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“...the ancient of days” 
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Now

New FrontiersPrecision Cosmology

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

WMAP & Other Data

 Wilson and Penzias

Then



New Frontiers
Neutrino Masses 
from Cosmology

Large Scale Sctructure

• Cosmology looks at the sum of neutrino masses 

(their gravitational effect)

Just cold dark m
atter       ➙
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The Strategy
(a naive view)

WMAP Temperature Map

CMB Polarization

Galaxy Surveys

Weak lensing

Lyman α

CMB, Polarization

Surveys 
(galaxy, weak)

Lyman α

Max Tegmark, 2005



Current Limits

• Limits for neutrino masses depend in part on:

• Which data is used, and...

• ...what assumptions are made.

Set w = -1 w ≠ -1

WMAP 7 only ∑ mν < 1.3 eV ∑ mν < 1.4 eV

WMAP7 + BAO 
+ H0

∑ mν < 0.58 eV ∑ mν < 1.3 eV

WMAP7 + BAO 
+ SN

∑ mν < 0.7 eV ∑ mν < 0.9 eV

Komatsu et al
2010
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New Frontiers

Planck Satellite:

Launched May 14th, 2009

New 
Frontiers
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S. Hannestad 
Phys. Rev. Lett 95 221301

• As precision demands 
moves to 1%, non-linear 
effects, degeneracies, 
baryons, etc. all begin to 
play a role.

• Numerical simulations and 
semi-analytical techniques 
used to address.

NonlinearitiesSystematic Effects

Baryon Effects

Moving 
Forward...

Moving to the 
normal hierarchy 
scale now requires 
1% precision on the 
power spectrum.

Rudd, Zentner & Kravtsov, 2007

Y. Y. Y. Wong, 2010
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“...down they fell, driven headlong from 
the pitch of heaven, down into this 
deep...”,  Paradise Lost
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Patient measurements

(Neutrinoless double beta decay)
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KATRIN

3
H → 3

He
+

+ e− + ν̄e

State-of-the-Art:
KATRIN

Spectroscopic:  MAC-E Filter

Inhomogeneous magnetic guiding field.

Retarding potential acts as high-pass filter

High energy resolution (ΔE/E = Bmin/Bmax = 0.93 eV)



Windowless Gaseous Tritium 
Source

Rear Calibration & 
Monitoring

Tritium Retention System

Spectrometer

Electron Detector

Tritium Beta Decay

3H →3He e- νe

Electron Beta Decay 
Spectrum

The KATRIN 
Experiment

• KATRIN uses the beta decay from (gaseous) 

tritium to probe the absolute neutrino mass scale.



pre-spectrometer

main spectrometer detector

Main Spectrometer

E = 18.4-18.6 keV
ΔE =0.93 eV
24 m long, 10 m wide vacuum region.
Precision MAC-E filter.

Pre-Spectrometer

E = 18.3 keV
ΔE =80 eV
Filters most low energy 
electrons from beta spectrum









KATRIN landing...



Detector

Spectrometer
and air coils



Projected Sensitivity

Neutrino Mass Goals

Discovery:     350 meV (at 5σ )

Sensitivity:    200 meV (at 90% C.L.)

KATRIN Sensitivity

Δmβ,stat2 = 0.018 eV2 Assumes 3 yr 
running

Δmβ,sys2  = 0.017 eV2

Major systematics 
include source purity, 
HV stability, source 
stability and  T2 final 

states



Can we push 
further?

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

• Any future experiment needs to be 
able to (a) have a better scaling law 
for increased target mass and (b) 
improve its energy resolution.

KATRIN 
Sensitivity

10 meters across

10-11 mbar vacuum



MARE

Bolometric:

187
Re → 187

Os + e− + ν̄e

MARE

• Uses 187Re 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.

mν
2 = (-112 ± 207 ± 90) eV2
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MARE

• Uses 187Re 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.

Cryogenic setup
in Milan



MARE R&D

Bolometric:

187
Re → 187

Os + e− + ν̄e

MARE

• New Technology:

• Use of magnetic micro 
calorimeters.  Minimize 
rise time and energy 
resolution.

• MKID devices (1-10 GHz) 
resonating super-
conductors.

• Reduces pileup, increases 
pixelation and energy 
resolution

• New Isotopes:

• Also exploring 183Ho 
electron capture

183
Ho+ e

− → 163
Dy ∗+νe

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



“Never 
measure 

anything but 
frequency.”

I. I. Rabi A. L. Schawlow

B. Monreal and J. Formaggio, Phys. Rev D80:051301
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Source ≠ Detector

“Never 
measure 

anything but 
frequency.”

I. I. Rabi A. L. Schawlow

B field

T2 gas

ω(γ) =
ω0

γ
=

eB

K + me

• Use cyclotron 
frequency to extract 
electron energy.

• Non-destructive 
measurement of 
electron energy.

B. Monreal and J. Formaggio, Phys. Rev D80:051301
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3
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Project 8

Wire antenna

Magnetic bottle
1 T field (27 GHz)

Low noise GHz amplifier

Frequency
3
H → 3

He
+

+ e− + ν̄e



Measuring ν masses

(the framework)

Measuring neutrinos from the Heavens

(cosmology)

Measuring neutrinos on Earth

(beta decay)

Patient measurements

(Neutrinoless double beta decay)

“...Let the heavens grant me time 
eternal, so I may fill my days with 
Torah...”  (Talmud)



0ν2β
Golden Mode

2ν2β

Neutrinoless
Double Beta Decay

• Clear decay signature (peak at endpoint) 
sensitive to Majorana neutrino masses.

• To be seen, two conditions must hold:

(1)  Non-zero neutrino mass.

(2)  Lepton number violation.

• Currently a strong focus of the 
experimental neutrino community.

mββ = |
nν�

i=1

U2
eimi|



Lifetime and Masses

• Technology often dictated by the isotope 
selected.

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

• Calculations of matrix elements have 
seen better agreement (Interacting Shell 
Model, Quasi Random Phase 
Approximation, etc.)

(T 0ν
1
2
)−1 = G0ν |M0ν |2m2

ββ

Phase space term

Matrix element

Majorana mass term

76Ge
82Se 100Mo 130Te

136Xe

151Nd

J. J. Gomez-Cadenas et al
arXiv:1010.5112v4
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Methods

Bolometric:

Excellent energy and 
radiopurity

Current experiments:

CUORICINO, 
CUORE, LUCIFER

• Uses 20 kg 130Te (very high 
natural abundance ~30%)

• High endpoint for 
background suppression.

• Cuoricino results, upgrade 
to CUORE.

CUORE 
& CUORICINO

T1/2 (0ν) >2.8 x1024 yr

mββ >≈ (300-710 meV)  

 Andreotti et al. 
arXiv:1012.3266 

60Co bkg

0νββ  ROI
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Charge Collection:
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resolution and 

background rejection
Current experiments:

MAJORANA, GERDA,
 COBRA

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

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

• Excellent background purities: 

GERDA I 10-2 cnt/kg/keV/yr;  

MAJORANA: 10-3 cnt/kg/keV/yr

• New developments:

• Pulse shape 
discrimination

• LAr shield

Germanium 
Experiments
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Methods

Tracking & Calorimetry:

Allows for track 
reconstruction or 

large volumes
Current experiments:

EXO,  SuperNEMO, 
SNO+, NEXT, 

KamLAND-Zen

82Se 100Mo

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

• Multiple isotopes in use (in 
particular, 100Mo and 82Se).

• Excellent sample of 2νββ 
events collected.

NEMO3 & SuperNeMO

T1/2 (0νββ) >1024 yrT1/2 (0νββ) >3.2 x1023 yr
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Methods

214Bi candidate

Single site Compton

• EXO-200 to use 200 kg of 
enriched 136Xe (80%).

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

• Installed underground at 
WIPP; first data.

• Possibility of Ba tagging.

EXO-200



Tracking & Calorimetry:

Allows for track 
reconstruction or 

large volumes
Current experiments:

EXO,  SuperNEMO, 
SNO+, NEXT, 

KamLAND-Zen

Methods

214Bi candidate

Single site Compton

• EXO-200 to use 200 kg of 
enriched 136Xe (80%).

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

• Installed underground at 
WIPP; first data.

• Possibility of Ba tagging.

EXO-200

Muon event



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.
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Along the Way... In the process of seeking the 

neutrino mass scale, new physics 

may also reveal itself.

Neutrino mass from cosmology
(...um, cosmology...)

Beta decay measurements
(Sterile neutrinos, relic neutrino, right-handed currents)

Neutrinoless double beta decay
(Majoran particles, supersymmetry, etc.)
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ν

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.



ν

Thank you for your 
attention
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Neutrino Oscillations

Cosmological Limits

Double Beta Decay

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

How do we measure masses?

Direct Mass Probes



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)

Q & A



• 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.

The Triumph of 
Cosmology
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Relic Neutrinos

0.18 s
z = 1 × 1010

Nucleosynthesis

3-30 min
z = 5 × 108

Microwave Background

400 kyr
z =1100



Experimental Effort

• Future experiments hope to push the sensitivity of 
0νββ decay limits in order to probe whether the 
neutrino is its own anti-particle.  

• Recent improvements seen in many experiments:

1. Increased target mass

2. Finer energy resolution

3. Material screening and purity

4. Depth

5. Isotope tagging

• Possible hint of signal ?

The signature

Resolution & target mass

Possible Hint ?


