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Some of the shortcomings of the standard model:
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Is there a way to explain both?
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Neutrino masses
BAU baryon asymmetry of the universe i
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The “Seesaw” Relation

e Dirac Mass mp = YT

e Right handed neutrino (RHN) Majorana mass My,

1 i 0 mp vy,
LDO-(vp N
23 (”L ) <mg MM> <N>

Active neutrino masses Mixing with RHN
1T 02 = |(mpMt) |
m, = —mpM,; mp ai = D¥M ) .
0= S U
see talk by Sin Kyu Kang a 7i

for other mechanisms see talk by R. Ruiz
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Where could the RHN be hiding?
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Where could the RHN be hiding?
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Constraints on RHN properties: 2 RHN, Normal Ordering

9 9 Indirect constraints:
U= Zai Uai
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Testing the v mass generation: Normal Ordering

Low energy parameters fixed to best fit, dop € [0, 27] and
Majorana phase a € [0, 4]

e the mixing angles U2 are

1070 related to the measured

light neutrino parameters
10710

e this constrains ratios U2, /U?

107" c "
e constraints approach a limit

M; U? [GeV]

for large U?

10—12

o e if we can measure individual

U2 we have a consistency

P R B T
0.0 0.1 0.2 0.3

UePIU?

check for the seesaw

mechanism
[Drewes/Hajer/JK/Lanfranchi 1801.04207]

[Drewes/Garbrecht/Gueter/JK 1609.09069] [Caputo/Hernandez/Lopez-Pavon/Salvado 1704.08721] 8/21



Testing the v mass generation: Normal Ordering

allowed for large U?

€
0.

I P B B 1
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allowed for any U?

[Drewes/Hajer/JK/Lanfranchi 1801.04207]

[Drewes/Garbrecht/Gueter/JK 1609.09069] [Caputo/Hernandez/Lopez-Pavon/Salvado 1704.08721]
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Testing the v mass generation: Normal Ordering

Measurement of dcp improves the prediction:

NUFIT 3.2 (2018)

60 4F 4F B

1 1 1 1 1 1 1 1 I
rf.)ms 002 0024 0028 04 05 06 07 24 25 26 2
sin‘0,, sin‘0, amG, | [10° V7]

[Esteban/Gonzalez-Garcia/Maltoni/Martinez-
[Drewes/Hajer/JK/Lanfranchi 1801.04207]

Soler/Schwetz 1611.01514]
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Constraints on RHN properties: 2 RHN, Normal Ordering
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Leptogenesis via Neutrino Oscillations

SM Thermal Bath
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Theoretical challenges and progress:

e derivation of the density matrix

equatlons from fIrSt prInCIpIes [ A. Abada, S. Antusch, E. K. Akhmedov, G.

[ ] I’ate caICUIations for RHN Arcadi, T. Asaka, S. Blanchet, |. Boiarska, K.
prOd Uction at f|n|te T Bondarenko, A. Boyarsky, L. Canetti, A.
° Spectator effects Caputo, E. Cazzato, V. Domcke, M. Drewes,

S. Eijima, O. Fischer, T. F d, B.
e freezeout of the baryon number yime, . Tischen, 7 Trosser

.. . . Garbrecht, J. Ghiglieri, D. Gueter, T.
e analyitical approximations for
) . Hambye, P. Hernandez, H. Ishida, M. Kekic,
different regimes
J. K., M. Laine, J. Lopez-Pavon, M.Lucente,

e violation of generalized lepton M. Ovelymnikor, J. Racker, N, Rius, V. A

number
Rubakov, O. Ruchayskiy, J. Salvado, M.

® momentum dependence Shaposhnikov, B. Shuve, A. Y. Smirnov, D.
e systematic studies of the parameter  Teresi, I. Timiryasov, A. Yavin... ]
space/ phenomenological
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Leptogenesis with 2 RHN

107

e large mixing angle U? —
1077

large couplings — BAU can
be erased before EWPT

e flavour asymmetric washout
can help "hide" the BAU in

one of the flavours

10710

1071

e seesaw allows for U2 /U? up
Micev] to a factor O(10~3) for 10
Inverted Ordering

[Drewes/Garbrecht/Gueter/JK 1609.09069]
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Leptogenesis with 2 RHN

1074l revious searches
1078
~, 1078
:m 1
10-10 . Lovapy, =160 1
L _ _SHiP Lipcp= 61"

10712
Baryogenesis
2 5 10 20
HNL mass [GeV]
[Eijima/Shaposhnikov/Timiryasov 1808.10833]
[Boiarska/Bondarenko/Boyarsky/Eijima/

10714
1

Ovchynnikov/Ruchayskiy/Timiryasov 1902.04535]

large mixing angle U? —
large couplings — BAU can
be erased before EWPT

flavour asymmetric washout
can help "hide" the BAU in
one of the flavours

seesaw allows for U2 /U? up
to a factor O(10~3) for 10
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Leptogenesis with 2 RHN

consistent with BAU

Logra(Lf) e large mixing angle U? —
. e large couplings — BAU can
WQ =0.|
§ o2 be erased before EWPT
0. iy
S o .
o %X#XG“(V AW e e flavour asymmetric washout
Vi ‘v“i \ -9.0 can help "hide” the BAU in
1. N 0.
0. 02 0-4\}’;-6 08 1. one of the flavours
U/
consistent with v masses (I0) o seesaw allows for U2/U? up
= to a factor O(1073) for 10
M = 30 GeV ( )
U?2=4x107"
[Antusch/Cazzato/Drewes/Fischer/Garbrecht/Gueter/JK
14/21
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Leptogenesis with 2 RHN

Logio(L?)
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U2=25x%x10"Y

[Antusch/Cazzato/Drewes/Fischer/Garbrecht/Gueter/JK
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Leptogenesis with 2 RHN
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Leptogenesis with 2 RHN
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Sensitivity at Future lepton colliders: 10

excluded by DELPHI

1075

107°

10~

i
sfavoureq by neutring oscillation garz

5

10

20
M [GeV]

50

displaced vertex searches

sensitivity calculated for
each point consistent with
leptogenesis

guaranteed discovery - all
points in a given M-U? bin
have > 4 events

potential discovery - some
points have > 4 events

for Z-pole run expected
reach independent of flavour
ratios

away from the Z-pole,

production through U2 15/21
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Sensitivity at Future lepton colliders: 10
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Measuring Flavour Ratios

200000

disfavoured by DELPHI

50000
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7}
Y (0o boung)

2000

Constraj i
trained by neutring oscillafion gzt

20
M[GeV]

5 10 30 40 50

[Antusch/Cazzato/Drewes/Fischer/Garbrecht/Gueter/JK

1710.03744]

e |arge mixing angles - up to
O(10°) RHN can be
produced at the FCC

e use this to measure the
flavour ratios

e large M - fraction of
semileptonic events with
flavour a in the final state
proportional to U2 /U?
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Measuring Flavour Ratios

10, FCC-ee at 4/ =90 GeV

s e large mixing angles - up to
0.010 0(105) RHN can be
0.020 produced at the FCC
0.050
0.100 e use this to measure the
0.200 flavour ratios
0.500 i
“12 e large M - fraction of
0.0 0.2 0.4 0.6 0.8
var* semileptonic events with
M = 30 GeV flavour a in the final state
[Antusch/Cazzato/Drewes/Fischer/Garbrecht/Gueter/JK proportional to (]3/17’2

1710.03744]
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Measuring Flavour Ratios

0. a1

Log1o(U?)
-7.6
LB £
A S VAVAVAY .
. I
AVAVAVA.. e

1. v v 7 /\ 0.

0. 0.2 0.4 0.6 0.8 1.

M = 30 GeV

[Antusch/Cazzato/Drewes/Fischer/Garbrecht/Gueter/JK

1710.03744]

e |arge mixing angles - up to
O(10°) RHN can be
produced at the FCC

e use this to measure the

flavour ratios

e large M - fraction of
semileptonic events with
flavour a in the final state
proportional to U2 /U?
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Measuring the mass splitting

Normal Ordering:
tosexc [m]
10° 10 10® 107

107 1077
1078 1077
-14
10— 1077
Y ®
=} -15
10-10 % 10 %
10711 107
-17
10712 seesaw limit 10
1072 10® 10 10°
AMpn,s[GeV]
M = 30 GeV

[Antusch/Cazzato/Drewes/Fischer/Garbrecht/Gueter/JK

1710.03744]

large range of viable AM
consistent with leptogenesis
energy resolution of planned
experiments -

AM/M ~ O(few%)

Higgs vev contribution to
RHN mass difference AMpyg
practically implies lower
limit on the mass splitting

more information possible
from LNV observables?
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LNV and the RHN mass splitting

e ratio between RHN lifetime
and mass splitting
determines the number of
LNV decays

e non-vanishing neutrino
Same-to-opposite sign masses imply a lower limit
dilepton ratio on AMphys

) e radiative stability of v
AMphyS . |-
Ryy=-—— 295 _ masses implies an upper

— 3 )
AMphyS + FN limit on AMphys

[Anamiati/Hirsch/Nardi 1607.05641] ° Ré( can Iead to information

see talk by R. Ruiz on the mass splitting
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LNV and the RHN mass splitting

1078

1078

UZ

107°

10712

1071

1 10 100 1000
M [GeV]

[Drewes/Klose/JK 1907.13034]

ratio between RHN lifetime
and mass splitting

determines the number of
LNV decays

non-vanishing neutrino
masses imply a lower limit
on AMphys

radiative stability of v
masses implies an upper
limit on AMp,ys

Ry can lead to information
on the mass splitting
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Leptogenesis with 3 RHN

[Covi/Roulet/Vissani 1996...]

[Akhm;d&vJRubakov/Smirnov 1986] resonant

108 F ARS IéptogN2 s leptogenesis

U2 [Asaka/Shapd ,

o vMSM % [Minkowski 1977...]
]. - B \\ -
g ~ Sseesaw mechanism
[Fung&q/Yanagida 1986]
10°16 | w Ssinn
vantla
leptogenesis
1 1 1
10-6 1072 102 106

MM[GBV]

1010
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Leptogenesis with 3 RHN Normal Ordering

3 ® no constraints on mixing

angles from the seesaw
mechanism, possible to

avoid washout
10—!0

e new sources of C'P violation
with 3 RHN

e possible level crossing

10-12!

between the RHN energies
[Abada/Arcadi/Domcke/Drewes/JK /Lucente

— resonant enhancement!
1810412463]
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Conclusions

e GeV-scale RHN are a viable solution to the questions of the
BAU and neutrino masses

e the minimal model with 2 RHN imposes strong constraints on
the properties of the RHN

e 3 RHN - larger parameter space, weaker predictions

e measurements of the branching ratios N — Xa are
complementary with the low-energy neutrino oscillation
experiments

e |eptogenesis is within reach of existing experiments and future
lepton colliders

e |eptogenesis with large mixing angles implies strong
constraints on the RHN branching ratios

o full testability is in principle possible, difficult in practice
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