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1 Introduction

The standard model (SM) of particle physics is an extremely successful quantum field theory
describing the interactions of all known elementary particles.! Nonetheless, there remain
many questions that need to be addressed by the SM. Among them is the nature of dark
matter, the origin of the baryon asymmetry, and the stability and origin of the only energy
scale appearing in the SM. The Mirror Twin Higgs Model (MTH) [1-3], originally conceived
to stabilize the electroweak scale, can be an intriguing source of dark matter candidates.
For instance, refs. [4] and [5] consider thermal relics in the MTH and fraternal [6] twin
scenarios, respectively. The possibility of Asymmetric Dark Matter (ADM) [7, 8] in TH
models is considered in refs. [9, 10] for the fraternal TH, and in refs. [11, 12] for a variety of
Twin Higgs scenarios, but most importantly for us, in the context of the MTH.

In the MTH [1], the SM is extended to have a twin SM copy supplemented by a Zs
symmetry. The Higgs sector realizes the spontaneous breaking of a global symmetry at some
scale f. The SM Higgs is then a pseudo-Nambu-Goldsone boson of this breaking, explaining
the stability of the weak scale v, at least up to the energy scale ~ 4w f. Experimental
bounds, mostly from the unobserved invisible Higgs boson decays to the twin sector, impose
the need for a soft Zo breaking,? resulting in f/v > 1. However, whatever the origin of this
soft Zsy breaking, this does not reintroduce the hierarchy problem since the Zy breaking is
assumed to be valid in the ultra-violet (UV).

!The only exception, gravity, is non-renormalizable, and its effects can be safely neglected up to extremely
high energies.
In some cases it is even possible to have the MTH with an exact Za symmetry as shown in [13-18].



In ref. [11], the MTH was considered to build a model for DM. There it is argued that
if a twin baryon is to provide the correct DM abundance, it is necessary to introduce a hard
Zo breaking in order to allow for

mpM ~ dmpy , (1.1)

where mpy is the nucleon mass and mpy; is the mass of the twin baryon. The need for
hard Zy breaking results from the fact that just using the soft breaking (i.e., f/v > 1) is
not enough to obtain the desired value in (1.1). Its effects in the renormalization group
running in the twin sector, appearing through the modification of quark masses and the
resulting speed up of the twin QCD running, results in only a mild enhancement of /N\QCD,
much smaller than the factor of 5 needed. Thus, the introduction of hard breaking in the
twin QCD coupling. Although it is possible to arrange for the hard breaking to be small
enough not to reintroduce the hierarchy problem, this remains an ad hoc aspect of the
ADM models in the MTH.

In this paper, we consider a MTH scenario with an additional sector responsible for
the baryon and dark matter asymmetries. As we show below, one of the features of the
model is that it allows for the correct DM abundance even if (1.1) is not satisfied therefore
vacating the need for hard Zy breaking. This is achieved by showing that we can obtain
different baryon and DM number densities without such breaking. In this way, in order to
obtain the correct DM to baryon abundance ratio

Opm _ DM MDM (1.2)
QB np my ’ '

with mpy ~ O(1)my, the ratio of number densities must be different. The models we
consider require the addition of a sector resulting in baryon number violation on both
sides of the MTH. We illustrate this with simple models of baryon number violation with
out-of-equilibrium decays. These models are mostly available in the literature as applied
to the SM alone. We aim to show the general mechanism that allows ADM models in the
context of the MTH to obtain the correct DM abundance without hard Zy breaking. On
the other hand, it is interesting that the resulting models address the hierarchy problem,
the origin of dark matter, and the baryon asymmetry in a natural way.

The rest of the paper is organized as follows: in the next section, we review the status
of ADM models in the context of the MTH. In section 3, we propose mechanisms for
generating both the baryon and dark matter number densities needed on both sides of the
MTH without incurring hard Zs breaking. Finally, we conclude in section 5.

2 Asymmetric dark matter and the mirror twin Higgs

The Twin Higgs mechanism [1-3] was originally introduced as a possible solution to the
little hierarchy problem. A copy of the SM matter and interactions, supplemented by a Zo
symmetry, results in a global symmetry (SU(4)) which is spontaneously broken at a scale
f, resulting in a spectrum of Nambu-Goldstone bosons that make up the SM-like Higgs
doublet. The SM interactions explicitly break the global symmetry generating a Higgs
potential and leading to electroweak symmetry breaking. In the original version, which we



call the MTH, all SM particles and interactions are mirrored in the twin sector. However,
as it was first pointed out in ref. [6], the minimum matter content in the twin sector that
addresses the little hierarchy problem does not require an entire copy of the SM but just a
twin third generation. This case is the so-called fraternal TH (FTH).

The twin Higgs scenario provides several possibilities for DM model building. For
instance, models with thermal relics have been considered in the context of the FTH in
refs. [4, 5]. In these cases, the twin tau is cosmologically stable due to an accidental U(1)
lepton number. The WIMP miracle is recreated since these DM candidates have masses of
tens of GeV up to about 100 GeV, and the twin weak interactions determine their thermal
relic abundance. Also, in the FTH case, ref. [9] examines asymmetric DM (ADM) models.
The preferred scenario involves a light twin b quark with a mass below AQCD, asymmetry
connected to the SM baryon asymmetry through some UV mechanism, and a cosmologically
long-lived twin b baryon. One of the main advantages of the FTH scenarios is that they
minimize the new relativistic degrees of freedom, which makes it easier for them to avoid
conflicts with the cosmological bounds on Neg.. On the other hand, as we will see below, it
is more natural to build ADM models in the MTH scenario.

We consider the MTH model with an effective cutoff of A ~ 4xf, where f is the
spontaneous symmetry breaking scale of the twin Higgs global symmetry. In the limit of
exact Zo symmetry, f = v, with v the vacuum expectation value of the Higgs doublet in
the SM sector. However, the current experimental bounds from the measurements of the
Higgs boson couplings at the LHC [19, 20] require the f/v 2 3 [21]. This requirement can
be achieved by assuming a soft breaking of the Zo symmetry, i.e., a breaking occurring
in the infrared (IR) by some mechanism that respects the Zs symmetry in the ultraviolet
(UV). This soft breaking guarantees that the hierarchy problem is not reintroduced in
loops correcting the Higgs potential since the UV Zs symmetry forces the cancellation of
contributions quadratically dependent on the cutoff in the Higgs boson two-point function.
The soft Zsy breaking paradigm can accommodate all known collider phenomenology with
minimal tuning [21].

The twin sector of the MTH is particularly well suited to building models of dark
matter. In particular, here we consider the scenario where twin baryons, which carry an
accidentally conserved global charge just as protons carry baryon number, may constitute
all of the observed DM abundance. Thus, we focus on ADM models in the context of the
MTH, in which the origin of the baryon and twin baryon asymmetries are related and at
the heart of the apparent similarity in the DM and baryon abundances. In particular, it
was shown in ref. [11] that the twin neutron in the MTH model is a viable candidate for
DM. This results from a scenario where twin neutrinos somehow acquire large masses in
order to avoid tight constraints from the cosmological measurements of Neg . However, the
twin photon is still in the spectrum. If only twin baryon number B is generated in the
twin sector (i.e., no twin lepton number f)), then charge neutrality of the universe results
in the generation of a net twin neutron 7 number after the twin QCD phase transition.
Although 7% are also stable, their abundance is negligible [11], whereas 7° still decays to
twin photons. Finally, nucleosynthesis does not proceed without light twin neutrinos, and
we conclude that DM is made entirely of 7.



On the other hand, ref. [11] also raised a problem with this picture. If the softly broken
Zo implies that the number densities of baryon and DM are similar, i.e.

nB ~ NDM , (2.1)

then (1.2) implies (1.1). However, it seems that in order to achieve mpy =~ 5mp, the Zs
symmetry has to be broken in the UV. To see this, we notice that in this scenario

mpym ~ Aqep (2.2)

where AQCD is the twin sector strong interaction IR scale. But if we only allow for a
soft Z breaking, the only effects raising this scale compared to Aqcp are given by the
enhancements of the twin quark masses. This results in a speed-up of the running giving

Aqep ~ 1.4 Agep (2.3)

slightly depending on the value of f/v. In this way, with only a soft Zy, we have
mpm ~ O(1) my . (2.4)

Thus, if the baryon and twin baryon number densities, np and npy in (1.2), were to be
equal, we could not obtain the correct DM abundance.

Ref. [11] argues that the Zy symmetry forces the number density equality and that, in
order to obtain the correct DM abundance, the only way out is a hard breaking of the Zo
symmetry, which would be enough to give mpy ~ 5mpy. These masses can be achieved,
for instance, by having different values of the QCD and twin QCD couplings at the cutoff
A. However, this reintroduces two-loop contributions to the Higgs mass squared that are
quadratic in A. It was then argued that it is possible to introduce enough &(A) — a(A) to
obtain the desired value of ,/NXQCD ~ 5Aqcp at the same time that a fine-tuning of at the
most ~ 1% is required.

The situation described above, although technically feasible, is far from satisfactory.
The MTH remains a natural extension of the SM controlling the Higgs mass UV sensitivity
even after the most recent LHC bounds [19, 20], which come mostly from the constraints
on the Higgs couplings, but also from the invisible Higgs boson branching ratio [22, 23].
Therefore it is desirable to maintain this feature of the model, i.e., to avoid forcing the
MTH scenario into a fine-tuned corner of parameter space for the purpose of obtaining the
correct DM abundance. Luckily, as we will show below, it is possible to avoid introducing a
hard breaking of the Zs and still obtain the observed DM abundance. The key point, of
course, is to relax the approximate equality npy ~ np to accommodate eqgs. (1.1) and (1.2)
while still using the result (2.3), i.e. without introducing ad hoc hard Zy breaking.

Although we present a full model in section 3 as proof of principle for how this can be
achieved, we can sketch the general idea here, independently of the specific baryogenesis
model chosen to be used both in the SM and twin sectors. The specific baryogenesis model
will set np after annihilation of the symmetric part of the particle-antiparticle plasma,
leaving an asymmetric component. The final number density depends on the CP asymmetry,



ecp [24]. The details of its computation depend on the specific model under consideration.
However, ecp is proportional to the relative complex phases of the couplings of the theory,
denoted here as sin ¢. On the other hand, we assume that in the twin sector DM is generated
by the twin version of the same mechanism, i.e. is asymmetric. Thus, the same structure for
the final number density appears in the DM sector of the MTH. The remaining asymmetric
component of the DM plasma sets the final DM number density [7, 25-27]. Therefore,
the twin €cp will also be proportional to the complex phase of the couplings of the twin
sector, which we generically denote as sin q~5 Due to the Zy symmetry, the baryon and DM
asymmetries have the same microscopic origin; however, if the baryon and DM phases ¢
and ¢ are different, we can rewrite (1.2) as

sin gz~5
sin ¢

OpMm mpwMm

~

Qp my

~ 5. (2.5)

From (2.5), we can see that it is possible to satisfy the DM abundance ratio to baryons
if there is an order one misalignment between the phases ¢ in the visible sector and 5 in
the twin sector. We argue that this can be the case even in the absence of Zs breaking in
the UV, given that the relative phases in the visible and twin sectors maybe be defined by
IR processes that are not necessarily identical and, therefore, could generally come from a
soft Zs breaking. A simple example is the vacuum alignment leading to the spontaneous
breaking of the twin global symmetry at the scale f. This can be compared with the vacuum
alignment in the visible sector leading to electroweak symmetry breaking at the scale v.
There is no reason why the visible sector vacuum expectation value (VEV) should be real
relative to the twin sector VEV. We can parameterize the vev of the Higgs bi-doublet as

0
(H)=f Sige , (2.6)

e cos

where the Twin Higgs VEV (Hp) has a relative phase § with respect of the SM Higgs VEV
(H4). This relative phase propagates to the couplings of visible and twin sector states,
e.g. fermions, coupled to the SM and twin Higgses. As a result, the SM Higgs couplings
will have relative phases with respect to their twin sector counterparts. For instance, this
implies that the CKM phases in the twin sector in the MTH need not be the same as those
in the SM. Furthermore, since we are introducing couplings among quarks and new fields
in both baryogenesis and darkogenesis, the overall relative phase of these is potentially
receiving additional IR misalignment. We note that the phase ¢ in (2.6) does not have
physical consequences in the coupling of the Higgs boson to SM gauge bosons and fermions.
This can be seen by writing the Higgs doublets in the unitary gauge [21]

0

0
Belraim) e ) @




where h is the physical Higgs boson. The phase § however, will not impact the couplings of
the Higgs to gauge bosons, which can be extracted from

|DjHal” + D Hpl|?, (2.8)

and will not depend on d. Similarly, the couplings to fermions will result in

MHgata + )\tei‘s (f - 21fHTH) qptp, (29)
where we illustrate the point with the top quark couplings, and H is the SM Higgs doublet.
First, we see from the expression above that the phase § only affects the Higgs couplings
to the twin (invisible) sector. Second, we can see that the cancellation of the quadratic
divergences induced by the top quark is still efficiently performed by the twin top sector
and it is not spoiled by the phase 4. This is because the twin top loop contribution to the
Higgs boson two point function from the second term in (2.9) requires the mass insertion
A\t € f as well as the non-renormalizable twin top-Higgs coupling which, in order to close
the loop, enters like A} e~ This clearly shows that this relative phase between the two
sectors does not spoil the UV cancellation and, therefore does not affect the Zo symmetry
in the UV, so it can be considered a purely IR or soft Zo breaking.

Thus, we conclude that the phases entering in (2.5) need not be related by a Zo
transformation in the UV and can differ by order one values, which may result in the correct
DM abundance even if the ratio of DM to nucleon masses is still just over unity. In the
next section we show an explicit model of ADM in the MTH in which this mechanism is
successfully implemented.

3 Baryogenesis and darkogenesis

In this section, we specify a model of baryogenesis and its MTH counterpart to exemplify
that it is possible to obtain a successful ADM dark matter abundance in this context
without introducing hard Zs breaking.

3.1 Baryogenesis

We start by providing a simple and concrete model for baryogenesis. We generate the baryon
asymmetry directly at low scales below the sphaleron decoupling temperature. Baryogenesis
at low temperatures is appropriate for the twin Higgs since we expect the theory to be
completed at the UV scale A = 4nf ~ 10TeV. Therefore, we can imagine that the UV
completion can play a role in the baryon asymmetry generation.

The model is based on the out-of-equilibrium decays of a singlet fermion NV, that violates
baryon number. The need for CP-violation requires at least two flavors of Ny 2, with a mass
hierarchy My, > Mp,, so that the tree-level and loop amplitudes can interfere with different
phases. We also require the existence of a colored scalar X in the (3,1)3/3 representation
of the SU(3). x SU(2), x U(1)y group. We then add the following interactions to the SM
sector:

ALpgen = Nia Na X (uf)a + &€ Xa(d)p(dg)e + hec. (3.1)
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Figure 1. CP violating decays of N; responsible for generating the baryon asymmetry.

Here, i, j are the quark generation indices, a = 1,2 is the neutral fermion flavor, and a, b, ¢
are color indices. Because of the antisymmetric nature of €*¢, the &ij coupling must be
antisymmetric in flavor. This model is often considered in the context of low-temperature
baryogenesis [28, 29] since it is a simple realization of baryon number violation without
proton decay [30-38].

The baryon asymmetry is generated by the decay of the lightest neutral fermion, Nj.
The baryon asymmetry parameter is given by

ny, (T(Ny — B)—T'(Ny = B)\ _ N
AB s ( ['(N7 — tot) Miccp, (32)

where T'(N — f) are the decay widths of N to baryon number B = +1 or B = —1 final
states, Yy, = n% is the N yield, s is the entropy density, and egf) is the CP asymmetry.
We proceed to compute each piece of (3.2) separately.

We start with egﬁ,. CP violation results from the interference of tree-level and loop
amplitudes in N; decay as indicated in figure 1. The decay amplitude can be written as

M = cpAg + 1 Aq, (3.3)

where in ¢y and c;, we separate all the couplings in the matrix elements. We can then write
the CP asymmetry in the generic form [39]

Ny _ DV = Xug) —T(Ny — Xu) _ Tmfeoei} 2 fIm{Ao,fq}S dIl,x
PN = Xu) +T(Ny = Xug)  Salco®  []A20 dily

(3.4)

where 6 = (2m)*0%(p; — py) for the initial and final state momenta and dIl,x is the final
state phase space factor.

From (3.4) we see that to have a CP asymmetry, there must be a complex phase in the
product of the couplings as well as a non-zero relative phase of the two matrix elements,
AgAi. To meet this last condition, we need on-shell intermediate states in the loop diagrams
so that their matrix elements have a complex phase relative to the tree level one. This,
in turn, imposes a lower bound on the mass of N; from the mass of the colored scalar X,
which should be above the TeV scale due to LHC bounds,

.7\4]\[1 > Mx Z few TeV. (35)



Figure 2. Decay, inverse decay, and annihilation processes in the early plasma for the baryogenesis
model we consider.

Assuming that the couplings are complex.? Using the diagrams in figure 1, we obtain

- Tm(a NS A1) M2 M2
N1 _ ZZ,] 1142 72 j1 No No
€cp = 2475, P2 [3.7:5 (M?W) + Fv <M12Vl , (3.6)

where the functions Fgy («) coming from the loop diagrams are defined as

r—1

Few) =22 A =vam(1+3). (3.7)

Assuming that there are no flavor hierarchies between the \;, couplings, we take Ao, = Aya
for all ¢ = 1,2, 3 as a simplifying approximation. Then the CP asymmetry is given by

N1 _ 2 2
b = “or2k |37 > +Fy 2| sn &, (3.8)

where ¢ is the complex phase of the product of the couplings A1 Ajo\5aAu1.

Next, we turn our attention to the Ny yield Yy,. Before the decay of N1, the yield
will be constant once the early universe processes cease due to the expansion rate. Yy, is
set either thermally or non-thermally depending on the physical processes at play and the
values of couplings and masses. The important scale that distinguishes the two cases is
Tro, the freeze-out temperature of the processes that change the number density of Ny in
the thermal bath. In this case, the relevant processes are the decay of Ni, its inverse decay,
and Nj annihilations as shown in figure 2.

Once the freeze-out conditions are satisfied, the inverse decay and annihilation processes
will stop happening, leading to the following conditions,

Fux—n _q TNy Ny —uu

, =1. 3.9
2H Tll?rg 2H ngn. ( )

In these, I'; are the process rates for the two reactions, and 1%‘8’ and THa" are their
respective freeze out temperatures. Since we will be working with small couplings, we
can safely assume that the freeze-out temperatures of these reactions will be high, above
the mass of Ni. Therefore, N; is produced in equilibrium at high energies in the thermal
scenario, and the thermal distribution determines its yield. As the inverse decay and
annihilations freeze out, only the decay process will change the number density of Ny,
mainly after the lifetime of N7 has elapsed.

3There is no reason a priori for the couplings to be real. In the following sections, we comment on possible
sources for the complex phases.



As argued before, the out-of-equilibrium decays of Ny are responsible for the CP and
baryon number violation required for baryogenesis. In addition, we need to compute the Ny
lifetime to know when baryogenesis mostly occurs. A long enough lifetime is required to
reach the post-sphaleron baryogenesis window, as inverse decays and annihilations usually
freeze out at higher temperatures. The lifetime of N7 is given by

1 1672 miy,

FNl—mX 3‘)\111’2 my, —Mx

™, (3.10)

where we included all the decay channels for different flavors of w;—(y 4. Assuming that

N; and X have masses above the few-TeV region,*

we place a bound on the coupling A1
by requiring the lifetime to be larger than the cosmological time for sphaleron processes on

the one hand and lower than the time of BBN. This results in
(BN ~ 10 8) > 75y, > (Tspn ® 1072 5) = 107 <A\ 1077 (3.11)

To compute the thermal yield, we assume that the early universe processes decouple
relativistically as it leads to the largest value of Yy, . As we will see shortly, this requirement
will minimize the necessary tuning between the different couplings A1 and A,2 when fixing
the observed value for the baryon asymmetry. For relativistic freeze-out, the equilibrium
distribution gives the following yield

45C(3) gN
_ vEQ
Y =Yt o gus(T)’

(3.12)

where gy is the N; effective number of internal degrees of freedom, and g, g is the total
entropic effective number of degrees of freedom.”

Finally, we impose the correct baryon asymmetry in order to constrain the parameters
of the theory. Using (3.2), (3.12) and (3.8) we have

45¢(3) gn 2 MJZV M]2V .
YA = u 2 2 . 1
AB 1675 g*,s(T)’)\ 2|” |3Fs szvl + Fv sin ¢ (3.13)

The observed baryon abundance measured by the Planck telescope [40] is YU = (8.75 &
0.23) x 107!, Then, we can write (3.13) as

Yap 213.5 (3]—'5(1.5)+]-'v(1.5)) | Auz|sin'/2 ¢ ? (3.14)
8.7 x 1071 \ g, 5(Tr0) 15.3 23x107% | ° '

We have selected m%VQ = 1.5 m%vl as a benchmark point, yet the final abundance only
exhibits a weak dependence on the specific choice of mass splitting between the neutral
fermions. For larger splittings, the value of the coupling |Ayz2] sin'/2 ¢ is expected become
slightly larger.

“In this model, N; and X can be significantly heavier than the few-TeVs without changing the mechanism
and the coupling bounds we derived.

5The number of effective degrees of freedom is approximately twice the SM since we need to include the
twin states as they are coupled to the SM bath through the Higgs portal.



As we will argue later, we do not have any theoretical information on the origin of
¢, the relative phase in the couplings. Because of this, we can assume the phases have
values uniformly distributed from 0 to 27.9 If this is the case, the quantity sin ¢ is naturally
expected to be an order O(1) parameter. Therefore, we see from (3.14) that we can fix
the observed value for the baryon asymmetry assuming that the coupling of Ny is of order
Au2 ~ 1074, This value means that in this specific model of low-temperature baryogenesis,
a coupling hierarchy between A,1 and A9 is necessary. The coupling A,; must be smaller in
order for N7 to be long-lived enough to get to post-sphaleron temperatures, and \,o must
be larger to reproduce the observed value of the baryon asymmetry, i.e.

107 <[] S 1077, (3.15)
[Auz| ~ 1074, (3.16)

Although the couplings above are required to be rather small, these values are radiatively
stable. For instance, we can estimate the corrections to A\,; by looking at the UV contribu-
tions to the loop diagrams in figure 1. The first diagram gives a contribution approximately

given by
Ay —— 3.17

5)\u1 ~

where A denotes the cutoff. Since we assume that the states N1, Ny and X are associated
with the UV sector completing the twin Higgs model and this is not specified, the cutoff to
be used in estimating these corrections should be A ~ 47 f. Then we would have

Sl ™~ % A2, mfNQ (3.18)
which is still quite small even for the smallest values of my,. The last diagram in figure 1
gives a milder logarithmic cutoff dependence with similar coupling factors. A similar
argument can be made for the coupling A,2 with the appropriate replacements. Thus,
although to have a fundamental understanding of the sizes of A1 and Ay2 we would need to
know the details of the UV completion above A, these values of the couplings are radiatively
stable in the context of this small extension of the twin Higgs model.

On the other hand, this hierarchy of couplings is only necessary if we assume thermal
production of Ny. Conversely, N1 could be non-thermally produced if an additional
mechanism was active after the freeze-out temperature of the processes in figure 2. One
possibility is the production via the decay of a new heavy particle, for example, the
“reaheaton” 7, a scalar field that induces a reheating period in early cosmology. The
reheaton could be originated in different BSM scenarios, like non-thermal DM sectors,
inflationary models, or SUSY /string models for the early universe [30, 36, 41-46]. The
specific origin of this particle is beyond the scope of our work. The advantage of the N;
non-thermal production mechanism is that there is no need for a hierarchy between the
couplings A,1 and A,2, such as the one in (3.15) and (3.16) for the thermal case. We may

SNote that this range means that the phase sin ¢ can be negative. However, we can redefine what particle
or anti-particle means in this case, thus always making the baryon asymmetry parameter positive.

~10 -



then consider, for simplicity, that both couplings are equal in absolute value and that Ny
decays shortly after the reaheton decay. The prompt decay of Ny is achieved by a larger
Ay1 coupling, of order A\,; ~ 107%. In this case, the overall baryon asymmetry is given by

ny (F(T—>N1—>B)—F(T—>N1 — B)
Yap = —

=Y, Bry, €% 3.19
['(T — tot) ) LN (3:19)

Where e%’ is given by (3.6), Y; is the non-thermal yield due to the decay of the reheaton,
and Bry, is the branching ratio of the reheaton decay into Nj.

We can estimate the non-thermal yield as a function of the reheating temperature
by calculating the number density at this earlier matter-radiation equality epoch. The
non-relativistic energy density of the reheaton-dominated universe is p ~ m,n.. At the
radiation epoch, we have the energy density, p, = g—; g«(T)T*. Therefore, we have n, ~ %
and we can obtain the reheaton yield as

nr 3 Tren
Y, = 7~ ZZreh
SRH 4 m;

(3.20)

Here, sy = %g*ﬁ (Treh)Trih is the entropy at the reheating temperature. We also used
that the effective degrees of freedom ¢.(7") and g, g(T") are approximately equal at this
early epochs. The reheating temperature can be estimated by the freeze out of the reheaton
processes in the early universe. The reheaton decay rate can be obtained assuming that
since it is a long-lived particle, its decay is possibly mediated by a nonrenormalizable

operator. For example, in refs. [30, 36, 41] a dimension five operator was used, resulting in

2 3
a” me

where « is the effective coupling of the processes and M, is some high scale of the theory.
Then, comparing with the Hubble rate at the freeze-out temperature, we have

1/2 5 ,1/2 3/2
Top ~ 7 Mp1- an?? M (3.22)
¢ g4(T) (2m)1/2gH(T) M2
Then, assuming M, ~ Mpj, the reheaton yield (3.20) is
3 « me 1/2
Y, ~— 3.23
T4 (2m)2gNT) (Mm) (3.23)

With equation (3.14) and (3.19), we see that Y, < 1073. Notice that the reheating
temperatures are below the range of temperatures in which spharaleons processes are

active. Because of this, the couplings A1 can be larger. Consequently, N; does not need
a long lifetime, and baryogenesis will occur at lower temperatures, close to the reheating
temperature.

Parametrically, we can write the baryon asymmetry for the non-thermal case as

Yap _( 213.5 )4< msr )1/2 (3]—'5(1.5)+]-'V(1.5)> a2 | \ya| sin'/2 ¢ 2
8.7x 10~ \ gu(Tren) 100TeV 15.3 1.1 x 10?

(3.24)
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Notice that in the non-thermal case, the effective degrees of freedom ¢, (7}en) can assume
values with different orders of magnitude depending on the chosen reheating temperature.
The reheaton may decay at any time between post-sphaleron and prior to the BBN time.
In the numerical example above, we chose a reheating temperature before the SM and Twin
QCD phase transition, which yields a total effective degrees of freedom of g, ~ 213.5.

To conclude this section, we emphasize that our proposal is independent of the specific
details of the visible sector baryogenesis model. Reproducing the observed baryon asymmetry
is sufficient for the purpose of this work. Our primary focus will be to demonstrate how the
Zo symmetry ensures the origin of the dark matter abundance in the twin sector, with a
particular focus on the baryon asymmetry dependence on the phase and coupling given
either by (3.13) or (3.24). What is clear is that a generic baryogenesis model that relies on
the out-of-equilibrium decay of some new particle should have a similar dependence on these
parameters. As such, our findings have implications beyond the specific model we have
presented. We leave the extension of the model to higher temperatures via leptogenesis, the
achievement of baryogenesis without hierarchical couplings, and the origin of the reheaton
in the non-thermal case for future work that focuses explicitly on baryogenesis.

3.2 Twin darkogenesis

Now that we have a successful baryogenesis model, we can compute the corresponding DM
asymmetry using the twin mechanism discussed in section 2. The Zs mirror symmetry
results in a twin baryon asymmetry that generates the dark matter abundance in the
twin sector. Then, to compute the DM abundance, we use the baryogenesis model of
section 3.1. This approach means that, analogously to the SM sector case, we introduce an
out-of-equilibrium, CP, and baryon number violating decay. The new twin sector particles
are two neutral fermions N5 and a twin-colored scalar X in the (3,1), /3 Tepresentation
of twin QCD, SU(3). Then, we can add the following interactions to the twin part of the
theory,

ALEIR = NioNa X a(iip), + &6 Xo(dr)i(dr)] + h.c. (3.25)

Here, i, j are the twin-quark generation indices, a = 1,2 is the neutral fermion flavor, and
a, b, c are twin-color indices. The tilde superscripts indicate that all quantities are associated
with the twin sector.

The mechanism for generating the ADM abundance is the result of imposing the Zs
symmetry on the baryogenesis mechanism of the previous section. The out-of-equilibrium
decay of the twin N violates CP and baryon number and generates a CP asymmetry. As
for the case of the Ny, here, the N; yield can be obtained thermally or non-thermally. Then,
we can write the DM asymmetry as the twin baryon asymmetry parameter as

Yghermal 213.5 <3}‘S(1.5)+]-‘v(1.5)) [ Au2| sin'/2 ¢ 2 (3.26)
8.7x 10711 \ g, s(Tro) 15.3 23x1074 |’ ‘

where the expression above corresponds to the thermal determination of the yield. In the
non-thermal process, we would have a similar expression for the DM asymmetry, except for
the non-thermal yield (3.20).
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Our work does not introduce any new interactions between the visible and twin sectors
generating the baryon and DN asymmetries. In this way, we emphasize that the mirror
Zo mechanism uniquely gives their common origin without any need for cogenesis and
asymmetry transfer between the two sectors. Thus, this method for realizing the ADM idea
is similar to previous models of mirror DM [7, 47-52]. One could worry that additional
renormalizable interactions could be present or generated in the theory. However, these are
very suppressed in our model. Since the particles we introduced in the SM sector do not
interact with the Higgs directly and the Higgs portal is the only communication between
the twin and SM sectors, any visible-twin interactions happen only at multiple loop order.
Lastly, the MTH is expected to be UV completed near the cutoff of the theory. Therefore,
one could imagine that both ALpge, and A.C‘éwgienn have a common origin approximately
at the scale 47 f. In this case, there could be more renormalizable portals beyond the
twin Higgs. However, to introduce any new portals, we would need to make assumptions
about the structure of the UV theory, which is beyond the scope of this paper. The most
important aspect of the baryogenesis extensions we added to both sectors is that they leave
the hierarchy problem unaffected, as there are no new interactions with the Higgs.

Since the DM abundance is larger than the baryon abundance, some source of misalign-
ment will be necessary to achieve darkogenesis. The relation between the abundances is

dbm  npMm mpM

= ~ 5. 3.27
QB np mp ( )

As discussed in section 2, if there is a process that enforces ng ~ npy, we must have
mpwm ~ dmp. It is difficult to achieve this mass around 5 GeV with only soft Zo breaking
in the MTH. To see this, we observe that given that DM is a twin nucleon, the ratio of the
QCD and twin QCD confinement scales can predict the ratio between the DM and nucleon
masses. In appendix A, we derive the ratio of the two QCD scales, which is given by

A 2/9
7/\33 ~ (i) (3.28)

This scaling would result in a twin nucleon mass not much above 1 GeV. Thus, a hard Zs
breaking was usually assumed in QCD running couplings to make the twin nucleon heavier.
The central point of this work is to show that it is possible to have a ~ 1 GeV twin nucleon
DM candidate without resorting to hard Zo breaking. To show that, we can rewrite (3.27)
to make explicit the dependence on the baryon and twin baryon asymmetries, Yap and
Ypum. This results in

Q My, Y1 1-—-
pM _ "p YDm ( ’;) , (3.29)
Qp mpy Yap \1—7
where we defined the baryon and twin baryon fractional asymmetries r and 7 as
Uz g

Because we assumed that the SM and twin sectors have the same mechanism to generate
the asymmetry, the fractional asymmetries are expected to be the same. Then, using
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Figure 3. Allowed and excluded phases in radians of the neutral fermion (¢ = ¢p) and twin-
fermion ((5 = ¢pm) coupling to reproduce the observed ratio of the DM abundance to visible matter.
Following (3.32), the excluded region corresponds to a twin sector scale f > 3v that is incompatible
with measurements of invisible Higgs decays. The preferred region is obtained assuming a tuning
of f < 10v.

either (3.13) or (3.24) and m%™ /m,, ~ (f /v)?/?, we can write (3.29) as

Qo _ (f>2/9 (3]—"3 (a5)+Fv (Aﬁ)) Roal?

sin q~$
sin ¢

, (3.31)

Op v 3Fs (An) + Fv (An) | [Mu2l?

where Ay = MR, /M3, and As = M]%Q/MJ%I. )

Since we are not interested in introducing hard Zs breaking, we set |Ay2| = [Au2|. Also,
we assume that the mass splittings Ay and Ay are the same in both sectors. In any
case, and as already discussed in section 3.1, the final abundances only depend weakly
on the change of these parameters. Finally, because of the Zs symmetry, the fractional
asymmetries in both sectors should be the same. In this way we can rewrite (3.31) as

Qoum (i)w
Qp

sin (E
sin ¢

v

‘ ~ 5. (3.32)

Therefore, it is possible to satisfy the ADM requirement for the DM to baryon abundance if
the phases in the visible and twin sectors are misaligned. In figure 3, we show the allowed
phases needed in order to satisfy relation (3.32).

As we argued in section 2, the misalignment of the phases can be viewed as an IR effect
and does not qualify as hard Zy breaking. One source of misalignment comes from the
relative phase between the SM and twin vevs, d, defined by (2.6). Once there is a relative
phase difference in the SM and twin masses, the CKM field redefinition introduces different
phases on the couplings of (3.1) and (3.25).

SM: (Flavor Basis) AiaNaX(up)e — )\mUi{RNa)_(a(u}g)a (Mass Basis). (3.33)
Twin: (Flavor Basis) Xmﬁafa(ﬁé)a — Xiaei‘;[j’i{RNaXa(ulg)a (Mass Basis). (3.34)
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Here, U, g and ei‘;ﬁw r are the unitary matrix used to diagonalize the Yukawa terms
in the SM and twin sector, respectively. Even if the exact Zs ensures A\, = Xia in (3.33)
and (3.34) if the phase is non-zero we expect different imaginary parts of the visible and
twin couplings.

{ Nl b # Im{Xiae U7, }. (3.35)

We conclude that having different phases is not a hard breaking of the Zs since it is
still a symmetry of the UV theory and does not affect the hierarchy problem in any way.
Concerning the UV theory, we are not addressing the specific structure of the twin Higgs
model in the UV; we only assume that the Zy can arise as an exact symmetry at those
scales. Then, going to IR scales, the phase misalignment mechanism could have other
sources beyond the twin Higgs potential. In general, it is difficult to point out all the
sources of phase misalignment since this would imply that we have complete knowledge of
the flavor sector of the theory” and all the relaxation mechanisms that took place in the
thermal evolution of the model. Therefore, we are justified in treating the phases ¢ and
5 as unknown parameters and scanning for the values that reproduce the DM to baryon
ratio as in figure 3. Once we reproduce the observed abundances of DM and visible matter,
as well as the baryon asymmetry, we can study the phenomenological implications of the
model and see how it can be constrained or observed in the future.

4 Phenomenology

Once we have obtained the observed baryon asymmetry from the twin ADM model,
we can study the phenomenological constraints and signals of the model. Usually, the
most important constraints on twin Higgs models come from cosmology. In the original
implementation of the MTH, a mirror SM copy in a hidden sector induces significant
contributions to dark radiation at Cosmic Microwave Background (CMB) and Big Bang
Nucleosynthesis (BBN) epochs. If the twin sector had a thermal history similar to the SM,
relativistic twin neutrinos and photons would contribute to the total effective number of
relativistic degrees of freedom of the universe.

Many solutions in the literature deal with the potential cosmological problems of Twin
Higgs models. One straightforward approach is to decrease the number of relativistic degrees
of freedom in the Twin sector with explicit Zo breaking. As discussed in section 1, this
strategy is used in the Fraternal Twin Higgs model where only the third generation of
fermions are kept in the Twin sector [6]. This structure is the minimal particle content to
address the electroweak Hierarchy Problem. However, it relies on the hard breaking of the
Zo symmetry at the UV scale, which does not apply to this work. Another possibility is
an asymmetric reheating that injects more energy into the SM sector than the twin sector.
This possibility was considered in [53-56]. In asymmetric reheating, a massive long-lived
particle freezes out from the thermal bath while still relativistic. As the universe expands,
they become non-relativistic and decay in both sectors after they decouple. However, in

"Even in the SM, we do not have information on the origin of the CP phase in the CKM matrix
for example.
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these mechanisms, the massive particle decays are preferentially arranged to decay into
the SM sector. As a consequence, the temperature in the visible sector will be bigger
than in the Twin sector, alleviating the ANqg tension. In principle, we could implement
asymmetric reheating in the decays of N of our model. However, since there are preferential
decays to the SM, the numerical predictions we found in the last section would change.
Instead, we assume a more straightforward solution to the ANgg tension and leave other
implementations for future work.

A simple solution to the cosmological problems of the MTH was introduced by [53]
and worked out in [57-59]. The idea is to give a large mass to twin neutrinos, making
them decouple non-relativistically from the thermal plasma much earlier in cosmic history.
Effectively, the twin neutrino contribution to ANg is removed. We assume that a seesaw-
like mechanism exists and is responsible for generating large twin neutrino masses. The
implementation details can be found in previously mentioned literature on the twin neutrinos
solution to ANcg.

Once the twin neutrinos are heavy, our scenario in the MTH has a single viable
candidate for DM-twin neutrons. The argument proceeds as in [11]. Since ANg with
heavy twin neutrinos is within experimental bounds, we can keep the twin photon in the
spectrum to enforce the Zy symmetry.® Only twin baryon number B is generated with no
twin Lepton asymmetry. Therefore, all twin leptons can annihilate, and twin electrons are
not DM candidates.” The charge neutrality of the universe requires that there is no net
production of twin protons since they cannot combine into neutral objects. Therefore, after
the twin QCD phase transition a net twin neutron 7 number is generated. Finally, twin
nucleosynthesis cannot proceed in the presence of heavy twin neutrinos since there are no
protons to combine with neutrons. Because the neutron is stable and the only twin relic,
we conclude that dark matter is made entirely of 7.

Now that we have established that the MTH DM candidate is the twin neutron, we
can study the direct detection signals. As previously mentioned, we can estimate the mass
of the 7 to be near that of the visible nucleons, corrected by the twin sector scale. The
precise relation follows from the definition of the QCD scales in both sectors. The leading
order contribution to Aqcp arises from the running of the strong couplings coupling,

1
as(Q?) = —————(5— (4.1)
bo(Ne) In -9~
o(Ny) In ey
Here, we have defined by(N¢) = 33 — 2N and Ny is the number of active quark flavors
lighter than the relevant scale m; < @. Because of the Ny dependence, there will also
be an effect on Aqcp due to the quark mass thresholds. In appendix A, we compute the

mass-threshold contributions due to integrating out the heavy quark states f =t,b, ¢ to the

8If the SM prediction of AN.g remains confirmed with future data, keeping the twin photon in the model
can become problematic beyond the 3o level. If this becomes the case, one could implement asymmetric
reheating to avoid the cosmological bounds or have a massive twin photon as in [60, 61].

%If the twin electrons do not annihilate, they could potentially add to the abundance to the point of
leading to overclosure.
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QCD scale. If we divide the QCD and twin QCD scales, we obtain the following relation

K ~ o~ o~ 0\ 2/27 2/9 9 1 1
QCcp (-7#%%) (f> exp [_” (N _ )] (4.2)

AQCD Yt Yb Ye v 9 Qg Qs
Assuming there is no hard Zs breaking, we can set §j; = yy and &s = a;. Finally, there is only
a soft Zo breaking due to the heavier vev of the twin sector, and we recover equation (3.28),

Aqep <f>2/9 (4.3)
Aqecp  \v/) '

Since the neutron and twin-neutron masses are proportional to their respective QCD scales,

we can write
mom = ma = (f/0)%° my. (4.4)

Then, assuming that f/v 2 3 from the LHC Higgs coupling measurements [19, 20] and
f/v <10 to limit the fine-tuning of the model, we arrive at a rather narrow range of DM
mass in this model:

1.2GeV S mpm S 1.6 GeV. (4.5)

Next, we estimate the nucleon-DM cross-section. The starting point is understanding
the halo’s local dark matter profile. Because twin dark matter is twin neutrons, its self-
interactions should be of the order of the nucleon cross-sections, around ~ 1em? /g at energies
of a few GeV. Because of this value, we observe that twin DM is within or borderline close
to the bounds from small-scale structure formation and merging clusters [62, 63]. While
the suppression of small-scale structure could be a signal of this or other similar ADM
models, we leave this part for future work. Several complications are still under debate in
the literature regarding the need for suppression in small scales.!” We therefore assume
the twin-neutron self-interaction cross-section satisfies the bound. Assuming this, we then
expect twin dark matter to have an approximately uniform distribution within the galaxy
halo, allowing for the usual dark matter halo profile and velocity distribution.

Direct detection of twin dark matter assumes that the two sectors communicate. This
communication can occur either through the Higgs portal or other operators at the UV
completion scale of the MTH model. Since we are interested in the scattering of nuclei and
twin DM at low energies, we can use the effective theory of light quarks and twin quarks.
Generically we can write

.

Eeff = ]{1;1 (@FQI)(EI:‘@]% Fa f = ]la i’>’5> ’Yua 75’7M7 UMV> (46)

where, i = u,d, s and j = 4, d, 3. c;]é are the Wilson coefficients of the operator and A is

some scale high compared to 1 GeV. In general, we can write different Lorentz structures, I'.

However, for our purposes, we are only interested in effective quark operators that generate

10T he reliability of the collisionless cold dark matter simulations to predict small-scale structure suppression
and the role of baryonic feedback are some examples of recent discussions in the literature.
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spin-independent interactions that survive the point-like nucleon approximation. Therefore,
we only keep T, =1, ~* since these generate spin independent NR interactions [64, 65].

In the case of (4.6) being generated by the Higgs portal interaction, we have the
following scalar 4-fermion operator,

chige = Y% ¢ (gig) (@), (4.7)
mp,

where ¢ = v?/f2 and we used the Zs symmetry to write the twin quark Yukawa coupling
7; to be equal to the visible Yukawa couplings. In this case, we expect this operator to
generate a small nucleon cross-section since a double suppression comes from the Yukawa
couplings of the light SM and twin quarks.

The other possibility is that the effective operators (4.6) are generated at the MTH
cutoff. Considering this case, we can write the two operators that generate spin-independent
non-relativistic interactions, a scalar and a vector operators:

A CS =~ A cv ,__ =
L = /T%(qz'qz‘)(qj‘%)a Lg = Tv(qw“qi)(qg‘wqg')- (4.8)
Furthermore, we absorb the coefficients of the scalar and vector operators into the definition
of the cutoff scales Agy, effectively setting cg = ¢y = 1.
The spin-independent cross-section, og, can be calculated using standard methods as

described in appendix B. For the scalar and vector operators, ogy is given by

2 2 r2 2 2 1.2
scalar _ MN# fofL vector __ M N# bNbﬁ (4 9)
GSI - A4 ) USI - T A4 ) .
S \%

where uy7 is the reduced mass of the twin-neutron and nucleon system, and the zero
momentum constants are derived from the form factors as

Iy =3 ) =03, = Y ~03, (4.10)
a q

by = > FPN(0) =3, by = FPY(0) = 3. (4.11)
a q

Notice that the vector form factors are ten times larger than the scalar ones at zero
momentum. Since the form factor goes with the fourth power in (4.9), there will be a
significant difference in reach for the scales in the vector and scalar operators.

In figures 4 and 5, we show the spin-independent twin-neutron nucleon scattering
cross-section parameter space for the scalar and vector operators, respectively. The green
rectangle shows the allowed DM mass given by (4.5) and the scale of the operator for each
cross-section. The different plots highlight the contrasting reach of the scalar and vector
scales, with high Ag down into the neutrino fog. In the scalar case, the Higgs portal appears
at a higher effective scale, around Ag ~ 40 TeV, due to the double suppression of the first
generation Yukawa couplings. The filled regions are the current exclusion bounds from
Darkside 2022 data [66], CRESST-III [67] and XENONIT [68, 69]. In the case of Darkside,
nuclear recoils are subject to quenching effects, which cause a reduction in the energy signal
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Figure 4. Spin-independent cross section parameter space for direct detection of twin dark matter.
In this plot, dark matter is made of twin neutrons that interact through the scalar 4-fermion
interaction. The green rectangle indicates the twin neutrons’ predicted mass and cross-section.
Current bounds from DarkSide [66], Cresst [67] and XenonlT [68, 69] are represented by the filled
colored regions, including DarkSide quenched analysis (QF) as a solid curve. Dashed lines show
future exclusion curves for superCDMS [70, 71] and SBC [72], while the blue regions below depict
the neutrino fog in the O’hare definition [73, 74].

due to various mechanisms whose statistics are not fully understood. Because of these
effects, [66] considered two models to bound the quenching effect region where quenching
fluctuations are suppressed (NQ) or unsuppressed (QF). NQ corresponds to the filled solid
pink region (DarkSide50 2022), and QF is the DS50 QF curve in figures 4 and 5. While
the quenching factor can vary between events, it is typically quantified using calibration
sources and simulations. Once these analyses are done, the real exclusion region should lie
somewhere in between the NQ and QF curves.

For the neutrino background, we present the Xenon neutrino fog as defined by [73, 74].
The index n, the gradient of the DM discovery limit over some exposure measure, labels
the different neutrino fog curves and is given by

dlogo \ !
= _ 4.12
" (dlogN) ’ (4.12)

where ¢ is the discovery limit, and N is the number of events. Given a cross-section

experimental sensitivity, this definition means that reducing the sensitivity by a factor of x
requires increasing the exposure by ™. Therefore, future experiments can put exclusion
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Figure 5. Spin-independent cross section parameter space for direct detection of twin dark matter.
Dark matter is made of twin neutrons that interact through the vector 4-fermion interaction in this
plot. The green rectangle indicates the twin neutrons’ predicted mass and cross-section. Current
bounds from DarkSide [66], Cresst [67] and XenonlT [68, 69] are represented by the filled colored
regions, including DarkSide quenched analysis (QF) as a solid curve. Dashed lines show future
exclusion curves for superCDMS [70, 71] and SBC [72], while the blue regions below depict the
neutrino fog in the O’hare definition [73, 74].

bounds inside the neutrino fog region by having sufficient exposure time. The dashed lines
correspond to projections by the SuperCDMS [70, 71] and SBC [72] experiments. A large
portion of the parameter space for twin dark matter will likely be probed in the future,
especially for the effective vector operators. Due to the smaller scalar form factors, reaching
very high cutoff scales is more challenging, and part of the interesting parameter space is
down the n > 3 neutrino fog region. Promising strategies beyond maximizing exposure
could be adopted to probe this region. One of these is using the directionality of the
neutrino flux to reduce their background. For a review of direct detection prospects below
the neutrino fog, we point out to [74].

We can conclude from the figures above that the interesting scales for the UV completion
of the MTH, typically of the order of 10 TeV, are beginning to be probed by the Darkside
collaboration. This is clearly the case for the vector operator (figure 5). On the other
hand, for the scalar operator (figure 4) the suppressed sensitivity resulting from the smaller
zero momentum constants in (4.10) puts this interesting UV completion scale under the
neutrino fog, making its detection more challenging. Additionally, the Higgs portal should
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be always present in the MTH independently of the UV completion. Therefore, reaching
the Twin Higgs portal cross section has the potential of excluding or confirming the model.
However, due to the double first-generation Yukawa coupling suppression, the signal for
direct detection goes deep into the neutrino fog, with difficult experimental prospects. In
any case, we see that the direct exploration of the parameter space of this ADM scenario of
the MTH is becoming feasible in current and future experiments.

To finish this section, we briefly comment on other possibilities for the phenomenology
of the presented model. First, bounds from neutrons oscillation experiments do not apply
here since the interactions of X and quarks in (3.1) is anti-symmetric in flavor. Additionally,
the charged X production could be explored at the LHC. This paper assumes that X is
heavy enough to be out of reach by collider experiment. However, we are pursuing the
collider phenomenology of this low-temperature baryogenesis scenario in a forthcoming
publication.

5 Conclusions

The primary focus of this paper is to present a Mirror Twin Higgs implementation of
asymmetric dark matter in order to show that there is no need to introduce a hard Zs
breaking in order to have a consistent dark matter candidate. We focused on adding a
particular baryogenesis model to the visible sector of the MTH that successfully generates
the baryon asymmetry at low temperatures after sphaleron decoupling. The model relies
on the out-of-equilibrium decays of a neutral fermion that violates baryon number and CP
symmetry. We showed that the observed baryon asymmetry can be correctly obtained,
assuming that the neutral fermion is produced in the early universe, independently of
weather this production is thermal or non-thermal.

We emphasize that any specific model of baryogenesis that is then mirrored to the
MTH through the Zy symmetry will result in the same conclusion: no hard Zs breaking
is necessary as long as the needed Zy breaking is in the relative phases of the couplings
appearing in the CP violation asymmetries in the visible and twin sectors, which are
responsible for the baryon and DM abundances. This generality was first mentioned in
section 2, in the paragraph prior to eq. (2.5), where it is clear that as long as the CP
violating phases as misaligned by order one factors, it is possible to obtain the correct DM
and baryon number abundances without making use of hard Zy breaking in the running of
the twin QCD coupling, as it was thought to be required in ref. [11]. In the specific model
we use this translates in (3.32), which has the same scaling with the phases introduced in
sections 2 and 3.

The Zo symmetry of the MTH model extends the cosmological mechanism responsible
for baryogenesis to the twin sector. This mirroring gives rise to an abundance of asymmetric
dark matter predominantly composed of twin neutrons. Misalignment of the complex phases
between the visible and twin sectors make possible a dark matter abundance consistent
with the observed value of Qpy ~ 5Qp. This phase misalignment could arise solely as an
IR effect, ensuring that no hard breaking Zs needs to be introduced. A simple example is
vacuum misalignment between the two scalar sectors, leading to different phases in their
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couplings entering the CP asymmetries. This, as well as similar misalignments in the phases
of fields entering the singlet couplings in both sectors, can be IR effects and therefore
thought of as soft Zs breaking, Preserving the UV Zy symmetry of the twin Higgs model is
a desirable feature concerning the electroweak stability of the theory, and its protection
guarantees that the solution to the little hierarchy problem remains unspoiled, without the
need of further tunings.

As mentioned above, it is possible to reach the same final DM abundance with different
baryogenesis implementations. Because of this, our results are not limited to the specific
baryon asymmetry mechanism used in section 3. Once a visible baryon asymmetry is
achieved, the Zs symmetry and phase misalignment are enough to reproduce the abundance
ratio between DM and baryons. Consequently, the mechanism exhibits the potential
for generalization to alternative baryogenesis models, such as high-scale leptogenesis or
electroweak baryogenesis. These extensions can be explored in future developments of ADM
in the MTH framework.

Regardless of the chosen baryogenesis model, implementing ADM in the MTH model
without hard Zs breaking predicts that dark matter consists mainly of twin neutrons with
masses ranging from 1.2 GeV to 1.6 GeV. A significant part of the parameter space is
probed assuming an effective interaction of the light quarks and twin quarks. Part of the
parameter space is excluded by the data from the Crest-1II and Darkside-50 experiments.
Promisingly, future experiments such as SuperCDMS and SBC can probe higher effective
scales beyond the TeV range. Furthermore, direct detection experiments below the neutrino
fog hold significant potential for uncovering the nature of twin asymmetric dark matter. We
conclude that the mirror twin Higgs model is a well-motivated BSM approach to address
the electroweak stability, the nature of DM, as well as the origin of the baryon asymmetry
with the same core concepts. The model presents a compelling candidate for dark matter in
the GeV range, requiring extensive exploration through future DM detection experiments.
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A QCD and twin QCD scales

In this appendix we derive the leading order relationship between the SM QCD and twin
QCD scales we used throughout the text,

Yoo _ (1) A1)

Following [75], the derivation makes use of the quark-mass threshold contributions to
Aqcp. At leading order, the running coupling a(Q?, Ny) can be written for momentum
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greater than the top quark as

1
b(6)log @*/Afyy’
Here, Ny = 6 is the number of active quark flavors at high energies and b(Ny) = 33 — 2Ny.

Crucially, the UV QCD scale defined in this relation is the same between the visible and
the twin sector.

as(Q%,6) = Q* > m?. (A.2)

The first quark threshold correction appears when we integrate out the top-quark. The
coupling below the top quark mass can be written as

as(Q%,5) = c, Q* > mj, (A.3)

1
+
b(5)log Q@*/Agy
where c is a constant fixed by requiring the matching between the theory with six and five
quarks at the top-quark mass scale, as(my, 6) = as(my,5). Calculating ¢ we arrive at

1 Q2 2
————— =b(5)log = + b(6)1 : A4
as(Q2,5) (5) log m? +b(6) log —— A2 (A.4)
However, a(Q?,5) also defines the QCD scale for the theory with only 5 active quarks, As.
1 Q? 2 2
———— =b(5)log = . A5
as(Q2a5) ( ) 0og A%a Q > my ( )
Comparing (A.4) to (A.5), we arrive at a relation for the 5 quark-flavors QCD scale.
—b(6)/b(5)
my

We can do the same procedure to obtain the quark-mass threshold contributions to the
QCD up to the charm-quark. Beyond this point, the theory becomes strongly interacting
and we cannot perturbatively integrate out the light quark-flavors since they are below the
QCD scale. Thus, the definition for the QCD scale includes threshold contributions from
the three heavy states, the top, bottom and charm quarks. We can them write

b(6) ) b(5) b(5) ) b(4) b(4)
e ) e \e@) ) e \hE)
Agep = As _AU(V)/b() t( ()) ()mb( ()) ©) c( ())' (A7)

Substituting the values of b(NNf) and using that the mass-Yukawa relation my = y4v, we

obtain
7/9 2/27 2/27
Agep = A U/Vyt/ / 2/27 2/9 (A.8)

Similarly, for the twin QCD scale we can write
Aqop = AT P g PR £, (A.9)

Since there is no Zy breaking in the model, we can write the twin Yukawa couplings as
Yq = Yq- Finally, dividing (A.9) by (A.8) we obtain the proposed relation,

A 2/9
ASEE _ (f) . (A.10)
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B Spin-independent cross-section of twin DM

Now, to find the cross-section, we compute the nucleon-DM scattering matrix. To first
order in the perturbative expansion, we have the following nucleon amplitude

_ L

My = (W' N'|Leg|N) = 2

(N'|@iTq;|N)(7'|q;Tq5|7). (B.1)

We use N’ and 7/ to denote the nucleon and twin-neutron final states, respectively. The

nucleon-spinor bilinears can parameterize each matrix element,

_ N _
(N'@TalN) = > FY(¢*)ayTuy, (B.2)
i=u,d,s
where FZ(N) (¢?) are the hadronic form factors associated to the nucleons N = p, n. For direct

detection of twin DM, it is sufficient to use the hadronic form factors at zero transferred
momentum since their variation is negligible compared to the recoil energies considered.
In this limit, we can relate the scalar form factors with the fraction of the nucleon mass
carried by the light quarks,

m
(NfgqlN) =~ FN) O)avuy = fry avun. (B.3)
q

The vector form factors are related to the conserved flavor singlet vector current associated
with the baryon number.

(Nlgy"q|N) = EN (0)any un (B.4)

The form factors at zero momentum can be obtained by perturbative and lattice calculations
or by experiment. We used the values from [76-79].
Finally, we can calculate the spin-independent cross-section.

2 2 r2 2 2 12
scalar __ W7 foﬁ vector __ KN bNbﬁ (B 5)
Og1 - A4 ’ Og1 - T A4 ; .
S 1%

where 7 is the reduced mass of twin-neutron and nucleon, and we have defined the

constants
fv =3 ) ~ 03, =AY ~03, (B.6)
a q
by = > FPN(0) =3, by = FPY(0) = 3. (B.7)
q q

Notice that the vector form factors are ten times larger than the scalar ones at zero
momentum. Since the form factor goes with the fourth power in (B.5), there will be a
significant difference in reach for the vector and scalar probes to the scale of the operator.
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