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Body of
Evidence

The phenomena of
neutrino oscillations is
now firmly established.

....

Neutrinos have mass.
Period.
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Evidence

The phenomena of
neutrino oscillations is
now firmly established.

Neutrinos have mass.
Period.




More Questions

What We Don’t Know

(1) What is the absolute scale of neutrinos?

(2) What is the mass hierarchy?

(3) What is the nature of neutrino mass?
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More Questions

What We Don’t Know

v—mass [eV]

(1) What is the absolute scale of neutrinos?

atmospheric
(2) What is the mass hierarchy? V; s (058

(3) What is the nature of neutrino mass?

Normal?
Inverted?

solar
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More Questions

What We Don’t Know

(1) What is the absolute scale of neutrinos?

(2) What is the mass hierarchy?

(3) What is the nature of neutrino mass?
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Precision Cosmology

* Mapping the cosmic microwave background has
reach unprecedented precision and, along with that,
great predictive power.

Now
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Neutrino Masses
from Cosmology

e Cosmology looks at the sum of neutrino masses

(their gravitational effect)

Large Scale Sctructure
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Power spectrum P(k)

The Strategy

(a naive view)

p~a’ p~a*
4 Matter dominated Radiation dominated
large scales small scales

horizon size

Wavenumber, k

= {16(k)*)
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Neutrinos come to affect the power spectrum,

particularly at small distance scales



The Strategy

(a naive view)

WMAP Temperature Map
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The Strategy

(a naive view)

WMAP Temperature Map
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Neutrinos come to affect the power spectrum,

particularly at small distance scales

CMB Polarization

Galaxy Surveys

Weak lensing




Th e Strategy Galaxy Surveys

(2 naive view)

WMAP Temperature Map
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WMAP 7yr %
ACBAR %

Current Limits ] | oo

* Limits for neutrino masses depend in part on:

* Which data is used, and... 100 500 1000 1500 2000
Multipole Moment (1)

e ..what assumptions are made.
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WMAP

Current Limits B WWMAP+BAO+H,

* Limits for neutrino masses depend in part on:
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Current Limits

* Limits for neutrino masses depend in part on:

e Which data is used, and...

e ..what assumptions are made.
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Planck Satellite:

Launched May 14th, 2009

NS
Frontiers
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® Planck alone
can push
neutrino limits
down | eV.

® Host of new
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Upcoming
Data

PLANCK

® Planck alone
can push
neutrino limits
down | eV.

® Host of new
experiments
coming to the
forefront.
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Nonlinearities
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Systematic Effects

Moving
® As precision demands
FO F'wa I"d... moves to |%, non-linear

effects, degeneracies,
baryons, etc. all begin to
play a role.

—Linear theory

Power spectrum, P(k)
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power spectrum.
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Beta Decay Experiments

Beta decay allows a kinematic determination of the neutrino mass

Sensitive to the incoherent sum of masses and mixings




Beta Decay Experiments

From E= mc?

Beta decay allows a kinematic determination of the neutrino mass

Sensitive to the incoherent sum of masses and mixings




Beta Decay Experiments

If massive, the neutrino
takes away some energy...

o
_

Ve/

‘ electron

...from the electron
(which we detect)

SH = 3He* + e + Ve

Beta decay allows a kinematic determination of the neutrino mass

Sensitive to the incoherent sum of masses and mixings




Beta Decay Experiments
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State-of-the-Art: Spectroscopic: MAC-E Filter

KATRIN 4 1
J— J—J_HV electrodes
s.c. solenoid s.c. solenoid
f,

detector
source f :

KATRIN Bmin

f /?‘//'v,,,,,,,%//

adiabatic transformation E; — E,

Inhomogeneous magnetic guiding field.
Retarding potential acts as high-pass filter

High energy resolution (AE/E = Bmin/Bmax = 0.93 eV)
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Main Spectrometer

~ Pr E=184-18.6 keV
/ AE =0.93 eV

/ 24 m long, |0 m wide vacuum region.
/ Precision MAC-E filter.

Pre-Spectrometer

E=18.3 keV
AE =80 eV

Filters most low energy
electrons from beta spectrum
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Projected Sensitivity
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Can we push
further!?

® KATRIN will achieve 200 meV scale.
Can direct measurements push lower
to the normal hierarchy scale?

|0 meters across

® Any future experiment needs to be
< >

able to (a) have a better scaling law
for increased target mass and (b)
improve its energy resolution.

&
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lightest neutrino mass in eV




Bolometric:

® Uses '8Re as its beta
source (one of the lowest
endpoints, 2.3 keV)

® Advantages:
® No backscattering

® No atomic or
molecular final state
effects.

® Disadvantages:

® Extremely long half-
life.

® Pileup backgrounds.

8751 hoursxmg (AgReO,)

1.5 2.0
energy [keV]

m,2= (-112 £ 207 + 90) eV?2




® Uses '8Re as its beta
source (one of the lowest

endpoints, 2.3 keV)

Bolometric:
® Advantages:

® No backscattering

® No atomic or
molecular final state

effects. &

[
g'”ﬂlllmnmmlag

Disadvantages:

e |

® Extremely long half-
life.

lum'

® Pileup backgrounds.

Cryogenic setup
in Milan




' -AEFWHM-Z.Se\ﬂ ® 6keV -
.| MMC+Au

MARE R&D

® New Technology:

Counts / 0.2 eV

® Use of magnetic micro :
calorimeters. Minimize o b N

Q
586 587 58 5889 5980 591 592 593

Bolometric: rise time and energy Eneny £, o)
. resolution.

MKID devices (I-10 GHz)
resonating super-
conductors.

Reduces pileup, increases
pixelation and energy
resolution

15 Ho+e™ — %Dyx+u,
10" O' \r T T T ]k :
— Q. =2.20keV
e New Isotopes: \/1N1 e ©

1 ' I
I
— Q. =255keV | 1

® Also exploring '8Ho
electron capture

counts /0.3 eV

'E [N_=10% f =10%; AE,,,,=2eV

l | [ A l
0.5 1 1.5

enerav [keVI

R&D to lead to MARE 2 (0.2 eV sensitivity)




Project 8 “Never

measure
anything but
frequency.”

l. |. Rabi

® Use cyclotron
frequency to extract eb
electron energy.

:K—Hne

® Non-destructive
measurement of
electron energy.

I P L
T2 gas

Frequency

B field —

SH — SHe™ + e~ + U,




P I"Oj ect 8 “Never

measure
anything but
frequency.”

l. . Rabi A. L. Schawlow

Simulation run
(10° events)

L

many overlapping
low-energy electrons

rare high-energy
electrons
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E =17572 eV
Theta = 1.565

signal
Ll
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Frequency (GHz)

SH — SHet + e + 1,




Project 8

Copper strips Impedance-matching
balun

Wire antenna Low noise GHz amplifier

Magnetic bottle
| T field (27 GHz)

Frequency

SH — SHet + e + 1,




Measuring V masses

(the framework)

Measuring neutrinos from the Heavens

(cosmology)

Measuring neutrinos on Earth

(beta decay)

Patient measurements

'3 - (Neutrinoless double beta decay)
’ . b .

4

“..Let the heavens grant mf_:;'_ time
eternal, so | may il my dz.ags with
Torah...” (Talmud) 1



Neutrinoless
Double Beta Decay

® Clear decay signature (peak at endpoint) Ov2pB
sensitive to Majorana neutrino masses. Golden Mode

® To be seen, two conditions must hold:
(I) Non-zero neutrino mass.

(2) Lepton number violation.

N
—
-
—
p—
8

e Currently a strong focus of the
experimental neutrino community.

2v2[3

0

Total energy in electrons




Lifetime and Masses

Phase space term

Matrix element

® Technology often dictated by the isotope
selected. Majorana mass term

® Positive signal establishes Majorana
property of lepton violation. Neutrino
mass amplitude a bit harder to extract.

e Calculations of matrix elements have
seen better agreement (Interacting Shell

Model, Quasi Random Phase
Approximation, etc.)




Methods



Methods

Bolometric:

Excellent energy
resolution

Current experiments:

CUORICINO,
CUORE, LUCIFER




Methods

Bolometric:

Excellent energy
resolution

Current experiments:

CUORICINO,
CUORE, LUCIFER

Charge Collection:

Excellent energy
resolution and
background rejection

Current experiments:

MAJORANA, GERDA,
COBRA




Methods

Bolometric: Charge Collection: Tracking & Calorimetry:

Excellent energy Allows for track
resolution and reconstruction or
background rejection large volumes

Current experiments: Current experiments: Current experiments:

Excellent energy
resolution

EXO, SuperNEMO,
SNO+, NEXT,
KamLAND-Zen

CUORICINO, MAJORANA, GERDA,
CUORE, LUCIFER COBRA




Methods

Bolometric:

Excellent energy and
radiopurity

Current experiments:

CUORICINO,
CUORE, LUCIFER

CUORE
& CUORICINO

® Uses 20 kg '3%Te (very high
natural abundance ~30%)

® High endpoint for
background suppression.

® Cuoricino results, upgrade
to CUORE.

Tin (0V) >2.8 x10%* yr
mgg >~ (300-710 meV)

e
-
Q
4
=
@
-
c
=
=
O
Tl
Q
-
).
oo

60Co bkg

— Best Fit
68% CL
90% CL

Ovpp ROI

2520

2580 2560 2580
Energy [keV]




Germanium
Experiments

Methods

® Two major endeavors
underway: MAJORANA (UYS)
and GERDA (EUROPE).

Charge Collection:
® Superb energy resolution

(0.2% FWHM at Q-value).

® Excellent background purities:
GERDA | 102 cnt/kg/keVlyr;

MAJORANA: 103 cnt/kg/keV/yr

resolution and ® New developments:

background rejection e Pulse shape

Current experiments: discrimination

MAJORANA, GERDA, ® | Ar shield
COBRA




Methods

Charge Collection:

resolution and
background rejection

Current experiments:

MAJORANA, GERDA,
COBRA

Germanium
Experiments

Two major endeavors
underway: MAJORANA (UYS)
and GERDA (EUROPE).

Superb energy resolution
(0.2% FWHM at Q-value).

Excellent background purities:
GERDA | 102 cnt/kg/keVlyr;

MAJORANA: 103 cnt/kg/keV/yr

New developments:

® Pulse shape

discrimination

® |LAr shield




Methods

Charge Collection:

Excellent energy
resolution and
background rejection

Current experiments:

MAJORANA, GERDA,
COBRA

Germanium
Experiments

Two major endeavors
underway: MAJORANA (UYS)
and GERDA (EUROPE).

Superb energy resolution
(0.2% FWHM at Q-value).

Excellent background purities:
GERDA | 102 cnt/kg/keV/yr;

MAJORANA: 103 ent/kg/keV/yr

New developments:

® Pulse shape

discrimination

® |Ar shield




Methods

Tracking & Calorimetry:

Allows for track
reconstruction or
large volumes

Current experiments:

EXO, SuperNEMO,
SNO+, NEXT,
KamLAND-Zen

NEMO3 & SuperNeMO

® Full electron track
reconstruction (use
tracking & calorimetry).

® Multiple isotopes in use (in
particular, '%Mo and 82Se).

® Excellent sample of 2vB
events collected.

¥8e, 1 kg, 4.5 years
NEMO 3

® Data
1 2vBp'™Mo
[[]1 Radon
7] intBKG

OVBB1 Uﬂse
for T, ,2{0\'}=1023y
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Ti2 (ovpp) >3.2 x10%3 yr

N events / 0.1 MeV
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%Mo, 7 kg, 4.5 years
NEMO 3

® Data
2vB3' ™Mo
Radon

2 22 24 26 28 3 3.2 3.4 3.6
Eror (MeV)

Ti2 (ovBB) >10%* yr




EXO-200
Methods EXO-200 to use 200 kg of

enriched '3¢Xe (80%).

Liquid Xe TPC with
ionization and scitillation
energy determination (1.4%
resolution).

Cathode

Installed underground at

Tracking & Calorimetry: WIPP; first data.
Possibility of Ba tagging.

Side 1 Side 2

Allows for track
reconstruction or
large volumes

Current experiments:

Side 1 Side 2

llllllllllllll Il

EXO, SuperNEMO,

SNO+, NEXT, . .
KamLAND-Zen Single site Compton




One of the two TPC modules

EXO-200 g B L e

Methods EX0-200 to use 200 kg of o \\\\\\\\ \

enriched '3¢Xe (80%).

Liquid Xe TPC with
ionization and scitillation
energy determination (1.4%
resolution).

Cathode

Installed underground at

Tracking & Calorimetry: WIPP; first data.
Possibility of Ba tagging.

Side 1 Side 2

Allows for track
reconstruction or )
large volumes

Current experiments:

0
cathode
\'"J

EXO, SuperNEMO, v
SNO+, NEXT,
KamLAND-Zen Muon event

Side 1 Side 2




The Next Level

® Current generation should be able to reach
the 100 meV scale within the decade.

® If a signal, then the community will naturally
require further confirmation:

® Seen in other isotope/technique?

® Daughter isotope tagging?

® Observe excited state decays!

® If not, need to push to normal hierarchy
scale. This implies:

® Further background reduction.

® Ton scale detectors.

Background (counts / (keV kg year))

T T I
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HM ‘-

CUORE
GERDA

\ 2B 4
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The Next Level

® Current generation should be able to reach
the 100 meV scale within the decade.

® If a signal, then the community will naturally
require further confirmation:

® Seen in other isotope/technique?

® Daughter isotope tagging?

® Observe excited state decays!

® If not, need to push to normal hierarchy
scale. This implies:

® Further background reduction.

® Ton scale detectors.

1000 [

Mg (meV)
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KamLAND-Zen
[ "= NEXT

= SNO+
=== SuperNEMO
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neutrino mass scale, new physics

may also reveal itself.
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Along the Way...

neutrino mass scale, new physics
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Neutrino masses still play a
key role in our current
experimental program.
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Neutrino masses still play a
key role in our current
experimental program.

The degeneracy scale is
certainly within reach this
decade.

Moving to the inverted (and in
rare cases normal) hierarchy
scale is possible with the next
generation set of
experiments, though difficult.

A complementary approach
across vastly different
techniques should strengthen
a positive signal.



Thank you for your
attention




How do we measure masses!?

Neutrino mass can be measured
using several different but
complimentary techniques.
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How do we measure masses!?

Neutrino mass can be measured
using several different but
complimentary techniques.



Q &A

What We Know

(1) Neutrinos do have mass (and we
measure these mass differences very well).

(2) Neutrinos mix (and we know most of
those mixing constants very well)

Bound from MAINZ and TROITSK

g
Y
2
.
=
g
g
z

99% CL (1 dof)

001 0.1
lightest neutrino mass in eV -




The Triumph of
Cosmology

* The combination of the standard
model of particle physics and
general relativity allows us to
relate events taking place at
different epochs together.

* Neutrinos leave their imprint on
each of these processes.

L 4

Je b,



The Triumph of
Cosmology

Microwave Background

400 kyr
z=1100

sl f\‘-g’ iA-;g:g B

* The combination of the standard 3
model of particle physics and ]
general relativity allows us to Nucleosynthesis
relate events taking place at 3-30 min

different epochs together.
z=5x108

* Neutrinos leave their imprint on
each of these processes. 018 s

z=1x1010



Experimental Effort

® Future experiments hope to push the sensitivity of
OVBP decay limits in order to probe whether the
neutrino is its own anti-particle.

® Recent improvements seen in many experiments:

|. Increased target mass
2. Finer energy resolution
3. Material screening and purity

4. Depth

5. Isotope tagging

e Possible hint of signal ?

Possible Hint ?

.Kladef-l('Ieingmthéus et al.
NIM A 522 (2004) -
PLB 586 (2004)

Energy, keV

Tin=(1.194299/-05) X
024 <my<0.58¢eV




