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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 a right-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 Y

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

T

Leptogenesis:
both origins are the same

1
+ 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-l seesaw) (type-Il seesaw) (type-lll seesaw)

NRi A= (A++’ A+s AO) = (E:‘a E?:Ei—)
L3 —YNUﬁiLjH L> -YAA L,-Lj L> —Y}_‘;UﬁiLjH

..m;' NEN; + hec. —puaAHH + h.c. 2% 5 3

HA ?)2
2 *
MX

Minkowski; Gellman, Ramon, Slansky; Magg, Wetterich; Lazarides, Shafi;
Yanagida;Glashow; Mohapatra, Senjanovic Mohapatra, Senjanovic; Schechter, Valle

my, = YA

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

Q—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 leptogenesis ingredients

first in type-|

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

P(Ni ) LkH) = P(N,' - LkH")
EN, = Z P};;)T
k i

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

vertex diagram self-energy diagram

Liu, Segré "93; Flanz et al '94;
Covi, Roulet,Vissani '94, Pilaftsis '97

! ¥

3 Im[Yvik Y, Yau Y] M, M} My, MR (MR, - MR,)

Nj
= ‘ 1= (14 +55=)log(1l + . g
ok [ Yvikl? My, { ( M3, ) log( M§ " (ME, = ME,)? + T3, My,

Fukugida, Yanagida '86

)
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The 3 Ieptq_gen_esis ingredients

first in type-|

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

F(Ni - LkH) - I‘(N,' - LkH*)
EN, = Z I"l};f()'[‘
k i

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

vertex diagram self-energy diagram

Liu, Segré "93; Flanz et al '94;
Covi, Roulet,Vissani "94, Pilaftsis '97

! ¢

f 2 : 2 2 2
$ P 1 Z ZJ! Iml)’(,-v,k Y:‘\'k‘; YN”Y."E'I,)I MN_J 1 Ad.‘i'_} ) log(l + Mir, ) ﬂd.i‘,{MN‘ o AJN_}) ]
Ne= g Y . ¥k ? My M3, Mi' T (ME, - M%) + T3, My,

J

Fukugida, Yanagida '86

T>>My,

Pirsa: 17050062 Page 6/48



Pirsa: 17050062

«— out-of-equilibrium

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

Y =ny/s

L—b can be obtained integrating the Boltzmann equations:

8 dYN YN D
' (1 - LQ) ' II_(TW— My) B & i 2 a5,
Yy =MpN H(T=My) = HT = My)) K3(z) ™
YN 1) . YD _9 Yo  var=2
H(T = My) yi"iQ H(T = My)

each decay produces a AL = ey 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 Tpioey. ~ 140 GeV

—> put B+L to ~ 0 but conserving B-L:

(B + L)F'in 0

I (B - L)Fm = (B - L)]n = BFin ~ —Lpin ~ — 9

BTﬂ. 0
U

ng 28 ny, 28 TN,

— == ey, —

§ 79 s 79 s IT>>My,
A

!

(8.82 4+ 0.23) - 10~

LIn

np

S
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L—\:\ mN >>> VEwW
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Iwo Intriguing numerical coincidences

The seesaw state mass (slight) coincidence:

for a hierarchical spectrum of N;: ey, < My, g}-r- ,,'13 Am?

atm

My, << My
: e U .y Davidson, Ibarra '02, ....

My, > 4-108 GeV

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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Two intriguing numerical coincidences

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

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

Y2
o [Ya "My o« MEy o 120
N1

Lb- given the mM" < 2.2¢V direct bound or the mM™ < 0.2eV cosmology bound

the washout from inverse decays is naturally limited <« Ty, /H(T =My,) <1
is not much violated

[ real coincidence because 107° eV scale is determined by
independent e-w scale and Planck scale 1073 eV o~ 17 87 - 02 /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, 4 or 7 type
a single Boltzmann equation for total lepton number

Q_,_, justified for T > 10'? GeV: e, p~, 7~ indistinguishable in the thermal bath

v N

same gauge interactions  SM charged Yukawa interactions out of equil.

=> the N, which couples to a single ! o« Y, 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

I'(N = LoH) =T(N = LoH)
r\%ot

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

but has in reality a non-zero contribution: if Ef = _Erfﬂa #0
: can be not can be largely a net L asym.
washed out  washedout > remains

2
Ny

‘ s m

L—b 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

Page 13/48



The 3 Ieptq_gen_esis ingredients

first in type-|

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

F(Ni - LkH) - I‘(N,' - LkH*)
EN, = Z I"l};f()'[‘
k i

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

vertex diagram self-energy diagram

Liu, Segré "93; Flanz et al '94;
Covi, Roulet,Vissani "94, Pilaftsis '97

! ¢

f 2 : 2 2 2
$ P 1 Z ZJ! Iml)’(,-v,k Y:‘\'k‘; YN”Y."E'I,)I MN_J 1 Ad.‘i'_} ) log(l + Mir, ) ﬂd.i‘,{MN‘ o AJN_}) ]
Ne= g Y . ¥k ? My M3, Mi' T (ME, - M%) + T3, My,

J

Fukugida, Yanagida '86

T>>My,
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Flavor Leptogenesis: new flavor breaking L conserving CP asymmetries

C—» L conserving (pure flavor) asymmetries

I'(N = LoH) =T(N = LoH)
r\%ot

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

but has in reality a non-zero contribution: if Ef = _Erfﬂa #0
: can be not can be largely a net L asym.
washed out  washedout > remains

2
Ny

‘ s m

L—b 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 my > 4-108 GeV

in order to be able to produce the N T < 10659 GeV

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

3
iy

Y )2/3
2r 2

246 GeV

= my <3-107GeV-(

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 T : resonance from quasi-degenerate spectrum

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

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

7 R
: ’ . Im[(YnY;)2,] S AmNT &
QP = 3

T (WY n(YnYl)s 4(Amy)2+T%

€~ &n,not bounded by value of My, or m,,

= 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 SochRatidariesn Ol

De Simone, Riotto '07
. Cirigliane, Isidori, Masina, Riotto, '08
takes into account rnernory EHEHS' Oﬁ—ShE“ Cﬁ-ECtS' Anisimov, Buchmuller, Drewes, Mendizabal '08

finite density effects, flavor oscillations, decoherence Sarvy, Fehanagger; Sartneey, Lindier- V¥
Garny, Hohenegger, Kartavtsey,'| |

Garbrecht, Herranen 'l |

Cirigliano, Lee, Ramsey-Musolf, Tulin 'l 3,

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

. I“ f
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

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

in special cases larger Y are allowed,

(e allowing N production + observable charged lepton flavor violation

b= ey
production mechanisms other than Yukawa 1 — eee

problem: production interactions tend to thermalize
; e
the seesaw state —=3> leptogenesis suppressions! oo large for LHC

Lb 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—b N production via Wg : much more dramatic thermalization effect!
\‘” LTS
—» involves only one heavy external state instead of two Frére, TH,
=% only one Boltzm. suppression power instead of 2 o
scattering is never slower than the decay = myy,, 2 18 TeV
Dev, Lee, Mohapatra ' 14,'15

i d gy

Q—'.ﬁ L-violating signal observation at LHC would lead to lower bound on washout

Al
R,u.-—bm
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LJ,\ my ~ GeV < vpw
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Leptogenesis from L-violating decay: relevant scales for low m

T:‘fﬂhrllrl'. ~ 135 GeV

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

(.. creation of L asymmetry at T' > Tsphater. >> MmN  —> # regime

(.. thermal effects are fully relevant: T > Tsphater. > My >> My L

my(T) =my +cu-T? mi(T)=m? +cL - T? m%(T) =m% + ey - T?

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

lﬁ'phr;h-‘i‘.

TH.Teresi |6

My > My+Mm

-

5

i
/ :

~ H-—= NL
-

my> mMy+m;

et
250 00 350 400
T [GeV]

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

IH. Teresi 16’
L4> 2 issues at first sight:

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

G H decaying particle is in deep thermal equilibrium at 7' > Tsphater.

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

dny

eq
- x (ny —nn) TuonL

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?

my +mrL >mN —> no absorptive part?
o but only for T'= 0!

ny  finite T corrections: thermal cut: if H or L comes

from the thermal bath the cut is kinematically allowed

Giudice, Notan, Raidal, Riotto, Strumia 03

Frossard, Garny, Hohenegger, Kartavtsev, Mitrouskas |2

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

Frossard, Garny, IHohenegger, Kartavtsev, Mitrouskas 2

4 (gn) = I’ (gn) + 11 (qn)

dip; d* . ) .
L’)) 2/ 3 (zp;f (27)6%(gn — o1 — pr) (YA YN)ap [ PLSL (6, 20) PrAY (t, pur) )

v
o< fFP o1+ f7°

1 p.Ln [y l
I AT = e (Voo ¥l dos
= I'nlT) SWT"NJ( NYn )22 - . :5‘ 'f _
- ‘H

d*p, oy . S "
Cs £ =16 . . 2m)4 6% (qn — p1 — FP+ fR®
N Wr/ (27)32E, (27)%2Ex (2m)*0%(an —pu—pu) (F7 7 + fu ) 2o
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Total L number violating CP asymmetry

Im((YnY})3,]  2AmQ T'n(T)
(YnY D)1 (YaY))ee 4Amy(T)2+n(T)?

ecp =

. e 2 I
C—»\ with thermal mass splitting: Amy (T) ~ Amjy + ot — s

S . 2
4'.'7‘.- Fz'_g) +

Tij = ma(YaY)ij/(8m)

Boltzmann equations:
1
n~Hpy dn; v
~IIN AT)N = (1 = :L_q) ['}(D +2(7n,.,.+’)/,13)

o N

+ 4(yue + 'm)] A

nyHy dng - {(n:\r

" ) 9 NN = NN [Ty
z dz ng? RS 37”“

z=mpn/T

4 i
7
- -nL {2(‘me +vae) + ;ﬁ-e;—(’ms + 'YA.-.«)]
N

3 N
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Total L number violating CP asymmetry

Im((YnY})3,]  2AmQ T'n(T)
(YnY D)1 (YaY))ee 4Amy(T)2+n(T)?

ecp =

. e 2 I
C—»\ with thermal mass splitting: Amy (T) ~ Amjy + ot — s

S . 2
4'.'7‘.- Fz'_g) +

Tij = ma(YaY)ij/(8m)

Boltzmann equations:
1
n~Hpy dn; v
~IIN AT)N = (1 = :L_q) ['}(D +2(7n,.,.+’)/,13)

o N

+ 4(yue + 'm)] A

nyHy dng - {(n:\r

: ) 9 NN = NN [Ty
z dz ng? RS 37”“

z=mpn/T

4 [ nN
— 2L geditritiordt) + —oq (YHs + YAs)
J B l 'fh\r

Page 26/48



Results for the case where the N have thermalized

Lb if N thermalized by large Yy Yukawas or other interaction (e.g.a Wy) before
an asymmetry is produced

CP-asymmetry needed for successful Ieptog

3F 'H., Teresi |6

\\\ : the lower is my , the later it

| ~ goes out-of-equilibrium, the

more it will be in equilibr.
at I > rliSphaic'r.

U

lower bound on my
mpy > 2.2GeV

l0gsq fleV 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

@ if no extra interaction thermalizing N, no thermalization is much more natural
than in ordinary leptogenesis: thermalization at 7" > T'sphaier. >> My

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

}/N },r"l' " 2 l l

"= m>>10"3eV m > 103 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

> »n E4q 4
Ny —NN ~ Ny >> NN
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Results for the case where the N have not thermalized

IH., Teresi |6

log, s my/GeV

log,, MieV

Lb for example for my ~ 10GeV and 7 ~ 0.1e¢V one needs Amy/my < 107°

C—‘> leptogenesis for my as low as ~ 20 MeV s possible (but BBN concerns)

LJ> In all cases: asymmetry production at T just above Tsphater. —> nNO dependence
on UV physics!
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Testability!

[H. Teresi |16’

<«— region that FCC should
probe if constructed

>
@
Q
=
£
&
*]

— region that SHIP
should probe

log,g MmleV
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Iwo 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 | I

Canetti, Drewes, Frossard, Shaposhnikov | 3'

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

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

e to compute evolution of asymmetries with thermal effects: another
1 . . : .
well-known formalism: density matrix formalism

Q4> comparison of results in decay formalism above and in density
density matrix formalism???

Pirsa: 17050062 Page 31/48



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;) = Tp( pa,[;t ag)

— n = number density of N, states

(83

coherence between N, and Ng states

—» evolution of density matrix:

d o0
Znia(c,t) = i (HY a0 - /_ ([ Hin ("), [Hine(8), g (O, )]

oscillation term Interaction term
H;s = hyoLiHPRN,, + h.c.

. I
_w terms 1n a;TaI -t ng_ﬁ

f N

b terms in ajag’ = 1—nlg
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Density matrix formalism

i i ~ N - N
= ;tni:’ﬁ(k) = — [EN,nN(k)]aﬁ - QEIN (;{I“-’ (k), n™(k)} - ;{r‘*(k), I-n (k)}) ,

T T waf

with: N+L-o H H-sN+L

rs

>o(k) = —itr {Pruy(k)as (k)Py Z54(k)}

| N _ o ARS scenario
keeping only the transitions where there is no my mass

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

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

d*y d*¢ - -
£ /( q4 (2m)* 6™ (g — k - p) iS7 (—p) iAZ (—q) hi hug

2m)4 J (2n)

Wightman propagator of L T

Wightman propagator of H

for example:

nyI” ~ny X~ «cny - S - AS - hjghig < ny 2 ng- (1+np) - by,

lo

hig
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Density matrix formalism

i i ~ N - N
= ;tni:’ﬁ(k) = — [EN,nN(k)]aﬁ - QEIN (;{I“-’ (k), n™(k)} - ;{r‘*(k), I-n (k)}) ,

T T waf

with: N+L-o H H-sN+L

rs

>o(k) = —itr {Pruy(k)as (k)Py Z54(k)}

| N _ o ARS scenario
keeping only the transitions where there is no my mass

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

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

d*y d*¢ - -
£ /( q4 (2m)* 6™ (g — k - p) iS7 (—p) iAZ (—q) hi hug

2m)4 J (2n)

Wightman propagator of L T

Wightman propagator of H

for example:

nyI> ~ny X~ «cny - §7 - AS - hjyhig < ny 2 ng- (1+ng) - by,

lo

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

with no Majorana mass insertion
= ARS scenario

writing _ , aterm proportional to dn; shows up: washout term: W

dnj, 1 = . y 1 v n
— —ilev. nN(k L} IO 1 A ze i 7 e
dt t[ Ny ( )]uﬁ 217 " o —”cq "YWQ,J!) 2k 2\ Weh N »

I’cq ¢q

/dllps Mg (K) (16 (P) + nig (@) x tr {Pruy (k)uy (K)Pr p} highus

Qiso = k Mﬁ, — ME /Oc 1( 1 1 ) "
s dk T X dE 5 f E 1k h h;
4mr? /0 ed/T +1  8rk e e +1 @ eEE _1 la "UB

3.26 x 1071 T hjy, ug

180 M“ = 1 1
i i L X dE K Lk
2 | =&
TF 8m E- el +1le T —1

hiog hig ~1.05x107*T* hj, hip

k M? AMR 1 * x 4nd L%
T 31 ”m ﬁfzf,c,_ i hig hig ~1.86x107'T* hj, g

n f +

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

with no Majorana mass insertion
d énl 1 1 = ARS scenario
Lo LCY ,,N o o
o () ) - L (pe7) )

eq eq

dnk n Jn
s’ 18 : ; LC*
tr ——tr n ——tr n
nLq {'YWQl Q,LL nN { 'YWC! } QML nN { (vwen)

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(k5C)2pq (h1h)12(hth)ga 6FC f Imf(2')dz’ f6) = [ date' i
T 0

LC
6{ -—

Im[A], hiz(hTh)a: |
(hth)11(hth)ag

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

(S’T).,g_l. =0, = ny,. 7& 0 but E ong, =0 ‘_:> Z Yi=0

e, T i=e,u,T

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

IR V2 |
Yie ~ —18.5 x (a*“)? afyf’ T,.(Ar?ai-)?/'? x (hth) 1y (hTh)ay Y~ 6FC (Rh1)y
' 1

L;s what happen’s is that since there is no my 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 (n, —np,)=0 Z(RN,. —-ny, )=0

i=e,u,T oy

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

= at O(h®) :if Yukawa for electron much smaller than for muon:
nr, — N, strongly washed-out
ng, —ng, much less washed-out
— Z (ng, — nL!) = - Z(”N.\ = n-N“) #0

t=e,u,T l' 5% l

converted to B asym not converted to B asym bar)’on
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 *
i = artr{0F0) ¥} - (60 )

eq

onk n onk 1
i l LC,*
tri{y ——tr n W —— —=tr{n W
nLq { WQ! QnL nN { ’Y Cl } QILL 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(K5C)2peq (WTh)11(RTR)g2 5f‘cfﬁlmf(z’)dz
4 0

LC
6o =

Im [h,‘l hia(hth), I]
(hth)11(hth)a2

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

(S‘T).,g_i = ny,. §£ 0 but E ong, =0 ‘_:> Z Yi=0

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

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

IR V2 |
Yie ~ —18.5 x (a*“)? afyf’ T,.(Ar?ai-)?/'? x (hth) 1y (hTh)ay Y~ 6FC (Rh1)y
' 1

L;s what happen’s is that since there is no my 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 (n, —np,)=0 Z(RN,. —-ny, )=0

i=e,u,T oy

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

= at O(h®) :if Yukawa for electron much smaller than for muon:
nr, — N, strongly washed-out
ng, —ng, much less washed-out
— Z (ng, — nL!) = - Z(”N.\ = n-N“) #0

t=e,u,T l' 5% l

converted to B asym not converted to B asym bar)’on
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
o {0 ) - L (Ee7) )

eq eq

dnk n, n
il LC*
tr ——tr n ——tr n
,LLq {'YWQl Q,LL nN { 'YWCl } Qub nN { (vwen)

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%C)2peq (WTh)11(RTR)g2 5f‘cfﬁlmf(z’)dz
i 0

LC
6o =

Im[A], hiz(hTh)a: |
(hth)11(hth)ag

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

(S‘T).,g_l. =W = ny,. % 0 but E ong, =0 ‘_:> Z Yi=0

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

—> no contribution at O(k*) !
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Total lepton number violating density matrix contribution

.H. Teresi 17

L—b 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

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

U

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

s

26(K) 3 +itr {Proy (k)04 (k)PL 25, (—k)}

Pirsa: 17050062

Page 41/48



Pirsa: 17050062

Full set of density matrix equation with LC and LV contributions

d . :.:‘_1 ‘ i ) 1 v y T N
= i [En,n" (k)] 2{7“ gl o l} !
dnl

g
. X 1 . 5 n:\’

U [ t.0C _alV e LC LV
1 onl. (( W, "F'.-t'Q.r) 1 2{"(\1-'(!,1 Twaens

n

€ eq

— N
dn s

dt

1 . . T
{ ,,YL(.. . 4 ,},Lt -’ - - I }
n, af

eq

= —i[En,aN (k)] ,

L ( LC = LV » ) } 1 LC = LV s n™
Tw Tweo Twe Twe N
onk wou T Ywaut 21 Tweu Web N

eq eq

I

= Jiso f g O W f “dE (ABK + M2 — M2)
an? Jo  eMT +132mk3 " Jpo L -

=~ 3.35 x 1073 m3, T2 hj, hyg

I.H., leresi | /°

d 511{' 1

= —tr { (%LC - %LV) ‘n.N}

| .
- TL'N tr { (,Y{;(,. _ "]’ILV )'H.N}

onf LC LV
nk tr {’YwQ.J + ’qu,z}

(7]

. 5nf’ 1 t N LC 4 LV }
o {n" (v +vwen)
T"!,‘r‘I TLCI}
snl 1 g
l ~N (. LCw» LV«
—trin” (vwer + Ywe
onl nN { (vwe W c,..r)}

eq 'teq

( 1 5 1 )* hy
eF+1 ot _1) ‘e p

2 %
LV Giso my AR (AT 4 M2 _ A2 1 ! » i 42 2]
1= s /0 qpo g3 ¥ |, B @Bk + ME = Mp) | —+ o — hig g ~5.49 x 10 m% Tk}, hys

e

LV Yiso - k 'Hl‘{\; ‘/‘T' . ., ) 2 w;
Y - — ~—— dE (AEk + M M7,
We = yp2 A Uk 21 35ms * [, 08 UEk+ M ~ My)

et

I

1 hl*a hig ~1.79 x 107*m% T* hj,, hug
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Analytical solution for the LV contribution

[H.Teresi 17
2
My m5

Yov =~ 7.9 x af€alV — 5
T. Amj,

(hth)11 (hTh)ap 6%V

T

8LV =3, 65V £ 0

SLV _ Im[h} hiz(h'h)i12]
l (hth)11(hTh)22

T

CP-violating Yukawa combination

which break total lepton number
]

—»> 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 4

aLCaLV (O{LC)QQ&Q

but m3, suppression with different Am and Mpjance 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

[H. Teresi | 7

s with only one lepton flavour: no ARS, only LV contribution

3 np
. = . R.5
Y < contour plot Amy /my = 10 10 Yi p contour plot Amy /’”-'-.f\-‘ = 10785
LS T T

T T Lh g

e
(=]
T

NS

- o,
‘\ICC o -1
Y

-
. .

e
o

0g,o M/GeV
o
(=]

i
EE=
k=] o

Pl

=
(4]
T

decay
formalism

>
8

z
E
g

logsy mieV logyo 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

[H. Teresi | 7'

Yp = i contour plot: full LC4LV result
s

ratio of LV+LC over LC

|Og“-, mieV |Gg]q mieV

1.0p

Ampy/my =10 10

0.6F

3
Q
5
S
g

logsg 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'

'8 ontour plot: full LC+LV result
8

logyo mieV

ratio of LV+LC over LC

logy mieV

1.0F

Amy/my = 1078

0.5F

>
&
£
g

logyo 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 largermn the more LV dominates
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Dominance of the LV contribution for low reheating temperatures

[H. Teresi | 7'

L4> LV contribution produced at lower temperature than the ARS-LC
contribution due to the m?%, /T2 relative factor

=
b=
>

=]
=]
2
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Summary

C o in type-l seesaw model with nothing else

C—+ thanks to thermal effect leading to N self-energy thermal cut
s

0
i with boosted production if no IV to begin with

(- in atestable way (SHIP..) 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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