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About 80% of the mass of the present Universe is made up of the unknown (dark matter), while the rest is
made up of ordinary matter. It is a very intriguing question why the mass densities of dark matter and
ordinary matter (mainly baryons) are close to each other. It may hint the identity of dark matter and
furthermore the structure of a dark sector. A mirrored world provides a natural explanation to this puzzle.
On the other hand, if the mirror-symmetry breaking scale is low, it tends to cause cosmological problems.
In this work, we propose a mirrored unification framework, which breaks mirror symmetry at the grand
unified scale, but still addresses the puzzle. The dark matter mass is strongly related with the dynamical
scale of quantum chromodynamics, which explains the closeness of the dark matter and baryon masses.
Intermediate-energy portal interactions share the generated asymmetry between the visible and dark
sectors. Furthermore, our framework is safe from cosmological issues by providing low-energy portal
interactions to release the superfluous entropy of the dark sector into the visible sector.
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I. INTRODUCTION

Cosmological observations have established that the
mass of the present Universe is made up of so-called dark
matter (DM) in addition to ordinary matter. The mass
density of DM is about five times larger than that of
ordinary matter, i.e., standard model (SM) baryons [1]. The
observed closeness of the mass densities may be a hint on
DM and dark sector physics. If DM (dark sector) has
nothing to do with the SM baryon (visible sector), it is
puzzling why their mass densities are close to each other.

The concept of a mirror world is a natural option to
explain this puzzle (see Refs. [2-8] for earlier works). In
recent years, the mirror world scenarios combined with twin
Higgs models also attract attention since they ameliorate the
naturalness problem [9-12]. In those scenarios, the dark
sector contains mirror partners of the SM particles, and
therefore the coincidence is naturally realized. However, if
mirror Z, symmetry is kept at a low-energy scale, mirror-
world models tend to be inconsistent with cosmology
because the dark sector inevitably includes light particles
such as the mirror partners of neutrinos and photon.

Instead, in this work, we pursue a mirrored grand unified
theory (GUT) framework, in which Z, symmetry is
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broken at a GUT scale. We consider a GUT model with
gauge dynamics of Gygyur X Gpgyur (With a gauge group
G = Gygur = Gpgur) and an exchanging symmetry
between Gygyt and Gpgyr- References [13,14] are in a
similar line but with a focus on the coincidence of the
dynamical scales [13] and with low-energy Z, breaking
[14]. It is remarkable that Z,-symmetry breaking at a high-
energy scale does not lose good features as long as the
lightest dark baryons are DM [15-54] (see Ref. [55] for a
review). The baryon-DM coincidence puzzle is divided into
two subproblems: the coincidence of masses and that of
number densities between baryons and DM. As for the
mass coincidence, the key ingredient is the correspondence
between dynamical scales of each sector: the baryon and
DM masses are determined by them. Such a correspon-
dence can be achieved once the gauge couplings are
related with each other at the GUT scale. As we see,
Z,-symmetry breaking below the GUT scale does not spoil
this correspondence.

As for the number density, we consider the asym-
metric dark matter (ADM) framework [56-66] (see also
Refs. [67-69] for reviews). Since the dark baryons have an
annihilation cross section as large as the SM baryons have
[70,71], the number density of DM is dominated by an
asymmetry between particle and antiparticle. The asym-
metries in the two sectors are equilibrated when a portal
interaction is efficient at an intermediate scale.

After decoupling of the portal interaction, the entropy
densities in the two sectors are conserved separately: the
excessive entropy in the dark sector gives a significant
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contribution to the dark radiation [72]. Therefore, two types
of portal interactions are needed for viable (composite)
ADM scenarios: intermediate-energy portal interactions to
share the asymmetry, and low-energy portal interactions to
release the superfluous entropy of the dark sector into the
visible sector. Our framework indeed provides such portal
interactions, and thus explains the baryon-DM coincidence
puzzle in a self-contained manner.

Our framework is based on a supersymmetric grand
unified theory (SUSY GUT), in which the Z, symmetry is
manifest above the GUT scale. The gauge structure of each
sector at low energy depends on a choice of vacuum at the
GUT scale. In our framework, the visible sector is reduced
to the SM, while the dark sector follows two-step symmetry
breaking and then has a dynamics similar to quantum
chromodynamics (QCD) and quantum electrodynamics
(QED). The second symmetry breaking in the dark sector
provides the intermediate-energy portal interactions and
tiny kinetic mixing of visible photon and dark photon.
SUSY plays key roles to achieve gauge coupling unifica-
tion in the visible sector and to ensure the existence of
degenerate vacua with various breaking patterns of the
GUT gauge group. The degenerate vacua permit the
development of the dark sector in a different way from
our sector. This feature allows us to have the gauge
dynamics in the dark sector that is different from the
one in the SM at the low-energy scale. With the variety of
the unbroken gauge groups, the dark sector and the visible
sector have different phenomenology, while the dynamical
scales in the two sectors are correlated due to the mirror
symmetric gauge group at the GUT scale. Electroweak
symmetry breaking in the visible sector and dark QED
breaking are triggered by SUSY breaking effects.

The organization of this article is as follows: we
demonstrate our framework with the use of a concrete
example based on a G = SU(5) gauge dynamics in the next
section. We then discuss a symmetry breaking pattern in the
dark sector. In particular, we choose a pattern to realize
the minimal model that provides key ingredients for the
composite ADM scenarios. Next, we explain how the
effective theory at an intermediate scale and below works
in the context of the composite ADM, which is based on
our previous works [50,73]. We discuss the coincidence of
confinement scales in the concrete model. The last section
is devoted to concluding remarks of this article.

II. MIRRORED UNIFICATION MODEL

We consider a concrete model with G = SU(5) to
demonstrate our framework. Z, is the symmetry interchang-
ing SU(5)ygur and SU(5)pgur- Under the Z, symmetry,
dimensionless couplings in the two sectors are identified,
while the mass parameters softly break the Z, symmetry.

We show the particle contents of the model in Table I,
which are similar to those of the minimal SUSY SU(5) GUT
in each sector. The chiral multiplets, ¥y, and ®y,, contain all

TABLE 1. Matter and Higgs contents in the SU(5)ygyur X
SU(5)pgur model. The subscript S = V, D represents the sectors:
the fields are charged under SU(5)ygyr for S = V and charged
under SU(5)pgur for S = D. i = 1,2, 3 denotes the generations of
matter chiral multiplets in each sector.

SU(S)veur.peur U(l)x

v 10 1
Dg; 5 -3
N, N 1

Hi 5 -2
Hg 5 2
X5 5 )
o 24 0

the SM fermions. ¥, and @ include the dark quarks that
provide the ingredients of the composite DM. N; and N/ are
the right-handed neutrinos, which are doublets under the Z,
symmetry. U(1)y denotes a global B — L symmetry com-
patible with the unified gauge group. It should be noted that
the model has extra Higgs quintuplets, (X, X), in addition
to the usual Higgs quintuplets, (Hg, Hy).

Once B — L asymmetry is generated, it is shared with the
dark sector via the B — L portal operators, which we show
later. Since the B — L number is approximately conserved
in two sectors, the global symmetry ensures the stability of
DM and the absence of operators that wash out the
generated asymmetry. We assume that the B — L asymme-
try is generated via standard thermal leptogenesis [74]
(see Refs. [75-77] for reviews) as for the concrete model.
The DM and baryon abundances relate to parameters in the
neutrino sector in this model.

The minimal SU(5) GUT model with O(1) TeV sfer-
mions contradicts the nucleon decay experiments [78-81].
To avoid rapid nucleon decay, we simply assume a split
spectrum for sparticles [8§2—85], where sfermions and grav-
itinos have masses of O(10%) TeV while the masses of the
gauginos and the Higgsinos are of O(100) GeV-O(1) TeV.

Since the lightest supersymmetric particle (LSP) is
stable, it contributes to the DM abundance. We assume
that its fraction to the total DM abundance is subdominant.
Such a situation can be easily achieved when the Higgsinos
are the LSPs in each sector. Here, the Higgsinos are the
fermionic partners of the Higgs fields breaking the electro-
weak symmetry in the visible sector and the dark QED,
respectively. We assume that the dark Higgsino is lighter
than the Higgsino in the visible sector because the dark
Higgsino is less constrained than the visible Higgsino.'

'If the visible Higgsino is lighter than the dark Higgsino, we
should take into account the overabundance of the Higgsino
through thermal freeze-out and through the gravitino decay.
While the Higgsino mass is bounded from above to avoid the
overabundance, it is also bounded below by collider searches.
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Thanks to the supersymmetric counterpart of the kinetic
mixing parameter € ~ 107, in our framework the decay of
the visible Higgsino to the dark one occurs fast enough not
to cause any cosmological issues [73].

Both sectors are mostly sequestered with each other up to
higher-dimensional interactions suppressed by the reduced
Planck mass Mp;. The superpotential W gives the Yukawa
couplings, the Higgs masses, and the Higgs couplings to
fields with subscripts S =V, D,

WS:TSYM‘PSHs‘FlPSYd(DSHS‘I’HS(Ms‘FﬂZS)HS
(XsXs)?

Pl

+ ustr(Z3) + Astr(E3) + M XX — & (1)
Here, 4, 15, &, and 3 x 3 matrices Y, ; are dimensionless
coupling constants, while Mg, M’, and yg are dimensionful
parameters. We assume 4, Ay, and & are of O(1) in the
following. The Z, symmetry equates all the dimensionless
couplings except the mass parameters in the two sectors:
we assume mass hierarchy M, My, up < My, My, uy.

A. Symmetry breaking patterns

SU(5)ygur is broken down to the gauge group of the
SM, Gg, by a vacuum expectation value (VEV) of Z, at
the scale of Mygyr =~ iy, while X’s and H’s do not obtain
large VEVs. That is, SU(5)ygur = Gswm is achieved by

(Zy) = Oluy). (XyXy) =0. (2)
We set Mygur = O(10'°) GeV, which is expected from
the unification of extrapolated gauge coupling constants in
the supersymmetric SM (SSM).

The vacuum of the dark sector is chosen to be

(Zp) = Olup). (XpXp) = O(MpMp).  (3)
The nonvanishing VEV of X,X,, is due to the fourth
term of Eq. (1). For up ~ My < Mpy, SU(5)pgur 18 first
broken down to SU(4)pgur by (Xp). SU(4)pgur is
subsequently broken down to SU(3), x U(1), by (Zp)
at Mpgur = O(pp). The dark sector results in the model of
a composite ADM model in [50,73].

It should be emphasized that the difference between
Mycur and Mpgyut is advantageous to explain the tiny
kinetic mixing between the dark photon and the visible
photon [73]. In fact, a higher-dimensional operator,

C€
Wp = Wtr(szv)tr(ZDWD), (4)
Pl

leads to the kinetic mixing parameter of the visible and the
dark photons,

o~ ccMygurMpgur ~10-10 Mpgur . (5)
M, 100 GeV

We obtain a tiny kinetic mixing parameter ¢ = 10~7-1071°
for Mpgur = 10'%~1% GeV and ¢, = 1, which satisfies all
the constraints including the beam dump experiments [86]
and supernova 1987A [87,88] when the dark photon mass
is O(10'2) MeV.

B. Intermediate-scale effective theory

Below Mygyt, we assume the SSM for the visible sector,
where a pair of Higgs doublets from (Hy, Hy) remains
almost massless by tuning My in Eq. (1). All the other
components of the extra Higgs have masses of O(Mygur)
in the visible sector.

In the dark sector, SU(5)pgyr is broken down to
SU(4)pgur at /MpgurMp ~ 1016 GeV for Mpgyr =
10'%-13 GeV. The gauge multiplets and the pseudo-Goldstone
components of (Xp,Xp) corresponding to SU(5)pgur/
SU(4)pgur obtain masses of O(v/MpgurMp;).” Below
the SU(5)pgur breaking scale, the matter and the
Higgs multiplets are decomposed into the SU(4)pgur
multiplets by

¥p — AD(6) 5] QD(4)7 ®p — QD(Z") 7] ND(1)7 (6)
Hp — Hp(4) @ Sp(1), Hp — Hp(4) & Sp(1). (7)
Ip — E(15) @ hp(4) @ hjr(4) ® Sp(1). (8)

Below Mpgur, SU(4)pgur is broken down to SU(3),x
U(1)p. We assume a pair of U(1),, charged Higgs multi-
plets remains almost massless while all the other compo-
nents in Egs. (7) and (8) obtain masses of O(Mpgyr). The
U(1), charged Higgs multiplet breaks the U(1), sym-
metry at the low-energy scale.

Since (Sp, Sp) do not obtain the VEVs, the matter fields
in the dark sector do not obtain masses from the Yukawa
interactions in Eq. (1). To generate the mass term, we
assume interactions to Xp’s such as

/

— y —
W=y,¥Yp¥pXp+y,;¥pPpXp + —Me : YpZp®pXp, (9)
P

with tiny coupling constants.” In the following, we take the
masses of the dark quarks to be free parameters. For a
successful model of ADM, the dynamical scale of SU(3),
Aqcpy» should be of O(1) GeV. At least one generation of
the quarks should be lighter than Agcp, so that the lightest
dark baryon can be the DM.* The last term in Eq. (9) split
the masses of the dark quarks and leptons in Ap, Qp, and

*The mass of the SU(4)pur singlet component of (Xp., Xp) is
of O(Mpgur).

“The corresponding operators in the visible sector do not affect
the phenomenology of the SSM.

“The dark baryon self-interactions mediated by the dark
mesons may also realize the velocity-dependent cross section,
and its implication for structure formation is worth investigating
(see Ref. [89] for a review).
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Qp. We assume that the lightest dark lepton is heavier than

Aqcp 80 that the rapid dark matter decay is avoided [73].
The visible and dark sectors are connected through

superpotential Wy of the right-handed neutrinos,

Wy = @yyyNHy + ®pyyN'Hp
+ @Y N'Hy + ®pYyNH)
+ (mass terms), (10)

where yy and Yy are Yukawa coupling constants. The mass
terms of the right-handed neutrinos (denoted by My
collectively) softly break U(1)y. The global U(1)y sym-
metry renders Mp much smaller than the GUT scale
technically natural since U(1)y is restored in the limit of
Mg — 0. Couplings of N to @, realize thermal lepto-
genesis and tiny neutrino masses via the type-I seesaw
mechanism [90-94], while the couplings of N’ are irrel-
evant because we assume that N’ is much heavier than N.

The dark neutrinos (included in ®j’s) can easily have
either Majorana or Dirac mass terms of O(Mpgyr), and
thus our framework is consistent with cosmological con-
straints on light particles. For example, the Majorana
mass would be generated from U(1)y breaking higher-
dimensional operators such as (X,®,)?, while the Dirac
mass would be generated from the usual Yukawa coupling,
Xp®pN'.

As shown in Ref. [73], the B — L portal operators
between the two sectors are generated by integrating
out the right-handed neutrino and the dark-colored Higgs
boson,

(Ya):;(Yn)y
V2M

Here, U’ and D' denote the dark quark superfields, €, is
the totally antisymmetric tensor of SU(3), and M is the
mass of the dark-colored Higgs. Below the energy scale of
M, one obtains

Wer, = €ane(UFD'F)(DENY). (1)

YN(Yd)ij(YN)k

I o
Weff. = - MCMR each/?D/?D/z(LlHu)7 (12)

where L and H,, denote lepton and Higgs superfields in the
SSM sector, respectively. The decoupling temperature of
these portal interactions should be below Mp; otherwise
these interactions decouple before the B — L asymmetry is
generated. Meanwhile, the consistency of renormalizable
operators requires Mp < M. These portal interactions
successfully mediate the B — L asymmetry generated by
thermal leptogenesis for My < M < 10°Y Y My [73].
Here, we use a seesaw relation of the neutrino Yukawa
coupling y3v? = m,Mg, m, ~0.1 eV, and the SM Higgs
VEV wu. For the split supersymmetry with the sfermion
masses in O(100) TeV, the ratio of the VEVs of two Higgs

doublets, tan S, is required to be tan  ~ 2 to reproduce the
observed Higgs boson mass. In this case, the largest down-
type Yukawa coupling is of O(1072), and hence, a rather
large Yy is required.

It should be noted that the above portal interactions
require at least two generations of dark quarks to be
nonvanishing. In the following, we leave only the two
generations of U’ and D’ below the Mpgyr scale, for
simplicity.

In Fig. 1, we show the one-loop running of the gauge
couplings in the two sectors. We take Mpgyr =
8 x 10'% GeV and the corresponding SU(5)pgur breaking
scale at 10 GeV as an example. In this plot, the
dark confinement scale Agcp,, where SU(3), coupling
o' (Agepy) vanishes, is about 2.8 GeV, which is consistent
with the dark baryon mass mpy = O(1) GeV determined
by the asymmetries in two sectors [50,95,96]. Therefore,
the dark baryons with the mass of O(1) GeV can be
naturally realized as a consequence of the Z, symmetry at
the high-energy scale.

C. Baryon-DM coincidence

The dark confinement scale is restricted in our model
since the unified couplings in the two sectors are identified
at the GUT scale. The analytic solution of renormalization

60

N,
u(1 S
500 N

40 + N

FIG. 1. Renormalization scale y dependence of the gauge
couplings in two sectors. The broken lines show the (S)SM
gauge couplings, while the red lines show the running of dark
gauge couplings. We take a split spectrum for sparticles: the
gaugino scale is 1 TeV and the sfermion scale is 100 TeV as
reference values. We also assume that Mpgyr = 8 x 1019 GeV
where SU(3),, x U(1),, unifies into SU(4)pgyr-
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group equations for gauge couplings gives the dark con-
finement scale,

M M %
AQCD/z2.8GeV< DGUT )s, (13)

susy \®
102 TeV 8 x 10'0 GeV

where M gygy is a typical mass scale of (dark) sfermions for
two-generation matter in the dark sector below Mpgyr.

Figure 2 shows the ratio of the confinement scales in the
two sectors. The right axis of Fig. 2 shows the ratio of
energy densities of ADM and baryon, which is obtained
from that of the confinement scales by multiplying the ratio
of asymmetries stored in two sectors when the two
generations of U’ and D’ are assumed [96]. Here we take
SU(5)pgur breaking scale smaller than Mygyr. As refer-
ence values, we take the gauginos and Higgsinos to be
about 1 TeV and the sfermion masses to be Mgysy =
102 TeV(10° TeV) on the red (orange) line. We note that
the confinement scales do not change significantly even if
the Higgsinos in two sectors are lighter than 1 TeV. As a
prominent feature of the model, the dark confinement scale
is no longer a free parameter in our scenario and is
predicted to be in the range of O(1-10%)Aqcp for a wide
range of Mpgyr/Mygur- Here we take Agcp ~ 0.3 GeV.
This shows that the Z, symmetry successfully predicts that
the dynamical scales are close to each other, despite the
vacuum structures being completely different between two
sectors below the Mygyr scale.

It should also be noted that the kinetic mixing parameter
is predicted to be € ~ 1071°-107® for Agcp/Agep = 5-50.
This feature is another advantage of the present model.

1000 " " T
SR S R S S

s00¢ i &l 3l §l § 1500
100 +

8

& 50F

<

~

ja)

Q

o

<
10+
5,

10° 10® 107 10° 10° 10* 10°
Mpgur/Mvcur
FIG. 2. Confinement scale and energy density as a function of

Mpgur/Mvygut- Green-dashed lines represent the magnitude of
the kinetic mixing parameter € given in Eq. (4) with ¢, = 1.

For the present model, Mpgyr is bounded from below.
The lower dark GUT scale, Mpgyr < 10° GeV, would also
be incompatible with the standard thermal leptogenesis [74]
(see Refs. [75-77] for reviews), since the standard thermal
leptogenesis requires the high reheating temperature
of Tp > My > 10° GeV and meanwhile our framework
requires Mz < M ~ Mpgur.” The lower dark GUT scale,
Mpgur < 10° GeV, would also be confronted with rapid
dark matter decay through the portal interactions [96].
Once the form factor of the DM is determined in naive
dimensional analysis, its lifetime is approximately given by

e i) (2
DM =\ 272 17 ar2 y
MZCMRMéUSY 4

M%MR MSUSY 2‘ (14)
(10° GeV)? \ 10? TeV

~ 10' [years]

Here, we use a seesaw relation of neutrino Yukawa
coupling yv? = m, My, again. Since Eq. (12) provides
the portal interaction with sfermions, the dark matter decay
operators arise with a loop factor as with nucleon decay in
SUSY GUTs. Mgygy is a typical mass scale of (dark)
sfermions. We assume the loop factor to be a/4x ~0.01.

III. CONCLUDING REMARKS

In this work, we have proposed the mirrored GUT
framework in which the baryon-DM coincidence is natu-
rally explained. The framework relates the masses of
baryon and DM (dynamical scales) and also the number
(asymmetry) densities.

In contrast to the models keeping mirror symmetry at a
low-energy scale, it is interesting that our framework leads
to rich phenomenology and testable signatures [50]. DM
decays into SM neutrinos through the intermediate-energy
portal interactions [96,97]. DM annihilates through a dark
neutron-antineutron oscillation [98]. When DM is com-
posed of dark charged baryons, DM interacts with the SM
fermions through tiny kinetic mixing between photon and
dark photon. The monopoles from the SU(4)pgur —
SU(3)p x U(1),, breaking are finally confined by the
cosmic string after the U(1), breaking, and then the
monopole density decreases efficiently by following
the scaling relation of the cosmic string [99,100]. [Here,
the maximum temperature of the Universe after inflation is
higher than the SU(4)pgyr breaking scale.] It is worth
investigating the monopoles and their annihilation, but it is
beyond the scope of this work to discuss it in detail. A first

>The high reheating temperature causes the overabundance of
LSPs from gravitino decay when the visible Higgsino is lighter
than the dark Higgsino. In that case, the reheating temperature
should be less than 10°~10'° GeV. This constraint puts an upper
bound on M ~ Mpgur < 102Y v Y My in the present model.
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order phase transition of the dark QCD would be a probe of
our framework [101].

We regard the specific model in this paper as a proof of
concept and have not addressed the origins of several fine-
tuned parameters. Fine-tunings of parameters are just
technically natural thanks to SUSY and furthermore most
tuned parameters are irrelevant to explain the baryon-DM
coincidence puzzle. However, it is to be addressed in the
future why chiral symmetry breaking in the dark sector is
so tiny, although the dark sector is a vectorlike theory
below the SU(S5)pgur = SU(4)pgur breaking. We may
consider a variant of the present model to ameliorate the
parameter tunings in the superpotentials (for example,
introducing chiral symmetry to suppress the Higgs y-term).
Although our present model is not fully satisfactory, it

demonstrates a new vast field of the DM-model building to
be explored.
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