g at endpoint region
50.4 | .
0 i B n(AE) (AE)
- i ‘Eo
0.2 | 0
D : i M L X i | X L A i | X k. M X | i X X
0 5 10 15 Dhg------ -3 -2 — 1 0
energy £ [keV] E—E; [eV

|2m2 -
E—T 4L« F(Z,E.)E.p.(Fo — E)V% E)2 _/m@




Neutrino Mass Measurement - decay

The tritium B-decay is used for studying the endpoint of the electron
energy spectrum:

\ ) g)/'
SH 33 HY + ¢~ + 17, 3H &
3He‘9&

* Tritium has one of the lowest Qg-values from [-decay 18.6 keV (i.e one of the
smallest endpoint energy E;). Then its fraction of decays at the endpoint are

relatively high. n(AE) (QL)él
B

* It has high activity due its short half-life of 12.3 years.

Why:

* A Hydrogen isotope and its daughter have a simple shell structure i.e simple and
precise calculations involved.



Karlsruhe Tritium Neutrino Experiment- KATRIN

Target sensitivity: mgg > 0.2eV ®
@
- ® @
3 He ¢ % O Count electrons
M.’,%_’) 103 e'/sec and measure
their energy
10! e-/sec 70m
(e)
C
(a) > . pz=2s=scts
(b)
(d)
nesr sectior Gaseous T, source Transp-Pump System Pre-Spectrometer Main Spectrometer
Calibration Provide Tritium  Transport electrons  Transmits only Rejection of
column density ~ adiabatically and electrons with electrons with
reduce T, density E> 10 keV energy near below
Background .
- . . endpoint
* orlglnated in the spectrometer section
* lonization of Rydberg states created from %1% Po o, —decay B—electron _ ¢ g

(in the structural material) background

* Residual gas ionization by electrons produced from Radon decay



MAC-E-Filter

Magnetic Adiabatic Collimation

Two  superconducting
solenoids produce the
guiding magnetic field.
B,.x = 2.5-4.2 T, and
B, <0.63 mT.

The decayed electrons
travel on a cyclotron
motion around the
magnetic field lines.

+ Electrostatic Filter

Integrating electrostatic filter

FEo
Ekin = qU(qu )

AFE =0.93eV
M — Bmin
E Bmax
H T b
BB Bumin Brex Bo
T, source detector

Adiabatic transformation

Wzl AL

2
YU = ﬁ — const Under adiabatic conditions

# — magnetic moment p; — momentum component transverse to the B field



Count rate (cps)

KATRIN -Results

Spectrum for KNM1 data with . .
10" 4 t 1o error bars (x50) (KNM1) KATRIN neutrino-mass campaign (2019)
Spectrum for KNM2 data with . .
] —= R e (x50) (KNM2) KATRIN neutrino-mass campaign (2022)
10° =
] 3.6 x 10° 3 — electrons collected in the last 40 eV
: yo § t of the integral spectrum.
107" T | ' —200 =100 0
Eg —40eV 0 50 100 By + 135¢eV L ! I
Retarding energy (18,574 eV)
Los Alamos (1991) 4 ¢ -
Tokyo (1991) I o
Zirich (1892) + ’ =
Mainz (1993) | — e
18,573.80 Beijing (1993) ; .
Livermore (1995) ——
18,573.75 | Troitsk (1995) b
i Mainz (1999) -{ | | o | o
< 18,573.70 g
o N 3 Troitsk (1999) b . j 1
o [ E Mainz (2005) - ————— | =
18,573.65 g
C 2 Troitsk (2011) - ——— o
18,573.60 | = KATRIN (2019) - —e—i .
3 KATRIN (2021) - i~ .
EE 0 1 KATRIN (combined) -| H .
mf(e\,fg) T T T T T T
8 -6 -4 -2 0 2
m2 = 0.26 + 0.34eV?(KMN2) Upper limit: m, < 0.8eV T T T

2
Best-fit m? (eV°)

Nature Physics volume 18, 160-166 (2022)



https://www.nature.com/nphys

Cyclotron Radiation
Emission Spectroscopy (CRES)

Key pOintS: B. Monreal and J. Formaggio, PRD 80 (2009) 051301
]

* Trap a volume of atomic tritium A o X K

* Decay electrons process within a

> 3H-3H
constant B-field. : =

 Measure the cyclotron frequency we “"‘ ““ s,
get E, I

* Highest energy — lowest frequency - i
signals =

w(’)/) - % - EkfﬁLm

Project 8



The Project 8
Neutrino Mass Experiment

Proof of Principle — Project 8 (phase | results):

UYMW VoL TUUY v g

83 P . i .
Test gas ®™Kr (1.8 h half -life) Region of interest near the 30.4 keV lines
provides several monoenergetic (bins are 0.5 eV wide)
lines: 17.83 keV and 30.23 keV, 1.4 Natural line widths: 1.34 &1.4 eV Observed FWHM 3.2 V
Separation is 52 .8 eV -\_H "
30.42 keV, 30.48 keV, 31.94 keV 13 " e
(internal conversion). AN ) ~
Phase | system L 1.0 - |
m i N
= = 0.8 E .
2 E Kfil. I ]
< 5 0.6
=
3
“ 04
0.2
0.0

20,20 30,25 30,30 3035 3040 3045 3050
Track Initial Energy [kev]

A waveguidé insert
in a supefconducting
solenoid B ~ 1 Tesla

=N/

A. Ashtari Esfahani et al. , JPG 44, 054004 (2017)



Freguency - 25 GHz [MHz]

The Project 8
Neutrino Mass Experiment

Project 8 (phase II: tritium results):

. Extraction of continuous tritium beta spectrum
Spectrogram from a tritium

beta decay eIECtron Frequentist intervals
175 + Literature (Bodine efal )
20071 4  Best fit result

a921F= T 1 T ==

C 0 150 — 15071

C =1 2 /

C N £ ;L
919 18 3 w 1507+

B == = — 1860, "é 100 /L 6

=== I8 & B —200% f i
918|—= —

C ] 45 v 751 : / .

B . I Tritium data 18500 _ 18600
97— - 50| —— Bayesian best fit Endpoint [eV]

B o 12 1o Bayesian quantiles !
g6 = —— Freguentist best fit H

o Lo v U vy ey v by v v Iy e by v by e b ey gy 10 D 25 ) — Litera ture ED I:BDdihE af 3."} H'

-0.2 0 0.2 04 06 08 1 12 14 16 ) T i

Time Imsl H & 1o Bayesian credible interval i
. . . H & 1o frequentist confidence interval

A. A. Ashtari Esfahani et al, arXiv:2212.05048

16500 17000 17500 18000 18500 19000 19500

mﬁﬁ < ]_80 ev Reconstructed kinetic energy [eV]
first mass upper limit with CRES technique

Target sensitivity: mgg > 0.04eV



Nature of massive neutrinos

. Y, v
If the neutrino has mass then... mP = \;5 ~ O(eV)
2 2 -
3 o fermion masses
A t o 3 JJ - 4 de se be
T.E?Q?" ::QTF;articlﬁ v ie te
3 @ JJ vV, —ei0Vy eV3 ce Le Te
2 ¢ e o o — e ! l.LeIV ; I m(leV = elV = ke;V I lM(-IBV l IGeIV I ITe\‘/
4 Higgs Field . < >
’ ? Peter Higgs six orders of magnitude
v = 246 GeV
% Majorana condition
€ _
— = ]_06 m— V = VC — CVT
Y Neutrino= Antineutrinc
4 .
Unnatural

Y : intensity of the interaction of
the massive particles with the Higgs

Seesaw mechanism



Double beta decay

Standard Model (2vf3[3) Beyond Standard Model (Ov[3[3)

n p
= = n p

—
-_—

—
—_

LgH

W

c
Majorana

Nov=v Ap=2
1*V

: W
n p ©
— =
. 10
Single B-decay Rl —
energetically forbidden\—j \B A=136 o

& Even-even

Second-order weak processes~ (G T e
F wla ece  nuclei stable
P :
«— against p—decay

4 h
3 Ig‘?Xé-. lggcs‘.,\ﬁf ]y
T2V55 > 1019years ) Bﬁ\

<]

AL =0

<]

Lepton number violation

2

1/2

(MeV) S Ba



Neutrinoless double beta decay (0Ovpp)

dN/d (K_/Q)

normalized to 1 F(QI/;B,B) N 106
e _ TOv5P)

0.90 1.00 1.10
K /Q

KPP = Qoupp

Kl+K?
058 /\ smeared only by

letector resolution (2%)

1 | = I
0.4 0.6 0.8 1.0 \

K70 L(2vBB) 102
riovp) ~ 10




Neutrinoless double beta decay (0Ovpp)

Nuclear Matrix Element

-

half-life of Ov3p decay \

/

1/2

Phase-space factor ~ Q°

-

—1
[Towﬁ] _ GOD’(Q’ Z)|MOU’2 (m}35>2 — <mﬁﬁ>

2

effective Majorana neutrino mass

{TOVBBGOV(Q’ Z)‘MOUP] -1

1/2

2
(mgp)” =|>, UZm;|?

\

/

(mgg) = ||Ue1[*my + €(*1792) |[Ugg|2my + €' (=1 =200P)|U 5|2y

1000 §

aq,000 Majorana CP-phases and d¢cp Dirac CP-phase

e /20 0
Upnins < | 0 e®/2 0
0 0 1

Effective Bp Mass (meV)

100

10

From Janet Conrad

T

\ 1'

Splitting is from the
CP violation

1
2

1 I
3 4

567 23 4567 Z 3 4567
10 100 1000

Minimum Neutrino Mass (meV)



Experimental requirements-0vpp

/Number of signal (S) and background (B) Ovpp events in \
the region of interest (a narrow window around Qgg):
Ov _ In(2)Na [ aeMT ov
1/2
T — measured time ¢ — efficieny A — atomic mass B - backg. index ( 1 )
Q—} detector mass a — isotope abundance N, — Avogadro’s number A - energy tes. time-cner 8y /
Sensitivity for non-zero (zero) background: ldea"y

Large detector mass
S \/W aeMT High-isotopic abundance
V2, BAE( g ) Low background
1 (é)m (@)1/4\/!@_ > Underground detector
VGO MOV |2 MT 0 Good energy resolution
» reduce 2v[[3 background.
Derived from n, = \j/va‘—é) » resolve nearby peaks

= (mgg) -




Candidate nuclei - OvpBp decay

Peak Energy
Isotope G Qps  Nat. ab.
(107" y™) (keV) (%)
. 6.35 4273.7  0.187 e Even-even nuclei
MGe 0.623 2039.1 7.8 . W
82Ge 2.70 2095.5 9.2 H',g,h Qqp value help to
%617 5 63 23477 98 mitigate background from
100Mo 4.36 30350 9.6 natural radioactivity
iizpd 1.40 2004.0  11.8 * Low natural abundances.
Cd 4.62 2809.1 7.6 . W _
124g, i e High cost (T) —low natural
1307, 109 25303 345 abundance (1)
136X e 4.31 2461.9 8.9
150Nd 19.2 3367.3 5.6
Phase - factor Natural Abundances

Taken from B. Jones arXiv:2108.09364v2



Backgrounds - OvBp decay

* Natural radioactivity: from 233U and 232Th decay chain (T ~10°
yr).
» The 208T| (?32Th decay chain) emits 2.615 MeV y—ray line.
» The 21“Bi (?22 Rn’s progeny- 238U decay chain) emits 3 electron
with energy up to 3.270 MeV.

* Cosmic-ray muons:

» L ‘s can produce cosmogenic radioactive isotopes and
neutrons, which produce long-live radioisotope and
secondary neutrons.

» U ‘s induce fast neutrons created in the external rock. Fast
neutrons can induce more neutrons and vy via inelastic
scattering and spallation products.



Classification by experimental technique

Bolometers Semiconductors
4 )
CUORE (13°Te) GERDA (76Ge)
CUPID (32Se |19 Mo |13°Te) Majorana Demonstrator (76Ge)
AMORE 19° Mo L LEGEND (7Ge) y

Scintillators
KamLAND-Zen (136Xe)
SNO+ (139Te)

Time —Projection Chambers

Tracking Calorimeters

EXO-200 (!3¢Xe) NEMO -3 (%Mo)
nEXO (**°Xe) SuperNEMO (¥2Se)
NEXT (13¢Xe)

Not exhaustive list of experiments



Cryogenic Bolometer (130 Te)

C=2nJ/[K=1MeV/0.1mK

Heat sink
T=10mK

T~

G — thermal conductance

C — heat capacity

N A NN
S M.V \a‘/ \\

Thermal coupling "
G=4nW/K=4pW/mK

1.0 w T w I T
0.8F AT(t) = %e_t/'r 1
0.6/ -
AT | E T
0.4 _
0.2 i
0.0 A
| | | | | 1
2 0 2 4 6 8 10

N\

S

Thermometer
RS NTD Ge-thermistor
gﬁﬁfj R =100 MQ
WY o dR/AT = 100 KQ/uK
N T
\ C/{Q

FE = Energy deposited

Measure total energy deposited
No information about the particle
ID, external y and surface
degraded a are major background
concerns

Slide taken from Debbie Harris Invisibles 2014



Cryogenic Underground Observatory for
Rare Events (CUORE)

- | I
300K
WK —
4K ——
800 mK —» : * Cryogenic Calorimeter (under 3600 m.w.e
50 mK — ? @Gran Sasso)
10mK — * BB decay source is *3° Te high nat.
— abundance (34 %) with Qg (2527.5 keV)
e above most nat. emitting lines.
| L°W'ra|‘:i;’:°“"“v * Resolution at FWHM: (7.8 + 0.5) keV @
E == n O‘BB .
1m g Deloctor * Array of 988 cubes of TeO, (5 X 5 X 5 ¢m?)
; H - 206 kg 139Te (288.8 kg-yr exposure).

Roman
Lead

From Nature 604 (2022) 7904, 53-58



Germanium Detector Array (GERDA)

LAr veto

based on Ar \ Pure watéR
Sci light read l _ Liquid Ar\ |

\ 7 \ SN BB decay source is "°Ge Qg (2039 keV)
= Resolution at FWHM: (2.9 + 0.1) keV
41 high-purity germanium detectors
made out of material enriched with 76Ge
Exposure 127.2 kg-yr.
\ The two e from OV deposit its energy

\ - a small volume (1 mm range).
I
i I Background :
¢ ,' » [B-decay of K progeny of the long-
Optical lived *2Ar
S ) § 1 fibers / \ . » yrays with similar energy (2e-)
Ge detector / . X< produce multi-site event.
anti-coincidence 1,4 v H
’ V Muon veto

IVIAWIL V N\ VW

Based on Cherenkov and
O. Schulz, Lake Louise Winter Institute (2020) Plastic Sci.



Current limits

Experiment Isotope Exposure T, ,[10% yr] mg, [meV]
[kg yr]

Gerda °Ge 127.2 18 79-180
Majorana 6Ge 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 109Mo 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

Fedor Simkovic Neutrino 2022




NEXT-White

Proof of concept — NEXT-White

TRACKING PLANE E GATE CATHODEE ENERGY PLANE

PMT BASE

DRIFT REGION
COPPER SUPPORT PLATE

BUFFER REGION

* 5 kg of Xenon gas enriched in the
136Xe isotope.

* Energy resolution: 0.91 + 0.12%
FWHM at 2.6 MeV.

Y {(mm)

=120 =100 -80 =60 -40
Y (mm)

» 2 e event candidate has two blobs at
the end of trail.
% » 1 e event candidate has one blob.
100 120 140 NEXT-Whe data 60 d E 1
X (mm) ¥ (mm) — a _2
. dx v
Taken from M. Sorel Neutrino 2022

‘s_’r




NEXT Program - Future

TPC
100 kg fiducial mass
60 PMTs (EP) at 15 bar

NEXT -100 (2023-2025) R

3584 SiPMs (TP)
15.55 mm pitch

* Background free conditions 100 kg
mass scale
e Status: ready to install soon

Lead castle Inner copper shielding
20 cm thick 12 cm of ultra-pure copper

NEXT -BOLD (2026-) Taken from M. Sorel Neutrino 2022

» 1109 kg of 13¢Xe — energy resolution < 1 A

% 3. =400-425nm
+ S Sensitivity for 5 ton-yr (10 ton-yr):
e S
- Ty, > 1.4 x 10°Tyr(2.7 x 10°"yr)
dete

» Using single molecule fluo . J/ N

imaging for detect Ba?* woowe &0 an wNEXT Data’ " @
.
JHEP 2021 (2021) 08, 164 Blcolour === Off-On

topone order of magnitude better than the current best llmlfym

f
f
f 00
{‘BO
|~ 60
}




Sensitive background [events/(mol yr)]

107"

1072

107

10

10°

Landscape of OvpBp experiments

Discovery sensitivity values on
the OvppB—decay half-life

Low Detector Mass High Detector Mass
of ie=t 5 o6 LR
— A YT - A AT Y AT
_ PRl T cuore Ity
= EXO-200 .- ® e Al Y
L LZ-nat
KLZ-400" " IR
= NEXT-100 I o R SNQeL- 7T o
= MJD ® o pandax. DALEES
— @] SuperNEMO Pandax-lil KLZ-800..--* L
| .- -EZ-enr n
= GERDAI T T & Y
— PR Armore-11 ,.-.’-"""DARWW o
— - e CUPID®  KL2Z
S R . AEGEND-200@
= . e e nEXO 28 1
— ’.’ }_-_.’-' e nlj."LU._}I -
— e NEXT-HD -
—— 2 & . e P it
- < RPN L <& L EGEND-1000
— \,’\‘bi' \«%',_'--' : KSs e [
L ('i\‘-‘@p ((\Qge::-?.l_.- & oo .__f,\.C’a\
| | L1 | | -'..I (| T\ | | [ | |
10° \ 10* 10°
Sensitive exposure [mol yr]

Sensitivities required to test the

bottom of the inverted hierarchy, T =10 years (livetime)

Agostini, Benato, Detwiler, Menendez, Vissani, arXiv:2202.01787



Astrophysical Neutrinos



Astrophysical neutrinos

darkatheart2.blogspot.com

p+ nucleus — 7+ X (7 = n+, 70)

0
_zl Yhighen. —I— % A-I_ % Tr
2 P { T +n

0 — 5 wi—uﬁ@

Ao, L
[ + . o B
; ‘\/Synchr. — er M — € Vl'l’ I/e

e
T | \f‘ Wrigh eneray drrod — (y, - v, v)=(1:2:0)
I adloton| ‘\» stnchr After oscillations ©..., = ZIUmlz\Uﬁilz
\<§;€;:‘> » Pearth — (1:1:1)

Pprod = (0:1:0) = @th = (4:7:7) @Bl =(1:0:0) = O = (5:2:2)

Muon damped sources Neutron beam sources



- lceCube

cosmic

Std IceCube -Energy threshold 100 GeV Strings
separation(H)~125, DOM separation(V~ 17 m)

----- B

i IceTop veto for cosmic rays (CR)
o ©°
@ o © @
IceCube Lab s @ 0 ® o ® ©
\ |08Top ® e [5) (&) ® ®
Pt = g __—"808 each with o e ©
50m— Pl it e 2 IceTop Cherenkov detector tanks s B @ ° 6]
= 2 optical sensors per tank o © & T W,
320 optical sensors P ) ® \I\)cepCorcvolume.
@ J .y
e © 75n® g = o) @ @
2010: 79 strings in operation o .I\.‘.:.‘}gm’/. s *
: s in . )
2011: Project completion, 86 strings o © o © .\\._‘__J’ ° © Deep Core
@ e .
o © 8 strings
IceCube Arr e © ® is5nm/
/esstrhgelncl 6 DeepCore strings Q@ é
60 optical sensors on each string o © @
| 5160 optical sensors | 600m |
1450m|________ 11 NDA
r‘i | —-1450
Dee e -
il Cigs spacing opiizad o lower enargs 1930
‘1 360 optical sensors ~1650
10 DOM’s
* ?;f.:m =1750 }ROm spacing
~1850 1750-1860 m
2450 m (in red)
-1950
e ~2050 S Dust layer
-2150
- 50 DOM’s
T 7 m spacing ~ ~
~2350 2107-2450 m H 55 ml V 7m
- (in green)
-2450

3
1 km? volume Deep Core -Energy threshold 10 GeV

Lower spacing — lower energy threshold



lceCube — Event display

L] e
HIRIR T
el |
([l @1
$.0 %
ol &
-
s B |
-:i;
[ |
. |
] . 1
.
o:.: -
-o: 1]
N N
s ® 2
e B =
=

Size of spheres ~ amount of light collected

time



lceCube — event topologies

Charged-current v Neutral-current / ve ~ Charged-current v

(simulation)

-, Isolated energy Double cascade
Sgeingriteck deposition (cascade)

with no track

_ 15% deposited energy resolution (resolvable above ~100 TeV
Factor of ~2 energy resolution 10 degree angular resolution (above deposited energy)
< 1 dearee anaular resolution 100 TeV)

Res — 0.3 in log(E

VM+N@had w+N = u+Gad v+ N =7+ Gad - Gad

Ve + N — e+



Astrophysical Neutrino Flavor Composition

100 % muon neutrino

100 % tau neutrino e
Fraction of electron flavor at Earth

Courtesy of Carlos Arguelles

—— HESE with ternary topology ID v, : v, : v, at source — on Earth:

] Best fit: 0.20 : 0.39 : 0.42 e . :
Fraction of v, A [Boskillp: | 0:1:0 — 0.17 : 0.45 : 0.37
Global Fit (IceCube, APJ 2015) e 1:2:00.30:0.36:0.34
Inelasticity (IceCube, PRD 2019) A 1:0:0 - 0.55: 0.17 : 0.28

IceCube CO//GbOf'GtiOI’I, arXiv:2011.03561 e 3v-mixing 3o allowed region ¢ 1:1:0—-036:0.31:0.33



Astrophysical neutrinos spectra

Below 60TeV is
excluded because of
larger background
uncertainties

1.47
(I)astro — 6'371_1.62

. +0.20
Yastro = 2.87° (19

Above 60TeV: 60 HESE events
(HESE) High Energy Starting events: f
interaction vertex within the detector

Events per 2635 days

d¢/dE=D,, .(E/100TeV)",,,, 101%[GeV cm?s? sri]

101

[E—
=
=

101

HH Data

Astro.

% Bl Atmo. Conv.
Bl Atmo. Muons

__;Pﬂﬁ___

104

_ I TTTI I . T T T T T
10° 10° 107

Deposited Energy [GeV]

iy IceCube Collaboration, PhysRevD.104.022002

Frém Lu Lu, Christian Haack and TianluYuan,



Astrophysical neutrinos

TXS 0506+056

Observer sees blazar
Observer sees
radio loud quaser

! Observer sees

radio galaxy

Gas clouds in narrow
line region

- Observer sees
Seyfert 2 galaxy

NGC 1068

Broad line region

Jet/ﬁ'._

Accretion disk

Observer sees
Seyfert 1 galaxy
=

Science, 378, 6619 (2022)

NGC 1068 4.2 o significance

TXS (lo()6+()5() NGC®1068

24h 12h Oh
Right Ascension

1 3 5 7
= 102:10(1)1 ------ l)

Science 378, 6619, 538-543 (2022)

NGC 1068

—logyo(Procat)
: =

o
o

=]

o
o

0.0

Declination [deg]

—0.2

—0.4
412 41.0 40.8 40.6 40.4 40.2
Right Ascension [deg]

TXS 0506+056

B 60
45 6.69°

3

2 e

g 30 6 5.69°
15 4.69°
0.0

78.36° 77.36° 76.36°

Right Ascension

Science 361, 147-151 (2018)

NGC 1068 has an excess of 79725 neutrinos at TeV energies,

[ Signal

[ Background

B

[ Total
¢ Data

80 A1

Events

i -—Ll_‘_|\

b2 [deg?]

Squared angular distance between NGC 1068
and reconstructed event directions

Declination



lceCube-Gen2

v Gen2-Radio Gen2-Optical ® IceCube = IceCube Upgrade
"""""""""" * *
:.'f..:':'l::",: ...... "-' ? ........... .
ate S .'_". N N 7. | :::: . ............ - &
" ::' '. 'I'..: '.0: : ‘.:: " :‘1’ ------ . l-:}.::... .: '''''''''' : .. l:
......................... | il s & ® y - -
5km 1 km -~ 250m . 25m
10 PeVto >10EeV  10TeV-50PeV 100 GeV-5PeV <10 GeV

IceCube-Gen2 collaboration, arxiv:2008.04323

Radio —Array 200 stations.

Optical Array 120 strings (80 DOMs,
H~240 m).

DeepCore upgrade 7 new strings.

VIceCube-GenZ =7.9 VIceCube
Increases the neutrino event rate



lceCube-Gen2

B Standard Model (vSM)

New physics:
1 decay-like

® mdecay: (1:2:0)g
m p-damped: (0:1:0)g

0.2 4 ndecay: (1:0:0)g

New physics:
Lorentz violation 0.3

« 04

0.5

N

&
5
S 06
T

Q’IK’ 0.7

~IceCube 8 yr (68%)
IceCube 15 yr (68%) A
TceCube 15 yr + Gen2 10 yr (68%)

1.0
/ 7 7 7 7 7 7 7 7 7>—0.0
00 01 02 03 04 05 06 07 08 09 1.0
Fraction of v,
=l 4 Diffuse y (Fermi LAT) IceCube (ApJ 2015)
10 F # Cosmicrays (Auger) [ lcaCube (tracks only, ApJ 2016) 1
(?"— ¥ Cosmicrays (TA) t  lceCube-Gen2 (10 years) 1
£ , 6 ]
c 10 ¥§
T EN“W%.. . '.c.‘
wn =a “W *.
T 10 F *
w o ” ]
> [ " ]
v -8
8 107} tI -'i
& b ]
2wl Hm ;
10710 ;_ 1 1 1 1 1 1 1 1 | ;

10" 10 10" 10%2 10* 10* 10° 10° 107 108 109 10" 10" 10"
Energy [GeV]

IceCube-Gen2 collaboration, arxiv:2008.04323



Muchas gracias



Thank you!
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