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Abstract

We present a flavour-covariant formalism for scalar triplet leptogenesis, which takes
into account the effects of the different lepton flavours in a consistent way. Our main
finding is that flavour effects can never be neglected in scalar triplet leptogenesis, even in
the temperature regime where all charged lepton Yukawa interactions are out of equilib-
rium. This is at variance with the standard leptogenesis scenario with heavy Majorana
neutrinos. In particular, the so-called single flavour approximation leads to predictions
for the baryon asymmetry of the universe that can differ by a large amount from the
flavour-covariant computation in all temperature regimes. We investigate numerically the
impact of flavour effects and spectator processes on the generated baryon asymmetry,
and find that the region of triplet parameter space allowed by successsful leptogenesis is
significantly enlarged.

!Laboratoire de la Direction des Sciences de la Matiere du Commissariat & ’Energie Atomique et Unité de
Recherche Associée au CNRS (URA 2306).
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1 Introduction

Leptogenesis [I], i.e. the generation of a lepton asymmetry through the out-of-equilibrium
decays of heavy particles before sphaleron freeze-out, is one of the most appealing expla-
nations for the origin of the observed baryon asymmetry of the universe. As such, it
has been the subject of a large number of studies, especially in its minimal version in-
volving heavy right-handed neutrinos (for a comprehensive review, see Ref. [2]). Over
the years, many refinements have been added to the computation of the generated baryon
asymmetry: spectator processes [3, 4], finite temperature corrections [5], lepton flavour ef-
fects [0} 7, 8, @, 10] and finally attempts to provide a full quantum mechanical formulation
of thermal leptogenesis [11], 12 13| 14, 15} 16, 17, [1§].

By constrast, much less work has been devoted to the leptogenesis scenarios involving
fermionic [19, 20}, 21) 22] 23] or scalar [24, 25| 26, 27 28, 29| B0, 31] electroweak triplets
(for a recent review of these scenarios and additional references, see Refs. [32]). The
CP asymmetry in scalar triplet/antitriplet decays was computed for various models in
Refs [24], 25]. A detailed quantitative study of scalar triplet leptogenesis was performed
in the single flavour approximation in Ref. [26], and was extended to the supersymmetric
case in Ref. [27]. Flavour effects were addressed in flavour non-covariant approaches in
Refs. [30, [31], and spectator processes were also included in Ref. [31]. In this paper,
we extend and improve previous works on flavour-dependent scalar triplet leptogenesis
by providing a complete set of flavour-covariant Boltzmann equations using the density
matrix formalism [33] [6]. We find that flavour covariance is a crucial ingredient of the
computation of the generated baryon asymmetry, and that flavour effects also matter in
the temperature regime where charged lepton Yukawa interactions are out of equilibrium.
We show in particular that, as opposed to the standard leptogenesis scenario with right-
handed neutrinos, the single flavour calculation does not provide a good approximation
to the full flavoured computation, even when charged lepton Yukawa couplings can be
neglected.

The paper is organized as follows. The framework and the basic ingredients of flavour-
dependent scalar triplet leptogenesis are presented in Section 2l In Section Bl we justify
the use of a flavour-covariant formalism and derive the Boltzmann equation for the density
matrix in the closed time path formalism. Spectator processes and chemical equilibrium
are discussed in Section [l Section Bl provides the set of Boltzmann equations relevant to
the different temperature regimes, both in the flavour-covariant approach with spectator
processes included, and in various approximations neglecting flavour covariance and/or
spectator processes. In Section [6] we study numerically the impact of flavour effects and
spectator processes on scalar triplet leptogenesis, and we compare the flavour-covariant
with the flavour non-covariant computations. We find that the generated baryon asym-
metry can be significantly enhanced (up to several orders of magnitude) by the proper
inclusion of flavour effects and spectator processes, thus enlarging the region of triplet
parameter space allowed by successsful leptogenesis. Finally, we present our conclusions
in Section [7l The formulae for the space-time densities of reactions used in the paper can
be found in Appendix [Al



2 Basic ingredients of scalar triplet leptogenesis

2.1 The framework

We work in the framework of the type II seesaw model [34], i.e. the Standard Model
augmented with a massive scalar electroweak triplet which couples to left-handed leptons
and to the Higgs boson as follows:

L= —% ( fapllCic® Alg + pH i ATH + h.c.) — M2 tr(ATA), (2.1)
where C' is the charge conjugation matrix defined by C’yZC"l = —7yu, and
(AT/V2 ATT + A~ /V2 AV
A_< AO —A+/\/§>7 Al = A—— —A_/\/? . (22)

When decomposed on the components of each electroweak multiplet, this Lagrangian
becomes

L= —% {fag <VO:CC’V5 A — V210l Ces AT — el Cep A++)
o (~HOHOA™ — V2 HUHT AT + HYHFA™) +he.}
— MR (A"A" + ATAT + ATTATY). (2.3)
The triplet gives a contribution to the neutrino mass matrix:

(m8)s =+ pfus e (2.4
Aaﬁ—2Ma5M27 .

where v = (H") = 174 GeV is the Higgs boson vacuum expectation value. In addition to
generating small neutrino masses, the heavy scalar triplet can also create a lepton asym-
metry through its decays, like the right-handed neutrinos of the type I seesaw mechanism.
There are however important differences between the standard leptogenesis scenario in-
volving heavy Majorana neutrinos and scalar triplet leptogenesis. First A has 2 types of
decays, into Higgs bosons and into antileptons, with tree-level decay rates

L |p?

(A — ) = 32iﬁtr(ff*)MA, (A — HH) = or Ma- (2.5)

It will prove convenient in the following to introduce the quantities:

)\Z = \/ tr(ffT) ’ )\H = % 3 (26)

which control the tree-level decay width and branching ratios of the scalar triplet:

1
Pa = 55— (A} + ) Ma, (2.7)
__ 22 A2
By =BR(A =0 = ——*—, By =BR(A—HH) = “H__ . (2.8)
A2+ A2+ N



Second, in contrast to the heavy Majorana neutrinos of standard leptogenesis, the scalar
triplet is not a self-conjugate state. Hence, an asymmetry between the triplet and an-
titriplet abundances will arise and affect the dynamics of leptogenesis. Third, being
charged under SU(2)r, x U(1)y, the triplets and antitriplets can annihilate before decay-
ing. In order to generate a large enough lepton asymmetry, decays have to happen with a
rate higher or similar to gauge annihilations, which are typically in thermal equilibrium.
This requirement seems to conflict with Sakharov’s third condition [35], but the fact that
the triplet has several decay channels makes it possible for some of them to occur out of
equilibrium and resolves the contradiction [26].

Finally, another important feature of scalar triplet leptogenesis, whose significance
has been missed so far, lies in the fact that the scalar triplet couples to pairs of leptons
from different generations rather than to a coherent superposition of lepton ﬂavours@ (as
opposed to a right-handed neutrino). As a consequence, its dynamics cannot be described
by Boltzmann equations involving a single lepton asymmetry. This is at variance with
the standard leptogenesis scenario, in which neglecting the effects of the different lepton
flavours is a good approximation at high temperature. For scalar triplet leptogenesis, a
flavour-covariant formalism must be employed, as will be discussed in Section Bl

In order for leptogenesis to account for the observed baryon asymmetry of the universe,
a large enough asymmetry between the leptonic decay rates of triplets and antitriplets is
needed. It is a well-known fact [36, [37] that this condition is not satisfied with the minimal
particle content of the type II seesaw mechanism, since there is no CP asymmetry in A/A
decays at the one-loop leveﬁ. For this to happen, another heavy state (or possibly several
heavy states) with couplings to the lepton and Higgs doublets must be added to the
model. If this additional particle is significantly heavier than A, it will not be present
in the thermal bath at the time of leptogenesis and its effect can be parametrized by the
effective dimension-5 operator [20]

ALe = 2598 (T2 1) C (HTi0%05) + hc. (2.9)
4 A C ’
suppressed by A > Ma, where A = Mi, /' = Mnas /Ny if the heavier particle is a scalar
triplet A’, and A = M if it is a right-handed neutrino or a fermionic triplet with mass M.
The operator (2.9]) also gives a contribution to the neutrino mass matrix:

1 v2
(mH)aﬁ = éﬁaBX' (2-10)

In full generality one should also add an effective dimension-6 operator (which arises at
tree level if the heavier particle is a scalar triplet [30], but only at the one-loop level if it
is a right-handed neutrino or a fermionic triplet):

ALy = _i 77‘;{3;5 ((LCio?505)- (0,510 CLY ), (2.11)

2Indeed, except for very specific flavour structures of the parameters f,g, it is not possible to find a superpo-
sition of lepton doublet flavours /o =Y cqalq such that the scalar triplet couplings to leptons fogAlylg can
be rewritten as fAlala. By contrast, the couplings of a right-handed neutrino Y1,N1/,H can be rewritten

yNiln H, with y = />, [Y1ia]? and Iy, =, Yiala/y.

3We found a non-vanishing CP asymmetry only at the 3-loop level, and only in the flavoured regime.
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Figure 1: Diagrams responsible for the flavour-dependent CP asymmetries €,g.

where 7,4+ is symmetric under the exchanges o <+ 8 and v <+ 4. This operator induces
a contribution to the flavour-dependent CP asymmetries in A/A decays that vanishes
when summed over lepton flavours, hence it only affects leptogenesis when the dynamics
of the different flavours is taken into account. However, it generally plays a subdomi-
nant role because it is suppressed by an additional power of A (and possibly also by a
loop factor) with respect to the operator (2.9]). A notable exception arises when (2.9
and (ZIT]) are generated by a heavier scalar triplet A’ with couplings to lepton and Higgs
doublets such that )\HXH < )\g)\ZMA /Mps. In this case, the operator (2.I1]) gives the
dominant contribution to the flavour-dependent CP asymmetries in A decays, while the
total CP asymmetry (to which only (2.9) contributes) is small. This scenario, dubbed
purely flavoured leptogenesis (PFL) in the literature, has been studiedd in Refs. [30L 31].
In this paper we shall stick to the less specific case of dominance of the operator (2.9]) and
omit the operator ([Z.IT]).

2.2 CP Asymmetries in A/A decays
The CP asymmetries in the decays of the triplets and antitriplets are defined by

I'A— HH)-T(A — HH)

=2
H Ta+T4

, (2.12)

F(A — fafg) — F(A — Zaf_g)
FA —|—FA

€ap = (14 6ap) (2.13)
where we included a factor 2 in the definitions of eg and e, for later convenience. The
flavour-dependent CP asymmetries €,3 come from the interference between the diagrams
shown in Fig. [l With the definition (2.I3]), they can be expressed in terms of ma and
myy as

1 Ma

I *

2.14
o st (214

4We disagree with the claim [30] of a strong enhancement of the generated lepton asymmetry in PFL for low
triplet masses, which can be traced back to an erroneous term in the Boltzmann equations of Ref. [30]. Indeed,
the second term in Eq. (23) of Ref. [30] generates a lepton asymmetry in thermal equilibrium, thus violating
the third Sakharov condition [35].



where we have introduced
ma = tr(mTAmA) . (2.15)

The total CP asymmetry is given by [26]

1 Ma
EA = ZEQB = E? BZBH A = €H, (216)
a,B8

where the last equality follows from CPT invariance.

2.3 Washout processes

The lepton asymmetry generated in triplet and antitriplet decays is partially washed out
by lepton number violating processes. These include the inverse decays {,lg — A and
EQZB — A, and the AL = 2 scatterings (ol +» HH and (o, H Zgﬁ, mediated by s- and
t-channel triplet exchange, respectively, as well as by the higher order operator (29). In
addition, some processes that preserve total lepton number redistribute the asymmetries
between the different lepton flavours, namely the 2 lepton-2 lepton scatterings £, {g <+ £, s
and éaz@ > Zgﬁ(g (mediated by s- and t-channel triplet exchange, respectively), and the
2-2 scatterings involving leptons and triplets £, A <+ {gA, LA 655 and Eofg — AA
(mediated by s-, t- and u-channel lepton exchange). Since the asymmetries stored in
different lepton flavours are subject to different washout rates, these flavour violating
processes have an impact on the erasure of the total lepton number, and we will refer to
them as washout processes, too.
We define for later reference the space-time density of triplet and antitriplet decays:

YD = Z [’7(A e ZQZB) —|—’7(A e Eagﬁ)] +v(A < HH) +’7(A A HH)’ (2.17)
a,B

as well as the following combinations of flavour-dependent scattering densities:

ver = Y [29(lals <> HH) + (o H  [5H)] (2.18)
a,

yae = > [29(als > Lyls) + (Laly <> Lgly)] (2.19)
a,B,7,0

Yea = Y [1lad 5 LaA) + y(Lal < LgA) + y(Laly < AA)] . (2.20)
a,

3 Flavour-covariant formalism

3.1 The need for a flavour-covariant formalism

Leptogenesis computations are often performed in the so-called single flavour approxima-
tion, in which a single direction in flavour space is considered. This is a rather accurate



approximation in scenarios in which a heavy Majorana neutrino N7 decaying at high tem-
perature is responsible for the whole lepton asymmetry. Indeed, the couplings of N; can
be rewritten as (with the contraction of SU(2)y, indices omitted)

— Z YlangaH 4+ h.c. = _legNlH + h.c., (31)

where y = />, [Yial? and Uy, = >, Yiala/y. When processes mediated by the charged
lepton Yukawa couplings are out of equilibrium, i.e. when N; decays in the high tem-
perature regime (7' > 102 GeV), the coherence of £y, is effectively preserved by all
interactioné% in the thermal plasma and leptogenesis can safely be described in terms of a
single lepton flavour. When the lepton asymmetry is generated at lower temperature, on
the other hand, charged lepton Yukawa interactions enter equilibrium and destroy the co-
herence of /,. The single flavour approximation is no longer appropriate, and the proper
treatment involves a 3 x 3 matrix in lepton flavour space [6], the density matrix (Ag)qg,
whose diagonal entries are the asymmetries stored in each lepton doublet ¢,, while the
off-diagonal entries encode the quantum correlations between the different flavours. This
matrix transforms as Ay — U*A, UT under flavour rotations ¢ — U/, and its evolution is
governed by a flavour-covariant Boltzmann equation@.

However, in the case of leptogenesis with right-handed neutrinos discussed above, the
density matrix formalism is only really needed at the transition between two temperature
regimes [42], or in the case where several heavy Majorana neutrinos contribute to the
generation and washout of the lepton asymmetry as in Refs. [6], [43], [44], [38], or in resonant
leptogenesis [45, [39]. Otherwise there is always a natural choice of basis in which the
Boltzmann equation for (Ay),s can be substituted for a set of Boltzmann equations for
1, 2 or 3 flavour asymmetries. Above T' = 10'2 GeV, where all charged lepton Yukawa
couplings are out of equilibrium, the appropriate flavour basis is (¢n,,%11,%12), where £
and /| o are two directions in flavour space perpendicular to /. In this basis, leptogenesis
is well described in terms of the sole lepton asymmetry AgNl. Below T' = 10'2 GeV, tau
Yukawa-induced processes like g3/ — tgr7Tr are in equilibrium and destroy the coherence
between £, and the other two lepton flavours. However, as long as the muon Yukawa
coupling is out of equilibrium (which is the case if T > 10° GeV), the coherence of £y =
(Yiele + Yi,0u)//|Yie|? + [Y1,u|? is preserved, and the dynamics of leptogenesis can be
described in a 2-flavour approximation, in terms of the asymmetries Ay, and A/, . Finally,
below T = 10° GeV, the muon Yukawa interactions are in equilibrium as well, and flavour
coherence is completely broken. Leptogenesis is then governed by Boltzmann equations
for the three asymmetries Ay, , Ay, and Ay, .

The case of scalar triplet leptogenesis is significantly different, because the scalar triplet
does not couple to a single combination of lepton flavours in general. This makes the use

SExcept for the AL = 2 scatterings (o H < lgH and (.l <> HH mediated by the heavier Majorana
neutrinos No and N3, which are neglected in this discussion.

6This formalism has been extended to the case where several heavy Majorana neutrinos with hierarchical
masses play a role in leptogenesis in Ref. [38], and a fully flavour-covariant formalism in which the quantum
correlations between the heavy and light neutrino flavours are taken into account has been developed in Ref. [39]
(see also Refs. [40, [41] for an earlier use of a density matrix for the heavy neutrino flavours, in the scenario
where the baryon asymmetry is generated through CP-violating oscillations of the “heavy” neutrinos below the
electroweak scale).
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Figure 2: The B — L asymmetry generated in scalar triplet leptogenesis as a function of z =
ma /T, computed following three different prescriptions: density matrix computation using the
Boltzmann equations (5.1)-(5.3)), yielding Ap_;, = tr(A,pz) (red solid curve); naive computation
using the Boltzmann equations (5.8)—(5.10) written in the charged lepton mass eigenstate basis,
yielding (Ap_p)' = Ao+ A, + A, (black dashed curve); naive computation performed in the
neutrino mass eigenstate basis, yielding (Ap_r)* = Ay + Ay + Az (black dotted curve). The
parameters are Ma = 1013 GeV, Ay = 0.01 and, in the notation of Egs. (6.3) and (6.4)),
P12 = ¢13 = /4, P23 = 0, f1 = /4 and Py = /6, all other phases being zero.

of a flavour-covariant formalism unavoidable as long as the quantum correlations between
lepton flavours are not destroyed by charged lepton Yukawa interactions. One can still
define formally a single flavour approximation by making the substitutions (Ay)as — Ay,
fap = Aoy Kap — Ax = V/tr(ket) and E,5 — ea (where E,4 are the flavour-covariant
CP asymmetries, to be defined later), but the resulting Boltzmann equations cannot be
derived from the flavour-covariant ones by taking the limit of vanishing Yukawa couplings.
Hence, even if the scalar triplets decay above T = 102 GeV, there is no guarantee that the
single flavour calculation will give a good approximation to the flavour-covariant result.
A less naive approach is to neglect flavour covariance but keep track of the differ-
ent lepton flavours, and write classical Boltzmann equations for the three asymmetries
Ay, . When the lepton asymmetry is generated below T' = 10° GeV, this is fully justified
because quantum correlations between the different lepton flavours are destroyed by fast
interactions induced by the muon and tau Yukawa couplings. In this case, the appropriate
flavour basis is the charged lepton mass eigenstate basis: Ay, = {Ag,,Ar,, A¢, }. When
all charged lepton Yukawa interactions are out of equilibrium, however, the choice of the
flavour basis becomes a delicate issue. In fact, it turns out that Boltzmann equations
written in different bases cannot be transformed into one another by a flavour rotation
¢ — U/, and give different numerical results for the baryon asymmetry. This is illustrated
in Fig. Bl which compares the B — L asymmetry computed in the flavour-covariant forma-



lism using the density matrix with the naive computation involving Boltzmann equations
for the flavour asymmetries Ay, written either in the charged lepton or in the neutrino
mass eigenstate basis. Since physics should not depend on a choice of basis, we are led
to conclude that the density matrix formalism is the only valid approach when charged
lepton Yukawa interactions are out of equilibriumﬁ.

In the intermediate temperature range where the tau Yukawa coupling is in equilibrium
but the muon and electron Yukawa couplings are not, the quantum correlations between
the tau and the other flavours are destroyed. In practice, this means that the off-diagonal
entries in the third line and the third column of the density matrix are driven to zero by
the fast tau Yukawa interactions. Thus, the relevant dynamical variables in this regime are
the 2 x 2 density matrix (AS)QB describing the asymmetries stored in the lepton doublets
le, £, and their quantum correlations, and the asymmetry A, stored in /.

3.2 The Boltzmann equation for the density matrix

The derivation of the evolution equation for the density matrix is not straightforward. In
this paper, we shall use the closed time path (CTP) formalism [46], which has been used
to obtain flavoured quantum Boltzmann equations for the standard leptogenesis scenario
with heavy Majorana neutrinos [11], 12l 13, 14} 15 16, 17, 18] (for other approaches,
also in the framework of the standard leptogenesis scenario, see e.g. Refs. [8 [42] or
the review [2]). In this formalism, which is well adapted to describe non-equilibrium
phenomena in quantum field theory, particle densities are replaced by Green’s functions
defined on a closed path C in the complex time plane going from an initial instant ¢ = 0
to t = 400 and back. When applied to leptogenesis, this formalism leads to quantum
Boltzmann equations involving memory effects and off-shell corrections [I1]; in particular,
the CP asymmetries are functions of time and their values depend on the history of the
system. Such effects can be important for resonant leptogenesis and soft leptogenesis [12),
A7), but they are not expected to play a significant role in the scenario studied in this
paper, which does not involve degenerate states. We shall therefore ignore them and
make several simplifying assumptions in order to obtain a (classical) flavour-covariant
Boltzmann equation for the density matrix. In particular, we shall ignore plasma/thermal
effects and apply the CTP formalism to quantum field theory at zero temperature. This
procedure is going to provide us with an equation of the form:
stLAZ)O‘B = <26A
dz N
where the right-hand side contains a source term proportional to the flavour-covariant CP-
asymmetry matrix £,5 and washout terms associated with inverse triplet and antitriplet
decays (Wfﬁ), 2 — 2 scatterings involving leptons and Higgs bosons (Wﬁg ), 2 lepton—2

- 1) VD Eap — Wi — Wil = Walh — W55, (32)

"In the limit where scatterings involving lepton and Higgs doublets can also be neglected, there is however
a privileged basis in which scalar triplet leptogenesis can be described in terms of the three “diagonal” flavour
asymmetries (Ag)aa = A¢, . Indeed, in the basis where the triplet couplings to leptons f, s are flavour diagonal,
the evolution of the diagonal entries of the density matrix becomes independent of its off-diagonal entries, as
can be checked using Eqs. (32), 348), (353) and (354). This “3-flavour approximation”, which is valid in the
temperature regime where all charged lepton Yukawa interactions are out of equilibrium, is the analog of the
single flavour approximation in the leptogenesis scenario with right-handed neutrinos.



lepton scatterings (Wgﬁ) and 2 — 2 scatterings involving leptons and triplets (Wg%) By
construction, Eq. (3:2]) is covariant under flavour rotations ¢ — U/, which means that
each of the matrices £, WP, WH WA WEA transforms in the same way as the density
matrix Ay, namely as M — U*MUT.

Before proceeding with the derivation of Eq. (3.2]), let us specify our notations. For any
species X = {,, H, A, we define the comoving number density Yx = nx/s, where s is the
entropy density, and the asymmetry stored in X by Ax =Yx — Yy = (nx —ng)/s. We
also define the comoving number density of triplets and antitriplets XA = (na + nz)/s.
The evolution of these quantities as a function of z = Ma /T is governed by a set of
Boltzmann equations. Finally, a superscript °d denotes an equilibrium density.

3.2.1 Derivation of the Boltzmann equation in the CTP formalism

The relevant degrees of freedom in scalar triplet leptogenesis are lepton doublets, Higgs
doublets and scalar triplets. We will therefore need the following Green’s functions, core-
sponding to all possible orderings of the fields along the closed time path C (for a review
of the CTP formalism, see Ref. [48]):

GZg(w y) = —illa(x)ls(y)), (3.3)
ss(@y) = i(ls(y)lalx)), (3.4)
he(@,y) = 02" — )G (. y) +0(y° — 2°)G5s(z,y), (3.5)

Z (z,y) = 0" — 2°)GZ4(z,y) + 0(2° — y")G4(2,) (3.6)

where «, 8 are lepton flavour indices, and the ¢’s refer to left-handed lepton doublets,
whereas for a scalar field ¢(z) (representing a Higgs doublet or a scalar triplet):

G (z,y) = —i(o(2)9'(v)) (3.7)
G5 (x,y) = —i(¢!(y)p(x)) (3.8)
Gly(z,y) = 02" —y")GS (z,y) + 0(y° — 2°)G (z,y) (3.9)
Gl(x,y) = 0(° — 2°)G7 (,y) + 0(2° — *)G5 (z,y) (3.10)

The brackets (...) mean that we take the average over all available states of the system.
One can write these Green’s functions as a single 2 x 2 matrix:

~ Gt +G<
Gp = (e ). (3.11)

where the plus sign refers to bosons and the minus sign to fermions. This matrix satisfies
the following Schwinger-Dyson equation:

G(z,y) = Go(x,y)+/cd4w1/cd4w2 GOz, w) X (wr, wa)G(wg, ), (3.12)

where ¥ is a 2 x 2 matrix containing the self-energy functions ¥7, ¥<, Yt and Y, defined
in an analogous way to the Green’s functions G, G<, G* and G*:

- ILIEE S
Zp = <2> —z:t>’ (3.13)



and G is the free 2-point correlation function. The Schwinger-Dyson equation can also
be written as

G(z,y) = G (z,y) /d4w1/d4w2G z,w1) S (wr, w) GO (w2, y) . (3.14)

In the fermionic case, we note for later use that acting on Eqs. (8.12) and (3.I4]) with the

operators 13 and zay, respectively, gives the following equations of motion:
igxéag(x,y) = Wz —y)dap T + Z / d*w oy (2, w) Gl (w, y) (3.15)
C
>
. — @ . .~ .
Gop(2,y)idy = — 6P (x —y)dup I + Z d*w Gory(z,w)E,5(w,y), (3.16)
C

where we have restored the flavour indices and used the fact that the free Green’s function
for massless fermions satisfies iamGgﬁ (z,y) = 6W(z —y) dap I, with I the identity matrix
in both spinor and CTP spaces.

Writing the free Dirac field as

P(x) = / Py d?);\/? Z ( 7,8)e" P 4 o(p,s)d (p, s)eip‘x) , (3.17)

where wy = \/p? + m?, we define the phase-space distribution functions of lepton and
antilepton doublets p,5(p) and p,p(p) as matrices in flavour space by

OLE)bs(P)) = (21)26C) (5~ p)pas(P) | (3.18)
(dl (D) da(P)) = (27)%0P (7 — P)pap(P) (3.19)

—
/

The reversed order of the flavour indices o and j in the definition of p,5(p) ensures that
the distribution functions of lepton and antilepton doublets transform in the same way
under a rotation in flavour space, £ — U/ :

p — U*pUT, (3.20)
p — UpUT. (3.21)

Similarly, the phase-space distribution functions of a charged scalar ¢ and of its antipar-
ticle are defined by

(al,(Pas(P)) = (2m)*s (7~ 7)ps(P) (3.22)
L) = (2735 (5= §)as(P) (3.23)

where ag4(p) and bj;)(ﬁ) are the annihilation and creation operators appearing in the defi-
nition of the free charged scalar field:

d?’ﬁ —ip-x ip-x
b(z) = / W(a¢(ﬁ)e L) (3.24)

10



With these definitions, the Green’s functions for left-handed lepton doublets can be
written as (neglecting lepton masses)

) 4d3p —ip-(x— - ip-(x—
Gaplav) = PL/ (2m)%2wp p{0ap — paa(@] 7 4 g (7) 7 ) Py, (3.25)
3
iG= (x,y) = _PL/L Zi’{ﬁga(ﬁ) e~ (z-y) | [0 — P (D)) eip-(m—y)} Pr
af\ (2#)32005 ,
(3.26)
whereas for scalars one obtains
d3p
iG> = R —ip-(z—y) ip-(x—y)
63 w0) = [ g {1+ polile Fa@ere) . )
d3p . .
iGS = -— —ip-(z—y) > ip-(z—y)
iGg (z,y) / 272y {,%(ﬁ) € + 1+ (D)) € } : (3.28)

Strictly speaking, these expressions are valid for free Green’s functions only, but they will
be sufficient for our purpose. Notice that, under charge conjugation,

CGLC  (x,y) = CGBQ (y,2)C7" = =G5, (y,7), (3.29)
CG;C  (z,y) = G5 (y,x), (3.30)

where C, not to be confused with the charge conjugation operator C, is the charge conju-
gation matrix defined by C’VTC' L= —u, and the quantity G;aR in Eq. (3:29)) is defined
< .
as G, in Eq. (3.26) with P, interchanged with Pp.
The comoving number densities of scalars and left-handed leptons, and of their an-
tiparticles, are given by

_ Ny 9o d3p _ Mag 2/ d3p
Y, = 2 =2 Yo = =22 = N 3.31
] s s (27‘()3 qu(ﬁ) ) B S (27‘()3 p 5(_3 ( )
Y,:%_gqs d’p 7)), Vo5 = Nof _2/ dp ), (3.32)
T s @rp PO 0T T 5 ) oY '

where Y, and Y, similarly to the phase-space distribution functions pas(p) and pas(p),
are matrices in flavour space, and g4 = 2 (resp. g4 = 3) for Higgs bosons (resp. scalar
triplets). Omne also defines the matrix of lepton asymmetries (hereafter called “density
matrix”):

Anaﬁ

(Af)aﬁ = s = tap — Yaﬁ . (333)

The diagonal entries of (Ay),p correspond to the flavour asymmetries stored in lepton
doublets, while the off-diagonal entries encode the quantum correlations between the
different flavour asymmetries. From the definition (3.33]) and from Eqs. (3:20) and (321
one can see that A, transforms under a rotation in flavour space ¢ — U¥ as

Ay — UANUT. (3.34)
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One can show that An,g is the zeroth component of the current Jgg ::lzx’y’%g: (or
more precisely of its average (J. ZB>):

Angg = (J95) = (:lltg:). (3.35)

We will use this fact to derive an evolution equation for An,g. Noticing that

Ot} = = tr [0 +8)Grulr)] (3.36)

=T

where the trace is taken over spinorial and SU(2)r, indices, and using the Schwinger-Dyson
equations ([B.I5) and (B.I6) to express the right-hand side of Eq. (8:36]) in terms of the
self-energy functions ¥~ and X<, one obtains

(OuTy) = — /C d'w tr [95, (,0) Gl (,2) — 2, (2, )G, (0, 2)
G (@, w) S (w,2) + Gl (@, 0) 55, (w, 2)]
¢
= — /d?’w/ dt,, tr [Egv(a:,w)G,fa(w,x) — E;V(x,w)Gia(w,x)
0
—Ggy(a;, w)X3, (w, ) + Ggy(a;, )%, (w, x)} . (3.37)
Since we consider a homogeneous and isotropic medium, the divergence of the current

reduces to dAn,g/dt. Finally, we incorporate the expansion of the universe by making
the following replacement in the above equation:

dAn, VAN
(0 T"5) Do | 3HAnys = st(dii)ﬁ . (3.38)
We thus obtain the quantum Boltzmann equation for the density matrix (Ag)qgs:
d(Af)oa t
stz 220 — [ [t [55, 0) G .2) = 55, (2,002 (0.2)
—va(x,w)z,fa(w,:n) + GEV(:E,w)E;a(w,x) . (3.39)

This equation is both quantum and flavour-covariant, but we are only interested in flavour
effects. We shall therefore take the classical limit by keeping only the contributions to 3
involving an on-shell intermediate part. This procedure will provide us with a flavour-
covariant Boltzmann equation of the formfi B2).

8Strictly speaking, the Boltzmann equation for the 3 x 3 density matrix (Az)qap is valid only in the regime
where the quantum correlations between the different lepton flavours are not affected by the charged lepton
Yukawa interactions, i.e. at 7' > 10'2 GeV. When this condition is not satisfied, one must either add a term
accounting for the effects of the Yukawa-induced processes on the right-hand side of Eq. (8:2), or impose that
the appropriate entries of the density matrix A, vanish (see discussion later in this section and Section [H for the
relevant Boltzmann equations). Furthermore, the effect of spectator processes such as sphalerons and Yukawa
interactions, which impose relations among the various particle asymmetries in the plasma, is not included at

this stage (it will be discussed in Section []).
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Figure 3: 1-loop contribution to the lepton doublet self-energy g, (z,y).

3.2.2 Washout terms: decays and inverse decays

Let us first compute the flavour-covariant washout term WQDB associated with triplet/anti-
triplet decays and inverse decays. In the CTP formalism, this term arises from the 1-loop
contribution to the lepton doublet self-energy shown in Fig. Bl For the first term of the
integrand on the right-hand side of Eq. (3:39)), this gives

tr[Egy(x,w)Gf{a(w,aﬁ)] — (=if5,)(=ifyo) tr [iGZ(w,:E)(—i)GCpr(w,:E)iG,fa(w,x)}

d3p dgk‘ d3l
N 5 Fro 20k
3/ (27?)32(,%»/ (271-)32(’0]2/ (27T)32w[ fﬁpf’y (k.l)
X {PA(ﬁ) e—ipv(w—x) 4 [1 + ﬁA(ﬁ)] eip-(w—m)}
{0 () €700 18,7 = ()] =) |

% { par @) € 4 (B0, = (D7 (3.40)

where the factor 3 comes from the trace over SU(2)r, indices. The integration over the
spatial coordinates of w gives a momentum-conserving delta function. In the integral
over t,,, we take the classical limit by making the usual assumption that ¢ is much smaller
than the relaxation time of particle distributions, which can therefore be factorized out
of the integral, but much larger than the typical duration of a collision, so that the time
integral can be extended to infinity. This amounts to replacing the integral of oscillating
exponentials by energy-conserving delta functions, plus terms proportional to the principal
values of 1/(wy+wy+wj), where p, k and [ are the momenta of the scalar triplet and of the
two leptons, respectively. The latter terms, however, can be neglected because they arise
at second order in the CP asymmetry. Indeed, all terms involving a principal value are

—. —

proportional to 1,s(k) + ﬁpU(E), where npo(lg) (resp. 7o (k)) parametrizes the departure

—. -

of the phase-space density p,s(k) (resp. p,(k)) from its equilibrium value:

poo(k) = pii(k) [5,30 +npo(lZ)] L Bpo(R) = p(R) [5,30 +ﬁpo(l€)] . (3.41)

Since the unbalance between the lepton and antilepton densities is generated by the asym-
metries in triplet decays, which are small numbers of order €, while the lepton and an-
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tilepton populations are maintained close to equilibrium by fast electroweak interactions,
one ha

(3.42)

npa(];) - flap(lg) = O(E) )
k k 2). (3.43)

Npo (

Therefore, the terms proportional to npa(lg) + ﬁpU(E) on the right-hand side of the Boltz-
mann equation ([3:39) are of order €2 and can safely be neglected. By doing so one keeps
only the terms that are kinematically allowed for on-shell particles. Dropping Bose en-
hancement and Pauli blocking factors, we obtain

—/d?’w/ dt,, tr[EEW(x,w)Gia(w,x)]
0

3 3 3
__ / (27:1)31;% / (2:)3];% / (27:;;2% 315 fyo (k1) (20) 160 (p — & — 1)
% { Do (F)pe(8) + P (P)0po B} - (3.44)

Proceeding in the same way to compute the other contributions from Fig. B to the right-
hand side of the Boltwmann equation (3.39]), and introducing the space-time density of
triplet and antitriplet decays:

d*p A3k 31
w-f <2w>32w~/ <2w>32w~/ Gz o (A Xi) (kD)
< (am'ot D AP @) + PR @)} (3.45)

we obtain the washout term W2, 0B associated with decays and inverse decays:

2Bz [

Ap 1

Wi = 2 (U + gy (VYT YTV <y 6 7)) Lp. @

where we remind the reader that Ax = (na —nx)/s and XA = (na +nz)/s. One can
linearize this expression using again the fact that flavour-blind gauge interactions keep
the lepton densities close to their equilibrium values:

Yop — Yag = (Ab)ag,

Yog + Yag = 2Y [0ap + O(*)], (3.47)
which finally gives
Wis = 55 |y + qen (FATS 4 £518 - 80811 lope - (348)

Note that the washout term (B:48]) contains a piece proportional to A, which is due
to decays. This term appears on the right-hand side of the Boltzmann equation for

9Egs. B42) and (3.43) generalize the relations between equilibrium number densities ng, —ng, ~ 3 g, T?
and ng, +ng, = 2ny (e = 0) [1+ O (e, /T)?], where pu,, is the chemical potential of the lepton flavour « and

pu /T = O (e).
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the 3 x 3 density matrix (Ar)as, Eq. (8.2). One can easily check that it transforms as
WP — U*WPUT under flavour rotations ¢ — U/, as required by flavour covariance.
Below T = 10'2 GeV, however, the tau Yukawa coupling is in equilibrium and drives the
(e,7), (1, 7), (1,€) and (7, u) entries of the density matrix to zero. The relevant dynamical
variables in this regime (or more precisely in the temperature range 10°GeV < T <
10'2 GeV, before the muon Yukawa coupling enters equilibrium) are A,_, the asymmetry
stored in ¢, and a 2 x 2 matrix Ag describing the flavour asymmetries stored in the lepton
doublets £, /,, and their quantum correlations. The corresponding washout terms WEB
(where o and f label any two orthogonal directions in the (., £,,) flavour subspace) and
WP are simply obtained by setting (A¢)ar = (Af)ra = Ay, dar in Eq. (3.48), yielding

2B A
Wy =25 [(ff*>aﬁ2—§
4Y0q <2f(Ae)TfT + fFIAY + AeffT> e fanBTAgT}yD, (3.49)
and
WP = ZBZ [(ff*)w s, 1 <(f(A?)TfT)TT+ (FfNrr + [ frr?) A )]w- (3.50)
S -

The resulting Boltzmann equation for (A?)QB is covariant under flavour rotations in the
(¢, £,,) subspace. Finally, below T' = 10 GeV, the muon Yukawa coupling enters equilib-
rium and drives the (e, ) and (p, e) entries of the density matrix to zero. The Boltzmann
equation (3.2 then reduces to three equations for the flavour asymmetries Ay, = (A¢)aa
(o = e, i, 7), with a washout term W2 given by

QBg A Aga + Ay
D - Z |fOlB|2 |:Eeq 2}/;(] 5 YD - (351)

3.2.3 Other washout terms: 2 — 2 scatterings

The other washout terms in the Boltzmann equation (B3.2]) correspond to 2 — 2 scatterings
and arise from 2-loop contributions to the lepton doublet self-energy ¥3,. The term Wﬁfg
accounts for the washout of the flavour asymmetries by the AL = 2 scatterings £, {5 < HH
and (,H « lsH and is given by

Waﬁ =2 )\_5 4Yv£0q + Y—I(;q(ff )aﬁ YeH
. 1 (2f A KT +f/€TAg+Agfl€T)aB . Ay () .
I € K OCB IVZ
Re [tr(fxT)] 4y, Y H
. 1 (26AT T+ wf 1A+ A fT) g VIR
e eq R af | Ve
Re [tr(fxT)] 4y, Y H
1 (QK/A%K/T + kel Ay + AZKKT)(]B Ay »
— — .52
+)‘i 4szeq + Y]t_a[q (K’K’ )Olﬁ Yer (3 b )
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where Ay = (ng — nj)/s is the asymmetry stored in the Higgs doublet, A\, = \/tr(rxT)
and WAH’ 7}}] and WIH are the contributions (summed over lepton flavours) of different
self-energy diagrams to the space-time density of AL = 2 scatterings ~yy. Namely, one
has vy = WAH + 2’}’@21{ + ’y%{, in which WAH is the contribution of scalar triplet exchange,
7}'}{ is the contribution of the D = 5 operator (2.9) responsible for my, and 27ng is the
interference term. Explicit expressions for the reduced cross-sections that are needed to
compute numerically these reaction densitied'] (as well as the ones appearing in Eqgs. (3.53))
and (B.54]) below) can be found in Appendix [Al

The washout term due to the 2 lepton-2 lepton scatterings £, 5 <> £,{, and EWZ p lst,
reads

Wit — 2 [2 FATFTH FIACH AT s tr(Af S

M - f
i & 4y,T Yo (ff )ag]w, (3.53)

whereas the washout term associated with the lepton-triplet scatterings U A = LA,
Uy A < LsA and 005 <+ AA is

1 1
0 _ I =28 AL+ A . (354
W = T [ (178208 4 8 . @30
This completes the derivation of the washout terms appearing on the right-hand side of
Eq. 32). The expressions of WHB{ , Wé% and Wﬁ% relevant in the temperature ranges

Q,
10°GeV < T < 102 GeV and T < 109 GeV can be obtained from Eqs. 3.52), (3.53)
and (3.54]) following the same procedure as the one used for ng, see the discussion above
Egs. (3.49) and (3.51]). Note that Wi% and Wﬁ% vanish in the single flavour approximation
where o and 8 take a single value; this is consistent with the fact that the 2 lepton—2
lepton and lepton-triplet scatterings affect leptogenesis only when lepton flavour effects
are taken into account.

3.2.4 Source term

Finally, let us derive the source term of the Boltzmann equation ([B.2)). In the CTP
formalism, the 2-loop self-energy diagrams shown in Fig. @, when inserted in the right-
hand side of Eq. (8:39), give rise to the flavour-covariant source term

5
Sap = (2—3 - 1> D Eag s (3.55)

where £,5 is a Hermitian matrix transforming as & — U*EU T under a flavour rotation
¢ — Ul. The explicit form of £,5 can be obtained without going through the full CTP
computation by noticing that, in the temperature regime T' < 10° GeV where the quantum
correlations among lepton flavours are destroyed by fast interactions induced by the muon

10For some reactions the contribution of real intermediate states must be subtracted in order to avoid double
counting in the Boltzmann equations. Although this subtraction procedure is embedded in the CTP formalism
iself [13] 18], in practice we first take the classical limit in the quantum Boltzmann equation in order to obtain
Egs. 352), (.53) and (354), and then insert the subtracted reaction densities computed in Appendix [Al into

these expressions.
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Figure 4: 2-loop contributions to the lepton doublet self-energy g, giving rise to the CP
asymmetry E,3.

and tau Yukawa couplings, the source term for the flavour asymmetry Ay, = (A¢)an
(o = e, pu, T) reads

XA
S = <E—Aq - 1) DY €ars (3.56)

Y

where €.+, not to be confused with &,, is the CP asymmetry in the decay A — lzxﬂy
defined in Eq. (2ZI3]). Comparing Eq. (355) with Eq. (350) and using Eq. ([2.14]), one

obtains the diagonal entries of £:

I N)aa
for = 3oy = 2 /BBy — (]

> A 2 mA

(3.57)

It is then easy to derive the full flavour-covariant CP-asymmetry matrix £ by reading its
dependence on the couplings f,s and kg from Fig. @ and by using its hermiticity and
covariance properties together with Eq. (B.57):

T i

1 M —

Eus = - 2A BB (mamly _mAmH)ag'
T v mA

(3.58)

The first equality in Eq. (8.57) implies that the trace of this matrix is equal to the total
CP asymmetry in triplet decays:

tré =) s = €a. (3.59)
awB

This completes the derivation of the right-hand side of the flavour-covariant Boltzmann

equation (3.2)).

3.3 Full set of Boltzmann equations

Finally, Eq. (8:2]) must be supplemented with the Boltzmann equations for ¥ and Aa
(an equation for Ay is not needed since, as we are going to see in Section @, Ay can be
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expressed as a function of the other asymmetries):

A5 N 2a)
H2228 — (22 1 )yp—2((22) -1 .
st <22q >7D (<EZ‘*> )m, (3.60)
d(Ar)ap XA D oH 40 N
SHZT = E—Zq -1 YD gaﬁ - Waﬁ - Waﬁ - Waﬁ - Waﬁ ’ (361)
dA 1
sHz dZA =3 (trOWP) — W), (3.62)

where the first and second terms in Eq. (3:60) come from (anti)triplet decays and triplet-
antitriplet annihilations, respectively, and W5 in Eq. ([3.62) is the washout term due to
the inverse decays HH — A and HH — A:

Ay Aa
WE = 2By <— — —C>7D. (3.63)
vl x%

Using Egs. (8.48) and (3.63]), the Boltzmann equation for Aa can be rewritten as

AN Aa tr(ffTA) An
sH~z dz = <EX1 + B[W BH Y]?Iq YD - (364)

Egs. (3:60) and (3.62]) take the same form as in the single flavour case [26], except for the
term associated with the decays A <+ £,{s5, A <+ {,{s in the Boltzmann equation for Ax,
which involves a trace with the density matrix rather than the total lepton asymmetry.

4 Spectator processes

Various Standard Model (SM) reactions (strong and electroweak sphalerons, Yukawa cou-
plings) that contribute indirectly to the washout of the lepton flavour asymmetries have
to be included in the computation. Indeed, while these processes cannot create or erase a
lepton asymmetry by themselves (for this reason, they are usually dubbed spectator pro-
cesses), they modify the densities of the species on which the washout rates depend, thus
affecting the final baryon asymmetry. For instance, A, can be turned into Ay and A,
by y--induced interactions, and into Ay, by electroweak sphalerons (where, as previously
defined, we denote the asymmetry stored in the species X by Ax = (nx —ng)/s).

In this paper, we follow the standard approach by assuming that each spectator process
is either negligible or strongly in equilibrium, in which case it imposes a relation among
the chemical potentials (hence among the asymmetries) of the species involved. The set
of relations valid in a given temperature range is then used to express the asymmetries
appearing in the Boltzmann equations in terms of asymmetries that are conserved by all
active SM processes. This was first done in the standard leptogenesis scenario with heavy
Majorana neutrinos in Refs. [3] [4], and in scalar triplet leptogenesis in Ref. [31]. In the
following, we generalize the analysis of Ref. [31] to the density matrix formalism.

The asymmetries appearing in the Boltzmann equations (3.60)—(B.62]) are Ax, Ay and
the density matrix (Ay)as (which reduces to Ay and the 2 x 2 matrix (A)),s in the range
10°GeV < T < 10" GeV, and to the flavour asymmetries Ay, below T' = 10° GeV).
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Out of these, only A is conserved by all SM interactions, while (Ay),s is affected by
electroweak sphalerons and charged lepton Yukawa couplings. It is therefore convenient
to introduce the following flavour-covariant matrix:

1
Aaﬁ = gAB 5&6 - (Aﬁ)aﬁy (41)

which is conserved by all SM processes except the charged lepton Yukawa interaction,
and the asymmetries:

1
Ay = Apjz_p, = gAB_Aéa — Acp, (a=e,pu,T), (4.2)

which are preserved by all SM interactions. Above T" > 10'2 GeV, where electroweak
sphalerons and charged lepton Yukawa couplings are out of equilibrium, A,z is conserved
and reduces to —(Ay)as. Below T'= 10% GeV, the tau Yukawa coupling is in equilibrium
and Ay, is partially converted into A;,. The conserved asymmetries in the temperature
range 10° GeV < T < 10'2 GeV are therefore

1
AgﬁngBaaﬁ—(Ag)aﬁ, A, and Anp, (4.3)

where a and 3 label any two orthogonal directions in the (¢, £,,) flavour subspace. Finally,
below T = 10° GeV, the muon Yukawa coupling is also in equilibrium and Agﬁ must be
replaced by A, and A,,.

Using chemical equilibrium, one can express the Higgs and lepton flavour asymmetries
as functions of the conserved asymmetries in each temperature range. Thus, above T =
102 GeV:

(Aé)ocﬁ = —Aup, Ap = gH(APU’AA)’ (4.4)

while between T' = 10° GeV and T = 102 GeV:
(Ag)aﬁ = giB(Agcm Az, AA) ) qu— = gﬁ(Agcm As, AA) , A = QH(ASU, As, AA) ’ (45)
and below T = 107 GeV:
Ap, = g5(Ap,AR),  Ap = g"(A,AL), (4.6)

where the functions ¢¢ and ¢ and their arguments depend on the temperature.
The relations among chemical potentials associated with the various spectator pro-

"The diagonal entries of A,z reduce to %A B — Ay, which is conserved by electroweak sphalerons. Its
off-diagonal entries are conserved by electroweak sphalerons as well since there is no flavour off-diagonal lepton
anomaly (9, (JF)ap = 0 for o # B).
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cesses are (we assume gauge interactions to be in equilibrium)

7 (g + 2w, — pa) — D (bey + feo) + 21 +6ua =0 (Ay =0)  (47)
1=1,2,3 a=e,u,T

> (2ug, + pu; +pg) = 0 (Ap=0)  (48)
i=1,2,3

> (2pgr — tu; — pa;) = 0 (QCD sphalerons) ~ (4.9)
=123

Z g, + Z e, =0 (EW sphalerons) (4.10)
i=1,2,3 a=e,[,T
Pg; — Hu; +pr = 0 (up-type quark Yukawa) (4.11)
fg; — Hd; — b = 0 (down-type quark Yukawa) (4.12)
e, — fey — i = 0 (charged lepton Yukawa) (4.13)

in which we have also included the constraint due to the hypercharge neutrality of the
universe, as well as Ag = 0, which holds as long as the electroweak sphalerons remain out
of equilibrium. These constraints on chemical potentials can be translated into relations
among particle asymmetries using the formulae, valid at leading order in u/T":

9b 2 9f 2
Ay, = =T Ay = = u/T 4.14
b= g ml7 1= g (4.14)
for a bosonic or fermionic species, respectively, with g, (g¢) the number of internal degrees
of freedom.
Taking into account the processes that are in equilibrium in a given temperature
rang, one arrives at the following expressions for the functions ¢* and g:

(i) T > 10'® GeV. In this temperature range all spectator processes are out of equilib-
rium (but equality of the chemical potentials within the same gauge multiplet is still
assumed), so one simply has, from Ay = Ap = 0:

(Ap)ap = —Aug, (4.15)
Ay = —tr(Aag) —2AAM. (4.16)

(ii) 10'3 GeV < T < 10'5 GeV. Only the top quark Yukawa coupling and gauge inter-
actions are in equilibrium. Asymmetries in g3 and tg can now develop, but baryon
number is still conserved. The constraints (4.7), ([A8]) and [@II]) give

(Ar)ag = —Dag, (4.17)
2 4

12Using the reaction rates available in the literature [49, [50, 51 52], one finds that the top Yukawa coupling
comes into equilibrium around 7' = 10'® GeV, the QCD sphalerons around T' = 10'3 GeV, the bottom and
tau Yukawa couplings as well as the electroweak sphalerons a little beneath T' = 10'2 GeV, the charm Yukawa
coupling around T = 10'! GeV, the strange and muon Yukawa couplings around T = 10° GeV, and the electron

Yukawa coupling around T' = 10° GeV.
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(iii) 1012 GeV < T < 10'3 GeV. In this range, the QCD sphalerons are also in equilib-
rium. Asymmetries in all quark species can develop, but neither baryon number nor
quark flavour are violated, hence Ap, = Ap, = Ap, = 0. Moreover, the first two
generations of quarks and br are created only through QCD sphalerons, implying
Ay = Ay, = 20, = —2Ag = —2A; = —2A, = —2/,. This together with the
constraints (L7)—(Z9) and ([@IT) yields

(Ar)ag = —Dag (4.19)
14 28

(iv) 10°GeV < T < 10'2GeV. In addition to the previous processes, the electroweak
sphalerons and the bottom, tau and charm Yukawa couplings are also in equilibrium
(we neglect the difference between the charm and bottom quark equilibrium tem-
peratures). Quantum correlation between ¢, and the other lepton doublet flavours
disappear, and the relevant asymmetries in the lepton sector are A B and A,. Due
to electroweak sphalerons, equal asymmetries develop in each quark generation:
Ap, = Ap, = Ap, (# 0). Moreover, since the right-handed quarks ur, dr and
sgr are created only through QCD sphalerons, one has A, = Ay = A,. Together

with Eqgs. (7)) and (£9)-(@.13]), this constraint gives

86 60 8
0 o v OV o . 0
(AD)os = (589tr(A )+ 589AT+589AA> Sag — A%, (4.21)
30 , 390 52
A, = A .y 4.99
b= 5ge o) 589 589 4 (4.22)
164, 9224 344
Ay = A Iy 4.9
n = —aeg™(Bap) — 559 589 A (4.23)

(v) 105GeV < T < 10°GeV. In this range, the second generation Yukawa couplings
are also in equilibrium. All three lepton flavours are now distinguishable and the

relevant asymmetries in the lepton sector are the A,. The QCD sphalerons lead to
Ay = Ay4. Together with this constraint, Eqs. (7)) and (@9)-#I3)) yield

A = 179A + 12709A“ * 12709 Art %AA’ (4.24)
AZT:%ANL% u_% T_% (4.26)
Ay = —%Ae - 15—729AM —~ %AT — %AA. (4.27)

(vi) T < 10° GeV. All spectator processes are now in equilibrium. Eqs. (Z7) and (Z3)-
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(#13)) then give

Age:—% ﬁ% u+%AT—% A, (4.28)
A= At Ba, 12 Ba, (130
Ap = —%Ae - %AH - %AT — %AA- (4.31)

5 Boltzmann equations

Using the results of Sections Bl and Ml one can write the full set of Boltzmann equations
for scalar triplet leptogenesis including all relevant spectator processes in a covariant way.
The dynamical variables are ¥a = (na +n3x)/s, Aa = (na —njx)/s and, depending on
the temperature regime, the 3 x 3 density matrix A,g, the 2 x 2 density matrix Agﬁ and
the asymmetry A;, or the three asymmetries A, A, and A;.

At temperatures higher than 10'2 GeV, the system of Boltzmann equations i1

d¥a  (%a 2a )
sHz o - —<E—§—1>7D—2<<E(§> —1>7A, (5.1)
dAups XA D (H 40
SHZ? = — <2—‘Z] —1>7D505+W05+Wa5 +W W 5 (52)
A 1
stddZA = —5 (rW?) — W), (5.3)

with the flavour-covariant CP-asymmetry matrix £, given by Eq. (B.58]), and the washout
terms Waﬁ, ngg, Wigﬁ, Wg% and WI? given by Eqgs. (8.48), (3.52), (3.53), (8.54]) and
([B:63)), respectively. In the expressions for the washout terms, the asymmetries (Ag),5 and
Ap should be substituted for —A,g and g% (A5, Ap), respectively, where the function
g" depends on the temperature and can be found in Section @, Cases (i) to (iii). Once
this is done, the system of equations (B.I)—(5.3]) has a closed form and can be solved
numerically.

When the temperature drops below 102 GeV, the system of Boltzmann equations

130ne could write the Boltzmann equations in terms of the density matrix (Ar)ap rather than A,g, since
(A¢)ap is conserved by all SM processes above T' = 102 GeV. However, it is more convenient to use Aqypg as
a dynamical variable, as (Ag)qs is no longer preserved by electroweak sphalerons when the temperature drops
below 10'2 GeV.
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becomes

RN < 1) (( )2—1>7A, (5.4)

dA? - - -
sHz dzaﬁ — <2eq 1>7 aﬁ + Wﬁg + Wi% + Wﬁ% (O[’ ﬁ —e, Iu) , (55)
B _ —1)yp Err + WE + WH - W+ WER (5.6)
dz - Zeq YD Crr g s s .
AV D b
sHGS = g (OVP) £ WP - WR) (5.7)

where the washout terms Waﬁ (o, B = e, ) and W, can be obtained by setting (Af)ar =
(A})ra = Ay, 6ar in the expressions of the corresponding Was (o, B = e, u,7), and the
asymmetries (A )ag, Ay, and Ay appearing in the washout terms should be replaced by
the functions gaﬁ(A Ar, AN, g5(A% AL Ap) and gP(A? AL, AA) given in Section ]

po po po>
Case (iv). Finally, below T = 10° GeV:
dSa N Za )’
H = (22 1)yp -2 1 .

et = () (<z> - )
dA, by

sHz = —< é—l)’ygea—FWE—FWﬁH—FWg—i—WﬁA (a=e,u,7), (5.9)
dz YA

sHa—= = — <%:Wa -wE|, (5.10)

where €, = Epq = Zﬁ/ €av, the washout terms Wa can be obtained by setting (Ag)ag =
Ay, 6qp in the expressions of the corresponding WO'['E, and the asymmetries Ay, and Ay
appearing in the washout terms should be substituted for the functions gé(Ap, AA) and
g (A, Ap) defined in Section H] Cases (v) and (vi).

In Section [6, we will compare the results obtained with the above system of covariant
Boltzmann equations (hereafter referred to as the full computation) to various approxi-
mations in which flavour effects and/or spectator processes are neglected. We give below
the equations corresponding to these approximations.

Flavoured computation, no spectator processes In this approximation, all
SM Yukawa interactions as well as the QCD and electroweak sphalerons are neglected
(rigorously, this is legitimate only above T' = 10'® GeV, but here it is assumed for arbitrary
temperatures). The relevant Boltzmann equations are Eqs. (G.I)-(5.3]) with (Ay)qs and
Ap in the washout terms replaced by (Case (i) of Section [)

(Af)aﬁ = _Aaﬁa AH - _tr(Aaﬁ) - 2AA . (511)
Single flavour approximation, no spectator processes In this approximation,

both flavour effects and spectator processes are neglected. To derive the relevant Boltz-
mann equations, we start from Eqs. [3.60)-(3.62) and we implement the single flavour
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approximation by substituting

(Ap)ap = Doy fap = Ny Kap = Aey Eap > tr1E =ea. (5.12)
This gives:
stdiA = - @_21 - 1>7D —2 (@—%)2 - 1) YA, (5.13)
stdd—A; = <§% - 1> ypea + WP + W (5.14)
stdiA = % (WP -wh), (5.15)

where WPII) and WZD are the washout terms due to inverse triplet and antitriplet decays:

A AA A A

D 4 D H A

W = 2By | —sc + =5 v W = —2B s — —eq .1

y4 l <§reeq qu) D, H H <§70q Eeq) D, (5 6)

while W represents the 2 — 2 scatterings involving two leptons and two Higgs bosons:

Ay Ag
W — —2( - +—e>wH- (5.17)
Y'éq YHq

Then we impose the single flavour version of the relations (5.11)):
Ap=—-A, Ag =—-A—-2Ap, (5.18)

where A = Ap_1. This gives

d¥a YA YA\
H =— (22 _1)wp-2((=22) -1 1
e <zzq )» ((z) )’“’ (19
dA EA A AA
Hz— = — (=22 -1 — 2By [ = — =2
§ ZdZ <22q >/7D€A Z(noq ZZ(]>/7D
A A—I—QAA)
—2<—C + = |Venr, (5.20)
7 Y
dAa Aa A A+ 2AA
H = (=2 - By— +Bg———2 )vp. 21
AT <zgq tym TPy >7D (5.21)

This case has been studied in detail in Ref. [26].

We stress again that the single flavour approximation is not a limiting case of the
flavoured computation, in the sense that it does not become exact when the charged lepton
Yukawa couplings are sent to zero. This is why, in some regions of the parameter space, the
single flavour approximation is actually a very bad approximation to the flavour-dependent
computation, even though charged lepton Yukawa interactions are out of equilibrium. This
behaviour, which contrasts with the standard leptogenesis scenario involving hierarchical
heavy Majorana neutrinos, will be demonstrated numerically in Section [6l
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Flavour non-covariant approach, spectator processes included In this case,
we take into account spectator processes but do not require flavour-covariance of the Boltz-
mann equations. We assume instead that, in each temperature regime, a basis for the ¢,’s
can be chosen in which scalar triplet leptogenesis is described by the evolution of “diago-
nal” lepton flavour asymmetries. This is the approach that has been followed so far in the
literature [30, [BI] (however without taking into account spectator processes in Ref. [30]),
and it is known to be a good approximation in the standard leptogenesis scenario with
heavy Majorana neutrinos [§], except at the transition between two temperature regimes.
In practice, one works within the single flavour approximation above 7' = 10'2 GeV, and
in a two-flavour approximation in the temperature range 10° GeV < T < 10'2 GeV, where
the fast tau-Yukawa interactions destroy the coherence between the tau and the other two
flavours. Finally, below T = 10° GeV, all three lepton flavours are distinguishable and
the relevant dynamical variables are the flavour asymmetries Ay, a = e, u, 7; in this case
the Boltzmann equations are given by Egs. (5.8)—(G.10).
Thus, for T > 10'2 GeV, the Boltzmann equations are

d>a N A\
H = | = —1 -2 — | —1 22
gt = (551w <<2A> )“’ 522
dA EA A AA
Hy— = — | == —1 — 2By | =5 — =5
A gH(A7AA)>
—2 (—C — e |eH (5.23)
v vy
dAsy  (Aa A g7 (A, Ap)
sHz dz = <20Aq Bg}/;q BH Y;}q YD (5.24)

where g (A, Ap) = —(A + 2A7), —2(A + 2AA)/3 and —14(A + 2A4)/23 for T >
10" GeV, 1013 GeV < T < 10 GeV and 102 GeV < T < 10'3 GeV, respectively. For
10° GeV < T < 10'2 GeV we work in a 2-flavour approximation, as was done in Ref. [31].
Namely, we consider only the asymmetry stored in £, and the overall asymmetry stored
in the £, ¢, doublets, i.e. we perform the single-flavour approximation in the (¢, ¢,)
subspace by substituting

(A?)aﬁ AV Agg — Ao, 525 S tr&l = €0,

faﬁ—> tr(ffT) EfOOa fom—_> V |f67’|2+|f/.l7'|2 Ef0T7 (5-25)
Kap — \/t(RET) = koo,  Kar = /Ker|? + |6pr|? = Kor s

where «, 8 = e, u and
gee ge 3 fee fe ~
= (o gn) = gn) s
Epe Eup Jue  fun

<“6e ”‘e“> . (5.26)
Kue  Kup
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We thus obtain the following system of Boltzmann equations (in which «,v = 0,7):

dXa YA EA 2
H = (22 1)yp -2 1 2
dA,, EA gfy(Am An)+ 958 A8)  Ap
= — -1 o +2B L —e
;
ga(A 7AA) +g (A 7AA) g (A 7AA)
+ 22 < & 2qu’Y P + Yiq (C 775H + C(f—y/yZZH + CZZ%V%{)
> ¢ H
(Ap, An) — g5(A), Ap)
Z ( P v \=p <C47’y4z + C’fﬁ’ym> , (5.28)
¥
dAA D ga ApaAA) +gfy(Ap7AA) QH(ApaAA)
sHz = = + By CL S —By——s— |7D>
dz (2 a Z 2y, 1 v
(5.29)
where €, = &,
60 8
¢
A, Ap) = ——A — A, +—A
90(Ap: Aa) 5390 T 5z T 5gg
30 390 52
]
Ap A = Taa T ren"T T Fon .
9r(Bp: Aa) = g580 = =55 589 (5:30)
164 224 344
HA  AA) = — A, - —
97 (B Aa) = —gg580 — =55 589 A"
and the coefficients C’O)f7 are given by (a,y =0,7)
fOO fg—r D ’fTT’z
C’00 - F ) COT CTO /\? ) C‘I‘T = )\% )
A D T JayKay H Kay
_ = 27 31
C ch ) ch Re [tr(fT/{)] ) ch A% ) (5 3 )
A0 a0 _ D A wn |foofor + for frrl?
COT - C’7'0 - COT ’ COT - C’7'0 - tl"(ffofT)

6 Numerical study

In this section, we investigate numerically the impact of lepton flavour effects on scalar
triplet leptogenesis using the flavour-covariant formalism introduced previously. In order
to assess quantitatively the relevance of lepton flavour covariance, we compare the results
of the density matrix computation with the ones obtained in flavour non-covariant ap-
proximations. We also compare the relative impacts of spectator processes and of lepton
flavour covariance on the generated baryon asymmetry. More specifically:

e in the temperature regime 7' > 10'2 GeV, where all charged lepton Yukawa couplings
are out of equilibrium, the flavour-covariant computation involves the 3 x 3 density
matrix A,g, whose evolution is governed by the Boltzmann equation (5.2). The
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result of this computation is compared with the one obtained in the single flavour
approximation, for which the relevant Boltzmann equations are Eqs. (5.22])-(5.24]) or
Egs. (B.19)-(E21)), depending on whether spectator processes are taken into account
or not. The relevance of flavour effects above T' = 10" GeV is a novel effect specific
to scalar triplet leptogenesis, which has been overlooked in previous works.

e in the regime 10° GeV < T < 10" GeV, where the tau Yukawa coupling is in equi-
librium while the muon and electron Yukawa couplings are not, the flavour-covariant
computation involves the 2 x 2 density matrix Agﬁ (a, B = e, ) and the asymmetry
A, whose evolutions are governed by the Boltzmann equations (5.5]) and (5.6). This
computation is compared with the 2-flavour approximation in which the 2 x 2 density
matrix Agﬁ is replaced by Ag (the overall asymmetry in the charges B/3 — L. and
B/3 —L,,) and the Boltzmann equations are given by Eqs. (5.27)-(5.29]). Again, the
relevance of flavour effects in the (£, ¢,) subspace in the temperature range where
the electron and muon Yukawa coupligs are out of equilibrium is a new effect specific
to scalar triplet leptogenesis.

Below T' = 10° GeV, flavour covariance is completely broken by fast processes induced by
the tau and muon Yukawa couplings and the relevant dynamical parameters are A, A,
and A;, whose evolution is governed by the Boltzmann equations (5.8)—(G.10).

6.1 Parameters

The parameters of scalar triplet leptogenesis are the triplet mass Ma and its couplings
to Higgs (1 or Ag = |u|/Ma) and lepton doublets (f3), as well as the coefficients of
the effective dimension-5 operators (2.9), k3. These parameters are not all independent,
however, as they are related to the neutrino mass matrix by

ma +my = my,, (6.1)

where ma and my are defined by Eqs. 4] and [2I0), respectively, and m, = U*D, U
in the charged lepton mass eigenstate basis, with D, = Diag(m1, mg, m3), m; (i = 1,2,3)
the neutrino masses and U the PMNS matrix. Thus, for given neutrino parameters, the
kag's are fully determined once Ma, Ay and the f,z’s are fixed. It is then convenient to
write the triplet contribution to the neutrino mass matrix as

ma = UV*DAVTUT, (6.2)

where Da is a diagonal matrix with real positive entries and V is the unitary matrix that
relates the lepton doublet basis in which m, is diagonal to the one in which ma = DAa.
We adopt the following parametrization for V:

e~ 0 € 0 0
V= 0 e 0 |U(pos,d13,612,7)| 0 1 0 |, (6.3)
0 0 e 0 0 e
c12€13 ' 512€13 ' 513
U’ = | —s12¢23 — c12513523 e ciaco3 — s12513523 "7 ci3saze’ | (6.4)
512823 — €12513C23 €7 —C12523 — S12513¢23 €7 c13C23€"”
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in which ¢;; = cos¢;; and s;; = sing;;. Note that the phases (123 are physical and
cannot be removed by rephasing the lepton doublets, since this freedom has already been
used to write the neutrino mass matrix in Eq. (G.1]) in the standard phase convention.

The flavour structure of the couplings f.3 (or equivalently, of the matrix ma) plays
a crucial role in leptogenesis as it determines the flavour-dependent CP asymmetries and
washout rates. Given the large number of parameters involved, we shall consider suitably
chosen ansétze for ma in the following. Before presenting them, let us first discuss on a
qualitative basis how flavour effects depend on the triplet couplings.

6.2 Qualitative discussion of flavour effects

In the flavour-covariant formalism used in this paper, the violation of CP in triplet decays
is described by an hermitian CP-asymmetry matrix £,5 given by Eq. (3.58]). Using the
fact that m, = ma + my, one can rewrite it as

f T
1 M MyMa — MAM
fus = LM g (s~ sy 69
™ v ma
where ma has been defined previously as ma = tr(mTAm A) . Using the Cauchy-Schwarz
theorem, one can derive an upper bound on the total CP asymmetry ex = tr & [26]:
1 Ma _
‘EA’ S E? BgBHm,/, (66)

where m, = \/tr(mlm,,) . This bound is saturated for ma = iC'm, with C real: the total
CP asymmetry in triplet decays is maximal when the f,3 couplings and the neutrino mass
matrix entries have the same flavour structure and an overall phase difference £7/2. For
C > 0, this gives

t
417_‘_]\5? %, EA = —%% BBy m,. (6.7)

In addition to a large enough CP asymmetry, successful scalar triplet leptogenesis
requires that decays dominate over annihilations around z ~ 1 (T" ~ M), hence the
triplet decays are typically fast. In spite of this, a large lepton asymmetry can develop
when some decay channels are slower than the expansion of the universe. For instance,
in the single flavour approximation, it was shown in Ref. [26] that a large efficiency is
obtained when one of the two decay modes A — HH or A — ¢/ is out of equilibrium,
i.e. when Ag < A\p or \p < Apy. As we are going to see, when lepton flavour effects are
taken into account, it is also possible to reach an order one efficiency in the case \p ~ Ay,
provided that some flavoured decay channel A — Z,JB is slower than the expansion of
the universe. By contrast, when A\; > Ap, all decay channels into antileptons are fast
and only the decays into Higgs bosons can occur out of equilibrium (barring a strong
hierarchy among the couplings f,3). In this case, asymmetric triplet and antitriplet
decays generate an asymmetry in the Higgs sector in the first place, which is accompanied
by a B — L asymmetry of comparable size when the triplet abundance drops [26] (see
e.g. BEq. ([@I6), which holds above T" = 10'® GeV, and analogous relations valid in other
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temperature regimes in Section Ml). Lepton flavour does not play a prominent role in this
mechanism, hence no significant difference between the single flavour approximation and
the flavoured computation is expected in this cas. A similar conclusion can be reached
in the opposite case Ay < Ag. Indeed, for A; small enough, the washout of the flavoured
lepton asymmetries can be neglected and the Boltzmann equation for A,g simplifies to

dAag YA
sHz i <E—Zq - 1>7D Eap - (6.8)

Taking the trace of this equation, one recovers the single flavour approximation (with
A= tr(Aaﬁ) = AB_L):
dA YA
- <W - 1) YD €A - (6.9)
A

Hence, in the case A\ < Ay too, no significant effect of lepton flavour is expected.

6.3 Ansatze and inputs

The above discussion suggests that lepton flavour effects will not play a prominent role
when the scalar triplet gives a subdominant contribution to neutrino masses (i.e. ma <
m, ), because in this case either I'(A — HH) or I'(A — £/) is smaller than the expansion
rate of the univers, so that a large efficiency is already reached in the single flavour
approximation. For this reason, we will only consider ansétze satisfying the condition
ma = m,,. Specifically, we will study the following ansétze (explicit expressions for ma
are given in the charged lepton mass eigenstate basis):

e ansatz 1: ma =1m,

Vi—2%2y 0 0

e ansatz 2: ma = im, U* 0 Ty 0 Ut,
0 0 1—192
where x and y can vary between 0 and 1. Ansatz 1 is a particular case of Ansatz 2
corresponding to xg = mg/\/m% + m% and yg = \/m% + m%/m,, .

e ansatz 3: ma = U*V*DAVTUT with ¢o3 = P13 =0and a3 = as +v = p3 =0, i.e.

e~ P 0 0 ci2 S12 O
V = 0 e~ 2 —s19 c12 0], (610)
0 0 1 0 0 1

with two different options for Da and the phases 31, Bs:

14 An obvious exception to this general statement is when the total CP asymmetry in triplet decays vanishes,
while the flavour-dependent CP asymmetries £,3 do not (or more generally when ea is small due to strong
cancellations between the diagonal entries of £). In particular, it does not apply to the scenario of purely
flavoured leptogenesis discussed in Refs. [30} [3T], which includes traceless contributions to £, that are not

considered in this paper (see the comment in Section [2I).

150One can see this by noting that KKy ~ 550 (ma/0.05eV)®, where K, = I'(A — aa)/H(Ma) and the
Hubble rate is given by H(T) = 1.66,/g, T?/Mp with g, = g™ = 106.75. The case in which both K, < 1 and
Kpg < 1is not interesting for leptogenesis, because triplets and antitriplets would annihilate before decaying.
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— ansatz 3-a: D = D, = 0 mg O , B2 = 0, while 1 and ¢12 can
0 0 ms
vary;
xmy 0 0
— ansatz 3-b: Da = 0 V1i—a22mg 0 |,p1=p=7/4,
0 0 ms

with mg = «/m% —i—m%, while  and ¢12 can vary (0 < z < 1). Note that
Da = D, for z = my/y/m? +m3.

Ansatz 1 depends only on 2 parameters, which can be chosen to be Ma and Agy. The
other ansétze involve 2 additional parameters that control the flavour structure of the
couplings f,3: * and y for Ansatz 2, ¢12 and 31 for Ansatz 3-a, ¢12 and x for Ansatz 3-b.

We also need to specify the neutrino mass parameters, which serve as inputs in the
above ansitze and determine the couplings rqp through Eq. (6.I)). For definiteness, we
assume a normal hierarchy. The running of the neutrino mass matrix up to the triplet
mass scale Ma is performed using the Mathematica package REAP [53]. For a hierarchical
neutrino spectrum, the only effect of running is to multiply the eigenvalues of the neutrino
mass matrix by a common factor r [54], which for Ma around 10°-10'2 GeV lies between
1.2 and 1.4. We therefore define the squared mass differences as Am3, = r?Am2  and
Am3, = r?Am?2,.,, where Am2, and Am?2,, are the parameters extracted from oscillation
experiments, and set the lightest eigenvalue m; = 1073 eV at the scale Ma (which corre-
sponds to a lightest neutrino mass in the range (0.7-0.8) x 1073 eV). For the oscillations
parameters, we take Am2,, = 7.59 x 107° eV?, Am2,,, = 2.47 x 1072 eV?, sin? f;5 = 0.30,
sin? @3 = 0.42 and sin? #13 = 0.023, within 1o of the most recent fit [55]. Finally, we set
all CP-violating phases of the PMNS matrix to zero.

Let us discuss these ansétze in turn. Ansatz 1 maximizes the total CP asymmetry in
triplet decays, but due to the hierarchy among the couplings f,3 implied by the relation
ma = im,, it is not expected to lead to very strong flavour effects. Indeed, taking into
account the hierarchy mi, ms < mg, one can write, in the neutrino mass eigenstate basis,

m 0 000 00 0
f=ix|0 2 0)=ix|[0o0o0|], Ex[00 0]. (6.11)
0 0 m 001 0 0 ea

Therefore, as a first approximation, leptogenesis can be described in terms of a single
flavour (the tau flavour). But since the hierarchy between neutrino masses is not very
strong, the difference between the single flavour approximation and the result of the
flavoured computation can still be significant, as we are going to see.

In Ansatz 2, the couplings f,s are diagonal in the neutrino mass eigenstate basis as in
Ansatz 1, but the diagonal entries f,o are no longer proportional to neutrino masses. As
aresult €x is not maximal, but since f,g and £, do not necessarily have the hierarchical
structure of Eq. (G.I1]), flavour effects can be more important than in Ansatz 1 and
eventually lead to a larger baryon asymmetry.

Ansatz 3 allows to investigate the effect of a misalignment between the neutrino
mass matrix m, and the triplet couplings to leptons f,g3, i.e. of a relative rotation be-
tween the lepton doublet basis in which m, = D, and the one in wich the f,g’s are
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Figure 5: Comoving number density of triplets and antitriplets XA and asymmetries Ax, Ay
and Ap 1 = Tr(A.s) as a function of 2 = Ma/T, for Ma = 5 x 102 GeV, Ay = 0.1 and
ma = im,. Also shown is the departure of ¥ from its equilibrium value. Asymmetries are
plotted in units of the total CP asymmetry in triplet decays €ea.

diagonal. We consider two subcases, Dan = D, = Diag(mi,m2,m3) (Ansatz 3-a) and
Da = Diag(xmg, V1 — 22 mg,m3), with mg = /m? +m3 (Ansatz 3-b). The source
terms are concentrated in the (¢1,¢2) subspace (i.e. 13 = 23 = £33 = 0 in the neutrino
mass eigenstate basis), in which the washout is weaker since |f,5| < |f33| for o, 8 = 1,2
and fi3 = fo3 = 0. In this case, the unflavoured computation (in which the washout is
controlled by Ay ~ |fs3|) is likely to be a very bad approximation to the full, flavoured
computation.

6.4 Numerical results

After solving numerically the appropriate Boltzmann equations with initial equilibrium
abundances for the triplet@, leptons and Higgs bosons, one is left with the final value of
the asymmetries A, = Ag/3_r,. The baryon asymmetry is then given by [56]

12 12

Ap = 2 Ap 1 = —= S A, 12
B = g7 =81 37 & (6.12)

where we have assumed that sphalerons go out of equilibrium below the electroweak
phase transition, as suggested by recent lattice computations [57]. One can also express
the baryon asymmetry of the universe in terms of the more familiar baryon-to-photon
ratio ng =npg/n, = 7.04 Ap, whose observed value from recent Planck data is [58]

n@s = (6.10 +£0.06) x 1071 (68% C.L.). (6.13)

16This assumption is justified by the fact that gauge interactions bring the population of triplets and an-
titriplets into equilibrium very quickly, except for very large triplet masses.
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Figure 6: Isocurves of the baryon-to-photon ratio np/n, in the (x,y) plane for Ansatz 2. Left
panel: M =5 x 1012GeV, Ay = 0.4. Right panel: M = 10* GeV, Ay = 0.025.

As can be seen from Fig.[[], the B— L asymmetry is already stabilized around 7' ~ Ma /100.

We are now ready to present our numerical results. To reduce the number of free
parameters, we concentrate on the ansétze defined in the previous subsection and fix
the neutrino parameters as specifed there. Let us first consider Ansatz 2, which unlike
Ansatz 1 does not maximize ea, but allows for larger flavour effects. Since this ansatz
gives same-sign source terms in the Boltzmann equations, flavour effects are more likely to
be relevant when By ~ Bp; hence, for a given triplet mass, we choose the parameter Ay
such that Ay ~ Ag. Then we study the dependence of the baryon-to-photon ratio np/ Ty
on x and y, the parameters that control the relative sizes of the couplings f,z. The result
of the full computation (i.e. the computation involving the flavour-covariant Boltzmann
equations with spectator processes included) is shown in Fig. [0 for two different values
of the triplet mass, Ma = 5 x 102 GeV and Ma = 10" GeV. For Ma = 5 x 102 GeV,
np/n exceeds the observed value everywhere, but this can by cured by choosing a smaller
overall phase in ma. We can see that the final baryon asymmetry is maximal for z
small and y close to 1, more precisely around (z,y) = (0.05,0.95), corresponding to
Da = Diag (0.949,0.0475,0.312) m,,. The baryon-to-photon ratio in this region is typically
enhanced by a factor 2 or 3 with respect to Ansatz 1, although the total CP asymmetry
is smaller. These conclusions are relatively stable under variations of the triplet mass as
long as By ~ By.

We now proceed to study Ansatz 3, in which the CP asymmetry is concentrated in
the (¢1,¢2) subspace (i.e. &3 = &3 = £33 = 0 in the neutrino mass eigenstate basis).
Let us first consider Ansatz 3-a, in which DA = D, while 51 and ¢15 can vary, all other
phases and mixing angles in the unitary matrix V' being zero. We choose a triplet mass
in the range [10? GeV,10'2 GeV], and compare the result of the full computation with
the one of the 2-flavour approximation, as described at the beginning of this section.
As can be seen from Fig. [7l the baryon-to-photon ratio computed in a flavour-covariant
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Figure 7: Left panel: the baryon-to-photon ratio ng/n, predicted by the full computation (red
dashed lines) and by the 2-flavour approximation (blue dotted lines) as a function of 3; and
¢12 for Ansatz 3-a. The coloured areas indicate where the observed baryon asymmetry can be
reproduced. Right panel: ratio of the full computation over the 2-flavour calculation of the
baryon asymmetry. Along the solid curve, np/n, vanishes in the 2-flavour approximation. In
both panels, Ma =5 x 10 GeV and Ay = 0.1.

way can be enhanced by up to a factor of several hundreds with respect to the 2-flavour
approximation. Indeed, important flavour effects in the e—u sector are missed in this
approximation. This can be understood by examining a specific point of the parameter
space, for instance ¢1o = 7/6 and 51 = 7/2. In the full computation, the sources terms
in the Boltzmann equations (5.5]) and (5.6]) are proportional to

g0 _ (1036 —2.496
~ \ 2496  6.846

> x 1078, &+ = 3513 x1078, (6.14)

where for definiteness we have written £ in the (£, £ 1) basis, while the flavour dependence
of the washout is controlled by the triplet couplings to leptons:

\feel | feul |ferl 1.428 3.477 1.373
\fuel |fuul 1furl | = | 3477 9.288 9.394 | x 1073, (6.15)
|frel | frul  |frrl 1.373 9.394 13.36

Thus we have a large source term for a flavour asymmetry (namely in the e flavour) that
is only weakly washed out by inverse decays. As a result, a large baryon asymmetry is
generated (np/n, = 7.277x1071%) even though the total CP asymmetry vanishes (indeed,
for the particular point considered ex = tr &Y + &, = 0). By contrast, in the 2-flavour
approximation, the CP asymmetries appearing in the Boltzmann equations (5.28]) are

€ = —3513x 1078 = —¢,, (6.16)
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baryon asymmetry ng/n, ng full B LS

Figure 8: Left panel: the baryon-to-photon ratio ng/n, predicted by the full computation (red
dashed lines) and by the 2-flavour approximation (blue dotted lines) as a function of x and
¢12 for Ansatz 3-b. The coloured areas indicate where the observed baryon asymmetry can be
reproduced. Right panel: ratio of the full computation over the 2-flavour calculation of the
baryon asymmetry. In both panels, Ma = 5 x 101 GeV and Ay = 0.1.

and the washout is controlled by

foo  for\ _ (10.69 9.567 L
(foT ) = \os67 1336) <10 (6.17)

Therefore, the asymmetries stored in the two flavours are washed out with a comparable
strength, and the resulting baryon asymmetry (ng/n, = 1.617 x 107'2) is much smaller
than in the full flavoured computation.

A similar (but numerically not as strong) enhancement of the full computation result
with respect to the 2-flavour approximation can be observed for Ansatz 3-b, in which
Da = Diag(zmg, V1 — 22 mg, m3) with mg = /m? +m2 and the phases 3; and 32 are
set to m/4. This is shown in Fig. Bl

In Figs. @ and [I0, we compare the relative impacts of spectator processes and flavour
covariance on the generated baryon asymmetry in the temperature regimes 7' > 10'? GeV
and 10 GeV < T < 102 GeV, respectively. We consider two ansitze designed to produce
a large baryon asymmetry (even exceeding the observed value when the CP-violating
phases are chosen to be large, as is the case here), namely Ansatz 1, which maximizes the
total CP asymmetry, and Ansatz 2 with (z,y) = (0.05,0.95), a parameter choice that has
been shown to maximize the final baryon asymmetry in Fig. Bl In Fig. @ the triplet mass
has been chosen to be Ma = 5x10'2 GeV, so that most of the B— L asymmetry is produced
at T > 10'2 GeV. For Ansatz 1 (i.e. ma = im, ), flavour effects and spectator processes
have a quantitatively similar impact on the baryon-to-photon ratio, while for Ansatz 2
flavour effects strongly dominate over spectator processes such as QCD sphalerons or top
quark Yukawa interactions (especially for 1072 < A, < 0.5). In this case, neglecting
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Figure 9: Baryon-to-photon ratio ng/n, as a function of A, for Ma =5 x 10" GeV, assuming
Ansatz 1 (left panel) or Ansatz 2 with (z,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 Az, 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
ratios By = By is realized for A\, ~ 0.15.

15%x10° % 4 15x10° %+

1.x10"%F > 1x1079F
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5. x10-10 5.x 10710}

Figure 10: Baryon-to-photon ratio np/n, as a function of X\, for Ma = 10" GeV, assuming
Ansatz 1 (left panel) or Ansatz 2 with (z,y) = (0.05,0.95) (right panel). The red lines indicate
the result of the flavour-covariant computation involving the 2 x 2 density matrix Agﬁ, with
(solid red line) or without (dashed-dotted red line) spectator processes taken into account,
whereas the blue lines indicate the result of the 2-flavour approximation, taking spectator
processes into account (blue dashed line) or not (blue dotted line). The equality of branching
ratios By = By is realized for A\, ~ 0.021.
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Figure 11: Isocurves of the baryon-to-photon ratio np/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 B, = Bpy. Also shown are the regions where Ay is greater than 1 or 4.

spectator processes and including flavour effects gives a much more accurate result than
doing the opposite. In Fig. [0, the triplet mass is Ma = 10! GeV, hence the B — L
asymmetry is essentially generated in the temperature regime 10° GeV < T < 10'2 GeV
where the tau Yukawa coupling is in equilibrium, but the muon Yukawa coupling is not.
For Ansatz 1, the 2-flavour calculation turns out to be a rather good approximation to
the flavour-covariant computation, while neglecting spectator processes gives a very bad
estimate, except for small or large values of ;. For Ansatz 2, on the contrary, both flavour
covariance and spectator processes have a significant impact on the baryon-to-photon ratio
(except again for extreme values of )\y), and neglecting one of them underestimates the
result by up to a factor 2. The 2-flavour approximation without spectator processes
actually gives a much larger disagreement with the full computation.

Finally, we study in Fig. [Tl the dependence of the generated baryon asymmetry on Ay
and Ma, both for Ansatz 1 and for Ansatz 2 with (z,y) = (0.05,0.95). The computation
is performed assuming that the third generation Yukawa couplings as well as the charm
Yukawa coupling are in equilibrium, which strictly speaking is true only in the temperature
range 10° GeV < T < 10'2 GeV. From Fig. [[1] one can conclude that successful scalar
triplet leptogenesis is possible for a triplet mass as low as 4.4 x 10'° GeV, to be compared
with 1.2 x 10" GeV in the approximation where flavour effects and spectator processes
are neglected. Other assumptions about the flavour structure of the triplet couplings
to leptons may allow for a lighter scalar triplet. For comparison, we quote the lower
bounds found by Ref. [26] in the single flavour approximation with spectator processes
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neglected: Ma > 1.3 x 1011 GeV in the case ma = 0.05eV (=~ m, for a hierarchical
neutrino mass spectrum), in agreement with our result, and Ma > 2.8 x 10'° GeV in the
case ma = 0.001 eV < m,,. Although we did not consider ansétze satisfying ma < m,,
because flavour effects are comparatively smaller in this case, we also expect the latter
bound to be lowered by the inclusion of flavour and spectator processes.

7 Conclusions

In this paper, we have shown how to consistently include the effects of the different
lepton flavours in scalar triplet leptogenesis. When charged lepton Yukawa interactions
are out of equilibrium at the time of leptogenesis, i.e. when the lepton asymmetry is
generated at high temperature, the proper treatment of flavour effects involves a 3 x 3
density matrix, whose evolution is governed by flavour-covariant Boltzmann equations.
The often-used single flavour approximation, which gives rather accurate results in the
standard leptogenesis scenario with right-handed neutrinos, leads to predictions for the
generated baryon asymmetry that can depart by a large amount from the flavour-covariant
computation. In the intermediate temperature regime where the tau Yukawa coupling is
in equilibrium but the muon and the electron ones are not, the 3 x 3 density matrix can
be replaced by the asymmetry stored in the tau lepton doublet and by a 2 x 2 density
matrix describing the flavour asymmetries in the (.,¢,) subspace and their quantum
correlations. In this case too, the 2-flavour calculation in which the (¢, ¢,) subspace is
described by a single flavour £y does not in general give a good approximation of the
flavour-covariant computation. Finally, when the tau and muon Yukawa couplings are in
equilibrium, flavour covariance is completely broken and the dynamics of leptogenesis is
described in terms of the asymmetries stored in the three lepton doublets /., £,, and /.

We performed a numerical study of the impact of flavour effects and spectator pro-
cesses on the generated baryon asymmetry for judiciously chosen ansétze, and compared
the flavour-covariant computation with flavour non-covariant approximations used in the
literature, with or without spectator processes included. We found discrepancies in the
predictions for the baryon asymmetry ranging from an order one factor to two orders of
magnitude. In particular, we showed that successful leptogenesis can easily be achieved
when the decays of the triplet into leptons and Higgs bosons occur at a similar rate, while
it would require a significantly heavier triplet in the single flavour approximation. As
a result, the minimal triplet mass allowed by successful leptogenesis is lowered by the
inclusion of flavour effects, from 1.2 x 10 GeV to 4.4 x 10'° GeV in the case where the
scalar triplet and the additional heavy states give comparable contributions to neutrino
masses.

Throughout this paper, we worked in a framework in which the contribution of the
additional heavy states to the CP asymmetries is parametrized by an effective dimension-5
operator, but the procedure we used to derive the flavour-covariant Boltzmann equations
can also be applied to explicit models with e.g. several scalar triplets, or with a scalar
triplet and right-handed neutrinos. The formalism employed in this paper can also be
used to study the scenario of purely flavoured leptogenesis [30} B1] in a flavour-covariant
way. In the framework used in this paper, this would require the addition of the effective
four-lepton operator (2.IT]).
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A Reaction densities

We summarize in this appendix some useful formulae for the reaction densities used in this
paper. Let us first recall the general expression for the (thermally averaged) space-time
density of a general reaction a+b+... > i+ j+.... Neglecting Bose enhancement and
Pauli blocking factors:

Ppa o Py d*p; d*p;
(2m)32uwp, " 2, 2130 20y (2703 20, (273

M 2m) ' 6 (pa+pp+ ... —pi—pj—..), (A

eq
b

ya+b+...—>i+j+...) :/

where |M|? is the squared matrix element summed over the internal degrees of freedom
of the initial and final states, and p§}(p) is the phase-space distribution function of the
particle X at kinetic and chemical equilibrium, which only depends on the bosonic or
fermionic nature of X:

1

cq —

In the following all computations are done using the Maxwell-Boltzmann statistics, i.e.
neglecting the difference between bosons and fermions:

PR = pE@) = P = o (D). (A.3)

With this approximation, the space-time density of triplet and antitriplet decays can be

written as
eq Kl(z)
A Ky(z)

where XA = (na + na)/s is the comoving number density of triplets and antitriplets,
K 2(z) are modified Bessel functions of the second kind, z = Ma /T and T'a is the triplet
decay width. For 2 — 2 scatterings, one has

Yp = X Ta, (A.4)

o A 1/2 4 Vs
Ya+b—i+j) = 64%4/5 | dss/a(s)K1<?>, (A.5)

min

where 6(s) = 2s A\(1,m2/s,m?/s)o(s) is the reduced cross-section summed over the in-
ternal degrees of freedom of initial and final particles.

When computing the space-time density of a 2 — 2 scattering, one must take care
to properly subtract the contribution of on-shell intermediate particles, which is already
taken into account in decays and inverse decays [59]. When the resonance occurs in the
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s-channel, one can compute the subtracted reaction density by taking away the resonant
part from the squared propagator in the narrow-width approximation [50] [5]:
m
D|* - |D|* — —=0 (s — M? A6
DI = D = 76 (s = M), (A6)
where M and I' are the mass and width of the intermediate particle, and D is the propa-
gator of the intermediate state in the Breit-Wigner form:
1
D= ————. A7
s— M?+iMT (A7)
We have to do this for the computation of y(¢¢/ — HH) and ~y(¢¢ — £{), which receive
a contribution from s-channel triplet exchange. Similarly, when computing v(¢A — (A),
one has to subtract the contribution of real intermediate leptons in the u-channel, corre-
sponding to the two processes A — /¢ and ¢¢ — A. Following Ref. [5], we perform the
subtraction in the following way:
7r
D> — |D* -
DE D =

where F is the energy of the intermediate lepton, I'yy its thermal width, and the propagator
of the intermediate lepton is

0 (u), (A.8)

1
D= e, (8.9)
As in Ref. [5], we use the following representation of §(z) in numerical computations:
5(z) = 2 @ (A.10)
m (22 4 €2)2 7

where € is a small number. In the limit of small width, which we assume to be valid, one
can simply set e = I'/M for a resonance in the s-channel with an intermediate particle of
mass M and width I', and ETyy, = EMi for a resonance in the u-channel, with any small
value for e. With this choice, one can compute the subtracted space-time densities for the
various 2 — 2 scatterings.

In what follows, we note z = s/MX. The reduced cross-sections for the scatterings
involving 2 leptons and 2 Higgs bosons are, after subtracting the contribution of the
on-shell intermediate triplet,

(%) BzMX _, (1-2)*—¢
srut A1 —x)2+ 2

N 3xM?> 1—=2
(O’g[_{)l— = 87'('1)4A Re [tr(mAm;_l)] m s (All)
3z M?
Al \NH A =2
(Gra)"™ = 51 M
for ¢ — HH, and
3M3 1 In(1+ z)
GCHNA A2 [ _
(9711) ot A < 1+ L— ’
. 3M3 In(1+ z)
(Jgg)f = 27?1)% Re [tr(mAm;{)] <1 - T) , (A.12)

3z M?3
~VPHN\H A =2
(0 ) = 47TU4 m?‘[?
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for YH — [H, where the superscripts A, H and T refer to the contributions of the scalar
triplet, of the D = 5 operator (2.9]) responsible for my and to the interference between
the two contributions, respectively. For the 2 lepton—2 lepton scatterings £¢ — (¢ and
00 — 00, we obtain

1— 2 2
ol = 3 app Iz mC (A.13)
32m [(1—2)? + €]
and
i 3 2 4
Gt = o Yi (2 A g In(1 + a:)) . (A.14)

We did not include the gauge contributions since they do not violate flavour, hence they
drop from the Boltzmann equations. Finally, the reduced cross-sections for the scatterings
(A — (A, ¢A — (A and ¢ — AA are given by, after subtracting the contribution of the
on-shell intermediate lepton in the u-channel,

14
Gl = ?Qiﬂtr[ffffﬁ]% , (A.15)
AZA_ir et | xz(($—2)2+€2) (x—1)2 4-—22

Opn = 3o tlf 1] [l < 2211 s pra 1wl (A.16)
Aqﬁ_ir ot _é (r —2) 0 x—2+ Jr(x—4) B

O = 3%'5 IS AIRYA! . [ (x—4)a;l P S oy 2. (A.17)

With the above expressions, one can compute numerically the reaction densities vy,
v4¢ and A that appear in the washout terms ng , Wé% and Wﬁ%, respectively (see Sub-
section 23] for the definition of these reaction densities and Eqgs. (852]), (853]) and (3.54)
for the washout terms). We also need the space-time density of triplet-antitriplet annihi-
lations into Standard Model particles, v4, which enters the Boltzmann equation for Xa,
Eq. (3.:60). The contribution of gauge scatterings to v4 has been computed in Ref. [26].
There are also subleading contributions proportional to )\ﬁ, A4, A%gg and )\%gg, which we
do not include in our computation.

Fig.I2lshows the typical magnitude of the various reaction densities and their evolution
as a function of z = Ma /T (here for Ma = 5 x 102 GeV, ma = im, and Ag = 0.2).
A ratio yr/Hn., smaller than 1 indicates that the reaction R is slow on a cosmological
time scale. In this example, most scatterings are negligible, except for the ones involving
Higgs bosons; however, the latter become slower than the expansion of the universe at the
time where decays start to dominate over annihilations, a necesary condition for a large
lepton asymmetry to develop [26, [32]. For the present choice of parameters, however, the
third Sakharov condition would not be satisfied in the single flavour case, as both decays
into Higgs bosons and into leptons are in equilibrium at the time of leptogenesis (i.e. at
z < 10, before the triplet abundance becomes strongly Boltzmann-suppressed). Taking
into account flavour effects leads to an enhanced efficiency because some “flavoured” decay
channels A — ¢, are significantly slower than others.
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Figure 12: Space-time densities of decays (Byvp, Byyp) and scatterings (va, Yem, V4e and yea)
in units of Hn,, as a function of z = Ma /T, for the values of the parameters indicated in the
text.
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