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Part Three:

Neutrino mass
Phenomenology

Notice: | again strongly acknowledge Eligio Lisi for

allowing me to use part of his presentations done in
CHIPP PhD Winter School, Jan. 2013, Grindelwald,
Switzerland



Recap: 3v framework in just one slide (1 digit accuracy)

Flavors =2 u+t

Abs.scale Normal hierarchy... or... Inverted hierarchy = mass? split
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Knowns: Unkowns:
dm? ~ 8 x 10-° eV? d (CP)
Am?2 ~ 2 x 103 eV? sign(Am?)

sin%0,, ~ 0.3
sin%0,; ~ 0.4
sin20,, ~ 0.02

octant(sin?0,,)
absolute mass scale
Dirac/Majorana nature



Oscillations constrain neutrino mixings and mass splittings
but not the absolute mass scale.
E.g., can take the lightest neutrino mass as free parameter:
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However, the lightest neutrino mass is not really an “observable’

Lightest Mass: wy [2V]

Lightest Mass:  w  [2V]

We know three realistic observables to attack v masses -
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The "weapon™

One spear: Three prongs:

B decay

V oscillations
Ov2p decay

cosmology



The three prongs of the “trident”: (Mg, Mg, %)

1) B decay: m? = 0 can affect spectrum endpoint. Sensitive to
the “effective electron neutrino mass”:

1
2 2 92 . 92 9 92 9 91%
mg = [013012m1 + C13879M5 + 513m3]

2) 0vpp decay: Can occur if m? = 0 and v=v (Majorana, not Dirac)
Sensitive to the “effective Majorana mass” (and phases):

12 9 9 2 ibo 9 i3
mpgg = |C13C19M1 + C13879Moe "= + S7gM3e |

3) Cosmology: m? = 0 can affect large scale structures in (standard)
cosmology constrained by CMB + other data. Sensitive to:

Z:m1+m2+m3



relative decay amplitude

Tritium: low-Q, fast decays

tritium RB-decay and the neutrino rest mass

half life : t,,,= 12.32 a

SH — PHe + e™ + Vg |
B8 end point energy : E,= 18.57 keV

superaliowed
entire spectrum : region close to 8 end point
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Need good energy resolution



For just one (electron) neutrino family: sensitivity to m?(v,) (obsolete)

For three neutrino families v;, and individual masses experimentally
unresolved in beta decay: sensitivity to the sum of m?(v;), weighted

by squared mixings |Uei|2 with the electron neutrino. Observable:

1
r2 2 9. 92 9 9 2 213
mpg = [(5130127”1 + C13812M5 + 313m3]

(so-called “effective electron neutrino mass”)

Note: mass state with largest electron flavor component is v;:
... and we can't exclude that v, is ~massless in normal hierarchy.



ITEP

T in complex molecule

magn. spectrometer (Tret'yakov)
Los Alamos

gaseous T, - source
magn. spectrometer (Tret'yakov)

Tokio

T - source

magn. spectrometer (Tret'yakov)
Livermore

gaseous T, - source
magn. spectrometer (Tret'yakov)

Zurich

T, - source impl. on carrier
magn. spectrometer (Tret'yakov)

Troitsk (1994-today)

gaseous T, - source
electrostat. spectrometer

Mainz (1994-today)

frozen T, - source
electrostat. spectrometer

History plot for tritium

my

17-40 eV

<93eV

<13.1eV

<7.0eV

<11.7eV

<22eV

<23eV

100

-100

-150

-200

-250

-300

-350

experimental results

-

¥ Livermore
A Los Alamos
® Mainz

= Tokio

® Troitsk

® Troitsk (step)
A Zrich

- electrostatic
spectrometers

magnetic

spectrometers

PR S R S U U S SR U

1986 1988 1990 1992 1994 1996 1998 2000
year

Latest bounds at the level of ~2 eV




In construction: KATRIN experiment

Uy

V electrodes
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adiabatic transformation E; = E|

Magnetic Adiabatic Collimation with an Electrostatic Filter



Probably the “ultimate” spectrometer of this kind....




KATRIN sensitivity

0 v-mass sensitivity for 3 Tull beam” measuring years
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Bl sensitivity (90% CL)

m(v) <200 meV

discovery potential

: R M(v) = 350 meV (5]

Mainz + Troitsk: mﬁ <2eV

KATRIN: O(10) improvement

Examples of prospective
results at KATRIN (10, [eV]):

mg = 0.35+0.07 (50 discovery)
mg = 0.30+0.10 (3o evidence)

mg= 02012 (<0.2at90% CL)

[Need new ideas to go below ~0.2 eV]



Neutrinoless double beta decay: (A,Z) 2 (A,Z+2)+2e

d(n) u(p)
A Wi i
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el e
B vvexf
d(n) u(p)

Can occur only for Majorana neutrinos. Intuitive picture:

1) A RH antineutrino is emitted at point “A” together with an electron

2) If it is massive, at O(m/E) it develops a LH component (not possible if Weyl)
3) If neutrino=antineutrino, this component is a LH neutrino (not possible if Dirac)
4) The LH (Majorana) neutrino is absorbed at “B” where a 2nd electron is emitted

[EW part is “simple”. Nuclear physics part is rather complicated and uncertain.]



Warning: previous expression invalid for nonstandard Ovf3 decays

-

Vv

Standard

-

VLR

RHC An

A=RH had, n=LH had

V(n)

Kaluza-Klein

(KK=1 Brane:a=10*'/GeV)




Experimentally: Look at sum energy of both electrons
Need to see the 0vfBf line emerge above bkgd, at
endpoint of spectrum from “conventional” 2vgp decay.
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What sets the uncertainty of mg; ?

In case of positive signal, a major concern is the
accuracy of the nuclear matrix element |M|, rather
than the expt. uncertainty on the decay half life:

T, =G| M;|* mjg

1

Half—ﬁe' Phase space Matrix element
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Luckily, independent
nuclear physics models
converge better than it
could be hoped only a few
years ago ...

. especially when using the
same theo. inputs for comparison
(e.g, same description of short
range nucleon repulsion) and
exploiting additional data
BUT: errors remain large
for each candidate nucleus.



CUORICINO

Completed

e

XMASS
Taking Data

SuperNEMO

Proposal

NEMO
at the Frejus Underground Laboratory

Completed

EXO 200
Taking Data
EXO 1000

Under Construction

CANDLES

Proposal

Heidelberg-Moscow Ge Experiment

Completed

COBRA

Taking data

IGEX

Completed

KamLAND-Zen
Taking Data

LUCIFER

NEXT

Proposal

AMoRE

|

NG

SNO+

Under Construction

Majorana
Under Construction

CUORE

Under construction

Under Construction at LN}




OvBp search: No signal observed so far, except in the most sensitive
experiment to date (Heidelberg-Moscow): 6o signal claimed by
(part of) the experimental collaboration. Still hotly debated.

The Single Site Selected Spectrum of the76 Ge detectors Nr. 2,3,4,5

HEIDELBERG-MOSCOW, 2004
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H.V. Klapdor-Kleingrothaus et al.
Phys. Lett. B 586 (2004) 198-212

Nucl. Instr. Meth. A 522 (2004) 371 - 406




Claim versus current limits (in terms of Majorana mass)

Klapdor et al., 90 % C.L. Exp. bounds + NME, 90 % C.L.
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Claim versus current limits (in terms of half-life)

Exp. limits, 90 % C.L. Klapdor et al. (+NME), 90 % C.L.
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Cosmology: a “modern” probe

Standard big bang cosmology predicts a relic neutrino
background with total number density 336/cm? and
temper. T, ~ 2 K~ 1.7 x 104 eV << Vdm2, VAm?2 .

- At least two relic neutrino species are nonrelativistic
today (we can’ t exclude the lightest to be ~massless)

-> Their total mass contributes to the normalized energy
density as Q,~2/50 eV, where

X =mq1 + Mo + Mms

230, if we just impose that neutrinos do not saturate
the total matter density, Q,<Q, _=0.25, we get

M; <4eV - notbad!



Much better bounds can be derived from neutrino effects on
structure formation.

Massive neutrinos are difficult to cluster because of their
relatively high velocities: they suppress matter fluctuations on
scales smaller than their mass-dependent free-streaming scale.

- Get mass-dependent suppression of small-scale structures

(E..g., Ma 1996)




Constraints from CMB also help removing degeneracies.

Observations:
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L(1+1)Cp/2m [pK*]

AC,/C

Spectral effect of massive neutrinos (e.g., from Y.Y.Y. Wong)

6000

5000

4000

3000

2000

1000

0.1

-0.1

L — m,=3X04eV=12eV -
ZmVZO -
-
[al
- 104 ¢
E C
3
;_' -
-
O 108 E
() -
Q,
1 ] + ] m -
T T i T [
= § O 102
3 E
O
a¥
B , . . . 10

100 1000

Wavelength, A [h~! Mpc]
108 102 10

10% g

—2>m =0.0 eV
—r m =1x1.2 eV
-==2m =3%x0.4 eV

Illlll 1 1 lllllll

10-2 10!

Wavenumber, k [h Mpc~!]

Significant progress after WMAP and recent galaxy surveys

apnijiidwe Sutaalsni)



Just an example of recent limits on the sum of v masses

from various data sets (assuming the “flat ACDM model’):
[from latest WMAP-9y data release, dec. 2012]

TABLE 8
NEUTRINO MASS®

Parameter WMAP +eCMB +eCMB+BAO  4eCMB4BAO+-Hg

New parameter
>omy (eV) <1.3(95% CL) < 1.5(95% CL) < 0.56 (95% CL) < 0.44 (95% CL)
Related parameters

o8 0706ES DL 0:66012:02° 02TB0% 05 0.770 + 0.038
Qch? 01157705042 0.1183+0.0044  0.1133 4+ 0.0026 0.1132 £ 0.0025
Qa 0:641 10952 0.58613-5%2 0.695 +0.013 0.707 + 0.011
10%A2 2.48 £0.12 2.59 £0.12 245085002 2.438 + 0.074
s 0.962+0.016  0.947+0.014  0.9628 4+ 0.0086 0:964912-0052

2 A complete list of parameter wvalues for this model may be found at
http://lambda.gsfc.nasa.gov/.

In general, upper limits range
from: “conservative” (only CMB data, dominated by WMAP 9y), <1.2 eV
to: “aggressive” (all relevant cosmological data), <0.2 eV

Intermediate upper limits around X < 0.6 eV have gained large consensus.
More stringent limits require more “faith” in current control of syst.’s.



After Planck
(march 2013)

Planck+WP Planck+WP+BAO Planck+WP+highL Planck+WP+highL+BAO

Parameter Best fit 95% limits Best fit  95% limits Best fit 95% limits Best fit 95% limits
Qr ooiiiiannn -0.0105 —0.037:3:3:;3 0.0000 0.0000:{::ﬂ§j; -0.0111 —0042j:::{; 0.0009 —0.000Sj:;::;}j‘;:
Zm,[eV]...... 0.022 < 0.933 0.002 < 0.247 0.023 < 0.663 0.000 < 0.230
Net oovvinnnn 3.08 35105 3.08 34073 3.23 336788 3.22 3.3043
) £ S 0.2583 0.283‘_’};:322 0.2736 0.283j3ﬁ:§ 0.2612 0.266:3:{::‘;1 0.2615 O.267j3:$3
dnyjdInk...... -0.0090 —0.013:3:3}§ -0.0102 —0.0]3:3:3?2 -0.0106 —0.015‘_’}:{8}};' -0.0103 —0.014:3;3%{3
FOOO2 « « v oo oo 0.000 <0.120 0.000 <0.122 0.000 < 0.108 0.000 <0.111
Wi -1.20 —l.49j:j:_‘:.j -1.076 —l.lBjﬂ:ig -1.20 —l.Slj:jﬁ -1.109 —l.lS:ﬂ:ii

Table 10. Constraints on one-parameter extensions to the base ACDM model. Data combinations all include Planck combined with
WMAP polarization, and results are shown for combinations with high-£ CMB data and BAO. Note that we quote 95% limits here.




The trident... In action

B decay

'V oscillations ‘
Ov2p decay
cosmology

1
12 2 2 2 2 9 2 9213
mg — [0130127”1 C13512M9 313"’”3]

1.2 9 2 9 ibo 9 ibs
mgp = |613012ml4‘(3133127”26 + Sy3Mmse |

X =m1 + mo + ms



Interplay: Oscillations fix the mass? splittings, and
thus induce positive correlations between any pair
of the three observables (mﬁ, Mg, %), e.qg.:

I.e., if one observable increases, the other one
(typically) must increase to match mass splitting

36



Generic expectations: In the absence of new physics
(beyond 3v masses and mixing), any two data among
(mB, Mg, 2) are expected to cross the oscillation band
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Mgg -,
/

)

This requirement provides either an important consistency check or, if
not realized, an indication for new physics (barring expt mistakes)
=> Data accuracy/reliability/redundance are crucial



The “spear” (oscill. data) sets the “hunting direction” in the (mB, Mgg, 2)

parameter space:
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Footnote 1 - Slightly thinner bands in recent years
(progress in oscillation parameters). Majorana phase
uncertainty remains dominant in sub-plots with Mgg.-
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“Moore’s law” in this field: factor of ~10 improvement every ~15 years

2000

normal hierarchy

inverted hierarchy

2000 1 |

2015 1o’ -
Mps |
2030 162 -




Such “logarithmic progress” seems to be:

- maybe slowing for g decay (after KATRIN)

- continuing for Ov2p decay

- “accelerating” for cosmology: the only probe
where the ultimate goal (=, =VAM?2<~0.05 eV)
IS claimed to be reachable

You have good chances to see first successful results within your career!



B decay: need new ideas to go beyond KATRIN
(calorimetry?). Very far future ... a possible
observation of the relic neutrino bkgd ?

et

Beta decay & = Q\ o
(4,2) Az:1) e

Neutrino Capture on a @ = P—

Beta Decaying Nucleus )

(NCp) Ve (A, Z) (A Z%1)

2 m, gap in electron spectrum
around Q
NC3

dl‘l/dEe mV: 0
B

(Cocco, Mangano & Messina)



Table 4. Details of the most advanced experiments. Given are life-time sensitivity
and the expected limit on {me.), using the NME compilation from figure 5. Note that
the range of nuclear matrix elements leads to a range for the expected sensitivity on

(mee)-
Experiment Isotope Mass [kg] Sensitivity Status Start of Sensitivity
. T% [yrs] data-taking  (m,) [eV]
Double-beta decay: i

GERDA Ge 18 3% 10% running ~ 2011 0.17-0.42

Progress expected from 40 2x10%  comstruction  ~ 2012 0.06:0.16
. . 1000 6% 10%7 R&D ~ 2015 0.012-0.030
many experlments In the CUORE 130T 200 6.5 x 10%*  construction ~ 2013 0.018-0.037

- 26k %

next decade. 2.1 x 10 . 0.03-0.066

MAJORANA 6Ge 30-60 (1 —2)x10% construction  ~ 2013 0.06-0.16
1000 6 x 10%7 R&D ~ 2015 0.012-0.030

. EXO 136X e 200 6.4 x 10% running ~ 2011 0.073-0.18

(from ROdeJOhann 201 2) 1000 8 % 10% R&D ~ 2015 0.02-0.05
SuperNEMO 828e 100-200 (1 —2) x 10% R&D ~ 2013-15  0.04-0.096

KamLAND-Zen !%6Xe 400 4 % 10% running ~ 2011 0.03-0.07

1000 10% R&D ~ 2013-15 0.02-0.046

SNO+ 150Nd 56 4.5 x 10 construction ~ ~ 2012 0.15-0.32

500 3% 10% R&D ~ 2015 0.06-0.12

L T T T T T 1T T T T T TTrIrm T T T TTIrm T T T 1117 T

... might cover the

whole range for O 1F 3
. . m - 1 ]
inverted hierarchy: T 1 I _
(eV) 10_25'—““ T “‘““““‘“““_E ‘“E: """"""""""""" :E
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10 1 10 1072 107" 1
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With “dreamlike” data one could, e.g.

T T 1 20 bounds

Determine the
mass scale...

Check 3v
consistency ...

normal hierarchy

inverted hierarchy

TTT| T T LA | T LR | T T TTTT LR | T

|dentify the
hierarchy ...

Probe the
Majorana
phase(s) ...




But the available data do not yet lead to definite conclusions.

Beta decay: no yet very constraining. Double beta vs cosmology:
different possibilities. E.g.,

Cosmo-“aggressive’

v osc. + cosmo vs Ov2g claim

L T T T

e The tighest cosmo bounds
[ 0v28 claim : are not compatible with
e ccccmccmccccccccc————ea] Klapdor’ s claim. Then, either

| E one of the two is wrong, or
! there is new physics beyond
the standard model (of particle
physics and/or of cosmology)

95 % C.L. (1 d.o.f)

> (eV)




Cosmo-“conservative”

voscill. + 8+ 0v28 claim + CMB

1 I

Ov2B claim

(1

The safest cosmo bounds

can be made compatible with
Klapdor’ s claim, with no new
physics required. Then, the
combination of data (black
wedge) would prefer degenerate
neutrino masses, ~few x 10" eV



Let's entertain the possibility that the “true” answer is just
at or around the corner... For instance, that neutrinos are
Majorana, with nearly degenerate and relatively large masses:

m,~m,~m;~0.2 eV .

Then we might reasonably hope to observe soon all three
nonoscillation signals in current/next generation experiments, e.g.,

mgg 0.2(:_ T 0.3) eV
>, o~ 0.6(:_ -+ 0.3) eV
mg = 0.2(:_ + 0.5) eV

In which case...



...The absolute neutrino mass would be established within ~25%
uncertainty, and one Majorana phase (¢,) would be constrained...

M g
@ f
. exp(ip,) = +1
T E exp(ip,) = -1
(m;?ﬂ (disfavored)
eV 107




Progress expected in cosmology:

Present constraints and future sensitivities...

Minimal nonlinear physics

W

5. A0

0.05

Nonlinear physics
involved

—Normal
—lnverted -

Sum of neutrino masses, m, [eV]

1 ]lllllll 1 llllllll 1 { I 1 1 O (N |

103 102 107! 1

Lightest neutrino mass, m, [eV]

CMB (WMAP7+ACBAR+BICEP+QuaD)
+ LSS (SDSS-HPS)
+H,+SNla

> m,<03620.76eV (95%CI)

depending on the model complexity

Hannestad, Mirizzi, Raffelt & Y*W 2010
Gonzalez-Garcia et al. 2010
de Putter et al. 2011, etc.

Planck alone (1 year) 2013

D> m,<038084eV (95%CI)
Perotto et al. 2006

Planck+Weak lensing (Euclid) 2020+

> m,<0.074-0.086eV (95%CI)
Hannestad, Tu & YW 2006

(from Y.Y.Y. Wong)
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» Fundamental physics » Cosmology

» “Technological” application (SciFi???)

Oscillation phenomenology « Role of neutrinos in structure formation

Direct mass .s.earches “Cosmological” measurements of neutrino
Mass and mixing models masses

Number of families and origin of flavor

Non-standard, physics beyond SM, sterile
states

Lepton flavor violations

Non hamiltonian propagation
(decoherence) test of QM and QFT (CPT-
invariance)

Neutrinos and extra- dimensions
Nuclear physics, coherent scattering

Primordial nucleosynthesis

Lepto-bariogenesys

Direct and indirect detection of primordial
(Big Bang) neutrinos

terile neutrinos as Dark Matter
leutrinos and Dark Energy (MaVaNs)

ndirect detection of Dark Matter
annihilation, DM decay in neutrinos...)

physics and geophysics
Solar and stellar neutrinos
* Role of neutrinos in SuperNova explosion
and detection of SN neutrinos

» Monitoring of power plants and nuclear
proliferation

» Geological probes and earthquake
forecast e “Secondary” sources (atmospheric neutrinos,

« Communication (i.e. with submarines) solar flares neutrinos etc.)
» Sources of galactic and Extragalactic High

e Communication with extraterrestrial
Energy (GRB, Blazars).neutrinos

civilizations...
¢ Geo-neutrinos



