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1 Introduction

An intriguing idea, that has persisted over several decades, is that of the Mirror World: the

Standard Model, with quarks and leptons (q, l) and gauge interactions SU(3)×SU(2)×U(1),

is supplemented by an identical sector where mirror quarks and leptons (q′, l′) interact via
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mirror gauge interactions SU(3)′ × SU(2)′ × U(1)′. There are two prime motivations for

this idea. The discrete symmetry that interchanges the ordinary and mirror worlds can be

interpreted as spacetime parity, P , allowing a neat restoration of parity [1, 2]. Secondly,

mirror baryons are expected to be produced in the early universe and to be sufficiently

stable to yield dark matter, and this may lead to an understanding of why the cosmological

energy densities of baryons and dark matter are comparable.

A third, more recent motivation for the Mirror World arises from the absence so far of

new physics at colliders to explain the origin of the weak scale. If the Higgs doublets of the

two sectors (H,H ′) possess a potential with maximal SO(8) symmetry at leading order,

the observed Higgs boson becomes a pseudo-Nambu-Goldstone boson with a mass that is

insensitive to the usual Standard Model (SM) quadratic divergences; this is the Twin Higgs

idea [3]. Furthermore, if the symmetric quartic coupling of this potential, λ, is large relative

to the SM quartic coupling, λSM, the Mirror World reduces the amount of fine-tuning by

a factor of 2λ/λSM to reach any particular UV cutoff of the effective theory. Since we now

know that λSM = 0.13 is small, this improvement can be very significant, allowing a Little

Hierarchy between the weak scale and the UV cutoff, which may be beyond the LHC reach.

In this paper we formulate a minimal, experimentally viable, low energy effective theory

for this idea, Minimal Mirror Twin Higgs, and study its signals. This is a pressing issue:

mirror baryon dark matter, the Twin Higgs mechanism and consistency with cosmological

limits on the amount of dark radiation all require a breaking of parity, P [4]. How is this

to be accomplished? We do not attempt a UV completion, whether supersymmetric [5, 6]

or with composite Higgs [7–10], but note that both account for the approximate SO(8)

symmetry of the Higgs potential.

The SO(8) invariant quartic interaction contains an interaction H†HH ′†H ′ thermally

coupling the two sectors at cosmological temperatures above a few GeV, so that the bound

on dark radiation provides a very severe constraint on Mirror Twin Higgs. The Twin Higgs

mechanism requires a parity breaking contribution to the Higgs mass terms in the potential,

∆m2
H . We find this term by itself to be insufficient to solve the dark radiation problem,

nomatter what other interactions connect the two sectors, at least for fine-tunings above the

percent level. This then implies that the Yukawa couplings of the two sectors differ, y′ 6= y.

Hence we introduce an effective theory, Minimal Mirror Twin Higgs, where all P

violation arises from a breaking of flavor symmetry, yielding different Yukawa couplings in

the two sectors. This single source of P violation leads simultaneously to three key results

• The ∆m2
H term necessary for the Twin Higgs mechanism is generated via q′ loops.

• The mirror QCD phase transition temperature is raised above the decoupling tem-

perature of the two sectors, solving the problem of excessive dark radiation.

• The mirror baryon mass is raised, allowing viable dark matter.

A striking signature would be the discovery at the LHC, or a future collider, of the

mirror Higgs itself, decaying to WW or ZZ; see [4] and figure 10 of [11]. As the mirror Higgs

mass depends on the SO(8) invariant quartic, λ, it could be beyond the LHC range, and

here we focus on other signals. The size of P breaking in the Yukawa couplings to obtain
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the above three results leads to a preferred range of the lightest q′ mass of (2 − 20) GeV,

leading us to compute signals for the following quantities

• The signal strength, µ, and the invisible width, Γ(h→ inv), of the Higgs boson.

• The amount of dark radiation, ∆Neff .

• The direct detection rate for mirror baryon dark matter from Higgs exchange.

• The effective sum of neutrino masses affecting large scale structure and the CMB.

These signals are tightly correlated as they all depend on the Higgs portal between the two

sectors, the ratio of the weak scales, and on the masses of the light q′. For dark matter,

both mirror neutrons and a variety of self-interacting mirror atoms are considered.

After a brief review of the Twin Higgs mechanism in section 2, we demonstrate that

the breaking of P in the Yukawa couplings is necessary in section 3. We define the Minimal

Mirror Twin Higgs theory in section 4, and discuss the consequences of breaking P in the

Yukawa couplings. We constrain the q′ Yukawa couplings from Γ(h→ inv) and ∆m2
H , and

study how large the mirror QCD phase transition temperature T ′c can be. In section 5 we

study the cosmological history of the two sectors when the only communication between

them arises from the Higgs interaction H†HH ′†H ′ and find that the decoupling temperature

can be lower than T ′c, allowing ∆Neff to lie inside the observational limit. We predict the

amount of dark radiation and the effective sum of neutrino masses. In section 6 we examine

an alternative cosmology when communication between the sectors is dominated by kinetic

mixing of the hypercharge gauge bosons. We study a variety of candidates for mirror dark

matter in section 7, and find that the H†HH ′†H ′ interaction, together with the enhanced

q′ Yukawa couplings, will allow direct detection at planned experiments over a large part

of the mass range. In section 8 we briefly study ∆Neff and dark matter candidates when

additional P breaking arises from the absence of Majorana masses for right-handed mirror

neutrinos. In the appendix we show that a PQ symmetry common to both sectors allows

a solution to the strong CP problem, with the axion mass enhanced by the mirror sector

by a factor of order 103, leading to the possibility that fa is of order 10 TeV.

2 Review of the twin Higgs mechanism

In this section, we review the Twin Higgs mechanism using a linear sigma model. The

Standard Model Higgs doublet H, together with a scalar field H ′, is embedded into a

representation of some approximate global symmetry. The global symmetry is broken

down to a subgroup containing SU(2)L × U(1)Y by the vacuum expectation value (VEV)

of H ′. Four of the pseudo-Nambu-Goldstone bosons form a doublet of SU(2)L and are

identified with the Standard Model Higgs doublet. The lightness of the Higgs mass in

comparison with the scale of the Higgs potential can be understood in this way.

Let us take a closer look at the Higgs potential. A global symmetry preserving potential

is given by

Vsym = λ
(
|H|2 + |H ′|2

)2
+m2

H

(
|H|2 + |H ′|2

)
. (2.1)
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We have neglected possible higher order terms which are expected in composite Twin Higgs

models, as they are irrelevant for the following discussion. Since the global symmetry is

explicitly broken by Yukawa couplings and the electroweak gauge interaction, we expect a

breaking of the global symmetry in the Higgs potential, at least by quantum corrections.

The quantum correction to the mass term is the most dangerous, and to suppress it we

assume a Z2 symmetry H ↔ H ′ and call H ′ the mirror Higgs. We also introduce appropri-

ate mirrors of other SM particles. In the following, we use “ ′ “ to denote mirror objects.

The global symmetry of the Higgs potential is now SO(8). A Z2 symmetric mass term is

accidentally SO(8) symmetric, and an SO(8) breaking potential is given by1

VXXXSO(8) = ∆λ (|H|4 + |H ′|4). (2.2)

As we will see later, we need small Z2 breaking terms to obtain a correct electroweak

symmetry breaking scale. We assume Z2 breaking in the mass term,

VZZZ2
= ∆m2

H |H|2. (2.3)

The origin of the Z2 breaking mass term is explained in the next section.

Let us derive the VEVs of the Higgs fields in the small SO(8) breaking limit. Assuming

∆m2
H > 0, we expect 〈H ′〉2 > 〈H〉2. Setting 〈H〉 = 0 initially, the VEV of 〈H ′〉 is given by

v′2 ≡ 〈H ′〉2 =
−m2

H

2λ
. (2.4)

In the unitary gauge of SU(2)L ×U(1)Y , the pseudo-Nambu Goldstone boson, namely the

Standard Model like Higgs h, is given by(
H

H ′

)
→ v′

(
sin h√

2v′

cos h√
2v′

)
. (2.5)

Minimizing the potential of h given by eqs. (2.2) and (2.3), we obtain

v2 ≡ 〈H〉2 = v′2sin2 〈h〉√
2v′
' v′2

2

(
1−

∆m2
H

2∆λv′2

)
. (2.6)

The mass of h is given by

m2
h ' 8∆λ v2, (2.7)

whereas the mass of the mirror Higgs boson, h′, is

m2
h′ ' 4λ v′2. (2.8)

From eqs. (2.6) and (2.7), the required Z2 breaking is given by

∆m2
H '

1

4

v
′2

v2
m2
h ' (200 GeV)2 ×

(
v′/v

3

)2

. (2.9)

1Quantum corrections from top quarks gives ∆λ = 3y4t /64π2(log(Λ2/m2
t ) + A), with Λ the cut off

scale of the Higgs sector and A a finite UV-dependent term. To obtain the observed Higgs mass requires

log(Λ/mt) + A/2 ≈ 7. Alternatively a tree level ∆λ may exist, as, e.g., from a supersymmetric D-term.

See [9] for the case of a composite Twin Higgs model.
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Let us comment on the fine-tuning in the Twin Higgs model. In order to obtain the

hierarchy between v′ and v, ∆m2
H must be tuned against ∆λ v′2. The standard fine-tuning

measure is given by

∆ ≡
∣∣∣ ∂ lnv2

∂ ln∆m2
H

∣∣∣ =
1

2

v′2

v2
. (2.10)

The mixing in the physical higgs bosons, h and h′, imply an overall reduction of the

couplings of the Standard Model higgs to any Standard Model particles by the relative

amount (1− 1/2(v/v′)2). The precision measurements of these couplings [13] require that

v′/v > 2 at 95% C.L. (see section 4.2).2 Hence we need a tuning of at least 50%: this is

the unavoidable, minimal fine-tuning in Twin Higgs models.

In general we expect a fine tuning also in the mass of the mirror Higgs boson. Assuming

that the dominant contribution to this fine tuning comes from the top loop suitably cutoff

at a scale ΛTH,3 it is

∆mh′ ≈
3/8π2y2

tΛ
2
TH

2λv′2
. (2.11)

If ∆mh′ > 1, the overall fine tuning in Twin Higgs is given by

∆TH =
1

2

v′2

v2
×∆mh′ , (2.12)

that can be compared with the fine tuning in the SM

∆SM =
3/8π2y2

tΛ
2
SM

2λSMv2
, (2.13)

where λSM is the SM quartic coupling and ΛSM is the cut off scale of the SM.

Thus the fine tuning in TH relative to the SM is

∆SM/∆TH =
2λ

λSM

Λ2
SM

Λ2
TH

. (2.14)

As λSM ' 0.13, this improvement is significant: for a moderate tuning ΛTH can be above

the scales directly explorable at the LHC.

Let us comment on the required quality of the Z2 symmetry [9, 12]. The top Yukawa

coupling yt gives a one-loop quantum correction,

∆m2
H |yt '

3

8π2

(
y2
t′ − y2

t

)
Λ2, (2.15)

where Λ is the cut off of the Higgs sector. In composite Twin Higgs models, Λ is the scale

of higher resonances, which is expected be as large as Λ ∼ g∗v
′, where g∗ is the coupling

strength of hadrons. The naive-dimensional analysis [14, 15] and the large N counting [16]

suggest g∗ ∼ 4π/
√
N , where N is the size of the confining gauge group of the composite

2The electroweak precision measurement as well sets an indirect bound on v′/v, which depends on the

mass of the mirror Higgs. For mh′ = 1 TeV, considering the IR contribution only, one obtains v′/v > 3 at

90% C.L.
3For λ > 1 this requires a suppression of the Higgs loop contribution in the UV completion of the Twin

Higgs model considered here.
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Twin Higgs model. In the supersymmetric Twin Higgs model, Λ is the stop mass scale

multiplied by a log enhancement factor. Requiring that this correction does not exceed the

required one in eq. (2.9), we obtain∣∣∣yt′ − yt
yt

∣∣∣ . 0.03

(
v′/v

3

)2(5 TeV

Λ

)2

. (2.16)

The strong interaction gives a two loop quantum correction,

∆m2
H |strong '

3y2
t

(
g2

3 − g′23
)

8π4
Λ2, (2.17)

leading to the requirement∣∣∣g′23 − g2
3

g2
3

∣∣∣ . 0.5

(
v′/v

3

)2(5 TeV

Λ

)2

. (2.18)

Finally, the SU(2)L interaction gives a one-loop quantum correction,

∆m2
H |weak '

9
(
g2

2 − g′22
)

64π2
Λ2, (2.19)

requiring ∣∣∣g′22 − g2
2

g2
2

∣∣∣ . 0.2

(
v′/v

3

)2(5 TeV

Λ

)2

. (2.20)

A natural explanation for the quality of the Z2 symmetry shown in eqs. (2.16), (2.18)

and (2.20) is that the Lagrangian is precisely Z2 symmetric, with a complete copy of all

Standard Model particles — this is nothing but the Mirror World. A key question then be-

comes the form and origin of the Z2 breaking necessary to construct a fully realistic theory.

3 Necessity of Z2 symmetry breaking in Yukawa couplings

As reviewed in the previous section, the Twin Higgs mechanism requires a Z2 symmetry

under which the Standard Model and mirror particles are exchanged. The Z2 symmetry

must be broken eventually to obtain the correct electroweak symmetry breaking scale. In

this section, we show that it is mandatory to break the Z2 symmetry in Yukawa couplings

to suppress the abundance of dark radiation, no matter what the origin of Z2 breaking is

and no matter what interactions might be added to the theory to couple the two sectors.

Thus the minimal phenomenologically viable way to break the Z2 symmetry is via yf ′ 6= yf .

The Standard Model and mirror particles interact with each other by the interaction in

eq. (2.1) so that in the early universe at temperatures of order the weak scale the two sectors

are kept in equilibrium via Higgs exchange. At lower temperatures the mirror particles

eventually annihilate/decay into mirror photons (and mirror neutrinos), giving an extra

component of relativistic particles, which is often referred to as dark radiation. The amount

of dark radiation depends on the decoupling temperature between the two sectors, Td, below

which the interaction rate between Standard Model and mirror particles is smaller than the

Hubble expansion rate. Without introducing extra interactions, Td is determined by Higgs

– 6 –
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Figure 1. Prediction for the amount of extra dark radiation arising from only e′, µ′, τ ′ and γ′ as

a function of the decoupling temperature Td between the Standard Model and mirror sectors.

exchange which depends on the Yukawa couplings [4, 5]. In this section, to be general, we

allow additional interactions coupling the sectors and treat Td as a free parameter.

Assuming the Yukawa couplings are Z2 symmetric, the mirror charged lepton masses

are determined solely by the ratio v′/v. (The masses of mirror hadrons could be also affected

by the Z2 symmetry breaking in the SU(3)c gauge coupling.) As their masses are relatively

small, they remain in the thermal bath until low temperature, and contribute too much dark

radiation. In figure 1, we show the prediction for the abundance of dark radiation, which by

convention is expressed as an effective extra number of neutrinos, ∆Neff , which is given by

∆Neff =
4

7
g′r ×

(
10.75

g(Td)

)4/3

×
(
g′(Td)

g′r

)4/3

, (3.1)

where g(T ) and g′(T ) are the effective entropy degrees of freedom (d.o.f) of the Standard

Model particles and the mirror particles at temperature T , respectively, and g′r is the

d.o.f. of the radiation component of the mirror sector. The second factor expresses the

heating of the Standard Model neutrinos, and the third factor expresses the heating of the

dark radiation. The d.o.f of the Standard Model particles g(T ) is extracted from [17]. We

assume that only the mirror electron, muon, tau and photon are light and contribute to

the dark radiation. Light mirror neutrinos, as considered in sections 4 to 7, make the claim

in this section even stronger. Then g′r = 2 and

g′(Td) = 2 +
45

2π2

ρ′(Td) + p′(Td)

T 4
d

,

ρ′(Td) =
2

π2

∑
f=e,µ,τ

m4
f

(
v′

v

)4 ∫ ∞
1

dx

(
x2 − 1

)1/2
x2

exp(xmfv′/Tdv) + 1
,

p′(Td) =
2

3π2

∑
f=e,µ,τ

m4
f

(
v′

v

)4 ∫ ∞
1

dx

(
x2 − 1

)3/2
exp(xmfv′/Tdv) + 1

. (3.2)

The Planck collaboration puts a bound on the effective number of neutrinos, Neff =

3.2±0.5 [21], which leads to the upper bound of ∆Neff < 0.65 (2σ) and 0.40 (1σ), indicated

– 7 –
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by dashed lines in figure 1. The 2σ bound can be only marginally satisfied. The 1σ bound

can be satisfied when v′/v & 40, which requires a fine-tuning of more than 0.1% to obtain

the electroweak symmetry breaking scale. Note the importance to reach this conclusion of

the deviation of the actual g′(Td) from a naive stepwise function. We conclude that it is

necessary to break the Z2 symmetry in the Yukawa couplings to further raise the mirror

charged lepton masses.

The Yukawa couplings can naturally acquire Z2 symmetry breaking if they arise from

VEVs of fields, as in the Froggatt-Nielsen (FN) mechanism [22]. Once these fields take

asymmetric VEVs, the Z2 symmetry of the Yukawa couplings is spontaneously broken. As

long as the top Yukawa coupling does not depend on these field values, the Twin Higgs

mechanism is maintained. In this paper we do not specify the model of the FN mechanism,

but study the physical consequences of a low energy effective field theory for Twin Higgs

with yf ′ 6= yf .

4 Minimal mirror twin Higgs

The effective field theory below ΛTH for Minimal Mirror Twin Higgs is

LEFT = L321(gi, yf , λ,mH) + L′3′2′1′(gi′ , yf ′ , λ′,mH′) + 2λ′′H†HH ′†H ′ +
1

2

ε

cosθ2
W

BµνB′µν

+ (LH)2/M1 + (L′H ′)2/M1 + (LH)(L′H ′)/M2 + . . . . (4.1)

where L321(gi, yf , λ,mH) describes the Standard Model including all operators up to di-

mension 4 and L′3′2′1′ similarly describes the mirror sector. The lepton-Higgs interactions

of the second line are the most general Z2 symmetric set of dimension 5 operators and are

suppressed by large masses M1,2. Including all operators consistent with gauge invariance

allows kinetic mixing via ε.

The Twin Higgs mechanism is imposed by boundary conditions at ΛTH:

λ′′ = λ′ = λ, mH′ = mH , gi′ = gi yt′ = yt. (4.2)

As discussed in footnote 1, there could also be a boundary condition giving non-zero ∆λ.

Z2 breaking is the minimal consistent with the requirement of the previous section, namely

yf ′ 6= yf f 6= t. (4.3)

This breaking of Z2 is hard, meaning that the boundary conditions of (4.2) are not exact

and are broken by loop corrections at ΛTH. We restrict the size of yf ′ , for f 6= t, so that

these corrections maintain the Twin Higgs mechanism and satisfy eqs. (2.16), (2.18), (2.20).

The dimension 5 operators have flavor structure suppressed and would arise from the see-

saw mechanism with Z2 symmetric neutrino Yukawa couplings and right-handed neutrino

masses. Comparable M1,2 are excluded from limits on oscillation to sterile neutrinos, sug-

gesting that lepton number symmetries (or B − L symmetries) play an important role in

neutrino masses.4 We assume these symmetries lead to neutrino couplings LNH+L′N ′H ′

4If the hierarchy between M1 and M2 is not too large, the theory may have neutrino oscillation signals.
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and masses for right-handed neutrinos, N and N ′, so that M2 � M1 or M1 � M2; the

light neutrinos are then Majorana or Dirac, respectively.

For M2 � M1, arising if NN ′ mass mixing is absent, neutrinos are Majorana with

light mirror neutrino masses given by

mν′ = (v′/v)2mν . (4.4)

For M1 �M2, arising if the only right-handed neutrino mass is NN ′, Standard Model and

mirror left-handed neutrinos obtain Dirac masses, so that

mν′ = mν . (4.5)

Such Dirac masses from a seesaw are an interesting possible consequence of parity restora-

tion in the mirror scheme.

Next we constrain the Z2 breaking in yf ′ by requiring that quantum corrections to the

Higgs masses yield non-zero ∆m2
H as required for the Twin Higgs mechanism in eq. (2.9).

We then place experimental bounds on yf ′ from the invisible decay width of the SM-like

Higgs. Finally, we study mirror fermion spectra, consistent with these constraints, that

maximize the QCD′ scale.

4.1 Constraint on Yukawa couplings from ∆m2
H

We derive a constraint on Z2 symmetry breaking in the Yukawa couplings by requiring

that quantum correction to the soft Higgs masses yields the Twin Higgs mechanism. We

assume the top Yukawa couplings of the Standard Model and mirror sectors are identical

but allow other Yukawa couplings to differ, inducing a Z2 breaking Higgs mass term

∆m2
H |Yuk '

∑
f 6=t

Nf ′

8π2
y2
f ′(Λ) Λ2, (4.6)

where Nf ′ is the multiplicity of the mirror fermion f ′; 3 for mirror quarks and one for

mirror leptons. It should be remarked that the sign of the mass term is the required one.

For this correction to explain ∆m2
H of eq. (2.9), the sum of the square of the mirror Yukawa

couplings, and hence the mirror fermions masses, are determined

∑
f 6=t

(
Nf ′

3

)
y2
f ′(Λ) ' 0.04

(
v′/v

3

)2(5 TeV

Λ

)2

,

∑
f=u,d,c,s,b

(
Nf ′

3 δ2
f ′,Λ

)
m2
f ′ ' (100 GeV)2

(
v′/v

3

)4(5 TeV

Λ

)2

. (4.7)

Here, δf ′,µ ≡ yf ′(mf ′)/yf ′(µ) encodes the effect of the renormalization between a scale µ

and mf ′ . δq′,Λ is about 1.3−1.5 for mq′ = (100−10) GeV, and δl′,Λ ' 1. In the following we

take δq′,Λ = 1.4. Note that the estimation of ∆m2
H |Yuk is UV sensitive and hence involves

O(1) uncertainty, which we formally treat by varying the value of Λ in eq. (4.7). The Z2

breaking correction to the Higgs quartic couplings is proportional to y4
f ′ and is negligible.
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4.2 Standard Model like Higgs decays

The Standard Model like Higgs h is an admixture of the two doublets H and H ′, h =

cγH + sγH
′, with s2

γ ≡ sin2 γ = (v/v′)2 up to corrections of order (v/v′)4 and (mh/mh′)
2.

In turn this leads to a universal reduction by a factor cγ of the Higgs couplings to all pairs

of SM particles as well as to a coupling of the same Higgs to the mirror fermions

L ⊃ −yf ′ H ′f ′Lf̄ ′R → − v√
2v′

yf ′ hf
′
Lf̄
′
R = −

vmf ′√
2v′2δf ′,mh

hf ′Lf̄
′
R, (4.8)

where the QCD running factor for a mirror quark f ′ = q′, δq′,mh
, is about 1.3 for mq′ around

10 GeV, and the precise value depends on the details of the mirror quark spectrum.5

Higgs decays to mirror fermions leads to an invisible branching ratio

Brinv = Br(h→ f ′f̄ ′) ' 0.1×
(

3

v′/v

)4 ∑
f ′,2mf ′<mh

Nf ′

3
(
mf ′

10GeV
)2δ−2

f ′,mh
. (4.9)

where phase space has been neglected. Figure 2 shows the correlations between v/v′, Brinv,

and the universal deviation from unity of the Higgs signal-strengths at the LHC into any

SM final state,

1− µ = 1− c2
γ(1− Brinv) ' s2

γ + Brinv, (4.10)

versus the relevant combination of mirror fermion masses∑
f ′,2mf ′<mh

m2
f ′
Nf ′

3

(
1.3

δf ′,mh

)2

≡ m2
sum. (4.11)

We adopt the bound µ > 0.75 (95% C.L.) for the gluon fusion channel [13], as it has

the smallest uncertainty. The bound is so strong that mirror fermions with mf ′ < mh/2

give sub-dominant contributions to ∆m2
H (see eq. (4.7)): there must be at least one mirror

fermion heavier than mh/2 other than t′. The high-luminosity LHC can probe µ < 0.93 [23],

which is shown by a dashed line in figure 2. Irrespective of the mirror fermions masses,

v′/v < 4 can be probed. The ILC is expected to measure the Higgs signal-strength with

an accuracy of 1% [24], which probes v′/v < 10.

4.3 Mirror QCD phase transition temperature

The larger Yukawa couplings of the mirror quarks leads to a larger mass of the mirror

quarks, and hence to a larger mirror QCD phase transition temperature, T ′c. Since the

number of degrees of freedom of the mirror sector changes rapidly near the phase transition,

increasing T ′c above the decoupling temperature of the two sectors is critical to obtaining

∆Neff below the current bound, as specifically illustrated in section 5.3. However, there is

a limit to how much T ′c can be increased, and here we derive an upper bound on T ′c.

First, we take the masses of N+ mirror quarks (m+) above mh/2 and degenerate, and

determine their mass according to eq. (4.7). Next, we take the masses of the remaining

5In the following, we take δq′,mh
= 1.3 for simplicity. This simplification essentially does not change the

following discussion.
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Figure 3. The prediction of the mirror QCD phase transition temperature as a function of the

light mirror quark mass.

5−N+ mirror quarks to be the same (mq′), and constrained by the bound µ > 0.75. With

these masses, we solve the two-loop renormalization group equation of the mirror QCD

gauge coupling constant. We find that, for a wide range of parameter space, mq′ is well

above the scale at which the gauge coupling diverges. Adopting the lattice calculation for

the pure SU(3) Yang-Mills gauge theory in ref. [25], matching the renormalization scale

and the inverse of the lattice spacing, we obtain T ′c, as shown in figure 3. The figure shows

that T ′c can be well above 1 GeV, and reach a few GeV. Here the right end of each line

shows the point where the bound from the invisible decay of the Higgs, as inferred from

the limit on µ, is saturated. We also show values of Br(h → inv) = 0.02, 0.05, 0.1 by dots

on each line, from left to right.

Note that the sum of the square of Yukawa couplings is bounded as eq. (4.7) and

µ > 0.75, while the dynamical scale of mirror QCD depends on the product of the mirror

quark masses. Thus, for a given N+, the universal m+ and m− saturating these bounds

maximize T ′c: the maximal T ′c can be read off from the right hand end of each line.
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5 Thermal history with Higgs exchange

In this section, we discuss the thermal history of the Minimal Mirror Twin Higgs theory

of (4.1) in the limit of ε < 10−5, so that the sectors are coupled only via Higgs exchange, and

focus on the amount of dark radiation. Note that radiative corrections to ε in the effective

theory below ΛTH vanish at 3 loops,6 and any 4-loop contribution would be of order 10−10 In

the early universe, at temperatures larger than several GeV, the Standard Model and mirror

particles interact with each other and have the same temperature. Below some temperature,

Td, the interaction between the sectors becomes inefficient and they evolve independently.

Heavy mirror particles eventually decay or annihilate into mirror photons and neutrinos,

which are observed as dark radiation estimated in eq. (3.1). To satisfy observational con-

straints requires g′(Td)� g(Td) so that at Td the colored states u, d, s, g contribute to g(Td)

but QCD′ states contribute very little to g′(Td); roughly speaking, decoupling must occur

between QCD′ and QCD phase transitions, and we explore this further below.

5.1 QCD′ and constraints on the q′ spectrum

If some q′ are light compared to the QCD′ scale Λ′, then T ′c is lower than computed in the

previous section resulting in large QCD′ contributions to g′(Td) that are excluded by bounds

on ∆Neff . Hence the QCD′ phase transition is purely gluonic with zero q′ flavors. The

temperature dependence of this zero flavor QCD, g′QCD(T ) has been accurately computed

on the lattice [26]. As the temperature decreases from high values, g′QCD(T ) drops from

its large perturbative value of 16 only very gradually, and then sharply drops very close

to the critical temperature T ′c; immediately after the phase transition at T ′c the glueball

contribution to g′(T ′c) is 0.6. If Td > 1.1T ′c, much of the entropy of the mirror gluon

plasma is distributed solely to the mirror particles, which leads to too large ∆Neff . Hence,

in the next sub-section we seek regions of parameter space where Td < T ′c, which is at most

(1–2.8) GeV, as shown in figure 3.

Below T ′c, mirror glueballs S′ decay to γ′γ′ via

L ∼ αsα

m4
q′
G′G′F ′F ′, (5.1)

generated by integrating out the lightest mirror quark, of mass mq′ , giving a decay rate

Γ(S ′ → γ′γ′) =
α2
sα

2

64π3

Λ
′9

m8
q′
∼ 10−17 GeV

(
Λ′

2 GeV

)9(20 GeV

mq′

)8

. (5.2)

Λ′ is the scale at which QCD′ becomes strongly coupled, and is comparable to T ′c. In the

case with all q′ heavier than mh/2, labelled N+ = 5 in figure 3, the mirror glueball is not

in thermal equilibrium just above T ′c where its contribution to g′ is large. In this case, the

6Candidates for such three-loop corrections are diagrams where a SM photon is connected with two

Higgs with a loop of SM particles, and a mirror photon is connected with two mirror Higgs in a similar

manner, and the two Higgs connect to two mirror Higgs via Higgs mixing. We find that the sub-diagram

involving a photon and two Higgs vanishes due to the Bose statistic of the Higgs. Intuitively speaking, the

symmetrized two Higgs have vanishing angular momentum, and vanishing correlators with a photon.
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mirror glueballs decay late, well after Td computed below, and hence is excluded by the

limit on ∆Neff . Figure 3 shows that, in all the remaining cases of N+ = 1-4, there must

be one q′ lighter than 22 GeV. Over much of the parameter space of the q′ spectrum, the

decay rate of (5.2) is fast enough to ensure that the glueballs at T ′c are indeed in thermal

equilibrium with γ′, and contribute 0.6 to g′(T ′c). Cases with Γ(S ′ → γ′γ′) less than the

Hubble expansion rate at T ′c must be discarded as they give too much dark radiation.

Mirror glueballs also decay to ν ′ν̄ ′ via

L ∼ αsα2

m2
q′m

2
Z′
ν†σνDG′G′, (5.3)

giving a decay rate

Γ(S ′ → ν ′ν̄ ′) =
α2
sα

2
2

64π3

Λ
′9

m4
q′m

4
Z′
∼ 10−20 GeV

(
Λ′

2 GeV

)9(20 GeV

mq′

)4( 3

v′/v

)4

, (5.4)

which is negligible in comparison with Γ(S ′ → γ′γ′).

5.2 Decoupling temperature

Now, let us estimate the decoupling temperature Td. Mirror fermions f ′ and standard

fermions f interact with each other by the exchange of the standard model Higgs. Since

f ′ interact with γ′, thermal equilibrium between γ′ and Standard Model particles can

be maintained, even if f ′ is heavy and its number density is much smaller than that of

relativistic particles. We discuss the thermal equilibrium of mirror neutrinos later.

Let us first estimate the interaction rate assuming that the dynamics of f ′ in the

thermal bath is described by that of free fermions. This is certainly correct for the mirror

leptons. We comment on the case with mirror quarks later. The scattering cross section

between f and f ′ by Higgs exchange is given by

σv(ff ′ → ff ′) =
1

8π

(mf

v

)2 (vmf ′

v′2

)2 mfmf ′

mf +mf ′

pcm

m4
h

(5.5)

where we assume a non-relativistic limit. Here pcm is the momentum of the fermion in the

center of mass frame. In the thermal bath, it has a typical size

p2
cm =

4T (mf +mf ′ +
√
mfmf ′)

3
(
2 +mf/mf ′ +mf ′/mf

) . (5.6)

The annihilation cross section of a pair of f ′ into a pair of f is given by

σ(f ′f̄ ′ → ff̄)v =
Nf

4π

(mf

v

)2 (vmf ′

v′2

)2 (m2
f ′ −m2

f )3/2

m3
f ′m

4
h

p2
f ′ . (5.7)

Here pf ′ is the momentum of f ′ in the center of mass frame. In the thermal bath, it is

as large as p2
f ′ ' 3mf ′T/2. Nf is the multiplicity of the Dirac fermion f ; for one lepton

(quark), Nf = 1(3).
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The energy density of mirror particles, ρ′, is transferred into Standard Model particles

at a rate

d

dt
ρ′ =

∑
f

4 (NfnF (mf , T ))
(
Nf ′nF

(
mf ′ , T

))
σv(ff ′ → ff ′)×∆E

+
∑
f

Nf ′nF (mf ′ , T )2σv(f ′f̄ ′ → ff̄)× 2mf ′ . (5.8)

Here nF (m,T ) is the number density of a Weyl fermion of mass m in the thermal bath at

temperature T , and ∆E ' T is a typical energy transfer by the scattering ff ′ → ff ′. We

find that the annihilation f ′f̄ ′ → ff̄ is more important than the scattering ff ′ → ff ′ in

determining Td by Higgs exchange. This is because the energy transfer per annihilation is

2m′f and is larger than that per scattering, ∆E ∼ T , for T < mf ′ .

In figure 4, solid curves show the temperature Td, below which (dρ′/dt)/ρ′ is smaller

than the expansion rate of the universe, as a function of mf ′ with various colors for different

Nf ′ = 1, 2, 3, 6, 9, 12, 15. The black and red dashed lines show the maximal T ′c as estimated

in section 4.3. Other dashed lines shows the maximal possible T ′c when Nf ′/3 mirror quarks

have a common mass mf ′ , with their color chosen to match those of the corresponding

solid lines. The maximal T ′c are determined in the following way. We first put as many

quarks as possible (N+) above mh/2 with the same mass and determine their mass so that

the bound in eq. (4.7) is saturated. We then determine the masses of remaining quarks

(5−N+−Nf ′/3) so that the bound µ > 0.75 is saturated. (For v′/v = 3, 5 and Λ = 3 TeV,

we find that N+ = 5 − Nf ′/3, and hence the second step is not necessary.) On the right

end of each dashed line, the invisible decay width of the Standard Model Higgs into mirror

fermions f ′ saturate the current bound. For a mirror fermion mass in the range between

abound 5 and 20-30 GeV for v′/v = 3-5, Td is smaller than T ′c, so that the energy of the

mirror gluon plasma is efficiently transferred into the Standard Model particles.

In figure 5, we show the predictions for the invisible branching ratio of the Standard

Model Higgs. The ranges of mf ′ which yield Td > T ′c are depicted by dotted lines. The

shaded region is excluded by the measurement of the Higgs-signal strength. The high-

luminosity LHC can probe µ < 0.93, whose corresponding invisible branching ratio is

shown by a dashed line in the right panel. It is also sensitive to the invisible branching

ratio of 10% [23]. For v′/v ∼ 3, the deviation of the Higgs signal-strength from unity as

well as non-zero invisible branching ration may be detected in the high-luminosity running

of the LHC. The ILC is sensitive to an invisible branching fraction of sub-percent level [24].

The region with Td < T ′c can be probed by the Higgs-signal strength as well as the invisible

decay of the Higgs at the high-luminosity LHC and the ILC.

In the above analysis we calculated Td assuming that the dynamics of mirror fermions

is described by that of free fermions. This is not correct for mirror quarks when the

temperature is smaller than the binding energy BD of the mirror QCD interaction. As

the temperature drops below the binding energy, some mirror quarks form bound states,

namely mirror quarkonia. This effect is expected to enhance the energy transfer rate by the
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Figure 4. The decoupling temperature, Td, between the two sectors as a function of the mirror
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maximal possible mirror QCD phase transition temperature.
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Figure 5. Predictions for the invisible branching ratio of the Standard Model Higgs. The ranges

of mf ′ that yield Td < (>)T ′
c are depicted by solid (dotted) lines.

annihilation of mirror fermions. The annihilation rate of mirror fermions inside quarkonia is

Γ(q′q̄′ → ff̄) ∼ σ(q′q̄′ → ff̄)v|pf ′'m′qα′3 ×
1

4π

(
mf ′α

′
3

)3
, (5.9)

where the second factor is the inverse volume of a quarkonium. The energy transfer rate

by annihilation is given by

d

dt
ρ′|annihilation ∼ Nq′

∑
f

nB(2mq′ , T )Γ(ηq′ → ff̄)× 2mq′ , (5.10)

where Nq′ is the number of mirror quarks with a mass mq′ , and nB(m,T ) is the number

density of a real scalar with a mass m in the thermal bath with a temperature T . The ratio

of the energy transfer rate by the annihilation of free fermions to that by the annihilation

inside quarkonia is

dρ′/dt|free

dρ′/dt|quarkonia
∼
(

T

mq′α
′2
3

)5/2

∼
(
T

EB

)5/2

. (5.11)

Here we have used the non-relativistic approximation for nF,B. In the parameter space we

have discussed, the binding energy EB is comparable to the temperature, and hence the
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formation of the bound state does not change the result in figure 4 significantly. But we

note that it is possible that Td < T ′c is achieved for a wider parameter region.

Here we show that mirror neutrinos can be in thermal equilibrium down to Td. Chem-

ical equilibrium of mirror neutrinos is maintained by the annihilation process f ′f̄ ′ ↔ ν ′ν̄ ′,

with cross section

σ(f ′f̄ ′ → ν ′ν̄ ′)v =
g4

2/c
4
w

64π

(
I3f ′ − 2s2

wQf ′
)2 m2

f ′

m4
Z′
. (5.12)

The number of mirror neutrinos produced/annihilated per unit volume and time is given by

σ(f ′f̄ ′ → ν ′ν̄ ′)v × nF (mf ′ , T )2 ×Nf ′ . (5.13)

Comparing this rate with H × n(ν ′), we find that chemical equilibrium as well as kinetic

equilibrium are maintained down to a temperature of about mf ′/10. Kinetic equilibrium

alone is maintained by the scattering f ′ν ′ → f ′ν ′, with a cross section

σ(f ′ν ′ → f ′ν ′)v =
g4

2/c
4
w

32π

((
I3f ′ − 2s2

wQf ′
)2

+
1

4

)
T 2

m4
Z′
, (5.14)

and is effective down to a temperature of about mf ′/20. Comparing mf ′/10 and Td in

figure 4, thermal equilibrium of mirror neutrinos is also maintained down to temperature Td.

5.3 Dark radiation

As we have shown, mirror photons and mirror neutrinos can be in thermal equilibrium with

Standard Model particles down to temperature Td < T ′c. Taking account mirror photons

and neutrinos, the prediction for ∆Neff is

∆Neff,γ′ν′ =
4

7
×
(

2 +
7

4
× 3

)
×
(

10.75

g(Td)

)4/3

= 0.29×
(

80

g(Td)

)4/3

, (5.15)

which is consistent with the upper bound, ∆Neff < 0.65.

To keep Td smaller than T ′c, some mirror fermions must have masses not far above Td
and so they also contribute to dark radiation, giving

∆Neff,γ′ν′f ′ = 0.29×
(

80

g(Td)

)4/3
(

7.25 + g′f (Td)

7.25

)4/3

, (5.16)

where g′f is the effective d.o.f. of mirror fermions f ′. In figure 6, we show the prediction for

∆Neff as a function of mf ′ . Here we have neglected the contribution from the mirror gluon

plasma, which is correct for mf ′ that give Td < T ′c. Regions that give Td > T ′c are depicted

by dotted lines. We also assume that gs,f ′ is well approximated by that of the ideal gas of

f ′. This is correct for mirror leptons; for mirror quarks, the actual gs,f ′ is smaller. Lines in

the left panel are terminated if the Higgs coupling-strength falls below 0.75. The predicted

amount of the dark radiation can be consistent with the experimental bound.

To summarize: for the amount of dark radiation to be below the experimental bound,

there must be a mirror fermion with mass in the range (4 − 28) GeV.
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Figure 6. Prediction for ∆Neff as a function of the mirror fermion mass mf ′ , for various multi-

plicities, Nf ′ . Thermal equilibrium between the two sectors is maintained by the exchange of the

SM-like Higgs. The ranges of mf ′ that yield Td < (>)T ′
c are depicted by solid (dotted) lines.

5.4 Cosmological signals of mirror neutrino masses

As discussed in section 4, the dimension 5 operators of the Minimal Mirror Twin Higgs

theory of (4.1) result in neutrino masses that are either Majorana, with mν′ = (v′/v)2mν ,

or Dirac with mν′ = mν . Such masses can have significant effects on structure formation

in the universe as well as the CMB spectrum. Taking into account dilution by Standard

Model particles, the ν ′ number density is

nν′ =
10.75

g(Td)
× g′(Td)

g′r
× nν =

(
7

29
∆Neff

)3/4

nν . (5.17)

For the case of Majorana neutrinos, the effective total mass of light neutrinos, con-

strained by data on structure formation, is(∑
mν

)
eff
≡
∑

mν +
∑

mν′
nν′

nν

=
(∑

mν

)
×

(
1 +

(
7

29
∆Neff

)3/4(v′
v

)2
)
> 2.3

∑
mν . (5.18)

Here we have used the prediction of figure 6, ∆Neff > 0.3, and the experimental constraint

v′/v > 3, to obtain the last inequality. Although the current cosmological data are more

constraining on ∆Neff than on (
∑
mν)eff , both parameters may play a comparably im-

portant role in observations in the near future. We note that (
∑
mν)eff can be larger or

smaller if the Z2 symmetry is also broken in the Dirac mass term of neutrinos.

For the case of Dirac neutrinos, the effective total mass of neutrinos is(∑
mν

)
eff

=
(∑

mν

)
×

(
1 +

(
7

29
∆Neff

)3/4
)
'
∑

mν (5.19)

so that mν′ have a small effect on structure formation and the CMB spectrum.

6 Thermal history including kinetic mixing

In the last section, we discussed the thermal history of the Minimal Mirror Twin Higgs

theory with ε < 10−5, so that Higgs exchange is the unique interaction coupling the two
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sectors, and found that light mirror fermion must be in the range of about (4-20) GeV.

In this section we allow larger values of ε, from the UV completion above ΛTH, so that

the Standard Model and mirror sectors also interact by kinetic mixing between U(1)Y
and U(1)′Y gauge bosons, described by the εBµνB′µν term of eq. (4.1). As we will see, the

allowed range of mirror fermions masses are wider than the case without the kinetic mixing.

6.1 Decoupling temperature

Here we list the decoupling temperatures of various processes that maintain thermal equi-

librium of mirror photons and/or neutrinos. We take a field basis such that the mirror

photon is shifted to eliminate kinetic mixing, A′ → A′+ εA. In this basis, Standard Model

charged particles interact only with photons, while mirror particles interact with both

photons and mirror photons.

Mirror photons are in thermal equilibrium with mirror charged fermions f ′, which

also interact with photons and through mixing, maintaining thermal equilibrium between

Standard Model particles and mirror photons. The cross section for f ′γ′ ↔ f ′γ is given by,

σ(f ′γ′ ↔ f ′γ)v =
8π

3
ε2α2q4

f ′
1

m2
f ′
, (6.1)

where we assume T � mf ′ , and qf ′ is the electromagnetic charge of f ′. The scattering

rate is smaller than the expansion rate of the universe below a temperature Td,γ′ ,

Td,γ′ '
mf ′

20 + 2ln ε
10−2

. (6.2)

U(1) kinetic mixing also mixes the mirror Z ′ boson and the Standard Model photon,

allowing mirror neutrinos to interact with Standard Model fermions with a cross section,

σ(fν ′ → fν ′)v ' σ(ff̄ ↔ ν ′ν̄ ′)v ' 16π

3
q2
f

α2

c4
w

ε2
T 2

m4
Z′
. (6.3)

This scattering becomes ineffective below the temperature Td,ν′ ,

Td,ν′ ' 0.3 GeV
( ε

10−2

)−2/3
(
v′/v

3

)4/3

. (6.4)

Td,ν′ must be larger than the QCD phase transition temperature, otherwise the mirror

neutrino abundance exceeds the upper bound on dark radiation. This gives an upper

bound on kinetic mixing, ε . 10−2, so that Td,γ′ & mf ′/20.

Mirror photons are in the thermal equilibrium with mirror charged fermons f ′. If

the scattering rate of the process f ′f̄ ′ ↔ ν ′ν̄ ′ is large enough, kinetic as well as chemical

equilibrium of mirror neutrinos is maintained. As we have seen, this interaction is effective

down to the temperature of mf ′/10 ≡ Td,ν′γ′,che. Kinetic equilibrium of mirror neutrinos is

maintained by f ′ν ′ → f ′ν ′, which is efficient down to a temperature of mf ′/20 ≡ Td,ν′γ′,kin.
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Figure 7. Decoupling temperatures of various process when the lightest mirror charged fermion is

a quark of mass 20 GeV.

6.2 Dark radiation

From the above consideration on decoupling temperatures, we obtain a bound on mirror

fermion masses. In order for the energy of mirror gluons to be transferred into Standard

Model particles, Tγ′ or max(Tν′ , Td,ν′γ′,kin) must be smaller than T ′c. This requires a charged

mirror fermion lighter than 20T ′c = 20-50 GeV. Charged mirror fermion masses are also

bounded from below. Even if mirror and Standard Model sectors decouple just before the

QCD phase transition, ∆Neff is too large unless charged mirror leptons have masses larger

than 2 GeV. Since mirror quarks are bound to form mesons below T ′c, they can be lighter

than 2 GeV as long as the meson masses are above 2 GeV. The allowed range of mirror

fermion masses is wider than the case without the kinetic mixing.

Here we estimate ∆Neff for a representative point of parameter space, illustrating the

importance of a variety of reactions between mirror and QCD phase transitions. Suppose

that the lightest mirror charged fermion is a quark of mass 20 GeV, so that mirror glueballs

decay into mirror photons just below T ′c. In figure 7, we show the decoupling temperatures

of various processes as a function of ε. We also show the mirror QCD phase transition

temperature, which we assume to be the maximal one we estimated in section 4.3 for

v′/v = 3 and Λ = 3 TeV. In region A, kinetic mixing is insufficient to transfer the energy

of the mirror gluon plasma into Standard Model particles, and ∆Neff is determined by

Higgs exchange. In region B ∆Neff is given by that in eq. (5.15) with Td = Td,γ′ . In

region C, the number density of mirror neutrinos per comoving volume is conserved below

min(Td,ν′γ′,che , Td,ν′) ≡ Td,ν′,che, giving

∆Neff '
4

7
× 2

(
10.75

g(Td,γ′)

)4/3

+ 3

(
10.75

g(Td,γ′)

)4/3(
1− 4860ζ(3)2

7π6

g(Td,ν′,che)− g(Td,γ′)

g(Td,ν′,che) + 2

)
.

(6.5)

The last factor in the second term accounts for the conservation of the comoving number

density of mirror neutrinos. However, we find this factor is ≥ 0.94, so that ∆Neff is well

approximated by eq. (5.15) with Td = Td,γ′ . In region D, ∆Neff is given by eq. (5.15) with
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Td = Td,ν′ . In region E, mirror photons decouple from the thermal bath at Td,ν′γ′,che, while

mirror neutrinos decouple at Td,ν′ , giving

∆Neff =
4

7
× 2

(
10.75

g(Td,ν′)

)4/3( g(Td,ν′) + 5.25

g(Td,ν′γ′,kin) + 5.25

)4/3

+ 3

(
10.75

g(Td,ν′)

)4/3

. (6.6)

We find that in region B, C, and D, ∆Neff is about 0.3. In region E, ∆Neff is larger than

0.3, and can saturate the bound on ∆Neff for ε ' 10−2.

If the lightest mirror quark is heavier than 20 GeV, mirror gluons do not decay im-

mediately below T ′c, but decay later. This is excluded if kinetic mixing is absent, because

T ′c and Td are close to each other. With kinetic mixing, the energy of mirror photons can

be transferred into SM particles well below T ′c, if a charged mirror lepton is light enough.

As long as mirror glueballs decay into mirror photons before the QCD phase transition,

sufficiently light mirror charged leptons can suppress ∆Neff to be within the allowed range.

6.3 Milli-charged particle

With U(1) kinetic mixing, mirror fermions of mirror charge qf ′ can be understood to carry

SM electric charge εqf ′ . In the range mf ′ = O(1-10) GeV, the most stringent constraint

comes from collider experiments [28, 29], which is much weaker than the bound from ∆Neff ,

ε . 10−2. A proposed search at the LHC can search down to mixings of ε = 10−2−10−3 [30].

7 Mirror baryon dark matter

The mirror sector, like the SM, possesses accidental baryon and lepton symmetries. Mirror

baryons and leptons may account for dark matter in the universe [31] (see [32–34] for

earlier work on astrophysical considerations of mirror baryons and leptons.). We assume a

non-zero mirror matter-antimatter asymmetry with the asymmetric component comprising

dark matter. The proximity of the energy densities of baryons and dark matter could be

understood if the sectors which generate the Standard Model and mirror asymmetry are

close to Z2 symmetric, and the dark matter mass is O(1-30) GeV.

We consider the mirror up quark u′, down quark d′ and electron e′ as possible compo-

nents of dark matter. To simplify the discussion, and motivated by section IVC, we take

the masses of u′ and d′ larger than the dynamical scale of mirror QCD, so that the masses

of mirror baryons mainly originate from mirror quark masses.

7.1 Dark matter candidates

We consider dark matter candidates in Minimal Mirror Twin Higgs, where the Z2 symmetry

is broken solely by Yukawa couplings. A dark matter candidate depends on the mass

spectrum of u′, d′ and e′. Below we consider several interesting possibilities.

7.1.1 Light u′, d′: mirror neutron

Taking e′ sufficiently heavy, as the temperature drops below me′ , it decays into u′, d′ and ν ′

and its abundance becomes negligible. For the remaining u′, d′, number changing processes

from W ′ exchanges are absent, so that u′ and d′ are both stable and have separately
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conserved comoving numbers. Mirror charge neutrality implies nd′ = 2nu′ . Below the

mirror QCD phase transition temperature, u′ and d′ are combined into mirror baryons B′

and mesons M ′. The stable hadrons are

B′uuu, B
′
uud, B

′
udd, B

′
ddd, M

′
ud̄,

with an obvious notation. The meson M ′
ud̄

is captured by mirror baryons, e.g.

M ′ud̄ +B′ddd → B′udd (+γ′).

As the sum of the masses of M ′
ud̄

and B′ddd is larger than the mass of B′udd by 2md′ , the

meson M ′
ud̄

disappear from the thermal bath by this capture process. Finally, B′ scatter

with each other and almost all become the mirror neutron B′udd. For example, the scattering

process

B′uud +B′ddd → 2B′udd (+γ′)

eliminates B′uud and B′ddd from the thermal bath. Note that the sum of the masses of B′uud
and B′ddd is larger than twice of the mass of B′udd as the mirror baryon B′ddd is spin-3/2

and has a contribution to its mass from a spin-spin interaction.

Without any IR effects, the scattering cross section between mirror neutrons is

O(m−2
B′udd

), and does not affect structure formation. The cross section can be enhanced

up to the unitarity limit by some IR effects, e.g. the Sommerfeld effect [35, 36] or the

existence of resonance states [37]. In our case, mirror pions are also heavy due to large

mirror quark masses, and those effects are expected to be suppressed.

7.1.2 Light d′, e′: mirror atom

If u′ is sufficiently heavy, it decays to d′, e′ and ν ′ and disappears from the thermal bath.

The mirror electron e′ is now stable, as its decay is kinematically forbidden. After the

QCD′ phase transition, d′ combines into B′ddd. To preserve charge neutrality, there are the

same number of ē′. The mirror baryons B′ddd and positrons ē′ eventually “recombine” into

mirror atoms.

The self scattering cross section of mirror atoms is given by [38]

σ/mD '
100

α2

(R+ 1)4

R2

1

m3
D

= 6.6 cm2/g ×
(

10 GeV

mD

)3 (R+ 1)4

16R2
, (7.1)

where R = max(mB′ddd
/me′ ,me′/mB′ddd

) and mD is the mass of the dark atom. Here we

assume that R ∼ 1 and the kinetic energy of the dark atom is much smaller than the binding

energy. The cross section is minimized for R = 1, which we assume in the following. The

cored dark matter halo profiles could be explained by mD ∼ 10 GeV. The upper bound on

the cross section in dwarf galaxies, σ/mD < 10 cm2/g [39] requires that mD > 9 GeV. The

constraint from galaxy clusters is weak, since the velocity dispersion of dark matter is so

large that its kinetic energy is comparable to the binding energy, and the self interaction

cross section is suppressed.
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The recombination of mirror baryons and electrons is incomplete. From the numerical

estimation in ref. [40] we obtain the ionized fraction,

xe′ ' 0.02×
( mD

10 GeV

)2 4R

(R+ 1)2
. (7.2)

The ionized components interact with each other and with atomic dark matter strongly,

and may affect halo shape [40] and the scattering of clusters. The estimation of these and

other constraints on the ionized fraction is beyond the scope of this paper.

With the sizable kinetic mixing that we considered in section 6, the ionized components

participate in acoustic oscillations and affect the CMB spectrum [41, 42].7 The upper bound

on the ionized fraction is Ωionized/Ωatom < 0.01 [43] which, together with the limit from

self scattering in dwarfs, disfavors atomic dark matter for such kinetic mixing.8

7.1.3 Light u′, e′: mirror atom

If d′ is sufficiently heavy, B′uuu and e′ are stable and eventually form a mirror atom,

(B′uuu + 2e′) with a binding energy larger than that of (B′ddd + ē′). The constraints from

self interactions and the ionized components of the atomic dark matter are weakened. The

precise determination of the constraints is beyond the scope of this paper.

7.1.4 Light u′, d′, e′: mirror neutron

Let us assume that u′, d′, e′ are all light, with a spectrum such that e′, u′, d′ are stable,

mu′ + md′ > me′ , me′ + md′ > mu′ , me′ + mu′ > md′ . (Other mass spectra belong to one

of the fore-mentioned three cases.) Then the following mirror particles are stable,

B′uuu, B
′
uud, B

′
udd, B

′
ddd, e

′.

With u′, d′, and e′ all light, reactions mediated by W ′ result in the removal of the e′, for

example by e′u′ → ν ′d′. Scattering among the various B′ remove B′uuu and B′ddd and mirror

charge neutrality implies that only the mirror neutron remains.

In the expanding universe, however, the W ′ mediated interaction may freeze out before

mirror protons and mirror electrons are removed from the thermal bath. At T . m′, where

m′ is the mass scale of mirror electrons and mirror protons, the freeze-out temperature is

given by solving

g4
2

8π

m
′2

m4
W ′
× ρDM/s

m′
s(T ) = H(T ), (7.3)

where s(T ) is the entropy density, and ρDM/s ' 3.6×10−9GeV is the energy density of dark

matter divided by the entropy density. The first factor in the left-hand side is the cross

7Mirror baryons and electrons interact with SM particles via kinetic mixing and are heated, which may

change the ionized fraction.
8The galactic magnetic field prevents the ionized component from entering the disk, and ionized compo-

nents initially in the disk are likely to escape the disk owing to Fermi acceleration by Super-Nova remnants.

Furthermore, the magnetic field of the Earth prevents any ionized component from reaching the Earth.

Hence, the ionized component may evade direct detection experiments performed on the Earth [44].
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section of the W ′ mediated process, and the second factor is a rough estimate on the number

density of mirror protons and electrons. The freeze-out temperature is then given by

Tfo,W ′ ' 1 GeV × 5 GeV

m′

(
v′/v

3

)4

. (7.4)

If the freeze-out temperature is much smaller than m′p + m′e − m′n, mirror protons and

mirror electrons disappear from the thermal bath. This is the case for m′ & 10 GeV.

For m′ . 10 GeV, a non-negligible amount of mirror electrons and protons remain. Some

of them later recombine into mirror atomic states. Unlike the cases of sections 7.1.2

and 7.1.3, these states decay into mirror neutrons and mirror neutrinos through mirror

electron capture. Thus there is no constraint from the self-interaction of atomic dark

matter. However, there is a constraint on the ionized component.

7.2 Direct detection of dark matter

The above dark matter candidates, N ′, interact with Standard Model nucleons, N , through

the exchange of the Standard Model Higgs, and may be observed in direct detection ex-

periments [45–47]. The interaction of the Standard Model Higgs relevant for the direct

detection is given by

L =
h√
2v

−( v
v′

)2 ∑
f ′∈N ′

mf ′f
′f̄ ′ −

∑
q=u,d,s

mqqq̄ +
∑
q=c,b,t

α3

12π

(
1 +

11

4

α3(mq)

π

)
GaµνG

aµν


=

h√
2v

−( v
v′

)2 ∑
f ′∈N ′

mf ′f
′f̄ ′ −

∑
q=u,d,s

mqqq̄ + 3.5× α3

12π
GaµνG

aµν

 , (7.5)

where we have taken into accout the one-loop QCD correction to the coupling with glu-

ons [48]. The relevant matrix elements of N ′ is given by∑
f ′∈N ′

〈N ′|mf ′f
′f̄ ′|N ′〉 = 2m2

N ′ . (7.6)

Here we assume that the mass of N ′ is mainly given by the masses of mirror fermions.

Using the trace anomaly formula for the Standard Model nucleon [49],

2m2
N = 〈N |Tµµ |N〉 = −9α3

8π
〈N |GaµνGaµν |N〉+

∑
q=u,d,s

〈N |mqqq̄|N〉, (7.7)

and matrix elements derived by a lattice calculation [50],9∑
q=u,d,s

〈N |mqqq̄|N〉 ' 0.1× 2m2
N , (7.8)

the scattering cross section between N ′ and N through Higgs exchange is given by

σNN ′ =
0.028

π

m2
N ′m

2
N

v′4m4
h

(
mNmN ′

mN +mN ′

)2

. (7.9)

9This matrix element, obtained from a lattice calculation, is consistent with the one extracted from

hadron scattering data with the aid of chiral perturbation theory [51, 52].
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Figure 8. The scattering cross section between dark matter N ′ and a Standard Model nucleon N

as a function of the mass of dark matter. Here we assume that the mass of dark matter is given

by mirror fermion masses, and the matrix element of the trace anomaly is saturated by the mirror

fermion mass terms.

If kinetic mixing is absent, mN ′ is bounded from below. Let us consider the mirror

neutron, which is free of constraints from self interactions as well as from the efficiency

of mirror recombination. It is made of one u′ and two d′ and the lines in figure 6 for

Nf ′ = 6 show that the constraint on ∆Neff requires the mirror neutron to be heavier

than 19 GeV (26 GeV) at the 2σ level and 36 GeV (51 GeV) at the 1σ level for v′/v = 3

(5). The mirror neutron mass of mN ′ = O(1-30) GeV can explain the proximity of the

energy densities of baryons and dark matter. Combined with the constraint from ∆Neff ,

mN ′ = O(10) GeV is an interesting region. Note that, however, ∆Neff is estimated by the

ideal gas approximation of mirror quarks. The actual lower bound on mN ′ can be weaker.

In figure 8, we show the prediction on σNN ′ as a function of m′N . The regions depicted

by thin (dotted) lines are disfavored by ∆Neff at the 1(2)σ level, if the mirror neutron

is dark matter and kinetic mixing is absent. We show the constraints from the LUX

experiment [53] and the Panda-II experiment [54] by solid lines. The higher mass region,

mN ′ > 40 (110) GeV is excluded for v′/v = 3 (5). We also show the sensitivity of the

XENON1T experiment [55], the LZ experiment [56], and the neutrino floor [57] by dashed

lines. We conclude that dark matter can be detected by near future experiments in the

region consistent with the upper bound on ∆Neff without kinetic mixing.

Once kinetic mixing between hypercharge gauge bosons is introduced, m′N may be

smaller and hence direct detection via Higgs exchange may be difficult to observe. In this

case, however, direct detection via the kinetix mixing is possible. The mirror neutron dark

matter interacts through its magnetic dipole moment. The magnetic moment of mirror

neutron is expected to be of order

µN ′ ∼ εe
1

mN ′
. (7.10)

Translating the bound derived in [58], we obtain the bound ε . 10−3-10−4 for mN ′ =

O(1-10) GeV. Projected low-threshold experiments such as CRESST III [59] and Super-

CDMS SNOLAB [60] will probe smaller kinetic mixing.

– 24 –



J
H
E
P
1
1
(
2
0
1
6
)
1
7
2

Mirror atoms have a large radius and interact through screened charges of mirror

baryons and electrons. The scattering cross section between atomic dark matter and a

nucleus (per nucleon) is given by [61]

σ ' 4πα2ε2

α4
bindm

2
N ′
' 10−34 cm2

(
α

αbind

)4 ( ε

10−5

)2
(

10 GeV

mN ′

)2

, (7.11)

where αbind is the fine-structure constant of the binding force that forms the atom. Here

we assume R ' 1. A kinetic mixing that allows Td < T ′c (ε > 10−5) is excluded by

various direct detection experiments. Especially, the light mass region (mN ′ = O(1) GeV)

is excluded by CRESST II [62]).

8 Non-minimal Z2 breaking from B − L vevs

In this section we consider Z2 symmetry breaking beyond Minimal Mirror Twin Higgs.

While the SM neutrinos become very light via the seesaw mechanism, mirror neutrinos

can be much heavier if the mirror right-handed neutrinos do not obtain large masses. This

can be achieved if the Z2 symmetry is also spontaneously broken by a large VEV breaking

B − L symmetry and a small/vanishing VEV breaking B′ − L′.

8.1 Dark radiation

Let us first consider the case where a B′ − L′ gauge field is absent, or the gauged B′ − L′

symmetry is broken at an intermediate mass scale and hence the B′ − L′ gauge field is

heavy.10 The prediction on ∆Neff in eq. (5.16) becomes

∆Neff,γ′f ′ =
4

7
× 2

(
10.75

g(Td)

)4/3
(

2 + g′f (Td)

2

)4/3

= 0.08

(
80

g(Td)

)4/3
(

2 + g′f (Td)

2

)4/3

.

(8.1)

∆Neff can be as small as 0.08.

Next we consider the case with a massless B′ − L′ gauge field. As we will see in the

next sub-section, the massless B′−L′ gauge field is beneficial in identifying mirror baryons

with dark matter. The prediction for the amount of the dark radiation are given by

∆Neff,γ′f ′ =
4

7
×4

(
10.75

g∗s(Td)

)4/3
(

4 + g′f (Td)

4

)4/3

= 0.17

(
80

g(Td)

)4/3
(

4 + g′f (Td)

4

)4/3

.

(8.2)

∆Neff can be as small as 0.17.

8.2 Additional dark matter candidates

The mirror neutrino masses now arise from Dirac Yukawa couplings and the lightest, ν ′,

could have a mass of order the lighter states of u′, d′ and e′, or could be heavier than these

light states. Also, a massless B′ − L′ gauge field may alter dark matter phenomenology.

10In the supersymmetric Twin Higgs model, this is naturally achieved by a condensation of a mirror

right-handed sneutrino at the TeV scale.
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When B′ − L′ is exact, so that B′ − L′ charge is conserved, the B′ and L′ asymmetries

must be produced after the mirror sphaleron process freezes out to avoid washout of B′

and L′ asymmetries. On the other hand, if the B′ − L′ symmetry is only approximate, a

B′ − L′ asymmetry may be produced before the mirror sphaleron process freezes out.

8.2.1 Light u′, d′, ν′ with unbroken B′ −L′ gauge symmetry: mirror neutron

and neutrino

Let us assume an unbroken B′−L′ gauge symmetry in the setup of section 7.1.1. Then the

mirror neutron itself is no longer a dark matter candidate, as it feels a long-range force by

the unbroken B′−L′ gauge field. However, a mirror neutron and a mirror neutrino, whose

number densities are identical due to B′ − L′ charge neutrality, can form an atom. The

bound from self interactions as well as the ionized fraction is evaded for α′B−L & 10−2.

8.2.2 Light d′, e′, ν′ with unbroken B′ − L′ gauge interaction: mirror atom

With unbroken B′−L′ gauge symmetry in the setup in section 7.1.2, charge and B′−L′ neu-

trality remove ν ′ states, leaving (B′ddd + ē′) atoms. The constraints from self interactions

and the ionized fraction of atomic dark matter are evaded if α′B−L & 10−2.

8.2.3 Light u′, d′, e′ with no light B′ − L′ gauge boson: mirror atom and/or

neutron

If ν ′ is sufficiently heavy, it decays to u′, d′ and e′ and disappears from the thermal bath.

Reactions mediated by W ′ are absent, so that u′, d′ and e′ numbers are separately con-

served. The following mirror particles are stable,

B′uuu, B
′
uud, B

′
udd, B

′
ddd, M

′
ud̄, e

′.

Among them, B′uuu, B′ddd and M ′
ud̄

disappear as discussed in section 7.1.1. The asymmetry

is stored in mirror protons B′uud, neutrons B′udd, and electrons e′, with abundances that

depend on the B′ and L′ asymmetries. If L′ = 0, only the mirror neutron remains, whereas

if B′ − L′ = 0, as would occur if B′ − L′ is unbroken during asymmetry genesis, only the

mirror proton and the mirror electron remain.11

If B′−L′ symmetry is broken at a sufficiently high scale, a non-zero B′−L′ asymmetry

may be generated above the mirror electroweak phase transition temperature. After the

mirror sphaleron process freezes out, the B′ and L′ asymmetries are given by

B′ =
1

4
(B − L)′, L′ = −3

4
(B − L)′. (8.3)

Here we assume that the matter content of the mirror sector is identical to the standard

model plus three right-handed neutrinos just before the mirror sphaleron process freezes

out. The resultant number densities of mirror protons, neutrons and electrons are given by

ne′ = nL′ = −3

4
nB′−L′ = −3

4
nn′ , np′ = ne′ = −3

4
nn′ , nn′ = nB′−L′ (8.4)

11These cases require asymmetry generation after the mirror sphaleron freeze out, as can be achieved in

the supersymmetric Twin Higgs model, with Affleck-Dine baryogenesis [63, 64] from the ū′d̄′s̄′ flat direction.
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Dark matter is composed of comparable numbers of mirror atoms and mirror neutrons. The

constraints from self interactions and ionized fraction of atomic dark matter are relaxed.

9 Conclusions

The Twin Higgs mechanism significantly relaxes fine-tuning of the electroweak scale, and

allows for a larger cut off scale. The cut off of the Standard Model is

ΛSM ' 1.4 TeV ×
(

∆SM

10

)1/2

, (9.1)

while that of the Twin Higgs theory is

ΛTH = 5.7 TeV ×
(

∆TH

10

)1/2

λ1/2. (9.2)

The minimal theory has no new colored states to be produced at the LHC. It does offer the

possibility of discovery modes at the LHC, such as production of the mirror Higgs via Higgs

mixing; but the larger cut off may raise the masses of new particles above the LHC reach.

Mirror Twin Higgs models, however, predict the existence of extremely light particles,

mirror photons and mirror neutrinos, that contribute to the dark radiation of the universe,

leading to constraints on a realistic theory. We have found that, independent of the inter-

actions that couple the two sectors, it is necessary to break the mirror Z2 symmetry in the

Yukawa couplings.

Minimal mirror twin Higgs. We have constructed a completely realistic effective field

theory of Twin Higgs below the cut off ΛTH. It contains a complete mirror sector, so that

a UV completion, which we did not study, can restore spacetime parity symmetry. In

Minimal Mirror Twin Higgs, the only Z2 breaking arises from Yukawa couplings and the

only communication between the sectors is from Higgs mixing, required by Twin Higgs,

and kinetic mixing of hypercharge fields, allowed by gauge invariance. Furthermore, the

Z2 breaking Yukawa couplings not only suppress dark radiation to acceptable levels, but

generate the Z2 breaking Higgs mass term necessary for the Twin Higgs mechanism and

raise the mirror baryon mass as required for realistic dark matter.

The Z2 breaking Yukawa couplings induce a sizable invisible branching ratio of the

SM-like Higgs boson through its mixing with the mirror Higgs. This, together with the

reduction of the Higgs coupling to Standard Model particles, leads to a universal deviation

from unity of the Higgs signal-strengths correlated with the masses of mirror fermions, as

shown in figure 2. Irrespective of the mirror fermions masses, the high-luminosity running

of the LHC and the ILC can probe v′/v < 4 and 10 respectively.

As illustrated in figure 4, it is non-trivial that Higgs mixing can lead to a decoupling

temperature less than the QCD′ phase transition temperature, necessary for a solution of

the dark radiation problem. Figure 4 shows that, with Higgs mixing alone, there must be

light mirror fermions with mass mf ′ in the range of about (4− 28) GeV. The upper bound

on mf ′ gives a lower bound of ∆Neff & 0.3. The allowed range for mf ′ depends on Nf ′ , the
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number of light mirror fermion states, and narrows considerably for larger values of Nf ′ .

As the upper bound on mf ′ becomes tighter, ∆Neff increases, which is shown in figure 6.

The lower bounds on mf ′ from figures 4 and 6 imply lower bounds on the invisible

branching ratio of the SM-like Higgs boson and the universal deviation from unity of the

Higgs signal-strengths. For v′/v = 3, the left panel of figure 5 shows that this branching

ratio is typically in the range of 0.05-0.15 that can be probed by high luminosity running of

the LHC. For v′/v = 5, the invisible branching ratio is reduced; the right panel of figure 5

shows that in some cases the signal is as small as 0.002 - 0.01, that could be probed by

ILC. Essentially the entire parameter space can be probed.

If the kinetic mixing parameter ε is large enough to affect the thermal history of the

two sectors near the QCD′ phase transition, the allowed range of the light mirror fermion

masses is enlarged. In section 6 we showed that the upper bound on mf ′ could be extended

as high as 50 GeV, while mirror leptons could be as light as 2 GeV. A mirror quark can

be lighter than 2 GeV provided the lightest mirror meson is heavier than 2 GeV. Even

including kinetic mixing, the lower bound on ∆Neff remains about 0.3, but the enlarged

range of light mirror fermion masses is important for mirror dark matter.

Mirror baryons and leptons are natural candidates for dark matter. Dark matter can

be composed of mirror neutrons, mirror atoms, or even a mixture of the two. Such dark

matter can be directly detected via Higgs exchange, as illustrated in figure 8. For low

v′/v, PandaX and LUX have recently excluded large values for the dark matter mass. In

the absence of kinetic mixing, the region of dark matter masses allowed by present limits

on dark radiation can be fully explored, up to the 1(2)σ limit by the XENON1T (LZ)

experiment. Adding kinetic mixing to the thermal cosmological history, the limit on ∆Neff

is consistent with lighter dark masses that XENON1T and LZ are unable to probe. For

mirror neutron dark matter masses in the (1-10) GeV region, present direct detection limits

bound ε < 10−3 − 10−4 from scattering via a dipole moment. Mirror atomic dark matter

with a sizable kinetic mixing such that the thermal history is affected is excluded.

In the Minimal Mirror Twin Higgs the seesaw mechanism yields light neutrino masses

for both sectors. These neutrinos can be Majorana with those in the mirror sector heavier

by a factor (v′/v)2 than the observed neutrinos, leading to important effects in both CMB

and LSS. The effective sum on neutrino masses relevant for cosmological data is at least

2.3 times greater than in the Standard Model. Small mixing between these Majorana

standard and mirror neutrinos could lead to mirror neutrinos being observed as massive

sterile neutrinos. Alternatively the seesaw could lead to Dirac neutrinos, with the mirror

states as right-handed neutrinos degenerate with the observed left-handed states, leading

to only very small effects on CMB and LSS. The predictions of eqs. (4.4), (4.5) for the

masses of mirror neutrinos, however, rely on the assumption that Z2 breaking does not

substantially affect either the neutrino Yukawa couplings or right-handed neutrino masses,

and therefore our predictions for the effective sum of neutrino masses, (
∑
mν)eff , are less

robust than the predictions for ∆Neff , Γ(h → inv) and the mirror baryon dark matter

direct detection cross section.
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Additional Z2 breaking from B − L vevs. A large B − L vev can implement the

seesaw mechanism for the known neutrinos, while a small or zero B′ − L′ vev can lead to

large Dirac mirror neutrino masses. Without light mirror neutrinos, the minimal ∆Neff is

lowered to 0.08 (0.17) without (with) a massless B′ − L′ gauge field. Furthermore, there

are new possibilities for mirror dark matter. If there is a massless B′ − L′ gauge boson,

dark matter could be B′uddν
′ or B′dddē

′ atoms, and constraints from self interactions and

the ionized fraction are weekend if α′B−L & α. Without a massless B′ − L′ gauge boson,

dark matter could be a mixture of B′uude
′ atoms and mirror neutrons B′udd; constraints

from self interactions and the ionized fraction are relaxed.
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A Heavy axion and Z2 symmetry breaking in Froggatt Nielsen sector

One of the advantages of the Mirror World is the possibility of a heavy visible QCD

axion [65–68]. If the Standard Model and mirror sectors have a common Peccei-Quinn

symmetry, the axion mass is given by the mirror QCD dynamics and becomes heavier.

The constraint from colliders and astrophsyics can be evaded even if the Peccei-Quinn

symmetry breaking scale is around the TeV scale. If the physical theta angles of mirror

QCD and QCD are identical, θ̄′ = θ̄, the theory still solves the strong CP problem. Due

to the small Peccei-Quinn symmetry breaking scale and the large axion mass, the Peccei-

Quinn symmetry can be easily understood as an accidental symmetry [65, 68]. (See [69–75]

for models of an invisible QCD axion with an accidental Peccei-Quinn symmetry.)

Is it not clear whether this idea can be incorporated into models with Mirror Twin

Higgs. As we have shown in this paper, the Z2 symmetry breaking in the Yukawa couplings

is mandatory. This may lead to θ̄′ 6= θ̄, ruining the Peccei-Quinn solution to the strong CP

problem [76]. Here we show that if the Z2 symmetry is broken by VEVs of FN symmetry

breaking fields we regain θ̄′ = θ̄. We note that this mechanism is not peculiar to Twin

Higgs models, but is generically applicable to Mirror World scenarios.

Let us denote the FN symmetry breaking field as φ. The determinants of the mass

matrix of SU(3)c and SU(3)′c charged fermions are proportional to

detSU(3)cM ∝ φ
Af(|φ|), detSU(3)′c

M ′ ∝ φ′Af(|φ′|), (A.1)

where A is the anomaly coefficient of (FN symmetry)-SU(3)c-SU(3)c, and f is a function.

Note that the phases of the mass matrices do not depend on the absolute value of the
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VEVs of φ and φ′. The difference of the FN symmetry breaking scales itself does not ruin

the axion solution to the strong CP problem.

If the FN symmetry has no color anomaly (i.e. A = 0), the determinants of the mass

matrices have the same phases for any phases of the φ and φ′ VEVs, giving θ̄′ = θ̄. If the

FN symmetry has a color anomaly, the theta angles may or may not be identical, depending

on how the phases of the VEVs of φ and φ′ are determined. For example, suppose that

the phase directions of φ and φ′ are determined by explicit breaking of the continuous FN

symmetry to a discrete ZN subgroup, so that vacua are given by

〈φ〉 = |〈φ〉|× exp

(
2πi

k

N

)
, 〈φ′〉 = |〈φ′〉|× exp

(
2πi

k′

N

)
(k, k′ = 0, 1, · · · , N − 1). (A.2)

If A/N is an integer, the theta angles remain identical in any vacua. If not, the theta

angles remain identical in specific vacua.

Assuming that mirror quark masses are larger than the dynamical scale of mirror QCD,

the mass of the QCD axion is given by

ma ' mη′

(
Λ′QCD

ΛQCD

)2
fπ
fa
' 1 MeV ×

(
Λ′QCD/ΛQCD

10

)2
10 TeV

fa
. (A.3)

Comparing this formula with figures 1 and 2 of [68], constraints from colliders and ∆Neff

are satisfied for fa & 10 TeV or fa . 100 GeV. For fa & 10 TeV, however, the QCD axion

decays into photons and mirror photons after BBN begins, giving a slight difference between

the baryon-to-photon ratio during BBN and during recombination. To conclude whether

such a possibility is excluded or not, a calculation of BBN with decaying QCD axions,

as well as a calculation of the CMB spectrum including the effect of ∆Neff and non-zero

neutrino masses, are required, which is beyond the scope of this paper. For fa . 100 GeV,

there should be SU(3)c particles with masses of O(100) GeV, which is excluded by hadron

colliders.12
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