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Abstract: <p>In the framework of the ordinary seesaw model with right-handed neutrinos (and nothing else) we show that the total Iepton number
violating decay of the Higgs doublet into aright-handed neutrino and a standard model lepton can successfully account for the baryon asymmetry of
the Universe. Thisis possible thanks to thermal effects shortly before the sphal erons decouple.</p>
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Leptogenesis motivation

L—b Two fundamental questions beyond the Standard Model

7/ '

origin of neutrino masses <= origin of the baryon asymmetry of the Universe

T

Leptogenesis:
both origins are the same

!
+ a series of numerical coincidences which makes it particularly effective
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The 3 seesaw models

Fermion singlets: Scalar triplet: Fermion triplets:
(type-| seesaw) (type-Il seesaw) (type-lIl seesaw)

N, A'wm (AT A7 AY) i = (5, 50,%7)

L> —YNU]V;L_»;H L3 -Y A L,'Lj L3> —Y}:uf:iLjH
- m;‘ NEN; + h.c. —paAHH + h.c. _%&E_SE* +h.c.
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v

M —"0 A
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o
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Minkowski; Gellman, Ramon, Slansky; Magg, Wetterich; Lazarides, Shafi;
Yanagida;Glashow; Mohapatra, Senjanovic Mohapatra, Senjanovic; Schechter, Valle

Foot, Lew, He, Joshi; Ma; Ma, Roy;T.H., Lin, Notari,
Papucci, Strumia; Bajc, Nemevsek,
Senjanovic; Dorsner, Fileviez-Perez;....

L—b for example with Yy ~ 1, m, ~ 0.1 eV requires My ~ 10'® GeV
with Yy ~ 107%, m, ~ 0.1eV requires My ~ TeV
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The 3 Ieptoﬁgenesis ingredients

first in type-|

I) The CP-asymmetry (averaged AL produced per N; decay)

en, = Z I‘(Ni w— LkH) - I‘(Ni - LkH )

TOT
k PN i

—» CP-violation from 2 one-loop diagrams:

vertex diagram self-energy diagram

: : Liu, Segré '93; Flanz et al '94;
Fukugida,Yanagida '86 ;i Roulet, Vissani '94, Pilaftsis '97

| v

1 > Im[Yvie Y Yva Y] My M3 M?, M? (M} — M3
__> EN, = ZL,H [ Nik f’\‘i\jz\ ' .’\I)l ,J\'i i { 7(1+ x:})log(1+ ,2()+ 5 1’\,( 2;\‘2 f;'f) ;
8 2ok | Yovix| My Mg, My, (M3, - M},)? + T3, M3,

J

nN,
8 IT>>My,

)
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The 3 Ie_ptoggenesis ingredients

first in type-|

I) The CP-asymmetry (averaged AL produced per N; decay)

I'(N; = LyH) =T(N; = L. H*
6N5=Z (N; = Ly )F};;)T( — Ly H*)
k i

— CP-violation from 2 one-loop diagrams:

1 ZJ! 'Irn'[)’(‘a‘:"“j Y’;i'i\“) Y"\"-”y'.lvhl Mx\"j .
> em=g-3 -z i i
8m Zj\ ‘K\'d\‘ AJ_'\’(

J

nN,
8 IT>>My,

Ty,
= Y. = , = EN

vertex diagram self-energy diagram

A Liu, Segré '93; Flanz et al '94;
Fukugida,Yanagida '86 i R oulet Vissani '94, Pilaftsis '97

! v

0 M M2 M3, (M3, — M},
M3

)log(1 + —2) +

Mi' " My, - My, + 15 Mz,

)
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The 3 leptogenesis ingredients

2) The efficiency 7 : ’% gy

«— out-of-equilibrium

<< 1 « N decays partly in thermal equil.
and/or washout of L asym.

L—b can be obtained integrating the Boltzmann equations: Yv=nn/s
Y. = (ni—nj)/s

=l MN
8 dYN YN YD - 77'7
e g o e D
Yy H(T = My) H(T = My) = H(T = My) Kalz) ™V @)
- EN.(Y_N_I).7—D_2YL . __YAL=2
Y;"Q H(T = My) yif’Q H(T = My)

each decay produces a AL = ¢y T

each inverse decay produces a AL = —ey

if more [ than /:more | H — N — | H* processesthan [ H* — N — | H

—»> main condition to avoid an efficiency suppression: I'\P" < H(T' = My)
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The 3 leptogenesis ingredients

3) The L to B conversion from SM sphalerons:

C—b above the EW scale B+L violating but B-L conserving

SM sphalerons are in thermal equilibrium Tploany. ~ 140 GeV

—> put B+L to ~ 0 but conserving B-L:

(B -+ L)F'.‘.n 0

Lin
I (B — L)Fm = (B - L)]n = BFin 2 _LF‘in Sed ;

Bfn 0

EN,
i

s 79

|

"B _ (8.82+0.23)-10"1

S
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Two intriguing numerical coincidences

The seesaw state mass (slight) coincidence:

for a hierarchical spectrum of N;: ey, < My, g:?,; o Am?

‘U2 atm
My, << M
Ny Na,3 {J, ..., Davidson, Ibarra '02, ....
My, 24108 GeV

T

this scale is determined by the totally independent value
of np/s, fits well with seesaw expectations

a much larger value of n/s and/or much
smaller neutrino mass scale would fit much less
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Iwo intriguing numerical coincidences

The neutrino mass scale value versus electroweak and Planck scales coincidence
Q—‘_> in full generality: 'y, /H(T = My,) > mM" /1073 eV

l l l .., Buchmuller, Di Bari, Plumacher, 96-2003, ...
2

Y

2 2 N
x |YN1.-| JMNI X JMN]_ o —-i
My,

L-‘-» iven the mMi" < 2.2¢eV direct bound or the m™* < 0.2eV cosmology bound
g 17 17 ~ gy

the washout from inverse decays is naturally limited <«— 'y, /H(T=Mn,) <1
is not much violated

[ real coincidence because 107 eV scale is determined by
independent e-w scale and Planck scale 1073 eV ~ 17 - 87 - v* /Mpianck

for example m, ~ KeV would have given quite large washout
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Flavor effects in leptogenesis

C—> so far all results were obtained by just counting the number of lepton created
and destroyed independently of whether the lepton is of e, p or 7 type
a single Boltzmann equation for total lepton number

L—b justified for T' > 10'? GeV: e~, ™, 7~ indistinguishable in the thermal bath

" M

same gauge interactions  SM charged Yukawa interactions out of equil.

=> the N, which couples to a single [ o« Yu, e+ Yn,, 1+ Yn,, 7 flavour combination
creates leptons in this combination which remains coherent afterwards

a single Boltzmann

—> one has just to count the number of | created and destroyed = equation!
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Flavor Leptogenesis: new flavor breaking L conserving CP asymmetries

C—> L conserving (pure flavor) asymmetries

(N = LoH) =T(N = L. H)
I'\Tot
N

gives no contribution in one-flavor approx: Zef:,k =0
k

but has in reality a non-zero contribution: if gf = —55; 70
¥
: can be not can be largely a net L asym.
washed out  washed out = remains

nd
. ‘ my,
C—‘> generically subleading because suppressed by a = factor
except in setups with approximate lepton number violation where it can
give the dominant contribution and lead to successful leptogenesis

C—B “Purely flavored leptogenesis” Aristizabal Sierra, Losada, Nardi ‘08
) ) Aristizabal Sierra, Munoz, Nardi '09
(not so easy to cook in type-| but possible) Gonzalez-Garcla, Racker,Rius '09
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The 3 Ie_ptoggenesis ingredients

first in type-|

I) The CP-asymmetry (averaged AL produced per N; decay)

I'(N; = LyH) =T(N; = L. H*
6N5=Z (N; = Ly )F};;)T( — Ly H*)
k i

— CP-violation from 2 one-loop diagrams:

1 ZJ! 'Irn'[)’(‘a‘:"“j Y’;i'i\“) Y"\"-”y'.lvhl Mx\"j .
> em=g-3 -z i i
8m Zj\ ‘K\'d\‘ AJ_'\’(

J

nN,
8 IT>>My,

Ty,
= Y. = , = EN

vertex diagram self-energy diagram

A Liu, Segré '93; Flanz et al '94;
Fukugida,Yanagida '86 i R oulet Vissani '94, Pilaftsis '97

! v

0 M M2 M3, (M3, — M},
M3

)log(1 + —2) +

Mi' " My, - My, + 15 Mz,

)
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Flavor Leptogenesis: new flavor breaking L conserving CP asymmetries

C—> L conserving (pure flavor) asymmetries

(N = LoH) =T(N = L. H)
I'\Tot
N

gives no contribution in one-flavor approx: Zef:,k =0
k

but has in reality a non-zero contribution: if gf = —55; 70
¥
: can be not can be largely a net L asym.
washed out  washed out = remains

nd
. ‘ my,
C—‘> generically subleading because suppressed by a = factor
except in setups with approximate lepton number violation where it can
give the dominant contribution and lead to successful leptogenesis

C—B “Purely flavored leptogenesis” Aristizabal Sierra, Losada, Nardi ‘08
) ) Aristizabal Sierra, Munoz, Nardi '09
(not so easy to cook in type-| but possible) Gonzalez-Garcla, Racker,Rius '09
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Going below the high scale lower bound on my

below mx > 4-108 GeV M

C__t;. I
in order to be able to produce the N T < 10°-° GeV

C_. not to be in tension with gravitino upper bound on reheating T’
== iIn order not to be in tension with naturalness

3
1 m,my

2/3
m o2 - )

— my <3107 GeV - (246GeV

2 ~
omj ~
dm?; < 1TeV?

=> to lift up the naturalness problem:
- regularize the radiative corrections: Susy, ... but gravitino problem

-to reduce the effective electroweak vev entering neutrino masses
-to consider a quasi-degenerate my spectrum
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Going to lower 1 : resonance from quasi-degenerate spectrum

Covi, Roulet, Vissani 96
Flanz, Paschos, Sarkar 96’

for a quasi-degenerate spectrum of N; instead: resonance occurs:

Y SRS i
: ; . Im[(YnY;)2,] 2 Amy T
(@) 0 ?

(WY uaYh)s 4(Amy)2+T%

oacarsey N, not bounded by value of My, or m,

a2 M, bounded from below only by sphaleron decoupling scale and M,

( . Pilaftsis "97; '99; Pilaftsis, Underwood '05; ...;
= My, ~ TeV perfectly possible |, Millington, Pilaftsis, Teresi *| 4

I
a precise treatment of the resonant case requires inclusion of a series of extra
effects, in particular quantum Boltzmann equations Buchilien Fredenhugen 00

De Simone, Riotto '07

. ¥ Cirigliane, Isidori, Masina, Riotto, 08
takes into account memory effects, off-shell effects, Riatsio Bchinlier Droces M dikel '08

ﬂnite density eﬁectsl ﬂaVOl" OSCi“atiOnS. decohemﬂce Garny, Hohenegger, Kartavtsey, !_Indn(:r '09
Garny, Hohenegger, Kartavtsey,'| |

Garbrecht, Herranen 'l |

Cirigliano, Lee, Ramsey-Musolf, Tulin "1 3,

Bhupal Dev, Millington, Pilaftsis, Teresi *14,'15

. I: I
also relevant for weak washout regime -~
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Testing low scale leptogenesis at colliders?

by producing low scale seesaw states at colliders?
Yy ~ 107° for My ~ 1TeV

Yukawa couplings are expected far too small to allow N production

type-I: very difficult: _ . Dev, Millington, Pilaftsis, Teresi *| 4
in special cases larger Y are allowed,
e allowing IV production + observable charged lepton flavor violation

p—* ey
production mechanisms other than Yukawa u — eee

type-Il and type-lll: Drell-Yan pair production mechanisms /

problem: production interactions tend to thermalize
: pien
the seesaw state —=> leptogenesis suppressions! too large for LHC

L-'.':- SM gauge interact, for type-ll and lll: ma 5 > 1.6 TeV

see Plumacher et al,

Lb N production via Z': similar bounds as for type-II/Ill Frére et al, Babu et al

Fileviez-Perez et al,...

C—':- N production via Wg : much more dramatic thermalization effect!
Nu i
—» involves only one heavy external state instead of two Frére, TH,
=3 only one Boltzm. suppression power instead of 2 g iy
scattering is never slower than the decay = myy,, 2 18 TeV
Dev, Lee, Mohapatra ' 14,"15

i d

L—’.s L-violating signal observation at LHC would lead to lower bound on washout

Al
R,u-—m:
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LJ> my ~ GeV < vgw
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Leptogenesis from L-violating decay: relevant scales for low m

T:‘;phuf::l'. ~ 135 GeV

very low scale leptogenesis: Tsphater. > My >> My, L

(.. creation of L asymmetry at 1" > Tsppaler. >> MmN —> # regime

(.. thermal effects are fully relevant: T' > T'sphater. > My >> My L

miy(T) =miy +cu-T?  mi(T)=mj +cp-T? m2,(T) =m% + ey - T?

(. N> LH forbidden but H — N L allowed
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Temperatures allowing the N - LH and H — NL decays

Iﬁ'y;hn]("r.

'

TH.,Teresi |6

N — LH

mN > mH+mL

H— NL

my> My+m;

-3 A
250 300 350\ 400
T [GeV]

H — N L leptogenesis from this region?
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L asymmetry production from H — NL decay

LH., Teresi 16
L» 2 issues at first sight:

|) out-of-equilibrium decay? <« 3rd Sakharov condition

Co H decaying particle is in deep thermal equilibrium at 7" > Tsphater.

but N in decay product is not necessarily in thermal equilibr.

dny

cq .,
dt X (‘ILN — I’LN) : PH—*NL

t 1

H—NL NL—H
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L asymmetry production from H — NL decay

[H., Teresi |16'

2) Absorptive part for CP violation?

/ mp +mg > MmN —> no absorptive part!

e but only for T"= 0!

finite T corrections: thermal cut: if H or L comes
from the thermal bath the cut is kinematically allowed

Giudice, Notari, Raidal, Riotto, Strumia 03

Frossard, Garny, Hohenegger, Kartavtsev, Mitrouskas |2

—> absorptive part I'y (T) (calculated in Kadanoff Baym formalism)

Frossard, Garny, Hohenegger, Kartavtsev, Mitrouskas 12’

% (qy) = 1%’ (gn) + 12 (gn)

dip; d* |
L») z[ & 2";’, (27)46%(gn — o1 = pu) (YA YN )as [ PLSL (6, 2) PrAY (t, pur) )

v
o fFP oc 1+ fB”

p.Ln [ v l
gN-pi —>S L——
d’py d*pr |
27()32E[ (27()32b

(2m)*6"(qn — Pt — Pu1) ( D f EYpy
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Total L number violating CP asymmetry

Im[(YnY )2, 2 AmQ, T'n (T)
(YNY )1 (YaY))ee 4Amy(T)2+n(T)?

'y

2+4
FZZ)

. - T2
C_§ with thermal mass splitting: Amy (T) ~ Amjy + LI, \/ (1

2
4mi

T,J = 'rr:,,\r(}*’,\:K.i,),_,./(Sﬂ)

Boltzmann equations:
1
nyHy dny

nN
- 1 - [ [ 2 § As
p ( n.q) Yo + 2(VHs + VAs)

+ 4(yue + ‘Mt)] ,
nyHy dng — [ (nm

Z dz

9 NN = NN [Ty
aq — 1]ecr(z) — oL
ur 3

N

z=mpy/T

4 N'
n
— RNl [2(71“ + vat) + —eq(THs + ’YA.Y)}
3 Ny
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Total L number violating CP asymmetry

Im[(YnY )2, 2 AmQ, T'n (T)
(YNY )1 (YaY))ee 4Amy(T)2+n(T)?

'y

2+4
FZZ)

. - T2
C_§ with thermal mass splitting: Amy (T) ~ Amjy + LI, \/ (1

2
4mi

T,J = 'rr:,,\r(}*’,\:K.i,),_,./(Sﬂ)

Boltzmann equations:
1
nyHy dny

nN
- 1 - [ [ 2 § As
p ( n.q) Yo + 2(VHs + VAs)

+ 4(yue + ‘Mt)] ,
nyHy dng — [ (nm

Z dz

9 NN = NN [Ty
L) T,L

e I)C(‘?P(Z) -3

N z=mpy/T

4 [ N
— ~NLgdlauedeadd) + —oq (VHs + V4s)
L pag Ny
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Results for the case where the N have thermalized

L_v,\ if N thermalized by large Y Yukawas or other interaction (e.g.a Wy) before
an asymmetry is produced

CP-asymmetry needed for successful leptog.
3T T [H.Teresi 16

3 | the lower ismy , the later it

|~ goes out-of-equilibrium, the
more it will be in equilibr.
at 7' > rjiS'phu.im'.

U

lower bound on my
mpy > 2.2GeV

if only N — L H decay we
get: my > 50 GeV

requires that at least 2 of the N have quasi-degenerate masses
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Results for the case where the N have not thermalized

e If no extra interaction thermalizing N, no thermalization is much more natural
than in ordinary leptogenesis: thermalization at 1" > T'sphater. >> MmN

requires much larger Yy Yukawas than in ordinary leptogenesis at T' ~ m

K\-’ K’l’ v 2 l l

M= m >>10"%eV m > 10 eV

2mpy

® for H — NL decay, to start from no N in the thermal bath boosts
the asymmetry production, unlike for ordinary N — LH leptogenesis

> H — NL:many H to decay and produce the asymmetry but few
\ N to NL — H inverse decay

cq

s € . . cq .
Ny —NN ~ Ny >> NN
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Results for the case where the N have not thermalized

IH., Teresi 16&'

log, s my/GeV

log,, MmieV

LJ> for example for my ~ 10GeV and m ~ 0.1eV one needs AmY/my < 107°
C—» leptogenesis for my as low as ~ 20 MeV is possible (but BBN concerns)

Lb In all cases: asymmetry production at T just above Tsphater. —> nNO dependence

on UV physics!
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Testability!

LH., leresi 16

region that FCC should
probe if constructed

>
(]
Q
z
E
g

region that SHIP
should probe

log,q MleV
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Two important comparisons to do

e for my ~ GeV : well-known baryogenesis mechanism in seesaw model:

baryogenesis from right-handed neutrino oscillations: “"ARS" mechanism

Akhmedov, Rubakov, Smirnov 98'

Asaka, Shaposhnikov 05'; Shaposhnikov 08'
Drewes, Garbrecht | |

Canetti, Drewes, Frossard, Shaposhnikov | 3'

Hernandez, Kekic, Lopez-Pavon, Racker, Rius |5

L@ comparison of ARS with L-violating Higgs decay setup???

o to}compute evolution of asymmetries with thermal effects: another
well-known formalism: density matrix formalism

comparison of results in decay formalism above and in density
density matrix formalism???

Pirsa: 17050062
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Density matrix formalism

Np,_quantum system is described by density matrix : nls = (aj'al) = Tr(paj’al)

Nr, quantum system is described by density matrix : nfﬁ = (a;Ta;) =Tr( pa;' a,)

N N T

n,., = Nn.. = number density of N, states

o C

nfxvﬁ = coherence between N, and Ng states

—» evolution of density matrix:

d N

anq{ﬁ(kat) - i([Hé\{’ngﬁ(kﬂt)D o ;/;Zdt’”Hint(t’)’[Hint(t)sngﬂ(ka t)H)t

oscillation term interaction term
H;s = hjo LiHPRN,, + h.c.

_w terms in a;Ta: - nffa

int - L - —1 ' N
terms in a a5’ — 1 —n,g4
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Density matrix formalism

i . > N < N
t> ((it-'n,gﬁ(k) = 4 [EN,?'LN (k)]aﬁ — 2;:_\; (;{I“ (k), n' (k)} - é{r*(k)‘ [-n' (k)}) “_,

1l * v

with: N+L->H HoSN+L

S

(k) = —itr {Pruy(k)a (k)P X5,(k)}

rs,
| N _ - ARS scenario
keeping only the transitions where there is no my mass

insertions because the asymmetry is produced at 7' >> Ty hater. >> my

. C— if mass insertion: m%, /T suppression
with:

AN d4p d4q 4 ¢ S . *
_zg“zﬁ(k) B /(2w)4 /(27r)4 (27)*6@(q — k = p) iS7 (—p) i3 (~q) hinhug

Wightman propagator of L T

Wightman propagator of H

for example:

TLNF> NHNE> XNy - Sf" A< 'h?uth(nN' n;: (1-{-71}1) -h

lo

hw
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Density matrix formalism

i . > N < N
t> ((it-'n,gﬁ(k) = 4 [EN,?'LN (k)]aﬁ — 2;:_\; (;{I“ (k), n' (k)} - é{r*(k)‘ [-n' (k)}) “_,

1l * v

with: N+L->H HoSN+L

S

(k) = —itr {Pruy(k)a (k)P X5,(k)}

rs,
| N _ - ARS scenario
keeping only the transitions where there is no my mass

insertions because the asymmetry is produced at 7' >> Ty hater. >> my

. C— if mass insertion: m%, /T suppression
with:

AN d4p d4q 4 ¢ S . *
_zg“zﬁ(k) B /(2w)4 /(27r)4 (2m)*6@(q — k = p) iS7 (—p) i3 (~q) hinhug

Wightman propagator of L T

Wightman propagator of H

for example:

TLNF> NHNE> XNy - Sf" A< 'h?uhgﬁO(nN' n;: (1-{-71}1) -h

lo

hw
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Density matrix formalism: final evolution equations for N and N

with no Majorana mass insertion

= ARS scenario
E ‘5’”1

— pnla
n =mn, -+ .
5 ﬁ“ a term proportional to dn; shows up: washout term: W
— ~q
nyp=mn, —
2

d T!.(}_Yﬁ ] N 1 LC nN I N oy L " N 1 10 ’H,N
dt - vf 9 Y ) TLI,V onL : 9 Twe nN )
afd afd

writing

(7] cq cyq

[ dllps ng (k) (ney (P) + ey (@) x tr {Pru (k)@ (k)P p} hiahis

- 0 k M2 _M2 o0 1 1
3 gm/[} n il L x/dg( . | "”"—1) hy., g

472 ek/T 41 8k Ee ef +1 e™F

~3.26 x 10~ T h, hig

o0 2 2 oo
g‘“"“f aek Mi=Mp o [Cap L R g ~1.05 x 1070 T b, hug
0 8k B~ el +le 1T —1

"1Tr2 L4k

Giso [Z,, kK MZ-ME [® 1 " 1w 4pd B
4w2'/(,dkek/r+1 srk JptF oF 41 Piochup = 1.86 X 10T hiq hup

and similarly for N
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Density matrix formalism: final evolution equation for on;

with no Majorana mass insertion
dony 1 1 ) = ARS scenario
ol L (o) n - () )

eq eq

onk n onk 1
halid 28 l LC*
tr "yw ——tr n W —— —=trqn W
nLq { Ql 27&1’ nN { ’Y Cl } QrLL nN { (vwe)

for not too large Yukawa coupling these equations can be analytically
solved order by order in the Yukawa couplings

= at, O(h*):

Yi(2) ~ 4(K59)2peq (WTh)11(RTR)g2 6fcfhlmf(z')dz

T 0

61.(_,‘

Im [h,’l hia(hth), I]
(h’t h) 11 (hth;)gg

CP-violating Yukawa combination which leaves the SM total lepton number unchanged:

(S’H.,g_i =nr, — ny,. 7é 0 but Z ong, =0 —_:> z Y=0

i=e, T i=e,u,T

—> no contribution at O(h*) !
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Density matrix formalism: final result with no Majorana mass insertion

- ' M3
Yie ~—18.5x (O‘LC)- a%vc 0 x (hTh);(hTh),: L€ (hht
T.(Am?,)%/3 (RTh)11(ATh)22 Ex : o (hhT)y

Lts what happen’s is that since there is no m y mass insertions in the
processes nowhere, all processes conserve total lepton number:
assigning L =1to Ng and L = —1 to Ny ,all processes conserve L

—> at O(h*): SM lepton number and Nlepton number are
separately conserved:

Z (np, —np,)=0 Z(n;\rn —ny,)=0

i=e,4,T oy

but flavour lepton number is not conserved: én;, =ny, —ngp #0

= at O(h®) :if Yukawa for electron much smaller than for muon:
nr, — N, strongly washed-out
ng. —ng, much less washed-out
= Y (g, —ng)=- (nn, —ny,) #0

i=e,u,T L [+ L

converted to B asym not converted to B asym baryon
by sphalerons by sphalerons asymmetry!
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Density matrix formalism: final evolution equation for on;

with no Majorana mass insertion
dony 1 1 . = ARS scenario
ol L () n} - () )

eq eq

onk n onk 1
Y l LC*
~tr ’yw ——tr n W —— —=trqn W
nLq { Ql QnL nN { ’Y Cl } QnL nN { (ywe)

for not too large Yukawa coupling these equations can be analytically
solved order by order in the Yukawa couplings

= at, O(h*):

Yi(2) ~ 4(K%9)2peq (WTh)11(RTR)q2 6{*C]hlmf(z')dz

T 0

61.(_,‘

Im[A}, iz (hTh)a: |
(hth)11(hth)ae

CP-violating Yukawa combination which leaves the SM total lepton number unchanged:

(S’H.,g_i =nr, — ny,. 7é 0 but Z ong, =0 —_:> z Y=0

i=e,u,T i=e,u,T

—> no contribution at O(h*) !
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Density matrix formalism: final result with no Majorana mass insertion

- ' M3
Yie ~—18.5x (O‘LC)- a%vc 0 x (hTh);(hTh),: L€ (hht
T.(Am?,)%/3 (RTh)11(ATh)22 Ex : o (hhT)y

Lts what happen’s is that since there is no m y mass insertions in the
processes nowhere, all processes conserve total lepton number:
assigning L =1to Ng and L = —1 to Ny ,all processes conserve L

—> at O(h*): SM lepton number and Nlepton number are
separately conserved:

Z (np, —np,)=0 Z(n;\rn —ny,)=0

i=e,4,T oy

but flavour lepton number is not conserved: én;, =ny, —ngp #0

= at O(h®) :if Yukawa for electron much smaller than for muon:
nr, — N, strongly washed-out
ng. —ng, much less washed-out
= Y (g, —ng)=- (nn, —ny,) #0

i=e,u,T L [+ L

converted to B asym not converted to B asym baryon
by sphalerons by sphalerons asymmetry!
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Density matrix formalism: final evolution equation for on;

with no Majorana mass insertion
d énl 1 1 = ARS scenario
Lo LCY , N LC
ol L e{(F0) n) - oar{(4#97) ")

eq eq

onk n onk 1
v l LC,*
~tr ’yw ——tr n W —— —=trqn W
nLq { Ql 2rLL nN { ’Y Cl } 2nL nN { (ywe)

for not too large Yukawa coupling these equations can be analytically
solved order by order in the Yukawa couplings

= at, O(h*):

Yi(2) ~ 4(K%9)2peq (WTh)11(RTR)g2 6fcfhlmf(z')dz
x 0
6L(_,‘

IT ~ (AR (hth)z

Im [h,’l hia(hth), |]

CP-violating Yukawa combination which leaves the SM total lepton number unchanged:

5”51 =nr, — ny,. 7é 0 but E ong, =0 —_:> Z Y=0

i=e, T i=e,u,T

—> no contribution at O(h*) !
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Total lepton number violating density matrix contribution
IH. Teresi 17°
L—» the L-violating Higgs decay contribution to baryogenesis is clearly # from

the ARS one since it isa @ (h*) contribution based on processes
which do involve a Majorana mass insertion, i.e. which do violate
total lepton number, unlike ARS

e where to find this contribution in density matrix formalism??

the density matrix commutators lead also to contributions oc m%
which corresponds to processes with a Majorana mass insertion

T

N to L transition instead of N to L transition

I>5(k) 3 + i tr {Proy (K)o, (K)PL 55, (k) }
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Full set of density matrix equation with LC and LV contributions

[H., Teresi | 7'

dn® : 1 . , o i

af = () gf\")n';\ (k) o) {7‘{‘( | ’YL" ' ! I } déﬂ‘ ) 1 (& L4 N
dt [ ] A 9 nN i d,[,l - 5 tr {(,}(f . 71; v) L\ }
onj

eq
+ ((’Y{{'(ég i _’Yi!i'\é,g I) + : {”f{i'(rr‘ l _'Y{L";' I3 L }) 1 N L LV N
—5 tirey VO 7 1y = . L C o Ve ]
2"'”; 2 n, " afd o n}\, { (An o 71 ) n }

dnk
dnl, i ) - I tr {’ch) L+ e Q 1}
dt = -1 lg_\',ﬁj\ (k)] 4 nl ]

1
2

r
n(\q e €q

N onf 1 ; . ,
- ;. N i N (A LC. LV
{,YL(.. 4V [} .‘j T onk pN tr {n" (e +viven))

dnk . 1 . .ol 6”1 1 LC#
l LC = LV & LC » LV = - tr al Y
n L ((’}’“ Q. TH‘ (2}{) } 2 {’TH,- .l ’TH c,l ?1;\:’ 2TLL nd N { FYH‘( N ‘}‘H C f)}

€7 eq "eq

I

LV . = k m2, oo . . 1 1 *
Yo Giso [T B, 3 xf IE (AEk + M? — M} ( —  — ) h
an? Jo ¥ 7 1 30mes < [, LM\ gy ¥ o —p ) Ma TP

~3.35x 10 m3 1% hj, hig

o0 2 o
Lv _ Yiso N f o (4Ek + M2 — M? ( l l ) : ~ & 4,2 2k
NWQ™ 4r2 A dk k :%erkﬂx h_.db('ll»k + M} — My) " =4 CEE hm ht,@ ~ 549 x 10 ' m% T* hj, hip

LV Giso [ k m:\ T 2 L B hig ~1.79x 108 m2 T2 h!
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Analytical solution for the LV contribution

IH., Teresi | 7'
2
My mj
T

Yiv ~ 7.9 x al€ oV - 5
T. Amy

(hTh)11 (hTh)qp 65V

T

sV =36V #0

SLV _ Im[h,flfug(hfh)lg]
: (hth)11(hth)as

T

CP-violating Yukawa combination

which break total lepton number
I

—> already non vanishing at O(h")instead of O(h®) for the LC contribution

suppressed by 2 rates instead of 3 rates for the LC contribution

v

CZLC(ILV ((}!LC)Q(M[WC

but m?\, suppression with different Am?\, and Mpiancr dependence

—> all in all the various factors more or less compensate each other
with dominance of one or the other contribution depending on the parameters
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Numerical results: comparison of decay and density
matrix formalisms for the LV contribution

LH., Teresi | /*
s with only one lepton flavour: no ARS, only LV contribution

ip np
. - . 8.5
Yg = ) contour plot Amy/my = 10 10 Yp = : contour plot Ay /my = 10785

L S o

Ok }
T y
=

RN

decay
formalism

>
8
E?:
g

0.5k N

1.0

log4y mieV logyy mieV

—> qualitative or even quantitative agreement:

- except for small my : different thermal masses taken

- except for large m: washout suppression too big in decay formalism because
doesn't take into account formation of N — N asymmetries
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Numerical results: comparison of LC and LV contributions in
matrix density formalism

IH., Teresi | /'

Y = "B ontour plot: full LC+LV result ratio of LV+LC over LC
8

Iog1o mieV
1 2

|ng10 mleV

kY \
\\FCF—BQ
Ampy/my

"SS
Q
F3
E
g

log.g my/GeV

dominance of LV= - for small “*seesaw" expected Yukawa couplings
- for very large Yukawas: less washout for LV than for LC

- the smaller Amy /my the more LV dominates
- the larger mn the more LV dominates
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Numerical results: comparison of LC and LV contributions in
matrix density formalism

[H., Teresi | 7

? contour plot: full LC4LV result
8

logyo mieV

ratio of LV+LC over LC

log eV

1.0F

Ampy/my = 1078

0.5F

>
<
g

logyy my/GeV

dominance of LV= - for small “*seesaw" expected Yukawa couplings

- for very large Yukawas: less washout for LV than for LC

- the smallerAmy /my the more LV dominates
- the largerm x the more LV dominates
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Dominance of the LV contribution for low reheating temperatures
IH. Teresi | 7*

LJ*' LV contribution produced at lower temperature than the ARS-LC
contribution due to the m?%, /T2 relative factor

=
N
>

(=]
=]
2
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Summary

o in type-l seesaw model with nothing else

< thanks to thermal effect leading to N self-energy thermal cut
A

e
.l with boosted production if no N to begin with

- in a testable way (SHIB...) for part of the parameter space

We have confirmed these results in density matrix formalism...

(- both ARS-LC and LV contributions can dominate baryogenesis
depending on parameters
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