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pnysics  Physics Motivation for Neutrinoless Double-Beta Decay (Uv//)

Motiv.
The Standard Model is Incomplete
- Gravity
LEGEND - Cosmological constant
- Dark matter
- Matter-antimatter asymmetry(baryon excess)
BACoN - Neutrino masses
@UNM |
Tension
- No right-handed neutrino vp (no Higgs Field (vev) , no mass via coupling y; <> yg) —lepton number conserved
TOWARD
Ovpp Experiments
. Kamiokande & SNO (1990s-2000s): Neutrino oscillations — Amijz. =+ () and Am221 > () = neutrinos are massive
. KATRIN (2024): m, < 0.45 eV (direct limit)
Ref.
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Fig. 4 Hierarchical structure of elementary particle masses. Only upper bounds for neutrino masses exi
Both normal and inverted neutrino mass ordering scenarios are shown. Mass values are taken from [17]



What Is a Neutrino?

Proposed by Pauli to explain missing energy in B-decay —> neutral, light, weakly interacting
Now that we know they have mass:

1: Dirac Mass
- by adding v and tiny coupling —> a Higgs Yukawa term is allowed: &', = — yyZﬁyR +h.c.

- Mass is via Higgs mechanism with tiny Yukawa coupling ~1071%—> not explained (fine tuning?)

2: Majorana Mass (mechanisms)

. Using only v;, No new light fields required: &£, = EmLDva +h.c.t!

- v=rv/AL =72/ Allowed only for neutral particles

ix

|
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Why the SM Must Be Extended via BSM physics mechanisms

(1) Weinberg Operator (low-energy effective description of multiple UV theories)

2
Cap CapV . | | | |
L5 = T(LaH)(LﬁH) h.c. - A ViaVip directly generates Majorana mass by coupling a neutrino to itself
(2) Heavy Nj (Type-I Seesaw)
0 mp . . —1...T mlz) . . . . . .
M : when Diagonalized: m, & — mpMy "m;, ~ — explaining light neutrinos are the predicted Majorana neutrinos.
mD MR MR

(3) Higgs Triplet (Type-1l Seesaw)

Introduce a new scalar field A that predicts a new doubly charged scalar HA++

s | |
VA ~ W — direct (triplet seesaw mass) Majorana mass
A

__ — e s

All mechanisms violate “L” and hence predict “ovpR"L3! |

But.. anomalies
etc.. R
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Fxperimental Anomalies

Los Alamos Experiment with UNM collaboration

Excess anomaly (LSND / MiniBooNE):
. Started with v, but detected more v, than expected.— extra oscillation?
Reactor anomaly (Daya Bay, RENO):

- Measured fewer v, than predicted in nuclear reactors = extra oscillation?

Gallium anomaly (GALLEX, SAGE):

LSND event

- Detected fewer v, than expected in artificial radioactive sources = short-distance oscillation to
U ﬂdeteCtO ble Sterl |e neutrl nOS? Source: https://www.hep.upenn.edu/HEP_website_09/Talks/Seminars/talks/2009

INnterpretation

- Some interpret as evidence ?? for a sterile neutrino
Tension

- do not fit the standard 3-neutrino oscillation framework.

- These results are inconsistent with each other under a simple sterile neutrino model

Anyways.. what was | saying about Bp]

— =
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Why “Double” Beta Decay

[~ decay

2VBB Process

Mass excess (MeV)

(Z,A) - (L+2,A) +2e¢™ + 2v,Occurs when single B decay is forbidden

and happens in ~35 isotopes.

2829 30 31 32 33 34 3 36 37 38 39

Ov[3B Process

Z

(Z,A) - (Z+ 2,A) + 2¢~ by exchanging of a virtual Majorana neutrino between two SM current vertices.

effective Majorana mass is proportional to “three mass eigenstates"m: 2vpp
_ 2. _ .2 .2 ,2il 2 2 2l 2 n
Mgp = Z Ugim; = CipCize™"my + Ci381,e77ny + sy —— -
i

1% 1
‘< [/.

QCD interaction.
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the OV@B rate depends on: | myy N M,, |* with Expected half-lives: T?/Uz ~ 10%° — 10%° yr

0
TV
Sensitive to:

- Absolute mass scale —> effective Majorana mass Mpp

- Majorana phases (not measurable in oscillations) —> nuclear matrix mass element My,

- Mass ordering —> (normal vs inverted)

——— — — — _ — o ——— —

L‘Yet OvBB is the only realistic probe of “L” violation in the neutrino sector.|
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Hierarchy

1. Mass eigenstates vy, 1, 13 and their flavor composition. v3has a smaller electron-flavor component, affecting its contribution toOvfp.

2. States contribute coherently to mgs = Z UZm;|. so has alower bound at 107>V —> half-lives of order T7%, ~ 10% yr, so
i

reaching this sensitivity allows experiments to fully probe the inverted hierarchy.

Experiment: NOvVA (2026) Normal ordering favored (~2.4x over inverted) 5]

All we know are Ml.2 — M? and M22 > Ml2
. . J
Neutrino Mass Hierarchy

Excluded by KamLAND-Zen,
GERDA, EXO-200, CUORE

INVERTED
5 ensItivity goal ol next generation g
A | ) )
atmospheric splitting
NORMAL
2
sol
0.00001 0.0001 0.001 0.01 0.1 1
m __ [eV]
MIN
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Cosmological Significance

5% 10" Gev 102 Gev 1 Gev 3000K 50 K— 27K
| | | | |
S ——— — Temperature
'CP-violating decays of heavy Majoranas .
. EP‘RTH f r,
—> (Generate leptogenesis el i mmaa

F ORI

(Lepton number violation)

ogenesis

—> Converted to bary

S — e

BiG NFLATION
It neutrinos are Majorana, Explains: BANG g
77 e
- Why neutrinos are light (seesaw) O ANCK
FPOCH
- Why the universe has matter-antimatter asymmetry
- Direct window into BSM physics STAGFLATION /
SOMEONE TRIPPED | i
AND ACCIDENTALLY {
HT THE “NFLATION® e _—
SR AGAIN  EMERGENCY s -
EJYOP TQ(}GEQED pHE5ENT i .
DAY ' b =
OV is not just a rare decay: | I : I ! I 1
Time 10 33¢ 10~12¢ 10 5¢ 380,000 500 million 5 billion 13.7 billion
it probes the fundamental structure of the Standard years years

Model

Source: https://www.explainxkcd.com/wiki/index.php/2240: Timeline of the Universe
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The LEGEND Experiment

Physics

Motiv. From GERDA: LAr active veto and optimized cryostat and optical readout for background rejection, with first
background free regime.
From MAJORANA DEMONSTRATOR: ultra-low backgrounds via radiopure materials, compact design, and PSD,
demonstrating ton-scale Ge feasibility.

LEGEND LEGEND-200: Early physics results and validation of low-background technologies at scale
LEGEND-1000: Discovery-level sensitivity and background-free exposure at tonne scale

BACoN

@UNM

TOWARD

Oovpp

Ref Source: https://en.wikipedia.org/wiki/MAJORANA _

Source: https://www.jinr.ru/posts/gerda-experiment | SO bgckg roy nds are g prob|em” ,l
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scaling of Iimit with backaround

- Background-free case

If no background expected at Qﬁﬁ, Sensitivity scales linearly with exposure T} 5" o« € Nt (N = number of nuclei /

e= efficiency)

So doubling exposure doubles the half-life sensitivity... ideal regime and what LEGEND aims for.

- Background-limited case

Mt
If background events are present, Sensitivity scales only asT7)," BAR (detector mass / background index /

energy window)

Now improvements become much slower (square-root scaling).

'Reducing background allows reaching 10%° — 10%° yr sensitivity!°..
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LEGEND Hardware

- HPGe detectors immersed in Instrumented LAr: (WLS fiber shrouds + SiPMs)
orovides cooling, and scintillation light background rejection

Background cuts
roof of clean room

plastic muon veto

- Eventrejection/cuts via: LAr energy veto / Detector anti-coincidence
(multiplicity) / Pulse-shape discrimination (PSD)

lock
e b - Detectors operated in a low-radioactivity cryostat and water shield deep
underground at LNGS to suppress external y, neutron, and cosmogenics.
floor of clean room : Aw—w;m
cryostat ‘ s ~
(@ 4m, 64m°) W N ‘ \
, . .t"::a‘ N e .
Underneath Gran Sasso d'ltalia & & Sy
Ge detector array & .k’:;;‘ % AR N o
0 LAr veto system : i i IR
~10,000 feet high S’
. PMT of muon veto
| I ~ water tank
} s (@ 10m, 590m3)
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Detectors are arranged in strings
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o
G fibers d;?écting LAr scintillation light are green

Source: legend-exp.org

~3kg single crystal Ge detector

nnnnnnn
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Narrative

Experiment HPGe Mass Total Exposure ExpeEcz’tee:t;)vBB
I\(ﬂcﬁ{:;ﬁ:? 40.4 kg 65 kg-yr ~ 2.7
GERDA (complete) 44.2 kg 127.3 kg-yr ~5.3
LEGEND-200 142.5 kg (growing) 61 kg-yr ~2.5
L'isri';'e')c'::dgo 1ton ~10 ton-yr ~20-30

But how do we approach backgroundless Ovff ?
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OvB3pB

Seeing a Rare Fvent

1— Precise Energy Measurement

Ultra-high energy resolution HPGe detectors

A true Ovff event appears as a sharp mono-energetic peak (Backgrounds typically produce continuous spectra)

?— Event Topology Identification
A true event is single-site, single-detector. Distinguishing event from background using analysis cuts

- Multiplicity cut (M1), Pulse Shape Discrimination (PSD)

3— Liquid Argon (LAr) Veto

Background interactions deposit energy in LAr = produce scintillation light

A— Simulation & Data Infrastructure

Geant4d-based framework (REMAGE) generating idealized detector truth information
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So how do analysis cuts work?77??

A true Ovff decay
deposits energy M1 PSP A veto
ocally inside a Background y-rays often L - .
single HPGe | Fven within one It a particle deposits
detector. producing Z(;?;igfjtg)eee\?eﬁilt'ple detector, y backgrounds  energy in the LAY, it
a compact single- triggeringl e thom o oroduce mu|t|.—8|te. | produces scmt|.||ot.|on
site signal. _ energy deposits, giving ight; events coincident
crystal are rejected. different waveforms than  with this light are
the single-site signal. vetoed as background.

2 ihillation
vuv Li 3“"‘ .

PULSE-SHAPE "ARGON ANTI-

SIGNAL-LIKE l
PGTITLIRITY 55 DISCRIMINATION COINCIDENCE
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Electroforming copper underground @ Sanford Lab Lead, South Dakota

Copper nuggets before being placed in electroforming baths.This copper requires a
ong soak in a dilute sulfuric acid bath. Although the copper nuggets are already very
oure—99.999 percent, to be exact—there may be traces of uranium, thorium and
radioisotopes like Cobalt-60, all of which could cause background noise in sensitive
physics experiments.

A cut is made across a cylinder of copper by machinist

Copper nuggets before being placed in the electroforming baths. These
have already been triple-etched in nitric acid.
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OvB3pB

Fxample backaround study (usin Simulcmn)[*].

Copper Holder 50Million simulated ?'4Bi decays in Cu holders

Background Index (Bl)

. Before cuts: (1.06 £ 0.56) x 107° cts/(keV kg yr)

. After cuts: (1.51 £ 0.79) x 107 cts/(keV kg yr)

Cut Performance (ROI survival)

. Combined cuts: ~ 1072 level survival

Cu-ho

expect

er background is well suppressed below CDR
tions

[*] Source: Status of Background Simulations in LEGEND-1000 using REMAGE, LEGEND collaboration meeting, Naples 06.03.2026
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Sources of background

packground control matters because Sensitivity to Ovff depends on: Ultra-low background index (Bl) and
Background-free exposure near Qgzg = 2039 ke VU718

All HPGe detectors [61 kg yr] E, analysis window — Aftletri qI:Jai:ity, ut-veto,

"""""""""""""""""" S mu Cc Cuts 11—
E , a2 N ' =B ' — After?.Ar :nd PSD cuts §
o 107 5 0K | '2 Qgg = ¥ ——— 2vBB decay of "®Ge S
~ S | i l»ﬂ f - [ !H §
2 0 ,WWPWMWWWWWag
8 i d P

o7 NI NI

After quality, py-veto,
multiplicity cuts

After PSD cut
Bl After LAr and PSD cuts

[

T ———— — — ————— m

|
1600 1800 2000 2200 2400 2600
210pg

M W A

1000 2000 3000 4000 5000 Energy [keV]

Performance data Impact near Qgg !

Intrinsic / close sources:

- Dominant background from Th-chain decays, strongly reduced by LAr veto [isotopes: 214 (U chain), 2087 (Th chain)]

Far / very far sources:

|
background, not completely understood |

i‘—I‘Detector component resultingi tis |

. contributors: fiber shroud, WLS fibers, cosmogenics

[*] L_Note_24 007.pdf internal document( Background analysis for LEGEND-200 data release at Neutrino 202)
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physics. BACON UNM LAr experiment
Motiv. Operated in PAIS as R&D for the LAr veto design for LEGEND-1000

We have shown that adding 10PPM xenon (“doping”) increase light yield by factor of 2.
9]

LEGEND 15 increases total ight yield (ly) [Control Xe concentration in LAr]
The Better Than BACoN (BTB) upgrade allows us to sample directly from liguid instead
of Ullage
BACoN - oo - .
This will help reduce the backgrounds even more. And | will discuss it in depth in my
@UNM .
candidacyv talk
TOWARD ,
Ovpp
Ref.
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SiPM light curves at different distances (data)
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Artifact if inefficient pulse finding
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\I vv||| Ioe working on mdkmg a sim of th|s in C++ that extends It to Xe doped cond|t|ons for full model vahdohon ‘
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physics ~ Towards Ov3f3 LEGEND 1000 "Ge (88% enr.)

10% g
Motiv. = Sensitivity for a signal discovery
1oL P
'6'1028;_' ’a” ”. ...... -
| | | 7 107 e T
Physics-driven modeling: > F e T
LEGEND R 1077 - b T e
Build a remage-based LAr scintillation model S, F 7 e
= 10% - R 10 mi" range
Eliminate run-by-run tuning = e ~ Background free
- T = = = 0.1 counts/FWHM-t-y
102 A~ ==+ 1.0 count/FWHM-t-y
BACON Develop a universal Ar-Xe doping model (Predicting light yield (Ly) vs Xe - 10 counts/FWHN-t-y

2

COncentrOtlon) - Cornl Ll Ll Ll Lol Ll ,
@UNM 10 102 107" 1 10 107 10
Exposure [ton-years]

Integrate into LEGEND simulation framework

GOAL:
TOWARD Improved LAr veto efficiency and Enhanced background suppression at ton scale
Ovip Maintain high efficiency for signal-like (OvBp) events and Quantify gains from  ————
increased light collection 'how the half-life sensitivity scales |
with exposure for different |
background levels [10]

Ref.
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Physics
Motiv.

LEGEND

BACoN
@UNM

TOWARD
Oovpp

Ref.

OvB3p3
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