A one-page tutorial on

coherent v-N scattering

® Uncontroversial Standard Model process
® | arge enhancement in cross-section

for EV < few tens of MeV

(0 « N2, possible only for neutral current)

® However, not yet measured... detector technology
has been missing.

Detector mass must be at least ~1 kg (reactor
experiment) + recoil energy threshold << lkeV
(low-E recoils lose only 10-20% to ionization or scintillation)

® Cryogenic bolometers and other methods
proposed, no successful implementation yet

Cabrera, Krauss & Wilcze
Phys. Rev. Lett. 55, 25-28 (1985)
(prehistory of CDMS detectors)

qR«1

long wavelength
"sees" all nucleons
simultaneously

O o¢ N2

‘V (up to few tens of MeV)

initial and final states
are indistinguishable
(coherence possible)

recoil ~ few tens of eV
for targets of interest
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Fundamental physics:

® Largest o,, in SN dynamics: should be
measured to validate models @.r. wilson, PRL 32 (74) 849)

® A large detector can measure total E and T

of SN v » Vo => determination of v oscillation

pattern and mass of v star r.seacom, W.MFar & P.vogel, PRD
66(02)033011)

® Coherent o same for all known wv...

oscillations observed in a coherent detector

=> evidence for v (A.Drukier & L.Stodolsky, PRD 30 (84) 2295)

sterile

® Sensitive probe of weak nuclear charge

= test of radiative corrections due to new
physics above weak scale (Lmkrauss, pLB 269, 407)

® More sensitive to NSI and new neutral bosons

than v factories. Also effective v charge ratio
(3. Barranco et al., hep-ph/0508299,hep-ph-0512029

® o critically depends on w,,: observation of

SM prediction would increase sensitivity to My,
by > an order of magnitude (a.c.oodd et ai, PLB 266 (91) 434)

Smallish detectors... "v_technology”?
® Monitoring of nuclear reactors against illicit operation
or fuel diversion: present proposals using conventional
1-ton detectors reach only > “3 GWt reactor power
® Geological prospection, planetary tomography...

the list gets much wilder.

J.1. Collar 5/11/07
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Expected number of neutral-current nuclear recoils in several gases
\|t from a typical reactor neutrino flux and spectrum (10"3vem 257"
:

10 - Gas

Recoils/kg/day of which of which
Ep.<lkeV Eppe < 100eV
8 \ He 8.1 35 0.6
{ b oNe 43.9 37.0 10.7
b Ar 103.2 98.1 39.8
i Xe 389.7 389.1 274.1

recoils / 100 eV / kg / day
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2005:
Geoneutrinos
detected.

Dawn of
the applied
neutrino
physics era?
Applied Anti-
Neutrino Physics
Workshop

http://www.lInl.gov/neutrinos/
workshop/ aap2006.htEﬁ\lAL
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® Sensitive probe of weak nuclear charge

= test of radiative corrections due to new
physics above weak scale (Lmkrauss, pLB 269, 407)
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antineutrino flux 10 m from core (x 10" v/ em® 8)
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® o critically depends on w,,: observation of
SM prediction would increase sensitivity to My,

.. power reactors .
500 B experimental reactors | by > an Order OF magn”'Ude (A.C.Dodd et al, PLB 266 (91) 434)
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As Reactor Fuel Burns

— . . . : .
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Three legged stool needed: mass, threshold, background

No “light-bulb” moment:
5 years of R&D at UC

13 cm? APD on a 2 inch
diameter silicon wafer

Single electron detection in P-5 using quadruple 3M GEM Fie Edt Vetical Hoiz/Acg Irig Display  Cursors Measwe  Math  Utiiies  Help
200 - e 38:46

Counts

name-of-the-game:
180 H
e detection of << 1 keV
40 recoils with large
120 . ¢ Polya distribution (> 1 kg) de‘fec.t-ors
100 .
uvi ON .
o {: e (25 y and counting...
60T intercalated UV filter mUSf use new
0T technologies or
R at least alterations)
Q - . KR
401 601 801 1001 1201 1401 1601
Channel Number
Mass-produced 3M-UoC GEM and single-electron signals Single-photon pulses using

from quadruple GEM LN, cooled LAAPDs (high QE)

FNAL J.I. Collar 5/11/07
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Start with the foundations:

ultra low-energy recoil calibrations at KSU reactor
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Start with the foundations:
ultra low-energy recoil calibrations at KSU reactor

Ti post-filter “switches off” the recoils,
leaving all backgrounds unaffected

~ _.SPEC-4 deconvolution
S —+—24"Fe + 1" Al
10° . —— 24" Fe + 1" Al + 0.5" Ti Beam
2 |7.50.9x10" 0/ cm’s MW under | characterization
o 24 keV peak at beam exit studies comple’red
= 5 e menl
o S 9 0.1 (nucl-ex/0701011) &
~—10 neutron energy (Me ©,
= v g
9] g
3 qﬁ? €3
-
10° Ideal to explore
) sub-keV —»
p-recoil o recoil region
spectrometer —e—24"Fe+1"Al
— 24" Fe + 1" Al + 0.5" Ti
measuremenfs | Y -88 (1e~.ponse to gdmmas)
100 1 —

1()() 1 )()

recoil energy (keV)

0 50

FNAL
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Modified-electrode p-type HPGe:
A new tool in astroparticle & neutrino physics

[EEE Transactions ca Muleas Science, Vol. 8, Moo |, Pebruary 1939
P. M. Luke, F. 5. Goclding, M. W, Madden and B H. Pehl
LOW CAFACTTANCE LARGE VOLUME SHAPED-FIELD GERMANILM DETECTOR

]

1989 state-of-the-art in large HPGe noise:
300 eV FWHM (even with modified electrode)

R
P The idea: we have gone a long ways in JFET technology

C= EEKE{}]’ i
¥
Capacitance and | . .
roise drop with 4 <. 2005: (factor x10 improvement in JFET C. and V)
Sfzeof electrode 1 ~50 eV FWHM (same as C,~1 pF x-ray detectors)
-— | I
z | Va FWHMg=40.7 eV -V, (C, + C,)/\At
Now a
p-type ~1985 (TI2N4416) C,=42pF,V,=2nVi/Hz
Developed for “Cosmion” (much 2005 (EuriFET ER105) C, =09 pF, V, =1.6 nV/1/Hz
searches. enhanced -
h | E resolution,
Fig. 3. Structure of the shaped-field d::wcl'ﬁrs_s sensitivity
to low-E
backgrounds)

FNAL J.I. Collar 5/11/07
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e s Yo 3 Ty My o 1989 state-of-the-art in large HPGe noise:
LOW CAPACTTANCE L YE VOLUME SHAPED-FIELD: GERM A M DETECTOR . 3
TR ARG O SRR P Ry 300 eV FWHM (even with modified electrode)

] p* : :
C = 2nK€or The idea: we have gone a long ways in JFET technology
itance and . .
ol drop with 4 <l 2005: (factor x10 improvement in JFET C. and V,)
e of slectrode 1, ~50 eV FWHM (same as C,~1 pF x-ray detectors)
-— fe— pn t
z | A FWHM;=40.7 eV -V (C, + C,)/"/At
Now a
p-type ~1985 (TI 2N4416) C,=42pF,V, =2nViHz
Developed for “Cosmion” (much 2005 (EuriFET ER105) C, =09 pF, V, =1.6 nV/1/Hz
searches. enhanced
E resolution,

less sensitivity
Fig. 3. Structure of the shaped-field detecior.
ped *o low-E

backgrounds)

The energy resolution and large mass of — 7

a HPGe plus the noise and threshold of a tiny x-ray
detector???

FNAL 1. Collar 5/11/07
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Modified-electrode p-type HPGe:

A new tool in astroparticle & neutrino physics

1989 state-of-the-art in large HPGe noise:
LOW CAPACTTANCE LARGE -l.'..l-!t.l.h-l'_-\r':-[’:l;:-'f'..-l'.R‘\.‘.'n.\q..:."Ll DETECTOR 300 eV FWHM (even Wi.l.h modiﬁed elec.l-rode)
: +
C = 2nKeggr i P" The idea: we have gone a long ways in JFET technology
Capacitance and . .
noise drop with <. 2005: (factor x10 improvement in JFET C. and V)
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z FWHMg=40.7 eV -V (C, + C,) /At
Now a
p-type ~1985 (TI 2N4416) C,=42pF,V, =2nV/Hz
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\ | E resolution, 100 || e — c
H A oftentimes
g. 3. Sructure of the shaped-field ;]ticcl'ﬁﬁs sensifivit Pedastl pedestal <+ substantially
¢ Yo low-E standard HPGe g
0 low 80 PR (same crystal mas larger =3 keV
. baCkgrounds) — pulser, noise subtracted
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(@]
(&S]

of same mass (475 g)

(threshold equivalent to 5 g
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Delivered-To: collar@cfcp.uchicago.edu
Subject: Re: update?
From: otench@canberra.com

Precise gradient of
charged impurities
along the axis

needed to compensate for

small electrode

To: "Juan I. Collar" <collar@uchicago.edu>

Date: Sat, 3 Dec 2005 16:41:10 -0500

o . 1. Haller # af. Adv. in Phys. 30(81)93

Fig. 1

1012 SR TR — — O
#497 /

’ /
. P—=i=N /
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H /
= = sesasilensfoses
o —
i S
& f
= /
S 1010 [
z
5 /
o
: (
w
z

10° . .
0 25 50 75 100
% OF MELT FROZEN
Net-shallow level concentration [N, = Np| alo: th axis of an ultra-pure ger
single erv=tal. At the seed end (0, of n lie aluminium aceeptor
vielding the ceystal p-type. Near the 10rus coneentrat

aluminium concentration. [Ny—Np|:

continuous curve;

dashed curve: phosphorus concentration: dotted curve.

X-Uchicago-PMX-Id: 192.153.25.189: jB3LtheQ001154 [Sat Dec 3 15:55:44 2005]
X-Uchicago-Spam: Gauge=XXI, Probability=21%

IHcllo Juan,

We just got the first results in and they seem to be outstanding. The pulse resolution is about 160eV(FWHM)
and Co-60 is well under 2.0 KV(FWHM). The detector should be shipping from France soon- in time for
Christmas. It is too late now to change hardware but this mignt be done in future.

Best regards, Orren

Developed during 2005
by CANBERRA/EURYSIS

(the one of three contacted companies up to the challenge)

Funded by NNSA.

FNAL

J.I. Collar 5/11/07



Mass and threshold in place for reactor experiment,
background... almost there
(anti-Compton shield & Al part replacement underway)

10 :
B | . L Expected antineutrino signal in reactor
- | v recoils @ 10"y cm®s™ ‘ ) .
5 (detector resolution folded-in) — exPerlmen’r with presen’r detector.
6 |i |
> | Background goal shown
o 3 (scaled down from present status)
= i Expected background o
5 2 | ; A (qu;| shield) ? | ionization energy (keV)
| by 1020 05 1 1.5
04 06 08 1 2 L4 - 5. 0 & s
ionization energy (keV) = of & fét“ : // .‘- 06
oan 10 J 2 3 . 04 -
< ‘81’5»’! ;7 ? 177 3
> L . B § 4.,’ 10.2
) 2 g N b 0 T100 200 300 400 .
Presently 2.5 v recoils/kg-day expected 1 .> 10 \ ionization energy (eV)
. . . = )
Work on non-white noise can increase S 5 E =0.33keV
this to >30 v recoils/kg-day —» £ 1o By =02 keV
o —
(limited beyond that by state-of-the-art irg B =01 kel
JFET noise only) P ST .
10 0 1 2 3 4 5 6 7
Silver lining: all of the signal concentrated in small ROI recoil energy (keV)
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Extensive detector characterization early 2006
(nucl-ex/0701012)
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X-ray Counts

1000

Extensive detector characterization early 2006
(nucl-ex/0701012)

This is the
state-of-the-art
for 1 pF detedtors!
lﬁdﬂem{ (Pentafet)
We can d¢ better!
A Carbon .
5 ongoing wo
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1996 detector
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Extensive detector characterization early 2006
(nucl-ex/0701012)
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Some recent news: looking very good...
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o

counts / keV kg day

Some recent news: looking very good...

Relevant ROI for power reactor experiment has been explored

3500
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Some recent news: looking very good...

Definitive check on DAMA soon
X50 improvement from clean Al, x10 from anti-Compton

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

<— noise pedestal
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o
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power reactor.
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Some recent news: looking very good...

minimal scalar

10734 predictions
Mod. Phys. Lett A21 (2006) 457
) Emr=330 eV
_36 4 c/keV kg day (expected summer 07, 300 m.w.e.)
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Some recent news: looking very good...

minimal scalar

10734 predictions
Mod. Phys. Lett A21 (2006) 457
i) Ethr=330 eV
_36 4 c/keV kg day (expected summer 07, 300 m.w.e.)
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Both are vacations by the sea...
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R [cts/kg day keV]

What else can you do with such a detector? ;; coar pro 59 063514
Damour & Krauss PRL 81 5726

SPRPAAARAL LR RRARE RS RN RARRE R CORALARAALMALARRL LA
Solar-bound WIMPs: CHX 102 E
deposit ~x100 less E . ; ERE i =2 ¢F E
than galaxy-bound, o §§o 10 20 30 40 § 5 E\ :
concentrate all rate in narrow £ F  ©%=® 1 e F\: E
spectral region (higher s/n) 2 F I 58 [\
Sub-keV threshold a must ) 1 €3 F \u E
N A | | | ]TT‘ 11171T | "g _: 23_ \' .
p— — ,5 : 2 N \n“
- | -t : —E % =— - — A\ -
2 - — 1 <; ;o 20 30 40 50 60 .70: 0"
= Sec [ Sikivie - u (l/s) EreckeV)
' rl': al e
. w10T Eanim) Improved sensitivity to
1 + [ = »E — v magnetic moment
RGe Gelmini, Kusenko, NuSsi,_nov - o 10f - _ (reactor experiment)
I PRL 89 (02) 101302 | 1 - vﬂ(SP{J
' 1t E %
= n -
3 Q-balls ] % 0t e (MM)
O i 101 | e Y | 4 o 51 -
0 10 20 30 40 50 § 1F %
\ 7 o -
e
The neutralino is not the only supersymmetric < F
Dark Matter candidate. Non-pointlike DM s 0 F
(Q-balls, Mirror matter, etc.) call for Y . o TEXOI\|JO colla ora’rionI | | |
10 111 L Ll L L LLrd 1 L L L LI L
ultra-low threshold detectors e S 3 3 = o 1 o

1o 10 10 16
Recall Energy T (Mev)
FNAL J.1. Collar 5/11/07



TARP: 5 minutes from ANL, 20 min from UC

permission to use until (at least) 2012: Big THANKS to Tom Economou

Equivalent of deeper site with a good muon veto
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MAJORANA: can we avoid segmentation altogether?
(cost, speed, simplicity, much lower front-end backgrounds)
Does this device have anything to offer in a B context?

Optimal E-resolution

spectrox - UNI CHICAGO - CO 60@ 12 AS.SPE
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nory 0-60 n-type 1989
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N, \\
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. . : il 4
LCompare resolution with n-type l9mw p=fn : o
now same as coax HPGe of same mass, 1.8KeV FWHM) i
é 0.40
s 595} ¢ .
« ° °
/ 2 * ¥ 10.36
Also x20 improvement in
charge collection 0 1 w00 e a0 3 a0

in going to p-type

FNAL

distance from closed end, d (mm)
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Quick and dirty intro to neutrinoless B decay
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In many even-even nuclei, f
decay is energetically forbidden.
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FN,

742

w—= Two Neutrino Spectrum
== Zero Neutrino Spectrum
1% resolution

Endpoint
Energy l

2.0

0.0

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



Quick and dirty intro to neutrinoless B decay
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How does a multiple-site interaction
look in a modified-electrode HPGe?

FNAL J.I. Collar 5/11/07
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That was then...
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This IS now.

080

All this with
optimal energy
resolution and
charge collection
(and one channel)
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amplitude of averaged preamplifier traces (a.u.)

What is happening?
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counts / 0.8 keV

Comparable or better signal acceptance / background rejection
than an 8-segment clover HPGe (Majorana) or an 18-segment (Gerda)
all with a single-channel device

Modified electrode p-type (475 g)

Thorium Spectrum _Ué 3000
- | with 8-bit digitizer -..i All events
Raw ULE HPGe Thorium Spectrum
After TFA Peak detector Cut + Width Cut © 2500

Preliminary Energy - Single segment events
independent results
93% DEP singles acceptance
88% rejection of multiples
150 Effect of crystal size and close packing 2 U DD‘
will improve these further
Reference for comparison
(Clover 4x830 g (8seg.),

(mostty 15 s e 1500 |- DEP*T] “Bi
- mulhple—s<A i (1 593 keV) (1 620 keV)
DE
(single-site) i
' et 1000 N v
500 ‘l'l
| 0 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
155 16 165 1560 1580 1600 1620 1640
Energy (MeV) E [kevl
LEFT: Natural Th, mod. electrode RIGHT: 228Th, n-type 18-segment

93% SA, 88% BR (nucl-ex/0701012) 92% SA, 65% BR (nucl-ex/0701005)
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Advantages of single channel p-type modified
electrode vis-a-vis segmentation for MAJORANA:

Very efficient PSA rejection of multiples. All with one channel.

Excellent energy resolution (1.8 keV Co-60, may drop some as noise is further
improved)

Increase speed of deployment/manufacture as long as... (is gradient of impurities
reproducible? How important?)

Increase simplicity of construction and analysis (one channel)
Decrease cost (detectors and DAQ). Improve production time (cosmogenics)

Decrease front end-associated radioactive backgrounds, thermal load, photon
path.

Increase stability (prototype performance stable for 55 continuous mo. and counting)

Intrinsic to p-type: ruggedness (a must when arraying) and decreased sensitivity to surface
contaminations.

Several others (e.g., rejection of ALL alphas via PIXE -studies underway-)

CANBERRA and PHDs Co. receptive to further fabrication (and further work
on noise reduction).

FNAL J.1. Collar 5/11/07



Disadvantages:

Technology too new: oo many unknowns in reproducibility, cost, speed of production, largest crystal
size that can be produced, waste (important for pf), etc.

Canberra’s position: We need to build 6-10 more to know (they admit “lucking out”. Hopefully this will
not change).

Solution:

This fits perfectly with planned coherent v program. Recent NSF/DOE proposal centered around this
theme <- Help from rest of MAJORANA collaboration to maximize synergy: PNNL already funded to
build more of these, ORNL seeking funding.

Several kg of modified-electrode p-type HPGe's built by 2007!

GOAL: Be by early next year counting at the Columbia Generating Station (Richland, WA, 12 mi. from
PNNL) and simultaneously further developing the technique (i.e., building more of these). San Onofre?
(offers more depth)
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Reactor Monitoring: Right technological timing
(HPGe technology flourishing:
segmentation, encapsulation, arrays and (silent) mechanical cooling)

CLUSTER MAJORANA

RHESSI
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Reactor Monitoring: Right technological timing
(HPGe technology flourishing:
segmentation, encapsulation, arrays and (silent) mechanical cooling)

e Measurements with a BEGe2020 detector
With CryoPuIse 5 ON & OFF Vs s_hapmg time

oip o 5 Gl 60 MRLGE 700

| ::_200

100

—__1 Resolution ineV
____ | Temperature in negative °C

1 Shaping time in us

New generation of recondensing Dewars add
no microphonic noise and need topping (not refilling)
every ~ lyr (can be filled from N2 gas cylinder!)

Ideal for reactor deployment.
FNAL J.I. Collar 5/11/07



11 kg, A reality
encapsulated, fast approaching?
single cold finger i

Reactor
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Coherent neutrino detection:
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