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We attempt to understand the baryon-dark-matter coincidence problem within the quark seesaw
extension of the standard model where parity invariance is used to solve the strong CP problem.
The SU(2);, x SU(2)gr xU(1)p_1, gauge symmetry of this model is extended by a dark U(1) x group
plus inclusion of a heavy neutral vector-like fermion x, p charged under the dark group which plays
the role of dark matter. All fermions are Dirac type in this model. Decay of heavy scalars charged
under U(1)x leads to simultaneous asymmetry generation of the dark matter and baryons after
sphaleron effects are included. The U(1)x group not only helps to stabilize the dark matter but
also helps in the elimination of the symmetric part of the dark matter via xy — x annihilation. For
dark matter mass near the proton mass, it explains why the baryon and dark matter abundances
are of similar magnitude (the baryon-dark-matter coincidence problem). This model is testable in
low threshold (sub-keV) direct dark matter search experiments.

PACS numbers: 98.80.Cq, 95.35.4d, 14.60.Pq, 12.60.Cn, 12.60.Fr

I. INTRODUCTION

Understanding the origin of matter in the universe
and the identification of the particle physics candidate
for dark matter (DM) are two major focus areas of re-
search in particle physics today. An important puzzle
in this field whose resolution could provide key insight
into these two questions is: why DM and baryon con-
tributions to the energy budget of the universe are so
close to each other or why is Qpy ~ 50257 This is
often called the baryon-DM coincidence. A very plausi-
ble starting approach to this problem is to assume that
there is a common origin of matter and DM [1]. Nor-
mally this would imply that the two abundances are of
similar order and if we supplement this result with the
assumption that the DM particle mass is of order of the
baryon mass, we arrive at the sought after resolution.
The details of the mechanisms for the common origin
can be different. Broadly speaking, there are two classes
of models: (i) one, where the DM is a WIMP whose
relic density is of thermal origin and it has interactions
with the particles responsible for baryogenesis [2]. This
class of models are usually called ”Wimpy baryogenesis”
models; (ii) the second class of models where, the DM is
asymmetric [3] and its relic density generation is similar
to baryons; in this case, there may be a common origin
both type asymmetries [4]. There are constraints on both
types of models: e.g. in the second class, the DM must
have interactions which help to eliminate the symmetric
part of the dark particle contribution to Qpys via dark
particle and antiparticle annihilation. Such interactions
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have other cosmological implications such as the core-
cusp problem, small scale structure problem etc. that
arise in collisionless DM models.

In this note we present a new model for baryon-DM co-
incidence puzzle which also has the additional advantage
that it solves the strong CP problem using parity invari-
ance [5, 6] within a quark seesaw framework [6]. We
extend the quark seesaw model by adding a dark U(1)x
gauge symmetry and a vector-like fermion , r that has
nonzero quantum numbers under this symmetry. This
does not affect the strong CP solution and provides a
new candidate for dark matter in the model. The new
fermion x is naturally long lived and plays the role of
DM. The generation of DM and baryons comes from the
same source and the symmetries of the model allow us to
relate the excesses in both baryons and DM. Using this,
we find that for a DM mass m, ~ 1.33m,, we get the
right Qp and Qpys. Consistency of the model requires
the existence of a light vector boson with mass less than a
GeV which helps in the depletion of the symmetric part
of the DM as shown below and can also couple to SM
fermions via kinetic mixing. The latter can eventually
lead to possible direct detection of the DM in our model.

While dark U(1) extensions of the standard model
(SM) have been considered in the literature as a way to
accommodate the DM (see for instance [7]), our model is
different in many ways: we have an asymmetric DM and
to have the connection between matter and DM abun-
dance, it is essential that we have the SU(2) g group, and
Dirac seesaw for neutrino masses, which together help in
keeping the right handed neutrinos in equilibrium even
for Dirac neutrinos and connecting the baryon excess to
DM excess. Furthermore, it accommodates the Dirac
neutrino mass without using excessively small Yukawa
coupling (as would be the case in SM extensions) and



simultaneously solve the strong CP problem.

This paper is organized as follows: in Sec. II, we
present the outline of the model; in Sec. III, we discuss
how the baryon asymmetry and DM asymmetry arises in
our model, providing the first step towards solving the
baryon-DM coincidence puzzle. In Sec. IV, we discuss
the cosmology and phenomenology of the DM such as
its direct detection possibility, its decay etc and in Sec.V
and VI we conclude with a brief discussion and summary
of our results.

II. THE MODEL

We start by briefly reviewing the quark seesaw ex-
tension [8] of the left-right symmetric model [9]. The
model is based on the gauge group SU(3). x SU(2)1 x
SU((2)r x U(1)p—r gauge group. An attractive fea-
ture of the model is its simpler Higgs content, which
consists of only two SU(2) doublets ¢;(1,2,1,41)
and ¢r(1,1,2,+1), while the fermion sector contains
not only the usual SU(2) doublets of the left-right

model ie. q(3,2,1,+3), ¢r(3,1,2,+3), 1,(1,2,1,-1)
and [ (1,1,2,—1), but also additional SU(2) singlets
DL)R(3,1,1,— ), Up r(3,1,1,43), B, p(1,1,1,-2) and

N; r(1,1,1,0). Here the brackets followmg the fields de-
scribe the transformations of the fields under the left-
right gauge group above. The SU(2);, p and U(1)p_,
gauge couplings are related to the standard model gauge
couplings as g; = g and 1/¢"* = 1/g% + 1/g%_;. The
relevant Yukawa couplings and mass terms are

—(yp )ijdLi®LDrj — (yg)ij‘jR(bRDLi

—(Mp )ZjDLiDRj - (yllj)ij(jLi(Z;LURj

(yg)ngRiQBRULj - (MU)ijULiURj

(yé>1]le¢LER] (yg)ijl_Ri¢RELj

(M ) 'ELiERj - (y]L\f)ijiLi(JgLNRj
_(yN)ileiéRNLj - (MN)ijNLiNRj +Hec.. (1)

The model has a global lepton number symmetry. If we
included Majorana mass terms for the neutral fermions
N} g, which are allowed by the gauge symmetry, they
would explicitly violate the global lepton number by two
units. In this work, we will not consider these Majorana
masses of the NN, p fermions since no lepton-number-
violating processes: have been observed in experiments.
We will show in the next section that not only the neu-
trino masses but also the charged fermion masses in this
model are induced by the seesaw mechanism. The as-
sumption of lepton number conservation has implications
for DM property, as we show below.

We now extend the above universal seesaw model by a
dark sector which has a dark gauge symmetry U(1)  and
two heavy scalars o, 5, one light scalar £ and one vector-
like fermion y = x; + xg. The U(1)y charges for these
fields are assigned as oy 5(+2), {(—1), xp p(—2). The

dark sector fields are neutral under the left-right gauge
group. Besides the part for the universal seesaw, the full
Lagrangian should include,
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Here B, and X, respectively, are the U(1)g_, and
U(1)x gauge fields, while B, and X, are their strength
tensors.

When the [SU(2)z]-doublet Higgs scalar ¢ R, develops
its vacuum expectation value (VEV) (¢%,) = VR the

left-right symmetry symmetry is spontaneously broken
down to the standard model electroweak symmetry. Sub-
sequently, the [SU(2), ]-doublet Higgs scalar ¢, acquires
a VEV (¢,) = %’UL, with v; =~ 246 GeV, to break the
electroweak symmetry down to the electromagnetic sym-
metry. At this stage, the [SU(2)]-doublet and [SU(2)]-

singlet fermions can have the following mass matrices,

- f
Lo— [, Fy My | | +He with
R
0 %yfva

Myp = 3)

1, Rt
BYF VR Mp

Here (f, F') denotes (d, D), (u,U), (e, E) and (v, N). The
[SU(2)]-singlet fermions F are assumed heavy enough so
that they can be integrated out from the above mass
matrices. We hence can obtain the masses of the [SU(2)]-
doublet fermions f, i.e.

VU
my = %25\/[]% RT (4)
Now not only the neutrino masses but also the charged
fermion masses are induced by the seesaw mechanism.
As a result, the Yukawa coupling parameters can have
“more natural” values compared to their values in the
standard model. This is most noticeable for the Dirac
neutrino mass, which in the standard model would have
required g, ~ 1072 whereas due to seesaw property, we
need yn ~ 1075 (for vg ~ 2 — 3 TeV).

Note that quark seesaw for the top quark, unlike the
other fermions requires it to have a significant fraction of
an SU(2) singlet besides an SU(2) ; doublet since it is an
SU(2), singlet. This has implications for flavor changing
neutral current processes involving top decays. We also
emphasize that within the quark seesaw framework, we
can impose a discrete parity symmetry and then assume
it to be softly or spontaneously broken. This leads to the



Yukawa couplings in Eq. (1) to satisfy the relation y& =
yB = y, which helps to solve the strong CP problem
without an axion [6].

Turning to the dark sector, we assume the dark scalar
¢ to have a VEV (§) = %vg to drive the spontaneous

breaking of the U(1) y dark symmetry. As for the other
dark scalars oy o, they will pick up the tiny induced VEVs
as below,

Pi U?

VIM2

(0:)

< wg for M, > v, (5)

1
= —v, , VU, ~

Therefore, the heavy neutral fermions N p will mix with
the dark fernnons X1, r» besides the neutrinos vy g After
integrating out the N 1. fermions, we have a x —v mixing
as below,

LD =0 m, v xg— 0gm,Vrx, + Hc. with

vv vy m f
0 L R o v JR
L= Tf va yR’
R URY Uy My, f
0, = RYc L L. 6
R yN2M ! vLmeN (6)

As we will show later this y —v mixing have an interesting
implication on the DM decay.

Prior to gauge symmetry breaking, this model has two
separate global symmetries: U(1), and U(1),, where the
latter is the usual lepton number symmetry. After all
gauge symmetries are broken and specially after o fields
acquire VEVs, the above symmetries break but there is
a remaining symmetry Uyy,. This guarantees that the
neutrinos are Dirac fermions and also leads to relations
between the asymmetries in the leptons and the y fields,
as we see below.

IIT. ORDINARY AND DARK
MATTER-ANTIMATTER ASYMMETRIES

The heavy dark scalars o , can decay into the neutral
fermions N; g, the dark fermions x; p as well as the light
dark scalar { . We can easily calculate the decay widths
at tree level,

Iy=r [Ui = Ny + X?%(L)} + (o = &+ &)
=r [Uf — Nir) + XR(L)} +T(o; > §+8)

—%[(f”ﬂ) (), 2 ](4’3 M, (7)

At one-loop level, we can obtain a CP asymmetry as
below,

£.=
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Note the relative phase between the Yukawa couplings

1L I((R) and f2L 1(<R) can not be removed by any phase rota-
tion. So, the above CP asymmetry can have a non-zero
value as long as the CP is not conserved. This means
we can obtain a lepton asymmetry L, stored in the dark
fermions x; p. At the same time, the neutral fermions
N; g for the seesaw can obtain an opposite lepton asym-
metry Ly = —L,. Through the subsequent N, p de-
cays, the [SU(2)]-doublet leptons [; ; then can inherit
this lepton asymmetry, '

Here LZM and Ll denote the induced lepton asymme-
tries in the SM leptons and the right-handed neutrinos,
respectively. Thanks to the B — L conserving SU(2);
sphaleron processes, the lepton asymmetry stored in tBe
ordinary leptons [ p can be partially converted to a
baryon asymmetry stored in the SM quarks [10, 11]. This
connection between dark matter asymmetry and baryo-
genesis has similarity to the Dirac leptogenesis [12].

Note that the heavy dark scalars o, 5 should go out
of equilibrium and then their decays can generate the
desired lepton asymmetries Ly = —L,. As an example,
we can simply consider weak washout case, i.e.

T.

K= 55 ’T:Mi <1. (10)

Here the Hubble constant H(T') is given by
1

87r3g 2 72

HT)=|—=) — 11

- (52) 1)

with Mp, ~ 1.22 x 10! GeV being the Planck mass and
g, = O(200) being the relativistic degrees of freedom.
The lepton asymmetries L = —L, then should be

84 for M, ~ M,,
Ly=-L,~} . ” (12)
2 for M) < My,

By taking M,, ~ 100TeV, M,, — M,, ~ 0.1 GeV, p; ~
0.1GeV, f& ~ 1075 we can obtain Ky5~01,e 9~
1077 and then Ly = —L, ~ 107710,

We also wish to emphasize that the transformation
of Ly to Liy requires that the decay of N take place



in the TeV epoch of the universe and this would be
possible only in the Dirac seesaw picture of the neu-
trino mass. Actually, we can quickly estimate the de-
cay width Ty, ~ y3 My ~ 1079GeV for yy ~ 1076
and My ~ 10TeV. This decay width is much bigger
than the Hubble constant at the temperature around
T ~ 100GeV. In the absence of Dirac seesaw, the
Yukawa couplings of the right-handed neutrinos to the
SM leptons is ~ 1072 which allows the N to decay very
late in the universe by which time sphalerons have gone
out of equilibrium and the Ly asymmetry cannot become
B asymmetry.
We can calculate the final baryon asymmetry con-
verted by an initial lepton asymmetry. For this pur-
777777 ¢ for the chemical poten-
tials of the SM fermions ¢, (3,2,+1/6), dg(3,1,—1/3),
up(3,1,42/3), 1,(1,2,-1/2), egr(1,1,—-1), the right-
handed neutrinos v(1,0,0) and the SM Higgs scalar
©(1,2,41/2). Here the brackets following the fields give
the SU(3), x SU(2); x U(1)y quantum numbers. At the
electroweak scale, the SM Yukawa interactions yield [13],

—HgFpy + g =0, — g — py+p, =0,
—y g+ pe =0, (13)

the SU(2), sphalerons constrain [13],
Bprg + =0, (14)

while the vanishing hypercharge in the universe require
[13],

3 (g — pa+ 21ty — iy — pe) + 21, = 0. (15)

At this stage, the right-handed charged current interac-
tions,

2
myy GF B B
LD (m%‘,;) ﬁuR’y“dReR”yﬂuR +He., (16)

can be in equilibrium, depending on the left-right sym-
metry breaking scale. In this case, we further have

— by + B = He T 11, = 0. (17)

This is where the SU(2) g interactions play an important
role. If they did not exist, L,, would essentially remain
as an unknown parameter hindering a direct connection
between Ly and B asymmetry. Note that constraints on
chemical potentials imposed by QCD sphalerons being
in equilibrium [14] is automatically satisfied in our case,
using the first two equations in Eq. (13).

All chemical potentials can be expressed in terms of a
single chemical potential. For example, we read

1 19 5 3
qu—gﬂza ﬂ'd:_ﬁﬂla Mu:ﬁul7 /’Le:?ul7
11 4
Hy = —Hps Mo = ZHy- (18)

7 7

The corresponding baryon and lepton asymmetries then
should be

B =3 (2, + pty, + pta) = =4,

51
Loy =3 (20 + pe) = = H
33
— Ly - 19
7 Hy (19)
If the right-handed charged current interactions (16)
have not decoupled before the SU(2); sphaleron pro-
cesses stop working, as is the case for TeV scale Wg
models, we can easily read the final baryon asymmetry
from the initial lepton asymmetries,

1 i 0 % 1
B=7[B = (Lsn+L,)] = ;

L,,=3up, =

VR

L (20)

X ?

by adopting the relation (9) and assuming the initial
baryon asymmetry to be zero, i.e. B* = 0.

IV. DARK MATTER PHENOMENOLOGY

The cosmological observations have precisely measured
the energy densities of the baryonic and DM in the
present universe, i.e. Q,h? = 0.02226 + 0.00023, Qxh2 =
0.1186 + 0.0020[15]. If the DM relic density is a dark
matter-antimatter asymmetry, the dark fermion should
have a special mass to match the observations, i.e.

m,B:m, L, =Q,h%:Q h*. (21)
The DM mass thus can be predicted by

19,02 Q. h2/0.1186
= =1.332 | .
T T ™o\ @ h2j0.02226 ) -*?

A. Annihilation of the symmetric part of dark
matter

It is well known that an asymmetric DM scenario
must require a fast dark matter-antimatter annihilation
to highly suppress the thermally produced DM relic den-
sity. This can be easily achieved in the present model

where the dark fermion yx couples to the dark photon X,
2

with a mass m% = gg((vg + 40312) ~ gg(vg. Specifically,
a dark fermion pair can annihilate into two dark photons
by the exchange of a dark fermion as well as into one
dark photon and one dark Higgs boson, which is mainly
form the light dark scalar £, through the exchange of a
dark photon if the dark photon and the dark Higgs are
lighter than the dark fermion, i.e.

( >~£L*93x103bg—x4 (23)
Talrel) = e T PP\o1/) -
Clearly, the dark matter-antimatter annihilation can be

very fast unless the U(1)y gauge coupling is extremely



small and it implies gx > 0.01 for mx ~ GeV. This helps
to suppress the symmetric part of the DM leaving only
the asymmetric part.

Furthermore, the dark gauge boson can mediate a DM
self-interaction. The cross section is given by

Ouerr _ 89% My _ 8y
m,, ™ om%  m vl
4
1GeV
=8.7x10""%cm? - sec ( ¢ ) . (29)
v
3

which is safely below the current limits from bullet cluster
on the cross section which is of order o < 1072% cm?
for a one GeV DM [16].

B. Direct detection

In the absence of the kinetic mixing between the
U(l)g_; and U(1)  gauge fields (i.e. when € = 0), there
is no interaction between the DM field and the SM fields.
Once the U(1)z_; and U(1)y kinetic mixing is turned
on, the dark gauge field X, can couple to the ordinary
charged fermions d, u, e in addition to the dark fermion

X, 1.e.

€e 1- 2
LD ———=— | —=dY"d+ zuy'u —eyte | X
\/cos 20y, ( 3 37 7 ) "
—29x X7 XX, - (25)

The dark photon thus may be found at colliders. The
dark photon can also mediate a spin-independent scat-
tering of the dark fermion off the protons in nuclei,

2
Gt = 16@5293{ [mpmx/(mp + mx}
ST™ cos 20, mé

=12x107% c¢m?

e \2 /100MeV\? (1GeV’ 20

X(mG) ( my ) Ve - (26)

Such low mass of the dark matter, as predicted by
our model is not accessible to any of the currently run-
ning experiments in the DM-proton scattering mode.
CRESST-II experiment presents results for dark mat-
ter mass slightly above one GeV and puts a bound on
the spin independent cross section at 10736 cm? [17] and
planned CRESST-IIT [17] experiment will have the ability
to improve the sensitivity further. The superCDMSS-
NOLAB experiment, which is a proposal for a second
generation experiment [18] is also planned to cover this
low mass range in the DM-proton scattering mode. We
hasten to point out, our predictions for DM-proton scat-
tering depends on the unknown photon-X-boson mixing
parameter € and any improvement of the low mass DM
search experiment will simply constrain this parameter.

C. Dark matter decay

The mixing between DM fermion x and neutrinos v,
will lead to a tree-level decay of DM into a neutrino and a
dark gauge photon, X. Fortunately, the dark fermion can
have a very long lifetime because of the extremely tiny
X —V mixing parameter 67, r. The dominant contribution
comes from fp. In order to estimate this decay time, we
choose, M,, ~ 100TeV, Mpr ~ 10TeV, p; ~ 0.1 GeV,
f ~ 1076, which leads to v, ~ 107'2 GeV and the result-
ing O ~ 10724,

L 9% (2 2 1 0% + 0%
T (L +0%) mx = 155 107 sec \ 10 % )
(27)

The dark photons from the DM decays then can decay
into the electron-positron pairs and probably can also de-
cay into two mesons if the dark photon is heavy enough.
The effect of such late time dark matter decays have been
studied in [19], where a lower limit on the lifetime of
> 2 x 10%® sec. has been obtained based on current
Planck, WMAP9, SPT and ACT, as well as Lyman-«
measurements. Our model clearly satisfies this bound.

V. OTHER IMPLICATIONS

We now make a few comments on other implications
of our model:

e The right-handed components of the Dirac neutri-
nos will contribute to the effective number of ad-
ditional light neutrinos, AN.¢f, an issue that has
been discussed in the literature [20]. The key point
is the decoupling temperature of the right handed
neutrinos which couple to the SM fermions via the
Wg and Z' mediated interactions. This implies a
lower limit on the Wg and Z’ boson in the range
of a few TeVs [20].

e When the kinetic mixing parameter is chosen to
be non-zero, the extra light dark gauge boson will
have interactions with the muon and contribute to
the g, — 2 of the muon. However, in our model,
we have chosen the e ~ 1076, its contribution is
much smaller than the current uncertainties in its
measured value.

e For nonzero ¢, the dark gauge boson will couple to
electrons and neutrinos in a supernova and could
be produced if its mass is < 100 MeV. We keep
the mx > 100 MeV so that we do not face this
constraint. For other limits on the kinetic mixing
parameter for a given dark photon mass, see [21].

e Finally, we note that quark seesaw models have
many interesting phenomenological signatures [22]
including new heavy quarks and leptons with TeV



mass, their effects on flavor changing decays of the
top quark etc that have been extensively discussed
in the literature. Typically the effect is largest in
top quark decays e.g. t — c,u + g,c,u + vy,t —
c,u 4+ Z (g stands for gluons). Such decays have
been searched for in collider experiments [23].

VI. COMMENTS AND CONCLUSION

In summary, we have presented a simple extension of
the SU(3)C X SU(Q)L X SU(Q)R X U(I)B,L left-right
symmetric models for quark seesaw by including a dark
U(1)x and a Dirac dark fermion that relates the abun-
dance of DM and baryons and thereby explains the
baryon-DM coincidence problem. The complete model
has a global U(1),4, conservation, so that asymmetry in
the DM is related by this symmetry to the asymmetry in
the lepton sector which via both SU(2)r r sphalerons
gets converted to baryon asymmetry. The generation

of matter and DM is caused by the decay of two heavy
scalars 0y , that carry the U(1), quantum number. We
choose their masses to be in the 10 TeV range but they
could be superheavy in which case, they can play the role
of inflaton. The model has the additional advantage over
just extending the SM by a dark U(1) that it does not re-
quire ultra-low Yukawa couplings to understand neutrino
masses and it solves the strong CP problem. For certain
ranges of the U(1)p_; x U(1)y kinetic mixing, the DM
can give a signal in the direct detection experiments.
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