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+ What is the origin of neutrino mass?

Possible key to embed Standard Model
in a more fundamental theory of Nature

+ Why was there more matter than
antimatter in the early universe?

...S0 that some matter survived the mutual
annihilation to form galaxies, stars etc.

+ What set the initial conditions for the
“hot big bang”?

Cosmic inflation? How did the transition to the radiation
dominated epoch happen?




The Standard Model of Particle Physics

“bosons” “Higgs
= force boson”

“fermions” = matter particles

I 1 1] carriers = gives mass

mass - |
charge - | 244

0.511 MeV

: e

electron

Bosons (Forces) spin 1

The “periodic table” of elementary particles - who is missing?



The Standard Model of Particle Physics

“fermions” = matter par

n| Are we missing a

mass -

charge - | 24

name - |

Quarks

Leptons

“bosons”’

1.27 Gev

~ charm

4 type of neutrinos?

. top

104 MeV

0 eV
0
C
electrpn
neutrino

f

neutryino

ta
neutyino

0.511 MeV

: @

electron

105.7 MeV

Ul

muon

G eV

Bosons (Forces) spin 1

125 GeV
.5

Higgs
boson

spin 0

The “periodic table” of elementary particles - who is missing?




+ What is the origin of neutrino mass?

Possible key to embed Standard Model
in a more fundamental theory of Nature

+ Why was there more matter than
antimatter in the early universe?

...S0 that some matter survived the mutual
annihilation to form galaxies, stars etc.

+ What set the initial conditions for the
“hot big bang”?

Cosmic inflation? How did the transition to the radiation
dominated epoch happen?




+ What is the origin of neutrino mass?

Possible key to embed Standard Model
in a more fundamental theory of Nature

The only one found in laboratory!




What is the origin of neutrino mass?

Possible key to embed Standard Model
in a more fundamental theory of Nature

The only one found in laboratory!

Seesaw Mechanism

L = LSM—l—ZVRaVR—LLFVRH H'opFTL
1

—§(V_CRMMVR -+ ﬂRM}QV%)

, three light neutrinos mostly ”active” SU(2) doublet
v~ U, (VL + QVR)
with masses m, ~ OM;0T = v2FM \pT

three heavy mostly singlet neutrinos

N ~ QT C Minkowski 79, Gell-Mann/Ramond/
~ VR Vr o
Slansky 79, Mohapatra/Senjanovic 79,

Wlth masses MN ~J MM Yanagida 80, Schechter/Valle 80




+ What is the origin of neutrino mass?

Possible key to embed Standard Model
in a more fundamental theory of Nature

+ Why was there more matter than
antimatter in the early universe?

...S0 that some matter survived the mutual
annihilation to form galaxies, stars etc.

+ What set the initial conditions for the
“hot big bang”?

Cosmic inflation? How did the transition to the radiation
dominated epoch happen?
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It makes up most of the mass in the universe.



knowmspasticles
18°% ,
; )+ What is the Dark Matter made of?

Dark Matter It makes up most of the mass in the universe.

) %

Heavy “Sterile” Neutrino Dark Matter

Dark Matter Particles are
massive
neutral

collisionless ...but they are too light,
long lived Heavy sterile neutrinos do the job just

Neutrinos are the only known particles
that fulfil these conditions...

perfectly!



Dark Matter 1s cold-ish

Thermally produced sterile
. neutrinos cannot be heavier
~ .+ .. than ~100 keV to avoid indirect
' e detection

“cold” DM “warm” DM

Streaming of DM particles
during structure formation
“smears out” small scale
structures

Rules out keV sterile neutrino
DM with thermal spectrum!

amount of struc




How to make Sterile Neutrino Dark Matter?

Thermal production via their mixing 0 O s o s e e R

« Sterile neutrinos are produced in

decoherent scatterings via their mixing O 1073}
Barbieri/Dolgov 91, Dodelson/Widrow 94

q° f(q)

« never reach equilibrium for realistic O
—4
("freeze in DM", "FIMP DM") 10
= non-thermal spectrum!

I
|
~

 production can be resonantly enhanced by
MSW effect in presence of lepton
asymmetries Shi/Fuller 99

« VMSM can provide the required lepton
asymmetry Canetti/MaD/Frossard/Shaposhnikov 12
* State of the art computations:

Ghiglieri/Laine 15,
Venumadhav/Cyr-Racine/Abazajian/Hirata 15



How to find Sterile Neutrino Dark Matter?

M31 ON-center —@—
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No line at 3.5 keV
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l L l L l L
Energy [keV]
Boyarsky/Ruchayskiy/lakubovskyi/Franse 2014

. . . see also Bulbul/Markevitch/Foster/Smith/Loewenstein/
Sterile Neutrinos are unstable particles. g

Data - model
[cts/ /keV]

L. I T 1T 11

Dark Matter decay produces a narrow emission line...
... but 1t 1s smeared by the instrumental resolution

OK for exclusion, but for a discovery need better spectral resolution
Future missions XARM and ATHENA have



KATRIN/TRISTAN & keV Sterile Neutrinos

mprint of keV Neutrinos on Tritium -spectrum

3 2/ .. c0s%@ dI/dE(m, )
Y 2 o sin‘e di/dE(m)
5 20 N —— with mixing
9 \ ----- no mixing
B o '\\
ok -u‘a -4 \
- L9 N
5 \\\::.
0: l l 1 I L iaal:sel ??*?»‘1 1
o 2 4 6 8 10 12 14 16 18 20
E (kaV)
»
TRISTAN: Technical Realization N
XY

Signal rate is 1012 x higher than
in regular KATRIN !

Need for a new detector system
(in 2021, after KATRIN)

Statistical Sensitivity

107 =)
10 [
107
107
10°
107
10"
10™
107° F:'ms-: Space
107 - [ ——
10712 Laboratory

1013 A i 1 1 PR T S |

sin®(H)

m (keV)

Novel Silicon Detector System (R&D)

Handling high rates (10% cts/s)
= >10 000 pixels

300 eV energy resolution & 1 keV threshold
= Thin deadlayer (~10 nm)

= 1 mm pixels with <0.2 pF capacity
= Multi-drift-ring design (SDD)

Minimize systematics (ppm-level)
= Low ADC non-linearity read-out, etc...

contact: smertens@lbl.gov



Sterile Neutrino Dark Matter
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http://arxiv.org/abs/arXiv:1807.07938
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http://arxiv.org/abs/arXiv:1807.07938

Sterile Neutrino Dark Matter
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Sterile Neutrino Dark Matter

0.5 1 2 ) 10 20 50
1.x107°] | | ! ! ' ' .
B |
8 2 - KATRIN statistical limit ~_/
1.x107°F _ N A —— g
1 X 10—10 i é_ thermal overproduction
C\CID g current Xl—ray
1.x10712) [
1.x 10714
05 1 2 5 10 20 50

Boyarsky /MaD/Lasserre / Mertens/Ruchayskiy 18 M [keV]


http://arxiv.org/abs/arXiv:1807.07938

+ What is the origin of neutrino mass?

Possible key to embed Standard Model
in a more fundamental theory of Nature

+ What is the Dark Matter made of?

It makes up most of the mass in the universe.

+ Why was there more matter than
antimatter in the early universe?

...S0 that some matter survived the mutual
annihilation to form galaxies, stars etc.

+ What set the initial conditions for the
“hot big bang”?

Cosmic inflation? How did the transition to the radiation
dominated epoch happen?




+ Why was there more matter than
antimatter in the early universe?

...S0 that some matter survived the mutual
annihilation to form galaxies, stars etc.




Sakharov Conditions
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Sakharov Conditions (1967)
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“Baryon number violation

+C and CP violation

+ Deviation from thermal g
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A.Jl.Caxapos 1921-1989

equilibrium



Leptogenesis with small #/7

Buchmuller / Plumacher g, 15

10 10 10 :
T e e T L SR asymmetry generated
10" N mmmmm e o T .
* N, e ) during N decay. )
ol /1 (“freeze-out scenario”)
10° EE' e NN "=  ‘-:|
B e e N "=3/4 A
10" " /1 T IPE
10° | e /1. Sakharov’s nonequilibrium
1o N | w \ 17 condition can be fulfilled in
‘07!-_ = - - -; 10.7
0" b | o~ tWO ways.

asymmetry generated | s i ~In(Yn — Yy) Feal
 during N production '; dYgs_1 "
| (“freeze-in scenario”) | zH TN In(YN —Yy) —ewTnYp-1

“source” “washout”



Thermal Leptogenesis Fukugita/Yanagida 86

high scale
M >> TeV
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Leptogenesis Parameter Space

NH
104 - — :
. — new bounds
I Canetti et al., arXiv:1208.4607
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http://arxiv.org/abs/arXiv:1808.10833

Constraints and Future Searches

1074

0.5 1 3 10 50
updated plot from MabD et al 1609.09069

M[GeV] and Antusch et al 1710.03744
cf. also Cai et al 1711.02180



http://arxiv.org/abs/arXiv:1609.09069
http://arxiv.org/abs/arXiv:1710.03744
http://arxiv.org/abs/arXiv:1711.02180

[ want it all!
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Dark Matter and Leptogenesis cannot
be solved by the same heavy neutrino!
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A Minimal Model: The vMSM

Pure Type I seesaw with RH Neutrinos below EW scale

Asaka/Shaposhnikov 0503065, 0505013

two RH Neutrinos have
degenerate ~GeV masses
seesaw + leptogenesis

one has a ~keV mass and

feeble couplings
Dark Matter candidate

mass -

charge - | 24

name - |

Leptons

Three Generations

of Matter (Fermions) spin %2

charm

Quarks

0 eV
OV
T
electrpn mugn ta
neutrino neutyino neutyino
0.511 MeV 105.7 MeV 1.777 GeV
e | u T
electron muon tau

Bosons (Forces) spin 1



http://arxiv.org/abs/hep-ph/0503065
http://arxiv.org/abs/hep-ph/0505013

vMSM ftrom B-1. Violation
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vMSM ftrom B-1. Violation

(No hierarchy problem)

9> S~ ~

B-L violating
parameters

/ /
ILL7 ILL Y, E()f) Ea



vMSM from B-1. Violation

My = (R 0

y Ahi.erarchy proble |

F = B F,+ . z (Fy —€,) €
FoF i | iW(F, —er) ¢

X "~ o ~

B-L violating

pse irac feebly cupled ;. parameters

’.‘ light v masses: ,
! pair

. . / /
sterile neutrino j W, W, €q, €,



vMSM from B-L Vl()latlon

4 leptogene51s
}—4. mass degeneracy for

My = 0 4 ¢ ~1" free for pseudo Dirac
oble
| e Hee [i(Fe —€) €
Fr+é&- {i(F;—€;) €

B-L violating

pse Dirac feebly cupled " parameters
pair "

| light v masses: | ! !
sterile neutrino J W, W, €q, €,



vMSM from B-L Vlolatlon

4 leptogene51s |

mass degeneracy for

My =3 | 0% 1+ peet—

t free for pseudo Dirac

(No hierarchy problem) / Dark Matter: )

T e [i(F. - <)
= F,u +¥u | Z(F’u e GM)
)

\/5 FT I . Z(FT o G

\ lighter (keV)

mass

§—+ feeble coupling |

B-L violating

pse Dirac feebly cupled " parameters
pair "

light v masses: | ¥ :
sterile neutrino j W, W, €q, €,



vMSM from B-L Vlolatlon

4 leptogene51s |

mass degeneracy for

My =3 | 0% 1+ peet—

t free for pseudo Dirac

(No hierarchy problem) / Dark Matter: )

T e [i(F. - <)
= F,u +¥u | Z(F’u e GM)
)

\/5 FT I . Z(FT o G

\ lighter (keV)

mass

§—+ feeble coupling |

B-L violating

pse Dirac feebly cupled " parameters
pair "

light v masses: | ¥ :
sterile neutrino j W, W, €q, €,



“Full Testability”

Colliders: effectively as theory with two RH neutrinos
(as far as baryogenesis and v-masses are concerned)

(" )
Unknown parameters:

M, AM, Rew, Imow, O, &

\ J

light neutrino || light neutrino
Higgs vev v e
m1xmg angles || mass splittings
Y.i‘ — diagR\/Mdlag Casas/Ibarra 01
Dirac phase 0
Majorana phase o

lightest v mass complex || N-mass M
(almost) vanishes || angle w || and splitting




“Full Testability™

/“size of N1 and N2 \/ overall Ni ) {

Ni flavour

{ heavy neutrino }{ coyuplings relative || coupling

\masses / \_to each other strength

q nknowy parametets: V4

M, AM, Rew, Imw, 5,

\ J

Dirac phase 0 lightest v mass complex || N-mass M
Majorana phase af | (almost) vanishes || angle w || and splitting

| mixing pattern |




“Full Testability”

e, { - size Of N1 and N2 Yf overall Ni \ - ;
ino }i : i1 Nitflavour
heavy neutrino } , coupling || N

it couplings relative j

q nknowp parametets:

M, AM, Rew, Imo, O, o

\. y

| | mixing pattern |

. 5 3 iom 2 a e

. . MaD / Garbrecht/ Gueter /Klari
* In principle all parameters can be measured 166‘09./093;91’“ / Gueter/Klaric

= fully testable model of neutrino masses and baryogenesis

* This requires a combination of collider/fixed target
experiment data and v-osc. date (and possibly 0v{3[3)
= poster child example for synergy between collider and
long baseline programs!


http://arxiv.org/abs/arXiv:1609.09069

+ What is the origin of neutrino mass?

Possible key to embed Standard Model
in a more fundamental theory of Nature

R/
2 X4

What is the Dark Matter made of?

It makes up most of the mass in the universe.

+ Why was there more matter than
antimatter in the early universe?

...S0 that some matter survived the mutual
annihilation to form galaxies, stars etc.

+ What set the initial conditions for the
“hot big bang”?

Cosmic inflation? How did the transition to the radiation
dominated epoch happen?




Higgs Inflation

The Higgs field gives masses to A

elementary particles M4 |

Its energy density behaves like
Dark Energy

4
AV/4
AW*E216 .

If it dominated the energy density Gty v

in the early universe, it could cause °; . e Tl

accelerated expansion

for details see e.g.
Bezrukov /Gorbunov /Shaposhnikov 08

This requires a “non-minimal
coupling” to gravity, but no new

particles Bezrukov /Shaposhnikov 08 L: D 5 H -" H R


http://arxiv.org/abs/arXiv:0812.3622
http://arxiv.org/abs/arXiv:0710.3755

+ What is the origin of neutrino mass?

Possible key to embed Standard Model
in a more fundamental theory of Nature

+ What is the Dark Matter made of?

It makes up most of the mass in the universe.

* Why was there more matter than
antimatter in the early universe?

...S0 that some matter survived the mutual
annihilation to form galaxies, stars etc.

+ What set the initial conditions for the
“hot big bang”?

Cosmic inflation? How did the transition to the radiation
dominated epoch happen?




A Theory of (almost) Everything

“Neutrino Minimal Standard Model”

Asaka/Shaposhnikov 0503065, 0505013
* two RH Neutrinos have
degenerate ~GeV masses
neutrino mass

+ origin of matter
* one has a ~keV mass and feeble

couplings

Dark Matter candidate
* Higgs field is inflaton

* Can be tested at colliders and .~

fixed target experiments!

Three Generations
of Matter (Fermions) spin %2

mass -

charge - | 24

name - |

Quarks

125 GeV

Dark Matter

E_)/ fpmo
Neutrino Masses, || Cosmic
Origin of Matter || Inflation
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http://arxiv.org/abs/hep-ph/0505013
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Constraints and Future Searches
A=

* collider constraints

fixed target experiments

* neutrino oscillation data

* neutrinoless double f decay
* lepton universality

* cLFV decays

* CMK unitarity

* electroweak precision data

* big bang nucleosynthesis
cf. e.g. 1502.00477 , 1609.09069

0.5 1 5 10 50
updated plot from MaD et al 1609.09069

M[GeV] and Antusch et al 1710.03744
cf. also Cai et al 1711.02180
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http://arxiv.org/abs/arXiv:1710.03744
http://arxiv.org/abs/arXiv:1711.02180

Constraints and Future Searches

1074

0.5 1 3 10 50
updated plot from MabD et al 1609.09069

M[GeV] and Antusch et al 1710.03744
cf. also Cai et al 1711.02180
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http://arxiv.org/abs/arXiv:1711.02180

Future LHC Searches

prompt trilepton
[zaguirre /Shuve 1504.02470

displaced lepton jet
[zaguirre /Shuve 1504.02470

see also
Helo et al 1312.2900
Gago et al 1505.05880

displaced vertices
Antusch/Fischer 1706.05990

even more sensitivity?

possible upgrade: CODEX-b
Cottin et al 1806.05191

Helo et al 1803.02212

v 50
updated plot from MabD et al 1609.09069
and Antusch et al 1710.03744
cf. also Cai et al 1711.02180

M[GeV]
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Searches at Future Colliders

1074

displaced vertex searches at future colliders
Antusch et al 1710.03744

cf. also Antusch et al 1612.02728

10

50
updated plot from MabD et al 1609.09069
and Antusch et al 1710.03744
cf. also Cai et al 1711.02180
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Future LHC Searches

0.5 1 3 10 50
updated plot from MabD et al 1609.09069

M[GeV] and Antusch et al 1710.03744
cf. also Cai et al 1711.02180
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http://arxiv.org/abs/arXiv:1711.02180

Future LHC Searches

“very displaced vertices”

new surface detector:
MATHUSLA
Curtin et al 1806.07396

0.5 1 3 10 50
updated plot from MabD et al 1609.09069

M[GeV] and Antusch et al 1710.03744
cf. also Cai et al 1711.02180
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The NA62 Experiment

m, in-vacuum tracker g’
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* fixed target experiment in
CERN’s North Area

* primary purpose: measure
kaon decay into
pion + neutrino + antineutrino

‘ pictureFigure/picture from the NA62 collaboration
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NA62 Kaon Mode
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Target Mode: cf. 1712.00297 for recent results
e protons hit target = produce 75 GeV beam hadrons, leptons

* tag kaons

50

100

150

* kaons decay into HNL + lepton in the in-vacuum decay volume

= search for peak in lepton spectrum


http://arxiv.org/abs/arXiv:1712.00297

UL on IUI4I2 at 90% CL

NA62 Kaon Mode: First Results

s KEK (1984) NA62-2007
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§ This result
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Cortina-Gil et al 1712.00297



http://arxiv.org/abs/arXiv:1712.00297

NA62 Dump Mode

m, in-vacuum tracker v
1 silicon decay volume |—| SM particles , had.
target K_tag tracker | . HNL Y ) h u
0 O | e "
protons msons. T T——— n / - H
—1F collimator SM particles | tag had.
(can act as dump g/
_2 | | | | | | >
0 50 100 150 200 25 m

Dump mode

* target removed, protons hit collimator = produce mesons, leptons

* mesons /tauons decay into HNL + SM particles

* HNL pass all components and decay in the in-vacuum decay volume

= search for decay nothing — leptons/hadrons in vacuum chamber



NA62 Dump Mode Sensitivity
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MaD /Hajer/Klaric/Lafranchi 1801.04207



http://arxiv.org/abs/arXiv:1801.04207

T"2K: Preliminary Results
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https:/ /indico.desy.de/indico/event /18342 /session /35 / contribution /132 / material / poster /0.pdf
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T'he SHiP Proposal

Hidden Sector
decay volume

Spectrometer
Particle ID

—

Target/

hadran absorbe v: detector S I I — P
ctive muon shield l

Search for Hidden Particles

see 1504.04956 , 1504.04855

Search for Hidden Particles

* new fixed target experiment using SPS beam
® See https://indico.cern.ch/event/706741/timetable/#20180613.detailed
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Searching for HNLs with Ice Cube

10_15' T

search for “double
cascade” events:

* one in HNL
production

* one in HNL decay 107
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Coloma et al 1707.08573
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http://arxiv.org/abs/arXiv:1707.08573

The Ovpp Connection

Heavy neutrino exchange can dominate Ov{3f3...
...even in the leptogenesis region
= additional probe of Rew !

0.1F SV Bezrukov 0505247
| E Blennow et al 1005.3240
IH active 1/'s. Lopez Pavon et al 1209.5342
' MaD / Eijima 1606.06221,
N Hernandez et al 1606.06719,
O
— 0.01} Asaka et al 1606.06686
) :
£
([ A|U]2=1% ,AM = 0.1%
AU = 1% ,AM = 0.1% ,Ad = 17 rad
0.001 ¢ . . . - .
-20 -10 0 10 20
YB<1O_H>

Hernandez et al 1606.06719,



http://arxiv.org/abs/arXiv:1606.06719
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http://arxiv.org/abs/arXiv:1606.06686
http://arxiv.org/abs/hep-ph/0505247
http://arxiv.org/abs/arXiv:1005.3240
http://arxiv.org/abs/arXiv:1209.5342

Neutrinoless Double [5 Decay

* heavy neutrino exchange i AN
can dominate o-1o|
neutrinoless double  decay  _
S 107
* gives access to parameter s |
Rew for M~GeV 10712}
* Rew is important for ‘0“35"";"";""g"“;"";
leptogenesis TiGev
MaD/ Eijima 1606.06221,
b Hernandez/Kekic/Lopez-Pavon/Racker/Savaldo 1606.06719,
G [1 — f A( M )]mg 5 Asaka /Eijima /Ishida 1606.06686
2 (N, M g AM —210 3.2
2f% (M) 7T Amagm|e” “*° sin” 013 cos(2w)



http://arxiv.org/abs/arXiv:1606.06221
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Heavy Neutrino Mixing:

Constraints from v-oscillation Data
/' determined 0. A 1.
PMNS phases A

normal neutrino mass ordering inverted neutrino mass ordering

coloured areas: consistent with v-oscillation data at 10, 20 and 30

from MaD /Hajer/Klaric/Lafranchi 1801.04207


http://arxiv.org/abs/arXiv:1801.04207

Heavy Neutrino Mixing:

Constraints from Leptogenesis
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normal neutrino mass ordering inverted neutrino mass ordering

plots from Antusch/Cazzato/MaD /Fischer/Garbrecht/Gueter/Klaric 1710.03744



http://arxiv.org/abs/arXiv:1710.03744

Log(U2)

Flavour Mixing at ILC

1O, ILC at 4/ =90 GeV 1O, ILC at 4/ s=500 GeV
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Antusch /Cazzato/MaD /Fischer /Garbrecht/Gueter/Klaric 1801.06534



http://arxiv.org/abs/arXiv:1801.06534

Neutrino Mixing vs Collider Searches
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Coupling to electron plot from MaD/Garbrecht/Gueter/Klaric 1609.09069



Neutrino Mixing vs Collider Searches

coupling to muon

Shades:

How testable is leptogenesis?

[darker = larger total mixing]

00 ! ! ! \ ! ! ! \ ! ! ! \ ! ! ! \ ! ! ! \ ! ! ! \
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Coupling to electron plot from MaD/Garbrecht/Gueter/Klaric 1609.09069



Neutrino Mixing vs Collider Searches

Area within black line:

0.6 - -

allowed by neutrino
oscillation data

0.4+- -

coupling to electron
maximal 12%!

[for normal neutrino
mass ordering]

coupling to muon

0.2~--

coupling to electron



Neutrino Mixing vs Collider Searches

Effect on production

at lepton colliders: Area within black line:

allowed by neutrino

oscillation data
N

coupling to electron
maximal 12%!

[for normal neutrino
mass ordering]

coupling to muon flavour




Number of Events

normal ordering inverted ordering
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Antusch/Cazzato/MaD/Fischer/Garbrecht/Gueter/Klaric 1710.03744



Number of Events

normal ordering inverted ordering
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percent level measurement of flavour structure!




Leptogenesis and Heavy Neutrino Mass Splitting

normal ordering inverted ordering
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Antusch/Cazzato/MaD/Fischer/Garbrecht/Gueter/Klaric 1710.03744



Leptogenesis and Heavy Neutrino Mass Splitting

RHN oscillations direct kinematic

no
(o7 in detector measurement
1078}
10% :
Y :
10_10 ] 10—10 I :
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10712} seesaw limit ] 10714} seesaw limit
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Antusch/Cazzato/MaD/Fischer/Garbrecht/Gueter/Klaric 1710.03744



Leptogenesis and Heavy Neutrino Mass Splitting

normal ordering inverted ordering
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with three RH neutrinos:
no need for mass degeneracy for leptogenesis MaD/Garbrecht 12
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Right Handed Neutrinos and the
Light Neutrino Masses

eV keV MeV GeV TeV 1014 GeV

* RH neutrinos must mix to
DIEINBTANd  generate light neutrino mass
(“Seesaw

soi1sAyd
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* Mixing leads to production
in the early universe

 For masses below 100 MeV,
RH neutrinos do not decay
before BBN
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Right Handed Neutrinos and the
Light Neutrino Masses
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Hernandez/Kekic/Lopez-Pavon 1406.2961
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Right Handed Neutrinos and the
Light Neutrino Masses
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Two do Seesaw,
and leptogenesis

DM candidate

Asaka/Shaposhnikov 2005
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