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Introduction

The baryon asymmetry of the universe (BAU)

"BTRB o B (6.0440.08) x 10710 (Planck)

n’y ° n,y ° ° °
must be explained by some dynamical mechanism = baryogenesis

. (1) B violation
Sakharov’s conditions : (2) C and CP violation

(3) departure from thermal equilibrium

(1) and (2) are present in the SM

(1) B+L anomaly = transitions between vacua with different (B+L) possible

at T = Mweak, where nonperturbative (B+L)-violating processes (electroweak
sphalerons) are in equilibrium

Electroweak baryogenesis fails in the SM because (3) is not satisfied [also
CP violation is too weak] = need either new physics at Mweak to modify
the dynamics of the EWPT, or generate a (B-L) asymmetry at T > Tew



Leptogenesis (generation of a L asymmetry above Tew, which is partially
converted into a B asymmetry by EW sphalerons) belongs to the second class

Attractive mechanism since connects neutrino masses to the BAU : the B-L
asymmetry is generated in out-of-equilibrium decays of heavy states involved
in neutrino mass generation, such as the heavy Majorana neutrinos of the
(type ) seesaw mechanism [Fukugita, Yanagida ‘86]

A lot of work has been done on leptogenesis in the past |5 years :

- refinement of the calculation of the generated baryon asymmetry in the
standard scenario with RH neutrinos (finite T corrections, spectator processes,
lepton flavour effects, quantum Boltzmann equations)

- alternative scenarios to the standard one, including low-scale scenarios and
the ARS mechanism (CP-violating oscillations of sterile neutrinos around the
EW scale) [Akhmedov, Rubakov, Smirnov ‘98]

- attempts to relate leptogenesis to measurable parameters, in particular to
low-energy CP violation (no direct connection in general)

This talk : status of standard leptogenesis (with heavy RH neutrinos) and
recent developments in scalar triplet leptogenesis




Review of standard leptogenesis

Generate a B-L asymmetry through the out-of-equilibrium decays of the
heavy Majorana neutrinos responsible for neutrino mass [Fukugita, Yanagida ‘86]

Seesaw mechanism: Lovosan = —% M;N;N; — (N;Y;o Lo H + h.c.)
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CP asymmetry due to interference between tree and 1-loop diagrams:
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S F(Nz N LH) # I‘(NZ N EH*) Covi, Roulet,Vissani ’96

Buchmuller, Plimacher ‘98

CP asymmetry in N1 decays (hierarchical case M; < M,, M3 ) = generation

F(Nl — LH) — F(Nl — EH*)
(N — LH) + (N, — LH*)

of a lepton asymmetry proportional to ey, =

The generated asymmetry is partly washed out by L-violating processes:

* inverse decays LH — N;
e AL=2 N-mediated scatterings LH — LH, LL — HH

e AL=1 scatterings involving the top or gauge bosons




The evolution of the lepton asymmetry is described by the Boltzmann eq.
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Leptogenesis can explain the observed baryon asymmetry

(assuming M, < Moy, M3)

region of successful leptogenesis
in the (mq, M) plane
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[Giudice, Notari, Raidal, Riotto, Strumia '03] j 7
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= M,; > (0.5 — 2.5) x 10° GeV depending on the initial conditions
[Davidson, Ibarra ’02]

Case My ~ My :if |My — Ms| ~ T'y, the self-energy part of éni has a resonant
behaviour, and M; < 10” GeV is compatible with successful leptogenesis

(“resonant |ePt08eneSiS”) Covi, Roulet,Vissani '96
Pilaftsis '97



Barbieri, Creminelli, Strumia, Tetradis '99

Flavour effects in leptogenesis Endoh et al.’03 - Nardi et al. '06 - Abada et al.'06
Blanchet, Di Bari, Raffelt '06 - Pascoli, Petcov, Riotto 06

“One-flavour approximation” (1FA): leptogenesis described in terms of a single
direction in flavour space, the lepton 7, to which N1 couples

Z Yla leaH — leﬁlleH le — Z Ylaga/y]\fl
This is valid as long as the charged lepton Yukawas Ao are out of equilibrium

At T < 10'? GeV, Aris in equilibrium and destroys the coherence of ¢,
=> 2 relevant flavours: /. and a combination /, of /,and ¢,

At T < 107 GeV, At and Ay are in equilibrium = must distinguish £, £,, and £
— depending on the T regime, BE’s for 1, 2 or 3 lepton flavours

Flavour-dependent CP asymmetries and washout rates:
€ — —— g
Mo DNy — 0, H) +T(N, — 0, H)

— flavour-dependent Boltzmann equations



Proper description of flavour effects: density matrix

(Ar) o diagonal entries = flavour asymmetries Ay, = Y, — Y

af
> off-diagonal entries = quantum correlations between flavours

explicitly flavour-covariant formalism: Boltzmann equations covariant
under flavour rotations

( — U A, —UAN U

However, only really needed at the transition between 2 different flavour
regimes; otherwise there is always a natural basis choice in which the BE’s
for the density matrix reduce to a set of BE’s for flavour asymmetries

E.g.at T > 10'2 GeV in the basis ({n,,¢11,¢12),the asymmetry in {5, evolves
independently of the other asymmetries

At 10° GeV < T < 10'? GeV, fast Ar-induced interactions such as ¢3 /- — tr TR
destroy the quantum coherence between /.- and the other lepton flavours



Flavour effects lead to quantitatively different results from the 1FA

red: 1FA
black: flavoured case

[Abada, Josse-Michaux ’07]

m 1 (eV)

Spectacular enhancement of the final asymmetry in some cases, such as
N2 leptogenesis (N2 generate an asymmetry in a flavour that is only mildly
washed out b)’ Nl) [Vives ’05 - Abada, Hosteins, Josse-Michaux, SL 08 - Di Bari, Riotto '08]

Case (+ + —) with off —diagonal terms.
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Scalar triplet leptogenesis

Type Il seesaw mechanism:

1
L=—3 (fap Aol +u ATHH + h.c.) — MZ Tr(ATA)
o AT/V2 AT .
A = ( NN ) electroweak triplet
: : o :ufozﬁ 2
generates a neutrino mass matrix (m, ).z = 5 U
2M %

Also leads to leptogenesis provided another heavy state couples to lepton
doublets = generation of a CP asymmetry in triplet decays possible
[Ma, Sarkar ’98 - Hambye, Senjanovic 03]

7T A i :
Do — < Ao = = - - < additional triplets
2 6 > z

gl‘ 1 fz‘
¢/
A - N RH neutrinos
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Can parametrize the effect of the heavier state(s) (assumed to be much
heavier than the triplet) in a model-independent way:

Lo = —B0By g HH 1 Loov
W= gy el = (maap = GRas g
)‘Hfoz
m, = MA +m7_[ A — QMAB )\H — ,u/MA

The flavoured CP asymmetries are given by:

lo
o F(A — fafg) — F(A — fagg) (1 n (5a5 Tﬁ
| N g

Im {(WZ)aﬁ (m3) a@

_ 1 MA /BEBH — EN = Z

A 2 mA

Main differences with standard leptogenesis (with RH neutrinos):

(i) the triplet has gauge interactions = competition between annihilations
AA — XX and decays A — £, l5, A — HH (2 decay modes)

(ii) the heavy decaying state is not self-conjugate = possibility of an
asymmetry Aa



single-flavour approximation
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[Hambye, Raidal,
Strumia ’05]

Case By < By :even though triplet decays remain in thermal equilibrium,
an asymmetry is generated because the decay mode A — H H is out of
equilibrium = an asymmetry A develops, followed by A, and A,

The observed BAU can be reproduced for

My > 2.8 x 100 GeV
Mx > 1.3 x 10" GeV

(ma = 0.001eV)
(7712& — ()135365\/)

ma = size of the triplet contribution to neutrino masses



Flavour-dependent scalar triplet leptogenesis

Contrarily to the type | seesaw case, in scalar triplet leptogenesis there is no
preferred basis in which the BE’s for the density matrix (A,), reduce to BE’s
for flavour-diagonal asymmetries (except at 7' < 10? GeV, where all quantum
correlations between lepton flavours are destroyed by Yukawa couplings)

n particular, no well-defined one-flavour approximation at 7 > 10'? GeV
basic reason: no basis in which the triplet couples to a single lepton flavour]

f write BE’s for the individual flavour asymmetries in two different bases, will
find a different result for the final baryon asymmetry

density matrix i

neutrino mass eigenstate basis

asymmetry

charged lepton eigenstate basis

1o~ E

(Ma =5 x 10'* GeV) 3L, B. Schmauch]

| |
101 1 10 102



Derivation of the flavour-covariant Boltzmann equations  [SL, B. Schmauch]

We use the closed-time path (CTP) formalism, which has already been used to

derive quantum Boltzmann equations for standard leptogenesis
[Buchmuller, Fredenhagen '00 - De Simone, Riotto 07 - Garny et al.’09 - Cirigliano et al.’09 - Beneke et al.’10 ...]

The Boltzmann equations are obtained from the Schwinger-Dyson equations:

d(Ay)a
z e g = /d3 /dt tr Zﬁ,y(x w)G<a(w,:1:)—ng(a:,w)Gia(w,a:)
—Gm(az w) B3, (w, ) + Gﬁ,y(aj,w)Eia(w,a:)}

sH

where the G’s are Green’s functions path-ordered along the closed time contour

+ > .
and the 2’s are lepton doublet self energies ¢
The washout term due to inverse decays is obtained fmf
from the one-loop lepton doublet self-energy o«
while the washout terms from 2-2 scatterings a
and the source term arise from 2-loop contributions )
to the lepton self-energy TN T T

fi H\ Kao K3y /H ao
At the end of the computation, we take the limit \ / \ /

t — oo to obtain the classical Boltzmann equations ( (



Boltzmann equations for the density matrix (T > 10'? GeV) [SL, B. Schmauch]

¥ A N »2
H = — 1 — 2 — 1
SI1Zz 7~ (ZA ) YD (Zqu YA

A
dAozB 2N D ¢H 40

sHz 7~ — —Caf (ZA 1) /VD_FWQB"_Waﬁ +W Waﬁa
dAA 1 D H Ag A

H — —— (t — _
sHz— 2(1“(W ) — W), Wi — oy (YH 2‘211)”9
Waﬁ (ff )OAB Eeq 4qu (QfA f + ff Ap+ Aéff )ozﬁ YD Inverse decays
¢

fafg < A, ZaZB —~ A

. 9 T (2FAT T+ 1A+ Auf fT) o Te(Aof f1) ot 4-lepton
ngzﬁ — [tl‘(ffT)]Q |:tl‘(ff) 4qu }/g (ff )ozﬁ

scatterings

Coly < 0ol Lol <5 Lglys

A 1 1 Fepta : : b et lepton-triplet
Wéﬁ’ w(f T F D) [2Y€eq (ff JITDe =25 " Apf T+ Dgf ST )a/?] Ve P P

scatterings
gaA < EBA, gaA < f@A, KQZB < AA

(4-lepton and lepton-triplet scatterings are purely flavoured washout processes)



w1 [CIATF + A+ AST), Ay .
Wap =2 tr(ff1) 1Y, Yf[q(ff Jap | Vel

[t A A, s,
T R (faN) v yea (Fi)as | 2o

1 —(QRAng+ﬁfTAg+Ag&fT)aﬁ Ay T T .
) g yea (57 as | i

1 [@EALRT +ReTAe+ AprnT) o Ay 7—[
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(scatterings involving leptons and Higgs bosons)

1 Ma /—BEBH(

meAme — mLmA

)ozB

Eap = 8w v?

MA

(oly s HH, (o H ¢ I5H

(flavour-covariant CP-asymmetry matrix)

All terms on the RHS of the Boltzmann equation for A, 3 transform covariantly

under ¢ — U/ :

M= UMUT M= {EWP WH W wia



Reaction rates
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Figure 9: Baryon-to-photon ratio ng/n, as a function of Ay for M = 5 x 10** GeV, assuming
Ansatz 1 (left panel) or Ansatz 2 with (x,y) = (0.05,0.95) (right panel). The red lines indicate
the result of the flavour-covariant computation involving the 3 X 3 density matrix A,z, with
(solid red line) or without (dashed-dotted red line) spectator processes taken into account,
whereas the blue lines indicate the result of the single flavour approximation, taking spectator
processes into account (blue dashed line) or not (blue dotted line). The equality of branching
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Figure 11: Isocurves of the baryon-to-photon ratio ng/n., in the (A, Ma) plane obtained
performing the full computation, assuming Ansatz 1 (left panel) or Ansatz 2 with (z,y) =
(0.05,0.95) (right panel). The coloured regions indicate where the observed baryon asymmetry
can be reproduced in the full computation (light red shading) or in the single flavour approxi-

mation with spectator processes neglected (dark blue shading). The solid black line corresponds
to By = By. Also shown are the regions where Ay is greater than 1 or 4.

Ma > 4.4 x 10'° GeV (1.2 x 10" GeV without flavour effects)



A predictive scheme for scalar triplet leptogenesis

Non-standard SO(10) model that leads to pure type L Ls
seesaw mechanism = neutrinos masses proportional to \/
triplet couplings to leptons: . A
veb T 2MA PN
H 7 N H

This model also contains heavy (non-standard) leptons that induce a CP
asymmetry in the heavy triplet decays

®=29,Tc 54

The SM and heavy lepton couplings are related by the SO(10) gauge symmetry,
implying that the CP asymmetry in triplet decays can be expressed in terms of
(measurable) neutrino parameters

— important difference with other triplet leptogenesis scenarios

[Frigerio, Hosteins, SL, Romanino ’08]



Dependence on the light neutrino parameters

Assuming M1 < Ma < My + M, one obtains:

en o< Im [f11(f"ff7)11] oc Tm[(my )11 (mm,my )]

1
4 2 2 2
EA X 575 | C13C12512 Sin(2p) mima Ams,
2 2 2 2 2 2 2 2
+¢13573C12 SN 2(p — o) mimsAmz, — 13873575 sin(20) mgmgAmSQ}

— €A depends on measurable neutrino parameters

— the CP violation needed for leptogenesis is provided by the CP-violating
phases of the lepton mixing matrix (the Majorana phases to which neutrinoless
double beta decay is sensitive)

An approximate solution of the Boltzmann equations suggested that successful
leptogenesis is possible if the “reactor” mixing angle 6,5 is large enough (prior
to its measurement by the Daya Bay experiment) [Frigerio, Hosteins, SL, Romanino '08]

— confirmed by the numerical resolution of the flavour-covariant Boltzmann
equations [SL, B.Schmauch, to appear]



Parameter space allowed by successful leptogenesis: normal hierarchy

Baryon asymmetry ng/ n,

M, (GeV)

m ,; (eV)

— excludes a quasi-degenerate spectrum



013 dependence

MA = 1.5 x 10*? GeV
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Inverted hierarchy case

Baryon asymmetry ng/n,
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— inverted hierarchy disfavoured



Conclusions

Lepton flavour dynamics can never be neglected in scalar triplet
leptogenesis, even when all charged lepton Yukawa couplings are out of
equilibrium (at variance with standard leptogenesis with RHNs, for which
the single flavour approximation is very good)

Except at T < 10° GeV, where all quantum correlations between the
different lepton flavours are destroyed, it is not possible to describe
accurately the flavour dynamics in terms of individual flavour asymmetries

— must use flavour-covariant Boltzmann equations
Flavour effects can significantly affect the generated baryon asymmetry

Non-standard embedding of the SM fermions in SO(10) representations
provides a link between leptogenesis and low-energy neutrino parameters
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spectator processes and lepton flavour effects

Spectator processes = cannot create a B-L asymmetry (preserve the charges
A, = AB/3 — AL, ) but modify the Higgs and lepton doublet densities, thus

affecting washout

[Buchmuller, Plumacher '01 - Nardi, Nir, Racker, Roulet ’05]

E.g. EW sphalerons (charged lepton Yukawas) convert A, into A, (Acr., Ag)

Typically very fast in some temperature range => relations between chemical

potentials, which allows to express A, and Ay in terms of asymmetries
that are not affected by spectator processes

T (GeV) Equilibrium Constraints
no spectators

> 10%° h:, gauge B=> (2¢i +ui+di) =0 .

e - QODSph T —di) =0 typically affect
b0 B-L asymmetry

1012+13 +  hy, he ’

" r=t—¢ by a few 10 %

1011512 + EW-Sph > . (3¢ +¢€a) =0 [Nardi et al.]
CZQQ—|—¢,

103+t + he, hs, hy, S=qo—o,

p=~Lu—¢



single-flavour approximation [Hambye, Raidal, Strumia '05]

Boltzmann equations (neglecting the off-shell scatterings ¢/ — HH, ({H — (H)

A5 A A 72
H _ 1) yp—2 1

dA, 2IA Ay Aa AA = YA — YA
H22 1 _ 9B a =Ya-Y3
sH z 7 (E(Xl )’VDEA , (Yeeq + ZXI YD

dAA AA Ay Ax €EA = E €ap
H _ B, =L _ B
15 == (S + B~ B ) o o7

[no BE for A g since depends on the other asymmetries ( Ag = Ay — 2AA)]
By (Bp) = scalar triplet branching ratios into leptons (Higgs)

First studies of lepton flavour effects by Gonzalez-Felipe, Joaquim, Serodio ’| 3
and Avristizabal Sierra, Dehn Hambye ’ 14, but flavour non-covariant formalism



Purely flavoured leptogenesis

New contribution to the CP asymmetry in the flavoured regime (models with
several triplets) [Gonzilez Felipe, Joaquim, Serédio, 1301.0288]

lLa (i CIa

7 N

Ty 7 \ Ty
- > -=> - -( )— >—- -—>—— - > -

(i) usual contribution: violates both L and La

eof o< Im (o ey (fa)ap ([ )as elt) — eof o< Im | pg iy Tr( fo fp
0y o< Im [papti (fa)as (£ )as ® by oc T Tr(fof))
a?/B

(i) new contribution: violates La but not L

) o i [Te(fuf) (fu)as (3 ] (i) = 37D o 1 [

a,B

2
Tr(fafg)’ ] =0

If the triplets couple much more strongly to leptons than to Higgs bosons,
then |egoral| = €] < |e§j;>| — purely flavoured leptogenesis (PFL)



Detailed study of PFL [Aristizabal Sierra, Dhen, Hambye, 1401.4347]

Assume By < By, |€iotal| = 0

Triplet decays generate flavour asymmetries but no overall B-L asymmetry

Crucial role of the asymmetry A A, which is generated through inverse
decays thanks to the flavour structure in the B, or C}

dA A : : )
sH:928 5 S°p, ot 28 A is then converted into a B-L
dz e Y asymmetry through decays
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Figure 11: Mazimum attainable final B — L asymmetry as a function of the R parameter,

for By = 1072, ma = 10 GeV and ma = 0.05 eV. Neutrino data constraints have been
imposed as in Fig. (7).



Leptogenesis

Requires a CP asymmetry in triplet decays. In standard triplet leptogenesis, the
fij ’s are not enough: need a second set of (flavour) couplings, otherwise

ea o Im[Tr(ff7ff7)] = 0

=> introduce e.g.a second triplet with couplings f’ij to leptons
=> no direct connection between leptogenesis and neutrino masses

In our scenario, the states in the loop are heavy and the trace is incomplete

O =75"1T €54

Assuming My < Ma < My + Ms , one obtains:

en o< Im [f11(f"ff7)11] oc Tm[(my)11(mym,my )]



SO(10) models with type Il seesaw mechanism

[Frigerio, Hosteins, SL, Romanino]

Avoiding the type | contribution is difficult: NR’s belong to the matter
representation (16), hence are always around and couple to lepton doublets

Way out: “non-standard” embedding of the SM fermions into SO(10)
representations

162 — 10@ O . D 1@'
10, = . @ 5
(5;%,5;°) form a massive vector-like pair of matter fields

=> contains heavy lepton doublets and quark singlets and their VL partners

SM matter fields:  10;° = (Q;, uS,e5), 5 = (L;,d5), 1;°=uv¢

1

Neutrino masses: no coupling of the NR’s to the SM leptons at tree level
=> type |l seesaw mechanism (in the presence of a 54 Higgs representation)
1 1 1 o(vi?)?
Wir = = £i;10;10;54 + = 0101054 4+ = M35454° — N
i1 2f] ] +20 +2 54 = M, 2 M f




abundances

10-6
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Numerical results

[SL, B. Schmauch, to appear]
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Ma =10 GeV, my =10"2%eV, Ay =0.2



