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What makes NEMO super? 1©—

SuperNEMO tracks the

Neutrinoless individual particles

double-beta-
decay searches... .
TR
2.0

9p) . .

= supernemo , (Almost)isotope agnostic

; | » Excellent background rejection
...studythetotal & ;.- « Nuclear structure effects
decay energy E » Decays to excited states

< 0.5 collaboration « Exotic decay searches

Key to understanding Ovf35
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The NEMO principle
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B source

Any solid 5 isotope

Radiochimica Acta, 108 (2020) 11

Cheryl Patrick SuperNEMO



The NEMO principle
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The NEMO principle 1©—
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B source High-granularity Segmented
tracker calorimeter

PMT-plus-scintillator
optical modules
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The NEMO principle 1©—

collaboration

B source High-granularity Segmented

. PMT-plus-scintillator
tracker calorimeter

optical modules

discrimination between
mechanisms and nuclear effects;
background rejection

Angle between tracks N Individual energies
+ particle / charge ID & times

Nucl.Inst.Meth. A 868 98-108 (2017)
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SuperNEMO and NEMO-3 at LSM, Modane, France

collaboration

~100 collaborators from 9 countries  https://supernemo.org
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Our predecessor: NEMO-3 (running 2003-2011) jos

collaboration

2vpp measurements and Ovpp limit New-physics searches
3m
« Ov4P limit for 150Nd R
AN N XS Phys. Rev. Lett. 119, 041801
NEMO-3 "camembert" (source top view) ///// ~
cs s L AVANVAN T ) o
. 100Mo (Eur. Phys. J. C (2019) 79: 440) : |
B - 82Se (Eur. Phys. J. C (2018) 78:821) @ ol
9 e sk . 48Ca (Phys. Rev. D 93 (2016),112008)  § Yy
. 150Nd (Phys. Rev. D 94 (2016), 072003) §} D B T E
) ) * 118Cd (Phys. Rev. D 95 (2017), 012007) R . Lorentz-invariance violation
- 130Te (Phys. Rev. Lett. 107 (2011), 062504) « Exotic decay modes cur. phys. 1. ¢ (2019) 79: 440
9Zr (Nucl.Phys.A847 (2010):168-179) R . Time invariance with 2vBp ?
14 15 Phys. Rev. C 104, L061601 (2021)
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NEMO-3 Mo, Esum > 1.4 MeV
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» 100Mo flagship measurement
« 5x 105 events; signal / bkgd ~ 80
» SSD preferred with 5¢ significance

(Eur. Phys. J. C (2019) 79: 440)
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150Nd decays to excited states at NEMO-3 E@

collaboration

arXiv:2203.03356 [nucl-ex] - to be submitted to Eur Phys J C

36.6g 150Nd, 5.25-year run time

150
61 P

O—I—

120N

07 740 keV
406 keV
| 27 334 keV
334 keV 0+
g

(pp=3371 keV " Previously: NEMO-3 measured decays to ground state

150
62 DI Phys. Rev. D 94 (2016), 072003
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150Nd decays to excited states at NEMO-3 E@

collaboration

arXiv:2203.03356 [nucl-ex] - to be submitted to Eur Phys J C

NEMO-3 eey ™°Nd, 36.6 g, 5.25y
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21 334 keV BDT inputs: e- &y energies and angles — BDT score
2V , +0.17
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Qpp=3371 keV — h
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150Nd decays to excited states at NEMO-3 ?@

collaboration

arXiv:2203.03356 [nucl-ex] - to be submitted to Eur Phys J C

NEMO-3 eey ™°Nd, 36.6 g, 5.25y

36.6g 150Nd, 5.25-year run time 2 [ | —+— Data 571 Events
— G>J 50 B | ! 208,212Ri, 228
Pm L - ! 2141
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N 10 [ pl
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0

B
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06 04 02 0 0.2 0.4 0.6 0.8

406 keV - BDT score

27 334 keV

05.s. World’s-best limit set (below
Lo0Sm theoretical prediction)

BDT inputs: e- &y energies and angles

T2/00 (0F) = [1.11j3;}3 (stat) t017 (Syst)] x 1020 yr

Plus new limits on Ovfp to excited states
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150Nd decays to excited states at NEMO-3 }@

collaboration

arXiv:2203.03356 [nucl-ex] - to be submitted to Eur Phys J C

NEMO-3 eey ™°Nd, 36.6 g, 5.25y

36.6g 150Nd, 5.25-year run time
—¢— Data 571 Events
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120N
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The NEMO technique can give unique insights -
but how can we scale to be ready for OvS discovery?

==== w oy
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4006 K
- BDT score
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SuperNEMO Demonstrator (now at LSM)
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Modular design to test scalability
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SuperNEMO Demonstrator (now at LSM) 1©—

collaboration

82Se source foil ~ 96-99%isotope

Various geometries & production
(6‘llkg’ Qﬁﬁ 3 MeV) methods being tested

Modular design to test scalability
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SuperNEMO Demonstrator (now at LSM) 1©—

collaboration

Tracker (total 82Se source foil

2034 Geiger cells) (6.11kg, Qps~3 MeV)  Tracker
He/ethanol/Ar gas mix | Modular design to test scalability
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SuperNEMO Demonstrator (now at LSM)

Calorimeter Tracker .(total 82Se source foil |

(total 712 2034 Geiger cells) (6.11kg, Ops~3 MeV)  Tracker Calorimeter
optical
modules)

o/E 1.8% erg i 234l 18 Niii-3
at:3 th“/ :;I —i" | IWHWMMWH-
| — 'mﬁmﬁmi

Calorimetry
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Modular design to test scalability
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SuperNEMO Demonstrator (now at LSM) 1©—

collaboration

Calorimeter Tracker .(total 82Se source foil |
(total 712 2034 Geiger cells) (6.11kg, Ops~3 MeV)  Tracker Calorimeter
optical / Modular design to test scalability
modules)
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SuperNEMO Demonstrator (now at LSM)

Tracker (total 82Se source foil
2034 Geiger cells) (6.11kg, Ops~3 MeV) Tracker Calorimeter

Calorimeter

(total 712
optical /
modules)
g
IW”WMﬁij
[l
e
Magnetic
field

Calorimetry
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Modular design to test scalability

Projected background events
<10 per keV.kg.yr

Sensitive to OV 712 >4 x 1024 years
{mpg) < 260-500 meV (in 2.5 years)

Sensitive to ga quenching, Lorentz violation,
exotic B mechanisms... via 2vpp

Cheryl Patrick SuperNEMO
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Ultra-low backgrounds with SuperNEMO 1©—

collaboration

Uranium

Uranium
Protactinium

Thorium

Radium

Astatine
Polonium
Bismuth

Lead

“s1 Tl

4.2 min

Thallium

Rocks! Mercury oHg
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Ultra-low backgrounds with SuperNEMO 1©—

collaboration
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Rocks! Mercury ‘scHg
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Ultra-low backgrounds with SuperNEMO 1©—

collaboration
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| |
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Ultra-low backgrounds with SuperNEMO 1©—

collaboration

SuperNEMO'’s particle ID &
timing enable unique
background rejection

Astatirs :
Poloni
Bismufa .
P X
‘0 L 4 “ 0.
Lead e ¢ ¢

.
. .
*%

4 L
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Thallium 81 11 81 T1 nd o edl) 21
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Mercury (Reminder: QBB =3.0 MeV)
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Protecting against backgrounds 1©—

collaboration

SuperNEMO gas system controls tracker
gas mixture:

* 95% helium - low density

49 ethanol - quencher

» 1% argon - low ionisation potential

Tracker at over-pressure

In progress - helium recycling system

Radon trap cleans the gas

Cheryl Patrick SuperNEMO
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Protecting against backgrounds 1©—

collaboration

Anti-radon tent

Tracker at over-pressure

« Plastic panels on metal frame
« Patch panel for cables ( >7000 channels!)
 To be filled with radon-reduced air

Cheryl Patrick SuperNEMO
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Protecting against backgrounds 1©—

collaboration

+ 18cm-thick iron plates currently being machined
« Support structure being installed now

Gamma shielding

Anti-radon tent

3.0 (no shield) > 0.016 (Fe
shield) y events/yrin Ovf3[3 ROI

\_

643 50cm-thick water-filled
polyethylene tanks
« 20cm PE plates (top,

bottom and end)
« All now at LSM

Tracker at over-pressure

Neutron shielding

Cheryl Patrick SuperNEMO
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supernem?o

Preliminary radon background measurement oS

----------------------

Y v .

Cheryl Patr _k

M:0.12.7 M:0.13.” M:0.14.7 M:0.15.” M:0.16.”

electron (long track)

T, ~ 160ps
v

M:0.12." M:0.13.” M:0.14.” M:0.15." M:0.16."

M:1.12.7 M:1.13.7 M:1.14.7 M:1.15.7 M:1.16.”

alpha (short track)

collaboration

Delay between e- and a (us)

47 hours of | Measured Ty = (136 + 30) s
data (575 :: - (consistent with
candidates) |\ T (214Po) =164 us)
12 \'\\ |
" W0|pm = m= L \; m . l
K :SuperNEMo:\
e Preliminary o) L |
A= = = = == - L "":-u._,_“\_-: L ~
i | i
T 00— a0 500600 700 800300 .

(Higher-statistics measurement underway with radon source)
Preliminary tracker activity: 6 £ 2 mBg/m3

« Lower than NEMO-3 phase 1; comparable to phase 2 wmasos, issue 3 449-465
» Anti-radon tent/radon-free air will reduce greatly

» Gas flow rate lower than nominal

 Target: 0.15 mBg/m3

SuperNEMO
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Calibration and commissioning with 207Bi sources jos

collaboration

~ ~ -~ - Y
. TTTYYN
42 207Bj electron sources can be o] . | ‘. ‘
automatically deployed between the |
source foils for energy calibration 1 1 ! 1 1 1
©
> Energy spectrum before and after correction : 3?
g o
N Q. 'Y
E 0 Before correction 8 0 0 0 0 0 0
P — .
104 After correction — 6220 mm
: 0 0 i 0 i ]
103;— 0 0 i 0 I ]
W; 3530 mm J ] 0 J 0 )
10° E
: i | : i 0 i U I ]
10! \ ] y i ] 0
i | ” H 0 ) : 0 ) u
10 | 2(|)0l I 14(‘)OIi l l6(1)0l | l8(J)OI | EJ10l0(1) | l12J0(3 | J14‘0(1) l l1610(.?1) J l18100 éOOO N ————————————— el A
EgeclkeV] - 5430 mm -

JINST 16 (2021) 107012

Cheryl Patrick SuperNEMO
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Calibration and commissioning

collaboration

Tracker occupancy with 207Bj sources deployed
B N

Vd 4 i AN

ITALY
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— 0.01¢

0.01

0.00¢

FRANCE

(3]

R u n 728 ‘ Event 1 RUN 994 - Mean LI pulse start time (ns) *** BEFORE *** post trigger tuning
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155.2(146.6 | 145.4| 143.9( 138.9| 135.7| 135.4 | 130.4| 128.8 123.9( 124.5|122.9 121.7 | 118.2| 115.4 [ 112.1 | 114.2 116.7116.8|117.8 [ 122.6 | 124.8 | 128.4| 130.7 | 135.8 [ 132.6 | 139.6. 141.9(143.8|146.1|149.1|150.2 | 155.6 —
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111.5|114.8(116.4 | 118.7| 121.8  124.3| 125.4| 128.2 | 131.7 | 133.4| 137.4 138.9 | 141.9 141“
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UEEE ) [YERTEN [FERTEY [FERFER [YERFEY [VERTEY IERFEY FRRTER FRRTER EVES
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01106 | M1.416 | M1.126 | Mr13s | nr.1es | waise | weries | ez | wine
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114.1(113.9(116.0| 119.1 [ 121.3| 127.2| 128.5 | 131.7
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wirza | s | 16 | enisa | wersse | | s
111.5/148.7(124.4[119.9| 125.1 | 127.6 | 1 I m I n

Anode RO rate (Hz)
F =Y
|

3

40109 [ 10189 [ M0.179 | Mo169 [ Mo1ss [ mores [ morss [ mosze [morrs [motos | moss | moss | Moz Moss
140.9(138.7 135.5|134.2| 129.0| 128.4 | 125.6 | 124.8| 120.8 | 119.4(117.3| 115.8 | 111.8
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X0108 [ x0118
146.6|148.4 | | o195 | moss | morrs | mosss | mosss | mores | wosss | mosze | moits | mons

xo107 |xor17 | [138.2|131.6(130.9(129.2|124.7124.5 121.1| 118.7 [ 114.2

147.4[149.0
o105 [ Mo.185 [ Mo.175 | Mo165 [ mo1ss [ mores [ moras [ moszs [ morrs
X006 | x01.16

Tana|1aay| 13151287 | 1245 121.4| 1209 | 118.9| 1164 1113|1120
Taros [xorre] |worma | marma | wosna | worma | warsa | worea | Maas | wosza
141.0(142.0| |131.0(126.7 | 123.4|122.5 | 120.2| 118.7 | 114.0(113.3

X008 [ x01.19

X0.104 | x0114

1381|140 | Mo1e3 [Mosma | worrs (Motes |uatss fMeatas [iosss Moa13
— = 129.3(123.8(120.7|117.7 [ 115.0| 114.1 | 111.7 116.8(115.7| 117.3( 123.0 | 1
%0103 [ %0113

136.4 | [ o1z [ mossz [ morz [ mossz [ mossa [ morez M09z Mos2 M1462 | M152 | W16z | Mrazz | ez
Yotz | xoriz| | 124.9(120.4|120.4| 1153 116.8(112.9

sy g EE BN BN BN BN BN

[ERTEN PERTYR [PERTYR PERLYR CERTYN IERA

X011 | X100
111.5(114.4| 1155 117.0 [ 117.7 | 122.3 133.0/133.5

1365 MO191 | MOIBY | MOAZY | MOIBY | MO1ST
Xator [xortr

e ey 1179|1193 1149 1127|1118
roroeTroria] | oo [wamo [worno | womo | wossa
1208 121.0[118.8[116:2| 118.1 | 111.8

w160 a5 | w160 [wrazo | wiawo [wrseo | S

115.7(115.7| 117.9( 120.0 ( 122.9| 124.1 | 143.1|133.8 o

EHE | EE 1450 1500 1550 1600 1650
1159 1139 | 1165 Hv (v)

Anodic plateau

LI timing calibration corrects for

Tracking, time and energy ble leneth
cable lengths

calibration with 207Bj
electrons

Tuning voltages, thresholds and
gas composition to optimise

SuperNEMO is now in continuous data-taking mode! performance

Cheryl Patrick SuperNEMO
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SuperNEMO for nuclear effects with 2vp[ o=

collaboration

NEMO-3: 30 preference for SSD decays in 82Se Quenching of axial coupling ga

Phys Rev Lett 122, 192501 (2019)

Eur. Phys. J. C (2018) 78: 821

® shell model (GCN)
B shell model (MC)
. — - QRPA (CD-Bonn)

I e — : s Nuclear models - lines or QRPA (Argonne)
Xierna S - xterna S ° °
180 5 e s = -] Radon BGs poIn tsIn P lane excluded, KamLAND-Zen

B Internal BGs
I 2vBp Signal
¥’/ ndf = 12.34/ 16
S/B = 6.2 o,
o <

I Internal BGs

N 2v3pB Signal
x*/ ndf = 35.32/ 16
S/B =6.1

(90% C.L.)

gy
$
o

IIIIIIIII

No. Electrons / 0.1 MeV
>
o
RN R A

n

6

>
N

llllllllllllllll
|IIIlIIIII|IIIIIIIIIIIIIIIIlIl|lIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIII

IIIIII

2y
531 = 026

e et %‘ e et | T Excluding areas can o iy i
05— 0.5— 31 =0, —
0 0.5 1 15 2 2.5 o 0.5 1 15 2 ‘. 2.5 ° rUIe OUt nUClear mOdelS 03 i §2v=01 %
B/ MoV /MeV ° ° ° 0.2 | I I | | | I I | I L1 1 1 | | I 31 1 .l | B B85 A | E
Various excited states Mostly ground state e cONnstrain g4 quenchlng IN 0 0.005  0.01 0.2(\)’15 0.02 0.025 0.03
heavy nuclei Mors

supernemao supernemo

:j@% SuperNEMO : 50 SSD/HSD sensitivity in < 2.5 years ;@% SUperNEMO's lndIV|.d.uale-spectrum 1 OIS
sensitive to g4

collaboration collaboration

Cheryl Patrick SuperNEMO



SuperNEMO for nuclear effects with 2v[53

supernem?o

o=

collaboration

NEMO-3:30 preference for SSD decays in 82Se

Eur. Phys. J. C (2018) 78: 821

NEMO-3 - *Se (Run 1) - 464 g,5.25 y

No. Electrons / 0.1 MeV
—
N
o

-
B
o
[RRERRRRN RRRN LR R

-

—s— Data (2050)
[ External BGs
[] Radon BGs
I Internal BGs
N 2v3pB Signal
X’/ ndf = 35.32/ 16
S/B =6.1

6

T

1.5 2 2.5

5
L i S s
5

0 0.5 1

Various excited states

supernemao

o=

collaboration

Cheryl Patrick

SuperNEMO : 56 SSD/HSD sensitivity in < 2.5 years

No. Electrons / 0.1 MeV

Quenching of axial coupling ga

Phys Rev Lett 122, 192501 (2019)

200F- —+— Data (2050)

- [ External BGs
180— [ 1 Radon BGs
1603_ B Internal BGs

- I 2v3B Signal
140 ¥* I ndf = 12.34/ 16
120 S/B = 6.2
100—

80—
60—
40—
20—
150
1.—
0.5F

points in plane

Mostly gra

Topological reconstruction makes
SuperNEMO the best technology for

supernemo

o=

collaboration

SuperNEMO

Nuclear models - lines or

Excluding areas can
e rule out nuclear models

N e

|\ = =

excluded, KamLLAND-Zen
90% C.L.)

shell model (GCN)
shell model (MC)
QRPA (CD-Bonn)
QRPA (Argonne)

11 IlIIlI LI |IIIIIIIII|IIIIIlIII|IIIIIIIIl|lIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIlIIIIIIIIIIIIIIIIIIIIIII

0.6
0.5
0.4
; =
0.3 317005 5
§31 =0.1
° ° 0.2 L1 1 1 | 11 | I 1 1 |- | L1 1 | EEHE | | B 888 IBEH B
hing in 0 0005 001 0015 002 0025 003
M2v

reducing nuclear uncertainties in 55 decay

GT-3

SuperNEMO’s individual e- spectrum is more

sensitive to g4




SuperNEMO physics - looking for new physics with 2v{33 jos

Phys. Rev. Lett. 125, 171801 (2020)
OE] Electron energy and angular correlation

e 1.0p | 1.0

“© =
o

Precision 2v[33 measurements can reveal
BSM effects...

 Lorentz-invariance violation 00 A ——
» Exotic Ov[> mechanisms '8.0 02 04 06 08 1.0

» Scalar currents | Ei—-mg)/Q
Ei-mg)/Q (E1=me)/ Qgp
» Right-handed neutrinos (see right) (Ev=Me)/ G

Standard- New physics

. model 2vf)
If Ov[3P is discovered, a SuperNEMO-style

topological detector will be key to
understanding the mechanism.

o%/

Cheryl Patrick SuperNEMO



supernem?o

The NEMO technique: o

collaboration

e Is (nearly) isotope-agnostic
» Gives full topological reconstruction and particle ID
« Can make unique 2vf measurements:
e nuclear effects
« exotic decays & new physics
 Could probe 0vf5 mechanism if discovered

Cheryl Patrick SuperNEMO
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SuperNEMO Demonstrator is

The NEMO technique

collaboration
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inuous data-taking mode

Making first prel

measurements
+ Undergoing shielding installation

In cont

e Is (nearly) isotope-agnostic

inary background

1m

months, and world-leading

- Excited for first 55 data in the coming
measurements!

« exotic decays & new physics
 Could probe 0vf5 mechanism if discovered

» Gives full topological reconstruction and particle ID
e nuclear effects

« Can make unique 2vf5 measurements

SuperNEMO
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NEMO-3 (running 2003-2011) oS

collaboration

NEMO-3 "camembert" (source top view)
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60 mg/cm? foils
10 kg of BB isotopes
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How the tracker works e

collaboration

~2000 cells

B source High-granularity
tracker
C\ Plasma
M'_B_/" propagation
E - vertical
A O position
B .’ i
/// - ® 0 O

e- drift: radial o
distance

Cheryl Patrick SuperNEMO



