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Motivation for Leptogenesis

What mechanism
generated
the BAU?

Are neutrinos

Why are neutrinos their own
so light? antiparticles?




Seesaw Mechanism

Standard Model is an effective theory which contains non-renormalisable operators

Weinberg, Phys.Rev.Lett. 43 (1979)
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https://www.symmetrymagazine.org/article/neutrinos-on-a-seesaw

Seesaw Mechanism

After SSB a Majorana mass is produced for the active neutrinos

Weinberg, Phys.Rev.Lett. 43 (1979)
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https://www.symmetrymagazine.org/article/neutrinos-on-a-seesaw

Seesaw Mechanism

After SSB a Majorana mass is produced for the active neutrinos

Weinberg, Phys.Rev.Lett. 43 (1979)
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Seesaw Mechanism
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After diagonalising the mass matrix m, ~° mpmp _ Y7v
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Sakharov’s Conditions

Baryon number violation

C & CP-violation

Departure from thermal
equilibrium

Image courtesy of Symmetry Magazine
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Mass RHN

O(10**) GeV

Fukugida & Yanagida Phys.Lett. B17 45-47
(1986) Buchmuller, Di Bari & Plumacher
New J.Phys. 6 105 (2004)

Barbieri, Creminelli, Strumia &

Tetradis Nucl.Phys. B575 61-77 (2000)

Leptogenesis: dynamical
generation of lepton asymmetry.
Electroweak sphaleron: lepton
—paryon asymmetry

6
O ( 10 ) GeV intermediate
Racker, Rius & Pena JCAP 1207 030

(2013) Moffat, Petcov, Pascoli, Schulz & Turner scale Ieptogen98|s
Phys.Rev. D98 no.1, 015036 (2018)

S— Need to Boltzmann equations
which track the time

evolution of the RHN and lepton
asymmetry

O(10%) GeV

Pilaftis & Underwood Nucl.Phys. B692 303-345
(2004) Abada, Aissaoui, Losada
Nucl.Phys. B728 55-66 (2005)
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Akhmedov, Rubakov & Smirnov
Phys.Rev.Lett. 81 1359-1362
(1998) Asaka & Shaposhnikov
Phys.Lett. B620 17-26 (2005)
Asaka, Eijima & Ishida

JHEP 1104 011(2011)
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intermediate
scale leptogenesis

resonant
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Leptogenesis: dynamical
generation of lepton asymmetry.
Electroweak sphaleron: lepton
—paryon asymmetry

Need to Boltzmann equations
which track the time
_evolution of the RHN and lepton
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Leptogenesis via oscillations

* highly degenerate RHNs produced via scattering at T > Tew
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Akhmedov, Rubakov & Smirnov (1998)

 small Yukawa couplings = RHNs may not have equilibrated by the EWPT

e RHNs CP-violating oscillations — source of lepton number and flavour asymmetry.
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Leptogenesis via oscillations 2RHN

e (5eV-scale RHNs — rich phenomenology Casas & Ibarra, Nucl.Phys. B618 (2001) 171-204

1
Y — (]1 /mRT \/ M 4 masses, 4 angles, 3 phases (2 masses + 3 angles measured)
(Y,

al

2

B :
AU (upper boung) normal ordering

1071% Al constrajpy 1609.09069

0.5 1 ) 10 20
M[GeV]
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intermediate
scale leptogenesis

resonant
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e RHNs decay width similar to their mass differences. Mass range ~ TeV

e RHN masses explained by additional U(1)s-L symmetry and can be sufficiently
long-lived — displaced-vertex signature searched for at LHC, MATHUSLA or

SHIP.

SRS
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S

Deppisch, Dev & Pilaftsis New J.Phys. 17 no.7, 075019 (2015)
Helo, Kovalenko & Hirsch Phys.Rev. D89 073005 (2014)
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Nucl.Part.Phys.Proc. 273-275 2693-2695 (2016)
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Resonant Leptogenesis
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Pilaftis & Underwood Nucl.Phys. B692 303-345(2004) Abada, Aissaoui,
Losada Nucl.Phys. B728 55-66 (2005)
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https://arxiv.org/pdf/1502.06541.pdf
https://arxiv.org/pdf/1502.06541.pdf

Resonant Leptogenesis in the Neutrino Option

e Assume Higgs potential vanishes at M

e |ntegrate out TeV RHN and RG evolve: Higgs potential produced for M ~ 103 TeV

Brivio et al

1905.12642
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Brdar, Hemboldt, Iwamoto, Schmitz Phys.Rev. D100 075029 (2019)
Brivio, Moffat, Pascoli, Petcov, Turner JHEP 1910 059 (2019)
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https://arxiv.org/pdf/1502.06541.pdf
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https://arxiv.org/pdf/1905.12642.pdf

Resonant Leptogenesis in the Neutrino Option

e UV-completion of Neutrino Option (Brdar, Emonds, Helmboldt, Lindner) minimal
renormalisable model based on classical scale invariance

* New scalar breaks scale-invariance — generates mass for RHNs and strong first
order phase transition

1075

10—16 _
1810.12306 -
10718 — LIGO 2016-17 |
- = LIGO 2019-20 ]
P LIGO 2022+ | Brdar, Emonds, Helmboldt, Lindner
10 104 100 102 100" 1 10" 102 Phys.Rev. D99 (2019) no.5, 055014

frequency [Hz]
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Difficult to test as RHNs very
Intermediate heavy however gravitational
scale leptogenesis 5y es offer an additional
telescope on high-scale
leptogenesis
resonant
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Fukugida, Yanagida

Thermal leptogenesis
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Fukugida, Yanagida

Thermal leptogenesis

N — LH

N — z H asymmetry

lepton
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Fukugida, Yanagida

Thermal leptogenesis

B-L conserving
sphaleron

N — LH processes

lepton
N — z H asymmetry
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Thermal leptogenesis

Fukugida, Yanagida

B-L conserving
sphaleron
processes

lepton
asymmetry

Decay asymmetry from interference between tree

Covi, Roulet, Vissani .

and loop level diagrams
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Thermal leptogenesis

Washout and scattering processes

L
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o"'
" 4 /S ‘e,
H - H - Hi's L " ()

inverse Decays AL=2 AL=1

Parameters of
theory

Y,

Boltzmann
Equations
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assume zero initial
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region 1
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Region 1: leptons and Higgs have enough energy to
inverse decayv creating a lepton asymmetry
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region 1 region 2 : region 3
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Region 3: At T <M, RHN abundance is depleted. Lepton asymmetry freezes out.
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Primordial Black holes induced leptogenesis

Work in collaboration with Yuber Perez Gonzalez: 2010.03565

Astrophysical BHs require A > 3M,

. C , 0912.5297
For smaller BH mass (between Planck and solar mass scale) require large ~*"°°

perturbations in the early Universe :

Hawking, 1975

rs ~ A\c —— PBHs evaporate by emitting particles

dM

13
abs (GMp) p° dp Ton = éM ~ 1.06 (10M g> GeV .
exp| By (p)/TBu] — (—1)2%%e "

PBHs are totally indiscriminate in their particle production: just need TsH to be close to particle mass

Institute of Particle Physics Phenomenology 26


https://arxiv.org/pdf/2010.03565.pdf

Primordial Black holes induced leptogenesis

Morrison et al, 1812.10606
Fujita et al, 1401.1909

assume PBH domination

PBH are formed PBH evaporate
matter anti-matter
asymmetry

Hanl B eq FT fBH dngﬁ_L (1) eq T
al — = = —(nn, —ny, )Ty, +nal'y, , aH T = Cap [(an —an) 'y, +nBH

Institute of Particle Physics Phenomenology
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Primordial Black holes induced leptogenesis

Morrison et al, 1812.10606
Fujita et al, 1401.1909

assume PBH domination

PBH are formed PBH evaporate
matter anti-matter
asymmetry

contribution to RHN population from
thermal plasma

Hanl B T'BH dngﬁ_L (1) eq T
a da — y T'BH N1 > a/H da — 6045 |:(an — an) FNl _I_nBH

Institute of Particle Physics Phenomenology
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Primordial Black holes induced leptogenesis

assume PBH domination Morrison et al, 1812.10606

Fujita et al, 1401.1909
PBH are formed PBH evaporate
matter anti-matter
asymmetry

contribution to RHN population from
thermal plasma

dTLNl dnE_L ~
aH P ' aH daﬁ — 6((115) {(an — n?\%) in\ﬁh + nppl’

contribution to RHN population from
PBH evaporation

Institute of Particle Physics Phenomenology
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Primordial Black holes induced leptogenesis

assume PBH domination Morrison et al, 1812.10606

Fujita et al, 1401.1909
PBH are formed PBH evaporate
matter anti-matter
asymmetry

lepton asymmetry

contribution to RHN population from production from RHN decays
thermal plasma and inverse decays

dTLN
H L — 7
¢ da

contribution to RHN population from
PBH evaporation
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Primordial Black holes induced leptogenesis

assume PBH domination Morrison et al, 1812.10606

Fujita et al, 1401.1909
PBH are formed PBH evaporate
matter anti-matter
asymmetry

lepton asymmetry

contribution to RHN population from production from RHN decays
thermal plasma and inverse decays

dTLN
H L — 7
¢ da

contribution to RHN population from
PBH evaporation
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Primordial Black holes induced leptogenesis

assume PBH domination Morrison et al, 1812.10606

Fujita et al, 1401.1909
PBH are formed PBH evaporate
matter anti-matter
asymmetry

lepton asymmetry Washout effects
contribution to RHN population from production from RHN decays only sensitive to neutrino
thermal plasma and inverse decays parameters

dTLN
H L — 7
¢ da

contribution to RHN population from
PBH evaporation
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Primordial Black holes induced leptogenesis

A. PBH evaporate before/during RHNs are thermally produced from plasma — PBH evaporation
creates an initial condition which gets erased by fast interactions in the plasma

B. PBH evaporation happens shortly after thermal leptogenesis M;=17g B;=10"° My =10"GeV

RH neutrino abundance Final baryon asymmetry
)y ZBH ~ 102 | 0.001f :
S 5 5
temperature of PBH Qo | 1075} E
can exceed 1041 9O I D :
RHN mass athermal S I S I
not suppressed B \',;\Q | 1071 E
= — O

Q I M ~ I
=, o i = S :
71 © ! Q ;
10 N I N I
o . S |
& : 1079 'S :
(7/) I (@) I
i Q I (¢) I
L i > I
~10 | . |
10 | 10-11} {s I
| m |
: Ny :

10—13 P T A I I T DT 10—13 N A B N T B A T |_

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Log a Log a
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Primordial Black holes induced leptogenesis

A. PBH evaporate before/during RHNs are thermally produced from plasma — PBH evaporation
creates an initial condition which gets erased by fast interactions in the plasma

B. PBH evaporation happens shortly after thermal leptogenesis

M;=17g B;=10"° My = 10" GeV

RH neutrino abundance

Final baryon asymmetry
0.001
10—5_
= _ 1077} $
= 5 §
— = &
9
)
10797 $
\O
O
ot £
O
)

10—13 A
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Primordial Black holes induced leptogenesis

A. PBH evaporate before/during RHNs are thermally produced from plasma — PBH evaporation
creates an initial condition which gets erased by fast interactions in the plasma

B. PBH evaporation happens shortly after thermal leptogenesis

M;=17g B;=10"° My = 10" GeV

RH neutrino abundance

Final baryon asymmetry
_ _2 [ E -
0.1l zyg ~ 10 . _ 0.001
KN
<
Qo 10—5_
104 R N
& o)
L O |
= $ R\ {11 — 107t
= - > 0 =
= x$ ] =
7] o N _
10 6 o
O ]
- s 0% 1 10—9_
¢ / /R _
s ]
10_10- ] 10—11_
10°13 I P PO B 10-13 L
0 1 2 3 4 5 6 7
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Primordial Black holes induced leptogenesis

D. PBH evaporation occurs way after thermal leptogenesis era

0.1}

104]

10—10,

10—13

RH neutrino abundance

<BH "~ 100

PBH contribution
extremely
suppressed

8 10

InBl

0.100¢

0.001}

1075

10—7,
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10713

M; =10*g B; =107

Final baryon asymmetry
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Primordial Black holes induced leptogenesis

D. PBH evaporation occurs way after thermal leptogenesis era

| Ng

10—10,

10—13

RH neutrino abundance

M; =10*g B; =107

Final baryon asymmetry
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Primordial Black holes induced leptogenesis

,3'210_3 MN — 1011 GeV
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logyg (|75])

Thermal leptogenesis and primordial black holes

_4-
_6-
— 81
—10- MN1 = 1012 GeV
— My, =101 GeV
— MN1 = 1010 GeV
— My =10°GeV
_12; M
—1 0 1 3 A 5

2
logy (M;) (g)

—1].“ \
_12_
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—— My, =10°GeV \
_14_
—1 0 1 3 4 5

2
logy (M;) (g)

Chose Yukawa matrix for maximal baryon asymmetry
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Thermal leptogenesis and primordial black holes

78l

10° 10 102 10° 10* 10° 10- 10> 10! 10> 10° 10* 10°
M; [g] M; [g]

Dilution effect present as long as there is PBH domination

Institute of Particle Physics Phenomenology
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Thermal leptogenesis and primordial black holes

1078

Mot = 1 GW spectrum produced directly
Mppy =4y .
Mo = 10g % from PBHs very high frequency.
Mppy = 10% g
_ Mppy =10°g | |
Y Mppy = 10* g .
o |/ Smaller PBH evaporate earlier

| and experience more redshift

We could potentially observe

| GWs from isocurvature

0 perturbations (Papanikolaou et al,
2010.11573, Domenech et al

o A 2012.08151)

f (Hz)
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https://arxiv.org/abs/2010.11573
https://arxiv.org/pdf/2012.08151.pdf
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multidimensional PS scan

&

ULYSSES: Universal LeptogeneSiS Equation Solver

Dark matter
production

; spectator effects
cosmology

2% @ - 2w

* Thermal and resonant leptogenesis
e Easy parallelisation
e rapid evaluation
e python package

In collaboration with Granelli, Perez-Gonzalez,
Moffat & Schulz. Happy for people to
add their own plugins

Institute of Particle Physics Phenomenology
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https://arxiv.org/abs/2007.09150

Thermal leptogenesis and primordial black holes

* Leptogenesis is one of the leading explanations of the matter anti-matter asymmetry. Added bonus
IS that light neutrino masses are also explained.

* |t is entirely feasible the Universe underwent some non-standard cosmology such as PBH
domination

 Due to the democratic nature of PBH, all particle degrees of freedoms are produced if the PBH is
sufficiently hot.

* Non-trivial interplay between leptogenesis era and PBH evaporation. In some regions of the PS
there is significant enhancement while in the low mass right-handed neutrino regime, heavier PBHSs
produce a giant entropy dump which dilutes the matter anti-matter asymmetry.

* While thermal leptogenesis is a very scale mechanism and therefore difficult to test, future probes of

ultrahigh frequency GWs could falsify the intermediate scale leptogenesis.

Jessica Turner Institute of Particle Physics Phenomenology
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System of equations

dM abs )p dp

dt exp|F BH| — (—1)%%
dQR 1 (M) 1 dM
—=—4(A-1)—X

da aA[ ( | e(M) M da PR
dogpg 1 dM

da M da °B%

&
H? = — (ona > + ora™*)

aH 0 —ESB) [(nN an)Fﬁl n%ﬁlf%ﬂ Was
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Code can be
found at ULYSSES
and plugin is etabPBH_vf.py



https://github.com/earlyuniverse/ulysses/tree/master/ulysses

