Why are neutrinos'so light?

Early results from QheEX%expenment
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Neutrino mass from beta decay (1932)
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“The greatest similarity to the empirical curve is given by the theoretical curve for m = 0.
Hence we conclude that the rest mass of the neutrino is either zero, or, in any case, very
small in comparison to the mass of the electron.”



A quantum mechanical 3-state system
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MINOS experiment — Fermilab - Minnesota
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L/E of 15t oscillation minimum measures Am? ~ (50 meV)?2
One neutrino mass eigenstate must have at least m ~ 50 meV.



A quantum mechanical 3-state system
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Survival Probability
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Neutrino mass hierarchy
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Higgs Mechanism




Spin 2 Fermions
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spin-up spin-down spIn-up spin-down
electron positron positron electron

Dirac: Four degrees of freedom to describe a spin ' particle



Spin 2 Fermions

No weak interactions

@ O

right handed left-handed  right handed left-handed
electron positron positron electron

Dirac: Four degrees of freedom to describe a spin 'z particle



Spin 2 Fermion - Handedness
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Fermion mass terms connect left-handed and right-handed states

top quark:  ip H H H

mass term
electron e
CR L CR

Dirac mass term: conserves charge (e-—e”)



What about a massless neutrino?

No weak interactions......
no interactions at all — completely sterile!

right handed left-handed  right handed left-handed
neutrino antli-neutrino  anti-neutrino neutrino

The old standard model “explanation” for massless neutrinos:
Nature “had no use” for sterile states, so they are left out.
This prevents the Higgs from giving neutrinos a Dirac mass.



But neutrinos do have mass.

Homestake
Solar Neutrino
Experiment
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No problem.....

Sterile

right handed left-handed  right handed left-handed
neutrino anti-neutrino  anti-neutrino neutrino

Dirac neutrino: carries a conserved charge (lepton number)



Types of Neutrino mass terms

Dirac Neutrino Mass Conserves
lepton number Standard model

y y Higgs can create
)/\\ only a
Dirac mass

Majorana Mass 1

violates conservation of
Majorana Mass 2 lepton number

Neutrinos may
have all three
types of mass

terms




See-saw mechanism

generated by the Higgs

~N
Suppose m,. __~ 100 GeV, like the top quark

and m ~ 1015 GeV

Majorana

~

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

Then we would observe two Majorana neutrinos,

2
m

D _10%eV like atmospheric v oscillations

Wlth ml =~ M
GUT

m, = M cur too large to be seen directly

M.Gellman, R.Slanksy, P.Ramond, R.Mohapatra, G.Senjanovic
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Dirac and Majorana neutrinos

Dirac fermion: particle 1s charged, so f = f (e-, u-, T-, quarks).
A Dirac neutrino carries lepton number:

v:L=+lyv :L=-1
Majorana fermion: particle carries no charge, so = f

A Majorana neutrino cannot carry lepton number.

Does the neutrino carry lepton number?

Is the neutrino 1ts own antiparticle?



Use nuclear physics
to test neutrino charge properties:

beta decay

° eL-
acts a neutrino source

Majorana neutrino

S

Vv

Inside a nucleus



Use nuclear physics
to test neutrino charge properties:

eL-

Majorana neutrino?

| w (7
Inside a nucleus v

second vertex
acts as the detector



Neutrinoless Double Beta Decay (f0v)

Forbidden if neutrino mass is Dirac only

€ -
N(Z,A)—>N(Z+2,A)e¢e

Majorana neutrino

2n 3 ‘A /

A% € -
| »
. W- ’ <« Forbidden
Inside a nucleus \ by lepton

number conservation
if neutrinos are Dirac.
“Neutrino mass

. 2
mechanism” P

for double beta decay second vertex

acts as the detector



Many types of new physics lead to pp0v

Right handed weak currents, leptoquarks,
supersymmetry, ect.,

d < u
\\ W-
\
\ h--
/
/
/
;. W-
d z u
“Doubly charged Higgs mechanism”
for double beta decay

Does this spoil neutrino physics interpretations of p0v ?



Black Box Theorem

Anything that converts
vV Into v

means that neutrinos are
Majorana

If we see fP0v, we know that Majorana neutrinos exist!



The 3P0V half-life depends DIRECTLY

on the absolute neutrino masses
Decay rate (due to the heavy chiral suppression):

J 2
EUme"

@2 ) = G ANME[ (m

v b
/ N Maj orana
effective mass phases
phase space mixing matrlx

Nuclear Matrix
Element (with phases)

mass eigenvalues

We can use the fp0v 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



What Bp0v can tell us about the neutrino mass scale
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Figure from Strumia & Vissani, Nucl. Phys. B 726 294 (2005)



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 1%Mo (1988)

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



BP0V signature: a peak in the B3 energy spectrum

BR2v spectrum '
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atomic mass

energy

What nuclei are 5 candidates?

number of protons



Choose a pp source isotope:

Q value natural
Decay candidate (MeV) abundance (%)

18 a—18T] 4.271 0.187
76Ge—76Se 2040 |[7.8
82Ge—»82Ky 2995 9.2

967 +—9M o 3.350 2.8
100\ [o—100Ry 3.034 9.6
110pd—!1o0Cd 2013 | B -
116Cd—1168p 2.802 |7.5
124Gn—>124Te 2.228 |[5.64
130Te—3130% e 2 553 34.5
136X e—15%Ba 2.479 8.9
150N d—>150Sm 3.367 5.6




The most sensitive double beta decay experiments
to date are based on 76-Germanium.

Heidelberg-Moscow (76Ge) energy spectrum
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Half-life limit: 1.9 x 10% years (H-M and IGEX)
Majorana neutrinos ruled out for masses greater than ~0.35-1.0 eV



Germanium diode experiments — Heidelberg-Moscow - 2001




Moore’s Law for fp0v
m, (BB) limit

2
10 EV Matrix elements: Simkovic, Phys. Rev. C79, 055501 (2009)
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Backgrounds: all ordinary radioactive decay

Q)

beta deca
Alpha deca}% y s e
— - Al .

. —
1.33 MeV y

<
&

28



Cross section (barns/atom)
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160, “Peninsula__|
of stability”
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“Stable”: ~101° years
"Wy 8ROV halflife is 1010 times longer

(at least)

TN it

life comparable
to age of the earth

half-life short
compared to
age of the earth



Penlnsula of Stability
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Uranium-238 decay chain

Thorium-232 decay chain




Ordinary radioactive decay here on earth
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Get smarter: Single Ba™ ion detection

136Xe—13°Ba** e-e-
Daughter identified by optical spectroscopy of Ba*, well

studied in ion traps for more thane2dsy@arsiat, Toshek, Dehmelt,
Phys. Rev. A 22 (1980) 1137]

’p
- very specific signature " ol T
(“A\” shelving) Vil
: — D3y
- c¢ycling 493/650 nm 493nm / metastable
transitions gives a 4
fluorescence rate of ~108 S e
Hz (|n Vé&l,lum) 10" photons/sec
. S 4
plenty of light!

Level structure for Ba™



QuickTime™ and a

Ba+ Tagging: lon Trap + fluorescence -
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M.Green et al., Phys Rev A76 (2007) 023404
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Prototype electrostatic probe to study
ion grabbing and release

)

Vacuum test results — see Cs on target as
expected

Target bt of CoCl heatng %o ~200C

Probe tip

Liquid xenon cel

Th+ source

Prototype probe collects Th+ in liquid xenon,
then we observe them with an a counter above the liquid surface.



Grabbing ions from liquid xenon

refrigerator
cold head

xenon
_~ condenser

3” diameter
/ access port

3-liter (10 kq)
~~ liquid xenon
N ., | storage vessel




B [ = e _
uni & Carleton

Canada’'s Capital University

ITEP

/eWUTE G

3 A
o\
-~ o\
- =\
2 o z
\= 5;‘

! - 1\,

s
\.\;

\.ﬁ s’f’

UNIVERSITY OF

MARYLAND

E LaurentianUniversity i fiversiey
UniversiteLaurentienne Knowledse to Go Places



The EXO-200 experlment

200 kg of xenon enriched to 80% in 36Xe:



Liquid xenon calorimetry

Anode
$ 0 440 |
applied | | |
electric : : :
field ! ! !
| | |
| | |
| | ol .
| . Ionizing
: e-: e-  particle
~ |

<]--——-———— e e = ——

6 1.75. nmﬁ
scintillation

Cathode

Measure the event energy by collecting the 1onization on the anode
and/or observing the scintillation.



EX0O-200: the first 200 kg f0v experiment

Copper liquid HFE-7000

copper cryostat el cryofluid

25 cm lead shielding




EXO0-200 cryostat & lead




2150 feet underground
at the WIPP facility in Carlsbad, NM

Before EXO With EXO




EX0O-200 liquid xenon vessel:
a thin copper balloon

* Very light (wall thickness 1.5
=+ - mm, total weight 15 kg), to
-+{ minimize material.

- e

» All parts machined under 7 ft of
. concrete shielding to reduce
activation by cosmic rays.

« Different parts are e-beam
welded together at Applied
Fusion.

‘< * End caps are TIG welded.




A liquid xenon vessel
made of teflon(!)
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EXO xenon handling &purification system

purifier

valve & instrumentation manifold

condenser

dual xenon

. compressors

boil-off
heater




Commissioning of cryogenics and fluid handling — 2007-2009

Dummy
LXe vessel
(stainless
steel)




EXO-200 TPC Construction




EXO-200 TPC Construction
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A fully instrumented half-detector
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Final TPC installation - January 2010
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Sensitivity : 0.1 ppb 02

Screen the xenon for impurities 1.0 ppb N2
. 0.06 ppb CH4
with mass spectrometry 0.5 ppt Kr
10-6 I'.kg.34'X'eI.scoinSt.antIdu.etoIZCOIIdtr:.apI'..'.
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A cosmic ray muon in the EXO liquid xenon TPC

Wire signals vs time
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Four views of the same muon track: 2 TPCs x X&Y views
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Calibration Source Run

Sources:
137CS, GOCO,
228Th

v
=
5 150 e SR

Various calibration sources
can be brought to several

positions just outside
the detector

x-y distribution of events
clearly shows excess near
the source location

-150 -100 -50 0 50 100 150 7o
X (mm)



Radioactive Source Calibration Run

single - cluster
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i granularity from
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multiple - cluster
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 Calibration runs compared to simulation
-There are no free parameters for these comparisons (worst

agreement is +8%)



Physics Data — June/July 2011

single - cluster multiple - cluster
350¢

: t zoomed in
300 |

[— hn
= =

h
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counts /50 keV

\

Iv!

— coupfs /5QkeV .,

(=3
=

1500 2000 28
reconstructed energy ¥ (keV)

h
=

]

Lo g 1

1500 2000 2500
reconstructed energy Bf (keV)

* 31 live-days of data
* 63 kg active mass
* Signal / Background ratio 10:1
—as good as 40:1 for some extreme fiducial volume cuts

1000 ‘9 20 1000 1500 2000 2500

reconstructed energy vy (keV)



Physics Data — June/July 2011
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Rate vs. Fiducial cut
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« BB2v signal is
uniformly
distributed in the
xenon, while
backgrounds are
near the edges.

* Bp2v rate is
constant in time,
as expected.



First Observation of bb2n in 136Xe

350
[ single - cluster 136Xe—13Ba B2V

First observation
of BPA2v 1n this isotope

> BR2v Longest half-life ever
;200 directly observed.
§150 Only 31 days of data.

Signal-to-background

720 50 ratio 10:1

bbbl

1000 1500 2000 2500
reconstructed energy f (keV)

Ty, = 2.11-10%1 yr (= 0.04 stat) yr (+ 0.21 sys) [arXiv:

1108.4193],
to appear in PRL



BP2v observed in 76Ge — Heidelberg-Moscow experiment - 2001

% 12000

z T, ,(BP2v)=(1.55 £0.19)x102! years
% 10000 |

S All data
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Search for BP0V in 13¢Xe

350

single — cluster

300 BP2v —
about one decay every
250 10 minutes

o
=
=

Background rate
very low at Bp0v Q value

[
h
=

counts /50 keV

1500 2000
reconstructed energy Bf (keV)

This month:

* Completed upgrade
to front end
electronics optimize
energy resolution.

* Finish installation of
radon tent.

* Finish final

construction of lead
wall.

* Begin long-term
physics run to search
for BPOv.



EXO Sensitivity
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~100 meV sensit.

2 ton, S5yr, ~18 meV

Full-EXO sensitivity

10 ton, 10yr, ~5 meV
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We need this:




What’s in a BNC connector?
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v, IS a mixture of several mass states:

«— small
Ve = Uelvl T UeZVZ 3

“normal hierarchy” “inverted hierarchy”
M 4 Am, ~50 meV, Am_~5meV
1 v2
v AIHsol
T vl
Amatm
AInatm
v2
AInsol
T vl v v3

Neutrino oscillation experiments measure the Am’s,
but not the absolute masses



Neutrino mass from tritium beta decay

25

Tritium B-decay spectrum near endpoint

dN/dt
dE
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Eo=18,590eV - Ef

m, =25eV -
A

5 45 -4 -35 3 2.5 -2 15

E-B (o) ™=TeV
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m(v,) < 2.2 eV from Mainz experiment (1998)



KATRIN beta spectrometer moving through Leopoldshafen, Germany

First data in 2012. Expected sensitivity: m(v,) ~ 0.2 eV



Ba+ Tagging: RIS

QuickTime™ and a

decompressor
re needed to see this picture.

Bat5d = = = = =
« Resonant lonization Spectroscopy uses lasers tuned to —
atomic resonances to first excite and then jonize specific atoms. Bat6s — — - — —°
* We use pulsed dye lasers at 553.5 nm and 389.7 nm.
« Autoionization: The 5d8d 'P, state decays to a lower energy 389.7nm
ionized state, allowing use of the high cross section of the
resonance to achieve ionization.
y N
‘c— 3cm ——‘
| Si 553.5nm
553.5nm B —
389.7nm
.",. /
f 5cm
® %/’7
. +
) N
<<;°;9$P/// '
N 4 Channeltron
A 4

5d8d 1P,

6s6p 1P,

6s2 1S,



[ ]
QuickTime™ and a
[ ] decompressor
are needed to see this picture.
[

e E
g 30— Desorption+RIS lasers (Black)
§ C  Desorption only (Red) S
- g
20— g
: g
15— §
- ]
10— g
r Barium window -
50 g
5 i
o = A A 1 l l_l L
0 2 4 6 8 10 12
Time (microseconds)
Desorption T T : »
[aser finms RIS lasers fire Resonantly ionized Ba —

Efficiency of ~10-3 in “bulk mode” setup. New
“single ion mode” setup about to start taking data. \

Dolinski 16 June 2010 85



Uranium-238 decay chain
statt __— T, 107 years.... ~10'° times faster than pp0v

To see A0V, my detector must have 1016 times
more source isotope than 238U,

In practice, my detector is smart enough to
reject 233U events 99.9% of the time.

I still need 238U/(source) ~ 10-13,

With 100 kg of source,
I’m allowed 10 nanograms 238U,



Crossed wire planes and APD array
measure event energy and position

& B30V event

ionization drift
trajectories

grid pitch =3 mm

y-wires (shielding grid) "s >

/ . T .
grid spacing = 6 mm

\c.{»%é\” Z EE.

APD-grid distance = 6 mm

x-wires (energy grid)

APD plane
Av4
y-position given by induction signal on shielding grid.
x-position and energy given by charge collection grid.
APD array observes prompt scintillation to measure drift time.



