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Neutrino Mass is Beyond the Standard Model

H. Murayama, Physics World, May 2002
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Right-handed neutrinos never discovered
» Neutrinos have zero mass in the Standard Model
» Non-zero neutrino mass is physics beyond-the-
Standard Model (BSM)
» Need right-handed neutrinos in the
mechanism for neutrino mass
» Need to avoid light active right-handed
neutrinos as they are not found in data
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Introduce a heavy neutrino in the seesaw model
Heavy neutrinos are NOT sterile
Too heavy to be created or found in experiments
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Introducing Heavy Right-handed Neutrinos

Dirac mass term
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Introducing Heavy Right-handed Neutrinos

If I introduce new fields, I have to write down all possible interactions allowed
by the gauge symmetries given the (new) field content Adapted from Walter Winter, WIN 2017

Because neutrinos are electrically neutral, vy would allow a Majorana mass term ~ mg (V. Vg + VgVy)

| (H) (H)
Dirac mass term
Majorana mass term

Typical Dirac fermion mass mp Heavy mass mp anti-neutrino

Y, > )+L — Figure adapted from Jon Engel
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VR is assumed to be very heavy in the seesaw model. It can only participate as a virtual
particle in the process above. It cannot be easily produced and detected.

: . . m m
The physical neutrino is a mixture 2 v R | The seesaw model

C mD
V=CVg T GV = my = N’
with a mass highly suppressed by mp MR

mp

Dirac mass
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Introducing Heavy Right-handed Neutrinos

If I introduce new fields, I have to write down all possible interactions allowed
by the gauge symmetries given the (new) field content Adapted from Walter Winter, WIN 2017

Because neutrinos are electrically neutral, vy would allow a Majorana mass term ~ mg (Vv + Vivy)

(H) (H)

Dirac mass term
Majorana mass term

I -
I —

Typical Dirac fermion mass mp, Heavy mass mpg anti-neutrino
Y > —X ~— \ pe— Figure adapted from Jon Engel
Majorana
mass
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Lepton and Baryon Number Violation

But there is an accidental conservation law forbidding Majorana neutrinos: lepton number conservation
Neutrino: lepton number +1, Antineutrino: lepton number -1

Emmy Noether Baryon- and Lepton-Nonconserving Processes ‘;‘Lsy"s Fpiliczex and 1%7??:979)
9 Noether’s Steven Weinberg Phys. Rev. Lett.43.1566 (1979)
) Theorem: Lyman Labovatovy of Physics, Havvarvd University, Cambridge, Massachusetts 02138, and
; continuous Harvavd-Smithsonian Center for Astvophysics, Cambridge, Massachusetts 02138
7 symmetry (Received 13 August 1979) -~
leads to A number of properties of possible baryon- and lepton-nonconserving processes are 2
conservation shown to follow under very general assumptions. Attention is drawn to the importance of 2
laws measuring p* polarizations and v,/e* ratios in nucleon decay as a means of discriminating =
among specific models. —
Of the supposedly exact conservation laws of conservation are likely to occur in grand unified <
physics, two are especially questionable: the theories that combine the gauge theory of weak [=
conservation of baryon number and lepton num- and electromagnetic interactions with that of =]
Not ber. As far as we know, there is no necessity strong interactions and have leptons and quarks é
fundamental for an a priovi principle of baryon and lepton con- in the same gauge multiplets, and such violations
servation. As we shall see, even without such a _have been found in various of these models.?
principle, the fact that the weak, electromagnet- The purpose of this paper is to point out those Such as the
dc..and strang interactions of ardinary quarks | features of baryon- or lepton-nonconserving proc- .
but and leptons conserve baryon and lepton number esses that are to be expected on very general Majorana
accidental can be understood as simply a consequence of the grounds. Other features will be indicated that mass term
SU(2)® U(1) and SU(3) gauge symmetries. Also, Ay PE USed L0 dISCrImINate among specilic mod-.

1n contrast with the conservation oI charge, col- els.
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Matter Over Antimatter Excess In The Universe
O

Cosmic Ray E < 10~*

p
Cosmic
Background ng > Ng
Radiation, etc: '

antimatter

° matter

Baryon Number tf\ ..
Violation is a Must

Annu. Rev. Nucl. Part. Sci. 2005. 55:311-55
doi: 10.1146/annurev.nucl.55.090704.151558
Copyright (© 2005 by Annual Reviews. All rights reserved

Baryon number must be violated. In what process? LEPTOGENESIS AS THE ORIGIN OF MATTER
Is lepton number violated in the generation of neutrino mass?

W. Buchmiiller,' R.D. Peccei,” and T. Yanagida,’




Motivation for Neutrinoless Double Beta Decay (Ov([3)

H. Murayama, Physics World, May 2002 Heavy right-handed neutrino mass
Y

m,, mpg
e e N’ The seesaw model
e "\/L —>
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L R l'll_
4 t . . . .
: Dirac masses would still allow for Majorana masses neutrinos
r 3 » Seesaw mechanism explains the tininess of m,,
v, » Majorana neutrinos are their own anti-particles
i > » Neutrinoless double beta decay (OvB[3) is the only
experimentally feasible way to establish neutrinos are
Right-handed neutrinos never discovered Majorana.
» Neutrinos have zero mass in the Standard Model » Probe the Lepton number violation
» Non-zero neutrino mass is physics beyond-the-Standard
Model (BSM)

» We introduce heavy neutrinos in the seesaw mechanism
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Neutrinoless Double-beta Decay (Ov{3[3)
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Two neutrino double-beta decay (2vBB) is an Observation of Neutrinoless double-beta decay (OvBB) would £
observed Standard Model process > prove the total lepton number is violated by 2 units =

(AL = 2)

» imply massive neutrinos are Majorana particles
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OvBB Half Life and Effective Neutrino Mass
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\ For light neutrino exchange model only:
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0 D Nuclear Matrix Element

0vpp

> Half life relates to the effective neutrino mass

(mgp E mi

» Theoretical calculations of the nuclear matrix element
have significant uncertainties
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Phase Space for Discovery
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CUORE

A variety of isotopes and techniques in use
for OvB searches, Ge, Xe, and more.

Current generation experiments make
steady progresses in probing the phase
space possible for Ovp with constant
technology developments

Significant discovery potential to be

realized by next generation ton-scale

experiments

» probing the entire inverted
neutrino mass ordering assuming
the light neutrino exchange model

» large discovery potential also in
the normal mass ordering
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Phase Space for Discovery

*CUORE

A variety of isotopes and techniques in use
for Ovpp searches, Ge, Xe, and more.

Current generation experiments make
steady progresses in probing the phase
space possible for Ovp with constant
technology developments

Significant discovery potential to be

realized by next generation ton-scale

experiments

» probing the entire inverted
neutrino mass ordering assuming
the light neutrino exchange model

» large discovery potential also in
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Part I

Proven Ge Technologies for the Discovery of
Neutrinoless Double-Beta Decay

Wenqin Xu| 11/29/22



Generations of Ge searches of Ovf3f3

proceeding to CD-1
(~1000kg)

T T T T T T T T T T T MOSt recent
| Decades of progress, driven.ecenp-1000 goal (~30-40 kg)
by scale increases and _

107 - technology innovation

10%

LEGEND-200 goal

Inverted-Coaxial Point Contact (ICPC)

% 10% |- Heidelberg- GERDA .
) Moscow /
2> ITEP, lKKD.C i
-*E 10 lePY Claim MAJORANA
= 10 |- UCSB/LBL IGEX ]
- 1023 I — (@V]
q St. Gotthard ~
= Milano 3
1022 - o 68% C.L. limit 7 : N
",’rl- N \
102" | e 90% C.L. limit - | 2
| | | | | | | | | | | L § ol ; : ;
1970 1980 1990 2000 2010 2020 s . X
MAJORANA LEGEND-1000 -

Broad Energy Ge P-type Point
(BE ontact (F

NIMA ,891, 106-110, (2018)

* Newly developed for
LEGEND

» Large mass (up to 4 kQ)

* Excellent background
rejection

IEEE Trans. on
Nuc. Sci., 36, 1, = Eur. Phys. J. C
926-930 (1989) 79,978 (2019)

« Small mass (< 1 kg)
+ Excellent background rejection

* Large mass (2-3 kg)
* Imperfect background rejection
15



@ENERGY i) The MAJORANA DEMONSTRATOR $ -9

Searching for neutrinoless double-beta decay of "Ge in HPGe detectors, probing additional physics
beyond the standard model, and informing the design of the next-generation LEGEND experiment

Source & Detector: Array of p-type, point contact detectors
30 kg of 88% enriched "6Ge crystals - 14 kg of natural Ge crystals Enclosure
Included 6.7 kg of 7®Ge inverted coaxial, point contact detectors in final run

Excellent Energy Resolution: 2.5 keV FWHM @ 2039 keV

and Analysis Threshold: 1 keV

uuuuuuuuuuuuuuuuuuuuuuuuu

Radon [/

Inner Cu

Shield

Low Background: 2 modules within a compact graded shield and active Outer Cu
muon veto using ultra-clean materials NS
Reached an exposure of ~65 kg-yr before removal of the enriched '

detectors for the LEGEND-200 experiment at LNGS

Best Energy resolution at the
Q-value in OvBP searches

Continuing to operate at the Sanford
Underground Research Facility in Lead, SD
with natural detectors for background
studies and other physics

NC STATE AK RIDGE ¢ = g
AL % OAK RIDGE poctic Nerthuest M4
R R ol © 177

CEN Y— SRR W Wiltiams  the MAIORANA Collaboration Click here for a video of the experiment

Wengin Xu| 11/29/22
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https://youtu.be/JiOYgHSKcs4?list=PLh7LC5geWXGEMgdq7kRd4rlkbr1_g9KFZ&t=439

Majorana Run Configuration & Timeline

Module 1

Deploy Module 1 in shield

Mar. 2021:
Stopped ¢""Ge Operation

Removed all e""Ge for
LEGEND-200

2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 _

i
Module 2 EE@E&ish
HEEE0as
Hix=H =
Deploy Module 2 in shield
Mirion/Canberra Ortec  Ortec ICPC
BEGe PPC enrGe
natGe eane

=

Cable/Connector Upgrade of Module 2
Removed 5 PPC detectors for LEGEND Testing
Installed 4 LEGEND ICPC Detectors

. BEGe: Broad Energy Ge detector
PPC: P-type Point Contact detector
ICPC: Inverted Co-axial Point Contact detector

Adapted from W. Xu, APS April meeting 2022

e
e
[ -]

EEE
=

Continuing operation of
Module 2 only with
natural Ge detectors

Wengin Xu| 11/29/22
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MAJORANA Background Reduction

BB signals are localized in energy

e and space, enabling background Internal alph-a particle
sjection techniques background:
4 - different energies
: ﬂ \ * never observed
500

0
Energy (keV)

passivated
External alpha particle background:

* reduced by radio purity

» stopped by ~1mm dead layer everywhere except
— on the passivated surface

* rejected by pulse shape discrimination

Deadlayer
Main
backgrounds
requiring

analysis cuts Photon background:

» reduced by radio purity + shielding + radon purge
 rejected by single detector requirement and pulse shape discrimination

Adapted from W. Xu, APS April meeting 2022

Cosmic ray backgrounds:

* reduced by being 4850’
underground

 rejected by high efficient
muon veto

nN—

Neutron

backgrounds:

* reduced by
(borated)-
plastic
neutron
shield layers

Wengin Xu| 11/29/22
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Pulse Shape Analysis (PSA) for HPGe detectors

Amplitude of current pulse is
suppressed for a multi-site event
compared to a single-site event of
the same event Energy

Comparing A against E effectively
rejects multi-site backgrounds

Various powerful PSA event
topology tools can be used to reject
different backgrounds

Alternative machine learning
algorithms are available
GERDA EPJC 82 (2022) 284

MAJORANA arXiv: 2207.10710

Laxman Paudel (USD PhD student)
Pulse-Shape-Based Analysis
using Machine learning in the

MAJORANA DEMONSTRATOR,
CIPANP 08 2022

Single-Site Event (SSE):0vpBpB-like
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Simulations for MAJORANA PPC for

illustration, courtesy of David Hervas.

Multi-Site Event: y-like
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https://agenda.hep.wisc.edu/event/1644/contributions/25851/
https://agenda.hep.wisc.edu/event/1644/contributions/25851/

Final Results of MAJORANA DEMONSTRATOR

Operated in a low background regime, particularly with extreme radiopurity of near-detector parts,

benefiting from excellent energy resolution

arXiv: 2207.07638

E 104 Data Cleaning, Muon, & Multiplicity Cuts < ) T é
g’ + Surface Event Cuts 5 stcz; ;:r:u :;mit ﬁ
To) + Multi-Site Event Cuts (All Cuts) % é

4 4 fis
- s
> U TR 2 =
g \“ iy 1 i o O
o 10° | ; -
&
= Preliminary
O
o 10

1 i X
| A AL LT
1000 2000 3000 4000 5000 6000
Energy [keV]

Full spectrum with a total of 65 kg-yr.

Final enriched detector active exposure:

64.5 + 0.9 kg yrs

Background Index:

(6.2 £0.6) x 103 cts/(keV kg yr)
Energy resolution:

2.5 keV FWHM @ Qg
Frequentist Limit:

Limit: T,/, > 8.3 x 102° yr (90% C.L.)
Bayesian Limit: (flat prior on rate)

Limit: T,,, > 7.0 x 102° yr (90% C.I.)

Meg < 113 - 269 meV

Using Mov = 2.66 - 6.34

Continuing to operate at the Sanford Underground Research Facility with natural detectors for background studies and other physics

Wengin Xu| 11/29/22
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GERmanium Detector Array - GERDA Collaboration

https://www.aip.org/fyi/2022/doe-nuclear-physics-program-approaches-pivot-point the GERDA Collaboration

—_—

http://www.mpi-hd.mpg.de/gerda/
[]
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y B Moscow
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N \\\\
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4 <
Moscow
<
- -
}i E 4 I'lIKurchatov

a “°’Institute

European Commission

j:icrzi::earch Centre : E}:Si&?‘s
EBERHARD KARLS
UNIVERSITAT -
TUBINGEN
Universitat Ts lh\lv:;sltat Minchen
Ziirich™ % W
L s
/-) QpOyntt
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(B —— T
m:r? INFN INFN 16 institutions
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L Shtembari, ICHEP 2022
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https://www.aip.org/fyi/2022/doe-nuclear-physics-program-approaches-pivot-point

GERDA at Gran Sasso National Laboratory (LNGS) in Italy

EPJC 78, 388 (2018) « GERDA operated an active LAr veto
CpRs. T * Low-Z shielding

| GERDA |

64 m® Liquid
Ar (LAr)
cryostat

'
A'\
| ey

] water tank

Fibershroud

AT

-
Wengin Xu| 11/29/22
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GERDA Background Rejection Strategy

.@

| GERDA |

OvBp signals are highly
localized (single site) in
one detector (single hit)

OvBp signals

Multi-site  —
backgrounds

Surface

N

Multi-detector -

backgrounds, »

rejected by
multiplicity cut

— Pulse Shape
Analysis

backgrounds —

Rejected by D

Backgrounds with energy depositions
in LAr, rejected by LAr veto

Science 365 (2019) 1445-1448

PR .'v
42
o K
()]
0
4=
D = a
o
(@)
da
a
Liquid Ar
\ Pure water

muon backgrounds, rejected by muon veto,
except neutron-induced delayed ones

Wengin Xu| 11/29/22
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Final Results of GERDA

L1
6o
(GERDA |

Counts / ( keVkgyr)

10°F

10° ¢

PRL 125, 252502 (2020)

background index estimation region

000

All detectors - 103.7 kg-yr

[_] Prior to analysis cuts

[ After PSD cuts

I After LAr veto and PSD cuts
—— 2vfp decay

AN 11 (1D

3000 3500 4000

|

Background best fit and 68% C.L. interval
" N 90% C.L. T 5 lower limit (1.8 x 10%® yr)

GERDA 2020

|l

4500

GERDA 20-07

Po-210

5000
Energy (keV)

Background index:
5.2+16 . .10
cts/(keV kg yr)

Energy resolution:
~2.6 keV (FWHM)

Frequentist limit:

T1/2 > 181026 yr at 90% C.L.

Bayesian: flat prior on rate:

T1/2 > 141026 yr at 90% C.I.

mgg < 79 - 180 meV

GERDA finished by surpassing all design goals:
100 kg yr exposure , < 10-3 cts/(keV kg yr) background, >1026 yr sensitivity

Lowest background for Ovp[3 searches
if normalized by the energy resolution
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Part ||
LEGEND for the Discovery of
Neutrinoless Double-Beta Decay

Large Enriched Germanium Experiment for Neutrinoless B Decay
(LEGEND)

Wenqin Xu| 11/29/22
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The European and North-American Process

https://science.osti.gov/np/nsac

Compiled by S. Schonert @ Neutrino 2022

https://arxiv.org/abs/1910.04688

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE

o@

Double Beta Decay APPEC Committee
Report

Ve )

Febwuary 11, 2000

Comminee members: Andros Clulians, 1) Comner Codonsn, Sivie Pascol (Ohir), Bk
Previas, Kubwn Sachyon. Karvdim SohafTier wed Sielan S iwen

~ I\goor | Sehemate virw of toetnmmdrns deuble bens Sy

“We recommend the timely
development and deployment of a
U.S.-led ton-scale neutrinoless
double beta decay experiment.”

5/31/22 Neutrino 2022 - S. Schoénert, TUM

Oct 2019: Roadmap document for
the APPEC SAC on the future Ovpf3
decay experimental programme in
Europe

OvBp town meeting London
Roadmap update 2022, town
meeting in Berlin, June 2022

https://agenda.infn.it/event/27143/

DOE NP Portfolio Review
July 2021

CUPID
LEGEND-1000
nEXO

Outcome: Realize international
portfolio LEGEND-1000, nEXO and
CUPID with European partners

LEGEND-1000 was evaluated
extremely positively at the Portfolio
review. Now being funded by DOE to
move to the next step, CD-1

xtcber 2021

\/
The Workshop is joently
IN FN /I organized by INFN, APPEC and

DOE

APPI

“The international stakeholders in
neutrino-less double beta decay

North America - Europe Workshop on Future of Double Beta Decay

29 Sepmetwe 2071 |
i S Satorar Lateratory (LNGS

research do agree in principle that the

best chance for success is an
international campaign with more
than one large ton-scale experiment

implemented in the next decade, with

one ton scale experiment in Europe
and the other in North America. “

26
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LEGEND

CEGENU,

Mission: “The collaboration aims to develop a phased, Ge-76 based double-beta decay experimental
program with discovery potential at a half-life beyond 10%% years, using existing resources as

appropriate to expedite physics results.”

Build upon best and proven technologies from GERDA and the MAJORANA DEMONSTRATOR

LEGEND-200
«200 kg in upgrade of existing

> infrastructure at LNGS
*Background goal:

< 0.6 cts/(FWHM t yr)

ie. < 2x104 cts/(keV kg yr)

*Discovery sensitivity 1027 years
*Currently commissioning
*Physics data starting in 2022

LEGEND-1000
*1000 kg, staged via individual payloads
~ *Timeline connected to review process
. *Background goal:
. <0.025 cts/(FWHM t yr)

i.e. <1x10> cts/(keV kg yr)

_ <Discovery sensitivity beyond 1028 years
*Location to be selected

Preconceptual Design Report arXiv: 2107.11462

Wengin Xu| 11/29/22
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The LEGEND Collaboration

N\
DX G
{ Fllnland_

Iceland Sweden ‘
Norway }

North ; ; Turkey, - f}“ ool
Atlantic B iraq. Afgh
Ocean SO s o\ Iran |
Algeria Libya Egypt ,Pa
) So _'Saudi Arabia/ /)

=

Istituto Nazionale
di Fisica Nucleare

L

11 countries f

https://legend-exp.org/ Q @

Approximately
250 members,

Wengin Xu| 11/29/22
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LEGEND Background Rejection LeGeNU)

\
BB decay signal: / \ Pure water  py|se shape
single energy 4 \\ \Liquid Ar\ discrimination (PSD)
deposition in & )4 . for multi-site and
a 1 mm3 volume --\ / n/\ surface a events
o
BB
) O gm Ge detector
Z L anti-coincidence LEGEND-200 ,
background goal is
Y x2.5 reduction from
——ﬁ & g Scintillating PEN plate  GERDA

=0 ,' detectors
- a PEN \ i
"~ - LAr veto based on Ar
)4 Op \

tical
\_ fibelr(; scintillation light read

] by fibers and SiPM LEGEND-1000
background goal is
v s H x20 reduction from
Muon veto LEGEND-200
Ge detector with uses only large

PEN plate holders detectors

Wengin Xu| 11/29/22



Background Reduction: LEGEND-1000

Eur. Phys. J. C 81, 76 (2021)

92 A E

\
™
-40 -20 0 20 40 -40 -2 40 -40
X [mm] X [mm]

z [mm]

IEwll

-3

Underground LAr
surrounding detectors _
(low in Ar-42, 39) ,

-20

MAJORANA PPC GERDA BEGe LEGEND-1000 uses only larger
Used by LEGEND-200 as well ICPC detectors, average 2.6 kg
Wire-bonded
e ¥
' Significant reduction of

number of channels and
hence total radioactivity
Flat flex to near-detector materials

cable

. and LAr instrumentatio
S .

New and less-radioactive Deeper underground site or additional neutron
cables and new application-specific shielding & tagging: SNOLAB and LNGS options
integrated circuit (ASIC) read-out for

LEGEND-1000

Wengin Xu| 11/29/22



LEGEND-1000 Background Projections LeEGeNDU,

Background index at Qg after all cuts

Ge internal |

Detector mounts AR | | W—— | ||| .238U chain
Front-ends ([ [ e—— )] | = Underground Ar
Cabling - | |mGe cosmogenic
Optical fibers — Janim. m Surface «
Re-entrant vessels — m Cryostat steel v/n
222Rn in LAr | s || | [ [[]]]] ' |m Cosmic rays
2% 0 T Ay ettt H ——rrrrr—
o HHi— HEs
©Co| | | || | |]]]] i
 emlitters mmmm—————— 1l
External v/n| | | |||||| | |s==m- LUy
p-induced | e— — I
Total [ | |[|[[[l| [ [[[I[l | ey | ||[}[ | |[[]ll

23 .
232h chain

10—8 10—7 10-6

LEGEND-1000 background goal

10—° 10— 10—3

Projected background index after all cuts:
9.17%2 x 107 counts/(keV kg yr)

SNOLAB was used as the reference lab here
LNGS has ~x100 higher muon flux

J cts / (keV kg yr)  pCDR: arXiv: 2107.11462
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Extensive Muon Studies for Shallower LNGS

Normalized neutron capture rate on ®Ge

Standalone Geant4 simulation completely
written from scratch for main estimation

CJ Barton (USD PhD student)
An update on muon-induced backgrounds in

| EGEND-1000 MCNP-Geant4 simulation comparisons Additional neutron

CIPANP 08 2022 across different software for uncertainty moderation using solid
Extensive study on muon-induced bkgs and assessment plastic shield and liquid
additional neutron shielding for LNGS option. methane-doping in LAr

lllllllllllllllllllllllll
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https://agenda.hep.wisc.edu/event/1644/contributions/25958/

The LEGEND-1000 Background Model

—_—

CEGEINUL

£ | arXiv: 2107.11462 208 (10%! yr) —— Ge cosmogenics
oy ; 232Th 42Ar/4?K in LAr
= E 260 away frgm 23815 — Surface o
é : ﬂea I’eSt Slgﬂlflca ﬂt Total model - OI/B,B (1028 yr)
o background peak
Py ; SIOUnEp OvBB Signal .
6 B /
g N
BG budget
1072 == - ---jh\ -------- --—-Fr-4------"———"—"nt~-—"—"—"—"=-["—-"———-=—---
il ! H—
10-° I L —— U
1077 | —‘
- | | | | | | | | |
1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300

>No background peaks close to Qg of 2039 keV for 7°Ge
»Background is flat and well understood. No reliance on background modeling

»No 2vB background

Energy (keV)
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Discovering Sensitivity Enabled

The LEGEND program builds on successes of current generation experiments to probe half-lives beyond 1028 yrs
Unambiguous discovery enabled by best energy resolution and lowest background
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Simulated LEGEND-1000 example spectrum for
Ty, = 1028 yrs, Bl < 10~ cts/keV kg yr, after cuts,
from 10 years of data

OvBB
T1/2 = 1078 yr
3-4 events

1960 1980

2020 2040 2060 2080

Energy (keV)

1940

2000

Quasi-background free operation up to
10 ton-year exposure, for unambiguous
convincing discovery beyond 1028 years
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LEGEND Timelines

Adapted from F.gagemann, 18th Rencontres du Vietnam on Neutrino Physics 2022

. ,;3’ IS o
LEGEND-200: L S & >
N © & IS
Fully funded S & & & & NG
& 3 e &8 N
o Y N S S & S N
« X S > 5.9 @ L o
& $ > S QS & § &
Q 6 \"\' & N @ 3. 8 Q ¢ & “
QS S S S S YN .G
& ) & S Y
« § S &
o o s %
& 5

8 g 3 g S S S | Wavelength-Shifting
2 S 3 S 2 - Reflector (WSLR) installed
5 Py S
N < .
8 I DS Installed. Currently in
2 é‘ (SRS . . .
$ S S & commissioning (o
(&) @' S P —
«

4 string installed with optical fibers
YEGEND, LEGEND-1000 (positively reviewed for funding):
» Pre-Conceptual Design Report released:
arXiv: 2107.11462

. i o ) « Developing a conceptual design with a refined technical design
1e Large Enriched Germanium Experiment .
for Neutrinoless 88 Decay and background model, proceeding to CD-1

LEGEND-1000 Preconceptual Design Report ¢ Many R&D activities are OngOing

Wengin Xu| 11/29/22
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US Next Long-Range Plan

Charge to NSAC for the Next Long Range Plan for Nuclear Science

()

Professor Gail Dodge

College of Sciences

Old Dominion University
4600 Elkhom Avenue
Norfolk, Virginia 23529

Dear Professor Dodge:

U.S. Department of Energy
and the
National Science Foundation

Chair, DOE/NSF Nuclear Science Advisory Commuttee 2 O 2 2

Thus letter requests that the Department of Energy (DOE)/National Science Foundation
(NSF) Nuclear Science Advisory Committee (NSAC) conduct a new study of the
opportunities and priorities for United States nuclear physics research and recommend a
long-range plan (LRP) that will provide a framework for coordinated advancement of the
Nation's nuclear science research programs over the next decade.

U.s. DEPARTMENT OF | Office of
6 ENERGY Science

LONG RANGE PLAN
fOI‘ NUCLEAR SCIENCE 13-15 December 2022

UNC - Chapel Hill

America/New_York timezone

Code of Conduct

Accessibility

RECOMMENDATION II

We recommend the timely development and deployment of a U.S.-led

ton-scale neutrinoless double beta decay experiment.

NSAC Meeting July 13,2022

Fundamental Symmetries, Neutrons, and Neutrinos Town Meeting

The 2022 Fundamental Symmetries, Neutrons, and Neutrinos (FSNN) Town Meeting will be held at
the Friday Center for Continuing Education in Chapel Hill, NC. This meeting is organized to engage our
community in preparation for the next NSAC Long Range Plan.

Wengin Xu| 11/29/22
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Part IV
Rich and Broad Physics Programs with HPGe detectors
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Rich and Broad Physics Programs for Ge experiments

Standard Model
Nuclear Physics
2v(3pB decays
In-situ cosmogenics
neutron physics

Fundamental Symmetries
L violation in Ovp decays
B violation in Baryon decays
Pauli Exclusion Principle violation
Lorentz violation and Majorons in 2v33
BSM Physics in Ar

Charge violation \

Superb Energy Resolution
High Granularity
Low Backgrounds

Exotic Physics

Lightly ionizing particles
Quantum Wavefunction collapse

39Ar reduction due to the use of
underground-sourced argon enables a
suite of BSM physics searches at
LEGEND

Dark Matter Signatures
Pseudoscalar dark matter
Vector dark matter
Fermionic dark matter
Sterile neutrino
Solar Axions

+ Prompt Supernova Neutrinos, SuperWIMPS, Solar Neutrinos, ...

Wengin Xu| 11/29/22
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BSM Physics

Superb Energy Resolution, High Granularity, and Low Backgrounds make HPGe detectors excellent in a range
of BSM physics searches using analyses looking at peaks, spectral distortion, time correlation, and more

Non-inclusive list of examples

CEGENUL

Wengin Xu| 11/29/22

Mechanism Signature Energy range

Bosonic Dark Matter Peak at m» 5 — 100keV

Baryon Decay Time Correlation, High Energy 0-10 MeV

Fractionally Charged Cosmic rays High Multiplicity-coincidence events Few keV

WIMP searches Exponential Excess + Annual <10 keV
Modulation. Migdal Effect

Solar axions Peaked Spectra + daily modulation <10 keV

Majoron Emission 2v[B spectral distortion Qss

Lorentz Violation 2v[B spectral distortion Qss

Electron Decay Peak at 11.8 keV ~10 keV

Pauli Exclusion Principle Violation Peak at 10.6 keV ~ 10 keV

These BSM Physics are parts of the rich and broad physics programs of LEGEND-1000
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Counts

BSM Peak Searches in Energy Spectrum

\

Known X-rays

* Look for Gaussian-shaped
peak caused by various dark
matter interactions or other
BSM Physics

* Need to subtract background

Compton

place limit using
standard profile
likelihood method

Known X-ra

Compton

e

15

20

35 40 45 50

Energy (keV)

Dark Matter candidates

—

Ultralight
bosons

Axionsiand
ALPs

QCD

axion

Pseudo-scalars
(spin O, CP jodd

| - plus Fermionic
Hidden pho Dark Matter and

Vectors Sterile Neutrino
(spin 1)
WIZ oo,

science.org/doi/10.1126/sciadv.abj3618
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BSM Peak Searches in Energy Spectrum

Counts / (keV kg d)
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arXiv:2206.10638
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+ "Ge: 15.1 kg-y -
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QOSONS Axions\and

Wl i
|l'1, Pl

|

place limit using

20

| —
80 100
Energy (keV)

standard profile
likelihood method

ALPs
QCD

axion

Pseudo-scalars
(spin O, CP jodd

plus Fermionic

Hidden photon Dark Matter and

Vectors Sterile Neutry
(spin 1)
\_M

science.org/doi/10.1126/sciadv.abj3618
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Solar Axion Searches via Photon Coupling

Production

Detection

vy + y 2Axion Primakoff axions
axion-photon coupling (reverse Primakoff effect)

T T | | T T L L L | L T
3

Primakoff

solar axion flux

2.5

o

IIII|IIII|IIII|IIII|IIII]IIII|

[ 10*keV~! year'l m'2]
= t

d¢
dE

0.5

lll[llllllllll[llllllllllllllll
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0 1 2 3 4 5 6 7 8 9 10
E [keV]

Progress in Particle and Nuclear
Physics 102 (2018) 89-159

AXlOTl + Vvirtual 9 Y

» axion-photon coupling (Primakoff effect)
* enhanced by coherent Bragg diffraction

crystal lattice planes

Axion signals:

* enhanced at certain incident angles for certain
energy --- the Bragg condition

» follow Sun’s movement over time

R. Battesti et al. Lect. Notes Phys. 741, 199-237 (2008)
pioneered by R. J. Creswick, et al., PLB 427 (1998) 235-240

BSM Physics
Energy-Time 2-D analysis

Signature

Energy [keV]

0 01 02 03 04 05 06 07 08 09 1

W. Xu, S. Elliott, Astroparticle
Physics 89 (2017) 39

Fractional time of a day
plot for g,, = 1078GeV~", g4 =0

» Distinct time dependence is a key strength
for discovery

» Reduced sharpness if crystal orientations
on the horizontal plane are unknown, but
still good for analysis

5o
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Rich and Broad Physics with HPGe detectors: USD work

?SM PPPI’ES'CS | . Vs Standard Model Nuclear Physics
emporal- ”ergv solar axion analysis at Peak analysis at high energy region ~ MeV. Calibration data
low enerqgy region ~ keV

Experimental study of *C(a,n)'%0 reactions in the MAJORANA
onthe Cover DEMONSTRATOR calibration data 6.13MeV

Axion signatures from coherent Primakoff-Bragg scattering over a 24-hour period. 21400 - - -
I. J. Arnquist et al. (MAJORANA Collaboration) isomeric - [_] simulation Data Is
From the article: Phys. Rev. C 105, 064610 — Published 21 June 2022 § 1200| — Calibration Data ]
Search for Solar Axions via Axion-Photon Coupling with the MaJorANA DEMONSTRATOR phOtonS ""':: 1000E= —:4
= C
I.J. Arnquist et al. (MaJoraNA Collaboration) Obse rved @ -
Phys. Rev. Lett. 129, 081803 (2022) g 800:— -
“ 600 3
P 400F ]
HYSICAL : : i
R Superb Energy Resolution 200 :
EVIEW G: n - P | | PR IS
6100 6110 6120 6130 6140 6150 6160
[ ETTERS Low Backgrounds vty (keV)
Published week ending 19 Aucust 2022 ‘

s 18
=) .
e 5 16 I Expected Counts W/}, TALYS calculations®
© . A
: - . { Observed Counts jn|calibration data
% [~ ——— MAJORANA (this work) =]
S [ e COSME ] .
£ o aaiag ] 10—
g - —— coMs v -
g [~ . EDELWEISS II 4 -
= - — o LEGEND-1000 8
% O | —— KSVZEMN=0 1 6
o o ur can improve j:
GJ E ........ HB R - }
8 Pty S 10 10 107 107 1 10 10° E . . . ¢ ¢
American Physical Society physicé Volume 129, Number 8 Axion mass (V) 0?‘ Lo ‘Ol T

, : DS6
https://journals.aps.org/prl/issues/129/8 PSL DSz DSs DSea DSeb ‘ DaTt: t;l:ts
* via NeuCBOT, NIM A (2017) 09 007

Counts(Calibration Data)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081803
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.105.064610
https://doi.org/10.1016/j.nima.2017.09.007

Rich and Broad Physics with HPGe detectors: Deliveread 5?»

Fundamental Symmetries PRC 100 025501 (2019)

References from i .

L violation in Ovp decays Several OvBR papers
MATORANE B violation in Baryon decays
DEMONSTRATOR . ! Daryon gecays PRD 99 072004 (2019)
and GERDA Pauli Exclusion Principle violation

Lorentz violation and Majorons in 2v[3f3 arXiv:2203.02033

BSM Physics in Ar Eur. Phys.J. C75 (2015) 416

Charge violation \

Dark Matter Signatures
Pseudoscalar dark matter
Vector dark matter

Standard Model
Nuclear Physics
2v(3pB decays
In-situ cosmogenics
neutron physics

Superb Energy Resolution
High Granularity
Low Backgrounds

Fermionic dark matter
Sterile neutrino

Wengin Xu| 11/29/22

PRC 105 014617 (2022) Solar Axions
PRC 105 064610 (2022) -\ /- PRL 118 161801 (2017)
Astroparticle Physics 84 (2016) 29 Exotic PhySICS PRL 125 011801 (2020)

Lightly ionizing particles
Quantum Wavefunction collapse PRL 129 081803 (2022)

PRL 120 211804 (2018)

arXiv:2206.10638

PRL 129 080411 (2022)
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summary LEGE]

Non-zero neutrino mass is physics beyond the Standard Model and a compelling mystery

OvBp searches determine the status of total lepton number conservation and probe the Majorana or Dirac
nature of massive neutrinos

Ge-based technology captures significant OvBf discovery potential
Current-generation 6Ge experiments have achieved great successes
— MAJORANA DEMONSTRATOR achieved T4, > 8.3 x 1025 yr and the best energy resolution
— GERDA achieved T4, > 1.8 x 10% yr and the lowest background if normalized to energy resolution
Combing the best technologies, the phased LEGEND project is designed for an unambiguous discovery of Ov[3[3
— LEGEND-200 is in commissioning at LNGS with data-taking beginning later this year

> Goal : Discovery sensitivity of 1027 years with modest background reduction relative to GERDA
— LEGEND-1000 is proceeding to CD-1 with, R&D and conceptual design development ongoing
> Goal : Discovery potential at a half-life beyond 1028 years

Ge-based experiments including LEGEND have rich and broad physics other than Ov[33
— Physics results can be extracted in wide energy range with various analysis techniques
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