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Neutrinos in the Standard Model

» proposed in 1930, Pauli .
» discovered in 1956_, reactor wl gkggl
Te, Cowan and Reines (L)%AL
» Lee, Yang, Wu in _
1956-1957: parity violation ‘éﬁ )
> Goldhaber in 1957: ¢ | e
neutrinos are left-handed 10
» three light active neutrinos
Ve, Vy, and v, o ES . . . .
> N = 2.9840 4 0.0082 from wow [f;‘lv] 2o
Z boson decay .
» neutrinos were considered Number of active neutrino flavors

massless in Standard Model from Z decay in LEP experiments.
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Discovery of Neutrino Oscillations

» Super-Kamiokande: atmospheric v, disappearance
» SNO: ve flux and total neutrino ve , - flux from the Sun

» neutrinos have non-zero mass, 2015 Nobel Prize
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(a) Super-Kamiokande, 1998 [1] (b) SNO, 2002 [2]
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Neutrino Oscillation Measurements

> v, state with specific flavor (ve, v, v7)
» v state with specific mass (my, my, m3)
> |vo) =Y ; Uk |vi), matrix U is unitary, called PMNS matrix

1 €13 —s13elocp 12 S12
U= @3 53 ) 1 —s12 12
—S3 €23 —s13e/0cp a3 1

2 2

.. 2 — JE— 2
| 2 H,J, dcp, Amij = ms m; (my) (m) —
» 012, Am3, (solar, reactor) ™
> ()3, ‘Amgz‘ (atmo., beam) . .
T omy )
» 013 (reactor) h @m),,,
.,
> |Am3,| =25 x 1073 eV?
Am%1 =75x10"%eV? e (1,
(Am®),,
—— (m,)" () m——

» mass ordering and absolute
masses remain unknown

normal hierarchy inverted hierarchy
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Absolute Neutrino Masses

» KATRIN experiment [3]
» end point of tritium [ decay at
18.57 keV
> ’n% ::§:|L@42nﬁ
> mg < 1.1eV, 2019 [3]
> mg < 0.8eV, 2021 [4]

» cosmology, Planck data
> eg. > m; <0.28eV [5]
» cosmological model dependent
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Where Do Neutrino Masses Come from? [11]

» neutrinos can be Dirac particles: migi);, need g
Vi Vr A
v /ﬁ-\u/y
» why are neutrino masses so small?

fermion masses
dre se be

u e Ce te
Vi —eieV,0V3 ce Le Te
AN I R I S [N A S [ Iy N N Ay N I NN B
ueV meV ev keV MeV GeV TeV

> a different possible source: seesaw mechanism [6-10]

v v
v —

/M

P seesaw requires that neutrinos are Majorana particles
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Majorana Neutrinos
» Majorana in 1937: v =7 [12]

(i748, — m)h =0,

where 7# are purely imaginary satisfying Clifford Algebra, iy*
is real, ¢ is a real field [13]

“The theory, however, can be
obviously modified so that the
[B-emission, both positive and
negative, is always accompanied
by the emission of a neutrino.”
— E. Majorana [12]

P besides neutrino mass, may also help explain baryon
asymmetry: leptogenesis [14], L violation induces B violation
P> most promising probe: neutrinoless double-5 decay
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Neutrinoless Double-5 Decay

» double-8 (2v33) decay
> first calculated by Goeppert-Mayer in 1935

> first direct observation: 2Se — 82 Kr + 2e~ + 27 in a time

projection chamber (TPC), Elliott, Hahn, and Moe, 1987
» neutrinoless double-8 (0v3/3) decay, Furry, 1939, lepton
number violation process, Majorana <+ Ov3[ decay [15]

X = 45X +2e”

»- »-
P

d d v u
W-
1 e_
v
1 e_
W-
d o > u d o > u

Feynman diagrams of 2v33 and Ov3/3 decays.

9/44



Decay Half-Life
» decay half-life

1 o o2 MEs
T1/2_G M m2 -

» phase factor G%, nuclear matrix element MO

> effective Majorana mass mgg = ’Zk ngmk|
» mpgg vs. mass ordering and absolute neutrino mass
1

Inverted
B Normal
0.100¢

0.010;
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Experimental Design

11/44



Signal Signature

> mono-energetic peak at (Qgg
» background free

T1/2 x eMt

where M is mass, t is
running time, € is efficiency

» with background

Mt
T1/2 X € BAE

» B: background index, in
keV ™t kg lyr !
> AE: energy resolution

Intensity (a.u.)
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The two-electron energy spectrum
for the 2v33 and O35 decays. For
example, Qgg = 2039.06 keV for

76Ge
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Intrinsic 233 Background

> T1272 < T10/1’2, 2v 33 decay is a potential ultimate background

» the fraction of the 2v33 counts in the peak region [16]
F oc (AE/Qpp)°

0.90 1.00 1.10
K, /Q

Signature of Ov35 decay in the observed spectrum of electron energy
normalized by the @ value (Qsg) [16].
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Choice of Isotopes

P high abundance: lower cost in enrichment, or without

enrichment, e.g. 130T¢

» high Qag: low intrinsic 2v33 background, low background of

radioactivity

isotope | natural abundance (%) | Qz3(MeV)

*Ca 0.187 4.263
5Ge 7.8 2.039
825e 8.7 2.998
%7, 2.8 3.348
10000 9.8 3.035
16¢q 7.5 2.813
130Te 34.08 2.527
136X e 8.9 2.459
150Nd 5.6 3.371
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Nuclear Matrix Element and Phase Space Factor

> larger ‘MO”F

and G%, easier for Ov/3/3 decay to happen
1% 1% 2
1/ Ty = G¥ M| " m3s/m2

L 2
P uncertainty in ’MO"’ due to nuclear models

—— —
100 o ism
Nd W approximate 8 A QRPATH
50) e F ¥ QRPAJy 7]
) @ this work T x + =
- X x X X EDF
T2 5t X X v
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1 g
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Phase factors [17] and nuclear matrix elements [18].
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Background Challenges

| 2

>
>
>

cosmic rays and cosmogenic activation, e.g. "'Ge, 3"Xe

radioactivity of detector materials, e.g.

anthropogenic, e.g. 137Cs, 119mAg
neutrinos: v +e~ — v+ e~

238U, 232Th, 60C0

Modane
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World underground laboratories [19].
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Experimental Programs
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Main Approaches

» source # detector

» source on a foil

» event energy and topology

» low resolution and
efficiency

» source = calorimeter

» measure double-3 energy

» high resolution and
efficiency

P> no event topology

» source = calorimeter =
tracker

» high pressure gas TPC

> high efficiency and
resolution, event topology

» large volume, weak
self-shielding

60 T T

SIGNAL

60 ]
1 Il L L L L
60 -40 -20 0 20 40 60
X (mm)

Bottom figure taken from [20] based
on simulation.
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Detector Signals

» signals come in form of heat (bolometer), light (scintillator),

and charge (semiconductor, etc.)
P non-exhaustive list, selectively introduce them clockwise

CUPID
AMoRE

KamLAND-Zen

GERDA Eé)?goo SNO+

MAJORANA DARWIN ZICOS

LEGEND CANDLES
NEXT future JUNO
PandaX-lll

SuperNEMO
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CUORE Experiment

» Cryogenic Underground Observatory for Rare Events, at LNGS
» bolometers, ultra-cold 13°TeO,

> 088 TeO, crystals, 206 kg of 13°Te, 11.8 mK

> 7keV FWHM at Qgg

Heat Sink —» ~<— Copper Holder
Weak Thermal
Coupling

Absorber NTD Ge Sensor

Crystal —————p (Thermometer)
(TeO,)

Incident
Radiation
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CUORE 2022 Results

> Nature 2022: Ty, > 2.2 x 10% yr [21]
> 1tyr exposure, background 1.49 x 1072 keV 1 kg~ Lyr—
> 90% background near Qz5 from a, ®°Co peak at 2505.7 keV

1

B Base cuts 3 60,
s Base cuts + AC 100 o sum
Base cuts + AC + PSD o« 80
—— Best fit 2
—— 90% Cl limit on I, 2 60
102 — Background-only fit 5 40
8 2,500 2,520 2,540 2,560 210
1 40K Energy (keV) Po
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b [ 190pt ‘\,‘\ '
| ‘ 1
= | \/
L M | 21aps 2087 2827, 230,
3 100 Wh | Bi Q,l [ ) |226pq 210Rg
2 I | | 288 ‘v 224p0
| ] R ol
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Energy (keV)
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CUPID Experiment

» CUPID: CUORE Upgrade with Particle ldentification
» separate o from 3/~ with the same energy

» CUPID-0: scintillating bolometers Zn®2Se crystals

» CUPID-Mo: Lip *®MoQy, chosen for CUPID ton-scale
> PRL 126, 181802 (2021), 1.17 kgyr, 7.6 keV FWHM

. Tgi ) ovts.

Counts / keV

||

L I
2600 2700 2800 2900 3000 3100 3200
Energy (keV)
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KamLAND-Zen

» multi-ton scale experiment,
light from liquid scintillator

» liquid scintillator loaded with
3.1% Xe, 745kg, 91% enriched

» 110mAg from Fukushima (2011)
» 270keV FWHM

Inner Balloon (IB)

ENR 3.08 m diameter
N\ )
Outer-LS 7
1 kton

&
il

1879 17-inch and 20-inch PMTs
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Kamland-Zen in 2022 Results

> Ty >23x 10%° yr at 90%

E(a) Singles Data —— Total —— 1%Xe Oupp (90% C.L. U.L.
C.L., world leading [22] e Tl 0L — = Coon el e
> 1046 6Xe 2wpp —— Xenon spallation products
. . Q Internal RT
» entering inverted mass = B
i ) 8 —— Solar neutrino ES+CC
ordering region! S0
=
L
>
£200 =00
% KamLAND-Zen upper limits Ge Te]
g2 | QreA ey LT
~ X 1 2 3 4
=< © Visible Energy (MeV)
§150 F
DY F(b) Long-lived —— Toul —— 1Xe U (90% C.L. UL
é E Daa - Total (044 UL) —.— Carbon spallation + '¥'Xe
> 104 L 136Xe 2upp —— Xenon spallation products
s 100 [ (5} E Internal RT
=} E 15
< L ~==- IB/External RI
s 8 ) 3 ~ Solar neutrino ES+CC
= S 10 + Daa
= 50 oo @®)© ER
2 A E t t
3 10° ptitad f
o Predictions E e o L
= r =
= NO E I >
o0 h L B AR | e
100 10! 10?

2
Lightest neutrino mass (meV) Visible Energy (MeV)
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SNO—+

» SNOLAB, 5890 mwe

» 780 tons liquid scintillator
loaded with 0.5% natural Te,
about 1300 kg 3°Te

» 7000 tons water for shielding,
~ 9300 PMTs

Counts/5y/20keV bin

27 28 29 3
Reconstructed Energy (MeV)

Expected spectrum [23].
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EXO-200, nEXO, DARWIN, PandaX-30T

» liquid Xe TPC
» EXO-200 (Enriched Xenon Observatory)

> 110 kg of Xe, enriched to 80.6% in **Xe
> finished, PRL 123, 161802 (2019), 67 keV FWHM

» nEXO (next EXO), plann to use 5ton of Xe, barium tagging
> DARWIN: 50t Xe for dark matter searches, 3.6t of 13%Xe [24]
» PandaX-30T, expect similar sensitivity

S

5 E ——.22Th .- Other Bkgds 1.
10 F 28y D6xe 0,5
S 10%F - ¥Xe 1 BOxe 2035

Counts

o s ®

S 10

1000 1500 2000 2500
Energy [keV]
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NEXT and PandaX-Ill

» high pressure gas Xe TPC: high resolution (< 25 keV
FWHM), topology to reject «, 5 and ~
» NEXT: electroluminescent amplification + PMTs

» NEXT-White: 5kg Xe at 15 bar
» NEXT-100: 100 kg, under construction

» PandaX-lll: fine-pitch Micromegas, running a 20 kg prototype
at 5bar, aim for 200 kg modules

Energy plane (PMTs)

ERREE

‘ HVJ

Ground

Pressurized vessel (10 - 15 bar)

Mt EL meshes.7:

lonization

(sWd!s) auejd Bupyel).

Cathode

Anode
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SuperNEMO

» built upon the success of NEMO-3
» thin foil enriched in double-5 isotope, flexibility in isotope type

P wire-chamber tracker: measure particles’ trajectories,
background rejection

> segmented calorimeter: energy and timing

Charged particle|  ( Particle individual |Tracker l [S°u’°9 Foil ‘ Tracker
Decay vertex trajectory energy and TOF N N v
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GERDA, MAJORANA, and LEGEND

> 6Ge — "0Se + 2e™
» source is also detector, high efficiency

P best energy resolution and lowest background index in all
Ov 35 decay experiments
» commercial technology, modest cryogenic requirements

enriched p-type bulk
(~87% "°Ge)

p* read-out
n* electrode (oV)

(3-5kV)
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GERDA Experiment

» LNGS, ltaly, 3500 wme, 10 reduction of cosmic rays

> water tank: 10 m diameter, muon veto, shielding

> LAr veto: 0.5m diameter, 2m high, veto, shielding, cooling
» about 40 detectors, enriched to about 87%, 35.6 kg

)

1
L

wavelength
hifting fibers with
SiPM read-out
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Detector Array and Liquid Argon Veto Instrumentation

» detectors mounted on 6 strings, nylon cylinder

» liquid argon veto: TPB reflector, PMTs, wavelength shifting
fibers + SiPMs
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Energy Calibration

> 228Th, weekly calibration

P> between calibrations: test pulses injected every 20, stable
operating conditions for physics analysis is about 80%

Detector GD76C, 2017/08/17

10*

10°

1621 keV

10?

1593 keV (DEP)
2104 keV (SEP)

2615 keV (FEP)

10

Events /4 ADC

| 1
15000 20000

Energy (ADC)

1 |
5000 10000

An example of the GERDA Phase Il calibration data.
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Calibration Curve

P after each calibration, find the position of the gamma lines
» fit a linear function as the calibration curve (ADC to keV)

P energy resolution determined from width of Gaussian

Detector GD76C, 2614.511 keV, 2017/08/17 Detector GD76C, 2017/08/17
> 10°5_ total 2500 © Ppeak position
2 f —— Gaussian — E calibration curve
0 102 & — linear 2 2000
o E — step < £
= F —— low energy tail s 1500F
S 10¢ uF E
g 1000F
g ! R 500} «10°
7 L 3
= 40 = 02t
S 20 I uP
< "y & na N
s %o sellh !
o -20 [ W i3 ' e
22700 22800 22900 4 6 8 10 12 14 16 18 20 22 24
Energy (ADC) Energy (ADC)
(a) fit to full energy peak (b) calibration curve
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Energy Resolutions

P resolution changes over time due to hardware changes

> partition the dataset based on stability, one resolution for each
of the partition

4.00
25
3.75 ‘I#
_.3.50 & M 20
3 =
$325 *ﬁ S
815
ga.oo % # E
&275 4} q £
2.50
5
2.25
&S % 2 4 6 8
¢°\’b ﬁ&é’ W@? W@“ "P& w"& "P@ W@f’ ﬁ&@ Resolution at Q5 [keV]
(a) resolution jumps (b) resolution distribution
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Background Reduction

» liquid argon veto + pulse shape discrimination + cosmic veto

> first in the field to operate in background-free regime
» signal efficiency: 46% for coaxial, 61% for BEGe, 66% for IC

B decay signal:
single-site event
energy deposition
in a 1 mm3 volume

PMT

\ Pure water
/ & __ Liquid Ar "\ \
, / y x‘ ~~_ -
]
1
!
T oo/ \
-

Pulse shape
discrimination (PSD)
for multi-site and
surface a, 8 events

Ge detector
anti-coincidence

LAr veto based on Ar
scintillation light read
by fibers and PMT

Muon veto based on
Cherenkov light and
plastic scintillator
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Pulse Shape Discrimination

> A is the maximum current amplitude, E is the energy

» too small A/E: multi-site and n* electrode

» too large A/E: p™ electrode

S SSE o~ s F MSE i
08f 08f
oo I.r —Charge ook J,r‘"'r
E ‘}\ — Current E _,;'r
04f 0.4F
oo //"f \\ i A?(///\
0. 1 1 I I 0. 1 1 1 1
81200 81400 81600 81800 BZUOU| 81200 81400 81600 81800 82000
o
51 - s} 51 GERDA 1308
ER ) f/f ER S
08F ll\\rr o /
: il j: /
I\ ) A
: JI N\ NI g
0 T T T 0. T T T T
81200 81400 81600 81800 82000 81200 81400 81600 81800 82000

tins]

tins)

Candidate pulse traces taken from data for a single-site event (SSE),
multi-site event (MSE), p* electrode event and n' surface event [25].



Energy Spectrum
» analysis cut: liquid argon veto, pulse shape discrimination

> at low energy, dominated by 203/ decay of "® Ge
> Qpp E 25keV for blind analysis

All detectors - 103.7 kglyr

[ Prior to analysis cuts

- After LAr veto and PSD cuts
—— 2vpBp decay

GERDA 2006

Counts / ( keVKgiyr )

Po-210

2000 3000 3500 4000 4500 5000
Energy (keV)

Calibrated energy spectrum after all event selections.
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Final GERDA Results: PRL 125 (2020), 252502

[ Prior to analysis cuts [l After analysis cuts

>102

‘“‘ |

C

© iy ’h

1 |
L

10~ 2000 2200 2400 2600
5 F Background best fit and 68% C.L. interval §
éﬁ 10-2 ;7 [ 90% C.L. Ty lower limit (1.8 x 1020 yr) %
=2 F
S i

i |

1950 2000 2050 2100 2150
Energy (keV)

> half-life limit: Ty, > 1.8 x 10%° yr at 90% C.L.
» world's lowest background: B = 5.2 x 10~*cts/(keV kg yr)
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Comparison: Background vs. Exposure

» keys to Ov3[ experiments: background and exposure
> extreme background requirements for LEGEND, nEXO, etc.

Sensitive background [events/(mol yr)]

R T —

E- : & CUgHE A
- s
= LZ-nat

KLZ-400 /
E. SNO B
- (2 SNOwIL -+~ o
- .- ® g Y
= MJD B —
L ¢ KLZ-800 - - tZ-enr
E GERDA-II ) _— .
" ¢ Amore-lI gl DARWIN
L e cuPD® " KL2Z
= _ . LEGEND-200@ .
E b nEXO
i NEXT-HD "~
3 s LEGEN.['H()()()
= ) . s
C o

. oS )
10 e

Sensitive exposure [mol yr]

A summary of background and exposure for various experiments [26].
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Current Status

> leading constraints on mgs comes from "°Ge, 13%Te, and 13®Xe
P region above the inverted mass ordering is mostly excluded

isotope |  experiment | year | half-life limit (yr) | mgg (meV) | reference
Ge GERDA 2020 1.8 x 10% 79-180 [27]
136Xe | KamLAND-Zen | 2022 2.3 x 10%° 36-156 [22]
136%e EXO 2019 3.5 x 10% 93-286 [28]
130Te CUORE 2022 2.2 x 10%° 90-305 [21]
1 : : : ,
130Te
8Ge 136yq
0.100} .
%: Next generation
= 0.010} [Pttt
£
0.001¢ Inverted
M Normal
10745 - ‘ ‘ ‘
10° 104 0.001 0.010 0.100 1

Min (€V)
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Future Prospect
» cover inverted ordering region: mgg ~ 10 meV, use larger
mass, further reduce background
» CUPID, nEXO, KamLAND2-Zen, NEXT, etc.
» LEGEND: 1 ton of "%Ge, run for 10 yr, 1028 yr, first phase
LEGEND-200 with 200 kg "®Ge is ongoing at LNGS

5Ge (88% enr.)

LEGEND-1000
1000 kg, Ty, > 1028 5

LEGEND-200
27
200 kg, Tl/z > 10 1
1
GERDA/MAJORANA 1 10 range
e b
30kg, Ty/p > 1026 E H 1 — Background ee
! £ 1 1 1— 0,03 counts/FWHM-t-y
s : : :- = = 0.1 counts/FWHM-t-y
107 1 1 1-= 1.0 count/FWHM-t-y
e : 1 : 44444444 10 counts/FWHM-t-y
102 RIS EETIT BRI SERATITY R EETIT B EE
10° 102 107 10? 10°

1
Exposure [ton-years]
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Future Projects in China

» PandaX-lll, PandaX-30T (SJTU): xenon TPC [29, 30]
» JUNO (IHEP): load **®Xe or 3Te in liquid scintillator [31]

» CUPID-China (Fudan) [32], CDEX (Tsinghua) [33], and
NvDEx (IMP) [34]
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Relation with Other Neutrino Experiments

P> mass ordering measurement

> NOvA + T2K: no preference with 2020 results [35]
» JUNO: data taking starts in 2023, 6 years, 3-4¢0
» DUNE: > 50, 1.2 MW beam in 2026 with 20 kt mass (1/2)

> precision measurement of mixing parameters [36]

P absolute mass from beta decay, sum of neutrino masses

® 1 L || I normal ordering
& 3 I inverted ordering
> ;
107! y 4 . AL
Fl
& B
102 4 = R
E z
g g
107° 4 oS <
| | | | L 'l s L il
107 102 107 1 1 ;
Mgy (€V) = (eV) m; (eV)

Figure adapted from [37].
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Summary and Outlook

» Majorana neutrinos may solve several fundamental issues in
particle physics and cosmology

» origin of neutrino mass, why it is small
» why the universe is dominated by matter

» neutrinoless double-3 decay is the most promising probe
P keys: exposure, energy resolution, and background
» technologies: bolometers, scintillators, TPCs, semiconductors
> most of the parameter space above the inverted mass ordering
region are excluded, results led by "®Ge, 130Te, and 13Xe
» the goal of next generation experiment is to reach below the
inverted mass ordering region, ton-scale, lower background
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