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Evidence for the Baryon Asymmetryof the
Universe

* Our immediate surroundings is
made out of matter

* Key observational evidence
coming from the Cosmic
Microwave Background

- The baryon/photon ratio changes
the ratio of the odd and even peaks

* Complementary evidence from
Big Bang Nucleosynthesis

ArgaretioonbyPDG review]
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http://background.uchicago.edu/~whu/intermediate/
https://pdg.lbl.gov/2020/reviews/rpp2020-rev-bbang-nucleosynthesis.pdf
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Any baryogenesis mechanism needs to satisfy the three

[Sakharov ‘67] conditions:
[) Baryon Number Violation

- Sphaleron processes v

II)C and CP violation

— CP violation in the CKM matrix?

[IIPeviation from equilibrium

- Phase transition (crossover)

EuCAPT 2024


http://dx.doi.org/%2010.1070/PU1991v034n05ABEH002497

Sphalerons?

* Standard model processes that
conserve B-L, but violate B+L by six
units
['t Hooft '76]

* Exponentially suppressed
for T=0
(practically unobservable in terrestrial

J experiments)

[Bodéker, Bu hmuller '20] * Unsuppressed at high temperatures
T> 130 GeV

Weak Sphaleron, Fig. ligelag [Kuzmin,Rubakov, Shaposhnikov ‘85]

Can we use this to generate the BAUZ
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doi:10.1103/PhysRevLett.37.8
doi:10.1016/0370-2693(85)91028-7
https://arxiv.org/pdf/1812.02651
https://arxiv.org/pdf/2009.07294
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The EW phase transition

* In EWBG the 15t order phase transition
provides the deviation from equilibrium

* We have two phases:
- Symmetric phase <90> —0

- Broken phase <90> 7& 0

* For my > 70 GeV, this transition is a

instead!
[Buchmuller & Philippsen '94, Kajantie et. al. '96]

* 1st order P.T. still possible in extensions of
the SM!

- e.g. a two-step P.T.

Fig. from Fig. by
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http://arxiv.org/abs/hep-ph/9411334
http://arxiv.org/abs/hep-ph/9605288
https://arxiv.org/pdf/2009.07294
https://arxiv.org/pdf/1912.07189
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http://dx.doi.org/%2010.1070/PU1991v034n05ABEH002497

Asymmetry generation in EWBG

* For a strongly 1%t order PT. bubbles of
true vacuum nucleate as the Universe is

/\ cooling down
* As the bubble wall expands CP-violating

(p) =0
Sphalerons

interactions can lead to a spin separation:

* Different transmission/reflection for particles
and antiparticles

* Sphaleron processes outside the bubble
wash-out any asymmetry

(p) #0

No
Sphalerons

* The asymmetry inside the bubble survives
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CP violating source

* The question of CP violation is a difficult
non-equilibrium QFT problem

* The full equations often untractable - we
rely on controlled approximations to
estimate the CP asymmetry:

* Different computations can lead to different

asymmetries - improved understanding is
needed

* Simplest CPV sources should also lead to
electron Electric Dipole Moments

* Depending on the CPV source could
already be excluded!

Fig. From
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https://arxiv.org/pdf/2404.19197

The Sakharov Conditions

Any baryogenesis mechanism needs to satisfy the three
[Sakharov ‘67] conditions:

e riiiiaiiiineeeeaaa, 1) Baryon Number Violation
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II)C and CP violation
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[IIPeviation from equilibrium

- 1st order Phase Transition v
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http://dx.doi.org/%2010.1070/PU1991v034n05ABEH002497

-\WBG WIsnIist

[D. Weir “19]
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https://arxiv.org/abs/1705.01783
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Can we generate a Lepton asymmetry
iInstead?

* Neutrino masses are one of the best
signs for physics beyond the SM

* Adding right-handed neutrinos is one of
the easiest ways to generate the light
neutrino masses

* The RHN decays can lead to a lepton
asymmetry

=]

* The lepton asymmetry is converted to a
BAU through sphalerons

|
2 Lol i
Al sl s
A b LA

* This process is known as leptogenesis
[Fukugita/Yanagida ‘86]
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The Sakharov. Conditions

Any baryogenesis mechanism needs to satisfy the three
[Sakharov ‘67] conditions:

[) Baryon Number Violation

eqULlLbrtum

- Sphaleron processes v
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< II)C and CP violation

— CPviolation in RHN decays and oscillations v

[TIPeviation from equilibrium

- Production and decays of RHNs v
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http://dx.doi.org/%2010.1070/PU1991v034n05ABEH002497

What is the mass scale of the right-handed neutrines?

The see-saw Lagrangia The light neutrino

T

- r—1

| 0 mp Vi
LD — =
2 (VL VR) (m% I\.[]U) (I/R>

Mohapatra '93
Mohapatra/Valle '86

Bernabeu/Santamaria/Vi- Minkowski 77
dal/Mendez/Valle '86 Gell-Mann/Ramond/Slansky 79
Gavela/Hambye/Her- Mohapatra/Senjanovi¢ ‘80

nandez/Hernandez ‘09 Yanagida 79
Branco/Grimus/Lavouga '89 Schechter/Valle '80
alinsky/REBb7REANE 59 Canonical type-I seesaw
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Can leptogenesis provide more information?

Davidson-Ibarra

‘02
Flavoured
o Resonant leptogenesis
Leptogenesis via leptogenesis [Endoh et. al. ‘03]
oscillations f /Sg o [Pilaftsis/Underwood ‘05]
[Akhmedov/Rubakov/ [[Lljilafigige'w]] [Abada et. al. ‘06]
Smirnov ‘98] [Pilaftaic/l Inde i [Nir et. al. 06} Thermal

|ASaKa/SNaposnNIKOV ‘U5 ptegenesis
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Thermal leptogenesis

* the BAU is mainly produced in the decays of RHN

* as the universe expands, cools down to T = M the RHN become non-relativistic
and begin to decay

equﬂib”\ The lepton asymmetries follow the equation:

d }%a FN

—ear_ (YN = Yy') — WYy,

The key quantity determining the BAU is the decay asymmetry:
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Resonant leptogenesis

* For hierarchical neutrinos, the decay asymmetry is limited by the Davidson-Ibarra bound:

* we find that the wave-function alagrari 1 & al r'when M, =» M;

1 Im(FfT F)fz M1 My

8w (FTF)1n M? — M:

[Liu/Segre/Flanz/Paschos/Sarkar/Weiss/Covi/Roulet/Vissani/Pilaftsis/Underwood/Buchmuller/Plumacher...]

This enhancement is known as resonant leptogenesis!
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_eptogenesis via oscillations

* The lepton asymmetry is produced during RHN
production (freeze-in) instead of decays

source

* The RHN interaction basis and mass basis are
mismatched

* The RHNs begin to oscillate, and build up CP odd
correlations

5

5 =
2 0
= E
5 E
aw
2(6

* Further scatterings lead to a lepton flavor
asymmetry

* The lepton flavor asymmetry is converted t a lepton
number asymmetry through washout effects
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How to descripe this process?

System of kinetic equations * Physically, the same resonant
| P enhancement present for in both
P e / s ™ [T r = om)] types of low scale leptogenesis
L B LS R SN FC eI R * Main difference is in the deviation
i | from equilibrium
PN e - S {raw - 42 Y K [z*f'; in (_1__“,)], . Mo :

/rzfiu‘\.l?.br‘TMQ\
3

(a4

\\

* Equations used to describe resonant
leptogenesis and leptogenesis via oscillations
are quite similar

* Both can be shown as specific limits of a
generalized set of equations

* Other leptogenesis may require further care
Juraj Klaric
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leptogenesis

* With 2 RHNSs leptogenesis is
possible for all masses above

100 MeV b
e« FCC-hh
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----- 3 HNLs, thermal
—— 3 HNLs, vanishing

. . :iis la
entire experimentally NG <
accessible parameter space
-12 2 . 2 HNLs, thermal
for 3 RH NS —— 2 HNLs, vanishing

* Large overlap between freeze-
iIn and freeze-out leptogeneses
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Conclusions

* Baryogenesis and leptogenesis are testable mechanisms to generate the
observed BAU

* Conclusive tests may require a combination of different experiments and
observations:
- High energy experiments
- Gravitational wave observations

- Precision observables (EDMs, neutrinoless double beta decay, LFV...)

* [ only covered a small portion of baryogenesis mechanisms:
there are many exciting options on the table

Juraj Klaric FUCAPT 2024
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