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Massive neutrinos

Reduced Parameter space bﬂ 7
orders of magnitucle, LMA

confirmed for solar
No dark side
Strong evidence for MSW

Evidence for Oscillations from
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Outstancling Problems for Neutrinos

« Neutrino Mass Scale

i 2 m?2
* MNSP Matrix Elements A - 1
| VU
| V‘c
I .
A solar~5x10-2eV?2 —’"12
% 4 & atmospheric j
* 0. - unitarity of matrix 0 ey _
amosp cric
2

my’ 1 X — ~3x10%eV?2

* Mass hierarchg 2| ] solar-5x107ev? L
- \/erhcg Oscillations ( ) < ) ‘
0 0

« Sterile Neutrinos? LSND affect?

« CP Violation

+ Neutrino Nature (Dirac or Majorana)



Neutrinoless Double Beta Decay

Oscillation exPeriments indicate Vs are massive, set relative

mass sca|c, and minimum absolute mass.

B clecag il cosmologg set maximum for the absolute mass

SCBIC.

One V has a mass in the range: 45 meV <my <2200 meV

OvBB experiments can determine the absolute mass scale

anc on|9 way to establish if neutrinos are Dirac or Majorana

OVPBP can establish mass hierarchg

Even negative results are now interesting



Decay Rates, Signal, and Sensitivity

Decay Rate:
[Tovl/z}] 5 GOVCEO)Z) | <mv> | 2 ‘ MOVF & <gA/gV>Z MOVGT | 2
GoiE = Z~boclg Phase factors

MOV. = Fermi Matrix Elements

MVt = Gamow-Teller Matrix Elements

| (my? | = Effective Majorana Electron Neutrino Mass

- 2 s : s 5
| (md | = | | Oty | 2m+ | Ui | 2my &2+ | Ul | 2my 3 |

InZ [TOV] /2] = NBB/ ENsourcetexP



Iﬂz [TOV] /2] = NBB/ ENsourcetexP

Two Limits to ExPerimental Reach

with Background
(mgg)~ [A/axeG | MOV | 2] /2 [l:)AEZ/MtCXP]I/+
without E)ackgrouncl
<m35>~ LA/axeGCV i e 1/2 []/MtCXP]’/Z

A= Molecular weight
o= isotol:)ic abundance
=t isotol:)e nucle; per molecule

€ = eﬁqciencg



Masses Hierarchy and OVBB

m? m? I
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With Backgrouncl

(mgg) ~ [A/axeGOv | MOV | 2] /2 %1/4

<m55>~ A VPG e

to get the scales rigﬂt:
(mgg) ~10 meV to 100 meV

Ty, ~10% years

tCXP ~ years & M ~ IOOkg

four factors to focus on: backgrouncﬂs, energy

resolution, mass, and stabilitg



E:nergg Resolution

« Radioactive backgrouncls 5igna|s

& Instrumentation effects

* 2vBp bBCkgrOUﬂClS Perfect ?i’xperiment

= Two Neutrino Spectrum
= Zero Neutrino Spectrum
1% resolution

r(2v) = 100 * 1(0Ov)

% l2l L) L) L L) L) L) L] t
- F L/ Qv -
z N\

i i 1 1 1 1 i i
0.0 0.5 .0 E/Q
- - = p— U. Zargosa .

0.5 1.0 1.5
Sum Energy for the Two Electrons (MeV)



Detector Mass & Puritg

) 4

lso’topic enrichment) chemical Puritg, & Inactive

detector elements all effect experi mental sensitivitg

added wrong mass = risk of additional backgrouncls,

hidden background sources, non-Probeable (1.e.

cleacb cletector élements

Want experimental mass to be a” the correek isotol:)e

and all to be “active” detector elements
to:probe degcnerate mass range ~ 50 - 100 kg
to probe inverted mass range ~ 500 - 1000 kg

to probe normal mass range ~ multi~ton range




Backgrou nds
Internal Radioactive Contamination

lsotopes of concern are a function of the
Q-value: for 76Ge 20%9 kev. U, Th chains

External Radioactive Contamination
Neutrons (fission, CR~generatecJ, reaction)

Instrumental Issues (cross ta”<, noise, etc.)



Stabi litg

« Need stable and dependable oPeration

for years
 J High live-time fraction

< | ow maintenance



The Majora na Experi ment
Majorana IS scalable, Permi’cting expansion to ~1000 kg scale

_ Reference Design (180 kg) to address first goals
o I/l segmented, n~t9pe, 86% enriched 76Ge crgs’cals.

° ) inclependentj ultra~c|ean, electroformed Cu crgostat modules.
e Enclosedina low~activitg Passive shielcjling and active veto.

e Located deeP unclerground (~5000 mwe).

2 E)ackgrouncl SPeciﬁcation in the OVBR RO
l coun’c/t~9

< Expectecl OVBP Sensitivity (3 y or 0.46 t-y 7 ¢Ge exposure)
A ok 10269 (90% CL)

(mv> <100 meV (90% CL) ([Rod05] RQRFA matrix elements)

or a 10% measurement assuming a 400 meV value.



: o
Why Germanium”
' 76Ge offers an excellent combination of capabilities and sensitivities: reac]g to
' Proceecl with demonstrated technologies without Prooﬁoﬁl:)rinciple R&D.

* l:avorable nuclear matrix element
| MOV | =2.4 [RodO5], 2.68+0.06 (QRPA)
(G%= 0.30x 10‘259"6\/‘2 )

* Reasonablg slow 2vBB rate

(T]/2 = 1.4 X 10% 9)

* Demonstrated abilit9 to enrich from 7.44
to 86%

O Higlﬁ fraction of Ge is both source &

active detector

* FElemental Ge further maximizes the

source-to-total mass ratio

o FExcellent Historg of Intrinsic higippuritg
Ge diodes with high Puritg

Excellent energy resolution — 0.16%
at 2.0%9 MeV gielcling ROl of ~ 4 kev

Powerful backgrouncl rejec’cion.
Segmentation, granularitg, timing,
Pulsc shape discrimination
Well-understood tecl'mologies
— Commercial Ge diodes

—~ Existing, well-characterized
Iarge Ge arrays (Gammasphere,
Gretina)

Best limits on OVBP used Ge
T,,>1.9 X 10% y (90%CL)
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Detector Model
e crgstal module

* Conventional vacuum crgostat macle with electromcormed T

* Three-crgstal stack are individua||9 removable.

Vacuumjacket

Cold Plate

Cold —
f:inger

1.1 |<g Crgstal

Thermal
Shroud

Bottom Closure
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* A”ows moclular &eplogment and oPeration

* contains up to eight §7~cr95ta| modules
(M180O Populates ) of the 8 moclules)

* 40 cm bulk Pb, 10 cm ultra-low backgrouncl shield
Top view

Veto Shield Q
\

Sliding Monolith | 7 :

= S0

LN Dewar \

=
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o Sensitivity to OVBH decag IS ultimatelg limited bg 5igna|~to~

Backgrouncl Pemcormance

o Our speciﬁcation for backgrouncls is 1 cnt/t-y in OVBS RO

The speciﬁcation is based on exis’ting assay limits Plus

demonstrated techniques for imPuritg reduction

Bkg y Target Activation Demonstrate
3 Purltg Issue Ref.
Location Exposure Rate Spec‘ d Rate
Ge Crgstals 68Ge & ¢°Co 100d 1 atom/ kg/ d 1 atom/ kg/ d [Avioz2]
Target Puritg Achieved
Targe‘c Mass
SPCC. Assag
Inner Mount 7 kg
[ArPOZ]
e
Cryostat 38 kg I MBq /kg <8 uBq Jhg 4'l<l«|5q/ &
22T i Cuy & ongoing
Cu Shield 510 kg work
Small Parts lg/crgs‘cal 1 mBq/kg 1 mbq/kg 1 mbq/kg [Milo2]




Klapdor—Kleingrothaus H V, Krivosheina I V, Dietz

AS CIISCUSSCCI bﬂ JOhﬂ A and Chkvorets O, Phys. Lett. B 586 198 (2004).

KKDC: total of 10.96 |<g of mass and 25|
7 kg—-gears of data.
T,,=12x10%y

@2t =M G8eN ( sigma)

N
Q
T

Counts/keV
o

Expec’ced signal N s LA e i ! } / w
Majorana
(for 0.46 t~9) 30|
155 counts ; 20
With a background of 8

SPeciﬁcation: <1total count in the RO

, O n 1 1 . s nn m
(Demonstrated < 8 COUﬂtS N the RO]) 2?)00 2010 2020 2030 2040 2050 2060

Energy, keV
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Reduci ng & Mitigati ng E)ackgrou nds

e Reduce internal, extemal, & cosmogenic—-created activities
_ Minimize all non-source materials
- Use o1c ultra—-Pure ma’cerials

_ Clean Passive shield & active veto shield
sy cleep — reduced winduced activities

- OVBP - a single site Phenomenon
Man backgrouncﬂs = multiplc site

. Invoke backgrouncj rejection techniques

g B ¥ 8 8

Use o1c discre‘ce cletectors {9 reject scattered backgrou nd events

5ing|e Site Time Correlated events (SSTC)

Energg resolution
Advanced signal Processing
et Singlc-: site event selection

- Event Reconstruction 3-D

____________

! 1
- 1
or_ vous! agd * Poﬁ'
L L 1
500 1000 1500

_ Segmented Detectors (ﬁner multipliu:ﬂ/

— Pulse shape analysis

R S—



E Cuts fi]cﬁ'ciencg & Backgrouncl |

16

14

2

10

—stimates

2039 keV ROI + Analgsis cuts discriminates OvBB from backgrouncls

Onlg known activities that occur ~ 2039 keV are from very weak branches,

with corresponding strong Peaks elsewhere in the spec’crum

Ovpp

Crystals
Inner Mount

Cryostat 0
Cu Shield
Small parts

signal — Backgrouncls

External
Ovbb

EONCOEO

\i

e ———

Raw Ovbb Final Ovbb Raw Granularity PSD

el ——

SSTC Segmentation



l nﬂuénce of Dép’ch on Backgrounclé

The total backgrouncl target is met at ~5000 mwe, at 6000 mwe ~

15-20% of the exPectecl backgrouncl will be from U-induced activities in

Ge ancl the nearbg crgostat materials (clominated bg Fast neutrons).
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u-Induced Backgrounds (events/keV/kglyear)

Mei and Hime

KKDC (Gran Sasso)

Majorana total background target

See Mel, this

= 7.4 (Granularity, PSD and segmentation)

Sudbury
depth

1 | | 1 |
1

2
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2005



o Simulations SCC HCﬂﬂlﬂg
| _ MaGe — GEANT4 based development Package with GERDA

_ Verified against 3 Varietg of Majorana low-backeround counting
systems as well as others) e.g. MSU Segmentea Ge, GERDA.

_ Fluka for p-induced calculations, tested against UG lab data

o Assay 566 ABISCH’T

_ Radiometric (Current sensitivity ~8 ubq/ kg (2 Pg/ g} for 22Th)
e Counting facilities at PNNL, Oroville (LBNL), WIPP, Soudan, Sudburg

Zblass SPect (Current sensitivity 2-4 ubq/ kg deisy Pg/ g) for 22Th)
° Using lncluctivelg Couplecl Plasma Mass SPectrometrg + tracers

o ICPMS has the rec]uisite sensitivity (Fg/ §
e Present limitations on reagent Puritg being addressed bg sub~boiling distillation

o ICRENIS exl:)ected to reach needed 1 IJBC]/ kg sensitivity
' o Key sPeciﬁcations
&+ Clnat] uﬁq/kg (currentlg obtained <8 ubq/kg)

° cleanliness on a large scale (100 kg)
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Crgstal Segmentation & |

e Segmentation

) 4
2 J
)
) 4

D 4

Multiple conductive contacts

Additional electronics and small Parts

Rejection greater with more segments

Permits multi-dimensional analgsis and robust

signal “tests”, signal robustness

Analgsi&basecl fiducial volumes and Po’cential

hot spo’c identification

° Backgrouncl discrimination

) 4

Multi-site energy deposition

imple two-segment rejection
* Simple two-segment reject

* Sophisticated multi-segment signal Processing can

Provide ~ 2 mm events reconstruction

e Demonstrated and Verifiable

= Uncﬂergroun& LLNL+ LBNL detector (8x5 segments)
—BEGA lsotopica”9 enriched (2x6 segments) .

MSU exPeriment (4x8 segments)
L ANL Clover detector @i segments)
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? Segmentation exPeriment & simulation

-

N~t9pe) 8 cm long T-Clil diameter

Experiment with MSU/NSCL Segmentecl Ge Array

i 2 segmentation scheme: 4 angular 90 degrees each, 8 longituclinal, I cm each

.

e |
[
'

'e Dataarein goo& agreement with the simulations

60C o source

Segmentation 5ucce55¥u”9 rejects backgrouncls.

: 350 w"J
-1 Experiment i
i ol
, Crgs’cal : 150
400 800 200 1600 2000 2400 1600 2000 2400 T
1x8
= 4_ 8 GEANT
; X 151
1 1504
400 800 1200 1600 2000 2400 1600 2000 2400

Counts / keV /106 clec395
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Summarg

Design is scalable to the 500-1000 kg size, once oPeration and
backgrouncls are confirmed

Addresses <m,> goals N a Phasecl aPProach
Comparecl to best Previous Ovpp experiments, MI8O

_ has 18 times more Ge

_ 8times lower raciioactivitg

= lmProved design and detector technologg should gield ~30 times
better backgrouncl rcjection.

Can reach a lifetime limit O1C5.5 X 10253 (90% CL) corresponcling to a
neutrino mass of 100 meV or Pemcorm a 10% measurement assuminga
400 meV value with 180 |<g and . years

Detector clesigns Permﬂ: multi-dimensional background réﬂ'ection
and signal robustness tests ~ notjust el anymore, (Betiz 103
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