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(In)Direct measurement of 
neutrino masses
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Two features of 3ν mixing

Hierarchy

Small θ13 ≈ 13°
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Allowed three ν schemes



Standard parametrization of mixing matrix



Bilarge mixing



Inference of mixing matrix



Absolute scale of neutrino masses
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Dashed and dotted lines represent, respectively, the limits
for m2 and m3 from solar and atmospheric neutrino data
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Comments
ü Previous considerations hold under the hypothesis that 

the LSND results are wrong: if MiniBOONE confirms then 
1. One of the evidence is not due to neutrino oscillations
2. The 3ν family scheme does not work ⇒ at least 4ν are needed

ü From neutrino oscillation experiments we can obtain 
information only on the neutrino mass-squared differences
⇒ for the understanding of the neutrino masses and 

neutrino mixing the knowledge of the absolute values of 
neutrino masses are required
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Searches for massive neutrinos
üDirect mass 

determination
No further requirements, 

except neutral, spin 1/2
n Beta-decay end-point 

spectrum analysis (Kurie
plot)

n Pion decay 
n Multi-body τ decay
n TOF measurements with ν

from supernovae

ü Indirect searches
Search for effects, which 

can only exist, if m(ν)≠0
n Double beta-decay
n Galaxy surveys

Note that oscillations may
occur only if neutrinos have
mass and are not degenerate
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Neutrino mass from β-decay exps

ü The method of measurement of mν through the detailed 
investigation of the high-energy part of the b-spectrum was 
proposed in 1934 by E. Fermi 

ü The first results on the measurement of the neutrino mass 
with this method were obtained by B. Pontecorvo in 1948

ü Nowadays, mν is measured through the measurement of the 
high-energy part of the b-spectrum of tritium

3H → 3He + e- + anti-νe

Why the tritium?



Advantages of tritium
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High β resolution spectrometers
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TRITIUM SOURCE

B0 = 8.6 T

U0: electrostatic field ≈ 18 kV  

z

The Mainz high β resolution 
spectrometer



Description of ve in the field B0:  
(component parallel to the z axis)0v >z
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“Adiabatic” transition from B0 a  B1 
 “Adiabatic”: component Bn << Bz     (div B = 0 ⇒ Bn≠ 0)

proportional to B (ω = eB/me)

Lorentz force with respect to the z axis is 0 
me vn r (electron angular momentum with respect to the z) = costant

q En is reduced by a factor B1/B0 ≈ 2x10- 4 in the region with weak field B1 
qElectron trajectories become almost parallel to the z axis



In order to have electrons going through the electrostatic potential barrier U0:
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§ excellent energy resolution (∆E = 3.6 eV for Emin = 18 keV )
§ large angular aperture (0° ≤ θ ≤ 90°, ∆φ = 2π)     

Measuring N(Emin )  as a function of Emin
⇒ spectrum measurement





Former problem of
negative m2

ν at Mainz
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The Mainz setup since 1997



Main features 
of the 1998-1999
data taking



Mainz 1998+1999
measurements: Q3-Q8
Mainz 2001
Measurements: Q11-Q12
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Systematic uncertainties



Systematic uncertainties



Results on mν with the standard analysis
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Common analysis – fitting neighbour 
excitation amplitude from data 
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Mainz results
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May we predict mβ?(I)
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The minimal neutrino mass m1 and the character (“normal” or “inverted”,
hierarchical or almost degenerate) of the neutrino mass spectrum are
unknown at present 
On the other hand neutrino oscillation exps can only determine the 
neutrino mass-squared differences ∆m2
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May we predict mβ?(II)

In the case of hierarchical mass spectrum we have

eV 32
2 107 −×≈∆≈ solmm eV 22

3 105 −×≈∆≈ atmmm

The heaviest neutrino mass enters into mβ with a weight given by |Ue3|2

for which we have only an upper bound given by CHOOZ

eV 222
3

22 102.1sin −×≤∆+∆= atmesolsol mUmm θβ
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May we predict mβ?(III)

In the case of inverted neutrino scheme we have

The heaviest neutrino mass enters into mβ with a weight given by |Ue1|2

for which we have only an upper bound given by CHOOZ

eV 22 105 −×≤∆= atmmmβ

( )( )2222
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2 sin1 atmsolsole mmUmm ∆+∆−+= θβ  
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May we predict mβ?(IV)
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The solid lines show the lower and upper bounds on mβ taking into account all
available information on solar, atmospheric and reactor neutrino oscillation exps

normal inverted
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Comments

ü Mainz and Troitsk are by far above the region where 
experimental indications point for the value of mβ

ü Of course the previous consideration holds only in the 
three family neutrino scheme. In the case LSND is 
confirmed by MiniBOONE we have the following contraints 
on mβ

ü A next generation experiment (KATRIN) whose aim is to 
perform high resolution and high statistics measurement of 
ß-spectrum close to 18.6 keV endpoint of T2 is in preparation

eV 4.145.0 ≤≤ βm



Science objectives of KATRIN
Motivation I : particle physics
valididate or largely rule out models
w. quasi-degenerate mass eigenstates

Motivation II : cosmology
role of ν‘s as hot dark matter –
fix or constrain mν (Ων)

KATRIN sensitivity



Determination of
m(νµ) from pion
decay



Determination of
m(ντ) from multi
body τ decay
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Neutrino mass from SN

1. Neutrino production from SN
2. The SN1987A observation
3. Limit on neutrino mass



Neutrino production from SuperNovae
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SN1987A
ü On 24 February 1987 a supernova, called SN1987A, was 

discovered in the Large Magellanic Cloud at a distance of 
about 50 kpc from the solar system

ü Four underground experiments potentially sensitive to SN 
neutrinos were in operation: Kamiokande, IMB, Baksan and 
LSD

ü In the numerous analyses of SN1987A data LSD is not 
included, being its signal recorded about five hours before 
those of other detectors
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SN1987A data sample
ü Kamiokande

n 16 events have been observed, although only 7 are 
unambiguously induced by SN neutrinos

ü IMB
n 8 events have been observed with negligible background

ü Baksan
n 5 events observed, but only after Kamiokande and IMB gave 

the evidence for SN neutrino detection

Many authors performed a fit of these data, but the more 
recent and accurate (with the background included) had 
been performed by Loredo and Lamb (Phys.Rev. D65 063002)
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How to extract mν from SN?(I)
An extremely relativistic neutrino with mass m<<E has velocity
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How to extract mν from SN?(II)
q If ν are emitted in a burst with intrinsic duration ∆T0, the
observation of events separated by a time interval larger than
∆T0 would provide a direct measurement of the neutrino mass 
(assuming D known and E measurable)
q If the ν energy spectrum has mean value E and width ∆E, ν’s 
produced at the same time with different energies would reach
a detector at a distance D in the time interval

E
E

D
E
m ∆

≈∆
2

2

T

The model independent sensitivity to mν is found by requiring

obs0 TTT ∆≤∆<∆
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Results

Since the time duration of the neutrino signal is compatible
with theoretical expectations, only an upper limiti on mν
can be derived
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In the recent analysis of Loredo and Lamb the following 
upper limit was obtained

C.L.) 95% (ateV  7.5≤m
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The 2ν ββ decay

The isotope is deposited
onto the electrode

This process has been observed by many exps

The two electron tracks have to detected
I.e. TPC detector
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The 0ν ββ decay
ü Sensitive to neutrino mass
ü Sensitive to the neutrino nature (Dirac or Majorana?)
NB the results obtained by studying this process are 

valid only if the neutrino is a Majorana particle

Choice of the nucleus

should be energetically forbidden



The 0ν ββ decay life-time





















NEUTRINOS, THE MICROWAVE BACKGROUND
AND LARGE SCALE STRUCTURE



WMAP PROJECT, PUBLISHED RESULTS FEBRUARY 2003
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Cosmic Microwave Background Anysotropies

ü The CMB was discovered in the ’50 and it was found to 
follow an almost perfect black-body spectrum at T0=2.73 K

ü The homogeneity was checked at the level of 10-5!
ü However, the Universe is highly inhomogeneous today ⇒ in 

the past it should have been sufficiently inhomogeneous in 
the past in order that structures could grow via 
gravitational instability

ü Therefore, density inhomogeneities should give rise to 
temperature inhomogeneities in the sky

ü These inhomogeneities were observed at the 
aforementioned 10-5 level by COBE
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used to show CMB results



2dF SURVEY
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Galaxy Redshift Surveys
ü The effect of neutrino mass on the angular power spectrum is only 

marginal
ü However, ii can be used in combination with other astrophysical sources, 

where the neutrino mass plays a more relevant role, to help reduce the 
number of uncertainties in the various cosmological parameters

ü Large Scale Structures (LSS) are one of these sources. Neutrino mass 
affects LSS formation and its effect can be studied via observation of 
the distribution of the galaxies

ü Since the distribution of galaxies should trace the matter density of 
the Universe, large samples of galaxy redshifts in surveys such as the 2 
degree Field Galaxy Redshift Survey (2dFGRS) provide a tool to study 
the power spectrum of matter fluctuations with very small random 
errors



2dF Galaxy redshift survey
15 May 2002 
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DATA FROM THE LYMAN-ALPHA FOREST AT <z> = 2.72 PROVIDES
AN INDEPENDENT MEASUREMENT OF POWER ON SMALL SCALES,
BUT IN THE SEMI-LINEAR REGIME
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EXPERIMENTAL QUESTIONS FROM 
NEUTRINO PHYSICS

NEUTRINO MASS HIERARCHY AND MIXING MATRIX 
- solar & atmospheric neutrinos
- supernovae

ABSOLUTE NEUTRINO MASSES
- cosmology: CMB and large scale structure
- supernovae

STERILE NEUTRINOS (LEPTOGENESIS)
- cosmology, supernovae

NUMBER OF RELIC NEUTRINOS / 
RELATIVISTIC ENERGY

- cosmology
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Normal hierarchy Inverted hierarchy

If neutrino masses are hierarchical then oscillation experiments
do not give information on the absolute value of neutrino masses

However, if neutrino masses are degenerate

no information can be gained from such experiments.
Experiments which rely on the kinematics of neutrino mass
are the most efficient for measuring m0

catmospherimm δ>>0
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Tritium decay endpoint measurements have reached limits
on the electron neutrino mass

This translates into a limit on the sum of the three mass 
eigenstates 

( ) (95%)eV   2.2
2/1

22
≤= ∑ iei mUm

eν

∑ ≤ eV 7im

Bonn et al. 2001 (Mainz experiment)
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THE ABSOLUTE VALUES OF NEUTRINO MASSES
FROM COSMOLOGY

NEUTRINOS AFFECT STRUCTURE FORMATION
BECAUSE THEY ARE A SOURCE OF DARK MATTER

HOWEVER, eV NEUTRINOS ARE DIFFERENT FROM CDM 
BECAUSE THEY FREE STREAM

11200~ −
eVFS Mpc  md

SCALES SMALLER THAN dFS DAMPED AWAY, LEADS TO
SUPPRESSION OF POWER ON SMALL SCALES

THIS ALLOWS FOR CONSTRAINTS ON mν

mP
P

Ω
Ω

−≈
∆ ν8
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mν = 0 eV mν = 1 eV

mν = 7 eV mν = 4 eV
Ma ’96
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COMBINED ANALYSIS OF CMB, 2DF AND LY-ALPHA DATA BY THE
WMAP TEAM (astro-ph/0302209 ) 
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A DETAILED GLOBAL ANALYSIS
SHOWS THAT

a) The upper mass limit from WMAP
and 2dF alone is weak.

b) The addition of small scale CMB
data breaks the degeneracy with
bias and tightens the limit

c) Adding priors on h and Ωm further
strengthens the limit.

d) The WMAP bound of 0.7 eV depends
on normalization (bound on σ8)STH, JCAP 5, 004 (2003)

WMAP+2dF alone
above+Small scale CMB
Above+priors on h and Ωm

∑ ≤ C.L.) (95% eV 0.1νm

∑ ≤ C.L.) (95% eV 1.2νm

∑ ≤ C.L.) (95% eV 2.1νm
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A GENERIC PROBLEM WITH USING COSMOLOGICAL OBSERVATIONS
TO PROBE PARTICLE PHYSICS:

IN GENERAL, LIKELIHOOD ANALYSES ARE CARRIED OUT ON TOP
OF THE MINIMAL COSMOLOGICAL STANDARD MODEL

HOWEVER, THERE COULD BE MORE THAN ONE NON-STANDARD
EFFECT, SEVERELY BIASING THE PARAMETER ESTIMATE

A RUNNING SPECTRAL INDEX CAN LOOK LIKE
A NON-ZERO NEUTRINO MASS

A MODEL WITH BROKEN SCALE-INVARIANCE CAN
ALLOW FOR A HIGH NEUTRINO MASS

ANY DERIVED LIMIT SHOULD BE TREATED WITH SOME CARE
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ALLEN, SCHMIDT & BRIDLE (ASTRO-PH/0306386): 
COMBINING CMB AND LSS WITH MEASUREMENTS OF THE
CLUSTER MASS FUNCTION SEEMS TO INDICATE A
NON-ZERO NEUTRINO MASS!!
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HOWEVER, THIS RESULT RELIES SOLELY ON THE FACT
THAT CLUSTER MASS FUNCTION ANALYSES FIND A LOWER
NORMALIZATION OF THE POWER SPECTRUM (σ8) THAN
CMB AND LSS, I.E. CASE OF TWO INCONSISTENT DATA SETS

ALLEN, SCHMIDT & BRIDLE

X-RAY CLUSTERS
(ALLEN)

CMB AND LSS

COMBINED
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USING A STRONG CONSTRAINT ON σ8 CAN BE VERY DANGEROUS
SINCE DIFFERENT ANALYSIS FIND VERY DIFFERENT VALUES

Wang et al. 2002
(Pre-WMAP)
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EXPERIMENTAL QUESTIONS FROM 
NEUTRINO PHYSICS

NEUTRINO MASS HIERARCHY AND MIXING MATRIX 
- solar & atmospheric neutrinos
- supernovae

ABSOLUTE NEUTRINO MASSES
- cosmology: CMB and large scale structure
- supernovae 

STERILE NEUTRINOS (LEPTOGENESIS)
- cosmology, supernovae

NUMBER OF RELIC NEUTRINOS / 
RELATIVISTIC ENERGY

- cosmology
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ANALYSIS OF PRESENT DATA
GIVES A LIMIT ON Nν OF

C.L.) (95% 72 ≤≤ νN
NOTE THAT THIS MEANS A
POSITIVE DETECTION OF THE 
COSMIC NEUTRINO BACK-
GROUND AT 3.5σ!

STH 2003 (JCAP 5, 004 (2003))

Because of the stringent bound from LEP on neutrinos lighter than 
about 45 GeV

008.0984.2 ±=νN
This bound is mainly of academic interest if all such light neutrinos 
couple to Z. However, sterile neutrinos can also contribute to Nν

STH, PRL 85, 4203 (2000)
Crotty et al.  PRD 67, 123005 (2003)
Pierpaoli  MNRAS 342, L63 (2003) 
Barger et al., PLB 566, 8 (2003)
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006.0022.02 ±≈Ω hb

BIG BANG NUCLEOSYNTHESIS

THE WMAP+LSS LIMIT ON
THE BARYON DENSITY 

0008.00226.02 ±=Ω hb

CAN BE COMBARED TO THE 
CONFIDENCE REGION FROM 
OBSERVATIONS OF PRIMORDIAL 
DEUTERIUM

THERE IS COMPLETE  CONSIS-
TENCY WITH THE DEUTERIUM 
VALUE! HOWEVER....

CYBURT, FIELDS & OLIVE, 
astro-ph/0302431
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CYBURT, FIELDS & OLIVE, 
astro-ph/0302431

THERE IS AN INCONSISTENCY AT ROUGHLY 2σ WITH HELIUM
AND LITHIUM OBSERVATIONS
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Nν = 3

Nν = 4

Nν = 2

Since the helium production is very sensitive to Nν ,
helium measurements can constrain Nν
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A GLOBAL FIT INCLUDING
ALL DATA YIELDS

C.L.) (95% 6.2 4.0
3.0

+
−=νN

INDICATING THAT

a) There seems to be a slight incon-
sistency between BBN and CMB,
meaning that either YP is higher
than usually believed, or Nν is 
lower than 3.

b) There seem to be tight bounds on
the presence of sterile neutrinos STH, JCAP 5, 004 (2003)

Barger et al., PLB 566, 8 (2003)
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STERILE NEUTRINOS: WHAT ABOUT LSND?
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TAKEN AT FACE VALUE THE WMAP RESULT ON NEUTRINO MASS
SEEMS TO RULE OUT LSND BECAUSE NO ALLOWED REGIONS EXIST
FOR LOW ∆m2. (Pierce & Murayama, hep-ph/0302131; Giunti hep-ph/0302173) 

WMAP
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HOWEVER, A DETAILED ANALYSIS SHOWS THAT INCREASING Nν
LEADS TO HIGHER VALUES OF H0. THIS CAN BE COMPENSATED
BY A HIGHER NEUTRINO MASS



01 October 2003 Pasquale Migliozzi - INFN Napoli 96

A GLOBAL ANALYSIS OF THE NEUTRINO MASS BOUND SHOWS THAT
IT DEPENDS STRONGLY ON THE ASSUMED VALUE OF Nν

Nν = 4

Nν = 3

Nν = 3

Nν = 5

5for  C.L.) (95% eV 1.2

4for  C.L.) (95% eV 4.1

3for  C.L.) (95% eV 0.1

=≤

=≤

=≤

∑
∑
∑

νν

νν

νν

Nm

Nm

Nm

FOR HIGH VALUES OF Nν THE
BEST FIT IS NO LONGER FOR
ZERO NEUTRINO MASS

THIS RESULT MEANS THAT LSND CANNOT YET BE EXCLUDED BY
COSMOLOGICAL OBSERVATIONS

STH, JCAP 5, 004 (2003)
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Maltoni, Schweitz, Tortola & Valle ’03 (hep-ph/0305312)

A GLOBAL ANALYSIS STILL LEAVES THE TWO LOWEST LYING ISLANDS
IN PARAMETER SPACE FOR LSND!
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THE UPPER MASS LIMIT ON EACH INDIVIDUAL MASS EIGENSTATE
IS ROUGHLY CONSTANT FOR ALL Nν

mν (eV)

Best fit σ8

THIS CONCLUSION IS ALMOST UNCHANGED BY LIMITING BIAS
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WHAT IS IN STORE FOR THE FUTURE?

LARGE SCALE STRUCTURE SURVEYS
2dF (completed)  250.000 galaxies 
SDSS (ongoing) 1.000.000 galaxies

COSMOLOGICAL SUPERNOVA SURVEYS
SNAP satellite (2006-7??)

WEAK LENSING SURVEYS

BETTER CMBR TEMPERATURE MEASUREMENTS
Satellites Balloons Interferometers
MAP (ongoing) Boomerang (ongoing) CBI (ongoing)
Planck (2007) TopHat (ongoing) DASI (ongoing)

CMBR POLARIZATION MEASUREMENTS
Satellites Balloons Ground
MAP (ongoing) Boomerang (2002-3) Polatron (ongoing)
Planck (2007) DASI
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MEASURING mν USING CMB+LSS DATA

SDSS-BRG SDSS-BRG

SIGNIFICANTLY BETTER THAN KATRIN, BUT ALSO MUCH
LESS ROBUST
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Lopez et al. 1998

PROSPECTS FOR FUTURE DETERMINATION OF Nν

Data from Planck may allow for very accurate 
determination of Nν

Standard model prediction Nν =3.03-3.04 due to heating and 
finite temperature effect could perhaps be detected
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CONCLUSIONS ON NEUTRINOS

COSMOLOGY HAS BECOME AN INCREASINGLY
POWERFUL PROBE OF NEUTRINO PROPERTIES

IN THE COMING YEARS, TERRESTRIAL EXPERIMENTS ARE 
LIKELY TO MEASURE SOME OF THE RELEVANT PARAMETERS 
VERY PRECISELY, BUT COSMOLOGY WILL REMAIN AN
EXCELLENT AND COMPLEMENTARY LAB FOR NEUTRINO
PHYSICS

THE LSND RESULT CANNOT BE RULED OUT YET BY 
COSMOLOGICAL OBSERVATIONS

priorson  depending eV 2.17.0∑ −≤νm

72 ≤≤ νN
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Summary
5.7


