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Outline

Rare-event searches:

 Dark matter
e Neutrinos and their mass

Germanium detectors

The MAJORANA DEMONSTRATOR experiment
Future rare-event searches with Ge detectors
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The Coma cluster (NASA SDSS+Spitzer)

« Jan Qort first discovered evidence in rotation curve for the Milky Way

1932

* Fritz Zwicky coined the term “Dark Matter” when looking at galaxies in
the Coma cluster for missing matter
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Evidence for dark matter is compelling

Angular scale
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The bullet cluster (HST+Chandra)
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What Is dark matter?

» Best fits to the data seem to indicate “Cold
collision-less non-baryonic matter”

w
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| No Big Bang

Supernovae

» Several candidates motivated by other o

expunds [TV

needs in physics: 0

0 Axions (solves some problems related
to CP violation in the strong nuclear

force)
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o Lightest super-symmetric particle (if
super-symmetry exists)

Dark Matter

0 Something else?
 Weakly Interacting Massive Particle:

» Weak interaction would have the right
order of magnitude to decouple and
give the right density of particles

Energy density after Planck




Detecting dark matter

< i http://cdms.berkeley.edu/ll,e"‘
E | s ‘H’
1 : . ' i j‘}%?é:’-%% %
e M& Yo,
Ols%onq.r | E.,W 'c:'D 11 l c:gl;i:;zsa :
IR T
positron, electron energy [GeV)
Simulated event in ATLAS Positron fraction from AMS Scattering off a nucleus
Production “Indirect” “Direct”
in the lab detection detection
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Direct detection of dark matter

( lonization ) -
CDMS
(Scintillation) _ Heat )

Challenges:

» Direct detection of a recoiling nucleus leaves very little energy
« Backgrounds can lead to false detection
* Low cross-section requires large target masses




Neutrinos to explain beta decay

Beta decay:
n = Observed Expected
E spectrum of electron
@ 2 energies energy

i b
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Elect Ener
eetron 9y Endpoint of

@ spectrum

\ ]  For a 2 body decay, expect a single
line, but continuum observed

e In 1930, Pauli proposed the un-
detectable neutrino to solve this
problem
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Quarks

Leptons

Neutrinos in the standard model

Three generations
of matter (fermions)
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Gauge bosons

o 3 “flavors” of neutrinos

* Interact only through the Weak
Interaction

e Lepton number to distinguish
neutrinos and anti-neutrinos




What we know about neutrinos

There are 3 “active” 1., Am

flavors P _, =1-—sin“(26,,) 1-cos 2Lt
Cot 2 2Eh

They can change flavor

through “neutrino

oscillations”

They have mass

We know quite

Super -Kamiokande S48 days Preliminary
T T T T T T T T T T T T T T T

7 j ] [ T _
multi- GeV e-like multi- GeV mu-like (FC+PC)
150 91 r -

& air nucleus

Super Kamiokande results, 1998
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What we don’t know about neutrinos

e CP violating?

o Steriles?

- Mass (only differences are known) } OvBp experiments
* Hierarchy (which is heaviest?) can address!

» Dirac or Majorana (are they their own anti-particle?)

mass v,
Vs ;Amz(solar)

1 Vi

V7
o= e

Am?(atmospheric)

vV

“normal” or ‘“inverted” 7




The Standard Model and neutrino mass

» Goldhaber’s experiment showed that neutrinos
are left-handed (PRC 109 p.1015 -1958)

1. Neutrinos are massless

2. Handedness is the only property to
distinguish a neutrino from an “anti-
neutrino” in the Weak interaction |

| —ANALYZING
MAGNET

But neutrinos are not massless, so what gives?

Right-handed: Left-handed:

Smz O3
SCATTERER Fe + Pb SHIELD
. p . P B iz
Si ES o //
152mE, 4+ e — I3Sm7 4+ oy 1528m + wv. + ~ | eset |1
' h e [ ! Mu METAL SHIELD
0 + +% — +1  + —% — 0 + -3 + +1|=H,=-1
0 + -3 — -1 + 4+ — 0 + 43 + -1|=H,=+1
l 1 L1 (L)




Extending the Standard Model

—— vl R l-lL l-lR

R L Hp I,

Interaction of particles with the Higgs field, makes them change helicity/chirality.
Strength of coupling = mass.

Dirac mass option: Majorana mass option:.
4 neutrino states (LHN, RHN, LHAN, « 2 neutrino states (LH, RH)
RHAN) * technically, no “anti-neutrino”
 Distinguishable anti-neutrino * Lepton charge not conserved
(“Lepton charge/number”) e See-saw mechanism to explain low
» 2 “sterile” neutrino states mass (RH is massive)
e For some reason, neutrino coupling « Large mass consistent with some
to Higgs is small GUTs, leptogenesis
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(Neutrinoless) double beta decay

— 3—— ] 1 | i T i i 1 i i I
LHH/ BpOV
- f*,..-"" \.\\ \ .
M A d \ -
neutrlnos ,’\\ \ Look for
W o ; v this (uny)
. R SN \peak! -
Isotope Q (MeV) Abundance (%) I \\
48Ca5T] 43 0.2 - ‘,"' AN 7]
TiGe-0Se 20 78 ./ Electron energy. -
8250 82K 3.0 9.2 ;" \x“‘i
967,96 ) ] 1 i H 1 1 i | b= & I
1OOZM0—>II|):RU z 3 ; 2 0.5 L
110pg,110Cd 2.0 11.8 (Ti+ 1) Qg
116Cd—11635n 2.8 7.5
HSn—1Te 2.2 56 * Double-beta decay when normal beta decay
130Te —130Xe 25 34.5 . .
e _ssems s o energetically forbidden
ET— s 56 * Energy of electrons can be detected
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Experimental searches for neutrinoless
double beta decay

* Perform a “counting experiment”:
o If no counts are seen, the half-life is at least as long as...

T,,% = (G [M%[2 mgg? )t 2 10+ years

0.500f ' ' T 7

(mBB> = U612m1+U622mZe|¢2 + Ue32m36I¢3 Klapdor Claim

0.100}
Sensitivity: - =00 §
mass live-time = |
abuntﬁnce 50 -
Ov hﬂt ' _ ;
T1/2 oC a g 0.005 i

| Z

Deteﬁ7 GE B : E

' =7 \ 0.001} 2

energy resolution  background rate o 0.001 0.0l o1 1




Needs for dark matter and neutrinos

 Low background:

o Underground to shield from cosmic rays

o Clean materials to limit internal radioactivity
e Large target mass:

0 More targets/more isotopes
 Low energy threshold:

0 Sensitivity to events that deposit little energy

‘ Germanium Detectors!




Semiconductor detectors

Ge
- /

Measure total Q to get

Energy: _
 Number of electron-hole For Ge:

pairs: c £=2.95V,F=0.1

Y
N T e  For 2MeV:

e Energy resolution: N =~ 700,000

AE oc /FN AEE’VHM ~0.1%




Semiconductor detectors

HV
: T
+ 4+
E Ll .
+I+ e
e
\ /
A
Q

Charge sensitive preamp

* Apply E-field to collect charges
e Low noise preamp to measure charge and obtain good energy resolution




“Classic” germanium detectors

Coaxial

planar

Li-diffused n+
(~1 mm thick)

Side surface Sa
passivation

I

pr (N+)
p (n)

/'
B-implanted p+ Ry Vi 4_ N+ (p+)
(~0.1 um thick) b (-Ve)




“PPC” detectors

P-type Point Contact HPGe
detectors

“Novel” technology — Pt

Small point contact to readout
charge, low capacitance, low
noise

Thick outer contact (n+, lithium
diffused), strongly attenuates

alphas Weighting
pt P potential

Semi coaxial detector

_../
—

Point contact detector




Properties of PPCs

gE ,_PRL101 251301 (2008)

s 1332 keV ok | 4 typical kg

< E-multi-site — Charge . 6 o e
Feventina i e Current g % _

0=+ S LSS e e T
I_PPC detector f:? 200 | 0.5 kg PPC HPGe
C > i ]
&} L
-~ L 2 150} -:
B £ : : : ) [ 1
— ™ - - Q I ]
— : .:: _ QO 50 _—w .
:.I...iJ. = ....-. L1 .E-'ld.Jl ISR ST SRR SO N VTR TR RS Ipl
6500 7000 7500 Sﬂll]l] SSIIJD 90|DD 95100 IDI%IDD ll]t;II:Jl]] 00 — g — ‘10 15 20
ns
energy (keVee)

* Sharp weighting potential allows « Small capacitance results in
multi-site events to be identified low noise and excellent

« Gamma rays typically scatter more performance at low energies
than once

)

UNIVERSITY OF
SOUTH DAKOTA



Germanium for neutrinoless double-
beta decay experiments

Germanium detectors 6Ge isotope for Onbb

Source is detector

Q-value of 2039keV above most

Good energy resolution backgrounds
Can be enriched to >86% in
6Ge (nat. abundance ~ 8%)

Slow 2nbb rate (1041 yr)
Best limit to date on Onbb

Well established technology

Intrinsically ultra-clean (high-
purity germanium)




Sensitivity of germanium experiments

Background free: Background -limited:
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The MAJORANA DEMONSTRATOR

An R&D project towards a tonne scale neutrinoless double-beta
decay germanium experiment

Demonstrate a design that can achieve a background rate of
1lcnt/t/y/ROI when scaled to a 1 tonne detector (ROl = 4keV
region around 2039keV)

Test Klapdor-Kleingrothaus claim

Agreement to work with GERDA to develop a design for a tonne
scale experiment

Potential for additional physics (eg. dark matter, axions)




The MAJORANA DEMONSTRATOR

» 40kg of detectors, up to 30kg enriched to >86% 7°Ge

» 2 cryostats made of copper electroformed
underground 7 strings of 3-5 detectors per cryostat

“Conventional” shielding (EfCu, Cu, Pb, poly),41 active
muon veto, Rn exclusion box

IIIIIIIIIIIII
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MJD Sensitivity
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MJD Schedule

MJD will proceed in 3 phases
 Prototype Module (now!):
o Commercial copper, 2 strings "&Ge
» Test mechanical design
» Test detector performance -
 Module 1 (Spring 2014): -
o Electroformed copper, mix of e""Ge
and "aGe
 Module 2 (Fall 2014):.

o Electroformed copper , mix of
e"Ge and "Ge




Backgrounds and mitigation

Natural radioactivity:
— In components (U, Th)
— surface contaminants

(a,B)

Cosmogenic:

— Activation (%8Ge, %0Co)
— Muons, fast neutrons
Irreducible:

— 2nbb decay

— Neutrino scattering
(reactor, solar, atm., geo,
SN...)

Detector mount and Geant4 geometry:

sIntensive assay campaign to identify
clean materials

*Detailed MC simulations to
understand background contributions
*Clean handling

«Special processes (electroforming)
*Analysis cuts (“PSA”, “granularity”)




Backgrounds and mitigation

« Natural radioactivity: Cosmogenic lines at low energy (from CoGeNT,

. U. Th PRL107 (2011) 141301):
— In components (U, Th) mH-L_-M.lEuE[_:. ARESARrr *ans

— surface contaminants (a, b) 4’
« Cosmogenic: Ayl
— Activation (%8Ge, %°Co)
— Muons, fast neutrons

10° L

: 10! - - i . L. E/klev
* Irreducible: 2 1 G & 10 12
— 2nbb decay *Deep underground
— Neutrino scattering *Muon veto |
(reactor, solar, atm., geo, sFabricate materials underground
SN...) (copper)

Limit surface exposure (germanium)
*Analysis cuts (°8Ge tag using low
energy x-rays, Pulse Shape Analysis)




Backgrounds and mitigation

* Natural radioactivity:
— In components (U, Th)

— surface contaminants (a, b)

 Cosmogenic:
— Activation (%8Ge, %0Co)
— Muons, fast neutrons
e lIrreducible:
— 2nbb decay

— Neutrino scattering
(reactor, solar, atm., geo,
SN...)

Illustrative OvBf spectrum (ngt no[mali'zed):

BBOv

T
L] \i"""-—-_l_

1
0.5

eIrreducible backgrounds

I

*Energy resolution of germanium is

main mitigation




MJD status and technologies

Enriched detector

processing

Lavr Ussergiound Xenon—LUXAZ

Detector cooling

Electroformed copper

Mascnana Deaceamasmon
(Noutrinoless doutle-tata decay) (Third ganeraton dark mnamer)
Open May 2012

Low noise/low background
electronics and tests at

LBNL
Underground lab and status

5 -I:.'... : -
Slmulatlon and baCkgroundS \V‘F{ ' mm Yates Shaft Station - L mm MAJORAMNA

The Sanford Underground Research Facility, in Lead, SD
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Enriched germanium processing

Enrichment to >86% at Electro- Reduction to Ge metal at Zone-refinement by
Chemical Plant (ECP) in Russia Electrochemical Systems commercial vendor
Inc. (ESI)

SEEEL e Pull crystal by
Detector fabrication commercial vendor




Status of enriched detectors

 Have produced 23
enriched detectors,
19.4kg.

e These are
underground and
have been tested

 Performance of
detectors is excellent
so far




Detector performance

400
~ Enriched detector — All events
350— P42575B —— After PSA cut
300 — —— Fail PSA cut
= Signal
200 | Background
150 f— |
100 f—
- |
50— . 1
L L o il B I" | I_j..
fi Ran oy w7
: | .

Fu..'_':','ll WL i
1

0

1560 1580 1600 1620 1640 1660

Calibrated Energy [keV]
232Th calibration data from enriched detector shows that with pulse shape

analysis cut:
 Remove 90% of multi-site events (full energy peaks), background-like
« Retain 90% of single-site events (?°8Tl double escape peak), OvBp-like




The cleanest copper in the world

The temporary clean room Copper being electroformed
at SURF (4850) on a stainless steel mandrel

A clean
£ machine shop
underground




Instrumenting germanium detectors

~2Cm

JFET

Inner dielectric finishes
Quter dielectric finishes

| _ . capacitor i
- _ “0ico coax” P aGe resistor
Detector unit from first
underground string AN | :
e Developed — i
ultra-low Det. @ 5 ;
background 5 5
low noise LMFE  iCable ! Preamp

readout




MAJORANA detector cooling

l - Condenser

Evaporator

2

- s by
".'-‘-"J e e .

Prototype thermosiphon tested

Thermosiphon Test string

» Cooling to the cold plate provided by a thermosiphon
» Detailed thermal model produced to understand cooling power and needs
» Cooling tests performed and design optimized (detector blanks < 95K)

SOUTH DAKOTA



Current status of work underground
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MJD Simulations

10% g
34 5 F 60Co —— raw spectrum
CA0°
BBGE,_J\% —— after cuts
S oal -
S0t o (P
£ SO .
§10° = v U/Thin Ge
> £ 2VBB
2102 =
8 F 8
£ 10l Ga Bi-Po
8 E pile-up
1= 208
: T el e
- | fast AT I |
1“-1I | II|III|IIII|IIII|IIII|IIII|IIIIIIIIIlIIII
0 1 2 3 4 5 6 7 g8 9 10

energy [MeV]

Detailed Monte Carlo model to simulate backgrounds from 3800 components

and detailed verification campaign
~60kCPU hours of simulations (PDSF)

U, Th, K chains for all components and %8Ge, %°Co for select components
Dominant contribution at Qg is from multi-site events from U and Th (1Bi,

208T|)
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MJD Background budget

Detailed background Electroformed Cu s
model produced OFHC Cu shielding | wss (upper limit)
. Pb Shielding , ,

Based on previous i

Cables/connectors |
assays Front Ends M,
Expect <10 c/t/y/ROl in Ge (U/Th) &

Plastics + Other s
MJD 68Ge, 60Co (enrGe) W
Translates to 1c¢/t/y/ROI 60Co (Cu)
for tonne-scale External gamma, (alpha,n) _
. ] Rn, Surface alpha h

eXperlment. Ge, Cu, Pb (n,n'gamma) _
— More self-shielding Ge(n,n')
— Improve materials Ge(ngamma) N

Direct muon + other h

(cables/connectors)
n Background | Counts/ROI-t-y
— Longer cooldown for %8Ge
0 0.5 1 1.5 2 2.5

— Deeper (or improved
shielding)




MJD Detector R&D - MALBEK

Majorana Low Background BEGe at KURF
455g "aGe

Customized CANBERRA Broad Energy
Germanium Detector

o Crystal geometry optimized for charge
collection and noise performance.

e Low-background Cu cryostat (J.1. Collar --
UC)
R&D Goals
e Study optimized point-contact geometry
e Test MJD DAQ

e Backgrounds over broad energy range sub-
keV to 3 MeV (surface events, noise,
validate MJD background model)

e Low-E sensitivity of MJD (°8Ge Ov[3

background, Dark Matter, axions) P. Finnerty et al., Nucl. Instr. and Meth. A 652, (2011) 692-695,
P. Finnerty et al. IEEE NSS-MIC, (2010) 671-673.




Background model for MALBEK

10° OSSO OSSN SUSOUUNS SN SO S A. Schubert,
5pectrum rneaf.ured in 5h|E|d|ng at: 5 Univ.Washington,
Klmballtﬂn : : : Thesis 2012

i model predmﬁon

Counts /5.0 keV / 55.2 days

10 E—
1 _ _____________________________
10 ;_ """""""""""""""""""""""""" I " """""""""""

0 500 1000 1500 2000 2500 3000
Energy [keV]

« Agreement, initially not so great!

)
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Background model for MALBEK

-t
=
f“/
b
—_—

ancient lead shims
(< 1.3 x 10-2Bg/kg)

Counts /0.5 keV / day
i

T 1T
bt
T

ultra-low-background
tin solder

— . | . ; pins and
' ] - - onnectors
o ) 4% lead)

inner shielding:
ancient lead bricks
(< 1.3 x 102Bq/kg)

10 inlobiamiot b iniubihtmiote bt it ettt St

“ 1 Izul 1 I4“I 1 Iﬁnl 1 Iﬂul 1 I1ml 1 I1NI 1 |'4u| 1 I'ml 1 I-Iaul 1 Igm
Energy [keV]

e Clear source of Pb in spectrum
* Modified MC simulation to try and understand source of Pb




Background model for MALBEK

-L Brass connectors

.L  Innerlead shield

* Able to use MC to identify
shims as source of
background

100 l

— wath lead shims no lead shims

o =]
=
. -

F.E’Ea-
3 | L
2 40 n e After removing shims,
: _ | dramatic reduction in
20 .I.'fl" background at low
oy | 4 energies
! %“Hﬁ#'&u r A 1 g
R W

5 10 15 20 25 30 35 40 45 50
energy (keV)
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Background model for MALBEK

‘MaGe / Geant4 simulations to determine efficiencies for contamination to

deposit energy in our detectors
50k CPU hours

«8k+ runs, 40+ isotopes, 56 components

P-value = 0.87

Counts /10 keV
2,

" - ;zz"‘:“#z_— S| B R g AR o8

= | -

B
500

1500 2000
Energy [keV]

ORCA/Struck data
Fit Result

232-Th Lower Chain (224-Ra --
232-Th Lower Chain (224-Ra --
232-Th Lower Chain (224-Ra --
232-Th Upper Chain (232-Th --
232-Th Upper Chain (232-Th --
238-U Lower Chain | (226-Ra --
238-U Lower Chain | (226-Ra --
238-U Lower Chain Il (210-Pb --
238-U Lower Chain Il (210-Pb --
238-U Lower Chain Il (210-Pb --
238-U Lower Chain Il (210-Pb --

208-Pb) in GermaniumNat
208-Pb) in StainlessSteel304
208-Pb) in Teflon

224-Ra) in StainlessSteel304
224-Ra) in Zeolite

210-Pb) in MoxtekFET
210-Pb) in StainlessSteel304
206-Pb) in Brass

206-Pb) in LeadAin

206-Pb) in LeadMod

238-U Upper Chain (238-U -- 226-Ra) in Brass
238-U Upper Chain (238-U -- 226-Ra) in CopperOFHC
238-U Upper Chain (238-U -- 226-Ra) in GermaniumNat

3-H in GermaniumNat
40-K in Brass

56-Co in CopperOFHC
60-Co in GermaniumNat
60-Co in NickelSilver
65-Zn in GermaniumNat
68-Ge in GermaniumNat

76-Ge 2vBB in GermaniumNat

Cosmogenic muons in KURFExperimentalHall

206-Pb) in RnExposureQutsideCryostat

SOUTH DAKOTA

A. Schubert, Univ. Washington, Dissertation 2012
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Dark matter with PPCs

The rate of interactions in the ms; WIMP Mass: 5 GeV
detector with a given recoil = *\ ..... WIMP Mass: 10 GeV
=1 .
energy . z WE — — WIMP Mass: 40 GeV
A jyto [ e 2 = N
dEH B ;.ll.j ﬂfD?\I o |T| =Umin d e fi_l:l ﬂ dE[{ g ; ‘i; ‘h--""‘"-----..____'
§ 1: : B
The cross section for a T = o
certain nucleus and recoil B 1L :
do  myo, [fol + fo(A =2V = :
9 Z 2 i ! 2 ) Fr(q) Fonl(a,v) i '
dbp  20%p I L T S S T N S
Energy (keV)
Lindhard theory to convert
recoil into ionization energy: M.G. Marino, PhD Thesis (UW, 2010)
E__ 45 (ﬁ)l'l' Low mass WIMP signal is an exponential at low
keVee keV energy (cut off by escape velocity of WIMPS) -> Can

trade some mass for low threshold and preserve
sensitivity (for light WIMPS)
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MAJORANA sensitivity to dark matter
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Another interesting application for
germanium detectors

Coherent neutrino-nucleus From D. Hoga” (UCB/LBNL):

) 2 .
scattering: do _ GFQi W (1= "V p2
o dT 4 2E? (2)
o Similar to dark matter nuclear
recoils SONGS ~ SNS
« Never detected before San Onofre Nuclear e

Generating Station

* Provides a way to detect all
neutrinos flavours through
neutral current interaction:

o Normalize neutrino
oscillation experiments 0g e i

“ HPRL . Higher energy!
0 Search for “sterile” neutrinos g > O
o Non-proliferation 2 ® g
o Nuclear structure g £
8 2 g
DD 50 100 150 0 10 20

lonization Threshold (eV) lonization Threshold (NOTE: keV)
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Large-Size Ge Crystal Growth at

e ||| =] - e ' Mei 2014

*Upper: diameter: 11.5 cm; length: 17 cm; weight: 4809 g
sLower: the useful detector portion: D >10 cm; thickness > 3.7 cm; weight

>2,0009 (DE-FG02-10ER46709)




First Detector Fabricated at LBL

USD Crystal A Detector Summary

2000 T T
Detector: USD A 1.48 keVV FWHM
Bias: -3000V @ Pulser
1500 Source: Co-60 T m
» 2.29 keV FWHM \
= @ 1333 keV
(_8)1000 \ _
2.26 keV FWHM \
500 @ 1173 keV H
(s 1 1
2000 4000 6000 8000
Channel number

8]
Figure 1: Spectrum from a Co-60 source measured with the USD crystal A detector. The source was positioned
The bias voltage of -3000 V was applied to the bottom electrical contact on the

facing the top of the detector.
detector while the signals were measured from the top.

M. Amman (LBNL)

)

UNIVERSITY OF

SOUTH DAKOTA

— -
Figure 2: Left: USD crystal converted into a detector by LBL.. Right: USD detector tested at LBL.




Summary

o Very exciting time! e
o Started taking data | %
underground .y

o Will start assembly of
the enriched detector
array soon

o Rich physics program
with Ge detectors

The MAJORANA Collaboration, April 2013 at SURF
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Backup slides




GERDA results

(52 combined T
| GERDA Phase |

claim ( EI:IDAJ/ _
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Time correlation cut (°3Ge)

**Ga in the Crystals

GSGe 1n-1§
s Raw
EC X-rays: 102 Granularity
Q=106keV 70.8d 10.3keV (K, 86%) 3z 443k Gran+PSA
| % 1.1keV (L, 12%) 3 [
8Ga ¢ g
:;‘- 10% 8
Q=2.9MeV EC (10%), B+(87%) & ,.f
68min i
682” A W.% | | |
0 500 1000 1500 2000 2500 3000
68Ge produced by cosmogenic activation ST e

Sea-level activation rate 2.1 (30) atoms/kg/day for e"Ge ("3Ge)

Assume 100 day exposure for ®"Ge, saturation for "&Ge

Highly suppressed by granularity (x1/4) and PSA (1/25x)

Tag %8Ge decays with 10.3keV and 1.1keV x-rays, then veto for ~5 x 68 minutes
0.4 c/tly/ROI (after analysis cuts)




Klapdor-Kleingrothaus Claim

= Claim of a signal from operating 11kg of enriched (86% 7°Ge) from 1990-2003, from a
subset of the Heidelberg-Moscow collaboration

= 2006 paper, with improved PSA, claims 6.8s significance

20—

g *f ] 8 prrrrrrr e e e e e
" ®l KKDC2001,46kgy 7{ [E=TnNviow cut, 2 mm :
o ] KKDC2006, PSA2
L ] 5] ]
= ]
i 47 il ;
g 2 Il T ]
g S,EI _ I?f)llol I IZIOQIOI I IZI(BI{]I I IQIDZT{]I I IQI{])I{)I I IQI{]tI:’r{) IIIIIIII 2_5 ) ] o ::
: KKDC2001, PSA, 28kd y: B A N 1 11 W |
: D: - 1 e A - 1:
2000 2010 2020 2030 2040 2050 2060
energy, keV

Making a claim on the spectrum from the 2001
paper has raised guestions in the community about
2010 2020 2030 2040 2050 2060 2070 2080 the rlgor Of the analySIS'

energy [keV] The peak in the 2006 paper is more convincing.

SOUTH DAKOTA



Lowering the energy threshold

Neganov-Luke phonons

 Drifting charge carriers loose
energy through heat (phonons)

Er=Q "V,

e Can measure Q by measuring E-

e Canincrease V, to increase gain
In measuring E;

Thermal energy:
E T = (EradlgGe)e*Vb'l_EO

!

Electron @ Phonons
Vb E Hoe @ AVAVAVAVAVAVAVAV,

|

* Lower energy threshold in
germanium and increase sensitivity
to dark matter and neutrino-nucleus
scattering!
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