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ABSTRACT: The mirror twin Higgs model (MTH) is a solution to the Higgs hierarchy problem that
provides well-predicted cosmological signatures with only three extra parameters: the temperature of
the twin sector, the abundance of twin baryons, and the vacuum expectation value (VEV) of twin elec-
troweak symmetry breaking. These parameters specify the behavior of twin radiation and the acous-
tic oscillations of twin baryons, which lead to testable effects on the cosmic microwave background
(CMB) and large-scale structure (LSS). While collider searches can only probe the twin VEV, through
a fit to cosmological data we show that the existing CMB (Planck18 TTTEEE+lowE+lowT+lensing)
and LSS (KV450) data already provide useful constraints on the remaining MTH parameters. Addi-
tionally, we show that the presence of twin radiation in this model can raise the Hubble constant H0

while the scattering twin baryons can reduce the matter fluctuations S8, which helps to relax the ob-
served H0 and S8 tensions simultaneously. This scenario is different from the typical ⇤CDM + �Ne↵

model, in which extra radiation helps with the Hubble tension but worsens the S8 tension. For in-
stance, when including the SH0ES and 2013 Planck SZ data in the fit, we find that a universe with
& 20% of the dark matter comprised of twin baryons is preferred over ⇤CDM by ⇠ 4�. If the
twin sector is indeed responsible for resolving the H0 and S8 tensions, future measurements from the
Euclid satellite and CMB Stage 4 experiment will further measure the twin parameters to O(1�10%)-
level precision. Our study demonstrates how models with hidden naturalness can potentially be probed
using precision cosmological data.
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1 Introduction

The electroweak hierarchy problem remains one of the focal questions in particle physics. While
the big hierarchy is usually addressed through supersymmetry or compositeness, there are a number
of approaches to solving the little hierarchy problem. Traditional solutions utilize symmetries that
predict new particles near the electroweak scale. Consequently, these particles are either present only
deep in the primordial dark ages or they persist until the present day as cold dark matter (CDM).
Therefore, typical solutions to the little hierarchy problem are expected to produce new signals at
high energy colliders, but not in cosmological observations.

More recently, motivated by the increasingly strong limits on new particles from the Large
Hadron Collider (LHC), solutions to the little hierarchy problem have been proposed that subvert this
expectation. These models permit the Higgs to be the only observable resonance within reach of the
LHC, but, often unavoidably, predict deviations from the standard cosmological scenario (⇤CDM).
The twin Higgs model [1] is one of the early examples, but this class of “hidden naturalness” models
has expanded significantly [2–22]. Other variations include N -naturalness [23] and relaxion mecha-
nisms [24–26] that also produce minimal collider signatures but have a cosmological history that is
outside the standard paradigm.
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In fact, even if hidden naturalness were first discovered at the LHC, the predicted signatures are
usually indirect in nature, such as missing transverse energy or deviations in Higgs couplings. As a
result, it would be challenging to attribute such observations uniquely to a hidden sector.

Constraints from cosmological observations, on the other hand, provide a complementary handle
on new physics. For example, additional radiation can be probed through cosmological measurements
that are sensitive to the expansion rate of the universe. Also, the matter power spectrum is sensitive
to the presence of new particles that interact with the added radiation. As the precision of such
measurements improve, there is more and more that can be learned about a possible hidden sector.

In this work, we specifically study the mirror twin Higgs model (MTH). In this model, the entire
particle content and symmetries of the Standard Model (SM) are replicated, yielding a “twin sector.”
Each twin particle is heavier than its SM counterpart by a small factor. While variations of twin Higgs
models that only replicate part of the SM particle spectrum or symmetries have been proposed,1 we
consider the case with the minimal assumption of the mirror-symmetry breaking, in which all particles
and symmetries of the SM are also present in the twin sector. Therefore, the particle content of the
twin sector is expected to be similar to that of the SM.

The presence of additional states in the twin sector, especially so many potentially stable particles,
creates immediate problems for the MTH model. At late times, there are stable twin electrons and
baryons, which could together represent some or all of the universe’s dark matter; and there are stable,
ultra-relativistic states in the form of twin photons and neutrinos, the latter of which will come in three
species. It is these relativistic degrees of freedom that present the first challenge to the model, because
such light degrees of freedom will alter the expansion rate of the universe and modify the well-known
cosmological processes such as nucleosynthesis and the generation of CMB.2

In order to preserve the successes of traditional Big Bang cosmology, one must constrain the
number of additional light degrees of freedom present in any model of new physics. Following the
standard practice of expressing this bound in terms of the number of additional effective species of
neutrinos allowed, �Ne↵ , one finds that �Ne↵ . 0.30 [29]. On the other hand, the MTH model
predicts �Ne↵ ⇡ 5� 6, assuming that the temperature of the twin sector matches that of the SM [30,
31]. That prediction, however, can be reduced if the temperatures in the twin sector are lower than
those of the SM sector. In fact, this is at least somewhat expected. If the twin and SM sectors decouple
as expected near a few GeV [3], then the twin sector will be naturally colder because at decoupling
more twin species will have already left the thermal bath due to their heavier masses. One could
posit additional sources of cooling in the twin sector, for example, an asymmetric post-inflationary
reheating that preferentially reheats the SM more effectively than the twin sector [30–32]. Alternative
ways to cool the twin sector, and thereby lower �Ne↵ , have also been studied [33–37]. Regardless of
the source, one requirement for a realistic MTH cosmology is that the twin sector must be colder than
the SM sector.

It is not only the extra radiation, however, that leads to cosmological constraints on the MTH
1One example is the fraternal twin Higgs model [15] where only the third generation of fermions, the color force, and

the weak force are replicated. In the hadrosymmetric twin Higgs model [27] the twin sector contains twin copies for all
three generations of quarks, but the twin lepton sector is absent.

2See also [28] for a study of the DM halo and direct detection signals of the MTH model.
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model. Since the twin sector is a copy of the SM, twin baryons and electrons will undergo a sequence
of events similar to the SM, the most important of which are twin Big Bang nucleosynthesis (twin
BBN) and, later, twin recombination. However, since the twin sector is heavier and colder than the
SM, these processes will occur earlier than the analogous processes in ⇤CDM. As we shall see, these
two processes will leave indelible marks on the universe, so we pause to give a brief overview of each
process and its signatures.

Twin BBN is the process by which twin nuclei composed of twin protons and twin neutrons are
created. As in the SM, the vast majority of twin baryonic matter ends up in twin hydrogen and twin
helium, although with different relative abundances.3 At later times, twin baryon density perturbations
begin to oscillate as they enter the horizon due to an interplay between the gravitational potential and
the twin photon pressure. These twin baryon acoustic oscillations (twin BAO) are visible in the
matter power spectrum via both a decrease in power at small scales and oscillations with a period in
momentum space that is longer than that of BAO from the SM sector [40]. These oscillations are, in
fact, a generic feature of hidden sector models with both dark radiation and matter to which it couples;
but unlike the generic case, we will find that these oscillations turn off at twin recombination, which
leaves the matter power spectrum unmodified at the largest scales.

Once the temperature of the universe cools sufficiently, the twin electrons and the twin hydrogen
and helium nuclei combine into neutral twin atoms, again mimicking recombination in the SM sector.
At this point, twin BAO ends and the twin atoms begin to fall into the gravitational wells already
seeded by any non-interacting cold dark matter. Prior studies have made semi-analytic estimates
showing that the size of the suppression in the matter power spectrum at small scales depends on
the abundance of twin baryonic matter, while the scale at which the oscillations stop depends on the
time of twin recombination [40]. Such estimates provide a crucial first test of the MTH cosmology,
but are not precise enough to make true comparisons to the high precision data on the CMB from
Planck and on the matter power spectrum from, e.g., the KV450 catalogue [41]. Nor do they allow
us to predict with any confidence the ability of future surveys, such as Euclid [42] or CMB Stage 4
(CMB-S4) [43], to constrain the parameter space of the MTH model. Given the increasing accuracy
of the datasets available, such comparisons are only possible when calculating the full evolution of
the universe within the MTH paradigm.

To that end, we have implemented the MTH model inside the Cosmic Linear Anisotropy Solving
System, CLASS (v2.9) [44], which is one of the leading programs used to calculate the evolution of
the universe. For comparison with data and to extract parameter bounds, we use the cosmological
inference package MontePython (v3.4) [45], interfaced with our version of CLASS.4

Interestingly, as we will show, addressing the little hierarchy problem using a twin sector may
in fact help to alleviate some puzzling tensions in the current cosmological data. The first of these is
the Hubble tension which is an inconsistency between the value of H0 inferred from the CMB [29]
and the locally measured value [46–48] obtained by the SH0ES collaboration.5 The inferred H0 value

3For additional studies of BBN occurring in a dark sector, see [38, 39].
4Our modifications to CLASS are available at https://github.com/srbPhy/class_twin.
5There are other local H0 measurements, for instance, based on the tip of the red-giant branch distance ladder measure-

ment [49–51] or measurements using strong gravitational lensing systems [52–54]. While the obtained H0 varies between
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from the ⇤CDM fit to the Planck data is 4 � 5� lower than the locally measured values [55].
The second is the S8 tension where S8 ⌘ �8(⌦m/0.3)

0.5 [41], �8 is the root mean square of
matter fluctuations around the 8h�1

Mpc scale, and ⌦m is the total matter abundance. The value of
S8 inferred from the CMB is 2 � 3� larger than measurements of large-scale structure from weak
lensing and galaxy cluster surveys [41, 56–59]. While many models have been proposed to ease one
or the other tension,6 we will find that the MTH model naturally includes parameter space where both
tensions are simultaneously and significantly ameliorated.

One necessity of using a detailed numerical approach is that a specific model needs to be chosen.
Though we describe the modifications made to the CLASS software for working within the MTH
model, the same roadmap can be followed to study other, similar models, including some of the
variations of twin Higgs scheme mentioned above, or, for example, N -naturalness models.

The organization of the paper is as follows. In Sec. 2 we discuss the relevant details of the MTH
model, in particular the three parameters that determine the cosmological evolution of the twin sector.
Next, in Sec. 3 the cosmological history of the twin sector is described, including twin BBN, twin
recombination, and the evolution of perturbations. In Sec. 4 the CMB and matter power spectrum
are computed and compared to present data to extract limits on model parameters. In so doing, we
demonstrate that the MTH model can significantly relax both the Hubble and S8 tensions simultane-
ously. We also discuss the effect that non-linear corrections to the matter power spectrum will have
on our results. Finally, we estimate the sensitivity of future observations and find that the MTH pa-
rameter space will be probed at the O(1� 10%) level in next generation surveys. Our conclusions are
summarized in Sec. 5.

2 Parametrizing the Twin Sector for Cosmological Studies

In the MTH model, the SM is accompanied by a twin sector which is an exact replica of the particle
content and gauge symmetries of the SM. Moreover, the gauge and Yukawa couplings of the two
sectors are identical, enforced by a discrete Z2 symmetry which is only softly broken. This breaking
of the Z2 symmetry causes the vacuum expectation value (VEV) in the twin sector v̂7 to differ from
that of the SM sector v. We can parametrize the amount of breaking by the dimensionless ratio v̂/v.

Current searches for invisible Higgs decays require v̂/v & 3 [65], which corresponds to a mild
tuning, which we define as 2v2/(v2

+ v̂2
) ⇡ 20%. Measurements of Higgs couplings [66], such

as the Z-Higgs coupling, also require v̂/v & 2. This region is consistent with electroweak preci-
sion bounds [67] and flavor bounds [68]. The rough requirement of a natural theory, with tuning
& 10% (1%), sets an approximate upper bound of v̂/v . 5 (15).

The specific components of the twin sector relevant for the study of cosmological observables
are: the twin radiation, in the form of twin photons �̂ and twin neutrinos ⌫̂; and the twin matter, in the

these different measurements, we will focus on the SH0ES result, which has the largest deviation from the Planck measure-
ment.

6For recent reviews and other proposed solutions to the H0 tension see, e.g. [55, 60, 61]. A mirror sector has been
proposed to relax the H0 tension [62, 63] and both the H0 and S8 tensions [40, 64].

7Our convention is to write all twin particles and parameters using the corresponding SM notations but with a “hat”
symbol on top.
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form of twin protons p̂ and twin neutrons n̂, which, after a period of twin BBN, form twin hydrogen
Ĥ

+ and twin helium nuclei Ĥe
++

. These nuclei bind with twin electrons ê during twin recombination,
which means that the universe today has a fraction of its energy budget in the form of twin atoms, Ĥ

and Ĥe, that may or may not bind together gravitationally to form larger structures (like twin stars and
twin galaxies)8 depending on the details of the nuclear physics in the twin sector.

While it would be efficient for the twin baryons to make up the entirety of the universe’s dark
matter, this need not be the case. In fact, given our lack of understanding of how the SM baryon
density is set, it is best to leave the density of twin baryons as a free parameter. We thus define a new
variable to describe the abundance of twin matter in the universe today, r̂, the fraction of the universe’s
dark matter that is composed of twin baryons:

r̂ ⌘
⌦all twin baryons

⌦DM

.

If the twin and SM sectors were exactly alike, our naive expectation would be that there would be
equal amounts of twin baryons and SM baryons, in which case r̂ ⇡ 0.2; that is, the twin baryons
would only contribute about 5% of the universe’s total energy budget, which would be roughly 20%
of the dark matter budget. However, we will allow r̂ to vary over its entire permissible range of
0 < r̂  1.

The contribution of any new form of radiation to the energy budget of the universe is most often
expressed as a change in the effective number of extra neutrinos �Ne↵ . In the MTH model, the con-
tribution of twin radiation to �Ne↵ is a complicated function of redshift that depends on the relative
relativistic degrees of freedom in the two sectors (SM and twin). However, for the processes of inter-
est for this analysis, i.e. twin neutrino decoupling (for the twin BBN calculation) and recombination,
it can be inferred from the ratio of the temperatures of the two sectors. Using the definition of �Ne↵ ,

ĝ⇤ T̂
4

= 2 ⇥
7

8

✓
4

11

◆
4/3

(�N̂)T 4
=)

T̂

T
=

 
�N̂

7.4

!
1/4

, (2.1)

where ĝ⇤ = 3.36 is the twin relativistic degrees of freedom, T̂ (T ) is the temperature of the twin (SM)
sector and �N̂ is the contribution of the twin sector to �Ne↵ .

In this paper we will treat the twin neutrinos as free-streaming radiation. We will not consider
the possibility of twin neutrinos being warm dark matter [73], which can further suppress the matter
power spectrum. Just as in the SM, before twin electron-positron annihilation, the twin neutrino and
twin photon temperature are equal: i .e. T⌫̂ = T̂ . However, after the twin electrons and positrons
annihilate, the twin photon temperature increases (relative to the twin neutrinos) due to the resulting
entropy dump, leading to T⌫̂ = (4/11)

1/3 T̂ . Thus, dividing the contributions to �N̂ into those due
to twin photons and neutrinos,

�N̂ = �N�̂ + �N⌫̂ , (2.2)

8See [69–72] for more discussion on twin stars and Ref. [28] for a discussion of twin galaxy formation.
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Twin Recombination

Twin  Photons
Twin  Neutrinos
�Ne�

Early Universe Late Universe( After BBN )
Free-streaming

Free-streaming

Free-streamingInteracting

Figure 1: Pictorial representation of the phases of twin radiation.

we find

�N�̂ =
1

(7/8)

✓
11

4

◆
4/3
 
T̂

T

!
4

= 4.4
�N̂

7.4
, (2.3)

�N⌫̂ = 3

✓
11

4

◆
4/3✓T⌫̂

T

◆
4

= 3
�N̂

7.4
. (2.4)

As discussed in Sec. 1, there are several mechanisms for arranging the temperature differential be-
tween the two sectors. We will proceed under the assumption that �N̂ is a free parameter. Thus, the
free parameters of the MTH model relevant for this cosmological study are: v̂/v, r̂, and �N̂ .

Throughout the rest of this work, we will be comparing the MTH model to two benchmark models.
The first is the canonical ⇤CDM model, while the second model is a small variation on ⇤CDM in
which we add a new source of ultra-relativistic, free-streaming dark radiation with its own temper-
ature set by �Ne↵ . The reasons for comparing to this latter model are two-fold. Firstly, the MTH
model contains both dark radiation (twin photons and twin neutrinos) and interacting dark matter
(twin baryons) and by comparing to the ⇤CDM + �Ne↵ model (with �Ne↵ = �N̂ ), we can better
isolate the effects of the twin baryons, while keeping the radiation energy density, and thus the ex-
pansion rate of the universe, the same in both models. Secondly, it has been shown [55] that allowing
�Ne↵ > 0 helps to ease the Hubble tension. By comparing our model to the ⇤CDM + �Ne↵ model,
we can identify when and how the extra structure of the twin sector plays any role in fitting to the
cosmological parameters.

One unique aspect of the MTH model is, in fact, the behavior of the dark radiation. While the
twin neutrinos in the MTH model are always free-streaming, the twin photons behave like interacting
radiation prior to twin recombination, but then stream freely afterwards. We indicate this schemati-
cally in Fig. 1. In this way, the dark radiation of the MTH model differs from that in our benchmark
⇤CDM + �Ne↵ model.
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3 Mirror Twin Cosmology

The matter and CMB power spectra are highly sensitive to thermal processes of the early universe,
namely BBN and recombination. As the twin sector contains a near-perfect copy of the SM, equiv-
alent thermal processes, such as twin BBN and twin recombination, will also occur. The details and
signatures of these twin processes, however, can be quite different from those of the SM. The differ-
ence between the two sectors predominantly stems from the facts that the twin particles are heavier
and/or colder than their SM counterparts and that we directly observe the power spectra in SM matter
and radiation instead of via the twin counterparts.

These early universe twin processes leave imprints on cosmological observables. Therefore, an
accurate account of these processes is vital for studying the MTH model using cosmological datasets.
We first discuss the important physics of twin BBN and twin recombination that can affect their
cosmological signatures. Our estimates closely follow those of Ref. [40]. We will then be prepared to
discuss the evolution of perturbations in the MTH model. In each part of the discussion, we provide a
brief overview of our implementation of the MTH model into CLASS.

3.1 Twin BBN

Big Bang nucleosynthesis is the primordial process which leads to the formation of helium nuclei
along with traces of other light elements. For the purposes of this work, the only output from BBN that
we need to consider is the primordial mass fraction of helium, Yp(

4
He) ⌘ ⇢He/(⇢He + ⇢H). In order

to compute Yp(
4
He), we use the CLASS implementation of the BBN code PArthENoPE (v1.0) [74],

assuming a neutron lifetime of 885.7 seconds.
Twin BBN is the parallel process that occurs for twin matter. During twin BBN, twin helium

nuclei (i.e. nuclei made up of two twin protons and two twin neutrons) are formed, possibly along
with traces of heavier twin nuclei. Just as in the SM, we expect the primordial mass fraction of the
heavier twin elements to be negligible and the twin matter energy density to be dominated by twin
hydrogen Ĥand twin helium Ĥe. As such, we ignore all heavier twin elements in calculating twin
BBN. With that simplification, the primordial abundance of twin helium, Ŷp(

4Ĥe)⌘ ⇢
Ĥe
/(⇢

Ĥe
+ ⇢

Ĥ
),

can be computed in a straightforward manner.
The successful formation of twin helium also requires the twin neutron to live long enough to

form twin deuterium. In the SM sector, the deuterium bottleneck means that some neutrons have
decayed before they can form deuterium. As discussed in [40], the twin neutron yield at the twin deu-
terium formation depends on the ratio of the twin neutron lifetime over the twin deuterium formation
time, where the later number can be estimated using the lattice result for the deuterium binding energy
(see e.g., [75] for a review). From the estimate in [40], both of these time scales are roughly propor-
tional to v̂�1 when (v̂/v) & 2. The resulting neutron yield is therefore insensitive to the (v̂/v) value
and is similar to or only slightly smaller than the ratio in the SM case. The decay of twin neutrons
before twin deuterium formation can at most suppress Ŷp(

4Ĥe) by an additional O(10%) relative to
the calculated ratio and will not significantly change the conclusions of our cosmological study.

The twin helium mass fraction, ŶP, primarily depends on the freeze-out number density of twin
neutrons n̂, as almost all the twin neutrons after freeze-out combine with twin protons p̂ to form
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Ĥe nuclei. Taking this to be the case, the primordial abundance of twin helium can be computed
using,

Ŷp(
4
Ĥe) ⌘

⇢
Ĥe

⇢
Ĥe

+ ⇢
Ĥ

⇡
4n

Ĥe

n
Ĥ

+ 4n
Ĥe

= 2X freeze-out
n̂ , (3.1)

where X freeze-out
n̂ is defined as the freeze-out value of the twin neutron fraction, Xn̂ ⌘ nn̂/(nn̂ + np̂).

The evolution of Xn̂, in turn, can be calculated using the following Boltzmann equation [76–79],

dXn̂

dT
=

�n̂⌫̂e!p̂ê� + �n̂ê+!p̂¯̂⌫e

TH(T )

⇣
Xn̂ � (1 �Xn̂) e�Q̂/T̂

⌘
, (3.2)

where �n̂⌫̂e!p̂ê� and �n̂ê+!p̂¯̂⌫e are the twin neutron depletion rates and Q̂ ⌘ mn̂ � mp̂. In the
above equation, as long as T̂ � Q̂, the twin neutrons and twin protons remain in equilibrium, with
Xn̂ = 1/2. The depletion rates mimic the SM calculation:

�n̂⌫̂e!p̂ê� =
1 + 3g2

a

2⇡3
Ĝ2

F Q̂
5J(1;1), �n̂ê+!p̂¯̂⌫e =

1 + 3g2
a

2⇡3
Ĝ2

F Q̂
5J

✓
�1;�

mê

Q̂

◆
, (3.3)

where

J(a, b) ⌘

Z b

a

s

1 �
(mê/Q̂)2

q2

q2
(q � 1)

2dq✓
1 + e

Q̂
T⌫̂

(q�1)

◆✓
1 + e�

Q̂
T̂
q
◆ . (3.4)

Though it is not obvious from the above equations, J(a, b) in the above equation has a strong tem-
perature dependence; this ensures that as the temperature decreases, the coefficient on the right of
Eq. (3.2) drops below 1, so that freeze-out can happen.

Next, we briefly discuss our estimate of the mass difference, Q̂, between the twin neutron and
twin proton. Although the gauge couplings of the twin sector are equal to those of the SM at the
cutoff scale of the theory (about 5 � 10 TeV), the running of the couplings in the two models is
different because of the higher twin VEV. Due to this, the confinement scale for twin QCD (⇤̂QCD) is
higher than that of the SM (⇤QCD). Using the renormalization group running of the strong coupling
at one-loop for the twin sector, one finds

⇤̂QCD

⇤QCD

⇡ 0.68 + 0.41 log (1.32 + v̂/v) . (3.5)

Using this ⇤̂QCD and the lattice QCD result in Fig. 3 of Ref. [80], we can fit the mass splitting function
between neutron and proton and estimate Q̂ to be [40]

Q̂

Q
⇡ 1.68(v̂/v) � 0.68, Q ⌘ mn �mp = 1.29 MeV. (3.6)

Finally, the mass of the twin electron and the twin Fermi constant are related to their SM counterparts
by,

mê = (v̂/v) me, ĜF = (v̂/v)�2 GF . (3.7)
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An example of the evolution of Xn̂ for the twin sector with v̂/v = 3 and �N̂ = 0.3 is shown in Fig. 2.
Just like the SM sector, the twin sector starts with an equal number density of twin neutrons and
twin protons since their mass difference is small compared to their temperature and n̂ $ p̂ rates are
in balance. However, as the universe cools, the rate of p̂ ! n̂ process drops, suppressing the twin
neutron fraction. In time, the scattering rate drops below the Hubble rate; ultimately leading to the
freeze-out of twin neutrons. It is worth noting that the freeze-out of the twin neutrons happens much
earlier than that of SM neutrons. We find that for 1 MeV . T . 10

4
MeV, the depletion rates

�n̂⌫̂e!p̂ê� and �n̂ê+!p̂¯̂⌫e are smaller than the SM values by a factor of about 10
3 – 10

4. Due to this,
the coefficient on the right-hand side of Eq. (3.2) drops below unity at a higher temperature, leading
to a earlier freeze-out.

Twin Parameters:v�/v = 3, ΔN� = 0.3

SMTwin

0.010.1011010010000.1
0.2
0.3
0.4
0.5

T (MeV)

Figure 2: An example of the evolution of the twin neutron fraction Xn̂ (solid red line) as a function of
temperature showing twin neutron freeze-out. Also shown is the evolution of the SM neutron fraction
Xn (solid teal line). The dotted lines indicate the equilibrium values of the neutron fraction for the
two sectors.

Finally, using Eqs. (3.1) and (3.2), we compute the primordial mass fraction of twin helium for
the parameter space of v̂/v and �N̂ . The results of this analysis are shown in Fig. 3.9 A colder
(i.e. lower �N̂ ) or heavier (i.e. higher v̂/v) twin sector has a larger primordial mass fraction of twin
helium. To incorporate twin BBN in CLASS, we calculate Ŷp(

4
Ĥe) in Mathematica for a range of

values of v̂/v and �N̂ using the procedure discussed above and store the output in a file. This file is
then read and interpolated in CLASS to obtain Ŷp(

4
Ĥe) for the twin parameters of interest.

9Note that the results shown in Fig. 3 are different from those in Ref. [40], and the size of Ŷp(
4
Ĥe) is lower than the

estimate in [40] by ⇡ 30%. This discrepancy is the result of an error in the calculations of Ref. [40]. Specifically, for the
exponential in Eq. (3.2) we use twin photon temperature T̂ , whereas Ref. [40] incorrectly used the SM photon temperature
T .
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Figure 3: The twin neutron to twin proton fraction (left) and the primordial abundance of twin helium
(right) obtained from twin BBN.

3.2 Twin Recombination

Like in the SM sector, twin nuclei formed during twin BBN combine with twin electrons to produce
twin neutral atoms. We call this process twin recombination and it occurs in three distinctive steps.
First, doubly-ionized twin helium (Ĥe III) nuclei combine with a twin electron to form singly-ionized
twin helium (Ĥe II). Then, Ĥe II nuclei combine with a twin electron to form neutral twin helium
(Ĥe I) atoms. Finally, all of the remaining twin protons in the universe combine with free twin elec-
trons to form twin hydrogen (Ĥ I) atoms.

The dynamics of twin recombination can be studied by tracking the evolution of the ionization
fraction of twin electrons, xê ⌘ nê/nĤ

. Here, n
Ĥ

is the combined number density of neutral and
ionized twin hydrogen atoms. The ionization fraction, in turn, can be calculated by tracking the
capture of twin electrons into excited atomic levels, followed by their decay to the ground state. A
precise calculation of twin recombination would require a level-by-level treatment of both twin helium
and hydrogen atoms.

The recombination of twin hydrogen can be well-described by a three-level system of the twin
hydrogen atom, as was originally done by Peebles for the standard hydrogen recombination [81].
However, a similar account of twin helium recombination is beyond the scope of this work as, even in
the SM, helium recombination depends on a complex network of transitions between the various en-
ergy levels. In our analysis, we approximate the twin helium recombination using the Saha equations,
which are known to accurately predict the onset of recombination.

We do not expect this approximation to have a significant effect on our results. This is because
the effects of twin recombination on our observables are dominated by the physics of the last recom-
bination (i.e. Ĥ-recombination), the time at which twin photons decouple. That is to say the current
data is not sensitive to the details of Ĥe recombination. To accurately compute the twin hydrogen
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recombination we use Peebles-like three-level twin hydrogen atom. Note that for the recombination
in the SM sector, we utilize the CLASS implementation of RECFAST [82] version 1.5.2 to compute
the evolution of xe for the SM. This calculation of xe is based on a level-by-level treatment of both
hydrogen and helium atoms [83].

The ionization fraction of twin electrons (xê) resulting from twin helium recombination is com-
puted using the following Saha equations [83]:

�
xê � 1 � f

Ĥe

�
xênĤ

1 + 2f
Ĥe

� xê
=

 
mêT̂

2⇡

!
3/2

e�✏
ĤeII

/T̂ , (Ĥe III ! Ĥe II), (3.8)

(xê � 1)xênĤ

1 + f
Ĥe

� xê
= 4

 
mêT̂

2⇡

!
3/2

e�✏
ĤeI

/T̂ , (Ĥe II ! Ĥe I), (3.9)

where, f
Ĥe

⌘ n
Ĥe
/n̂

Ĥ
, mê = (v̂/v)me is the mass of twin electrons, and ✏

ĤeII
and ✏

ĤeI
are the

binding energies of the first and second twin electron, respectively, in the twin helium atom. Since the
binding energies are directly proportional to the mass of the twin electrons, the latter two quantities
can be written as,

✏
ĤeII

=

✓
v̂

v

◆
✏HeII ⇡

✓
v̂

v

◆
54.4 eV, (3.10)

✏
ĤeI

=

✓
v̂

v

◆
✏HeI ⇡

✓
v̂

v

◆
24.6 eV. (3.11)

For twin hydrogen recombination, we follow the procedure outlined in Ref. [40]. The evolution of xê
during twin hydrogen recombination is computed using the following relation

dxê
dt

= �
⇤↵̂ + ⇤2�̂

⇤↵̂ + ⇤2�̂ + 4�̂
↵̂(2)

2

4n
Ĥ,tot

x2

ê � (1 � xê)

 
mêT̂

2⇡

!
3/2

e�✏
Ĥ
/T̂

3

5 , (3.12)

where t is the time, ⇤↵̂ is the decay rate of the Ĥ(2p) state to the Ĥ(1s) state due to the emission of
a Lyman-↵ twin photon, ⇤2�̂ is the two twin photons decay rate of the Ĥ(2s) state to the Ĥ(1s) state,
and ↵̂(2) and �̂ are the recombination and photoionization rates of the n = 2 states of twin hydrogen.
The last two quantities can be approximated as [84]

↵̂(2)
= 0.448

64⇡
p

27⇡

↵2

m2

ê

✓
✏
Ĥ

T̂

◆
1/2

ln

✓
✏
Ĥ

T̂

◆
, (3.13)

�̂ =
↵̂(2)

4

 
mêT̂

2⇡

!
3/2

e�✏
Ĥ
/4T̂ , (3.14)

where, ↵ is the fine structure constant and is equal to the SM value, and ✏
Ĥ

is twin hydrogen atom
binding energy, given by

✏
Ĥ

= (v̂/v)✏H. (3.15)
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The Lyman-↵ and two twin photon transition rates are given by [40, 85, 86]

⇤↵̂ =
H
�
3 ✏

Ĥ

�
3

(8⇡)2n
Ĥ, tot (1 � xê)

, (3.16)

⇤2�̂ =

✓
↵̂em

↵em

◆
6
✓
✏̂H
✏H

◆
⇤2� =

✓
v̂

v

◆
⇤2� , (3.17)

where ⇤2� = 8.227 sec
�1.

To compute twin recombination in CLASS, we have incorporated Eqs. (3.8), (3.9), and (3.12) in
its thermodynamics module.10

In Fig. 4, we show a few examples of xê as computed by CLASS for various combinations of
twin parameters. In the figure, the values of twin parameters are indicated in the following format:
(r̂,�N̂ , v̂/v). In the lower panel, we also show the visibility function, g(z), as a function of redshift.11

The visibility function is a probability distribution and is defined as the probability that a photon
(or twin photon) in the CMB was last scattered at a particular redshift, z. Although recombination
happens over a finite range of time, the nominal redshift of recombination is defined as the point at
which the visibility function reaches its maximum. In the SM sector, this maximum happens towards
the end of the recombination of hydrogen. However, as discussed below, this is not necessarily the
case for the twin sector. In fact, as we will see, the visibility function will provide an unique insight
in to the physics of twin recombination, particularly when only a tiny fraction of the dark matter is
made up of twin baryons.

We next discuss a few salient features of Fig. 4. Here, we use the red curve corresponding to
(r̂,�N̂ , v̂/v) = (0.1, 0.3, 3) as our benchmark twin model, while the dotted and dashed curves show
the results obtained by changing just one twin parameter relative to the benchmark model. The SM-
labelled curve shows the evolution of xe (rather than xê) due to recombination in the ⇤CDM model.12

This curve is based on the built-in functionality in CLASS to compute xe and utilizes level-by-level
treatment of both the hydrogen and helium atoms. In addition, we show a dotted line in the same

10For the numerical computation of Ĥ-recombination in CLASS, we first start with the Saha equation instead of Eq. (3.12)
for 1  xê  0.99 in order to avoid numerical fluctuations. This works because it is well-known that the Saha equation
accurately predicts the onset of recombination. In fact, a similar procedure is also used by RECFAST to compute SM
H-recombination. For completeness, we here provide the Saha equation for twin hydrogen,

x
2

ê

1 � xê
=

(2⇡mêT̂ )
3/2

n
Ĥ

e
�✏

Ĥ
/T̂

, (Ĥ II ! Ĥ I).

11We define the visibility function g(⌘) for the twin sector at a conformal time (⌘) as,

g(z) = �d⌧

d⌘
e
�⌧

, where ⌧(⌘) ⌘
Z ⌘0

⌘

d⌘ anê�̂T (3.18)

where a is the scale factor. The visibility function is normalized with respect to ⌘. Therefore, in Fig. 4b, where the visibility
function is plotted as a function of redshift, the different curves do not appear to be normalized to 1.

12Note that in the SM, xe starts to grow again at z . 100 due to reionization. Though a similar situation may happen
in the twin sector, we do not consider that to be the case in this work. We assume that the twin atoms do not reionize after
twin recombination. However, even if they did, we do not expect this process to have much impact on our results.
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Figure 4: The ionization fraction (Fig. 4a) and visibility function (Fig. 4b) for ⇤CDM and the MTH
model with various twin parameters labelled according to (r̂, �N̂ , v̂/v). The y�axis corresponds to
xe for the ⇤CDM model.
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color as the SM curve (most visible around z = 2 ⇥ 10
3). This curve shows the evolution of xê for

the twin sector model in the limit when it behaves like the SM, which happens for (r̂,�N̂ , v̂/v) =
(0.188, 7.4, 1). As we can see from the figure, the evolution of xê in such a model closely follows
the evolution of xe in the SM, except around HeII ! HeI recombination, which is expected from the
earlier discussion.

Here are a few additional important observations from Fig. 4:

• The first thing to notice in Fig. 4a is that the starting value of xê (at the largest redshifts) is not
the same for the different twin models shown in the figure. This is because at those redshifts, all
the twin electrons are ionized while the denominator, in the definition of xê, does not include
the twin protons bound into the Ĥe nuclei:

xê ⌘
nê

n
Ĥ

=
n

Ĥ
+ 2n

Ĥe

n
Ĥ

= 1 + 2
Ŷp

4(1 � Ŷp)
, (at early times),

where Ŷp ⌘ Ŷp(4Ĥe). Since these models have different abundances of twin helium (see twin
BBN in Sec. 3.1), their starting xê are different. Heavier and/or colder twin sectors lead to
larger starting xê, whereas lighter and/or hotter twin sectors result in smaller values. Note that
the starting value of xê (and Ŷp) is independent of the value of r̂ (compare the orange and red
lines in the figure).

• Twin recombination happens earlier on increasing v̂/v or lowering �N̂ . This is because a twin
sector with a higher VEV has higher atomic binding energies causing twin recombination to
take place at earlier times. On the other hand, a smaller �N̂ leads to a colder twin sector. The
twin photons in such a sector do not have enough energy to reionize a twin electron that has
attached to a nucleus. Thus decreasing �N̂ also leads to an earlier recombination. Finally, note
that the shape of xê(z) is roughly independent of the value of r̂ besides a small overall shift in
z (compare the orange and red lines in the figure).

• The visibility function in Fig. 4b mostly behaves like a narrow Gaussian function and peaks to-
wards the end of hydrogen recombination, as expected. However, the (r̂,�N̂ , v̂/v) = (0.004, 0.3, 3)

(orange-dotted) cases show some peculiar deviations from this expected behavior. In this case,
the visibility function shows a small peak around Ĥe-recombination. It happens because the
number density of twin particles in this case, due to small r̂, is quite small. Therefore, when
there is a further drop in nê due to recombination, a fraction of the twin photons decouple. This
ultimately leads to a small peak in the visibility function during twin helium recombination.13

Physically, it means that a fraction of the twin photons actually last scatter the twin electrons
that were going to form neutral Ĥe atoms. Finally, though the evolution of xê in Fig. 4a is
roughly independent of r̂, the visibility function has broken this degeneracy in r̂.

13Note that the opposite of this scenario happens for the (r̂,�N̂ , v̂/v) = (0.5, 0.3, 3) case (orange-dashed), where the
visibility function peaks after those of r̂ = 0.004 and r̂ = 0.1 (dotted orange and red lines). This is surprising given that xê

drops the earliest among the three (see upper panel). This happens because in the model with r̂ = 0.5, the number density
of ionized twin electrons is so large that xê has to drop to a significantly smaller value before the twin photons can decouple.
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Before concluding this subsection, we want to discuss the temperature of twin baryons, Tb̂, which will
be useful in computing the evolution of matter perturbations. In CLASS, we compute the evolution of
Tb̂ [81] using

dTb̂

dt
=

8

3

�̂TaT̂ 4

mê
xê
⇣
T̂ � Tb̂

⌘
�

2Tb̂

a

da

dt
, (3.19)

where t is the time, a is the scale factor, and �̂T is the twin Thomson scattering cross-section, related
to its SM value by �̂T = �T(v̂/v)�2.

The first term in Eq. (3.19) accounts for the heat transfer from the twin photons to twin baryons
due to Thomson scattering, while the second term corresponds to the adiabatic cooling of matter
due to the expansion of the universe. At high temperatures, before twin recombination, the first
term dominates and the temperature of twin baryons closely follows the temperature of twin photons:
Tb̂ ' T̂ . As xê drops when twin electrons start to recombine, the first term becomes sub-dominant
and the twin baryons decouple from the twin photons. From here on, twin baryons cool adiabatically
due to the expansion of the universe.

To compute Tb̂ in CLASS, we start with Tb̂ = T̂ for xê > 0.1, and then evolve Eq. (3.19) for
smaller xê to find Tb̂ as a function of redshift.

3.3 Perturbations in the MTH Universe

The twin sector of the MTH model leaves its imprints on cosmological observables like LSS and the
CMB through its effect on metric (gravity) perturbations. The energy density perturbations of the twin
sector modify the metric perturbations, which in turn, affect the matter perturbations and subsequently,
the CMB. The energy density of the twin sector is carried by three species: twin baryons, twin photons,
and twin neutrinos. In this subsection, we will compute the evolution of perturbations for these species
using the Boltzmann equations.

We work in the conformal Newtonian gauge where  and � characterize the two scalar perturba-
tions on the background metric14

ds2
= a2

(⌧)[�(1 + 2 )d⌧2
+ (1 � 2�)�ijdx

idxj ] , (3.20)

where ⌧ denotes conformal time.
The Boltzmann equations describing the evolution of twin photon perturbations are:

�̇�̂ +
4

3
✓�̂ � 4�̇ = 0, (3.21)

✓̇�̂ + k2
(��̂ �

1

4
��̂) � k2 = �anê�̂T (✓�̂ � ✓b̂), (3.22)

Ḟ�̂,` +
k

2`+ 1
((`+ 1)F�̂,`+1 � `F�̂,`�1) = �anê�̂T↵`F�̂,`, (for ` � 2) (3.23)

where �r ⌘ �⇢r/⇢̄r , ✓r ⌘ @ivir, and �r are the density perturbation, velocity divergence, and shear
stress of species r. F�̂,` is the `th moment of twin photon temperature perturbation. k is the comoving

14We follow the general formalism and notation of Ref. [84].
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wave number of the perturbation, nê(⌘ xênĤ
) is the number density of the ionized twin electrons,

and �̂T is the Thomson scattering cross-section for the twin sector. The overhead dot represents the
derivative with respect to conformal time. The coefficient ↵` contains information about the angular
dependence of the �̂ � b̂ scattering cross section. For the twin sector, we find ↵2 = 9/10 and ↵` = 1

for all the higher ` modes.
The Boltzmann equations governing the twin baryons perturbations are

�̇b̂ + ✓b̂ � 3�̇ = 0, (3.24)

✓̇b̂ +
ȧ

a
✓b̂ � c2

b̂
k2�b̂ � k2 = �

4⇢�̂
3⇢b̂

anê�̂T (✓b̂ � ✓�̂), (3.25)

where cb̂ is the adiabatic sound speed of b̂. From the above Boltzmann equations for the twin photons
and twin baryons, it is clear that the twin sector communicates to the SM only through the metric
perturbations, � and  .

In this work, we compute the evolution of perturbations for the MTH universe in CLASS by ex-
ploiting the CLASS implementation of interacting dark matter-dark radiation (IDM-DR) model. This
implementation is based on an effective theory of structure formation, known as ETHOS [87], which
is a framework that encapsulates a broad category of dark matter models so that the cosmological
signature of these models can be computed using only a handful of effective parameters. Due to the
inherent complexities in the twin sector related to twin BBN and twin recombination, we do not di-
rectly use the ETHOS effective parameters to parametrize the twin sector. Rather, we first compute
twin BBN and twin recombination in CLASS without invoking the IDM-DR model. This is done us-
ing the procedure outlined earlier in this section. Then, to compute the evolution of the perturbations
in the twin sector, we map all perturbation-related aspects of the twin sector to the relevant IDM-DR
parameters.

In Table 1, we provide the mapping used in order to utilize the ETHOS framework for studying
the perturbations in the MTH model. The twin photons of the MTH model behave like dark radiation
in the ETHOS framework and twin baryons behave like interacting dark matter. The opacity param-
eters due to the interactions in the dark sector can be computed using the physics of twin BBN and
twin recombination. In principle one can also simultaneously study the self interactions of the DR
using the ETHOS framework. Since twin photon self-interactions (�̂�̂ $ �̂�̂) are negligible in such
a model, we turn off the DR self interactions part of the code.

ETHOS DR � ̇DR�DM ̇� c2� ↵`=2 ↵`�2 ̇DR�DR �`

MTH �̂ b̂ �an̂e�̂T �
4⇢�̂
3⇢b̂

an̂e�̂T c2
b̂

9/10 1 0 0

Table 1: The mapping used between the ETHOS framework [87] and the MTH model to utilize the
interacting dark matter-dark radiation (IDM-DR) Boltzmann equations for the twin sector. � is the
IDM in the ETHOS framework.
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Twin Parameters:r = 0.1, ΔN = 0.3, v/v = 3

k = 0.3 Mpc-1
ΔNeff = 0.3
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ΛCDM + ΔNeff MTH

10-6 10-5 10-4 0.001 0.010 0.100 110-5
10-4

0.001
0.010
0.100

1 1 10 100 1000 10000

Scale Factor (a)

|δ|

Conformal Time (Mpc)

Figure 5: An example of the linear evolution of density perturbations of CDM, baryons, and twin
baryons for ⇤CDM + �Ne↵ (dashed) and the MTH model (solid).

Finally, to compute the perturbations in twin neutrinos, we assume that the twin neutrinos are
massless and behave like free-streaming radiation. Therefore, they obey the same Boltzmann equa-
tions as the SM neutrinos [84]. To account for twin neutrinos in CLASS, we incorporate their effect
in the effective number of free-streaming ultra-relativistic degrees of freedom (Ne↵ ).

With this setup in place, the final Ne↵ in the MTH model is

Ne↵ = 3.046 + �N̂⌫ , (3.26)

where 3.046 is the contribution from the SM neutrinos15 and �N̂⌫ is that from the twin neutrinos.
Note that �N̂⌫ is not a free parameter is our setup, but is determined by �N̂ , as shown in Eq. (2.4).

To summarize, we use the following mapping to compute the evolution of perturbations in the
twin photons, twin baryons, and twin neutrinos:

�̂ $ DR, b̂ $ �, Ne↵ = 3.046 + �N̂⌫ , (3.27)

where DR and � are the dark radiation and interacting dark matter species of the ETHOS framework.
An example of the evolution of matter density perturbations (�) at the linear order for a k-mode

of 0.3 Mpc
�1 obtained using this setup in CLASS is shown in Fig. 5. The solid lines show the

perturbations in each of the matter species present in the MTH model: CDM, baryons and twin
baryons. The dashed lines correspond to the two matter species of the ⇤CDM + �Ne↵ model: CDM
and baryons. Here �Ne↵ (= �N̂ = 0.3) is additional free-streaming ultra-relativistic radiation that
we have added to the ⇤CDM model so that it has the same background quantities as the MTH model.

15Recent studies [88] have found the contribution of the SM neutrinos to the relativistic degrees of freedom to be �Ne↵ =

3.044. This will have no impact on our results.
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To obtain this plot, the six ⇤CDM input parameters {⌦dmh2, ⌦bh2, ✓s, ln(10
10As), ns, ⌧reio},

defined later in Sec. 4, are the same for the two models, while the additional twin parameters for the
MTH model are (r̂,�N̂ , v̂/v) = (0.1, 0.3, 3). By using r̂ = 0.1 for the MTH model, we are assuming
that 90% of the dark sector is composed of CDM (⌦cdm = 0.9 ⌦dm), while the remaining 10% is
made up of twin baryons. Whereas for the ⇤CDM+ �Ne↵ model, 100% of the dark sector is made
up of CDM (⌦cdm = ⌦dm).

Before the k-mode shown in Fig. 5 enters the horizon at conformal time ⌘ ⇠ 3 Mpc, all of
the matter species in both the models have equal density perturbations. However, once it enters the
horizon, the different matter species evolve differently. The density perturbations in the CDM of both
models start to grow as the CDM starts to clump together due to gravitational self-attraction and thus
starts to form over-dense regions. Just like the SM baryons, density perturbations in the twin baryons
start to undergo oscillations due to their interaction with the twin photons, a process we will call twin
baryon acoustic oscillations (twin BAO). While gravity tries to clump the twin baryons just as it does
the CDM, the pressure from twin photons pushes them out. This tug-of-war between gravity and
photon pressure leads to twin BAO. However, after twin recombination at a ⇠ 10

�4, the twin photon
pressure drops due to the drop in the number density of ionized twin electrons and thus, twin BAO
stops. From this point on, twin baryons start to fall into the gravitational potential wells created by the
CDM, while twin photons start to free stream. In principle, these twin photons would lead to a twin
CMB, sensitive to z ⇠ 10

4, though we lack the means to detect it directly.
Even without directly detecting the twin photons, we can study the twin sector indirectly by

searching for its signatures in LSS and the CMB. This will be the main topic of discussion of Sec. 4.1.
However, we can already see at least two hints of these signatures in Fig. 5. First is an overall sup-
pression in the matter density perturbations of the MTH model as compared to those of the ⇤CDM+
�Ne↵ model. As can be seen in the figure, the |�| for the MTH model (solid lines) is less than that
for the ⇤CDM + �Ne↵ for the present day universe (a = 1). This is primarily because of the fact that
not all the DM in the MTH models clumps, but a fraction of it oscillates. Due to this, the potential
wells created by the DM are not as deep in the MTH model and, thus, one finds that the density per-
turbations are suppressed. Second is the phase at which TBAO stops due to recombination. Since the
nearby k-modes would freeze out at a slightly different phases, we expect to see an oscillatory pattern
on plotting density perturbations at a function of k (such a plot will be discussed in Sec. 4.1). Note
that these two features of the twin sector will only be observed for the k-modes that enter the horizon
before the twin recombination. For modes that enter the horizon after twin recombination, we do not
expect them to behave any differently than the ⇤CDM + �Ne↵ model.

4 Cosmological Signals

In this section, we perform a Markov chain Monte Carlo (MCMC) scan of the MTH parameters and
compare their predictions with observations. We use the cosmological inference package MontePy-
thon (v3.4) [45], interfaced with our version of CLASS that is capable of solving for the MTH uni-
verse. The MTH model cosmology is specified by nine parameters: the ⇤CDM parameters {⌦cdmh2,
⌦bh2, ✓s, ln(10

10As), ns, ⌧reio} [29] plus the twin sector parameters (r̂, �N̂ , v̂/v). For the MCMC
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Figure 6: The linear matter power spectrum for the MTH model relative to that of the ⇤CDM +�Ne↵

model for various twin parameters.

scans, we use flat priors on all the three MTH parameters with the following ranges unless mentioned
otherwise: r̂ 2 [0.001, 1], N̂ 2 [0.001, 1], and v̂/v 2 [2, 15].

4.1 Constraints from CMB Measurements

We first discuss the features of the MTH model in the CMB and the matter power spectrum. This will
help us later in understanding the results of the MCMC scans. As discussed in Sec. 3.3, the matter
density perturbations (�m) of the universe are influenced by the twin sector through gravity. The basic
idea is that twin BAO modifies the metric perturbations (gravity) which in turn affect the evolution of
the perturbations in the CDM and SM baryons. Furthermore, we predicted that these effects would
show up in two forms: an overall suppression of the matter power spectrum, and an oscillatory pattern
(in k-space) for the k-modes that enter the horizon before twin recombination.16

In Fig. 6, we show the linear matter power spectrum, P (k) ⌘ h|�m(k)|
2
i, in the MTH model

relative to the ⇤CDM + �Ne↵ model for a variety of twin parameters, where �Ne↵ is taken to be
equal to the corresponding value of �N̂ . The values of the ⇤CDM parameters for all the curves
(including those for ⇤CDM + �Ne↵ model) are the same; these numbers are {⌦dmh2, ⌦bh2, 100 ✓s,
ln(10

10As), ns, ⌧reio} = {0.119, 0.0224, 1.04, 3.05, 0.965, 0.0576}. Note that the first parameter
used here is ⌦dm, instead of ⌦cdm. Though ⌦cdm = ⌦dm for the ⇤CDM model, for the MTH model,
⌦cdm = (1� r̂)⌦dm with the twin baryons making up the rest of the DM in the MTH model. Finally,
the values of the three twin parameters used for each curve are shown in the figure itself. There are a
number of salient features of the matter power spectrum demonstrated in Fig. 6.

• The MTH models behave like the ⇤CDM + �Ne↵ model at small k, but then start to deviate
at larger k. Large k-modes that enter the horizon before twin recombination, undergo twin

16For earlier work on LSS in the context of mirror models, see [89–95]. Detailed studies of LSS for the general case of
atomic dark matter may be found in [96, 97].
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Figure 7: The ratio between the MTH model and the ⇤CDM+�Ne↵ model of the CMB temperature
(Fig. 7a) and polarization (Fig. 7b) power spectra.

BAO and thus, lead to a suppressed matter power spectrum. The MTH models with smaller
v̂/v and/or higher �N̂ start to deviate from the ⇤CDM + �Ne↵ model for smaller k, since
decreasing v̂/v and/or increasing �N̂ lead to a later twin recombination.

• If we ignore the oscillations for a moment, the models with same r̂ have a similar overall
suppression. As shown analytically in Ref. [40], the suppressed matter power spectrum is
/ (1 � r̂)2. For instance, the matter power spectrum for all models with r̂ = 0.1 is suppressed
to (1� 0.1)

2
⇡ 80%. The r̂ = 0.004 and r̂ = 0.2 models also show the expected behavior with

the ratio suppressed to ⇠ (1 � 0.004)
2
⇡ 99% and ⇠ (1 � 0.2)

2
⇡ 60%, respectively.

• In addition to an overall suppression, we also see oscillations in the matter power spectrum.
These oscillations are caused by the fact that different k-modes stop twin BAO (due to twin re-
combination) simultaneously but at different phases. Like standard BAO, the oscillation period
of twin BAO is �k ⇡ 2⇡/r̂s, where r̂s is the sound horizon of twin particles at the time of last
scattering. Therefore, the period of oscillations in Fig. 6 should also be �k ⇡ 2⇡/r̂s [40]. We
verify this prediction by comparing the period of oscillation of (r̂, �N̂ , v̂/v) = (0.1, 0.3, 3) case
from the figure, shown in red curve, with the calculated value of the sound horizon. Using our
modified version of CLASS, we find r̂s = 17.4h�1 Mpc for this case. This implies, the period
of oscillations, �k = 2⇡/r̂s = 0.36hMpc

�1, which approximately agrees with the period of
oscillation seen in the red curve. Finally, note that there is a subdominant oscillations for each
curve; this is caused by the interference of twin BAO with the standard BAO.

Though there are appreciable alterations in the matter power spectrum due to the dynamics of the
twin sector, the current measurements of LSS still allow fractional suppression of the matter power
spectrum at the O(1 � 10)% level. Moreover, at k & 0.1hMpc

�1, non-linear corrections start to
dominate, as described in Sec. 4.3. A careful treatment of the non-linear correction to P (k) in the
MTH model is beyond the scope of this paper, but we will attempt to estimate the size of the non-linear
corrections and examine the robustness of our results to those estimates.
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Figure 8: Photon perturbations right before SM recombination, calculated in the Newtonian gauge
and normalized by the mode kini = 10

�5 hMpc
�1 outside the horizon. The curves represent the

⇤CDM +�Ne↵ model using �Ne↵ = 3 (black solid) and the MTH model with (r̂,�N̂ , v̂/v) =

(0.5, 3, 3) (red dotted). The ⇤CDM parameters are set to the same values as in previous plots. The
left plot ranges logarithmically from k = 0.01 hMpc

�1 to k = 0.20 hMpc
�1 and the right plot ranges

linearly from k = 0.04 hMpc
�1 to k = 0.20 hMpc

�1. The vertical red line corresponds to the mode
k = 0.011 hMpc

�1which enters the horizon when the twin visibility function reaches its peak value.
Compared to the free-streaming scenario, the MTH curve has a lower equilibrium point of oscillation
due to the suppressed gravity perturbation caused by twin BAO. The MTH curve also has a relative
phase shift to larger k-modes due to the smaller fraction of free-streaming radiation.

On the other hand, the Planck collaboration [29] has measured the temperature and polarization
maps of the CMB very precisely. Using these maps, the collaboration has already placed stringent
limits [29] on the parameter space of the ⇤CDM model. This has motivated us to study the signatures
of the twin sector in the CMB maps. In Figs. 7a and 7b, we show the temperature and polarization
anisotropies, respectively, in the MTH model relative to the ⇤CDM + �Ne↵ model. As before, for
each curve �Ne↵ = �N̂ , and ⇤CDM parameters are the same as in the above discussion.

As we can see in Fig. 7, the MTH model leads to the deviations of O(1%�3%) from the ⇤CDM
+ �Ne↵ model, even though both models share the same �Ne↵= �N̂ . Thus these deviations are
intrinsic to the MTH model and not simply an artifact of adding additional radiation. The deviations
seen in Fig. 7 mainly come from the combination of two effects that modify the phase and amplitude
of the oscillating CTT,EE

` spectra. First, unlike the case in which the extra radiation from �Ne↵ is free
streaming, the twin photons remain as scattering radiation until twin recombination. Compared to the
free-streaming �Ne↵ scenario, the presence of scattering radiation in �N̂ shifts the �� oscillation to
higher k-modes [98–101]. Secondly, the suppression of the gravity perturbation,  , due to twin BAO
also shifts the equilibrium point of the �� oscillation, as it is driven by radiation pressure and gravity.

We can understand these differences in more detail. In Fig. 8, we show the photon transfer func-
tion in the ⇤CDM+�Ne↵ model (black solid line), taking �Ne↵ = 3, and in the MTH model, with
(r̂,�N̂ , v̂/v) = (0.5, 3, 3) (red dashed line), at z = 1089 (right before SM recombination). For large
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Figure 9: Shift of the `-modes of the peaks relative to the free-streaming radiation scenario in the
CTT

` (left) and CEE

` (right) spectra, assuming �Ne↵ = 3. We connect the result at each peak by
straight lines for visualization purposes. The blue and purple curves are from the MTH models with
(�N̂ , v̂/v) = (3, 3) and (3, 8), respectively. Both the dotted blue and purple curves have r̂ = 0.1 and
the dashed curves have r̂ = 0.05. The thick vertical lines indicate the `-modes that mainly receive
contributions from perturbations of the mode k = ⌧�1

twin rec
. The left (right) boundary of the vertical

lines indicates `rec ⌘ ⌧0/⌧twin rec, which is defined to indicate the modes that came into horizon
around the twin recombination time, for the dotted (dashed) MTH curves. The �` values asymptote
to zero when ` approaches `rec and below. The black curve shows the phase shift of a dark-radiation
model that contains the same proportion of free-streaming vs. fluid energy density as the ⌫̂ and �̂.
The MTH curves get closer to the black curve as twin recombination is pushed to later times (smaller
`rec).

k-modes, where perturbations enter the horizon before twin recombination (denoted in the plot as a
vertical red line), the equilibrium point of the �� oscillations in the MTH model shifts to a lower ��
value compared to the ⇤CDM + �Ne↵ model. The suppression of gravity perturbations from twin
BAO increases (decreases) the amplitude of perturbations for the expansion (contraction) modes com-
pared to the ⇤CDM + �Ne↵ model. In Fig. 7a, the dips at ` ⇡ 800, 1400, 2000 correspond to the
location of compression peaks (i.e., the odd peaks) of the CTT

` spectrum. Since the high `-modes
mainly come from the k-modes that enter the horizon during radiation domination, their metric per-
turbations damp quickly and the temperature fluctuations mainly come from �� . The decrease of the
compression amplitudes of �� in the MTH case, therefore, generate dips in Fig. 7a near the odd CTT

`

peaks. There is also an enhancement near the even peaks of CTT

` (` ⇡ 500, 1100, 1700, 2400) in
Fig. 7a due to the enhanced expansion modes in �� , though the peak structure in Fig. 7a is complicated
by the phase shift effect.

Besides the change of the amplitude, the �� oscillation in the MTH model also shifts to higher k-
modes due to the slower propagation of the twin photon compared to free-streaming radiation. Since
the phase shift comes from the change of metric perturbations due to radiation propagation, the effect
is more prominent for large k-modes and becomes less significant for modes that enter the horizon
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close to the matter dominated era [100]. Moreover, since twin photons behave as free-streaming
radiation after twin recombination, the phase shift between the MTH and free-streaming radiation
models is further decreased for k-modes entering after the twin recombination.

The effect of the phase shift can also be observed in `-space as �`. We show the `-dependence
of the TT spectra in Fig. 9a and of the EE spectra and in Fig. 9b. For the models we consider in
Fig. 7, the size of the phase shift is only as large as �` ⇡ 1. To better explain the `-dependence of the
effect, we consider models in Fig. 9a and 9b with a large �Ne↵ = 3. We also fix ✓s when making the
plots17. Here, �` is defined as the relative location of the acoustic peaks �` = `peak,MTH � `peak,FS

with respect to the free-streaming radiation model. Each `-mode of the TT/EE spectra receives con-
tributions mainly from perturbations with k ⇡ `/�⇤, where �⇤ = ⌧0�⌧rec ⇡ 14 Gpc is the conformal
distance to the last scattering surface in flat space. Like the photon transfer function, the phase shift
in the TT/EE spectra between free-streaming and scattering radiation also increases from the low to
the high `-modes and asymptotes to a constant value, which is determined by the composition of the
two types of radiation.

The �` for free-streaming radiation also drops significantly when ` . `rec, where `rec corresponds
to the twin recombination scale (vertical blue and purple lines). Since the phase shift at each `-mode
depends on the time integral of the metric perturbations, the MTH models that have an earlier twin
recombination time receive a smaller phase shift.

In Fig. 9 we also show curves (black) from a dark radiation model that has the same fraction of
scattering vs. free-streaming radiation as ⌫̂ and �̂ before the twin recombination. Without having a
significant change of metric perturbations due to the twin acoustic oscillations, the MTH model with
(r̂, v̂/v) = (0.1, 3) (dotted blue), that has a late twin recombination, generates a similar �` as the
black curves, as expected. The resulting phase shift in CTT,EE

` within the MTH scenario generates
the ratios in Fig. 7 that oscillate in `. The effect of the phase shift can be seen more cleanly in the EE
plot, Fig. 7b, where the peaks at ` ⇡ 800, 1100, 1400, 1700, 2000 all correspond to the “troughs” in
the CEE

` spectrum. Shifting the CEE

` spectrum to higher `-modes causes a relatively large increase of
the spectrum value at the troughs, therefore generates the peaks in the ratio plot.

These deviations in the CMB spectra are much smaller than those in the matter power spectrum
of Fig. 6. Despite that, the CMB maps measured by the Planck collaboration are precise enough to
detect these percent-level deviations.

To compare the MTH model with the CMB and BAO data, we use the following datasets:

• Planck: high-` TTTEEE, low-` EE, low-` TT, and lensing datasets of the Planck 2018 Legacy
release [102].

• BAO: Measurements of DV /rs by 6dFGS at z = 0.106 [103], by SDSS at z = 0.15 [104], and
by BOSS at z = 0.2 � 0.75 [105].

17As we verified numerically, Fig. 9 is almost identical even if we choose to fix h instead of ✓s. Since the sound horizon
rs mainly grows near SM recombination [60], which takes place in the matter-dominated era, rs is quite insensitive to the
difference between free-streaming and scattering radiation propagation discussed here. Given that all the models considered
in Fig. 9 have the same �Ne↵ , both the sound horizon and the angular diameter distance to the last scattering surface are
almost identical among these models even if we fix the Hubble expansion rate today (i.e. the value of h) instead of ✓s.
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Figure 10: The constraints on the twin parameters obtained using the Planck and BAO datasets, for
fixed values of v̂/v and using a log prior on r̂. All of the parameter space above the lines is excluded
at 95% C.L. The dashed gray line indicates the 95% C.L. bound on �Ne↵ ( 0.30) using the same
datasets, i.e. Planck 2018 TTTEEE+lowE+lensing+BAO [29]. The simultaneous constraints on all
three of the MTH parameters for this choice of datasets are shown in the Appendix.

On comparing the predictions of the MTH model with these datasets, we find that the data does not
prefer the MTH model relative to the ⇤CDM model. The minimum �2 value for the MTH model is
similar to that of the ⇤CDM model even though the MTH model has three additional free parameters.
This indicates that the MTH model is a slightly worse fit to these datasets.18 Therefore, we use the
Planck data to constrain the MTH parameter space.

In Fig. 10, we show the constraints on the twin parameters obtained using the Planck and BAO
datasets. The parameter space above the curves are excluded at 95% confidence level (C.L.). To get
these bounds we use v̂/v as a fixed parameter, and �N̂ (flat prior) and r̂ (log prior, range: [0.001,
0.5]) as free parameters along with the six ⇤CDM parameters. Completing the MCMC scans with
this setup, we plot our results as 95% C.L. contours in the �N̂ versus r̂ plane for various values of
v̂/v to obtain Fig. 10. In the figure, we also show with a dashed gray horizontal line the 95% C.L.
bound on additional free-streaming ultra-relativistic radiation from the Planck + BAO data of �Ne↵ 

0.30 [29].
As the figure shows, the Planck and BAO data already impose strong constraints on the twin

parameter space, especially for r̂ & 0.1. For instance, in the MTH model with v̂/v = 3 and more
18Note that in the limit �N̂ goes to zero, the MTH model behaves like the ⇤CDM model. This is because without twin

photons, twin baryons do not thermalize and thus, behave like CDM. Therefore, the minimum �
2 for the MTH model must

be smaller or equal to that of the ⇤CDM model. An additional point to note here is that, due to computational constraints,
we use a lower limits of �N̂ � 0.001 and r̂ � 0.001 for all our MCMC scans. For the ⇤CDM + �Ne↵ model, we take
�Ne↵ > 0.

– 24 –



than 10% of the dark sector made up of twin baryons (r̂ & 0.1), the current data forces �N̂  0.1.
The constraints on �N̂ are, for the most part, stronger that those �Ne↵ (shown with a dashed gray
line). The only difference between the MTH and ⇤CDM + �Ne↵ model originates from the fact
that the twin photons couple with twin baryons, while the radiation in the ⇤CDM + �Ne↵ model is
free-streaming. Therefore, the stronger constraints on �N̂ tells us that the CMB data as measured by
Planck is already sensitive to twin BAO. This also explains the behavior of the bounds of �N̂ at very
small r̂ and large v̂/v. As r̂ approaches zero, there is not enough matter for the twin photons to collide
with, and thus around r̂ ⇠ 0.001, the constraints on �N̂ are similar to those on �Ne↵ . Likewise,
even when having a sizable r̂, twin BAO stops earlier as v̂/v increase, and the bound on �N̂ starts to
approach those on the �Ne↵ .

In the figure, we also see a peculiar peak-like shape near r̂ ⇠ 0.01 where the constraints on �N̂

are weaker than than those on �Ne↵ . This happens because for this range of r̂, twin photons behave
like coupled-radiation through scattering with ê. That is, for these r̂, there is not enough energy
density stored in the twin baryons to have a substantial impact on the metric perturbations. However,
the number density of these twin baryons is sufficiently high to keep the twin photons interacting
and behaving like a fluid. As shown in Ref. [100, 106–108], the constraints on the fluid-radiation
are slightly weaker than those on free-streaming radiation, with the Planck and BAO data allowing
�Nfluid . 0.5 within 95% C.L. [107]. This is why the constraints on �N̂ are weaker than the �Ne↵

bound in parts of our parameter space.19

4.2 LSS Constraints and Application to the H0 and S8 Tensions

We have seen in Sec. 4.1 that the MTH model leads to a suppression in the matter power spectrum
relative to both the ⇤CDM and the ⇤CDM + �Ne↵ models. It is important to check whether current
LSS data further strengthens the bounds in Fig. 10. To that end, we will consider two very different
sets of LSS data in order to observe their effect on our fits. We begin by including:

• LSS: KiDS + Viking 450 (KV450) [41] matter power spectrum shape data up to
kmax = 0.3hMpc

�1.

This combined analysis of data from the KiloDegree Survey (KiDS) and the VISTA Kilo-Degree In-
frared Galaxy Survey (VIKING) incorporates detailed photometric redshift measurements with cos-
mic shear/weak-lensing observations to measure the matter power spectrum over a wide range of
scales. The 12 million galaxies in the survey are found at redshifts between 0.1 and 1.2, and probe
a range of k values including but not limited to those regions that contribute to S8. We use the full
spectral information in our fits, up to a maximum value of k = 0.3 h Mpc

�1, for reasons described
below. However, due to its utility in parametrizing the matter power spectrum, we will also show in
our plots the value of S8 obtained by the KV450 collaboration, namely S8 = 0.737

+0.040

�0.036
[41]. The

other LSS measurement that we will consider is the Planck SZ data, which we will return to later in
the section.

19The reason �N̂ does not get as large as �Nfluid is because �N̂ gets contribution from the twin neutrinos as well,
which are always free streaming. In addition, twin photons behave fluid-like only until recombination, after which they start
to free-stream. The analysis of Ref. [107], in contrast, assumes that the radiation is always fluid-like.
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One important complication of including the LSS data has already been mentioned briefly: the
expected presence of non-linear corrections to the matter power spectrum that begin to become sig-
nificant for k & 0.1 hMpc

�1. The canonical ⇤CDM and ⇤CDM + �Ne↵ models have been studied
extensively over the previous decades and a number of estimates and parametrizations of the non-
linear effects within these paradigms have been made. No such work has been done within the MTH
model, and so we will handle this issue in two ways. First, we will only use data from KV450 probing
scales k < kmax = 0.3 hMpc

�1, limiting our exposure to that regime in which non-linear effects are
most important. Second, we will complete all of our fits twice, once using only the linear evolution
equations for the density perturbations, and once using HMcode [109], which is a parametrization that
provides a good fit to the non-linear effects in the canonical models. This is also the code used by the
KV450 collaboration in their analysis.

While HMcode is not designed to provide the correct non-linear effects within the MTH model,
we will use it as an estimate of the size of those corrections. The Planck+BAO data will continue to
play the dominant role in constraining the MTH model, so our main results will be nearly identical
with or without the inclusion of the estimated non-linear corrections provided by HMcode. However,
for the purposes of our discussion in this section, we will only use the linear evolution of the matter
perturbations, for k < kmax, returning to a more complete discussion of the non-linear corrections in
the next section.

In Fig. 11, we show bounds on the twin parameters after including the KV450 data with a linear
matter power spectrum. The bounds on �N̂ as a function of r̂ are nearly identical to the Planck+BAO
constraints shown in Fig. 10. Thus, the KV450 data does little to improve the bounds in this calcula-
tion.

Now we turn to the fits of the canonical cosmological parameters. At SM recombination, the
presence of �Ne↵ > 0 reduces the sound horizon compared to the ⇤CDM case, which results in a
larger H0 from the fit of Planck data, thus agreeing better with the SH0ES result. However, increasing
�Ne↵ also enhances the matter perturbations when fitting the Planck data and worsens the S8 tension.
This simple observation has led to an enormous effort in the field to find cosmological models that
can reduce S8 while simultaneously increasing H0 (see e.g., [110–116]). One novel feature of the
MTH model is that the presence of twin radiation leads to twin BAO, suppressing the matter power
spectrum. We therefore want to check whether such behavior can help to relax both the H0 and S8

tensions. For the purposes of these fits, we will include the SH0ES collaboration data as an additional
constraint on the MCMC fit to the MTH model parameters:

• H0 : H0 by the SH0ES collaboration (H0 = 74.03 ± 1.42 km s
�1

Mpc
�1) [48].

In Fig. 12, we show the relations among the bounds on the three MTH parameters once one includes
both KV450 and SH0ES. We see that the twin matter can make up a larger fraction of the dark matter
(large r̂) when either the twin electrons are heavier (larger v̂) or the twin sector is colder (smaller
�N̂ ); both of these lead to an earlier twin recombination. Although not statistically significant, we
also see a small preference for �N̂ > 0 peaking around �N̂ = 0.2. This is not surprising since
extra radiation leads to a higher H0, as required by the SH0ES dataset. In addition, we see that these
datasets prefer higher values of v̂/v, and therefore an earlier twin recombination. This indicates that,

– 26 –



0.001 0.0050.01 0.05 0.1 0.5

r̂

0.0

0.1

0.2

0.3

0.4

0.5

0.6

�
N̂

Linear MPS v̂/v = 2

v̂/v = 3

v̂/v = 5

v̂/v = 7

Planck + BAO + KV450

Figure 11: Constraints on the twin parameters obtained using the Planck, BAO, and KV450 datasets,
for fixed values of v̂/v and using a log prior on r̂. The linear matter power spectrum has been used
in the fit. All of the parameter space above the lines is excluded at 95% C.L. The simultaneous
constraints on all three of the MTH parameters for this choice of datasets are shown in the Appendix.

except for the twin radiation, there is not a strong preference for additional twin sector features. This
observation is also reflected in the best-fit �2 values, we find that the minimum �2 of the MTH model
is equal to that of the ⇤CDM + �Ne↵ model. Both the MTH and ⇤CDM + �Ne↵ model offer an
improvement of ⇠ 4 units of �2 over the ⇤CDM model. We also see evidence (which will become
clearer later) of a correlation between �N̂ and v̂/v in which both can grow larger together without
worsening the fit.

Of particular interest are the fits to the cosmological parameters. In Fig. 13, we show the (H0, S8)

results, where we follow the definition S8 ⌘ �8(⌦m/0.3)
0.5 used in the KV450 literature [41]. For

these analyses, all three twin parameters (r̂,�N̂ , v̂/v) are treated as free parameters with flat priors.
In the figure, we also show the fits to the ⇤CDM and ⇤CDM + �Ne↵ models, and the measurements
of H0 (SH0ES, blue) and S8 (KV450, purple). In the left figure, we include no information on the
matter power spectrum in the fits. It is clear from Fig. 13a that the ⇤CDM model is in sharp tension
with the SH0ES result and in mild tension with the KV450 measurement of S8. For the ⇤CDM +
�Ne↵ model, H0 can indeed be increased, as expected, but it comes at the price of raising S8 from
the ⇤CDM result, worsening that problem. The MTH contour, on the other hand, allows a smaller
S8 for a larger H0, even without including S8 (or any equivalent LSS information) in the fit. It is
important to note here that, with the Planck+BAO+SH0ES datasets, the minimum �2 for the MTH
model is equal to that of the ⇤CDM + �Ne↵ model. In addition, these data prefer the higher v̂/v or
the lower r̂ parts of the twin parameter space. This indicates that the only feature of the twin sector
preferred by these data is the extra radiation in the form of twin radiation.
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Figure 12: Constraints on all three MTH parameters using the Planck, BAO, KV450, and SH0ES
datasets. The linear matter power spectrum has been used in the fit. The corresponding H0 versus S8

plot is shown in Fig. 13b.

In the right figure, we now add the KV450 data to our fits. Unsurprisingly, all three best-fit
regions are now pulled to smaller S8, but only the MTH contour obtains good agreement with the
KV450 measurement, while it does no worse than the ⇤CDM + �Ne↵ contour in obtaining agreement
with the SH0ES data. Thus we see the behavior we hoped for: the MTH model is able to increase the
prediction of H0 from the CMB data while simultaneously decreasing the prediction of S8 or �8. As
noted above, the best-fit �2 of the MTH model is equal to that of the ⇤CDM + �Ne↵ model in this
case as well.

As interesting and hopeful as this result seems, it is important to note that, while the KV450
matter power spectrum does show a mild disagreement with the ⇤CDM model, it is only at 2.3� [41].
There exists a different LSS dataset, known as the Planck SZ survey, which paints a similar picture but
potentially exhibits stronger tension with the ⇤CDM value. The Sunyaev-Zeldovich (SZ) effect [117,
118] is the inverse Compton scattering of CMB photons by hot gas and is most significant when the
photons pass through a galaxy cluster. The measurements of the distribution of galaxies from the SZ
effect relies on linking the observed SZ flux to the mass of a galaxy cluster, which introduces a mass
bias factor (1 � b) that relates the observed signal to the true cluster mass. The Planck 2013 report
gives a measurement of S8:

• Planck 2013 SZ : SSZ

8
⌘ �8 (⌦m/0.27)

0.3
= 0.782 ± 0.010 [119],
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Figure 13: The preferred ranges of the parameters S8 ⌘ �8(⌦m/0.3)
0.5 and H0 for the three models:

⇤CDM, ⇤CDM + �Ne↵(> 0), and the MTH model using the Planck, BAO, and SH0ES datasets
(Fig. 13a), and with the addition of the KV450 data (Fig. 13b). For reference, the measurements by H0

by SH0ES and S8 by KV450 are also shown in blue and violet, respectively. The MTH fit with KV450
data is done using the linear matter power spectrum, while the ⇤CDM and ⇤CDM + �Ne↵(> 0)

analyses include the non-linear corrections computed by Halofit. We include non-linear corrections
to the MTH fit from HMcode and Halofit in Fig. 18.

by fixing the mass bias to its central value from a numerical simulation, (1 � b) = 0.8. When
presenting results in the Planck 2015 report [120], the collaboration allowed (1 � b) to vary with a
Gaussian prior centered at 0.78. The central value of the resulting SSZ

8
is actually somewhat smaller,

but has a much larger uncertainty:

• Planck 2015 SZ : SSZ

8
⌘ �8 (⌦m/0.31)

0.3
= 0.774 ± 0.034 [120].

In order to demonstrate the MTH model’s ability to fit a small S8 with a large H0, we use the
Planck 2013 SSZ

8
value and errors in the following discussion in order to maximize the S8 tension.

Furthermore, if uncertainty on the mass bias shrinks in the future while retaining the same central
value, the value of SSZ

8
would be closer to the 2013 result. As a comparison, we also conducted an

MCMC study using the Planck 2015 SSZ

8
value, which gives a very similar result to Fig. 12 since the

2015 value of SSZ

8
does not show a strong tension with the Planck+BAO results.

The Planck SZ data set differs from that of KV450 in several important ways. First, and most
trivially, Planck SZ uses a somewhat different definition of S8, as given above. One can easily relate
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this to the previously defined S8, finding the Planck 2013 SZ measurement of:

S8 = (0.782 ± 0.010)

✓
⌦m

0.35

◆
0.2

. (4.1)

If we use a typical value of ⌦m = 0.3, this corresponds to S8 = 0.758, which is perfectly consistent
with the KV450 value of 0.737 given the errors on the latter value. However, the quoted errors on the
Planck SZ result are roughly four times smaller than those from KV450, which will have a profound
effect on our analysis.

The second difference is that the Planck SZ dataset, as encoded in our fits using MontePython,
is only a single number: SSZ

8
(or �8). This is in contrast to the KV450 data, which contains spectral

information on the matter power spectrum. The single value �8 is mostly sensitive to the linear matter
power spectrum over just a narrow band of k: 0.05 . k (in h Mpc

�1
) . 0.3.

Third, given the much smaller error bars in the Planck SZ measurement of S8, the tension between
the value inferred from the CMB measurements and that obtained from the low redshift measurements
has increased substantially, to roughly 2 � 4� [121, 122].20 Given the key role the Planck SZ data
plays in generating the S8 tension, we also perform a set of fits including the Planck SZ value of S8, in
addition to the spectral measurements of KV450. In fitting to the MTH model parameters, we allow
r̂ all the way up to one, and also allow �N̂ up to one, both with flat priors. These fits are shown in
Figs. 14 and 15. Due to the greater pull generated by the Planck SZ result, one sees in Fig. 14 that
the best-fit regions for the MTH and for the canonical models are all shifted to lower S8. For the
⇤CDM + �Ne↵ model, a price is exacted in pulling down S8, namely that the upper bound on H0 is
suppressed. On the other hand, the MTH model still shows agreement with the SH0ES data at the 1�

level. This is an important test: the MTH model is able to weaken significantly both the H0 and S8

tensions, even when we push the S8 tension to its extreme by including the Planck SZ data.
Fig. 15 shows the regions of MTH parameter space preferred by this full complement of datasets,

including Planck SZ. Several important features are notable. As before, there is a preference for a
heavier twin sector (larger v̂/v) in order to obtain larger values of r̂, though the preference is mild.
The prior relationship between larger r̂ and smaller �N̂ is no longer evident. It appears that the bound
on �N̂ is mostly independent of r̂, which is evidence that it is dominated by fitting the SH0ES value
of H0 and not the matter power spectrum.

Two other results jump out of these plots. First is the closure of the contours at small r̂, and
small v̂/v. The figure indicates a larger than 2� preference for non-zero r̂ – that is, the data clearly
prefers a universe with twin matter over one without. Since the r̂,�N̂ ! 0 limit corresponds to the
⇤CDM model, we see the MTH scenario clearly differentiating itself from the standard cosmological
scenario and even, within the ansatz of MTH, ruling out the standard cosmological scenario at greater
than 95% C.L. The range of values for r̂ is particularly interesting. At the low end, we see a clear
need for some fraction of the dark matter (at least about 20%) to be in the form of twin matter. On the
other hand, the data also allows r̂ as large at 1, meaning that all of the universe’s dark matter could
be twin matter. Though we have limited our LSS datasets to k  0.3hMpc�1, there is reason to

20It has been argued [119, 122–125] that this tension could be the result of systematics uncertainties, for instance, in mass
bias. However, in this work, we assume that the tension is an indication of new physics.
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Figure 14: Same as Fig. 13b but now including the Planck SZ data. We include non-linear corrections
to the MTH fit from HMcode and Halofit in Fig. 18.

believe that including data probing larger k, such as the Lyman-↵ bound [126] or measurements of
the sub-halo mass function (SHMF) [127], would cut out models with very large r̂. Such models show
a pronounced suppression in the matter power spectrum at large k, caused by the delay in structure
formation in the twin sector, which only starts after twin recombination. If the DM halo is mainly
composed of twin atoms, it will also violate bounds on self-interacting DM (SIDM) such as the Bullet
Cluster constraint (for a review of the SIDM bounds, see [128]).

The k values associated to these small scale structure constraints, however, would also be in the
range in which non-linear corrections to the power spectrum would play a particularly important role
and we are not in a good position to estimate those corrections reliably as r̂ ! 1. We may obtain
some indication about the smaller scale structure bounds by comparing the suppression of the linear
power spectrum at large k-modes between the MTH and ⇤CDM + �Ne↵ predictions to the warm
DM (WDM) result. For example, in the study of the SHMF [127], the smallest satellite galaxies have
k ⇡ 50 Mpc

�1 and the WDM suppression to the linear power spectrum should be less than ⇡ 50%

around that k-mode [129]. The Lyman-↵ constraint also sets a comparable bound on the 1D power
spectrum that is mainly affected by the suppression of the 3D power spectrum at k ⇠ 10 Mpc

�1 [130].
Since the MTH scenarios we consider do suppress the matter power spectrum for the better fit to the
Planck SZ data at k ⇠ 0.1 Mpc

�1, there is a larger suppression at higher k-modes that asymptotes to
(1 � r̂)2 (see Fig. 6), and we can consider r̂ . 25% as a very rough estimate of the smaller structure
constraints. When presenting �2 results in Table 2, we show the MTH result both with the r̂ prior up
to 1 and 0.25. As we will see, the resulting �2 of the best-fit points in the two cases are similar to each
other. We also numerically verify that the 68% C.L. lower bounds on the r̂ are very similar in the two
cases, which is expected from the similar �2 of the two best-fit values. A more dedicated study of
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Figure 15: The preferred ranges of the twin parameters H0, �8, r̂, v̂/v, and �N̂ obtained using the
Planck, BAO, SH0ES, KV450, and Planck SZ datasets and the linear matter power spectrum.

MTH’s Lyman-↵ and SHMF signals may further strengthen the r̂ bound.
Besides the non-zero r̂, the second feature of Fig. 15 is the now-tight correlation between �N̂

and v̂/v, in which we can increase v̂/v at the price of simultaneously increasing �N̂ , and vice-versa.
Though this correlation will have profound implications, it is simple to understand. The calculation of
twin recombination in Sec. 3 is highly sensitive to the ratio v̂/T̂ . The narrow contour in the plot shows
that the data prefers a small range of redshifts for twin recombination. Taking the peak location of the
twin visibility function as one of the derived parameters of the MCMC scans, we find the preferred
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redshift to be 1 ⇥ 10
4 . zrec, twin . 3 ⇥ 10

4 at 95% C.L. for the datasets used in this fit. This may be
interpreted as a prediction of the redshift at which the twin photons change from fluid-like behavior
to freely streaming.

The reason this correlation matters is that the solution to the Hubble tension requires that �N̂

be large. Within the MTH model, this will then require that v̂/v also be comparatively large and
therefore, higher amounts of fine-tuning vis à vis the hierarchy problem. However, this fine tuning
can be avoided by using different electroweak symmetry breaking mechanisms (for example, see
Ref. [131–133]) that allow the MTH model with a large twin VEV to be a more natural model. That
is to say, such a solution to the Hubble tension could provide the motivation for further investigation
into such mechanisms.

In Table 2, we show the mean and best-fit values of the model parameters along with H0, S8

(and �8), and the matter density for the three cosmological models we have studied here and plotted
in Fig. 14. Note that while the ⇤CDM + �Ne↵ model allows for a larger H0 as compared to the
⇤CDM model, it does little to help the S8 tension (the best-fit value of S8 is slightly better than that
of the ⇤CDM model, but the mean is slightly worse). In fact, regions of the parameter space of the
⇤CDM + �Ne↵ model where the Hubble constant is increased more substantially are also regions in
which S8 also tends to increase somewhat, making the S8 tension worse. Clearly, the ability of the
⇤CDM + �Ne↵ model to solve the H0 and S8 tensions simultaneously is quite limited, especially on
including the Planck SZ data which greatly prefers a smaller S8.

The MTH model, on the other hand, allows for a substantially larger H0 while simultaneously
producing a much smaller S8. Therefore, the MTH model can accommodate a larger H0 as compared
to the ⇤CDM + �Ne↵ , as shown in Table 2. In the lower part of the table, we show the total �2 of
the best-fit points of the three models, along with the breakdown of contributions from the different
datasets. As mentioned above, we show two best-fit points in the MTH model with r̂  1 and r̂  0.25

that are motivated by the small scale structure constraints. Although the best-fit point in the r̂  0.25

scan is slightly larger (��2
= 2.1) than the other case, it still provides a much better fit to the data

with only three extra parameters and ��2
⇡ �20 compared to ⇤CDM + �Ne↵ . Since the ⇤CDM

model lives inside the parameter space of the MTH model, one can quote a significance at which the
best-fit regions are preferred over the ⇤CDM fit. With 3 extra parameters and ��2

⇡ �20, we find
a ⇠ 4� significance at which the best-fit MTH regions are preferred over the ⇤CDM fit. This again
shows that there is a strong statistical preference for a fraction of the dark sector to be made up of
twin particles. The breakdown of the contributions of the different datasets to the total �2 shows that
the fit to both the SH0ES and Planck SZ data is improved in the MTH model, and it is these two data
points that primarily drive the strong preference for the MTH model over the other two. Importantly,
since so little of the improved �2 is coming from the KV450 data, we can anticipate that there will be
very little sensitivity in this fit to the non-linear corrections to the matter power spectrum. We will see
this to be the case in the next section.

It is clear from both the figures and from Table 2 that a wide range of MTH parameters provide
a strong fit to the cosmological data. The VEV ratio, v̂/v, can fall as low as 3 (within the region
preferred by fine-tuning arguments while still consistent with Higgs coupling measurements) but can
become as large as 11, where we obtain a significant weakening of the Hubble tension. The values
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⇤CDM ⇤CDM + �Ne↵ MTH

Param best-fit mean±� best-fit mean±�
best-fit

(r̂  1)

mean±�

(r̂  1)

best-fit

(r̂  0.25)

100 ⌦bh2
2.262 2.269

+0.014

�0.013
2.278 2.275

+0.014

�0.014
2.275 2.275

+0.015

�0.016
2.283

⌦dmh2
0.1167 0.1162

+0.00081

�0.00083
0.1175 0.1175

+0.0011

�0.0015
0.1245 0.1233

+0.0024

�0.0029
0.1245

100 ✓s 1.042 1.042
+0.00029

�0.00029
1.042 1.042

+0.00034

�0.00032
1.041 1.041

+0.00042

�0.0004
1.042

ln(10
10As) 3.015 3.022

+0.015

�0.014
3.013 3.024

+0.015

�0.014
3.043 3.051

+0.015

�0.015
3.051

ns 0.9759 0.9737
+0.0036

�0.0038
0.9748 0.9765

+0.0042

�0.0046
0.9717 0.974

+0.0045

�0.0049
0.9727

⌧ reio 0.04599 0.04783
+0.0078

�0.007
0.04016 0.04728

+0.0081

�0.007
0.05222 0.05562

+0.0073

�0.0076
0.05402

H0 69.41 69.68
+0.39

�0.39
69.94 70.23

+0.51

�0.63
70.53 70.63

+0.77

�0.96
70.67

�8 0.8035 0.8035
+0.0054

�0.0051
0.8025 0.8068

+0.0058

�0.0058
0.7547 0.7687

+0.011

�0.011
0.7605

S8 0.7889 0.7845
+0.0081

�0.0078
0.7846 0.7856

+0.008

�0.0082
0.7496 0.7594

+0.01

�0.01
0.7543

r̂ � � � � 0.9403 {0.20, 1} 0.2488

v̂/v � � � � 8.768 {3.46, 12.7} 6.314

�N � � 0.05941 0.08787
+0.023

�0.088
0.3409 {0.052, 0.57} 0.3461

�2
total 3094.31 3092.47 3072.06 3074.18

Planck 2779.12 2781.91 2780.45 2781.47

BAO 8.27 9.24 5.94 6.11

SH0ES 10.60 8.28 6.06 5.60

Lensing 13.31 13.88 9.85 9.58

KV450 268.36 266.82 269.38 271.40

Planck SZ 14.65 12.34 0.38 0.01

Table 2: The mean and best-fit values for the ⇤CDM, ⇤CDM + �Ne↵ and MTH models obtained
using the Planck, BAO, SH0ES, KV450, and Planck SZ datasets. �N corresponds to �Ne↵ for
⇤CDM + �Ne↵ model and �N̂ for the MTH model. For the MTH parameters, the range allowed at
95% C.L. is shown in brackets. In the lower part of the table, total �2 of the best-fit points of the three
models, along with the breakdown of contributions from the different datasets, is shown. �2 for the
Planck Lensing data is shown separately with the label “Lensing,” and is not included in the combined
�2 for Planck.

of �N̂ are tightly correlated with the VEV ratio and can range almost up to 0.6 while remaining
consistent with data. Note that this is a weaker bound on �N̂ than found in Figs. 10 and 11 due to
the inclusion of SH0ES in the current fit.
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Figure 16: Non-linear corrections to the matter power spectrum computed using Halofit and HMcode.

4.3 Non-Linear Corrections

Although the growth of the matter density contrast can be well described by linear perturbation theory
at large scales, its evolution becomes highly non-linear at smaller scales: k & 0.1 hMpc�1. The
exact computation of this non-linear evolution requires large N -body simulations, whose results can
be matched to simple empirical parametrizations. This process has been done for the canonical ⇤CDM
and ⇤CDM + �Ne↵ models, but not for the MTH model. Nonetheless, it would be helpful to make
some rough estimates of these effects and for that we turn to the parametrizations obtained for the
⇤CDM model.

There are two built-in modules in CLASS that can be utilized to compute the non-linear correc-
tions, namely HMcode [109] and Halofit [134]. In this subsection we will discuss how our results
change when including non-linear corrections from these modules. One should understand these
results as an illustration of how non-linear corrections could effect our study instead of taking the
numbers as precise results. Note that in our analysis, the non-linear correction is really only important
when fitting the KV450 data, where we include the matter power spectrum up to k  0.3 hMpc�1.

In Fig. 16, we show a few examples of matter power spectra with non-linear corrections obtained
using Halofit and HMcode. From the left plot, it is clear that the non-linear corrections from Halofit
and HMcode are quite similar for the ⇤CDM + �Ne↵ model. However, for the MTH model, particu-
larly the v̂/v = 10 case, we see that these corrections can be quite different. The difference between
the non-linear corrections from the two modules can be seen more clearly in the right plot, where
the ratio of the matter power spectrum for the MTH model to that of the ⇤CDM + �Ne↵ model is
plotted. To obtain this ratio plot, the matter power spectrum in both the numerator and denominator is
computed using the same method (linear, Halofit, or HMcode). By taking the ratio, we are extracting
the features that are specific to the MTH model.

The results of these studies are somewhat surprising. Both HMcode and Halofit produce very
similar non-linear corrections for cases in which the linear matter power spectrum of the MTH model
begins to deviate significantly from the ⇤CDM + �Ne↵ spectrum at k . 0.1 hMpc

�1 (orange and
red lines in the figures). Though not shown in the plots here, we find that the same also holds for the
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modes that start to show deviations only for k & 0.7 hMpc
�1. However, in the intermediate region

(for instance, purple lines), the Halofit parametrization produces results that are both quite dissimilar
to those of HMcode and to expectations. In particular, the Halofit calculation generates a rather
incomprehensible enhancement of the power spectrum all the way down to k ⇡ 0.03hMpc�1, well
outside the non-linear regime. While we are not sure of the underlying cause of this behavior, neither
of these codes was designed for the model studied here. However, the odd and seemingly unphysical
behavior of Halofit is the reason that we opted to use HMcode for the estimation of non-linear effects
in most of our fits.

In Fig. 17, we show the constraints on the MTH model from the Planck+BAO+KV450 datasets,
with the matter power spectrum calculated using the HMcode non-linear corrections. The bounds with
HMcode only differ from the linear result shown in Fig. 11 by less than 10%, at least until r̂ & 0.4.
In fact, that region where the mirror baryons represent a large fraction of the dark matter is also the
regime in which we have the least trust in either HMcode or Halofit, since our model looks less and
less like the ⇤CDM or ⇤CDM + �Ne↵ models.

As another check, in Fig. 18 we compare the regions of the (H0, S8) plane preferred by the MTH
model, with and without the non-linear corrections of Halofit and HMcode. We claimed earlier that
because the bounds are driven primarily by the Planck+BAO and the Planck SZ data, which are both
independent of the non-linear corrections, the preferred regions in H0 versus S8 should show little
dependence on whether we do or do not include non-linear corrections. This is exactly what we see.
In both the left figure (without Planck SZ) and the right figure (with Planck SZ), the contours for the
linear and for the two trial non-linear fits are nearly the same. In particular, the ability of the model
to achieve a larger H0 and smaller S8 simultaneously is completely independent of the form of the
non-linear corrections or whether we include them at all, as expected. Similarly, we also compare the
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Figure 18: Same plots as in Fig. 13b (left) and Fig. 14 (right) but with two types of non-linear
corrections to the matter power spectrum.

bounds on the MTH parameters in Fig. 15 to the results that include the non-linear corrections. As
we can see in Fig. 19, both HMcode and Halofit produce similar bounds for r̂ . 0.3 and require the
same minimum r̂ in order to relax the S8 tension.

In all, we have been able to show that using well-known calculations of the non-linear effects in
the matter power spectrum, our results change little from those obtained with a purely linear spectrum.
And while these non-linear calculations (Halofit and HMcode) are not done with the MTH model in
mind, they do provide us a rough sense of how much we might expect our results to change should a
detailed calculation of non-linear effects in the MTH model be completed.

4.4 Future Prospects

If the MTH model is the correct description of the universe, how precisely can we measure the twin
parameters with future experiments and surveys? Will future surveys, such as Euclid or CMB-stage
4, be able to pin down the parameters of the MTH model, and if so, to what degree?

Working from the assumption that the H0 and S8 tensions from the Planck SZ and SH0ES data
do indicate the existence of MTH particles, we generate mock data using the the best-fit values for
r̂  0.25 shown in Table 2 for the nine free parameters describing the cosmology of the MTH model.
Those best-fit values are {⌦dmh2, ⌦bh2, 100 ✓s, ln(10

10As), ns, ⌧reio, r̂, �N̂ , v̂/v} = {0.1245,
0.02283, 1.042, 3.051, 0.9727, 0.05402, 0.2488, 0.3461, 6.314}. After generating mock data to simu-
late such a universe, we then perform an MCMC study to constrain the parameters using the expected
sensitivities to the matter power spectrum from the Euclid satellite [42], and to CMB anisotropies
from CMB-S4 [43]. For the purposes of this analysis, we only use the linear matter power spectra
in the scans. In Fig. 20, we show the preferred regions of the twin parameters when including the
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Figure 19: Same plots as in Fig. 15 but with two different non-linear corrections to the matter power
spectrum. Since non-linear corrections for the MTH model using Halofit or HMcode becomes less
reliable for large r̂, we use an upper limit of 0.5 on r̂ to obtain this plot. For the VEV, we use a flat
prior of v̂/v 2 [2, 10].

Euclid LSS mock data in addition to the Planck+BAO+SH0ES data in red (larger ellipses), and when
including the Euclid and CMB-S4 data in addition to SH0ES+BAO in blue (smaller ellipses). Both
regions should be compared to Fig. 15 which includes the Planck+BAO+SH0ES+KV450 datasets.

What is immediately clear is that even with only the Euclid data, one can greatly improve the fits,
closing the contours on the MTH parameters and thereby ruling out the ⇤CDM and ⇤CDM + �Ne↵
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Figure 20: The predicted ranges for the twin parameters r̂, �N̂ , and v̂/v obtained using the Euclid
and CMB-S4 mock data along with the observed Planck, BAO, and SH0ES data. For both Euclid and
CMB-S4, the mock data is generated using the best-fit values for the MTH model in Table 2.

models with high confidence. In particular, Euclid data should be able to restrict r̂ to a narrow band
with errors of order ±2%. However, the uncertainty in �N̂ will remain sizeable, of order ±30%,
while the uncertainty in v̂/v is roughly ±20%. (All errors are quoted at 68% C.L. unless otherwise
stated.)

Including the CMB-S4 data will help only marginally in shrinking the errors on r̂ but will greatly
shrink the errors in �N̂ and v̂/v, halving the errors as compared to the case above, leaving an un-
certainty in �N̂ of order ±15% and in v̂/v of order ±10%. Moreover, with the CMB-S4 data, the
redshift of twin recombination can be inferred with a relative precision of about 10% at 95% C.L.

In both cases, the limiting factor in pushing down the errors in both �N̂ and v̂/v is the degeneracy
in these two measurements which we have encountered before. Each dataset reduces the allowed range
of v̂/v and �N̂ , but the errors on �N̂ and v̂/v still remain highly correlated due to their underlying
connection to the redshift at which twin recombination occurs.

In order to break this degeneracy, one turns to collider physics. The high-luminosity run of the
LHC (HL-LHC) should be able to probe the invisible Higgs branching ratio down to approximately
the 4% level at 95% C.L. [135], and measure the deviation of the Z-Higgs coupling to the 2% level
at 68% C.L. [136, 137]. These two observables allow independent measurements of the v̂ value if
v̂/v . 5. Though the best-fit point itself (with v̂/v = 6.3) may evade the measurements at the HL-
LHC, we know from Fig. 15 that v̂/v as low as 3.5 still fits the combined cosmological data much
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better than the ⇤CDM model. For instance, if 3 . v̂/v . 5, the HL-LHC can observe the Higgs
decay into invisible twin particles and measure v̂/v at the O(10%) level. Future lepton colliders
(see Ref. [138] for a review of expected precision at these colliders), in their role as Higgs factories,
should be able to measure v̂/v to much higher precision. Such measurements would help to improve
the cosmological measurement of the twin parameters and strengthen the connection between the
model’s cosmological signatures and its role in stabilizing the electroweak hierarchy.

5 Conclusion

In this paper, we have presented the most thorough study to date of the cosmology of the Mirror Twin
Higgs model by incorporating the model into the Boltzmann code CLASS and performing a MCMC
study with current CMB, BAO, and LSS datasets. In particular, we consider a scenario in which the
twin baryons constitute a subcomponent of the universe’s DM. The contribution of the twin photons
and neutrinos to dark radiation is suppressed due to asymmetric reheating, but remains large enough
to be detected in future CMB experiments.

This framework leads to distinctive signals in both the CMB and LSS. Before twin recombina-
tion, baryon acoustic oscillations in the twin sector lead to a suppression of structure formation at
large scales and leave a residual oscillatory pattern in the matter power spectrum. Twin BAO, the
presence of the free-streaming twin neutrinos, and twin photons that propagate as a fluid before twin
recombination all work together to modify the CMB power spectrum in observable ways. On per-
forming the MCMC scan of the MTH parameters, we calculated the current Planck+BAO bounds
on the twin parameters (r̂,�N̂ , v̂/v), showing our result in Fig. 10. The data roughly require the
twin radiation abundance �N̂ . 0.3 when r̂ . 5%. The bounds are a bit weaker comparing to the
free-streaming radiation bound when v̂/v . 3, in which case the twin photons remain as interact-
ing radiation until a later time, weakening the bound. The �N̂ bounds become stronger for larger
r̂ due to the modification of gravity perturbations from twin BAO. For instance, if �N̂ = 0.2, the
energy density fraction of the twin baryons needs to be less than about 3% (10%) for v̂/v = 3 (5)

(at 95% C.L.). We find these bounds remain roughly the same after including the power spectrum
constraints from KV450, as shown in Figs. 11 and 17, although the precise bounds require careful
study of the non-linear corrections to the matter power spectrum at k & 0.1hMpc

�1.
Earlier literature discussed the possibility of relaxing both the H0 and S8 tensions through the

existence of the twin radiation and the twin BAO process [40]. Using our modified CLASS code
for the MTH cosmology, we can finally examine that claim through an MCMC study with the real
cosmological data. What we find is that the presence of the MTH sector does allow an enhancement
of the H0 value while providing a smaller S8 than the fits of the ⇤CDM and ⇤CDM + �Ne↵ models.
When fitting Planck+BAO+SH0ES, with or without including the KV450 data that only indicates a
mild S8 tension in the ⇤CDM fit of the CMB data, the contours of the MTH model in the (S8, H0)

plane simultaneously allow for a higher H0 and a lower S8 as compared to the ⇤CDM model (Figs. 13
and 18a). Moreover, when including the Planck 2013 SZ data with a fixed mass bias, for which the
data prefers a significant suppression in the matter power spectrum as compared to the ⇤CDM fit of
the CMB data, the MTH model still allows a large H0 value that better agrees with the SH0ES result
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(Figs. 14 and 18b). In this case, the best-fit parameters of the MTH model, shown in Table 2, improve
the fits over both the ⇤CDM and ⇤CDM + �Ne↵ models by ��2

⇡ �20. The best-fit model (for
r̂  0.25) has v̂/v = 6.3 , but �2 changes slowly across a wide range of v̂/v values. For example,
models with v̂/v = 4, a VEV ratio which induces relatively mild tuning when used to solve the Higgs
hierarchy problem, still produce fits with ��2

' �20 compared to the canonical models.
Taken together, our study indicates a preference for the MTH model over ⇤CDM by ⇠ 4� when

including the Planck SZ data. The fit can also be used to bound the redshift for twin recombination to
1 ⇥ 10

4 . zrec, twin . 3 ⇥ 10
4 at 95% C.L.

In addition to calculating MTH bounds from existing data, we have also used the modified CLASS
code to estimate the precision to be expected of future cosmological measurements on the MTH
parameter space. Taking the best-fit value of MTH parameters in Table 2 as the true cosmological
parameters, the Euclid mission can measure r̂ (v̂/v) at the ⇠ 1% (10%) level precision and determine
the peak of the visibility function of the twin recombination with ⇠ 10% level precision. The CMB-S4
data can further improve the �N̂ measurement and tighten the v̂/v uncertainty to be . 10%. Higgs-
related measurements at the HL-LHC can further improve the constraints, and tighten the relation
between the twin sector as observed in cosmology and as a solution to the Higgs hierarchy problem.

Our code can be easily extended to study the cosmological signals for models of hidden natural-
ness which, like the mirror twin Higgs model studied here, also contain atomic dark matter and its
accompanying dark radiation. There are already other solutions to the Higgs hierarchy problem, such
as the N -naturalness scenario, which predict the existence of a SM-like dark sector that can generate
cosmological signatures similar to those studied here, and to which this code can be extended. In
addition, it is a simple matter to imagine, and to implement in the code, multiple atomic DM species,
each with their own binding energies and relative abundances. It remains an open question, however,
as to how well future cosmological data will be able to differentiate among various hidden natural-
ness scenarios and then measure their parameters. It is therefore urgent to collect more theoretical
templates for the study of hidden naturalness cosmology before that future data arrives. The present
work takes us one step towards the tantalizing possibility that the first hints of naturalness in the Higgs
sector may come from precision cosmological data.
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Figure 21: Constraints on all three MTH parameters using the Planck+BAO (left) and
Planck+BAO+KV450 (right) datasets.

A Additional MCMC results

In this appendix, we show the constraints on the twin parameters using the Planck+BAO (Fig. 21a)
and Planck+BAO+KV450 datasets (Fig. 21b), with all the three twin parameters taken to be free
parameters. Results in which the vev ratio is taken to be fixed are given in Figs. 10 and 11.
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