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Abstract: We study the mirror world with dark matter arising from the thermal freeze-

out of the lightest, stable mirror particle – the mirror electron. The dark matter abundance

is achieved for mirror electrons of mass 225 GeV, fixing the mirror electroweak scale near

108 GeV. This highly predictive scenario is realized by an axion that acts as a portal between

the two sectors through its coupling to the QCD and mirror QCD sectors. The axion is more

massive than the standard QCD axion due to additional contributions from mirror strong

dynamics. Still, the strong CP problem is solved by this ‘heavy’ axion due to the alignment of

the QCD and mirror QCD potentials. Mirror entropy is transferred into the Standard Model

sector via the axion portal, which alleviates overproduction of dark radiation from mirror

glueball decays. This mirror scenario has a variety of signals: (1) primordial gravitational

waves from the first-order mirror QCD phase transition occurring at a temperature near 35

GeV, (2) effects on large-scale structure from dark matter self-interactions from mirror QED,

(3) dark radiation affecting the cosmic microwave background, and (4) the rare kaon decay,

K+ → (π+ +axion). The first two signals do not depend on any fundamental free parameters

of the theory while the latter two depend on a single free parameter, the axion decay constant.
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1 Introduction

A unified theory of nature may fragment into a low-energy effective theory having multiple

sectors, each with its own gauge symmetry. If the fermions fall into sets carrying gauge

charges of only a single sector, then the lightest fermion(s) in each sector are stable. In the

Standard Model (SM) sector these are the lightest neutrino, the electron, and the proton.

The cosmological dark matter may be the lightest fermion of some other sector, the dark

sector. While this framework is plausible, there are many such schemes each with a variety

of free parameters, so that it is hard to construct realistic theories that can be tested.

A unique and highly predictive scheme is the mirror world, where a Z2 symmetry leads

to an exact copy of the sector describing the directly observed particles and interactions.

Indeed, before it was known that our sector was described by gauge symmetry, this mirror

world was introduced as a way to preserve parity in nature [1, 2] as the Z2 symmetry can

also send r̄ → −r̄ and flip fermion chirality. Over successive decades, interest in the mirror

world, and the possibility of mirror dark matter, has increased [3, 4]. Furthermore, with the

discovery of the possibility of kinetic mixing between photons of different U(1) gauge groups

[5], it was proposed that kinetic mixing could probe dark sectors [6]. However, mirror dark

matter, with the mirror spectrum identical to the SM spectrum, faces several challenges.

Measurements of the cosmic microwave background require the mirror sector to be at a lower

temperature than the SM sector, both from mirror neutrino contributions to dark radiation

and from mirror baryon acoustic oscillations [7, 8]. In addition, the Z2 symmetry must be

broken by interactions beyond the SM, or by initial conditions, so that mirror baryons have

a larger cosmological abundance than SM baryons. Furthermore, the mirror matter halos

should not dissipate and collapse into disks like SM matter, and must avoid the constraints

on self-interactions from observations of the Bullet cluster.

There is an alternative route to the mirror world. Beyond kinetic mixing, there is one

other interaction of dimension 4 that couples the two sectors, |H|2|H ′|2, where H and H ′

are the SM and mirror Higgs doublets. This term is not excluded by any symmetry, and it

changes everything! If it is absent, as discussed above, the two Higgs vevs are equal, v′ = v, so

that the mirror spectrum is identical to the SM spectrum. Two cases emerge if this additional

Higgs portal operator is significant. In the first, the vacuum is determined at tree-level and

has two phases [9]. The symmetric phase has the two vevs equal, and is excluded by Higgs

physics at the LHC. In the asymmetric phase one vev vanishes, so that mirror matter is

extremely light and it is unclear how it yields dark matter. A realistic possibility for mirror

dark matter emerges from adding a soft Z2 breaking Higgs interaction, giving a hierarchy

of vevs with v′ > v [10]. The second case, more minimal and constraining, has the vacuum

determined by radiative corrections, via the Higgs Parity mechanism [11]. This gives one vev

much larger than the other, v′ � v, with the ratio determined by the measured values of the

Higgs boson mass, the top quark mass, and the QCD coupling constant. With current data

the central value of v′ is 1012 GeV, with a 3σ lower bound of 109 GeV.

In a previous paper [12], we explored this mirror world from Higgs Parity and found
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successful cosmologies with thermally produced mirror electron, e′, dark matter. With a high

reheat temperature after inflation, the freeze-out abundance of e′ leads to the observed dark

matter if v′ = 108 GeV, well below the predicted range of v′. Furthermore, after the mirror

QCD phase transition the lightest mirror glueball decays to mirror photons leading to too

much dark radiation. Remarkably, a realistic cosmology results because, with v′ of order

(109 − 1010) GeV, the e′ and dark radiation can be sufficiently diluted by entropy created

by the decays of mirror neutrinos. This cosmology requires the top quark mass to be about

2σ high. Alternatively, if only the SM sector is produced after inflation with a low reheat

temperature, e′ dark matter can arise from freeze-in, via either the Higgs or kinetic mixing

portal, for a wide range of v′.

In this paper, we study the above mirror world with the addition of a Peccei-Quinn (PQ)

symmetry [13, 14] giving a KSVZ axion that is even under the Z2 symmetry (for the case

of a Weinberg-Wilczek axion see [15]). This leads to a successful cosmology with e′ dark

matter from freeze-out without the need for dilution. The new colored states carrying the

PQ symmetry, the PQ quarks, have couplings with the Higgs boson that modify the Higgs

Parity mechanism to allow v′ = 108 GeV. Furthermore, the mirror glueball decays to axions

that deposit their energy in the SM sector, avoiding over-production of dark radiation.

While parity may solve the strong CP problem, it does not do so in the mirror world; it

simply relates the non-zero strong CP parameters of the two sectors. A Z2-even axion solves

the strong CP problem and is much heavier than the conventional axion [16–18], since the

dominant contribution to its mass arises from mirror QCD which gets strong near 30 GeV. If

such a heavy axion decays after neutrino decoupling it heats up the photon bath relative to

the neutrinos, suppressing the neutrino contribution to the radiation energy. To avoid this

the axion scale must be low, fa < 105 GeV, and the axion mass high, of order 10 MeV. Such a

low-fa, high-mass axion greatly ameliorates the quality problem of the PQ symmetry, which

can be more easily understood as an accidental consequence of other symmetries.

The mirror world has also been motivated as a setting for the Twin Higgs mechanism [19],

which improves the naturalness of the weak scale. In this case v′ is around the TeV scale,

far below that predicted by the exact mirror world, so that soft breaking of Z2 in the Higgs

potential is required [10]. Such soft breaking could arise from spontaneous breaking in some

other sector. We also consider this possibility for obtaining v′ = 108 GeV, needed for e′ dark

matter from freeze-out, without the need of any Yukawa coupling between the PQ quarks

and the Higgs boson. Refs. [20–22] consider various dark matter candidates for the theories

with soft and hard Z2 breaking.

In addition to the SM parameters, the mirror world studied in this paper has three pa-

rameters relevant for cosmological and particle physics signals, v′, ε and fa. Without dilution

from mirror neutrino decay, the e′ dark matter abundance fixes v′ = 108 GeV. Thus, the

effects of self-interactions on the dark matter halo ellipticity from mirror electromagnetism

involve no free parameters. Similarly, gravity waves from the mirror QCD phase transition

involve no free parameters of the underlying particle theory, since the phase transition tem-

perature can be computed. Furthermore, the gravity wave signal is not diluted by entropy
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generated from neutrino decay, as in [12]. On the other hand, the predicted rate for K → πa

depends on fa. The amount of dark radiation is sensitive to axion physics and also depends

on fa; in addition it is sensitive to the electromagnetic anomaly of the PQ symmetry. Direct

detection of e′ dark matter can occur via kinetic mixing and depends on ε. If the SM is

embedded in a unified theory at scale vG, then ε depends sensitively on vG, so that the direct

detection signal is correlated with the proton decay rate [12].

We present the theory in section 2, including portal operators and the PQ sector, and

discuss the spontaneous breaking of the Z2 via Higgs vevs. In section 3 we elaborate on key

aspects of particle phenomenology, including the spectrum of mirror fermions, properties of

the axion and the lightest mirror glueball, and the generation of neutrino and mirror neutrino

masses. The cosmological history is presented in section 4: thermal decoupling between the

two sectors is studied, as well as the parameter space that yields the observed dark matter

via mirror electron freeze-out. In section 5, we present signals of this scheme, arising from

dark radiation, rare K decays, dark matter self-interactions, and gravity waves. In section 6

we explore the possibility of increasing v′ so that the freeze-out abundance of mirror electrons

is too high, and subsequently reduced by entropy production from mirror neutrino decay. In

the appendix, we present a model where the axion quality problem is solved such that the

PQ symmetry is an accidental consequence of anomaly-free discrete symmetries.

2 The Mirror Theory with Exact Parity and an Axion

Motivated by mirror dark matter and the axion quality problem, we study a theory containing

the Standard Model (SM), its Z2 symmetric mirror (SM′), and a single axion field coupled

to both sectors. In this section, we discuss the Lagrangrian of the two sectors and determine

the spectrum of particles.

2.1 Lagrangian

The Z2 symmetry maps the SM gauge group and particles into their Z2 mirrors

SU(3)× SU(2)× U(1) ↔ SU(3)′ × SU(2)′ × U(1)′

q, ū, d̄, `, ē ↔ q′, ū′, d̄′, `′, ē

H ↔ H ′

Fµν ,Wµν , Gµν ↔ F ′µν ,W ′µν , G′µν

Ψ, Ψ̄ ↔ Ψ′, Ψ̄′

P ↔ P , (2.1)

where primes indicate mirror fields, and matter is described by 2-component, left-handed,

Weyl fields. Ψ and its mirror, Ψ′, are heavy quarks charged under the PQ symmetry while

P = 1√
2
(s+ fa)e

ia/fa is the PQ breaking field that contains the axion, a, as its angular mode

and the saxion, s, as its radial mode.
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The Lagrangian of the theory is given by

L = LSM + LSM′ + LPortal + LPQ, (2.2)

where LSM is the SM Lagrangrian up to dimension-5 containing Yukawa interactions, the

canonical field kinetic energies, and the Weinberg neutrino operator ``HH. Similarly, LSM′

is the associated mirror Lagrangian which is related to LSM by the mapping given in (2.1).

The portal, LPortal, contains the Z2 symmetric operators that mix the SM and mirror sectors

LPortal =
ε

2
BµνB

′µν − λ′|H|2|H ′|2 +

(
ξij
MD

`′iH `jH ′ + h.c.

)
, (2.3)

which we call the kinetic mixing portal, Higgs portal, and neutrino portal, respectively.

Last, the Lagrangian for the PQ breaking field and the PQ quarks is

LPQ = ξ(Ψ̄Ψ + Ψ̄′Ψ′)P + h.c. + λ(|P |2 − f2
a/2)2 + |DµP |2 + iΨ† 6∂Ψ + h.c. (2.4)

In Appendix A, we present a model where an exact, extra Z2n+1 symmetry ensures the quality

of the PQ symmetry.

In the remainder of this work, we consider the effective theory below the scale 〈P 〉 =

fa/
√

2 which, after integrating out Ψ, generates the axion interactions

La =
1

32π2

a

fa

(
g2

3 GµνG̃
µν + g′23 G

′
µνG̃

′µν
)

+
1

32π2

E

N

a

fa

(
e2 FµνF̃

µν + e′2 F ′µνF̃
′µν
)
. (2.5)

Note that above the mirror symmetry breaking scale 〈H ′〉 = v′ � v, the Z2 symmetry enforces

g3 = g′3 and e = e′. Below this scale, the renormalization group running of the two sectors

differs so that g′3 and e′ can diverge from their SM counterparts.

2.2 Breaking of Mirror and SM Electroweak Symmetries

If the Z2 symmetry of (2.1) is exact, the potential for H and H ′ is

VH,H′ = VSM(H) + VSM′(H
′) + λ′|H|2|H ′|2. (2.6)

The vacuum, determined at loop level by the Higgs Parity mechanism [11], has one vev much

larger than the other. Defining H ′ to have the larger vev, v′, the low-energy effective potential

of H at tree-level is

VL.E. = −2λv′2
(

1− λ′

2λ

)
|H|2 + λ

(
1− λ′2

4λ2

)
|H|4 . (2.7)

Identifying the quadratic term with the SM Higgs mass squared, |λ′ − 2λ| � 1 is required to

give v � v′. Eq. (2.7), then implies the quartic term of the Higgs potential is nearly zero at

the scale v′ as it is proportional to λ′ − 2λ [11].

In the SM, the renormalization of the Higgs quartic is dominated by quantum corrections

from the top quark which causes λ to decrease from low to high energies and eventually become
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zero. From a perspective of running the Higgs quartic from low to high energies, we can thus

identify v′ with the energy scale µ at which the Higgs quartic vanishes λ(µ = v′) ' 0. In

the SM and in a pure mirror model, where the only particle content is the SM and its Z2

mirror, the scale at which λ = 0 occurs is at µ ≈ 1012 GeV for mtop and αs at their central

experimental values [12, 23, 24]. Furthermore, µ is above 109(1010) GeV at 3σ(2σ).

However, as discussed in Sec. 4.2, v′ > 108 GeV is problematic from a cosmological

perspective because freeze-out of the stable mirror electron overproduces dark matter. One

possibility is to dilute the mirror electrons by large entropy generation, for example from

mirror neutrino decay [12]. Another possibility is to include particle content beyond the SM

with interactions that makes λ run faster so that it vanishes at the scale µ ≈ 108 GeV. In

the mirror model, with an axion having fa < v′ as considered in this paper, the PQ quarks

Ψ of Eq. (2.4) are present in the effective theory below v′. Furthermore, they have Yukawa

interactions with H if their gauge charges are the same as one of the SM quark species, q, ū

or d̄. For example, choosing the PQ quark to be an SU(2) singlet with hypercharge 1/3, and

calling it D, allows the Yukawa interaction

LD = yD(qD̄H + q′D̄′H ′) . (2.8)

Below v′, the first operator of Eq. (2.8) generates a quantum correction to the beta function

of λ ∝ −y4
D. Reducing the scale at which λ = 0 from 1012 GeV to 108 GeV can easily

be accomplished for yD ∼ O(1). Note that D̄ is defined as the linear combination of anti-

down type quarks that couples to P via the coupling ξ of (2.4). Dark radiation bounds as

discussed in Sec. 5.1 constrain fa so that the values of fa of interest to us are of order 30

TeV. Consequently, with ξ ∼ O(1) the mass of D is also of order 30 TeV.

On the other hand, the mass of D′ is complicated by the large vev of H ′ which strongly

mixes D′ with the down-type component of q′, d′, which may be the mirror down, strange,

or bottom quark. The associated mass matrix is

Md′D′ =
(
d′ D′

)(ydv′ yDv′
0 ξfa

)(
d̄′

D̄′

)
+ h.c. (2.9)

Eq. (2.9) possesses a heavy eigenvalue of mass mD,heavy ∼ yDv′ ∼ v′ and a light eigenvalue of

mass mD,light ∼ ξfayd/yD ∼ ydfa. As long as yd is the bottom quark Yukawa coupling, then

mD,light is greater than the mirror QCD scale (see Eq. (3.2)) and the SU(3)′ sector remains

an effective zero-flavor Yang-Mills theory. In this scenario, the SU(3)′ phase transition is first

order and a strong gravitational wave signal from bubble nucleation is generated as discussed

in Sec. 5.4.

Another option for obtaining v′ = 108 GeV, needed for e′ dark matter from freeze-out,

is to add a soft Z2-breaking term to the Higgs potential of (2.7): δ2(|H|2 − |H ′|2). In this

case, the PQ quarks need not couple to the Higgs; indeed, they may be neutral under the

electroweak gauge group. This is important as the dark radiation signal, discussed in Sec.

5.1, is very sensitive to the electromagnetic anomaly of the PQ symmetry.
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e0

<latexit sha1_base64="gOEgLy34d1nSWUK3XtS7GCvlW5g=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0jStNZbwYvHKrYW2lA22027dLMJuxuhlP4DLx4U8eo/8ua/cfshqOiDgcd7M8zMC1POlHacDyu3srq2vpHfLGxt7+zuFfcPWirJJKFNkvBEtkOsKGeCNjXTnLZTSXEccnoXji5n/t09lYol4laPUxrEeCBYxAjWRrqhp71iybG9i6rnV5Bj+55frtUMqVbcctVFru3MUYIlGr3ie7efkCymQhOOleq4TqqDCZaaEU6nhW6maIrJCA9ox1CBY6qCyfzSKToxSh9FiTQlNJqr3ycmOFZqHIemM8Z6qH57M/Evr5PpqBZMmEgzTQVZLIoyjnSCZm+jPpOUaD42BBPJzK2IDLHERJtwCiaEr0/R/6Tl2a5vV679Ut1bxpGHIziGM3DhHOpwBQ1oAoEIHuAJnq2R9Wi9WK+L1py1nDmEH7DePgGaLo1h</latexit>

S0

<latexit sha1_base64="QLpasWg8HO8l9qh/qBRvS+ijrbI=">AAAB6XicdVDLSsNAFL2pr1pfVZduBovoKiRparMsuHFZH62FNpTJdNIOnTyYmQgl9A/cuFDErX/kzr9x+hBU9MCFwzn3cu89QcqZVJb1YRRWVtfWN4qbpa3tnd298v5BWyaZILRFEp6IToAl5SymLcUUp51UUBwFnN4F44uZf3dPhWRJfKsmKfUjPIxZyAhWWrq+Oe2XK5bpea5Vc5FlOm617lQ1sc+rnldDtmnNUYElmv3ye2+QkCyisSIcS9m1rVT5ORaKEU6npV4maYrJGA9pV9MYR1T6+fzSKTrRygCFidAVKzRXv0/kOJJyEgW6M8JqJH97M/Evr5up0PNzFqeZojFZLAozjlSCZm+jAROUKD7RBBPB9K2IjLDAROlwSjqEr0/R/6TtmLZr1q7cSsNZxlGEIziGM7ChDg24hCa0gEAID/AEz8bYeDRejNdFa8FYzhzCDxhvn4F3jVE=</latexit>

⌫0

<latexit sha1_base64="UALjApIqZ0tHmJMJmd7Lc8qQ3p4=">AAAB63icdVDLSgMxFM3UV62vqks3wSK6GjJDn7uCG5cV7APaoWTSTBuaZIYkI5TSX3DjQhG3/pA7/8ZMW0FFD1w4nHMv994TJpxpg9CHk9vY3Nreye8W9vYPDo+KxycdHaeK0DaJeax6IdaUM0nbhhlOe4miWIScdsPpdeZ376nSLJZ3ZpbQQOCxZBEj2GTSQKaXw2IJueVGtVqvQ+RWfL9R9SxBfg1VfOi5aIkSWKM1LL4PRjFJBZWGcKx130OJCeZYGUY4XRQGqaYJJlM8pn1LJRZUB/PlrQt4YZURjGJlSxq4VL9PzLHQeiZC2ymwmejfXib+5fVTE9WDOZNJaqgkq0VRyqGJYfY4HDFFieEzSzBRzN4KyQQrTIyNp2BD+PoU/k86vuuV3cptudT013HkwRk4B1fAAzXQBDegBdqAgAl4AE/g2RHOo/PivK5ac8565hT8gPP2CTV9jlI=</latexit>

a

<latexit sha1_base64="Vcw9CdiOmD1aSx4UZAwZIDfUYK0=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZndbIzHgBePCZgYSJYwO+lNxsw+mJkVwpIv8OJBEa9+kjf/xslDUNGChqKqm+6uIBVcaUI+rMLa+sbmVnG7tLO7t39QPjzqqCSTDNosEYnsBlSB4DG0NdcCuqkEGgUCboPJ1dy/vQepeBLf6GkKfkRHMQ85o9pILTooV4jtVuvEI5jYF3VSI54h1VrVrXrYsckCFbRCc1B+7w8TlkUQayaoUj2HpNrPqdScCZiV+pmClLIJHUHP0JhGoPx8cegMnxlliMNEmoo1XqjfJ3IaKTWNAtMZUT1Wv725+JfXy3R46ec8TjMNMVsuCjOBdYLnX+Mhl8C0mBpCmeTmVszGVFKmTTYlE8LXp/h/0nFtx7NrLa/ScFdxFNEJOkXnyEF11EDXqInaiCFAD+gJPVt31qP1Yr0uWwvWauYY/YD19gkVFo0X</latexit>

(Dark Matter)

<latexit sha1_base64="ESgWN8IEiI7WARpsGuabtfpO/KI=">AAAB9HicdVDLSgNBEJyNrxhfUY9eBoMQL8vuZhPjLaAHL0IEEwPJEmYnvcmQ2Yczs4EQ8h1ePCji1Y/x5t84eQgqWtBQVHXT3eUnnEllWR9GZmV1bX0ju5nb2t7Z3cvvHzRlnAoKDRrzWLR8IoGzCBqKKQ6tRAAJfQ53/vBi5t+NQEgWR7dqnIAXkn7EAkaJ0pJXvCRiiK+JUiBOu/mCZTrnFcctY8t0HbdUrWpSKdulio1t05qjgJaod/PvnV5M0xAiRTmRsm1bifImRChGOUxznVRCQuiQ9KGtaURCkN5kfvQUn2ilh4NY6IoUnqvfJyYklHIc+rozJGogf3sz8S+vnaqg6k1YlKQKIrpYFKQcqxjPEsA9JoAqPtaEUMH0rZgOiCBUZyBzOoSvT/H/pOmYtmuWb5xCzVnGkUVH6BgVkY3OUA1doTpqIIru0QN6Qs/GyHg0XozXRWvGWM4coh8w3j4BFiyRoQ==</latexit>

v0

<latexit sha1_base64="Yd0TtC0I7/suFuPQHobr4vUBnCA=">AAAB6XicdVDLSsNAFJ3UV62vqks3g0V0FSYlIe2u4MZlFfuANpTJdNIOnUzCzKRQQv/AjQtF3PpH7vwbpw9BRQ9cOJxzL/feE6acKY3Qh1XY2Nza3inulvb2Dw6PyscnbZVkktAWSXgiuyFWlDNBW5ppTruppDgOOe2Ek+uF35lSqVgi7vUspUGMR4JFjGBtpLvp5aBcQXa97iDPg8h266jq+Yb4ru84NejYaIkKWKM5KL/3hwnJYio04VipnoNSHeRYakY4nZf6maIpJhM8oj1DBY6pCvLlpXN4YZQhjBJpSmi4VL9P5DhWahaHpjPGeqx+ewvxL6+X6agW5EykmaaCrBZFGYc6gYu34ZBJSjSfGYKJZOZWSMZYYqJNOCUTwten8H/SrtqOa3u3bqVRXcdRBGfgHFwBB/igAW5AE7QAARF4AE/g2ZpYj9aL9bpqLVjrmVPwA9bbJ7ssjXc=</latexit>

Mirror EW

<latexit sha1_base64="OkOclIP+nfz0gCRDhmZPKzvTBHQ=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZLQkHZXEMGNUME+pA1lMp20QyczYWYilNCvcONCEbd+jjv/xulDUNGzOpxzL/fcE6WMKu04H1ZhbX1jc6u4XdrZ3ds/KB8etZXIJCYtLJiQ3QgpwignLU01I91UEpREjHSiycXc79wTqajgt3qakjBBI05jipE20t01lVJIeNkZlCuOXa+7ju9Dx67WHc8PDAmqgevWoGs7C1TACs1B+b0/FDhLCNeYIaV6rpPqMEdSU8zIrNTPFEkRnqAR6RnKUUJUmC8Cz+CZUYYwNpdjwTVcqN83cpQoNU0iM5kgPVa/vbn4l9fLdFwLc8rTTBOOl4fijEEt4Px7OKSSYM2mhiAsqckK8RhJhLXpqGRK+PoU/k/anu1Wbf/GqzS8VR1FcAJOwTlwQQAa4Ao0QQtgkIAH8ASeLWk9Wi/W63K0YK12jsEPWG+fvAGQVQ==</latexit>

Breaking

<latexit sha1_base64="QdC3++C8uyDmQbERWr+cKbz1Q5o=">AAAB73icdVDLSsNAFL3xWeur6tLNYBFchaQ0pN0V3bisYB/QhjKZTtqhk0mcmQgl9CfcuFDErb/jzr9x+hBU9MDA4ZxzmXtPmHKmtON8WGvrG5tb24Wd4u7e/sFh6ei4rZJMEtoiCU9kN8SKciZoSzPNaTeVFMchp51wcjX3O/dUKpaIWz1NaRDjkWARI1gbqXtpshMmRoNS2bHrddfxPOTY1bpT8XxD/KrvujXk2s4CZVihOSi994cJyWIqNOFYqZ7rpDrIsdSMcDor9jNFU0wmeER7hgocUxXki31n6NwoQxQl0jyh0UL9PpHjWKlpHJpkjPVY/fbm4l9eL9NRLciZSDNNBVl+FGUc6QTNj0dDJinRfGoIJpKZXREZY4mJNhUVTQlfl6L/Sbtiu1Xbu6mUG5VVHQU4hTO4ABd8aMA1NKEFBDg8wBM8W3fWo/VivS6ja9Zq5gR+wHr7BHVzkDc=</latexit>

( )

<latexit sha1_base64="9Cn6Px7BT8qUS01KO6Cx8ndVUxg=">AAAB/3icdVDLSsNAFJ34rPUVFdy4GSxC3YSkJKTdFdy4rGAf0IYymUzaoZOHMxOhxC78FTcuFHHrb7jzb5ymFVT0wMw9nHMvc+f4KaNCmuaHtrK6tr6xWdoqb+/s7u3rB4cdkWQckzZOWMJ7PhKE0Zi0JZWM9FJOUOQz0vUnF3O/e0u4oEl8Lacp8SI0imlIMZJKGurHVagwuMlQoO6iKJwP9YppNBqW6TjQNOyGWXNcRVzbtaw6tAyzQAUs0Rrq74MgwVlEYokZEqJvman0csQlxYzMyoNMkBThCRqRvqIxiojw8mL/GTxTSgDDhKsTS1io3ydyFAkxjXzVGSE5Fr+9ufiX189kWPdyGqeZJDFePBRmDMoEzsOAAeUESzZVBGFO1a4QjxFHWKrIyiqEr5/C/0mnZli24VzZlWZtGUcJnIBTUAUWcEETXIIWaAMM7sADeALP2r32qL1or4vWFW05cwR+QHv7BGdIk8M=</latexit>

t0 Freeze-Out

<latexit sha1_base64="QVn0REoytO2ruJ00NNzmlog1UPM=">AAAB/nicdVDLSgNBEJz1bXxFxZOXwSB6cdmNiUluAUG8qWAekIQwO+kkg7MPZnrFuAT8FS8eFPHqd3jzb5zECCpa0FBUddPd5UVSaHScd2tqemZ2bn5hMbW0vLK6ll7fqOowVhwqPJShqntMgxQBVFCghHqkgPmehJp3dTzya9egtAiDSxxE0PJZLxBdwRkaqZ3ewj3aRLjBhJ4ogFs4OItx2E5nHDtfOCq6JerY2WKh5IxIPpct5g6paztjZMgE5+30W7MT8tiHALlkWjdcJ8JWwhQKLmGYasYaIsavWA8ahgbMB91KxucP6a5ROrQbKlMB0rH6fSJhvtYD3zOdPsO+/u2NxL+8RozdYisRQRQjBPxzUTeWFEM6yoJ2hAKOcmAI40qYWynvM8U4msRSJoSvT+n/pJq13Zydv8hlytlJHAtkm+yQfeKSAimTU3JOKoSThNyTR/Jk3VkP1rP18tk6ZU1mNskPWK8fFvuVkA==</latexit>

b0 Freeze-Out

<latexit sha1_base64="kAxpX5XVRWMFfXn0tgraoxG5xy4=">AAAB/nicdVDLSgNBEJz1bXxFxZOXwSB6cZmNGxNvgiDeVDAqJCHMTjpmcPbBTK8Yl4C/4sWDIl79Dm/+jZMYQUULGoqqbrq7gkRJg4y9OyOjY+MTk1PTuZnZufmF/OLSmYlTLaAqYhXri4AbUDKCKkpUcJFo4GGg4Dy42u/759egjYyjU+wm0Aj5ZSTbUnC0UjO/EmzQOsINZvRAA9zC1lGKvWa+wNzdXd8v7VDmllnJ2ylZwooV5m9Tz2UDFMgQx838W70VizSECIXixtQ8lmAj4xqlUNDL1VMDCRdX/BJqlkY8BNPIBuf36LpVWrQda1sR0oH6fSLjoTHdMLCdIceO+e31xb+8WortSiOTUZIiROJzUTtVFGPaz4K2pAaBqmsJF1raW6nocM0F2sRyNoSvT+n/5Kzoer5bOvELe8VhHFNklayRTeKRMtkjh+SYVIkgGbknj+TJuXMenGfn5bN1xBnOLJMfcF4/AN8ilWs=</latexit>

⌧ 0 Freeze-Out

<latexit sha1_base64="8VLQV781Xcl892YnIs2iQPdIkug=">AAACAXicdVDLSgNBEJyN7/iKehG8DAbRi8tuTMx6EwTxpoJRIQlhdtJJhsw+mOkV4xIv/ooXD4p49S+8+TdOYgQVLWgoqrrp7vJjKTQ6zruVGRufmJyansnOzs0vLOaWls91lCgOFR7JSF36TIMUIVRQoITLWAELfAkXfvdg4F9cgdIiCs+wF0M9YO1QtARnaKRGbrWGLNmkNYRrTOmhAriB7eME+41c3rELe55bdqhjl4rl3VLBkPJOyfM86trOEHkywkkj91ZrRjwJIEQumdZV14mxnjKFgkvoZ2uJhpjxLmtD1dCQBaDr6fCDPt0wSpO2ImUqRDpUv0+kLNC6F/imM2DY0b+9gfiXV02w5dVTEcYJQsg/F7USSTGigzhoUyjgKHuGMK6EuZXyDlOMowkta0L4+pT+T84Ltlu0S6fF/H5hFMc0WSPrZIu4pEz2yRE5IRXCyS25J4/kybqzHqxn6+WzNWONZlbID1ivH20Plt4=</latexit>

c0 Freeze-Out

<latexit sha1_base64="Hh2Njh/XPhn76yy1auabU1/4Nf8=">AAAB/nicdVDLSgNBEJz1bXxFxZOXwSB6cZmNiYm3gCDejGBUSEKYnXTM4OyDmV4xLgF/xYsHRbz6Hd78GycxgooWNBRV3XR3+bGSBhl7d8bGJyanpmdmM3PzC4tL2eWVMxMlWkBNRCrSFz43oGQINZSo4CLWwANfwbl/dTDwz69BGxmFp9iLoRnwy1B2pOBopVZ2TWzRBsINpvRQA9zCznGC/VY2x9ySly/lGWXubmG/VPYsYeW9IitSz2VD5MgI1Vb2rdGORBJAiEJxY+oei7GZco1SKOhnGomBmIsrfgl1S0MegGmmw/P7dNMqbdqJtK0Q6VD9PpHywJhe4NvOgGPX/PYG4l9ePcFOuZnKME4QQvG5qJMoihEdZEHbUoNA1bOECy3trVR0ueYCbWIZG8LXp/R/cpZ3vYJbPCnkKvlRHDNknWyQbeKREqmQI1IlNSJISu7JI3ly7pwH59l5+Wwdc0Yzq+QHnNcP24qVaQ==</latexit>

µ0 Freeze-Out

<latexit sha1_base64="CKav64htgeHGRl+ZGprjXoIPy5I=">AAACAHicdVDLSgNBEJyN7/iKevDgZTCIXlx240bjLSCINyOYREhCmJ104uDsg5leMS65+CtePCji1c/w5t84iRFUtKChqOqmu8uPpdDoOO9WZmJyanpmdi47v7C4tJxbWa3pKFEcqjySkbrwmQYpQqiiQAkXsQIW+BLq/tXR0K9fg9IiCs+xH0MrYL1QdAVnaKR2br0ZJNu0iXCDKT1WALewe5rgoJ3LO7ZXdPdLHnXsvVLRdQ8N2fcKjlugru2MkCdjVNq5t2Yn4kkAIXLJtG64ToytlCkUXMIg20w0xIxfsR40DA1ZALqVjh4Y0C2jdGg3UqZCpCP1+0TKAq37gW86A4aX+rc3FP/yGgl2S61UhHGCEPLPRd1EUozoMA3aEQo4yr4hjCthbqX8kinG0WSWNSF8fUr/J7WC7Xp28czLlwvjOGbJBtkkO8QlB6RMTkiFVAknA3JPHsmTdWc9WM/Wy2drxhrPrJEfsF4/AH2LllM=</latexit>

s0 Freeze-Out

<latexit sha1_base64="wp5qWiIqL+k8sf+eRQZDb6ckVlY=">AAAB/nicdVDLSgNBEJyNrxhfUfHkZTCIXlx2k5jHTRDEmwomEZIQZiedODj7YKZXjEvAX/HiQRGvfoc3/8ZJjKCiBQ1FVTfdXV4khUbHebdSU9Mzs3Pp+czC4tLySnZ1ra7DWHGo8VCG6sJjGqQIoIYCJVxECpjvSWh4V4cjv3ENSoswOMdBBG2f9QPRE5yhkTrZDb1DWwg3mNAjBXALeycxDjvZnGNXqqVCoUQdO18tuqWyIW7JLRdd6trOGDkywWkn+9bqhjz2IUAumdZN14mwnTCFgksYZlqxhojxK9aHpqEB80G3k/H5Q7ptlC7thcpUgHSsfp9ImK/1wPdMp8/wUv/2RuJfXjPGXqWdiCCKEQL+uagXS4ohHWVBu0IBRzkwhHElzK2UXzLFOJrEMiaEr0/p/6Set92ivX9WzB3kJ3GkySbZIrvEJWVyQI7JKakRThJyTx7Jk3VnPVjP1stna8qazKyTH7BePwACz5WC</latexit>

d0 Freeze-Out

<latexit sha1_base64="tG1l73oT4x9y1hMzAbVUseOz2pA=">AAAB/nicdVDLSgNBEJz1bXxFxZOXwSB6MWzWVZObIIg3IxgjJEuYnXSSIbMPZnrFuAT8FS8eFPHqd3jzb5w8BBUtaCiquunu8mMpNNr2hzUxOTU9Mzs3n1lYXFpeya6uXekoURwqPJKRuvaZBilCqKBACdexAhb4Eqp+92TgV29AaRGFl9iLwQtYOxQtwRkaqZHdaO7QOsItpvRUAdzB3nmC/UY2Z+fd0r5zWKJ2/tB1nKJtSMEtlkoHtJC3h8iRMcqN7Hu9GfEkgBC5ZFrXCnaMXsoUCi6hn6knGmLGu6wNNUNDFoD20uH5fbptlCZtRcpUiHSofp9IWaB1L/BNZ8Cwo397A/Evr5Zgq+ilIowThJCPFrUSSTGigyxoUyjgKHuGMK6EuZXyDlOMo0ksY0L4+pT+T64cE0v+4MLNHTvjOObIJtkiu6RAjsgxOSNlUiGcpOSBPJFn6956tF6s11HrhDWeWSc/YL19AvQ+lXo=</latexit>

S0 Decay

<latexit sha1_base64="uKwLTaQj8iaBBxt7iGV9vNnHVtM=">AAAB+XicdVDLSgNBEJz1bXytevQyGERPy26yMXsU9OAxolEhCWF20jFDZh/M9AbDkj/x4kERr/6JN//GyUNQ0YKGoqqb7q4wlUKj635Yc/MLi0vLK6uFtfWNzS17e+daJ5niUOeJTNRtyDRIEUMdBUq4TRWwKJRwE/ZPx/7NAJQWSXyFwxRaEbuLRVdwhkZq2/blIW0i3GNOz4Cz4ahtF10nCHy34lPXKfnlaqlsiHdcDoIK9Rx3giKZoda235udhGcRxMgl07rhuSm2cqZQcAmjQjPTkDLeZ3fQMDRmEehWPrl8RA+M0qHdRJmKkU7U7xM5i7QeRqHpjBj29G9vLP7lNTLsBq1cxGmGEPPpom4mKSZ0HAPtCAUc5dAQxpUwt1LeY4pxNGEVTAhfn9L/yXXJ8XyncuEXT0qzOFbIHtknR8QjVXJCzkmN1AknA/JAnsizlVuP1ov1Om2ds2Yzu+QHrLdPGYGTTQ==</latexit>

TQCD0

<latexit sha1_base64="Tc2rQAxo3rJnw+uJh/FbZBMrwvM=">AAAB83icdVDLSsNAFJ34rPVVdelmsIiuQpKmNstCXbhsoS9oQplMJ+3QySTMTIQS+htuXCji1p9x5984fQgqeuDC4Zx7ufeeMGVUKsv6MDY2t7Z3dgt7xf2Dw6Pj0slpVyaZwKSDE5aIfogkYZSTjqKKkX4qCIpDRnrhtLHwe/dESJrwtpqlJIjRmNOIYqS05LeHuS9i2GrcXs2HpbJlep5rVV1omY5bqTkVTeybiudVoW1aS5TBGs1h6d0fJTiLCVeYISkHtpWqIEdCUczIvOhnkqQIT9GYDDTlKCYyyJc3z+GlVkYwSoQuruBS/T6Ro1jKWRzqzhipifztLcS/vEGmIi/IKU8zRTheLYoyBlUCFwHAERUEKzbTBGFB9a0QT5BAWOmYijqEr0/h/6TrmLZrVltuue6s4yiAc3ABroENaqAO7kATdAAGKXgAT+DZyIxH48V4XbVuGOuZM/ADxtsnaRyRQA==</latexit>

&

<latexit sha1_base64="Cw3OvxqKT6y5/m8mZN86vQAM/hw=">AAAB6XicdVDLSsNAFL2pr1pfVZduBoviKiRparMsuHFZxT6gDWUynbRDJw9mJkIJ/QM3LhRx6x+582+cPgQVPXDhcM693HtPkHImlWV9GIW19Y3NreJ2aWd3b/+gfHjUlkkmCG2RhCeiG2BJOYtpSzHFaTcVFEcBp51gcjX3O/dUSJbEd2qaUj/Co5iFjGClpdv++aBcsUzPc62aiyzTcat1p6qJfVn1vBqyTWuBCqzQHJTf+8OEZBGNFeFYyp5tpcrPsVCMcDor9TNJU0wmeER7msY4otLPF5fO0JlWhihMhK5YoYX6fSLHkZTTKNCdEVZj+dubi395vUyFnp+zOM0UjclyUZhxpBI0fxsNmaBE8akmmAimb0VkjAUmSodT0iF8fYr+J23HtF2zduNUGs4qjiKcwClcgA11aMA1NKEFBEJ4gCd4NibGo/FivC5bC8Zq5hh+wHj7BI0AjVc=</latexit>

u0 Freeze-Out

<latexit sha1_base64="TpD3TkwEg//0pgOUcwX6oM/RUKs=">AAAB/nicdVDLSgNBEJyN7/iKiicvg0H04rIbN2puAUG8GcEkQhLC7KQTB2cfzPSKcQn4K148KOLV7/Dm3ziJEVS0oKGo6qa7y4+l0Og471ZmYnJqemZ2Lju/sLi0nFtZrekoURyqPJKRuvCZBilCqKJACRexAhb4Eur+1dHQr1+D0iIKz7EfQytgvVB0BWdopHZuPdmmTYQbTOmxAriF3dMEB+1c3rEPvWKp5FDHLnre/l7JENd1CyWXurYzQp6MUWnn3pqdiCcBhMgl07rhOjG2UqZQcAmDbDPREDN+xXrQMDRkAehWOjp/QLeM0qHdSJkKkY7U7xMpC7TuB77pDBhe6t/eUPzLayTYPWylIowThJB/LuomkmJEh1nQjlDAUfYNYVwJcyvll0wxjiaxrAnh61P6P6kVbNezi2devlwYxzFLNsgm2SEuOSBlckIqpEo4Sck9eSRP1p31YD1bL5+tGWs8s0Z+wHr9AAHAlYE=</latexit>
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Figure 1. Left panel: spectrum of mirror quarks and leptons for v′ = 8× 107 GeV, which yields the

observed dark matter abundance in e′ from freeze-out. The mass of the lightest mirror glueball, S′,
is also shown, as is the relevant range of axion masses. Right panel: important temperatures in the

thermal history of the universe. The mirror electroweak scale, v′, is also shown.

3 Particle Spectra and Lifetimes

3.1 Mirror Fermions

Below the mirror symmetry breaking scale, v′, charged mirror fermions acquire a mass

m′ = yv′ where y, their Yukawa coupling with H ′, is identical to the Yukawa coupling of

their SM counterparts, up to renormalization differences below v′. Consequently, charged

mirror fermions, such as the mirror electron, e′, are heavier than their SM counterparts by

approximately the ratio of electroweak vacuum expectation values, v′/v � 1. The spectrum

of mirror particles, including the renormalization of the Yukawa couplings below v′, is shown

in Fig. 1.

Note that all mirror fermions are unstable except for e′ and u′ which cannot decay since

they are the lightest particles charged under the unbroken U(1)′EM and SU(3)′ symmetries,

respectively. Since e′ is stable and has suppressed interactions with SM particles, its relic

cosmological abundance may provide the dark matter. As discussed in Sec. 4.2, thermal

freeze-out of e′ leads to the observed dark matter abundance if v′ ' 8× 107 GeV, setting our
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normalization for v′ in all future equations. The mass of e′ is

m′e = yev
′ ' 225 GeV

(
v′

8× 107 GeV

)
. (3.1)

Note that while u′ is also stable and a potential dark matter candidate, its relic abundance

is always subdominant to that of e′. This is because below the mirror QCD phase transition,

mirror hadrons composed of s′, u′ and d′ efficiently annihilate into γ′ or decay into the hadron

u′u′u′ whose abundance is small compared to e′ [12].

3.2 Axion

At energy scales above v′ the Z2 symmetry ensures that the QCD and QCD′ gauge couplings

are equal, g3 = g′3. However, below v′ the Z2 symmetry is broken, and the large mass hierarchy

between the Standard and mirror fermions significantly changes the renormalization flow of

g′3 away from g3. As the heavier mirror fermions decouple in the IR, g′3 becomes larger than

g3, leading to a higher confinement scale in the SU(3)′ sector. The value of g3 and the

renormalization scale µ = v′ = 8 × 107 GeV sets the initial value of g′3 at the same scale.

We then run the 2-loop beta function for g′3 [25–27] to low energies, taking into account the

mirror quark thresholds. We define ΛQCD′ as the scale where g′3(µ) that is defined in the MS

scheme and computed at two-loop level diverges. Around v′ ∼ 108 GeV, it is given by

ΛQCD′ ' 27 GeV

(
v′

8× 107 GeV

)4/11

. (3.2)

Consequently, the single axion in the theory, which couples to both Standard Model and

mirror sectors, acquires a large mass from mirror QCD instantons,

ma = 0.6
Λ2

QCD′

fa
' 9 MeV

(
v′

8× 107 GeV

)8/11( fa
5× 104 GeV

)−1

, (3.3)

where we have used the lattice calculations for the topological susceptibility of Nf = 0 flavor

SU(3) and the relation between ΛQCD′ and the Sommer scale [28, 29] to relate the mass of the

axion with ΛQCD′ . The axion mass is thus much larger than the standard QCD axion mass

ma,0 ∼ mπfπ/fa. Moreover, the mapping given in (2.1) ensures the phases of the potential

generated by SU(3) and SU(3)′ dynamics are aligned so that the strong CP problem is still

solved by the axion, despite its non-standard mass. The heavier axion mass relaxes the PQ

quality problem that plagues the standard QCD axion [30–33].

For ma � mπ0 ' 135 MeV, the lifetime of the axion is set by the a → 2γ and a → 2γ′

decay channels. The total decay rate is

Γa =
g2
γ + g2

γ′

64π

m3
a

f2
a

'
(
1.5× 10−1 s

)−1
( ma

9 MeV

)3
(

fa
5× 104 GeV

)−2

, (3.4)

where the axion-photon and dark photon couplings are gγ ' (E/N −5/3−Fθ(ma))α/2π and

gγ′ ' (E/N)α′/2π, respectively. Here, E/N is the ratio of the charge to color anomaly of
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the PQ quarks, 5/3 comes from the axial rotation that removes the axion-gluon coupling, Fθ
from axion-meson mixing [34], and α (α′) the (mirror) fine-structure constant. E/N = 2/3

when the PQ quarks have the same charges as down-quarks and 8/3 if they have the same

charges as up-quarks or in a complete SU(5) multiplet. For ma � mπ, as occurs for the

axion in most of our parameter space, (5/3 +Fθ) ' 2.03. For Eq. (3.4) and the remainder of

this paper, we take α′ = α due to the small renormalization differences between the SM and

SM′ electromagnetic sectors.

3.3 Mirror Glueballs

Mirror glueballs materialize after the QCD′ phase transition. Self scattering quickly leaves

the glueball gas in a state dominantly composed of the lightest mirror glueball, S′, with a

mass [28]

mS′ ' 6.8 ΛQCD′ ' 185 GeV

(
v′

8× 107 GeV

)4/11

. (3.5)

The mirror glueball can decay into two Higgses, two mirror photons, or two axions; it can also

self-scatter with itself to reduce its abundance. Each rate is strongly dependent on v′, but for

v′ = 108 GeV, the rates increasingly dominate in the aforementioned order. The decay rate

into electroweak gauge bosons is given by [12]

ΓS′→W+W−/ZZ '
1

8π

(
2.7

16π2

)2 m5
S′

v′4
' (11 s)−1

(
v′

8× 107 GeV

)− 24
11

. (3.6)

Here we ignored the phase-space suppression and the actual decay rate is even smaller. The

decay rate into 2γ′ is given by

ΓS′→γ′γ′ '
1

16π

(
2.7α

270π

)2 m9
S′

m8
u′
'
(
1.1× 10−12 s

)−1
(

v′

8× 107 GeV

)− 52
11

. (3.7)

The decay rate into 2a is given by

ΓS′→aa ≈
1

8π

m5
S′

f4
a

'
(
4.8× 10−16 s

)−1
(

fa
5× 104 GeV

)−4( v′

8× 107 GeV

) 20
11

. (3.8)

Last, the annihilation of two lightest glueballs (CP-even states) into an axion and the lightest

CP-odd glueball is of similar importance in reducing the glueball abundance, and has a rate

ΓS′S′→S′a ∼
(mS′T )

3
2

f2
a

e−
m′S
T

≈
(
7.1× 10−22 s

)−1
(

fa
5× 104 GeV

)−2( v′

8× 107 GeV

) 12
11
(
T

m′S

) 3
2

e−
m′S
T . (3.9)
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3.4 Mirror Neutrinos and Neutrinos

A successful theory of e′ dark matter from freeze-out has important implications for neutrino

masses because late decays of mirror neutrinos can dilute the e′ and can affect nucleosynthsis.

Parity implies that the SM and SM′ Weinberg operators give correlated masses for the SM

and mirror neutrinos. In addition, the neutrino portal operator of (2.3) gives a neutrino

Yukawa coupling. Hence, below v′ the relevant EFT for neutrino masses is

Lν,ν′ =
1

2
mν′i

(
ν ′iν
′
i + `i`i

HH

v′2

)
+ ν ′i yij `j H + h.c., yij =

v′

MD
ξij . (3.10)

The light neutrino mass matrix is therefore

mνij =
v2

v′2
mν′i

δij − yTik
1

mν′k

ykj v
2. (3.11)

We call the first term the “direct” contribution and the second the “seesaw” contribution.

It is useful to study the direct and seesaw contributions to the light neutrino mass matrix

from each ν ′i. Each ν ′i couples to a single combination of `j , which we call ˜̀
i, so that the

Yukawa coupling of ν ′i can be written as

Lyi = yi ν
′
i

˜̀
iH + h.c., ˜̀

i = yij `j/yi, y2
i ≡

∑
j

|yij |2. (3.12)

Thus, each ν ′i gives mass contributions to two different states, a direct one for νi and a seesaw

one for ν̃i. If large leptonic mixing angles arise from the neutrino sector, these two states are

expected to be very different, although generically they are not orthogonal. Consequently,

the Lagrangian for the light neutrino masses can be written as a sum of three such terms,

one from each ν ′i

Lν =
1

2

∑
i

(
mdir
νi νiνi −mss

νi ν̃iν̃i

)
+ h.c. =

1

2

∑
i

(
v2

v′2
mν′i

νiνi −
y2
i v

2

mν′i

ν̃iν̃i

)
+ h.c.. (3.13)

The resulting neutrino mass matrix therefore has 6 terms and depends on (v′,mν′i
, yi) as well

as the mixing angles and phases in yij/yi.

The orange and blue contours of Fig. 2 show the direct and seesaw contributions from one

ν ′i in the (yi,mν′i
) plane. For the direct contribution, the scale v′ of parity breaking is taken

to be 8× 107 GeV, as required for e′ to account for the observed dark matter via freezeout.

The mass of ν ′i is directly proportional to the direct neutrino mass contribution

mν′i
= 11 GeV

(
mdir
νi

0.05 eV

)(
v′

8× 107 GeV

)2

. (3.14)

In the orange (blue) shaded regions the direct (seesaw) contribution is larger than 0.05 eV,

so a realistic spectrum requires a cancellation among the 6 contributions. Deeper into the
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Figure 2. Contours for the direct (orange) and seesaw (blue) contributions to the light neutrino mass

matrix, from the heavy mirror neutrino mass eigenstate ν′i, as defined in Eq. (3.13), with v′ = 8× 107

GeV. The orange (blue) shaded regions give mdir
νi (mss

νi) larger than 0.05 eV, and in many theories

require unnatural cancellations. The red line has mdir
νi = mss

νi , giving massless light neutrinos at tree

level. The Singlet Model is constrained to live on this line for all three ν′i. In this theory, radiative

neutrino masses of 0.05 eV can result along the solid part of the red line.

shaded region the required cancellation becomes stronger. Deep in the unshaded region, both

direct and seesaw contributions are too small to affect current data. There are three copies of

this figure, one for each ν ′i. Assuming no strong cancellations, at least 2 of the 6 contributions

must be close to the edge of the corresponding shaded region to account for the atmospheric

and solar oscillations. Two relevant contributions could come from a single ν ′i if the values

of (yi,mν′i
) lie close to to the right-hand vertex of the unshaded triangle, where the 0.05 eV

contours of the direct and seesaw contributions intersect. This intersection point gives the

maximum value of yi possible without cancellations, yi . mν′i
/v′, and similarly the maximum

value of |yij | for any j

|yij | .
mν′i

v′
≈ 1× 10−7

( mν

0.05 eV

)( v′

8× 107 GeV

)
. (3.15)

Fig. 2 shows that the ν ′i have masses far below v′, so that decays via virtual W ′ are

negligible and ν ′i have long lifetimes. Decays proceed dominantly through the Yukawa coupling

yi of (3.12), which induces a small mixing angle between ν ′i and ν̃i of

θi '
yiv

mν′i

. (3.16)

For mν′i
<∼mW + me, the dominant decay modes are the three-body beta decays ν ′i →

ẽi uj d̄j , ẽi νj ēj , with j running over two generations of quarks and three generations of lep-
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tons, giving

Γν′i ' 9
1

192π3
θ2
i

m5
ν′i

8v4
. (3.17)

Similarly, there are Z-mediated decay modes. For mν′i
& mW + me, the two-body decay

ν ′i → ˜̀
iH becomes kinematically allowed and dominates, with a decay rate

Γν′i '
1

8π
y2
i mν′i

. (3.18)

3.4.1 Neutrino masses constrained by lepton symmetries

The general form of neutrino masses, (3.10), has two important limits, one where mν′i
= 0

and one where yij = 0. This changes the physics drastically, and Fig. 2 is no longer relevant.

Imposing B−L number, with opposite signs in the SM and mirror sectors, sets mν′i
= 0 so

that the observed neutrinos are Dirac. The heavy, unstable ν ′ states do not exist, changing the

cosmological evolution of the universe. Unlike the charged fermions, where the right-handed

states are part of the SM sector, neutrinos have their right-handed components coming from

the mirror sector, allowing an alternative view of why the neutrinos are so light. The observed

neutrino masses result from Yukawa couplings yij of order 10−12. However, unlike for charged

fermions, these Yukawa interactions arise from dimension 5 operators above v′, shown in (2.3).

With v′ = 108 GeV and MD the Planck scale, this requires ξij of order 10−2, comparable to

the largest Yukawa coupling in the charged lepton sector.

Alternatively, separate lepton parities can be imposed in the SM and mirror sectors,

removing the neutrino portal operator of (2.3) and forcing yij = 0. The neutrino sector then

conserves individual lepton parities for each of the three generations, and the SM and mirror

neutrino masses are related by mνi = (v2/v′2)mν′i
. Lepton mixing angles arise because in this

basis the Yukawa coupling matrix for the charged leptons is not diagonal. For v′ = 108 GeV,

the lightest mirror neutrino, ν ′1, is stable as it is the lightest mirror fermion. The two heavier

mirror neutrinos decay via a loop diagram involving a virtual W ′, ν ′2,3 → ν ′1 + γ′. The decay

rate is highly suppressed, giving lifetimes of order 109 sec.

3.4.2 The singlet model for neutrino masses

In many theories, significant cancellations between different contributions to the light neutrino

mass matrix can only arise from fine tuning. In these theories the shaded regions of Fig. 2 are

fine-tuned, and (3.15) are naturalness constraints. However, cancellations cannot be avoided

in one of the simplest UV completions of the dimension 5 operators for neutrino masses [35],

which we call the Singlet Model.

Consider a theory where the dimension 5 operators for neutrino masses are generated by

the exchange of three gauge-singlet Weyl fermions Si, that are parity even: Si ↔ Si, via the

interactions

L(Si) = Si xij (`jH + `′jH
′) +

1

2
MSi SiSi + h.c. (3.19)
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Introducing a hatted basis, the Yukawa interactions of Si can be written as

Lxi = xi Si (ˆ̀
iH + ˆ̀′

iH
′) + h.c., ˆ̀

i = xij `j/xi, x2
i ≡

∑
j

|xij |2, (3.20)

in analogy with (3.12). The EFT below MSi is

LEFT (Si) =
1

2

∑
i

x2
i

MSi

(ˆ̀
iH + ˆ̀′

iH
′)2 + h.c.. (3.21)

Note that the ˆ̀
i are not orthogonal.

Inserting the H ′ vev, and comparing with Eqns. (3.10) and (3.12), the singlet model leads

to a correlation between mν′i
= x2

i v
′2/MSi and yi = x2

i v
′/MSi . Thus it gives yi = mν′i

/v′,

leading to

mdir
νi = mss

νi =
y2
i v

2

mν′i

=
x2
i v

2

MSi

(3.22)

giving the red line in Fig. 2. The light neutrinos are massless at tree level because each Si
couples to only one combination of mirror neutrinos and neutrinos, v′ν̂ ′i + v ν̂i, leaving the

orthogonal combination, v′ν̂i − v ν̂ ′i, without a mass term. This single coupling of Si leads

to the combination (ˆ̀
iH + ˆ̀′

iH
′)2 appearing in (3.21), implying that the coefficient of the

Weinberg operators involving ˆ̀
i
ˆ̀
i and ˆ̀′

i
ˆ̀′
i are correlated with that of the portal operator

involving ˆ̀′
i
ˆ̀
i. However, this correlation is lost under renormalization group scaling induced

by one-loop electroweak radiative corrections. Hence the light neutrino mass arising from the

interaction of Si is estimated to be

Lν(Si) '
1

2

y2
i v

2

mν′i

g2
2

16π2
(2L+ + L−) ν̂iν̂i, L+ = ln

MSi

v′
, L− = ln

v′

mν′i

. (3.23)

The two logs correspond to running in the EFTs above and below v′. Since L− is always a

large log, the loop factor is expected to be in the range of 3-30, giving the extent of the solid

section of the red line in Fig. 2.

4 Mirror Cosmology

After inflation, the maximum temperature of the universe is taken to be less than v′, so that

the spontaneous breaking of parity does not lead to unacceptable domain wall densities, but

greater than the freeze-out temperature of mirror electrons, allowing a reliable computation

of the relic e′ density.

4.1 Portals and Decoupling Temperatures

Thermalization of the SM and SM′ sectors can be achieved through the Higgs, kinetic mixing,

neutrino, and heavy axion portals arising from the operators in Eqns. (2.3) and (2.5). We

shall assume ε is negligibly small so that kinetic mixing is unimportant from here on.1

1The leading non-zero radiative correction to ε arises at the five-loop level from the interactions between

the axion field P , the PQ quarks Ψ,Ψ′, and Higgses. Its value is of order εrad ∼ 1/(16π2)5|ξ|4|yD|4N2
c . For
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The Higgs and neutrino portals give rise to similar decoupling temperatures which in-

crease with v′ and are independent of fa. On the other hand, the axion portal gives rise to

a decoupling temperature which increases with fa but is independent of v′ for temperatures

above the QCD′ phase transition:

Tdec '


5× 104 GeV

(
v′

1× 108 GeV

)4/3

Higgs and Neutrino Portals [36]

5× 104 GeV

(
fa

1× 109 GeV

)2.35

Axion Portal [37–39]

(4.1)

As discussed in Sec. 4.2, thermally producing e′ with the observed dark matter abundance

requires v′ ≈ 108 GeV. From Eq. (4.1), we thus see that for fa . 109 GeV, the axion portal

dominates over the Higgs and Neutrino portals in keeping the two sectors in thermal equilib-

rium. Moreover, as discussed in Sec. 5.1, to ensure that the axion does not generate significant

dark radiation around or after neutrino decoupling requires fa . 105 GeV. Consequently, in

our cosmology, the axion is the dominant portal responsible for thermal coupling between the

two sectors.

Specifically, the axion keeps the two sectors in equilibrium both above and below the

mirror QCD phase transition temperature,

TQCD′ ' 1.26 ΛQCD′ ' 34 GeV

(
v′

8× 107 GeV

)4/11

, (4.2)

where we used the relation between TQCD′ and ΛQCD′ computed in [40]. Above TQCD′ , a↔ gg

and a↔ g′g′ scatterings keep the two sectors in equilibrium. Below the QCD phase transition

temperature, the two sectors are kept in thermal equilibrium through Primakoff scatterings,

γe ↔ ae and γ′e′ ↔ ae′, until the e′ number density drops exponentially at temperatures

below me′ .

The first interaction, that between axions and mirror gluons, can be calculated precisely

from the standard axion-gluon scattering rate as computed in [37, 39] with the mapping

g3 ↔ g′3,

Γag′←g′g′ '
16

π

(
g′23

32π2

)2
T 3

f2
a

Fg′(g′3) . (4.3)

Here, Fg′ is a function of g′3 and is numerically computed in [37, 39] but takes the form

Fg′ ≈ 2g2
3′ ln 1.5/g′3 for g3′ . 1. 2 When using Eq. (4.3), we use the temperature-dependent

value of g′3 at the renormalized energy scale µ = T .

|yΨ|4|yD|4 . 0.1, Rutherford scattering of e′ DM with nuclei in the LZ detector is below detection threshold

for 15 ton-years of exposure [36].
2Note that Eq. (4.3) is strictly valid in the limit ma � T , which is always the case for temperatures above

TQCD′ .
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Similarly, the mirror Primakoff scattering rate is given by the Standard Model rate [41, 42]

with the replacement of the electron number density with the mirror electron density, ne →
ne′ , as given by

Γae′↔e′γ′ ' α′
(
gγ′

fa

)2 π2

36ζ(3)

(
ln
T 2

m′2γ
+ 0.82

)
ne′ , (4.4)

where gγ′ ' (E/N)α′/2π and m′2γ ≈ 4πα′ne′/me′ is the mirror photon plasma mass. Because

the renormalization in the electromagnetic gauge couplings are small, we take α′ = α.

We define the temperature when the SM and SM’ sectors decouple by the temperature

at which the rate Γa↔SM′ = 3H, where H is Hubble and Γa↔SM′ is the sum of the rates given

in Eqns. (4.3) and (4.4). The axion decoupling temperature from the mirror Standard Model

is shown in Fig. 3 as a function of fa for fixed v′ = 8× 107 GeV (ΛQCD′ ≈ 27 GeV, m′e ' 225

GeV), which is the required v′ to freeze-out mirror electrons as dark matter (see Sec. 4.2). The

solid orange curve shows the axion decoupling temperature from mirror gluon interactions,

Eq. (4.3), which flatlines at TQCD′ ≈ 34 GeV when g3′ becomes non-perturbative. Note

that since u′ and d′ are much heavier than ΛQCD′ , mirror pions are heavy and thus severely

Boltzmann suppressed in number density immediately after the mirror QCD phase transition.

Thus, we do not expect mirror quark bound states to significantly reduce the decoupling

temperature below TQCD′ even for fa below ∼ 108 GeV. Consequently, we extrapolate the

decoupling temperature due to mirror gluons to lower fa by the dashed horizontal orange

line. Similarly, the blue contour of Fig. 3 shows the axion decoupling temperature from

mirror Primakoff interactions. We see that for fa . 105 GeV, the Primakoff interactions

can dominate, keeping the two sectors in equilibrium to temperatures slightly below ΛQCD′ .

Since fa & 105 GeV produces long-lived axions that decay and generate too large |∆Neff | as

discussed in Sec. 5.1, we will generally be in the low fa region where Primakoff interactions

set the decoupling temperature between the two sectors to Tdecouping ≈ 20− 30 GeV.

4.2 e′ Dark Matter

The stability of e′ and u′ guarantees the existence of dark matter in the theory. The freeze-out

chronology is similar to [12], except for the existence of the axion, which maintains thermal

equilibrium between the two sectors to far lower temperatures as discussed in the previous

section. An overview of the mirror sector cosmology is shown on the temperature axis on the

right-hand side of Fig. 1, for v′ = 8×107 GeV, which we justify below. For a sufficiently high

reheating temperature after inflation, the following events occur in succession:

1. t′, b′, τ ′, c′, µ′, s′ and d′ freeze-out, and t′, b′, τ ′ and c′ subsequently decay. The mirror

neutrinos ν ′ decouple while relativistic. During this early era, axions keep the SM and

SM’ sectors in equilibrium since axion-gluon and axion-mirror gluon scatterings are in

equilibrium.

2. The mirror QCD phase transition occurs at TQCD′ ' 34 GeV. u′, d′ and the residual

frozen-out s′ confine to mirror hadrons which quickly annihilate to γ′ or decay to the
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Figure 3. Decoupling temperature of SM and mirror sectors from the axion portal as a function of fa.

The orange curve shows the decoupling temperature from axion and mirror gluon interactions which

become ineffective around the mirror QCD phase transition at TQCD′ ≈ 34 GeV. The blue curve shows

the decoupling temperature from axion and mirror electron scatterings (Primakoff) which become

ineffective at temperatures below m′
e ≈ 225 GeV . For fa . 105 GeV, the decoupling temperature

from either interaction are comparable and occurs around 20− 30 GeV.

lightest stable hadron, u′u′u′ [43–45]. Any residual quarks containing a PQ component

also confine and efficiently annihilate, reducing their abundance far below that of dark

matter and thus cosmologically harmless when they eventually decay.

3. Mirror glueballs (S′) also form at the QCD′ phase transition and carry most of the

energy and entropy of the mirror gluons. S′ decays and inverse decays to a are much

faster than Hubble, keeping S′ in equilibrium to temperatures T � mS′ . The energy

and entropy of S′ are thus transferred to the Standard and mirror baths which are

still in equilibrium with a due to axion-gluon and axion-mirror Primakoff interactions,

respectively.

4. e′ freezes-out. The exponential reduction in the number density of e′ causes the γ′ to

decouple from a due to the reduction in the axion-mirror Primakoff rate. This marks

the decoupling of the Standard and Mirror baths, around T ∼ me′/10 ∼ (20− 30) GeV

(see the blue curve of Fig. 3).
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5. The axion remains in equilibrium with the Standard Model bath due to interactions

with gluons and then pions until T ∼ 10 MeV.

6. ν ′ and a′ decay.

Analytically, we can expect that the critical density of e′ will scale as [46]

ΩDMh
2 ≈ xFO

MPl σe′ē′↔γ′γ′

√
g∗(TFO)

g∗S(TFO)

1

eV
' 0.12

(
v′

8× 107 GeV

)2

(4.5)

where xFO ≡ me′/TFO ' 23 is the ratio of the mirror electron mass to its freeze-out temper-

ature, and σe′ē′↔γ′γ′ ' πα/m′2e is the mirror electron annihilation cross-section into mirror

photons. Because ΩDM ∝ 1/σe′ē′↔γ′γ′ ∝ m2
e′ , we expect ΩDM ∝ v′2 as shown in Eq. (4.5),

with v′ ' 108 GeV giving e′ the observed dark matter abundance.

In this work, we numerically solve a system of Boltzmann equations describing the cosmol-

ogy of e′ and u′ freeze-out in order to precisely determine the v′ that gives the correct e′ dark

matter abundance. We find that Eq. (4.5) is an excellent approximation and that the relic

abundance of e′ matches that of the observed dark matter abundance for v′ = 8× 107 GeV.

This justifies using the value of v′ in Fig. 1. In addition, we find that the u′ abundance is sub-

dominant compared to e′ due to its bound-state formation and thus enhanced annihilations

at T ′QCD. We use the cross-sections as given in Appendix A of [12] to compute this.

Note that in solving the Boltzmann equations, we require that the ν ′ do not dominate the

energy density of the Universe before decaying. This condition requires the neutrino Yukawa

couplings, |yij |, to be sufficiently large that the ν ′ lifetime (3.17) is not exceedingly long.

Specifically, to avoid ν ′ matter domination, the temperature at which the ν ′ decay (TΓ,ν′ ∼√
MPlΓν′) must be greater than the temperature at which they would begin dominating the

energy density of the universe (TMD,ν′ ∼ mν′Ytherm),

D−1 ≡
TΓ,ν′

TMD,ν′
=

√
Γν′MPl

√
10

8π3g∗

mν′Ytherm
> 1 (No e′ dilution from ν ′ decay) (4.6)

for each of the three ν ′i. If D is larger than unity, the e′ abundance is diluted by ν ′ decay by

a factor D; for e′ to account for all dark matter requires v′ ≈
√
D 108 GeV.

In Fig. 4, the region where ν ′i decay leads to dilution, D > 1, is shaded in orange in the

(yi,mν′i
) plane. Here an initial thermal abundance of ν ′ is assumed, as results from virtual

W ′ exchange if the reheat temperature of the universe after inflation is above 106 GeV, for v′

of 108 GeV. Thus, e′ freeze-out yields the observed dark matter abundance above and to the

right of this region for v′ = 108 GeV. In the orange region, ν ′i come to dominate the energy

density of the universe before they decay; the e′ abundance is diluted, requiring larger values

of v′ to explain the observed dark matter, as studied in section 6.

If ν ′i have significant abundances, they cannot decay during or after Big Bang Nucle-

osynthesis (BBN) as this leads to unacceptable nuclear abundances [47]. The green region of
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Figure 4. ν′ masses and Yukawa couplings that yield a successful cosmology, with the observed

dark matter resulting from e′ freeze-out with v′ = 8 × 107 GeV. The orange region is excluded from

ν′ generating entropy upon its decay and diluting the e′ abundance below that of dark matter while

the green region is excluded from ν′ decaying below 4 MeV and disrupting nuclear abundances as

predicted by standard BBN. The blue region is excluded by naturalness of the ν masses.

Fig. 4 shows the parameter space where ν ′i decay at temperatures below TBBN = 4 MeV. As

the reheat temperature of the universe is lowered below 106 GeV, so that the ν ′i abundances

drop below the thermal one; the orange region shrinks rapidly, but the green region is very

robust because the strong BBN bound. Hence, for a wide range of reheat temperatures, a

consistent cosmology for e′ dark matter with v′ = 8 × 107 GeV results only in the region

above and to the right of the green region.

On the solid blue contours of Fig. 4, the direct and seesaw contributions to light neutrino

masses, as given in (3.13), are 0.05 eV, so that natural neutrino masses arise in the region

between these contours. In the blue shaded regions, unnatural fine tunings must be made in

the light neutrino mass matrix; for example a cancellation of a direct mass from one ν ′ with

the seesaw contribution generated by another ν ′. The beginning of the blue shading marks

the parameter space where the cancellations require a fine tuning by a factor of three.

In summary, for this cosmology to be successful and yield e′ dark matter with v′ = 8×107

GeV, all three ν ′i must lie in the unshaded region of Fig. 4: in the orange region e′ are diluted

by a thermal abundance of ν ′i, in the green region late decaying ν ′i adversely affect BBN for a

wide range of ν ′i abundances, and in the blue region fine-tuning occurs in the neutrino mass

– 18 –



matrix. This implies mν′i
' (0.8−4.0) GeV and yi ' (0.8−4.0)×10−8. The mirror neutrinos

decay well after the electroweak phase transition, so they do not give a baryon asymmetry

via leptogenesis. The light neutrino mass matrix has relevant contributions from three seesaw

terms and three direct terms. The direct masses are all larger than about 0.05 eV/10 and

the seesaw masses are all larger than about 0.05 eV/100. If the reheating temperature of the

universe is below 106 GeV, the constraint given by the orange region may be avoided.

While the BBN constraint is quite robust, it is possible to evade if the abundance of ν ′i is

sufficiently low. This requires the reheat temperature after inflation to be less than about 100

GeV to suppress freeze-in production via virtual W ′. This is still consistent with e′ freeze-out

and with gravity wave signals from the QCD′ phase transition. It also requires yi
<∼ 10−15 to

suppress freeze-in production from the Higgs portal. Thus one or more ν ′i could lie to the far

left of an extension of Fig. 4, with extremely low yi and lifetimes longer than 109s.

Of particular interest is the possibility that the neutrinos are Dirac, as discussed in section

3.4.1. In this case the heavy ν ′ states are absent and hence cannot dilute e′ or distort element

abundances during BBN; Fig. 4 is not applicable. With v′ = 8 × 107 GeV, mirror electrons

account for the observed dark matter for any values of the neutrino masses and mixings

consistent with current data.

Alternatively, neutrino masses may be constrained by separate lepton parities in the SM

and mirror sectors, also discussed in section 3.4.1, so that yij = 0. This case gives the yi = 0

limit of Fig. 4. Since there are only direct contributions to the light neutrino masses, the two

heavier mirror neutrinos must have masses of order 10 GeV. They have radiative decays, via a

virtual loop of W ′ and e′, to a mirror photon and the lightest mirror neutrino, which is stable,

with lifetimes of order 109s. These decays do not affect the BBN abundances or CMB data,

but we must require that e′ dark matter is not diluted and the contribution of the lightest

ν ′ to dark matter is sub-dominant. This will certainly be the case if the freeze-in abundance

of ν ′ via virtual W ′ gives a yield Yν′ < 10−10, which results if the reheat temperature after

inflation is less than about 1 TeV.

5 Signals

The mirror world, with v′ determined to be near 108 GeV by the e′ freeze-out abundance, has

several observational signals that depend on few free parameters. These signals do not depend

on whether v′ is set by the Higgs Parity mechanism or by soft Z2 breaking Higgs interactions.

Even though this scale is far above that of collider energies – so that mirror particles are

not directly accessible – a combination of observations could provide strong evidence for the

theory. We first discuss signals from dark radiation in Sec. 5.1, and the rare kaon decay

K → πa, in Sec. 5.2, which depend on fa. Dark radiation is also sensitive to E/N , the ratio

of PQ anomalies. Next, we discuss signals from self-interactions of e′ in galactic halos in Sec.

5.3 and gravity waves in Sec. 5.4. With v′ fixed, these signals do not depend on any unknown

parameters of the theory, though there are uncertainties in the computed signals.
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Figure 5. Left: Contours of Neff in the ma − fa plane for E/N = 2/3 arising from axion decays

and the relic mirror photon abundance. The dark orange region is excluded at 95% confidence by

Planck, while the light orange shows the future reach of CMB-S4 experiment at 95% confidence. The

green region shows the parameter space where the mirror photons thermalize and the freeze-in picture

we use to compute Neff breaks down. The red dashed line shows the constraint (3.3) on mafa for

v′ = 8 × 107 GeV. Right: Same as left but zoomed in on the allowed region and showing constraints

from rare kaon decays in purple.

5.1 Dark Radiation, Neff

There are two effects that lead to a change in the dark radiation, ∆Neff : 1) the decay of the

axion around the neutrino decoupling era heats up the photon bath relative to the neutrino

bath which generates a negative ∆Neff , and 2) the relic mirror photons act as dark radiation

which generate a positive ∆Neff . Quantitatively, these effect are described by the effective

number of neutrinos,

Neff =
8

7

(
11

4

)4/3 ρν + ργ′

ργ
, (5.1)

where the expected Standard Model value is N
(SM)
eff = 3.044 [48–50]. In previous work [51],

we numerically computed the value of Neff for general heavy QCD axion theories with and

without frozen-in dark photons. Here we extend that work to incorporate the contribution

to Neff from mirror photons frozen-out at the two-sector decoupling temperature of around

∼ 20-30 GeV. Fig. 5 shows the constraints in the (ma, fa) plane for E/N = 2/3, where E/N

is the ratio of the electric to color anomaly of the PQ quarks when these quarks possess

down-quark like quantum numbers. The blue contours of Fig. 5 indicate the value of Neff in

the (ma, fa) plane. The dark orange region shows the current 2σ limit on Neff from Planck

[52] while the light orange region shows the future reach of CMB-S4 [53]. To get the right
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Figure 6. Same as Fig. 5, but for E/N = 0. For E/N = 0, the a→ 2γ′ branching ratio is negligible

so that ∆Neff ' 0 when the axion decays well before neutrino decoupling as shown by the white region

in the large ma and low fa region of the left panel.

e′ dark matter abundance, the axion mass must lie on the red strip as given by Eq. (3.3) for

v′ = 8× 107 GeV.

We see that most of the axion parameter space is either ruled out by Planck or will be

probed by CMB-S4. The intersection of the presently allowed region (light orange) and the

locus of points on which the axion can live (dashed red line), powerfully constrains ma to

be between 6.5− 13.5 MeV and fa between (3− 7)× 104 GeV. The small white strip in the

(ma, fa) plane where the Neff signal is so small that CMB-S4 cannot probe may still be able

to be probed by rare kaon decays as discussed in the next section.

The left panel of Fig. 6 shows the same Neff as Fig. 5 but for E/N = 0. For this charge-to-

color anomaly ratio, the axion coupling to mirror photons vanishes. Consequently, the axion

decay to mirror photons does not occur and the only positive contribution to Neff originates in

the γ′ frozen-out at T ∼ 30 GeV. This contribution is small and for computational simplicity,

we neglect it in computing Fig. 6. Compared to the case for E/N = 2/3, the region of large

ma and small fa opens up since in this region, the axion decays far before neutrino decoupling

and only into Standard Model particles.

In general, the larger E/N is, the greater the axion branching ratio into mirror photons

and the larger the positive contribution to Neff becomes. For E/N & 1, gγ′ > gγ and the

region of large ma and low fa becomes increasingly ruled out by too large Neff from a→ 2γ′

decays. Consequently, we focus on the case E/N = 2/3 (PQ quarks with down-like charges)

and E/N = 0 (KSVZ-like axion). The GUT-motivated value of E/N = 8/3 generates such a

large positive ∆Neff that Planck excludes the entire parameter space for v′ = 8× 107 GeV.
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5.2 Axion Signal in Kaon Decays

Because the axion mixes with the neutral pseudo-scalar mesons π0, η, and η′, Standard-

Model hadronic decays involving such mesons necessarily include axion decays as well. For

sufficiently low fa, the decay K → πa, which arises because of a − π0 mixing, can strongly

constrain fa from bounds on rare kaon decays. For example, in the Standard Model, the decay

K+ to π+ and missing energy is strongly suppressed as it is a flavor changing neutral current

process. The experimental limit on the branching ratio Br(K+ → π+νν̄) is approximately

1× 10−10, which can be translated to a similar bound on the branching ratio Br(K+ → π+a)

due to its experimentally similar signature of π+ and missing energy [54–57]. For ma . 100

MeV, this translates to a bound on fa & (5− 7)× 104 GeV.

The right panel of Fig. 5 shows a zoomed-in region of the left panel but now overlaid

with the kaon bounds. The lighter purple region shows the parameter in the (ma, fa) plane

where the axion generates a larger than observed branching ratio for the decay of K+ to π+

and missing energy in the NA62 experiment, according to Fig. 7 of [57]. We caution there is

some uncertainty in the matrix element associated with the octet operator that enhances the

K+ → π+a decay rate and show a more conservative NA62 bound in the darker purple region

that is weaker by a factor of ∼ 30% [58], in accordance with the uncertainty of O(m4
K/m

4
ρ) in

the matrix element computed at NLO in [59]. Future constraints from the NA62 Run 2 and

the KLEVER experiment will improve the limit on fa by a factor of 2 to 2
√

2, respectively

[57]. The dot-dashed purple lines shows the conservative region enhanced by these factors.

Fig. 5 demonstrates that even with some uncertainty in Br(K → aπ), the axion bounds from

rare kaon decays is complementary to the Neff bounds, probing regions of lower fa that are

not constrained by dark radiation. In particular, the conservative estimate of the bound from

K decays implies that Neff is significantly below the SM value; CMB-S4 or the NA62 Run 2

and KLEVER experiments will either discover a signal or exclude this minimal mirror axion

theory.

5.3 Signals from Self-interactions of e′ Dark Matter

Mirror electrons and positrons form the dominant component of dark matter, and have self

interactions via mirror QED with α′(µ = m′e) ' 0.0076. Galactic halos have a triaxial

structure and self-interactions reduce the anisotropy of the DM velocity distribution, reducing

the ellipticity of the halos. The measured ellipticity of NGC720 has led to constraints on self-

interactions [60]. Remarkably, for me′ = 225 GeV, our predicted value for α′ is right on the

upper limit [61]. As stressed in [61], these constraints are not strict bounds. One caveat is

that the constraint results from calculations of the time scale for the halo velocity distribution

to become isotropic, whereas the measured ellipticity is probing the mass density distribution,

which could evolve on a longer time scale. N -body simulations could lead to more precise

bounds. Also, the constraint relies on observations of a single galaxy, NGC720, which might

have special features, for example low ellipticity; a more robust result would require analysis
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of further galaxies. Finally, isotropization effects from large self-interactions could be masked

by galaxy mergers, which increase ellipticities.

As mirror QED is unbroken, the effects on large scale structure from mirror electron

self-interactions results from frequent small angle scattering, rather than rare large angle

scattering. Using the results of [61], the momentum-transfer cross-section for our e′ dark

matter is

σT
me′
' 2

cm2

g

(
300 km s−1

v

)4

, (5.2)

and is highly dependent on the speed v. Typical speeds in (dwarf galaxies, galaxies, galaxy

clusters) are (30, 300, 1000)km s−1. Numerical N-body simulations, including only dark mat-

ter, show that on galactic scales a velocity-independent σT /m of 1g/cm2 leads to significant

departures from CDM simulations [62]. These departures are seen for several observables,

including the matter power spectrum, halo and subhalo mass functions, the number of satel-

lites, halo density and circular velocity profiles, and halo shape distributions. In particular,

for the number of satellites, the density profiles and the shape distributions, the departures

from CDM are larger when frequent small-angle scattering dominates over rare large-angle

scattering. This suggests that future numerical simulations, with σT ∝ 1/v4, would identify

signals for mirror electron dark matter that could be searched for in the data.

5.4 Gravitational Waves from SU(3)′ Phase Transition

For v′ & 106 GeV, the mirror QCD scale is below the mass of u′, the lightest mirror quark.

Consequently, for v′ = 8×107 GeV, the mirror QCD phase transition is first order [63, 64]. The

first-order phase transition creates vacuum bubbles that expand and relativistically collide,

generating a gravitational wave spectrum [65]. The gravitational waves arise from bubble

collisions, plasma turbulence, and plasma sound waves [66], so that the spectrum maybe

written as

ΩGWh
2 =

(
Ω

(col)
GW + Ω

(turb)
GW + Ω

(sound)
GW

)
h2 . (5.3)

Two key input quantities that determine the amplitude of the spectrum are the ratio of

vacuum energy density to the background radiation density at bubble nucleation,

α ≡ ρvac

ρrad
(5.4)

and the ratio of vacuum energy density to the component of the plasma density that strongly

couples to the expanding bubble,

α′ ≡ ρvac

ρcoupled
. (5.5)

These energy density ratios affect the bubble wall velocity [67],

vb '

√
1
3 +

√
α′2 + 2α′

3

1 + α′
, (5.6)
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the efficiency of the transfer of vacuum energy into bubble kinetic energy [67]

κ ≡ ρkin

ρvac
' 1

1 + 0.715α′

(
0.715α′ +

4

27

√
3α′

2

)
(5.7)

and the fractional kinetic energy density of the bubbles to the total energy density of the

universe [68]

ρkin

ρrad + ρvac
= κ

α

1 + α
. (5.8)

Assuming that the energy density of the mirror gluon gas at TQCD′ (ρ′g ' 1.07T 4
QCD′ [40]) is

comparable to the vacuum energy, then α ≈ 0.03. The precise value of α′ is not as important

since the spectrum is fairly insensitive to α′ as long as it is O(1). For a fiducial value, we

take α′ ' 0.343 [69]. Last, we assume that the efficiency factor is the same for collisions,

turbulence, and sound waves. Other numerical fits of the efficiency factor, such as in [70],

give very similar values to Eq. (5.7) in the α′ ∼ 1 limit.

The gravitational-wave spectra due to bubble collisions [67, 68], turbulence [68, 71], and

sound waves [72–74] are

Ω
(col)
GW h2 ' Ωradh

2

(
κα

1 + α

)2(H
β

)2

Sc(f) (5.9)

Ω
(turb)
GW h2 ' Ωradh

2

(
κα

1 + α

)3/2(H
β

)
St(f) (5.10)

Ω
(sound)
GW h2 ' Ωradh

2

(
κα

1 + α

)3/2(H
β

)2

Ss(f) (5.11)

where Ωradh
2 ' 4.16×10−5 is the fractional density of radiation today and β/H quantifies the

duration of the phase transition. Note that the scaling of the efficiency in Ω
(sound)
GW changes for

long duration sources which are not applicable in the large β/H limit that we take here [74].

The frequency dependence and effect of the bubble wall velocity is encoded in the spectral

shape functions S(f), which are given for bubble collisions, turbulence, and sound waves by

Sc =
2

3π2

v3
b

0.42 + v2
b

(f/fc)
3

1/3 + (f/fc)4
(5.12)

St =
2

π2
v2
b

(f/ft)
3(1 + f/ft)

−11/3

(f/ft)(β/H) + vb/4π2
(5.13)

Ss = 2.4× 10−2 v2
b (f/fs)

3

(
7

4 + 3(f/fs)2

)7/2

, (5.14)
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with reference frequencies

fc = 3.5× 10−6 Hz

(
β

H

)(
TQCD′

35 GeV

)( g∗
100

)1/6
(

1

1.8− 0.1vb + v2
b

)
(5.15)

ft = 8.5× 10−6 Hz

(
β

H

)(
TQCD′

35 GeV

)( g∗
100

)1/6
(

1

vb

)
(5.16)

fs = 3.0× 10−6 Hz

(
β

H

)(
TQCD′

35 GeV

)( g∗
100

)1/6
(

1

vb

)
. (5.17)

In this work, the temperature of the phase transition, TQCD′ , is determined by (4.2) with

v′ ' 8× 107 GeV in order for the relic freeze-out abundance of e′ to match the observed dark

matter abundance. As given by Eq. (3.2), this sets ΛQCD′ ' 27 GeV, or equivalently, TQCD′ '
34 GeV. The duration of the phase transition, β−1, is the main unknown parameter that

enters into the gravitational wave spectrum. Typically, the duration of the phase transition

is expected to be some fraction of Hubble, H, with β/H between 100− 105. Here 100 is the

maximal possible value [75], while 105 is a value suggested by a holographic computation [69].

Note the larger value of β/H (i.e., a shorter duration phase transition) gives rise to a smaller

amplitude in ΩGWh
2 but also a higher peak frequency of fc or ft.

ΩGWh
2 is shown in Fig. 7 for ΛQCD′ ' 27 GeV (TQCD′ ' 34 GeV) and a range of

potential values for β/H. We see that future gravitational wave detectors like LISA, BBO,

and DECIGO [76–79] may be able to observe a gravitational wave signal from the mirror

QCD phase transition if β/H is not too large. Once β/H is known more precisely from

simulations and theory, the amplitude and peak frequency of the gravitational wave signal

will be predicted which can provide strong evidence for the simple model of high quality

axions in this work.

6 Increasing the Mirror Electroweak Scale

In this paper, we have discussed the cosmology and phenomenological signals of a heavy

QCD axion arising from a mirror world. To recap, the logic proceeded as follows: matching

the freeze-out abundance of mirror electrons to the observed dark matter abundance fixed

v′ ' 8 × 107 GeV. Knowing v′, we determined the mirror QCD scale from Eq. (3.2), the

axion mass as a function of fa (3.3), the mirror neutrino masses (3.14), and the gravity wave

spectrum (Fig. 7). A question naturally arises: if we relax the constraint that the mirror

electron is set by pure freeze-out, can v′ then be increased above 108 GeV? If so, how does

this change the observable signals?

First, with larger v′, the parameter space where the neutrino masses are not fined-tuned

grows beyond the triangular region of Fig. 2. In general, each ν ′i (with i = 1, 2, 3) leads to

two contributions to the light neutrino mass matrix. As shown in (3.13) there is a direct

mass term (v/v′)2mν′,i for νi and a seesaw term y2
i v

2/mν′,i for the active neutrino ν̃i, defined

by (3.12). Each term can naturally be at most ∼ 0.05 eV (that is, without any fine-tuned

cancellation). The horizontal ‘Direct’ branch contours in Fig. 8 indicate where the direct
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Figure 7. Gravitational wave signal arising from the first-order mirror QCD phase transition. The

solid, dashed, dotted, and dot-dashed curves show ΩGWh
2 for different assumptions of β/H. For

β/H . 104, the gravitational wave signal may be detected by the BBO and DECIGO experiments.

mass term is 0.05 eV for v′ = 108 GeV (solid), 109 GeV (dashed), and 1010 GeV (dotted),

which grows quadratically with v′. Similarly, the diagonal ‘Seesaw’ branch contours in Fig. 8

indicate where the seesaw mass term is 0.05 eV for the same three values of v′. Note it is

possible that one light neutrino is much less than 0.05 eV, in which case the allowed parameter

space lies within the triangle bounded by the Direct and Seesaw contours. However, at least

one light neutrino should have a mass comparable to 0.05 eV in which case at least one mν′,i

lives approximately on the Direct or Seesaw contour.

Second, when v′ increases, m′e increases so that matching the relic yield of e′ to the

observable dark matter energy density requires that e′ possesses a yield lower than that from

freeze-out. One way to realize this is to dilute the e′ abundance after it freezes-out, which

can be accomplished naturally by long-lived ν ′. The orange contours of Fig. 8 show different

values of the dilution factor (see Eq. (4.6)) in the yν −m′ν plane. To the right of the solid

orange (D = 1) line, yν is sufficiently large that ν ′ decays early enough to avoid generating

any dilution. This is the region for v′ = 108 GeV, where no dilution of e′ is necessary, and is

shown enlarged in Fig. 4. To the left of this line, e′ dilution from ν ′ decay occurs. Since the

frozen-out density of e′ scales as Ωe′ ∝ m2
e′ ∝ v′2, and since no dilution of e′ is required for

v′ = 108 GeV, it follows that the required e′ dilution as a function of v′ is D ≈ (v′/108 GeV)2.
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Figure 8. Generalization of Fig. 4 but for v′ ≥ 108 GeV. The solid, dashed, and dotted contours

correspond to dilution factors of 1, 102 and 104 generated by the decay of ν′. For v′ = 108 GeV,

no dilution is required and the allowed parameter space must lie to the right of the solid orange

D = 1 contour, and for natural ν masses, within the solid blue triangle. For v′ = 109 (1010) GeV,

D = 102 (104) is required and at least one neutrino mass must lie on the dashed (dotted) orange contour

and for natural ν masses, within the dashed (dotted) blue triangle. The blue solid, dashed, and dotted

seesaw contributions are artificially displaced slightly to make the allowed natural triangular region

for each v′ easier to see. The dashed red contour shows the allowed (mν′
i
, yi) for the singlet model as

discussed in Sec. 3.4.2.

The dashed and dotted orange contours show the parameter space where D = 102 and 104,

respectively. To achieve the correct dilution for v′ = 109 GeV and 1010 GeV requires that

one of the ν ′i lives on the dashed or dotted orange contours, respectively, and none live to the

left.

This case of e′ dark matter in the mirror world, via freeze-out and dilution from ν ′ decays,

was considered in [12]. In that paper there was no axion, so yD of (2.8) was absent and v′

was determined by the Higgs Parity mechanism, with no soft breaking of the Z2 and with

only SM interactions responsible for the radiative generation of the SM quartic. Fig. 10 of

[12] then shows that e′ dark matter requires v′<∼ 3×1010 GeV. Such v′ do not result from the

central experimental values of mt = (172.56± 0.48) GeV and αs(MZ) = 0.1179± 0.0009. For

example, for central αs they require mt to be at least 2σ high; alternatively if mt is 1σ high

then αs must be more than 1σ low. More precise measurements of mt and αs will determine

if this scheme of [12] is allowed.
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Third, to get the necessary dilution, ν ′ cannot decay after BBN without distorting heavy

element abundances. The green region of Fig. 8 shows the parameter space where ν ′ decays

at temperatures below TBBN = 4 MeV. Fig. 8 demonstrates that the necessary dilution for

e′ dark matter, D = 102 for v′ = 109 GeV (D = 104 for v′ = 1010 GeV), requires one ν ′i to

live on the short segment of the orange dashed (dotted) line in the unshaded region. The

length of this line segment is constrained by avoiding fine-tuning in the neutrino sector and

requiring ν ′ to decay before BBN. This ν ′i, with a mass of order 103 GeV (105 GeV), gives a

relevant direct mass contribution to the corresponding light neutrino. The other two ν ′i can

lie anywhere to the right of the orange dashed (dotted) line (although still within the blue

dashed or dotted lines for naturalness), and at least one of them must give another relevant

contribution to the light neutrino masses.

Fourth, we emphasize that while allowing ν ′ to dilute the e′ abundance makes v′ > 108

GeV feasible, it does so at the cost of diminishing some cosmological signals. For example,

the gravitational wave spectrum shown in Fig. 7 is reduced by a factor of D4/3, which can

weaken the signal below the detection threshold of LISA, BBO and DECIGO except for the

largest β/H. Similarly, the dilution generated by ν ′, which is generated close to BBN, erases

most of the ∆Neff generated by axion decays or residual dark photon radiation shown in

Fig. 5.

Fifth, increasing v′ increases Λ′QCD so that the axion mass is also heavier according to

Eq. (3.3). The three dashed red lines of Fig. 9 shows the ma − fa correlation for v′ =

(108, 109, 1010) GeV. The orange regions shows the constraints from SN 1987A summarized

in [80] with the darker region [81] more conservative for low fa than the lighter region [82].

The purple region shows the bound from searches for the rare kaon decay K+ → π+a.

Sixth, since the constraints from ∆Neff become less powerful with increasing v′, larger

values of the PQ anomaly ratio, E/N , are allowed. Thus, unlike at v′ = 108 GeV, it is possible

for the SM to be unified, for example into an SU(5) theory with E/N = 8/3. This introduces

two more observational signals that have event rates with very different dependencies on the

unified scale vG. The proton decay event rate scales like 1/v4
G, while the event rate for the

direct detection of e′ dark matter from kinetic mixing scales as a positive of vG (because ε is

generated by inserting unified symmetry breaking into a higher dimension operator). Results

for these signals are shown in Figure 5 of [12]. With ε arising from a dimension 8 operator,

proton decay will be discovered at the Hyper-Kamiokande experiment and dark matter at

the LZ experiment.

Finally, what if the neutrinos are Dirac, or a lepton parity sets yi = 0, as discussed in

section 3.4.1? In the case of Dirac neutrinos, ν ′ become νR, degenerate with νL. Since there

are no heavy ν ′ states, it is not possible to dilute the mirror electron abundance by ν ′ decay;

dark matter requires v′ = 108 GeV. For the case with yi = 0 from lepton parity, the two

heavier ν ′ decay radiatively to the mirror photon and the lightest ν ′, which is stable. To give

e′ dilution and successful nucleosynthesis, these decays must occur before 4 MeV, requiring

much larger m′ν and therefore larger v′ of at least 1010 GeV. Any further increase in v′ makes

ν ′ sufficiently heavy that the mirror beta decay ν ′ → e′u′d̄′ opens up. The resulting rapid
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Figure 9. For v′ > 108 GeV, dilution of e′ dark matter by ν′ decays is required, significantly altering

the Neff bounds of Fig. 5. Nevertheless, supernova (orange) and rare kaon decay (purple) constraints

remain. The dashed red contours show the allowed axion mass for v′ = 108, 109 and 1010 GeV.

decays of ν ′ imply that, at these large values of v′, the freeze-out abundance of e′ cannot be

sufficiently diluted. Hence, this scheme works, if at all, only for a narrow range of v′ near

3× 1010 GeV.

7 Summary

In this paper, we studied a mirror-world scenario with a PQ symmetry, where the strong CP

problem is solved by an axion. The mirror QCD scale is much larger than the SM QCD scale

because of the large mirror electroweak scale, v′ � v. The axion mass is dominantly given by

mirror QCD dynamics and is larger than the standard case. The axion decay constant may

be much below 109 GeV. Because of the larger axion mass and the smaller decay constant,

the PQ symmetry may be easily understood as an accidental symmetry.

The mirror electron is absolutely stable because of mirror electromagnetic charge con-

servation and is a natural dark matter candidate. Self-interactions from mirror QED affect
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large scale structure, such as galactic density profiles and shape distributions, and the num-

ber of galactic satellites. The observed dark matter abundance is explained by freeze out

of the annihilation of mirror electrons if the mirror electroweak scale v′ is around 108 GeV.

The Higgs Parity mechanism can set such a value of v′ if the coupling of the Higgs with the

KSVZ fermions is O(1). The mirror QCD scale is uniquely predicted, and the axion mass

is predicted as a function of the decay constant, as shown in Eq. (3.3). The mirror QCD

phase transition is first order and produces primordial gravitational waves. Since the unique

parameter of the phase transition, namely, the mirror QCD scale, is fixed the spectrum of

the gravitational waves can in principle be uniquely predicted. Practically, the mirror QCD

phase transition is induced by strong dynamics so we cannot precisely compute the spectrum.

We show the spectrum as a function of parameters that characterize the phase transition in

Fig. 7.

The heavy axion plays an important role in the cosmology of the mirror world. Without

the axion, the mirror QCD entropy would be transferred into mirror photons, producing too

much dark radiation. The axion instead maintains the thermal equilibrium of the SM and

mirror sectors and the mirror QCD entropy is shared with the SM bath. Still, the radiation

energy density of the universe is modified by the presence of mirror photons and by the decay

of the axion into SM and mirror photons after neutrinos decouple. The constraint on the

parameter space is shown in Figs. 5 and 6. Future observations of the cosmic microwave

background and rare kaon decays will probe all of the remaining parameter space.

The mirror neutrinos also affect the cosmological evolution. If they obtain Majorana

masses from dimension-five operators, they are massive and may decay after they dominate

the universe, diluting mirror electron dark matter and gravitational waves. This is avoided if

the observed neutrino masses are explained by comparable contributions from the dimension-

five operators and the see-saw mechanism from the mirror neutrinos, as shown in Fig. 8. Such

comparable contributions are a prediction of the minimal UV completion of the dimension-

five operators. If significant entropy production does occur, v′ > 108 GeV becomes also

viable. If lepton symmetry is preserved, the mirror neutrinos obtain Dirac masses with the

SM neutrinos. They are nearly massless and behave as dark radiation.
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A Accidental PQ symmetry

In this appendix, we discuss a UV completion where the PQ symmetry accidentally arises as

a result of other exact symmetry. We impose Z2 × Z3 symmetry and introduce a complex
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scalar field P and three pairs of quarks Di, D̄i and their mirror partners D′i, D̄
′
i. Under the

Z2 × Z3 symmetry, they transform as

Z2 : P → −P, Di → −D′i, D̄i → D̄′i

Z3 : P → ei2π/3 × P, Di → e−i2π/3 ×Di, D′i → e−i2π/3 ×D′i (A.1)

Z3 × Z2 does not have QCD or gravitational anomaly. Instead of adding three pairs of

fermions in the fundamental representation of SU(3), we may consider higher representations

of SU(3) × SU(2), such as (8,1) and (3,3) + (3̄,3). For the latter case, E/N becomes

large so we need dilution after the mirror photon decouples or more fermions to reduce the

electromagnetic anomaly coefficient.

The renormalizable couplings among them allowed by the symmetry are

ξiP
(
DiD̄i +D′iD̄

′
i

)
− λ

(
|P |2 − 9

2
f2
a

)2

, (A.2)

which preserve an accidental U(1)PQ symmetry. Here the factor of 9 comes from the square

of the domain wall number. The leading explicit PQ-breaking term is P 6/M2, where M is

the cutoff scale. As long as

ma & 105 f
2
a

M
∼ 0.1 MeV

(
fa

105 GeV

)2 Mpl

M
, (A.3)

the strong CP problem is solved.

It is intriguing to identify the Z2 symmetry above with the mirror symmetry. However,

for that case, the leading explicit PQ breaking term is P 3(|H|2−|H ′|2)/M , and the strong CP

problem cannot be solved. This can be avoided by embedding the theory into solutions to the

electroweak hierarchy problem where |H|2 and |H ′|2 are controlled by additional structure,

such as supersymmetry or compositeness of the Higgs. Another possibility is to generalize the

model into the ones with Z2n+1 × Z2 symmetry with n > 1 and forbid explicit PQ breaking

up to P (2n+1)(|H|2 − |H ′|2). This can be achieved by introducing 2n+ 1 pairs of fermions.
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