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] Tau Perspective on Neutrino Mass

three generations of matter interactions / force carriers
(fermions) (bosons)
I Il i
mass = =~2.2 MeV/c? ~1.28 GeV/c? ~173.1 GeV/c? 0 ~124.97 GeV/c?
charge | % % % 0 0
spin | % U Ve C Y2 t 1 y 0 H
up charm top gluon higgs . .
J J J « This talk is focused on electron

v = s ' 1 neutrino (and electron signals)

« % (. « 1 y
% down strange bottom photon ° Broad class of neutrino
E > > g S . ,
8 ~0.511 MeV/c? ~105.66 MeV/c? ~1.7768 GeV/c? ~91.19 GeV/c? experl ments that don t bOther
m _ _ _ L] L]
2 |, (e . . ° % measuring the neutrino
£
= electron muon tau Z boson

| E

@ <1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? ~80.39 GeV/c?
(@] 0 0 0 +1
g % | Vte Y V].l. % tv‘t 1 W
ke electron muon 2u W boson
= neutrino neutrino neutrino A
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] Tau Perspective on Neutrino Physics

three generations of matter interactions / force carriers
(fermions) (bosons)
I Il i
mass = =~2.2 MeV/c? ~1.28 GeV/c? ~173.1 GeV/c? 0 ~124.97 GeV/c?
charge | % % % 0 0
spin | % U Ve C Y2 t 1 y 0 H
up charm top gluon higgs . . .
J J J * Neutrino mass is BSM physics,

v = s ' 1 motivating further study

« % (. « 1 y
5 down || strange | bottom || photon * Neutrino flavor transformation
E > > g S . o
8 ~0.511 MeV/c? ~105.66 MeV/c? ~1.7768 GeV/c? ~91.19 GeV/c? makeS It dlfflcu |t to StUdy Only One
Y -1 -1 -1 0 H
i e | |la . @ neutrino
= electron muon tau Z boson

| E

@ <1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? ~80.39 GeV/c?
(@] 0 0 0 +1
g % | Vte Y V].l. % tv‘t 1 W
ke electron muon 2u W boson
= neutrino neutrino neutrino A
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] Neutrinoless Double Beta Decay (0vfp)

Searching for theoretical process:
c (AZ)-> (AZ+2)+ 2e”
e Contrast with (A,Z) - (A,Z + 2) + 2e™ + 27, observed

OvBp always implies new physics

* Lepton number violating process (AL=2)

* Majorana neutrinos generate Ovj3[3

* Majorana neutrinos help explain small observed neutrino
masses via see-saw mechanism

» Leptogenesis as ingredient for explaining matter-antimatter
asymmetry
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] Double-Beta Decay
. . . g 0462—
* Double-beta decay with two neutrinos is the ~ § °*=
rarest observed weak nuclear process g oof-
« Half life is ~10%° yr o2
Z+1 ;)o_"'o.lz"'o.llz"'o.ls"'o.e i
(Summed B Energy)/QBB
n p
0f e
< W
0" —
A%
Bo
2+ v
O+
- \%Y e
742 n p

F. Avignone et al. Rev. Mod. Phys. 2008
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] Experimental Backgrounds
- Signal is buried under myriad other ??) :
backgrounds £

o 511 keV ZZ?l L ]

o8 i
BB

0 0.2

1
Ge

04 06
(Summed B Energy)/Q
2614 keV Typical surface detector (HPGe):

natural radioactivity dominates

Low-bg surface detector:
muon and primary n cosmic rays

Low-bg detector, 125 mwe: muons

e
-

Low-bg detector, 500 mwe:
muons + natural radioacitivity

0.01

0.001

Normalized count rate/keV-' d' kg’

Ultra-low-bg detector, 3400 mwe:

0.0001 natural radioacitivity

0 250 500 750 1000 1250 1500 1750 2000 2250 2500
Energy/ko¥ J. Detwiler, after Metrologia 44 587 (2007)
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] Backgrounds in Perspective: SNO+

* Recall from Ziping’s talk Tuesday
« SNO+ is a 12m acrylic sphere with ~1 kton pure scintillator

Patrtial Fill Background Projected Full Background
T T T T —~+ Data ROI: 2.42 - 2.56 MeV [-0.56 - 1.50]
SNO+ Preliminary Counts/Year: 9.47

T

Partial Fill (365 T)

I PFA Tube *#BiPo Cosogeie T

Counts / 69.2 Days / 50 keV

LI LI WL

lllllllllllllll
8
) ]

(oL, n) -~
- U chain (Scint)
External y
‘ Externals

- *B VES

Internal U chain

Internal Th chain

2. 28 29 3
Reconstructed Energy (MeV)
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4.5

:BCa
] Menu of Isotopes
« O(50) isotopes are capable of 33 _ 35 sezr 10ng
* Only directly measured in 9 isotopes g *
§ 3.0 Sep
ecd
Z41 2.5 136y 13.07-6
12.45,,.
2ol 7iGe 1:°Pd
0+ 0 5 10 15 20 25 30 35 40
EEE— Natural abundance [%]
Z
0+
BB « Availability/cost of element
2 Suitability of enrichment
0 «  Compatibility with detector technology

742 o
F. Avignone et al. Rev. Mod. Phys. 2008
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] Double-Beta Decay
* Double-beta decay with two neutrinos is the ~ § °*=
rarest observed weak nuclear process g oof-
Z+1 ;)o_"'o.lz"'o.|4"'o.|s"'o.e i
(Summed B Energy)/QBB
n p
0f e
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0" —
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- \%Y e
742 n P

F. Avignone et al. Rev. Mod. Phys. 2008
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Neutrinoless Double-Beta
Decay

* Neutrinoless double-beta decay is an
analogous nuclear process wherein lepton

number is violated
Z-+1

O+

0+
Bo

2+

O+

742
F. Avignone et al. Rev. Mod. Phys. 2008

Arbitrary Units

— 2vfp
—— OvBB (B.R. =10
HPGe resolution

0.8 1

\ I0.4I I lO.BI l
(Summed B Energy)/QBB

Walter C. Pettus
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] From Half-Life to Neutrino Mass

- Half-life of OVBB related to neutrino mass scale
(T1/2 — GOVlM v|2 ((mﬁﬁ))

(mgp) = 20D

" p Uer Uey Ues 1 0 0
e Upmuns = | Uur Upz Ups <0 e~ 0 >
W Uy Uyp Ugs/ N0 0 e i®2
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Sensitivity to Neutrino Mass

Half-life of OvB[ related to neutrino mass scale
2
c () = 6o, 12 (222)

/

— 2
+ (mpp) = [X UZm;]
Current OvBB limits
S
2,
-1
E.%‘IO
é Inverted
a 10?2
3
é 10
L
mixing pe
10 =
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10° 102 10
Lightest neutrino mass [eV]

1

7 December 2023

Next-generation, “tonne-
scale” OvBp experiment
goal

Current cosmological limits
(direct neutrino mass limits)
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] Plus a Dose of Theory

Engel and Menendez,

Rep. Prog. Phys. (2017)

8 T T T
Half-life of OVBB related to neutrino mass scale ik "R .
QRPA Jy A
(1) <@y (22) EE T .
1/2 5 BM2 W | g & vV a
3 s E sMMi I o KiVALY
= SMSt-MTk @ | 1 ;: B :
Double-beta Q-value Phase space | Isotopic abundance Enrichable by SE v oo ® . ; X
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] Experimental Considerations  jarAn: Fiduialzation

.(a)23<E<27MeV|

4.5

. ] yoca lo‘g
- Maximize exposure » 0 3
. . -
« Larger source N w2
« Higher enrichment* < | " owa Jod
; H = 100p10 =10 5
« Higher efficiency &30 ”ii:dM .
H 1 1 130 0 e i ‘ "‘ '2’ 1 & 3 :1 -
*  Minimize background X ()
12.‘Sn . .
« Deep underground e opg NEXT: quo/ogy Simulation
2.0 * —
° Materia| punty 0 5 10 . 15I bzoaI 25[/] 30 35 40 2 BACKGROUND ]
atural abundance [% v 8
« Energy resolution 2 "
— A-ZO X
* Decay Q-value* £ E.,
. . . >
« Background rejection via cuts** - T
40 v
-80)
i
‘ T -100%--1

| P | P 1
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RECOMMENDATION 2

As the highest priority for new experiment con-
struction, we recommend that the United States
lead an international consortium that will under-
take a neutrinoless double beta decay campaign,
featuring the expeditious construction of ton-scale
experiments, using different isotopes and comple-
mentary techniques.

One of the most compelling mysteries in all of sci-

ence is how matter came to dominate over antimat-
ter in the universe. Neutrinoless double beta decay, a
process that spontaneously creates matter, may hold
the key to solving this puzzle. Observation of this rare
nuclear process would unambiguously demonstrate
that neutrinos are their own antiparticles and would
reveal the origin and scale of neutrino mass. The nu-
cleus provides the only laboratory through which this
fundamental physics can be addressed.
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] Probing the Neutrino Mass Scale

Cosmology
3

« Strongest neutrino mass limits
« Largest model dependence in interpreting limits
«  Opportunity for lab probes to constrain cosmological data
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] Probing the Neutrino Mass Scale

Cosmology

3
2m= ) m
i=1

Endpoint Measurements (B-decay and EC)

Ll
/
e
d
.I [——————————
/
: 3
— - 2
% i=1
3H 3He l_/..\
e .
-

= Complete model independence
= \Weakest neutrino mass limits

m INDIANA UNIVERSITY 7 December 2023 Walter C. Pettus




. . &Y
] Probing the Neutrino Mass Scale 4'2

g
e &
nature physics_ % &

2022: First sub-eV direct mass limits from KATRIN e

Y
W, ¢
% /

Coming soon: Next data release down to ~0.5 eV sensitivity
;/ Endpoint Measurements (B-decay and EC)
m— ' mg = |Ui|?>m
. '\.\ g \/Z
3H He U’

Complete model independence
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] Probing the Neutrino Mass Scale

= Next-generation sensitivity to cover inverted mass ordering scale
under development

10-2
>
2
>
; = 1072
e a
. I
P & 10~
®—® :
N E -
9 3 107
SH He 9. g — Normal ordering
N - Inverted ordering
107°
. 0.05 0.10 0.15 0.20 025 0.30
= Complete model independence Electron kinetic energy (eV)  +1.8se3es

(Project 8) Phys. Rev. C 103 (2021) 065501

Electron neutrino character may be only “effective”
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Too Many Experlments to Discuss

[ Experiment | Isotope | Mass [ 1 |Prmentsmuslbom |
CANDLES-III [124] | *Ca [305 kg | "“'CaFg scint. crystals Operating Kamioka
CDEX-1 [125] :‘;Ge 1kg “""Ge semicond. det. Prototype CJPL
CDEX-300v [125) Ge |225kg “""Ge semicond. det. Construction | CJPL M I 'th H d t t th t | H I
LEGEND-20(£ [16]] 6Ge | 200 kg “""Ge semicond. det. Commissioning| LNGS e O n O I I C e e C O rS a S Ca e e a S I y
LEGEND-1000 [16) :‘iGe 1 ton “""Ge semicond. det. Proposal .
CUPID-0 [19 2Se 10 kg Zn“""Se scint. bolometers Prototype LNGS G I d t t th | | t
SupcrNEMO»D[cml [126] | 52Se 7kg “"rSe foils/tracking Operation Modane ¢ ra n u a r e eC O rS WI exce e n
SuperNEMO [126] 828e | 100 kg “""Se foils/tracking Proposal Modane .
Selena [127 528e “"rSe, CMOS Development | t
IFC |ll28| ] 82Se ion drift SeFs TPC Development reSO u Io n
CUPID-Mo [17] 1Mo | 4 kg Li*""MoO4,scint. bolom. Prototype LNGS
AMoRE-1 [129] 100Mo | 6 kg 40Cal®Mo0Q; bolometers Operation | YangYang
AMOoRE-II [129] 10Mo | 200 kg 40Ca'®Mo04 bolometers Construction | Yemilab
CROSS [130] 100Mo | 5 kg Li2'®Mo0Oy4, surf. coat bolom. Prototype | Canfranc
BINGO [131] :zZMo Li*""MoO4 Development | LNGS y . .
CUPID [28] Mo |450kg|  Li®™MoOuscint. bolom. Proposal | LNGS b t th y | | t g f th g | .
China-Europe [132] 11%cd “**CdWOy scint. crystals Development | CJPL e u e re a S rIVI n O r e Sa me Oa "
COBRA-XDEM [133] 116Cd |0.32 kg "Cd CZT semicond. det. Operation LNGS
Nano-Tracking [134] aecd "*CdTe. det. Development 10° .
TIN.TIN [135) 1248n Tin bolometers Development INO S
CUORE [10] 130Te | 1 ton TeO2 bolometers Operating LNGS S & S < A
SNO+ [136] oaTe ! | R3I9% 0.5-3% "**Te loaded liq. scint. |Commissioning| SNOLab H o »4\4\\\ 030‘2& s ;,1MO
o nEXO [29] 186%e | 5t Liq. “""Xe TPC/scint. Proposal = © N S PoTe
8 NEXT-100 [137] 136Xe | 100 kg gas TPC Construction | Canfranc 3 P’\:ox & e
~— NEXT-HD [137] 136Xe | 1 ton gas TPC Proposal Canfranc 2 [2° & D
= AXEL [138] 136xe gas TPC Prototype g 10? & ‘_\’,16;\,»\ 4 s
AN |KamLAND-Zen-800 [13]| '**Xe |745 kg “""Xe disolved in lig. scint. Operating | Kamioka g M &
& | KamLAND2-Zen [41] | '**Xe <" Xe disolved in lig. scint. Development | Kamioka 2 & Qx“ .
N LZ [139] 136Xe | 600 kg | Dual phase Xe TPC, nat./enr. Xe| Operation SURF g (55\‘ C‘O 7-5;\ o
P PandaX-4T [119] 136Xe |3.7 ton Dual phase nat. Xe TPC Operation CJPL 2 ¢ & &
X< XENONT [140] 136Xe |5.9 ton Dual phase Xe TPC Operating LNGS = 10 minimum: 18.4 £ 1.3 meV
S DARWIN [141] 1%6Xe | 50 ton Dual phase Xe TPC Proposal LNGS S
R2D2 [142] 136Xe Spherical Xe TPC Development S 10' | EEE completed
g LAr TPC [143] 1%Xe | kton Xe-doped LR TPC Development taking data
= NuDot [144] Various Cherenkov and scint. in liq. scint.| Development 3 future
THEIA [145] Xe or Te Cherenkov and scint. in liq. scint.| Development 2= 7 T -
JUNO [146) Xe or Te Doped lig. scint. Development 10 10 i3 30 30
Slow-Fluor [147] Xe or Te Slow Fluor Scint. Development sensitive exposure [mol yr]
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] KamLAND-Zen

s 11" « Builds on successful KamLAND detector and
wi ok physics program
i « Ultra-clean large-volume liquid scintillator detector

> * Inner volume segregated by clean balloon with
> 136X e dissolved

* Phased program scaling isotope mass and
background

| «  KamLAND-Zen 400 : first experiment to reach T; ,, >

" 1026 yr exclusion

« KamLAND-Zen 800 : current leading single-
experiment sensitivity, T, ,, > 2.3%102° yr exclusion

« KamLAND2-Zen : planned future iteration with

e improved light collection, DAQ, balloon
From Azusa Gando, Nu2022
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KamLAND-Zen 800 Result

Current experimental campaign began January 2019
« 750 kg of 136Xe (double 400 phase), cleaner material

Current result, T; , > 2.3x102° yr exclusion

 Sensitivity target of T, ;, >

5x10%6 yr

Z (m)

Event/0.05 MeV

Simulated 2**Bi Event Rate (Events/Bin)

m INDIANA UNIVERSITY

4
X2+Y? (m?)

(KamLAND-Zen) Phys

7 December 2023

E(a) Singles Data

TTITW Illlllll’[ TTTmr L.”Hll" T i

Total

Total (Ovfpfp U.L.) —-— Carbon spallation + '*"Xe

136Xe 2upp

- 136Xe Oufiff (90% C.L. U.L.

Xenon spallation products
Internal RI

===- IB/External RI

~ Solar neutrino ES+CC

+ Data

Visible Energy (MeV)

. Rev. Lett. 130 (2023) 051801
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] SNO+

From Mark Chen, TAUP21

m INDIANA UNIVERSITY

SNQ

Builds on successful SNO detector and physics

program

» Liquid scintillator active volume replaces heavy water

» Tellurium compound dissolved in LS

« >1.3 tonne 3%Te beginning at 0.5% "aTe loading

Physics from commissioning phases prior to Te

loading

See talk by Ziping Ye, Tuesday

7 December 2023
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] Future LS-Based Experiments

- JUNO boasts very large volume, low-background, high light-yield base

« Could dissolve 50T of 136Xe

» Switch to Ov3 operations in 2030s?

« R&D on timing/wavelength separation of Cerenkov and scintillation

signals

* Need push on light emission (slow fluors, dichroic filler) and detection

(LAPPDs)

* Plus work on loading (quantum dots), WbLS, etc.

™

W

%

m INDIANA UNIVERSITY
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TPC

/}v A
Cryostat OV J

A

\' / -
Vacuum |/ l

| Field Rings
Cathode

Cryostat IV

m INDIANA UNIVERSITY

nEX®

Single-phase LXe time projection chamber

Builds on success of EXO-200 program (2011-
2018)

Takes advantage of excellent performance of Xe
TPC and self-shielding of backgrounds in scaling

« Similar ideas proposed for dark matter experiment
dual-phase Xe TPCs, but with inferior performance

See talk by Ryan MacClellan this afternoon
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| NEXT & PandaX-lil & ranoa (@INEXL

« Distinct R&D programs focused on high-
pressure gaseous xenon TPC technologies
* Centered at Canfranc (Spain) and CJPL (China)
» Evolving to O(100) kg in ~last year
« Topological information provides powerful
background rejection
Barium-tagging technologies being pursued

Inner
shielding

Cathode

Reflector
panels

-80 -60
From Alberto Usén Andrés, TAUP21 ¥ (mm)
(NEXT) JHEP 7 (2021) 146
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I CUORE Cryogenic Underground @

Observatory for Rare Events

"‘f', M /"‘"’—- :

CUORE

« Array of cryogenic TeO, bolometers
operated at 10 mK
« 988 channels with 206 kg '3%Te
« Operating since Spring 2017

Temperature sensor

' | | Heat bath
N \
* : Absorber Crystal
1 Ii‘L‘ —
i
i
7% \_Energy
Thermal coupling release

From Irene Nutini, Nu2022
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((.
T 3

] CUPID: CUORE Upgrade with Particle ID "}

« Array of cryogenic Li,'"MoQO, bolometers CUi ID
- 100Mo affords higher Qg = 3.034 MeV

« Charge+light readout for background suppression
« Also conducted R&D tests of Zn&Se crystals

* Minimal modification required to switch source
E L IQ'5|3 Il o5 cuts + PSD
. 60 60, Base culs + PSD + AC
g 1 04 Co' ,Co - Basa cuts + PSD + AC + LY
§ 103 ZmPQ
10?
10 J
i Bukpk ARER o e
10—| Lk ‘u SOOI S RN e SN e Oy I |||
1000 2000 3000 4000 5000 6000

Energy [keV]
From Anastasiia Zolotarova, Nu2022
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] 7°Ge Searches

« Modern germanium-based Ov[3f3 boast the lowest backgrounds with best
energy resolution for quasi-background free operation
 GERDA + MAJORANA combined have best half-life sensitivity
« Share common “point-contact” germanium detector design
« Excellent energy resolution
« Excellent pulse shape discrimination performance (MAJORANA) Phys. Rev. C 99 065501 (2019)
* Low noise, low threshold for BSM searches ‘

5
j=)
(=)
(=]
T

N3
S
(=]
S

Amplitude (ADC)
[=}

4000[-

Current Amplitude (ADC/ns)

Axial Position (mm)

2000

o I L i IR R BT
00 02 04 06 08 1 12 14 16 18 2
Time (us)

Ll AT el
-30 -20 -10 O 10 20 30

—

. e Radial Position (mm)
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] MAJORANA Other Results

* Experiments also powerful labs to search for rare or exotic physics
* Excellent energy resolution, low background, etc

* Leading limits on 180mTa decay, solar axions, wavefunction collapse, dark matter...
—~ - — 3 -~ & ]

(MAJORANA) Phys. Rev. Lett. 129 (2022) 081803

m INDIANA UNIVERSITY 7 December 2023 Walter C. Pettus




| LEGEND-200 RS

« Intermediate-scale germanium experiment formed from
merger of GERDA and MAJORANA

» Leveraging best advances from each experiment
« Sensitivity goal of 1027 yrin 5 yr run

First Physics Data from TAUP 23

After QC \r
300 After LAr E
2vBPB shape
2504
>
2
- 2001
8
g 150+
w ’ ' ’ 3
TR P,
501 hia TN
‘.r"‘f-.',} <)
0 b TR | ,‘
600 800 1000 1200 1400 1600 1800 2000
Eneray (keV)

INDIANA UNIVERSITY
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| LEGEND-1000

- Tonne-scale continuation of 6Ge program
« Underground argon reduces dominant surface bg

* Proposes lowest background, best resolution,
greatest discovery potential

? 2vB38 (102! yr) Ge cosmogenics

°0 -9 2327 42Ar/42K in LAr

; 10 260 awaY from — 2387 Surface a

:% 2 nearest S'g:;'f'ca nt Total model m 0v33 (1028 yr)
10~ background peak 2

7 € P OvpBp Signal

©
10745

1k BG budget

]0—:) e o I I T I S | S B = T - e
10~
107

1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300
Energy (keV)
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| LEGEND-1000

- Tonne-scale continuation of 6Ge program

« Underground argon reduces dominant surface bg

* Proposes lowest background, best resolution,
greatest discovery potential

6

o 3-4 events at Qg
! for T1,=10%8 yr

Observed counts / 1 keV

—

IIIII‘H || [} [ |

1940 1960 1980 2000 2020 2040 2060 2080
Energy (keV)

Py
o
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] Plus Many Other Technologies

SELENA: pixel array to capture topology CANDLES: exploit high 48Ca Q-value

Integrated CMOS pixel array % Pb Sh]eld
electronics 100 cm2 x 5 Um R faY=%
Digital l

output / /
t T
+HV i E
Amorphous 22se (200 Electrode L ¥
Mm thick) (30 nm) . ( |
|

From Alvaro Chavarria, TAUP21
From Yuto Minami, TAUP21

saTnpow 3o SQOT
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The Path Ahead
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M. Agostini et al. Rev. Mod. Phys. 95 (2023) 025002
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Sensitive exposure [mol yr]
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] Summary

- Discovery of neutrinoless double beta decay would fundamentally
reshape what we know about particle physics

- Experimental challenges in searching for neutrinoless double beta decay
are real and varied

- Broad experimental program searching for this compelling new physics
- Compelling experimental programs taking data now
« Exciting prospects to cover inverted ordering range

- R&D looking for solution to beyond-next-generation sensitivity
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