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...at the LSM ‘undergfound lab in France...
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...Is an ultra-low background tracker-
calorimeter detector, looking for neutrinoless
double-beta decay.
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The SuperNEMO demonstrator... ...Is an ultra-low background tracker-
¢ A - calorimeter detector, looking for neutrinoless
double-beta decay.
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SuperNEMO In one slide

The SuperNEMO demonstrator...
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...Is an ultra-low background tracker-

calorimeter detector, looking for neutrinoless
double-beta decay.
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...It serves as a proof of
concept for a future world-
class detector, capable of

measuring half-lives up to 1026

years...
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The SuperNEMO demonstrator... ...is an ultra-low background tracker-
= calorimeter detector, looking for neutrinoless
double-beta decay.
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Building on the success of NEMO-3...
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...It serves as a proof of
concept for a future world-
class detector, capable of

measuring half-lives up to 1026

years...
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...and expects first data this year
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LABORATOIRE DE L'ACCELERATEUR LINEAIRE

http://supernemo.org

Collaboration meeting last week, in Paris
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double-beta decay

2
He
2 13 14 15 16 17 40026
+ 5 6 7 8 9 10
Be B C N 0 F Ne
90122 1081 12011 14007 | 15999 | 18998 | 20.180
12 13 14 15 16 17 18
Mg Al Si P S Cl Ar
24305 3 Rl 5 6 7 8 9 10 11 12 | 26982 | 28085 | 30974 | 3206 | 3545 | 39.948
25 26 27 28 29 30 31 33 35 36
V Mn Fe Co Ni Cu Zn Ga As Br Kr
S4938 | 55845 | 58933 | S8693 | 63546 | 6538 | 69723 74922 79904 | 83.798
: 38 : 43 44 45 47 49 51 53
ﬁ Rb Sr Y Te Ru Rh Ag In Sh |
85468 | 87.62 8§8.906 (98) 101.07 10291 107.87 11482 121.76 12690
55 56 57-T1 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba . Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
13291 | 13733 17849 | 18095 | 18384 | 18621 | 19023 | 19222 | 19508 | 19697 | 20059 | 20438 | 2072 20898 | (209) (210) (222)
87 88 89-103 104 105 106 107 108 109 10 11 112 113 114 115 116 117 118
Fr Ra # Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
(223) (226) (265) (268) (271) (270) (277) (276) (281) | (280) (285) (286) | (289) (289) (293) (294) (294)
¥ 4 ide
Ldl}l!\ﬁﬂldt 57 62 63 64 65 66 67 68 69 70 7
somnes La Sm Eu Gd T Dy Ho Er Tm Yb Lu
15036 | 15196 | 15725 | 15893 | 16250 | 16493 | 16726 | 16893 | 17305 | 17497
# Actinide 89 94 95 9% 97 98 9 100 101 102 103
series Pu Am Cm Bk Cr Es Fm Md No Lr
(244) (243) (247) (247) (251) (252) (257) | (258) (259) (262)

p Lepton number

€ conserved
AL=0

T1/2 ~ 1020 yearlS

Diagram - E. Falk

Cheryl Patrick, UCL SuperNEMO



Neutrinoless double-beta decay

Ov(3B3

—_—mm

1l

o~
-

N ; p Lepton number
W- i .
€ violateo

AL=2

W'i ie' T1/2 > 1026 years ‘ |
h P MATTER CREATED!

Neutrino must be Majorana (v=V)

Cheryl Patrick, UCL SuperNEMO



Why do we think this might happen?

Neutrinos oscillate between flavour states as they travel

Cheryl Patrick, UCL SuperNEMO



Neutrinos oscillate between flavour states as they travel Quantum diaries

Ve VU V1 Ve V|J V1

V1 \Vie V3

The flavour states are a superposition of
mass states with different wavelengths

Cheryl Patrick, UCL SuperNEMO



Why do we think this might happen?

Neutrinos oscillate between flavour states as they travel

Ve VU V1 Ve V|J V1

B — vz :

) Some v The flavour states are a superposition of
- " mass states with different wavelengths

Simplified version with

just 2 flavours ’,'n"h””“ﬂ“ﬂ.\ ’,n"ﬁ-ﬂ ]“H SOME Ve
i h. ot

*{\j \f\/\ ,\f' Ve Uan U Ue| |1

S 15 \ B - 7 7 r
u““.J_,U" T “.-u-u,f“ Val = U Up Upl| |
100% Ve T Vr Uy Uy Upg V3

|Ve> — Uel |Vl> + Ue2 |V2) .
1007V, PMNS matrix

Cheryl Patrick, UCL SuperNEMO



How do neutrinos get their mass”

Dirac

V # V

Lp =—-mprv] + h. c.

Cheryl Patrick, UCL SuperNEMO



How do neutrinos get their mass”

VZ#YV

D= —mDV%ug + h. c.

e Requires implausibly weak coupling to give plausible neutrino
mass

e Requires a right-handed neutrino

e ... but if that existed, Majorana coupling would no longer be
outside standard model...

e .. S0 they could BOTH exist...

e ... but if they did, neutrinos would be Majorana particles!

Cheryl Patrick, UCL SuperNEMO



How do neutrinos get their mass”

VZ#YV

= —mpvv) + h. c.

e Requires implausibly weak coupling to give plausible neutrino e Neutrino and antineutrino differ only in helicity

Mass e But that is enough to explain how they appear different
¢ Requires a right-handed neutrino ¢ (Gives elegant explanation for light neutrinos via see-saw
e ... but if that existed, Majorana coupling would no longer be mechanism

outside standard model... ¢ Allows lepton numlber violation!

e .. S0 they could BOTH exist...
e .. butifthey did, neutrinos would be Majorana particles!

Cheryl Patrick, UCL SuperNEMO



VZ#YV

= —mpvv) + h. c.

e Requires implausibly weak coupling to give plausible neutrino
mass

e Requires a right-handed neutrino

e ... but if that existed, Majorana coupling would no longer be
outside standard model...

e .. S0 they could BOTH exist...

e ... but if they did, neutrinos would be Majorana particles!

How do neutrinos get their mass”

e Neutrino and antineutrino differ only in helicity

e But that is enough to explain how they appear different

¢ (Gives elegant explanation for light neutrinos via see-saw
mechanism

¢ Allows lepton numlber violation!

Cheryl Patrick, UCL SuperNEMO



Ov[3B and neutrino mass

1 \/ (mag)- Effect
OvBj rate = T()yﬁﬁ — GOV(Qﬁﬁ? Z)| OV‘Z m, 2 neutri?w(c:)tlr\;eass
&

1/2

Nuclear matrix

Phase space
element

factor

Cheryl Patrick, UCL SuperNEMO



Ov[3B and neutrino mass

2
OVBB rate = 1 — (Q Z)|M ‘2 <m55> Effective
T()uﬁﬁ Ov\’ 50 Ov m,. 2 neutrino mass
1/2 ©
Phase space Nuclear matrix
factor element PMNS neutrino-mixing matrix
-Lrel L'FBQ L'TGB-
U= Uy Uy Ui
_L'r‘rl L'r‘r2 L'r‘r3_
1 0 01/ C13 0 8136—2.5- -C12 5192 0] [1 0 0 ]
= |0 Co3 593 0 1 0 —S12 (€12 0 0 6“‘”2 0
: 0 —sp3 cp3] |—s12€” 0 ca 0 0 1[0 0 gla2?
2 .2 2 .2 i 2 i : i1 I 10 :
e 12 13 —1 g
mBB C12C13mV1 +512613mvze +813mv33 B C12€13 B $12€13 y size | |1 m(:,“z 0
= | —512€23 — €12523513€ C12€23 — 512523513€°  523C13 0 et _0'
_"512-’523.—C12C-ze.-‘:>“13.€“s —C12 893 — 512C3513€" czcyz [ (0 0 em2"2_

Cheryl Patrick, UCL
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Ov[3B and neutrino mass

1 \/ (mag)- Effect
OvBj rate = T()yﬁﬁ — GOV(Qﬁﬁ? Z)| OV‘Q m, .2 neutri?w(c:)tlr\;eass
&

1/2

Nuclear matrix
element PMNS neutrino-mixing matrix

-Lre 1 L'FBQ L'TGB |
U= LT#I L.’pQ L.Tp3
_L'r‘rl L'r‘r2 L'r‘r3_

Phase space

factor

1 0 01/ C13 0 8136—2.5- | C12 519 0] [1 0 0 ]
= |0 Co3 593 0 1 0 —S12 (€12 0 0 6“‘”2 0
0 —s93 ¢ —s;3e® 0 ¢ 0 0 1|10 0 g2/
_ 2 .2 4 g2 o2 iP12 4 2 oi®13 - e c ot a0 o
mBB — C1 2 C13 mV1 Si 2 613 mvz e SlngB B C12€13 B $12C13 B $13€ s
— | —512€23 — €12523513€ C12C23 — 512523513€ 5$23C€13 0 e 0
T T T | 512893 — C12023513€"°  —CiaS23 — S12023513€"°  cp3cy3 | [0 0 €i“2"'2_

INndividual neutrino masses

Cheryl Patrick, UCL SuperNEMO



Ov[3B and neutrino mass

1

(o’
OVBB rate = 555 = Cou(Qss )| Moy 2 5@

T1/2

Phase space

factor

2

Me

Nuclear matrix

element

— 2 2 .2 l 2 l
mBB = C12(:13mv1 -+ Slzclgnlvze ¢12+313mv33 P13

T T T

sines and cosines of
neutrino mixing angles

2
Effective
neutrino mass

PMNS neutrino-mixing matrix

U =

B & T T
L'el L'e? L'e3

T T T
_L'Tl L"r2 L'T3_

T T T
Un Up Ui

1 0 01/ C13 0 8136—2.5- | 12 S1p 0 0 0
0 Co3 593 0 1 0 —S12 (€12 0 0 6“‘”12 0
_0 —523 023_ _—-513 Gié 0 C13 1L (0 () 1_ _() 0 62.“2",2_
C12C13 S12C13 8136_“- M () 0
—S512C23 — C12523513€"°  C1aCog — S12523513€™°  spzcyz | |0 20
| S12823 — C12023513€"  —C12823 — S12C23513€°0  epzcyz | [0 0 e'02/?

Cheryl Patrick, UCL
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Ov[3B and neutrino mass

2
OVBB rate = 1 — (Q Z)|M ‘2 <m55> Effective
— 0vBBR . T Oov«Bp Ov m,. 2 neutrino mass
Phase space Nuclear matrix
factor element PMNS neutrino-mixing matrix
-L'rel Lre? L're3-
U= Uy Uy Ui
_L'r'rl L'r‘r2 L'r‘r3_
1 0 01/ C13 0 8136—2.5- -012 5192 0] [1 0 0 ]
= |0 Co3 593 0 1 0 —S12 (€12 0 0 6“‘1",2 0
0 —S923 Ca3 —Slgeié 0 C13 0 0 1 0 0 6ia2",2
— 2 L2 2 .2 11> 2 113 x - o pi -
mBB — C12613mvl + 3126131"«1/23 +Sl3mv38 B C12€13 B $12€13 y $13€ 1 iagjz 0
= | —512€23 — €12523513€ C12€23 — 512523513€°  523C13 0 e _0
T T | 512803 — C12€23813€"0  —C12823 — S12C23S13€"°  cpzcyz | |00 0 8'“2‘(2_

Majorana phases

Cheryl Patrick, UCL SuperNEMO



Ov[3B and neutrino mass

2
1 (mgga) -
_ _ 2 BB Effective
OVBB rate = T()uﬁﬁ o GOV(Qﬁﬁ’ Z>|MOV‘ m,. 2 neutrino mass
1/2 ©
Phase space Nuclear matrix
factor element PMNS neutrino-mixing matrix
-Lrel L'FBQ L'TGB-
U= Uy Uy Ui
_L'r‘rl L'r‘r2 L'r‘r3_
1 0 01/ C13 0 8136—2.5- -C12 5192 0] [1 0 0 ]
= |0 Co3 593 0 1 0 —S12 (€12 0 0 6“‘”2 0
. . _0 —5923 C23_ _—5136‘5 0 C13 1L 0 0 1_ _0 0 62.02",2_
mBB — C122C%3mv + 5122C123mv el¢12+8%3mv el¢13 [ C12€13 $12€13 | size ] [1 .0 0
1 2 3 = —512623—012523513¢i5 012023—512-’523513615_ 523€13 0 eiorf? ,0,
| 512893 — C12C23513€"°  —C2S23 — S12023513€"°  cp3cy3 | [0 0 €22
|mgg| = m, |1 — sin%(26,,)sin? P12 . |
2 If masses >> mass splittings (degenerate regime)

\

Cheryl Patrick, UCL SuperNEMO



Ov[3[3 and mass hierarchy

Oscillation experiments (at first order) tell us the mass-squared splitting

2

- m-
A -V, A
Vv
.V,
-V
"'1-12—- P — M5 "
solar~7x10eV? .
. ——l'nl"
atmospheric
~2x1073eV? :
atmospheric
17'1.22__ - ~2x10eV?
. solar~7x10eV?2 ;
N e - _ ——My*
/4 ?
0 s 0
Normal
hierarchy

Cheryl Patrick, UCL

AM?(eV?)x(k
P(v;, — vy, ,x) = sin® 20 sin® | 1.27 (eV)x (km)
. (GeV)
The sign of the splitting, %Case’ZrTr;'d}
or hierarchy, affects Ov@B rate 1 Cf'
1L Te
(Jehfo l
P Xe
% 10~'F KamLAND-Zen (*Xe) l
\E/ Degenerate|
1072 regime
NH
10~
MR R TIT RN R ETTT o A A |
10 1070 102 107 50 100 150
PRL 117, 082503 (2016)  TMly;opece (eV) A

SuperNEMO




SO how does this look?

Some fraction of energy
goes to neutrinos

Arbitary units

2VEBB spectrum

0.0 0.2 0.4 0.6 0.8 1.0
D Eece / Qpp

Summed 2-electron energy as fraction of B3 decay energy

Cheryl Patrick, UCL SuperNEMO



SO how does this look?

No neutrinos means all
energy goes to electrons
(smeared in reconstruction)

Arbitary units

2VEBB spectrum

0.0 0.2 0.4 0.6 0.8 1.0
D Eece / Qpp

Summed 2-electron energy as fraction of B3 decay energy

Cheryl Patrick, UCL SuperNEMO



Choosing an isotope

° “Short” ha|f-|ife 4500 2Cq ' JINSTT 13 (2018) nc;.03, P03015
Better ° g
4000 - EEEE ........
> 3500} digp ; "’Nd .................... ..........................
- | |
CRRTiT) 1] SRR SRR SRS So— l.‘f?... -”MO ....................
C Jicd
= ; o 130Te
O 2500 e cecccsccssesiseresssvsvsnehersscseenss e beeens J“’Xe ................. —
20000 . ,‘"Ge ................... o 'Pd
T120e Q 15005 2 4 6 8 10 12 14

Natural Abundance (%)

Cheryl Patrick, UCL SuperNEMO



Choosing an isotope

e “Short” half-life B 't't 00 2Cq ' JINST 13 (2018) no.03, P03015
elier * é a
_ 4 ! e SO SUURRUURRTUN: SUUUURRURUN SURT
- Lots of isotope 000
Ez 35000 ... S ; ’“Nd ....... .......................................
—~ : \".’:Se lix)MO
3B iSOtOpIC s of SOUrGe g 30000 o e -..: ...........................
abundance material S ; * ; o
O 2500k SR S JHXe L
e 'Sn _ § -
C i 76 § i
T1/20V ||r'r”'tc>< amet 711 s uGe.““Pd
1500 1 i i i i i
0 2 4 6 8 10 12 14

Natural Abundance (%)
(if no backgrounds)

_ Better

Cheryl Patrick, UCL SuperNEMO



Choosing an isotope

e “Short’ half-life 4500 4 f ‘ ‘ ' JINSTT13(2018)ncf).03, P03015

e | ots of isotope

- Low backgrounds E - I7r ,‘"?Nd
- 2.6 MeV = highest-
5 3000 renergy y from naturat:
c .
o

backgrounds

mt 2500
Ov limi
T120V IiMmit« ae N> 000
15000 2 4 b 8 10 12 14

Natural Abundance (%)

_ Better

Cheryl Patrick, UCL SuperNEMO



Choosing an isotope

e “Short” half-life

SuperNEMO -

| Q=2.99 MeV

- Low backgrounds

mi

bAE

T120v [IMit« ae

0 2 4 §) 8 10 12 14
Natural Abundance (%)

_ Better

Cheryl Patrick, UCL SuperNEMO



Choosing an isotope

e “Short” half-lite = ! ; ! T rooors
etter 4000 o SuperNEMO -
e | ots of isotope | 82Se
| Q=2.99 MeV
 Low backgrounds > 3500k 00
b
S 3000[ o USeEMo
©
g TTTTTITIITITITIT I TTITITIITITITIIIITITY 'TITTIT
O 2500
T1/20 limit mt
VI1IIMITx Q€ NEMO-3 - 1Mo
1/ b\ F 2000 Q=3.03 MeV
15000 2 4 6 8 10 12 14

Natural Abundance (%)

_ Better

Cheryl Patrick, UCL SuperNEMO



Backgrounds to Ov[3[3

Irreducible backgrounad

Need good energy resolution

Cheryl Patrick, UCL SuperNEMO



supernemo

= Backgrounds to Ov3(3

00 02 04 06 08 1.0
K./Q

Irreducible backgrounad

Need good energy resolution

Thorium: By http://commons.wikimedia.org/wiki/User:BateslsBack - http.//
commons.wikimedia.org/wiki/File:Decay_Chain_of_Thorium.svg, CC BY-SA 3.0, https.//

commons.wikimedia.org/w/index.php?curid=16983885
Uranium: Licensed under the Creative Commons Attribution 3.0 Unported license, by wikipedia

user Tosaka https.//commons.wikimedia.org/wiki/
File:Decay_chain(4n%2B2, Uranium_series).PNG

Cheryl Patrick, UCL

Astatine

Polonium

Bismuth

Lead

Thallium

Mercury

Uranium

Protactinium

Thorium

Radium

SuperNEMO

Natural

radiation

1.41e+10
Years

Actinides
B Alkali Metals
Alkaline Earth Metals
Halogens
Metalloids
Noble Gases
Post Transition Metals
Transition Metals
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Radium

Francium

Radon
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Lead

Thallium


https://commons.wikimedia.org/w/index.php?curid=16983885
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https://commons.wikimedia.org/wiki/File:Decay_chain(4n%2B2,_Uranium_series).PNG
https://commons.wikimedia.org/wiki/File:Decay_chain(4n%2B2,_Uranium_series).PNG
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supernemo

o Backgrounds to Ov[3[3

Uranium
Thorium
Protactinium
. Actinium
Thorium
Radium
Radium
Francium
0.0 0.2 0.4 0.6 0.8 1.0
Ke/ Q
Radon
Irreducible backgrounad
Astatine Astatine
Need good energy resolution |
Polonium
Polonium
Bismuth
Bismuth
Lead
Actinides
. L Alkali Metals
, i , - Thalllum Alkaline Earth Metals Lead
Thorium: By http://commons.wikimedia.org/wiki/User:BateslsBack - http:// Halogens
commons.wikimedia.org/wiki/File:Decay_Chain_of_Thorium.svg, CC BY-SA 3.0, https.// Metalloids
commons.wikimedia.org/w/index.php?curid=16983885 Noble Gases
Uranium: Licensed under the Creative Commons Attribution 3.0 Unported license, by wikipedia Mercury Post Transition Metals |
user Tosaka https.//commons.wikimedia.org/wiki/ Transition Metals Thallium
File:Decay_chain(4n%2B2, Uranium_series).PNG

Cheryl Patrick, UCL SuperNEMO
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- Backgrounds to Ov[3[3

00 02 04 06 08 1.0
K./Q

Irreducible backgrounad

Need good energy resolution

Thorium: By http://commons.wikimedia.org/wiki/User:BateslsBack - http.//
commons.wikimedia.org/wiki/File:Decay_Chain_of_Thorium.svg, CC BY-SA 3.0, https.//

commons.wikimedia.org/w/index.php?curid=16983885
Uranium: Licensed under the Creative Commons Attribution 3.0 Unported license, by wikipedia

user Tosaka https.//commons.wikimedia.org/wiki/
File:Decay_chain(4n%2B2, Uranium_series).PNG

Cheryl Patrick, UCL
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M Agostini, Neutrino 2016
Vol TN
PMTs @ g
Lock |

Water+PMTs add — |
Cherenkov veto - Optical Y4B e 87% 76Ge (Qpg = 2.04 MeV)

fibers y serves as both source and
curtain R TeT detector: high efficiency
s e Electron range in Ge = Tmm:
BB contained in one detector
e High resolution (og/E = 0.2%):
zero background in ROl (3-4
keV)

Detectors in LAr
cryostat: LAr |
scintillation as veto T HPGe
' detector
array

Other background
suppression: pulse-shape |
discrimination, detector o A \ 1] T12>8.0x 1025 years (90% C.L)
anti-coincidence * [qn® T, W e wl 47.7 kg.years;

| PMTs | 10%6-year sensitivity expected this year

arXiv: 1710.07776 [nucl-ex]

Cheryl Patrick, UCL SuperNEMO 12



EXO-200: Liguid xenon TPC at WIPP, New Mexico

3-D reconstruction distinguishes between single—sit (BB) and
multi-site (y background) events

L Yang, Neutrino 2016

Collection and
induction wire
planes

Time delay between
light and wire signals
aives z position

TPC wire signals
give X-y position

Half TPC

150kg of liquid
Xenon enriched
to 86% 136Xe

(Qpe=2.46 MeV)

Avalanche photodiodes

Full TPC

Charge collection - 8kV
— o)
10° 53 3 : oe/E __ 1.23% . : 20 Phase |, SS Component| Counts
a b .2 LTJh g%h:; gk??s 2 1 BQm¥20 | i BDT discrim Saah| 158 isti | '
o 137y, 136 i i 238, 9.4 BDT used to distinguish signal from background.
e Pxe Xe 0vis ] L | BQ,,+20 137 44 -
5 107 Pt e OIS e g ey 0 S A DL 10— ~o w . égl 2307 46,0 Discriminators:
£ 10° R B ene2d30 ) 2550 c —4— C T  number of channels hit
§ T VBB ¢ H 12 =t .._ﬂé_fata 43 * pulse rise time
1 “' “““ ...-.t.‘.-.-:.‘ ., dh‘ '..?.‘.‘ Ceeen. .‘.T.“.‘.::'.T'f"'*‘“i + % r “g Phlase I, SIS | Co'mp%r;eni: Counts * distance from cluster to TPC surface
R E T RNt L - AT B cor Th| 4.8
T i © 4 | BDT discrim 238
5 30 2 , “ A -~ 1 © BQ,,+20 137 U . T1/2 > 1.8 x 1025 years (900/0 CL)
n 1o 63 —— Xe 3.6
b :%Z-_-_u_- e s o w | . 65 - 21 _._4 | Total|13.2 £1.4 177.6 kg.years
1000 1500 2000 2500 3000 +H e LL ]| |Pata 8 25
ey [keV] o ke \ Ji L 144;, l | Target 5.7 x 1025 years

-0.6 -0. 0.0 0.3 0.6
Main backgrounds: y from 232Th, 238U; cosmogenically produced 37Xe Ov discriminator Phys Rev Lett 120, 072701 (2018)

Cheryl Patrick, UCL SuperNEMO



arXiv:1409.0077 P
[physics.ins-det] .~

Outer-LS
1 kton

N M

Backgrounds

e BiPo In Xe-LS: identified by double pulse
e Muon-induced spallation

¢ |[nner balloon contamination (Fukushima fallout)
e 110mAg in XelLS - cleaned for Phase

e Reactor Ve's

= N W B

(b) Period-1

—— Data

' (a) Period-2
* — Total

Inner Balloon
(3.08 m diameter

UL I7ITHI LI T'Tlfq LN III

Events/0.05McV

L ll

i IITIII

RS

Water Cherenkov detector
vetoes cosmic rays

_ 110m g
By,

+1'Po+*Kr+"K

IB/External

- Spallation

—_— N W A

_‘l;ll| llllll LN

232

Events/0.05MeV  Events/).05MeV

o

. 28
Visible Energy (MeV)

1,879 PMTs

Visible Energy (MeV)

T12>1.07 x 1026 years
( <\mpp’ < 61-165 meV)

504 kqg.years
800kg version planned

Phys Rev Lett 117, 082503 (2016)

Cheryl Patrick, UCL
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CUORE: TeO2 bolometers at LNGS, ltaly TR

"Te 90% exclusion

N o :
Ge 90% excluslon 1y o000 ciclusion CUOREO+Cuoricine
(GERDA*HDMAIGEX) (13 ().200

KambLAND-Zen)

CUORE 90% C.L. sensitivity

Voltage [mV]
O R
S 8 &

o o o

Decay Iincreases
temperature in TeOo»
crystal

Ancient

Roman * 0.2% energy resolution | No particle ID
lead e high natural abundance |e Slow
shield of 1307Te e Difficult conditions

N/ AEEEEEEEEEnn
R - -
N 1311131111111 =

988 Natural TeO>
bolometers (34% 130Te,
Qppg = 2.53 MeV)

T12>1.5x 1025 years
( <\mpp’ < 110-520 meV )
86.3 kg.years
5 years: 9.5x102° years

A
Cooled to
10mK

Cheryl Patrick, UCL SuperNEMO 15



The NEMO principle

BB Source Tracker Calorimeter
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The NEMO principle

BB Source Tracker Calorimeter

Cheryl Patrick, UCL SuperNEMO



The NEMO principle

BB Source Tracker Calorimeter

Cheryl Patrick, UCL SuperNEMO



The NEMO principle

BB Source Tracker Calorimeter
©B=25G

\ 1256 keV

//

50 cm

3B candidate from NEMO-3 (Data)

Cheryl Patrick, UCL SuperNEMO



The NEMO principle

Strengths
BB Source Tracker Calorimeter

e [racker gives particle identification

e Combine with timings to identify topologies
for ultra-high background rejection

e [racking info (angle between tracks etc) can
distinguish between Ovf3 mechanisms

e Modular design - swap the source isotope

C\

e Energy resolution poorer than some
other technologies (eg bolometers, HPGe)

Cheryl Patrick, UCL SuperNEMO
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supernemo

E NEMO-3 detector: 2003-2011 A

NEMO-3 "camembert" (source top view)

82Se 0,93 kg

AT

\
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S A A A AN A AN A AN A A A
/
A= v‘ l‘\ |" \ l.' ‘\: l'
0' v

3
5l
5
5|
5
5
5
D!
3
D!
b
5

-py - - - -
e

sources

60 mg/cm? foils
10 kg of B isotopes

Cheryl Patrick, UCL SuperNEMO 19



NEMO-3 flagship analysis: 1Mo (33 decay

NEMO-3 - "’Mo - 7 kg, 4.96 y PRD 92,072011 (2015)

2VPB[3 measurements and OvB3B limits for several isotopes
100Mo (Phys. Rev. Let. 95, 182302)

—&— Data 27051 Evts
B 2vpp Mo

B Bi from 22Rn
B External Bkgs.

Events / 0.1 MeV

14

12 I ?“Bi Internal

10 U 71 Internal
‘...... OVBp Mo

for T =11x10*y

| l 1 1 1 1 l | 1 ! | l 1 1 | |

3_
= 5l +  Q-value: 3.0 MgV
S |
8 1“—.-‘-0‘-“_&_?_
0_l 1 1 l | | | - I | - | | | I L1 1 1 l | | I I L1 | |
2 2.5 3 3.5 4 4.5 5
Eror (MeV)
2vpBB: OvBB: Plus competitive

T12=7.1 £ 0.02 (stat)
+ 0.54 (sys) x 1018 yr

T12 > 1.1 x 1024 years
My <0.33-0.62eV

Close to world’s best limit

IMits on alternative
33 mechanisms

Cheryl Patrick, UCL

SuperNEMO
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NEMO-3 analyses AN

N

NGl

2VBB measurements and 0OvBR limits for several isotopes NEMO-3- “Ca-7g,525y PRD93,112008(2016) /\
100Mo (Phys. Rev. Let. 95, 182302) E - . --Data B -;03868/%2:&9 World’s \
— i o® . Ca2vp r best
48Ca (Phys. Rev. D 93, 112008) S102k® Bl External [l Radon
g I Other 2v 338 Other internal
3 " —(m,,) N, < 2.68
= == (n N,o. <2.70
| (A N,y < 2.65
1° 10 N,pe < 9.35
o
Z 15
P b
0.5

—a 5
E1or (MeV)

ZVBﬁ: T1/2 =6.4:07/-06 (stat) + 1.2/-0.9 (sys) X 1019

Cheryl Patrick, UCL SuperNEMO



NEMO-3 analyses

2VPBB measurements and OvB3B limits for several iIsotopes
100Mo (Phys. Rev. Let. 95, 182302)
48Ca (Phys. Rev. D 93, 112008)

82§Se (coming soon to arXiv)

Cheryl Patrick, UCL

NEMO-3 - ®Se (Run 1) - 464 g, 5.25 y

g —+— Data (4350)
5 B0 [ External BGs
» 400 [ Radon BGs
E I Internal BGs
I 350~ [ 2v(3p Signal
2 ob- T,,=(9.39£0.17) x 10" yrs
x?/ ndf =9.61/20
250— S/B = 4.0
200—
150 —
100—
50
:vsh
g 1:’ """""" #‘&*M’Mﬂ% ety
0.5
0 0.5 1 15 2 25 3 3.5
E, + E,/ MeV

NEMO-3 - “Se (Run 1) - 464 g, 5.25 y

Summed 2-electron spectrum

2V[3[3:
T12 = 9.39 + 0.17 (stat) + 0.58 (sys) X 1019 years
(SSD hypothesis)

OvBf:

T12=2.5x1028 years (90% C.L)

: —+ Data (2050) S oo —+— Data (2050)
e e [ External BGs 5 F I External BGs
5 180 [ Radon BGs 2 180 [ 1 Radon BGs
E 10— I Internal BGs £ 160 Il Internal BGs
e [ 2vp3p Signal = I 2vBp Signal
3 140" 2/ ndf = 35.32 / 16 F 1o 2/ ndf = 12.34/ 16
120— S/B =6.1 120— S/B = 6.2
1005— 100—
wof-H N3
60 E—X2/ 60—
a0 40—
20— 20—
O _— O : —
§ 150 % 15F
S 1 = g o e N SR _.4-,."’“ 8 — +“9‘1—t—+__‘_...,.=u-—4—a+++n—#—:++‘
0.5 — 0.5 H-'
0 0.5 1 15 2 2.5 0 0.5 1 15 2 2.5
E, / MeV E,/ MeV

Higher state dominated - many excited

states

Individual electron spectrum tells us about intermediate 1+ states

SuperNEMO

Single state dominated - mostly one

intermediate state

22



NEMO-3 analyses

2VPBB measurements and OvB3B limits for several iIsotopes
»+ 100Mo (Phys. Rev. Let. 95, 182302)
48Ca (Phys. Rev. D 93, 112008)
82§Se (coming soon to arXiv)
150Nd (Phys. Rev. D 94, 072003)
-+ 16Cd (Phys. Rev. D 95, 012007)
- 130Te (Phys. Rev. Lett. 107, 062504)
96Zr (Nucl.Phys.A847:168-179)

Cheryl Patrick, UCL

NEMO-3 - ®Se (Run 1) - 464 g, 5.25 y

/0.1 MeV

—+— Data (4350)

450— [ External BGs
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150—
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EMO-3 - ¥*Se (Run 1)-464 g, 5.25 y

Summed 2-electron spectrum

2V[3[3:
T12 = 9.39 + 0.17 (stat) + 0.58 (sys) X 1019 years
(SSD hypothesis)

OvBf:

T12=2.5x1028 years (90% C.L)
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NEMO-3 analyses \ V&

Ov43 decays would violate lepton

- 2VPB[B measurements and Ov3E limits for several isotopes |
number, but could occur even If

+ 100Mo (Phys. Rev. Let. 95, 182302)

. 48Ca (Phys. Rev. D 93, 112008) ’ neutrinos are Dirac fermions

g 8239 (COming SO0N tO arXiV) Q: | Heeck and Rodejohann 2013

- 150Nd (Phys. Rev. D 94, 072003) T— %~ . . .
Allowed for 3 isotopes, includin

- 16Cd (Phys. Rev. D 95, 012007) E: " ’

150N 2079 MeV. 15014 4 4e—

. 130Te (Phys. Rev. Lett. 107, 062504) L1
. 96Zr (Nucl.Phys.A847:168-179) k
- Quadruple B decay (Phys. Rev. Lett. 119, 041801)

% 003 PRELIMINARY ~+Data
s F — T5Ng ovap
. Nd 2v2
%0.025:— 4e- golden =Radon i
3 channel Externals
- BN Internals .
0ozt oon || NEMO architecture
oo VO EVENts helps us identify these
- observed | topologies

0.01 —

0.005}

1 1.5 2 3

Electron energy sum (MeV) '
T12>2.6 x 1021 yr

Cheryl Patrick, UCL SuperNEMO 23
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- NEMO-3 vs. SuperNEMO

Y
-

E = .Nllrflllnnlmi—‘

‘ (I
25 gauss [t s
magnetic |;

| &Y S O] KON KE a3 KES RS O (O
= ﬁfﬂﬁ .r ll' 2l

SuperNEMO demonstrator field )
Mass [kg] (main isotopes) 7 (%2Se)
T3, [y] 9.9 x 10%
Energy resolution
FWHM at 1 MeV 15 % 8 %
FWHM at 3 MeV 8 % 4 %
Source radiopurity
A(298TI) ~ 100 uBq/kg < 2 uBq/kg
A(%14Bi) < 300 uBq/kg < 10 uBq/kg
Level of radon A(%%?Rn) ~ 5.0 mBq/m?3 < 0.15 mBq/m?3
Sensitivity after 5 (2.5) y data taking T(l)'//z > 10%% y T(1)72 > 6 x 10 y

Cheryl Patrick, UCL SuperNEMO
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25 gauss \\

_
magnetic | A4 |
field '
NEMO-3 SuperNEMO demonstrator } sal ©X
Mass [kg] (main isotopes) 7 (1%°Mo) 7 (%2Se) ==
Ti/2 Y] 7.2 x 1018 9.9 x 10%° Lty |
Energy resolution L ; =
FWHM at 1 MeV 15 % 8 % Sy N =,
FWHM at 3 MeV 8 % 4 % ik
— B
Source radiopurity =
A(%%8TI) ~ 100 uBq/kg < 2 uBq/kg - =
A(%14Bi) < 300 uBq/kg < 10 uBq/kg
Level of radon A(%%?Rn) ~ 5.0 mBq/m? < 0.15 mBq/m? Source frame holding 7kg of
Sensitivity after 5 (2.5) y data taking | 1172 > 10%%y T, > 6 x 10**y BB emitter (82Se)

Cheryl Patrick, UCL SuperNEMO



supernemo

- NEMO-3 vs. SuperNEMO

Y
-

- Ny e— \\5‘\‘\‘&

.' “”II I “ “ I N
.“M“IJ(I‘[‘W |-

a
25 gauss \\

.
. e
maghnetic j g
i |
SuperNEMO demonstrator field ' I4 |
Mass [kg] (main isotopes) 7 (%2Se)
T ] 9.9 x 10 5 |
: ;
Energy resolution
FWHM at 1 MeV 15 % 8 %
FWHM at 3 MeV 8 % 4 %
Source radiopurity
A(298TI) ~ 100 Bq/kg < 2 uBq/kg =
A(%14Bi) < 300 uBq/kg < 10 uBq/kg
Level of radon A(???Rn) ~ 5.0 mBq/m?3 < 0.15 mBg/m? Wire trackers
Sensitivity after 5 (2.5) y data taking T?’//z > 10%y T(1)72 > 6 x 10%%y

Cheryl Patrick, UCL

SuperNEMO
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- NEMO-3 vs. SuperNEMO

Y
-

‘z 25 1M1 i il l”“rf‘llﬂnlm'»—‘

: gl — | .l[é’a-a'i’ﬁrn?{‘“*‘ |

25 gauss W 3l == i
magnetic \p It} '

NEMO-3 SuperNEMO demonstrator field }
Mass [kg] (main isotopes) 7 (199Mo) 7 (%2Se)
T3, [y] 7.2 x 108 9.9 x 10
Energy resolution
FWHM at 1 MeV 15 % 8 %
FWHM at 3 MeV 8 % 4 %
Source radiopurity
A(%%8TI) ~ 100 uBq/kg < 2 nBq/kg
A(%14Bi) < 300 uBq/kg < 10 uBq/kg
Level of radon A(%%?Rn) ~ 5.0 mBq/m?3 < 0.15 mBq/m?3
Sensitivity after 5 (2.5) y data taking | 1172 > 10%%y T, > 6 x 10y Calorimeters (optical modules)

Cheryl Patrick, UCL SuperNEMO
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- NEMO-3 vs. SuperNEMO

St L \\\\\\\
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25 gauss I = ]

magnetic |;
NEMO-3 SuperNEMO demonstrator field '
Mass [kg] (main isotopes) 7 (199Mo) 7 (%2Se)
T3, [y] 7.2 x 108 9.9 x 10
Energy resolution
FWHM at 1 MeV 15 % 8 %
FWHM at 3 MeV 8 % 4 %
Source radiopurity
A(%%8TI) ~ 100 uBq/kg < 2 uBq/kg
A(%14Bi) < 300 uBq/kg < 10 uBq/kg
Level of radon A(%%?Rn) ~ 5.0 mBq/m?3 < 0.15 mBq/m?3
Sensitivity after 5 (2.5) y data taking T1 /2 > 10% y T?'/’z > 6 x 10 y T1/ 20" > 6 x 1 024 yea rS

Cheryl Patrick, UCL SuperNEMO



e /kg of B3 emitter (82Se)

e 34 Se foils plus 2 Cu

e Enriched selenium mixed with PVA in Mylar wrapper

e Purified with distillation / chromatography / chemical
precipitation

e Ready to hang at LSM

¢ BiPo detector measures 298T| and 214Bi contamination

-_—

~400 pm thick

Cheryl Patrick, UCL SuperNEMO 29
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e Dedicated detector at Canfranc Underground Laboratory,
Spain (formerly Europe’s largest railway station)

e Designed to measure very low activities

e | ooks for characteristic signature of Bi 3 decay followed by a

decay of Po daughter

JINST 12 (2017) P06002

Cheryl Patrick, UCL SuperNEMO



Uranium series
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--------------------------------------------

] .
-------------------------------------
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e \\e care about 214BiI and 298T]|
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e \\e care about 214BiI and 298T]|

e BiPo looks for 3- followed by a

212 -
23 B
61
Minutes

Cheryl Patrick, UCL SuperNEMO



“ ............................................

» Thorium series

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

: i Known e \We care about 214Bj and 208T]

: branching : :

: :  ratio \ . ® BiPo looks for [3- followed by a
: E 212 gy = 5

E 5 83 BI ;

E : 61 5

. 5 Minutes E

Cheryl Patrick, UCL SuperNEMO



BIP0O-3 detector

7 . : : : P12
: Uranium series ‘- 84 PO e \\Ne care about 214B| and 203T]|
214 . _] 83x107 | i e BiPolooks for 3- followed by @
84 PO ﬁ seconds | :

g J i e Shorter a delay makes the

: thorium-series decay easier to
measure:

o 208T| Sensitivity: 2 uBa/kg

o 214Bj Sensitivity: 140 pBa/kg

(90% CL, 6 months measurement)

ﬁ' 164.3 us

212 -
23 B
61
Minutes

e [oll testing and analysis ongoing
e Absolute worst-case scenario:

o 208T| activity: 370 pBQg

o 214B| activity: 2200 uBqg

3.1
Minutes

* *
’’’’’’’’’
--------------------------------------------------------------------------------

SuperNEMO

Cheryl Patrick, UCL
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Tracker

Side
calorimeters

Other half-
detector
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supernemo

@ Source frame installation

Source frame clamped to half detector

Cheryl Patrick, UCL SuperNEMO 28



A tracker drift cell

® ¢ o Cathode
end cap

Anode wire
(1800V)

-— ® & ©
Field-shaping wires ==
— A ——————————————————————————————————
4.4 cm 3 metres

Cheryl Patrick, UCL SuperNEMO



A tracker drift cell

® o o Cathode .
end cap !

Anode wire
(1800V)

— ® 0 ©
Field-shaping wires ==

e (Charged particle passes through the detector *

Cheryl Patrick, UCL SuperNEMO



A tracker drift cell

® o o Cathode .

Anode wire
® (1800V) <

— ® 0 ©
Field-shaping wires ==

e (Charged particle passes through the detector *
o [lectrons knocked from detector gas atoms drift towards anode wire

e [lectrons ionise more atoms, causing an avalanche

e (Geiger mode: shower saturates (electric field of anode shielded by ion pairs)

e Drift time gives radius of closest approach r

Cheryl Patrick, UCL SuperNEMO



A tracker drift cell

® o o Cathode .
end cap !

Anode wire
(1800V)

— ® 0 ©
Field-shaping wires ==

e (Charged particle passes through the detector *
o [lectrons knocked from detector gas atoms drift towards anode wire

e [lectrons ionise more atoms, causing an avalanche

e (Geiger mode: shower saturates (electric field of anode shielded by ion pairs)

e Drift time gives radius of closest approach r
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A tracker drift cell

® o o Cathode .

Anode wire
(1800V)

— ® 0 ©
Field-shaping wires ==

e (Charged particle passes through the detector *

o [lectrons knocked from detector gas atoms drift towards anode wire
e [lectrons ionise more atoms, causing an avalanche
e (Geiger mode: shower saturates (electric field of anode shielded by ion pairs)

e Drift time gives radius of closest approach r
e (Geiger plasma propagates along the wire towards the two end caps

e Difference In arrival times at the two end caps gives distance along wire z

Cheryl Patrick, UCL SuperNEMO



ITracker gas mixture

950/0 Helium Argon 5 "I connector < > Mass flow controller

—— Helium ] Valve ' Variable area flow meter

Low atomic mass;

7 \

R Fast flow line 21 Flow control valve ) Backpressure regulator
prevents mumple —— Ethanol =1 Pressure relief valve () Particle filter
scattering and energy
|0SS 4 bar 0.68 bar
X 0.1 m3/h éw
Argon — <] ﬁ O < O LD L';} <7 — To detector

Low ionisation energy: 16|
helps avalanche

4% Ethanol

Quenches avalanche:

prevents re-firing
Gas system controlled by Raspberry Pi to monitor and control temperature, pressure, flow rate

2°C temperature change — 0.5% change in ethanol fraction — tracker efficiency




2034 drift cells wired in Manchester
Arranged in rows of 9 cells (from source end
to calorimeter end).

4 'h' ‘:-,'__ s
wtts
( ~

Installed into 4 C-shaped tracker sections at MSSL (UCL); ’” , J w ‘i“{m

C-sections commissioned and tested for radon it /MI

Cheryl Patrick, UCL SuperNEMO



supernemo

2=

= \\Vire trackers \

Pairs of C-sections joined and attached to a
Completed C-section calorimeter wall
ready for shipping

In the Frejus tunnel,
approaching LSM

Cheryl Patrick, UCL SuperNEMO 32



Radon In the tracker

Target activity: 0.15 mBq / m3
ITwo things to consider: tracker components and gas
mixture

Cheryl Patrick, UCL SuperNEMO



Radon In the tracker

Tracker components
Target activity: 0.15 mBq/ m3

Two things to consider: tracker components and gas

mixture t
I |+

Flush with helium

> Y9
~
S

I H I
Potential component emanates 70-litre electrostatic detector can
radon in chamber (10 days+) measure activities down to 0.09 mBq

Cheryl Patrick, UCL SuperNEMO



Radon In the tracker

Tracker components
Target activity: 0.15 mBq/ m3

Two things to consider: tracker components and gas

e |~ [

- |
Tracker gas \ “) Flush with helium s@
0.15 mBg/ m3 — 0.01 mBq in 70 litres ; A —
i il.iii
Potential component emanates 70-litre electrostatic detector can
radon in chamber (10 days+) measure activities down to 0.09 mBq
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Radon In the tracker

Tracker components
Target activity: 0.15 mBq/ m3

Two things to consider: tracker components and gas

e |~ [

- |
Tracker gas \ “) Flush with helium s@
0.15 mBg/ m3 — 0.01 mBq in 70 litres ; A —
i il.iii
Potential component emanates 70-litre electrostatic detector can
radon in chamber (10 days+) measure activities down to 0.09 mBq
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Radon In the tracker

Tracker components
Target activity: 0.15 mBq/ m3

Two things to consider: tracker components and gas

e |~ [

- |
Tracker gas \ Flush with helium 23
_ _ ‘ ss ",
0.15mBg/m3 — 0.01 mBq in 70 litres e

UCL developed the radon concentration line (RnCL) il

Potential component emanates 70-litre electrostatic detector can
radon in chamber (10 days+) measure activities down to 0.09 mBq

Cheryl Patrick, UCL SuperNEMO



Radon In the tracker

Tracker components

Target activity: 0.15 mBq/ m3
Two things to consider: tracker components and gas
mixture

ﬁ

| | - 4
Tracker gas \ Flush with helium i@
0.15 mBg/m3 — 0.01 mBqg in 70 litres e

UCL developed the radon concentration line (RnCL) I

Potential component emanates 70-litre electrostatic detector can
radon in chamber (10 days+) measure activities down to 0.09 mBq

>

-_B>

Trap radon

Flush from source into carbon trap and
cool - radon is trapped and cannot escape | "

N
< >
G NS <
L S
AN 3 }
41>, DAnS ¥ ~
H «{ 4»4 ’{1 ,‘L’%‘\;y ‘»‘ ’4
SF 32 ‘\4 »_,I 2P AR
¥ N7
‘»;ﬁ?‘
12
“Pq
Yoo 7
4’/ /
N
g \i«/

N ¥ X X

Cheryl Patrick, UCL SuperNEMO 33




Radon in the tracker

Tracker components

Target activity: 0.15 mBq/ m3
Two things to consider: tracker components and gas
mixture

ﬁ

| - |
Tracker gas \ Flush with helium ; @
’i Nz

0.15mBg/m3 — 0.01 mBq in 70 litres

UCL developed the radon concentration line (RnCL) I

Potential component emanates 70-litre electrostatic detector can
radon in chamber (10 days+) measure activities down to 0.09 mBq

Release the radon ‘ ‘ . ‘ ‘ >
Seal and heat trap to release the trapped ‘ ‘ ‘ ‘ ‘ ‘ 0. /

radon

Cheryl Patrick, UCL SuperNEMO 34



Radon In the tracker

Tracker components

Target activity: 0.15 mBq/ m3

Two things to consider: tracker components and gas
mixture | .

Tracker gas \ Flush with helium

0.15mBg/m3 — 0.01 mBq in 70 litres

UCL developed the radon concentration line (RnCL) I
Potential component emanates 70-litre electrostatic detector can

radon in chamber (10 days+) measure activities down to 0.09 mBq
<>

Flush helium through trap to detector
a_

Radon is now concentrated enough

that the we can detect It. . .

Use trapping and detection
efficiencies to get from measured
activity to original activity.

Cheryl Patrick, UCL SuperNEMO 35



Concentration line and the tracker

Concentration line measures tracker activity 2.7 £ 0.3 mBqg / m3
Requirement is 0.15 mBq / m3

Activity 18 times too high

What to do”? Flow clean gas (radio-pure He measured by UCL)

- 20 f . Gas and tracker activities
g F :
L IR T:] CCXCIOT T T X e e e e e e P E T R TP TP PR PR T EETEY 1 + AG/AT Radon half life
- - :
S - =——A2/A%=0.0% Suppression factor =
2 16 G
A il o 1+ f/VT)\
© L TTA/AI=50%
L s o
5 —— A3/ AT =15.0%
8 10
o

8

6

4 For full tracker (15.2 m3)

4 : Required flow rate is 33 litres per minute

X R Liu Thesis E Equivalent to 2 m3 / hour
' = 1 : ‘
% 5 10 i5 20 25 30 35

Gas flow / Ipm

Cheryl Patrick, UCL SuperNEMO



Optical modules and calorimetry

2V[3[3

Need good energy resolution

00 02 04 06 08 10
K./Q

Nucl. Inst. Meth. A 868, 98-108 (2017)

Cheryl Patrick, UCL SuperNEMO



Optical modules and calorimetry

2 8" radiopure PMT

V with improved

Need good energy resolution slglelieierciiglelelc
guantum efficiency

Directly coupled - no
light-guide

2560 X 256 X 194 mm
Polysytrene scintillator block

0.0 0.2 0.4 0.6 0.8 1.0
Ke/Q with optimised surface finish

Nucl. Inst. Meth. A 868, 98-108 (2017)

Cheryl Patrick, UCL SuperNEMO



00 02 04 06 08 10
K./Q

Nucl. Inst. Meth. A 868, 98-108 (2017)

2V[3[3

Need good energy resolution

8" radiopure PMT
with improved
photocathode

quantum efficiency

N
a1
[T 1 1T 171

N
o

Number of optical modules
o

10

Y

\

N\
\

\

Directly coupled - no
light-guide

2560 X 256 X 194 mm
Polysytrene scintillator block
with optimised surface finish

PS: Mean 8.33, RMS 0.33

PS Enhanced: Mean 7.97, RMS 0.30

Y,

\

=

8% energy
resolution

|

1

NS, L

=)

7.5

8.5 9 9.5 10

Energy resolution, FWHM at 1 MeV (%)

Time resolution:
400ps (1MeV)

Cheryl Patrick, UCL

SuperNEMO



supernemo

o=

sy Optical modules and calorimetry

2 8" radiopure PMT

V with improved

Need good energy resolution slglelieierciiglelelc
guantum efficiency

Directly coupled - no
light-guide

Wrapping also

. 256 X 256 x 194 mm
improvea

Polysytrene scintillator block
with optimised surface finish

@ i |
3 2 5 __ J PS: Mean 8.33, RMS 0.33
O PS Enhanced: Mean 7.97, RMS 0.30
S [ ,
£ T
S 20
2 [ o
e [ 8% energy
5 L B resolution
s | \
£t \T
Z 4o —L
: : . ' i \E : :
Maldn falorlmeter walls: 520 optical _ § = Time resolution:
5_
Moauies SN 400ps (1MeV)
With side, top and bottoms: 712 : \\ N |
modules total S = 7.5 - 8 8.;\ 9 lg.g | |—|1o
Nucl. Inst. Meth. A 868, 98-108 (2017) Energy resolution, FWHM at 1 MeV (%)

Cheryl Patrick, UCL SuperNEMO



supernemo

oS

gy Half-aetector status

Tracking chamber
closing plate

Co source E ~ 800 keV

O 000000

60

(9p1s 20URI) [[eM JOJQWILIOTR))

Tracking chamber (CO-C1)

2017: half-detector commissioning with

cobalt-60 source Half-detector opened and awaiting

source frame attachment




SuperNEMO In the event display

Viewed from above

113 columns of
9 tracker cells 8 :
: 0
on each side of the oo O
foll
O
20 columns of
calorimeter Tracker hits appear as circles, whose
radius IS determined from drift time to the

blocks In each
main wall

anode

2 columns of blocks

on each side of the

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1
g amm detector end (16 rows)

Cheryl Patrick, UCL SuperNEMO



Cheryl Patrick, UCL

SuperNEMO In the event display

Viewed from above

113 columns of
O tracker cells - 8 *
on each side of the

| oo

{ell o

20 columns of

calorimeter Tracker hits appear as circles, whose
blocks in each radius IS determined from drift time to the

. anode
main wall

2 columns of blocks +
on each side of the
detector end (16 rows)

Position along the wire comes from plasma
propagation times, and has a large
uncertainty

SuperNEMO

Viewed from the side

9 tracker cells (wires
vertical)

13 rows of
calorimeter
blocks in each
main wall

Single row of 16
blocks above and
below each side, to
velo gammas




Reconstructing events

| QR 6

e \Vhat we are reconstructing: a simulated B3 event

Cheryl Patrick, UCL SuperNEMO



Reconstructing events

| QR 6

e \Vhat we are reconstructing: a simulated (33 event
e Detector gives us radius and longitudinal position of
tracker hits, plus energy and time of calorimeter hits

Cheryl Patrick, UCL SuperNEMO



Reconstructing events

| QR 6

e \Vhat we are reconstructing: a simulated (33 event
e Detector gives us radius and longitudinal position of

tracker hits, plus energy and time of calorimeter hits
e Reconstruction efficiency decreases with hit radius

Cheryl Patrick, UCL SuperNEMO



Reconstructing events

L O e I 000000008

e \Vhat we are reconstructing: a simulated (33 event
e Detector gives us radius and longitudinal position of

tracker hits, plus energy and time of calorimeter hits
e Cluster hits based on position and timing

Cheryl Patrick, UCL SuperNEMO



Reconstructing events

L O e I 000000008

e \Vhat we are reconstructing: a simulated (33 event
e Detector gives us radius and longitudinal position of
tracker hits, plus energy and time of calorimeter hits

Ol e Cluster hits based on position and timing
/S/OMG e [ry to fit helix and straight tracks; pick track with best x2

Cheryl Patrick, UCL SuperNEMO



Reconstructing events

L O e I 000000008

e \Vhat we are reconstructing: a simulated (33 event
e Detector gives us radius and longitudinal position of

tracker hits, plus energy and time of calorimeter hits
e Cluster hits based on position and timing

e [ry to fit helix and straight tracks; pick track with best x2
e Associate with calorimeter hits to reconstruct particles

Cheryl Patrick, UCL SuperNEMO



Reconstruction: electrons and positrons

tracker tracker
calorimeters source foils calorimeters
Calorimeter hit If there’s a hit in the first i N
associated with track tracker layer, try to project
back to folil : :
A particle curving
| this way is identified N
2.33 £0.05 MeV as a positron
. 1.73+0.13 ns
E=0.43+0.02 MeV _
t =2.21+£0.31 ns -+ and this \_" “
way on this

side - : =
.‘ curva thi ‘. clactron comipg from
curve this :
way on this outside the detector

side of the
foil..

Plan view (partial)

Electron tracks curve in the magnetic field. We get the electron’s energy from an associated calorimeter hit.

Cheryl Patrick, UCL SuperNEMO



Reconstruction: gammas

The signature of a gamma is an isolated calorimeter
hit, with no associated charged particle track

If there is an electron, we look at the difference in hit
times and compare them to how far the electron and
gamma would have traveled, to determine if they are
ikely to have come from the same interaction vertex.

]
- - ew == swlls = == s R - e . - ——

E=005+OO1 MeV
=11.02+0.87 ns

Timing information can also group
isolated calorimeter hits that could
come from the same gamma

Cheryl Patrick, UCL SuperNEMO



19 min / Qg =3.27 MeV

Cheryl Patrick, UCL

after an electron are
characteristic of alpha

Short, straight tracks a few ps

particles from 214Bj-214Po

decays

SuperNEMO




Short, straight tracks a few ps
after an electron are

19 min /Qp =3.27 Mev =T . characteristic of alpha
particles from 214Bj-214Po
decays

AL

"j.i.\

m'ill
Bl .

Cheryl Patrick, UCL SuperNEMO



Short, straight tracks a few ps
after an electron are

19 min /Qp =3.27 Mev =T . characteristic of alpha
particles from 214Bj-214Po
decays

i,

"j.i.\

l!'!l.ll
Bl

Cheryl Patrick, UCL SuperNEMO



Short, straight tracks a few ps

after an electron are

19 min /Qp =3.27 Mev =T . characteristic of alpha
particles from 214Bj-214Po
decays

no

N l.lj_;g

“ﬂl
Bl O

- Connect cells in delayed cluster with best-fit straight
ine (too heavy to curve)

Cheryl Patrick, UCL SuperNEMO



Short, straight tracks a few ps

after an electron are

19 min /Qp =3.27 Mev =T . characteristic of alpha
particles from 214Bj-214Po
decays

no

N l.lj_;g

“Hl
Bl O

- Connect cells in delayed cluster with best-fit straight
ine (too heavy to curve)

f line projection would intercept foil, extend track to foll
No input from electron track

Cheryl Patrick, UCL SuperNEMO



Reconstruction: alphas (from BiPo)

nort, straight tracks a few ps
233Bi fter an electron are
19 min /Qp = 3.27 MeV naracteristic of alpha

particles from 214Bj-214Po ~Jal Q@G
decays
o] |

- Connect cells in delayed cluster with best-fit straight
ine (too heavy to curve)

f line projection would intercept foil, extend track to foll
No input from electron track

Cheryl Patrick, UCL SuperNEMO



Reconstruction: alphas (from BiPo)

nort, straight tracks a few ps
233Bi fter an electron are
19 min /Qp = 3.27 MeV naracteristic of alpha

particles from 214Bj-214Po ~Jal Q@G
decays
o] |

- Connect cells in delayed cluster with best-fit straight
ine (too heavy to curve)

f line projection would intercept foil, extend track to foll
No input from electron track

Cheryl Patrick, UCL SuperNEMO



eeeeeeeee

°°°°°°°°° @ Reconstruction: alphas (from BiPo)

A, \
\ N
1 -
b
. \
- ., - \

nort, straight tracks a few s 1 de\ayed Nit
2:8L§Bi fter an electron are
19 min / Qg =

327 Mev naracteristic of alpha | ]

particles from 214Bj-214Po Surur-1
decays oelg
|

-+ Connect centre of cell with delayed hit to the closest
end of a prompt (electron) track

- Connect cells in delayed cluster with best-fit straight
ine (too heavy to curve)

f line projection would intercept foil, extend track to foll
No input from electron track

Cheryl Patrick, UCL SuperNEMO
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°°°°°°°°° @ Reconstruction: alphas (from BiPo)

nort, straight tracks a
zégBi fter an electron are
19 min /Qp = 3.27 MeV =T . naracteristic of alpha

particles from 214Bj-214Po
decays

i,

N "-!LL\..

I!'!I".]ll

- Connect cells in delayed cluster with best-fit straight
ine (too heavy to curve)

f line projection would intercept foil, extend track to foll
No input from electron track

few ps

NN

1 delayed hit
||

st |
[tap SEnY
|

+ Connect centre of cell with delayed hit to the closest

end of a prompt (electron) track

2 delayed Nits

Cheryl Patrick, UCL

SuperNEMO
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°°°°°°°°° @ Reconstruction: alphas (from BiPo)

nort, straight tracks a
zégBi fter an electron are
19 min /Qp = 3.27 MeV =T . naracteristic of alpha

particles from 214Bj-214Po
decays

i,

N "-!LL\..

I!'!I".]ll

- Connect cells in delayed cluster with best-fit straight
ine (too heavy to curve)

f line projection would intercept foil, extend track to foll
No input from electron track

few ps

NN

1 delayed hit
||

st |
[tap SEnY
|

+ Connect centre of cell with delayed hit to the closest

end of a prompt (electron) track

2 delayed Nits

Cheryl Patrick, UCL

SuperNEMO
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°°°°°°°°° @ Reconstruction: alphas (from BiPo)

nort, straight tracks a
fter an electron are

19 min /Qp = 3.27 MeV =T . naracteristic of alpha
particles from 214Bj-214Po
decays

i,

N "-!LL\..

I!'!I".]ll

- Connect cells in delayed cluster with best-fit straight
ine (too heavy to curve)

f line projection would intercept foil, extend track to foll
No input from electron track

few ps

NN

1 delayed hit
||

st |
[tap SEnY
|

-+ Connect centre of cell with delayed hit to the closest
end of a prompt (electron) track

2 delayed Nits

[

- Same tactic, but connect the centre of the furthest

hit to the electron track vertex

Cheryl Patrick, UCL

SuperNEMO
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g Reconstruction: alphas (from BiFPo)

€- X Short, straight tracks a few ps
213B;i 1%Po “35Pb | after an electron are
19 min /' Qg =3.27MeV '\ 164 us /" E,=7.8MeV \22.3 yr characteristic of alpha

particles from 214Bj-214Po
decays

JLAL
DD Uﬂﬁi

emui
. Bl

- Connect cells in delayed cluster with best-fit straight
ine (too heavy to curve)

f line projection would intercept foil, extend track to foll
- No input from electron track

Only if thereisa |

) prompt track!

111U LV LT TITUL VUL LlTAaunN VTI LTA

Cheryl Patrick, UCL SuperNEMO



Estimating sensitivity: our strategy

Estimate activity from 21 4B|

- |dentify characteristic 214Bi topology

- Fit shapes from foil contamination and
radon In tracker

- Extract 214Bi activity

Cheryl Patrick, UCL SuperNEMO



Estimating sensitivity: our strategy

Estimate activity from 21 4B| Estimate activity from 208T|

- |dentify characteristic 214Bi topology - |dentity topology with 208T| & 2148

- Fit shapes from foil contamination and contributions
radon in tracker - Subtract 214Bi contribution

- Extract 214Bi activity - Extract 208T]| activity

Cheryl Patrick, UCL SuperNEMO



Estimating sensitivity: our strategy

Estimate activity from 21 4B|

- |dentify characteristic 214Bi topology
- Fit shapes from foil contamination and

radon In tracker

- Extract 214Bj activity

Cheryl Patrick, UCL

Estimate sensitivity to OVﬁﬁ

- |dentify B3 topology

Estimate activity from 208T|

- |dentity topology with 208T| & 2148

contributions
- Subtract 214Bi contribution
- Extract 298T] activity

- Measure efficiencies for 214Bj, 208T| and 2v[3[3
- Use measured activities to model background level and

estimate sensitivity to Ov(33

SuperNEMO

44



Cheryl Patrick, UCL

Estimate activity from 21 4B|

dentify characteristic 214Bi topology

radon In tracker
- Extract 214Bi activity

CoullidiLe selisiuvily O w v PP

- |dentify BB topology
- Measure efficiencies for 214Bj, 208T| and 2v3[3

- Use measured activities to model background level and
estimate sensitivity to Ov[33

Estimating sensitivity: our strategy

- Fit shapes from foil contamination and

SuperNEMO

44



214Bj foil contamination: 1e1a topology

calorimeter

source foils tracker
modules

Cheryl Patrick, UCL SuperNEMO



214Bj foil contamination: 1e1a topology

calorimeter

source foils tracker
modules

o Negative electron track with calorimeter hit

Cheryl Patrick, UCL SuperNEMO



214Bj foil contamination: 1e1a topology

>15 ps source foils tracker calorimeter
modules

o Negative electron track with calorimeter hit

e Delayed alpha track > 15us after electron

Cheryl Patrick, UCL SuperNEMO



214Bj foil contamination: 1e1a topology

source foils

o Negative electron track with calorimeter hit

e Delayed alpha track > 15us after electron

e Both tracks lead back to source foll

Cheryl Patrick, UCL

SuperNEMO

ag«n:ai
i €

tracker

calorimeter
modules




'

214Bj decays: detector regions contributing to a foil cut ™ .

Source foil bulk:
Assuming 7 kg isotope - Demonstrator - 214Bj contamination of foils from natural
—— 238 decay chain
estimated 15.4 mBq (BiPo ‘upper Iimit’)

Cheryl Patrick, UCL SuperNEMO
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N
N -
\

2148] decays: detector regions contributing to a folil cut

Source foil bulk:

Assuming 7 kg isotope - Demonstrator - 214Bj contamination of foils from natural
238 decay chain

-iiiiii Illllll estimated 15.4 mBq (BIPO ‘upper I|m|t’)
o
. — 1 Radon in tracker:
....... !!!!!!! - Positive 214Bi ions from Rn decay are
B e s ll..lll deposited on field shaping wires
T ——e - Impossible to distinguish activity in first
e iiiiiii tracker layer from activity in foil
...I... I I I S S - estimate 42.3 mBqQ (in reality gas flow
....... II..II. c o o reduces this)
S=======I| IESSS===: /AW
e —— iiiiii N
[
S ESRESE T Feldwires
- —

Cheryl Patrick, UCL SuperNEMO



2148] decays: detector regions contributing to a folil cut

Assuming 7 kg isotope - Demonstrator

'

N
NN

Source foil bulk:

214B| contamination of foils from natural
238 decay chain

estimated 15.4 mBq (BiPo ‘upper Iimit’)

Radon in tracker:

Positive 214Bi ions from Rn decay are
deposited on field shaping wires
Impossible to distinguish activity in first
tracker layer from activity in foil
estimate 42.3 mBaqg (in reality gas flow
reduces this)

Source foil surface:

2148 contamination of mylar wrapper
from natural 238U and 232Th decay chains
214Bj deposited from Rn in tracker
estimated 3.37 mBq (in reality gas flow
reduces this)

Cheryl Patrick, UCL

SuperNEMO



2148] decays: detector regions contributing to a folil cut

Assuming 7 kg isotope - Demonstrator

‘Worst-case’ background activities

A
g N

5 4‘.\
\ . \\ b
N,
\\
X\

Source foil bulk:

214B| contamination of foils from natural
238 decay chain

estimated 15.4 mBq (BiPo ‘upper Iimit’)

Radon in tracker:

Positive 214Bi ions from Rn decay are
deposited on field shaping wires
Impossible to distinguish activity in first
tracker layer from activity in foil
estimate 42.3 mBaqg (in reality gas flow
reduces this)

Source foil surface:

2148 contamination of mylar wrapper
from natural 238U and 232Th decay chains
214Bj deposited from Rn in tracker
estimated 3.37 mBq (in reality gas flow
reduces this)

Cheryl Patrick, UCL

SuperNEMO



Extracting 214Bi activity

Expected event rate from 1e1a topologies reconstructed Reconstruction efficiencies
on the source foil (worst-case activities assumed . .
( ) Foil bulk Foil surface Tracker
-8
. 1.8% 8.4% 0.8%
Eor —— Combined events
o 30— *1“Bi Bulk
2 £ N5 | xBi Surface
L% o5 :_ - Bi Tracker
20 :_ Preliminary
15}
10—
51
0—1 L1 1 :  HE B od l Lot b1 |

0 50 100 150 200 250 300 350 400 450 500
Alpha length (mm)

The samples’ differing shapes vs alpha track length
will allow us to fit for activities

Cheryl Patrick, UCL SuperNEMO



Extracting 214Bi activity

Expected event rate from 1e1a topologies reconstructed Reconstruction efficiencies

on the source foil (worst-case activities assumed . .
( ) Foil bulk Foil surface Tracker
= 1.8% 8.4% 0.8%
E — Combined events
o : =100 T
" 30 - "Bi Bulk 8 E [— amroramnamre | | pophiis
ig ........ 214Bi Surface § 90 :_ ........... ...... ; : ry .........
214n; ‘D S | fitted PDF of source suface *'*Bi-Po :
L% o5 Bi Tracker g 80 S o £ S
—: i| we— fired PDF of tracker “'*Bi-Po :
70—+ e
Prelimina =
SOE
15 =3
40—
20
° 10f=- --f
. A 1 = ' :
0 5 6 S0 i N SRS OO0 FENE N 1O SN M| 1 ‘ 1 10 102
0 50 100 150 200 250 300 350 400 450 500
Alpha length (mm) exposure (days)
The samples’ differing shapes vs alpha track length With the worst-case activity estimates, we would measure
will allow us to fit for activities foll contamination to 10% uncertainty in around 2 weeks

Cheryl Patrick, UCL SuperNEMO



For a faster measurement of tracker activity, change selection to
require electron and alpha vertex in the tracker

Cheryl Patrick, UCL
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Bi-Po events - combined vertexes
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Bi-Po events in source bulk
i -
Bi-Po events on source surface

214 - )
Bi-Po events on tracker wires surface
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150 200 250 300 350 400 450 500
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Contamination from the foil is minimal

SuperNEMO



Estimating sensitivity: our strategy

Estimate activity from 21 4B|

- |dentify characteristic 214Bi topology
- Fit shapes from foil contamination and

radon In tracker

- Extract 214Bj activity

Cheryl Patrick, UCL

Estimate sensitivity to OVﬁB

- |dentify BB topology

Estimate activity from 208T|

- |dentity topology with 208T| & 2148

contributions
- Subtract 214Bi contribution
- Extract 298T] activity

-+ Measure efficiencies for 214Bj, 208T| and 2v[3[3
- Use measured activities to model background level and

estimate sensitivity to Ov[33

SuperNEMO

49



Estimating sensitivity: our strategy

Estimate activity from 208T|

- |dentify topology with 208T| & 214B;
contributions

- Subtract 214Bi contribution

- Extract 298T| activity

Estimate sensitivily U v v popo

- |dentify BB topology
- Measure efficiencies for 214Bj, 208T| and 2v[3[3

- Use measured activities to model background level and
estimate sensitivity to Ov[3[3

Cheryl Patrick, UCL SuperNEMO 49
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3.1
Minutes

Qg = 5.0 MeV

Stable

SuperNEMO

Simulated 298T| decay showing 1e2y topology

E =0.89 + 0.03 MeV
t =138 £ 0.22 ns

il | ! E=0.26 % 0.02 MeV
“H t =3.58 +0.40 ns

E=0.09 + 0.01 MeV
It =415 + 0.67 ns

Signature of 298T| decay is 1 electron plus 1 or more gammas
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Stable

SuperNEMO

Simulated 298T| decay showing 1e2y topology

E =0.89 + 0.03 MeV
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il | ! E=0.26 % 0.02 MeV
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3.1
Minutes

Qg = 5.0 MeV

Stable

SuperNEMO

Simulated 298T| decay showing 1e2y topology

E =0.89 + 0.03 MeV
t =138 £ 0.22 ns

E=0.26 =002 MeV
I =3.58 £ 0.40 ns

E=0.09 + 0.01 MeV
It =415 + 0.67 ns

Signature of 298T| decay is 1 electron plus 1 or more gammas

50



Simulated 298T| decay showing 1e2y topology

e-
ﬁ s
3.1 St E =0.89 £ 0.03 MeV
- able
Minutes Qs = 5.0 MeV t =1.38 + 0.22 ns i

E=0.26 =002 MeV
I =3.58 £ 0.40 ns

E=0.09 + 0.01 MeV
It =415 + 0.67 ns

Signature of 298T| decay is 1 electron plus 1 or more gammas

Cheryl Patrick, UCL SuperNEMO 50



Minutes Qs = 5.0 MeV

Stable

Total gamma energy, “**Tl bulk and %'Bi from all areas, 1E6

,!IIIIII

%57 1eNy (N>0)

21Bj bulk of the foil 1eNy (N>0)
21Bj surface of the foil 1eNy (N>0)
21“Bi tracker wires 1eNy (N>0)

Number of events /0.055 MeV, area normalised to 1

| l L 1 1 1

Cheryl Patrick, UCL

Gamma energy (MeV)

Summed gamma energy spectrum distinguishes 208T] from 214Bj

SuperNEMO

Simulated 298T| decay showing 1e2y topology

E =0.89 + 0.03 MeV
t =138 £ 0.22 ns

E=0.26 =002 MeV
I =3.58 £ 0.40 ns

E=0.09 + 0.01 MeV
It =415 + 0.67 ns

Signature of 298T| decay is 1 electron plus 1 or more gammas

50



Estimating sensitivity: our strategy

Estimate activity from 21 4B|

- |dentify characteristic 214Bi topology
- Fit shapes from foil contamination and

radon In tracker

- Extract 214Bj activity

Cheryl Patrick, UCL

Estimate sensitivity to OVﬁB

- |dentify BB topology

Estimate activity from 208T|

- |dentity topology with 208T| & 2148

contributions
- Subtract 214Bi contribution
- Extract 298T] activity

-+ Measure efficiencies for 214Bj, 208T| and 2v[3[3
- Use measured activities to model background level and

estimate sensitivity to Ov[33

SuperNEMO

51



Estimating sensitivity: our strategy

Estimate sensitivity to Ov33

- |dentify 33 topology

- Measure efficiencies for 214Bi, 298 T] and
2VB[

- Use measured activities to model
background level and estimate sensitivity to OvpB

Cheryl Patrick, UCL SuperNEMO



Ov[3B3 sensitivity

BB events are characterised by

Two electron-like tracks (negative curvature,
associated calorimeter)

SuperNEMO

Cheryl Patrick, UCL



Ov[3B3 sensitivity

BB events are characterised by

Two electron-like tracks (negative curvature,
associated calorimeter)

A combined vertex on the source foll

Cheryl Patrick, UCL SuperNEMO



Ov[3B3 sensitivity

BB events are characterised by

Two electron-like tracks (negative curvature,
associated calorimeter)

A combined vertex on the source foll

Vertex separation < 7cm parallel and 6 cm
perpendicular to wires

Cheryl Patrick, UCL SuperNEMO



Ov[3B3 sensitivity

BB events are characterised by

Two electron-like tracks (negative curvature,
associated calorimeter)

A combined vertex on the source foll

Vertex separation < 7cm parallel and 6 cm
perpendicular to wires

Internal probability > 4% & |

Cheryl Patrick, UCL SuperNEMO



Ov[3B3 sensitivity

BB events are characterised by

Two electron-like tracks (negative curvature,
associated calorimeter)

A combined vertex on the source foll

Vertex separation < 7cm parallel and 6 cm
perpendicular to wires

Internal probability > 4% & |t

No unassociated (gamma-like) hits

Cheryl Patrick, UCL SuperNEMO



Demonstrator sensitivity

c E ey
.% 0.045F Jl Preliminary |— Qv
g ot —2v
E = 208
8 0.035E TI
— Radon
£ =
g 002 -
0.015 -
0.01F—
0005 E_ - S. Calve
0 - u -_—--ﬁl. ‘- M~y |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 S
Energy sum [MeV]

Summed 2-electron energy is best distribution to
separate signal from background

Using a boosted decision tree, we can improve
sensitivity by including other variables (angle
between tracks, individual electron energies, internal/
external probability, vertex separation...)

(approx 10% improvement)

T1/2 > 5.85 x 1024 years (90% c.L)

For 7kg of 82Se (demonstrator) and 2.5 years’ exposure

Cheryl Patrick, UCL

SuperNEMO



supernemo

Install source
folls

Commissioning

Calibration
Monte Carlo challenge

E ~ 800 keV

Close the detector

Tracking chamber (C0-C1)

Validate calibration system

Cheryl Patrick, UCL SuperNEMO 54



L ong-term plans

e Other isotopes

NEMO-3 "camembert" (source top view)
NEMQO-3 studied 7 of the 13 observed B isotopes

82Se 0,93 kg

SuperNEMQO's design allows us to exchange the 825e
source foils for foils of other materials

Cheryl Patrick, UCL SuperNEMO



L ong-term plans

e Other isotopes
o Full SuperNEMO

TEEEEEE
B'; TK f [ — b—J A

[{ )
g

..- -
S
Q) |
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L) |
o
(8 |
2
L1}
——
e

A proposed 20-module full SuperNENMO
detector improves our sensitivity to T12> 1026 yedars; <mv> < 50-100 meV

For 100kg of 825e and 5 years’ exposure

Cheryl Patrick, UCL

SuperNEMO



L ong-term plans

e Other isotopes
e Full SuperNEMO

e Detector R&D:
e scintillator bars

Cheryl Patrick, UCL SuperNEMO



Long-term plans A\

e Other isotopes
o Full SuperNEMO
o Detector R&D:

e scintillator bars

Walls of 2m scintillator bars sandwiched between tracker layers = good
background rejection?

- Fewer PMTs - save $$ and radioactivity

- Easier to build

- But can we maintain our energy & time resolution?

Cheryl Patrick, UCL SuperNEMO 57



L ong-term plans

e Other isotopes
o Full SuperNEMO

e Detector R&D: =
e scintillator bars Z m r
e tracker improvements L

e SUperNEMO's tracker cells operate in the Geiger regime
(electron avalanche saturated, independent of ionisation)

e Could we use proportional mode and measure the
jonisation energy”?

Cheryl Patrick, UCL SuperNEMO



L ong-term plans

e Other isotopes
o Full SuperNEMO

e Detector R&D: =
e scintillator bars Z m r
e tracker improvements s

e SUperNEMO's tracker cells operate in the Geiger regime
(electron avalanche saturated, independent of ionisation)

e Could we use proportional mode and measure the
jonisation energy”?

Goal: an improved SuperNEMO that is

e cxtensible,

e compact and

® INnexpensive,

e and retains the performance of the demonstrator

Cheryl Patrick, UCL SuperNEMO



Sensitivity to new physics

Some theories predict additional Majoron bosons in OvBB: (A,Z) =» (AZ+2)+2e +yx° or (AZ)-> (AZ+2)+ 2 e + 2y°

f Pauli principle were violated, 2v33 neutrinos could have a A, = cos’y A+ sin% A, where A -fermionic, A, - bosonic
bosonic component: BB

Both of these, as well as Lorentz violation, would affect the summed 2e- energy distribution (as well as separation angle etc)

=
: 1 1 [ | 2v
:u‘g Plot: V. Tretyak 5 . ovﬁnﬁz Sensitive to T‘|/2 > 3-5 x 1021
08 S/ N AN . N e OvM3 years for bosonic neutrinos
z ............ OVM7 90% CI_
Coe bl /L 0 N0 N\ L N\ e 2v-LV ( )
) 2v-Boson
0.4 4-6 times improvement for
Majoron half-life limits
0.2
0 r TR = PR T T T |
2.5 3 3.5

Total energy (MeV)

Cheryl Patrick, UCL SuperNEMO
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CMS has set

. . . q’ A q et 7 I _y
Composite Majorana Neutrinos : 7 : a limit
W
— T [ Ny — EqQ’J
q Ny q Ny q Ny
20 !. Plot: F Deppisch New !
o .
qV)
8 15} CMS expected
% o exclusion (95% range) 136Xe 1027 yrs
O /.
C =10 7 136Xe 1026 yrs - |
% = BB half-life
Q limit
= Ol Preliminary | exclusions
O (examples)
0 !

Cheryl Patrick, UCL SuperNEMO



Astrophysical and exotic processes

Composite Majorana Neutrinos G T'Hooft, Nucl. Phys. B79 (1974) 276-284.

Magnetic monopoles

10us

e Postulated by Dirac; needed for Grand

Unified Theories
e Extremely massive (> 1017 GeV)
e Highly ionising due to large magnetic
charge
e —

SuperNEMO signature - short track + calorimeter hit 10 ps

Cheryl Patrick, UCL SuperNEMO



Astrophysical and exotic processes

Composite Majorana Neutrinos G T'Hooft, Nucl. Phys. B79 (1974) 276-284.
Magnetic monopoles
. —
e Postulated by Dirac; needed for Grand | —
Unified Theories twice
e Extremely massive (> 1017 GeV)
e Highly ionising due to large magnetic
charge
—

Or 2 saturated calorimeters registered in 2 different events

Cheryl Patrick, UCL SuperNEMO



Composite Majorana Neutrinos

Magnetic monopoles

Supernova neutrino bursts

Cheryl Patrick, UCL

Astrophysical and exotic processes

Neutrinos of all flavours for 10
seconds

Mean energy 15 MeV

Several interactions could
show up

Full SuperNEMO would
have sensitivity comparable to
Borexino, with unique
detection capability

SuperNEMO

Ue+p— e +n

1.7

vV+p—Vv+p

0.42

v+e—>v+e 0.13
v+ 2*C > v+ 2C” 0.11
ve + *C > e~ 4+ N | 0.03
Ue + *C > " 4+ °B 0.04

E Chauveau

interaction in SuperNEMO calorimeter (7 t)
for a supernova of 20 M5 @ 10 kpc

Full SuperNEMO

Borexino

SNO+

KamLAND

NOvA

JUNO




In summary, the SuperNEMO demonstrator is...

Cheryl Patrick, UCL SuperNEMO



In summary, the SuperNEMO demonstrator is...

Adaptable
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In summary, the SuperNEMO demonstrator is...

Adaptable
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In summary, the SuperNEMO demonstrator is...

Adaptable

82Se 0,93 kg

with a uniq
probe the d
mechanism

Cheryl Patrick, UCL SuperNEMO



supernemo

0= A& L

g (N summary, the SuperNEMO demonstrator is... 0

Adaptable

.
LABORATOIRE DE L'ACCELERATEUR LINEAIRE

30Te 0,45 kg

Thank you for listening!

with a unique
probe the deta
mechanisms

I
o
|

\

S
d

... and we can’t wait to get started
taking data later this year!

Cheryl Patrick, UCL SuperNEMO 61
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Cheryl Patrick, UCL
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Calibration with 2078

With plastic frame Without plastic frame 2078 K-shell internal conversion electrons

Energy [keV| Intensity [%]

482 1.5
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12 hours is enough to identify the first 2 peaks
L LT 12 hours calibration

SS316 Wires
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Si PIN Diode

Stainless Vesse| —»

S

UCL’s 70-litre high-
sensitivity
electrostatic
detectors can
measure down to

0.09 mBq

NEMbox Control Flow Control NEMbox Power Supply

Filter
Flow

7 Controllers

Trolley
Detector

Vacuum Pump Dewar for Trap Chiller

Cheryl Patrick, UCL

SuperNEMO



Si PIN Diode

Stainless Vesse| —»

)

UCL’s 70-litre high-
sensitivity
electrostatic
detectors can

measure down to
0.09 mBg

’ .‘\
% " \\ ’
~
\\
N

NN

Radon emanation from potential
tracker components is measured
with an emanation chamber

NEMbox Control Flow Control NEMbox Power Supply

Flow
7 Controllers

0.15 mBg/ m3 = 0.01mBqg in 70
litre chamber

Below 0.09 mBq imit — Trolley
concentrate radon before
measuring

Detector

Vacuum Pump Dewar for Trap Chiller

Cheryl Patrick, UCL

SuperNEMO



Emanation measurement

Put clean sample

INto emanation
chamber and seal

u“ | liiil

Cheryl Patrick, UCL SuperNEMO



Emanation measurement

Put clean sample
INto emanation
chamber and seal

Flush with helium
to remove any
radon

Cheryl Patrick, UCL SuperNEMO



Emanation measurement
Put clean sample
INto emanation

. chamber and seal

Flush with helium
to remove any
radon

Sample emanates
for 10+ days

Cheryl Patrick, UCL SuperNEMO



Emanation measurement
Put clean sample
INto emanation

. chamber and seal

Flush with helium
to remove any
radon

Sample emanates
for 10+ days

Use helium to flush emanated
radon into electrostatic detector

Cheryl Patrick, UCL SuperNEMO



Calibrating the radon concentration line

g B # 9
\OOE:——— N, - Source . Detector - Out P~ M
3 . El N, - Source . Trap . Detector . Owt § 25»’
- O.BE: M -+ Detector -+ Out — ; |
g S| T Me s Yrep s Detector § ]
w 0-7:‘ w >‘
=) 20 |
0.6 | L T }
= | "t - ‘L - ]
05: ? g o.. :
l 1 .
0.‘§| ‘0. bl .
o | |
0.3 e
- !
- I
002. :z Si !
o =
TP I TP I e , ~
% s 10 15 20 25 30 35 40 eo 80 100 120 140 160 180
Time / hrs Time / hrs

1) Measure detection efficiency

Flush nitrogen over source of known
activity to detector (no concentration line)

Detection efficiency = measured activity /
true activity

Cheryl Patrick, UCL SuperNEMO



Calibrating the radon concentration line =

8

— A, =0.535 ¢ 0,003 Mz

Event Rate / Hz
© © ©o

Event Rate / Hz
& ¢

3

100 120 140 160 180
Time / hrs

2) Trap radon

Flush from source into carbon trap and
cool - radon is trapped and cannot escape

@

Cheryl Patrick, UCL SuperNEMO 68



Calibrating the radon concentration line =

8

— A, =0.535 ¢ 0,003 Mz

Event Rate / Hz
© © ©o

Event Rate / Hz
& ¢

3

100 120 140 160 180
Time / hrs

2) Trap radon

Trap saturates and radon escapes - time
to make measurement

@

Measures trapping efficiency

Cheryl Patrick, UCL SuperNEMO 68



Calibrating the radon concentration line =

8

Event Rate / Hz
o o o o
(2]}

Event Rate / Hz

S & ¢

. - - - - - -
LR AR B S B L o AR S I e e I I B S S S I S A

o
W

60 80 100 120 140 160 180

Time / hrs
3) Release the radon ‘ ‘ ‘ ‘

Seal and heat trap to release the trapped ‘ ‘
radon

Cheryl Patrick, UCL SuperNEMO 69
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4) Flush helium through trap to detector

Radon is now concentrated enough
that the we can detect It.

Measured activity/ expected activity
gives trapping efficiency

Cheryl Patrick, UCL

Event Rate / Hz
o

3

Calibrating the radon concentration line

8

-

e o Detector -+ Out
Me - Trap . Detector
e A, # 0.538 1 0.000 M2
F00% Trapgped s 102 : 10 M2

AsN0 0000 M

Trapping BN » 8341 28 %

............................

SuperNEMO



Relative errors o/u

o/u from the distribution of the outputted activities.

Fitted activity - source bulk, 60 days exposure : : :
g e Relative errors for varying exposure, '*Bi all generators

900 — Entries 98166
- Mean 0.01578 — 140 ; : — T T T T
8001 Std Dev 0.001179 o, — 2'14 ' ————
= 2 1 ndf 405.3 / 357 B .
: oo 0355 - 5 s [|— “'BiBulk
700 — : ® 120 |-
= & | 2140y
600 — = T B| Surface D
= © ' -
500 [— [© B 214 - D
- e 1003 —— Bi Tracker |-
400:— —. . . . . . N
o BO [ e £
200:_ : . . . . . o . . . . . o
3 60 NG S
- 1 M BT, T R R ! : : S : : S
0:005 0.01 0.015 0.02 0.025 0.03 —

Activity (Bq) —: : : N : : A
To test we can pick out the components: A G HEE
Generate pseudo-data with various combinations '
of foil bulk, surface, and tracker events
—ractional fit: try to reproduce input fractions
Repeat the fit for various exposures
How long must we run for our activities to be

correct to 10%7

........................................................

; l%r'%ﬁ_ DK

10°
Exposure [days]
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