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ABSTRACT: It has been known for some time that asymptotic parity invariance of weak
interactions can provide a solution to the strong CP problem without the need for the axion.
Left-right symmetric theories which employ a minimal Higgs sector consisting of a left-handed
and a right-handed doublet is an example of such a theory wherein all fermion masses arise
through a generalized seesaw mechanism. In this paper we present a way to understand the
origin of matter-antimatter asymmetry as well as the dark matter content of the universe
in these theories using the Affleck-Dine (AD) leptogenesis mechanism and inflaton decay,
respectively. Three gauge singlet fermions are needed for this purpose, two of which help to
implement the Dirac seesaw for neutrino masses while the third one becomes the non-thermal
dark matter candidate. A soft lepton number breaking term involving the AD scalar field
is used to generate lepton asymmetry which suffers no wash-out effects and maintains the
Dirac nature of neutrinos. This framework thus provides a unified description of many of
the unresolved puzzles of the standard model that require new physics.
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1 Introduction

The Standard Model, while highly successful in confronting a variety of experimental data,
needs extension to understand several deficiencies. These include a lack of understanding
of small neutrino masses, a dark matter candidate with the right properties, as well as the
origin of matter-antimatter asymmetry of the universe, all of which require new ingredients.
On the theoretical side, quantum chromodynamics admits an operator that violates Parity
(P) and Charge-Parity (C'P) whose strength is characterized by an arbitrary dimensionless
parameter, 6. In presence of this parameter the neutron would acquire an electric dipole
moment (nEDM) d,, ~ 10716 § e-cm. Current experimental bounds on nEDM imply that
# must be a very small number, § < 10719 A lack of understanding of the smallness of
this parameter, which could have been of order unity, is the strong C'P problem. The most
popular solution to this problem is the Peccei-Quinn (PQ) proposal [1] which postulates a
global axial symmetry acting on the quark fields and predicts a near massless particle, the
axion [2, 3], which is the pseudo-Nambu-Goldstone boson associated with the spontaneous
breaking of the PQ symmetry. However, there is so far no evidence for the axion despite
many dedicated experimental searches, which should of course continue to fully test this
hypothesis. The popular invisible axion models [4-7] which evade all laboratory constraints
seem to have a “quality problem” [8-10], since non-perturbative gravitational effects which
are believed to violate all global symmetries including the PQ symmetry would induce an



unacceptably large , thus destabilizing the axion solution. Evading this would require a
fine-tuning at the level of 107°° for these Planck-suppressed operators, assuming naive scaling
of these operators with the inverse Planck scale. In view of these issues, it is not premature
to explore alternatives to the axion solution to the strong C'P problem.

A “no axion” solution to the strong CP problem was proposed shortly after the axion
solution was suggested [11, 12]. It is based on the idea that the ultimate theory of weak
interactions may be parity symmetric and the observed parity violating weak interaction
may be a long distance effect resulting from the spontaneous breakdown of parity. These
theories are the so-called left-right (LR) symmetric theories of weak interactions [13-15]. In
this class of theories the QCD contribution to @, denoted as qcp, vanishes owing to parity
invariance. Secondly, the flavor contribution to 6, given as 6grp = Arg(Det[M, M,]) could
also be vanishing, since P-invariance makes the Yukawa coupling matrix of the quarks to be
hermitian. This, however, would require the vacuum expectation value (VEV) of the scalar
fields coupling to the quarks to be real, so that the quark mass matrix is also hermitian. If the
Higgs potential admits such a vacuum structure, then 8 = 0 at tree level. The next issue is to
check if the spontaneous P-breaking induces a nonzero @ that is in the acceptable range, and if
it satisfies this demand, one has a solution to the strong CP problem without the need for the
axion. It, however, turns out that with the minimal fermion content of LR theories, the Higgs
bidoublet needed for fermion mass generation ® (2,2,0) under SU(2);, x SU(2)gr x U(1)p—_1,
would acquire a complex VEV, which spoils the promise of such models to solve the strong
CP problem. This hurdle, however, can be overcome by supplementing LR symmetry with
certain exterior symmetries such as supersymmetry [16-22]. A natural question then is
whether there are models wherein parity symmetry alone can solve the strong C'P problem.
The answer to this question was provided in the affirmative in ref. [23], where a minimal
Higgs sector of the LR models involving a left-handed and a right-handed doublet fields was
proposed. The VEVs of these Higgs fileds can be taken to be real by independent SU(2)y,
and SU(2) g rotations, unlike the case of a Higgs bidoublet field. Fermion masses arise in
this setup via a universal seesaw involving vector-like quarks and leptons [24]. (Universal
seesaw for quarks was proposed earlier in the context of a horizontal symmetry in ref. [25].
For parity solution to the strong CP problem studied here, the universal seesaw setup of
ref. [24] is more appropriate, which contains the left-right gauge symmetry.) In this class of
models, no extra symmetry other than parity is needed to have a small and finite 8, which
arises only at the two-loop level [23]. Detailed computation of the induced 6 has been carried
out and shown to be in the acceptable range in ref. [26] recently. Furthermore, satisfying
the “quality” constraint in this model requires that the parity breaking scale must be less
than about (100 — 1000) TeV [27], which puts associated physics in the observable range of
planned experiments [28]. Other aspects of this model such as possible grand unification [29],
dark matter and leptogenesis [30], flavor constraints [31], relevance to W-boson mass shift
and the CKM unitarity [32] and baryogenesis [33] have also been recently discussed. In this
framework the neutrino can naturally be a Dirac fermion with its mass arising as two-loop
radiative corrections [34, 35]. It is the class of these models that we focus on in this paper.

The goal here is to study whether, in these models, one can understand the origin of
matter-anti-matter asymmetry and dark matter of the universe. We find that by extending
the model to include three generations of gauge singlet fermions (denoted by N,) and a
complex scalar field carrying a nonzero lepton number (®), this goal can be achieved. The
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addition of singlet fermions has a certain appeal since they make the vector-like sector of
the model quark-lepton symmetric and they also provide a Dirac seesaw for neutrinos. On
the experimental side, the two major predictions of this model are that the neutrinos are
Dirac fermions and the dark matter is warm.

The paper is organized as follows: in section 2, we briefly review the model along with
the new element that includes the gauge singlet neutrinos N,. In section 3, we show how
small Dirac neutrino masses arise in the model via Dirac seesaw; in section 4, we review the
general picture of the evolution of the universe until the inflaton decay and outline possible
scenarios for leptogenesis. Section 5 is devoted to more details about baryogenesis and dark
matter relic density generation. In section 6, we give some comments on the model and
conclude in section 7. An appendix summarizes some other scenarios for baryogenesis and
dark matter for different regions of parameters of the model.

2 The model

The model is based on the left-right gauge group, SU(3). x SU(2), x SU(2)g x U(1), and
has the following fermion assignments:

QL —<u> - —<V> . (2.1)
LR d r L,R e h

) )

Here @, transforms under the gauge group as (3, 2,1, —%), while Qg transforms as (3,1, 2, +%),
while the leptons are ¢(1,2,1,—1) + ¢r(1,1,2,—1). This is supplemented by vector-like
singlet quarks Ur r(3,1,1, —1—%), Dy r(3,1,1, —%), and leptons Er, p(1,1,1,—2). These
vector-like fermions are used to generate quark and lepton masses via a generalized seesaw.

The Higgs sector of the model consists of just two fields, an SU(2); doublet and an
SU(2) g doublet denoted by xr(1,2,1,—1) and xr(1,1,2,—1). The Higgs potential involving
these fields is given by

V(xe, xr) = —12x5xr — paxbxr + MO xe + xhxr)? + A0 xn) (xkxr)- (2.2)

Here a soft breaking of parity symmetry is assumed that makes u% #* /J,%:. Such a breaking
allows for a vacuum structure where (x)) = vy < (x%) = vg can be realized. Notably,
both VEVs can be made real by gauge rotations, which helps in the solution to the strong
CP problem.

The Yukawa Lagrangian that generates the charged fermion masses in the model is
given by

Ly = yu QrXLUr + Yu QrXrRUL + ¥4 QXL DR + ya QrXrDL (2.3)
+Ye ZL)ZLER + Ye ZR)N(REL + MUULUR + MDbLDR + MEELER + h.c.

Here X1,r = iT2X], - The resulting mass matrices for the up-type quarks, down-type quarks
and charged leptons are given by

0 yroL
M, = , = (u,d,e); F=(UD,FE). 2.4
f <y} vp Mp > f=(u,d,e) ( ) (2.4)



Owing to parity symmetry Mp = M; in this setup. It is clear from eq. (2.4) that the
determinant of the quark mass matrix is real and therefore 8 vanishes at the tree level. It was
shown in ref. [23] that in this model finite and small @ arises only through two-loop diagrams.
The model thus provides a pure parity solution to the strong CP problem without any extra
ingredients unlike the left-right models with Higgs bi-doublet fields.

In order to solve the neutrino mass problem, we extend the model by adding gauge
singlet neutral leptons Nz, g : (1,1,1,0) per generation. In this case, the neutrinos can either
be Dirac or Majorana type. We choose the Dirac alternative by requiring that the model
have a lepton number symmetry. It is interesting that the Baryon minus lepton number is an
anomaly-free gauge symmetry and therefore is free from Planck scale corrections that break
it. To see this we note that B — L symmetry has no gauge anomalies in this setup. The B — L
charge of all quarks, including the vector-like quarks, is 1/3 while those for leptons, including
the vector-like lepton is —1. These charges are distinct from the gauged U(1) charges of the
fermions. Such an assignment has no mixed anomaly with the gauged U(1) of the theory.
A Z, subgroup of this B — L symmetry will remain unbroken even after soft breaking via
dimension-two terms in the scalar potential involving the inflaton field (see later). This Z4
symmetry will guarantee that neutrinos will be strictly Dirac fermions in the framework.
Also, as will be discussed below, we require two of the Ns to couple to SM fields while the
third one fully decouples from SM fields, so that it can play the role of dark matter.

The Yukawa Lagrangian for the neutral fields of the model is given by

LY =y,(LxLNr + CrxXrNL) + MNNLNg + h.c., (2.5)

where we have assumed a lepton number symmetry. As stated, this symmetry is a discrete
gauge symmetry and is hence protected from Planck scale corrections. The neutrinos in
this case are Dirac particles.

3 Neutrino mass

In universal seesaw models, neutrino masses can arise from various mechanisms. In the
minimal model with only vector-like fermions (U, D, E'), and no N fields, there are two-loop
diagrams which give rise to neutrino Dirac masses [34, 35]. Since this scenario has exact
lepton number symmetry, the neutrinos in this case are Dirac fermions. A second source of
neutrino mass arises when a gauge singlet fermion Ny,  is added to the model, as we do in the
present work. In this case, the neutrino masses can either be Majorana or Dirac type. The
neutrino mass matrix in the general universal seesaw framework is given in refs. [24, 31, 36].
Here, however, we are interested in the Dirac neutrino possibility; so we choose the following
4 x 4 block mass matrix for neutrinos and SM singlet fermions:

C

0 0 0 wyvp vy

) 0 0 wy,vg Mn N;°

M, = (v Ny v N

) (3.1)
0 YoVR 0 0 VR

yoor, My 0 0 Ngr

where y, and M are 3 x 3 matrices. Here, both the left and the right chirality neutrinos
combine to form the light Dirac neutrinos with their mass given by Dirac seesaw form



(see [37-46] for a small sample of the vast literature on Dirac seesaw):

2
_ YyULVR

M, = 3.2
T (32)

Although the charged fermion masses arising from eq. (2.4) also have a similar seesaw form,
one can understand the relative smallness of neutrino masses by choosing 7, ~ 10~ y,, or
alternatively by choosing My > Mp, or a combination of the two. We also note that there
is a two loop contribution to Dirac mass of the neutrino [35] but this contribution can be
much smaller than the seesaw contribution above. In particular, the two-loop generated Dirac
neutrino mass depends on the WZF — Wl}? mixing angle, which in turn depends on the bare mass
terms for the vectorlike U and D quarks of eq. (2.4). If My or Mp in eq. (2.4) is suppressed
compared to vg, then the loop-induced neutrino Dirac masses could be extremely small.
We show below how the origin of matter as well as dark matter, can be explained in the
model with the Dirac seesaw. For this purpose, we will let only two heavier singlet fermions
N3 3 couple to the SM sector and keep the lightest one (NN7) decoupled from the SM. This will
have the consequence that one of the light neutrinos will be massless in both left and right
handed helicity. This will lead to interesting consequences for cosmology that we discuss below.

4 Evolution of the universe

Before proceeding further, we first review the profile of the evolution of the universe in our
model. A key feature of this discussion involves the complex singlet scalar ® that we add
to the model. This will help us to implement inflation, generate dark matter density and
explain the origin of matter via Affleck-Dine leptogenesis [47]. We will assume that the field

® carries lepton number L = —2. We then add the following terms to the Lagrangian:
3
p = [Na®(NENF + NENE) + hc. — Mg|®* — Ap|®|* — eMG(®P + h.c.). (4.1)
a=1

Here the € term breaks lepton number softly by 4 units, leaving a Z4 subgroup of L intact.
We call & as the AD field, which also plays the role of inflaton. The dynamics of inflation
arises from the non-minimal gravity coupling of the & field given [48]:

1
Ly=—; /d”am/—g | M3+ 2¢|0?| R, (4.2)
where Mp = 2.4 x 10'® GeV is the reduced Planck mass. This is in the Jordan frame, and
making a Weyl transformation via gl‘{y — (1 + 2%) g;f,, = gfy, we can go to the Einstein
frame, where the potential for ® becomes
v7(®
VE(@®) = % (4.3)
2
<1 + 25—';1;'123 >

As we see from the shape of the potential in the above equation, it is flat for ® > Mp/+/€,
and this then provides a model for inflation, leading to an exponential expansion of the



universe. As inflation proceeds, the value of ® becomes smaller as it rolls down the potential,
and inflation ends when ® becomes lower than Mp/\/€.

We implement Affleck-Dine leptogenesis in this model by using the Lagrangian as
above [49-51]. Following the particular implementation of the AD mechanism as in refs. [52—
54], we first generate the asymmetry in lepton number carried in the ® field, followed by its
decay, ® — NNy, NrNg. The latter creates an equal asymmetry in the N, g-number. When
N, r decay to SM fermions due to the Yukawa couplings in eq. (4.1), this lepton asymmetry
is transferred to the SM fermions and is later converted to baryon number by the sphalerons.

The various stages in the evolution of ® in the universe leading to leptogenesis are
as follows:

1. In the very early universe when |®| > Mp/+/€, the non-minimal coupling in the Einstein
frame leads to a constant VZ(®), and drives inflation, as stated above.

2. In the second phase, as the field |®| has rolled sufficiently down the potential to its
value less than Mp/\/€, the effect of the non-minimal coupling becomes unimportant
and inflation ends. The value of |®] is still large and the dominant term in the potential
driving the evolution of the |®| is the A|®|* term. At the beginning of this stage, the real
and imaginary parts of the field are already different, owing to the € term in eq. (4.1).
This asymmetry survives the evolution of the ® field and eventually leads to the baryon
asymmetry of the universe. This is the key idea in AD baryogenesis.

3. As the universe evolves further, & becomes smaller and the third stage begins where
the quadratic term in the potential dominates over the quartic term. This leads to an
oscillatory behavior of |®| and the universe behaves like it is matter dominated. This
approximation of transition of the potential from being quartic dominated to quadratic
dominated is called the threshold approximation in [53].

4. The fourth stage is when the AD field decays to N1 23/N1 23 states and in our scenario,
the Nj 3-fields decay immediately to standard model particles. The N; is assumed to
have no interaction with the SM fields. As a result, it remains stable after production
and becomes the dark matter of the universe. We describe the details of how this works
out in the two subsequent sections. At this stage, the ® asymmetry gets transferred
to N asymmetry. In the formulation given in refs. [53, 54], the decay products are
assumed to quickly thermalize, and the SM baryon asymmetry is generated due to
sphaleron interactions.

In the following two sections, we proceed to discuss the details of how matter-anti-matter
asymmetry is generated in our model via the Affleck-Dine mechanism and how one obtains
the dark matter relic density. As noted above, for both of these purposes, we are using the
singlet fermions Ny 23, with the heavier ones N 3 being responsible for leptogenesis whereas
the lightest one /N becomes the dark matter of the model. As noted above, N3 couple
to the SM fields, but N7 does not. As given in eq. (4.1), the ® field coupling to all three
of them with arbitrary coupling values has the form:

Ly = fNa®PNaNg + hec., (4.4)



where we have chosen a basis in which the f matrix is diagonal, and we have suppressed
the L, R indices. Clearly, ® carries lepton number L = —2.

4.1 Possible scenarios for baryogenesis and dark matter

The key parameters of the model in discussing baryogenesis are the masses Mg and My, 4; the
decay widths of ® and Nz 3 i.e. 'y and 'y, 5, and the NN coupling fx which determines
whether the N fields resulting from the decay of ® are in thermal equilibrium or not. There
are eight possibilities depending on the relative magnitudes of the above parameters. They
can be classified as follows:

(1) I'e >T'y, (4.5)
(2) F@ <TIy.

Using the seesaw formula, M, ~ 5 x 10711 GeV and vg = 10° GeV, which we choose as our

. . M? .
benchmark point, we can write I'ny ~ ﬁM—JI‘_f and I'g ~ ﬁ fJZVM@. The above equation can

then be rewritten as two separate possibilities:

M?
1) 3 > N delayed decay of N), 4.6
5 M3
2 < immediate decay of N).

Next, we consider two cases: depending on whether Ns produced are in thermal equilib-
rium (case (i)) or not (case (ii)). To check it, we note that the only interactions that the
decay products of ® i.e. Ny23 have at this stage are via the ® exchange.

First we argue that it is unlikely that the NN — NN will be a resonant scattering.
For resonant scattering to happen, the two N’s must have total energy equal to Mg but
since the inflaton does not decay instantaneously, the energy of most of the N’s produced
is red shifted with respect to their initial energy, shifting it from F; + Ey = Mg downward
away from the resonant point. Secondly, resonance requires head on scattering, which for
a random gas of N’s happens only rarely. As a result, the bulk of the N’s are unlikely to
undergo resonant scattering. We therefore rely on ordinary scattering to determine for what
values of fy, the N’s will be in thermal equilibrium.

For this, we first note that for NN scattering,

fn 1
~IN_— 4.7
oy 4 M2 (4.7)
To compute the rate of NN scattering, we take N number density ny ~ ?‘/pﬁ = I MP . If the
scattering rate nyov exceeds the Hubble parameter H, which is given by H ~ Fq>, N’s get
in thermal equilibrium. Using I'g ~ SR M N—=, we get the following constraints on fx:
M. 1/3
(1) fv > ( é) (in equilibrium), (4.8)
Mp
Mg

1/3
> (out of equilibrium).

(i) g < (31



Lastly, there are two distinct cases depending on the relative masses of ® and Ny 3:

(a) My ~ Mg /2 (produced N is non — relativistic), (4.9)
(b) My < Mg (produced N is highly boosted).

There are, in total, eight possibilities for matter-antimatter asymmetry and dark matter
relic density generation in our model. In case (2) with case (a), the Ny 3 decay immediately
after ® decay produces Ny 3, for both cases (i) and (i7). Since the latter decay to SM fields
which have gauge interactions, thermal equilibrium is established immediately, leading to
the start of the thermal expansion phase of the universe at the decay epoch of ®. The
treatment of refs. [53, 54] can then be taken over to discuss the baryon asymmetry of the
universe. This discussion, therefore, covers two of the eight cases. In some sense, this is
the simplest case. We, therefore, discuss it in the main body of the paper as an illustration
of how our scenario works, relegating the remaining cases to the appendix. Note that as
long as N3 3 decay immediately after their production, our results in the main body of the
paper remain the same even for case (b).

5 Affleck-Dine leptogenesis in case (2)

In this section, we discuss case (2) above combined with case (a). As just noted, the sub-cases
(i) and (ii) are also covered under this scenario. Before getting into that, we briefly review
the main features of AD leptogenesis. In the inflationary phase of the universe, the real and
imaginary parts of the field ® start out with non-zero values caused by either primordial
Planck scale fluctuations or some dynamical mechanism related to inflaton coupling [52]. This
fulfills the criterion of CP violation in the Sakharov prescription for baryo- or leptogenesis. In
the presence of the lepton number breaking mass term of ®, this leads to a final asymmetry
between the ® and ® fields, which translates into the lepton symmetry during the epoch
when the ® field oscillates. As ® field decays to IV, this lepton number translates to an
asymmetric abundance between N and N fields. This further translates to the familiar
standard model lepton asymmetry when Nz 3 decay to £ + xr. This decay takes place above
the SM sphaleron decoupling temperature when the sphalerons convert lepton asymmetry
to baryon asymmetry of the universe [55, 56].
To see this in detail, we start with the lepton asymmetry at t = 7¢ given by [53, 54]

7> Te
|D,| 862 Mg

NL(T.:I)) = 4QL(€M¢.) Sil’l20, (51)

where (), is the leptonic charge of ®, ®; is the inflation value when it starts oscillating after
the end of inflation, &, = Mg /+/Ae when the quadratic term starts dominating the potential,

and tanf = gﬁgﬂ In deriving eq. (5.1), we assume that 1 > € > ]\1:[—4;.

Using this expression, we can evaluate the co-moving lepton asymmetry as

o ) (2 () (3 (2
5.2




2 _ MZo?
where we have used H(7e) = I'p and (H.)* = 327"
?

at t ~ 7g, the entropy density at this time is given by s(7¢) ~ %pq, (19)/Tr, where pg is

Since the universe gets thermalized

the inflation energy density, and Tr is the reheating temperature, which is roughly given
by Tr ~ v/I'e¢ Mp. Thus, we find the lepton asymmetry of the universe at the epoch above
the electroweak phase transition as [53, 54]

n T3
oL 271%' (5.3)
S eMgMp

We also now calculate the reheat temperature Tk in terms of the parameters of the

model. Since as soon as ® decays, the universe thermalizes, and Ty is given by

Prad = PO ~ 3F%{>M1237 (54>
leading to
90\ fn [Mp
T~ — | — My = KMsp. 9.9
i (g*> o \| My ° ® (5:5)

Clearly, K = Tr/Mg < 1 to avoid washout of the lepton asymmetry generated by ® decay.
We can now write
np TI?% N K 3Mq>

B — ~ 10710 5.6
S GM‘%MP EMP ’ ( )

to reproduce the observed baryon asymmetry of the universe. This implies that

Mq) € —10

— ~—x10 5.7

Mp K3 (5:7)
for e « 1 and K < 1.

5.1 Dark matter relic density generation

In this subsection, we discuss the generation of relic density and the constraints implied by
it on the parameters of the model. The basic procedure is that the @ field decays to N1 Ny
pair along with the heavier singlet fermions. Since the Nj fields have no coupling with any
of the standard model fields, they simply “hang around” with their density decreasing with
the expansion of the universe. The DM particles are not in equilibrium. To get the relic
density, we first note that after ® decay, we have npy(7¢) = 2Br(® — N1Nj) ng(1e). We
estimate the number density of inflaton as

_ pa(To) ~ Prad(T)

e T (5.8)

ncp(T.:p)

Using s(1¢) ~ %prad(Tq))/TR, we get

You(7a) = w = ;]\beBr@ — N1.Vp). (5.9)

We now express the observed value of Qpyh? ~ 0.12 by using the formula

soMpmYpm (7e)

Qpuh® ~
DM pc/h2 )

(5.10)
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Parameter set
Mg 10'2 GeV
My, , 10 GeV

My, 300 keV
UR 100-1000 TeV
N 107°

€ 10735
Tr 1095 GeV

Table 1. Benchmark set of parameters for case (2) to illustrate that the model works.

where Mpyy is the DM mass, so = 2890/cm? is the entropy density of the present universe,
and p./h? = 1.05 x 107° GeV /cm? is the critical density. This leads to the constraint of

Mpri(GeV) K Br(® — N1 Np) ~ 2.9 x 10719, (5.11)

Another constraint can also be derived on the mass of the DM from the considerations of
structure formation as follows. To reproduce the large-scale structure in the present universe,
the free streaming scale of the DM must satisfy the constraint Apg < 0.1 Mpc at the epoch
of radiation-matter equality [57], which also translates to a limit on the DM velocity at the
current epoch to be vg < 1077 in units of velocity of light ¢ = 1. We now translate the
velocity limit to DM mass. In our scenario, DM is highly boosted when it is created by the ®
decay since it is so much lighter than the inflaton field ®. We get

Ms [(a(1e)\  Me/2 (To\ T
v = - 0yt (5.12)
2Mpm a(to) Mpy \Tgr 2K Mpm

which leads to
Mpum(GeV) K > 1.2 x 1076, (5.13)

When the equality in the above equation (5.13) is satisfied, we have warm dark matter,
although it is not a generic prediction of our model. Note that in our case, the fact that
the dark matter was not in thermal equilibrium, leads to a broader mass range for the case
when we have warm dark matter.

Combining this with the DM relic density constraint, we find an upper bound on the
branching ratio of ® to DM pair as

Br(® — NiN;) < 2.5 x 1074, (5.14)
For the choice of the benchmark set of parameters in table 1 , which is a reasonable set, the

dark matter mass is 300keV. Note that the Mg and My are within an order of magnitude
of each other, with 'y > I's.
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6 Discussion

In this section, we comment on some aspects of the model:

o The actual anomaly-free symmetry of the model is SU(3). x SU(2), x SU(2)r x U(1) x
U(1) p—r, where we gauge only the first four symmetries. The fact that the last U(1)p_p,
symmetry is anomaly-free allows us to have the neutrinos be Dirac fermions since it will
prevent the Planck scale induced B — L breaking terms in the low energy Lagrangian.

¢ One assumption we have made in discussing the Nj as the dark matter candidate is
that it remains secluded from the SM as well as its other “siblings” N2 3. One way
to enforce that would be to have the symmetry Ni — 5N so that it is massless but
as the Planck scale 5 breaking terms are switched on, there can be new terms in the
effective low energy theory of the form (N, Ny XJ;%X r)/Mp which can give it a mass of
order keV as required. This symmetry will also keep it secluded from the N2 3 in the
absence of gravity effects. The Planck scale effects will also generate its mixing with
Ny 3 via terms like (NlNgx}r%XR)/Mp. These terms can make Ny and N3 3 mix with
mixing angle of order 107% and make N; unstable. The N; develops decay modes to 3v
and v + v resulting from these mixing terms. We estimate the v + « decay mode to be
much more dominant over the 3v mode. The N; has a lifetime of 1033 sec. for M N
less than an MeV due to this mode making N; quite acceptable as an unstable dark
matter. The current lower limit on the lifetime of dark matter in the mass range of a
few keV to MeV is about 10%° sec. [58].

e The model has three extra light neutrinos, the right-handed components of v and the
dark matter Ni. All of them decouple from the thermal plasma at the very early
epoch of the universe (the dark matter has never been in thermal equilibrium). This
ANeg ~ 0.14 [35] value can be probed by future precision CMB experiments such as
CMB-54 [59].

e In the model, parity symmetry is softly broken by the Higgs mass terms. As a result, it
has no domain wall problem.

e Due to the Dirac nature of the neutrinos, neutrinoless double beta decay is forbidden
in the model. However the model breaks lepton number by four units due to the
presence of the L-breaking term eM2®®. This leads to neutrinoless quadruple beta
decay processes where we have (N,Z) — (N,Z + 4) + 4e” [60]. The rates for these
processes are however highly suppressed due to M'* power in the effective operator as
well as the small parameter e.

7 Summary

In summary, we have presented a unified description of inflation, dark matter, and the origin
of matter in a model that solves the strong CP problem by using parity but without any
need for the axion. The model has four new vector-like fermions per generation which are
singlets under the electroweak SU(2)r, r groups plus a complex gauge singlet scalar field that
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helps with generating the origin of matter through the Affleck-Dine mechanism. The model
predicts a Dirac neutrino with all associated consequences for cosmology and colliders.
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A Variant cases

In this appendix, we analyze the remaining cases. Of these, there are two primary cases to
be discussed here belonging to the situation when the N3 are in equilibrium (case (¢)) after
they appear in ® decay and the scenario where they are out of equilibrium (case (ii)). The
latter case is simpler to deal with, and we focus on it. As discussed in the main body of the
paper, the dark matter particle N; has never been in thermal equilibrium.

We are considering the case with fy < (Mg/Mp)'/? so that N3 are out of equilibrium
through the ® mediated processes. Before starting our analysis, we first consider a theoretical
consistency that N 3 are out of equilibrium even through their Yukawa interactions of y, IXN.
Using the Dirac seesaw formula, M, ~ 5 x 10~ GeV and setting vg = 10° GeV, we find
y2 ~ My/Mp < 1. The out-of-equilibrium condition for the decay/inverse decay process
of N < fx at the temperature T is estimated as

My y, . My T?

I'n— ~ ““Mn—— < H(T) ~

T 47 T (A1)

which leads to 7" > M. Although one may expect that N3 can be in thermal equilibrium
for T' < My, the number density of Vs 3, if they are in thermal equilibrium, is Boltzmann
suppressed for T' < My, and thus the equilibrium condition is never satisfied. The out-of-
equilibrium condition for the scattering processes, NN < ¢/, xx', is much weaker than the
condition T' > My since the scattering process is proportional to y2.

A.1 Delayed reheating in case (1) + (i2) + (a)/(b)

In section 5, we discussed the case when the inflaton decay products immediately thermalize
due to instantaneous decay of N3 3. This happens when I'y, ; > I's. Below, we consider the
case when the above condition is not satisfied, i.e. 'y, ; < I'g.

In typical inflation models, where the inflaton decays to SM particles which quickly
thermalize, one can calculate the reheat temperature using the decay width of the inflaton.
However, if the inflaton decay products do not thermalize immediately but take time to decay,
there is delayed reheating after the end of inflation. Here we consider such a case.

The pre-thermal expansion time span from the decay of ® to the decay of N3 can
be split into two parts. Let us set the notation to discuss this. Suppose the epoch at
which the ® decays to NN states is denoted by t = 7¢ = (I's) ', the epoch at which No 3
become non-relativistic is denoted by t = t,,, and the epoch at which N33 decay to SM
fields is given by t = 7)y. We can split the total time interval as follows: 73 < t,, < Tn.
There are two distinct time spans given by time span (A): 7¢ < t < t,,, and time span (B):
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tm < t < 7n, where we have assumed for simplicity that 7n, ~ 7n,. It is clear that the
universe is radiation-dominated in time span (A), whereas the universe is matter-dominated
in time span (B). As a result, in time span (A), we have a(t) o< t'/? and time span (B)
a(t) oc t¥/3. The time t,, is determined by

o (36) -

2
from which we find ¢, = (;}(IE\]) T7¢. Then, t,, < 7y implies that

I'ny M%
— <4—. A3
2
If neutrino masses are given by Dirac seesaw, we get I'y ~ Kiﬁp, leading to the inequality
1 McI) 1/2
— | — . A4
=5 () (A.4)

%)1/3

This condition is consistent with the out-of-equilibrium condition for N i.e. fy < ( s

as long as Mg < Mp.
To discuss lepton asymmetry in this case, we start at t = 7¢ where we have [53, 54]

'3 M?
nL(T(p) ~ 3QL @ P. (A5)
qu%
Using this, we can write
ni(Tn) (a(7-<1>)>3 3Tg
st) "M ) Torealr) (8.8)

. a(T 3 a(T 3 faltm)\3 2 .
Using (%) - (aEtZD ( (t )) _ 2%?% and praa(7n) = 3T% M3, we can rewrite the

above equation as
np(tn) 3, TeTr
s(rv) 8 “FeMgMy

(A7)

We see that due to delayed reheating, this expression is different from the one in [53, 54].

a\ T 3 2
nDM(TN) = nDM(Tcp) (a((’l'i'))> = nDM(TCD)Q]]\qu;V 11—_‘2)[ (AS)

Then, the DM Yield is given by

Mg % 3Tk 3 1Tg
2My T3 4praa(Tn) 4 My

Ypm(Ta) = Br(® — NiN;).  (A.9)

s(Tn

This result is obtained by replacing Mg to My in eq. (5.9), but Tr is determined by
'y = H(ry) = pr‘"*ng(;N) with praq = g—;g*Té, where g, ~ 100 is the effective degrees of
freedom of relativistic particles in the thermal plasma.
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A.2 Delayed reheating with boosted N’s from inflaton decay:
case (1)/(2) + (i2) + (b)

This case arises when My < Mg so that when ® — NN, the Na 3 are highly boosted. As a
result, their lifetime is dilated by the factor MML]CQ. They, therefore, remain relativistic till
the time of their decay (fdecay). This is a crucial difference from Al, where we set t,,, < 7n
and Na3 decay after they get non-relativistic. In the present case, there is a time span
between 7¢ < t < fgecay, When the Np3 are not in equilibrium but are relativistic. One
can then use the fact that a(t) o« t'/? during the whole span. Let us derive the formula
for ng/s and the dark matter relic density in this case. We will see that we can use the
Dirac seesaw to determine neutrino mass.

We start with some preliminaries: the condition for out-of-equilibrium of the Ns 3 is

1/3
v < (%—;‘;) / . The velocity of the N’s is red-shifted due to the expansion of the universe.
The lifetime gets shorter, and eventually, the N’s decay at time Zgecay, Which is determined by
1/2
Mg TP
t = X A.10
decay ™ (2MN ) (tdecay> ’ ( )
so that
1/3
M2 Ty
tq =TN o —* . A1l
o <4M§, r¢> (A.11)
Consistency requires that
Iy Mn\?
tdecay >TN — g > 4 m ) (A12)
I'n Mg
tdecay > To — g < <2MN> .
Similarly, the condition that the N’s decay when they are relativistic implies that
2 T M 2
_ P N N
tm = ZMijsz@ > tdecay — g > 4 (]\4{)) , (A13)

which is the same condition derived from tgqecay > 7n. As long as ll:—g satisfies the above
conditions for parameters of the model, the scenario works. Note that we can consider
both cases (1) and (2).

We now proceed to derive an expression for ng(tdecay)/s(tdecay) as follows:

TS M2
eMc%, ’

np(re) = g@bsin 20 (A.14)

Noting that

3 4
nB(tdecay) = TLB(Tcp) <aa(7-¢.))> 7and S(tdecay) — ép(ﬂb) (aa(ﬂb) )) , (A.15)

(tdecay 3 TR (tdecay
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we have

np (tdecay) 3 TR (a(tdecay) )
———= =np(1e)— . A.16
S(tdecay) B( ®)4 p(T'ID) a(T<I’) ( )
4
By using p(73) (#j}jy)) = p(tdecay) = g—gg*Té, we find that
ng 3/ 90 \'*  _ (TeMp)3/?
— o~ = 20 —————. A7
s 8 (ﬂ29*> Qusin2f = (A.17)
5 (90 \/4 .
If we define Tr = (WQg*) vI'eMp, then we can write
ng 3/ 90 )1/4 _ T3
— ~— 20 —— A.18
s 8 (ﬂg* QLo e (A.18)

which is same as the formula in the case My ~ Mg/2 and I'y > I'g once we replace Tg
by Tr (see eq. (17)).

Similarly, for the dark matter relic density, Ypm (tdecay), We start with npa(7e) given by
2 12

2 M
PT8) B s Ny ) = 6—2 =L Br(® - N1 V)). (A.19)
(] ]

npmM(Te) = 2

From this, we get

3Tr [ a(taeca 3/ 90 \4 ToMp
YoM (tdecay) = nDM(Tq>)4p(7_¢’) ( (a(%)y)> =3 (7729*) Br(® — N1N1)T¢. (A.20)

Now using the definition of T as above, we find an analogous formula to eq. (23) i.e.

3 T
YoM (feeay) = 5Br(® = NlNl)ﬁ]; (A.21)

This formula is similar to that in eq. (24) except that Tg is replaced by T.
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