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] Outline

* Neutrinos: Known and Unknown
» Neutrinoless double beta decay, in
LEGEND - a neutrinoless double beta decay (in Ge) experiment

«  Work of IU group: investigating a small part of the detectors called
‘passivated surface’
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| What we know & don’t know about Neutrinos

(so far, among other things)
We know: Neutrinos

At least, very tiny, since so many
‘ of them can escape the Sun

* Are only electric chargeless (charge conservation

in beta decays, Cowan-Reines, 1953) fermions (have

spin %, from many experiments, by angular momentum
conservation)

* Interact ~only through Weak interactions!

* Violate parity! (And ~maximally, ~100% LH!!) [Wu,
1958] Y= (1-i6-5- 8- $)r;\/
Yr— (1-10-5+08-5)¥r- X
* Have mass >0.01 eV (from v-flavor oscillation
experiments)
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| What we know & don’t know about Neutrinos

(so far, among other things)
We know: Neutrinos We don’t know: Origin of their masses.

At least, very tiny, since so many

l/ of them can escape the Sun TWO pOSSi ble WayS:

e Are 0n|y electric chargeless (charge conservation Dirac Way: Two handedness of leptons + coupling with
_ _ . Higgs field - Conserves Lepton Number 2
in beta decays, Cowan-Reines, 1953) fermions (have

spin %, from many experiments, by angular momentum Left handed |eptonEf;”:”;agfﬁe']j”nd:edée .
conservation) bt handed neatrin b A
i— R A
* Interact ~only through Weak interactions! LN =3 NIONT y1aNT @' Lo -5 NT My (N))C - He.
Dirac-like term Majorana-like term

* Violate parity! (And ~maximally, ~100% LH!!) [Wu,

1958] = (1-i0-5-8-9vi\/ Majorana Way: Charglessness + being fermion = No
Yr— (1-i0-5+B-F)Yr X Higgs coupling needed = Lets same handed fermionic
e Have mass > 0.01 eV (from V-flavor oscillation fields be coupled together - Violates Lepton number, No
experiments) need for RH neutrinos

Y = (Y + 99 = ¢ + 4 =1 : Particle = Anti-particle
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| Neutrinoless double beta decay

f~decay:n »pT+e  +v Experimental signature of 0vB
2vB B decay: 2n — 2p+ + 22— + 2V, (T (Ge) = 1021yr) No neutrinos in this case to take away any
OvBB decay: 2n — 2p+ +2e” + 07, (Ti _72, Current: >10%5y1) energy = very sharp peak at the Qgp of 2vpf

Qpp = Total energy of 2e-(2.039 MeV for 7°Ge)

ovBB 2vBB
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Fraction of decay energy

w INDIANA UNIVERSITY Nafis Fuad




| What isotopes can actually go through gf?

Spin paring makes even-even nuclei more strongly * ~100 isotopes calculated to be
bound than its nearby ones. able to go through .

* 9 nuclei directly observed to do
Binding energy of parent and daughter nuclei decides if that this.

nucleus can go through a BB decay instead of [ decay! thoico | Hulhds, 107 yourn | Modo Toretion] Wethod | Sxperimen

|

Ca 0.064 ) 005 * _0.009 BB direct NEMO-3(11]
dl
- °Ge 1.926 +0.094 [ direct GERDAO |
Bk 92%5° 413 es direct BAKSANI10]
8255 | 0.096+0.003+0.010 | BB direct NEMO-3[10]
%2 | 0.0235£0.0014 £0.0016 | BB~ direct NEMO-3110]
100 0.00693 + 0.00004 BB NEMO-3[10]
Mo +0.10 direct
68 [ 069509 +0.07 BB | 0o o0t Ge coincidencel!°!
Thye
o UKr T 0.028 +0.001 +0.003 direct NEMO-3[1°]
\ Irect
70 b . o 0.0262 006 Fe ELEGANT IVI10]
¥ A 7200 ;too
- 128 * .
= Te eochemical (o
> = € 1800 700 FE g
= -T2 “As 130 ) 112]
=, B Tt Te 0.82 +0.02 +0.06 BB direct CUORE-0
< Ge o 24y 18451 ee direct XENON1TI(!3]
-4F Q %%e | 2.165£0.016£0.059 | BB direct EXO0-200!10)
* Thee | 76 Go- (421 34 | 1805, (0.5-2.7) e geochemical (141118)
- | Se 34 0€: ( n, p) +0.00025 NEMO-3[10]
-16 150, 4 0.00911 - 50020 + 0.00063 | BB~ direct
AZ = 22— 0'107fg:g;g BB | 0*— 0% Ge coincidencel 10!
2 33 M 35 36 - - —
7 U 2.0+0.6 BB radiochemical
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| Why Ge?

Ge detectors are semiconductors

- Big number of electron-hole pairs for even small amount of
energy deposition

—> Greater energy resolution

- Makes it possible to remove more background From Majorana Demonstrator and GERDA:

Energy resolution 0.12% FWHM at Qgg;
Bkg Index 10- counts/keV-kg-yr at ROI

Resolution (%FWHM) at Q_BB

102 169 Performance of 100 kg-scale experiments
T T N 1
Te Ge Xe ® Demonstrated
: ~ ° L] B Projected
SN‘O+ Background Index T CUGRED | & EXOR00 =—
- 140 X
101 b KZ g 102 TS EXO-200-1
e EXO-200 i B o
z 5 SNO+  GERDA-1
——————————————————————————————————— S 100x
100 i b»<0.1 § 10" 4
L] '] ] ,
NEXT-White = MAJORANA DEMONSTRATOR NEX}-100
2 ° 5 1004 GERDA-II 10x
-1 S
107 e GERDA 5
0 7)) v v L Q T :
a - v - X X Do lEebes oL I x5 EOMPRTDNR) PRI . 1
- () 8 Q gl O
) — —— > 5 a. v T T T T
- (@) = « = Bolometers  Te-LS Diodes Xe-LS  Liquid Xe  HPGXe
o -4
o oo
O
m
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‘ ~300 members, 55 institutions, 12 countries

I LEGEND (Large Enriched Ge Experiment for Neutrinoless g Decay)

1| Water tank / -Veto g e S HPGe readout electronics
LA R based on MJD Low Mass FrontEnd "

 ~1 mile underground in Gran Sasso, Italy.
g ! y and GERDA charge senstive amplifier (CC4)

Detector mount: underground copper,
optically active PEN plates & radiopure PEl

* Modular form, arrays of ~10 detectors hung on strings.

. 1 , o "
. . . . o b, ' P Wy s K
* LArin the cryostat below detector strings. SiPMs basically ﬁ' q &, \\
8 .
H { M ’ o h by & &Y,
make it an ‘active detector for backgrounds’. g - I 1
Z 711,' Liquid Argon instrumentation: 3
g Hill inner & outer fiber barrels with
H =l siicon photomultiplier (SiPM)
0 3 t readout at top & bottom
T T T T T T T T T 10° ¥ -
0 L EGEND-1000 goal - 30 median discovery sensitivity \l\‘\’\/ : !'
\a oy \\\ l
107 - PO t E \“\\5@ o Larger mass (inverted coaxial)
- B o g e HPGe detectors with up o 4 kg
g 10% | Heidelberg- 108 '@‘ 1023 0'/,—" ..-""’
g . § " E mgp=18.421.3 meV s T ;j('i"\'ﬂ
~ 1025 L il . 05 = e e o
£ lePY 0 > F e ™ ik \a Source funnels for
£ IGEX O 427 e ol S U
5 0% 1 g 107 Coo iy 228Th calioration sources
2 3 Ly ‘
QNmza L S:t/é b 1o 8« [~ Current ,;.,,/“ ..... 10 m;“,,'" range ? @ @ HPGe Detector array & LAr Instrumentation M. Willers, TAUP 2023, Vienna
"; Milano o |_'\' 102 g o ’ i — Background free
102 o 68% C.L. limit - 10% - — 0.025 counts/FWHM-t-y
- [ e - = - 0.1 counts/FWHM:-t-y
2 | o 90% C.L. limit 4 102! 5 :
10 10 10° lf_ ==+ 1.0 count/FWHM-t-y
I L I L ! I ! ! I e 10 counts/FWHM-t-y
1970 1980 1990 2000 2010 2020 4 1 | IIIIII| Ll IIIIII| Ll IIIIIIl | IIIIIII Ll IIIIIII 1 LA Lilll
10° -3 -2 -1 2
10 10 10 1 10 10 10°

Exposure [ton-years]
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I Detectors of LEGEND / . H]

Chunks of highly pure Ge. Connected in reverse bias of 2-5 kV.

Broadly two types: ICPC |jLEGEND:» Coax
- The ones that collect charge through a point (good for analysis later): e (GERDA)
PPC (repurposed from MID), BEGe (from GERDA) , ICPC. S A g
- The ones with larger contact for charge collection: Coaxial. | ‘ r )
S pulse
1.00 - \
—— Charge
~—— Cunent
» 0.75 -
£
g 0.50 -
2
0.25
0'000 260 460 660 860 1060 1260

Time / ns
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| LEGEND-200 : Detector performances

101 detectors = ~140 kg (14% of total goal)
Mostly ICPC. PPC and BEGe from MJD and GERDA repurposed
Weekly energy calibration using 428Th sources.

Ecal — Etrue (keV)

o
~

©
N

©
o

I
©
N

I
©
»

Currently collecting data. Recent result on 10.1 kg-yr.

Energy calibration stable over months

J t:::?::::#::::::i::t:::I;f:3;7%<i::::3

ICPC :
« 5832keV |3
* 26145keV |~

0’5‘\A‘ A Q?;"l% QA«‘QA o QA«‘\% Q&"l% ()6'0'l

w INDIANA UNIVERSITY

FWHM at Qgg (keV)

It R N LB
o O o o o O o
1 1 L 1

N
o
1

FWHM ™~ 0.1% of Qgs, even better than expected!

{ ICPC 3
I PPC
BEGe
I COAX
B
E3
. F
kS 4
2 3
7y . .
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Detector Mass (k@)

L-200 Detector composition
(By mass)
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| LEGEND-200 : Energy spectrum and background index

Energy spectrum of L200. Nothing surprising.
o 42K, 40K from Liquid Ar
o 208T| from 232Th chain (residual Thoriums in the detector components)

* 2v[[ spectrum visible with thousands of them detected already!

— 1021
(T%,76Ge—>2vﬁﬁ = 10~ yr, so already very very rare!) Bkg Index = 2x104 cts/keV-kg-yr

« Some ‘high energy’ (~5 MeV) «a particles, originated from 21°Po and 219pb. (< 107 of previous best)
Background subtracted spectrum of L200 in ROI
. X —- 6 5
I 3 39A, 8 After PSD £
a2y > W After PSD + LAr
5 ] :
103 E 4OK Bl window
> : 50 4 (1930 - 2190 keV)
s ] il e . |
E 102 3 2nbb J ﬁger Bg TR (S 3 E 2031 keV far from E
£ — After u £ | Qu~ 2039 keV ;
3 ‘ S2{, i g |
105 alphas § |
| “F JW " E
17 ' . “lljl ﬂ’lll o111 tl[llll 1 nam 1| thllﬂhﬂ | . ‘ | I
1000 2000 3000 4000 5000 6000 1900 1950 2000 2050 2100 2150 2200 2250
Energy (keV) Energy (keV)
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| Can those alphas be problematic? Possibly!

Majorana Demonstrator’s low energy spectrum reveals some missing
peaks from 21°Pb - Energy degraded in the passivated surface of the

detectors?

%\ 55

0 Fel e -+ mGe: 15.1 kg-y
4 100_

> : —+ e"Ge: 37.5 kg-y
é.)/ |

£

=

o

O 107!

10 WWW””’\" N VO

I 1 1
- 80 100

0 20 B
Transition Energy  Attenuation Length in  Energy (keV)
crystal Ge

10.8 keV X-ray (*°Pb)
13.0 keV X-ray (*'°Pb)
46.5 keV 7 (*°Pb)
30.0 keV electron (*°Pb)

60 microns X
14 microns X
460 microns !
5 microns x

* this is not a comprehensive list, just a quick copy-

paste

INDIANA UNIVERSITY

[ ] p* Point Contact (Ge)

I n+ Outer Contact (Li)

B Active (Intrinsic) Volume

B Transition Region (~1e-3 m)
Il Passivated Surface (~Te-6 m)
I Passivation Boundary

~5 MeV «a particles can get degraded
to ~2 MeV, which is ROI!!!
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| IU+UW joint effort to solve the issue!

* A PPC detector from Majorana Demonstrator Typical energy spectra for the Kr source
* Shoot Kr towards it

— Bkg, no cut

— Kr, no cut Expected signals:

— Kr-Bkg, both no cut

* Look for 32 keV electron peak

Conversion electrons*

9.4 keV gamma

08 17-18 keV (25%)

Pumpvalve  —._ I 30-31 keV (63%)
[

g 06~ Gammas

: [ 9.4 keV (5.5%),
04—

32.15 keV (< 0.1%)

X-rays

i -
02
- (requires atomic excitation)
i ﬂ\'\'\ e ) 12 keV (~13%)
00—

. .
| | 1 | | | 1 | | | | 1 | 1 1 | | | 1 1 | 1 1 | | | | monoenergetlc

Energy (keV)

32 keV line of Kr is clearly degraded, and possibly in the
passivated surface.
How do we quantify it?
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I S u m m a ry % 2.0 ]3[32v 107 LEGENDA000 g0l | 1
z 107 |- 107
g 157 @1 o Heidelberg- GERDA 4 10%
s i - rep Moscow [KKDC /.;/ v
= 1% lePY 1 Maorana] 10
1.07 £ IGEX "
%—,10“» 10
* Set out to measure T1(76Ge — 0vff), Currently: >10%5yr Wi v
> ' 76Ge)=?? 12} s o 68% C.L. limit 1 1%
« LEGEND: A ton scale experiment looking for OvBB in 76Ge, o
Built on success of Majorana Demonstrator and GERDA
10 4 . .
* LEGEND 200: 15% deployed, currently taking physics data g 1 K
= Gl
- better both FWHM and Bkg Index so far S P — el A
- Already seeing thousands of 2vf 5 8 1o W alphas
e : . lw llﬂll\L!l,Lﬂ.l_A_J_ﬂ_l.lil,.Lﬂ_AﬂJJm;Iﬂ_hu—L
1000 2000 3000 4000 5000 6000

* Some ’high energy’ as are expected to be problematic. [lU+UW
groups are working on it.
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Energy (keV)
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ISummary o e
* Set out to measure T1(’Ge — 0vBf), Currently: >10%yr Smns 1
2 o e%CLImt 10
« LEGEND: A ton scale experiment looking for OvBB in 76Ge, m—— e
Built on success of Majorana Demonstrator and GERDA
O A
* LEGEND 200: 15% deployed, currently taking physics data g 1
- better both FWHM and Bkg Index so far 2102' 2nbb : ol
- Already seeing thousands of 2vf 5 8 10] alphas
i WWHJIEU prdlwen ol BLD
* Some ’high energy’ as are expected to be problematic. [lU+UW W G CWE TR G

groups are working on it.

Thanks everyone for listening!

Questions?
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] Backup slides
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Backup slides

mgg = ) (Uei)'m. (67)
We can express the matrix elements U,; in terms of the mixing angles and phases that traditionally
parameterize the PMNS matrix:

1 0 0 -i6
0 c23 23

C13 0 513€
0 1 0

-si3e-is 0 ci13

Uei = -S12 C12 0 0 (68)

0 —s23 c¢23

'c 5120 o

Majorana phases

INDIANA UNIVERSITY

Inverted and normal order hierarchy comes into
play when calculating m_BB from T_1/2, not before
that.




| But Standard Model tries to understand them

Three generations
of matter (fermions)

Leads to ElectroWeak theory: SU(2)xU(1), [G,W.S,...,.1970s] 5

charge % % 0
[all fermions starts with 0 Dirac mass and only gets mass later through o 2“ «C V,E I xwvm
SSBreaking] '

No evidence of RH neutrino + Only evidence of Higgs doublet

l
LH doublet + RH singlet

l
Neutrinos are massless
(i.e. no coupling with Higgs)

1998: Neutrinos have mass! (=all mass eigenvalues can’t be 0), but very
tiny!(~0.1 eV) [Super-Kamiokande]
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* ~Anything that can happen,

I Worth tO IOOk fOr' OVﬁﬁ? should happen.’(Good enough?)

Majorana nature of neutrino = ‘Tunable’ origin of v masses = Leptogenesis

l All the good stuff...
Only 3.ph.ases can be absorbed in Schechter-Valle[1982]
leptonic fields ‘Any diagram of 0vS
(i.e. only charged lepton fields can do that now) - Majorana v’

|

e 0 0
. 05— e 2vB B Spectrum
— 10 . . . - /_\ —— — Lorentz-violating perturbation
Upmns = Uckm(0) | 0 €7 0 Possible Lorentz violation: ... . -~ N
0 0 1 shifts 2vB spectrum G [/ N\
= 7

H D02 %\

[Just two more ways to explain the i AN
e . . [Checked on 136Xe, null result.] vy AN

observed ‘big’ amount of CP violation] i AN

Electron Sum Energy (keV)
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JWhere could neutrinos gain masses from?. cen Sahmetonist

Right handed neutri / /\

. _ . L SRPTE T~ u 7\
Dirac way: coupling with Higgs field (just like other leptons E%‘%N}‘ INELy, W3 L INT R (NHC b Hc

gets mass through SSB. 2

- conserves lepton number (like all other known interactions) precterm - Majorana term
Leads to y,~0(107'%), based on limits of My[exp) @nd VEV. Existence of heavy RH v could make this better.
(But other ones (e.g. electrons’) are ~O(1) &)

Majorana way: No Higgs coupling required, so can explain ~any value of m,)!

7,v¢ can be # 0, since v¢ = CP(v;) = C(Vg) = Vg (since vs are chargeless. So no need of vg, but
can accommodate that if needed.)
Violates Lepton number conservation & (no known interaction does that, but not prohibited either! &)

Majorana 2. % = (v +¢%)° wf + P =1 - particle = anti-particle
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Counts / 15 keV

Counts / 15 keV

10?

10

10°k

107

Ge internal _

2327 chain

BEGe detectors after QC

Y

—— 2vBB
—— Thorium
—— Uranium

l
ICPC detectors alﬁer Qc

T

1000

1500

2000
Energy (keV)
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Detector mounts — m2387J chain
Front-ends — Underground Ar
Cabling S m Ge cosmogenic
Optical fibers NN - m Surface «
Re-entrant vessels — m Cryostat steel v/n
222Rp in LAy | e m Cosmic rays
2K n LT
68Ge ——
60 .
a emitters
External v/n ==
p-induced | s——
Total | il L m— LU L
1078 1077 106 1075 1074
cts / (keV kg yr)
—— 40K —— Model %
— 42K Data |

10-3

TABLE XIII. Estimated background indices (Bls) before and after the application of analysis cuts. The survival
probabilities for the PSD applied only to the events surviving the AC cut is enhanced by the complementarity of the

two cuts. Uncertainties correspond to +1o or limits at the 90% CL.
Survival Probabilities [%]

BI Before Cuts

BI After Cuts

Source Location [cts/(keV kg yr)] AC PSD PSD After AC [cts/(keV kgyr)]
2387 chain Cabling—HV (1.24£0.5) x 107° 11 19 5.0 (6.3+4.2) x 1078
238U chain Cabling—Signal (1.34£0.6) x 107° 11 19 5.0 (7.3+£4.9) x 107®
238U chain  Det. Mount (EFCu)  (7.9+3.9) x 107¢ 22 19 6.1 (1.0+£0.8) x 1077
238U chain  Det. Mount (Ultem™)  (2.1+0.7) x 107° 21 23 15 (6.8+4.2) x 1077
2387 chain Optical Fibers (2.3+0.8) x107* 4.3 22 10 (1.0£0.7) x 107
238U chain Front End ASIC <1.0x107° 16 19 6.3 <1.0x107®
238U chain PEN Plates (7.3+1.8) x107° 27 20 6.5 (1.34+0.8) x 1077
238U chain ~ HV Conn. (Ultem™) (2.0 0.6) x 10~° 17 21 74 (25+£1.6) x 107®
238U chain HV Conn. (Ph-Br) (6.3+£0.2) x 107¢ 17 21 7.4 (8.0+4.2) x107®
238U chain  FE Mount (Ultem™)  (4.4+1.5) x 107° 19 18 6.0 (5.1+£1.7) x 107®
238U chain  FE Mount (Ph-Br)  (7.7+0.2) x 107° 19 18 6.0 (89+4.7)x1078
238U chain CAPs (6.3+1.6) x 107°¢ 3.6 22 9.2 (21724 x 1078
238U chain Re-entrant Vessels (8.3+£4.1) x107° 13 22 11 (1.2+£0.9) x 1077
238U chain Tetratex & TPB (1.6+£0.3) x 107° 13 22 11 (22+£1.4) x 1077
32T} chain Cabling—HV (2.3+1.6)x10™°  0.068 35 4.6 (7:3t00)x 107
232} chain Cabling—Signal (2.7£1.9)x107°  0.068 35 4.6 (8-5132) x 1071
22Th chain  Det. Mount (EFCu)  (1.5+£0.7) x 10=°  0.31 35 8.2 (3.9+2.8) x107°
232Th chain Det. Mount (Ultem™) (7.8+1.8) x 10™°  0.32 36 6.8 (1.7+£1.1) x107®
#32Th chain Optical Fibers (1.0£0.3) x 107*  0.049 38 33 (1.6+1.5) x 107"
232Th chain Front-End ASIC <16x10°° 0.32 35 5.4 <28x1071
22Th chain PEN Plates (2.84+0.8) x 107* 0.19 35 3.5 (1.9+2.8) x107®
232Th chain  HV Conn. (Ultem™)  (7.9+1.8) x107¢  0.18 37 9.3 (1.3+£0.9) x 107°
#2Th chain ~ HV Conn. (Ph-Br)  (3.3+£22)x107%  0.18 37 9.3 (5.5+5.2) x 1071
232Th chain FE Mount (Ultem™) (1.6 +0.4) x 107> 0.35 35 8.4 (4.842.9) x107°
232Th chain ~ FE Mount (Ph-Br) (3.6+£25)x107¢ 035 35 8.4 (1.1+£1.0) x 107°
232Th chain CAPs (1.3+£03)x107° 0.4 32 3.2 (6.1%53) x 1072
232Th chain ~ Re-entrant Vessels (25+£1.1) x107° 1.2 37 17 (5.1+£4.0) x 107®
232Th chain Tetratex & TPB (3.1£0.6) x 107° 1.2 37 17 (6.24+4.2) x 1078
68Ge Detector Material (2.74£0.5) x 107* 35 3.6 1.0 (1.0£0.5) x 1078
50Co Detector Material (4.5+09)x107* 3.7 1 0.67 (1.1£0.6) x 1077
238U chain Detector Material <75%x1077 65 53 77 <37x1077
232Th chain ~ Detector Material <43x1077 50 43 69 <15x1077
42Ar Detector n™ Surf. (5.172%) x 107* 81 1.0 1.0 (4.1%22) x 107¢
232K n: Underground Ar (1.3£01)x107* 048 21 6.4 (3.9+21)x1078
Surface as (5.7£1.5) x 107 100 0.16 0.16 <9.2x1077
eyt Th External (v) (1.1+£0.2) x 107° (5.3+1.0) x 1077
28817 /232 Th External (n) (20£0.5) x 1077
Ge p-induced (3.4+£34)x 1077 (3.2+£3.2) x107®
™M Ge p-induced (544 5.4) x 1077 (2.6 +2.6) x 1078

All Sources

(3.9758) x 1073

(9.1759) x 1076
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