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Existence of a mirror world in the Universe is a fundamental way to restore the observed parity
violation in weak interactions and provides the lightest mirror nucleon as a unique GeV-scale dark matter
particle candidate. The visible and mirror worlds share the same spacetime of the Universe and are
connected by a unique space-inversion symmetry—the mirror parity (P). We conjecture that the mirror
parity is respected by the fundamental interaction Lagrangian, and study its spontaneous breaking from
minimizing the Higgs vacuum potential. The domain-wall problem is resolved by a unique soft-breaking
linear term from the P-odd weak-singlet Higgs field. We also derive a constraint from big-bang
nucleosynthesis. We then analyze the neutrino seesaw for both visible and mirror worlds, and demonstrate
that the desired amounts of visible matter and mirror dark matter in the Universe arise from a common
origin of CP violation in the neutrino sector via leptogenesis. We derive the Higgs mass spectrum and
Higgs couplings with gauge bosons and fermions. We show their consistency with the direct Higgs
searches and the indirect precision constraints. We further study the distinctive signatures of the predicted
nonstandard Higgs bosons at the LHC. Finally, we analyze the direct detections of GeV-scale mirror dark

matter by the TEXONO and CDEX experiments.
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I. INTRODUCTION

The experimental fact that weak force in our visible
world only invokes left-handed fermions does not neces-
sarily imply the parity violation in the whole Universe. The
possible existence of a hidden mirror world in the Universe
as a fundamental way of restoring parity was first con-
ceived by Lee and Yang in their seminal work in 1956 [1].
This truly simple and beautiful idea was further developed
by several groups in the following decades [2—4], where a
mirror parity was introduced to connect the visible and
mirror worlds.

On the other hand, astronomy and cosmology observa-
tions have pointed to the existence of mystery dark matter
which constitutes about 23% of the total energy density of
the present Universe. This is 5 times larger than all the
visible matter, Qpp;: Qg = 5:1, but they are still compa-
rable within 1 order of magnitude. In parallel to the visible
world, the mirror world conserves mirror baryon number
and thus protects the stability of the lightest mirror nucleon,
providing a natural GeV-scale dark matter candidate [4-7].
This raises an intriguing possibility that the right amount of
dark matter is generated via the mirror leptogenesis under a
mirror neutrino seesaw, in the same way that the visible
matter is generated via ordinary leptogenesis [8,9].

In this work, we will demonstrate that the mirror parity
(P) can play a key role to quantitatively connect the visible
and mirror neutrino seesaws, including the associated CP
violations. We conjecture that the mirror parity is respected
by the fundamental interaction Lagrangian, so its violation
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only arises from spontaneous breaking of the Higgs vac-
uum, and the possible soft breaking can only be linear or
bilinear terms; we further conjecture that all possible soft
breakings of mirror parity simply arise from the gauge-
singlet sector. With this conceptually simple and attractive
conjecture, we will present a minimal model with sponta-
neous mirror parity violation, and the domain-wall problem
is evaded by a unique soft-breaking term in the singlet Higgs
sector. This is unlike most previous studies, where the mirror
parity is assumed to be unbroken [4,10]. With this we can
realize both the visible and dark matter geneses from a
common origin of CP violation in neutrino seesaws via
leptogenesis, as ensured by mirror parity between the two
neutrino sectors. Our minimal Higgs potential can generate
spontaneous mirror parity violation in the weak interaction,
where the visible and mirror Higgs bosons develop different
vacuum expectation values (VEVs). Our neutrino seesaw
sector has another unique soft-breaking term with unequal
masses of visible and mirror singlet heavy Majorana neu-
trinos. These will make the masses of mirror particles differ
from the corresponding visible particles in the standard
model (SM), and also will cause a different efficiency factor
of out-of-equilibrium decays for the heavy singlet mirror
neutrinos. We then demonstrate how the right amount of
visible and dark matter can be generated from a common
origin of CP violation.

Our model has two self-contained seesaw sectors, the
visible seesaw and mirror seesaw, with the corresponding
visible and mirror singlet Majorana neutrinos. It is the
mirror parity that plays the key role to quantitatively
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connect the two seesaws (including the exactly equal CP
phases) and thus ensures the common origin of generating
the right amount of visible and mirror dark matter. We will
present systematical analysis of the minimal Higgs poten-
tial, and quantitatively realize the spontaneous breaking of
both the mirror parity and the electroweak gauge symme-
try. The mirror Higgs VEV is found to be about a factor of 2
smaller than the visible Higgs VEV. We then derive the
distinctive mass spectrum of Higgs bosons and their cou-
plings, leading to new collider phenomenology, different
from all previous mirror-model signals. We also analyze
the existing low-energy constraints via electroweak preci-
sion measurements and direct production. We further study
the new signatures of predicted nonstandard Higgs bosons
at the LHC. Finally, we analyze the direct detections of
mirror dark matter. Our construction also fully differs from
a recent interesting study [7] with resonant leptogenesis for
the matter and dark-matter genesis, where the visible and
mirror sectors share the same right-handed neutrinos with
inverse seesaw. The ratio Qpy/Qp =35 arises from an
assumed large ratio (about 1000) [7] of the two VEVs for
the mirror and visible Higgs bosons which causes the
mirror nucleon about a factor of 5 heavier than the visible
nucleon. Two Higgs doublets and one Higgs triplet with
soft mirror parity breaking are introduced for both sectors
[7], which will generate a mass ~50 MeV for mirror
photons and masses = 100 MeV for light mirror neutrinos.
The existence of proper Higgs potential and its minimum
are assumed in [7].

This paper is organized as follows. In Sec. II, we show
that a unique mirror parity can be introduced to connect the
visible and mirror worlds, as a fundamental way to restore
the parity in weak interactions. We then construct a mini-
mal Higgs potential and derive conditions for its physical
vacuum to realize both the spontaneous mirror parity vio-
lation and spontaneous electroweak symmetry breaking. In
Sec. III, we analyze the visible and mirror leptogeneses via
neutrino seesaws, with a common origin of CP violations.
We then derive the conditions for generating the right
amount of visible and mirror dark matter. In Sec. IV, we
study the analytical structure of the vacuum Higgs poten-
tial, and then present three numerical samples for the Higgs
vacuum and the corresponding Higgs mass spectrum that
obey the conditions for desired matter and dark matter
geneses. We further demonstrate their consistency with
the current low-energy precision constraints. In Sec. V,
we study the distinctive collider signatures of the non-
standard Higgs bosons at the LHC. We further analyze
the direct detections of GeV-scale mirror dark matter by
the TEXONO [11] and CDEX [12] experiments in Sec. VI.
Finally, we conclude in Sec. VII.

II. SPONTANEOUS MIRROR PARITY VIOLATION

In Sec. II, we will first analyze the structure of the mirror
model with unbroken mirror parity, and then we discuss the
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connections between the visible and mirror worlds in
Sec. II. We conjecture that the mirror parity is respected
by the fundamental interaction Lagrangian, so its violation
only arises from spontaneous breaking of the Higgs vac-
uum, and the possible soft breaking can only be linear or
bilinear terms; we further conjecture that all possible soft
breakings simply arise from the gauge-singlet sector alone.
With this conceptually simple and attractive conjecture, we
will present a minimal model with spontaneous mirror
parity violation (Sec. III), where the Higgs sector includes
the SM Higgs doublet, the mirror Higgs doublet, and a
P-odd weak singlet scalar. We find that the possible soft
breakings can be uniquely realized via the P-odd weak
singlet scalar in the Higgs potential and via the Majorana
mass terms of heavy singlet neutrinos in the seesaw sector.
As we will show, the unique soft breaking in Higgs poten-
tial nicely evades the domain-wall problem [13] associated
with spontaneous mirror parity violation (Sec. II), and the
unique soft breaking in the heavy Majorana mass term will
play a key role to realize the desired dark matter density
(Secs. III).

A. Structure of the model

The visible and mirror worlds share the same spacetime
of the Universe, and this leads to a unique space-inversion
symmetry—the mirror parity. We know that the represen-
tations of Lorentz group can be characterized by SU(2) ®
SU(2) with generators A; = 3(J; + iK;) and B; = 3(J; —
iK;), (i, j = 1, 2, 3), where J; is angular momentum and K;
the Lorentz boost. So each representation is labeled by two
angular momenta (j, j'), corresponding to A and B, respec-
tively. Under the parity transformation 72, we have
PJ; P! =J; and PK,P~' = —K;. This means the ex-
change A; « B, i.e., the parity operator transforms a
representation (j, j') into (j, j). In the SM, the left-handed
fermions belong to (%, 0) and group into SU(2); doublets,
while the right-handed fermions belong to (0,3) and are
SU(2); singlets. Hence the parity symmetry is explicitly
broken in the SM by the weak interaction.

There are two fundamental ways to restore parity sym-
metry. One is to enlarge the weak gauge group SU(2); into
a left-right symmetric form, SU(2); ® SU(2)g. Assigning
the left-handed fermions to SU(2), doublets (but SU(2)g
singlets), and right-handed fermions to SU(2)z doublets
(but SU(2), singlets). Then, assigning SU(2); — SU(2)x
under the parity transformation, one sees that the parity
symmetry is restored. Adding the B — L gauge group, one
has the gauge group SU(2), ® SU(2)g ® U(1)g_,, which
is just the conventional left-right model [14]. Another
fundamental way for parity restoration is to enlarge the
matter contents of the SM. To be explicit, we can assign
that, under the parity transformation, left-handed fermions
f1 transform into corresponding new right-handed fermi-
ons f%, which also group into doublets of a new gauge
group SU(2)%, and the right-handed fermions f transform
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into corresponding new left-handed fermions f, which
are singlets of group SU(2)%. This means that we should
enlarge the SM gauge group Gy = SU3), ® SU(2);, ®
U(1)y to Ggy ® Gy, Where the new gauge group Gg; =
SU3). ® SU(2), ® U(1)}, [4] is a mirror of Ggy with
identical gauge couplings, under which the matter contents
switch their chiralities. Hence, the parity is restored in the
Universe where the visible and mirror worlds coexist in the
same spacetime.

In fact, the mirror world is a hidden sector of particles
and interactions, as a mirror-duplicate of our visible world.
The fermionic matter contents of the mirror model can be
summarized below,

Q2~(3, 2, é)(l, 1, 0),
Qp) ~ (1, 1, o)(3, 2 LY,
ue~(3 L )L L o),
W) ~(1, 1, o)(s, 1, %)’,
d;~(3, 1, =D, 1, o),
@) ~(1, 1, o)(3, 1, —%)’,
Ly~(1 2 =5, 1 0y, 2.1)
L ~(1, 1 0)1 2 1),
e~ (1, 1, 0)1, 1, 0),
(e ~(1, 1, 0)(1, 1, —1Y,
vio~(1, 1, 0)(1, 1, 0,
@) ~(1, 1, 0)(1, 1, 0),
¢~(1, 2, %)(1, 1, 0),
¢'~(1, 1, 0)(1 2 1Y,

where i stands for the family index, and the assigned gauge
quantum numbers under Ggy ® G§,, are also given in the
parentheses (with hypercharge Y defined via Q = I3 + Y).
Since light neutrinos are massive, we have also included
the right-handed (left-handed) neutrinos in the visible
(mirror) sector, which are gauge singlets of Ggy ® Gy
So, under the parity operation (X, t) — (—X, t), we have the
following transformations for fermions, gauge bosons, and
Higgs doublets and their mirror partners:

Q) = (0R), uk—(u)), di—(d)),
Lo (LR), e (e)), vhe(v)),
G —(GS), Wi (Wi, B,—B,
pe . (2.2)

Furthermore, the parity invariance of the interaction
Lagrangian requires the same strengths of the correspond-
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ing gauge (Yukawa) couplings between the visible and
mirror sectors; besides, the heavy Majorana mass matrices
for gauge-singlet neutrinos should be equal between the
two sectors as well. For our construction, we will further
include a P-odd gauge-singlet scalar (Sec. II) to realize
spontaneous mirror parity violation, and allow a unique
soft-breaking term in the singlet sector of the Higgs po-
tential to evade the domain-wall problem. We will also
allow the visible and mirror heavy Majorana mass matrices
to be unequal, as another unique soft breaking in the gauge-
singlet sector of neutrino seesaw, which will play a key role
for realizing the desired dark matter density (Secs. III).

B. Communication between visible and mirror worlds

As we see, the mirror parity symmetry also doubles the
particle contents of the SM, but in a much simpler way than
what supersymmetry does. All the mirror particles have not
been seen so far, because the ‘“‘communication” between
visible and mirror worlds is hard. If the mirror parity
exactly holds, all mirror particles have the same masses
as their SM partners as well as an independent set of gauge
interactions (except sharing the gravity force, which is
extremely weak at ordinary laboratory scales). So the
mirror sector consists of a “hidden world”” and thus pro-
vides a generic dark matter candidate in the Universe [4—6].

Nevertheless, besides gravitational interaction, there are
three fundamental ways by which the mirror world can
communicate with our visible world: (i) interaction be-
tween visible and mirror Higgs doublets; (i1) mass mixings
between singlet visible and mirror neutrinos; and
(iii) kinetic gauge mixing of B,, — B/;:

(1) Interaction between visible and mirror Higgs

doublets:

Gauge invariance also allows the following quartic
interaction term between the visible and mirror
Higgs doublets (¢ and ¢') [3,15]:

£¢¢’ = X(QN ¢)(¢/+¢/)

After the electroweak symmetry breaking in the
visible and mirror sectors, (2.3) can induce a mixing
between the Higgs boson 4 and its mirror partner A’
This will then modify the gauge and Yukawa cou-
plings of both A and A/, giving rise to distinct sig-
natures at the LHC. As will be shown in the next
subsection, our model construction also generates
spontaneous mirror parity violation via {(¢) # ('),
and thus gives different masses for mirror gauge
bosons (W', Z') and all mirror fermions. All these
will have important phenomenological consequen-
ces, as to be analyzed in Secs. III.

(i) Mixing between visible and mirror
neutrinos:
Since vy and v} are pure gauge singlets, we can
write down the following dimension-3 Dirac mass
term [16]:

(2.3)

singlet
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L,, = émvgv) + Hec. 2.4)

(ii1) Kinetic mixing between visible and mirror photons:
Since the Abelian field strength tensors B, and
B),, are gauge-invariant, the Lagrangian will gen-
erally include the following dimension-4 mixing
operator [3,17]:

€p v
‘EBB/ = _?B’U’ B{ul/ (25)

After electroweak symmetry breaking, this term

gives rise to a kinetic mixing between the electro-

magnetic field strength tensors for visible and mir-
ror photons,
£77/ — _ EF,LLVF/

mix 2 myr (26)
where € = €)cos’6y, and 0y, is the weak mixing
angle. (Since the mirror parity requires gauge
groups Ggy and Gg, to have identical gauge
couplings, the weak mixing angle 6y remains
the same for both visible and mirror sectors.)
Although this kinetic mixing is not suppressed
by known symmetry, an experimental limit can
be inferred from the orthopositronium annihilation
into mirror orthopositronium, which imposed a
tight upper bound [18,19], e<5X1077. A
more recent measurement of the invisible decay
of orthopositronium reduced the upper limit to
€ < 1.55 X 1077 [20]. In 2010, a new experimen-
tal proposal planned to reach a sensitivity down to
€ <4X107? [21]. But we note that this limit
only applies to the case where the mirror parity
is unbroken, which can generate oscillation be-
tween visible and mirror orthopositroniums. Our
model predicts spontaneous mirror parity viola-
tion, so we will reanalyze the orthopositronium
bound in Sec. IV. The operator [18,19] can also
induce Z—Z7', y—2Z', and Z— 7' mixings,
which are all proportional to the tiny € parameter.
Since these mixings invoke the massive gauge
bosons in weak interaction, they cause no stronger
bounds than the y — ' mixing.

C. Higgs Potential and spontaneous symmetry breaking

We have conjectured that the mirror parity is respected
by the fundamental interaction Lagrangian, so its violation
only arises from spontaneous breaking of the Higgs vac-
uum, and the possible soft breaking can only be linear or
bilinear terms; we further conjecture that all possible soft
breakings simply arise from the gauge-singlet sector alone.
In this subsection, we present a minimal model with spon-
taneous mirror parity violation, where the Higgs sector
includes the SM Higgs doublet, the mirror Higgs doublet,
and a P-odd weak singlet scalar. We show that the possible

PHYSICAL REVIEW D 85, 096003 (2012)

soft breaking can be uniquely realized via the P-odd weak
singlet scalar in the Higgs potential, which evades the
domain-wall problem.

For the minimal construction, we introduce a weak-
singlet real scalar field y which is P-odd. So, the Higgs
sector consists of two Higgs doublets (¢ and ¢') and a real
singlet (y). Under the mirror parity, they transform as
follows:

¢ = ¢

Then, we can write down the most general renormalizable
form of the minimal Higgs potential V for (¢, ¢/, x),
which preserves the gauge group Ggy ® G§y, and the
mirror parity P,

V(g &' x) = —uyol> +18'1) + A5 (o)
+ 19" + Ay (1817 — 1417
— X+ ot + Brax(Il?
—1¢'P) + 32 x> (1 + 19'1%),
AV (x) = Byx:

where we also included the allowed soft P-breaking term
AV from the singlet sector, which is unique and must be
linear in the gauge-singlet field y because we have con-
jectured that all interactions are naturally P-invariant. The
Higgs vacuum expectation values are defined as

0 0
(p)= ( ) ()= ( ) X)=vy (29
U¢ U¢/

As we will see, the B, 4 term in (2.8a) is the key to realize
vy # Vg4, and thus generate the spontaneous mirror parity
violation. (Some early studies considered spontaneous
mirror parity violation via different approaches, such as
setting v, < v, and assuming the coupling of symmetry-
allowed mixing interaction |¢|?|¢’|> to be highly sup-
pressed down to the level of 1077 [22]. This is not the
case for our model.) Then, comparing the operator (2.3)
with the Ay, and Ay terms in Eq. (2.8a), we have the
relation

X< —X (2.7)

(2.8a)
(2.8b)

A= 2(/\:g - ’\d))' (2.10)
Since we are considering the spontaneous P violation, we
will encounter the domain-wall problem [13] which occurs
for spontaneous breaking of a discrete symmetry (such as
parity) with scalar fields. In the literature, there are differ-
ent ways to avoid this problem [23]. We have derived the
unique soft P-breaking term (2.8b) as the simplest resolu-
tion here to remove the domain-wall problem. This is
because Eq. (2.8b) lifts the degenerate vacua of the Higgs
potential (2.8a). It is natural to consider the soft breaking to
be relatively small, i.e., the dimension-3 coefficient BX is
in the range B, < uj.
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With (2.8) and (2.9), we infer the full vacuum Higgs
potential,

V(g @', x))=(V(d, b, X)) +{AVo (X)), (2.11a)
(Vy= —,Ud%ﬁ(v%/) + v(zb,) + /\g(v%,5 + vé,)2

+ A;(v%b - vé’,)2 —ipivy +iAvh

+ ,8X¢vx(v(2¢) — vé,) + %)lmsvf((vi + vfb,), (2.11b)
AV} = Byvy- (2.11c¢)

So we see that the full potential V(¢, ¢', x) no longer has
degenerate vacua,

V(g vynv,) = V(vg,vg —v,)=28,v,#0,  (2.12)
and thus removes the domain-wall problem. The minimal
conditions of the vacuum potential give
oV
o W_y
v,

_ (V) _
8v4, 6v¢/

(2.13)

which lead to the following equations for the nontrivial
vacuum:

W 2N+ V) 20505 v + B,

+ 1A 02 =0, (2.14)
- ,LL%IS + 2)\$(v3¢7 + vfb,) — Z)t(;(v%!7 - vé,) — ByoVy
+ 10,402 =0, (2.14b)

— ,u,f(vx + )vai + ,8)((/,(11%15 — vfb,) + )tw;vx(v(zb + vé,)
+ By =0. (2.14c)

From the conditions (2.14a) and (2.14b) we immediately
deduce

B

vi vl = - ﬁvx, (2.152)
2 _ l/\ .U2

v} + o2, =8 270t (2.15b)

+
2Ag

Inspecting Eq. (2.15a), we see that the VEV v, of the
P-odd scalar y together with its trilinear coupling 8,4 is
the key to generate vy # vy and thus the spontaneous
mirror parity violation. We further rewrite (2.15a) as

\2
(v—¢) =1+

Vg
which shows that choosing the ratio v, /v, = 0.1(0.01)
requires a fine-tuned cancellation down to the level of
1072(10™%) on the right-hand-side (RHS). Hence, the nat-

uralness of our parameter space puts a lower limit on this
ratio,

ByopVy
— 2 y
2A¢v¢

(2.16)
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vV 4
¢ >01,
Vg

(2.17)

by allowing the fine-tuned cancellation on the RHS of
(2.16) to be better than 1%.

Using (2.14) we can analytically solve the three VEVs in
terms of two mass parameters and five couplings in the
Higgs potential (2.8a),

(e —5A0evd B
v} = (FE X _Txe, (2.18a)
¢ 4( AL A, XS
¢ ¢
115~ 30y . B
vfﬁ,=1< ¢ et A{%X), (2.18b)
4 ¢
Ayl — 205 @2
T R M Lo (2.18¢)
Ay — 4N A

By . . )
7, and in the last equation, v}, is

derived under the vanishing soft-breaking parameter
B, = 0. To include a nonzero B,, we can recast (2.14c)
into the form

where @2 = u3 +

vy — vy, — By =0, (2.19a)
2
3 = Yoo , (2.19b)
; 4)@ X
2 2
Sl W TR (2.19¢)

CTToy o, M

where we have made use of (2.15a) and (2.15b). Since
By << iy, iy, We can solve (2.19) perturbatively to the

first nontrivial order,

=vX0+BX+O< 'Bi ),

v
2C1 M?{,d)

» (2.20)

which reduces back to our leading-order solution (2.18c) in
the 8, — 0 limit.

Choosing unitary gauge and physical vacuum, we see
that the doublet ¢ (¢') contains a (mirror) neutral Higgs
boson, while the P-odd y gives a singlet scalar particle. So
denoting ® = (¢, ¢', )7, we can write down the Higgs
mass term ®7 M2®, and derive the 3 X 3 symmetric mass
matrix as follows:

2 2 2
Mpp  Mpgr  Mpy

M= my, my, my | (2.21)

2 2 2
m¢X m¢,X myy

with the six elements,
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m¢ =4(/\¢+/\ )v¢,

+
"y 4(/\ a0,
mf()( w2 +3A v2 +1A ¢,(v%ﬁ +v(21),),

m¢¢, =4(/\¢ — /\g)v(ﬁvqy,
Mg = (AygVy + Byo)vg:

mqﬁ’,y:()‘xzﬁvx

(2.22)

- BX(ﬁ)v(f)/)

where we have made use of the vacuum solution (2.18)
for simplification. In Sec. IV, we will present numerical
samples for the vacuum solution (2.18) and derive the
physical Higgs mass spectrum from diagonalizing the
mass matrix (2.21).

Finally, we comment on the self-interactions of mirror
dark matter due to the unbroken mirror electromagnetism
which may be a concern for all mirror models with the
unbroken mirror Abelian gauge group. As clarified in [24],
the MACHO Collaboration [25] found statistically strong
evidence for dark matter in the form of invisible star-sized
objects [26], which is just what one would expect if a
significant amount of mirror dark matter exists in our
galaxy. Another survey analyzed stars across the face of
M31 and found significant evidence for a population of
halo microlensing dark-matter objects, showing a halo
mass fraction of f = 0.297949 [27]. This is consistent
with the results of the MACHO Collaboration [26]. For
dark matter in the form of MACHO, it will not show self-
interactions in the bullet cluster. In addition, it is worth
noting that although astronomical observations have put
nontrivial constraints on the possible long-range self-
interactions of the dark matter, they are valid only for the
assumed homogeneous dark-matter distributions and thus
need not to be directly applicable to the mirror dark matter
as it can form nonhomogeneous type of structures [28]. For
the bullet cluster, the observations showed that after a
collision of two galaxies, the dark matter can pass through
each other as if there are no collisions between them. But
other observations exist with the opposite implication. For
instance, studies on the Abell-520 cluster (also known as
MS 0451 + 02) [29] performed the weak-lensing analysis
and subsequent comparison with the optical and X-ray
properties of the cluster. It was found [29,30] that the
massive dark core coincides with the central X-ray emis-
sion peak, but is largely devoid of galaxies, indicating
certain self-interactions of the dark matter, which may be
explained by the mirror dark matter [31]. Astronomers are
making further efforts to explore the true natures of dark
matter, including unusual clusters such as Abell-520 and
the like.

III. COMMON ORIGIN OF MATTER AND DARK
MATTER VIA LEPTOGENESIS

In this section we study the generation of visible matter
and mirror dark matter from a common origin in neutrino
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seesaw via leptogenesis. In Sec. III, with the spontaneous
mirror parity violation, we derive the ratio of visible and
mirror nucleon masses as a function of the VEVs of visible
and mirror Higgs bosons. Then, in Sec. III, we connect the
visible and mirror leptogeneses, and compute the ratio of
visible and mirror baryon asymmetries in terms of the
unique soft P-breaking parameter in the neutrino seesaw.
We will present two seesaw constructions for both the
visible and mirror neutrino sectors, which explicitly realize
the common origin of the matter and dark matter geneses.
Then, we demonstrate the realization of the astrophysical
observation, Qpy:y = 5:1. Finally, we analyze the con-
sistency of our mirror model with the constraint from big-
bang nucleosynthesis in Sec. III, which puts a nontrivial
limit on the ratio of the visible and mirror Higgs VEVs.

A. Common origin of visible and dark matter
from leptogenesis

Observations reveal our visible world to be exclusively
populated with baryonic matter instead of antimatter. The
genesis of net baryon asymmetry requires baryon number
violating interactions, C and CP violations, and departure
from thermal equilibrium [32]. This can be naturally
realized via leptogenesis [8,9], where the leptonic CP
violations arise from neutrino seesaw and where the out-
of-equilibrium decays of the heavy Majorana neutrino into
a lepton-Higgs pair and its conjugate produce the lepton-
number asymmetry. Because of the electroweak sphaleron
process [33], the lepton asymmetry is partially converted
into the desired baryon asymmetry and can explain the
observed baryon density today [34],

Qg = 0.0458 £ 0.0016. (3.1

As shown in (2.2), the mirror parity connects the particle
contents of the visible and mirror sectors with one-to-one
correspondence. Furthermore, it requires identical gauge
(Yukawa) couplings between the two sectors, as well as the
same Majorana mass matrix for the gauge-singlet heavy
Majorana neutrinos. Thus, it is very natural to generate the
baryonic mirror matter-antimatter asymmetry from mirror
leptogenesis. With the spontaneous mirror parity violation
(Sec. IT) and a unique soft breaking in the singlet sector of a
neutrino seesaw, we will generate desired mass splittings
between the visible and mirror nucleus, as well as a differ-
ent efficiency factor of out-of-equilibrium decays for the
heavy singlet mirror neutrinos, such that the baryonic
mirror matter can naturally provide the observed dark
matter density in the Universe [34],

Qpy = 0.229 = 0.015, (3.2)

which is only about a factor of 5 larger than 5. With (3.1)
and (3.2), we derive the ratio, Qpy/Qp = 5.00 + 0.37,
which gives the 20 limit: 4.26 < Qpy/Qp < 5.74. For the
mirror model, we have the visible matter density Qy; = Qg
and the mirror dark matter density Qpy = Qp.
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With the mirror baryons serving as natural dark matter,
we can thus derive the ratio of dark matter density relative
to that of visible matter,

QDM ~ QB' _ NBf mpy

QM QB N B My ’
where my denotes the visible nucleon mass and my: the
mirror nucleon mass. In (3.3), Ny (Np) is the baryon
number (mirror baryon number) computed in a portion of
comoving volume [which contains one photon (mirror
photon) before the onset of (mirror) leptogenesis].

As shown in Sec. II, the spontaneous mirror parity
violation makes the visible Higgs VEV differ from that
of the mirror Higgs, vy # vy. So, the masses of the
visible and mirror nucleus also differ from each other,
my # myy. For further analysis, let us derive the relation
between nucleon mass and the Higgs boson VEV. The
running of QCD gauge coupling a,(u) is given by

2 1
1=2n; In(un/A)’

while the mirror QCD’ has its running gauge coupling
a’(u) behave as

(3.3)

a,(pu) = 1 (3.4)

2 1
11 — %n} In(u/A')’
where we denote A = Agcp for visible QCD and A’ =
Afep for mirror QCD’, which are renormalization group

invariants. The ny (n}) counts the number of (mirror) quark

flavors involved at a given scale w. Then, we can match
a () at the scale u = m, with ny, = 5 and ny = 6,

a(m,) = a¥(m,),

ai(p) = (3.5)

(3.6)
which leads to

Ay = (m)?3(Ag)?1/%. (3.7)

Similarly, matching o (u) at u = m;, and u = m,, re-
spectively, we deduce

Ay = (m)Y B (As5)»/%, (3.8)

Ay = (m )2 (A g™/ (3.9)

From the above relations, we further arrive at
Ay = (memym)*? (A g)??7 o 03 (A2, (3.10)

where we note that the current quark masses for (c, b, t)
are generated from the Yukawa interactions with Higgs
boson ¢, and thus are proportional to the Higgs VEV v .
The nucleon consists of up and down quarks and its mass is
dominated by the dynamical mass instead of the current
masses of u and d quarks (which are only a few MeV and
thus negligible here). So, the nucleon mass should be
proportional to the dynamical QCD scale A ). Thus, using
(3.10) we finally derive
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my = v’ (Ag)?7. 3.11)

In parallel, we can infer the relation for mirror nucleon
mass,

2/9
My % v ¢/, (Afg)21/27. (3.12)
Note that the visible (mirror) sector contains only six
(mirror) quark flavors, so the renormalization group invari-
ant A (or Afﬁ)) holds for all scales above m, (or m}). At

sufficiently high scales u > m;, m; ~ vy, v}, the renor-
malization group invariants A ) and A are determined by

the corresponding strong gauge couplings alone. As the
mirror symmetry requires a,(u) = a’(w), it leads to
Ae) = Agﬁ). With this we can deduce from (3.11) and

mpyy o ‘U(/,/ 2/9

my <U¢) '
Next, we analyze the ratio of visible and mirror baryon
numbers, N g /N, as appeared in Eq. (3.3). It is natural
and attractive to produce Ny and N from the visible
and mirror leptogeneses via neutrino seesaws, respectively.
As we will show, due to the mirror parity, the visible and
mirror neutrino seesaws are quantitatively connected; es-
pecially, they share the same CP phases in addition to the
same Yukawa couplings and singlet heavy Majorana mass
matrix. This naturally provides a common origin for the
visible matter and mirror dark matter via leptogeneses. As
we mentioned earlier, we will allow soft breaking of mirror
parity in the gauge-singlet sectors which include the heavy
singlet Majorana mass terms in the neutrino seesaw [35].
This means that we will allow unequal singlet heavy
Majorana mass matrices, My # M}, between the visible
and mirror seesaws; but we will maintain this soft breaking
to be minimal, i.e., both My and M), still have identical
structure (as required by mirror parity) except differing by
an overall scaling factor, My oc M),. Hence, we can write
down the seesaw Lagrangian,

£ss = _EY€¢€R - [’YVJ)N + %NTMNCA'N
—RY,$'t; — R'Y,¢'N' + INTMCN

(3.13)

+INTSmCN' + Hec. (3.14a)
= —€, Mt — 7pmpN + INTMCN

— M0, — vmpN + INT MY N/

+ %NTBm(AfN’ + H.c. + (interactions), (3.14b)

where L denotes three left-handed neutrino-lepton
weak doublets, £ = (e, u, 7)7 contains charged leptons,
v = (v,, v, v,)" is for the light flavor neutrinos, and N =
(N, N,, N5)T represents two heavy right-handed singlet
neutrinos for the visible sector, while R/, ¢/ =
(e, w', ™, v =, v, v)T, and N' = (N}, N5, N))T
are the corresponding fields in the mirror sector. In (3.14),
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we have used ¢ (¢’) to denote the charge-conjugation of
Higgs doublet ¢ (mirror Higgs doublet ¢'), and € =
iv*y? is the charge-conjugation operator for spinors.
Also, the notations for singlet heavy Majorana neutrinos
N and N’ are connected to that in (2.1) via N ~ vy and
N’ ~ v/, where N and N/ are Majorana spinors, so we have
N = N¢and N/ = N’

Imposing the mirror symmetry P on the interaction
Lagrangian in (3.14a) of neutrino seesaw and allowing
the minimal soft P-breaking for the heavy singlet
Majorana mass terms in (3.14a), we deduce the following
relations between the visible and mirror sectors:

Yo=Y, Y,=Y,  My=ryMy, (315

where the ratio ry = My /My # 1 characterizes the
minimal soft P-breaking and its value will be determined
later by generating the desired dark matter density,
Qpy = 5Qy. The mass eigenvalues of My and M), will
be denoted as M; and M }, respectively. Thus we also have
M;/M'; = ry. Since the Dirac mass matrices mp, = Y,v
and mj, = Y,v,, we have
/
Mp Y4 (3.16)
mp U(f’
Since the mixing mass term 6m between N — N/ in (3.14)
will lead to mixings between light visible and mirror
neutrinos after the heavy singlet neutrinos N and N/ are
integrated out, this term has to be very small due to the
tight constraints for sterile neutrinos. So we have §m <|
My — M} | and thus for the present analysis it is safe to
neglect 6m. This means that we have separate seesaw mass
formulas for the light visible and mirror neutrinos,

M, = mpMy'mb, (3.17a)

v2,

M, = m)y Ml ' mll = U—‘erM,, (3.17b)
¢
where in the second equation we have used the mirror
symmetric relations (3.15) and (3.16). These show that
the visible and mirror neutrino sectors must share the
same CP violation phase(s) as well as the same flavor
mixing structure.

In the visible sector, the baryon number density N 5 and
the amount of B — L asymmetry N 5_;, as defined in a
portion of comoving volume containing one photon at the
onset of leptogenesis, are given by [9]

Np=ENg, :%ff(ffl» (3.18)
where the parameter & = 28/79 is the fraction of B — L
asymmetry converted from N z_; into a net baryon num-
ber N 5 by sphaleron processes, and is determined by the
number of fermion generations and Higgs doublets in the
SM [36]. The factor k in (3.18) measures the efficiency of
out-of-equilibrium N;-decays, and €; characterizes the CP
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asymmetry produced by the decays of the lighter singlet
neutrino N, at the scale of M. In parallel, for the mirror
sector we have

Nyy=ENy_, =Z§’K}e’l, (3.19)
where & = & = 28/79, since the mirror sector has the
same number of fermion generations and Higgs doublets
as the visible sector. The P-odd singlet scalar y is real and
thus has zero chemical potential. Also, in the Higgs poten-
tial (2.8), all the mixing terms among ¢, ¢’, and y have
vanishing chemical potential. So they do not affect the
conversion efficiencies £ and £’ in both visible and mirror
sectors, and we have & = £'.

The efficiency factor k¢ in (3.18) can be solved from the
Boltzmann equations [37],

d{le = —(D+H(Ny, = Ny), (3.20a)
Z
%ﬁi = —e DNy, —NY) = WNy,, (3.20b)

where z=M,/T, and (D,S, W)= p I's, T'y)/(Hz)
are dimensionless functions of z. The Hubble expansion
rate H is given by, H = (87g./90)"/2(M?}/Mp)z~2,
where Mp =~ 1.22 X 10" GeV equals the Planck mass,
and g, represents the relativistic degrees of freedom at
the temperature 7. The rate I'p, denotes the decays and
inverse decays of N, I'gy accounts for N, scattering
rate, and 'y, is the washout rate including contributions
from the inverse decays and the AL = 1,2 processes,
where the contribution of AL = 2 processes is denoted
by Al'y, = (Hz)AW. Tt is found [37] that the dimen-
sionless functions (D, S, W, AW) have the following
simple scalings:

Mpn MpM ,im?
D,S,W—AWoc=PlL AW o= (300
Vs Vs
where 71, is the effective light neutrino mass,
~t
iy = oM (3.22)
M,

and fmp = mpVp, with Vi being the unitary rotation
matrix which diagonalizes Mp. In the last relation of
(3.21), the light neutrino mass parameter m is given

by the trace i = [tr(MIM,)]"? = /m} + m3 + m3.
Inspecting (3.21), (3.22), and (3.17a), we note that the
functions (D, S, W, AW) do not actually depend on
the Higgs VEV vy, but depend on relevant products of
Yukawa couplings and the heavy singlet neutrino mass
M, as well as the Planck mass Mp. We can see this
explicitly by examining the analytical solution [37] of
the Boltzmann equations (3.20),
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Ky = m%)K [1 - exp<— %ZB(K)K) ] (3.23a)

1 K> 31257K?\5
=1+ - 1 . .
75(K) =1 > ln[l 004 (h‘ 004 ) ] (3.23b)

which agrees with the exact numerical solution very
well. This shows that the efficiency factor «; depends
only the parameter K,

Tp(z = T
K=M=@x_, (3.24a)
Hz=1) m, M,
16752 Jg; vy
m, =10 N8V 510y, (3.24b)

35 Mp

where the VEV v, =174 GeV is responsible for the
electroweak symmetry breaking (cf. Sec. IV). At the
temperature 7 ~ M;, we note that the effective degrees
of freedom g, = O(200) contain 106.75 from SM par-
ticles and % from Majorana neutrino N, and in addi-
tion, the mirror partners contribute another 106.75 to
g. and the real scalar y contributes 1. So we have
g« = 216.25 in total. (Here we do not count on the
lightest mirror singlet neutrino N| because its mass is
much larger than N; [cf. (3.35) below] and already
decays at a higher temperature.) Inspecting (3.22) and
(3.24), we note that K oc M 1_1, but has no dependence
on the Higgs VEV wv, because both 72, and m. are

proportional to v7,.

For practical applications, it is more convenient to use
the fitting formula for the efficiency factor « in the power-
law form under /m; > m, [37],

, (3.25)

0.01 eV\1.120.1 .
Kf=(2i1)><10_2( mle ) oc M|+

where the effective light neutrino mass 71, is defined in
(3.22) and we have extracted the scaling behavior «, oc
Mgl'lto'l). The formula (3.25) is found to be in good
agreement with the exact numerical solution [37]. We
expect that, without accidental cancellation, effective
mass 71, should be the typical mass scale of light neutrinos,
i.e., m; = 0(107'=1072) eV. For natural Yukawa cou-
plings Y, = O(1), one can infer [37], m; = m; = mj

or my = m; = my. As will be shown in Sec. III [cf.
Eq. (3.43a)], for our explicit seesaw realizations, we can

deduce i) ~ 4/Am2; = 0(107'-1072) eV, where Am?, is
the atmospheric mass-squared difference as measured by

the oscillation experiments [38]. For computing the ratio of
the two efficiency factors «, and K} in the visible and

mirror sectors, we see that the overall coefficient on the
RHS of (3.25) is irrelevant; only the scaling behaviors,

Kp o< M(11.110.1) and K} oc Mi(l'lio'l), will matter. So, we
can deduce the ratio
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Klf M)\L1=0.1 1\11=0.1
o) -G

which depends on the mass ratio ry of the visible/mirror
heavy singlet neutrinos, and does not equal 1 due to the soft
breaking of mirror parity in the singlet sector, M| # M}, as
in (3.15).

The CP asymmetry parameter €; can be expressed as

(3.26)

_ I[N, — ¢H] — T[N, — {H"]
I[N, — ¢H] + T[N, — €H*]

_ 1 F(%)Sm{[(ﬁ%ﬁm)lz]z}
477”3» M, (ﬁi/gﬁip)n

€]

. (327

where the v, factors all cancel out on the right-hand-
side, and for the SM the function F(x) takes the following
form:

Fx) Ex[l 1+

3 1
=5t (9<x_)

In parallel, for the mirror CP-asymmetry parameter €/, we
have

1+x2+ 1 ]
x2 1 —x2

(for x > 1). (3.28)

o I[N} — ¢,H'] — T[N| — €,H"]
' T[N — €¢,H'] + T[N — €,H"]
_ 1 F(&) S ) 1o

477'1125, M,

(3.29)

(),
Because of the soft-breaking relation My oc M), in (3.15),
we have equal mass ratios M,/M; = M),/M]. Using the
mirror symmetry requirements (3.15) and (3.16), and not-
ing that the VEV factors all drop off in (3.27) and (3.29),
we deduce

€l = €. (3.30)

Hence, the difference between Nz and N, actually
arises from the parameters «, and K} as in (3.26). Now,
from (3.18), (3.19), and (3.26), we can deduce the ratio of
visible and mirror baryon asymmetries,

N Ekle K M/\1.1+0.1
B> - (—1) . (33D
foEl Kf

N ~ g,
With (3.3), (3.13), and (3.31), we finally arrive at

Qpy _ Qg _ Npmy _ (Mi)(141+0-1)<v¢/)2/9 (3.32)
Qy Qp Npmy M, Vg ’ ’

Thus, to realize the astrophysical observation of
Qpm/ Oy = 5.0 = 0.74 as inferred from (3.1) and (3.2)
[34], we deduce a constraint on the ratio between the
visible and mirror heavy singlet neutrino masses,
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My (QDM)1/9<U_¢)2/(99)
Ml QM ‘U¢/ ’
where 0 = 1.1 = 0.1. As we will show in (3.51) of Sec. III,
the big-bang nucleosynthesis (BBN) will put nontrivial

constraint on the VEV ratio, vy / vy < 0.70. Combining
with the naturalness condition (3.26), we have

(3.33)

U¢/
0.1 <—<0.7.
Vg

(3.34)

Taking the ratio v¢//v¢ = (0.1,0.5,0.7), we evaluate
the VEV factor in (3.33) with ¢ = 1.1 and find,
(vs/vy)? = (1.6,1.2,1.1), respectively, which is
rather insensitive to v 4 /v 4. So, in the numerical analyses
of Secs. IV, we will set a sample value of vy /v, = %
With this model input and ¢ = 1.1, we derive the con-
straint for the mass ratio of heavy singlet neutrinos, ry =
M, /M,

0.18 < ry < 0.23, (3.35)

with a central value ry = 0.2, where we have imposed the
20 astrophysical limit on the ratio of dark matter over
matter densities, 4.26 < Qpy /Oy < 5.74.

B. Explicit seesaw realizations of visible/dark
matter genesis

In this subsection, we will extend two of our seesaw
constructions [39,40] to the present visible and mirror
neutrino sectors, where the w — 7 and CP symmetry
breakings naturally arise from a common origin. With
these, we show how the common origin of visible and
dark matter geneses are explicitly realized in the seesaw
formalism. Also, as given in Eq. (3.25), we see that «x; (or
similarly «’;) depends on the mass parameters 72 (or 7i1}).
We expect that 77, should be the typical mass scale of light
neutrinos, around 7i7; = O(107'-1072) eV. With the see-
saw formalisms [39,40], we will derive 72, and 7} explic-
itly, which also justify the conditions 71, > m, and
n~1’1 > ml, for the application of Ky formula (3.25) and its
extension to K.

The w — 7 symmetry is a Z, invariance of the light
neutrino mass matrix M, under the exchange v, < v,.
The p — 7 symmetric limit predicts a unique pattern for
atmospheric and reactor neutrino mixing angles, 6,3 =
45° and 0,3 = 0°. This is strongly supported by the exist-
ing neutrino oscillation data as a good zeroth-order sym-
metry, because both deviations 6,3 — 45° and 6,3 — 0° are
constrained to be generically small, —7.5° < 6,3 —45° <
2.9° and 5.1° < €3 — 0° < 10° at 90% C.L. [38], which
are all within a 10° range. A vanishing 6,5 also enforces the
absence of Dirac CP violation, so under the attractive
conjecture that all CP violations arise from a common
origin in the neutrino seesaw, it is deduced that all CP
violations share a common origin with u — 7 breaking
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[39,40]. We also note that under w — 7 symmetry, the
singlet heavy Majorana neutrinos can either transform
simultaneously or act as w — 7 singlets since the low
energy oscillation data only measure the mixings encoded
in the light neutrino mass matrix. In the first case, we found
that the common origin of u — 7 and CP violations can be
formulated as the unique soft breaking via dimension-3
mass term of heavy singlet Majorana neutrinos [39]; while
in the second case (called the u — 7 blind seesaw), we
found that this common breaking can be uniquely formu-
lated in the Dirac mass term from Yukawa interactions
[40].

In the following, we will extend these two constructions
to the present mirror model where the mirror symmetry
enforces the visible and mirror neutrino seesaws to share
the common origin of u — 7and CP breaking, and thus the
common origin for visible and mirror leptogeneses with
the same CP phase in the N and N| decays. For simplicity,
we consider the minimal seesaw with two singlet heavy
Majorana neutrinos, in the visible and mirror sectors,
respectively. This ensures one of the light neutrinos to be
massless under seesaw and thus predicts the hierarchical
mass spectrum for light neutrinos (with normal or inverted
mass ordering). This is always a good approximation when
the third singlet Majorana neutrino is much heavier than
the other two and thus decoupled from the seesaw
Lagrangian. Extensions to general three-neutrino seesaw
were also considered in [39,40], where a massless light
neutrino is still predicted even after including the common
pm — 7 and CP breaking.

1. Visible/mirror seesaws with common soft u — 7
and CP breaking

For the soft 4 — 7 and CP breaking from a common
origin in the neutrino seesaw, we find that they uniquely
arise from the dimension-3 mass term of singlet heavy
Majorana neutrinos. For the visible neutrino seesaw, we
have the Dirac and Majorana mass matrices including the
common soft uw — 7 and CP breaking [39],

M M
, MN:< » »
Myy My(1—{e')

aa
mp=\|b c

), (3.36)
cb

where the small breaking is characterized by the module
0< ¢ <1andCPangle w € [0, 27). Accordingly, for the
mirror neutrino seesaw we have

v, 1
mID = ¢ mp, M;V = _MN'

‘U¢ ry

(3.37)

Here the minimal soft P-breaking is realized by the
overall ratio ry = 0.2 # 1, and the proportionality of
M}, o< My ensures the same structure of My and M}, i.e.,
the visible and mirror sectors share the common origin of
CP violation, which will thus serve as the common genesis
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for matter and dark matter in the two sectors. The mass
spectrum of light neutrinos falls into the normal mass
ordering (NMO) pattern (0 = m; < m, <K m3), where
the zero mass eigenvalue m; = 0 was found to persist
even in the generalized three-neutrino seesaw with com-
mon soft u — 7 and CP breaking [39]. From systematical

derivations [39], we have
= x1m3 = x1yAmis,  (3.38)

where the third light neutrino mass m3 = 4/Am?; for the

_ ("7;57710)11 z(b —c)?

M, M,

1y

NMO spectrum, and the mass-squared difference Am3; =
|m3 — (m3 + m?)/2| is measured to be 2.06 X 1073 <
Am3; <2.67 X 1073 eV? at 30 level, with the central

\Am3; = 0.048 eV [38]. The coefficient y; =

x(M,, M) in (3.38) is a renormalization group running
factor which evolves m; from weak scale M, up to the
leptogenesis scale M, and is found to be about 1.3—1.4 for
M, = 103-10'° GeV [39]. So we can estimate, 7, =
0.06-0.07 eV > m,, where m, ~ 1.5 X 1073 eV is given
in (3.24b).

For the mirror neutrino seesaw, we can deduce from
(3.37) and (3.38),

value

~ It~ 2
) (mDmD)ll _ Uy -
ml —T— ) rym;.
1 L)

(3.39)

As mentioned earlier, from the BBN constraint (Sec. III)
and the naturalness consideration, we have vy / vy = %;
while with the density ratio of dark matter over matter, we
inferred from (3.35), ry = 0.2. So we can estimate 11} =
7 /20 = (3-3.5) X 1073 eV > m, since m/, is given by

2
= 1677(5/2)@2
35 Mp

where we count g, = 219.75 = 0(200) at the temperature
T =T ~ Mj, which contains 106.75 X 2 from the SM
degrees of freedom plus their mirror partners, and % X3
for Ni and (N, N,), as well as another 1 by the real
scalar y.

~3.8X 107* eV, (3.40)

2. Visible/mirror . — 7 blind seesaws with common
pm — 7 and CP breaking

For the u — 7 blind seesaw, the heavy Majorana neu-
trinos are u — 7 singlets, so we can always start with their
mass eigenbasis under which My and M), are diagonal.
Thus the Dirac mass terms mp, and m/}, are the unique place
for common p — 7 and CP breaking [40],

=/

@ a M, 0
mp=| b e=¢) | My=(" ") G4l
b &(1—fel) :
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for the visible neutrino sector, and
o U¢/ 1

! —

mD, M __MN?
N

'Ud, ry

mf, (3.41b)
for the mirror neutrino sector, where 0 < / < 1, || <1,
and o € [0, 27) parametrize the u — 7 and CP breaking.
Hence, it is the proportionality m o mj}, that ensures the
visible and mirror sectors to share the common origin of
CP violation, which will then serve as the common genesis
for matter and dark matter in the two sectors.

From systematical analysis [40], we see that the light
neutrino mass spectrum falls into the inverted mass order-
ing (IMO) pattern (m, = m; > ms = 0), where we found
that the zero mass eigenvalue m; = 0 persists up to the
next-to-leading order even in the generalized three-
neutrino seesaw with common x — 7 and CP breaking.
Then we deduce

__ (mhimp)
iy = DM—ID” =~y m = )(n/Am%, (3.42a)
for the visible seesaw as in [40], and
(I’h/Tl’hl ) UZ/
= = D"'DJ11 __ ¢ ~ 3.42b
mi —Mi U(zp NIy, (3.42b)

for the mirror seesaw.

Comparing (3.42a) and (3.42b) in the w — 7 blind see-
saw with (3.38) and (3.39) in the soft-breaking seesaw, we
can deduce, for both cases,

iy = x4/ Am?; = 0.06 — 0.07 eV > m,, (3.43a)
U2,

i = vg’ vty = (3—3.5) X103 eV>ml,  (3.43b)
¢

where we take the ratios v¢//v¢ %% and ry = 0.2, as
explained above.

C. Analysis of the BBN constraint

Before concluding this section, we discuss the possible
constraint from big-bang nucleosynthesis on the mirror
sector. The observed light element abundances in the
Universe agree well with the predictions of BBN in the
SM of particle physics. This means that at the temperature
T ~ 1 MeV, the number of effective degrees of freedom
should be g.. = 10.75 as contributed by photons, electrons,
and three species of neutrinos. Considering the mirror
model, we have additional contributions from mirror pho-
tons, mirror electrons, and mirror neutrinos to g.. So the
total number of degrees of freedom becomes as 2.,

2 (1Y
o= ()]

where T (T') is the temperature of visible (mirror) sector.
The deviation of g, from g, is normally parametrized in

(3.44)
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terms of the effective number of extra neutrino species
AN, via Ag, = 8. — g. = 1.75AN,.. So we have

!
AN, = 6. 14<T)

But the current BBN analysis gives [41] N, = 3.807030 at
20 level, for the neutron lifetime being 878.5 £ 0.8s. So
this puts a 20" upper limit, AN, < 1.50, and thus imposes
the constraint on the mirror temperature 7’ in the BBN
epoch,

(3.45)

T’ <0.70T, (3.46)
where the coefficient is proportional to (AN, )'/4, with only
a mild dependence on AN, In the literature [42,43], it was
assumed that after inflation the reheating temperatures in
the two sectors are different such that the condition (3.46)
will be obeyed during BBN. But it is not the case for the
current construction due to the mixed Higgs interactions
|61?| ', x|]?, and y|@’'|? in (2.8a), which will bring the
two sectors into thermal equilibrium before BBN starts
(even though the kinetic mixing between photons and
mirror photons in (2.6) may be negligible).

Our model realizes (3.46) in a different way. For the
above reason, we simply have the equal temperatures
T = T' for the two sectors after inflation and then at the
leptogenesis scale My and M},. We observe that the desired
temperature difference in (3.46) can be produced through
the visible and mirror electroweak phase transitions at the
scales ~(v,, vy, vg) = O(100 GeV). For simplicity of
illustration, let us first write down the one-loop effective
potential for scalar field y alone at temperature 7. Defining
the thermal average (x) = x., we have

2

A 7

322 x: 25
+ X 4(1 ‘——),
12872 X¢

1 1
Vix.) =[ —pixit— /\X)(Z‘-]

an G (3.47)
where on the RHS inside the second brackets is the finite
temperature correction and the last line gives the Coleman-
Weinberg term. In the effective potential above, Nz (Ny)
denotes the number of bosonic (fermionic) degrees of
freedom. At finite temperature, the Higgs mass term
receives a correction from the thermal fluctuation and
becomes

A
mi(T) = —p2 + X772

3 (3.48)

Near the critical temperature 7, = u X\/Az, we have the
X

scalar mass mi =~ (), so the effective potential takes the
form
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3A2 XX 25
V(Xc)=128;2)(‘3(lnﬁ— 6)+ 4AXXC
2 7
Ny + N |T* 3.49
90( bty F) (3.49)

A kind of scalar potential similar to (3.49) was also used to
generate the electroweak scale inflation in Ref. [44] for a
singlet inflaton field at the weak scale. It was found that this
can result in about 30 e-foldings at the weak scale. We do
not need such huge expansion at this stage since we have
the conventional high-scale inflation in our scheme. But
from this we see that it is easy for the electroweak phase
transition of a Higgs field to cause a small expansion just
about 1 ~ 2 e-foldings [45], starting from the temperature
[46] T = T' ~ max(v,, vy, vy). And then T rolls down
together with 7’. After these three Higgs bosons roll into
the potential minimum at lower temperature, the reheatings
[47] from the electroweak vacuum energies start. The
vacuum energy density in (2.11b) takes the forms of v4X,
v? v?ﬁ, v‘ff), vivi,, v%ﬁvfb,, and v‘(‘b,. Under the explicit
constructions in Sec. IV, we will always have the mass
eigenstate Higgs ¢ and ¢ dominantly decay into the visible
SM particles, and the mirror Higgs ¢’ mainly decay into
mirror particles. So the reheatings of vacuum energies
associated with y and dA) will raise the temperature of the
visible sector back to 7 ~ max(v,, v,), and the reheating
with (]3’ raises the temperature of the mirror sector back to
T’ ~ v 4. So, the visible and mirror reheatings end up with
a temperature relation

TI U¢/ U ¢/ U¢

T max(vX,vd,) v, vy

(3.50)

After reheatings, the temperature difference (3.50) re-
mains along the expansion of the Universe till the BBN
epoch at T~ 1 MeV. Combining the BBN condition
(3.46) with (3.50), we find the VEV ratio is subject to the
constraint

vy U
&Y 07
”UX Ud’

(3.51)

For sufficient reheatings with 100 percent conversion of the
vacuum energies into radiations, we need Higgs oscilla-
tions to decay rapidly, with I'g = H [47], where I'g denotes
the decay width of a given scalar S, and H is the Hubble
expansion rate at the electroweak phase transition as

determined by
’877' V3 5
3 Mp

where (V(S)) ~ v¢ is the typical vacuum potential of a
scalar S(= y, ¢, ¢') with its VEV vy = 0O(100) GeV at
the weak scale. For our model, the typical decay width of S
is found to be I's = O(1073 — 1) GeV (cf. Sec. VI), so

8m(V(S)) _

; ~ 107" GeV,
3M,

(3.52)
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from (3.52) we have I'g > H, showing that the electro-
weak vacuum energies are fully converted to radiations.
Since all Higgs bosons decay away by the end of electro-
weak vacuum reheating, the mixed interactions like
|#1?|¢'|> could only occur via virtual processes and are
much suppressed. So the thermal contact between the
visible and mirror sectors is negligible, and thus the tem-
perature difference (3.50) is retained. There could be
potential mixing between visible and mirror photons as in
(2.6), but we find that in our model their mixing para-
meter is constrained down to € < 3.4 X 107> due to the
orthopositronium bound [cf. (4.26) in Sec. IV] and € =
1078 due to the direct dark matter search limit of TEXONO
[cf. Fig. 6(b) in Sec. VI], so it will not affect the tempera-
ture difference (3.50).

IV. HIGGS MASSES, COUPLINGS,
AND LOW-ENERGY CONSTRAINTS

In this section we present realistic numerical samples of
our model-predictions that can be tested at colliders. For
the successful matter and dark matter genesis (Secs. III)
and the realization of BBN (Sec. III), we have derived
constraints on the mass ratio of heavy singlet neutrinos
and the ratio of Higgs boson VEVs between the visible and
mirror sectors, as in (3.35) and (3.51). With the vacuum
minimization conditions for spontaneous mirror parity
violation and electroweak symmetry breaking in Sec. II,
we first analyze the viable parameter space. Then, we will
present three numerical samples under (3.51), and derive
the corresponding Higgs mass spectrum and couplings.
Finally, we analyze the constraints from the direct Higgs
search and indirect electroweak precision data.

A. Analytical constraints on the parameter space

There are seven free parameters in the Higgs potential
(2.8a), including two masses and five couplings. The soft-
breaking term (2.8b) contains an extra coefficient 3,. But
we need to impose the following nontrivial physical con-
straints, which will largely reduce the number of input
parameters of our Higgs potential. These constraints are:
(i) the VEV of ¢ must generate the right amount of
electroweak symmetry breaking in the visible sector, i.e.,
we have v, = (272G )2 = 174 GeV. (ii) For successful
mirror dark matter genesis and realization of BBN, the
ratio of the Higgs VEVs should obey the condition (3.51).
(iii) Both the mixings between ¢’ — y and between ¢ —
¢’ should be small, so that decays of the mass eigenstate of
¢ or y into mirror fermions and gauge bosons are negli-
gible. This is to ensure that during the reheating of elec-
troweak phase transition the decays of the mass eigenstates
of ¢ and y will mainly heat up the temperature 7 of the
visible sector, but without affecting the temperature 7’ of
the mirror sector (cf. Sec. III). This last constraint also
implies that the mass eigenstate of mirror Higgs ¢’ mainly
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decouples from the visible sector. These are unique fea-
tures of our construction and differ from all previous mirror
models in the literature.

We note that among all seven parameters in the Higgs
potential (2.8a), we have three with mass-dimension-1,
(> My Byg), and the remaining four are dimensionless
couplings. The second-order derivative of the vacuum
potential (2.11b) at the minimum should be positive. This
means that the Higgs mass matrix (2.21) should be
positive-definite, so we can infer the following conditions:

A; >0, Ay >0, (4.1a)
2)t$/\;[—/,b§( +3A,0% + )lX(b(Ui + vé,)]
= A, By — AgAievy >0 (4.1b)

Furthermore, whole potential (2.11b) should be bounded
from below. This is determined by the coefficients of the
quartic terms. Let us rewrite the quartic interactions of
(2.8a) in terms of quadratical form Q7CQ where Q) =
(112 14'1%, x*) and C is a 3 X 3 matrix including the
relevant quartic Higgs couplings. So, requiring the matrix
C to be positive-definite, we deduce a new condition in
addition to (4.1a),

AgAy > A%, 4.2)
Together with (4.1a), this also leads to A, > 0. As ex-
plained in Sec. 11, to satisfy the BBN constraint we require
that the mass eigenstate Higgs bosons } and <$ predomi-
nantly decay into the visible SM particles. This means
that the mixings between y — ¢’ and ¢ — ¢’ should be
sufficiently small. So, inspecting the scalar mass matrix
in (2.21) and (2.22), we require the mixing elements
(m(zZS o m<21>’x) =~ (), which impose the following constraints:

MG — Ay =0, (4.32)

AyoVy — Byg =0. (4.3b)

We find that for the invisible decays of y and qg into mirror
particles to have a branching fraction less than 5-10%, it is
enough to numerically hold the conditions (4.3a) and (4.3b)
just to a few-percent level.

Since the constraint (3.51) gives vy >vy and the
condition (4.1a) shows Ag > (), the solution (2.15a) will
then require the trilinear coupling §,, to be negative.
Combining this with the relation (4.3b), we thus arrive at

B/\/d) < 0)
Ay <0,

(4.4a)
(4.4b)

where we have adopted the convention with all Higgs
VEVs being positive.

Among eight free parameters in the original Higgs
potential (2.82) and (2.8b), three of them (uy, ty, Byg)
have mass dimension equal to 1 and the soft-breaking
parameter B, has mass dimension equal to 3, while the
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other four are dimensionless couplings (A}, )t;, Ay Ayg)

The three Higgs VEVSs (v, vy, v, ) are all constrained by
the vacuum conditions (2.18a)—(2.18c) and (2.20). In the
above, we have imposed four physical constraints: (i) the
Higgs VEV vy = 174 GeV is to generate full electroweak
symmetry breaking in the visible sector; (ii) the mirror
Higgs VEV v/, besides realizing the mirror electroweak
symmetry breaking, should obey the BBN constraint (3.50)
, and we will set a natural sample value x = v, /vy = 2
for convenience of the numerical analysis in Sec. IV;
(iii) the two additional constraints, (m(zb o mfﬁ,)() =0, will

ensure the mass eigenstates y and ¢ to predominantly
decay into the particles in the visible sector (rather than
mirror sector). These four constraints will reduce the eight
free parameters of the Higgs potential (2.8) down to four,
which we may choose, for instance, to be the four dimen-
sionful parameters (ig, ty, Bygs By)- Using (pg, py,
B¢ B,) as inputs, we can then resolve the remaining four
parameters in (2.8a) as follows:

2 2
My x
Al A, — 4.5
¢ ¢ v%ﬁ x> +3 (4-52)
B By ¥+ 3
A=K XD 7 (4.5b)
v, 2,u,¢x -1
2 2 2 2
o’ vy x* + 3 B
AX=_;(1+ quS 2(ZS 2 )__g(’ (4.5¢)
vy MyMy X -1 vy

where the VEV of y is derived from (2.15a) and (4.5a),

N 2#«%/, xr—1
X__BX¢X2+3’

(4.6)

v

which is positive due to x > 1 and 8, < 0. As expected,
we see that under the physical constraints, all four dimen-
sionless couplings (/\;, )\;, Ays Ay ) are now expressed as
functions of the four dimensionful parameters (g,
Byg»> B,) of (2.3), in addition to the physically constrained
Higgs vacuum expectation value vy and the ratio x =
vy/vy. The above analytical solutions will hold to a
numerical precision of a few percent for our viable parame-
ter space. Although we will use the exact numerical solu-
tions for the phenomenological analyses below, the above
allows us to analytically understand the viable parameter
space and provides us with nontrivial consistency checks.

We also note that under the approximation
(mé o mfl),X) =~ (), the scalar mass matrix (2.21) reduces

to a 2 X 2 matrix form with ¢ — y mixing,

2 2
M2 — Mpp Mgy
dx 2 2 ’

Moy  Myx

4.7)

Using the approximate condition (4.3), we simplify the
elements of mass matrix (4.7) as
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8x2
> 2
Moo = o T3

L Bre 24352 —1 3 B,

$ou x2—1\ 2x2 +§ﬁ v2)
e xo Vs

(4.8)

2 o2
m”—,u)(-i-v

2 ~
m¢X = 2BX¢U¢

The mass matrix .7\/137) , can be diagonalized by an orthogo-
nal rotation from the gauge eigenbasis (¢, y) to the mass
eigenbasis (h, ¥), where the rotation angle 6, is given by

2m?>
Sin(20)() = 2_7(15/\/2
Myx — My

4.9

Then we can readily derive the approximate mass eigen-
values for all three Higgs bosons (&, i', §),

1
mj, = EI:(m‘ZM +mi,) ‘/(m%ﬁqb —mi)?+ 4m‘(‘mi|,
(4.10a)

8

2~ g2
where in (4.10a) the larger (smaller) mass eigenvalue
corresponds to the +(—) sign in the bracket. These ana-
lytical formulas will be used for consistency checks of our

exact numerical samples in Sec. I'V.

B. Higgs mass spectrum and couplings:
Three numerical samples

With the guidelines from Sec. IV, we can construct
realistic numerical samples of our model predictions.
Inspecting (4.5a) and (4.6) and setting the ratio x =
vy /vy =2, we have
~2)‘¥U?ﬁ ¥ = 1~ U%b

_B/\/qﬁ X2 %lﬁ){q}l//\;

So, for the natural choice of |,8X¢,|/)\; = O(v,), we have

v, (4.11)

v, = O(v,) = O(vy — vy). This means that the visible
and mirror electroweak symmetry breakings together with
the spontaneous mirror parity violation all naturally hap-
pen at the weak scale, around O(10*> GeV). Furthermore,
for all quartic Higgs couplings A; =< O(0.1-1) in perturba-
tive region of the Higgs potential (2.8), we expect that the
three Higgs bosons (¢, ¢', x) should have masses around
0(10% GeV), which are significantly below 1 TeV.

To avoid the BBN constraint in Sec. III, we have re-
quired the two Higgs mass eigenstates y and ¢A> to pre-
dominantly decay into the visible sector. (Hereafter, for
convenience we will use the notations ﬁ, ﬁ', and y to
denote the mass eigenstates of ¢, ¢’, and y, respectively,
unless specified otherwise.) Numerically, we find it suffi-
cient to have the branching ratios of } and h decays into
the visible sector larger than about 90%. So more than 90%
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TABLE I. Three samples of input parameters for the Higgs potential (2.8) in our model.
Sample My (GeV) u, (GeV) Bye (GeV) Ay /\; Avo Ay }/ 3 (GeV)
A 70 113 -35 0.094 0.0923 —0.28 2.03 —30
B 60 255 —21 0.068 0.0696 —0.154 3.42 —30
C 62 56.6 =5 0.077 0.0747 —0.0074 0.0075 —20

of the vacuum energies associated with § and A will be
converted to the visible sector and less than 10% to the
mirror sector. Thus the temperature T of the visible sector
will be reheated up to 7T  (90%)"/* max(v o Ve) =
0.97max(v,, vy4), and the 7' of the mirror sector
will be reheated up to T’ = (10%)1/4 max(v,, v,) =
0.56 max(v,, v,) due to the ¥ and h decays. This leads
to a ratio T'/T ~ 0.58, which still obeys the BBN con-
straint (3.46).

QN

X

O
N R
X

Taking all these into consideration, we systematically
explore the viable parameter space via numerical analysis.
To cover the main parameter space, we have constructed
three sample inputs, called sample-A, -B, and -C, respec-
tively, which are summarized in the Table I. We see that the
mass parameters g4 and u,, as well as the dimensionful
cubic coupling (over the dimensionless quartic couplings
A3)s Byo/ Ay, are all of O(10° GeV). The four quartic
Higgs couplings are in the natural range of O(1-0.01).

SampleC

©

2 L
SampleA
1 L
L N | O e el
af 3
2 ) 1
-200 -100 0 100 200
x (GeV)

-1000 -500 0 500 1000

FIG. 1 (color online). Vacuum structure of the Higgs potential V. The plot in (a) depicts V as a function of ¢ and ¢’, for sample-A;
and the features for sample-B and -C appear very similar. The plot in (b) displays the potential V in the same units as a function of y in
sample-A, while (c) shows V versus y in sample-C. The potential V is in units of 10 GeV*.
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FIG. 2 (color online). Nondegenerate vacua of the Higgs potential V due to minimal soft breaking. The plot in (a) depicts V as a
function of y for sample-A and (b) is for sample-C. In each plot, the curve-I (blue) represents V (¢, ¢', x) and the curve-II (red)
denotes V(¢/, ¢, x). For convenience of plotting, a pure constant shift C, is added to V (cf. text). The potential V is in unit of

108 GeV*.

In Fig. 1, we analyze the vacuum structure of the Higgs
potential V in (2.8) or (2.11). For Fig. 1(a), we display the
Higgs potential V as a function of visible and mirror Higgs
fields, ¢ and ¢, where V is plotted in units of 103 GeV*and
the singlet scalar y is set to its extremal value v . Here we
choose sample-A as an example for illustration, but we find
that the features of sample-B and -C appear very similar to
Fig. 1(a). We see that the potential minimum occurs at
(ol |@']) = (vy, vy) = (174,87) GeV, with a ratio
vy/vy = 2. In Figs. 1(b) and 1(c) we depict the Higgs
potential V (in unit of 108 GeV*) as a function of the P-odd
singlet Higgs field y, for sample-A and -C, respectively. In
these two plots, we have set the other two Higgs fields ¢ and
¢’ to their extremal values (v, vy). Note that the two
minima in the potential are asymmetric for y, and the true
minimum is given by the right one with v, = 122 GeV in
sample-A and v, = 699 GeV in sample-C. This is ex-
pected because the asymmetry is generated by the unique
cubic term, B,4(l¢| —|¢'|*)x, in the Higgs potential
(2.8a), which is linear in y and realizes the spontaneous
mirror parity violation. Since 8,4 <0 and vy > vy, we
see that this cubic term becomes positive for y <0 and
negative for y > 0. This explains why in Fig. 1(b) and 1(c)
the right minimum is lower than the left one, and thus serves
as the true minimum of the potential. The asymmetry
between the two minima in Fig. 1(b) is much larger than
that in Fig. 1(c), because the size of the cubic coupling
| B¢ insample-A is a factor of 7 bigger than that in sample-
C (cf. Table I). In addition, we have made the same plot of 1%
versus y for sample-B and find its shape is between Fig. 1(b)
and Fig. 1(c), so we do not display sample-B here.

We note that there are two degenerate field configura-
tions in the vacuum potential (2.11b),

Vi, &' x) = V(e b, —x)), (4.12)

and they transform into each other under mirror parity. But
due to the minimal soft-breaking term (A V) in (2.11¢),
these two vacuum states become nondegenerate, and the
full potential (V) splits between these two vacuum con-
figurations,
V(g 8", ) = V() . = x)) = A0V p (X)) (4.13)
So this provides the simplest way to evade the domain-wall
problem. To explicitly check the nondegeneracy between
the two vacuum configurations under soft breaking (2.11c¢),
we plot V(¢, ¢/, x) and V(¢', ¢, x) in Fig. 2 as curve-I
(blue) and curve-II (red), respectively. The Fig. 2(a) is for
sample-A and Fig. 2(b) is for sample-C. The potential V is
in unit of 108 GeV#, and for convenience of plotting we
have shifted the potential V by a pure constant C, =
1.77 X 10® GeV* (Cy = 4.98 X 10® GeV*) in Fig. 2(a)
[Fig. 2(b)]. It is clear that in each plot the minima of
curve-I and curve-II are no longer degenerate, and the
true vacuum minimum is given by the one in curve-I.

Next, we systematically derive the outputs for all three
samples, as summarized in Table II. For each sample, we
solve the global minimum of the Higgs potential V nu-
merically, and thus determine the three vacuum expecta-
tion values (v4, vy, v,). From Table II, the Higgs vacuum
expectation value vy = 174 GeV just generates the ob-
served electroweak symmetry breaking in the visible sec-
tor, while v, = v, /2 holds for all three samples. So they
all give the same prediction for the mirror dark matter
density according to (3.32). The VEV of the P-odd Higgs
singlet y significantly varies among the three samples, it is
around O(v ) in sample-A and -B, but is about a factor of 4
larger than v, in sample-C.

We further diagonalize the 3 X 3 Higgs mass matrix
(2.21) and (2.22) for each sample, and derive their mass
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TABLE II.
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Outputs of the three samples, including all Higgs VEVs and Higgs masses, in units of GeV. The three mixing elements

Ugn> Ugp, and Uy, in the rotation matrix U are also listed, which characterize the transformations of ¢ into the mass eigenstate hR,

and y, respectively.

Sample 'U¢ U¢/ UX my, mpy, mX U(/,h U(bh’ U¢X

A 174 87 122 122 75.1 203 0.841 0.0063 —0.541
B 174 87 147 125 64.5 271 0.992 —0.0068 —0.125
C 174 87 699 136 67.8 59.4 0.993 0.0062 +0.119

eigenvalues as shown in Table II. All three samples have a
SM-like Higgs boson /2, with masses falling into the range
120-140 GeV; while the Higgs boson /' is mainly from the
mirror Higgs doublet ¢’ and has a mass around 67—
75 GeV, which is about half of the 4 mass. This is quite
expected since we have the ratio of two-Higgs-doublet
VEVs, vy/vy =2, based upon the condition (3.51).
Finally, for the Higgs boson %, we have m, <2m, in
sample-A, and m, > 2m;, in sample-B. But, in contrast
with both sample-A and -B, sample-C has m, <1my,. As
will be shown in Sec. VI, these three samples will lead to
distinctive new Higgs signatures for the LHC discovery.

For diagonalizing the 3 X 3 Higgs mass matrix M2
in (2.21) and (2.22), we introduce the orthogonal rota-
tion matrix U, which connects the gauge eigenbasis
(¢, &', x) to the mass eigenbasis (ﬁ, i, X). So we have
UTM?U = D?, where the diagonal mass matrix D? =
diag(m, m7,, m3). The predicted mass eigenvalues are
summarized in Table II, and we derive the rotation matrix
U for all three samples as follows:

We see that the (1, 3) element U, , which characterizes the
mixing between ¢ and y, is 54.1%, 12.5%, and 11.9% in
sample-A, -B, and -C, respectively. On the other hand, the
(1, 2) element Uy, and (2, 3) element Uy, represent
mixings between ¢ — ¢’ and ¢’ — y, respectively; they
are always around 2-3% or smaller for the three samples;
so they are negligible for our phenomenology studies
below. Furthermore, the (1, 1) element U, oh describes the
transition of ¢ into its mass eigenstate h; this equals 84%
in sample-A, and is more than 99% in both sample-B and -
C. It is clear that the mass eigenstate h mainly arises from
visible Higgs doublet ¢, while the mass eigenstate Y
largely comes from y and has sizable mixings with ¢.
For comparison we summarize these three elements of U
into the last columns of Table II.

Then, using the mixing matrix (4.14) we further derive
all the mass eigenbasis couplings of Higgs bosons with
themselves, with the gauge bosons, and with the fermions,
respectively. These are summarized in Tables IIIT and I'V. For
all cubic scalar couplings in Table III, we have factorized
out a common dimension-1 VEV parameter, v = \/§v¢ ~
246 GeV, and the numbers shown are all dimensionless.

0.8408 0.00630 —0.5413 In Table IV, we use V to represent the visible weak gauge
sample-A: U = | —0.00534 1 0.00335 |, bosons (W=, Z%), while V/ denotes their mirror partners
0.5413  0.00007 0.8408 (W=, Z%). Similarly, we use f and f’ to denote ordinary
(4.14a) fermions (either unark or lepton) a}nd mirror fermions,
' respectively. For hVV, ¥VV, and h'V'V' couplings, we
0.9921  —0.00679  —0.1254 have divided them by a common coupling (taken as the
sample-B: U = | 0.00658 1 -0.00212 |, SM value of AVV coupling); while for Aff, ff and A'f'f'
0.1254 0.001 28 0.9921 couplings, we divide them by a common coupling (chosen
as the SM value of A ff coupling). We see that the h

(4.14b) . . o
couplings to gauge bosons and to fermions have significant
0.9929  0.00617 0.1187 deviation (16%) from the SM values in sample-A, while
sample-C: U = | —0.00977 0.9995 0.0298 those in sample-B and -C are fairly close to the correspond-
—0.1184 —0.0307 0.9925 ing SM values. But the ¥ couplings to gauge bosons a.lnd to
fermions vary a lot among the three samples. Relative to
(4.14¢)  the SM value of AVV or /i ff coupling, the largest YVV or
TABLE III.  Predicted Higgs boson self-couplings in the mass eigenbasis, where for the trilinear couplings we have factorized out a

common VEV parameter, v = \/Evd, =~ 246 GeV, so the listed numbers are all dimensionless.

Sample $2'%% T ih thh hih YRRX Yixh Tihh Rhhh hihh
A 0.586 1.360 0.429 0.182 0.243 0.653 0.704 0.184 0.052
B 2.010 0.713 —0.058 0.126 0.829 0.428 0.048 —0.019 0.033
C 0.020 —0.009 0.035 0.151 0.002 —0.001 0.002 0.018 0.037
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TABLE IV. Predicted Higgs couplings with visible/mirror
gauge bosons and fermions. We use V(= W*,Z% and f to
denote the visible weak gauge bosons and fermions (either quark
or lepton), respectively, while V/ and f’ are their corresponding
mirror partners. For AVV, V'V, and h'V'V' couplings, we have
divided them by a common coupling which equals the SM value
of the AVV coupling; similarly, for Aff, {ff, and A'f'f'
couplings, we divide them by a common coupling which equals
the SM value of the / ff coupling.

Sample AVV  RVV  hff  xfF  RVV' HfF
A 0.841 —0.541 0841 —0.541 05 1
B 0992 —0.125 0992 —0.125 05 1
C 0993 0119 0993 0119 05 1

Xff coupling is about 54% in sample-A, and reduces to
about 13% and 12% in sample-B and -C. The ratio of the
mirror coupling 4'V'V' over the SM value of 2VV coupling
equals %’z% to high precision, as shown in the sixth

column of Table IV, where the invoked gauge couplings
cancel in this ratio because the mirror parity requires
identical gauge couplings between the visible and mirror
gauge groups. Furthermore, all mirror Yukawa couplings
equal the corresponding SM Yukawa couplings, so the last
column of Table IV has little deviation from 1 since the
element U, =~ 1 holds to high accuracy and the mixings
of ' with the other two Higgs bosons are negligible in our
model, as shown in (4.14). This also means that the ratio of
every mirror fermion mass over the corresponding SM
fermion mass is given by % o l;—": o %, to good precision
in the present model. Finally, we note that the masses of

visible and mirror weak gauge bosons obey the relation

Af% - %, where V = (W, Z) and V' = (W', Z').

C. Low-energy precision constraints

Inspecting Table II, we see that the mirror Higgs boson
' is rather light in all three samples, around 67-75 GeV,
while the singlet Higgs boson y becomes the lightest scalar
of mass about 59 GeV in sample-C. It is thus important to
analyze the lower energy direct and indirect precision
constraints on our model.

For the mirror Higgs boson i, its coupling to the visible
gauge bosons WW/ZZ and fermions ff could be gener-
ated via the ¢ — ¢’ mixing, i.e., the mixing element
Uy = O(107%) in (4.14). The LEP Collaboration [48]
has searched for the Higgs boson in the reaction e e™ —
Zh with Higgs decay via h — bb. So we can analyze a
similar channel for searching the mirror Higgs i’ at LEP
via e~ e* — Zh' with h' — bb. Then, we immediately
realize that the production cross section is suppressed by
a factor Uéh, and this same factor Uéh, enters again the

decay branching fraction of ' — bb. Hence, the expected
final signals of mirror 2’ must be suppressed by a factor of

PHYSICAL REVIEW D 85, 096003 (2012)
0.100 T T T T

0.070 - +  SampleC 1

—— LEP95 %CL i

0.050

0.030

£Br[ y—bb]

0.020

0.015

0.010 i

20 30 40 50 60 70
m, (GeV)

FIG. 3 (color online). The LEP upper bound on the product
E*Br[ ¥ — bb] is depicted by the blue curve, where the shaded
region above the curve is excluded at 95% C.L. The prediction of
sample-C is marked by the red triangle.

U‘;  Trelative to that of the SM Higgs boson with the same
mass, which is Uy, ~ 107 for all three samples. It is clear

that the LEP data [48] actually place no bound on such a
nearly invisible light mirror Higgs boson.

Then we analyze the possible LEP direct search limit on
the P-odd singlet Higgs boson y. Inspecting Table II, we
see that the y mass in sample-A and -B lies in the range of
200-290 GeV, and thus beyond the kinematical capability
of LEP. Only sample-C predicts a rather light y with mass
at 59.4 GeV which is potentially accessible by LEP. The
relevant reaction for § detection is via e " e — Z ¥ via the
decay % — bb. This channel invokes the {ZZ and ybb
couplings, which are suppressed by the mixing element U,
in (4.14) relative to the SM couplings of hZZ and hbb,
respectively. So we deduce the following relation for the ratios
of y couplings over the corresponding SM Higgs couplings,

f = CXZZ = M =U
CSM CSM. dx
hZZ hff

(4.15)

For sample-C, we have computed the mixing element
Ugpy=0.12 as in (4.14), and the decay branching ratio,
Bi[ y — bb] = 80.5%, as will be summarized in Table V of
the next section. So we can derive a product for sample-C,
relevant to the LEP constraint,

E2Bil y — bb] = 0.011. (4.16)

For any nonstandard Higgs boson, the LEP experimental
analysis [48] already puts a nontrivial limit on the product of
&% with the Higgs decay branching fraction into bh. We
display the LEP upper bound [48] in Fig. 3, where the shaded
region above the curve is excluded at 95% C.L. and the
prediction (4.16) of sample-C is marked as the red triangle.
We find that sample-C is fully consistent with the LEP limit.

Next we analyze the indirect electroweak precision con-
straints on the Higgs sector of our model. The effects of new
physics can be generally formulated into the oblique correc-
tions, as characterized by the parameters (S, 7, U) [49].
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FIG. 4 (color online).

The electroweak precision constraints in the AS — AT plane, with a SM reference point mi¢' = 120 GeV. The

predictions of our sample-A, -B, and -C are marked by the blue diamond, red square, and black triangle, respectively.

Since our model contains light Higgs bosons with masses
comparable to the Z mass m, we will adopt a more precise
set of formulas to compute the (S, 7, U) as in [50]. Thus, for
the SM Higgs boson, we have the oblique corrections

m2 m2
h h
m2 nm2
V4 V4

2 4
3m;, my

1
SSM[mh] [Bm
Z

% (3mz -
4m%

12m5,
m 3m? )
24m},  4(m% — m?)
(1= 28k ymto

3m%  12m5 m%

2
U

(4.17a)

Tsmlm] = nn
16msiciLlms — mi  m%

2.2 2
czmy -/t ’”h :I
2 y

‘lh

2 2
3 [mh my

(4.17b)

l
szz

with the function g(m;,) defined as

_ /4 ”z mh
‘[4mz mh arctanY——=—=
‘[ —4dmE In—=l2 2'"2
z mh+,/m2—4m2 g

where the weak mixing angle 6y, is defined at the Z pole, and
we use the notations s = sin?6y|; and ¢Z = 1 — s%. The
Higgs correction to the oblique parameter U is much smaller
and thus negligible in the analysis below. For the case of
large Higgs mass m3 >> m2, it is justified to expand the
above formulas. So we can reproduce the conventional
approximate results [49] under the large Higgs mass expan-
sion, as a consistency check,

my, = 2my,

q(my;) =
my, = 2my,

1 2
SSM[mh] = ? ]nm2 R (4]83.)
z
3 m2
Tomlm,] = — —— In—=. (4.18b)
167cs  m%

In the present mirror model, the three Higgs bosons have
mixings in their gauge eigenbasis, and we transform them
into the mass eigenbasis via the mixing matrix U in
Eq. (4.14). So we can derive the new contributions of all
Higgs bosons to S and 7,

AS = U(QthSM[mh] + U(zﬁh’SSM[mh’]

+ U3, Sswlm, ] — Ssulmie'], (4.192)
AT = U(zﬁhTSM[mh] + U¢h,TSM[mh/]
+ UéXTSM[mX] T‘Sl\/[[l”}’lret 5 (419b)

where we have subtracted the SM Higgs contributions at the
reference point m'¢, and U; ; denotes the relevant element of
the mixing matrix U.

From (4.19) and (4.17), we explicitly compute the
oblique corrections in our mirror model, for the three
samples in Table II, and arrive at

sample-A: (AS, AT) = (0.0134, —0.0138),  (4.20a)
sample-B: (AS, AT) = (0.0048, —0.0043),  (4.20b)
sample-C: (AS, AT) = (0.0100, —0.0088),  (4.20c)

where we have set the SM reference point mit =
120 GeV. Then, we analyze the electroweak precision
data [51] and make a precision fit by using the method of
Peskin and Wells [52]. We choose the three most accu-
rately measured observables [51], I',[Z], My, and sin?6Sif,
for the precision AS — AT fit with AU = 0 and the SM
reference point mret = 120 GeV. For computing the SM
contributions, we have followed the approach of Marciano
[53] and take into account the allowed experimental ranges
of the top mass m;, and fine structure constant a(my) [51].
The resultant constraints on AS — AT are shown in Fig. 4
at 68% C.L. and 95% C.L., respectively. Our precision fit is
in good agreement with the recent more elaborated sys-
tematical analysis by the Gfitter Group [54]. In Fig. 4, we
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have marked the predictions (4.20) of our sample-A, -B,
and -C by the blue diamond, red square, and black triangle,
respectively. We see that they are fully consistent with the
precision constraints.

Finally, we analyze the low-energy precision constraint
on the kinetic mixing parameter € in (2.6). For the case with
unbroken mirror parity, the electroweak scales are exactly
the same in the two sectors (vy4 = v4) as in [17]. It was
suggested by Carlson and Glashow that this mixing can be
probed through the oscillations of orthopositronium (0-Ps)
and mirror orthopositronium (o-Ps’). The oscillation effect
becomes maximal when o-Ps and o-Ps’ have the same
masses. But this does not apply to the case with spontane-
ously broken mirror parity (vy4 # vg). If vy K vy as
realized in [7], there is basically no constraint available.
But, for vy = vy as realized in our construction, we can
derive a nontrivial limit from the invisible decays of the
0-Ps. The visible decays of o-Ps mainly go to 3y channel,
and the decay width is given by [55]

I'To-Ps — 3y] =~ 4.63 X 1078 GeV, (4.21)

which represents the total width to good accuracy. The SM
can provide invisible decays of orthopositronium via
0-Ps — v,7,, which has a partial decay width [55],

G%a3m5

I'o-Ps — v,7,] = ¢ (1 + 4sin’6y)?

77.2

~2.88 X 107% GeV, (4.22)

and thus the corresponding branching fraction, Br{o-Ps —
v,D,] =622 X 1078, This is negligibly small as it is
far below the present experimental upper bound on the
branching ratio of all possible invisible decays [20],

Br{o-Ps — invisible] < 4.2 X 1077, (4.23)

which holds at 90% C.L.

In our model, the mirror-particle-induced invisible decays
of 0-Ps predominantly go to mirror electron-positron pairs,
0-Ps — ¢’*e'”. So, we can compute its partial decay width,

_ 16ma’e* |4(0)|?

IMo-Ps — e/~ e'*]

3 M?

m?, m?
X1+ S hfl——5, (424
( 2m§) mys G2
. .
where M =~ 2m, is the mass of o-Ps, and | (0)|> = o is
the square of the wave function at the origin. For the
spontaneous mirror parity violation, we have r’:—/ = :j—z =y
So, from (4.21) and (4.24), we can derive the branching

fraction of the invisible decay channel 0-Ps — ¢'*e’™,

_ 1 1
Br[o-Ps — ¢/ ¢'t] = 379.362<1 + 2_x2)1’1 —

(4.25)
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which is proportional to €. Following our numerical samples

. v
in Sec. IV, we have x = U—“’/ = 2, and thus m, = 2m,. So,
¢

from the experimental limit (4.23), we can infer the upper
bound of € at 90% C.L.,

€<34X107°. (4.26)

V. NEW HIGGS SIGNATURES AT THE LHC

In this section, we further derive decay widths and
branching fractions of the nonstandard Higgs bosons in
the present model. We identify their major LHC production
and decay channels then we analyze the predictions for
new Higgs signatures at the LHC. As shown in the previous
section, our mirror model construction generically predicts
light Higgs bosons with distinct mass spectrum and non-
standard couplings. Especially, the P-odd scalar jy, char-
acterizing spontaneous mirror parity violation, has a mass
equal 277 GeV in sample-B, which is more than twice of
the mass m; = 125 GeV of the SM-like Higgs boson h;
while Y is as light as about 59 GeV for sample-C and is less
than half of the / mass of 136 GeV. Note that ¢ can also
have sizable mixing with y, which is about 54.1%, 12.5%,
and 11.9% in sample-A, -B, and -C, respectively. These
will lead to new Higgs production and decay channels, and
can be experimentally searched at the LHC. In addition, the
mirror Higgs boson /' in our construction is always light,
with a mass around 6775 GeV, which is about half of the h
mass due to the VEV ratio of vy /v, = % But, as the
mixing of 4’ with / and % is always below 2—3%, it largely
decouples from the visible sector and dominantly decays
into invisible mirror partners. The distinct features above
also make our Higgs phenomenology fully different from
all previous mirror models in the literature [56-58]. For
instance, our model always forbids mirror Higgs i decays
into visible Higgs h via ' — h i, while the inverse chan-
nel, h — 'R, is either disallowed or practically negligible.

Based on the Higgs mass spectrum in Table II and Higgs
couplings in Tables III and IV, we systematically compute
the Higgs decay widths and branching fractions. These
results are summarized in Table V. As shown in (4.14), the
mixing of the mirror Higgs boson h' with A or X is always
below about 2-3% and thus negligible for the current analy-
sis, so we do not to list the i decays in Table V. Also, we find
that invisible decays of hand  into the mirror gauge bosons
or fermions are much suppressed and always below 4%,
which are not useful for the current Higgs searches at the
LHC. So for clarity of Table V, we omit them as well. We
further note that the Higgs / in sample-C has a new on-shell
decay channel with Br[2 — % ¥] = 10%, and the Higgs {
in sample-B has the new channel with Bi[ { — A /] = 11%.
This means that their branching fractions have sizable
deviations from those of the SM Higgs boson with the
same mass. For the other four cases in Table V, the
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TABLE V. Total decay widths and major decay branching fractions of Higgs bosons h and X in sample-A, -B, and -C. For WW and
ZZ decay channels. For WW and ZZ decay channels, the numbers marked by a superscript * denote that one of the weak gauge boson

in the final state is off-shell.

Sample A B C

Higgs h i h i h X

I' (MeV) 2.63 454 4.10 110 7.49 0.0226
ww 0.157* 0.728 0.209%* 0.615 0.358* 0
77 0.0185% 0.268 0.0263%* 0.269 0.0499% 0
hh 0 0 0 0.113 0 0
X 0 0 0 0 0.102 0
bb 0.617 0.0022 0.565 6.4 X 1074 0.332 0.805
TF 0.0672 2.7 %1074 0.0619 8.2 X 1075 0.0369 0.0759
cé 0.0311 1.1 X 1074 0.0285 32X 1075 0.0167 0.0411
g8 0.0866 9.0 X 1074 0.0843 57X 1074 0.0593 0.0284
Yy 0.0022 52 %1073 0.0023 1.5X 1073 0.0018 4.4 x 1074
Zy 0.0012 1.7 X 1074 0.0015 6.3 X 1075 0.0020 0

branching fractions of hor X appear quite similar to those of
the SM Higgs boson, up to a few percent of corrections due
to their invisible decays into mirror partners. Butin all cases
of Table V, the decay widths can significantly differ from the
SM due to the relevant suppression factor U ,2/ from the
mixing matrix (4.14).

To derive Higgs decay width, we have included QCD
radiative corrections. For qf_l final state, the leading-order

__ 3Gpmy

Higgs width is I'f) = % ‘% my, and including the O(a?)
and O(a?) QCD corrections gives [59]

-2 2

_ mq(mh)
q49 2
mg

r,=ToK K [1+ A, +A%]

a9’
R a;
&3
+ (164.14 = 25.77n; + 0.26n7) —,
' T

to K,, =0.63-0.39 for the gq final state, and K,, =
1.87-1.74 for the gg final state. With the above, we sys-
tematically summarize our calculations in Table V. From
this table, we note that the Higgs boson / mainly decays to
WW* and bb, with branching fractions equal to (15.7%,
20.9%, 35.8%) for WW* channel and (61.7%, 56.5%,
33.2%) for bb channel, in sample-A, -B, and -C, respec-
tively. On the other hand, we find that the Higgs boson
X mainly decays to WW and ZZ channels for sample-A
and -B, with decay branching fractions (72.8%, 61.5%) in
WW channel and (26.8%, 26.9%) in ZZ channel. For
sample-C, ¢ dominantly decays to hb with a branching
fraction 80.5%, while its decay branching ratios for the
final states 77, cc, and gg equal 7.6%, 4.1%, and 2.8%,
respectively.

Next, we study the production and decays of the visible
Higgs bosons h and X- The Higgs boson h is SM-like in the
sense that its gauge and Yukawa couplings to WW /ZZ and
ff are close to the SM values, but still can have sizable

, a? 2 mi 1, img T
Az = —‘2<1.57 — 5 log— + ~log —2) (5.1)  deviation in sample-A (cf. Table IV). It has a mass m, =
™ 3 Tmp 9 my (122,125, 136) GeV in sample-A, -B, and -C, respectively.

where the running quark mass mq(mﬁ), the strong coupling
constant @, = a(m%), and the light fermion flavor number
ny are defined at u = my, under MS scheme. For gluon gg
final state, QCD corrections enhance the leading-order
Higgs width T'{) by a factor K, [59],

_ 170
Fgg - Fgg X Kgg’

Its main production channel should be the gluon-gluon
fusion with decays into two photons, gg — h— vy. We
also consider other two channel with the off-shell decays,
gg — h— WW*, ZZ*. For the on-shell production of A,
we compute the cross section times branching fraction of
h— yy or h— VV* (V. =W, Z), relative to that of the
SM Higgs boson with the same mass. This gives the ratios

215 d,(m%l) A
_ s Brlh —
Ky =1+ = 2 Bl = y] (0,693, 0964, 0.844), (5.3)
o) ) *"Bilh — yylsm
+"h1.—.lfr>. 2 Bi{h — VV*
— (568 STlogz) 52 Blh=VVI] 603 0064,0.844),  (5.30)

We have verified these formulas numerically and reached
full agreement with [59]. For instance, in the mass range
of my; = 100-300 GeV, the QCD corrections amount

P Bih — VV*]sm

for sample-A, -B, and -C, respectively. The two ratios
in (5.3a) and (5.3b) exactly coincide for each sample
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TABLE VI. Higgs signatures for the LHC discovery via fusion processes gg — h— Yy, XX and gg — x — WW, ZZ, hh. For
each sample in every channel, the cross section times decay branching ratios are shown in units of fb. For the 7 — v+ channel, we also
list the signal rates of the SM Higgs boson in parentheses for comparison.

gg—>ﬁor5( ﬁ—wy'y x—ww xX—ZZ —>hAﬁor)}/{/
Final state vy (SM) (vlv Cvjj ljj 124%7% ool bbbb
Sample A 7 TeV 26.0 (37.5) 50.2 319 382 10.9 1.84
p 14 TeV 84.3 (122) 195 1230 148 42.4 7.13
Sample.B 7 TeV 34.7 (36.0) 1.22 7.75 1.11 0.316 0.0532 0.233
p 14 TeV 113 (118) 5.41 34.3 4.89 1.40 0.236 0.901
7 TeV 23.6 (28.0) 111
Sample-C 14 TeV 79.2 (93.9) 373

since their left-hand-sides are actually equal due to Ih—
yY)/Tlh— yylsm =TTh— VV*]/Tlh— VV]sy = U3,
We see that for sample-A and -C, the A signals in yy
channel (and VV* channels) are suppressed by 31% and
16% relative to that of the SM prediction, respectively,
while the signal rate is lower by 3.6% in sample-B. So,
detecting our h— vy signals in sample-A and -C is sig-
nificantly harder than that of the SM Higgs boson, and it
requires higher integrated luminosity at the LHC. The
same statement is also true for our signals in h—
WW*, ZZ* channels. It is expected that with a total inte-
grated luminosity of 10 fb~! for two experiments at 7 TeV
and combining all available channels, the SM Higgs boson
exclusion will be extended to m;, = 114-600 GeV at 3o
level [60]. For sample-C, since h has a mass larger than
twice of y, we also have the decay channel h— xx—
bbbb, as will be discussed below.

Then, we consider the Higgs boson y which has a large
P-odd component. The largest channels are still the gluon-
gluon fusion processes: (i) gg — ¥y — WW(ZZ) with
WW — vy, Cvjj, or ZZ— €€jj, €Cvv, €€€L, for
sample-A and -B, as shown in Fig. 5(a); (ii) and another
reaction, gg — Yy — hh with hh — bbbb, for sample-B,
as illustrated in Fig. 5(b); and (iii) for sample-C, we
consider the gluon-gluon fusion via gg — h— X X with
¥t — bbbb, which is depicted in Fig. 5(c).

For each fusion process of Fig. 5, we have computed the
production cross section of h and x for the relevant
samples, by including the full next-to-leading order QCD
corrections as in [59]. Then we multiply the production
cross section by the decay branching fraction of each final
state. For the final state decays into b jets, we have taken a
b-tagging efficiency equal 60% [61] in our analysis; while
for the final decay products being leptons, we will just
select electrons and muons, € = ¢, u. We consider the
LHC’s center-of-mass energy at 7 TeV for the current
run, and at 14 TeV for its next phase [62]. These are
summarized in Table VI. For the i — vy channel, we
also list the results for the SM Higgs boson (with the
same mass) in parentheses as a comparison. It shows that
in sample-A and -C the / signal rates are lower than the SM
Higgs boson by 31% and 14%, respectively. For the Y
production in the WW and ZZ channels, we find that the
cross section times branching ratio has the following sup-
pression relative to that of the SM Higgs boson with the
same mass, for sample-A and -B,

, Bily— Ww]
PXBi[h — WWlgm
, Bily— ZZ]

X Bi[h — ZZ]sm

This shows that the signal rate of } over that of the SM
Higgs boson is 29-30% for sample-A and decreases to

= (0.290, 0.0139), (5.4a)

=~ (0.301, 0.0141). (5.4b)

FIG. 5. Predicted new production processes of the Higgs boson via gluon-gluon fusions at the LHC. The diagram (a) is for sample-A;
the diagrams (a) and (b) are for sample-B; and the diagram (c) is for sample-C. The big black dot denotes the gluon-gluon-Higgs vertex
as contributed by the fermion and gauge triangle diagrams in each case.
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about 1.4% for sample-B, in both WW and ZZ channels.
So, detecting the new Higgs boson ¥ in these channels will
require higher integrated luminosities at the 7 TeV LHC.
From Table VI, we see that the process gg — y — hh—
bbbb for sample-B has a lower rate and is hard to detect at
the 7 TeV LHC; but the 14 TeV LHC will have a larger
signal rate by a factor of 4.5. For sample-C, the y boson
only weighs about 59.4 GeV, and thus the best channel
should be gg — h — { ¥ — bbbb, which has large signal
rates even at the 7 TeV LHC, about 106 fb, as shown in
Table VI. The major concern would be the SM 4b back-
grounds, because the signal contains relatively soft b jets
from the light y decays.

For this channel gg — h— ¥t — bbbb, we note that it
may also be probed at Fermilab Tevatron, which has re-
corded about 10 fb~! data in both CDF and DO detectors
by the end of summer 2011 [63]. For sample-C, we find the
production cross section of gg — h with my, = 136 GeV
to be about 736 fb at Tevatron. Including the decay branch-
ing fractions Br[h — % ] = 10.2% and Bi{{ — bb] =
80.5%, and a 60% b-tagging efficiency, we estimate the
effective signal cross section to be 6.3 fb. For 10 fb™! data,
we would expect about 63 events for the 4b final states
from this process in each detector, so we encourage the
Tevatron colleagues to analyze such 4b events from their
complete data set. But one should keep in mind that since
sample-C predicts a rather light singlet Higgs boson ¥
weighing about 59.4 GeV, the b jets in its decay products
will be relatively soft, with energy less than 30 GeV and
transverse momentum not much larger than 15-20 GeV.
This differs a lot from the b jets out of direct h decays in the
process of Fig. 5(b) for sample-B, where /i weighs about
125 GeV and the resultant b jets are hard [64,65]. This
makes it harder to reconstruct such a light y resonance of
sample-C above the background b jets. At the LHC, the
backgrounds with relatively soft b jets are expected to be
larger and thus more challenging. We encourage system-
atical Monte Carlo analyses for both Tevatron and LHC
detectors to optimize the signals of gg — h— x—
bbbb and pin down their 45 backgrounds.

VI. DIRECT DETECTION OF GEV-SCALE
MIRROR DARK MATTER

In this section, we first estimate the abundance of mirror
helium dark matter [Sec. VI]. Then, we analyze direct
detections of the GeV-scale mirror helium dark matter in
Sec. VI, especially the new constraints from TEXONO
[11] and the upcoming tests by CDEX [12]. We will study
processes via the Higgs-exchange-induced scattering and
the y — v’ mixing-induced scattering. We reveal that the
cross section of y — 9’ mixing-induced scattering is
enhanced in the low recoil-energy region relative to that
of the Higgs exchange, and is thus sensitive to direct
detections.

PHYSICAL REVIEW D 85, 096003 (2012)

A. Abundance of mirror helium dark matter

In the visible world, the lightest baryon is a proton, and
after the ordinary BBN, matter will be mainly composed of
ordinary hydrogen atoms. As discussed in Sec. III [cf.
(3.50)], the temperature T’ of the mirror world is lower
than the corresponding temperature 7 in the visible world
by about a factor of 2 after the electroweak phase transi-
tion. This will cause a significant difference in the mirror
BBN. To be concrete, we know that before the mirror BBN,
the mirror protons and neutrons will convert into each other
via reactions n' = p'+e” + 0, 0+ v, o p'+ e,
and n' + ¢t & p/' + v,. As the Universe expands, the
temperature decreases and the cross sections of these pro-
cesses become smaller. When the reaction rate becomes
comparable to the Hubble expansion rate H, these reac-
tions will be frozen and the mirror neutrons will decay
freely until the mirror BBN starts, during which the mirror
protons and neutrons form the mirror nucleus. Let us
denote the freeze-out temperature of the mirror sector as
T;-, then from the distribution of kinetic equilibrium we can
infer the ratio between the number densities of mirror
protons and neutrons at freeze-out,

e ( Am’)
— =~ eX — R
n, P TJ/‘"

p

(6.1)

where the mass difference Am’ = m,; —m,. The n — p
mass difference Am = m, — m,, is mainly caused by the
mass difference between the current quarks d and u,
namely, m, — m, oc v,. Similarly, the n’ — p’ mass dif-
ference Am’ mainly arises from m, — m, oc vy. Thus,
we expect the ratio, Am'/Am ~ vy /v, ~ 1/2, in our
construction. Then, we need to estimate the freeze-out
temperature T]’c for mirror protons and neutrons. We note
that in the visible sector of the Universe, the neutrons and
protons freeze out at the temperature 7 ~ 0.8 MeV [47].
Then, from the freeze-out to the start of BBN (at Tyyc ~
0.1 MeV), the neutrons decay freely in this period, and
decrease the neutron-to-proton ratio from about 1/6 to 1/7.
For the nucleosynthesis, essentially all neutrons combine
with protons into 4He; the resulting mass fraction of ‘He
is [47]

~ 4(71"/2) _ 2(nn/np)NUC

=~ 25%.
1+ (n,/n,)Nuc

6.2)

He* =
n, +n,

This means that the visible Universe is dominated by the
hydrogens which have an abundance of about 75%. As
mentioned above, in the mirror sector the equilibrium of
mirror neutrons and protons is maintained by the 3 decay,
inverse decay, and the collision process, among which the
collision process is most relevant. The collision rate

I',e—yy (per nucleon per time) can be expressed as
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ple'—n'v!

(Tn’/\O)_1
X [oo dy
q

where the ratios ¢ = Am//m,, y = E,/m,, 7z = m /T,
and z,, = m,/T,. In (6.3), 7, is the mean lifetime of
mirror neutrons,

y(y—g)?*(? 12
[1+exp(yz)][1+exp((g —y)z,)]
(6.3)

2

G
Fn’—»pev - 3 (1 + 3g )m /\Or (6.4)

where A, = fq dyy(y — q)z(y — 1)/ =~ 1.636, and g/,
is the axial-vector coupling of the mirror nucleon. Since
the mirror and visible strong forces have the same coupling
strength as required by the mirror parity, we have g =
ga = 1.26. The collision rate (6.3) can be evaluated nu-
merically, and in the high/low temperature limits, it is
approximated as

r 7 (T /my Y exp(—=Am'/T"), T'<Am',m,,
pemmy (1 +3g7)GRAT", 7> Am',m,,
(6.5)

similar to that for the visible sector [47]. Then, the freeze-
out temperature T} can be estimated by matching the

collision rate and the Hubble expansion rate,

Fp’e'—m v/ ( jlf) -~ H(T}), (66)
where
43 g;1/2T/2
H(T") = 4|— , 6.7
() 45 My 6.7)

and g/ is the effective relativistic massless degrees of
freedom in the mirror sector, g, = 10.75[1 + (T/T")*].
For our construction T/T" = vy /vy and x = vy /vy =
2, so we have g/, =~ 182.75. In the visible sector, we have
g« = 10.75[1 + (T'/T)*] = 11.4 for T'/T = 1/2, where,
as expected, the effective contribution from the mirror
sector is mainly negligible. So, the condition I ,,_.,,,,(Ty) ~
H (Tf) determines the freeze-out temperature of visible
protons and neutrons, Tf ~ 0.8 MeV, as in the standard
cosmology [47]. We further note that the Fermi constants
in the visible and mirror sectors are connected by
G1/Gr = (v4/vy)?*. Taking all these into account, we
estimate the freeze-out temperature of the mirror neutrons
and protons, TJQ ~ 0.5 MeV. With these, we can infer the

mirror neutron-to-proton ratio at the freeze-out from

Eq. (6.1),
/ Am'

(”” ) ~ exp(— o ) ~ 28%.
N p' / freeze-out Tf

Since the visible and mirror strong forces have the same
strength, it is expected that the mirror nucleosynthesis
starts at the same temperature as the visible sector

(6.8)
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(though at an earlier time), ie., T{yc = Tnuc ~
0.1 MeV. For the radiation-dominated epoch, we have
H(T') = (473 /45)12gV>T2 /My, and ¢ = [2H(T))] .
Thus, we can estimate the time from 77 = T} ~ 0.5 MeV
to T/ =T{yc ~0.1 MeV as Ar~ 17.2 sec, which is
less than half a minute. Using (6.4) for the lifetime of
mirror neutrons and the corresponding formula for visible
neutrons, we estimate 7,/7, = (Gp/Gk)*(m,/my)° =

vy/vy =2, and thus 7, = 27, = 1757 sec. Thus, the
fraction of decayed mirror neutrons from the freeze-
out epoch to the nucleosynthesis epoch is about 1 —

exp(—175) = 0.97%, which is negligible. Hence, we have

npyr/NuC 1 '/ treeze-out

Finally, we can estimate the mass fraction of mirror helium
4He/

(6.9)

M/ 2/mee
n, + ny 1 + (nn’/np’)NUC

This shows that the mirror sector has a much larger amount
of mirror helium than the ordinary helium in the visible
sector [cf. (6.2)]. As we will analyze shortly, the ultra-
low-energy germanium detectors of the TEXONO [11]
and CDEX [12] experiments will be most sensitive to the
mirror heliums as the dark matter particles, since they are
significantly heavier than the mirror hydrogens.

Then, we estimate the mass of mirror helium dark
matter. From Eq. (3.13), we can infer the ratio between
the mirror and visible nucleon masses,

i (M)w ~ 0.60-0.92,
mpy 'U¢

where we have used VEV limit 0.1 <wy /v, <0.7 in
(3.34), which is based on the BBN constraint (3.51) and
the naturalness condition (2.17). This means that the mirror
helium “He’ should weigh about 60-92% of the ordinary
4He, and thus has a mass around 3 GeV,

My = (0.60-0.92)Myys = 2.3-3.5 GeV,

Yy (6.10)

€

6.11)

6.12)

Where our sample value vy /vy = % corresponds to
et = 0.86M s = 3.2 GeV.

B. Direct detection of mirror helium dark matter

In this subsection, we study direct detection of the
GeV-scale mirror helium dark matter, especially the new
constraint from TEXONO [11] and the upcoming probe
by CDEX [12]. We will study the Higgs-exchange-induced
scattering process and the y — v/ mixing-induced scatter-
ing process, respectively.

We first analyze the direct detection of Higgs-exchange-
induced scattering. As shown in (3.11), the mass of ordi-
nary nuclei depends on the Higgs vacuum expectation

value via my o vj)/g(A(ﬁ))zlm, so the coupling of the
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Higgs boson with proton or neutron can be estimated [66]
by using trace anomaly. One may shift the vacuum
expectation value as vy — v, + ¢, and consequently
the Yukawa coupling of the Higgs boson with nuclei can
be derived by variation,

amN 2mN
A =_——=_—-, 6.13
SNN vy 9v, (6.13)
Also, from the trace anomaly we have [67]
_ fmy my.
Agny = — quqq (6.14)
Ug

where the coefficient f characterizes the contribution of
trace anomaly and may be varied in the range 0.14 < f <
0.66, with a central value f = 0. 30 [67]. This is consistent
with (6.13), where we have f = £ = (0.22. Similar to (6.13),
for the mirror Higgs coupling to the mirror nuclei, we can
deduce from (3.12)

(6.15)

with f’ = f = 3. In the following analysis we will set f' =
S = 0.3 for simplicity. With the Yukawa couplings Ay yy
and Ay given above, we can estimate the scattering
cross section of the mirror nucleus with the ordinary
nucleus via Higgs exchange.

As shown earlier, we have estimated that, after the
mirror BBN, the mirror dark matter mainly consists of
the mirror helium “He’ (with a mass fraction about 44%)
and the mirror hydrogen H’ (with a mass fraction about
56%). The mirror hydrogen is significantly lighter than the
mirror helium according to (6.11) and (6.12), and thus
harder to directly detect. Hence, we will consider the
mirror “He’ dark matter for the present analysis, and esti-
mate its scattering cross section in the detector.

We derive the Higgs-exchange-induced differential
cross section as follows:

1 U, .U, \2
—)l//,/Z/‘F)\///A/—Z/ 2( M)
47TU(2)[ ' p'r ¢nn( )] Z m(zbi

(6.16)

do =

where v, denotes the velocity of incident dark matter
relative to the Earth, (Z/,A’) = (2,4) for mirror helium
nucleus, and the subscript i runs over the scalar mass
eigenstates. The function F4(Q) [F4(Q)] is the form

factor of ordinary [mirror] nucleus, defined as F,(Q) =
*/1<Qm) e~/ where s = 0.9 fm, and ry = 1.14A1/3

[68] Thus, it is found to monotonously increase as 0?
decreases, and F,(Q), F,(Q) — 1 for Q> — 0.

To compare with experiments of direct dark matter
detection, we should normalize the above cross section to
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the cross section of mirror dark matter scattering on a
proton. So we apply (6.16) and derive

1
do 2 /\%bpp[ﬂ.gs/p/p/z/ + )\qﬁ’n/n’(A/ - Z/)]2

P A2
X (Z
i m¢i

- ()‘¢pp)‘¢’p’p’A/)2 Uyi U¢, 2
= > ilog
41y : m¢

Ud)/iUd)i 2
—2) F2,(0)dQ?

(6.17)

where in the second step we have used the relation
Agipp = Mgy due to my =m,, as well as F3,(Q) =1
due to Q% = 0. Note that O < Qyna = 21, V0, where My ==
0.7 GeV is the reduced mass of the ordinary proton with
the mirror helium “He’ dark matter particle, and v, is the
dark matter velocity relative to the Earth. So, v, should
be smaller than the sum of the dark matter’s escape
velocity € 650 km/s) and the relative velocity of Sun
€ 230 km/s) in the Milky Way. Thus, we can derive, Q0 <
Onax < 4.1 MeV, for our case. We have numerically
checked that for A = 4 and Q = 5 MeV, the form factor
F2(Q) = 0.9991 and thus F,(Q) = 1 holds to high accu-
racy. The form factor F 4 (Q) for mirror nuclei should be
similar, so we expect that Fi,(Q) ~ ] holds well for A’ = 4
and Q <4.1 MeV, in the case of mirror helium “He'.
Integrating over Q2, we arrive at

Ol do
= [ g2

0 do?
2(\ Ao A UgyiUpi\2
_ B (AgppAgppA) Z i L i) (6.18)
v > m2
i i
where Qpa = 2u,vo. Using the model parameters of

sample-A, -B, and -C, we finally derive

Het =3.2GeV,  0,=(1.4,3.4,7.6) X 10 Pcm?, (6.19)

for sample-A, -B, and -C, respectively. The o, appears
quite below the sensitivities of current dark matter direct
search experiments.

Alternatively, we note that the mirror dark matter may
also be detected via the y — 7y mixing term (2.6). The
cross section of a mirror nucleus (A’, Z') scattering on an
ordinary nucleus (A, Z) is

2 271272

dr = 2T L 0 010>
Because of the Q* factor in the denominator, this differen-
tial cross section receives a large enhancement in the low
recoil-energy region relative to the above cross section via
Higgs exchanges. This will overcome the large € suppres-
sion in (6.20) since the y — v/ mixing parameter is subjects
to the experimental limit € < 3.4 X 107> in Eq. (4.26).
This may be used to explain [69-71], the recent results
from DAMA/LIBRA [72], CoGeNT [73], and CRESST

(6.20)

096003-25



CUI et al.

(a) |

o
>
—

dR/dEg (kg—1keV~1d~!)
;I

p—
cI
n

1 . ) . . .
0 0.6 0.8 1.0

0.4
Ej (keV)

0.2

FIG. 6 (color online).

PHYSICAL REVIEW D 85, 096003 (2012)

L s e e e e e —
(b)
o
I
~ = i
=0
'> N C Observed
2 N\
IDIJ
i)
A
s 10 §
2 R
= 10\9 &
Y
g
Y
—1 " " " " " " L
10 0.1 0.2 0.3 0.4 0.5

MeasuredEnergy (keV)

Event rate distributions versus recoil energy. The plot in (a) shows the event rate distributions (in units of

kg~ ! keV~!day ') as a function of recoil-energy Eg (in keV), for two different values of the y — y’ mixing parameter € (red and blue
curves). As a comparison, the distribution from a 4-fermion interaction with an assumed o, = 10738 cm? is shown by the black curve.
The plot in (b) depicts the event rate distributions as a function of quenched recoil-energy, for three sample values of the mixing
parameter €. The observed event rate of TEXONO [11] is shown by the black histogram, and the shaded areas (light blue) are the

experimentally allowed region within * 1o errors.

[74] experiments for dark matter detection. We further
note that the ultra-low-energy germanium detectors of
TEXONO [11] at Kuo-Sheng (KS) lab and of CDEX
[12] at Jinping deep underground lab (CJPL) have a low
recoil-energy threshold and are sensitive to the light dark
matter in the 1-10 GeV mass range [12]. This should be an
ideal place to look for the GeV-scale mirror dark matter as
in (6.12), via the v — v’ mixing-induced scattering.

For our analysis, we simulate the event rate distributions
over the recoil energy E for both v — v/ mixing-induced
interaction and the usual 4-fermion interaction. We show
the results in Fig. 6 for the event rate (in units of
kg~ ! keV~!day™!) versus the recoil-energy (in keV), for
germanium detectors. Since the mirror helium has the
typical thermal energy (temperature) of O(keV), which is
much larger than the ionization energy (about 20-50 eV) of
the “He’ atoms, we expect that all the mirror helium atoms
get ionized. So the mean mass of the particles composing
the thermal mirror gas component of the halo should be
about one third of the “He’ nuclei mass [75]. According to
(6.12), we have chosen here a sample mirror dark matter
mass as 3.2 GeV. The reduced mass for mirror helium with
germanium is ' =~ 3.1 GeV. So we have O < Qpux =
2u'vy = 18.2 MeV, and for A’ = 4, the mirror form factor
F2,(Q) > 0.9879. The form factor F5(Q) for germanium in
(6.20) will be evaluated precisely. In Fig. 6(a), we have
shown the rate distributions for the y — ' mixing
parameter € = 107 (red curve) and € = 107 (blue
curve), respectively. For comparison, we have also plotted
the distribution from a 4-fermion interaction with an as-

sumed o, = 107 cm? (black curve). We see that for the
low recoil-energy region, the event rate of y — ' interac-
tion is much larger than that of the 4-fermion interaction.
The TEXONO experiment [11] already put stringent limits
on both spin-independent and spin-dependent cross sec-
tions for dark matter mass around 3-6 GeV, where an
energy threshold of (220 = 10) eV was achieved at an
efficiency of 50% with a four-channel ultra-low-energy
germanium detector, each with an active mass of 5 g.

To compare with TEXONO detection [11], we show our
simulated signals and the observed experimental data of
TEXONO in Fig. 6(b). Here the energy quenching factor
is 0.2 for the germanium detector, and the energy resolu-
tion is given by [11], AE = (18.64VE + 60) X 1073, In
Fig. 6(b), we plot the predicted event rate distributions as
a function of quenched recoil-energy, for three sample
values of the mixing parameter € = (1077, 1078, 107?),
in red, blue, and green curves, respectively. The observed
event rate of TEXONO [11] is depicted by the black
histogram, and the shaded areas (light blue) represent the
experimentally allowed region within =1 errors. From
Fig. 6(b), we see that the red curve with € = 1077 is
significantly above the experimental observation (black
histogram with errors) around the threshold, and is thus
already excluded by TEXONO data. But the blue and green
curves in Fig. 6 are fully consistent with data. Using the
TEXONO data [11], we can further derive a 20 upper
bound on the range of the y — v/ mixing parameter, € <
2.7 X 1073, Our predictions can be further explored by the
exciting ongoing CDEX experiment in Jinping [12].
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Before concluding this section, we clarify two issues
related to the mirror baryonic dark matter in general,
although they are not particular to our present model.
The first one concerns the stability of the dark halo. As
the dark halo is assumed to be spherical and isothermal,
if the dark matter is composed of mirror elements (mainly
H' and He'), they would be ionized when the temperature
T’ is much higher than their ionization energy. Thus the
bremsstrahlung and other processes can radiate off ener-
gies of the dark halo, so that it could not maintain its
temperature 7”. This is known as the radiative cooling
problem. This issue can be resolved by a proper heating
mechanism which prevents the collapse of the dark halo
[4,76]. It was shown [76] that the energy released from
both ordinary and mirror types of supernovas are candi-
dates for such heating sources. Mirror supernovas can
supply the energy if they occur at a rate of around one
per year. Alternatively, ordinary supernovas can do the
job to heat the mirror dark matter if the photon-mirror-
photon kinetic mixing (2.6) is about € ~ 10~°. This mixing
can release a significant fraction of the total energy given
by supernova explosions into e/~ and y’, and these en-
ergies can be absorbed by the halo. In comparison with
the visible sector, since the mirror sector has lower tem-
perature (7' < T) and thus earlier mirror BBN, different
light-element abundances, lighter particle masses (m’ <
m), and much larger dark matter density (Qpy = 55),
there is no macroscopic mirror symmetry. So, it is quite
expected that a significant asymmetry between the heat-
ing rates in both sectors exists, which can explain why the
ordinary matter has collapsed into the disk and the mirror
matter has not.

The second issue concerns structure formation of bar-
yonic dark matter. The standard model of cosmology sug-
gests that the early Universe is extremely homogeneous,
while the large structures we see today (such as galaxies
and clusters) arise from small primordial inhomogeneities
that grow via gravitational instability. The primordial
acoustic perturbation cannot grow until the recombination
of the protons and the electrons, which occurs at a tem-
perature around Tg.. = 0.25 eV. (Prior to the photon de-
coupling, the radiation pressure prevents the growth of
perturbations). But the study of the cosmic microwave
background (CMB) shows that these perturbations do not
have enough time to grow into galaxies. So the standard
model cosmology requires the primordial perturbations of
cold dark matter (instead of baryonic matter) to provide the
seed of the large structure formation. For mirror models
with unbroken mirror electromagnetism, mirror baryonic
density can only begin to grow after mirror photon decou-
pling occurs (roughly at 7). = 0.25 eV). But, as the BBN
constraint requires 7/ < T, this means that mirror photons
decouple earlier than the visible photons. It is shown [4,77]
that for 7" sizably below T, the large-scale structure for-
mation with mirror dark matter closely resembles the
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conventional cold dark matter scenario. On the other
hand, since mirror baryons can couple to visible photons
through the y — v’ kinetic mixing, they become milli-
charged particles, having electric charges equal to € times
that of their visible partners. Thus, there is a possibility that
electric force may suppress the primordial perturbation of
the mirror baryons. As shown in [78] by using the CMB
data, this imposes a constraint on the y — y’ mixing, € <
(4-6) X 1070, for the mirror baryonic dark matter in the
mass range of 2—4 GeV. This is consistent with our model
and is weaker than the limit derived from the direct detec-
tions in the above Fig. 6(b).

VII. CONCLUSIONS

The possible existence of a hidden mirror world in
the Universe is a fundamental way to restore parity
symmetry in weak interactions. It naturally provides the
lightest mirror nucleon as a unique GeV-scale dark matter
candidate.

We conjecture that the mirror parity is respected by the
fundamental interaction Lagrangian, so its violation only
arises from spontaneous breaking of the Higgs vacuum,
and the possible soft breaking can only be linear or
bilinear terms; we further conjecture that all possible
soft breakings simply arise from the gauge-singlet sector.
With this conceptually simple and attractive conjecture,
we have studied spontaneous mirror parity violation in
Sec. II, which quantitatively connects the visible and
mirror neutrino seesaws with the common origin of CP
violation. We presented systematical analysis of the mini-
mal Higgs potential (2.8), which includes the visible/
mirror Higgs doublets ¢ and ¢’ as well as a P-odd singlet
scalar y. The singlet y develops a nonzero VEV v at
weak scale and generates vy # vy as in (2.15a) and
(2.18c) [or (2.20)], leading to spontaneous breaking of
the mirror parity (cf. Fig. 1). The domain-wall problem is
resolved by a unique noninteracting soft-breaking term in
(2.8b), and the usual vacuum degeneracy is removed
(cf. Fig. 2). We have realized both the visible and dark
matter geneses from a common origin of CP violation in
the neutrino seesaw via leptogenesis (Sec. III). We pre-
sented two explicit seesaw schemes which generate suc-
cessful visible and mirror leptogeneses with the common
CP violation (as well as u — 7 breaking) in Sec. III. We
found that the right amounts of visible and dark matter
densities (Qpp:Qy = 5:1) are generated in the parameter
space with a natural ratio of Higgs VEVs [cf. ((3.34))]
and a proper mass ratio of singlet Majorana neutrinos [cf.
(3.35)] between the visible and mirror sectors. The con-
straints from BBN on the visible and mirror sectors are
further analyzed in Sec. III.

In Sec. IVwe analyzed the analytical parameter space
of the model and explicitly constructed three numerical
samples from the vacuum minimization, which predict
distinctive Higgs mass spectrum and couplings, as shown
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in Tables I, II, III, and IV and Fig. 1. We also studied in
Sec. IV the low-energy direct and indirect constraints on
the present model. We note that although the light mirror
Higgs boson % safely hides itself due to its small mixing
of O(1072) with the visible Higgs h, the P-odd singlet
Higgs y (which generates unequal VEVs of h and A" and
thus the spontaneous parity violation) has significant mix-
ings with h, as shown in (4.14). The Higgs boson y is
particularly light in sample-C and thus the LEP produc-
tion channel e~ e™ — Z} (with ¥ — bb) is open. But we
found that the sample-C prediction is well within the LEP
Higgs search limit (Fig. 3). We further analyzed the
indirect electroweak precision constraints via oblique
corrections and found that the new contributions from
our Higgs sector satisty the precision AS — AT limit in
Fig. 4.

In Sec. V we further studied the distinctive new Higgs
signatures of the predicted nonstandard Higgs bosons at the
LHC. We systematically computed the Higgs decay widths
and branching fractions for all three samples as summa-
rized in Table V. Our construction always predicts a light
mirror Higgs boson i, weighing about half of the h mass
due to the VEV condition (3.34) with our sample value
vg/vy =4 but its mixing with / is only of O(1072) to
satisfy the BBN constraint. So, different from all previous
mirror models, the decay channel h' — h h and its inverse
process h — h'h" are either forbidden or negligible. The
mass of / lies in the range around 120-140 GeV, and its
main LHC-production channel is gg — h (with h — 0%
and /i — VV*). As Eq. (5.3a) shows, relative to that of the
SM Higgs boson, the & signal rate is suppressed by about
(31%, 4%, 14%) in sample-A, -B, and -C, respectively.
Besides, sample-C has a new production channel gg —
h— X X — 4b [Fig. 5(c)] with large signal rate at the LHC
(Table VI), and is also potentially detectable at Tevatron.
We encourage systematical Monte Carlo analyses to pin
down the 4b backgrounds in this channel at both the LHC
and Tevatron. For the P-odd Higgs boson Y, its main
production channels are gluon-gluon fusions as shown in
Figs. 5(a) and 5(b), besides Fig. 5(c), and its signal rates for
each final state are summarized in Table VI. The y signal
rates for both WW and ZZ final states are sizable at the
7 TeV and 14 TeV LHC, but as Eq. (5.4) shows, they are
suppressed relative to that of the SM Higgs boson (with the
same mass) by a factor about 29-30% and 1.4% in sample-
A and -B, respectively. So, a higher integrated luminosity
is required for their detection. The other fusion channel
88— xX— hh— 4bin Fig. 5(b) is open for sample-B, but
with a relatively low signal rate as shown in Table VI. The
approved LHC runs with 8 TeV collision energy [79]will
further probe the predicted Higgs signals of our samples A,
B, and C in this year.

Finally, in Sec. VI, we have studied direct detection of
the mirror dark matter, which mainly consists of the
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mirror helium “He’ [with a mass fraction about 44% as
estimated in (6.10)] and the mirror hydrogen H' (about
56%). The mass of mirror helium is around 3 GeV [cf.
(6.12)]. Analyzing the scattering cross section of mirror
helium with the nuclei in the (germanium or xenon)
detector via Higgs exchanges shows that the signal is
quite below the sensitivities of the current dark matter
direct search experiments. But it is important to note that
the y — 7' mixing-induced scattering is enhanced in the
low recoil-energy region relative to that of the Higgs
exchange [Fig. 6(a)]. We found that the TEXONO experi-
ment [11] already puts nontrivial constraint on the
parameter space of y — ' mixing, as shown in Fig. 6.
It reveals that the parameter region with y — ' mixing
€ = 1077 is significantly excluded by TEXONO; but the
parameter space with € < 2.7 X 107 is fully consistent
with TEXONO data at the 20 level. The ongoing CDEX
direct search experiment at CJPL deep underground lab
also has a low recoil-energy threshold and is sensitive to
the light dark matter in the mass range of 1-10 GeV [12].
It thus provides the ideal place to further explore the GeV-
scale mirror dark matter. A summary of this work was
presented in Ref. [80].
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Note added in proof.—After this work initially appeared
in arXiv:1110.6893 on October 31, 2011, the ATLAS and
CMS Collaborations announced new results for the
Higgs searches at the LHC (7 TeV) on December 13,
2011 [81], which showed some interesting excesses of
events for a Higgs boson mass around 125 GeV in the
diphoton channel, although statistically inconclusive
[79]. We have shown that a SM-like Higgs boson with
mass about 125GeV is just in the favored parameter
space of the present model, as given by our sample-B
(cf. Tables I and II). The Higgs boson weighs 122 GeV
and 136 GeV in sample-A and -C, respectively. These
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two samples predict significantly lower diphoton signals
than the SM Higgs boson [cf. Eq. (5.3a)]. If the current
excesses of events at the LHC (7 TeV) are disconfirmed
by the upcoming data, our sample-A and -C can provide

(1]
(2]

(4]

[5]

[12]

PHYSICAL REVIEW D 85, 096003 (2012)

additional viable Higgs candidates. We expect that the
new LHC runs at the collision energy of 8 TeV [79] will
further test the predicted Higgs signals of both h and X
in the samples-A, B, and C during this year.
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