
Resurrecting the fraternal twin WIMP miracle

David Curtin,* Shayne Gryba ,† and Jack Setford‡

Department of Physics, University of Toronto, Toronto, Ontario M5S 1A1, Canada

Dan Hooper §

Fermi National Accelerator Laboratory, Theoretical Astrophysics Group, Batavia, Illinois 60510, USA,
University of Chicago, Kavli Institute for Cosmological Physics, Chicago, Illinois 60637, USA,

and University of Chicago, Department of Astronomy and Astrophysics, Chicago, Illinois 60637, USA

Jakub Scholtz∥
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In twin Higgs models that contain the minimal particle content required to address the little hierarchy
problem (i.e., fraternal models), the twin tau has been identified as a promising candidate for dark matter. In
this class of scenarios, however, the elastic scattering cross section of the twin tau with nuclei exceeds the
bounds from XENON1T and other recent direct detection experiments. In this paper, we propose a
modification to the fraternal twin Higgs scenario that we call Z2FTH, incorporating visible and twin
hypercharged scalars (with Y ¼ 2) which break twin electromagnetism. This leads to new mass terms for
the twin tau that are unrelated to its Yukawa coupling, as well as additional annihilation channels via the
massive twin photon. We show that these features make it possible for the right-handed twin tau to freeze
out with an acceptable thermal relic abundance while scattering with nuclei at a rate that is well below
existing constraints. Nonetheless, large portions of the currently viable parameter space in this model are
within the reach of planned direct detection experiments. The prospects for indirect detection using gamma
rays and cosmic-ray antiprotons are also promising in this model. Furthermore, if the twin neutrino is light,
the predicted deviation of ΔNeff ≈ 0.1 would be within reach of Stage 4 cosmic microwave background
experiments. Finally, the high luminosity LHC should be able to probe the entire parameter space of the
Z2FTH model through charged scalar searches. We also discuss how searches for long-lived particles are
starting to constrain fraternal twin Higgs models.
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I. INTRODUCTION

The hierarchy problem and the unknown nature of dark
matter have long motivated searches for new physics at
colliders and direct detection experiments. Proposed sol-
utions to the hierarchy problem involve new states with
masses near the weak scale which stabilize the mass of

the Higgs boson. The problem of dark matter is also
suggestive of new physics near the weak scale, motivated
by the fact that a stable particle with a weak-scale mass and
an annihilation cross section similar to that associated with
the Standard Model (SM) weak interaction will freeze out
of equilibrium in the early universe with a relic abundance
similar to the measured density of dark matter. This so-
called “WIMP miracle” has inspired an enormous range of
dark matter models over the past several decades (for a
historical review, see Ref. [1]). Naturally, any physics
beyond the SM that is capable of solving both of these
mysteries would be particularly well motivated. This has
long bolstered interest in supersymmetry [2], which
requires each fermion to be accompanied by a bosonic
partner (and vice versa) with identical gauge charges and
couplings, thereby canceling quadratically divergent con-
tributions to the Higgs mass. Some of these superpartner
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particles, in particular the neutralinos, are weakly interact-
ing, and thus could serve as a dark matter candidate in the
form of a weakly interacting massive particle (WIMP).
Naturalness considerations, however, lead one to expect the
superpartners of the top quark to be light enough to be
produced at a high rate at the Large Hadron Collider
(LHC), in tension with the null results presented by the
ATLAS and CMS Collaborations [3–8]. Similarly, across
most of the supersymmetric parameter space, the lightest
neutralino is predicted to scatter with nuclei at a rate that is
excluded by direct detection experiments [9–11]. In light of
these considerations, it is well motivated to consider
alternatives to supersymmetry that can address the hier-
archy problem and provide a dark matter candidate without
conflicting with the constraints produced by the LHC and
direct detection experiments.
Several scenarios have been proposed in which the

quadratic contributions to the Higgs boson mass are
canceled by particles without SM gauge charges, constitut-
ing a paradigm known as “neutral naturalness” [12–20].
The most well-known and perhaps most promising of these
models are those that fall within the twin Higgs framework
[12–14,18,21–23]. In twin Higgs models, a discrete Z2

symmetry stabilizes the Higgs mass at one-loop to solve the
little hierarchy problem, with supersymmetry or compos-
iteness solving the full hierarchy problem in the UV
completion [23–33]. This symmetry does not commute
with SM gauge charges, giving rise to a twin sector of
particles that have the same spin as their SM counterparts,
but that are charged under twin versions of the SM forces.
Since the twin tops are singlets under the SM strong force,
this mechanism naturally evades standard LHC searches for
top partners.
Just as supersymmetry must be broken in the infrared,

the discrete symmetry of twin Higgs models must be softly
broken in order to make this framework a realistic theory of
nature. In the perfectZ2-symmetric limit, the lightest Higgs
mass eigenstate is an equal admixture of the visible and
twin sector Higgs bosons, in significant conflict with
measurements of the Higgs couplings [34–36]. Some
source of Z2 breaking must therefore lift the twin Higgs
vacuum expectation value (VEV), f, to a value that is a few
times larger than that of the visible Higgs, typically
f=v ∼ 3–5. As a result, the 125 GeV Higgs boson contains
a ∼v2=f2 ∼Oð10%Þ admixture of the twin sector Higgs,
similar to the degree of tuning that the Z2 breaking must
satisfy (though that tuning can be reduced in nonminimal
constructions [37–39]). This Higgs portal, which is essen-
tial for the solution to the little hierarchy problem, provides
a means by which this class of models can be probed at the
LHC and future colliders. In particular, the mixing predicts
universal deviations among the Higgs couplings [34],
which could be detected at the high-luminosity LHC and
would be exhaustively probed at future lepton colliders
[40,41]. The Higgs portal also allows for exotic Higgs

decays into the twin sector, which may result in the
production of long-lived particles [18,42].
In the unbroken Z2 limit, twin Higgs models include a

massless twin photon and three light twin neutrinos, all of
which are problematic for cosmology. In particular, these
particles are collectively predicted to contribute to the energy
density of radiation at a level corresponding to ΔNeff ∼ 5,
while cosmic microwave background (CMB) measurements
have produced an upper limit of ΔNeff < 0.23ð2σÞ [43].
Realistic twin Higgs models must therefore eliminate these
light degrees of freedom either by introducing a hard
breaking of the Z2 symmetry (while retaining the cancella-
tion between the top and twin top contributions to the Higgs
mass) [18,44] or by introducing an asymmetric reheating
mechanism that increases the temperature of thevisible sector
relative to the twin sector, thereby lowering ΔNeff [45,46].
The fraternal twin Higgs (FTH) model [18] is a particu-

larly simple and appealing representation of the first
possibility. The twin sector in the most minimal version
of this model consists of t0; b0; τ0, and ν0τ, which are charged
under twin QCD and twin weak interactions in analogy
with the SM. Twin electromagnetism either is not gauged in
the most minimal version of this model or is broken at a
high scale. For the most Z2-preserving version of this
particle content, the masses of the twin fermions are set by
SM-like Yukawa couplings to the twin Higgs, making them
heavier than SM fermions by a factor of f=v. Alternatively,
one could break theZ2 symmetry further, allowing for us to
treatmb0 ,mτ0 , andmν0τ as free parameters [although the twin
top mass must remain fixed to ðf=vÞ ×mt in order to
stabilize the mass of the light Higgs].
By virtue of an accidental global Uð1Þ symmetry, the

twin tau is stable in the FTH model, making it a potential
candidate for dark matter [44,47]. (See [48–60] for other
dark matter candidates within the twin Higgs framework.)
In particular, the twin tau annihilates primarily to twin
neutrinos or twin bottoms through the twin weak inter-
action [which is a copy of the SM weak interaction, with
mW0 ¼ ðf=vÞ ×mW], yielding an acceptable thermal relic
density for masses in the range of mτ0 ∼ 50–150 GeV. This
“fraternal twin WIMP miracle” plays out almost entirely
within the hidden sector: annihilations into the visible
sector through the Higgs portal play a subdominant role,
except near mτ0 ∼mh=2. However, the Higgs portal does
lead to irreducible signatures. Since the entirety of the twin
tau mass comes from its Yukawa coupling to the twin
Higgs, the twin tau is predicted to have a sizable elastic
scattering cross section with nuclei through the Higgs
portal. Therefore, constraints from XENON1T and other
recent direct detection experiments [9–11] have by now
excluded the entire range of parameter space that yields an
acceptable relic abundance in this model.
A very minimal modification of the FTH model is to

reintroduce the twin photon, γ0. Recently, a new mechanism
was proposed for the mirror twin Higgs model to
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spontaneously break theZ2 symmetry in theHiggs sector by
extending it to include scalars charged under visible and
twin hypercharge [61]. One of these new scalars, by
definition in the twin sector, acquires a VEV, giving a mass
to the twin photon and generating the soft Z2-breaking
Higgs mass term that raises f above v. Depending on the
hypercharge of the scalar, various additional twin fermion
mass terms can also be generated through this mechanism.
In this paper, we apply the mechanism proposed in

Ref. [61], implemented with Y ¼ 2 (twin) hypercharge
scalars, to a maximally Z2-symmetric FTH model. We
demonstrate that this “Z2FTH” model with spontaneously
broken twin hypercharge provides a viable dark matter
candidate in the form of a dominantly right-handed twin tau
with a mass on the order of ∼Oð100 GeVÞ [62]. Unlike
dark matter in the conventional FTH model, our scenario is
consistent with existing direct detection constraints. This is
made possible due to the new τ0 Majorana mass terms that
are unrelated to the elastic scattering cross section, as well
as new annihilation processes mediated by the twin photon.
The Z2FTH scenario leads to a variety of potentially
observable signals, including those at future direct detec-
tion experiments, exotic Higgs decay searches, CMB
measurements, and indirect dark matter searches.

II. A NEW FRATERNAL TWIN WIMP MIRACLE

In Ref. [61], Batell and Verhaaren augmented the
standard Twin Higgs model with new scalars, Φ ¼ ðϕ;ϕ0Þ,
in the visible and twin sectors, respectively. The sponta-
neous Z2 breaking can be understood from a simplified
Φ-only potential,

VΦ ¼ −μ2ΦjΦj2 þ λΦjΦj4 þ δΦðjϕj4 þ jϕ0j4Þ; ð2:1Þ

which is Z2 symmetric and obeys a Uð2Þ symmetry in the
δΦ → 0 limit. If δΦ < 0, one of the scalars has no VEV,
while the other scalar (by definition ϕ0) acquires a VEV, fϕ.
The resulting physical degrees of freedom are as follows:

(i) The twin hypercharge gauge boson, B0, acquires a
mass of mB0 ¼ ffiffiffi

2
p

Yg0fϕ, where Y is the hyper-
charge carried by the new scalars and g0 is the twin
hypercharge gauge coupling.

(ii) The radial component of ϕ0, labeled ρ, is the radial
mode of the approximate Uð2Þ breaking with a mass
of mρ ∼

ffiffiffiffiffi
λΦ

p
fϕ. The angular mode is eaten by

the B0.
(iii) The visible sector charged scalar, ϕ, is a pseudo-

Goldstone boson with a mass given bymϕ ∼
ffiffiffiffiffi
δΦ

p
fϕ.

Note that ϕ can be much lighter than the twin sector
radial mode, ρ.

This potential can be integrated into the twin Higgs scalar
sector. TheZ2-symmetric coupling between the hypercharge
breaking scalars and thevisible and twin electroweak doublet
Higgs bosons,

δHΦðjHj2 − jH0j2Þðjϕj2 − jϕ0j2Þ; ð2:2Þ

then generates the Z2-breaking Higgs mass term once ϕ0
acquires its VEV. Themass spectrumof the twin electroweak
gauge bosons is straightforward, with the caveat that we
always define γ0 as the admixture of B0 and W03 that is
predominantly B0, while Z0 is always predominantly W03.
Thus mγ0 ≈mB0 when mB0 ≫ mZ0 or mB0 ≪ mZ0, with a
discontinuous level crossing in the spectrum around fϕ ∼ f,
when the twin photon and Z0 are similar in mass.
This mechanism accomplishes the required breaking of

the Z2 symmetry in the scalar sector of the twin Higgs
model in a simple and elegant way. Note that the new
scalars are protected from quadratic divergences via the
same twin mechanism as the SM Higgs. It also makes
interesting physical predictions, including the existence of
the electrically charged scalar in the visible sector, ϕ. If this
scalar were stable, it would be an unacceptable charged
relic. To evade this problem, we require that Y ¼ 1 or
Y ¼ 2, allowing for Yukawa couplings that enable ϕ to
decay to fermions in each sector. In the Y ¼ 1 case, the
breaking of the twin hypercharge would allow the twin
electric charge to be violated by units of ΔQ0 ¼ 1, making
the twin tau unstable. Since we want to identify τ0 as a dark
matter candidate, we focus on the case of Y ¼ 2, where the
lightest τ0 mass eigenstate can be stable. The visible sector
ϕ must then be heavy enough to evade current bounds on
new doubly charged particles (mϕ ≳ 500 GeV [63], assum-
ing that ϕ decays exclusively to taus, or ≳600–800 GeV if
there are significant decays to electrons or muons). It is
convenient to keep in mind that mγ0 ≈ fϕ in this case
(neglecting Z0 mixing).
With these considerations in mind, we define the

maximally Z2-symmetric fraternal twin Higgs scenario
(Z2FTH) as follows. We begin with the FTH particle
spectrum (i.e., only third generation twin fermions), requir-
ing all gauge and Yukawa couplings to take on their Z2

symmetric values (i.e., equal to the SM values, up to RGE
effects). We then restore the twin photon, add the Y ¼ 2
hypercharge breaking field to the scalar sector in order to
generate the spontaneous Z2 breaking in the Higgs sector,
and give the twin photon a mass. If some dynamical
mechanism were to remove the first two generations of
twin fermions from the low-energy spectrum, this theory
could be fully Z2 symmetric in the UV. Alternatively, the
discrete symmetry might only apply to the gauge, scalar,
and third generation fermion sectors, as is the case in some
proposed UV completions [64]. In any case, the absence of
the first and second generation twin fermions in our model
has the fortunate side effect of solving the domain wall
problem of spontaneous Z2 breaking that is found in the
original implementation of this model [61], since the loop-
induced quartic couplings of the ϕ;ϕ0 scalars are no longer
symmetric (see Appendix A for details). Therefore, once
the asymmetry in the fermion content between the two
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sectors is established by some other means, this mechanism
ensures that the sector containing less matter also has
broken hypercharge and a higher Higgs VEV, establishing
its identity as the “twin” sector.
The Z2FTH scenario features new mass terms for the

twin tau, generated from interactions with ϕ0. In particular,
there is a new Yukawa coupling for the charged right-
handed tau field, Ē0

τ, in the twin sector,

−L ⊃ λτϕ
0Ē0

τĒ0
τ þ H:c:; ð2:3Þ

as well as new nonrenormalizable interactions involving the
charged left-handed lepton field, L0

τ, and Higgs doublet,H0:

−L ⊃
ξτ
Λ2

ϕ0�ðL0
τH0†Þ2 þ c̃τ

Λ2
jϕ0j2L0

τH0†Ē0
τ þ H:c:; ð2:4Þ

where Λ is the scale at which the twin Higgs scenario is UV
completed. Note that analogous terms appear in the visible
sector, but these do not lead to new mass terms because
hϕi ¼ 0. Once H, H0, and ϕ0 acquire their VEVs, these
terms give rise to a nontrivial twin tau mass matrix:

L ⊃ −
1

2
ψ̄ iðMτ0 Þijψ j þ H:c:; Mτ0 ¼

�
mLL mLR

mLR mRR

�
;

ð2:5Þ

where

mLR ¼ yτffiffiffi
2

p f þ c̃τffiffiffi
2

p f2ϕ
Λ2

f; ð2:6Þ

mLL ¼ ξτ
f2

Λ2
fϕ; ð2:7Þ

mRR ¼ 2λτfϕ; ð2:8Þ

and yτ ≈ 0.01 is the Z2-symmetric twin tau Yukawa
coupling. In general, the τ0 mass eigenstates will be two
Majorana fermions, τ01; τ

0
2, with masses mτ0

1
< mτ0

2
.

Two effects are responsible for the stability of τ01 and
hence its suitability as a dark matter candidate. First, the
high mass of the twin top can forbid hadronic τ01 decays into
twin sector states, even though the τ0 lepton number is no
longer conserved due to twin hypercharge breaking.
Second, the unbroken Uð1ÞEM in the visible sector ensures
the twin tau cannot decay into SM particles.
We can now understand why the twin tau is a viable

WIMP in our new Z2FTH scenario. First, the twin photon
enhances the twin tau annihilation cross section to both b̄0b0
and ν̄0ν0 final states, with the latter interaction arising
because the ϕ02B0

μB0μ coupling causes the mixing angle
between the B0

μ andW03
μ to differ from the Weinberg angle.

We assume that mb0 ¼ ðf=vÞmb to maximally respect the

Z2 symmetry, and that the twin bottoms annihilate or
decay to twin glueballs which subsequently decay to
the SM through the Higgs portal [65]. Second, for
mγ0 ≳Oð100 GeVÞ, we find that twin taus with mτ0

1
>

mb0 ≳ 15 GeV can freeze out with the desired relic density
without being excluded by direct detection constraints. In
order to raisemτ0 above the twin bottom mass, we make use
of the new mass contributions shown in Eqs. (2.6)–(2.8). In
contrast to the original FTH scenario, which relied on
adjusted twin Yukawa couplings, these new mass terms
make it possible to realize τ01 as a dark matter candidate
while fully respecting the Z2 symmetry.
In principle, the lightest twin tau in the Z2FTH model

could be mostly τ0R (ifmLL > mRR ≫ mLR) or mostly τ0L (if
mRR > mLL ≫ mLR). Alternatively, in the special case in
which ξτ=Λ2 and λτ are small, the mass splitting between
the two twin tau states could be very small, allowing us to
treat the two twin tau states as a single pseudo-Dirac
fermion. However, the τ0L or pseudo-Dirac dark matter
candidates have an effective Yukawa coupling to the
125 GeV Higgs that scales with their mass, yeffτ1 ∼
ðmτ1=fÞ sin ϑ (where sin ϑ ≈ v=f). This is similar to the
original fraternal wimp miracle [44,47] and is already
excluded by direct detection. On the other hand, mRR in
Eq. (2.8) is entirely generated by the hypercharge breaking
VEV. This allows a dominantly τ0R dark matter candidate to
be sufficiently heavy while also avoiding sizable Higgs
portal couplings. We therefore focus on this case for the
remainder of our study.
In Fig. 1, we show a sketch of the particle spectrum

expected in this new Z2FTH model, for the case in which
the lightest twin tau is mostly τ0R, and compare this to the
original FTH scenario. To realize the τ0R dark matter
candidate, the ξτ interaction in Eq. (2.7) must be suffi-
ciently large to ensure mLL > mRR. This will generate a
mass correction to H0 at loop order, which can spoil the
twin Higgs solution of the little hierarchy problem [61].
An extremely generous upper bound for this coupling can
be derived by requiring that this correction be no larger
than gauge or top loop corrections, which implies
ξτ ≲ Λ2=ðffϕÞ, but any sensible theory should have mLL

significantly below this bound. Therefore our model must
satisfy

mτ0
1
< mτ0

2
< f: ð2:9Þ

However, an even stronger constraint is obtained by
requiring that the twin-hadronic decay τ01 → ν0b0t0 is
kinematically forbidden,

mτ0
1
< mt0 þmb0 : ð2:10Þ

We find that viable scenarios with the correct dark matter
relic abundance can easily satisfy these requirements, as
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long as the scale of the UV completion, Λ, is around a
few TeV.
The extended scalar sector plays an important role in the

dark matter phenomenology within this model. The radial
mode of the twin hypercharge breaking scalar, ρ, mixes
slightly with the visible sector Higgs after Z2 breaking (see
Ref. [61] for details). The h − ρ mixing angle is approx-
imately given by

sinα≈
−f2m2

hffiffiffi
2

p
fϕvm2

ρ

≈−0.01
�
f
v

�
2
�
TeV
mρ

�
2
�
300GeV

fϕ

�
;

ð2:11Þ

which is too small to be relevant for LHC phenomenology
or to have an impact on the thermal freeze-out of the twin
taus. However, this mixing will have important conse-
quences for direct detection, making it necessary to under-
stand the possible size of fϕ and mρ.

The mixing term and the Higgs mass are parametrically
related, since both are generated by the nonzero value of fϕ
(recall that the visible sector Higgs is a pseudo-Goldstone
boson whose mass arises from Z2-violating effects). Fixing
the ratio between the off-diagonal terms and the Higgs mass
term bounds the larger mass eigenvalue from below. The
mass of the radial mode must therefore satisfy

mρ −
m2

h

mρ
≳ 1ffiffiffi

2
p mhf2

vfϕ
: ð2:12Þ

For f=v ¼ 3 and fϕ ¼ 300 GeV, this corresponds to
mρ ≳ 700 GeV. In addition, there is a maximum value
for the mass of the radial mode,

mρ ≲ 2
ffiffiffiffiffiffiffiffiffi
λmax
Φ

p
fϕ; ð2:13Þ

where λmax
Φ ¼ ð2=3Þ × 4π is the upper bound from unitarity

considerations [66]. In addition to bounding the acceptable
range for mρ, these conditions also require that

fϕ ≳ ð60 GeVÞ × f
v
; ð2:14Þ

which further restricts the parameter space of our theory.
The relic abundance of the twin tau is determined in large

part by its twin sector annihilation cross section through Z0
and γ0 exchange to twin bottoms and twin neutrinos (see
Appendix B). In the special case of mτ0 ∼mh=2, annihi-
lations through the Higgs portal into the visible sector can
also play an important role. In Fig. 2, we plot the values of
the twin photon and twin tau masses that lead to the
measured dark matter relic abundance, for the case in which

FIG. 2. The values of mγ0 and mZ0 (collectively denoted mVB,
for vector boson) as a function of mτ0

1
that are required to obtain

Ωτ0R
h2 ¼ 0.12 [43], for the case in which the lightest twin tau is

mostly τ0R. The gauge boson eigenstates are identified such that γ
0

is always mostly B0 and Z0 is mostly W03. Results are shown for
f=v ¼ 3, 5, and 7. Note that the dark photon masses coincide for
heavy τ0. The maximum τ01 mass is given by Eq. (2.10).

FIG. 1. The particle spectrum of the Standard Model (left)
compared to that predicted in the original fraternal twin Higgs
(FTH) model (center), and in the Z2-symmetric FTH model with
τ0R dark matter as presented in this paper (right). In the original
FTH model, the masses of twin bottom and tau are controlled by
their Z2-breaking Yukawa couplings, with their allowed range
represented in blue. In the Z2FTH, the masses of twin tau and
twin photon are determined by their coupling to ϕ̃, with their
allowed ranges shown in red. Note that ϕþþ is in the visible
sector.
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the lightest twin tau is mostly τ0R and for three represen-
tative values of f=v. Since the twin photon plays a crucial
role in the determination of the relic abundance, its
minimum mass in turn dictates a minimum value of mτ0

1

for each case.

III. EXPERIMENTAL SIGNATURES

Although the values of mρ, mLL, and mLR do not
appreciably impact the relic abundance of our τ0R dark
matter candidate, they entirely determine the magnitude of
its direct detection signal. The elastic scattering cross
section with nuclei has two important contributions.
First, the coupling of τ0R with ρ, which in turn mixes with
the Higgs, leads to an effective Yukawa coupling
1ffiffi
2

p yeff;Rτ1 hτ̄01τ
0
1 that is given by

yeff;RðρÞτ0
1

¼
ffiffiffi
2

p
λτ sin α; ð3:1Þ

with sin α defined in Eq. (2.11) [67]. This scales as ∼1=mρ

across the relevant range of mγ0 . Recall from the discussion
in the previous section that the value ofmρ is bounded from
both above and below, allowing us to bound this contri-
bution to the dark matter’s coupling to nuclei.
A second contribution to the coupling is generated as a

result of the mixing of τ0R with τ0L, thereby accessing the
usual Higgs portal. The contribution to this coupling is
given by

y
eff;Rðτ0LÞ
τ0
1

¼
ffiffiffi
2

p

f
m2

LR

mLL

�
mRR

mLL

�
2

þO
�
mRR

mLL

�
3

: ð3:2Þ

Since mτ0
2
is bounded by Eq. (2.9), this contribution to the

direct detection signal can also be bounded from both
above and below.
The range of the possible direct detection signal is

depicted in the shaded regions of Fig. 3, for three different
values of f=v. The upper boundary represents the largest
possible scattering cross section, realized in the pseudo-
Dirac limit, where mLL ¼ mRR and mτ0

2
−mτ0

1
¼ 2mLR,

with mLR set to the smallest value possible for the minimal
assumption of c̃τ ¼ 0. Other values would not significantly

affect the results. We also maximize yeff;RðρÞτ0
1

by minimizing

the possible value of mρ [see Eq. (2.12)], but its contribu-

tion is negligible compared to y
eff;Rðτ0LÞ
τ0
1

.

The lower boundary, representing the smallest possible
cross section, corresponds to the maximum value ofmρ [see
Eq. (2.13)], and tomLL ≈mτ0

2
saturating the upper bound in

Eq. (2.9). The right boundary of the allowedmτ0
1
range is set

by maintaining stability of τ01 against twin-hadronic decays
[see Eq. (2.10)]. The left boundary is set by the minimum
value of mγ0 [see Eq. (2.14) and Fig. 2]. For τ01 masses near

the minimum allowed value, the lower bound on the
scattering cross section is entirely dominated by ρ mixing,
while for larger dark matter masses, mixing with τ0L
contributes significantly.
From Fig. 3, it is clear that our twin tau dark matter

candidate could potentially be discovered at upcoming
underground dark matter experiments. In significant por-
tions of the parameter space, however, the elastic scattering
cross section is below the so-called “neutrino floor,”
making it possible that this candidate could escape direct
detection. Fortunately, the prospects for indirect detection
are also promising in this scenario. The twin tau annihilates
in this model mostly into twin bottoms, at a rate given
by the thermal annihilation cross section. These twin
bottoms then form quirky bound states [18,71–73] which
further annihilate or decay into twin glueballs that in turn
decay into SM particles through the Higgs portal (see
Appendix C). The signals associated with this process
could likely be used to place constraints on our scenario,
and may be able to explain observed gamma-ray and
cosmic-ray excesses [74–78]. A quantitative assessment
of this signal is challenging due to the nonperturbative
production of twin gluons, but is currently under inves-
tigation [79].
The Z2FTH model could also give rise to a small but

telltale cosmological signature: a single light twin neutrino
that contributes to ΔNeff , assuming ν0τ does not receive an
extra contribution to its mass from an operator similar to the
first term in Eq. (2.4). The Higgs portal in this model keeps
the visible and twin sectors in kinetic equilibrium in the
early universe until T ∼OðGeVÞ, at which point the two
sectors decouple [47]. The twin bath at that time consists of

FIG. 3. The allowed range in the Z2FTH model of the twin
tau’s spin-independent elastic scattering cross section with nuclei.
The vertical dashed lines indicate the upper bound on mτ0

1
from

requiring stability against twin-hadronic decays. Shown in brown
are the current constraints from XENON1T [9], and the projected
constraints from LUX-Zeplin (LZ) [68] and XENONnT [69] after
20 tonne−years of exposure, as well as from DARWIN [70] with
an exposure of 200 tonne − years. The neutrino floor curve was
taken from Ref. [69].
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twin bottoms and twin neutrinos, with the former keeping
the latter in thermal equilibrium with the SM bath until
decoupling. Because the twin sector has far fewer active
degrees of freedom than the visible sector, and due to
subsequent entropy injections in the visible sector below
the decoupling temperature, we find that the single twin
neutrino only contributes

ΔNZ2FTH
eff ≈ 0.1 ð3:3Þ

to the abundance of dark radiation, in agreement with the
results of Ref. [47]. While this is well below current bounds
[43], it would be detected by upcoming Stage 4 CMB
experiments, which are projected to be sensitive to
ΔNeff ∼ 0.02 [80].
It has not escaped our attention that charged scalars can

contribute to Δaμ, and thus could possibly resolve the
ðg − 2Þμ anomaly [81,82]. In our scenario with mϕ above
current bounds, however, this would require a large positive
value of ξμ and a large negative value of λμ, which seems
difficult to realize in a reasonable UV completion that
respects flavor constraints.
Turning our attention to the collider signature of this

model, the charged Y ¼ 2 scalar in the visible sector, ϕ,
with coupling to taus, also gives rise to important signatures
that could allow for colliders to probe this particular
scenario. The high-luminosity LHC is projected to be
sensitive to mϕ up to 1 TeV for decays to taus, and up
to 2 TeV for decays to electrons or muons [61,83]. Since
mϕ ∼

ffiffiffi
δ

p
fϕ, where fϕ ≈mγ (see Fig. 2) and δ represents a

combination of quartics that should not be very large, this
should cover much of this model’s parameter space.
The existence of the massive twin photon means that a

kinetic mixing with the SM hypercharge gauge boson may
be present, 1

2
ϵB0

μνBμν. Depending on the UV completion of
the model, this mixing could be generated at one-loop and
be large, ϵ ∼ 0.01–0.1, especially for strongly coupled UV
completions. It is also entirely plausible that the kinetic
mixing could be many orders of magnitude smaller. The
signatures of this kinetic mixing were investigated recently
in Ref. [84], and significant parameter space could be
covered by the high-luminosity LHC and other future
colliders.
Finally, the standard signatures of the FTH scenario are

present in the Z2 scenario as well, including exotic Higgs
decays into twin fermions and glueballs which give rise to
long-lived particle signatures [18,42,85–92], the produc-
tion of new SM singlet scalar states [89,92–95], and
possible signals of the UV completion (see, e.g., [96]).
The long-lived particle signatures are especially spectacular
and are a necessary component of our model since the
annihilation of twin taus into twin bottoms relies on the b0
decaying or annihilating into SM particles prior to the onset
of big bang nucleosynthesis, either directly as unstable twin
bottomonia or by annihilating into twin glueballs which

decay through the Higgs portal. It is noteworthy that long-
lived particle searches at the LHC [97–102] are starting to
be sensitive to relevant parts of the FTH parameter space, in
particular the production of twin bottomonia which sub-
sequently decay to twin glueballs. While unknown aspects
of the nonperturbative dynamics of the hidden sector make
precise predictions challenging in some cases, it is clear
that there is exciting discovery potential for twin Higgs
signatures at the LHC, with near-complete coverage of
neutral naturalness expected with planned future experi-
ments. We discuss this in more detail in Appendix C.

IV. CONCLUSION

In this study, we have presented a Z2 symmetric version
of the fraternal twin Higgs model, which contains a viable
dark matter candidate in the form of the dominantly right-
handed twin tau, τ01 ≈ τ0R. This Z2FTH model extends the
standard fraternal twin Higgs scenario by adding twin-
hypercharge-breaking scalars with Y ¼ 2 in order to supply
the necessary Z2 symmetry breaking [61]. This addition
allows us to rescue the fraternal twinWIMPmiracle [44,47]
by decoupling the twin tau mass from its Yukawa coupling
to the twin Higgs, and by adding annihilation channels
which proceed through twin photon exchange. We identify
significant regions of parameter space in this model in
which an Oð100 GeVÞ twin tau can be produced thermally
in the early universe with an acceptable relic abundance,
while scattering with nuclei at a rate that is consistent with
existing direct detection constraints. Incidentally, the trun-
cated nature of the twin sector in fraternal models also
solves the domain wall problem that is ordinarily present in
mirror twin Higgs realizations of this spontaneous Z2-
breaking mechanism.
This model has a number of observable consequences

that will allow for its discovery or exclusion in the coming
years. Across much of the currently viable parameter space,
the dominantly τ0R dark matter candidate could be discov-
ered at upcoming direct detection experiments. In addition,
this scenario is predicted to generate a small but detectable
contribution to the energy density of dark radiation,
ΔNeff ≈ 0.1, from the single generation of light twin
neutrino, well within the projected sensitivity of Stage
4 CMB experiments. The prospects for testing this model at
colliders are also very promising. In regions of parameter
space that are compatible with τ0R dark matter, the Y ¼ 2
visible-sector scalar contained in this model is expected to
be within reach of searches at the high-luminosity LHC.
Furthermore, the usual signals of neutral naturalness, such
as Higgs coupling deviations and the production of long-
lived particles in exotic Higgs decays, are present in this
model as well. As we discuss in Appendix C, the LHC is
becoming sensitive to these signatures in important regions
of parameter space. Finally, indirect detection could pro-
vide an early discovery channel for this fraternal twin tau
dark matter candidate, once the nonperturbative aspects of
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the glueball shower produced in the annihilation are
understood [79].
In summary, the Z2FTHmodel presented here represents

a promising and minimal extension of the fraternal twin
Higgs framework, which addresses several of the short-
comings of the original model while preserving its solution
to the little hierarchy problem. This model therefore
constitutes an important new benchmark for WIMP dark
matter in the neutral naturalness paradigm.
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APPENDIX A: DOMAIN WALLS

The full Lagrangian of the scalar sector of the Z2FTH
model can be split into two parts. First, theUð2Þ preserving
terms are given by

λΦðjϕj2 þ jϕ0j2Þ2 þ μ2Φðjϕj2 þ jϕ0j2Þ; ðA1Þ

while the Uð2Þ breaking terms are written as follows:

δΦðjϕj4þjϕ0j4Þþm2ðjϕj2− jϕ0j2Þþδ0ðjϕj4− jϕ0j4Þ: ðA2Þ

While m and δ0 also explicitly break the Z2 symmetry, they
are set to zero at tree level in our model.
The term proportional to δΦ ensures that there are only

vacua of the form ðfϕ; 0Þ and ð0; fϕÞ. It does not, however,
split their energy degeneracy; only the m2 and δ0 terms
break the degeneracy between the depth of the vacua. As a
result, if m2 ¼ 0 and δ0 ¼ 0, the model will predict the

existence of domain walls that are disfavored by cosmol-
ogy. As long as the difference between the energy densities
of the two vacua is large compared to the domain wall
energy, the domain walls dissipate gravitationally before
they dominate the energy density of the universe [103].
This requirement corresponds to

ΔV >
σ2

m2
Pl

; ðA3Þ

where mPl is the reduced Planck mass and the domain wall
tension σ can be estimated as σ2 ≈ δΦf6ϕ.
The authors of Ref. [61] included a small m ≠ 0 term in

order to split the vacuum degeneracy. In our case, we get a
contribution to ΔV from a nonzero δ0, which is generated
radiatively because the two sectors have different numbers
of fermion flavors. For small δ0, the energy density differ-
ence between the two vacua is

ΔV ¼ μ4Φ
δ0

ðδΦ þ λΦÞ2
≈ δ0f4ϕ: ðA4Þ

The radiative correction to δ0 is generated by couplings of
the first two SM lepton generations to ϕ, analogous to
Eq. (2.3), which are absent in the fraternal twin sector:

δ0 ∼
X
l¼e;μ

1

16π2
λ4l logðmϕ=ΛÞ: ðA5Þ

In order to satisfy the condition in Eq. (A3), we require

λl > Oð1Þðfϕ=mPlÞ1=2 ∼ 10−8: ðA6Þ

This a very small coupling, even smaller than the electron
Yukawa coupling. Therefore, as long as the ϕ scalar has
even a very tiny coupling to the light SM leptons, the
vacuum in which ϕ0 gets a twin-hypercharge-breaking
VEV is preferred and the domain wall problem is resolved.

APPENDIX B: CROSS SECTIONS

In this appendix we present analytic expressions for the
cross sections required to compute the twin tau’s thermal
relic abundance. In the following expressions QX, WX, and
ZX represent the gauge couplings of the twin photon, W,
and Z bosons, respectively, to particle X, where all particles
are mass eigenstates. For instance, Qτ0 represents the
coupling of the twin photon mass eigenstate to the lighter
τ01 mass eigenstate (i.e., the dark matter candidate). Thus to
obtain the correct couplings, both the gauge and the τ0 mass
matrices must first be diagonalized.

CURTIN, GRYBA, SETFORD, HOOPER, and SCHOLTZ PHYS. REV. D 105, 035033 (2022)

035033-8



The τ0 mass eigenstates are

τ1
0 ¼ cos θτ0τ0L − sin θτ0τ0R;

τ2
0 ¼ sin θτ0τ0L þ cos θτ0τ0R; ðB1Þ

where the τ0 mixing angle is given by

sin2θτ0 ¼
1

2
þ fϕð2λτΛ2−ξτf2Þ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2f2ðc̃τf2ϕþyτΛ2Þ2þf2ϕð2λτΛ2−ξτf2Þ2

q :

ðB2Þ

In analogy with the SM, the twin gauge boson mass
eigenstates are given by

Z0
μ ¼ cos θW0W3

μ
0 − sin θW0B0

μ;

γ0μ ¼ sin θW0W3
μ
0 þ cos θW0B0

μ; ðB3Þ

where the twin Weinberg angle is given by

sin2 θW0 ¼ ðg2 − g02Þf2 − 32g02f2ϕ þ Δ
2Δ

; ðB4Þ

with

Δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1024g04f4ϕ − 64g02ðg2 − g02Þf2ϕf2 þ ðg2 þ g02Þ2f4

q
:

ðB5Þ

Keep in mind that the above definitions for θτ0 and θW0 are
subject to relabeling sin ↔ cos in order to maintain τ01 as
the lightest eigenstate and the Z0 as the majority-W0 state.

1. τ01τ
0
1 → ν0ν0

The differential cross section is

dστ0τ0→ν0ν0

d cos θ
¼ 1

64π2s

ffiffiffi
s

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

τ0

q jMν0ν0 j2; ðB6Þ

with

jMν0ν0 j2 ¼
�
Qν0Qτ0

s −m2
γ0
þ Zν0Zτ0

s −m2
Z0

�
2

ðαþ þ α−Þ þ 2jWτ0 j2
�
Qν0Qτ0

s −m2
γ0
þ Zν0Zτ0

s −m2
Z0

��
αþ

t −m2
W0

þ α−
u −m2

W0

�

þ jWτ0 j4
�

αþ
ðt −m2

W0 Þ2 þ
α−

ðu −m2
W0 Þ2 −

8m2
τ0s

ðt −m2
W0 Þðu −m2

W0 Þ
�
−

8jWτ0 j2m2
τ0sβ

ðs −m2
γ0 Þðs −m2

Z0 Þ
�

1

t −m2
W0

þ 1

u −m2
W0

�

−
8m2

τ0sβ
2

ðs −m2
Z0 Þ2ðs −m2

γ0 Þ2
; ðB7Þ

where

α� ¼ ðs� cos θ
ffiffiffi
s

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

τ0

q
Þ2;

β ¼ Qν0Qτ0 ðs −m2
Z0 Þ þ Zν0Zτ0 ðs −m2

γ0 Þ; ðB8Þ

and

t ¼ −
s
4
ð1 − cos2 θÞ −

�
cos θ

ffiffiffi
s

p
2

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s
4
−m2

τ0

r �
2

;

u ¼ −
s
4
ð1 − cos2 θÞ −

�
cos θ

ffiffiffi
s

p
2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s
4
−m2

τ0

r �
2

: ðB9Þ

2. τ01τ01 → b0b̄0

The differential cross section is

dστ0τ0→b0b̄0

d cos θ
¼ 1

64π2s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

b0

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

τ0

q jMb0b̄0 j2; ðB10Þ

with

jMb0b̄0 j2 ¼
4Q2

τ0

ðs −m2
γ0 Þ2

ððQ2
b0 þQ2

b̄0 Þκ þQb0Qb̄0m
2
b0 ðs − 6m2

τ0 ÞÞ þ
4Z2

τ0

ðs −m2
Z0 Þ2 ððZ

2
b0 þ Z2

b̄0 Þκ þ Zb0Zb̄0m
2
b0 ðs − 6m2

τ0 ÞÞ

þ 4Qτ0Zτ0

ðs −m2
γ0 Þðs −m2

Z0 Þ ð2ðQb0Zb0 þQb̄0Zb̄0 Þκ þ ðQb0Zb̄0 þQb̄0Zb0 Þm2
b0 ðs − 6m2

τ0 ÞÞ; ðB11Þ
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where

κ ¼ 1

8
ðsðs − 4m2

τ0 Þð1þ cos2 θÞ
þ 4m2

b0 ð2m2
τ0 ð1þ 2 cos2 θÞ − s cos2 θÞÞ ðB12Þ

and

t¼−
�
s
4
−m2

b0

�
ð1−cos2θÞ−

�
cosθ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s
4
−m2

b0

r
−

ffiffiffiffiffiffiffiffiffiffiffiffiffi
s
4
−m2

τ0

r �
2

;

ðB13Þ

u¼−
�
s
4
−m2

b0

�
ð1−cos2θÞ−

�
cosθ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s
4
−m2

b0

r
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
s
4
−m2

τ0

r �
2

:

ðB14Þ

APPENDIX C: CONSTRAINTS ON THE
FRATERNAL TWIN HIGGS FROM LHC
LONG-LIVED PARTICLE SEARCHES

In the past few years, searches for long-lived particles
(LLPs) at the LHC have advanced in great strides, with
both ATLAS and CMS obtaining significant sensitivity to
LLPs produced in exotic Higgs decays in the inner detector
[97–99] or outer detectors [100–102], most importantly the
muon system. In this appendix, we discuss how these
searches are starting to actually access the motivated
parameter space of the fraternal twin Higgs model.
We make a number of assumptions for simplicity and

concreteness in this discussion. First, we let the twin
bottom mass obey the Z2 symmetry as in the Z2FTH
scenario, mb0 ¼ ðf=vÞmb≈14;23;32GeV for f=v¼3;5;7.
For illustrative purposes, we can assume that the twin
bottomonium mass is simply twice the twin bottom mass
(this is a reasonable approximation for the most unstable
pseudoscalar state, χ0, but in reality there are different states
with different binding energies [18]). Similarly, we focus
on just the lightest 0þþ glueball with the shortest lifetime of
all the glueball states [104,105]. Renormalization group
arguments favor the glueball mass to be in the rangemGB ∼
10–30 GeV [42], with a lifetime of cτ ∼ 1–1000 m (lighter
glueballs being longer lived), though other masses are
certainly possible depending on details of the UV
completion.
For this range of parameters, there are two possibilities

for the cosmological history of the twin sector: either twin
bottoms form bottomonia below the confinement scale,
which quickly decay to twin glueballs (mGB ≲mb0), or the
twin bottomonia efficiently annihilate to twin glueballs
(mb0 ≲mGB ≲ 2mb0). Both of these scenarios are cosmo-
logically viable, since the twin glueballs efficiently anni-
hilate or decay to the SM [44]. Assuming the above mass
ranges for twin glueballs, it seems that f=v ¼ 3ð7Þ slightly

favors the twin bottomonium annihilation (twin bottomo-
nium decay) scenario.
Both glueballs and bottomonia are produced in exotic

Higgs decays at the LHC, with Brðh → b0b0Þ ∼ ð0.06Þ ×
ð3v=fÞ and Brðh → twin glueballsÞ ∼ 10−5 − 10−4. In the
twin bottomonium decay scenario, the exotic Higgs decays
to twin bottomonia would produce further twin glueballs.
With all this in mind, we can understand how recent LLP
searches at the LHC are starting to constrain the FTH
scenario.
The twin bottomonium decay scenario is already probed

by searches for LHC decays in the ATLAS or CMS outer
detectors [100–102], which can probe LLP lifetimes up to
the ð1 − 3Þ × 10 m range for percent-level exotic Higgs
decay branching fractions. Assuming the bottomonia
promptly decay to twin glueballs, this is sensitive to
glueball masses near mb0 [106]. By the time of the high-
luminosity LHC, these searches will reach into very
significant portions of FTH parameter space, though large
portions are also unlikely to be excluded for f=v≳ 4.
Direct Higgs decays to twin glueballs can occur in both

the twin bottomonium decay and annihilation scenarios,
but the branching fraction is likely out of reach of main
detector searches even at the high-luminosity LHC.
However, MATHUSLA [108,109] would cover this range
completely under the above assumptions (for both direct
twin glueball production or production in twin bottomonia
decays).
In the twin bottomonium annihilation scenario, LLP

searches would have to detect the decays of twin botto-
monia themselves. The shortest-lived pseudoscalar state,
χ0, has a lifetime in the range of cτ ∼ ð10−4 − 10−3Þ m
[86]. If all exotic Higgs decays produce χ0’s, then there is
currently no sensitivity in this lifetime range for the relevant
percent-level Higgs branching fractions. This is a very
difficult signal to observe [110,111], even with full high-
luminosity LHC data, and direct probes may require future
lepton colliders (taking advantage of the clean environment
and known initial state) or a 100 TeV proton-proton collider
(taking advantage of the high boost of the parent Higgs
bosons to increase the twin bottomonium decay length).
However, in this scenario the presence of other twin
bottomonium states could be important, since they can
be significantly longer lived. This could place their lifetime
in the ð10−2–1Þ m window where inner detector searches
have sensitivity for exotic Higgs decay production of LLPs
with branching ratios of ∼10% for LLP masses below
∼40 GeV [97,99], taking advantage of Zh production for
triggering, or displaced jet searches with percent-level
branching ratio sensitivity for LLP masses above
∼40 GeV [98]. For longer lifetimes, the outer detector
searches could have relevant sensitivity as well [100–102].
While this discovery prospect is exciting, it is challenging
to assess to what extent these searches actually constrain
the FTH, since the details of the twin bottomonium
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spectrum and the lifetime of the higher states are highly
uncertain [18,86].
While LHC LLP searches are already starting to probe

important regions of FTH parameter space, there are some
regions in which our ability to interpret these bounds
is hindered by unknown aspects of the twin sector’s
nonperturbative dynamics. Future detectors such as
MATHUSLA would allow for near-complete coverage of

the most motivated range of signals with lifetimes above a
meter, while future lepton and proton colliders would allow
the entire FTH model space to be probed, by a combination
of LLP searches [42,112–114], scalar resonance searches
[89,93–95], and Higgs coupling measurements [34,40,41]
that are sensitive to the cos ϑ reduction of the Higgs
couplings to SM fermions regardless of the detailed twin
sector phenomenology.
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