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Gutline

e What is the baryon asymmetry?
e How is It measured?

e Sakharov’s Conditions

e Two Leading Explanations

o Leptogenesis with Type-l Seesaw
Mechanism

e Connecting Measurable Parameters with the
BAU
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d/leasuring the _Baryon gftsymmetry

~ 0.26 eV O(10%) years
LlElelgReNEIIEIR min - 104 years

~MeV - 80 keV BBN ~1s-3mins

~ 2.5 MeV JvY decoupling 0.1s
~ 200 MeV [@I&IBR =131 ii(0)) 10 ps

~0.76 eV

~ 100 GeV EWPT 0.1 ns
post-inflation

inflationary stage
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Dig Pang cNucleosynthesis

bright quasar 3C 273:
Hubble Space
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Sakharov 5 Conditions



1. Baryon/ fepton cNumber Violation

e B and L accidental symmetries of SM va>
e B+L violate by SU(2)L anomaly AAAANA,
e B-L conserved
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75

Ouip_p =0

e sphalerons are non-perturbative
field configurations

e T > EW scale, sphalerons rates are
unsuppressed



V4 | Kuzmin, Rubakov and
Shaposhnikov

Baryon and Lepton Number Violation



2. € Yiolation

e Require interactions to prefer
matter over anti-matter

=
e CPV in SM quark sector : ; :
produces an asymmetry O(107)| -t i
[ i | (el 55) -
too small. T \ A
CKM PDG, 2012 | | [3 | | |

e Require new sources of CPV



Kuzmin, Rubakov and
Shaposhnikov

Baryon and Lepton Number Violation

Gavela, Hernandez, Orloff,

InSUffiCient CP ViOIatiOn Pene; Huet and Sather




3. Jeparture from fhetmal fouilibrium
(Uereversibility)

e In thermal equilibrium: process and its inverse
proceed at the same rate.

* Interaction rate of a process drops below the
expansion rate of the Universe, process comes out of
equilibrium I' < H

* The EWPT of the SM is a crossover not strongly first
order V

* Need alternative mechanism to provide /

OEE condition. \/



Kuzmin, Rubakov and
Shaposhnikov

Baryon and Lepton Number Violation

Gavela, Hernandez, Orloff,

InSUffiCient CP ViOIatiOn Pene; Huet and Sather

Kajantie, Laine,
Rummukainen, Shaposhnikov

No departure from thermal equilibrium




jeading afx/olanationb

1. BAU produced during EWPT via EWBG.

2. BAU produced before EWPT via
Leptogenesis

3. BAU produced after EWPT via exotic
decays



. cflect’coweak aBa’cgogen.eAiA o

<UH> =




cflect’coweak aBa’cgogen.eAiA

sphalerons unsuppressed

(ve) # 0

sphalerons sphalerons

suppressed

CPV
Baryon Asymmetry




Seesaw ¢flechanism

e Most theories of leptogenesis assume neutrinos are
Majorana (of course there are exceptions®)

L H LHLH )\
\._/ _CD:5 — X\ — iVLC’TVL

M M
7\,

1%

Minkowski, - ,’H Ma, Roy,
Yanagida, Ma P Senjanovic,
Glashow, , Wettgr?ch ',' Hambye

Gell-Mann, Scalar

Lazarides, P
Ramond, fermionic Shafi. trlplet fermionic
Slansky, . triplet
sinalet N Mohapatra, D P
Mohapatra, 9 Senjanovic,
/ A / ‘
A Y
N
N \
vr, H vr, vr, vr, H

L——YNLH—§NC

*Dirac Leptogenesis,
Dick, Lindner, mL
Wright, Ratz D )



afeptogenebib via dDeca#A

Fukugida, Yanagida
|CP V|olat|on| | weak sphalerons |

‘occurs atT ~ M‘ anti- anti-

leptons baryons

Decay asymmetry from interference between tree
and loop level diagrams
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Washout and Scattering processes

\_\ />

inverse Decays AL=2 AL=1

Add refinements: flavour effects, finite density
effects, spectator processes etc
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d/lodel gfarameter Space

Uprins TRV

sum of neutrino masses Complex, orthogonal
and neutrino oscillation matrix

Y, =

Unconstrained

Neutrino Oscillation

) 3 masses
constraints

ensure at least mild

hierarchy
3 mixing angles

6 real parameters

3 phases 3 parameters
1 0 0 Cws O S, Cws  Sws U
R=10 cu S 0 1 O —Sws  Cwy 0
O _Swl Cwl _Sw2 O sz O O ].

Cp, = COSW;, Sy, = SINW;, W; = T + 1Y;

ne is a function of up to 18 parameters.



Disfavoured by Flavour effects can lower scale

Leptogenesis via
N
’ ’ inimal Leptogenesis
oscillation data oscliliations Plog GUT-scale

~ eV ~ MeV ~102 GeV ~10° GeV ~107 GeV ~1014 GeV

: All above scenarios:
type-1 SS
Leptogenesis via Leptogenesis via
oscillations decays

* neutrinos masses + BAU * neutrinos masses + BAU

e Minimal: 2 heavy RHN e Minimal: 2 heavy RHN

e LFV, LNV colliders and  Natural UV completions
meson decays

 Harder to test (maybe Iin
 Minimal models fine-tuned future depends on scale)




drabsifiable

It would be ideal if the physics explaining neutrinos
masses + BAU was at the GeV scale.

BUT we should consider the possibility this is not the

case, it may be higher — harder to test

1014+ I_/;\L image taken from
There are issues if the I , Do et
mass scale of the RHN is 107 § ™ Huang, Pas
too high: Higgs vacuum oo
stability, increased F.T > 0v3B LFV
Higgs mass 5 10%

. - . | 106;— II

Still falsifiable colliders and
NDBD: observe new physics to 10“ H
exclude new physics! e | T

* see also 0806.0841, O- 07 0 0 0 O.., O,
1312.4447



Standard cfaradigm:
Jeptogenesis via decays
cannot produce BoAY below

10° GV

Can we lowe the scale?



d hee-flavored nontesonant
le,otogen.ebis at intetmediate
secales



0 |t |aar|z1(°) [y1(®)|z2(®) |y2(")|za(®) |ya ()
Boi <] 0] 0] 1045 ] 5] 2] 6] Use flavour effects to lower the scale
BP2 % % 0 20 0 45 25 75 15
BP3|Z| 5|5 ] 60| 10|45 | 90 | 65 | 0
BP4|2X| Z | 0| 5 |180| 5 | 90 | 65 | 135

TABLE II. Benchmark points used to test the three-flavoured

equations against the density matrix equations.
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http://inspirehep.net/record/1667870
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Secale can be lowered t/z’coug/z
flavou’c eﬁ‘ect& and t/zo’coag/z

d/-& explozation



What if all CcPV came frrom

low-en.e'cgég /o/zabes ?

atet-" zevisit this question
with mo%e Aop/ziaticated mac/zine'cg
and incorporate of flavowc eﬁ‘ectA,

wadiative cocection’ ete
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Can BAU be produced at “intermediate” scales with low
energy phases?

Need to assume (although there are theoretical
motivations) that high scale phases are CP conserving

cosxs ~ 0 and yy = 0,

cosxi1| =0 or 1,

cosxz| =0 or 1,

Solve kinetic equations using this assumption over 7
orders of magnitude in the scale



Leptogenesis at intermediate scales using low-energy
phases
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Qt was t/zoug/zt that at /u;g/z
/u’g/z scales leptogen.esis with

low energy €V could not
produce the BAYV
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In the very high scale regime, the one-flavoured limit is
never fully reached which means a lepton asymmetry can
still be generated. The contrary conclusion was a
misconception.

Leptogenesis via decays can produce the BAU from CPV
phases measurable at neutrino oscillation experiments
over 7 orders of magnitude.

But one has to assume the high-scale phases are CP
conserving (although there are theoretical motivations to

do so).



Summary

e Observation of the BAU is empirical evidence of
Physics beyond the Standard Model.

o |Leptogenesis is a simple and compelling mechanism
to address neutrino masses and the BAU.

“Observation of low-scale leptonic CP violation and
positive determination of the Majorana nature of the
massive neutrinos, would make more plausible, but will
not be a proof, of the existence of thermal leptogenesis.

These remarkable discoveries would indicate that
thermal leptogenesis could produce the BAU with the
requisite CP violation provided by the Dirac CP-violating

phase in the neutrino mixing matrix.”
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JBasic gflechanism

dNNl — _D (N - Neq )
d> 1AV, Ny B.E do not consider
IN spectator effects or thermal
2L e corrections
— €1D1(NN1 — NNq;) — WlNB—L
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0.01¢ 0.001+

10 £

| zero initial abundance \ 10
10-51 of sterile \ *

NI
INJ

10_9§
10_8? i

10710 10-12

005 010 050 100 500 1000
M,
T

Strong washout Weak washout

These kinetic equations do not account for the fact leptons have flavour



o lavour fffects

Ty (T) ~ 107 2R2T Temperature

T. ~ 4 x 10* GeV T, ~ 2 x 10” GeV T. ~5x 10" GeV
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Using flavour effects the scale of thermal leptogenesis may

be lowered several orders of magnitude
If the era of leptonenesis occurs T < 10° GeV, three flavours

become distinct



UcpNi () UCP =ip; N; ('),
Ucpvi () UCP = 1p; Vi ('),
N
Yoj,; = Yaip;
CP invariant transformation of PMNS matrix
U;] — Cvjpjy'v YIS {17273}7

CP invariant transformation of R matrix

R, = Rz‘jﬂffvp’f, i,7 €11,2,3}.



