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associated to neutrino masses (typically
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MOTIVATION

Non-zero neutrino masses Baryon asymmetry

Bariogenesis via leptogenesis

Standard Leptogenesis scenario Leptogenesis via neutrino oscillations
Out of equilibrium decay of heavy states  Out of equilibrium in production of sterile
associated to neutrino masses (typically ~ neutrinos (natural at low-scale: testable?)
require large scale hard to test) Akhmedov, Rubakov, Smirnov, 1998;
Fukugita, Yanagida, 1986; Asaka, Shaposhnikov, 2005; ...
...many works, reviewed by N. Rius
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THE MODEL

Minimal extension to SM- adding N > 2 right handed neutrinos
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THE MODEL

Minimal extension to SM- adding N = 3 right handed neutrinos
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THE MODEL

Minimal extension to SM- adding N = 3 right handed neutrinos

3
_ o 1 .
L=Lsn — g LYY ¥ ®vy, — E §D}§M}§V%ﬁ + h.c.
a,i i,j=1

In Majorana mass basis Y = VTDz'a,g(yl, Yo, Y3 )W

\ /

6 CP phases, 2 of them Majorana phases

Mass range 0.1-100 GeV (decay before BBN; M /T < 1)

talk by J. Lopez-Pavon
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BARYOGENESIS

« Sakharov's conditions:
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BARYOGENESIS

e« Sakharov's conditions:

1. Baryon number violation /
SM - sphalerons transfer efficiently Ay, — Ap
2. Loss of thermal equilibrium '
one of the states never gets to equilibrium before EW phase transition
reservoir of lepton asymmetry

3. C and CP violation processes
CP- odd phases (W, V matrices) + CP- even phases (oscillations)

CP asymmetries generated in the different flavours with
2:aJctiveA]:Jactive + 2:sterileAlw—sterile =0
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PREVIOUS WORK

« Akhmedov-Rubakov-Smirnov (ARS)

- estimated the asymmetry only in the sterile sector (N=3 needed)

- concluded that the right asymmetry could be generated without
degeneracies

« Shaposhnikov, Asaka and collaborators (MSM):

- Included the transfer to the leptons
- reduced to N=2 (different CP phases than ARS)
- concluded that degeneracies were necessary

 Drewes et al; and Shuve et al

- N=3 degeneracies can be lifted (proved for some points of phase
space)
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OUR GOAL

e EXplore systematically the N=3 case (N=2 is a subclass):

- Identify the CP invariants that are relevant

- clarify the connection ARS/Shaposhnikov and whether
degeneracies are necessary generically
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OUR GOAL

e EXplore systematically the N=3 case (N=2 is a subclass):

- Identify the CP invariants that are relevant

- clarify the connection ARS/Shaposhnikov and whether
degeneracies are necessary generically

» For all this having precise analytical predictions is a must!
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CP INVARIANTS

Asymmetry — CP odd ~—— > Proportional to CP invariants:
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CP INVARIANTS

Asymmetry — CP odd ~—— > Proportional to CP invariants:

JW — Im[W;iWEiWaJ’Wm] - Relevant for ASR
1(2) =Im[W1; V];Voi W3] -

Relevant for

I = _Im[Wy Vi VoW« VMBM
12(3) — Im[W13V11V21W§3]
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KINETIC EQUATIONS

 Starting from Raffelt-Sigl formalism
“simple” set of equations

a b
P+ = _Z[Hreap—l—_ T [Himap ] — & 9 N{YTY P+ — /OFD}
+iyx Im[Y T Y] ppp + 1—{Im[YTuY] et

vy + Y%
2

+yRRe[YTuY]prp + —{Re YY), p-},

ﬁ— — _i[H’reap—] T [Himap—l-] {YTY P— }

fio = —Ha (VO TH[YYTL,] - i Tr[Re[Y 'L, Y], p])
PFD
| piel Tr[Re[YI,Y]p— +iIm[YTI,Y]p4]
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KINETIC EQUATIONS

\»V\’

. Startlng from Raffelt -Sigl formalism
| “simple setofequaﬂons

[-)—I— — i[HT63p+ zmv

+iryR Im| YTMY |p¥D +‘ %
) = _i[Hrev

+% \pFD + %N{Re YTMYL P},
— [

SQB (YY1 + 2 Te[Re[Y T, Y], py )
- : PFD
I ,YV —|_ ’}/l/ Tl”[ .

Re[YI,Y]p— +iIm[YTI,Y]p,]
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KINETIC EQUATIONS

* IDEA - perturbing in the mixing!
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KINETIC EQUATIONS

* IDEA - perturbing in the mixing! 7
* Neglecting non-linear effects

« Average momentum approximation —

Trip|(t) = X1cplepArcp (1)

—

_ 712y 73) 7(3) functions of sterile neutrino
lep=15L" 51", 17, Jw mass and Yukawa parameters
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KINETIC EQUATIONS

* IDEA - perturbing in the mixing! 7
* Neglecting non-linear effects
e Average momentum approximation ~

Trip|(t) = X1cplepArcp (1)

—

_ 712y 73) 7(3) functions of sterile neutrino
lep=15L" 51", 17, Jw mass and Yukawa parameters

valid in the fast collision regime t > ;"
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NUMERICAL CHECK

* \We evaluate equations numerically and
compare with our analytic solution
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NUMERICAL CHECK

C AI(z) (2) . A11(3) (t)

PRELIMINARY PRELIMINARY
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NUMERICAL CHECK

e A2 (1) o Ajy (t)

PRELIMINARY | | | " PRELIMINARY

10~ 1074
Tr[p] 10 Te[y] 10°°
LY s Jakg -8

10-10 10-10

10‘12_3 10—12_3
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WORK IN PROGRESS

* Needed full parameter scan

 Result soon to be on arxiv!
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WORK IN PROGRESS

* Needed full parameter scan

 Result soon to be on arxiv!

Thank you!
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BACKUP SLIDES



SETUP

» Mass range 0.1-100 GeV (decay before BBN)

* The Majorana nature is irrelevant sinceM/T <1

* The sterile neutrino production out of equilibrium

« The yukawa couplings are small and Y3 < Y1, Y2
 Other particles in kinetic equilibrium p, = e““"/Tpeq
* Include only chemical potential of the lepton doublet

« Lepton asymmetry SPhalerons

I'=T1gw

Baryons
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