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Leptogenesis

This year: 30th aniversary, opened new field of research!

Key idea: CP violating decays and scatterings of heavy Majorana neutrinos
generate lepton asymmetry which is partially transformed into baryon
asymmetry via sphaleron processes | 1;
observed baryon asymmetry perfectly consistent with neutrino
properties!

Many versions of leptogenesis: thermal, nonthermal, resonant, soft, axion
oscillations, Higgs relaxation, gravitational, ...; (historically) interesting:
main activity started with about 10 years delay ...

This talk: focus on aspects most relevant to neutrino physics and
testability of leptogenesis; classify models according to seesaw mass scale



Matter in the Universe

What is the origin of matter, i.e., the baryon-to-photon ratio

nNB = 2—5 = (6.1 T 0.1) x 10710
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Leptogenesis: quantum effect,
requires CP violation,

small Majorana neutrino
masses, connection between
baryon and lepton number,
and an expanding universe
(Sakharov’s conditions OK)




GUT-scale seesaw

Grand Unified Theories (GUTs) predict right-handed neutrinos:

Gsy =U(1) x SU(2) x SU(3) C SU(5) C SO(10) C ...
SO(10): 16 = (d%,lp,qr,u%, €%, V5)

RH neutrinos can have large Majorana masses )/, not predicted by SM
gauge symmetry; electroweak symmetry breaking yields Dirac neutrino
masses mp = hvg;result 3 heavy and 3 light mass eigenstates (seesaw

mechanism):
N ~vp +vp my >~ M ,

v~vp+Up o m, = —Mp—mp

For hierarchical right-handed neutrinos and 3rd generation Yukawa couplings

O(1), light neutrino masses related to mass scale of grand unification:

U2

M3 ~ AGUT ~ 1015 GeV ) msg ~ — 0.01 eV
Ms



Lepton asymmetry, and subsequently baryon asymmetry is caused by CP
violation in heavy Majorana neutrino decays, magnitude determined by
neutrino masses (quantum interference!):

E1 =

~ 5 M Im (h*m,h')

F(N1%H+ZL)—F(N1%HT+ZTL)

B 167 (hhT)ll’U%

Self-energy diagram gives “resonant enhancement”
of CP asymmetry for quasi-degenerate N’s



Rough estimate of CP asymmetry in terms of neutrino masses,
assuming dominance of largest eigenvalue, phases (1) and seesaw
relation,

3 M1m3 0.1 %
16w 2 . M37
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CP asymmetry determined by heavy neutrino mass hierarchy; mass ratios
like for quarks or charged leptons, M; /M3 ~ 10~%...107?, yield
estimate ¢; ~ 107°...107% . Final baryon asymmetry:

np —Ng

N = = —dcsE1kf ~ 1072...1071°
Thy

with “dilution factor” d ~ 1072 and “washout factor” x; ~ 1072
(Boltzmann equations); observed value of baryon asymmetry consequence
of hierarchical heavy neutrino masses and kinematical factors!



Quantitative description via Boltzmann equations (decays “D”,
scatterings “‘S”, washout “W?”; simple for sum over lepton flavours):

dN
St =—(D+8) (Ny, — Ny |
d]\;BZ_L = —&1 D(NN1 — Nﬁ%) — WNB_L
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In “strong washout regime,’
M1 > My ~ 10_3 eV

(mpmp)i
My
baryon asymmetry rather
independent of initial
conditions (abundance of
heavy neutrinos & initial
baryon asymmetry)

mi =



M1 (GGV)

10 b | Detailed study of Boltzmann
- | equations leads to bounds on
light and heavy neutrino masses
(and reheating temperature); in
simplest approximation (sum
over lepton flavours):
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Preferred neutrino mass range (“strong washout regime”, independence of
initial conditions):
107°% eV < m; < 0.1 eV

modifications: lepton flavour effects (bounds relaxed by about one order of
magnitude ?! [ ] ); furthermore effects
from possible neutrino mass degeneracies



TeV-scale seesaw
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Z = mN/T

Resonant leptogenesis: strong enhancement of CP asymmetry, and
baryon asymmetry, due to close degeneracy of heavy neutrino masses;
flavour effects included; careful adjustment of parameters required
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Direct test: heavy neutrino production at the LHC (assume additional vector
bosons), with lepton-flavour violation, displaced vertices; strong constraints
from out-of-equilibrium condition in leptogenesis
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GeV-scale seesaw

zero abundance of N;

thermal production of N,, N
- |epton asymmetry generated

Electroweak Symmetry Breaking
— |epton Asymmetry converted to baryon asymmetry

N,, N3 reach equilibrium
- |epton asymmetry washed out

N,, N;freeze out
— |epton asymmetry generated

N,, N;decay
- |epton asymmetry generated

resonant Ny Dark Matter production

VM (inimal)S(tandard)M(odel)

[ I
NO’s, DM and baryon asymmetry
just from SM with 3 N'’s; baryon
asymmetry from N-oscillations
and sphaleron conversion;
resonant enhancement of CP
asymmetry:

thermal history:

T ~ 100 GeV : |pa| ~ 1071
T ~ 100 MeV : |ua| =8 x 107°
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Tl =0 Dark Matter (keV mass, small
1078 £ Excluded by X—ray observations -~ . . . .

z . active-sterile mixing):
CO=mpM~', U?=tr(610)
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10-14 N . 3.5 keV line welcome!!
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Lower bound on masses of
heavier RH neutrinos:
o M2 3 > 2 GeV
- 9 Y,

can be searched for at SHiP

Prediction for lightest V-mass:

02 05 1.0 20 50 10.0 myp = 0



Leptogenesis - piece of a puzzle

For GUT scale seesaw, RH neutrinos very heavy, cannot be produced in
laboratory experiments (in principle direct tests possible in cosmology via
gravitational waves!). Indirect tests:

* Majorana nature of neutrinos

* lepton flavour violating processes (e.g. in supersymmetric GUTs, U -> ey, ...)
* connection with dark matter

* properties of light neutrino masses, using relations between quark, charged
lepton and neutrino mass matrices; key observables:
neutrino mass differences and mixings, CP violation
V-less BB-decay: mo, 55 = | >, Um;| (0.2 eV)
absolute neutrino mass scale: myt =Y. m; ( S 0.5¢€V)
baryon asymmetry, magnitude and sign:e, |np|, sign|nz]



Anarchy with U(1) flavour symmetry

Instructive example: leptogenesis by Monte Carlo; input: anarchy & U(1)
flavour symmetry:

_ 1
AL D —eabLaHgy,/VR — §ﬂ%mRuR + h.c.
et e €
y, ~0(1), mp~M| € € ¢
e € 1

with € ~ 0.1and M fixed by Am? = 2.5 x 1072 eV~; random coefficients
(Gaussian measure, independent of basis); data (mixing-split cuts):

sin?20s5 = 1.0

sin®2615 = 0.857

sin®26,5 = 0.095
Am?

= Amlz

€ Rexp % (1 —0.05,1 + 0.05)
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Normal hierarchy dominant, inverted hierarchy only 0.1%; v-less BB-decay:
Mest ~ 2 — 4 meV; baryon asymmetry peaks at observed value!



Semi-Anarchy with U(1) flavour symmetry

For comparison: semi-anarchy & U(I) flavour symmetry; input:

7’]d+1 77c—l—l nb—l—l 772d 0 0
B~ pt e b |, Mg~[0 n* 0],

77d nc nb 0 0 772b

" n on St o
—m,~n** |n 1 1], M9~y [n* n 1

n 1 1 n? n 1

with 0 <a <1 (tanf); b<c<d; a+d=2;39 real parameters, random
numbers O(l), uniform on logarithmic scale; data:

2.07 x 1072 eV? < |[Am2, | < 2.75 x 1073 eV?,

atm

7.05 x 107°eV2 < Am2, <834 x 107%eV?,

sol

0.75 < sin?(26:2) < 0.93,
0.88 < sin?(26,3) < 1
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effective neutrino mass:

movBg = 151_82 meV

mean corresponds to

nB ~ 9 X 10— 10

observed baryon asymmetry
obtained for hierarchical
heavy neutrinos (strong
washout regime favoured)!



Occam's razor

More ambitious: predict sign of baryon asymmetry! Ansatz: restrict mass
matrices by “texture zeros’; light-neutrino mass matrix can be completely
reconstructed from experiment, includes 2 phases which determine sign
of baryon asymmetry (vary parameters consistent with present data)

me 0O 0 0O A 0
Mp=|0 m, o0 Cmp=|(4 0o B| |
0 0 m:), . 0o B (C IR
Mle_igbA 0 0
Mp = 0 MQG_MSB 0
0 0 M

RR
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Results of Monte Carlo analysis (random numbers, linear scale):
neutrino mass for V-less BB-decay: m.. ~ 7 — 8 meV

sign of baryon asymmetry: sign|ng| = sign|sin ¢ 4|

improved measurements will eventually resolve ambiguity



Independence of initial conditions
Di Bari, King, Fiorentin ’ 14

99%
1.5 959

10~4 1072 1072 107!

my |eV]

’

Red: demand washout of initial B+L asymmetry 5% ~ 107y (“independence’
of initial B+L asymmetry); NH: for 99% of scatter points m; 2 10 meV !!
(IH less restrictive); experimental progress: soon ), m, = 90 + 10 meV ??
Would exclude seesaw with 2 N’s, VMSM and Affleck-Dine leptogenesis !!
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Palanque-Delabrouille

etal’l5

CMB & Lyman-alpha:

Miot < 0.12 eV

Battye & Moss ' 14

CMB, BAQO, lensing

& galaxy counts :

Mmiot = (0.320 -

- 0.081) eV

thermal leptogenesis ruled out ??



Towards a theory of leptogenesis

Leptogenesis is “‘simple” nonequilibrium process: weakly coupled heavy
neutrino in large SM thermal bath, close to thermal equilibrium; rigrous

treatment in nonequilibrium QFT? [
]; Schwinger-Keldysh

formalism for spectral functions and statistical propagators of lepton
doublets and heavy Majorana neutrino:

1
(5?1 + w(zl)Aa (t1 - t2) = — /t dt’ Ha (tl — t/)Aa (t’ — tz)
2

o
(67, + w) AL (t1,t2) = /t | dt' ITE (81 — t)Ag (t' — t2)

t1
—/t dt' II (t1 — t') A (t, t2)

7

C+
ti =20 f \tf—>oo
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tree-level =--*---
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thermal production of heavy neutrinos (Higgs decay, production from
lepton-Higgs pair, soft gauge bosons ...); resummation of soft gauge bosons;

result very different from naive estimate with thermal masses!



generation of lepton asymmetry (CP violation!) starts at two loops;
cut: interference of tree-level and one-loop diagrams
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difficult problem: resummation of soft gauge bosons; compact analytical
expressions obtained, numerical analysis in progress; expected result:
thermal damping in the bath leads to local (in time) equation for lepton
density matrix, including corrections from quantum statistics and
propagator effects; systematic expansion in couplings...; it is important
to obtain rigorous prediction for baryon asymmetry with error bar!



Conclusions & Outlook

* Thermal leptogenesis elegant and natural mechanism for explanation
of baryon asymmetry, supported by small neutrino masses

* L ow-scale leptogenesis (TeV or GeV seesaw scale) possible; potentially
interesting signature: lepton-number violation at LHC; problem: scenarios
rather fine-tuned (theoretical motivation?)

* Very important: more precise measurement of neutrino masses and
mixings, CP violation, in particular OVBP decay and absolute neutrino
mass scale,

* Cosmological determination of absolute neutrino mass scale would rule
out several classes of leptogenesis scenarios and support GUT-scale

thermal leptogenesis

* Rigorous treatment of thermal leptogenesis in thermal QFT within reach



