PRELIMINARY ORAL EXAM:
Astroparticle Physics with Prototype Broad Energy
Germanium Detectors

Padraic Finnerty

Department of Physics & Astronomy
University of North Carolina at Chapel Hill

16 April 2010

@ UNC

(B

Padraic Finnerty (University of North Carolina) Preliminary Oral Exam 16 April 2010 1/79



Preliminary Oral Exam Outline

Q Science Motivation
@ Neutrinos
@ Dark Matter

RTINS

Padraic Finnerty (University of North Carolina) Preliminary Oral Exam 16 April 2010 2/79



Preliminary Oral Exam Outline

O Science Motivation
@ Neutrinos
@ Dark Matter

Q The MAJORANA Experiment
@ MAJORANA and Neutrinoless Double-Beta Decay
@ MAJORANA and Direct Dark Matter Detection
@ Germanium Detectors

Padraic Finnerty (University of North Carolina) Preliminary Oral Exam

il | UNC

LIS COLLEGE OF
ARTS & SCIENCES

16 April 2010

2/79



Preliminary Oral Exam Outline

O Science Motivation
@ Neutrinos
@ Dark Matter

O The MAJORANA Experiment
@ MAJORANA and Neutrinoless Double-Beta Decay
@ MAJORANA and Direct Dark Matter Detection
@ Germanium Detectors

O The MAJORANA Low-background BEGe at Kimballton - MALBEK
@ Introduction to MALBEK
@ Recent WIMP DM Results
@ Recent Axion-like DM Results
@ BEGe Detectors and Dark Matter

[ UNC

Padraic Finnerty (University of North Carolina) Preliminary Oral Exam 16 April 2010 2/79



Preliminary Oral Exam Outline

O Science Motivation
@ Neutrinos
@ Dark Matter

O The MAJORANA Experiment
@ MAJORANA and Neutrinoless Double-Beta Decay
@ MAJORANA and Direct Dark Matter Detection
@ Germanium Detectors

O The MAJORANA Low-background BEGe at Kimballton - MALBEK
@ Introduction to MALBEK
@ Recent WIMP DM Results
@ Recent Axion-like DM Results
@ BEGe Detectors and Dark Matter

O Schedule

i UNC

Padraic Finnerty (University of North Carolina) Preliminary Oral Exam 16 April 2010 2/79



Preliminary Oral Exam Outline

O Science Motivation
@ Neutrinos
@ Dark Matter

Q The MAJORANA Experiment
@ MAJORANA and Neutrinoless Double-Beta Decay
@ MAJORANA and Direct Dark Matter Detection
@ Germanium Detectors

Q The MAJORANA Low-background BEGe at Kimballton - MALBEK
@ Introduction to MALBEK
@ Recent WIMP DM Results
@ Recent Axion-like DM Results
@ BEGe Detectors and Dark Matter

Q Schedule

O Scienti ¢ Contribution IIT UNC

LIS COLLEGE OF
ARTS & SCIENCES

Padraic Finnerty (University of North Carolina) Preliminary Oral Exam 16 April 2010 2/79



Preliminary Oral Exam Outline

Q Science Motivation

RTINS

Padraic Finnerty (University of North Carolina) Preliminary Oral Exam 16 April 2010 3/79



History of Neutrinos

1920 - Continuous energy spectrum of e in -decay:

J. Chadwick, Verh. d. D. Phys. Ges., 16, 383(1914), C. D. Ellis and W. A. Wooster, Proc. Royal Soc. A117, 109(1927)
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History of Neutrinos

1930 - Wolfgang Pauli (1900-1958) suggests neutrinos:

Pauli W. http://www.ethbib.ethz.ch/exhibit/pauli/neutrino_e.html

M(A; Z)! D(A;Z+1)+e + .

[
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History of Neutrinos
1934 - Enrico Fermi's (1918-1998) theory of beta decay. J

Fermi E. Z. Physik 88:161 (1934)

161

Versuch einer Theorie der gf-8trahlen. IY).
Von E. Ferml in Rom.
Mit 3 Abbildungen. (Eingegangen sm 18, Junuar 1034,)
Eine quantitative Theorie des f-Zerfalls wird vorgeschlagen, in welelwr man
die Existenz des Neutrines annimmt, und die Emission der Elektronen und
Nentrincs ans einem Hern beim §-Ferfall mit einer iihnlichen Mothode behandelt,
wie dic Emission eines Lichfquanis aus einem angeregten Atom in der Sirah-
lungstheorie.  Formeln fiir dic Lebonsdauer und fiir die Form des emittierton
kentinuisrlichen #-Strahlenspektrums werden abgeleitet und mit der Erfahrung
verglichen.
1. Grundannahmen der Theorie,

Bei dem Versuch, eine Theorie der Kerneloktronon sewie der f-Emission
anfrubauen, begegnet man bekenntlich zwei Behwierigheiten, The erate
ist durch dag kontinuierliche §-Btrahlenspektrum bedingt. Falls der Fr-
haltungesatz der Energie giltig bleiben soll, mul man annchmen, daB ein INC
Bruchteil der beim f-Zerfall frei werdenden Energio unseren Im.iaangen OLLEGE OF

Tirnbnahbrem s Labinh bodbao smbmadd  Wnal Seee Wo . B¥e. ___ W0 F_ _ L4 AR RS
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History of Neutrinos

1956 - Reines & Cowan detect reactor neutrinos
(etp! e +n)

C.L. Cowan, F. Reines, F.B. Harrison, H.W. Kruse, A.D. McGuire, Science 124, 103(1956)

g COLLEGE OF
ARTS & SCIENCES

Padraic Finnerty (University of North Carolina) Preliminary Oral Exam 16 April 2010 4179



Recent Results/Motivation

&) (1968) Homestake Cl & cieveland et al., ApJ 496, 505 (1998)

* (Detailed review) L. Camilleri, E. Lisi J.F. Wilkerson, Ann. Rev. of Nucl. and Part. Sci. 58, 343 (2008) ”’I
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Recent Results/Motivation

&) (1968) Homestake Cl &1 ceveland et al, ApJ 496, 505 (1998)
&) (1991'92) SAG E J.N. Abdurashitov et al., Journal of Experimental and Theoretical Physics 95, 181 (2002)
[*] (1991-92) Gallex w. Hampel et al., Phys. Lett. B (1999)

* (Detailed review) L. Camilleri, E. Lisi J.F. Wilkerson, Ann. Rev. of Nucl. and Part. Sci. 58, 343 (2008)
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Recent Results/Motivation

(1968) Homestake Cl &1 ceveland et al, ApJ 496, 505 (1998)

(1991-92) SAGE ;.. abdurashitov et al., Journal of Experimental and Theoretical Physics 95, 181 (2002)
(1991-92) Gallex w. Hampel et al., Phys. Lett. B (1999)

(1998) Super—Kamiokande Y. Ashie et al., Phys. Rev. D (2005)
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Recent Results/Motivation

(1968) Homestake Cl &1 ceveland et al, ApJ 496, 505 (1998)

(1991-92) SAGE ;.. abdurashitov et al., Journal of Experimental and Theoretical Physics 95, 181 (2002)
(1991-92) Gallex w. Hampel et al., Phys. Lett. B (1999)

(1998) Super-Kamiokande Y. Ashie et al., Phys. Rev. D (2005)

(2001) SNO &. anarmim etal., Phys. Rev. ¢ 72, 055502 (2008)

Detailed Review

Compelling evidence that neutrinos have mass and and oscillate, thus giving
the rstindication that the Standard Model of nuclear physi cs is incomplete.

© © ¢ ¢ ¢

©

Open Questions:
@ Mass generation mechanism?
9 Is CP violated?
@ What is the value of 13?
9 Absolute mass scale and hierarchy?
@ Neutrino character (Majorana or Dirac)?

* (Detailed review) L. Camilleri, E. Lisi J.F. Wilkerson, Ann. Rev. of Nucl. and Part. Sci. 58, 343 (2008)
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Neutrinoless Double-Beta Decay

@ What distinguishes from ?
@ If neutrinos are Majorana ( = ), then they can trigger this reaction:

(A,2) ' (A Z+2)+ 2e

@ The expected “dominant” process for 0 is shown:

C. Amsler et al. (Particle Data Group), Physics Letters B 667 (2008).
J. Schechter and J. Valle, Physical Review D (1982).
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Neutrinoless Double-Beta Decay

@ What distinguishes from ?
@ If neutrinos are Majorana ( = ), then they can trigger this reaction:

A,2) ' (A, Z+2)+ 2e ;

@ Regardless of the process, the observation of 0 implies neutrinos are
Majorana.

C. Amsler et al. (Particle Data Group), Physics Letters B 667 (2008).
J. Schechter and J. Valle, Physical Review D (1982).
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0 Amplitude & Decay Rate

@ Ampj0 | - a coherent sum over the contributions of different ;.

@ All 3 mass states contribute to 0 at O(‘%), with weights
Uei diagl;e' 2;e' 2), to give the “Effective Majorana Mass”:

Ampj0  j/ mUZ  m = cZedmy + cZsimpe? 2+ sZmae'? 3

9 The half-life for this rare process can be expressed as:

[T, 1= Gp jMo j?m?
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Dark Matter Introduction

What is dark matter?

@ Stuff that neither emits or absorbs
detectable EM radiation

How do we know it exists?

@ motions of galaxies clusters

@ galactic rotation curves

o BBN

9@ temperature uctuations in CMB

Candidates?
@ Baryonic ( 20%)
MACHOSs, Hydrogen gas
@ Non-Baryonic ( 80%)
Neutrinos, axions, WIMPs

Padraic Finnerty (University of North Carolina) Preliminary Oral Exam
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Evidence for Dark Matter on Cosmological Scales

What is the CMB?

9@ Photons from the “surface of last
scattering” (400,000 yrs after the
Big Bang)

@ These photons are essentially a
mapping of the Universe at this
time period

6000 [~

What is that plot?
@ Amount of uctuation as a

4000 |~

(1+1)C /2m [uK?]

function of angular size = |-
@ Locations/amplitude of peaks give
parameters, €.9. p; nbm e e w W -

-~ Multipole moment 1
C. Amsler et al. (Particle Data Group), Physics Letters B 667 (2008).

http://map.gsfc.nasa.gov/
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The MAJORANA Collaboration

@ The collaboration is pursuing R&D aimed at a 1 tonne scale "°Ge
0 -decay experiment that will be one of the agship Experiment S
to be sited at DUSEL Homestake.

9 Additional physics - light mass WIMPs and axion-like direct
detection.

DEMONSTRATOR
@ Background suppression

@ R&D into various detector
technologies

Why "Ge?

9@ Not only option, in fact, it
is important to measure
0 in several isotopes.

v
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MAJORANA and O

@ Relative energy levels: @ Recall,

[T, 1 1= Go Mo j?m?

/ Q5 where Q = 2039 keV for

7GGe
Firestone, R. B. 1996, Table of 1sotopes. Go _ phase space faCtOr
@ The expected signal: Mo - NME dif cult to calculate
m? - interesting physics lies
here

o Largest uncertainty are in NME
(factor of 2)

@ Recent Claim:

Klapdor-Kleingrothaus HYV, et al. Phys. Lett. B 586:198 (2004)
Klapdor-Kleingrothaus HV, Krivosheina IV. Mod. Phys. Lett.

Credit gure M AJORANA Collaboration A21:1547 (2008)
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Klapdor-Kleingrothaus Claim

N T10=2 =(2:23 044) 105y Q :ggg dependent on background

om =029 0:35eV @ Whether or not the result is valid,

296 CL it is still the most sensitive so far.

° Ngmb?r of concerns have been o Need to verify or refute this result
raised experimentally

ll\/IAJORANA DEMONSTRATOR?:

0.9H Nosaun Demonseater 90k 1 couFOI)
E 03
S 08F S —
2 F 0.4
g 0.75 Mod. Phys. Lett, A 21 (2006), p. 1647 (3 $). (1.30-3.55) x 10 years 05
& 06F 085
8 0sE- 0:88
2% 1
g 0aE 8
S .E 28
8 osf 3
£ 02F 5
: #
01f
= PR P R
0 05 T 25

15
live time [years]

1 Avignone FT IlI, Elliott SR, Engel J. arXiv:0708.1033v2 (2007), 2 Courtesy of MAJORANA Collaboration
NME - V. A. Rodin et. al, Nucl. Phys. A 766 (2006) erratum arXiv:0706.4304
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MAJORANA as a WIMP Dark Matter Detector

Detecting WIMP dark matter:

© Expected signal: WIMPs can scatter off 7°Ge nuclei
dR _ & ER:Eor http://cdms.berkeley.edu/
dER Eor

R - event rate per unit mass

Er - recoil energy

E, - most probable incident
kinematic energy of a dark
matter particle of mass Mp

r - kinematic factor that depends
on the target and WIMP mass
Ry - total event rate

9 Heliocentric and detector
response corrections needed

J. D. Lewin and P. F. Smith, Astroparticle Physics 6, 87 (1996).
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MAJORANA as an Axion Dark Matter Detector

What are Axions?

@ Hypothetical particles proposed by Peccei & Quinn (1977) as a solution
to “Strong CP Problem” in QCD

9 Analogous to the WIMP halo, axions are hypothesized to be distributed in
a halo as well (Galactic axions)

How do we detect them?
@ Can interact via the axio-electric effect (similar to photoelectric effect):

@ Incoming axion interacts with electrons in the detector, producing a
recoiling electron which deposits energy in the detector equal to the rest
mass of the axion

o Detection becomes a search for anomalous peaks in the low-energy
region of the spectrum

R. D. Peccei and H. R. Quinn, Phys. Rev. D 16, 1791 (1977).,P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983).

F. T. Avignone lll et al., Phys. Rev. D 35, 2752 (1987)., Pospelov, M., Ritz, A., & Voloshin, M. 2008, Phys. Rev. D, 78, 115012
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MAJORANA Uses Germanium Detectors

What are germanium detectors?
© Semiconductor detectors that are
sensitive to ionizing radiation

@ Under the in uence of an electric eld,
liberated charge is collected at an
electrode

@ After each interaction, you get a charge
pulse / energy deposited in the detector

@ Excellent resolution, threshold, PSA
performance

http://img.chem.ucl.ac.uk/

Padraic Finnerty (University of North Carolina) Preliminary Oral Exam
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Coaxial & P-Type Point Contact (PPC) Detectors

P. Barbeau, J. I. Collar, and O. Tench, Journal of Cosmology and Astroparticle Physics, 2007.

P. N. Luke et al, IEEE Transactions on Nuclear Science, Vol. 36, No. 1, February 1989
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PPC Threshold Capabilities

C. Aalseth et al., Physical Review Letters 101, 251301 (2008).
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Broad Energy Germanium (BEGe) Detectors

Ren Cooper (ORNL)

@ PPC-like BEGe detectors
are already commercially

available, ideal for 9E¢
tonne-scale. <.
% '9EC
@ Weighting potential <
creates large, short o
current pulses, one for a '9EF
" 8]
each energy deposition, ;
ideal for PSA.
'9E<
@ Intrinsically low
capacitance, therefore low
noise, ideal for low 9
threshold. L I
>2@@A
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MAJORANA Low-background BEGe at Kimballton

o MALBEK is a BEGe prototype from Canberra David Radiord (ORNL)
Industries (Meriden, CT)
@ As a part of the R&D process for MAJORANA

Probe phase space of point contact/ditch diameter
Under low-background conditions (both cryostat
and lab):

Systematically characterize charge pulses
Systematically characterize the spectrum
R&D for low-energy triggering

Evaluate several preampli er technologies

Physics goals:

o Search for WIMPs with masses in the range 1-10 GeV/c?.
@ Search for Axion-like dark matter

Padraic Finnerty (University of North Carolina) Preliminary Oral Exam 16 April 2010
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Physical Characteristics of MALBEK

@ Canberra Speci cations 2;
Mass - 450 g
Active Diameter - 60 mm
Length/Thickness - 30 mm

Material - LB Copper cryostat & window,
0.5mm?®

@ What makes MALBEK different:

Small point contact : 3-4 mm spot size
Large ditch radius : 15 mm

@ Reset Preampli er
(65 ms interval, 15.4 Hz)

aM. Yocum, Canberra Industries
bJ. 1. Collar, University of Chicago
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The KURF Environment

@ Located at 1450 mwe in Ripplemeade, VA



Deployment in a Low-Background Shield
Working from the inside out of our (4 )
shield:
@ 1" Spanish galleon ancient lead?®
8" Low-Background lead
Rn Exclusion Box
2" Muon Veto
1.46" Borated Polyethylene
10" Polyethylene
Calibration source (***Ba):

©

aJ. 1. Collar, University of Chicago
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Recent MALBEK Progress

22 June 2009
@ Moved trailers underground

1 November 2009
@ Detector shipped to UNC

14 January 2010
@ Detector and shield deployed underground

15 January 2010 - Present
o Taking MCA and Digitized data (observed radiocontamination)
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Spectrum - Mid-Energy

soh ||**"Ge &%zn ]

—

Live Time: 5.2 days|
70f Pb X-rays ]

Counts/keV/kg/Day

0 50 100 150 200 250 30C
Energy [keV]
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Spectrum - “Low”-Energy

400y 1

Live Time: 4.8 days 68,7

300y
2504

200y

150y
100y

Counts/keV/kg/Day

50

0 2 4 6 8 10 12
Energy [keV]
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DAMA Annual Modulation - WIMP DM

http://people.roma2.infn.it/ dama



DAMA Annual Modulation - WIMP DM

R. Bernabei et al., Eur. Phys. J. C 56 (2008) 333.

2-4 keV
9 0.1 B DAMA/Nal (0,29 tonxyr) <DAMA/LIBRA (0.53:tonxyr)->|
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Recent CDMS WIMP DM Results

CDMS Collaboration, arXiv hep-ex (2009), 0902.4693v1.
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Recent CoGeNT WIMP DM Results

C. Aalseth et al., Arxiv preprint arXiv:1002.4703v2 (2010).
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Recent CoGeNT WIMP DM Results

C. Aalseth et al., Arxiv preprint arXiv:1002.4703v2 (2010)., A. Bottino et al., arXiv:0912.4025,
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Recent CoGeNT Axion-like DM Results

C. Aalseth et al., Arxiv preprint arXiv:1002.4703v2 (2010)., J.I Collar & M. G. Marino ArXiv preprint arXiv:0903.5068 (2009).
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BEGe Detectors and Dark Matter

@ Single detectors can be used for DM searches, due their low threshold
performance (CoGeNT Collaboration) Ref [1-3]

© CoGeNT operated at 330 mwe in Ref [1] and 2100 mwe (Soudan) in Ref
(2]

@ Detectors used:
Ref [1] - 475g PPC with radiocontamination (Detector specs: Ref [3])
Ref [2] - 440g BEGe PPC

o MALBEK will be complementary to the recent CoGeNT result Ref [1,2]

9o Note: MALBEK is different from Ref [2] in several respects:

Low background cryostat
Smaller point contact
Larger Ditch

o These differences should allow a lower noise threshold
1 c. Aalseth et al., Physical Review Letters 101, 251301 (2008)., 2 . Aalseth et al., Arxiv preprint arXiv:1002.4703v2 (2010).,

3p Barbeau, PhD Thesis (University of Chicago) (2009)., P.S. Barbeau et al., JCAP 09 (2007) 009.
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Dissertation Timeline

9 Detector characterization and development of reliable DAQ 6-8 months

Includes shipment of detector back to Canberra Industries for repair
Simulations can be performed concurrently

@ MALBEK return to KURF end of FY 2010
@ Take data 3-4 months
@ Analysis & Dissertation Writing 8 months

@ PhD Defense Fall 2011
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Contribution to Scienti c Community

9@ The recent CoGeNT results present an interesting “excess” at low-energy
that is consistent with the recent CDMS result for a low-mass WIMP

@ MALBEK will be able to verify or refute this excess using an entirely
different detector and DAQ

o Characterization will provide critical input to the MAJORANA Collaboration
as well as the low-background detector community as a whole.
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INVESTORS??



Block Diagram of MALBEK DAQ

Graham Giovanetti
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Decay of Cosmogenics - 10.3 keV peak vs Time
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Axioelectric Effect

R. Bernabei et al. (DAMA Collaboration), arXiv:astro-ph/0511262

a

ae — E ‘mecz PE
1 2mec? 2, 8312 10 ®GeV?
274 fa f2
_ 8312 10 8 GeV?(Ea=keV)?
ae — 2
f2
' 1:2 10 2 Ma PE 1 1
R' 7262 % iov Dpam ‘9 %

@ f, is scale of spontaneous symmetry breaking (fo ' 107 GeV),
Jace = 2mMe=f, (coupling constant)
@ my mass of axionm, 1 keV

Pospelov, M., Ritz, A., & Voloshin, M. 2008, Phys. Rev. D, 78, 115012.
F.T. Avignone 111 2009 J. Phys.: Conf. Ser. 173 012015
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WIMP Direct Dark Matter Detection Formalism

@ This is the simplest case, we need to adjust this for a real-li fe
scenario:

The motion of the Earth around the Sun, and the Sun around the Galactic
center

Finite resolution of your detector
Nuclear structure - Form Factor correction
Detection ef ciency - quenching factor corrections

Spin Dependence
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WIMP Detection - Basic Assumptions

@ We will make some assumptions to simplify our calculations.

@ First, we will only concern ourselves with the spin-independent
interaction.

9 For our detectors, low-threshold Ge detectors, we only need to correct for
the Detection Ef ciency and the Motion of the Earth

Our resolution in the ROI (< 3 keV) is 100 eV, no need to correct for
resolution. If we had used a Nal detector, we would have to correct for this.

We are only sensitive to WIMP masses < 10 GeV ¢ ? that are moving at

10 3c. The momentum transfer is negligible and we therefore can take the
Form Factor to be 1.

P. Barbeau, PhD Thesis (University of Chicago) (2009).
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Heliocentric Corrections - WIMP Particle Density

o Particle Density: What they mean:

n v - velocity onto Earth-borne target

dn= 2f(v;v )d3v;
k v - velocity of Earth relative to DM

o kisa norrﬂahzatlon constant, Mp - WIMP mass

Vesc
suchthat ;*°dn ng -1-1000 GeV ¢ 2
@ Halo Assumption : ng= p=Mp,
b=0.3GeVcm 3 Vesc - l0cal Galactic escape velocity
= 1
o Maxwellian Assumption : =600 kms

Vo - most probable DM velocity

2,2
flviv )= e (Vv )=V, =220-230 km s 1
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Heliocentric Corrections - Normalization Integrals

9 k is then given by:
z, Z ., Z,..
k = d d(cos ) vZf(v;v )dv
0 1 0
O FOrvesc = 1,k =ko=( v2)¥2
@ If we truncate the distribution at a realistic value for vesc = jv + v |, we
get:

Vesc 2 Vesc 2 _
1=2 e
Vo < Vo

k=ky=ko erf
@ ky! kpasvVesc!1

@ We will use this later: ko=k; = 0.9965 for the values given on the previous
slide.
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Basic Event Rates

o Event rate per unit mass on a target of atomic mass A AMU, with
cross-section per nucleus is:

No
dR= — vdn
A %
@ Assuming zero-momentum transfer ( = g)), integrate this to get:
z z
No No . o1 3
= — vdn — gnohvi; st: lwvi = vf(v;v )d°v
A Sl A Sitlo Kk ( )
@ Usefultodene Rg,st.v = 0and Vese =1 :
2 Np Ry 72A
Ro= ——n ' np= ——
0 12 7 0 siVo 0 2No oo

@ We will use Rq later when making exclusion plots...
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Basic Event Rates Cont'd

@ We can re-write R in terms of Ry now by subbing in for ng and then
putting this in terms of kg = 32v3:

1=2 hyi

R = RO—M

2 Vo

Z
- Ry L vi(v;v )d3v
%% 2 vy ’
@ Put this in differential form:

_p ko 1 . 3
dR(v) = RO?Z—Vgi(V’V )d°v
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Basic Event Rates Cont'd

@ We should also relate the recoil energy, Er to the energy of the incoming
WIMP, E, according to Lewin & Smith (1996) (looks similar to Compton
Scattering):

ErR=Er(1 cos )=2
@ According to Lewin & Smith (1990,1996), we can assume scattering is
isotropic, i.e. uniformincos ! Egr' Er.

@ Use this relation and the differential form given on the previous slide to
get arate interms ofkeV kg *d i

z
drR Erax ]
— = — dR(E
dEr g, £r OR(E)
1

Vmax y;2
Vo
—5 dR(v)

Vimin

" Eor
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Basic Event Rates Cont'd

@ We now have all the tools in place to solve for a differential event rate, the

integration is pretty straightforward.

@ Rather than bore you with more integration, | will simply give you the
result obtained by Lewin & Smith (1990,1996) and used by Barbeau
(2009), among others, to t their experimental dark matter s pectrum:

h [
d_R = @& g CEr=Eor g Vic=vg
dER k]_ Egqr

9 ¢y, C, are constants that can be found in Lewin & Smith (1996) and
depend on the time of year. Also, recall that ko=k; = 0.9965.
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Quenching Factor Corrections

@ For an in depth discussion read about Lindhard Theory
9 In the real world, we know:

Eioniz Q

Erecoil

@ Where Q is called the quenching factor.

@ Barbeau (2009) has directly measured the Q of their HPGe detector for
sub-keV recoils, and found it to be:

Q= 20:8%

9 This was done with a beam of neutrons of known energy. One can
calculate the expected recoil energy at speci ¢ angles and t hen directly
measure it.

J. Linhard and M. Scharff, Physical Review 124, 128-130 (1961). P. Barbeau, PhD Thesis (University of Chicago) (2009).
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Modeling The Nuclear Recoil Spectrum

9 Adjusting for this: Equation the rate then then becomes:

. h i
drR — & 0:997 3:6le 273Em:=Eor g vZ =vg
dEioniz r EO .

9 Use this equation to model your WIMP signal, the amplitude (Ro=r) will
give you the coupling between g and Mp:

100‘. I

80 ,"‘. ' l ]
oo [l
o 60l t \ 9 Excluded WIMP Masses + Cross
> il Sections:
2 a0 \ 5GeV c ?-dashed
3 7 GeV ¢ 2 - dotted

20( 10 GeV ¢ ? - dash-dotted

0 . \\ e Tsimamen. -

0 0.5 1 1.5 2 25 3

energy (keVee)

P. Barbeau, PhD Thesis (University of Chicago) (2009).
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Modeling Background + Nuclear Recoil Spectrum

@ Background Model:
Exponentially decreasing
Gaussian peak at 1.298 keV
(®& " Ge from Cosmogenic
activation)

o WIMP Signal is given by the

previous equation (previous slide)

9 Perform a least squares t with

several WIMP masses and work
out the coupling to g using the
(Ro=r) value from your t.

counts keV* kg* d*

0 NI e

o Ignore the noise pedastal, cut off 0 9% e teves o @
your twell above it. Fitting noise
is a bad idea.

P. Barbeau, PhD Thesis (University of Chicago) (2009).
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Going From Low-E Spectra to Exclusion Plots

10%
CoGeNT\\
at SONGS
\
10 LA
v A
500eV \
gt AN
\ . _
S 100evN N ® Find avalue for (Ro_r).
B, s N N T~
— 10 A S=- R
. H I
mt N~ s = (Constants)Mp Ar TO
10

Majorana: 120 kg-yrs
15 day exposure to
cosmogenic activation

10 100
m, (GeV/é)

P. Barbeau, PhD Thesis (University of Chicago) (2009).
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Evidence for Dark Matter on Galaxy Scales

o Rotational velocity v of an object
on a stable orbit with radius r
around a galaxy scales like

K. G. Begeman, A. H. Broeils and R. H. Sanders, 1991, MNRAS, 249, 523.

v(r)/ P M(r)=r;

T T
NGC 6503

150
@ M(r) is the mass inside the orbit,

o If mass tracks light, then one
would expect: 7 100

Ve (km s

v(r)/ 127
50
@ Instead, we see rotation curves
with v constant out to large r
|

@ Implies existence of DM halo, with 0 0z
. Radius (kpc)
density

w
o

[ 1=r?stM(r)/ r

C. Amsler et al. (Particle Data Group), Physics Letters B 667 (2008).
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Evidence for Dark Matter on Galaxy Cluster Scales

Coma Cluster

Sloan Digital Sky Survey

@ A cluster of galaxies gave rst
hints of dark matter (in modern
sense)

9 In 1933, F. Zwicky inferred from
measurements of velocity
dispersion in the Coma cluster, a
mass-to-light ratio of around
400M =L

F. Zwicky, 1933, Helv. Phys. Acta 6, 110.
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D, 3He, “He and "Li created in rst few minutes
after big bang

amount created depends the baryon-to-photon

ratio, ng=n 10%°

Photon density sets length of nucleosynthesis
(180s) through its control of expansion rate
(faster rate of fusion into “He, fewer nucleons left

over to form D and 3He)

n known from CMB! can measure amount of

“ordinary matter”

Strongest barometer is D - destroyed within stars
and no longer created. Since D abundance is
sensitive to  and decreases with time, any
measurement of D yields a direct upper limit on

5:5 (quasars), implying g  0:04,

therefore 80 % of DM is NON-BARYONIC

C. Amsler et al. (Particle Data Group), Physics Letters B 667 (2008).
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D, 3He, “He and "Li created in rst few minutes
after big bang

p+n$ D+ ,D+DS$ 3He+n$ 3H+p,3H+D$ 4He+n

amount created depends the baryon-to-photon

ratio, ng=n 10%°

Photon density sets length of nucleosynthesis
(180s) through its control of expansion rate
(faster rate of fusion into “He, fewer nucleons left

over to form D and 3He)

n known from CMB! can measure amount of

“ordinary matter”

Strongest barometer is D - destroyed within stars
and no longer created. Since D abundance is
sensitive to  and decreases with time, any
measurement of D yields a direct upper limit on

5:5 (quasars), implying g  0:04,

therefore 80 % of DM is NON-BARYONIC

C. Amsler et al. (Particle Data Group), Physics Letters B 667 (2008).

0.27
0.26
0.25
Yp0.24

0.23
10-3

104
105
109
5
LiH [

2

10- 10

1 2 3 4 5

~ E
[ DMl > o ]
E N g E
F=3He/H|p ]

I

6 7 8 910
Baryon-to-photon ratith © 1010



Other Candidates for DM

@ Neutrinos - Popular for a while, but they are not massive enough to
account for all of the DM density. J. F. Beacom, N. F. Bell and S. Dodelson, arXiv:astro-ph/0404585.

@ Sterile Neutrinos - Would need to be very massive and it is not obvious
how such a massive neutrino would be stable, as required by the present
data on DM. «. Abazajian, G. M. Fuller and M. Patel, Phys. Rev. D 64 (2001) 023501 [arXiv:astro-ph/0101524].

@ Light scalar dark matter - Somewhat ad hoc, from a particle physics
perspective, but the INTEGRAL satellite hints that these may be physical.
D. Hooper, F. Ferrer, C. Boehm, J. Silk, J. Paul, N. W. Evans and M. Casse, arXiv:astro-ph/0311150.

@ Little Higgs models - Alternative mechanism (to SS) to stabilize weak
scale. Higgs is a pseudo-Goldstone boson with its mass protected by
approximate linear global symmetries. Particles are  TeV scales. a
Birkedal-Hansen and J. G. Wacker, arXiv:hep-ph/0306161.

@ Kaluza-Klein States - KK excitations of the SM elds which appear in
models of universal extra dimensions have been discussed a great deal
recently. They are quite popular nowadays, «. agashe and G. Servant, arxiv:hep-phio403143.

@ Wimpzillas - interesting phenomenological consequences, included a
possible source to the cosmic rays observed above the GZK cutoff.

@ Q-balls, mirror particles, CHArged Massive Particles (CHAMPS), self
interacting dark matter, D-matter, cryptons, superweakly interacting dark
matter, brane world dark matter, heavy fourth generation neu- trinos; etc.
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Other Supersymmetric Candidates for DM

Not only neutralinos, although they are the most favored.

@ Sneutrinos - SS partner to the neutrino. Have “cosmologically interesting”
relic densities if their mass is in the range of 550-2300 GeV. However,
scattering cross section of sneutrino with nuleons is much larger than the
limits found by searches like CDMS, etcC.. T rak k. A Olive and M. Srednicki, Phys. Lett. B 339, 248

(1994) [arXiv:hep- ph/9409270].

@ Gravitinos - SS partner of the graviton. In some SS scenarios , gravitinos
can in fact be the LSSP and be stable. Only interact via gravity, so very

d|f Cult tO Observe J. L. Feng, A. Rajaraman and F. Takayama, Phys. Rev. Lett. 91 (2003) 011302 [arXiv:hep-ph/0302215].

@ Axinos - SS partner of the axion, were believed to be capable of acting as
a warm, or hot, dark matter candidate. Remain a very interesting idea. s.a

Bonometto, F. Gabbiani and A. Masiero, Phys. Rev. D 49, 3918 (1994) [arXiv:hep-ph/9305237].
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Current O Synthesis

Compilation courtesy of MAJORANA Collaboration

:6-2-10 455570 < ’”/m> )C1-63% | E4D®3.F | &00W./0
2@ . 2B-@A | ?/BEIBEB-@A
4 JKUCMN® | PQKOO RQ STONIU
VKO JMBCMNY | PNQONM QKK NMR SBANMFU
WKO JIMACMNY | PNRQIM& ILR NNW SH#BENOAU
VKO ['ODCMI | [INDRYNLG | VML NMM SBANWU
1650 JIQWCMNT | PNRMMW QW S"43NRU
A9 JROCMNY | PMVQMHN | NNNIH S#PRIU
MR JIMMCMNY | PNEKYINR | OWL QKCMN? S*AIK]
E4NWU

VIE T JKUCMNQ | PODMHW [ NMK NNQ S(4.NNU
VO Of JVVCMNT | PMMYIMK | X0-/AL XO-AL SBRQU
(] JIQNEMN® | PNEMYNR NMI SINVU
QWO JHKCMNS | PNLYIKLW HK SBINOU
VKR | JIMHCMN® | PQUMKLM | NNRK SB-3NIU

[Une08] J.Phys.Conf.Ser.120:052053,2008

[Kla01d] H. V. Klapdor-Kleingrothaus, Nuclear Physics B Proceedings Supplements 100, 309 (2001), hep-ph/0102276.
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et al., Physical Review D 65, 092007 (2002).

[KIa06] H. V. Klapdor-Kleingrothaus and I. V. Krivosheina, Mod. Phys. Lett. A21, 1547 (2006).
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(1998).
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General Neutrino Formalism (1)

@ Assume there are an n number of orthogonal eigenstates. The n avor

eigenstatesj iwithh j i= are connected to the n mass
eigenstates j ;i with h;j ;i = j via a Unitary mixing matrix U.
. . X . .
Jor= Uijil;
[
- - x - x
jib= (Ui o= Uyj
Where,
X X
Uy = 1; Uuiu,= ; Uiu;= i
i
For anti-neutrinos, U ;! U ;.
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General Neutrino Formalism (2)

Q@ The number of parameters in ann  n Unitary matrix is n?. The 2n 1
relative phases of the 2n  states can be xed in such a way that (n  1)?
independent parameters remain. It is convenient to write them as
%n(n 1) weak mixing angles of an n-dimensional rotational matrix
together with %(n 1)(n 2) CP-violating phases.

@ The time dependence is found by the normal evolution operator
formalism outlined in Sakurai.

j it =e B (x;0)i

We assume that neutrinos with momentum p are emitted by a source at
x = 0;t =0, thus:

ji(x;0)i = e™j i
Where,
q — m?2 m?
E = mi2+ pi2' pi + Z_pl. E + i; forp mj;E p:
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General Neutrino Formalism (3)

Q Let's assume that mﬁ =m? mj2 can't be resolved, then the avor
neutrino is a coherent sum of de nite mass states. Neutrinos are
produced and detected as avor states:

X :
jti= Uje B
I
X ) :
j (x50 = U iU ePe Bt |
1

Q Different neutrino masses imply that the phase factor in the above
equation is different. This means that the avor content of t he nal state
differs from the initial one. At macroscopic distances, this effect can be
large in spite of small differences in neutrino masses. The is is the
motivation for oscillation experiments.
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General Neutrino Formalism (4)

@ The time-dependent transition amplitude for a avor conver sion !
is then given by

X
AC ! )H)=h j(x;i= U U ePe Bt

Using the approximations above, we can get

X
AC ' )O=h jti= U,U exp H%zé =AC ! )L
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General Neutrino Formalism (5)

Q Where we have taken L = x = ct to be the distance between the source
and the detector. In an analogous way, the amplitude for antineutrino
oscillations is obtained:

X :
AC L)) = U u,e &t
I

@ The Transmission Probability can be found from the transition

amplitude A:
X X _
PC L )M=JAC ! OP= U U,U.Ue i@ &x
i
X X m2 L
P(! )= jUiU;®+2Re U U, U,;U exp i— &
i i>i
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General Neutrino Formalism (6)

Q with mZ=m? m?. The second term describes the time- (or spatial-)
dependent neutrino oscillations. The rst one is an average transition
probability, which also can be written as:

- x . . x . - -
Py, i=  jUU = jU,UiP=HP, i:
i i

Using CP invariance, we require U ; to be real, then this simpli es down

to:
!
X X |_
P( ! )(t) = UZiUZi + 2 U iU ]U iU jCOS TE
i j>i
|
X m?2 |_'
— a2 ]
= 4])i U ,u jU iU jsSin —4 E

Evidently, the probability of nding the original avor is | ust:
X
P(C! )=1 PC ! )
8
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Neutrino Masses & Oscillation

0 1 O 1 0 1
1 0 0 Ci13 0 si3e ! Ci12 s; O

Uz = @O Co3 SQ3A @ 0 ) 1 0 A @ S12 Ci2 OA
0 Sp3  Co3 sl3e' 0 Ci13 0 0 1

‘sinz 12 = 0:312 39 sin? ,3= 0:466 3338 sin? 13<3:6 10 2

| m?=mi mi=768 $3 10 Sev?

24 m2
22 2z (Mot my

m > =239 2 10 3eVv?
Normal: "#3%%
2
: m
H - 2 2 Al
m j=mg c,+sSpe 2 1+ —
J J 12 12 2m§
Inverted:
9 — . .
jm j= mi+ m2che z+sie

L. Camilleri and E. Lisi and J.F. Wilkerson, Ann. Rev. of Nucl. and Part. Sci. 58, 343 (2008)
B. Kayser, Neutrino Physics, arXiv:hep-ph/0506165v1 (2005)
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Solar Neutrino Spectrum
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F pp~| £1%
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1
10! L . . d o1, ! . . N N
0.1 1 10
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Important Notes on Neutrino Oscillations

|
X m2  m?2)[eV]2L[km]
j i= Ui ! P ' sin’2 sin? 1:27( ' E][)G[e\\i]] fkm}

@ These equations tell us that there will be oscillatory behavior as long as
at least one neutrino mass eigenstate is different from zero and if there is
a mixing (non-diagonal terms in U) among the avors.

@ Oscillation experiments only allow a measurement of m?2, not an
absolute mass.

@ Neutrino masses should not be exactly degenerated.

@ Note oscillation dependence on L=E.
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Strong CP Problem in QCD

@ Why doesn't QCD violate CP symmetry?

@ There is a complex coupling constant in the Lagrangian, and the phase
( ocp) should allow CP to be violated.

o Expect gcp to be of order unity, but it is extremely small. So why is it so
small?

o Example: EDM of the neutron is much smaller than one would expect.

9@ One proposed solution is the axion, essentially performs a transformation
acp !  ocp 2 and out pops the axion.
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0 Process

What happens in this “process”?
@ Within the nucleus, the decayn! p+ e + . occurs, (RH ¢)
@ The . develops a LH component

@ This component, if Majorana, is nothing but the LH component of the &,
and is absorbed by a nearby neutron, .+ n! p+e

Final state is 2e and NO neutrinos.
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Dirac Mass Term in SM Lagrangian

@ Many believe that Equation L is not conserved. This belief stems from the
very nature of the very successful SM. As originally proposed, the SM
conserves L. However, it contains no neutrino masses. Nor does it
contain any chirally RH neutrino elds, g, but only left-handed ones, .
We know neutrinos have mass, so the SM must be extended to
accommodate this. Suppose we try to extend it in such a way to preserve
L, then for a neutrino , we add to the SM Lagrangian, a “Dirac mass
term” of the form

Lb= mp _ r+ hc:

Here, mp is a constant, and R is a right-handed neutrino eld that we
add to the SM in order to construct the Dirac mass term. A Dirac mass
term does not mix neutrinos and antineutrinos, so it conserves L.
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Majorana Mass Term in SM Lagrangian

@ Inthe SM, left-handed fermion elds belong to electroweak- isospin
doublets, but right-handed ones are isospin singles. In particular, g will
carry no electroweak isospin. Thus, once g is present, all the SM
principles, including electroweak-isospin conservation, allow the
occurrence of the “Majorana mass term”,

Lm= mpm g r + hic:

Here, my is a constant, and § is the charge conjugate of . Like g, §
carries no electroweak isospin. Thus, Ly is electroweak-isospin
conserving, as required. However, any Majorana mass term of this form
convertsa intoa orvice versa. Thus it does not conserve L.
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