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Right-handed neutrinos

* Dark Matter
* Large lepton asymmetries
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1. Neutrino masses and the type-l seesaw
2. Low-scale leptogenesis
3. Probing leptogenesis and the seesaw mechanism

4. Take-home



Neutrino masses and type-|
seesaw



Type-| seesaw mechanism

Type-l seesaw Lagrangian

. 1.,
LD -(€a¢)VRi + §I/R,--1/Rj + h.c.

Yukawa Majorana

~ Seesaw relation m,

[Ty = —vz(Y- MM_]' . Yt) W

v~ Ul(v, — 0vg) + h.c. N ~ U,]:,(Z/R +0'vf) + h.c.
Light neutrinos Heavy neutrinos (HNL)



Type-| seesaw mechanism

Type-| seesaw Lagrangian (below EWSB)

1
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Dirac Majorana

~ Seesaw relation m,
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Light neutrinos Heavy neutrinos (HNL)



Type-| seesaw mechanism

Type-| seesaw Lagrangian (below EWSB)

_ 1_
L D Waiiliavri + EVEI--VR_,' +h.c.

Dirac Majorana

~ Seesaw relation m,

m, = —v2(Y- My 1. Yt) M

v~ Uf(v — 0vg) +hec N ~ U,L(Z/R +0'vf) + h.c.
Light neutrinos Heavy neutrinos (HNL)

- n > 2 HNL generations needed to explain light neutrino masses

- What is our prior on n?
n = 2: Minimality (vMSM)
n = 3: Flavour symmetries, gauge extensions (LRSM,...)



RHN landscape

- What is our prior on the RHN mass scale?
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RHN landscape

- What is our prior on the RHN mass scale?
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RHN landscape

- What is our prior on the RHN mass scale?
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RHN landscape

- What is our prior on the RHN mass scale?
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RHN landscape

- What is our prior on the RHN mass scale?
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Baryon asymmetry

Naturalness?
Unitarity?
Vacuum metastability?



RHN landscape

- What is our prior on the RHN mass scale?
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Probing the type-l seesaw

Many different ways to probe HNLs
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M [GeV]
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[Bose et al; 2209.13128]
Experimental sensitivity expressed in terms of

UZ = 32 10ai? = 32, V(Y - My )ai?
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https://arxiv.org/pdf/2209.13128.pdf

How to reach large coupling? B-L approximate symmetry

Naive seesaw bound

2 -1 2 My ~10GeV
mUZ—V(YMMYt)®U,NMN10 7,




How to reach large coupling? B-L approximate symmetry

Naive seesaw bound

_ m, _10GeV
m,,:—v2(Y-MM1-Yt)<:)U,.2NM ~ 10 107;

B-L approximate symmetry

Pseudo-Dirac pair Decoupled

ye(l + ee) iye(]- - Ee) YeG'e
V(L +en)  ivu(l =€) |yuey
yvr(1+e) iyr(1—e)| |yrer

Technically natural: Small m, from small symmetry breaking parameters /i, ¢, ¢’ < 1
Consistent with large production cross-section at colliders o oc UZ.
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Low-scale leptogenesis



Sakharov conditions:

x C- and CP-violation

* Deviation from thermal
equilibrium

* Baryon number violation
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Sakharov conditions:
x C- and CP-violation

- Complex Yukawa couplings

* Deviation from thermal
equilibrium

- Freeze-in and freeze-out &
decays of the RHNs

* Baryon number violation
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Leptogenesis

Sakharov conditions:

* C- and CP-violation s =
. 8 equilibriom)
- Complex Yukawa couplings i
N
n, (]
* Deviation from thermal iZ
equilibrium ﬁ
i<
- Freeze-in and freeze-out & ég
decays of the RHNs ! TIME

[Klarit/Shaposhnikov/Timiryasov, 2103.16545]

* Baryon number violation
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Leptogenesis

Sakharov conditions:
x C- and CP-violation

- Complex Yukawa couplings

* Deviation from thermal
equilibrium

- Freeze-in and freeze-out &
decays of the RHNs

* Baryon number violation

TIME

[Klarit/Shaposhnikov/ Timiryasov, 2103.16545]
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Sakharov conditions:

x C- and CP-violation

- Complex Yukawa couplings

L. ny N3
* Deviation from thermal )
equilibrium
- Freeze-in and freeze-out & I\
decays of the RHNs TME
[Klari¢/Shaposhnikov/Timiryasov, 2103.16545]
* Baryon number violation
- Weak sphaleron process Lepton - Baryon
asymmetry asymmetry
Efficient for 130 GeV < T < 102 GeV ~_
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Leptogenesis

Sakharov conditions:
x C- and CP-violation

- Complex Yukawa couplings
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Thermal leptogenesis
[Fukugita/Yanagida '86]
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Leptogenesis

Sakharov conditions:

x C- and CP-violation

- Complex Yukawa couplings

* Deviation from thermal
equilibrium

- Freeze-in and freeze-out &

decays of the RHNs TIME
[Klarit/Shaposhnikov/Timiryasov, 2103.16545]

* Baryon number violation
/\

Lepton Baryon
asymmetry asymmetry

~_

- Weak sphaleron process

B e e E——
103 1 100 - 10° M [GeV]

Low-scale leptogenesis Thermal leptogenesis 8
[Akhmedov/Rubakov/Smirnov '98, Pilaftsis/Underwood '03, Asaka/Shaposhnikov '05, ...] [Fukugita/Yanagida '86]
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Low-scale models

- Traditionally, 2 main mechanisms:

Asymmetry produced during

freeze-in from CP-violating

HNL oscillations
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https://arxiv.org/pdf/1606.06690.pdf
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Low-scale models

- Traditionally, 2 main mechanisms:

Resonant enhancement of

Asymmetry produced during

freeze-in from CP-violating @9 CP-violation from small mass
HNL oscillations ) splittings
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[Drewes/Garbrecht/Gueter/Klari¢; 1606.06690]

— Two regimes of the same mechanism! Represented by the
same set of kinetic equations (c. [Garbrecht; 1812.02651] for a review)
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Quantum kinetic equations

. i . w
iger = [H.0p] — 5 {®.0p} —i > BT 1),

ac{e,u,7}

— i o 0
igep = 1,60 - (@65} +1 > EFHFQ-5).
ac{eu,7}
2ip Bk a3
d _ Z I _ H 5 —
tnAa — T (27T)3Tr[.]fF(1 fF) + ,/ (271_ 3Tr[.(6p 6p)]

Matrix of densities Lepton asymmetry

Effective Hamiltonian Interaction rates

- Interaction rates can be
x Fermion number conserving ~ (YTY)T
* Fermion number violating ~ (YtY*)MT2

- Refined calculation subject to intensive studies over the last years,
€.g. Anisimov/Bedak/Bddeker '10, Garny/Kartavtsev/Hohenegger '11,
Drewes/Garbrecht/Gueter/Klari¢ '16, Hernandez/Kekic/Lopez-Pavon/
Racker/Salvado '16, Ghiglieri/Laine '16 '18, Klari¢/Shaposhnikov/Timiryasov
21, ...
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Effective Hamiltonian Interaction rates

- Interaction rates can be
* Fermion number conserving ~ (YTY)T
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(vMSM) parameter space

- Parameter space for
freeze-in and freeze-out are
connected

- Sizeable fraction of the
parameter space can be
tested at colliders or fixed
target experiments

- Relies on flavour hierarchies
to reach large U?

- IH parameter space larger
than for NH for

M < O(100) GeV due to
stronger washout

— BAU limits
-- freeze-in
- freeze-out 107
- FCC-ee, |U]*
- SHIP, [U,2

- HL-LHC, |U,*

[u*

] 106
AMy/My

10°

10! 102
My, GeV

[Klari¢/Shaposhnikov/Timiryasov; 2103.16545]
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[Antusch/Cazzato/Drewes/Fischer/Garbrecht/Gueter/Klari¢; 1710.03744] 11


https://arxiv.org/pdf/2103.16545.pdf
https://arxiv.org/pdf/1710.03744.pdf

n =2 (vMSM) parameter space

il TR "— BAU limits o
\ - freeze-in

- Parameter space for , - : gng:ﬁ; "
freeze-in and freeze-out are L0 e ] [0
connected = .

- Sizeable fraction of the o
parameter space can be . . . .
tested at colliders or fixed i Ve cer Ay

ta rget eXperI ments [Klari¢/Shaposhnikov/ Timiryasov; 2103.16545]

- Relies on flavour hierarchies

to reach large U? Logio(UA)
-76
- IH parameter space larger 3 o.4 s ¢, 78
than for NH f A AVAVAVAVA ° -62
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stronger washout /o e
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n = 3 parameter space, NH

10—2 4

10—4 4

10—6 4

LHC displaced

Low-scale Leptogenesis
107124 -eeee 2 HNLs, thermal

—— 2 HNLs, vanishing

----- 3 HNLs, thermal
07y 3 HNLs, vanishing

107t 10° 10t 102 103 104
M [GeV] [Abdullahi et al; 2203.08039]

n = 2 lines from [Klari¢/Shaposhnikov/Timiryasov, 2103.16545]
n = 3 lines from [Drewes/YG/Klari¢; 2106.16226]

Can potentially produce enough HNLs to test leptogenesis!
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n = 3 parameter space, NH
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10—5 4

Large enhpncement!
e 1078

10-10

Low-scale Leptogenesis
107124 -eeee 2 HNLs, thermal
—— 2 HNLs, vanishing
----- 3 HNLs, thermal
—— 3 HNLs, vanishing

10-14 4

107t 100 10t 10? 103 104
M[Gev] [Abdullahi et al; 2203.08039]

n = 2 lines from [Klari¢/Shaposhnikov/Timiryasov, 2103.16545]
n = 3 lines from [Drewes/YG/Klari¢; 2106.16226]

Can potentially produce enough HNLs to test leptogenesis!
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Why such large mixings?

U? =0.0248, M = 100 GeV and Mjgntest = 0 eV

0.0
. —0.5-
o
—
. —1.01
(g' — op1
—1.51 — 8p2
— 0p3
-2.0
1.5
o
N 1.0
—
5 0.5
0.0 - - - -
10> 107* 1073 1072 107! 100
Tsph/T

[YG; 2305.06663]
Large mixing angles allow late equilibration of one HNL U? < 1
< Late BAU production, less time for washout 13
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n = 3 parameter space, NH

Existing experiments

Future detectors

?3 Nisplaced New beam lines E
109 P Future Accelerator facilities |
101k Drewes/YG/Klaric 2106.16226 1
10-B ¢ Mjightest E
--- Thermal initial conditions

| — Vanishing initial conditions 1

10—15 1 L 1 L 1 -

107! 10" 10! 102 10% 10
M [GeV]

Can potentially produce enough HNLs to test leptogenesis!
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n = 3 parameter space, NH
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Can potentially produce enough HNLs to test leptogenesis!
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n = 3 parameter space, NH

Freeze-in/-out transition

107! g T
—3["
10 CHC prompt
B NN e
107§
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10°7F

Future detectors
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10 i = ).
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Can potentially produce enough HNLs to test leptogenesis!
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Potential number of events at FCC-ee

Steasmmmmmeemee .-

10° events

HNLs decay'~ oy
outside detector

M [GeV]
[Drewes/Klari¢/Li; 2511.23461]

- Can potentially produce enough HNLs to test leptogenesis!
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Probing leptogenesis and the
seesaw mechanism




Seesaw parameter space

Consistency with v-oscillation data induced by Casas-lbarra
Y = ZU,\/ mIER /My,
v

parametrisation

2 CP-violating phases 3 CP-violating phases

3 PMNS angles (3/3 fixed) 3 PMNS angles (3/3 fixed)

2 light neutrino masses (2/2 fixed) | 3 light neutrino masses (2/3 fixed)
1 complex Euler angle 3 complex Euler angles

2 Majorana masses 3 Majorana masses

6 free parameters 13 free parameters

16



Seesaw parameter space

Consistency with v-oscillation data induced by Casas-lbarra
Y = ZU,\/ mIER /My,
v

parametrisation

2 CP-violating phases 3 CP-violating phases
3 PMNS angles (3/3 fixed) 3 PMNS angles (3/3 fixed)
2 light neutrino masses (2/2 fixed) | 3 light neutrino masses (2/3 fixed)
1 complex Euler angle 3 complex Euler angles
2 Majorana masses 3 Majorana masses
6 free parameters 13 free parameters

How much can we constrain the remaining parameters?

16



Constraining model parameters from collider observables

- Flavour composition of semileptonic decays gives information on the
flavour ratios U2;/U? & seesaw parameters!

[Credit: Lovisa Rygaard]

- Number of events governed by

U2

e~ e 2 ~

m, /M
- Forn=2, U?, ~O(1/e) + O(1) + ...
- Forn=3, U?, ~ O(1/e) + O(1//€) + O(1) + ...
= Better parameter reconstruction (partly) compensates the
larger dimensionality! 17



Constraining my

0.0 0.0
1.0 1.0
NO — mo=0eV 10 — mo=0eV
02 —— mp=10""eV 0.2 —— mg=10"% eV
0.8 — mo=10"eV 0.8 —— mo=10"eV
—— mp=0.01eV —— me=0.015eV
—— mp=0.03 eV

0.6

0.0

0.0
0.0 0.2 0.4 0.6 08 1.0 0.0 02 0.4 0.6 038 10
v? w2

Normal ordering Inverted ordering
[Drewes/YG/Klari¢/Wendels; 2407.13620]

- For optimistic scenarios (~ 10° events at FCC-ee), can measure
. U?
flavour ratios 7 at percent level!

- Can give a hint on value of mq!

18
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Idealised detector
Only statistical uncertainty

Constraining my

Based on number of events

12

H 12 .
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myg =0 eV mo = 0.01 eV

[Drewes/YG/Klari¢/Wendels; 2407.13620]

- Constraints on mg will not match Planck but better than KATRIN
(though more indirect + model dependent): Complementarity!

- Can exclude mg = 0 if flavour ratios outside typical my = 0 region.
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https://arxiv.org/pdf/2407.13620

Constraining model parameters from collider observables
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[Drewes/YG/Klari¢/Wendels; 2407.13620]




Ovsp

dy, ur,

- Majorana nature of neutrinos " °
leads to neutrinoless double v

beta decay (0v303) . @

dy, ur,

- Lifetime T 1/2 parametrised by the effective mass

-1
T1/2 X (mﬂﬁ A(O) Z imi A(m,)) .

- Heavy neutrino can have a sizeable and direct impact

= iarg(m AM 11  /
Mg = & 18l BB)(|”"BB|{ —%]—2 AP U2

o))

— Qv can provide information on the Majorana phases « as well

as w! 21



OvfBS and leptogenesis

- For n=2:

100 500 1000 5000 4q4 100 500 1000 5000 4q4

M (MeV) M (MeV)

[de Vries/Drewes/YG/Klari¢/Plakkot; 2407.10560]

- For IH, constraints from Ov3 stronger for large splitting and
M < 10 GeV.

- Non-observation of 0v34 in the future would severely constrain pU2.
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https://arxiv.org/pdf/2407.10560

Discrete flavour symmetries

- Discrete symmetries provide dynamical origin to v mixing pattern

Gfx CP

G/ GVX CP

Charged lepton sector Neutrino sector
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Discrete flavour symmetries

- Discrete symmetries provide dynamical origin to v mixing pattern

A(6n*)xCP ~ ((Z, x Z,) x S3) x CP

SN

Z3 Zz X CP
Charged lepton sector Neutrino sector

In our setup

- 13 — 6 or 7 free parameters: For Case 1),
mg, My ~ My = Ms, Or, ¢s.

— Better analytical understanding of the parameter space.
- Can relate low- and high-scale parameters. For Case 1):

sin(d) = 0, |sin(a)| = |sin(6¢s)], sin(8) = 0.

23



Case 1), BAU vs ¢,

Case 1), NO, M = 10 GeV, 6g = {7, s odd. mg =0 eV

1.0
0.9
0.5
=
< 0.30 0.35 0.40,
o 0.0
=
\m _ 7 _10—3
> k=
—05 -~ k=10""
L k=10-11
10 —
0.0 0.2 0.4 0.6 0.8 1.0

s/n
Figure 1: Vanishing initial conditions, A =0
[Drewes/YG/Hagedorn /Klari¢; 2203.08538]
- Correlation between Y and low-energy observables. Here,

sin(a) = sin(ﬁw%). oy


https://arxiv.org/pdf/2203.08538.pdf

Leptogenesis with flavour symmetries

- Flavour symmetries have reduced parameter space but highly
predictive!

Case 1), NO,A=0, my=0eV 0.0
Case 1: NO

107!

u2u?

[Drewes/YG/Hagedorn/Klari¢; 2412.10254]
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Case 3b.1),NO,M=1TeV,A=0,mg=0eV
Case 3b.1), NO,A=k=0, mg=0eV 1077 1074 1071 102 10° 108 101

— vic AM [eV]
— Tic [ev] = VIC

1074 . TIC

/ HL-LHC prompt

U2-M [eV]

10-12

1071

10°15 0

10! 10° 10! 10? 10° 10° 10716 1012 10710
M [GeV] x|

[Drewes/YG/Hagedorn /Klari¢, 2412.10254]

- Leptogenesis possible for AMy; = 0 thanks to Higgs and thermal

mass splittings
Mphys ~ h+( T) YT Y + hf( T) Yty*

- Only viable for masses above ~ 10 GeV.
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https://arxiv.org/pdf/2412.10254

What should | take home?

- Right-handed neutrinos provide minimal solution for v masses +
baryon asymmetry

- Leptogenesis parameter space largely enhanced for n = 3

- Large mixing angle opens up the possibility of testing leptogenesis by
combining information from colliders, Ov53, v oscillations, ...

- In particular, future lepton colliders can act as discovery and
precision machines in one

- Combined with flavour symmetric explanation of PMNS: very
predictive!

Thanks for your attention!

THIER N D T3 EL.

27



Appendix




Lepton number violation at colliders

- Large U? but lepton number conserved
if e -0

- Ratio of lepton number violating to
conserving decays parametrised by

2
AME, s

M3+ AMghyS

[CMS collaboration; 1806.10905]

Ry

)t always strongly

UZ

suppressed for sizeable U?

= _
==
""""
"""""
==

STy
—_——

1 10 100 1000
M [GeV] [Drewes/Klari¢/Klose; 1907.13034]


https://arxiv.org/pdf/1806.10905.pdf
https://arxiv.org/pdf/1907.13034.pdf

Lepton number violation at colliders

Ry 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

107°
1077
107% F
1079 Linear seesaw Inverse seesaw

——Normal 5 x 1072 eV
--- Inverted ---5x 1072V
w0 - -5 x107teV

I

ST
0" 10 20

o2

10710k

m/GeV

[Antusch /Hajer/Rosskopp, 2307.06208]

In practice, decoherence effects can make testability prospects even more
optimistic!


https://arxiv.org/pdf/2307.06208.pdf

Testing leptogenesis through CLFV experiments

HNLs also lead to charge lepton flavour violation.

N N
z
u,d wd  ud
() Z penguin (b) Z penguin ) 7 penguin
" N e " N e
W W w % w
u - u d - d
(d) Box diagram (¢) Box diagram

[Urquia-Calderon/Timiryasov/Ruchayskiy; 2206.04540]
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H TIA  —— poeee  —— uTi-eTi
1010 10
o 10° 10! 10% 10° 10 107 10767 10° 100 10% 10° 104 10°
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[Granelli/Klari¢/Petcov; 2206.04342]


https://arxiv.org/pdf/2206.04540.pdf
https://arxiv.org/pdf/2206.04342.pdf

Dynamical resonance

= Z

Z , . : ; e . . .

g 107 F : I 108 F 1
= 3 1 N L 1
T \

« 10787 1 q 10-10 f 1
(e} r 1 >‘ r 1
n r >

g r 0712 1
= 10-12 | Q .

g i g — active 1
g 4 ] §10—14 —— sterile 1
2 10-16 . . . 7 " . .
w0t 1073 102 107l 100 104 1073 102 1071 100

[Abada/Arcadi/Domcke/Drewes/Klaric/Lucente '18]


https://arxiv.org/pdf/1810.12463

U2

Impact of low ene measurements on 3

m10NO
W20NO
130 NO

m1010
m2010
3010

Ue2Iu?

DUNE projections

Current v oscillation data

- New (more realistic) benchmarks proposed beyond the 1-flavour
approximation
- DUNE measurement of ¢ could constrain the mixing to each SM

flavour, hence leptogenesis



Thermal vs vanishing initial conditions

10-10
7 10

T - — A T T
— Thermal initial conditions
6l — Vanishing initial conditions

BAU
o

] . . ‘ .
1079 1079 104 1073 1072 107! 10°
T_\ph/T

At large M, parameter space for thermal 1.C. is larger because asymmetry
produced during freeze-in and freeze-out have opposite signs.



Motivations for flavour symmetries

- Why 3 generations in the Standard Model?

- Hierarchy in the CKM matrix structure?

- Hierarchy in the fermion masses?
- Why such neutrino mixing pattern? In particular, why the PMNS
matrix
0.82 0.55 0.15
|UPMNS| ~ 0.29 0.59 0.75
0.49 0.59 0.64.

is so close to a tri-bimaximal mixing

Ums = | —/1/6 /1/3 +/1)2



Discrete flavour symmetries

- Discrete symmetry G; at high scale, broken at low scale into residual
symmetries G;, G, C Gy.

Gr x CP

G G, x CP

Charged lepton sector Neutrino sector

- What group to choose?
* Gy discrete subgroup of U(3) (not always necessary)
x Gr non-abelian to avoid texture zero
x G; abelian and minimal to avoid imposing too strong constraints on
the charged lepton masses
* G, as minimal as possible



Discrete flavour symmetries

- Discrete symmetry G; at high scale, broken at low scale into residual
symmetries G;, G, C Gy.

A(6n?)xCP ~ ((Z, x Z,) x S3) x CP

SN

23 ZH X CP
Charged lepton sector Neutrino sector

In our setup
[See also Hagedorn/Meroni/Molinaro '14]

UPMNS = 9(3) R,'J'(QL) K,,

Y = Q(3) Ry (61) diag(y1, ya, y3) P} Ru(—0g) 2(3)T



https://arxiv.org/pdf/1408.7118

CP-violating combinations

- Perturbatively,
Yg x ’I‘r( (6p — 5p)) o Tr (F [Hw, F])

M2,
v =5E

- BAU production governed by

P .
Flavour violating only ’Tr( [Ml%/h T Y] yi Pa Y) )

Z CLFVa—O /Tr( [M,%/,’ YT Y] YTPa Y*)7

: (Y yiv] v ey,

Flavour vnolatmg only, can be # 0 for AM = 0!

M (TYYTY+h_(T)YEY*, T = £y (T)YTY 4+ _(T)YEY*

Violates lepton number

> CGnva #0



CP-violating combinations

- Perturbatively,
Yg o Tr (Iia (6p — 5,5)) o< Tr (fa [Hw, F])

2 ~
iy = S8 ()Y Y+ (T)YOY", 1T = 2y (T)Y Y by (T) VY

- For Case 1) and s odd,
CLrv,a ~ g M? k yoys (3 — y2) sin 014 sin O cos3 s,
CLNV o ~ §M25y2y3 (¥5 cos(20r) — y3) sin o sin O cos3 s,
Cpbec,a =0,
where

4
9L,a:91_+pa?w1thpe:0, pu=+1, pr=—1.



Case 1), BAU vs ¢,

Case 1), NO, M = 10 GeV, 6g = {7, s odd. mg =0 eV
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Figure 2: Vanishing initial conditions, A =0
[Drewes/YG/Hagedorn /Klari¢; 2203.08538]
- Correlation between Y and low-energy observables. Here,

sin(a) = sin(ﬁw%).


https://arxiv.org/pdf/2203.08538.pdf

CP-violating combinations

- Perturbatively,
Yg o Tr (Iia (6p — 5,5)) o< Tr (fa [Hw, F])

2 ~
iy = S8 ()Y Y+ (T)YOY", 1T = 2y (T)Y Y by (T) VY

- For Case 1) and s even,
8 . .
CLFV,a ~ 3 M? K yays (3 — ¥3) sinf,q sinOg sin3¢s.

8 . .
GNV.a ~ §szay2y3 (¥5 cos(20r) — y3) sin B, sin O sin3 ¢s,
Cpeg,a = 0,
where

4
9L,a:91_+pa?w1thpe:0, pu=+1, pr=—-1.



Case 1), BAU vs ¢,

Case 1), NO, M = 10 GeV, 6g = {7,'s even, mg =0 eV
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Figure 3: Vanishing initial conditions, A =0
[Drewes/YG/Hagedorn /Klari¢; 2203.08538]
- Correlation between Y and low-energy observables. Here,

sin(a) = sin(ﬁw%).


https://arxiv.org/pdf/2203.08538.pdf

Vanilla thermal leptogenesis

Assumptions:
* Asymmetry generated by heavy neutrino decays

* Hierarchical mass spectrum M; < M;

* Unflavoured 10 107 z_10° 10" 107
10" £, 10’
S 1
107 | NE 4 107
3 K=100 ]
10° | 410°
E N 1
107 " {10°
F 1
107 | 4 107
E INg_.| 1
10° F 3 10°
3 1
- -
10 402 107" 10° 10 10210
r r z=M,/T
Ny —€+¢ 1 Ny —T+o* [Buchmiiller/Di Bari/Pliimacher; '04]
— M i ;
- Decay asymmetry ¢; =

Py —erp T Sz

¢
¢ l
N—’—/ +N*’\')—ﬁ—{/ + N
S 7 N
é @



https://arxiv.org/pdf/hep-ph/0401240.pdf

Vanilla thermal leptogenesis

Assumptions:
* Asymmetry generated by heavy neutrino decays

x Hierarchical mass spectrum M; < M;

ES Unﬂavoured 10‘10" 107 2,10 10 1o=1o{
,,,,,,,,,,,,,,,,,,,,,, | 1
107 NS ] 107
b K=100 ]
10° 4 10°
—_— N = — n — I'I N,
dz ( i ) 10° : ! :10”
r 1
d r r 107 | 4107
_ eq w N
—nNp_| =€ n n ——Np_ r INo.| 1
128t 1 (1 Hy "Bl o | {0
r 1
1o 107 107" 10° 10 10‘107”
z=M,/T
Decay asymmetry € = FN145+¢—IENJ—>€+¢* [Buchmiiller/Di Bari/Pliimacher; '04]
N =+ 7y g

For large mass splittings |e1| < 2 M /AmZ, leading to the
Davidson-Ibarra bound

M; > 2 x 10° GeV
< Direct detection @


https://arxiv.org/pdf/hep-ph/0401240.pdf
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