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ABSTRACT: We explore the cosmological signatures associated with the twin baryons, elec-
trons, photons and neutrinos in the Mirror Twin Higgs framework. We consider a scenario
in which the twin baryons constitute a subcomponent of dark matter, and the contribution
of the twin photon and neutrinos to dark radiation is suppressed due to late asymmetric
reheating, but remains large enough to be detected in future cosmic microwave background
(CMB) experiments. We show that this framework can lead to distinctive signals in large
scale structure and in the cosmic microwave background. Baryon acoustic oscillations in
the mirror sector prior to recombination lead to a suppression of structure on large scales,
and leave a residual oscillatory pattern in the matter power spectrum. This pattern de-
pends sensitively on the relative abundances and ionization energies of both twin hydrogen
and helium, and is therefore characteristic of this class of models. Although both mirror
photons and neutrinos constitute dark radiation in the early universe, their effects on the
CMB are distinct. This is because prior to recombination the twin neutrinos free stream,
while the twin photons are prevented from free streaming by scattering off twin electrons.
In the Mirror Twin Higgs framework the relative contributions of these two species to the
energy density in dark radiation is predicted, leading to testable effects in the CMB. These
highly distinctive cosmological signatures may allow this class of models to be discovered,
and distinguished from more general dark sectors.
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1 Introduction

Mirror Twin Higgs (MTH) models [1-3] provide an interesting and distinctive approach
to the little hierarchy problem. In their original incarnation, these theories contain a
mirror (“twin”) sector that has exactly the same particle content and gauge interactions
as the Standard Model (SM). A discrete Z3 twin symmetry interchanges the particles and
interactions of the two sectors and ensures that the loop corrections to the Higgs mass
from the mirror particles cancel the problematic quadratic divergences from the SM gauge
and top loops. In contrast to most other symmetry-based solutions of the little hierarchy
problem, the twin particles are not charged under the SM gauge groups, and are therefore
not subject to the strong constraints from top partner searches at the Large Hadron Collider
(LHC) [4-10].

The only coupling between the SM and the mirror sector that is required by the
Twin Higgs mechanism is a Higgs portal interaction between the SM Higgs doublet and its
counterpart in the the twin sector. After electroweak symmetry breaking, the Higgs bosons
in the two sectors mix. This mixing leads to a suppression of the couplings of the Higgs
particle to SM states. In addition, the Higgs can now decay into invisible twin sector states.
Both these effects result in a reduction of the number of Higgs events at the Large Hadron
Collider (LHC) as compared to the SM prediction [11]. At present, this is the strongest
collider constraint on the MTH model. In order to satisfy this constraint, we require a mild
hierarchy between the scale of electroweak symmetry breaking in the twin sector, denoted



by vp, and the corresponding scale in the SM sector va, so that vg/va = 3 [12]. This
hierarchy can be realized by introducing a soft explicit breaking of the twin symmetry,
albeit at the expense of mild tuning of order 2v?% /(v + v%) ~ 20%. Then the elementary
fermions and gauge bosons in the twin sector are heavier by a factor of vg/v4 than their
SM counterparts.

MTH models stabilize the hierarchy up to scales of order 5-10 TeV, beyond which an
ultraviolet completion is required. Ultraviolet completions have been constructed based on
supersymmetry [13-19] (for early work along the same lines, see [20]) and on the compos-
ite Higgs framework [21-23] that raise the cutoff to the Planck scale. In supersymmetric
UV completions, the breaking of the global symmetry is realized linearly. Then the ra-
dial mode in the Higgs potential is present in the spectrum, and can be searched for at
colliders [16, 24-26]. In general, composite Twin Higgs models predict new exotic states
that carry both SM and mirror gauge charges, which can potentially be discovered at the
LHC [27-29]. These theories have been shown to be consistent with precision electroweak
constraints [30] and flavor bounds [31].

Cosmology places severe constraints on the MTH framework. The contribution of the
light twin neutrinos and twin photons to the energy density of the universe speeds up the
Hubble expansion, and this effect is tightly constrained by the existing CMB data. The
Higgs portal interaction keeps the SM and the twin sector in thermal equilibrium until
temperatures of order a GeV [2]. Below this temperature the twin sector continues to
contribute almost half of the total energy density. Even after the other states in the twin
sector have decoupled, the twin photon and neutrinos survive as thermal relics, resulting
in a large contribution to the energy density in dark radiation during the CMB epoch,
ANeg = 5.7 [32, 33]. A correction of this magnitude is ruled out by the current CMB
constraints, which require ANeg < 0.45 (20) [34-36].

Several ideas have been put forward to address this problem.! One approach is to admit
hard breaking of the discrete Zs symmetry in the Yukawa couplings in the twin sector. This
allows a large reduction in the number of degrees of freedom in the twin sector at the time
when the two sectors decouple, leading to a suppression of ANeg [38-41]. More radical
proposals that produce the same result involve making the mirror sector vector-like [42],
or even simply removing from the theory the first two generations of twin fermions, which
do not play a role in solving the little hierarchy problem. This latter construction, known
as the Fraternal Twin Higgs model [43], leads to distinctive collider signatures involving
displaced vertices that can be seen at the LHC [44, 45], and contains several promising
dark matter candidates [46-49].

An alternative approach to resolve this problem in mirror models is to incorporate an
asymmetric reheating process that preferentially heats up the SM sector rather than the
mirror sector [50, 51]. In the case of MTH models this reheating process must occur at late
times, after the two sectors have decoupled, but before Big Bang nucleosynthesis (BBN).
This has the effect of diluting the fraction of energy density contained in the twin sector,

!This issue can be avoided if the reheat temperature after inflation lies at or below a GeV, with the
inflaton decaying preferentially to the visible sector [37]. However, it is not simple to explain the origin of
the baryon asymmetry within such a framework, and we do not consider it further.



allowing the bounds on A Ng to be satisfied [32, 33]. In general, late asymmetric reheating
can be realized without requiring further breaking of the discrete Zo symmetry that relates
the two sectors. For example, in the YMTH model [32], right-handed neutrinos with mass
O(10) GeV decouple from the thermal bath while still relativistic, and come to dominate
the energy density of the universe at temperatures of order a GeV. Their decays occur
after SM-twin decoupling, with higher branching fractions into the visible sector because
the SM W/Z bosons that mediate this process are lighter than their twin counterparts.
This process has the effect of making the twin sector much colder than the SM, resulting in
the suppression of ANeg ~ 7.4(va/vp)?. Late asymmetric reheating could also arise from
the decay of a scalar field that is related to the spontaneous breaking of the Z; symmetry, or
from Zs breaking in inflationary dynamics [33]. Although these scenarios suppress A Neg,
it is typically large enough to be seen in future CMB measurements. It is straightforward
to accommodate baryogenesis within such a framework [52].

In this paper we explore in detail the cosmological signatures associated with the
twin baryons, electrons, photons and neutrinos in the Mirror Twin Higgs scenario. We
work in a framework in which the asymmetric twin baryon relic is assumed to constitute
only a subcomponent of dark matter, rather than the primary component. In addition,
the contribution of the twin photon and neutrinos to dark radiation is assumed to be
suppressed due to late asymmetric reheating, but large enough to be detected in future
cosmic microwave background (CMB) experiments. We primarily focus on the case in
which the discrete Z5 symmetry is only softly broken, so the mirror particles are heavier
than their SM counterparts by a factor of vg/v4. Then the relative fractions of hydrogen
and helium in the mirror sector can be determined as a function of vp/v4, ANg and the
baryon asymmetry. We show that this class of theories gives rise to distinctive signals
in large scale structure (LSS) and the CMB that can potentially be detected in future
experiments.

To understand the origin of these signatures, we consider the thermal history of the
MTH model after asymmetric reheating has occurred. Once the temperature of the uni-
verse falls below a few MeV, twin Big Bang nucleosynthesis (TBBN) begins in the mirror
sector. This determines the relative abundances of twin hydrogen and twin helium at later
times. Later, at temperatures below a keV, while density perturbations in cold dark mat-
ter (CDM) are growing logarithmically, the mirror baryons are scattering off the mirror
electron and mirror photon, leading to twin baryon acoustic oscillations (TBAO). This
prevents the mirror particles from contributing to structure growth, resulting in smaller
inhomogeneities in the matter distribution (for modes that entered the horizon during the
radiation dominated era) than would be expected from ACDM. At temperatures of order
an eV, as the universe approaches the epoch of matter domination, recombination occurs
in the twin sector, first for mirror helium and subsequently for mirror hydrogen. After
this time, neutral mirror hydrogen and helium atoms behave as CDM and start to clump,
contributing to structure growth. The oscillations in the mirror sector, apart from sup-
pressing structure at short wavelengths, leave a residual oscillatory imprint in the matter
power spectrum that can potentially be seen in future LSS measurements. In detail, this
imprint depends sensitively on the relative abundances and ionization energies of both twin



hydrogen and helium, and is therefore highly characteristic of this class of models. In the
absence of a signal, these measurements will be able to set an upper bound on the twin
baryon density, and the results can be translated into an upper bound on the twin baryon
asymmetry. As we discuss later, future high precision galaxy redshift surveys and cosmic
shear surveys [53] are expected to be sensitive to both the suppression in the matter power
spectrum and the oscillatory feature.

The twin neutrinos and twin photons have different effects on the CMB anisotropies. At
early times, while the twin neutrinos free stream, the twin photons are prevented from free
streaming by scattering off of the twin electrons. Consequently, the density perturbations
in these two species evolve differently, with the result that their imprints in the CMB are
distinct. In the MTH framework, although AN.g itself is a free parameter, the relative
energy densities in these two species are predicted. This leads to a testable prediction
for the corrections to the heights and locations of the CMB peaks that can potentially be
tested in future experiments.

All of these characteristic cosmological signals of the MTH framework, including dark
BAO and contributions to ANgg, are in fact features of the more general class of models
in which the states in a mirror sector constitute some or all of the observed dark matter.
Reviews of the status of mirror dark matter, which include many references, may be found
in [54-56]. In detail, however, these signals depend sensitively on the masses of the mirror
particles and the temperature in that sector. From this perspective, our paper therefore
represents an updated, detailed study of the cosmological signals of mirror models, in the
region of parameter space motivated by the hierarchy problem.

In this paper our primary focus is on the case in which the discrete Zs symmetry is
only softly broken, which leads to a prediction for the relative abundances of twin hydrogen
and helium as a function of v and the temperature of the mirror sector. However, for
the purposes of comparison we also study the scenarios in which, for a given electron
mass, the nuclei in the mirror sector are composed entirely of hydrogen, or entirely of
helium. These studies therefore provide some insight into the cosmology of MTH models
in which the Yukawa couplings of the light quarks exhibit hard breaking of the discrete Zo
symmetry, so that the spectrum of mirror nuclei is composed of only a single species, either
hydrogen or helium. In particular, this allows us to capture the cosmological signatures of
the interesting scenario in which the mirror neutron is lighter than the mirror proton, and
constitutes the primary component of the observed dark matter [2, 41, 57], while mirror
helium represents an acoustic subcomponent that gives rise to the signals we discuss. This
scenario can also arise in two Higgs doublet extensions of mirror models even in the absence
of hard Z5 breaking if tang, the ratio of the VEVs of the two doublets, is different in the
two sectors [58]. As a dark matter candidate, mirror neutrons have the attractive feature
that their self-interactions are parametrically of the right size to explain the observed small
scale cosmological anomalies [59]. Interestingly, we find that the LSS of the framework in
which both hydrogen and helium are present exhibits distinctive features that may allow it
to be distinguished from the case of atomic dark matter with just a single type of nucleus.

The twin sector may already be playing a role in resolving some existing cosmological
puzzles [60]. For almost two decades, the ACDM model has provided an excellent fit to



cosmological data on large scales. However, with the advent of precision measurements,
the standard paradigm has come into tension with the data. In particular, there is a ~ 3o
discrepancy between the value of the Hubble rate Hy obtained from a fit to the CMB and
baryon acoustic oscillation (BAO) data [34] and the results from local measurements [61].
In addition, the inferred value of the parameter og, which corresponds to the amplitude
of matter density fluctuations at a scale of 8h~! Mpc, is in 2-30 tension with the direct
measurements obtained from weak lensing surveys [62, 63]. Although the recently published
results from the Dark Energy Survey (DES) data [64] exhibit smaller disagreement with the
Planck results (less then 20), the fact that the low redshift measurements of og consistently
give lower values is intriguing. Resolving these anomalies would require a framework that
generically reduces the value of og as compared to the ACDM model, while enhancing Hy.
Several ideas have been proposed that make use of a non-minimal dark sector to address
these problems [60, 65-70], and the MTH appears to possess all of the necessary features.

The outline of this paper is as follows. In section 2 we describe the early thermal history
of the universe within the MTH framework. A set of model inputs that parameterizes the
cosmology of the mirror sector is defined in section 2.1. These inputs also determine the
mass splitting between the twin proton and neutron, which is important for TBBN. In
section 2.2 we compute the neutron-proton density ratio right before TBBN, which can be
translated into the relative fractions of twin hydrogen and twin helium. In section 2.3 we
discuss the physics relevant for twin recombination, and derive the ionization fraction of
the twin electron as a function of the mirror baryon density. In section 3, we study TBAO
and estimate the suppression of the matter power spectrum resulting from oscillations in
the mirror sector. We obtain a constraint on the twin baryon density using current results
from LSS measurements, and discuss the future observation of oscillation patterns from
TBAO. In section 4, we discuss the distinct effects of twin neutrinos and twin photons on
the CMB spectrum, and show that this leads to a testable prediction. Our conclusions are
in section 5.

2 Thermal history

In this section we describe the early thermal history of the universe within the MTH
framework. This will set the stage for the computation of LSS and CMB observables.

2.1 Input parameters

Our focus is on the cosmological signatures of MTH models in which the twin baryons
constitute a subcomponent of dark matter. We restrict our analysis to the case when the
Yukawa couplings respect the discrete Z3 symmetry that relates the two sectors, so that
the twin fermions are heavier than their visible counterparts by a factor of vg/v4s. The
energy density in twin radiation is assumed to be diluted by late time asymmetric reheating
after the two sectors have decoupled, allowing the current CMB and BBN constraints to
be satisfied. For simplicity we neglect the masses of both the SM and twin neutrinos. In
this framework, the effects on late time cosmology are determined by the following three



parameters,

A]\feﬂfu UB/UAv Tall = Qall mirror baryons/QDM- (21)

Here ANqg represents the energy density in twin radiation parametrized in terms of the
effective number of neutrinos, while 7,1 denotes the total asymmetric mirror baryon density
relative to the total dark matter density today. Given these three parameters, we can
determine from TBBN the fractional contributions of twin hydrogen and twin helium to
the total dark matter energy density, ry and rp,

TIjI = Qﬁ/QDM, Tﬁe = QHe/QDM . (2.2)

The magnitude of AN.g depends on the details of the asymmetric reheating process that
occurs after the two sectors have decoupled, and so we simply treat it as an input parameter
for our study. However, the relative contributions of the twin photons and twin neutrinos
to ANgg are independent of the nature of the reheating process. During the CMB era,
prior to recombination, while the twin neutrinos free stream, the twin photons scatter off
the ionized twin electrons. Consequently, as we discuss in section 4, the inhomogeneities
associated with these two species do not evolve in the same way, and so their effects on the
CMB are different. Then the fact that the relative energy densities in these two species
are known leads to a prediction that can potentially be tested in future CMB experiments.

For late time cosmology, the masses of the twin electrons and twin baryons are espe-
cially important. These depend on the ratio vg/v4. While Higgs coupling measurements
at the LHC constrain vg/va 2 3, the requirement that the Higgs mass be only modestly
tuned limits vp/va < 5. The mass of the twin electron is simply vp/v4 times the cor-
responding value in the SM. To determine the masses of the twin baryons, note that the
quark masses are also vp/v4 times larger than in the SM. This affects the running of the
mirror QCD coupling, and leads to a larger confinement scale in the mirror sector than in
the SM by 30-50% for vg/vs = 3-5. The proton and neutron masses, which are almost
entirely dictated by Agcp, scale the same way in the mirror sector,

m

3

_miy  Agopy
mp  mn  Agepy,

~ 0.68 + 0.411og(1.32 + vp/va) (2.3)

The function of vp/v4 in eq. (2.3) is a numerical fit valid in the range vg/va € (2,10) that
gives excellent agreement with the solution from the MS 1-loop RGEs. Given the twin
proton mass mg;, we can relate r,) to the baryon asymmetry in the twin sector 7,

My _ Tall Qpm my,

2.4
b Qymy (24)

In this expression, the baryon asymmetries are defined as the ratio of SM or twin baryon
number density to the total entropy density of the universe. Asin the SM, the contributions
of the twin sector to the energy density in dark matter are almost entirely from mirror
hydrogen and helium,

Tall = T + The (2.5)



The LSS signals, as well as the twin baryon distribution in galaxies, depend on the relative
abundances of mirror hydrogen and helium. Prior to recombination, the mirror ions, elec-
trons and photons undergo dark acoustic oscillations, and do not contribute to the buildup
of inhomogeneities. Only after recombination do the neutral mirror atoms contribute to
structure growth. Since the ionization energies of mirror hydrogen and helium are different,
recombination occurs at different times for these two species. Therefore the matter power
spectrum in the MTH framework is very sensitive to the relative abundances of mirror
hydrogen and helium.

The relative fractions of mirror hydrogen and helium in the early universe are deter-
mined by the dynamics of BBN in the twin sector. As in the SM, the result is very sensitive
to the mass splitting between the proton and neutron, AM,,;,. This mass difference depends
on the quark masses and Agcp as,

AMyp ~ C(mg — my) — DapnAgep. (2.6)

We extract the (C, D) coefficients from figure 3 of the lattice QCD study [71], which gives
(C, D) ~ (0.86,0.40). Then, using eq. (2.3) and the fact that the twin quark masses are
larger by a factor of vp/v4 than their SM counterparts, we can relate the neutron-proton

mass differences in the two sectors,

AMﬁﬁ
AM,,

~ 1.68vp/va — 0.68, AM,, = 1.29 MeV. (2.7)

For the range we are interested in, 3 < vp/v4g < 5, the separation between twin proton
and neutron masses is ~ 5-12 MeV. We are now in a position to determine the relative
fractions of mirror hydrogen and mirror helium in the twin sector as a function of A Ngg,
vp/va and 7.

2.2 BBN

As in the SM, the most abundant elements in the mirror sector are expected to be twin
hydrogen and twin helium. Their relative abundance is determined by the dynamics of
TBBN. Under the assumption that the mirror sector contains a baryon asymmetry lead-
ing to stable mirror baryon relics, the mirror helium fraction affects LSS formation and
TBAO. A precise calculation of the light element abundances, even in the SM, is extremely
involved [72, 73]. Fortunately, the helium fraction can be estimated using the much sim-
pler calculation of neutron-proton freeze-out, without considering the nuclear reactions in
detail. This allows us to determine the mirror helium fraction with remarkable precision,
despite large uncertainties due to mirror nuclear physics. Earlier studies of BBN in mirror
models may be found in [56, 74, 75].

2.2.1 BBN in the SM

We first review a simple estimate of the helium fraction in the SM, following closely the
analytical procedure of [76] (see also e.g. [77] and [72, 73]). The first step of the calculation
involves computing the neutron-proton ratio “after freeze-out” but before the onset of



nuclear reactions and neutron decay. The n <> p weak conversion rates are approximated
by following integrals over thermal distributions,

1+ 3g2 1+ 3g2 m
FTWeHPB — 2t 3 aG Q5 ( ) Fne""4>pz7e = o 3 aG Q5 ( : _e> s (28)

Q

me/Q )qu
Ja?) /V 1+eTuq—1))<1+e T‘J)' 29

The inverse reaction rates are derived from detailed balance,

where

Fpe*—mue = eiQ/Trnzxe—me*a Fpl‘/e—meJr = eiQ/TrneJr—mf/e' (2'10)

Here g, ~ 1.27 is the standard nucleon axial-vector coupling, Q = m, —m, ~ 1.293MeV,
G is the Fermi constant, and J is evaluated numerically. Electrons are assumed to anni-
hilate away in a step-function approximation at 7" &~ m. /20, and the neutrino temperature
is T, = T (T, = (4/11)}/3T) before (after) electron annihilation. The differential equation
for the neutron fraction X,, = n,/(n, + ny) is

dX F *)p - + F +4>p’ —
n _ Nnle e ne Ve Xn — (1= Xn Q/T) . 2.11
dT TH(T) ( | . .

Solving this differential equation numerically, we find that X, reaches the freeze-out value
XFo =015 (2.12)

around T' = TFO =~ 0.2 MeV, in agreement with [72, 73]. That temperature corresponds to
t ~ 20s, much less than the neutron lifetime 7, ~ 880s, which is why we did not include
a neutron decay term in eq. (2.11).

Following neutron-freeze-out one has to consider the onset of nuclear reactions, which
eventually give rise to the light elemental abundances, as well as the competing process
of neutron decay. The time scale of nucleosynthesis is dominated by the “deuterium bot-
tleneck”, since the formation of helium and other elements proceeds via deuterium. The
binding energy of deuterium is very small, Bp =~ 2.2 MeV, causing it to break apart at
temperatures above ~ 0.1 MeV. Once the temperature has dropped below that threshold
and deuterium is stable, the other elements form extremely rapidly at t = ¢, ~ 180 s,
with almost all of the remaining neutrons being used up to form helium. The final helium
fraction can therefore be computed from the remaining neutron fraction,

X (tns) & XFTOemtns/™ 20,122 . (2.13)

The primordial helium mass fraction is then

PHe 4nHe
Y, (*He) = ~ = 92X, (tns) ~ 0.245 . 2.14
o ) PHe +pH  NH + 4nHe n(tas) ( )

Note that only about 20% of neutrons decay before they are bound up in helium nuclei
following freeze-out.



na /T »(*He) = pg/ (pre + Pri)
05 05T ~
0.55 4 [o7] // y
7 y /
04t / Y | 04 /
// //,/ | o7a
% o
Zo3 968
& P
02}~ i ///
i i [ors ]
2 3 4 5 6 7 8 2 3 4 5 6 7 8 2 3 4 5 6 7 8
Vg /Va Ve /Va Ve / Va
(SM: 0.14) (SM: 0.08) (SM: 0.245)

Figure 1. From left to right: the mirror (n/p) ratio, ratio of the mirror *“He and H number density,
and ratio of the mirror *He and H matter density in MTH model. We are interested in the region
3 <wp/va < 5. The corresponding value in the visible sector is indicated below each plot.

2.2.2 BBN in the Mirror Sector

The first step of this calculation can be easily repeated for the mirror sector to obtain X}j o

by replacing m. — mg = (vp/va)me, Gp — Gp = (vB/va) 2Gp and Q — Q =AMy =
ﬁ%:i @ using eq. (2.7). Since H is dominated by the visible sector, T still refers to the

visible sector temperature, but in the integrated distribution functions J, the mirror sector
temperature T must be used. This is related to the visible sector temperature by

T [ gea )1/3 (ANeff)“‘*
rp = — = e < 1. 2.15
T (g*B 7.4 ( )

The mirror sector neutrino temperature is given by the usual 7, = T', (T}, = (4/11)}/3T) be-
fore (after) mirror electron annihilation. The mirror neutron-proton ratio, helium-hydrogen
number density ratio, and mirror helium mass fraction derived from the resulting Xgo are
shown in figure 1 as a function of vp/v4 and ANg.

Before discussing the physical ramifications of these results, we have to justify our
use of Xgo to directly derive the helium fraction. In obtaining figure 1, we assumed that
X =~ Xgo in the mirror version of eq. (2.13). This corresponds to the assumption that
mirror neutron decay is much slower than the onset of TBBN and can be neglected. This
requires that the mirror deuteron binding energy B is significantly larger than in the SM,

even relative to the shorter mirror neutron lifetime.2

We now argue that this is indeed
the case.

Because of its unnaturally small binding energy, the deuteron is understood to be a fine
tuned system [78-80]. While this prevents us from calculating the mirror deuteron binding
energy analytically, we can reuse lattice calculations of the SM deuteron binding energy for

different pion masses to obtain an estimate, see [81] for a review. The lattice studies find

2We also assume that the mirror baryon density is within a few orders of magnitude of the SM baryon
density, so as not to prohibitively suppress the rate of nucleon collisions.



that the binding energy increases with pion mass, but only a handful of such calculations
have been performed, and different methods appear to yield somewhat different results.
Even so, we can bracket the range of possibilities for the binding energy as a function of
pion mass with two linear parameterizations:

BE™ = —(0.66 MeV) + 0.021 m,, ,
BB = —(9.2MeV) + 0.084m,, , (2.16)

both of which reduce to Bp = 2.2MeV when m, = 135MeV. To apply this parame-
terization to the mirror sector, we rescale the dimensionful constant by f\QCD /Aqcp, see
eq. (2.3), and replace m, by ms, which is given by

A
ma = | X2  ~ \/[0.68 +0.411og(1.32 + vp/va)] £ my . (2.17)
Aqcp va vA

Now define T,, (T}) as the visible sector temperature when the SM (mirror) neutron decay
width equals the Hubble expansion: I',, (I';) = H(T). This is related by a numerical
factor (same in the visible and mirror sectors) to the temperature at which neutrons would
typically decay. Note that I'y o AMS /vt T = Ty (AMpp/AM,,)° (vp/va)~*, where
the ratio of n — p mass splittings is given in eq. (2.7). We also define Tp (1) as the

visible sector temperature when the SM (mirror) deuterium bottleneck is resolved and SM
(mirror) BBN starts. Up to a common prefactor, this is given by

B-
Tp=Bp , T,=-L2.
rT
Since t ~ T2,
tTLS TT'L 2
ons n 2.18
o () 219
and hence . )
thns tns Tﬁ/Tﬁ
= ns = . 2.19
T 'nD - s 'nD <Tn/TD ( )

Recall how in the SM calculation eq. (2.13), XFO is scaled down by e~'»/™ 0.8 to give
the final neutron and hence helium yield. Therefore, r,p parameterizes how important
neutron decay is for TBBN. If r,p < 1, neutron decay is less important in the mirror
sector than in the SM.

We can compute r,p for each of the two parameterizations of By in eq. (2.16). The
dependence of r,p on vg/vg and ANeg is very modest, much weaker than the dependence

on the parameterizations of the mirror deuteron binding energy. For Bp = Bgax (min),
TnD R %6 (1). The final neutron yield X; must then satisfy
X
0.8< =2 <0810~ . (2.20)

~ yFO
Xﬁ

Unless the mirror deuteron binding energy is very close to our minimum estimate, X /X 5 o
will be very close to 1. This justifies our use of X}::O to estimate the helium fraction in

~10 -



figure 1. At worst, ns/np, ng,/ng and }71,(41%) will be lower than the values shown in
figure 1 by about 20%, 40% and 10% respectively, which will not significantly change our
conclusions.

Figure 1 allows us to make a remarkable prediction for the MTH model. The primordial
mirror neutron-to-proton ratio is ~ 0.6-0.7, compared to the SM value of 0.14. As a result,
the mirror helium mass fraction is Y,(*He) ~ 75%, much higher than in the SM. As we
will show below, this has important consequences for LSS formation.

2.3 Recombination

When the temperature in the twin sector becomes much lower than the binding energy of
mirror atoms, twin electrons é~ start to combine with twin hydrogen and helium nuclei
into neutral bound states. This recombination process terminates the acoustic oscillations
in the twin sector, and plays an important role in structure formation.

2.3.1 Recombination in the SM

Before considering recombination in the twin sector, it is helpful to first recall how this
process occurs in the SM. Hydrogen provides the dominant contribution to the matter
density in the SM. Therefore, in our analysis, we neglect the effects of helium, which are
subdominant. The primary contribution to the recombination of hydrogen arises from the
reaction e~ +p — H(n > 2) ++, followed by the decay from the excited state down to the
H(1s) state, rather than from direct capture to the ground state [82-84]. This is because
the direct capture of an electron into the H(1s) state results in the emission of a hard
photon that quickly ionizes a neighboring atom in the ground state, and therefore gives no
net contribution to the recombination process.® We can simplify the process by considering
just three electron states: ionized electrons, electrons in the n = 2 state, and electrons in
the ground state. Recombination then arises from the capture of an ionized electron into
the n = 2 state, followed by the de-excitation of the n = 2 electron down to to 1s, either
through two photon emission, 25 — 1s + 2, or through Lyman-a decay, 2p — 1s +~. In
the case of de-excitation through Lyman-« decay, a net contribution to recombination only
arises if the photon loses energy to redshift before colliding with another 1s electron.

We denote the ionized fraction of e as xe = ne/NH tot = Np/NH tot, Where ny tor = np +
NH(1s) 1S the sum of both neutral and ionized hydrogen, ny tot = 8.6 X 1075Q,h%a 3cm ™3,
and we have made use of the fact that helium has already recombined. The Boltzmann
equation for x. takes the form [83-85],

dxe

= — o np o0 X2 + Bx2 s (2.21)
3/2
_ MH(n=i) _a® m.T —c0/AT
s = =) g & (el . 2.22
X nH,tot 6 4 2 € ( )

3The ionization cross section near threshold to the 1s atom is ~ 107 times larger than the Thomson cross
section, which allows no opportunity to lose the photon energy before ionizing another 1s atom. Hubble
expansion is also insufficient to redshift the photons arising from this transition to a low enough energy [82].
Since both the ionization cross section and Thomson cross section are proportional to m; 2, the relative
sizes of the two scattering processes remain the same in the MTH case.
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Here €y denotes the ground state energy of hydrogen, 13.6 eV. In eq. (2.21), the first term
on the right corresponds to the capture of ionized electrons into the n = 2 state. Since the

excited states of hydrogen are in thermal equilibrium, and the energy splitting between the

2

Zmeo is much lower than the recombination temperature (~ €y/10), we

2s and 2p states ~ «
do not distinguish between the two n = 2 states. Therefore yo includes the contributions
from both these states.

The second term on the right in eq. (2.21) corresponds to the ionization of the n = 2
state, which releases electrons back into the ionized state. Both terms on the right in
eq. (2.21) depend on the recombination cross section to the n = 2 state, which can be

approximated as [86, 87]

641 a? seg\1/2 €
(2) — (.448 —(ﬁ) 1 (3) 2.23
“ Vmmz\T) "\T)" (2:23)

4

for a general mass and coupling of a hydrogen-like atom.* The net rate of production of

n = 2 hydrogen atoms is given by the equation

e _ e, 2 g [y Hela (2 — yemerner) (2.24)
dt H,tot Xe X2 2y 7T2nH,tot Y1 4 X1 . .

Here Ay, = 8.227 sec”! is the two photon decay rate, corresponding to the transition
2s — 1s + 27, where neither photon has enough energy to excite a ground state hydrogen
atom. The de-excitation can also come from the Lyman-a decay 2p — 1s 4+ «y, provided
the redshift of the Lyman-a photon due to the expansion rate H is faster than the re-
absorption from the n = 1 state determined by (nm tot X1 wg}?a), where wryo = 3€p/4 is the
energy of Lyman-« transition. For both these de-excitation processes, we have included the
detailed balance correction corresponding to the reverse processes that arise from thermal
excitation by background photons.

When the production and destruction of the n = 2 state is in equilibrium, % = 0,
we have

H(3¢0)3
(877)2nH,tot Xl.

a(2)nH,tot X2+ (Agy + Aa)Xle—wLya/T

) Aoz =
A2’y + Aa + 45

(2.25)

X2 =4

Ay ~ 10 s~! in the SM, which relates to the decay rate of 2p state by Lyman-o emission.
The net rate of electron ionization in eq. (2.21) is

dxe Aat+hyy ) N
__ i — (1= ve /T 2.26
dt Ao+ Ay, +45 ¢ |THtot Xe (1=xe) | 5 ¢ (2.26)

4As pointed out in ref. [88], eq. (2.23) may not be a good approximation when the dark radiation
temperature is higher or much lower than the binding energy, or when the dark proton is much colder than
dark radiation. For the range that we are interested in, 3 < (vp/va) < 5, the relative sizes of the twin
recombination temperature and twin particle masses is not very different from the SM, and so the twin
electron remains in thermal equilibrium with twin photon. We therefore expect eq. (2.23) to provide a good
approximation in our case.
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Here we have used the fact that x2 < x1, which follows from detailed balance x2 ~
4x1 exp(—wrya/T), to write x1 ~ 1 — x.. The ratio of the A terms in front is of eq. (2.26)
is the Peebles correction, and the terms inside the square bracket correspond to those in the
Saha equation that is derived from the thermal equilibrium of p* + e~ <+ H(1s)+ photons

e _ i _ (DY .

nH(ls) - 1-— Xe 2

Although the Saha equation does not predict the correct relic abundance of electrons, it
does approximate the starting point of recombination to a 15% level precision.® We will
use eq. (2.26) as the basis of our analysis for both SM and mirror hydrogen.

2.3.2 Recombination in the mirror sector

In order to generalize the analysis above to the case of twin hydrogen, we rescale the
binding energy, mass, Lyman-« transition energy and temperature to their values in the
mirror sector,

A UB VB . UB ~
€= €)= —€9, Me—> Mg = —Me, WLya— Wilya = — Wiya, 1 =T =rpT, (2.28)
VA VA VA
where rp is defined in eq. (2.15). Since the Hubble expansion is mainly driven by the
SM energy density, the expansion rate remains a function of SM temperature H = H(T).
Based on the fraction of twin hydrogen density 7y we use, the number density ny ot is

changed to the mirror density

e . QDM g Mp
et (1= Y, (THe) Oy my

NH tot - (2.29)

The two photon transition rate of a twin atom is given by [88, 89]

~ 6 ~
[ ®em €0 _ UB
= (52 () (2) o

We solve eq. (2.26) to obtain the ionization fraction of mirror hydrogen as a function of
redshift for different values of 7y and ANeg. The results are plotted in figure 2, with the SM
ionization fraction provided for comparison. We see from the plot that larger A Nog, which

corresponds to a higher twin sector temperature, is associated with later recombination.
A larger mirror hydrogen density and a lower twin temperature result in a smaller value
of x. at freeze out.

The ionized states of mirror helium, He?t and ﬂe+, have ionization energies
54.4(vp/va) and 24.6(vp/va)eV respectively. For vp/va > 3, the universe is deep in
the radiation dominated era when the temperature in the twin sector becomes comparable
to the binding energy of mirror helium. However, due to its relatively large mass fraction
shown in figure 1 (right), mirror helium still plays an important role in the formation of
LSS, and cannot be neglected in the TBAO study. Mirror helium stops oscillating with

5For example, the Peebles equation predicts that half of the available hydrogen recombines by redshift
z = 1200, while the Saha equation predicts z ~ 1400.
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Figure 2. The SM (blue) and Twin electron ionization fraction as a function of the scale factor.
The MTH results are shown with different values of ry = Qp/Qpwm.

the twin plasma after Het recombination. As with helium in the SM, the recombination of
Het proceeds through complicated transitions between a network of excited levels. Instead
of studying this process in detail, we estimate the time scale of recombination using the
Saha equation. This approximation is justified because, in the SM, the Saha equation is
known to reproduce the timescale of He' recombination to a precision of order 25%. From
the Saha equation we obtain the He' ionization fraction as

ML o Xé X rrT\*? vz
Het

For vg/va = 3 and ANt ranging from 0.1 to 0.4, the ionization fraction yp. drops to
1% at scale factors ranging from a = 5-1075 to 7- 1075, corresponding to conformal times
from 15 to 20 h~! Mpc. This means the Het scattering in the mirror plasma is expected
to modify matter density perturbations starting from wavenumbers 2 0.05hMpc~!. We
will include the effects of twin helium oscillations on the matter power spectrum in the

following section.

3 LSS signals

Prior to twin recombination, oscillations in the mirror baryon-photon fluid suppress the
growth of structure in the twin sector. In contrast to PAcDM [67, 69, 70] and non-Abelian
dark matter [90], which also exhibit dark matter-dark radiation scattering, the oscillations
in the MTH stop at a much earlier time because of twin recombination. Consequently,
neutral twin atoms still give a sizable contribution to the matter density perturbations,
and TBAO leaves an interesting residual oscillation pattern in the matter power spectrum.
The overall suppression of structure on scales that enter prior to recombination, and the
oscillatory pattern in the matter power spectrum, are characteristic features, not just of
the MTH framework, but of the larger class of mirror models. For earlier work on LSS in
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the context of mirror models, see [91-95]. Detailed studies of LSS for the general case of
atomic dark matter may be found in [88, 96].

To determine the size of the corrections to LSS, we solve a set of linearized Boltzmann
equations for density perturbations and calculate the ratio of the matter power spectrum
in the MTH relative to ACDM+DR (which is just ACDM with some extra dark radiation
included to adjust the value of A Neg). In the MTH model, we consider a simplified scenario
that contains only CDM Y, ionized twin baryons b= {I:I, ﬁe}, massless twin photons 4,
and the SM photons v and protons p. Due to their small energy density, (twin) electrons
are neglected, but their effects are implicitly included since they mediate the interactions
between (twin) protons and (twin) photons. We work in the conformal Newtonian gauge

ds* = a*(7) [—(1+ 2¢)dr? + (1 — 2¢)5ijdxidxj] , (3.1)

where the fields 1 and ¢ describe scalar perturbations on the background metric. They
are determined by four scalar quantities associated with the perturbed energy-momentum
tensor 6T}, namely, 6 = dp/p = =013 /p, 6P = 6T}/3, 0 = —9;6T4/(p + P), and o =
—0;07(0T; — 0P 6%)/(p+ P), where p and P are the unperturbed total energy density and
pressure, and di =9, =0 / m For each particle species s, we define ds = dps/ps,
0, = —0¢5TL§O/ (ps + Ps), etc. We can also re-express s as the divergence of comoving
3-velocity, 8, = O;vi, where v' = dx’/dr. For each s we assume an equation of state
of the form Ps = wsps with constant ws, so the pressures and energy densities are not
independent quantities. The total 4 and 6 are given in terms of the individual ds; and 65 as
0 =3, psds/p and 0 = Y- (ps + Ps)0s/(p + P).

To linear order in the perturbations, the evolution of the dominant, collisionless com-
ponent of dark matter, y, is described by [87]

oy = 0, +3p, 6, = —gex + k. (3.2)

Here the derivatives are with respect to conformal time %. For the oscillating component,

the equations for the twin baryons are given by

(Sl; = _613 + 3(;.5, (33)
R 57(05 — 0;) + k2 3.4
b= T, g‘i‘?%anéi(a)UT( 5 —0p) kY (3.4)

The corresponding equations for the SM baryons take a similar form. We solve for the
Het recombination time using eq. (2.31) and approximate the process as a step func-
tion in scale factor. As in the SM, neutral twin helium remains tightly coupled to i
even after He recombination. Therefore we continue to have b = H + He even after He
recombination. However, the number density of free mirror electrons is reduced after
twin helium recombination. This affects the time at which the twin photons decouple
from the twin baryons, resulting in a reduction in the suppression of the matter power
spectrum as compared to the case when only hydrogen is present. Therefore the matter
power spectrum is sensitive to the relative abundances of H and He. The term that con-
tains the Thomson cross section 67 = 6.7 - 1072%(v4/vp)? cm? captures the effect of b4

~15 —



scattering in the twin sector. The number density of the ionized twin electrons can be
approximated as ng+ (a) = [Qg(a) + $Q4,(a)]pe/my before twin helium recombination and
ne+(a) = xe(a) Qg (a)pe/my afterwards, where the ionized twin baryon densities are given
by € = ra1Qpym and Qp = rQpy, and the ionization function of the twin electron xe(a)
is calculated numerically using the procedure outlined in section 2.3.

The twin photon perturbations, including higher modes in the Legendre polynomials,

evolve as
. 4 .
0y = =505 + 40, (3.5)
j 2 (1 1 A 2
9@ =k Z(S:Y — §F9y2 + anéUT(QI; — 9:7) + k=, (36)
. 8 3 9 .
F:YQ = 1*59@ — ngryg - ﬁanéUTnyQ, (37)
. k N
F5 = m [ZF’AY(Z*U —(I+ 1)F&(l+1)} — angorFyy, [>3 (3.8)
. Imax + 1 N
F'AYlmax = kF'AY(lmaxfl) - %F&lmax - anéo-TFﬁ’lmax' (39)
Here the Fjy; are related to the spatial variations in the density fluctuations in the twin
photons, 05 = Fxg, 05 = %ka/él, and the shear stress ¢ = % 52. We truncate the

Boltzmann hierarchy at order ln. = 5, making use of the approximation outlined in
ref. [87]. As shown in the power spectrum ratio plot figure 3 (upper left), the result
including only up to lnmax = 4 (dotted) exhibits only a small deviation from lpax = 5
(solid). Since our focus is on describing the clustering of twin baryons in this framework,
we do not solve for the twin photon polarization.

We take 1) = —¢ in our analysis, ignoring a small correction arising from the presence
of free streaming radiation.® Gravity perturbations are sourced by the density fluctuations
as described by the Einstein equation,

2

a (- a a
PLimx b Ay

For the initial conditions, the modes that enter before matter-radiation equality satisfy

4 k%n
Oy = §6x,l3,p ==2¢, O sbe = 77’&’ (3.11)

while for those come in during the era of matter domination,

3 k?n
15%@ =0 =20 05 b= ?d}' (3.12)
We set the initial values of the higher modes Fy,>2 = 0, since these higher angular modes

quickly damp away when the Thompson scattering is large. We neglect the tilt in the

5In the presence of free streaming radiation, the superhorizon gravity perturbation can be written as ¢ =

-1
_ (1 4 %RFS) ¢ and Rps = [1 + 7(NV+ANef?«,,;)(Ty/T~,)4} . However, once the mode enters the horizon,

the anisotropic stress associated with the free streaming radiation quickly decreases and 1 approaches —o.
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primordial spectrum (ns = 1) and take a k-independent value of ¢» = 10~%. The final
results are independent of the precise value of 1) since we are interested in the ratio of the
matter power spectra with and without the twin oscillations. In the numerical study, we
choose the values h = 0.68, Q,h* = 2.47 x 1075, Qah? = 0.69, Qh* = 2.2 x 1072 and
Q, = 0.699, [34].

We take as input the parameters of the MTH model (7., vg/v4 and ANeg). Once
these numbers are fixed, the mirror hydrogen and helium density fractions ry and rq, in
figure 1, the ionization function in figure 2, and the rate of Thompson scattering in the twin
sector are all determined. After solving for the density perturbations 5x,l3,p’ we calculate
the total matter perturbation diot and determine the relative suppression of the matter
power spectrum with respect to ACDM+DR as,

%K)

Srot (k) = Y (/) 8i(k),  P.S. Ratio(k) = ACDMFMTH (3.13)

N 2
i=x,b,p Oior (K) ’ACDM+DR

Before studying the full problem that includes both twin helium and hydrogen, let us
first consider the H-only scenario to gain some physical intuition for the result. In figure 3
we plot the results for four combinations of (vg/va and ANeg), assuming that He is absent
or has recombined much earlier so that 7,1 = 7. As compared to the PAcDM model, we
see that the MTH exhibits a relatively sudden drop in the ratio of the matter power spectra.
This happens at k ~ 0.04 h Mpc~!, which corresponds to the inverse of the conformal time
Tree & 25 R~ Mpc at twin recombination. For larger ANg, corresponding to a higher
twin sector temperature, and smaller vp/v4, corresponding to a lower ionization energy,
recombination happens later. The power spectrum oscillates around a constant suppression

P.S. Ratio(k > 7.0) ~ (1 —rg)*. (3.14)

This scaling behavior is easy to understand. Twin recombination happens around the time
of matter-radiation equality. Prior to this the density perturbations in cold dark matter
grow logarithmically, 6, (k) ~ 64, ;) In % [97]. However, the twin protons and electrons
undergo oscillations with the twin photons, leading to dy < dy. It follows that the net
matter power spectrum at the end of twin recombination is smaller than the ACDM result,

(1= 73) 68,y I (£2 ) + g 0 :
oo ()]

After twin recombination, the dark matter density perturbations in both y and H grow in

P.S. Ratio(k > 7,50) ~

~(1—ry) (3.15)

the same way as for a single species of cold dark matter in ACDM, with the result that
the ratio above is preserved.

In addition to this overall suppression of the matter power spectrum, we see a residual
oscillation pattern in the ratio of power spectra, with a period Ak ~ 0.3 hMpc~'. There
is also a subdominant oscillation with period Ak ~ 0.06 h Mpc~! arising from interference

with the SM BAO. In particular, the total density perturbation dyot in eq. (3.13) contains
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Figure 3. Ratio of matter power spectrum between ACDM+MTH and ACDM+DR, both with
ANeg = 0.4 (left) and 0.1 (right) for vg/v, = 3 (top) and 5 (bottom). Here we neglect the effect
of twin Helium on the oscillation, assuming it is absent or has recombined much earlier. The
orange dashed-dotted curve is from the PAcDM model [67], in which a sub-component dark matter
never decouples from the dark radiation scattering. For the MTH results, the solid (dotted) curves
come from solutions of linearized Boltzmann equations discussed in section 3 with the inclusion of
Boltzmann hierarchy modes up to £max = 5 (4). The vertical ko band corresponds to the values
of k at the time of twin recombination over the range of ry considered in the plot. The line k.,
corresponds to the k value of fluctuation mode that enters at matter-radiation equality.

contributions from the density fluctuations in both the SM and twin proton components.
Since the SM protons contribute more to the energy density than twin baryons, it is the SM
BAO that generates the dominant oscillation pattern in 62,. However, when considering the
ratio of the two power spectra, this contribution cancels out so that the leading oscillatory
effect arises from TBAO. As in SM BAO, the twin sector perturbations carry a cos(kfs)
dependence in ép, with the sound horizon at recombination defined as

1
A Thwinree / / _ 3 T'scatt QDM(T) 2
Ts = /0 dr’es(7"), cs(T) = [3 (1 + 105 (7) )} . (3.16)
Here rgcaty represents the dark matter mass fraction of the scattering twin ions. For
vp/va = 3 and ANgg = 0.4, the sound horizon at time of last scattering in the twin
sector can be estimated as 7#; =~ 20h~' Mpc. On the other hand, the oscillations in Op
end at SM recombination, corresponding to a larger sound horizon 7, ~ 100 A~ Mpc. In
eq. (3.13), the dominant contribution from TBAO shows up linearly in cos(kf#s), corre-
sponding to oscillations with period Ak = 27 /7 ~ 0.3h Mpc~!. Interference between the
SM and dark BAO also has an effect, but this is suppressed by an additional 7z €/Qpum
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Figure 4. Ratio of matter power spectrum between ACDM+MTH and ACDM+DR, including only
twin helium oscillations. Kyec e corresponds to the time of twin helium recombination as obtained
from the Saha equation eq. (2.27).
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Figure 5. Ratio of matter power spectrum between ACDM+MTH and ACDM+DR, including
both the twin helium and hydrogen oscillations. The twin helium mass fractions are taken from
figure 1. kyec,He corresponds to the time of twin helium recombination as obtained from the Saha
equation eq. (2.27).

in the ratio of power spectra as compared to TBAO, and has a period ~ 1/5 times shorter
than twin oscillations.

We now consider the effects of mirror helium on LSS. In contrast to the SM, TBBN
produces a much larger mass density of twin helium than twin hydrogen. Therefore twin
helium plays an important role in the TBAO process, and cannot be neglected. From the
Saha equation discussed in section 2.3, Het recombines at conformal time =~ 20 h~! Mpc,
and its scattering in the twin plasma leads to additional suppression in the power spectrum
for k 2 0.05 hMpc~L. This means that He', while extremely important for the nonlinear
regime with k 2 0.2 h Mpc™!, also has a large impact on og. To illustrate these effects, in
figure 4 we show two representative matter power spectra in which only the effects of mirror
helium oscillations are included. The sound horizon at time of helium recombination has
s ~ 17 h~! Mpc, corresponding to oscillations with period Ak ~ 0.6 h Mpc~?, larger than
in the case of hydrogen.

In figure 5 we present two examples of the power spectrum suppression, which take
into account oscillations in both mirror hydrogen and helium. We take the twin helium
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Figure 6. Ratio of the matter power spectra between ACDM+MTH and ACDM+DR. Results
are shown for two different abundances of mirror H and He, but for the same value of vg/v4. The
blue curve considers r,y = 0.1 with Yy, = 0.75, which is close to the value from the full MTH
scenario studied in section 2.2. The red dashed curve corresponds to the hydrogen-only scenario,
again with 7, = 0.1. The two curves begin to exhibit percent level differences for k 2 0.1h Mpc™?!.
However, since the blue and red curves correspond to the same r,; for the blue and red curves the
average suppression for large k-modes is the same, as discussed in eq. (3.15).

density from figure 1 (right) for different values of (72 and ANeg) and terminate the
helium oscillations at a recombination time when xp.+ = 1% in eq. (2.31). At later times
twin helium continues to behaves as an oscillating component of dark matter, but the
number of free electrons is reduced. As compared to the hydrogen-only scenario, the overall
suppression in the power spectrum is now dominated by mirror helium. The magnitude of
the suppression is still approximately given by eq. (3.15), but with the replacement T~
T + T Lhe sound horizon at the time of " recombination is given by #; ~ 20 h~! Mpc
as shown in figure 5 (left), so the oscillation pattern exhibits a period which is similar
to the hydrogen-only case. The small distortions in the curves arise from interference
between the mirror and SM baryon oscillations. For a smaller A Ngg, corresponding to a
lower temperature in the twin sector, the earlier freeze out of the TBBN processes results
in more mirror helium. Furthermore, the lower temperature makes the mirror helium
recombine earlier. For a given r,; and vp/v4 this results in the same overall suppression
of the power spectrum deep in the nonlinear regime, but a smaller reduction in og.

In figure 5, the power spectrum suppression for £ < 0.1 hMpc~! depends on the time
scale of H recombination. For a given r,j, the relative densities of mirror hydrogen and
helium determine the number of ionized electrons that survive after He recombination.
Consequently the time at which the acoustic oscillations in the mirror sector cease depends
on the ratio rg, /ran. Therefore the matter power spectrum is sensitive to the relative
abundances of mirror hydrogen and helium, as shown in figure 6. This opens the door

—90 —



1.0r
=04

©
©

(Fis "o, vB/vA) = (2.6%,7.5%, 3)

P.S. Ratio
o
(o0]

| (T, e VB /v4) = (10%, 0%, 3.6)

0.7+ A ';-\..-I',
keq krec, H kreg, He ‘ Jg non—lir‘;ear
0.01 0.05 0.10 0.50 1
k (hMpc™!)

Figure 7. Ratio of the matter power spectra between ACDM+MTH and ACDM+DR, for three
different abundances of mirror H and He. The blue curve considers r,; = 0.1 with Yy, = 0.75,
which is close to the value from the full MTH scenario studied in section 2.2. The red dashed
curve corresponds to the hydrogen-only scenario, again with r,; = 0.1, but with a larger value
of vy/va corresponding to a heavier mirror electron. We see that this gives a good fit to the
MTH result for £ < 0.12h Mpc™!, but the two curves begin to exhibit differences in the og region.
However, since the blue and red curves correspond to the same r,; for the blue and red curves the
average suppression for large k-modes is the same, as discussed in eq. (3.15). The green dotted
curve corresponds to values of r,); and v, /v4 that have been chosen to mimic as closely as possible

the blue curve in the linear regime, k¥ < 0.2hMpc~!. However, since 7, differs from 0.1, the

average suppression for large k-modes deviates from the blue curve. The percent level differences
between the blue and red curves at k ~ 0.2hMpc~! and between the blue and green curves at
k > 0.2 hMpc~! may allow future matter power spectrum measurements to distinguish the MTH
from theories with a single species of dark atom.

to the possibility of distinguishing the MTH universe from scenarios with a single species
of dark atom. As shown in figure 7, although it is possible to match part of the H + He
result (blue curve) using two different twin hydrogen-only (red dashed and green dotted)
scenarios, the fit necessarily leaves residual differences with the MTH in either the linear
regime, the nonlinear regime, or both. If we hold r,;; the same as in the MTH case but allow
vp /v to float (the red curve), we can match the blue curve at low k, but find that percent
level differences remain even in the linear regime near & = 0.2hMpc~!. In the nonlinear
regime, the differences between the red and blue curves are much larger, but the average
suppression of the power spectrum in the two cases remains the same. If, however, we
allow both 7, and vp/va to float (the green curve), it is possible to match the blue curve
in the entire linear regime. However, there are still large differences between the shapes of
the blue and green curves in the nonlinear regime, and even the average suppression of the
power spectrum in the two cases is different. Future experiments from weak lensing data
are expected to constrain the matter power spectrum for k < 0.5h Mpc~! to percent level
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P.S.Ratio ACDM +MTH vs ACDM +DR k = 0.2 hMpc ™!

' 6A > 0.38 (~ Lyman-« constraint)

0.5/ P.S.Ratio = 98%

solid: AN,;; =0.1 dashed: ANy = 0.4

30 35 4.0 45 5.0
vp/va

Figure 8. Estimation of projected constraints on the twin baryon mass fraction 7, from future
LSS measurements, as a function of vg/v4. Next generation lensing measurements are expected
to bound the power spectrum suppression at the few percent level [98], so we show the constraints
arising from the 90, 95 and 98% lower limits on the ratio of power spectra defined in eq. (3.13) as the
orange, green and red curves. The ratio of the densities of twin hydrogen and helium are obtained
from figure 1. The region above the solid (dashed) blue line for AN.g = 0.1 (0.4) represents an
approximation to the Lyman-a constraint that excludes scenarios with dA, the deviation of the
integrated power spectrum defined in eq. (3.17), larger than 38%.

precision. Although the k 2 0.5h Mpc~! region is plagued by nonlinear effects, even here
future measurements based on 21 cm tomography will probe the universe at much higher
redshifts, z ~ 100, and therefore allow a detailed study of O(1) Mpc k-modes before they
enter the nonlinear regime. Therefore, future observations of the matter power spectrum
may be able to reveal the existence of more than one species of dark atom, which is a
striking prediction of the MTH framework.

If TBAO is to provide an explanation for the current =~ 10% discrepancy in og be-
tween the low redshift measurements and the Planck fit, the fractional contribution of twin
hydrogen to the overall dark matter density is required to be r ~ 1%, corresponding to
ran ~ 3.6%, for vg/vg = 3 and ANeg = 0.4. For these values of r,; and vg/v4, the super-
imposed oscillation of the modes with k& > 0.2 h Mpc~! leads to an extra ~ 4% variation of
the power spectrum as a function of k. This is particularly significant keeping in mind the
expected O(1)% sensitivity of future LSS observations [98], which will provide an observa-
tional channel to probe the MTH model. Nonlinear effects, however, become important for
k 2 0.2hMpc~!, and a detailed study in the higher k-mode region is required to determine
the full oscillation pattern.

In the absence of a signal, future measurements of LSS will be able to place stringent
limits on the energy density in twin baryons. In figure 8 we show the upper bounds on the
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fractional contribution of twin baryons to the dark matter density, 7.y, corresponding to
different current and projected lower bounds on the matter power spectrum suppression,
as defined in eq. (3.13). The effects of both twin helium and hydrogen are included. We
present the results for k& = 0.2hMpc~!, which exhibits a significant suppression of the
power spectrum, but for which nonlinear effects are still under theoretical control. Current
measurements of the matter power spectrum allow a < 10% deviation from the ACDM
prediction at this scale, which constrains the fractional contribution of twin baryons to the
dark matter density to lie in the range 7.1 S 4-10%, depending on the other parameters.
Given the expected O(1)% sensitivity of future LSS observations, if the observed result is
fully consistent with the ACDM prediction, we expect to be able to constrain the density
fraction to ray S 1%. Since cooler dark radiation (corresponding to a smaller A Neg) and
a heavier twin electron (larger vp/v4) lead to earlier recombination, the corrections to the
power spectrum are smaller in this case. This explains the weaker bounds on 7,y for the
ANeg = 0.1 case with large vp/v4.

The TBAO suppression persists out to k& > 0.5hMpc~!. Then the Lyman-«
observations, which probe the matter power spectrum on scales 0.5 Mpc < A <
100 A~ Mpec [99] at z =~ 3-5 can also be used to constrain r,;. A precise Lyman-a bound
requires detailed N-body simulations of the MTH plasma, which are beyond the scope of
this work. Here we only give a rough estimate of the current bound following the strategy
adopted in ref. [100] for the warm dark matter (WDM) study, which constrains the inte-
grated matter power spectrum over a range of wave numbers 0.5 < k < 20hMpc~1.7 We
define the ratio factor

kmax

A —A
§A = SACDMIDR = CACDMIMTH = ) o oMaMTH = / dk P.S.Ratio(k)  (3.17)
AACDM4DR

kmin

and determine the result for redshift z = 3. By construction, AxcpMiDR = Fmax — Fmin-
We take dA < 0.38 from ref. [100] as a 20 bound on the suppression in power from the
existing Lyman-« forest data from the MIKE/HIRES [99] and XQ-100 [102] datasets used
in ref. [103]. Applied to the MTH, we obtain a bound r,; < 16 (12)% for ANeg = 0.1 (0.4)
that is quite insensitive to the vp/v4 ratio. This agrees with the analytical estimate in
eq. (3.15) for the average suppression at higher k-modes. Given the uncertainties involved,
we should only consider this as a rough guide to the actual constraint.® The result with
ran S 16 (12)% is shown as the region above the solid (dashed) blue line in figure 8.

"The study is based on the assumption that the bias function b(k) between the flux power spectrum
P(k)r and the linear power spectrum P(k), written as P(k)r = b*(k) P(k), only differs a little between
ACDM and the new model. The integration over k-modes is justified by the fact that velocities in the
Intergalactic Medium tend to redistribute the power spectrum within a range of wave numbers in the
probed region [101].

8A study of the Lyman-c constraint using the SDSS [104, 105] data has been performed in ref. [106]
on scenarios in which all dark matter particles couple to dark radiation. Although the setup is different, a
similar study of dark matter scattering off dark radiation may be applied to the MTH model.
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4 CMB signals

The MTH framework predicts a new contribution to the energy density of the universe in
the form of dark radiation associated with the relativistic degrees of freedom in the mirror
sector. In order to satisfy the current CMB bounds on dark radiation, A Neg < 0.45 [34-36],
we assume asymmetric reheating of the SM bath after the two sectors have decoupled.
However, while asymmetric reheating increases the energy density in the SM sector, it
does not erase any pre-existing energy density in the mirror sector. Therefore, a small
nonvanishing AN.g is expected to be a general feature of this framework. This dark
radiation could potentially be detected at future CMB Stage-IV experiments, which are
expected to be sensitive to ANgg = 0.02. We treat AN.g as a free parameter, since its
value depends on the precise details of the asymmetric reheating mechanism.

The dark radiation in the MTH is composed of the mirror photon and mirror neutrinos.
Their relative contributions to ANg depend only on the number of degrees of freedom in
the twin bath at the time when the mirror neutrinos decouple. For the parameter range
of interest, 3 < vp/va < 5, the mirror electron goes out of the twin bath after the mirror
neutrinos have decoupled, just as in the visible sector. Then, even though A Neg itself is
a free parameter, we have a prediction for the relative contributions of twin photons and
twin neutrinos to the energy density in dark radiation

ANey _ 3 (4.1)
A N(;YH 4.4
As we now explain, the fact that this ratio is known leads to a testable prediction for the
CMB. This prediction is a consequence of the fact that although twin photons and twin
neutrinos both constitute dark radiation and contribute to A Ng, in detail their effects on
the CMB are distinct, and can be distinguished. While the twin neutrinos free stream, the
twin photons are prevented from free streaming by scattering off of twin electrons. Scat-
tering and free streaming species have different effects on the CMB anisotropies [107-109].
Only after recombination has occurred in the mirror sector can twin photons free stream.
The distinct effects of these two forms of dark radiation on the CMB anisotropies can be
parametrized in terms of the free streaming fraction, defined as

fy _ Pfree _ Pfree ( 4'2)
Pr Ptree T Pscatt

Here pyree represents the energy density in free streaming radiation, pgcatt the energy density
in scattering radiation, and p, the total energy density in radiation. We use NV, gfee and NS
to parametrize the energy densities in free streaming and scattering radiation in terms of
the effective number of neutrinos. Then,
Nfree
— eff

T = oy Nz (43)

For small AN,g, we have [110],

41
fo— fSM = OT (0.59A1\f§{ee - 0.41AN§§att> (4.4)
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For a given AN, the amplitudes of the CMB modes depend on f, as [107, 108],

5Cr 8

FZ - _Bfu . (4'5)

We see from this that the sign of the correction to the amplitude, relative to the SM,
depends on whether the dark radiation free streams or scatters. For a given AN.g the
locations of the CMB peaks also depend on f, [109],

50~ —57 fVB% . (4.6)

Here ¢4 = 300 represents the average angular spacing between the CMB peaks at large £.
Once again we see that the sign of the shift depends on whether the dark radiation free
streams or scatters.
The MTH framework predicts the ratio of the energy densities in free streaming and
scattering species. Prior to recombination in the twin sector, we have
ANfee  ANZ 3

SM
= i = . 4.7
A Nesl%att A N;cf ‘4? fl/ v ( )

Since ANgg and f, can be independently determined from the CMB, this prediction for
fv allows the MTH to be distinguished from other dark sector scenarios. The point is
that while a non-zero contribution to A N.g is a characteristic feature of any extension of
the SM that contains some form of dark radiation, in general there is no reason to expect
that f, = fSM. The fact that in the MTH the free streaming fraction is exactly the same
as in the SM is because, in this framework, the dark radiation is composed of the twin
counterparts of the SM photons and neutrinos, with the same relative energy densities.
The prediction eq. (4.7) is not sensitive to the relative fractions of mirror hydrogen and
mirror helium, but only requires that the energy density in the mirror component of dark
matter be large enough to sustain acoustic oscillations during the CMB epoch, r,; = 0.1%.

A detailed calculation is needed to obtain a precise prediction for CMB observations,
since the twin photon becomes free streaming after twin recombination. However, the
point remains that the MTH makes a unique prediction for the ratio of energy densities,
ANgfe / AN;&“‘“, prior to twin recombination. Since CMB Stage-IV experiments are ex-
pected to be very sensitive to not just the total energy density in dark radiation, A Neg,
but also the free streaming fraction f, [35, 36|, this provides a unique handle to test the
MTH framework and distinguish it from other possible dark sectors.

5 Conclusions

In this paper, we have explored the cosmological signals associated with the mirror baryons,
electrons, photons, and neutrinos in the MTH model. We have worked in a framework in
which the cosmological problems of the original MTH proposal are assumed to be solved
by late time asymmetric reheating after the two sectors have decoupled. We have primarily
focused on the case in which the discrete Zo symmetry that relates the two sectors is only
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softly broken. Then, in order for the little hierarchy problem to be addressed, the masses
of particles in the mirror sector are restricted to lie in a limited range. This means that,
although many of the late time thermal processes, such as BBN and recombination, are
sensitive to the particle masses and couplings, we have still been able to draw a clear
picture of the cosmology of the MTH framework, which exhibits several characteristic
features. Therefore cosmological observations may allow this class of models, which are
difficult to test in collider experiments, to be discovered.

From a study of TBBN, we have found that, in contrast to the SM, ~ 75% of the
mass density in mirror particles density is contained in helium. Mirror hydrogen and he-
lium remain ionized until close to the time of matter-radiation equality and, as in the SM,
scattering off twin electrons and photons generates TBAO that suppress matter density
perturbations. Although mirror helium recombines into neutral atoms before mirror hy-
drogen, its relatively larger abundance means that its impact on LSS, especially on shorter
wavelengths, cannot be neglected. TBAO is ended by recombination in the mirror sector,
leading to an oscillatory feature in the matter power spectrum in k-space with a frequency
lower than that of SM BAO. This may allow an observation of TBAO in the near future in
LSS observations. Current observations allow up to 5 (10)% of the matter density to come
from twin hydrogen and helium for AN.g = 0.4 (0.1). In the absence of a signal, future
LSS measurements will be able to tighten this bound to the 1% level.

In the MTH framework, we expect observable contributions to ANg from mirror
photons and neutrinos. Although ANy itself is a free parameter, the relative energy
densities in these two species are known. The mirror photons and mirror neutrinos have
distinct effects on the CMB because, until recombination, the twin photons scatter off the
twin electrons, which prevents them from free streaming. For any given A N.g, this leads
to a prediction for the corrections to the heights and locations of the CMB peaks that can
be potentially be tested in future experiments.

Our analysis has primarily focused on the case in which the discrete Zy symmetry is
only softly broken, so that the relative abundances of twin hydrogen and helium are pre-
dicted. However, for the purposes of comparison we have also explored scenarios in which
the nuclei in the mirror sector are composed entirely of hydrogen, or entirely of helium.
In particular, our studies capture the features of the important case in which, because of
hard breaking of the discrete Zs symmetry in the Yukawa couplings of the light quarks, the
mirror neutron is lighter than the mirror proton, and constitutes the dominant component
of the observed dark matter, while mirror helium represents an acoustic subcomponent
that gives rise to the signals we consider. Interestingly, we find that because hydrogen and
helium recombine at different times, the matter power spectrum of the framework in which
both nuclei are present exhibits distinctive features that may allow it to be distinguished
from the case of atomic dark matter with just a single type of nucleus.

While we have focused on cosmological signals of the MTH framework, it is worth
keeping in mind that this scenario can also give rise to striking astrophysical signals. Dur-
ing the formation of the galactic halo, the mirror baryonic component of dark matter in
the Milky Way may have become re-ionized. If the ionized mirror baryons subsequently
dissipated enough energy, they may have collapsed into a dark disk, as in the scenario
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discussed in [111]. The details of this process depend sensitively on the MTH parameters,
and on the initial distribution of dark matter in the galaxy. If the mirror baryons do form
a second disk aligned with our own, current Gaia observations [112] already constrain the
mirror baryons to constitute less than ~ 1% of the dark matter density. However, a careful
study is needed to draw robust conclusions about the allowed parameter space. The dis-
tribution of mirror baryons and electrons within our galaxy will also determine how they
might be discovered at current or future dark matter direct detection experiments. In the
MTH framework, the SM and mirror sectors interact through the Higgs portal. Unfortu-
nately, the resulting signal is far too small for direct detection of mirror hydrogen or mirror
helium nuclei in any current or proposed experiment. However, in the event of a small
kinetic mixing between the SM photon and its twin counterpart, the mirror baryons and
electrons will acquire a tiny electric charge. The mirror sector can then interact with the
SM through this portal, opening a new pathway for direct detection. Avoiding recoupling
of the mirror sector after asymmetric reheating via eé scattering for T 2 MeV leads to
an upper bound on the kinetic mixing parameter, ¢ < 1079, In the MTH model, no ki-
netic mixing is generated through 3-loop order [1], and therefore even such small values
of € are radiatively stable. It follows that this bound can naturally be satisfied provided
that the contributions to e from UV physics are sufficiently small. Therefore € of order
1077, corresponding to nano-charged dark matter, constitutes a natural sensitivity goal for
future direct detection experiments. Such small kinetic mixings are also compatible with
supernova bounds [113]. matter direct detection have been previously studied in the con-
text of mirror models (see [56] and references contained therein), the signals again depend
sensitively on the details of the hidden sector. These striking astrophysical signals of the
MTH framework, which clearly warrant further study, will be the subject of a companion
paper [114].

The MTH scenario with minimal Zs breaking avoids almost all collider bounds, since
it addresses the hierarchy problem with top partners that are neutral under all the SM
forces. Our study demonstrates that in this framework the mirror baryons, electrons,
photons and neutrinos can give rise to a rich plethora of distinctive cosmological and
astrophysical signatures. Taken together, these may allow the nature of the hidden sector,
and its possible relation to the SM and the hierarchy problem, to be discovered and probed
in considerable detail. This opens the door to the tantalizing possibility that the first hints
of naturalness may come from the sky, rather than from colliders.
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