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Introduction

Remaining puzzles of the universe

Neutrino masses Baryon asymmetry of the
universe (BAU)
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No neutrino mass term in the SM P violation too weak in SM

= need to go beyond SM
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Introduction
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Introduction

RH neutrinos could solve the puzzle

Extending the minimal SM by two or more RH neutrinos

m Neutrino masses by the seesaw mechanism |Yanagidal

m BAU via leptogenesis |Yanagida, Fukugital
m third RH neutrino could be DM candidate
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Introduction Low scale seesaw eptc s Testabilit

Neutrino masses via seesaw mechanism

Add RH neutrinos (SM singlets) vg to SM
LD KLYTVRi) = %gMMVR + h.c.

Two sets of Majorana mass states after EW symmetry breaking

v~ U, (v, + 0vg) N ~ g + HTl/f
m light neutrinos m heavy neutrinos
m mostly active doublet m mostly sterile singlets
m light masses: m heavy masses:
iy B vQYTM]\_/IlY* My ~ My > m,y,

= N only interact via small mixing | U2 = |0,;]* < 1
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Low scale seesaw

Evolution equations

“time": z = Tgw/T

|
RH neutrino density matrix

m Density matrix
dn i 1 - ni1 N12
$=_§[H,n]—§{r,n—neq}— q (nzl n22
m Effective Hamiltonian
H~ M?

SM lepton doublet equations = Production rate I ~ Y2

Source term 5
Washout term 1/

dge _ Se(n)
dz T

—Waqe+ 1 agn

Feedback terms

Dario Gueter dario.gueter@tum.de TUM/MPP

Testing the low scale seesaw and leptogenesis



Introduction Low scale seesaw e s Testabilit

Evolution equations

RH neutrino density matrix Temperature (time) scales

o__1 [H,n] — % {L,n—n} — g Tose= €/Tcom (M — M3,)

o 1 = Wl L (1)

SM lepton doublet equations

m Possible to solve

: numerically
% _ Se(n)

dz T

—Waqe+ 'V gn m Approximations useful for
parameter scans
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Leptogenesis

Sakharov conditions

—
C' and CP violation

m Sphalerons violate B + L but
conserve B — L for T' > 140 GeV m CP violating parameters in
(BUT suppressed for low T') Yukawa couplings

m L gets transferred to B

Non-equilibrium

m Non-equilibrium production of RH
neutrinos in thermal bath

m Electroweak phase transition
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Introduction o\ esaw Leptogenesis Testabilit

Leptogenesis scenarios

Thermal leptogenesis

BAU is generated via CP violating decays of superheavy RH
neutrinos for M; > v

m Equilibrate — freeze out (non-equilibrium) — decay long
before sphalerons freeze out (C'P violation)

m Lepton asymmetry L partly converted into BAU by sphalerons
(B violation)

m L violation suppressed at low temperature T' < M;
— B preserved from being washed out

Disadvantage: Requires M; > 107 GeV
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Introduction ow aw Leptogenesis Testability

Leptogenesis scenarios

Baryogenesis via neutrino oscillations

BAU is generated via CP violating oscillations of RH neutrinos
for M; < v (fully relativistic treatment)

m Generation of flavour asymmetries L, for a = e, i, T
< BUT L violation suppressed -+ L =3, L, =0

m Flavour asymmetric decays of L, into IN; via Y;, create net
lepton number L # 0 (C'P violation)

m Lepton number partly transferred into baryon number due to
sphalerons (B violation)

m RH neutrinos must not equilibrate before sphaleron freeze out
— Baryon number freezes in (non-equilibrium)

Advantage: GeV scale makes it experimentally testable
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Leptogenesis

Oscillatory regime — small mixing angles
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Leptogenesis

Overdamped regime — large mixing angles
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Test:

ability

Testability of low scale Leptogenesis for n = 2

Heavy neutrinos N; with masses
below the electroweak scale can
be searched for at directly:

m blue lines: viable

leptogenesis parameter

space (for inverted
hierarchy)

m coloured lines: reach of
some future experiments “

m grey area: constraints from

past experiments
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Testability

High mass resolution: U2

m U2 and U2, can be measured independently (e.g. at SHiP)
m Model not uniquely identified due to degeneracy in model
parameters

m A possible (independent) measurement of the Dirac phase §
(DUNE or NOvA) in the future will break this degeneracy

= Ovf decay rate predictable
= Neutrino mass generation and baryogenesis fully testable
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Testability

Low mass resolution: U?

m U2 and U2, cannot be measured independently but the sum

2 2
Ua = Zi:l,z Uai
m No constraints on AM and 0vf03
m Just certain ratios of U2/U? are allowed

= Powerful test of the seesaw mechanism

s [ sin6z; = 0.451 o [ sin6; = 0.576
5 04 sin?6,3 = 0.574 5 5in?6,3 = 0.45
————— 5=272° e 6= 256
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Testability

Low mass resolution: U2

Requirement of fulfilling the experimentally observed BAU further
restricts the model:
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Conclusions

Conclusions

m A measurement of the Dirac phase  would allow to make
testable predictions for the couplings of the heavy neutrinos to
individual SM flavours.

m Heavy neutrinos with masses below My are experimentally
detectable in near future experiments

m In case of an experimentally discovered, all model parameters

can be reconstructed from measurements of § and the mixings
2
Uai

|
The low scale seesaw is a fully testable mechanism of
neutrino mass generation and baryogenesis.
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