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Outline

® The global hunt for a “Little Bang”

® Searching for OV decay in d LEGEND



: g :
. 7 " ‘ i . .
o v ¥
o . .
. N : :
\ £ . * .‘.,
: - < The universe. today
‘\ ” .‘rc . ‘/’ . V
. \ Y : i
y - ; .
, . 8 : :
‘ .
; o \
- . 7 ‘ :
v -)/
: -
e d .
o T '
¢ / :
i » “ -
o P ' g - e ‘t
v‘f . ) \ F: g
» :.')- % .

. W -
g
‘,f i )
: L ] -
.l
.. - -
“.' B .
. ¥ ~
. '\ \ Z ‘4
N
* . c ‘. L
i ’ 3 .

 Hibble Ultra-Deep Field =~
. credit: NASA ‘

’
#
i
~
( .~
¥ -
'
.
- .-
L
.
¢ K .
¢
-
*
‘ #
o
-

s,
-

‘e

.

& .
P

-

*3

.‘

‘5

se

tl



The Bullet Cluster
credit: NASA




Temperature
4,000,000,000,000 K

The universe
~0.00001 seconds
after the Big Bang
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STAR at RHIC
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Brookhaven National Lab
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in pairs.

Matter and antimatter are
always created
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Matter and Antimatter

Early Universe

1,000,000,001 1,000,000,000

for every

particles anti-particles

J. Detwiler Following H. Murayama



Matter and Antimatter

Current Universe

US

“The Great Annihilation”

J. Detwiler Following H. Murayama



Sakharov Conditions

® Baryon number violation (baryogenesis)

® C (charge) and CP (charge-parity) violation

e C(Creation of more baryons than anti-baryons

® |nteractions out of thermal equilibrium

® More creation than annihilation of baryons

J. Detwiler 9 A. Sakharov, JETP 5, 24 (1967).
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Sakharov Conditions

® Baryon number violation (baryogenesis)

® C (charge) and CP (charge-parity) violation

e C(Creation of more baryons than anti-baryons

® |nteractions out of thermal equilibrium

® More creation than annihilation of baryons

® The Standard Model has all three ingredients...

® B < [ processes (sphalerons)

e CKM complex phases

e \Weak vs strong couplings

10

A. Sakharov, JETP 5, 24 (1967).
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Sakharov Conditions

® Baryon number violation (baryogenesis)

® C (charge) and CP (charge-parity) violation

e C(Creation of more baryons than anti-baryons

® |nteractions out of thermal equilibrium

® More creation than annihilation of baryons

® The Standard Model has all three ingredients...

® B < [ processes (sphalerons)

e CKM complex phases

e \Weak vs strong couplings

...but in insufficient quantities

11

A. Sakharov, JETP 5, 24 (1967).



Grand Unification Theory

0.15 —
e Strong and electroweak forces appear — E
to merge at high energy S 010E -
° 0.
L
® Implies some larger gauge symmetry S | E
that is spontaneously broken at high §>0 -l | E
energy e electromagnetic
? -~ weak —
® The SM would be the low-energy EFT N 1 P N N B B
of this more general theory 10° 10  10® 102 10

J. Detwiler 12

Energy in GeV

1020



GUT Groups

® SM: U(T) x SU2) x SU@3)

J. Detwiler 13 following Hamaguchi



GUT Groups

® SM: U(T) x SU(2) x SU(3) ( oo ) e )

oop) L *ORrR OR OL €OR.

® SU(5): smallest group containing the SM

® Predicted proton decay rates (mostly) ruled out by
Kamiokande and other experiments

® Also: does not accommodate v mass

J. Detwiler 14 following Hamaguchi



GUT Groups

® SM: U(T) x SU(2) x SU(3) ( oo ) e )

oop) L *ORrR OR OL €OR.

® SU(5): smallest group containing the SM

® Predicted proton decay rates (mostly) ruled out by
Kamiokande and other experiments

® Also: does not accommodate v mass

® Next smallest: SO(10) — add Nk

e Not ruled out

® Accommodates V mass (“vSM”) V|
® Predicts proton decay may be seen in future
experimen‘[s ................ H
Nr

J. Detwiler 15 following Hamaguchi



Neutrino Mass

=7

J. Detwiler 16



Neutrino Mass
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J. Detwiler 17 KamLAND, PRD 88, 033001 (2013)
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Two sterile components? ...

Neutrino Mass

1 _
2 08F
=
3
S 0.6
ap
<
>
= 04
—
=
N
0.2 —
 —— 3-v best-fit oscillation —e— Data - BG - Geo V,
OTIIII'IIII|IIII|IIII|IIII|IIII|IIII|IIII|II
20 30 40 5 60 70 30 90 100
Ly/E, (km/MeV)
18 KamLAND, PRD 88, 033001 (2013)
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Two sterile components? ...

Neutrino Mass
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The SM and v Mass

000 Q e, e,
oop) L 2ORrR OR OL €OR. e
eR eL
: . al "
® No Vg to give the neutrino a " o\ R
: R UR T
Dirac mass -
tL tR
® Majorana mass violates t 4
R
SU(2) symmetry: e- £ e* o
V
v L
Higgs Field

J. Detwiler 20 H. Murayama, Physics World (May 2002).



Nr and Dirac Masses

J. Detwiler 21 H. Murayama, Physics World (May 2002).



Nr and Dirac Masses

fermion masses
dre sreé b e

U e Ce le

Vi—eieV, eVj ce e Te

ueV meV eV keV MeV GeV TeV

J. Detwiler 22 H. Murayama, Physics World (May 2002).



The Seesaw Mechanism

Majorana mass Mg, T ~ 1/Mpg

J. Detwiler 23 H. Murayama, Physics World (May 2002).



The Seesaw Mechanism

Majorana mass Mg, T ~ 1/Mpg

‘-.~
g 7N

‘ Mr = GUT scale
v

o A
'\“IWML

\‘~~j-/M'l

- -

Majorana mass term mvy ~ mp2/Mg

Y U

J. Detwiler 24 H. Murayama, Physics World (May 2002).

mp ~ weak scale Mg = GUT scale: my ~ meV



The Seesaw Mechanism

fermion masses
dre srteé b e

U e Ce le
Vl I—’i.vz .Vg cCe Uue Te
ueV meV eV keV MeV GeV TeV

mp ~ weak scale Mg = GUT scale: my ~ meV

J. Detwiler 25 H. Murayama, Physics World (May 2002).



Leptogenesis

® Heavy N produced in Big Bang, decays into leptons (£+) and Higgs (H):

J. Detwiler 26 following Kayser



Leptogenesis

® Heavy N produced in Big Bang, decays into leptons (£+) and Higgs (H):
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e Neutral singlet: decouples early (thermal non-equilibrium)
® (P violation would give these different branching ratios

® Sphaleron processes could convert L to B: baryogenesis!

J. Detwiler 27 following Kayser



Leptogenesis

® Heavy N produced in Big Bang, decays into leptons (£+) and Higgs (H):
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e Neutral singlet: decouples early (thermal non-equilibrium)

® (P violation would give these different branching ratios

® Sphaleron processes could convert L to B: baryogenesis!

J. Detwiler 28 following Kayser



Triple-Role of Nk

® Completes SO(10) GUT, unifying quarks ¢“o o e
and leptons ( Do o) g QR)
P+
® CPV decay in the early universe provides N /
leptogenesis s
Iy

® (Generates a naturally small Majorana mass

term for SM neutrinos (see-saw mechanism) M/a

J. Detwiler 29 following Hamaguchi



Triple-Role of Nk

® Completes SO(10) GUT, unifying quarks €0 o
and leptons ( g =D g Y QR)
P+
® CPV decay in the early universe provides N /
leptogenesis "
My

® (Generates a naturally small Majorana mass

term for SM neutrinos (see-saw mechanism) M/a

Prediction: Majorana SM neutrinos can mediate a “Little Bang” in the laboratory!

J. Detwiler 30 following Hamaguchi



Neutrinoless Double Beta Decay
2v[3[3

e e
T/e \_/e ! SI'
V w -55 A=76
AN A /- |
Rb

=Nuclear ProcesskE=>

(A, Z) (A, Z+2)

OvBP

|
QN
-

Mass excess (MeV)
o
G

' 28 29 30 31 32 33 34 35 36 37 38 39
Z
(A, Z) (A, Z+2)

J. Detwiler 31



Neutrinoless Double Beta Decay
2v[3[3
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Alternative Exchange Mechanisms

Nr exchange, Left-Right Symmetric Models, Higgs Triplets, RPV SUSY...
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Systematic Classification of OV Mediators

Energy

Weinberg A

operator ~
.
>
vl Electr_oweak symmetry
~ 100 GeV - breaking
= .
L dim — 7
// 7 ' d — uer) ® 0
Standard => ( ) Match to ChiPT
. A (LECs in Table 1)
Ilght ~ 1GeV ' - oN , ,
° I_ C
o Construct Ov 303
exchan ge ol Y T operators (Eq. 24)
Gr
n gj\\ p —  NWEs(Table?)
e- AAAP,PP,M M AAAP,PP AP,PP
MGT,T MF,sd, MGT,sd ; MT,sd
v R
e Phase space integrals
M (Table 4)
n () p
N Ov 0+ + Master formula
Gr T1/2 (0" —07) (Eq. 38)

J. Detwiler 34 Cirigliano et al., JHEP 12, 097 (2018)



OvBp Decay, Generically

® Creates two new particles of matter but no antimatter -

€ €
® Violates not just L but B-L: the last accidentally conserved quantity ‘ |
in the SM

—>—| B-L Violating Process —>—

e This is important whether or not leptogenesis, SO(10), the seesaw (A, Z) (A, Z + 2)
mechanism, etc. are realized in nature

J. Detwiler 35



OvBp Decay, Generically

® Creates two new particles of matter but no antimatter

® Violates not just L but B-L: the last accidentally conserved quantity
in the SM

® This is important whether or not leptogenesis, SO(10), the seesaw
mechanism, etc. are realized in nature

® The existence of OVBP decay implies that neutrinos
are (likely) Majorana particles

® Schecter-Valle: all OvBB exchange mechanisms induce Majorana
masses (PRD 25, 2951 (1982))...

® ... butthey are many orders of magnitude smaller than AmZ; -

(Duerr, Lindner, Merle, JHEP 2011, 91 (2011)) ... Ve

® ... butif BSM physics mediates OVB decay, it is rather “unnatural”
for the neutrino to be left “mostly Dirac”

J. Detwiler 36

€ ‘ | €
—>—| B-L Violating Process —>—

(A, Z) (A, Z + 2)




The “Modern Orthodoxy”

. // 14 . .
e |t is “natural” for light left-handed neutrino exchange to .
. ]
c
dominate the OvB[ decay rate. 5
A
|_
L
W
=
V) Electroweak symmetry
~ 100 GeV - breaking
|_
L
W
; Match to ChiPT
(LECs in Table 1)
~ 1GeV ' : “' ‘l’ *
|_
i
O Construct Ov 33
100 MoV - * operators (Eq. 24)
26
< w (Long- and pion-range) (short-range)
O NMEs (Table 2)
n
> 5 2 AAAP,PP,MM AA,AP,PP 5 AP,PP
= '8 _8 Mp, MGT,T Mp,sd; MGT,sd ) MT,sd
)
E o % Phase space integrals
~ 1 MeV ’ \1’ ' (Table 4)
\/ T10/V2(0—|— N O—i—) :\nEzs.tgg)formula

J. Detwiler 37



The “Modern Orthodoxy”

OVl

e |t is “natural” for light left-handed neutrino exchange to
dominate the OvB[ decay rate.

® Light left-handed neutrino exchange is a “minimalistic”
extension of the Standard Model: it requires no specific
new field or symmetry, only a Majorana mass term for

the SM neutrino.

J. Detwiler 38

=Nuclear ProcessE=>

(A, Z) (A, Z+2)




The “Modern Orthodoxy”

e |t is “natural” for light left-handed neutrino exchange to
dominate the OvB[ decay rate.

M leV]

Ovpf decay limit (90% CL), smallest NME

® Light left-handed neutrino exchange is a “minimalistic”
extension of the Standard Model: it requires no specific 107" OVBP decay Timit (90% CL), largest NME "
new field or symmetry, only a Majorana mass term for
the SM neutrino.

$00, arXiv:2203.02139

I EEE L

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

® Light left-handed neutrino exchange sets clear 10~
experimental goal posts:

o 10:T,, < 10%® years (1018 times the age of the universe)
1/2 Y &

e NO: T, < 10° years, modulo cancellations / flavor symmetries, etc. 107

—4' | IIIIIIII | IIIIIIII | IIIIIIII | 1 1L 11111
10707 107 107 107! |

My, [EV.

J. Detwiler 39 Agostini, Benato, Detwiler, Menendez, and Vissani, arXiv:2202.01787



The “Modern Orthodoxy”

e |t is “natural” for light left-handed neutrino exchange to sl
dominate the OvB[ decay rate. 0,
® Light left-handed neutrino exchange is a “minimalistic” 3 Ovpp decay limit G0% CL.), smallest NME
extension of the Standard Model: it requires no specific 107"
new field or symmetry, only a Majorana mass term for —
the SM neutrino.
e Light left-handed neutrino exchange sets clear 107
experimental goal posts: o
e 10: T, S 108 years (1018 times the age of the universe) E
e NO: T, < 10° years, modulo cancellations / flavor symmetries, etc. 107 3
10—4' | | IIIIIII I\ 1 IIILIIII | | IIIIIII | Ll 0L 111l
107 107~ 107 10™
My, [EV.

J. Detwiler 40 Agostini, Benato, Detwiler, Menendez, and Vissani, arXiv:2202.01787



The “Modern Orthodoxy”

e |t is “natural” for light left-handed neutrino exchange to sl
dominate the OvB[ decay rate. A2
® Light left-handed neutrino exchange is a “minimalistic” 3 Ovpp decay limit G0% CL.), smallest NME
extension of the Standard Model: it requires no specific 107"
new field or symmetry, only a Majorana mass term for —
the SM neutrino.
e Light left-handed neutrino exchange sets clear 107
experimental goal posts: u
e 10: T, S 108 years (1018 times the age of the universe) E
e NO: T, < 10° years, modulo cancellations / flavor symmetries, etc. 107 3
e A discovery will be most readily first interpreted in i
terms of light left-handed neutrino exchange, until I \ |
evidence iS available tO Suggest another meChanism 10—f()l_4 | L_1_1 II]‘IIOI_3 | L_1 1 II£8_2 | L_1_1 Ilig_l | Ll 0L 111l
may play a non-negligible role. My €V

J. Detwiler 41 Agostini, Benato, Detwiler, Menendez, and Vissani, arXiv:2202.01787



Outline

® Introduction: a Creator’s cookbook

® Searching for OV decay in CUPID, LE



J. Detwiler

® Must measure summed electron kinetic
energy to distinguish from Standard-Model 2v
process: search for a peak at Qgg

® The pea
~1 orde

<in the p

- of magn

ot exceeds current limits by

itude
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J. Detwiler

® Must measure summed electron kinetic
energy to distinguish from Standard-Model 2v
process: search for a peak at Qgpg

® The peak in the plot exceeds current limits by
~1 order of magnitude

e Tutorial for observing a 1028 yr half-life:
® Get ~1 ton of BB isotope &

® [nstrument it so that it can detect Ov[3[3
decay with good efficiency &

e FEliminate all random events that can
mimic OVBB &

® Wait 10 years &

Arbitrary Units

44
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J. Detwiler

® Must measure summed electron kinetic
energy to distinguish from Standard-Model 2v
process: search for a peak at Qgpg

® The peak in the plot exceeds current limits by
~1 order of magnitude

e Tutorial for observing a 1028 yr half-life:
® Get ~1 ton of BB isotope &

® [nstrument it so that it can detect Ov[3[3
decay with good efficiency &

e Fliminate all random events that can
mimic OvBp &

® Wait 10 years &

45
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The Background Problem

10000 511 keV

-3

2 1000 - w 1460 keV

T 400 - 2614 keV Typical surface detector (HPGe):

S Y «— Pb(n,n%) \‘” natural radioactivity dominates

Q

E 10 - Ge(n,n’y) W4 Low-bg surface detector:

© - muon and primary n cosmic rays

=

2 0.1 Low-bg detector, 125 mwe: muons

o "

O

N 0.01 Low-bg detector, 500 mwe:

[ | A muons + natural radioacitivity

s 0.001 4

O nat b

= Ge% ~~ WW W Ultra-low-bg detector, 3400 mwe:
0.0001 | f

natural radioacitivity

0 250 500 750 1000 1250 1500 1750 2000 2250 2500

Energy/keV

Need an underground detector made of pure materials, and typically need enrichment.

J. Detwiler 46 Hult, Metrologia 44, S87 (2007)



Experimental Techniques

® Bolometers (CUORE/CUPID, AMoRE, CANDLES V)

® Measure £ (0 ~ 0.1-0.3%) from phonons; granularity gives position info

¢ [nstrumenting with photon detectors for background rejection

e External trackers (NEMQO3, SuperNEMO)

® Trackers + calorimeters, measure £ (0 ~ 3-10%) + tracks / positions + PID

e Scintillators (KamLAND-Zen, SNO+, CANDLES-III, Theia, ZICOS)

® Measure £ (0 ~ 3-10%) + position from scintillation light; some PID

R ;-If-'\r‘-.':.?a?"l‘i:.‘. . <5
NEXT-100

® Semiconductors (COBRA, MAJORANA, GERDA, LEGEND)

® Measure £ (0 ~ 0.05-0.3%) from ionization; some tracking / position sensitivity
MAJORANA

® TPCs (EXO, NEXT, PandaX, AXEL, NvDEx, DARWIN, LZ)

® (Collect scintillation + ionization: measure £ (0 ~0.4-3%) + tracks / position + PID

J. Detwiler 47



Experimental Sensitivity

Requirements:

—h

)
&)
S

e Effectively a Poisson counting experiment near

pg

76Ge

—h

o
)
©

® Relevant parameters: sensitive exposure and
sensitive background

E=emi/t B = Ny /E

—h

(@)
)
©

T,,, 3o discovery sensitivity [yr]

150 107 = -7 - O
- o g
i T > *
® Discovery sensitivity: the value of Ty for which | [T T o st ROl
an experiment has a 50% chance to observe a - A 107 otsfty, ROIyr
. . .- - ST e 107 cts/t,, ROl yr
signal above background with 30 significance: s T 10° otsft,, ROl yr
%";,/" ---- 10 cts/t_ ROl yr
T30' _1 2 NAE 2 == 1020ts/tiso ROl yr
12 = e Sa (BE ‘
ma 30’( ) 1024 | |||||||| | |||||||| | |||||II| | |||||II| | |||||II| [ LI

107 1072 10~ 1 10 10° 10°
sensitive exposure [tiSO yri

high exposure —

J. Detwiler 48 Agostini, Benato, Detwiler, PRD 96, 053001 (2017)



Isotope mass (m.,)

[mol]
10 10*> 10° 10°

GERDA-II LU
200 76Ce  semiconductors

LEGEND-200
LEGEND-1000 -
EXO-200
nEXO T
NEXT-100
NEXT-HD
PandaX-ll liquid / gas TPCs
LZ-nat
LZ-enr .
DARWIN '
KLZ-400

KLZ-800 o
KL2Z liquid scintillators
_

SNO+

_
SNO+II 130Te

CUORE
CUPID-0
CUPID-Mo bolometers
CROSS
CUPID 100Mo
Amore-l|

NEMO-3
SuperNEMO-D

SuperNEMO

B current/ recent
mm n construction / proposed

trackers
82 Se

J. Detwiler 49 Agostini, Benato, Detwiler, Menendez, and Vissani, arXiv:2202.01787



Isotope mass (m,,,)  Total efficiency
[mol] act * “cont  “mwa 8F{OI

10 10° 10° 10° 0 02 04 06

GERDA_” I ||||||||'; T T TTIT : :
MJD semiconductors

LEGEND-200
LEGEND-1000 - -
EXO-200
nEXO T
NEXT-100
NEXT-HD

PandaX-I liquid / gas TPCs

LZ-nat : . 1 :
LZ-ent . (fiducialization)

DARWIN |
KLZ-400

KLZ-800 .
KL2Z liquid scintillators

SNO+ e (fiducialization)
SNO+II
CUORE

CUPID-0
CUPID-Mo bolometers
CROSS
CUPID

Amore-I||

NEMO-3
SuperNEMO-D trackers

SuperNEMO (reconstruction)

B current/ recent
mm n construction / proposed

J. Detwiler 50 Agostini, Benato, Detwiler, Menendez, and Vissani, arXiv:2202.01787



Isotope mass (m,,) Total efficiency Energy resolution (o)

[moI] 8ac’t . 8cont ' 8mwa . SROI [keV]

10 10*> 10° 10° 0O 02 04 06 1 10 107
B current / recent

MJD | ] . i .
semiconductors in construction / proposed
LEGEND-200 O E— Prop

EXO-200
nEXO n
NEXT-100
NEXT-HD

PandaXx-Ill liquid / gas TPCs
LZ-nat

LZ-enr — (ionization + photons)
DARWIN '
KLZ-400

KLZ-800 .
KL2Z liquid scintillators
_

SNO+

o O ( h
otons)
_
SNO+I - - P

CUORE Il
CUPID-0 =

CUPID-Mo m bolometers
CROSS -

CUPID - (phonons)

Amore-ll ]
NEMO-3 N
SuperNEMO-D - tracke I‘S.
SuperNEMO o | (ionization + photons)
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GERDA-II
MJD
LEGEND-200
LEGEND-1000
EXO-200
nEXO
NEXT-100
NEXT-HD
PandaX-ll|
LZ-nat
LZ-enr
DARWIN
KLZ-400
KLZ-800
KL2Z
SNO+
SNO+II
CUORE
CUPID-0
CUPID-Mo
CROSS
CUPID
Amore-l|

NEMO-3
SuperNEMO-D

SuperNEMO

J. Detwiler

Isotope mass (m,,) Total efficiency Energy resolution (o)  Sensitive exposure
[mol] Cact " Coont  Tmwa  TRol [keV] [(mol yr)/yr]
10 10° 10° 10° 0O 02 04 06 1 10 10 1 10 10° 10° 10°
HRRRLLERBLLL : ; IIIE.I IIIIIIIi I IIIIIIIi i
g E 3 T semiconductors
liquid / gas TPCs
_ (monolithic)
liquid scintillators
EE— — o | p— (monolithic)
N
m
= bolometers
m
- (granular)
O
. - trackers
O (fOilS)
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GERDA-II
MJD
LEGEND-200
LEGEND-1000
EXO-200
nEXO
NEXT-100
NEXT-HD
PandaX-ll|
LZ-nat
LZ-enr
DARWIN
KLZ-400
KLZ-800
KL2Z
SNO+
SNO+II
CUORE
CUPID-0
CUPID-Mo
CROSS
CUPID
Amore-l|

NEMO-3
SuperNEMO-D

SuperNEMO

J. Detwiler

Isotope mass (m,,) Total efficiency Energy resolution (o) Sensitive exposure  Sensitive background
[mol] Cact " Ccont  Emwa  CRol [keV] [(mol yr)/yr] [events/(mol yr)]
10 10*> 10° 10° 0O 02 04 06 1 10 10° 1 10 10> 10° 10* 10°10*10°102 10"
LR ' ' '”il' TTTI T T TT0m, : : : :
O u
O O
| N D
u
! C
C
_ _
- O H
_ _
[] []
[] []
[] []
L] ]
] O
] O
[]
O u
O H
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Sensitive background [events/(mol yr)]

107"

1072

107°

107*

107°

107°

Discovery Sensitivities

\

A )
\ \

*\)(\025_\!(,—"'—————‘ 3)(\0??_&‘__-—“/—— a\x\oz?_\!(_—"'—”———
o s CUORE L

EXO-200 AT Y.

LZ-nat

KLZ-400"
NEXT-100 SN.O+ SN3+II

~~PandaX-lll

® ad’ Y
MJD SuperNEMO

O LZ-enr

. KLZ-800

2T \¢
\Q" Y

. DARWIN e

Amore-l| :

O CUPID®  KL2Z
_LEGEND-200 @

GERDA-I
@

nEXO
\x\oz_g, A

-
-
-
-
-
-
-
-
-
- -
=
-
-
-
-
-
-,
.

LEGEND-1000
e O

. .
1 1 . .
.
1 ’ .
[ I | - | . I |
L

10° 10% 10°
Sensitive exposure [mol yr]
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Nuclear Matrix Elements

. . o
e Historically: 1"(1)’//2 = G% | M"| mﬁzﬁ
® |[arge disagreements (factor of ~3)
® [imited computation ability i ; - E‘ :
e Unknown “quenching” . _QIZ‘;’; STl T ' ¢ -
o : L. : . ’ -
® |imited uncertainty characterization 5 -_'Mszi T L A ¢ A -
o .A o]i A ® 14 i
L T T
3:_ i E - é o +{ g
2 :_ 4 ' T i : ]
i N T
1 == —
:L'.
i X :[
O | | | | | |

| |
48Ca 76Ge 8289 1OOMO 1160d 130Te 136Xe 150Nd
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Nuclear Matrix Elements

: : 2_ 2
® Historically: Ov — G| pV
® [arge disagreements (factor of ~3)
e Limited computation ability - EDF 44 :
7 1BM T -
¢ Unknown “quenching” P QRPA T +e x4 ¢ o :
6 - nNsm [T [ % o -
.o : : : i ¢ il
® [imited uncertainty characterization - __'Mszi - 3l L N ’ A -
_ A ol® A ® 4
35 B T x ]
e In the past decade: = 4 N )

3:— T T é T a

. . . . . . » E o
® Much higher fidelity calculations, uncertainty exploration N a ) . +‘ _

] N T A
1 == —
:L'.
« T1
O | | | | | |
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Nuclear Matrix Elements

3 2S¢, — *Ca,
¢ This work
. . . Shell model *Ti, - *sc,
® Historically:
. = 24 q=1 *Ti,p - ©Scyp
® [arge disagreements (factor of ~3) N D N
3 q="9. Crp = LAgp
e Limited computation ability : o> T
— 1 P Vg = Tigy,
e Unknown “quenching” $ A 80,5~ i
_ ‘ ;,7’ *Ti ) = ©Scyp
® [imited uncertainty characterization L | | g6, T,
0 1 2 3
|Mg+| theory (unquenched)
® In the past decade: . . -
30— —— SM_ _. _
® Much higher fidelity calculations, uncertainty exploration : :
2,51 -
® Quenching “solved” for B decay in light nuclei N : —o— :
T 20F = E
® First OVRBB estimates: O(30%) reduction : :
15F -
| ! | ! | ! | ! |
6 8 10 12 14
emax
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Nuclear Matrix Elements

® Historically:

Large disagreements (factor of ~3)
Limited computation ability
Unknown “quenching”

Limited uncertainty characterization

® In the past decade:

J. Detwiler

® Much higher fidelity calculations, uncertainty exploration

® Quenching “solved” for B decay in light nuclei

® First OVRBB estimates: O(30%) reduction
ldentified a new contribution (“contact term”)

® First estimates: O(30%) Increase

58

n p
Sv
\ / e-
/ \\ e-
n p
2
T
—1 _G 4 MOV i MOV 2 BB
1/2 — 01 ga long short 9
me
pnQRPA NSM
Nucleus MOv MY MY /M (%) MP¥ MY MY /M (%)
48Ca 0.96 —1.05 0.22 —0.65 23 — 62
6Ge 472 —5.22 1.49 — 3.80 32— 173 3.34 —3.54 0.52 —1.49 15 — 42
82G¢ 420 —4.61 1.27—3.24 30 — 70 3.20 — 3.38 0.48 — 1.38 15 — 41
967y 422 —4.63 1.24—3.19 29 — 69
100N\fo  3.40—3.95 1.66—4.26 49 — 108
116q 424 —4.57 1.10 —2.80 26 — 61
124Gy 472 —-5.29 1.69 — 4.28 36 — 81 3.20 —3.41 0.54 — 1.58 17 — 46
128 g 3.92 —4.50 1.37 — 3.45 35— 77 3.56 —3.80 0.61 — 1.76 17 — 46
130Te 3.46 —3.89 1.18 —3.05 34 — 77 3.26 —3.48 0.57 — 1.64 17 — 47
136X e 2.53—2.80 0.76 —1.95 30 — 70 2.62—2.79 0.45—1.31 17 — 47

Cirigliano et al., PRL 120, 202001 (2018); Jokiniemi et al., PLB 823, 136720 (2021)



Discovery Sensitivities

103 -

- 76Ge
825e
1OOMO
130Te
136Xe

102 -

1 f < Y
O <
“ BN
1T 10 minimum: 18.4 + 1.3 meV -

10! 1 I completed
Z taking data
' future -

mpgg 99.73% discovery sensitivity [meV]

103 10% 105 10°
sensitive exposure [mol yr]
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Discovery Sensitivities

900

7GGe
> 8001 %se
= 100Mo '
2 7004 1307e _
> ]
= 136x o
N P
c 600 - U "7
& S I
> |] O AN ’/3)
o 500 - O ¢ ®
3 1, 0 <(\O<<\
a ol L
5 400 - N O ~
< (‘&é’e’/)ﬁ@ T 9,
o X (0]
~ 300 - S0 E
g o s BT
g I o L%, 7 A 0
~ 200 - /]'?6,‘? <<:/, )\@% QL O,?O O
= U O %y
c 700‘// 000 O V)OO Bl completed
< 100 - taking data

1 future
0] ] L ' UL L L LB
103 104 10° 10°
sensitive exposure [mol yr]
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60

= -
o =
1

O
1

A (dim 9) 99.73% discovery sensitivity [TeV]
~

76Ge
82Se 1
1OOMO i
130Te 1
136 |:| -2 %Q'
Xe 2% 6@,» 9,
O O To
5 2P )
o [llo 03
< (G" 4O
2 17
I &/VO 2
< Q 07
0,
A < X, 0
& S, U, g
G I Q/')\Q*/V U O’?O 7
ot %, K
4?0 \VOZ// ‘9000 O % Hll completed
774 taking data
[ future
103 104 10° 10°

sensitive exposure [mol yr]
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Outline

® Introduction: a Creator’s cookbook

® The global hunt for a “Little Bang”



A Few Slides on Each Experiment

® Based on content collected by D. Hertzog for the FSNN Town Hall Meeting,
Dec. 2022

® [ocus:

® Achievements and challenges of the previous generation

® Basic design concept and strategy for optimizing sensitivity

e \What a discovery would look like

e Will not cover cost, schedule, risks (including obtaining isotope), etc.
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UPID Predecessor: CUORE

® Large array of TeO> bolometric crystals

® High energy resolution
e Takes advantage of large natural abundance of 130Te

e High Qg =2527 keV

® | atest results

® 206 kg 130Te deployed,
290 kg yr (>1 ton-yr TeO») collected.

® BG dominated by degraded U/Th chain alphas
impingement on the crystal surfaces

® [1p>2.2x10% yr, mpgg < 90-305 meV

® Running through 2024 at LNGS

® Projected sensitivity reaches the top of the 10 “bulk”

J. Detwiler 63

Counts keV-" kg™ yr!

-
o
N

—
<

-
o
o

—h
<

—h
<
N

Heat Sink
Weak Thermal

B il L L il

Copper Holder

- : -
Coupling
( i oo
) T — NTD Ge Sensor
e (Th ml1 )mLt r)
- < srmometer
Crystal > \ . s
(TeO,) .
Incident
Radiation
>
B Base cuts 100 60Co sum
I Base cuts + AC "
Base cuts + AC + PSD o 80F
Best fit g : Q
- —— 90% Cl limit on T, a 80F "
= Background-only fit S a0k N
= o - . . .
— © 2,500 2,520 2,540 2,560
— 600040.K Energy (keV) Po
g'“v.w& |
— \ ‘
| |
I N | 214p; 20I8T| | 232Th 230Th4+
= LW | Qgs H 1226Ra 210Ra
= w 238U 224Ra
I_l 1 1 l 1 1 1 W
1,000 2,000 3,000 4,000 5,000 6,000
Energy (keV)

Nature 604, 53 (2022)



CUPID: CUORE Upgrade with Particle 1D

heat + light
. .. . intillating bol t
® Replace CUORE TeO; array with scintillating -~ scintilating bolometer) ~
500 kg of LizMoQOy4 crystals (240 kg of 100Mo Light Detector ¥ Thermal
g 2 4 y ( g ) 'Scnsor
e 100Mo Q-value: 3034 keV, well above natural U/Th lines g% % ——> Light
- L Thermal
® [nstrument with light sensors to eliminate surface (a) ‘gé B scnor
back d observed in CUORE =
ackground observed in \[— % ‘ ...
Absorber Release /
zy Li,MoO, Py
Wi T
e
QBB Eheat
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CUPID: CUORE Upgrade with Particle 1D

® Replace CUORE TeO; array with scintillating
500 kg of LioMoQs4 crystals (240 kg of 100Mo)

® 100Mo Q-value: 3034 keV, well above natural U/Th lines

\ W support plate Y-beam

Vibration 1solation

Cryostat

]
S T ¢ l nor 3
N = e Wl ncrete beams H;BO; panels

e n
i LR illed columns Lead

® [nstrument with light sensors to eliminate surface (a)
background observed in CUORE

Polyethylene

Screw jacks Borated polyethylene

o
able platform £y

.'!.
wd & A 'ﬂ e
smic 1solation —————» &»"3‘

® Reuses CUORE infrastructure

® 1 ton payload in a single dilution refrigerator at LNGS
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CUPID: CUORE Upgrade with Particle 1D

® Replace CUORE TeO> array with scintillating
500 kg of Li,MoQOy4 crystals (240 kg of 100Mo)

® 100Mo Q-value: 3034 keV, well above natural U/Th lines

® [nstrument with light sensors to eliminate surface (a)
background observed in CUORE

® Reuses CUORE infrastructure

® 1 ton payload in a single dilution refrigerator at LNGS

e CUPID-Mo at LSM has demonstrated the

needed background suppression, and has
already set leading limits with 100Mo

66

o
n

% [~ LMO 1, Physics data
) +  Woe/y LY cut
= + Withe/y LY cut
< L
.-
]
<=
zhn
3 1.5
l —
0.5
NIE 1
0 1000 2000 3000 4000 5000 6000
Heat signal (keV)
10 .
—— Physics data
(6) —— U/Th data - scaled to match T1-208

(4) 3)3) (2

10g

H 20871 - 2615 keV
T (2) *“K-1461keV
| (3) *Co-1332,1173 keV

1E= (4) 2“Bi- 1764, 1120, 609 keV
H (5) *"*Pb-239keV

T (6) *Mo - 142 keV

—1|||||||||||||||||||||||||_ ||||||||||
10 0 500 1000 1500 2000 2500 3000 3500 4000

Energy (keV)

EPJC 80, 44 (2020); PRL 126, 181802 (2021)



CUPID: What would a discovery look like?

e Simulated 10-year exposure with

% 107 ~ ——— Background model
® High Qgp of 1Mo plays an Z .
important role 10 -
® |arge phase space factor: lower T, (less i / Qep
exposure) required to reach the 1Omin 107
® Region-of-interest is well-separated from -
. . !
strong natural radioactive backgrounds 107 - \‘Www
e Dominant expected background is from T T
pileup Of 100Mo 2VBB' O(~HZ) 2800 2900 3000 3100 3200 Energ?ls[gg\[
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NEXO Predecessor: EXO-200

SRRV PO
e [ Xe TPC with scintillation + o T Bl e R
ionization readout " == .
® Monolithic and compact ésoo
® Enhanced resolution 1000

50200 1000 1500 2000 2500 3000 3500

lonization energy [keV]

® Event topology reconstruction

105 + Data — Best Fit

. £ 10*

o]

® Final results 510
3 10

® 160 kg 13¢Xe deployed, |

00 04 0800 04
Ov discriminator

234 kg yr collected 8 - —e
. 10°
e Background dominated by < 10°
. .« . > 10° veetes R AR A e TR
natural radioactivity R cnetif e
O T e

® [1np>3.5x10% yr,

Res

m B B < 9 3 —2 8 6 m eV i , . * , ._"‘.':--.-_—.-_—.=-'.5;é:ﬁ_"r.'i-'."'_"f:i:-:-#"—:j-'e‘_-!-:.r.z-n'-lé'-‘*‘:ff-,,
1000 1500 2000 2500 1600 2000 2400 2800

Energy [keV] Energy [keV]

J. Detwiler 68 arXiv:1805.11142 [physics.ins-det]; PRL 123, 161802 (2019)



NnEXO Strategy and Design

® Top EXO-200 background e
fiducializes away as size increases -

2.5 MeV v attenuation length 8.7cm = —

J. Detwiler 69
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NnEXO Strategy and Design

® Top EXO-200 background
fiducializes away as size increases

e Fully exploit position and topology
in addition to energy to pin
backgrounds and optimize sensitivity

Energy: Standoff: Topology:
Bkg. like {*| Q Bkg. like
<« }
Distance from %
est detect —’% B %
surface kg S ——
N o . ~3mm
1D projections of simulated nEXO signal and backgrounds:
0.40 0.10 200
Signal
0.35 - 008 1751 Background
0.30 - ' 150 4 = Total
—
3 0.25 - = F 125 -
- = 0.06 =
A i %) I ]
§ 0.20 45 ag 100
5 i 0.04 A -
3 0.15 3 3 75
0.10 + 50 -
0.02
0.05 - |_\_\_= 25 - —
0.00 I I I 0.00 I I I 0 I I I
2350 2400 2450 2500 2550 100 200 300 400 500 0.80 0.85 0.90 0.95 1.00
Energy [keV] Standoff [mm] BB like topology
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NnEXO Strategy and Design

® Top EXO-200 background
fiducializes away as size increases o

HFE 7000 }

e Fully exploit position and topology
in addition to energy to pin

backgrounds and optimize sensitivity coostaloV |

Vacuum | o
® Design: single drift volume, silica SO
tile ionization readout, VUV-
sensitive SiPMs on the walls. TPC is pmperprr
suspended in large water veto in the o

SNOLAB cryopit

ttttttt

/1




nEXO: What would a discovery look like?

P Simulated 10 year exposure Outer 1000 kg  Inner 1000 kg 20pp e 00BB
. 10°- s Other Bkgs. —— Sum
Wlth T1/2 — 7.4 X 1027 yr E Signal at 0.74 x 1028 y
ﬂ 104%- 10y livetime
c =
: :>_,) 2102
® Inner-SS sample drives 0 2
&)

f—
-
o

sensitivity, other samples
pin the backgrounds

[
o
(=)

nEXO signal/background counts (10 yr)

=

0 B
2% 104 = 5
E 210 Signal
g) ~ Background
W 2107 . 4 — Total ? ?
v 5 >
S 3 . ..
©100- 42
=
S)
O 94 ®
1.5 20 25 30 15 20 25 3.0 I
Energy [MeV] Energy [MeV] 1 ¢
0

0.94 0.95 0.96 0.97 0.98 0.99 1.00
Combination of Energy + Topology + Standoff (arb. units)
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| EGEND Predecessors: MAJORANA and GERDA

® Point-contact HPGe detector arrays

|
=
o
©

e Excellent energy resolution +
event topology reconstruction

N
o

—
o

o

0.05

Radius (mm)

low-noise readout

—
o

0.04

N
o

0.03

® GERDA focus: LAr active veto

0.02

® MAJORANA focus: material purity (EFCu), ——— |
| 1 | | 1 1 | 1 .

0 10 20 30 40 5
Z (mm)

® Final Results, GERDA (MAJORANA):

10% . . g
|| Prior to analysis cuts 3
® 40 (24) kg 76Ge deployed/ 2103 B After analysis cuts %
90 (65) kg yr collected 2 0 2P decay (Tijp = 193 < 10730
: £ 10!
e Background dominated by 42Ar, U/Th 5
: | I_IJ L I_LIJI | I | |
® T1 /9 > 18 (8.5) X 1025 yr, 1000 1500 2000 2500 3000 3500 4000 4500 5000

meg < 79-180 (113-269) meV

J. Detwiler /3 PRL 125, 252502 (2020); PRL 130, 062501 (2023)



LEGEND Strategy and Design

® Combine the best techniques of
MAJORANA and GERDA
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LEGEND Strategy and Design

® Combine the best techn iq ues of MJD (PPC) GERE)A (BEGe) LEGEND (ICPC)
P-type Point Contact Broad Energy Ge Inverted-Coaxial p-type Point Contact
MAJORANA and GERDA ) ’

® [arger crystals (“ICPCs”) and use of =
underground-LAr B

40 -
mm |

40 - 40

1]

J
£

\

|

20
X [mn
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LEGEND Strategy and Design

® Combine the best techniques of
MAJORANA and GERDA

® [arger crystals (“ICPCs”) and use of
underground-LAr

® Scale up while remaining
quasi-background-free

e |[FEGEND 200 (now running at LNGS):
® 200 kg of GERDA + MJ crystals + new ICPCs
® EFCu + M] electronics + GERDA cryostat

e [EGEND 1000:
e 1 ton of large ICPCs deployed in volumes of LAr
e Site TBD (SNOLAB or LNGS)

J. Detwiler

/6

LEGEND-1000 at SNOLAB

Wi &
D | ok System

-
LA

| Work deck &
' ’.' d glove boxes

403

\ ks - Re-entrant tubes
S (UGLAN)

||

G 7m cryostat

1,2 30 discovery sensitivity [yr]

Isolation valves =

pu——

12m water tank

15m cavity

—_
(@)
w
o
T

—

%
[{e]

l

—
ol\)
[e0]
l

o
N
l

1

----- 10 cts/t_ ROl yr
--------- 107 cts/t_ ROl yr
s LT 10° cts/t_ ROl yr
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LEGEND: What would a discovery look like?

. - 6
e Simulated 10 year exposure £
with T1p = 7.4 x 1027 yr P
® Sharp peak over diffuse, flat -, ;  OVBB (T = 107 y1)
A 2V L
background ° 34 events
1
! 1940 1960 1980 2000 2020 2040 2060 2080

Energy (keV)
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Next-Generation Reach

— 30 | |
> .
. . . © [ v NSM (M™) (PDG 2021) (@) -
& - _
® Next generation experiments are poised £ | ogppy "Rl . )
to reach the 1O minimum: 2 . ¢ EDF —— mean = 20 ! -
(7))
- - = |BM —— mean = 30 -
e for most NME calculations 90; - : -
s | i )
® in multiple isotopes g 20 . | .
e \With very different experimental techniques S0 | -
@) — o _
> = : h
15 s -
® Some NME reach well beyond the 1O g L N i
e | g )
. . . . - ©, O _
® Experiments are being designed with ol ° l 5 5
) : o -
upgrade capability to push even further ! = i
into the NO i & S
S _
| |

7GGe 1OOMO 136Xe
T.,=13x10%yr T,,=1.1x10yr T,,=7.4x10% yr

J. Detwiler 78  Agostini, Benato, Detwiler, Menendez, and Vissani, Phys. Rev. C 104, L042501 (2021)



Bayesian Treatments

Uniform log(mmin) prior

__________________________________________________

il o S o sy gl g il S A

10_45— 1 O
= 20
0L i s o
= e 4o
- ) 5o

| I ||||||| |'|-||-||-||| | I ||||||| I I I I

1074 1073 1072 1071 1

™M min [eV]

® E.g. mi ~ NO masses like other leptons, then suppressed

® Natural cutoff for mmin > 10-13 eV from loop contributions

® Ton-scale experiments will probe ~all of IH, ~very little of NO

J. Detwiler

;‘ 1 E | T T T ||| | T T T Tl | T T T Tl | T T T Tl | T T T |:
2 E  NO,QRPA -
c i Uniform X prior /
107 =
- next generation goal N
107 —=
10° 5 " =
10—4 1 1 ||||||| 1 1 ||||||| 1 L1 111 || 1 1 ||||||| 1 L1 1 1111
107 107 107 107 107! 1
m, [eV]
® [F.g. m;supressed to some scale, then split about that scale
® Natural cutoff at Zmin leaves little phase space for vanishing m
® Ton-scale experiments will probe ~all of 1O, up to ~50% of NO
Benato, Eur. Phys. J. C 75, 563 (2015)
79 Agostini, Benato, and Detwiler, PRD 96, 053001 (2017)



Ton-Scale Discovery Scenarios

® 71 <« 1028 years: 100s of counts

e O(10%) statistical uncertainty: NME uncertainties

. Ovp decay limit (90% CL), smallest NME
dominate

e Follow up with experiments designed to probe the
decay mechanism

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

1072

I |iI||||||

1073 3
10—4' | | | IIIIII | | | Ilhlll | | | IIIIII | | 1 1111l
107 107 1072 107! A

My, [EV]

J. Detwiler 80 arXiv:2202.01787



Ton-Scale Discovery Scenarios

® 71 <« 1028 years: 100s of counts

e O(10%) statistical uncertainty: NME uncertainties
dominate
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Ovp decay limit (90% CL), smallest NME

e Follow up with experiments designed to probe the
decay mechanism
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Ton-Scale Discovery Scenarios

® 71 <« 1028 years: 100s of counts

M leV]

e O(10%) statistical uncertainty: NME uncertainties
dominate

Ovp decay limit (90% CL), smallest NME

e Follow up with experiments designed to probe the
decay mechanism

107 E
® /1, ~ 10%8 years: ~10 counts :
e Statistical uncertainty on same order as NME i
-3
e Follow up with ~ton-scale experiments to confirm 10E
the discovery :
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T12 » 1028 years: < a few counts 10715 = sy = :_
My, [EV]

e R&D required to push into NO bulk, reduce cost

J. Detwiler 82 arXiv:2202.01787



Summary

® Discovery of neutrinoless double beta decay would be the first observation of
matter creation (without antimatter) by humans, and is deeply important
regardless of theoretical motivations.

® The international experimental program in both experiment and theory is
robust and aggressive.

® The ton-scale experiments CUPID, nEXO, and LEGEND are poised for
discovery!
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