Searches for Double Beta Decay
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The Majorana/Dirac question

Is neutrino mass an example of beyond-standard-model physics?
Double beta decay as a Majorana/Dirac discriminant
Experimental techniques and challenges

Current status of experimental efforts
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Charged fermions masses are due to interactions with the Higgs

top quark: H H H H

mass term

electron /\‘L
)/ = \}‘/

H

Dirac mass term: conserves charge (e —e)
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Types of Neutrino mass terms

Di ino M
irac Neutrino Mass Standard model

Vg Vi, _ Higgs creates only

' |
/ Conserves Dirac masses!

lepton number

Majorana Mas

violates conservation of

. lepton number
Majorana Mass 2

~ Neutrinos could,
VR YL in principle, have
more than one

mass term.




What if neutrinos have two mass terms?

Dirac Mass Dirac Mass
(Higgs?) (Higgs?)

Majorana Mass
(New physics)

$

/mj()‘ralla\‘ —
VL Neutrino N
Mass
If neutrinos have more than one mass term,
then they are Majorana particles.

OR

A Dirac neutrino is a special case where both Majorana mass
terms are exactly zero.



See-saw mechanism

generated by the Higgs

~N
Suppose m(v),. .~ 100 GeV, like the top quark

and m(V), o, ™ 10> GeV

e

generated by some type of new physics at the Grand Unification energy scale

Then we would observe two Majorana neutrinos,
m>
with m, = — D 10_2 eV like atmospheric v oscillations
M oy

m, = M cur too large to be seen directly

M.Gellman, R.Slanksy, P.Ramond, R.Mohapatra, G.Senjanovic
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Are neutrino masses
suppressed by grand
unification physics?

Are neutrino masses Dirac or Majorana?
Is the neutrino its own anti-particle?



Question: Is neutrino mass a clear case of new physics?
Or can it be accommodated in the standard model?

What does a ‘standard model neutrino mass’ look like?

1. It should be due to the Higgs mechanism, which implies a
Dirac neutrino:

« Note that we require the existence of v and v, . These states
are unusual: unlike all other SM particles, they have no
gauge interactions.... they are “sterile”.

 We do not yet have definitive evidence for their existence.



Question: Is neutrino mass a clear case of new physics?
Or can it be accommodated in the standard model?

2. Having introduced v, and v;, what prevents the appearance of
Majorana mass terms? For example, what prevents this?

Vr VL

Mg \

— In QFT, ‘that which 1s not forbidden 1s mandatory’.

— If we wish to maintain a Dirac neutrino, we should impose a
global symmetry to enforce lepton number conservation and
prevent the appearance of Majorana neutrino masses.

— Lepton number conservation is fundamentally different than the
conservation of color and electric charge. Those conservation
laws are a consequence of the standard model’s gauge
symmetries. Lepton number conservation has no comparable
theoretical or experimental foundation.




Question: Is neutrino mass a clear case of new physics?
Or can it be accommodated in the standard model?

3. Summary: To accommodate neutrino mass in the standard
model, we

1. introduced two new states (v and v; ), and

2. altered the symmetry structure of the theory.

— Many people would say that these two features alone are
sufficient to qualify as non-standard model physics.

— Secondly, we would still like to have an explanation for why the
Higgs couplings of the neutrinos are so small.

— Conversely, 1f we allow for a new-physics mechanism at very
high energies to generate Majorana mass terms, then the light
neutrino masses are a generic consequence, which 1s appealing.

— To distinguish these scenarios, we must determine if neutrinos
are Dirac or Majorana.



Use nuclear physics
to test lepton number conservation in neutrinos:

beta decay

° eL-
acts a neutrino source

Majorana neutrino?

Inside a nucleus



Use nuclear physics
to test lepton number conservation in neutrinos:

eL-

Majorana neutrino?

2n N N /
\ v
Inside a nucleus Vi \

second vertex
acts as the detector

2p



Neutrinoless Double Beta Decay (fA0v)

Forbidden if neutrino mass 1s Dirac only

€ -
N(Z,A)—>N(Z+2,A)e e

Majorana neutrino

2n N ‘A /
\ m(Vv) :
W- g «— Forbidden

Inside a nucleus by lepton
number conservation

if neutrinos are Dirac.

“Neutrino mass
mechanism”™
for double beta decay



The equivalent HEP process is ee—W-"W-

Imagine a 1 TeV ee collider

e W~

™~

must not carry Need both v, and v,

lepton number .
S0 v, must be massive

—

e W~

If TeV scale Majorana neutrinos exist, this process could be used
to discover them.

For the light neutrinos that we know and love, the rate is far too small.
16



The BP0V half-life depends directly
on the absolute neutrino masses

Decay rate
E U m; e’

|
/ I effe}twe mass N

2
(oY - G- aaef |, )
Majorana
mixing matrix

; phases
(with phases)

phase space Nuclear Matrix
Element

mass eigenvalues

We can use the B0V decay rate
to measure the absolute neutrino mass if:

1) neutrinos are Majorana
2) we have a reliable calculation of the nuclear matrix element
3) the neutrino mass mechanism dominates the decay



Many types of new physics lead to pp0v

Right handed weak currents, leptoquarks,

supersymmetry, ect.,

d < u
\
v W-
\
\ h--
V4
/
/
s W-
d S u

“Doubly charged Higgs mechanism”
for double beta decay

Does this spoil neutrino-physics interpretations of fg0v ?
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Black box theorem guarantees
that BA0v always implies Majorana v’s

Anything that converts
Vv into v
implies that neutrinos are

Majorana

@ ©

If we see B0V, we know that Majorana neutrinos exist.




Neutrino mass spectrum

48.5 £ 1.2 meV

3

8.71 £ 0.15 meV




Comparison of v mass techniques

m(pp) — eV — (BPOV)
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BP0V vs cosmology
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Adapted from G.L Fogli, et al, PRD 78 033010 (2008)
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Two-Neutrino Double Beta Decay:

eL'

2n>

Two neutrons convert
to two protons and four leptons.

First direct observation by
Moe, Elliott, and Hahn
in 190Se (1988)

No direct implications for neutrino mass,
but useful for constraining and testing
the nuclear matrix element calculations



BP0V signature: a peak in the Bf energy spectrum

BP2Vv spectrum =
(normalized to 1) ™ ;’/ ““'\_1- 07 |
2.0 —\ i Ay 7 : Ovpp peak. (5% FWHM)
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Summed electron energy in units of the kinematic endpoint (Q)



Choice of f source isotope

atomic mass

energy

number of protons



Choice of Bf source isotope

Isotope Q value Abundance centrifuge
(MeV) (%) enrichment?

48Ca 4271 0.187

5Ge 2.039 7.8 Yes
82Se 2.995 9.2 Yes
7 3.350 2.8 No
100Mo 3.034 9.6 Yes
110pd 2.013 11.8

16Cd 2.802 7.5 Yes
124Sn 2.228 5.64

B 2.533 34.5 Yes
136X e 2.457 8.9 Yes

150Nd 3.367 5.6 No



Better

Q values and natural abundance
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Neutrino mass sensitivity for T,, = 10%7 years
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From P. Vogel, J. Phys. G: Nucl. Part. Phys. 39 (2012)



Radioactive backgrounds Nuclide half lives
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Peninsula of Stability
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Uranium-238 decay chain

238
92 2
4.5Billion

Thorium-232 decay chain

88 O
1,602Yr



Radioactive decay here on earth
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Double beta decay frustration theorem
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Lead shielding




Years

Historical progress
T,, limit - Ov decay

o &
1025 Q'
(1

102 ‘o0 o°

'“ ® 3 76G
10% v )

E' 9 136Xe

O
1022 . o® 13074
10%!
O

1020llllIlllllllllllllllllllllllllllll

1960 1970 1980 1990 2000 2010 2020 2030
Publication Date



eV

Historical progress

m(v) limit
10%E -
- @ Ge
I 136y a
- O
® ‘0 130-|-e
10E e
i ... °
- O
| ‘ P o
® o0
1 oo 0
- ¢ O
- .o‘o o0
- Q°
10 E NME: RQRPA, Phys.Rev.C 79, 055501 (2009)
I-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

1960 1970 1980 1990 2000 2010 2020 2030
Publication Date



Germanium Diode Experiments
Heidelberg-Moscow and IGEX

2-3 kg Ge
diodes,

80% "°Ge

Lead shielding Cu cryostats
*  Precise energy resolution (4 keV FWHM).

*  Pulse shape analysis rejects multiple site events within a single crystal.
Modest Q value (2039 keV)



counts/(kg y keV)

76Ge. Heldelberg-Moscow
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76Ge° K-K & K
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ROI closeupf
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energy, keV

T,,(BROV) =2.23 + 0.44 - 0.34 x 10% yrs (90%C.L.)
Mg = 320 £ 0.03 meV
Mod. Phys. Lett. A Vol. 21, No. 20 (2006) 1547



136X e: EX0-200, a liquid xenon TPC (2011-present)

Active mass: 98.5 kg LXe
(79.4 kg 36LXe)

228Th Calibration source

Scintillation: o = 6.8%

Ionization: o =3.4%

Rotated: o0=1.6%
at 2615 keV gamma line)

3100 3500
energy (keV)

1100 1500 1900 2300 2700
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counts /20keV

ROI closeup

136X e: EXO-200

Full spectrum
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T KamLAND-Zen

2700 mwe
l Calibration access

1200 m3 LS+1800m3 BO
1325 17”"PMTs + 554 20"PMTs

OEnergy =6.6 % /\/E

OPosition =15cm /\/E
2381J: 3.5x1018 g/g 232Th: 5.2x1017 g/g

20m

136X3 loaded LS in mini-balloon
320 kg (2.4 % by weight)
90 % enriched
238U: 1.3x10-16 g/g 232Th: 1.8x10-15 g/g

Water Cherenkov Outer Detector
225 20” PMTs

A
\ 4

From K. Nakamura (Tohoku University), presented at Neutel 2013



Results from KamLAND-Zen phase |

10°

Events/0.05MeV
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Phys.Rev.Lett. 110 (2013) 062502
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6Ge discovery claim is in tension with 13¢Xe results
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Phys. Rev. Lett. 110 062502 (2013)



6Ge: Gerda experiment at Gran Sasso (2011-present)

® Graded shielding against ambient radiation
® Rigorous material selection, avoid exposure above ground for detectors

Phase I array:

| coaxial detectors
| . ‘

P~
Ultra T Wa
n mo ~ato
medl

ater (58 m3
- _Che
| veto

‘High-purit ld and coolant
Option: active veto
The Gerda experiment for the search of 0v55 decay in "°Ge

Eur. Phys. J. C (2013) 73:2330
R. Brugnera - NeuTel, Venice 11-15 March 2013 GERDA experiment 9
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6Ge: Gerda experiment at Gran Sasso (2011-present)
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MJD Progress in FY13

March 7, 2013



130Te : Cryogenic bolometer

C=2nJ/IK=1MeV /0.1 mK

Heat sink Thermometer
T=10 mK NTD Ge-thermistor
h " R =100 MQ

dR/dT = 100 kQ/uK

Thermal coupling
G=4nW/K=4pW/mK

heat sink thermometer thermal link Cuoricino tower

under construction

TeO2

crystal




Rate [counts/(keV*kg*y)]

130Te: Cuoricino

107 2 3
= i 6 TS 5 i
10 2
10" ;?
= Full spectrum
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g 'S { ” ‘ b 1 ] J Astropart. Phys. 34 (2011) 832
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OvBP research with TeO,  [HEN

( w0Tgisa good DBD candidate ( *°Te — '3°Xe + 2 e") with high natural i.a. (34.2 %) and )
reasonably high Q-value (Q~2528 keV) leading to high G(Q,Z) and low background

+TeO, is a compound with good mechanical and thermal properties containing *°Te
+5x5x5 cm?® TeO, crystals have a high detection efficiency for Ovpp events: ~87.4%

\_
MiDBD Cuoricino CUORE-0 CUORE
1.8 kg ™°Te 11 kg "°Te 11 kg 3°Te 206 kg *°Te

1997-2001 2003-2008 2012...2014

From C. Brofferio (University and INFN, Milano Bicocca), Neutel 2013



100Mo: p tracking with thin foils
(NEMO-3)

RUN 3930
EVENT 42373 ESUM 2.875MeV

scintillator block caloniiatar

e EERL N

BB e
S A AR SO
N — / ‘ :

Passive 1sotope on thin foils surrounded by Geiger mode drift cells.

*  Plastic scintillator for energy measurement.
*  Electron angular distribution and single electron spectra.
Modest energy resolution.
50



Number of events / 0.1 MeV

100Mo: NEMO-3

Full spectrum

20000 |-

NEMO-3

° Data
772 g "®Mo
55  Tot bkg
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ROI closeup
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@® Data
2vpp' Mo
[ 1 Radon
B intBKG
ovpp' Mo
for T,,(0V)=5.10%y

:

2 22 24 26 28 3 32 34 36
E;or (MeV)

T,,(BPOV) > 1.1 x 10%* yrs (90%C.L.)
mgg <450 — 930 meV
Exposure: 266 mol*years
Phys. Atom. Nucl. (2011) 74 312.



Progress in "°Ge: fB2v measured by GERDA

. Gerda - 2013
HdM experiment - 2001 = SR ———— S—
> 12000 E 500_— - experimental energy spectrum
g [ :l, . —— model ---- 2vBB
‘é B = : (] |: 68% 42K
: 10000 All data g 400 L. . a0,
o ki ¥ S — 214p;
8000 - ®© B . =
| 300
6000 - - .-:::Tla“
2001 g
4000 Z T
L T Bl g
- L. ®e ol
2000 100— -~ :",
. L

500 1000 1500 : 600 800 1000 1200 1400 1600 1800

e J.Phys.G 40 (2013) 035110 ©eneray (keV)
Eur. Phys. J. A 12, 147-154 (2001) T, (BB2v)=(1.84 + 0.14  0.1)x102! years

* Gerda Phase I (present): Re-use HIM & IGEX crystals, demonstrated 10x lower
backgrounds

* Gerda Phase II (start 2013): 20 kg enriched low-background BeGE crystals
* Use LAr as active veto, pulse shape analysis, lower background materials.

* Reduce backgrounds a factor of 10 below Phase I levels.



Counts/50keV

Experimental progress: Bp2v in °°Xe

LXe DAMA (2002)

T, ,(BB2v) > 1.0x1022 yrs
Phys.Lett.B 546 (2002) 23

EX0-200 (2011)
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reconstructed energy [3p (keV)

T,,(BB2v) = 2.11£0.04+0.21x102! yrs
Phys.Rev.Lett. 107 212501 (2011)



Improved measurement of the B32v half-life of **Xe from EX0-200

700 T T
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800 g Single-site data pata ff
- ‘_ g — Best Fit £ stando
e "V pB2v 5 2000 distance
Y 400 . — Rn Bgds z
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> e R o
3 200 = LXe Bgds 3
= _ * Overflow
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000 1500 2000 2500 3000 3500
Energy (keV)

T,,=2.172 £ 0.017 (stat) = 0.060 (sys) x 10%! years (2.85 % uncert.)
Twice as precise as any other fB2v decay.
Published in PRC 89 015502 (2014).
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Where we’re going

ITII

(EXO, Gerda/MJD, KL-Z, others)
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(CUORE, KLZ-2, MJD
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Exposure (mol-years)

Historical progress

Exposure vs Year
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