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Abstract. We consider a mirror world scenario, in which light Dirac neutrinos are generated
from a seesaw mechanism and leptogenesis occurs at high scale without violating lepton
number. After leptogenesis, the conservation laws of the theory imply the visible baryon-
minus-lepton asymmetry to be equal to the mirror baryon-minus-lepton asymmetry. We
extend previous work by presenting a detailed study of this Dirac leptogenesis mechanism
by constructing the full set of Boltzmann Equations (BEs) for both cases of unflavored and
flavored regimes. We show that Zy breaking and lepton/mirror lepton flavor effects can be
exploited to enhance the final baryon-minus-lepton asymmetry in our world by several orders
of magnitude.
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1 Introduction

The standard leptogenesis paradigm [1] is characterized by lepton number violating decays
of heavy Majorana singlets that occur out-of-equilibrium in the early universe and generate a
primordial asymmetry in the lepton sector. Due to unsuppressed electroweak (EW) sphaleron
reactions at high temperature, this lepton asymmetry is then transformed into a net baryon
asymmetry. At the same time, the large Majorana mass scale elegantly gives rise to light
Majorana Standard Model (SM) neutrinos through the type-I seesaw mechanism [2-5].

The existence of a mirror world connected to the SM through some portal interactions
has been widely discussed in the literature! and can be motivated in different ways. For
example, it could be used to have a common origin for the baryon asymmetry and dark
matter (DM). It could also help to solve the little hierarchy problem such as in Twin Higgs
(TH) models [9], in which the Higgs particle is a pseudo Nambu-Goldstone boson related
to the spontaneous breaking of a global SU(4) symmetry. The connection between baryon
and mirror baryon asymmetries in these kinds of models as the consequence of a conserved
baryon minus mirror baryon number has been discussed in [10-12].

Another interesting class of models are those in which the SM is connected to the
mirror sector through heavy Majorana singlets and light neutrino masses are generated in
the two sectors through the type-I seesaw mechanism. Furthermore, decays of the heavy
singlets produce lepton asymmetries in both sectors which then get converted into baryon

!See [6-8] for a few early studies.



and mirror baryon asymmetries [13, 14]. Baryon-minus-lepton asymmetries of both sectors
can be quite different depending on the parameters of the models.? In these models, if the
reheating temperature is lower than the mass of the heavy singlets, leptogenesis can also
proceed through a different mechanism in which out-of-equilibrium, CP-violating scattering
processes convert SM particles into particles of the mirror sector [15].

Although light neutrinos are required to explain the oscillation phenomena, their Ma-
jorana or Dirac nature can only be determined by dedicated lepton number violating exper-
iments (like neutrinoless double beta decay) and this remains an open question. Therefore,
one can ask if it is possible to envision a world in which the SM neutrinos are Dirac particles
while the nice features of the seesaw mechanism and leptogenesis are preserved. Indeed, this
possibility was first considered in [16] with the introduction of heavy Dirac singlets and/or
bidoublet Higgs charged under the SM and mirror EW symmetry. The simplest scenario with
the addition of heavy Dirac singlets is considered here. In this model the SM neutrinos ac-
quire tiny Dirac masses through Dirac type I seesaw where the role of right-handed neutrinos
is played by the mirror neutrinos, and this implies that neutrinoless double beta decays are
forbidden. Dirac leptogenesis proceeds through decays of these heavy Dirac neutrinos to the
SM leptons as well as the mirror leptons.? Interestingly, in this model the difference between
baryon-minus-lepton numbers of the SM and the mirror sectors (B — L) — (B’ — L') remains
a good symmetry of the theory (‘prime’ is used to indicate baryon and lepton numbers of the
mirror sector). Starting from zero initial asymmetry, this conservation law implies that, after
leptogenesis, the B — L asymmetry has to be equal to the B’ — L' asymmetry, independently
of the details of the model.* The final baryon and mirror baryon asymmetries, however, will
be related by an order one coefficient, which depends on the details of the model.

If leptogenesis happens at high temperature® where lepton and mirror lepton flavors are
not distinguishable (unflavored regime), CP violation is bounded from above [16] analogous
to the Davidson-Ibarra bound for type-I seesaw [21]. It was pointed out that this bound
no longer holds once flavor effects are taken into account [22-24]. Therefore, extending the
previous work [16], in this paper we will present a detailed study of the Dirac leptogenesis
mechanism by constructing the full set of Boltzmann Equations (BEs) for both cases of
unflavored and flavored regimes. We will show that Zy breaking and lepton/mirror lepton
flavor effects can change the final asymmetry by several orders of magnitude. An attractive
feature of the model is that due to the conservation of total (B — L) — (B’ — L') charge, one
can exploit the mirror lepton flavor effects to enhance the production of B — L asymmetry
in our world.

This paper is organized as follows. In section 2 we introduce the model, discuss its
global symmetries and present the leptogenesis CP violating parameters and related bounds.
In section 3 we derive the unflavored BEs for the system. In section 4 we solve the BEs in the

*Mirror symmetry can be invoked to enforce their equality [13]. See also ref. [17] where the authors
considered heavy Majorana singlets which couple to a dark sector consisting of only a singlet scalar and
fermion.

3Earlier implementations of Dirac leptogenesis [18, 19] relied on the decays of heavy doublet particles
to generate asymmetries in the left-handed lepton doublet and right-handed neutrino which are equal in
magnitude and opposite in sign. The smallness of the neutrino masses generally implies that the left- and
right-handed leptons are never in chemical equilibrium until much after EW sphaleron reactions are suppressed,
in which part of the left-handed lepton asymmetry has already been converted to a net baryon asymmetry.

4This is similar in spirit to the hylogenesis mechanism where a global baryon number is imposed and dark
matter is composed of dark anti-baryons [20].

SFor the SM, such regime is T > 10'? GeV.



unflavored case and show the results for two benchmark scenarios to illustrate the effect of Zo
breaking. In section 5, we solve the BEs in the flavored case and demonstrate the mechanism
where enhancement can be achieved from purely mirror lepton flavor effects. In section 6
we conclude with a final discussion. This work is supplemented by three appendices: in
appendix A we give the proof of the identity used to obtain the bound on the CP parameter,
in appendix B we present the approximate analytical solutions to the unflavored BEs in the
limit where both the SM and the mirror sector share the same couplings and in appendix C
we present the flavored BEs appropriate for studying leptogenesis at a lower scale.

2 The model

We consider a model that, in addition to the SM sector, is characterized by the presence
of a mirror sector with the same structure and field content as the SM. Such constructions
have been proposed for a variety of reasons. For example, the mirror sector might contain
dark matter, or could help alleviate the little hierarchy problem in the context of Twin Higgs
models. It is quite natural in those models to impose a Zs symmetry that interchanges the
SM and mirror sector.® The Zy symmetry justifies the particle content of the mirror sector
and makes all the masses, Yukawa couplings and gauge couplings equal to the SM ones.
Furthermore, in Twin Higgs models, a partial Zs that relates the top Yukawa coupling to
the mirror top Yukawa coupling is important for the success of the mechanism [9, 25, 26].
However, cosmological and phenomenological observations put tight constraints on these
scenarios [9, 27, 29, 30] which forces some amount of Zs breaking. In particular, constraints
on the number of relativistic degrees of freedom during nucleosynthesis and CMB formation
are particularly difficult to avoid. In fact, the model we are considering requires at least two
flavors of light right-handed neutrinos which, if they maintain thermal equilibrium with the
Standard Model sector, would be enough to be in contradiction with the bound on ANg.
Introducing a large amount of Zs breaking for the Yukawa of the first and second generations,
as well as in the QCD scales of the SM and mirror sectors leading to different thermal histories
and a colder mirror sector, could solve this problem [9, 27, 29]. This scenario also suggests
heavier mirror baryons which could explain why, if the mirror baryons are the dark matter,
Qpm ~ 5y, [27, 29]. A Zs breaking in the Yukawa sector can be engineered, for example,
by using Frogatt-Nielsen fields that have Zs breaking vevs [27]. Furthermore, in Twin Higgs
models, some Zy breaking is required in the Higgs sector as well to avoid large deviations to
Higgs measurements. This breaking could be explicit or spontaneous [28], but should keep
the SM Higgs mass and the mirror world Higgs mass within the same order of magnitude
if we want the dark baryons to be dark matter. In Twin Higgs models with a low cutoff,
this proximity of mass scales is radiatively stable. However in models like the ones we are
considering where the cutoff is high and the hierarchy problem is not addressed, without
an exact Zo symmetry this proximity of mass scales appears accidental as there are large
contributions to the SM and mirror Higgs masses both from the UV cutoff of the theory
and from the heavy neutrinos. Ultimately, this issue could be resolved in models where
the hierarchy problem is fully addressed, for example in a supersymmetric extension of our
setup, where radiative corrections to the Higgs mass are proportional to the SUSY breaking
mass scale which would make contributions from the neutrino sector subdominant. In the
extreme Z, breaking case, it is possible to remove all the light generations from the low energy

5In the rest of the text, we will use mirror sector to refer to the SM copy in generic mirror world models
while reserving twin sector for the SM copy in the TH models.



spectrum, leading to the so-called Fraternal Twin Higgs [26]. It is also possible, instead of
breaking the Z5 in the Yukawa couplings, to break the symmetry in the way the two sectors
are reheated [31, 32]. In such a setup, one has to ensure that reheating happens after the two
sectors lose thermal contact. Even if the qualitative features of our model remain the same
regardless of the presence of a Z5 symmetry, the breaking of this symmetry can help with the
enhancement of the asymmetry and will be considered in the discussion of some benchmark
realizations of our model.

In addition to SM fields and their mirror copies, we add heavy singlet neutrinos to both
sectors with a Dirac mass term which serves as a portal between the two sectors [16]:

L = iNgi@Npg; + iNp@Np; — M;Np;N5;
~YajlLa®NRj — Yojl' La®' Np; + hec. (2.1)

The fields I, and ® are SM lepton and Higgs doublets charged under the SM EW SU(2), x
U(1)y and ® = ioy®*, while I}, and & are mirror lepton and Higgs doublets that transform
under the mirror EW group SU(2); x U(1)} and ® = ioe®*. The fields Ng; and Np,
are heavy fermions which are singlets under both the SM and the mirror EW group. The
number of generations in the mirror sector is not fixed, though a minimum of two generations
of mirror fermions as well as Ng; and Ny, are required for leptogenesis and to explain the two
observed neutrino squared mass differences. In eq. (2.1), the Dirac mass term is responsible
for connecting the SM and the mirror sector. In addition, we have chosen, without loss of
generality, the basis where the Dirac mass matrix M, the charged lepton and mirror lepton
Yukawa couplings (not shown above) are real and diagonal. Other portal interactions might
exist, such as a Higgs portal or photon-mirror photon mixing, but are more model dependent.
The structure of eq. (2.1) can be obtained by imposing a global U(1) symmetry that can
be identified with the total lepton number Li,; = L — L’ which is an extended lepton number
defined in terms of both SM lepton number (L) and mirror lepton number (L'). We have:

Liot(Ia) = Ltot(NRi) = —Ltot (1) = —Ltot (Ng;), Liot(®) = Liot (') = 0. (2.2)
In this case, the SM and twin right-handed neutrinos combine to form heavy Dirac states
N = Ng + (Np)°. (2.3)
With this definition, we can rewrite the model Lagrangian as follows
L = iN;JN; — M;N;N; — yojla®PrN; — y},;I'a® PrN{ + h.c. (2.4)

2.1 Global symmetries of the model

The complete model has five U(1) symmetries: U(1)p, U(1)p, U(1)L,,,, U(1l)y and U(1)y-.
The last two are gauge symmetries which are anomaly free while the first three have SU(2),
and SU(2)z/ mixed anomalies.” With these symmetries we can form an anomaly free linear
combination U(1)p_p/_r,,,. This symmetry could be gauged and broken spontaneously in
various ways. If U(1)p_p/_1,., is broken at a scale p < M;, Majorana masses for N and N’
of the order u can be naturally generated via operators of the form /NN and ¢ N' N’ where
¢ and ¢’ are scalar fields which carry two units of positive and negative B — B’ — Ly charge,
respectively. Since Dirac leptogenesis happens at high scale T' ~ M, it will proceed as in our

"The anomalies are SU(2)3 — U(1)5, SU(2)3, — U(1)ps, SU(2)7 — U(1)1,,, and SU(2)%, — U(1)z,,, -



proposal, though with the interesting possibility that N and N’ can be populated through
additional interactions in the model. If U(1)p_p/_1,., is instead broken at a scale p ~ M;, it
is possible to avoid large Majorana masses for N and N’ from being generated by choosing
appropriately the scalar field content. For instance, by introducing only scalar fields ¢ and
¢’ which carry one unit of positive and negative B — B’ — Lo charge, respectively, we will
generate Majorana masses of the order of y?/A through effective operators like > NN and
¢ N'N', where A > M; is the EFT expansion scale. This second scenario also brings in
another interesting possibility of achieving resonant leptogenesis [33-35] if u2/A happens to
be of the order of the decay width of N and N’. We will comment more on this possibility
towards the end of this work.

Let us define the normalized number density for particle species z to be Y, = =2, where

s = % 9.3 is the total entropic density of the Universe with g, the number of relativistic
degrees of freedom of the Universe (g, = 213.5 assuming an exact copy of the SM in the
mirror sector). For particle z with quantum number z, under U(1),, we use Y; to denote
the normalized charge asymmetry

Y, = quYAazv (2.5)
T

where YA, = Y, — Yz. With these definitions we can rewrite the conservation of the total
B — B’ — L as follows

Z Ya, — Z Yar — Z YanN, = constant (2.6)
«@ @ 7

where A, = B/3 — L, and A, = B'/3 — L], with L, and L, respectively referring to the
lepton and mirror lepton flavor charges. This relation will be verified explicitly in the BEs in
the following sections. Assuming zero initial B — B’ — Lyt asymmetry, and that leptogenesis
completes before EW and mirror EW sphalerons freeze out, we have that, after all N; and
N; decay, the B — L asymmetry in the visible sector is equal to the B’ — L' asymmetry in
the mirror sector

YA = Yar, (2.7)

where YA = >, YA, and Yar = > Y/ . Notice that this equivalence is independent of the
presence of Zs symmetry breaking terms. This result is enforced by the global symmetries
of the theory and represents a robust prediction of the model.

The relation between the baryon asymmetry Yz and YA and the relation between the
mirror baryon asymmetry Yp: and YA, depend on the relativistic degrees of freedom that are
present at the EW and twin EW sphaleron freeze out. In general, we have

YB = HYA, YB’ = Hl YA/. (28)

If Z5 is exact, one would have x = x/. But since it is typically expected that the Zs should
be at least slightly broken, we can have x # «/, resulting in slightly different amounts of B
and B’ asymmetries taking into consideration eq. (2.7). If mirror baryons are the DM with
comparable mass to the SM baryons, this will provide an elegant explanation as to why the
DM has similar energy density to the SM baryons.



2.2 Heavy N decay and CP violation

In the model considered in this study we can have the following decay processes involving the
heavy neutrinos N; — 1, ®, N; — I/, ® and its antiparticle N; — I, ®, N; — I/, ®. For generic
complex Yukawa couplings y and ¢’ in eq. (2.4) we can have CP violation in the decays of
the heavy neutrinos and this will imply non-zero AT'(N;)q = D'(N; — 1,®) — T'(N; — 1,®)
in the visible sector and non-zero AT'(N;), = I'(N; — IL,®') — T'(N; — I/,®') in the mirror
sector. Let us define I'(N;) = Y [D(N; — 1,®) + T(N; — I[,®)] and T'(N;) = Y [T(N; —
lo®) + T(N; — I.,®")]. CPT conservation implies that

1
jo

where "
Ly, = 16;[(9@)% + ()il (2.10)

It follows that

> AT(Ni)a =Y AT'(N)a. (2.11)

Furthermore, we can define the CP violating parameters in the SM and mirror sector
as follows

AT'(N;)a

Cioae = TNi’ (2.12)
AT'(N;
e, = 2F(N)O‘ (2.13)

The relation in eq. (2.11) shows that the total CP violation in the visible and hidden sector
is the same, namely
(2.14)

!
Ei _€i7

where ¢, =) € ande, =) e; o The relation above is ensured by the presence of a global

B — B’ — Ly symmetry as discussed in the previous section. The explicit computation of
€ ElVes

1 1 1 Tk
Cia = o (i) + Ty g [1_xk1m[(yTy)kiyakyZi] + QImelTy/)ikyakyZi] , (2.15)
where xj, = M?/M?. This parameter is obtained from the interference between the tree- and
loop-level diagrams in the top row of figure 1. Interestingly, the right diagram on the top
row of figure 1 involves mirror particles in the loop and in performing the computation, “the
propagator of the internal N picks up a mass term instead of the momentum” and is the
only diagram that contributes in the unflavored case.
By a similar computation for the decay to the mirror sector (bottom row of figure 1),
we obtain €]

1 1 1 Tk
[ —p— ; Im[(y" ) kvl 5] + Y Im((y )] | . (2.16
i 87 (yTy)u 4 (y J[y/)“ Ek: |:1_37k [(y Yy ) Zyakycm] 1— [(y y)l yakym] ( )

Ty

Notice that in general the two CP parameter €, and €, are different, however they become
equal in the Z5 symmetric limit where y = 7/.
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Figure 1. Diagrams respounsible for the decay of the heavy neutrino N into SM particles (top row)
and the mirror particles (bottom row), contributing to the calculation of the CP violating parameters
€io and ¢;,,.

The middle diagrams of figure 1 involving the same type of particles in the loop as in
the final states are relevant only in the flavored case. They give rise respectively to the first
terms in the square brackets of egs. (2.15) and (2.16) which vanish only if one sums over «.
As we will see in section 5, this will provide a way to enhance the asymmetry generation
utilizing the mirror lepton flavor effects.

Summing over «, one can verify that eq. (2.14) holds with

= T VI Ll s
1= €6 = 5= 7 I i il 917
T S iy + (T Zk: T o 2l )iy )ie] (2.17)

This parameter measures the total amount of CP violation induced by the decay of the heavy
neutrino N;. Compared to the standard leptogenesis result [1, 36], there is no triangle or
vertex diagram contribution and the CP violation comes only from the interference between
the tree-level and the one-loop self-energy diagrams [16].

2.3 Neutrino masses and bound on CP violation

In the limit of heavy right-handed neutrino masses, we can integrate out at tree level the
N’s in eq. (2.4) by means of their equations of motion. Substituting back into the original
Lagrangian we get the following dimension five effective operator involving the light neutrinos

Lot = (yM ' y")aslia®® 7 (17,5)° + hec. (2.18)

After EW symmetry breaking in both sectors, we get the following Dirac mass term for the
neutrinos

Lonass = (My)ij VLiVRj + h.c. (2.19)

where the role of the right-handed neutrinos is taken by the mirror left-handed neutrinos,
namely vp = (v7)°. The explicit form of the mass matrix at leading order is given by the
seesaw relation

M, =vfyMyT, (2.20)

where (®) = (v 0)” with v = 174GeV and (®') = (f 0)7, where f is the VEV of the
mirror Higgs doublet which is a free and model-dependent parameter. For instance, in the



TH scenario, phenomenological constraints require f 2 3v [29]. Disregarding the hierarchy
problem and assuming y ~ ¢/ ~ 1 and f ~ 100w, one can push the mass M to the grand
unification scale ~ 10'® GeV in order to generate a neutrino mass of 0.1eV.

For definiteness, we will work with three generations of mirror leptons as well as N;’s.
In this case, we can parametrize the Yukawa matrices as follows

1 *
1 N _
y = ﬁv D (XD 7, (2.22)

where X is a 3 x 3 complex invertible square matrix, D/ is the square root of the diagonal
matrix D, and Dy = M = diag(M;, My, M3). The unitary matrices U and V are such that

UT M,V = diag(my, ma, m3) = Dy, (2.23)

where m; are the physical light neutrino masses. Notice that this parametrization is a
generalization of the parametrization introduced in [37].8 For M; < My, M3 we can write
the CP parameter €; in eq. (2.17) as follows

(- M1, m3Tm((X1)1;(X)]]
8 vf 30 my(| X%+ X552

(2.24)

Using X !X = 1343, we obtain the following inequality (see appendix A for details)’

ol < Mi(mg—ma) 1 Mi|JAmG| 1 _ s (2.25)
= 16 of 16ma(ms+mi)of L 7

where we have assumed mg > ma > mj and |Am2 | is the atmospheric square mass split-

ting. For the inverted mass ordering, we make the replacements ms — mg and m; — ms.
This relation is equivalent to the Davidson-Ibarra bound for the type-I seesaw [21] with the
replacement U% — # If f > v/3, the lower bound on the mass of M; will be more stringent
than the standard Davidson-Ibarra bound. Since f is model-dependent, in principle, the
bound can be relaxed by taking a small f.

3 Boltzmann equations

In this section we will construct the BEs to describe the evolution of charge asymmetries
YA, Yar, as well as heavy singlet densities Yyy, = Y, + Yy, and asymmetries YA Ni.lo To
focus on the important features, here we will present the BEs assuming leptogenesis proceeds
through the decays of the lightest singlets N; and N; and in the regime where both the SM

8The original Lagrangian contains a total of 18 4+ 3 moduli and 18 phases from M, Y and Y’. The
observables (in principle) are 2 X (3 moduli + 6 phases) from U and V, and 3 + 3 moduli from D,, and Dy
giving a total of 12 moduli and 12 phases. The additional 9 moduli and 6 phases will be captured by the
complex matrix X.

9If the number of N; generations is equal to k # 3, in general, X X ! = 1343 does not imply the condition
XX =164k required for the proof.

0For simplicity, we assume that both the EW and mirror EW sphaleron processes are in equilibrium and so
the appropriate charge asymmetries to consider are Ya,, and Yar . For the SM, this is the case if leptogenesis
occurs at T < 2 x 10'2 GeV.



lepton and mirror lepton flavors are not distinguishable.!! The complete BEs for the flavored
case are presented in appendix C and flavor effects will be studied in section 5. Furthermore,
we assume both the SM and mirror sector to have the same temperature and that mirror
fermions also come in three generations.

The set of BEs are given by

stdi;EZNl = —, (?ﬁl - 2) (3.1)
Ny

st zdiiNl = Pivm, (gﬁl + Z?CP - E;A]?) ~ Py, (;flﬁl - %‘I’ + Y%?) (3.2)

SHZ% = -, (% - 2) + Piyn, (gﬁ’ + %f - Yﬁg) (3.3)

sHZd;;A’ = -7, (% - 2> + Plyn, (;ﬁl + %‘f + 3%%1) (3.4)

where z = %, H = 1.66 g*]\:g—; is the Hubble rate with Mp; = 1.22 x 10" GeV, Yyl =
4735’9* 22KCo(2) with Ky (2) the type-m modified Bessel function of the second kind, and Y, =
1592Cz
87rgQg*

(boson).'? Furthermore, y, is the total decay reaction density of N; (which is equal to TN,
due to CPT) while P; and Pj are respectively the tree-level branching ratios for Ny decays
to [® and I'®’ with P, + P = 1.13

After identifying U(1) charges and interactions in the thermal bath, we can write
the particle asymmetries Y,y = A(/)YA(/) and Y, 0 = C(/)YA(/) [39].  Further-
more, from egs. (3.1)-(3.4), one can verify explicitly that U(1)p_p_r,, 1S conserved,
i.e. d% (YA — Y5 — YANl) = 0, where we have made use of eq. (2.14). Assuming zero initial
asymmetries, it follows that Yan, = YA — Y,/ (cf. eq. (2.6)). Using the relations above,
eq. (2.14) and P{ = 1 — P, the BEs we need to solve are

dY: Y
SHAEN . ( SN 2)

with g, the total degrees of freedom of = and (, = 1(2) for a relativistic fermion

dz Yy,
dYA YN YA Ya — YA’
SHZW = —€17YN; <}/}¢\3[(11 - 2) + Pl’YNl (CYnor - Y]S[q
1 1
dY, Yon YA Ya-Yy
SHZW = —€17V <}/]$;111 -2 + (1 — Pl) YN, Cc y nor + Yjs/vcll (35)

"1 eptogenesis from decays of N2 and N3 can be neglected if we assume the reheating temperature is
sufficiently below M> and M3 or that the asymmetry generated is negligible due to strong washout and/or
small CP parameters. For the SM, the lepton flavors are not distinguishable for T > 4 x 10! GeV.

12For the normalization of heavy particle Ni, we have used a Maxwell-Boltzmann distribution while the
normalizations of other light (massless) particles take into account whether they are fermions or bosons (see
appendix A of [38]).

13For our calculation, we will use tree-level amplitudes and Maxwell-Boltzmann distributions which give

Ki(z
YNy = TNy = SY]SI?FNI K:;Ez;'




where we have defined Y™ = e
*

N A0 o)
) = )
90 2950

For the SM, g, = 2x 3 and g¢ = 2. The solutions of the BEs depend on the so-called washout
parameter defined as

(3.6)

v _
H(T = M)~ mg’

which characterizes the degree of which the decays of N; and N; are out-of-

crep .. ~ f Ty’
equilibrium. In the second definition above, m; = W@ f and my = 8.69 x

1073 (2f§.5)1/2 <5ooéev> eV. Notice that in principle 7y which scales as (yy)11 + (v'Ty/)11

can be much larger than the neutrino mass which scales as yy’.
The final asymmetry can be parametrized as

YA = YA’ = —261 nYﬁ?(z = 0), (38)
where 7 is the so-called efficiency factor which is a function of Ky and Yy!(z = 0) = 27:1459*'

The most efficient case n = 1 is realized in the limit of weak washout K7 < 1 and when one
starts from thermal abundances of N; and Nj.

From egs. (2.8) and (3.8) and using the maximal CP parameter eq. (2.25), we can write
down a lower bound for M; in terms of the observed baryon asymmetry YB?bS as

167YSE  vf(ms+my)

My >
P 2V =0) [Am2,|
1 30/97
aivaer () (1
3% 107 GeV <5OOGeV> <77>< K >
obs -3 2

y Y3 § ms + mq 2.5><102 eV ' (3.9)

8.7 x 1010 0.1eV | A, |

The bound above applies strictly for the unflavored scenario with hierarchical N;. Considera-
tion of specific flavor alignment could relax the bound by a few orders of magnitudes [40, 41]
while having quasi-degenerate N; could further relax the bound down to sub-TeV scale
through resonant enhancement [33-35].

Finally, given that the observed ratio of DM and baryon energy densities is 7 ~ 5.4
and assuming all the DM to be the mirror baryons, from eq. (2.7), the DM mass can be

expressed as
r K
m!, = 5.4 (57) (;> M, (3.10)

where m,, =~ 1 GeV is the nucleon mass.

4 Z, breaking effects

In this section we will focus on the unflavored case presented in the previous section and
discuss two different benchmark scenarios according to the presence or absence of a Z5 sym-
metry in the neutrino sector. The Zy symmetry assumption, together with the size of the
Yukawa couplings of the mirror sector influence the solutions of the BEs presented in the
previous section.
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Figure 2. Efficiency factors as function of the washout parameter Ky for P, = 0.5 (red), P, = 0.9 or
0.1 (blue) and P; = 0.99 or 0.01 (purple) for zero initial Ny, N; abundances (solid lines) and thermal
initial Ny, N; abundances (dashed lines). The red dotted curves are the approximate solutions for
P, = 0.5 presented in appendix B respectively for zero and thermal initial N;, N; abundances.

4.1 Z, symmetric case y = 1/

First we consider a scenario in which the SM and mirror neutrino sectors are related by
an exact Zs symmetry, namely y = 3/, and therefore P, = % We consider the case for
which ¢ = ¢’ which can be achieved either if the Z symmetry is respected by the whole
theory or if the Zs breaking in the quark and lepton sector is such that the differences in the
Yukawa couplings do not affect the leptogenesis mechanism. Under these assumptions it can

be shown that YA = Yas at all times. For instance, assuming the first and second generation

SM and mirror quark Yukawa interactions are not in equilibrium, we have A = A" = —% and
c=0C = —%. Therefore, we have
, 1
c=c =—-. 4.1
- (41)

A good analytical approximate solution for the final asymptotic value of 7 is presented in
appendix B. Finally, assuming (mirror) EW sphaleron processes freeze out after (mirror) EW
symmetry breaking at a temperature below the (mirror) top mass, we have

30

== (4.2)

K=K
In figure 2, we show the efficiency factor 7 as a function of the washout parameter K for the
Zy symmetric case with zero initial N, N abundances (red solid curve) and thermal initial
N, N abundances (red dashed curve). The red dotted curves are the approximate solutions
presented in appendix B.

4.2 7, broken case y # v/

Next we consider a scenario in which the Zs symmetry is broken in the neutrino sector,
namely y # 3/, and therefore P # % Here we can have either that ¢ = ¢ or ¢ #+ c. During
leptogenesis YA # Yas and the equality is only established at the end of leptogenesis as in

eq. (2.7).
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As a concrete example, let us consider a scenario where we put the second generation
mirror quark Yukawa interaction to be in equilibrium (due to larger mirror Yukawa coupling
than the SM one), while other conditions remain the same as in the section 4.1. In this case

the parameter ¢ has the same value as in eq. (4.1), while ¢/ with A’ = —2 and C' = —1 is
given by
13
= ——. 4.3

In figure 2, we show the efficiency 7 as a function of the washout parameter K; for P = 0.9
or 0.1 (blue curve) and P; = 0.99 or 0.01 (purple curve) with zero initial N, N abundances
(solid curves) and thermal initial N, N abundances (dashed curves). The choice of more
extreme branching ratios induces a shift of the curve towards large values of Ky. The solutions
assuming eq. (4.1) or eq. (4.3) essentially overlap due to the small difference between ¢ and ¢'.

Finally, assuming mirror EW sphaleron processes freeze out after mirror EW symmetry
breaking at a temperature below the mirror top and bottom masses, we have

10
= —. 4.4
T (44)
In this case, the mass of dark matter will be equal to 5.4 x % X % = 6.8 m,,, which follows

from eq. (3.10).

5 Flavor enhancement

Here we will discuss a novel enhancement effect that can be achieved in this model. Assuming
that |y/| > |y|, from egs. (2.15) and (2.16), we have the following parametric dependence

€ia ~ a(y*/y?) + b(y?), (5.1)
€in ~ a(y?) + b(y),

where a(x) represents the “purely flavor terms” i.e. the first terms in the square brackets
of egs. (2.15) and (2.16) while b(z) represents the second terms in the square brackets of
egs. (2.15) and (2.16). Notice that the purely flavored term in the ¢’ parameter is enhanced
by a factor of ~ 2 /y? ~ P~! with P the branching ratio for singlet decay to the SM sector.

For Nj leptogenesis, the flavored terms will have an additional M? /le>1 suppres-
sion while for Ny leptogenesis, there can be an enhancement of MZ2/M?. Here will assume
ME/M ,?>1 is of a factor of a few and focus on N7 leptogenesis without resonant enhancement.
If Ny decays mostly to the mirror sector, the flavored CP parameters in the mirror sector
can be enhanced accordingly. In this case, even if the flavored CP parameters in the SM are
not enhanced, due to conservation of (B — L) — (B’ — L') charge, the enhanced production
of mirror (B’ — L") asymmetry will be fed back to the SM sector, resulting in an overall
enhancement of asymmetry production. This is an appealing feature of the model that we
will explore in this section.

Since the flavored CP parameters in eq. (5.2) are enhanced by ~ r = 32 /42, it becomes
possible to reduce the lower bound on M; by a factor of » compared to the unflavored
bound eq. (3.9). This is verified later in the section with a numerical example by solving the
flavored BEs in egs. (C.1)—(C.4). Note that even with a very large r, ¢’ always remains in the
perturbative regime due to the small neutrino mass in eq. (2.20). Despite r > 1, there is no
tuning in order to obtain small neutrino masses which are proportional to yy’ = \/7y?. One
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just has to choose corresponding smaller . As compared to the type-I seesaw, choosing large
neutrino Yukawa couplings while lowering the seesaw scale requires fine-tuned cancellations
in the neutrino mass matrix in order to maintain small neutrino masses.

If we keep increasing r, it seems like we can lower M; as much as we want. However,
at some lower scale M, the flavor equilibrating scattering I/, ® <> l’ﬂé(a # () will be in
equilibrium, making the flavor effect ineffective. To understand this, let us consider the
following. If the flavor equilibrating scatterings are fast, one has YAy = YAZL = YAy which
also implies YA, = YAL = Ya.. Then, one would be able to sum up the BEs for YA, as
shown in eq. (C.4). As a result, the final B’ — L’ asymmetry will be proportional to the total
CP parameter €). Since the result is independent of the flavored CP parameters eq. (5.2),
there is no flavor enhancement.

Next, let us estimate when flavor equilibrating scatterings become important. From

eq. (2.16), the dominant flavor CP parameter in the mirror sector is given by

1 M}
€l ~ gyz‘ay;ﬂm, (5.3)
j

where we assume some hierarchy (1 — z;)7! ~ wj_l with z; = Mf/{wf (j 7é_ 1) and S is
the flavor of coupling which is dominating. The scattering rate of Il <> ®® and [P <>

l3® (o # ) through the off-shell exchange of N;(j = 2,3) can be estimated by!4

/ 1 ! 2T3

Log ~ 163 (Yjalis) ik (5:4)
J

Requiring the scattering rate to be slower than the Hubble rate, we have

1.66,/g, M%*
TS - 2 & 2 o (5-5)
4 €2, M?Mp

Taking T' ~ M; and g, = 213.5, we have

/ 2
> 6 €la (ﬁ)
M, > 6 x 10° GeV <10_6> o) (5.6)

The individual flavor CP parameters cannot be smaller than 1075 to obtain successful lep-
togenesis and hence, M; cannot go much below 6 x 10° GeV." Below this scale, flavor equi-
librating scatterings become important and at some point, flavor enhancement completely
disappears.

Even if we are in the regime where lepton flavor equilibrating scatterings are not in
equilibrium, flavor enhancement is ineffective if the branching ratio Pj, is not hierarchical.
In the limit of equal branching ratio P, = P, = P|, = 1/3, one can again sum up the BEs
for YA, as shown in eq. (C.4). Therefore the final B’ — L' asymmetry will be proportional
to the total CP parameter €, rendering flavor enhancement ineffective. Finally, notice that
the washout factor K as well as the branching ratio Pj,, depend on ¥}, while the mirror CP
parameters eq. (5.3) and flavor equilibrating scatterings eq. (5.4) depend mainly on y} JG#L).
For instance, we can fix K and P|, without affecting €/, .

14The scattering through the exchange of N; is dominated by the on-shell contribution which is already
taken into account by the decay and inverse decay of Vj.
15Similar generic bound for baryogenesis from decays was obtained in ref. [42].
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Figure 3. The final baryon asymmetry Yp as a function of K; with M; = 2 x 103 GeV in the
three-flavor regime assuming the parameters specified in egs. (5.7)—(5.10) and below them. The red
solid and purple dashed lines represent respectively the baryon asymmetry obtained with zero and
thermal initial N7 abundance. The dotted horizontal line represents the value of the observed baryon
asymmetry Yp = 8.7 x 1071, For the parameters specified above, the baryon asymmetry with initial
thermal N; abundance has the wrong sign which could be changed by flipping the sign of the CP
parameters in egs. (5.9) and (5.10).

As a concrete example, we illustrate the N; leptogenesis by choosing the following
parameters with r ~ 103

(P167P1}L7P17') - 10_3(1/37 1/37 1/3)7 (57)
(P, P{,,P{,) = 0.999(8 x 107*,2 x 107*,0.999), (5.8)
(€te, €1, €17) = —(1/3,1/3,1/3)e™™, (5.9)
(€ler €15 €1,) = (1000, 990, —1991)€ >, (5.10)

where the total CP parameter is ¢ = €] = —e*®*. By setting M; = 2x108 GeV, f = 500 GeV,
m3 +my = 0.1eV and the flavor matrices for both sectors to be egs. (C.8) and (C.9), the
final baryon asymmetry Yp obtained from solving the flavored BEs in eqs. (C.1)—-(C.4) as a
function of K7 is plotted in figure 3. The solid red and purple dashed lines refer respectively
to the case with zero and thermal initial N7 abundances while the dotted horizontal line is
the observed baryon asymmetry Yz = 8.7 x 10711, The democratic choice of parameters in
eq. (5.7) and (5.9) are made such there is no flavor enhancement in our sector. Regarding
the flavor effects in the mirror sector, we have the following comments:

e The flavor effects are impotent in the weak washout regime because in this case the
washout terms are negligible during decays of N7, allowing one to sum over the source
term and the final asymmetry will be proportional to the total CP parameter €] which
is too small in the three-flavor regime. For the parameters specified above, as shown
in figure 3, a sufficient baryon asymmetry can be generated for K1 2 50 and K; 2 150
respectively for thermal and zero initial N; abundance.

— 14 —



For the zero initial N; abundance, the largest asymmetry is induced in the mirror flavor
« for which P{ K; 2 O(1) in order to have a significant washout of the initial “wrong”
sign baryon asymmetry generated during N1 production. For our choice of parameters,
the largest asymmetry is generated in the mirror 7 sector.

On the other hand, for thermal initial N; abundance, in the strong washout regime, the
largest asymmetry is induced in the mirror flavor a for which Pj K is the smallest,
i.e. the washout is the smallest. For our choice of parameters, we have that the largest
asymmetry is generated in the mirror p sector. Moreover, for the parameters specified
above, the final baryon asymmetry obtained with initial thermal N; abundance has the
wrong sign compared to that with zero initial N7 abundance. The correct sign can be
obtained by flipping the signs of the CP parameters in egs. (5.9) and (5.10).

For r > 1, it is possible to reduce the scale of M for successful leptogenesis by a factor
of r compared to the unflavored bound eq. (3.9). We showed this in the example above
where we took r ~ 103 and Pj,, to be hierarchical. To lower the scale further down to 107
one can take 7 ~ 10*. The flavor equilibrating scattering starts to become important
at the scale below 6 x 105 GeV, diminishing the flavor enhancement. Therefore one
cannot go much below that scale without resorting to resonant enhancement in the CP
violation.

Since the model is symmetric under the exchange of y <+ v/, we can also achieve the
same enhancement by having |y| > |/

6 Discussion

In this work we have considered a framework for leptogenesis from decays of heavy Dirac
singlets which is characterized by the following features:

assumes the existence of a mirror world with a global lepton number symmetry;

a seesaw mechanism generates small Dirac masses for the SM neutrinos which implies
the absence of Ov33 decays;

leptogenesis occurs in a theory that respects a global lepton number symmetry and after
leptogenesis has occurred, the symmetries of the theory enforce the YA asymmetry in
the visible sector to be equal to the YA, asymmetry in the mirror sector;

the relation between Yz and Ya as well as the relation between Yp, and YA depend on
the relativistic degrees of freedom that are present at the EW and mirror EW sphaleron
freeze out, therefore the final baryon Y5 and mirror baryon Yp: asymmetries are related
by an order one coefficient, which depends on the details of the model,

for hierarchical N; and barring special flavor alignments, there exists a Davidson-Ibarra
like bound on the CP parameter eq. (2.25) which in turn implies a lower bound on M;
as given by eq. (3.9);

if mirror baryons are the DM, the model naturally describes an asymmetric dark matter
scenario by providing an elegant explanation of why DM has similar energy density with
the SM baryons.
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e The Z5 breaking and flavor effects allow us to achieve enhanced production of asym-
metry by a few orders of magnitude compared to the Z; symmetric and unflavored
scenarios.

Though the qualitative features would be the same, it would be interesting to study in
detail a scenario where the mirror sector starts with a colder temperature than the SM in
view of the strong bounds on additional dark radiation.

As we have seen, flavor effects can be utilized to lower the scale of leptogenesis by a
few orders of magnitude down to 6 x 10° GeV before flavor equilibrating scatterings render
flavor enhancement ineffective. For a variety of reasons, it might be desirable to further
lower this scale down to sub-TeV. This can be achieved through resonant enhancement of
CP violation by having quasi-degenerate N; which allows the circumvention of the bound
given in eq. (2.25). One possibility is to have resonant Dirac leptogenesis where one starts
with quasi-degenerate Dirac mass for N;. Another possibility, which could be realized quite
naturally in models such as the one discussed in section 2.1, is to introduce small Majorana
masses to split the Dirac fermions into quasi-degenerate Majorana fermion pairs. In either
case, a mass splitting on the order of the decay width is required to have large enhancement.
This kind of low scale leptogenesis can have a natural implementation in the framework of
TH models.
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A  Proof of the Davidson-Ibarra like bound

In this appendix, we provide a proof for the inequality

< 5(m3 —ma), (A1)

N

‘zj m2m[(XT);(X 1)
> mi (152 + X551 ?)

which was used to derive eq. (2.25). Here we assume the normal neutrino ordering so that
ms > mg > mq. First, it is convenient to introduce the notation Re[Xigl] = a;j, Im[Xigl] =
bij, Re[Xji] = ¢j; and Im[X ;] = dj;. The above inequality can then be expressed in the
following form

> mi(aijdji + bijc;i)
j

1
J
We will now show that eq. (A.2) is valid. To do so, we first note that

1= Z Xz-;lin = Z[aijcji — bijdj; + i(aijdji + bijCji)] (A.3)
J J
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and therefore Zj(aijdji + bjjcji) = 0. This, in turn, implies

Yoo lagditbye)=— > (aydji+ i), (A.4)
J J
aijdji+bijcji>0 aijd]-i+bz-]-cji<0
which we will use repeatedly. We introduce the notation

Z = Z and Z = Z . (A.5)

§>0 j<0

J J
a;;jdji+b;5cii>0 a;;dji+bijc;i<0

Next, we split the sum on the left-hand side of eq. (A.2) into its positive and negative parts
as follows

Z m?(aijdji + bijcji)
J

= Z m?(az’jdji + bijcji) + Z mjz'(aijdji + bijcji)
>0 j<0

. (A.6)

Let us call the first sum on the right-hand side S; and the second sum on the right-hand
side S_, so that S4 > 0 and S_ < 0. There are two cases we have to consider: S; > [S_| or
Sy <|S_|. If Sy > |S_|, it then follows that

Z m?(aijdji + bijcii)| = Z m?(aijdﬂ + bijcji) + Z m?(aijdﬁ + bijcji)
j 7>0 Jj<0
< Z m?(aijdji + bijcji) + Z m%(aijdﬂ + bijcji)
J>0 j<0
= Z m5(aijdji + bijcsi) — Z mi (aijdji + bijess)
3>0 7>0
< (mg —m1) Y (m; + mi)(aijdji + bijesi)
>0
= (m3 —m1) <Z my(aijdsi + bizeji) — Y mu(aydsi + bij%))
j>0 J<0
< (m3 —my) <Z my(aijdji + bizeji) + Y mylaijdji + bijcji)
j>0 j<0
= (mg —ma) Y mjlaijdsi + bijcjil. (A.7)
J

The proof for the case Sy < |S_| proceeds along the same lines and results in the same
inequality as in (A.7). Finally, we can use the triangle inequality and the fact that |zy| <
(1/2)(x? + 3?) to conclude for both cases that

> mi(aizdji + bije;i)
j

< (mg —ma) Y my(laidji] + [bijesil)
J
1
< §(m3 —mq) ij(a?j + bgj + c?-i + d?z) (A.8)
J
This completes the proof. Notice that this proof can also be applied to the Davidson-Ibarra

case [21]. To do so, we simply need to identify the matrix X with the (complex) orthogonal
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matrix R of the Davidson-Ibarra case, and the matrix X ! with RT. The property (A.4)
then becomes

S mR)=- > Im(R)

J J
Im(R2,)>0 Im(R?;)<0

and the proof follows in analogy to the more general case discussed above.

B Approximate solution for 7 in the Z; symmetric case

Here we write down the expression of the final efficiency factor ) obtained from an analytical

approximate solution of the unflavored BEs of eq. (3.5), in the limit of exact Z, symmetry
where P, = % and ¢ = ¢ and YA = Yar at all times. Assuming zero initial abundance of Ny

and Ny, the final efficiency factor can be well approximated by!®

2 _sn ZK
n = —Ee_%RKI exp g 21 SR -1
<1+ \/%T”Iﬁ)
2 TK
+m 1 — €exp | — g 21 QZBRKI 5 (Bl)

(1)

Yl (2=0)

N
where R = —L

W|C‘ and

1
zp=1+=In |1+

: (B.2)

TKiR? (| 3125mK{R? >
1024 T 1024 '

For thermal initial abundance of Ny and Ny, the final efficiency is well approximated by

2

n= ZBRKl

(1 - e—%ZBRKl) . (B.3)

C Boltzmann equations in the flavored regime

Here we will provide the BEs where p and 7 flavored leptons and mirror leptons can be
distinguished. These BEs are useful for studying leptogenesis at lower scales down to the
EW symmetry breaking scale.!'” To be general, we include the contribution from all N;, and

The detailed derivations can be found in refs. [43, 44].

"For the SM, this happens at T' < 10° GeV. Consideration of other possible flavor configurations for instance
in the regime where only 7 flavored lepton are distinguished while for the mirror leptons, both p and 7 flavored
can be distinguished is straightforward though less atheistic.
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we have

dYsn; Yy,
d}/ANZ YA YANZ , , A YANZ
SHZT = Z Pia’yNi anﬁ Yn(fr - yed - PZ(;V’YNZ ZCOCB Yn(fr + vea , (02)
dYAa YEN YAB YANi
SH27 = — Zl: €iaVN; < Y]‘\al?l -2 - Pz'o/YNi Z]B: Cap y nor - Y]S;? , (C?))
dYA; [ , YE N , ) YA;} YANi -
SHZT T Z €iaTN; Y 2 - Pio‘nyi Z Cap Y nor + yed ) (04)
z [ Ny 8 N;
where
40) o)
() —— B B
Cap = " T 5. (C.5)
B g1 29q><')
N; = 1P
Py, = M’ (C.6)
YN;
L (Ni — l}i)')
Pig = ——F—5, (C.7)
TN,

with > o (Pm + Pi/a) = 1. For quantities ~yy, and Y](\B,?, we have to make the replacement
z — zM; /M.

The values of A3, A/a 4 C, and C’; depend on the processes which are in chemical equi-
librium. If leptogenesis takes place in the temperature range 107 GeV < T < 109 GeV where

interactions mediated by up, down and electron Yukawa couplings are out of equilibrium,
we have

| (906 120 120
A=——| 75 —68 28 |, (C.8)
W0\ 75 28 —6ss
1
= 2,52). :
C = =5 (87,52,5) (C.9)

If leptogenesis takes place in the temperature range 102 GeV < T < 107 GeV where only
interactions mediated by the electron Yukawa coupling are out of equilibrium, we have

—1221 156 156

1
—— | 111 -910 52 |, (C.10)
M43\ 111 52 _o10
9
2 (37.52.52). 11
C = o0 (37,52,52) (C.11)
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If leptogenesis takes place in the temperature range T < 10* GeV such that all processes
mediated by Yukawa interactions are in thermal equilibrium, we have

—221 16 16
== | 16 —221 16 |, (C.12)
M\ 16 16 —221
16
C=-=—1(1,1,1). C.13
o (LL1) (C.13)

If Z5 is exact, i.e. the mirror sectors contain the same relativistic degrees of freedom and the
Yukawa couplings are exactly the same as that of the SM, the matrices will be the same in
the same temperature range. Otherwise, they will not necessarily be the same. For instance,
if mirror Yukawa couplings are larger, it is possible to have A’ and C’ as in egs. (C.12)
and (C.13) while we are in the temperature regime 7' > 10* GeV.
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