
From Dark Matter to Leptoquarks:
Phenomenology of Physics Beyond the Standard

Model

by

Shayne K. Gryba

A thesis submitted in conformity with

the requirements for the degree of

Doctor of Philosophy

Graduate Department of Physics

University of Toronto

c©Copyright by Shayne K. Gryba 2022



From Dark Matter to Leptoquarks: Phenomenology
of Physics Beyond the Standard Model

Shayne K. Gryba, Doctor of Philosophy, Graduate Department of Physics, University of Toronto, 2022

The Standard Model of particle physics began as a simple “Model of Leptons” in 1967, but after

more than five decades of theoretical development and experimental scrutiny it has grown to become

the most successful scientific theory of all time. We begin with a short summary of the features of

the Standard Model and a discussion of its explanatory power, taking the modern perspective. We

then highlight three particular shortcomings of the SM in its current formulation: the electroweak

hierarchy problem, the nature of dark matter, and the growing list of anomalies in the flavour sector,

neutrino sector, and elsewhere. These shortcomings form the foundation of the work presented in this

thesis.

We first show that the electroweak hierarchy problem and the nature of dark matter can be un-

derstood through the combination of a general Twin Higgs framework and an additional singlet scalar

acting as dark matter. Then we turn our attention to minimal Twin Higgs models and reexamine the

twin tau lepton as a dark matter candidate, in light of recent theoretical developments into the UV

structure of these models. We find that the scenario is possible and may be discoverable in future

direct detection experiments. Lastly, we search for a novel explanation to the MiniBooNE anomaly

using scalar leptoquarks to induce lepton flavour violating pion decays, and consider µ−e conversion

experiments as a future probe of important leptoquark couplings.
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PART 1:

THE STANDARD MODEL OF PARTICLE

INTERACTIONS
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1 The Standard Model of Particle Interactions

1.1 Formalism

The Standard Model (SM) is a gauge theory of quantum fields. Each field in the theory transforms

under a particular representation of the underlying gauge group, and interactions between fields arise

mathematically as products of fields in the Lagrangian. The set of possible interactions between fields

is limited by the requirement that each product be invariant under the gauge transformations, as well

as transformations under the Poincaré group, which includes translations, rotations, and boosts in

Minkowski spacetime SO(1, 3) [15].

The particular gauge symmetry structure of the SM is SU(3)C × SU(2)L × U(1)Y . Fields with

nontrivial transformations under SU(3)C have interactions described by the theory of quantum chro-

modynamics (QCD), while fields transforming under SU(2)L×U(1)Y are described by electroweak

interactions. The theory also admits two1 global U(1) symmetries, namely baryon and lepton number,

denoted U(1)B and U(1)L. Although each of these global symmetries is anomalous, the difference

U(1)B−L is non-anomalous in the SM and so is often promoted to a gauge symmetry in models of

physics Beyond the Standard Model (BSM) [16].

Fermionic degrees of freedom in the SM can be organized into particle multiplets based on their

charges under the gauge group SU(3)C × SU(2)L × U(1)Y . All known SM fermions that trans-

form nontrivially under a SM gauge group do so in the fundamental representation. In order to have

an invariant Lagrangian containing derivatives of fields, derivatives of a fermion multiplet ∂µψ are

promoted to covariant derivatives Dµψ ≡ (∂µ − igAµaτa)ψ, where τa are the symmetry generators

and g is a coupling constant. This requirement introduces corresponding spin-1 gauge bosons Aµa
into the theory, one for each symmetry generator, with a ranging over the dimension of the gauge

group representation. The Lagrangian is then manifestly gauge invariant, following the infinitesimal

transformations

ψ(x)→ (1 + iαa(x)τa)ψ(x) (1.1)

Aaµ(x)→ Aaµ + (1/g)∂µα
a(x) + fabcAbµα

c (1.2)

where fabc are the structure constants of the Lie algebra, defined by the commutator of the generators

[τa, τ b] = ifabcτ c [17]. The SM also contains one scalar field, the Higgs field φ, which is a complex

doublet charged under SU(2)L × U(1)Y . Derivative couplings of the Higgs are also promoted to

covariant derivatives containing the SU(2)L and U(1)Y gauge bosons. The full Lagrangian for the

1Actually four, if you count each generation of lepton number as a separate U(1).
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SU(3)C SU(2)L U(1)Y
Q 3 2 1/6

uR 3 1 2/3

dR 3 1 −1/3

L 1 2 −1/2

eR 1 1 −1

Table 1. Gauge representations of the fermions in the Standard Model (SM).

SM can be written

L = −1

4

(
Gaµν

)2 − 1

4

(
W b
µν

)2
− 1

4
(Bµν)2 +

∑
k

ψ̄k
(
i /Dk

)
ψk

− Y ij
l L̄iφeR,j − Y

ij
d Q̄iφdR,j − Y

ij
u Q̄i (iσ2φ

∗)uR,j + h.c. (1.3)

+ (Dµφ)† (Dµφ) + µ2
(
φ†φ
)
− λ

(
φ†φ
)2

where ψ̄ = ψ†γ0 and /D = Dµγ
µ. The field strength tensors are generally defined F aµν = ∂µA

a
ν −

∂νA
a
µ + gfabcAbµA

c
ν , where g is a gauge coupling, fabc are the structure constants of the Lie algebra,

and the index a runs over the dimension of the representation. In the SM the gauge bosons are adjoints

of their corresponding gauge groups; there are eight SU(3)C gauge fields Aaµ, while the SU(2)L and

U(1)Y gauge fields are comprised of W b
µ (b = 1, 2, 3) and Bµ respectively. The fermion kinetic

term indexed by k spans ψ = Q,L, eR, uR, dR for each of the three generations, and the covariant

derivative /Dk is understood to include all of the symmetry generators and gauge bosons under which

that fermion is charged. For example, since Q transforms as (3, 2, 1/6) under SU(3)C × SU(2)L ×
U(1)Y , the covariant derivative is /D = /∂ − igs /G

a
λa − ig /W b

τ b − ig′YQ /B, where gs, g, g′ are gauge

couplings of SU(3)C , SU(2)L, and U(1)Y , and λ, τ, YQ are their respective symmetry generators.2

The rest of the fermion gauge representations are listed in Table 1.1.

The Y ij are the Yukawa couplings of the theory, which are grouped into couplings with the three

generations of leptons (e, µ, τ), the up-type quarks (u, c, t) and the down-type quarks (d, s, b). Note

that a Yukawa coupling L̄ (iσ2φ
∗) νR can in principle be written down to give neutrinos a Dirac mass,

but the mass generation mechanism and hence particle nature of the neutrinos is currently still un-

known and so this term is typically not included in the SM. Majorana mass terms may also be written

for right- and left-handed neutrinos, with the former trivially included since νR are gauge singlet

states, and the latter being generated by the Weinberg operator CΛ
(
L̄H̃

)2
. Left-handed Majorana

neutrino masses are considered to be BSM physics since they involve some new scale Λ. We also

mention the omission of a CP-violating operator θ̄ g2
s

32π2 ε
µναβGaµνG

a
αβ that can be generated by chiral

2The hypercharge generator is always proportional to the identity matrix, with the proportionality factor given by the
hypercharge quantum number listed in Table 1.1. In the current example YQ = (1/6)I.
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rotations of SU(3)C fields. This term is expected to appear in the SM Lagrangian and yields ob-

servable consequences, for instance in the neutron electric dipole moment. However, experimental

measurements have constrained θ̄ < 10−10 [16], suggesting that the operator is highly suppressed at

low energy by some as-of-yet understood mechanism. This is called the strong CP problem and is the

subject of a large body of literature (see e.g. [18] for a review). Finally, note the constant factors in the

first line of Equation (1.3) are chosen such that the kinetic energies of the gauge fields are canonically

normalized.

The last two terms of the Lagrangian comprise the scalar potential of the SM. The difference in

sign between the two terms leads the Higgs field to acquire a nonzero vacuum expectation value (vev),

〈|φ|〉 =
√

µ2

2λ ≡
v√
2

, which breaks the SU(2)L × U(1)Y symmetry down to U(1)EM, resulting in 3

Nambu-Goldstone bosons and a radial mode. To study the effects of spontaneous symmetry breaking

it is best to redefine the condensed field in order to parameterize fluctuations about the vacuum. We

write

φ =
1√
2

(
0

v + h

)
exp

(
2iηaτa

v

)
(1.4)

where τa are the SU(2)L generators3, ηa the Nambu-Goldstone bosons, and the radial mode h is the

Higgs boson particle. Moving to the unitary gauge and reinserting φ into the above Lagrangian, we

find that three independent linear combinations of electroweak gauge bosons acquire a mass propor-

tional to the Higgs vev, while the fourth linear combination remains exactly massless. The latter gauge

boson is the familiar photon, which mediates the remaining U(1)EM. The three massive eigenstates

have integer couplings to the photon in units of the electric charge e ≡ g sin θw. Altogether we find:

W+
µ =

1√
2

(
W 1
µ − iW 2

µ

)
, mW =

v

2
g (1.5)

W−µ =
1√
2

(
W 1
µ + iW 2

µ

)
, mW =

v

2
g (1.6)

Zµ = cos θwW
3
µ − sin θwBµ , mZ =

mW

cos θw
(1.7)

Aµ = sin θwW
3
µ + cos θwBµ , mA = 0 (1.8)

where W±µ have electric charge ±1, Zµ and Aµ are electrically neutral, g is the gauge coupling of

SU(2)L, and θw is the Weinberg angle. This process is the familiar Higgs mechanism; the 3 Nambu-

Goldstone bosons of electroweak symmetry breaking have been eaten by theW± andZ gauge bosons,

imbuing them each with an extra degree of freedom.

The nonzero Higgs vev also leads to fermion masses through the Yukawa couplings in Equation

(1.3). The situation is complicated by the fact that the off-diagonal elements of Y ij need not be zero;
3Technically the exponential should contain all of the broken generators, which are τ1, τ2, and τ3 − Y , but since

Q = τ3 + Y remains unbroken, the effect of τ3 on the vacuum is the same as τ3 − Y . [19]
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in fact, they are not, which implies that propagating fermion mass eigenstates are generally not the

same as the flavour eigenstates. Rotating to the quark mass bases via the unitary transformations

uL → UuuL, dL → UddL, uR → KuuR, and dR → KddR generates weak interactions between

quarks of different generations, and the sizes of these couplings are parameterized by the Cabibbo-

Kobayashi-Maskawa (CKM) matrix, V = U †uUd.4 The leptons mix under an analogous matrix, the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. The SM predicts that the CKM and PMNS

matrices should be unitary; deviations from unitarity would be a potential signal of physics beyond

the SM. The elements of these matrices have now been measured quite precisely and agree with

unitarity to within experimental error [20], but increasingly precise experiments continue to look for

deviations [20–22]. In the mass basis, fermion masses are then given by the simple relation

mf = yf
v√
2

(1.9)

where yf is read off from the diagonalized Yukawa matrix after the appropriate rotations have been

made.

1.2 Shortcomings of the Standard Model

The Standard Model has been a great triumph of modern physics. It can account for three of the

four fundamental gauge forces of nature (weak, strong, and electromagnetic), correctly predicted the

existence of many particles and properties prior to their discovery – most notably the Higgs boson,

which was postulated in 1964 and discovered 48 years later – and it correctly predicts the electron’s

magnetic dipole moment to within 1 part per billion [23, 24].

However, mounting empirical evidence in a variety of different subfields necessitate a fuller and

more complete description of Nature than the SM can offer. In particular, the SM cannot explain

gravity, the strong CP problem [18], the origin of the matter-antimatter asymmetry [25], neutrino

masses [26], or the reason for the large hierarchy of masses in the fermion sector [27, 28]. It also

fails to justify why the Higgs boson mass lies at the electroweak scale, offers no description of dark

matter or dark energy, and a growing list of 2− 4σ experimental anomalies, particularly in the flavour

sector, may be indicating that the SM will soon face a major upheaval. The latter three issues are of

particular significance to the work done in this thesis, and we review each of them below.

1.2.1 The Electroweak Hierarchy Problem, Large and Small

Yukawa couplings are a double-edged sword. As shown in Section 1.1, Yukawa couplings be-

tween the fermions and the Higgs field are responsible for the generation of fermion masses after

electroweak symmetry breaking, and these same Yukawa couplings, as well as gauge couplings be-

tween the Higgs and gauge bosons, also generate quadratically divergent loop corrections to the Higgs
4The right-handed mass rotations Ku, Kd have no effect on the weak mixing of quarks since the right-handed fields are

SU(2)L singlets.
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mass parameter. As an explicit example, the correction to the Higgs mass from a top loop is given by

δm2 =
Λ2

32π2

(
6y2
t

)
(1.10)

where Λ is some artificial cutoff scale that can be loosely interpreted as the scale of new physics [29].

Thus at first loop order, the relation between the bare mass mb and pole mass mp is

m2
p = m2

b − δm2. (1.11)

Here the hierarchy problem is manifest: the pole mass mp is fixed by external measurement to be

∼ 125 GeV, but the larger δm2 becomes, the larger the bare mass parameter must become in order to

compensate. Since the Higgs in the SM is a scalar boson, its mass corrections are not protected by

any symmetry, and we expect that δm2 will be affected by any new physics at any scale up to MPl.

Despite the UV sensitivity of δm2, the Higgs mass is observed to lie at the electroweak scale, which

seems to suggest that either Nature is fine-tuned to extremely high precision or there is some as-of-yet

undiscovered symmetry reason for the smallness of the observed Higgs mass. 5

In the 1980s supersymmetric (SUSY) extensions of the SM were highly favoured as solutions

to the hierarchy problem [30], since cancellations in loops between particles and their superpartners

allowed the Higgs mass to remain natural [31]. The advent of the LHC was particularly exciting for

SUSY model builders who were eagerly anticipating hints of supersymmetric partner particles in the

first runs; however, at the time of writing no evidence has been found for SUSY up to experimental

scales of O(TeV) (see Ref. [32] for a recent example of a null result).

SUSY is an example of a UV complete model that solves the full hierarchy problem by cancelling

all dangerous contributions to the Higgs mass, order by order in perturbation theory. However, our

current experimental reach for new physics at the LHC is still below the scale where two- and higher-

loop corrections become important. Recent approaches to the hierarchy problem have therefore been

less focused on UV complete models, and more focused on effective theories that can protect the

Higgs mass only to first loop order. The assumption is that above the scale of the effective theory, any

number of UV complete models could kick in and solve the full hierarchy problem, potentially with

fantastic and unambiguous signatures that are simply not yet kinematically accessible to us. Given our

experimental limitations, the prevailing wisdom is that it may be better to look for effective theories

that protect the Higgs mass at first loop order and remain agnostic about eventual UV completions

from which these effective theories arise.
5Another peculiar feature of the SM is the so-called flavour hierarchy, which is a statement about the fact that there are

about six orders of magnitude separating the Yukawa couplings of the electron and the top quark. In the SM the Yukawa
couplings are experimentally determined parameters that must be put in by hand, but SM extensions like the Froggatt-
Neilsen model generate the hierarchy through the use of higher-dimensional operators [28]. This “hierarchy” is qualitatively
different from the electroweak hierarchy because fermion masses are technically natural.
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This pragmatic approach to model building reduces the immediate severity of the electroweak

hierarchy problem, but it does not leave us fully satisfied. Our O(TeV) experimental reach is already

an order of magnitude above the electroweak scale, and yet we still have not seen any hint of the new

physics that must ensure naturalness at first loop order. This lesser separation of scales is called the

Little Hierarchy Problem.

The underlying assumption behind the Little Hierarchy Problem is that we have already excluded

any new physics below ∼ TeV. While this may be true of particles with SM quantum numbers (which

would be produced in large quantities at the Large Hadron Collider (LHC)), naturalness solutions with

particles not charged under the SM gauge group are far less constrained and may well exist near the

electroweak scale. These types of models are called Neutral Naturalness models [33–41]. The first

and most widely studied of these models is the Twin Higgs framework [34–37, 39, 40], which forms

the foundation of the work done in Chapters 2 and 3 and will be further discussed there.

1.2.2 Dark Matter

The presence of dark matter (DM) in our universe is all but undeniable, and must be included in

eventual extensions of the Standard Model. The earliest evidence for dark matter comes from galactic

rotation curves, whose velocity profiles depart from the predictions of the virial theorem, computed

by estimating the mass of all the visible matter in a galaxy [42, 43]. The masses of galaxy clusters

can be estimated in a similar way, and gravitational lensing measurements again suggest that a signif-

icant amount of the mass in these clusters must be non-luminous [42, 43]. In 2005, the Millennium

collaboration produced simulations of large scale structure formation under the assumption that dark

matter exists in the early universe [44], and found excellent agreement with experimental measure-

ments [42]. Further evidence comes from Planck measurements of the matter power spectrum and

CMB, with best fit parameters suggesting a dark matter relic density of Ωh2 = 0.120± 0.0001 [11].

Precisely how dark matter came to exist in the cosmos at its present-day density is still an open

question. There are two approaches commonly deployed, which are freeze in and freeze out scenarios

[45]. In both cases we assume that there is some amount of coupling between the dark matter and

visible matter that is capable of production and annihilation, for instance through 2 → 2 scattering.

The difference between freeze in and freeze out scenarios then depends on the size of this coupling.

In freeze in scenarios, the coupling is so small that dark matter is never in thermal equilibrium with

the SM bath. There is, however, an assumed production channel (e.g. SM + SM → χ + χ, where

χ is the DM particle) that will slowly populate the dark sector, until such a time as the lightest SM

particles participating in the production of DM become Boltzmann suppressed and decouple from the

thermal bath. The comoving DM number density never reaches a level where annihilations occur,

so the DM number density asymptotically approaches today’s observed relic abundance [46, 47]. In

freeze out scenarios, the coupling is large enough that DM is initially in thermal equilibrium with the

SM bath. Roughly speaking, the DM remains in equilibrium with the bath until the Hubble expansion
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rate outpaces the interaction rate (Γ < H). At this point the DM particles are too sparse to find each

other and annihilate, and so the comoving number density freezes out to a constant value [45].

Dark matter can be detected in a number of different ways, depending on the type of interactions

it may have with visible matter as well as their relative mass difference. Direct detection typically

refers to elastic scattering between an incoming dark matter particle and a SM particle; the presence

of DM is inferred by the change in momentum of the recoiling SM particle. This type of experiment is

most effective if the recoiling particle and DM are near the same mass scale. Dark matter can also be

detected indirectly, if it annihilates into visible sector particles (this is one explanation for the gamma-

ray excess observed in the center of our galaxy, see e.g. [48]). Dark matter produced at colliders

would look like missing energy in the final state, and some less minimal dark matter models invoke

coannihilation partners to achieve the right relic abundance, which can lead to displaced signatures at

colliders if the coannihilation partner is long lived [49].

One of the most daunting aspects of DM phenomenology is the broad range of possible DM

masses. Particle explanations are of course limited tomDM < mPl, and in fact any thermally produced

particle DM candidate must satisfy mDM . 100 TeV due to unitarity constraints [50, 51] (although

models with cosmological dilution can relax this constraint slightly [52]). On the other side, bosonic

dark matter can be as light as ∼ 10−22 eV, while fermionic dark matter is limited to O(keV) since

Fermi pressure would not allow a lighter DM species to have properties consistent with observations

of galaxies [50]. Composite objects such as primordial black holes, quark nuggets, or axion stars are

also possible candidates for some or all of DM, and their masses can be above Planck scale [50].

The work done in Chapters 2 and 3 focuses on the scenario where DM is a thermal relic weakly

interacting massive particle (WIMP), meaning it has mass near the weak scale. The signatures studied

in these sections are from direct detection experiments, as well as cosmological measurements in

the form of ∆Neff, the number of light, neutrino-like degrees of freedom present during big bang

nucleosynthesis (BBN).

1.2.3 Experimental Hints of New Physics

We describe here five recent anomalies of particular relevance for the work done in Chapter 4:

• RK(∗) : The most up-to-date measurements of the semi-leptonic rare decays B0 → K(∗0)l+l−

and B+ → K+l+l− have been performed by the LHCb collaboration. The ratio

RK∗0 = Br(B0 → K∗0µ+µ−)/Br(B0 → K∗0e+e−)

is reported to deviate from the SM prediction with a significance of 2.2 − 2.4σ in the 0.045 <

q2 < 1.1 GeV2 bin, and 2.4− 2.5σ in the 1.1 < q2 < 6.0 GeV2 bin [53]. Similarly, the ratio

RK+ = Br(B+ → K+µ+µ−)/Br(B+ → K+e+e−)
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differs from the SM at 3.1σ in the 1.1 < q2 < 6.0 GeV2 bin [54]. Each of these ratios has an

isospin partner (corresponding to a switch u↔ d), denoted RK∗+ and RK0
s

respectively, which

have been recently measured as well and found to be consistent with the SM prediction [55].

However, the collaboration points out that due to the presence of long-lived mesons π0 and K0
s

in the final state, these ratios are significantly harder to measure than their isospin counterparts.

• RD(∗) : Semileptonic rare decays B̄ → Dl−ν̄ and B̄ → D∗l−ν̄ have also been measured to

have anomalous ratios of branching ratios, RD and RD∗ , defined as

R(D∗,D) = Br(B → (D∗, D)τν)/Br(B → (D∗, D)lν)

where l, ν can be either electrons or muons. Measurements by BaBar, LHCb, and Belle have

been combined by the Heavy Flavour Averaging Group to yield anomalous results for RD and

RD∗ of 1.4σ and 2.8σ respectively, for a combined significance of 3.3σ [56–58].

• ∆aµ: The muon anomalous magnetic moment has been recently measured by the Muon g-2

Collaboration operating out of Fermilab to be discrepant with the SM at a level of 4.2σ [59].

• mν : Nonzero neutrino masses have now been confirmed experimentally [20], but the origin of

their mass is still unknown and constitutes physics beyond the SM.

• The MiniBooNE collaboration has detected a 4.8σ excess of νe events in their neutrino detector

[60–62]. This result will be discussed further in Section 4.1.

Each of the above anomalies is interesting on its own, but they are particularly interesting when

considered as a group, since many of them may have common explanations. One of the most promis-

ing classes of models used to explain recent anomalies are leptoquark models. There is already an

extensive literature of leptoquark solutions to the first four anomalies listed above (see Chapter 4 for

references), but at the time of writing nothing has been said about leptoquark solutions to the Mini-

BooNE anomaly. Scalar leptoquarks in the context of MiniBooNE will be a major focus of Chapter

4.
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PART 2:

TWIN HIGGS THEORIES
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2 Twin Higgs Portal Dark Matter
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of the text. David Curtin and I were equally responsible for the editing process and final organization

of sections.

Many minimal models of dark matter (DM) or canonical solutions to the hierarchy problem are

either excluded or severely constrained by LHC and direct detection null results. In particular, Higgs

Portal Dark Matter (HPDM) features a scalar coupling to the Higgs via a quartic interaction, and

obtaining the measured relic density via thermal freeze-out gives definite direct detection predictions

which are now almost entirely excluded [10]. The Twin Higgs solves the little hierarchy problem

without coloured top partners by introducing a twin sector related to the Standard Model (SM) by a

discrete symmetry. We generalize HPDM to arbitrary Twin Higgs models and introduce Twin Higgs

Portal Dark Matter (THPDM), which features a DM candidate with an SU(4)-invariant quartic cou-

pling to the Twin Higgs scalar sector. Given the size of quadratic corrections to the DM mass, its most

motivated scale is near the mass of the radial mode. In that case, DM annihilation proceeds with the

full Twin Higgs portal coupling, while direct detection is suppressed by the pNGB nature of the 125

GeV Higgs. For a standard cosmological history, this results in a predicted direct detection signal for

THPDM that is orders of magnitude below that of HPDM with very little dependence on the precise

details of the twin sector, evading current bounds but predicting possible signals at next generation

experiments. In many Twin Higgs models, twin radiation contributions to ∆Neff are suppressed by

an asymmetric reheating mechanism. We study this by extending the νMTH and XMTH models

to include THPDM and compute the viable parameter space according to the latest CMB bounds.

The injected entropy dilutes the DM abundance as well, resulting in additional suppression of direct

detection below the neutrino floor.

2.1 Introduction

The electroweak hierarchy problem was the subject of an intense research program long before the

discovery of the Higgs boson at the Large Hadron Collider (LHC) in 2012 [64, 65], and to this day the
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apparent instability of the Higgs mass to large radiative corrections continues to strongly motivate the

existence of new physics near the TeV scale. Several theories could explain the observed Higgs mass

without excessive fine-tuning, both in the form of UV-complete models that guarantee naturalness up

to the Planck scale, such as Natural SUSY [66–70] or Composite Higgs [71], as well as proposals

like the Little Higgs [72, 73] that seek only to stabilize the Higgs sector up to an experimental cutoff

of 5 - 10 TeV, where additional physics can make the theory natural to higher scales. However, all

of these solutions predict TeV-scale particles with SM quantum numbers, in particular QCD colour,

which have not yet been observed at the Large Hadron Collider (LHC) contrary to earlier expectation

[74–84]. Canonical solutions to the hierarchy problem with new states heavy enough to satisfy LHC

bounds would therefore exhibit significant fine-tuning, giving rise to the so-called “little hierarchy

problem.”

The most important contributions to the Higgs potential come from top quark loops. These

dangerous contributions can be canceled by introducing top partners related to the top by a symmetry,

predicting top partners charged under SM colour that should be produced by the LHC at high rates.

The growing tension with experimental null results has led to the creation of a new class of models,

called neutral naturalness models [34–41], whose partner particles are SM singlets, or at least not

charged under SM colour. This is possible if the symmetry which relates the top and the top partner

does not commute with SM colour. These models solve the little hierarchy problem by providing

an explanation for how TeV-scale top partners may have so far evaded our searches. Most notable

among these models are the Twin Higgs (TH) models [34–37, 39, 40], which cancel quadratically

divergent loop corrections to the Higgs potential through the introduction of a twin sector, related via

a discrete Z2 symmetry to the SM. The Higgs sector of the theory transforms under an approximate

global SU(4) symmetry, which is broken by the gauge and Yukawa couplings of each sector, and the

form of the potential induces spontaneous breaking from SU(4) to SU(3). After gauging an SU(2)

× SU(2) subgroup of the SU(4), under which H transforms as (HA, HB), only 1 of the 7 pseudo-

Nambu Goldstone bosons (pNGBs) remains in the spectrum – this can be identified as the 125 GeV

Higgs. The most dangerous quadratically divergent one-loop corrections are always found in Z2-

symmetric pairs, so these corrections to the potential exhibit an accidental SU(4) symmetry. Since

the 125 GeV Higgs is a pNGB of SU(4) breaking, its mass is necessarily protected until two-loop

effects become important, typically up to scales of 5-10 TeV.

Phenomenological constraints force us to softly break the Z2 symmetry in the Higgs sector, anal-

ogous to soft SUSY breaking terms in e.g. the MSSM [85]. The completely Z2-symmetric TH model

predicts large couplings between the Higgs and twin matter and a significant reduction in Higgs cou-

plings to visible matter compared to the SM prediction. However, these couplings are tightly con-

strained by precision electroweak measurements [86, 87], and couplings to the mirror sector are con-

strained by invisible branching ratio measurements. The latest results from ATLAS and CMS indicate

Br(h → invisible) . 0.13 at 95% CL [88, 89], and the high-luminosity (HL) upgrade is expected to
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tighten this to ∼ 4% at 95% CL [90]. To satisfy these bounds, soft Z2-breaking terms are introduced

to misalign the vevs of the two sectors such that v/f . 1/3, where v is the electroweak vev and f is

the vev of the full Higgs sector. This necessity comes at the price of a very modest 2v2/f2 . 20%

tuning in minimal models [35, 91], with further relaxation possible in certain constructions [92–95].

If the SU(4) symmetry is linearly realized, then the radial mode of the breaking is present in

the spectrum, hereafter called the “heavy Higgs” or “twin Higgs.” Current and future measurements

are expected to be sensitive to this signature, in particular through di-boson production at the HL-

LHC [87, 95–100]. The MTH also admits a number of ultra-violet (UV) completions, including

supersymmetric models [95, 101–107], holographic models [108], composite Higgs scenarios [91,

108–110], and extra-dimensional orbifold gauge theories [36, 111]. Many of these models predict

heavy, exotic states that carry both visible and twin sector quantum numbers that can be searched for

at colliders [112–114].

It is interesting to ask whether Twin Higgs solutions to the little hierarchy problems are capable

of providing plausible dark matter (DM) candidates as well. Indeed, the twin tau lepton and neutrino,

twin neutralino, twin baryons, twinW±, twin mesons, and the twin neutron have all been proposed as

potential sources for DM in various TH constructions [115–123], but some are already significantly

constrained by the latest direct detection experiments [1, 2, 5].

In this paper, we examine the simple possibility of Scalar Higgs Portal Dark Matter (HPDM) [10,

124–126], which is now essentially excluded [127–129], in a Twin Higgs context. We define the Twin

Higgs Portal Dark Matter (THPDM) scenario by adding a stable scalar S coupled to the extended

Twin Higgs sector through the SU(4)-symmetric quartic interaction λHSS2(H2
A + H2

B). This inter-

action provides a portal between the DM scalar and the visible and twin matter sectors, allowing for

both thermal annihilation in the early universe and direct detection. Just as for HPDM, for a given

cosmological history and DM mass, reproducing the measured DM relic abundance yields a definite

prediction for the coupling constant λHS , and therefore for direct and indirect detection observables.

However, unlike simple HPDM, the twin nature of the Higgs sector significantly changes the phe-

nomenology and parameter space of the THPDM scenario. In this paper, we carefully explore the

direct detection parameter space of THPDM, for both standard and motivated non-standard cosmo-

logical histories.

The crucial difference between the HPDM and THPDM models arises from the pNGB nature of

the 125 GeV Higgs. At low energies far below the mass scale of the radial mode, its couplings are

dominated by small SU(4)- and Z2 breaking interactions in the Twin Higgs potential, while at higher

energies these couplings are highly momentum dependent and unsuppressed. Therefore, if the DM

scalar in THPDM has mass near or below the 125 GeV Higgs mass, it reproduces the phenomenology

of HPDM, predicting direct detection signals that are already excluded. On the other hand, if the

DM mass is of a similar scale as the mass of the Twin Higgs radial mode, then it annihilates with

the unsuppressed λHS coupling but scatters in direct detection experiments with the suppressions
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arising from the pNGB nature of the 125 GeV Higgs. Compared to the HPDM scenario, this leads

to a drastic reduction in the expected direct detection signal. Crucially, it is this latter scenario that is

strongly favoured by naturalness considerations within the Twin Higgs setup, since loop corrections

drive the DM scalar mass towards the mass scale of the radial mode. Within the THPDM scenario,

we therefore do not expect direct detection signals in current experiments. On the other hand, a

signal in next generation experiments such as LUX-Zeplin (LZ) [4], XENONnT [5], and DARWIN

[6] is predicted across large regions of THPDM parameter space. This suppression of direct detection

signals is also completely general for any DM candidate that couples to the Twin Higgs scalar sector

in an SU(4) invariant way, since it arises from the pNGB nature of the Higgs. 6

The exact predictions for direct detection depend on the cosmological history of the Twin Higgs.

The minimal Mirror Twin Higgs (MTH) predicts light degrees of freedom present during Big Bang

Nucleosynthesis (BBN) [145] that are completely excluded by measurements of ∆Neff ≤ 0.23 (at

2σ) [11]. A class of models that includes the Fraternal Twin Higgs [35, 37] solves this with hard

Z2-breaking to remove light degrees of freedom while preserving a standard cosmological history,

meaning direct detection signals of THPDM are uniquely determined by the DM mass. On the other

hand, in the asymmetrically reheated Mirror Twin Higgs [12, 145, 146], the twin sector contribution

to ∆Neff is reduced by some massive, long-lived particle species that decays preferentially to the

visible sector at late times, reducing the number density of twin radiation. In this departure from stan-

dard cosmology the DM relic abundance is diluted alongside the twin sector, implying that a smaller

coupling during freeze out is required to match the observed density today.7 This possibility further

suppresses direct detection signatures of THPDM, anywhere from within the expected range of next

generation direct detection experiments to below the neutrino floor. We review two explicit models

of asymmetric reheating, the νMTH [145] and the XMTH [12], update bounds on their parameter

space, and show how DM dilution is correlated with ∆Neff signals. In such scenarios, direct detection

of DM could be very challenging, but we would expect to detect the small but nonzero deviation in

∆Neff at upcoming CMB-S4 experiments [14].

The paper is structured as follows. In Sections 2.2 and 2.3 we briefly review relevant details of

Twin Higgs models and singlet Scalar Higgs Portal DM (HPDM). In Section 2 we define the THPDM

scenario, analytically demonstrate the suppression mechanism for direct detection, and compare pre-

dictions for direct detection experiments to HPDM. Section 2.5 is devoted to THPDM models with

asymmetric reheating. We conclude in Section 2.6.
6This suppression of direct detection signatures due to pNGB dynamics is reminiscent of pNGB-DM models, which

typically feature either the Higgs and the DM both as pNGBs as in [130–136], or with only the DM as a pNGB as in
[137–143]. To the best of our knowledge, our study is the first to encounter this phenomenon due to the Higgs but not the
DM being a pNGB (although simply adding a Higgs-portal DM candidate to any composite Higgs model would achieve
the same effect). Furthermore, the general idea of suppressing direct detection by enhancing the relative annihilation rate at
early times has also been studied before, see e.g. [66, 73, 144].

7Alternatively, if dark matter is frozen in rather than a thermal relic, asymmetric reheating may help with achieving the
correct abundance [147].
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2.2 Twin Higgs Models

Twin Higgs models solve the little hierarchy problem through the introduction of a twin sector of new

particles, whose structure is related by a discrete symmetry to the structure of the Standard Model.

The original proposal for a Twin Higgs model was the Mirror Twin Higgs (MTH) [34], which features

an extended gauge symmetry SU(3)A⊗SU(2)A⊗U(1)A⊗SU(3)B⊗SU(2)B⊗U(1)B , where the

SM fields are charged under SMA gauge groups and an exact Z2-symmetric copy of the SM matter

sector is charged under the SMB gauge groups. Other varieties, mostly with varying degrees of hard

Z2 breaking to modify the twin matter spectrum, have been proposed [35, 37, 148, 149] to solve the

cosmological problems of the original setup. Here we review the basic Twin Higgs setup and the

properties of the scalar sector that are common to most of these constructions and instrumental to

the Twin Higgs Portal Dark Matter mechanism. We then comment on two benchmark scenarios for

realistic Twin Higgs models, the Fraternal Twin Higgs [35] and the Asymmetrically Reheated Mirror

Twin Higgs [12, 145], that we use to explore THPDM scenarios in this paper.

We follow mainly the exposition in Ref. [96], taking the extended Higgs sector to transform

linearly as a global SU(4) fundamental

H =

(
HA

HB

)
,

where A denotes the SM or visible sector and B denotes the twin sector. We denote the vacuum expec-

tation values of these fields 1√
2
vA,

1√
2
vB . The full potential includes terms that both spontaneously

and explicitly break the SU(4), required to satisfy current bounds on Higgs phenomenology. It is

given by

V = λ

(
H†AHA +H†BHB −

f2
0

2

)2

+ κ

((
H†AHA

)2
+
(
H†BHB

)2
)

+ σf2
0H
†
AHA. (2.1)

Note the soft Z2 and SU(4) breaking term σ, which we discuss further below. The λ term sponta-

neously breaks SU(4) to SU(3), generating 7 Nambu-Goldstone bosons (NGBs) in the process. Six

of these are eaten by the electroweak bosons W±A,B , ZA,B of each sector, while the seventh remains

uneaten and will eventually be identified as the observed 125 GeV Higgs. The spontaneous breaking

of SU(4) will also give rise to a massive radial mode with m =
√

2λf0 for σ = κ = 0, which can

be integrated out in a non-linear sigma model (NLSM) effective description far below the symme-

try breaking scale. We work in the linear sigma model (LSM) description where the radial mode is

included in the spectrum, in order to understand its effect on THPDM freeze–out in a perturbative

Twin Higgs construction. However, the NLSM picture will be helpful to understand key features of

THPDM phenomenology, making manifest the pseudo-Goldstone nature of the Higgs (see Section

2.4.1).
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If we are going to identify the NGB as the 125 GeV Higgs then the SU(4) symmetry must

be explicitly broken. This is done by introducing the κ and σ terms; the former induces a hard

SU(4) breaking, and the latter softly breaks both the Z2 and SU(4) symmetries. In order to avoid

unreasonable levels of fine-tuning, we demand that the symmetry-breaking coefficients always be

smaller than the symmetry-preserving ones, κ, σ � λ. The κ term in the potential explicitly breaks

SU(4) but preserves the Z2 symmetry. This generates a small mass for the surviving NGB, rendering

it instead a pseudo-Nambu Goldstone boson (pNGB) and allowing us to identify it as the 125 GeV

Higgs. One-loop corrections to the Higgs potential must have the form

∆Vtop =
3Λ2

8π2

(
y2
AH
†
AHA + y2

BH
†
BHB

)
(2.2)

where the Z2 symmetry enforces yA = yB , which is insensitive to soft Z2 breaking. These quadratic

corrections therefore have an accidental SU(4) symmetry and cannot affect the light Higgs degree of

freedom, making it a pNGB of an accidental global symmetry. Note that this effect operates only at

one-loop, so a UV completion to solve the big Hierarchy Problem is needed above scales of 5-10 TeV

where two-loop effects become relevant; see e.g. [36, 91, 95, 101–108, 108–111].

The σ term breaks both Z2 and SU(4), and its primary role is to misalign the vacuum. Without

this term, the potential would be Z2 symmetric and the light pNGB would be shared equally between

both sectors in field space, with vA = vB . In this case we would expect two related effects to

occur: the couplings between the SM Higgs and the matter content of both sectors would become

equal, and the size of the Higgs couplings to the SM would be reduced by a factor 1/
√

2 relative to

the SM prediction. However, the Higgs-SM couplings are already tightly constrained by precision

electroweak measurements [86, 87], and current measurements find Br(h → invisible) . 0.13 at

95% CL [88, 89], limiting the possible size of Higgs couplings to the mirror sector. It is therefore

necessary to break the Z2 such that 〈H〉 lies mostly along the B direction, vB � vA. Dynamical

methods of Z2 breaking are explored for example in [92, 93, 150–153], and these could easily be

incorporated into our discussion, but we simply parameterize the soft Z2 breaking by adding the σ

term. Regardless of the Z2-breaking origin, the result is that the couplings between the SM Higgs and

the mirror sector are reduced, and the Higgs-SM couplings approach the SM prediction. Satisfying

experimental constraints requires vA/vB . 1/3, while Refs. [35, 91] show that the tuning of the

theory is roughly 2v2/f2, where f2 = v2
A + v2

B and v ≡ vA = 246 GeV. With this in mind we

consider a range of f/v from 3 to roughly 7 as being most motivated, which is within experimental

limits and corresponds roughly to a tuning range of 4− 20%.

We next examine the mass eigenstates of the theory. Minimizing the potential as in [96] leads to
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nonzero vevs in both sectors:

vA =
√

2 〈HA〉 = f0

√
κλ− (κ+ λ)σ

κ (κ+ 2λ)
(2.3)

vB =
√

2 〈HB〉 = f0

√
λ(κ+ σ)

κ (κ+ 2λ)
(2.4)

and the fluctuations about the vacuum can be parameterized in the unitary gauge by

HA =
1√
2

[
0

vA + hA

]
, HB =

1√
2

[
0

vB + hB

]
. (2.5)

To find the resulting mass eigenstates we diagonalize the potential through a rotation angle θ,(
h−

h+

)
=

(
cos θ − sin θ

sin θ cos θ

)(
hA

hB

)
(2.6)

which yields two mass eigenstates with masses given by

m2
± = f2 (κ+ λ)±

√(
v2
B − v2

A

)2
(κ+ λ)2 + 4λ2v2

Av
2
B. (2.7)

Note that in the SU(4)-symmetric limit with κ = σ = 0 we recover a massless mode m− = 0 and a

radial mode with m+ = 2λf2. The mixing angle θ is conveniently written as

tan(2θ) =
2vAvB(

v2
B − v2

A

)
(1 + κ/λ)

=
(2v/f)

√
1− v2/f2

(1− 2v2/f2) (1 + κ/λ)
. (2.8)

In the limit that κ� λ and v/f � 1, the mixing angle becomes θ ≈ v/f and the mass eigenstates of

the theory take the simple form

h− ≡ h = cos(v/f)hA − sin(v/f)hB (2.9)

h+ ≡ ĥ = sin(v/f)hA + cos(v/f)hB (2.10)

From here it can be seen that couplings between h and the visible sector will be modified by a factor

of cos(v/f). The implication is that in this model the 125 GeV Higgs is in fact mostly the SM Higgs,

but with a small twin Higgs component. As mentioned above, this mixing leads to predictions for

invisible Higgs branching ratios and precision electroweak measurements.

It is well known that the original Mirror Twin Higgs model is thoroughly excluded by cosmolog-

ical measurements (see e.g. [12, 145, 146]), since light mirror neutrinos and mirror photons produce
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very large contributions to ∆Neff . In realistic Twin Higgs models, this is addressed in one of two

ways: either by removing or lifting the light degrees of freedom in the mirror sector, or by invoking a

non-standard cosmological history which reduces mirror sector contributions to ∆Neff .

Hard Z2 breaking, mostly in the fermion sector, can lift or eliminate light degrees of freedom.

Since cancellations of the gauge and top loops corrections to the Higgs potential are the most impor-

tant for naturalness, the Z2 symmetry can be broken for any of the lighter degrees of freedom in the

twin spectrum. They can be removed or made heavier, which eliminates the problematic cosmology

of the Mirror Twin Higgs. The Fraternal Twin Higgs (FTH) model [35] is in a sense the most minimal

or extreme example of such an approach, eliminating the mirror photon and the first two mirror mat-

ter generations, but less extreme solutions with many mirror states at collider scales have also been

considered [37, 117, 154]. Amongst the remaining states, only the mirror top mass has to be in agree-

ment with the Z2 symmetry – the mirror bottom, mirror tau and mirror tau neutrino masses are left as

free parameters. Thus there may be no sources of twin radiation during BBN, and bounds on ∆Neff

can be trivially satisfied. The collider phenomenology of TH models without cosmological problems

can be radically different from the MTH. In particular, the absence of light twin degrees of freedom

can lead to the presence of long-lived particles in the twin spectrum, such as twin glueballs or twin

bottomonium in the FTH [35]. These states can only decay through the small Higgs portal coupling

that is required by naturalness, making them meta-stable. It has been shown [112, 155] that displaced

vertex searches in ATLAS, CMS, or LHCb [156–160], or in external transverse LLP detectors for the

HL-LHC like MATHUSLA and CODEX-b [161–164], can discover these states for FTH-type models

with top partner masses in excess of a TeV. Other TH constructions with hard Z2 breaking can also

give rise to a variety of LLP signatures, including decays via the twin photon portal [112].

The cosmological history in Mirror Twin Higgs models can be easily modified by including

a source of asymmetric reheating [12, 145] while maintaining a Z2 symmetric twin spectrum. As

mentioned in the introduction, these models feature late-decaying particles that can preferentially

reheat the visible sector relative to the twin sector after the Higgs portal freezes out, thereby reducing

the twin sector’s contribution to ∆Neff. If there is a small twin baryon asymmetry (motivated by the

Z2 symmetry), these twin baryons could constitute a fraction of dark matter [117, 119, 165–170],

though self-interaction bounds usually preclude them from making up its entirety. This leads to a rich

array of cosmological signatures like mirror baryonic oscillations and their imprints in Large Scale

Structure and the CMB [146], as well as potentially spectacular astrophysical predictions like the

existence and observability of mirror stars [171, 172]. The asymmetric reheating also has important

direct implications for dark matter direct detection, since any existing dark matter population is diluted

alongside the twin sector. This can have important implications for direct detection experiments, since

in many prominent dark matter models the coupling that controls the freeze-out abundance is the same

one that is probed in the laboratory. Dilution of dark matter is a major point of interest in our analysis.

The Twin Higgs Portal Dark Matter mechanism is a general consequence of the Twin Higgs
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setup. After briefly reviewing scalar Higgs Portal Dark Matter in Section 2.3, we therefore study the

phenomenology of THPDM first by assuming standard cosmological history in Section 2.4 for two

extreme cases of twin sectors, FTH-like and MTH-like. The former is the most minimal twin sector

that can solve the little hierarchy problem, while the latter is a stand-in for a TH construction with the

smallest hard Z2-breaking necessary to solve the ∆Neff problem. The results will depend only very

weakly on details of the twin spectrum. In Section 2.5 we study the asymmetrically reheated scenario

in detail, reviewing and extending calculations in the literature for the νMTH [145] and XMTH [12]

and demonstrating the additional effect of DM dilution on the THPDM scenario.

2.3 Scalar Higgs Portal Dark Matter

The singlet-scalar Higgs portal DM (HPDM) [10, 124–126] scenario is one of the simplest models of

dark matter.8 The only addition to the SM is a minimal coupling of a stable scalar particle S to the

Higgs through the potential

V =
1

2
m2
SS

2 +
1

4!
λSS

4 +
1

2
λHSH

†HS2. (2.11)

Electroweak symmetry breaking then induces a 3-point interaction term between the Higgs and the

scalar,
(

1
2λHSv

)
hS2, which enables it to freeze out in the early universe via Higgs-mediated annihi-

lation into SM particles. This gives rise to a relic density today of

Ω0 =
1

3M2
PlH

2
0

mY0s0 (2.12)

where s0 is the current entropy density, H0 is the current value of the Hubble parameter, and Y0 is

the present number of dark matter particles per comoving volume, defined Y0 ≡ n0
s0

. When comoving

entropy is conserved, Y remains constant as the universe evolves. If comoving entropy is conserved

at all times between freeze out and today, then Y0 = Yf (where f stands for freeze-out) and

Ω0 =
1

3M2
PlH

2
0

mYfs0. (2.13)

In the freeze-out paradigm the relic density of dark matter is directly related to its annihilation cross

section, Ω0 ∼ Yf ∼ 1/ 〈σv〉. The thermally averaged cross section is [176]

〈σv〉 =
1

8m4
STK

2
2 (mS/T )

∫ ∞
4m2

S

ds σ(s)
(
s− 4m2

S

)√
sK1

(√
s/T

)
(2.14)

8Note that we do not study fermionic HPDM that couples to the Higgs via a non-renormalizable operator 1
Λ
|H|2ψ̄ψ

(see e.g. [173–175]), but we expect the THPDM mechanism to work similarly for this case as well.
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Figure 1. Direct and indirect detection constraints for singlet scalar Higgs portal dark matter (HPDM). Cur-
rent direct detection constraints include LUX, PandaX-II [1, 2] (red) and XENON1T [3] (brown); projected
direct detection constraints from LUX-Zeplin (LZ) [4] and XENONnT [5] after 20 tonne-years are shown in
dashed green, while 200 tonne-year projections from DARWIN are shown in dashed blue [6]. Indirect detection
constraints from the Galactic Center (GC) and spheroidal dwarf galaxies (dSph) come from Fermi-LAT data
[7, 8] and are shown in dark green an orange respectively, while CMS constraints on the Higgs invisible decay
width [9] are shown in blue. Constraints from GC, dSph, LUX, LZ and Γinv

h are derived in Ref. [10], while the
XENON1T, XENONnT, and DARWIN bounds were added in the present work. The black curve indicates the
expected coupling λHS for varying DM mass consistent with the observed DM relic density Ωh2 = 0.120±.001
[11] (error bar on curve negligible), assuming that the scalar comprises all of DM.

where s is the squared center-of-mass energy, σ(s) is the center-of-mass annihilation cross section, T

is the temperature of the thermal bath, and the K1,K2 are modified Bessel functions of the second

kind. Its exact relation to Yf can then be found either by solving the Boltzmann equation numerically

or through an analytical approximation, as done e.g. in [45]. In this work we follow the latter approach

and find good agreement with known results.

At tree level, the total thermally averaged cross section 〈σv〉 is simply proportional to λ2
HS .

Since larger annihilation cross sections lead to a smaller relic abundance today, the measured relic

abundance of Ωh2 = 0.120 ± .001 [11] leads to a prediction for the coupling λHS as a function of

mass mS , shown in Figure 1 as the black curve. This prediction reproduces known results from the

literature, e.g. [10]. The curve was generated under the assumption that the scalar constitutes all of

the dark matter; if the scalar dark matter fraction is r < 1, λHS is larger by a factor of 1/
√
r. The

cross section for scalar annihilation into visible matter was computed mainly following Ref. [128],

and includes all 2-2 tree level processes as well as QCD one-loop corrections for all quark final states.
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The coupling λHS can be probed by both direct and indirect detection experiments. Apart from

the Higgs resonance, direct detection experiments constitute the dominant probe of the {λHS ,mS}
parameter space and there are many current and planned experiments aiming to constrain this space.

The spin-independent direct detection cross section for scalar HPDM is [128]

σ =
1

4π

λ2
HSf

2
N

m4
h

µ2m2
N

m2
S

(2.15)

where mN is the nucleon mass, µ = mNmS
mN+mS

is the reduced mass, and fN encodes the individual

quark contributions in the Higgs-nucleon coupling, fNmNv . It is defined in [128] as

fN =
∑
q

mq

mN
〈N | q̄q |N〉 . (2.16)

As shown in Figure 1, the parameter space of this model has been almost entirely excluded by

Xenon1T, LUX, and PandaX-II [1, 2, 5], with DM masses above a TeV and the small window near

the Higgs resonance expected to be covered by LZ, XENON and Darwin in the near future [4–6]. We

now show in the next section how the HPDM idea, when applied to Twin Higgs models, automati-

cally leads to suppressed direct detection signatures due to the pNGB nature of the Higgs. This evades

current bounds but could be discoverable in future experiments.

2.4 Twin Higgs Portal Dark Matter

We now construct a Twin Higgs version of the scalar Higgs Portal DM model by simply adding a real

singlet scalar particle that couples to the Twin Higgs scalar sector in an SU(4)-invariant way. The full

potential is

V = VTH + VS (2.17)

where VTH is the Twin Higgs potential given by Equation (2.1), and

VS =
1

2
µ2
SS

2 +
1

2
λHSS

2
(
H†AHA +H†BHB

)
. (2.18)

We expect that a UV complete Twin Higgs model could be extended to give rise to this Lagrangian,

but leave explicit construction of such a model to future investigations. To ensure S is stable we

require it to be odd under an unbroken Z2 symmetry S → −S. In UV completions this could arise

as a subgroup of a larger symmetry (like U(1) if S is complex), but this would not qualitatively

change our analysis. We will consider this scalar potential for both an MTH-type model (where the

mirror sector is a Z2 copy of the SM, except for the soft Z2 breaking term in VTH necessary to ensure

vB > vA) and an FTH-type model where the twin photon and first two twin matter generations have
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been removed. The physical mass of the singlet is

m2
S = µ2

S +
1

2
λHSf

2 (2.19)

and we require this to be positive to ensure S does not acquire a vev and become unstable.

2.4.1 Pseudo-Goldstone Suppression of Direct Detection

The pseudo-Goldstone nature of the 125 GeV Higgs boson radically changes the phenomenology of

Higgs portal dark matter in our scenario. This is most apparent in the non-linear sigma model picture.

Since S couples in an SU(4)-invariant way, any non-derivative couplings to the light Higgs can only

arise due to small explicit symmetry-breaking interactions. For mS � mĥ, both SS annihilation

in the early universe and scattering off nuclei via Higgs exchange in direct detection are dictated

entirely by these small interactions, and the ratio between annihilation and direct detection cross

sections is identical to HPDM. Therefore, the predictions of the direct detection signal for a given

DM relic abundance are the same in THPDM as in HPDM for mS � mĥ. On the other hand,

for mS & 1
2mĥ, annihilation of the singlets can now excite the radial mode, and the NLSM picture

involving only exchange of the pNGB via small explicit symmetry-breaking interactions breaks down.

SS annihilation is now dictated by the unsuppressed SU(4)-symmetric coupling λHS , while direct

detection is still suppressed by the pseudo-Goldstone nature of the Higgs, since nuclear scattering is

always a low-energy process. Relative to the scattering cross section, the annihilation cross section

is now drastically enhanced. Therefore, to reproduce the correct relic abundance, λHS must be much

smaller formS & 1
2mĥ than formS � mĥ, which reduces direct detection signatures. FormS > mh,

THPDM can evade current bounds on direct detection while being potentially detectable in future

experiments.

We now demonstrate this mechanism analytically within the linear sigma model picture of the

Twin Higgs scalar sector outlined in Section 2.2, and then present numerical predictions for direct

detection of THPDM that confirm these arguments.

After electroweak symmetry breaking it is easy to show that the potential in Equation (2.18) takes

the form

VS =
1

2
λHSS

2

[
h (vA cos θ − vB sin θ) + ĥ (vA sin θ + vB cos θ) +

1

2
h2 +

1

2
ĥ2 +

1

2
f2

]
(2.20)

where we use the results of Section 2.2 and note that f2 = v2
A + v2

B . Defining

λSSh ≡ λHS × (vA cos θ − vB sin θ) (2.21)

λSSĥ ≡ λHS × (vA sin θ + vB cos θ) (2.22)
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Figure 2. Top: contributions to A(SS → f̄SMfSM). The first diagram dominates in the v2/f2 � 1 limit but
vanishes in the SU(4) and Z2 symmetric limit. Bottom: contributions to A(SS → hh). In the SU(4) and Z2

limit the first three diagrams are zero, while the last two cancel in the SU(4) and Z2 limit with s→ 0.

we can show via Equation (2.8) that to first order in the SU(4)-violating coupling κ,

λSSh = λHS

(κ
λ

)
v
(
1− 2v2/f2

) (
1− v2/f2

)1/2
+O

(
κ2

λ2

)
(2.23)

λSSĥ = λHSf +O
(
κ2

λ2

)
(2.24)

where we recall v ≡ vA in the LSM. Note that the λSSĥ coupling of the DM scalar to the heavy Higgs

ĥ is unsuppressed, while the same coupling to the light Higgs, λSSh, is only generated if there is both

explicit SU(4) breaking (i.e. κ 6= 0) and explicit Z2 breaking (i.e. v 6= f/
√

2). In particular, λSSh is

suppressed by the small ratio κ/λ, and is simply λHSv(κ/λ) to first order in v/f .

To elucidate the THPDM mechanism, let us first demonstrate how the HPDM phenomenology is

recovered in the mS � mĥ limit. In that case, SS annihilation to the SM dominates, and the relevant

diagrams are shown in Figure 2. The top two diagrams contribute to annihilation into SM fermions,

and are (up to crossing symmetry) the same as the h- and ĥ-mediated diagrams that give the direct

detection cross section. The h-mediated diagram is suppressed only by the small λSSh coupling, while

the ĥ-mediated diagram is suppressed by the higher mass of the heavy Higgs, as well as its smaller

coupling to SM fermions. In the low-momentum limit, the ratio of the second to the first diagram is

λSSĥ sin θ/m2
ĥ

λSSh cos θ/m2
h

≈ λ2 v
2

f2
� 1 (2.25)

if v2/f2 � 1, which is a reasonable approximation for our parametric arguments. We can therefore
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assume that both annihilation into fermions and nuclear scattering in direct detection is dominated by

h-exchange.

The bottom five diagrams in Figure 2 contribute to annihilation into two Higgs bosons SS → hh,

which is relevant if mS > mh. The first three diagrams have exact equivalents in the HPDM model.

The last two are unique to the Twin Higgs setup, but together are equivalent to the quartic SShh

diagram in HPDM. The appearance of the fifth diagram in the THPDM calculation can be seen as an

artifact of using the Linear Sigma Model picture,9 since in the NLSM formulation the SShh and ĥhh

couplings are zero in the symmetric limit for a Goldstone h. In the LSM this requirement manifests

instead as a cancellation between the last two diagrams. Explicitly, their combined amplitude is

A = −iλHS

[
1 +

2f

s−m2
ĥ

(
vA
[
λ sin3 θ + 3κ sin θ cos2 θ

]
+ vB

[
λ cos3 θ + 3κ sin2 θ cos θ

])]
,

(2.26)

which, to first order in κ/λ and s→ 0, reduces to

A ≈ −iλHS
κ

λ

(
1− 8v2

f2
+

8v4

f4

)
(2.27)

demonstrating that the 4-point interaction is generated by explicitly breaking the SU(4).

The s → 0 limit is relevant when mS � mĥ. In this regime we can plainly see the connection

between THPDM and HPDM: up toO
(
v2/f2

)
corrections, the SSh and SShh couplings in THPDM

are simply a factor of κ/λ smaller than the corresponding HPDM couplings, since the 125 GeV Higgs

is a pNGB of the approximate SU(4). However, the two couplings behave differently in the Z2 limit,

since in this limit h = 1√
2

(hA − hB) is odd, meaning SSh vanishes but SShh does not.

It is now easy to understand what happens when mS approaches or exceeds 1
2mĥ. The Gold-

stone suppression demonstrated in Equation (2.27) breaks down, and annihilation to all kinematically

accessible final state particles proceeds dominantly through the radial mode ĥ via the unsuppressed

coupling λHS .10 Direct detection, by contrast, is still only determined by the suppressed λSSh cou-

pling, and so to match the observed relic density λHS must be significantly smaller, leading to reduced

direct detection signatures.

2.4.2 Direct Detection Predictions for THPDM

We now derive numerical predictions for direct detection of THPDM and compare to HPDM. SS

annihilation is computed as outlined in Section 2.3, as a function of λHS ,mS , f/v,mĥ, which yields

a prediction for the coupling λHS required to obtain the measured DM relic density. Making use of

the fact that momentum exchange is negligible compared to the h, ĥmasses, the direct detection cross
9We thank Jack Setford for bringing this to our attention.

10Annihilation is of course further enhanced at high masses since S can now annihilate to many more degrees of freedom
in both the visible and twin sectors, but this effect is less important than the breakdown of the pNGB-suppression.
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section in THPDM is

σ =
1

4π

f2
N

v2

[
λSSh cos θ

m2
h

+
λSSĥ sin θ

m2
ĥ

]2
µ2m2

N

m2
S

. (2.28)

In the language of effective field theory, both theories contain the same low energy operator, S2N̄N ,

whose coefficient is constrained by experiment regardless of what UV physics gives rise to that op-

erator. Comparing Equations (2.28) and (2.15), we therefore see that THPDM predictions for direct

detection can be shown in the same coupling-mass plane as for the HPDM if we parameterize the

S2N̄N operator via an an effective coupling to nucleons given by

λ2
eff ≡

m4
h

v2

[
λSSh cos θ

m2
h

+
λSSĥ sin θ

m2
ĥ

]2

. (2.29)

For a given mS , f/v,mĥ, this effective coupling is predicted by the observed DM relic density. This

coupling reduces to λHSκ/λ ≈ λSSh/v in the θ → 0, or f � v, limit, consistent with the substitution

required to recover the HPDM phenomenology for mS � mĥ explained above.

Our results are shown in Figure 3, for both MTH- and FTH-type mirror spectra. The breakdown

of the NLSM picture in SS annihilation for mS approaching or exceeding 1
2mĥ is clearly visible,

resulting in a decrease in the effective predicted DM-nucleon coupling by one to two orders of magni-

tude compared to HPDM. This suppression is most pronounced near the mS ≈ 1
2mĥ resonance. It is

interesting to note that THPDM becomes easier to discover in direct detection for larger f/v, provid-

ing an important complementarity to collider constraints on f/v from Higgs coupling measurements

and invisible or exotic decay searches, which lose sensitivity for larger f/v. The difference between

MTH- and FTH-type mirror sectors is minimal, since the FTH contains the states most important for

solving the hierarchy problem and hence having the largest coupling to the scalar sector. This makes

the direct detection predictions of THPDM robust with respect to the details of the twin spectrum. Fu-

ture generations of experiments like LZ, XENONnT and DARWIN, together with collider searches,

will be able to probe most of the THPDM parameter space in the coming years.

The calculations in this section assumed standard cosmology, as would be the case for Twin

Higgs models with sufficient hard Z2 breaking to eliminate the problem of large ∆Neff contributions

from light twin degrees of freedom. In Section 2.5 we will examine Twin Higgs models that solve

these cosmological issues with asymmetric reheating. We will see that this dilutes DM abundance

and suppresses direct detection further – additionally, in the event of a positive signal the magnitude

of dilution could actually be measured via the reduced direct detection cross section, in combina-

tion with cosmological and collider measurements. This would serve as a probe of the non-standard

cosmological history in Twin Higgs models.
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Figure 3. Parameter space for the Twin Higgs Portal Dark Matter (THPDM). The yellow band represents the
effective coupling between the dark matter S and a nucleon that is consistent with the observed relic abundance
of dark matter; the upper edge of the yellow band is for the reduced particle content of the Fraternal Twin
Higgs (FTH) model, while the lower edge was computed for the full Mirror Twin Higgs (MTH). Experimental
constraints are the same as those in Figure 1. For comparison, the singlet-scalar Higgs Portal DM (HPDM)
curve is shown in dashed black.

2.4.3 Natural Mass of Twin Higgs Portal Scalar Dark Matter

Since the DM scalar S couples to the Twin Higgs scalar sector in an SU(4)-invariant way, it does not

spoil the accidental symmetry protection of the light 125 GeV Higgs mass. This is also evident from

the NLSM picture, where the pNGB only couples to SS via suppressed explicit symmetry-breaking

interactions.11 Direct detection relies on the same interactions, and Figure 3 shows that the effective

size of this explicit symmetry-breaking coupling required for S to have the observed DM relic density

is small, typically . 10−2 over most of the parameter space of interest. Therefore, introducing S as a

DM candidate does not spoil the Twin Higgs solution of the little hierarchy problem.

However, it is also evident that the scalar S itself enjoys no symmetry protection of its mass within

the low-energy effective Twin Higgs model defined by Equations (2.17) and (2.18). In fact, it has an

11In the LSM picture, this is again manifest via a cancellation between quartic and ĥ-mediated contributions to 1-loop
corrections of the light Higgs mass.
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unsuppressed quartic coupling λHS to the heavy radial mode ĥ. The hierarchy mS � mĥ, which

requires sizeable λHS to overcome the pNGB suppression active during annihilation and achieve the

observed relic abundance, is therefore unnatural for two reasons: first, 1-loop corrections to mS from

ĥ loops would be large, and second, such a small but positive m2
S would require a tuning of the tree-

level parameters in Equation (2.19). These problems disappear for mS ∼ mĥ, both because there

is no mismatch of mass-scales and because the required λHS is smaller. Even within the realm of

applicability of the low-energy effective Twin Higgs model, this suggests that the masses of ĥ and S

should not be too different from each other. From a UV perspective, it therefore seems that S with

mS ∼ mĥ should be interpreted as being part of the approximately SU(4) invariant “UV structure”

of the Twin Higgs scalar sector. The full hierarchy problem for S would then be solved by whatever

UV completion makes the masses of ĥ and h natural above 5-10 TeV.

All of these considerations strongly motivate the DM candidate S to have the same mass scale

as the radial mode ĥ. This in turn pushes THPDM into the regime where the pNGB-suppression of

direct detection compared to DM annihilation is most pronounced. Null results in direct detection

experiments to date are therefore entirely natural in our model. By the same token, our predictions in

Figure 3 show that future detectors will have a good chance of detecting THPDM in the most relevant

regions of parameter space.

2.5 Asymmetrically Reheated Twin Higgs Portal Dark Matter

In the previous section, we showed how the Twin Higgs mechanism leads to significantly suppressed

direct detection rates for THPDM assuming standard cosmology. This conclusion applies equally

well to both MTH-type and FTH-type models, the latter being those that satisfy ∆Neff constraints

by modifying the twin spectrum to remove light degrees of freedom. An alternative solution to the

cosmological problems of the MTH is asymmetric reheating following an early period of matter dom-

ination [12, 145]. Additional entropy is injected into the visible sector after it decouples from the

twin sector, diluting the twin contribution to ∆Neff during CMB times. This dilution also reduces the

energy density of any DM candidate that froze out before asymmetric reheating by a dilution factor

D: Ω→ Ω/D. In models with asymmetric reheating, the DM density at freeze-out must therefore be

larger by a factor of D compared to the expectation from standard cosmology. If the same diagrams

are responsible for both annihilation in the early universe and direct detection, this corresponds to a

decrease in the direct detection rate by the same dilution factor D. This reduction in direct detection

due to asymmetric reheating is universal and does not depend on the particular DM model. In this

section we carefully examine the effect of asymmetric reheating on DM in general and THPDM in

particular.

In order for our discussion to be self-contained, we first review basic MTH cosmology in Sec-

tion 2.5.1 to establish notation and re-derive the well-known discrepancy between ∆Neff in the Z2-

symmetric MTH and measurements from the CMB. Then we review the asymmetric reheating mech-
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anism in Section 2.5.2, largely following and updating the discussion in [145]. Readers familiar with

Twin Higgs cosmology are invited to skip these sections.

In Section 2.5.3 we define the DM dilution factor D and discuss its relation to the ∆Neff predic-

tion of asymmetrically reheated models. We will find that direct detection could potentially make the

dilution a separate observable from ∆Neff , allowing for an additional probe of Twin Higgs cosmology.

In Section 2.5.4 we compute the dilution factors that are generated by two representative Twin

Higgs models of asymmetric reheating, the νMTH [145] in Section 2.5.4.1 featuring late-time decay

of right-handed neutrinos, and the XMTH [12] in Section 2.5.4.2 where the reheating particle is a

long-lived scalarX . We also re-examine the viability of these models in light of the updated ∆Neff <

0.23 (at 2σ) constraints [11], and show how predictions for ∆Neff and the DM dilution factor D are

correlated. Both models lead to a positive signal in future CMB-S4 measurements [14] for much of

their respective parameter spaces.

Section 2.5.5 contains predictions for THPDM direct detection for the range of dilution factors

D ∼ 100− 1000 motivated in realistic νMTH and XMTH models.

2.5.1 Review of Standard Mirror Twin Higgs Cosmological History

It is helpful to review basic Mirror Twin Higgs cosmology, explicitly demonstrating how the unmod-

ified model predicts ∆Neff ∼ 6. We follow the discussion in [145]. The fact that the 125 GeV Higgs

boson h is an admixture of hA and hB enables the visible and mirror sectors to maintain thermal

equilibrium in the early universe down to ∼ O( GeV) temperatures through Higgs-mediated fermion

scattering. The thermally averaged interaction rate for these Higgs portal processes is of order

〈σv〉 ≈
(
yiAy

j
B

)2
(
v

f

)2 T 2

m4
h

(2.30)

where yiA and yjB are the Yukawa couplings from the heaviest visible and mirror sector fermions still

present in the thermal bath at temperature T . This crude approximation is sufficient to estimate the

decoupling temperature of the Higgs portal. Freeze out occurs when Γ = n 〈σv〉 . H , where n is the

fermion number density and H is the Hubble parameter. The approximate temperature TD at which

the two sectors thermally decouple can therefore be found by solving

3

4

(
ζ(3)

π2

)
gT 3

D

(
yiAy

j
B

)2
(
v

f

)2 T 2
D

m4
h

'
√
π2

90

T 2
D

MPl
g

1/2
∗S , (2.31)

where g∗S is the total number of relativistic degrees of freedom in the bath at temperature TD, and g

is the number of degrees of freedom of the target fermion. To estimate TD, we note that roughly 80%

of the annihilations for a species leaving the bath happen in the interval 1
6m < T < m [177]. This

means that to a good approximation we can construct continuous expressions for the effective Yukawa

couplings yiA and yjB by linearly interpolating between the coupling of the lightest active particle at
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Figure 4. The temperature of decoupling between the visible and mirror sectors as a function of the ratio v/f .
This plot was generated from the solution of Equation (2.31), where the Yukawa couplings yiA and yjB are those
of the heaviest active fermions in the thermal bath of each sector. To reflect the continuous nature of particle
freeze out, the Yukawas were linearly interpolated from the coupling of the lightest active particle at T = m to
the next lightest particle at T = 1

6m, by which time approximately 80% of the particles of mass m have frozen
out.

T = m and the next lightest at T = 1
6m, keeping the expression constant outside of these intermediary

regions. The decoupling temperature is shown as a function of v/f in Figure 4, coinciding with the

∼ few GeV expectation found in e.g. [12, 37, 145]. Smaller v/f leads to earlier decoupling.

Once the two sectors are decoupled, each thermal bath evolves separately and the total entropy

of each sector is independently conserved. During this radiation-dominated epoch we therefore have

g∗AT
3
Aa

3 = const , g∗BT
3
Ba

3 = const (2.32)

where g∗A is the number of relativistic degrees of freedom in the visible sector, g∗B the mirror sector

counterpart, and a is the scale factor. Note here that the constants for A and B are generally not equal

to each other, and we assume that all relativistic degrees of freedom in a given sector have the same

temperature so that g∗ = g∗S . Where relevant, the difference between g∗ and g∗S is accounted for.

Additionally, the energy density of a given sector during radiation domination is given by ρ =
π2

30 g∗T
4. Therefore, as long as comoving entropy is conserved, the energy density of each sector

evolves as

ρf =

(
g∗i
g∗f

)1/3

ρi

(
ai
af

)4

(2.33)

where i and f denote some initial and final times. The decrease in energy density due the expansion

of the universe is slowed by particles becoming non-relativistic and leaving the thermal bath.

We can now calculate the ratio of energy densities between the visible sector A and the mirror
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Figure 5. Values of the effective relativistic degrees of freedom g∗ in the mirror sector for f/v = 3, 5, 7,
shown in orange, green, and red respectively. The SM case is shown in blue for comparison (and corresponds to
f/v = 1). In the region of the QCD phase transition we follow Ref. [12] and linearly interpolate between known
values before and after the transition. For the SM case we interpolate from a temperature of 125 MeV to 225
MeV, while for the MTH case the central value and width of the interpolated region is scaled by (1+log(v/f)).
This reproduces and mildly extends the result in Ref. [12]. The contribution to g∗ from neutrinos during their
decoupling (T . .01 GeV) was calculated in this work following Ref. [13].

sector B at BBN. From Equation (2.33) we find that

ρB
ρA

∣∣∣∣
BBN

=

(
g∗A,BBN

g∗B,BBN

)1/3(g∗B,D
g∗A,D

)1/3 ρB
ρA

∣∣∣∣
D

(2.34)

where g∗A,BBN and g∗A,D denote the relativistic degrees of freedom in the visible sector at the time of

BBN (in the visible sector) and mirror sector decoupling respectively, with analogous descriptions for

g∗B,BBN and g∗B,D in the mirror sector. Further, since the temperatures of the two sectors are equal at

decoupling and the two sectors have roughly the same number of active degrees of freedom at BBN

in the symmetric MTH model, the above reduces to

ρB
ρA

∣∣∣∣
BBN

=

(
g∗B,D
g∗A,D

)4/3

. (2.35)

∆Neff can easily be written in terms of this ratio. Conventionally, ∆Neff is defined as

∆Neff ≡
ρB
ρν,i
≈ 3

ρB
ρν

(2.36)
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where ρB represents the dark radiation density and ρν,i is the energy density of a single SM neutrino

species. To the extent that we can ignore mass differences in the neutrino species12 , the total neutrino

energy density ρν is simply ρν ≈ 3ρν,i. Since the neutrinos decouple from the bath prior to electron-

positron annihilation, their temperature is reduced by a factor (4/11)1/3 relative to the photons during

BBN. As a result the SM neutrinos comprise roughly 40.5% of the total radiation in the SM bath. This

implies

∆Neff = 3
ρB
ρν

∣∣∣∣
BBN

≈ 7.4
ρB
ρA

∣∣∣∣
BBN

, (2.37)

which for the completely mirror symmetric Twin Higgs is well approximated by

∆Neff ≈ 7.4

(
g∗B,D
g∗A,D

)4/3

. (2.38)

Because of the Z2 breaking, the mirror sector particles will be a factor of vB
vA
≈ f

v heavier than their

SM counterparts, which will in turn affect the size of g∗B for a given temperature. This dependence is

shown in Figure 5 for a variety of f/v. Regardless of the chosen f/v, the resulting number of effective

neutrino species present during BBN is well outside the experimental bound of ∆Neff . 0.23 [11].

Concretely, the MTH predicts

∆Neff ≈ 6.3 , f/v = 3 (2.39)

∆Neff ≈ 5.8 , f/v = 7 (2.40)

indicating that without modification it is not a cosmologically viable model for any f/v.

2.5.2 Review of Asymmetric Reheating Mechanism

Asymmetric reheating occurs when massive, relatively long-lived particles, labeled Q, freeze out rel-

ativistically due to their weak couplings. This leads to an early period of matter domination before

they decay out-of-equilibrium, preferentially reheating the visible sector compared to the hidden sec-

tor. If the decay products quickly thermalize with the respective baths, the visible sector temperature

and hence energy density is raised relative to the hidden sector, and ∆Neff is reduced – see Equa-

tion (2.37). Here we briefly review the model-independent description of the asymmetric reheating

mechanism for Twin Higgs theories from [145]. We also take into account redshifting effects that are

relevant when Q freezes out at T � MQ, discussed in [12], and slightly update the discussion to

include the latest bounds on ∆Neff [11]. The properties of the decaying particles are left as general as
12Since we are concerned with temperature scales much larger than the neutrino masses this is an excellent approximation.

However see Ref. [12] for a calculation of ∆Neff with finite neutrino masses.
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possible so that the results are easily applicable to the νMTH [145] andXMTH [12] models discussed

in Section 2.5.4.

In general, the mirror sector’s contribution to ∆Neff depends on the ratio f/v, the heavy Higgs

mass mĥ, and the properties of the Q. ∆Neff is most sensitive to the decay width ΓQ, the mass MQ,

the temperature at which it decouples from the thermal bath TQ,0, and the mirror sector branching

ratio ε, defined by

ε ≡
ΓQ→B

ΓQ
, (2.41)

where asymmetric reheating requires ε� 1. In practice, ∆Neff is relatively insensitive to mĥ, except

insofar as it can determine whether Q ever thermalizes with the SM/mirror sector bath early in the

universe in scenarios where Q is very weakly coupled.

There is a particular window of time during which the decay of the Q must take place in order

for the dilution mechanism to be effective. If the decay happens before the visible and twin sector

(denoted A and B respectively) are decoupled from each other, then the entropy dumped into A can

easily leak back into B through the Higgs portal and the dilution will not be sufficient to satisfy ∆Neff

bounds. It can be seen from Equation (2.37) that satisfying ∆Neff < 0.23 requires the energy density

in the visible sector to be at least a factor of 30 larger than the mirror sector after reheating. Since the

mirror and visible sectors have similar numbers of degrees of freedom, it follows that no more than

∼ 1/15 of the Q can have decayed before this time. This implies roughly that ΓQ . H/15, where H

is evaluated at TD.13. For a radiation dominated universe, we then find

ΓQ .

√
π2

90

1

15MPl
g

1/2
∗,DT

2
D (2.42)

which leads to an upper bound of ΓQ . 5× 10−19 (2× 10−18) GeV for f/v = 3 (7), or a minimum

lifetime of τ & 1 (0.3) µs.

On the other hand, the asymmetric reheating cannot be allowed to disrupt BBN. The temperature

of the visible sector after reheating, TA,R, must therefore be larger than O(1 − 10 MeV) [178]. A

more precise constraint would require a dedicated analysis, but for the purposes of estimating the

viable parameter space of asymmetrically reheated Twin Higgs models we will consider two lower

bounds on TA,R, 1 MeV and 10 MeV. This corresponds to ΓQ & 4 × 10−25 GeV, or τ . 1s for 1

MeV and ΓQ & 4 × 10−23 GeV, τ . 10−2s for 10 MeV – see Equation (2.44) below. Respecting

the BBN bound also ensures that reheating does not occur after the visible sector neutrinos decouple

from the SM bath at T 0
SM ∼ 1 MeV. This avoids dilution of the SM neutrino energy density due to

entropy injection into the active SM bath, which could reduce ∆Neff below the SM expectation. The

situation is potentially a bit more complicated for twin neutrinos, which decouple from twin electrons

when the mirror sector roughly has temperature T 0
Twin = (f/v)4/3 T 0

SM. Recall that both sectors

13Note that this is an updated prediction from [145] based on more recent ∆Neff bounds.
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have very similar temperature before asymmetric reheating. Requiring TA,R > 10 MeV ensures that

entropy injection takes place when twin neutrinos are still in thermal contact with the twin electron

bath for most of our parameters of interest, and we can treat the surviving radiation components to

be thermal, making estimation of ∆Neff straightforward. However, if the TA,R bound is relaxed to

1 MeV, then the twin neutrinos could receive a contribution to their number density from Q decays

(depending on the precise branching ratios within each sector) that never thermalizes but instead has

a distribution dictated by Q decays [12]. We leave a precise treatment of these non-thermal effects

on ∆Neff for future investigation, and here simply present results for TA,R = 1 MeV as if the twin

neutrino radiation component is thermal as a first crude estimate.

When the Q become the dominant component of the universe’s energy density, we find

ρ = 3H2M2
Pl = MQnQ (2.43)

where H is the Hubble parameter, MPl is the reduced Planck mass, and nQ is the number density of

theQ. In the limit that all the decays happen atH = ΓQ we can then equate the energy density before

and after to obtain

ρA,R =
π2

30
g∗A,RT

4
A,R = 3(1− ε)Γ2

QM
2
Pl ≈ 3Γ2

QM
2
Pl = MQnQ,R (2.44)

where TA,R is the temperature of the visible sector after reheating, g∗A,R the associated degrees of

freedom, nQ,R denotes the number density of the Q after reheating, and we are implicitly assum-

ing that the original energy density in SM radiation is dominated by the radiation produced from

the Q decay. Equation (2.42) then requires the reheat temperature of the visible sector to satisfy

TA,R <∼ 0.7 (1.3) GeV for f/v = 3 (7).

The mirror sector receives a much smaller portion of the total energy density from the Q sector,

so we have to take the pre-existing energy density into account. Within the instantaneous decay

approximation, this gives

ρB,R = 3εΓ2
QM

2
Pl +

(
g∗B,D
g∗B,R

)1/3

ρB,D

(
aD
aR

)4

. (2.45)

Dividing (2.45) by (2.44) then leads to

ρB
ρA

∣∣∣∣
R

≡
ε+RQ
1− ε

≈ ε+RQ (2.46)

where RQ is the ratio of the hidden sector energy density before reheating compared to the total
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entropy injected by Q decays, defined

RQ =

(
g∗B,D
g∗B,R

)1/3
ρB,D

(
aD
aR

)4

MQnQ,R
. (2.47)

Thus from Equations (2.46) and (2.37) we find

∆Neff ≈ 7.4
ρB
ρA

∣∣∣∣
BBN

= 7.4

(
g∗B,R
g∗A,R

)1/3

(ε+RQ) (2.48)

where the (g∗B,R/g∗A,R)1/3 factor accounts for the changing constituents of the thermal baths in both

sectors between reheating and BBN. Intuitively, RQ is a measure of how washed out the original

energy density in the twin sector is after Q decays. At the same time, ε is a measure of how much

energy density is sent back into the twin sector through the same process. In order for ∆Neff to be

brought to within experimental limits, both of these quantities are required to be small. Effective

asymmetric reheating requires that a large amount of entropy be injected into the visible sector, with

very little leaking back into the twin sector.

To compute ∆Neff for a given Twin Higgs model of asymmetric reheating, our only remaining

task is to compute RQ. At the time of decoupling between visible and mirror sectors, the energy

density of the bath is split according to the relativistic degrees of freedom in either sector,

ρA,D =
π2

30
g∗A,DT

4
D , ρB,D =

π2

30
g∗B,DT

4
D . (2.49)

Q is assumed to be non-relativistic and long decoupled when the hidden and visible sectors decouple

from each other:

nQ,R ≈
(
a3
D

a3
R

)
nQ,D. (2.50)

Thus from Equations (2.44, 2.47-2.50) we find

RQ =
π2

30

(
g∗B,D
g∗B,R

)1/3

g∗B,D

(
3Γ2

QM
2
Pl

M4
Q

)1/3
 T 4

D

n
4/3
Q,D

 . (2.51)

If Q freezes out at a temperature TQ,0 not much higher than its mass, it becomes non-relativistic soon

after and redshifting effects on its energy density can be neglected. In that case, we can write the

number density as

nQ,D ≈ g̃Q
ζ(3)

π2
T 3
Q,0

(
a3

0/a
3
D

)
, (2.52)
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where

g̃ ≡
∑

bosons

gi +
3

4

∑
fermions

gi. (2.53)

RQ then takes the simplified form

RQ =
π2

90

(
3π2

ζ(3)

)4/3(
g∗B,D
g̃Q

)4/3( g∗0
g∗D

)4/3
(

Γ2
QM

2
Pl

g∗B,RM4
Q

)1/3

. (2.54)

On the other hand, if Q is so weakly interacting that it freezes out at TQ,0 �MQ, then it will redshift

as decoupled radiation for a non-negligible period of time before becoming non-relativistic (which can

be particularly important for the XMTH model). In that case, the number density must be calculated

using a redshifted Fermi-Dirac or Bose-Einstein distribution [179]

nQ,D =
g

2π2

∫ ∞
0

dp p2

exp


√(

TQ,0
TQ,D

p
)2

+M2
Q

TQ,0

± 1


−1

, (2.55)

where ±1 is for Fermi-Dirac or Bose-Einstein statistics respectively and TQ,D = (g∗D/g∗0)1/3 TD is

the temperature of the Q at the time of visible-twin sector decoupling.

2.5.3 Dark Matter Dilution

Any DM abundance that freezes out before asymmetric reheating will be diluted similar to the mirror

sector (assuming no DM is produced in Q decays). The DM relic abundance in asymmetrically

reheated Twin Higgs theories is therefore computed analogously to standard freeze-out – see Equation

(2.13) – but with two important differences. First, when the Q decay they increase the total entropy

of the universe by a factor ∆,

s0a
3
0 = ∆sfa

3
f . (2.56)

This implies that

Y0 =
n0

s0
= ∆−1nf

sf
= ∆−1Yf . (2.57)

Second, the entropy density today is the sum of the entropy densities in the two sectors, s0,MTH =

s0,A + s0,B . Therefore the relic density is

Ω0 =
1

3M2
PlH

2
0

mYfs0,A

[
∆−1

(
1 +

s0,B

s0,A

)]
(2.58)
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where we have factored out s0,A because this is the quantity we measure with CMB data. Comparing

to Equation (2.13), we find that the observed relic abundance is given by

Ω0 =
ΩΛCDM

D
, (2.59)

where ΩΛCDM is the relic density formula in standard cosmology14, and we have defined the dilution

factor

D ≡ ∆

(
1 +

s0,B

s0,A

)−1

, (2.60)

which parameterizes the magnitude of dark matter dilution that arises from asymmetric reheating

in Twin Higgs models.15 To better understand this quantity, we now write it in terms of relevant

cosmological parameters. First, notice that

∆ =
s0a

3
0

sfa
3
f

=
sRa

3
R

sDa3
D

=

(
sA,R + sB,R

sD

)(
aR
aD

)3

(2.61)

since, by construction, all of the decays of the Q happen after the mirror and visible sector decouple.

We then find

D =
sA,R
sD

(
aR
aD

)3

(2.62)

since comoving entropy is conserved after reheating. This expression can be written in terms of energy

densities as

D =
ρ

3/4
A,R g

1/4
∗A,R

ρ
3/4
D g

1/4
∗D

(
aR
aD

)3

, (2.63)

and using Equations (2.44) and (2.47), as well as the fact that ρD =
(

g∗D
g∗B,D

)
ρB,D, we find the

relatively simple form

D =
1

R
3/4
Q

(
g∗B,D
g∗D

)(
g∗A,R
g∗B,R

)1/4

. (2.64)

Ignoring g∗ factors, we see that D depends only on RQ while ∆Neff depends on both RQ and ε (see

Equation (2.48)). This arises because the amount by which DM is diluted depends only on the total

amount of entropy injected by Q-decay, not on the asymmetry of the reheating. RQ is defined as

the twin sector energy before reheating compared to the total amount of energy injected, but since the
14Note that the value of Yf is model-dependent and will vary depending on both the thermally averaged annihilation

cross section of the DM candidate, as well as the constituents of the thermal bath as it freezes out. In this definition we take
Yf to be that of a Twin Higgs model in the absence of any asymmetric reheating. If one wishes to consider the dilution
factor between an asymmetrically reheated Twin Higgs model and a more minimal model of dark matter (e.g. HPDM), then
a factor K =

Yf,CDM
Yf,MTH

should be included in the definition of D.
15This is a modified definition of the dilution factor compared to e.g. Ref. [180], specific to the Twin Higgs since the

entropy of the twin sector plays a significant role.
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former is straightforwardly related to the total energy density before reheating, the relative importance

of the entropy injection is indeed specified by RQ and not ε. The dilution factor can be related to the

properties of Q using the simplified form of RQ in Equation (2.54) which is valid if TQ,0 is not much

larger than MQ. Ignoring constants, this gives

D ∼MQ

(
g

1/4
∗A,R

Γ
1/2
Q M

1/2
Pl

)(
g̃Q
g∗0

)
(2.65)

which shows that dilution increases if Q is heavier, decays later, or has more degrees of freedom.

Dilution affects direct detection of a thermal freeze-out DM candidate χ in a very simple way. If

Ω0 ∼ 1/ 〈σv〉 is reduced by a factor ofD due to the reheating, and if the direct detection cross section

σχN is given by the same couplings that drive annihilation, σχN ∝ 〈σv〉, then both cross sections

must decrease by a factor of D compared to standard cosmology to overproduce DM before reheating

and therefore produce the correct DM relic abundance today. This effect of reheating and decreasing

direct detection signatures compared to the predictions of standard cosmology applies generally to any

DM candidate – see e.g. [181–185]. In THPDM, 〈σv〉 ∝ σSN ∝ λ2
eff . Compared to the predictions

of Section 2.4, direct detection in Twin Higgs models with asymmetric reheating will therefore be

additionally suppressed, with D > 1 reducing the expected effective coupling by

λeff →
λeff√
D
. (2.66)

Further predictions require some information about the plausible size of the dilution factor D, and

how D is correlated with ∆Neff . We study this for two explicit Twin Higgs models with asymmetric

reheating in Section 2.5.4 below, before showing predictions for direct detection in THPDM with

asymmetric reheating in Section 2.5.5.

We point out that within a given DM framework, the dilution factor is observable in the event of

a DM discovery by the lower direct detection rate compared to the standard cosmology expectation.

D therefore provides a cosmological probe of the properties of Q that is complementary to ∆Neff ,

allowing in principle independent probes of ε and RQ. Together with other cosmological [146] and

collider measurements [86, 87, 186], this can allow for detailed examination of the twin protection

and asymmetric reheating mechanisms.

2.5.4 Asymmetrically Reheated Twin Higgs Portal Dark Matter

In this section we examine two asymmetrically reheated MTH models, the νMTH [145] andXMTH [12].

We review details of the models and their cosmological history, illustrate the viable parameter space

in light of updated ∆Neff bounds, and show the range of correlated predictions for ∆Neff and DM

dilution factor D, which allows us to make direct detection projections for THPDM with asymmetric

reheating in Section 2.5.5.
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2.5.4.1 νMTH

A simple way of incorporating the asymmetric reheating mechanism into the Twin Higgs framework

is by adding right-handed neutrinos (RHN), proposed in Ref. [145]. This is particularly elegant since

RHNs are highly motivated to exist for other reasons, most importantly to explain non-zero neutrino

masses [187]. Ref. [145] examines the case of 3 generations of RHNs in both the visible and twin

sectors that mix with each other as well as the active neutrinos of their respective sectors, generating

small active masses through the familiar type-I seesaw mechanism. In specific scenarios the width of

each RHN generation is proportional to one active neutrino mass, and the known differences in the

neutrino masses can then be translated into differences in decay widths of the RHNs.16

Since the energy density of the RHNs continues to grow relative to the energy density of the

thermal baths as the universe cools, later decays have a more significant effect on the subsequent

asymmetric reheating and dilution. For this reason, many of the essential features of the more real-

istic 3 generation model can be captured with a 1 generation toy model, also covered in Ref. [145].

In what follows we review the details of this simpler model and address its implications for asym-

metric reheating and dilution, pointing out expected behaviour for the full 3 generation model where

appropriate.

Consider the extension of the Twin Higgs by a single generation of RHNs that respect the Z2

symmetry,

L ⊃ −y (LAHANA + LBHBNB)− 1

2
MN

(
N2
A +N2

B

)
−MABNANB + h.c. (2.67)

where for simplicity we invoke a hierarchy in the parameters y 〈H〉 � MAB � MN for both HA

and HB . Prior to electroweak symmetry breaking, the RHNs combine to form Z2-symmetric mass

eigenstates N± = 1√
2

(NA ±NB) with nearly degenerate masses MN ±MAB . After electroweak

symmetry breaking these states mix with the active neutrinos, which generates masses for the active

neutrinos

mν,A =
y2v2

A

2MN

(
1 +O

(
MAB

MN

))
(2.68)

mν,B =
y2v2

B

2MN

(
1 +O

(
MAB

MN

))
(2.69)

and allows the RHNs to decay to leptons through both neutral and charged currents. The decay width

for the RHNs into the visible sector is proportional to

ΓN→A ∝
(
mν,A

MN

)
G2
F,AM

5
N (2.70)

16For concreteness, here and in Ref. [145] the normal ordering is assumed.
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where GF,A is the Fermi constant with visible sector vector bosons, and we neglect final state masses

as well as O(mν/MN ) and O(MAB/MN ) corrections to the sterile neutrino masses. For actual

computations we again follow Ref. [145], which derives partial widths of the RHNs in Fermi theory,

valid for MN .MW . The RHN decays into the mirror sector are similar,

ΓN→B ∝
(
mν,B

MN

)
G2
F,BM

5
N ∝

(
v2

f2

)
ΓN→A (2.71)

but the net result is an overall suppression of v2/f2 due to the heavier neutrino and vector bosons in

the mirror sector. This leads to asymmetric reheating of the visible sector

ε ≈ v2

f2
, (2.72)

but note that this ratio can be adjusted through, for example, explicit Z2 breaking in the Lagrangian

of Equation (2.67), as discussed in Ref. [145]. In what follows we pay particular attention to the case

of ε = v2/f2, but ultimately treat it as a free parameter of the model.

Lastly, asymmetric reheating is effective only if the RHNs are able to dominate the cosmology

before decaying. It is therefore crucial that they reach equilibrium abundance within the bath before

freezing out — otherwise they will not carry away enough energy to reheat the visible sector at late

times. In a 3 generation model this is simple to achieve. Neutrino oscillation measurements indicate

that at least one neutrino has mass mν & 0.05 eV [188], corresponding to a Yukawa coupling of

O(10−7), sufficient to guarantee that the corresponding RHN is in thermal contact with the SM bath

in the early universe. The observation of large mixing angles in the neutrino sector further suggests

that all the RHN Yukawas are of comparable size, meaning all three RHN generations are in thermal

equilibrium with the visible sector prior to freeze-out. In this work, we focus on the single-generation

toy model to parametrically understand the correlation between ∆Neff and dilution factor D, keeping

in mind that a three-generation set up is likely more realistic. We therefore assume that regardless

of the mass of our single RHN, it is thermalized at early times and freezes out with an equilibrium

abundance at T0, where

T0 ≈
(
MN

mν

)1/3

(1 MeV) (2.73)

since the interaction rate of the RHNs with the bath is a factor ∼ mν/MN weaker than the active

neutrino interaction rate.

When the RHNs decay, they give rise to a suppressed ∆Neff signature according to Equation

(2.48) and a dark matter dilution factor given by Equation (2.64). Note that computations were done

accounting for the redshift of the RHNs, using Equation (2.51) forRN . The available parameter space

for this toy model is shown in Figure 6, where we consider reheating temperatures TA,R ranging from

1 to 10 MeV. Results are shown both for ε = 0 and for ε = v2/f2 at f/v = 5, 6, 7.
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Figure 6. The parameter space for the universal 1 generation νMTH model, written in terms of the lightest
active neutrino mass m1

ν . Left: coloured contours show ∆Neff for ε = 0. Right: blue contours indicate
∆Neff = 0.23 or 0.15 for various choices of ε inspired by the minimal νMTH prediction ε = v2/f2. In both
plots, green dashed contours show the dilution factor D. The 1 MeV and 10 MeV lines are the optimistic and
conservative estimates for bounds on TA,R respectively, due to BBN constraints.

The results of this one-generation toy model can generally be regarded as conservative estimates

for results expected in a more realistic, 3 generation model. For example, consider the ∆Neff signa-

ture for the two models in terms of the branching ratio ε. If, in the 3 generation model, the branching

ratio for the last decay is large enough that the injected energy density into the twin sector dominates

over the preexisting energy density, then this new radiation is what sets the ratio TB/TA, and the cos-

mological history of the previous two decays is essentially irrelevant. In this case the ∆Neff signature

for the 1 and 3 generation models should be similar. On the other hand, when ε = 0 each successive

decay will reheat the visible sector but not the twin sector, such that TB/TA is further reduced after

each decay takes place. In this case we expect that ∆Neff will be smaller by a factor of a few in the 3

generation case.

Turning to the dilution factor, we note that the dark matter will be successively diluted relative to

the visible sector for each RHN decay regardless of ε, since the branching ratio of the RHNs into dark

matter is by definition zero. We therefore expect D to be a factor of a few larger for the 3 generation

model in addition to a potential decrease in ∆Neff. In either case, dilution factors up to D ∼ O(100)

are easily generated in the νMTH setup.
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2.5.4.2 XMTH

The XMTH is another asymmetrically reheated Twin Higgs model. This model was first proposed

in Ref. [12], and below we review the main features of the model and update some derivations and

bounds.

The XMTH couples a scalar particle X to the Higgs sector in much the same way that the dark

matter S is coupled. However, the X is made unstable by introducing x, which may be identified as

the vev of X in some UV completion of the theory or a small linear coupling with the Twin Higgs

multiplet:

V ⊃ λXX(X + x)(H†AHA +H†BHB) +
1

2
m2
XX

2 (2.74)

Since our focus in this work is to solve the little hierarchy problem, we will simply treat this is as a

low-energy effective theory and remain agnostic to the possible UV origins of this framework.17 The

small coupling λXx allows X to decay to both visible and twin matter through mixing with the Higgs

in each respective sector. As we will see, for mX ∼ O(10 − 1000) GeV the branching ratio into the

visible sector will dominate over the mirror sector branching ratio, primarily due to the lower mass

thresholds in the visible sector.

The form of the potential admits mass mixing between hA, hB , and X . After expanding HA and

HB around their vevs the mass matrix can be read off directly via Equations (2.1) and (2.74):

M2
gauge ≡

λv
2
A + 1

2λ(f2 − f2
0 ) + 3

2κv
2
A + 1

2σf
2
0 λvAvB

1
2λXxvA

λvAvB λv2
B + 1

2λ(f2 − f2
0 ) + 3

2κv
2
B

1
2λXxvB

1
2λXxvA

1
2λXxvB

1
2m

2
X + 1

2λXf
2


(2.75)

To understand the mass eigenstates in the theory, it is instructive to diagonalize the mass matrix

in two steps. First, we diagonalize the 2 × 2 (HA, HB) submatrix in exactly the same way as was

done in Section 2.2. This is done by rotation through angle θ, and takes us to the {h, ĥ,X} basis with

mass matrix

M2
partial ≡


1
2m

2
h 0 1

2λXx (vA cos θ − vB sin θ)

0 1
2m

2
ĥ

1
2λXx (vA sin θ + vB cos θ)

1
2λXx (vA cos θ − vB sin θ) 1

2λXx (vA sin θ + vB cos θ) 1
2m

2
X + 1

2λXf
2

 .

(2.76)

Since X has to be long-lived, we take λXx � mX ,mh,mĥ. This means that M2
partial is nearly

diagonal, and so the states {h, ĥ,X} are already approximate mass eigenstates. While the exact Higgs

17Both λX and x/mX will be tiny in our regions of interest. Therefore, X itself does not inherit a hierarchy problem
from its couplings to the Twin Higgs states within this effective IR description.
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Figure 7. Contributions to Γ(X → hh).

mass eigenvalues will be shifted atO(λXx) frommh andmĥ, and theX mass eigenvalue has already

been shifted at O(λX), these corrections are small enough that throughout the rest of this paper we

will refer to {h, ĥ,X} as mass eigenstates, with the following mixing angles between X and h, ĥ:18

δXĥ ≡
λXx (vA sin θ + vB cos θ)

m2
X −m2

ĥ

+O(λ2
X) (2.77)

δXh ≡
λXx (vA cos θ − vB sin θ)

m2
X −m2

h

+O(λ2
X) (2.78)

Note that tan θ = vA/vB in the SU(4)-symmetric limit with κ, σ = 0, and hence δXh → 0, consistent

with the pNGB nature of h.

It is also useful to translate Equations (2.77 - 2.78) into mixing angles between X and hA, hB ,

since these give decay rates into the visible and mirror sectors respectively via off-shell Higgs bosons:

δXA = δXh cos θ + δXĥ sin θ (2.79)

δXB = δXĥ cos θ − δXh sin θ (2.80)

To first order in v/f and mX & mĥ these take the simple form

δXA ≈
λXx

m2
X −m2

ĥ

v (mX & mĥ) (2.81)

δXB ≈
λXx

m2
X −m2

ĥ

f (mX & mĥ). (2.82)

while for mX � mh we expand to O (κ/λ):

δXA ≈ −
(κ
λ

)
× λXx

4κv
(mX � mh) (2.83)

δXB ≈ −
(κ
λ

)
× λXx

4κv

v

f
(mX � mh). (2.84)

18This corrects a minor mistake in the derivation of these angles in [12].
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Figure 8. Complete decay width of X into visible (SM) and mirror (twin) sectors, normalized by (λXx)
2

which is common to all partial widths. In this figure we take f/v = 3 and mĥ = 1500 GeV.

Note however that both δXA and δXB generally have zeroes in the intermediate regime where mX

ranges from∼ mh to∼ f due to cancellations between the two terms in Equations (2.79, 2.80) which

are not captured by these simple approximations. Any numerical calculations should be performed

using Equations (2.77 - 2.80).

X decays
Since the X only couples directly to the Higgs bosons of Twin Higgs theories, we divide

discussion of the decay into two regimes, mX < 2mh, and mX ≥ 2mh.

For mX < 2mh, all decays take place either through mixing with the Higgs bosons or to 3-body

or higher final states via X → hh∗. In all cases we find that hh∗ final states are subdominant to other

processes and are thus not included in what follows. As discussed in Ref. [12], the partial widths

through mass mixing at tree level for all non-Higgs final states are simply

Γmix(X → SM) = |δXA|2 Γ(hA → SM)
∣∣∣
mhA=mX

(2.85)

Γmix(X → Twin) = |δXB|2 Γ(hB → Twin)
∣∣∣
mhB=mX

(2.86)

where we take mhA and mhB to mean the mass of a Higgs boson particle in either the visible or twin

sector if we were to consider only that sector in isolation. That is, Γ(hB → Twin)|mhB=mX can

be thought of as just the regular decay width of a Higgs of mass mX to all non-Higgs matter with

masses determined by f/v. While decays of the SM Higgs are well-documented across a wide range

of masses (see e.g. Ref. [189]), for consistency we compute both Γ(hA → SM) and Γ(hB → Twin)
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by closely following the work of Ref. [190]. All processes relevant at the percent level or higher are

included, and our results are in good agreement with Ref. [190].

For mX > 2mh, the X can decay directly into two light Higgs bosons h. Note that in addition

to the direct Xhh vertex, this process will receive two extra contributions from mass mixing19 that

are shown in Figure 7. These contributions are important due to the pNGB nature of h, similar to

the discussion in Section 2.4. The decay width of X → hh is suppressed by O(κ/λ) and O(σ/λ)

factors, particularly for mX & 2mh, which in our Linear Sigma Model picture is enforced by can-

cellations between these three diagrams. With this included, the decay X → hh vanishes in the

SU(4)-symmetric limit. For mX ≥ mh +mĥ, the X can decay into an hĥ pair. However, there is no

direct coupling between these three states and so this process can only proceed through mass mixing

interactions. Over all mX of interest this decay channel is negligible compared to other processes

and is not included in the remainder of the analysis. In principle we should also consider decays to

ĥĥ pairs, but we will find below that the signature space of this model is limited to regions where

mX . 2mĥ and so we do not include this decay either (see [12] for a discussion of these processes).

The decay rates to the twin and visible sectors are then given by

Γtot(X → SM) ≈ Γmix(X → SM) + Γ(X → hh)Br(h→ SM)2 (2.87)

Γtot(X → Twin) ≈ Γmix(X → Twin) + Γ(X → hh)Br(h→ Twin)2, (2.88)

and the rate for mixed decays (i.e. X decays to two SM states and two twin states) is found to be

Γtot(X → mixed) ≈ 2Γ(X → hh)Br(h→ SM)Br(h→ Twin). (2.89)

The former two decay width estimates are illustrated in Figure 8 for f/v = 3 and mĥ = 1500

GeV, normalized by (λXx)2 since this factor is common to all partial widths. We can see that across

most of the range 10 GeV ≤ mX ≤ 1000 GeV, the branching ratio into the visible sector dominates

over the mirror sector (with typically minor corrections owing to the mixed decays of Equation (2.89)).

If λX is chosen such that X decays after the two sectors have thermally decoupled (T ∼ few GeV),

then the visible sector will be preferentially reheated and ∆Neff may be reduced to below experimental

limits. The complete branching ratio into the twin sector is defined as

ε ≈
Γtot(X → Twin) + 1

2Γtot(X → mixed)

Γtot(X → SM) + Γtot(X → Twin) + Γtot(X → mixed)
(2.90)

which can easily be smaller than 10−2, depending on f/v and the mass of X .

Thermalization and cosmological bounds

19These contributions were amongst those that were neglected in [12], which significantly modifies some numerical
results but does not change the important qualitative behaviour of the model.
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At temperatures T � mX ,mh,mĥ, the X interactions with the bath scale as Γ ∼ T but the

Hubble rate scales as H ∼ T 2. Consequently, thermalization at high temperatures is not guaranteed.

λX must be large enough for the X to make good thermal contact with the SM/twin bath in the early

universe, ensuring their number density reaches its equilibrium value, but small enough that the X

can freeze out with sufficient number density to eventually dominate the cosmology.20

For a givenmX , there is a minimum coupling such that the interaction rate can surpass the Hubble

rate at some early temperature. Larger couplings increase the time interval during which the X are

thermalized and lower the temperature at which the X freezes out. If the coupling is too large, the

X particles stay in thermal equilibrium long enough to become Boltzmann-suppressed, reducing the

amount of asymmetric reheating.

20If X is never in thermal contact until it decays, its initial abundance depends on the model of inflation, but to be
conservative we do not consider this scenario here and instead require early thermalization.
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Figure 9. Contours of ∆Neff (coloured regions) and DM dilution factor D (green contours) in the XMTH,
where x is set such that X decays with a reheat temperature of TA,R = 1 MeV, for different f/v and mĥ.
X never thermalize in the gray region, and the blue, pink, and yellow shaded regions correspond to areas
of parameter space where ∆Neff is within current experimental limits. All shaded regions except yellow are
expected to be probed by CMB-S4 [14].
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Figure 10. Contours of ∆Neff (coloured regions) and DM dilution factor D (green contours) in the XMTH,
where x is set such that X decays with a reheat temperature of TA,R = 10 MeV, for different f/v and mĥ.
X never thermalize in the gray region, and the blue and pink shaded regions correspond to areas of parameter
space where ∆Neff is within current experimental limits. All shaded regions are expected to be probed by
CMB-S4 [14].

Figures 9 and 10 show the values of ∆Neff and DM dilution factor D across the parameter
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Figure 11. Direct detection parameter space of THPDM with asymmetric reheating. The opaque yellow band
shows the effective THPDM coupling without dilution spanning FTH- and MTH-like mirror spectra, same as
Figure 3. The lower two yellow bands correspond to dilution factors from asymmetric reheating of D = 100
and 1000, representing high dilution factors that can be produced in the νMTH and XMTH models.

range of interest, where x was chosen such that the decay width is fixed at the lower bounds of

ΓX ≈ 4.4 × 10−25 GeV and ΓX ≈ 4.5 × 10−23 GeV, corresponding to reheat temperatures in the

visible sector of TA,R = 1 MeV and 10 MeV respectively. These plots therefore show the largest

amount of dilution that is possible in this model. The black line depicts the limiting case where X

thermalizes and promptly decouples. In the gray regions, X never thermalizes in the early universe.

As expected, the largest dilution and smallest ∆Neff are found near the lower bound of λX , since a

smaller coupling allows theX to freeze out earlier and carry away more energy from the thermal bath.

There are large regions of parameter space that satisfy bounds on ∆Neff, with dilution factors as large

as D ∼ 1000, which will significantly suppress direct detection signatures of THPDM.

2.5.5 THPDM Direct Detection with Asymmetric Reheating

In Section 2.5.4.1, we saw that the νMTH can generate dilution factors in excess of D & 100 that

are consistent with current bounds on ∆Neff. For the XMTH, Figure 9 shows that dilution factors

of D & 1000 can be consistent with ∆Neff bounds for mX & 800 GeV, and generally D & 300 is
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possible. We therefore adopt dilution factors of D = 100, 1000 as reasonable benchmarks within the

asymmetrically reheated MTH framework.

Figure 11 shows the predicted effective coupling for direct detection in THPDM with asymmetric

reheating generating dilution factors of D = 100, 1000. Without asymmetric reheating, the DM mass

is constrained to lie above mS & 150, 400 GeV for f/v = 3, 7, with a small unexplored region in the

Higgs funnel that is present in the predictions of the HPDM as well. When asymmetric reheating is

included, the DM mass is unconstrained above mX & 50 GeV.

As discussed in Section 2.5.3, the dilution factor is in principle a separate observable, since in the

event of a discovery (and possibly corroboration of the Twin Higgs model in collider measurements),

the observed DM direct detection rate can be compared to the prediction from standard cosmology.

D can then be correlated with other cosmological measurements that may be sensitive to asymmetric

reheating. For example, CMB-S4 measurements are expected to constrain ∆Neff . 0.02 [14]. In

the event of a nonzero ∆Neff measurement, any given asymmetrically reheated THPDM scenario

will yield a range of expected dilution factors. Consistency between these two observations would

constitute significant evidence in support of these models.

2.6 Conclusion

The Twin Higgs framework offers a compelling explanation for why new, coloured states have yet

to appear in collider experiments. Its success as a theory of neutral naturalness is due to the pNGB

nature of the 125 GeV Higgs, whose mass is protected from radiative corrections due to an accidental

symmetry at one loop order.

In this work we define the Twin Higgs Portal DM (THPDM) framework by coupling a stable

scalar particle S to the Higgs sector of a general Twin Higgs theory. The same accidental symmetry

then suppresses interactions between the 125 GeV Higgs and the scalar DM at low energies. The

scalar is a thermal WIMP, and the fact that freeze-out proceeds through the full Twin Higgs portal

coupling, while direct detection is suppressed, leads to predictions for direct detection cross sections

that can be several orders of magnitude smaller than is the case in regular scalar Higgs Portal DM

(HPDM). As can be seen from Figure 3, HPDM is almost completely excluded, while THPDM is

consistent with current constraints for mS & O(100 GeV). Indeed, this is the favoured parame-

ter space of the model, based on naturalness considerations of the DM mass within the IR effective

Twin Higgs theory. THPDM naturally predicts null results at current direct detection experiments but

positive detections in next-generation experiments – a very compelling scenario. Furthermore, Twin

Higgs models that predict dark radiation in excess of current experimental limits on ∆Neff are consis-

tent with CMB bounds if they include a source of asymmetric reheating, diluting the contribution of

the twin sector. This dilution also affects any DM candidate, which further suppresses direct detec-

tion signatures for freeze-out DM since a smaller Twin Higgs portal coupling is needed to obtain the

correct relic abundance after dilution.
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We study two explicit models of asymmetric reheating, the νMTH [145] and XMTH [12], and

find that in addition to alleviating the tension with cosmology, both lead to predicted DM dilution

factors of O(100 − 1000). This further opens up the direct detection parameter space of the model,

with THPDM masses as low as 50 GeV allowed by current constraints (see Figure 11). The dilution

factor is also in principle observable by comparing the expected direct detection event rate for a

given DM mass to observation, if the rest of the model is corroborated in collider experiments. The

measured dilution therefore provides another probe of the cosmology of the asymmetrically reheated

Twin Higgs.

THPDM is a simple and general extension of the Twin Higgs that naturally predicts DM heavier

than ∼ O(100 GeV) and evades current direct detection experiments, but predicts a signal at next

generation detectors such as LZ, XENONnT, and DARWIN in large regions of parameter space.

Twin Higgs models will be additionally constrained by measurements of Br(h → inv) and precision

electroweak physics, searches for LLPs [112, 161–164], and searches for additional scalars [87, 95–

100, 150]. New results from CMB-S4 will put stringent constraints on twin radiation and the dilution

factor D. If naturalness and dark matter are explained by the Twin Higgs, it is therefore possible that

a deluge of discoveries are on the horizon, which will not only provide compelling evidence of new

physics but, taken together, tell a detailed story of how the Twin Higgs explains several fundamental

mysteries of our universe.
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3 Resurrecting the Fraternal Twin WIMP Miracle
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In Twin Higgs models which 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

[1, 3, 192]. 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 = 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 ∆Neff ≈ 0.1 would be within reach of Stage 4 CMB 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.

3.1 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 solutions to the hierarchy problem
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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. [193]). 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 [85], which requires each fermion to be accompanied by a bosonic partner (and

vice versa) with identical gauge charges and couplings, thereby canceling quadratically divergent

contributions to the Higgs mass. Some of these superpartner particles, in particular the neutralinos, are

weakly interacting, 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 [78, 79, 194–197].

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 [1, 3, 192]. In light of

these considerations, it is well motivated to consider alternatives to supersymmetry that can address

the hierarchy 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 cancelled by particles without SM gauge charges, constituting a paradigm known as “Neutral

Naturalness” [34, 35, 41, 154, 198–202]. The most well-known and perhaps most promising of these

models are those which fall within the Twin Higgs framework [34, 35, 38, 103, 154, 198, 203]. In

Twin Higgs models, a discrete Z2 symmetry stabilizes the Higgs mass at one-loop to solve the little

hierarchy problem, with supersymmetry or compositeness solving the full hierarchy problem in the

UV completion [91, 95, 101–106, 108, 110, 149]. 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

perfect Z2-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 [86,

204, 205]. 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 ∼ O(10%) admixture of the twin sector
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Higgs, similar to the degree of tuning that the Z2 breaking must satisfy (though that tuning can be

reduced in non-minimal constructions [92, 93, 206]). This Higgs portal, which is essential 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 [86], which could be detected at the high-luminosity LHC and would be exhaustively

probed at future lepton colliders [207, 208]. The Higgs portal also allows for exotic Higgs decays into

the twin sector, which may result in the production of long-lived particles [35, 155].

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 ∆Neff ∼ 5, while

CMB measurements have produced an upper limit of ∆Neff < 0.23 (2σ) [11]. Realistic Twin Higgs

models must therefore either eliminate these light degrees of freedom by introducing a hard breaking

of the Z2 symmetry (while retaining the cancellation between the top and twin top contributions to

the Higgs mass) [35, 118], or by introducing an asymmetric reheating mechanism that increases the

temperature of the visible sector relative to the twin sector, thereby lowering ∆Neff [12, 145].

The Fraternal Twin Higgs (FTH) model [35] is a particularly simple and appealing representation

of the first possibility. The twin sector in the most minimal version of this model consists of t′, b′, τ ′,

and ν ′τ , which are charged under twin QCD and twin weak interactions in analogy to the SM. Twin

electromagnetism is either 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 the Z2 symmetry further, allowing for us to treat

mb′ ,mτ ′ , and mν′τ as free parameters (although the twin top mass must remain fixed to (f/v) ×mt

in order to stabilize the mass of the light Higgs).

By virtue of an accidental global U(1) symmetry, the twin tau is stable in the FTH model, making

it a potential candidate for dark matter [116, 118]. (See [63, 117, 119–121, 123, 135, 147, 209–

213] 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 interaction (which is a

copy of the SM weak interaction, with mW ′ = (f/v) ×mW ), yielding an acceptable thermal relic

density for masses in the range of mτ ′ ∼ 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 mτ ′ ∼ 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 [1, 3, 192] have by now excluded the entire range of parameter space that yields an

acceptable relic abundance in this model.
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A very minimal modification of the FTH model is to reintroduce the twin photon, γ′. Recently,

a new mechanism was proposed for the Mirror Twin Higgs model to spontaneously break the Z2

symmetry in the Higgs sector by extending it to include scalars charged under visible and twin hy-

percharge [150]. 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. [150], implemented with Y = 2 (twin)

hypercharge scalars,21 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 ∼ O(100 GeV) 22. 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 τ ′ 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 detection experiments, exotic Higgs decay searches, CMB measurements, and indirect dark

matter searches.

3.2 A New Fraternal Twin WIMP Miracle

In Ref. [150], Batell and Verhaaren augmented the standard Twin Higgs model with new scalars,

Φ = (φ, φ′), in the visible and twin sectors, respectively. The spontaneous Z2 breaking can be

understood from a simplified Φ-only potential,

VΦ = −µ2
Φ|Φ|2 + λΦ|Φ|4 + δΦ(|φ|4 + |φ′|4) , (3.1)

which is Z2 symmetric and obeys a U(2) symmetry in the δΦ → 0 limit. If δΦ < 0, one of the scalars

has no VEV, while the other scalar (by definition φ′) acquires a VEV, fφ. The resulting physical

degrees of freedom are as follows:

• The twin hypercharge gauge boson, B′, acquires a mass of mB′ =
√

2Y g′fφ, where Y is the

hypercharge carried by the new scalars and g′ is the twin hypercharge gauge coupling.

• The radial component of φ′, labeled ρ, is the radial mode of the approximate U(2) breaking

with a mass of mρ ∼
√
λΦfφ. The angular mode is eaten by the B′.

21We use the convention Q = T 3 + Y here.
22Since the DM candidate needs to be O(100 GeV) in order to yield the correct relic abundance, we choose to embed

this Z2-breaking mechanism within the FTH framework, where the twin tau can naturally have the right mass and be
stable due to the high mirror top mass. One could identify the twin electron in the original model proposed by Batell and
Verhaaren [150], but ensuring its stability would require lifting the mass of all other twin fermions above the O(100 GeV)
scale. This results in the same effective theory as the FTH, while possibly reintroducing the hierarchy problem (if the light
mirror quarks are lifted by increasing their Yukawa couplings to the mirror Higgs).
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• The visible sector charged scalar, φ, is a pseudo-Goldstone boson with a mass given by mφ ∼√
δΦfφ. 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. The Z2-symmetric coupling be-

tween the hypercharge breaking scalars and the visible and twin electroweak doublet Higgs bosons,

δHΦ(|H|2 − |H ′|2)(|φ|2 − |φ′|2) , (3.2)

then generates the Z2-breaking Higgs mass term once φ′ acquires its VEV. The mass spectrum of

the twin electroweak gauge bosons is straightforward, with the caveat that we always define γ′ as the

admixture of B′ and W ′3 that is predominantly B′, while Z ′ is always predominantly W ′3. Thus

mγ′ ≈ mB′ when mB′ � mZ′ or mB′ � mZ′ , with a discontinuous level crossing in the spectrum

around fφ ∼ f , when the twin photon and Z ′ 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 physi-

cal 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 = 1 or Y = 2, allowing for Yukawa couplings that enable φ to decay to fermions in each sector.

In the Y = 1 case, breaking of twin hypercharge would allow twin-electric charge to be violated

by units of ∆Q′ = 1, making the twin tau unstable. Since we want to identify τ ′ as a dark matter

candidate, we focus on the case of Y = 2, where the lightest τ ′ 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 [214], assuming 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 mγ′ ≈ fφ in this case

(neglecting Z ′-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 3rd generation twin

fermions), requiring 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, and add the Y = 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 [111]. In any case, the absence of

the 1st and 2nd 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 [150], since the loop-induced quartic couplings of the φ, φ′ scalars are no longer symmetric
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(see Appendix 3.5.1 for details). Therefore, once the asymmetry in the fermion content between the

two 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

φ′. In particular, there is a new Yukawa coupling for the charged right-handed tau field, Ē′τ , in the

twin sector:

− L ⊃ λτφ′Ē′τ Ē′τ + h.c., (3.3)

as well as new non-renormalizable interactions involving the charged left-handed lepton field, L′τ , and

Higgs doublet, H ′:

−L ⊃ ξτ
Λ2
φ′∗(L′τH

′†)2 +
c̃τ
Λ2
|φ′|2L′τH ′

†
Ē′τ + h.c.,

(3.4)

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 〈φ〉 = 0. Once H,H ′,

and φ′ acquire their VEVs, these terms give rise to a non-trivial twin tau mass matrix:

L ⊃ −1

2
ψ̄i(Mτ ′)ijψj + h.c. , Mτ ′ =

(
mLL mLR

mLR mRR

)
, (3.5)

where

mLR =
yτ√

2
f +

c̃τ√
2

f2
φ

Λ2
f, (3.6)

mLL = ξτ
f2

Λ2
fφ, (3.7)

mRR = 2λτfφ, (3.8)

and yτ ≈ 0.01 is the Z2-symmetric twin tau Yukawa coupling. In general, the τ ′ mass eigenstates

will be two Majorana fermions, τ ′1, τ
′
2, with masses mτ ′1

< mτ ′2
.

Two effects are responsible for the stability of τ ′1 and hence its suitability as a dark matter can-

didate. First, the high mass of the twin top can forbid hadronic τ ′1 decays into twin sector states,

even though τ ′ lepton number is no longer conserved due to twin hypercharge breaking. Second, the

unbroken U(1)EM 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 b̄′b′ and ν̄ ′ν ′ final states, with

the latter interaction arising because the φ′2B′µB
′µ coupling causes the mixing angle between the B′µ
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Figure 12. 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 τ ′R dark matter as
presented in this paper (right). In 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
taus and twin photon are determined by their coupling to φ̃, with their allowed ranges shown in red. Note that
φ++ is in the visible sector.

and W ′3µ to differ from the Weinberg angle. We assume that mb′ = (f/v) mb 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 23. Secondly, for mγ′ & O(100 GeV), we find that twin

taus with mτ ′1
> mb′ & 15 GeV can freeze out with the desired relic density without being excluded

by direct detection constraints. In order to raise mτ ′ above the twin bottom mass, we make use of the

new mass contributions shown in Eqns. (3.6)-(3.8). In contrast to the original FTH scenario, which

relied on adjusted twin Yukawa couplings, these new mass terms make it possible to realize τ ′1 as a

dark matter candidate while fully respecting the Z2 symmetry.

In principle, the lightest twin tau in the Z2FTH model could be mostly τ ′R (if mLL > mRR �
mLR) or mostly τ ′L (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 τ ′L or pseudo-Dirac

dark matter candidates have an effective Yukawa coupling to the 125 GeV Higgs that scales with their
23Even though we assume twin bottom and glueball masses expected from the Z2 symmetry, their exact masses are not

important for the viability of this scenario, as long as they can annihilate or decay into the visible sector.
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mass, yeff
τ1 ∼ (mτ1/f) sinϑ (where sinϑ ≈ v/f ). This is similar to the original Fraternal Wimp

Miracle [116, 118] and is already excluded by direct detection. On the other hand, mRR in Equation

(3.8) is entirely generated by the hypercharge breaking VEV. This allows a dominantly τ ′R dark matter

candidate to be sufficiently heavy while also avoiding sizeable Higgs portal couplings. We therefore

focus on this case for the remainder of our study.

In Figure 12, 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 τ ′R, and compare this to the original FTH scenario.

To realize the τ ′R dark matter candidate, the ξτ interaction in Equation (3.7) must be sufficiently large

to ensure mLL > mRR. This will generate a mass correction to H ′ at loop order, which can spoil

the Twin Higgs solution of the little hierarchy problem [150]. 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/(ffφ), but any sensible theory should have mLL significantly

below this bound. Therefore our model must satisfy

mτ ′1
< mτ ′2

< f. (3.9)

However, an even stronger constraint is obtained by requiring that the twin-hadronic decay τ ′1 → ν ′b′t′

is kinematically forbidden,

mτ ′1
< mt′ +mb′ . (3.10)

We find that viable scenarios with the correct dark matter relic abundance can easily satisfy these

requirements, as 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. [150] for details). The h− ρ mixing angle is approximately

given by

sinα ≈
−f2m2

h√
2fφvm2

ρ

≈ −0.01

(
f

v

)2(TeV

mρ

)2(300 GeV

fφ

)
, (3.11)

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 consequences for direct detection,

making it necessary to understand 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
&

1√
2

mhf
2

vfφ
. (3.12)

58



f/v =
3

f/v
= 5

f/v
= 7

50 100 500 1000

200

500

1000

2000

mτ
′ (GeV)

m
V
B
(G
eV

)

γ′

Z′

Figure 13. The values of mγ′ and mZ′ (collectively denoted mVB, for vector boson) as a function of mτ ′1
that

are required to obtain Ωτ ′Rh
2 = 0.12 [11], for the case in which the lightest twin tau is mostly τ ′R. The gauge

boson eigenstates are identified such that γ′ is always mostly B′ and Z ′ is mostly W ′3. Results are shown for
f/v = 3, 5 and 7. Note that the dark photon masses coincide for heavy τ ′. The maximum τ ′1 mass is given by
Equation (3.10).

For f/v = 3 and fφ = 300 GeV, this corresponds tomρ
>∼ 700 GeV. In addition, there is a maximum

value for the mass of the radial mode,

mρ
<∼ 2
√
λmax

Φ fφ, (3.13)

where λmax
Φ = (2/3) × 4π is the upper bound from unitarity considerations [215]. In addition to

bounding the acceptable range for mρ, these conditions also require that

fφ & (60 GeV)× f

v
, (3.14)

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 Z ′ and γ′ exchange to twin bottoms and twin neutrinos (see Appendix 3.5.2).

In the special case of mτ ′ ∼ mh/2, annihilations through the Higgs portal into the visible sector can

also play an important role. In Figure 13, 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 the lightest twin tau is

mostly τ ′R and for three representative 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 mτ ′1
for

each case.

3.3 Experimental Signatures

Although the values of mρ, mLL and mLR do not appreciably impact the relic abundance of our τ ′R
dark matter candidate, they entirely determine the magnitude of its direct detection signal. The elastic
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Figure 14. 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 mτ ′1

from requiring stability against
twin hadronic decays. Shown in brown are the current constraints from XENON1T [3], and the projected
constraints from LUX-Zeplin (LZ) [4] and XENONnT [5] after 20 tonne-years of exposure, as well as from
DARWIN [6] with an exposure of 200 tonne-years. The neutrino floor curve was taken from Ref. [5].

scattering cross section with nuclei has two important contributions. First, the coupling of τ ′R with

ρ, which in turn mixes with the Higgs, leads to an effective Yukawa coupling 1√
2
yeff,R
τ1 hτ̄ ′1τ

′
1 that is

given by

y
eff,R(ρ)
τ ′1

=
√

2λτ sinα, (3.15)

with sinα defined in Equation (3.11) 24. This scales as ∼ 1/mρ across the relevant range of mγ′ .

Recall from the discussion in the previous section that the value of mρ is bounded from both above

and below, allowing us to bound this contribution to the dark matter’s coupling to nuclei.

A second contribution to the coupling is generated as a result of the mixing of τ ′R with τ ′L, thereby

accessing the usual Higgs portal. The contribution to this coupling is given by

y
eff,R(τ ′L)

τ ′1
=

√
2

f

m2
LR

mLL

(
mRR

mLL

)2

+O
(
mRR

mLL

)3

. (3.16)

Since mτ ′2
is bounded by Equation (3.9), 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 Figure 14,

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 = mRR and mτ ′2
−mτ ′1

= 2mLR, with mLR

set to the smallest value possible for the minimal assumption of c̃τ = 0. Other values would not

significantly affect the results. We also maximise yeff,R(ρ)
τ ′1

by minimising the possible value of mρ

(see Equation (3.12)), but its contribution is negligible compared to yeff,R(τ ′L)

τ ′1
.

24Note that the Majorana fermion nature of the τ ′1 introduces an extra factor of 2 into the Feynman rule associated with
this vertex.
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The lower boundary, representing the smallest possible cross section, corresponds to the maxi-

mum value of mρ (see Equation (3.13)), and to mLL ≈ mτ ′2
saturating the upper bound in Equation

(3.9). The right boundary of the allowed mτ ′1
range is set by maintaining stability of τ ′1 against twin-

hadronic decays (see Equation (3.10)). The left boundary is set by the minimum value of mγ′ (see

Equation (3.14) and Figure 13). For τ ′1 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 τ ′L contributes significantly.

From Figure 14, it is clear that our twin tau dark matter candidate could potentially be discovered

at upcoming underground dark matter experiments. In significant portions 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 [35, 216–218] which further annihilate or decay into twin glueballs that in turn decay into SM

particles through the Higgs portal (see Appendix 3.5.3). 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 [219–223]. A quantitative assessment of this signal is challenging due to the

non-perturbative production of twin gluons, but is currently under investigation [224].

The Z2FTH model could also give rise to a small but tell-tale cosmological signature: a single

light twin neutrino that contributes to ∆Neff , assuming ν ′τ does not receive an extra contribution to

its mass from an operator similar to the first term in Equation (3.4). The Higgs portal in this model

keeps the visible and twin sectors in kinetic equilibrium in the early universe until T ∼ O(GeV),

at which point the two sectors decouple [116]. The twin bath at that time consists of 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

∆NZ2FTH
eff ≈ 0.1 (3.17)

to the abundance of dark radiation, in agreement with the results of Ref. [116]. While this is well

below current bounds [11], it would be detected by upcoming Stage 4 CMB experiments, which are

projected to be sensitive to ∆Neff ∼ 0.02 [14].

It has not escaped our attention that charged scalars can contribute to ∆aµ, and thus could possi-

bly resolve the (g−2)µ anomaly [225, 226]. In our scenario with mφ above current bounds, however,

this would requires 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.
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Turning our attention to the collider signature of this model, the charged Y = 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 [150, 227]. Since

mφ ∼
√
δfφ, where fφ ≈ mγ (see Figure 13) 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
2εB

′
µνB

µν . 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. [186], 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, in-

cluding exotic Higgs decays into twin fermions and glueballs which give rise to long-lived particle

signatures [35, 96, 99, 100, 112, 155, 228–231], the production of new SM singlet scalar states [87,

96, 97, 99, 232], and possible signals of the UV completion (see e.g. [113]). The long-lived particle

signatures are especially spectacular, and are a necessary component of our model since the annihila-

tion of twin taus into twin bottoms relies on the b′ 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 [233–238] are starting to be sensitive to relevant parts of the FTH parameter

space, in particular the production of twin bottomonia which subsequently decay to twin glueballs.

While unknown aspects of the non-perturbative dynamics of the hidden sector make precise predic-

tions 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 experiments. We discuss this in more detail in Appendix 3.5.3.

3.4 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, τ ′1 ≈ τ ′R.

This Z2FTH model extends the standard Fraternal Twin Higgs scenario by adding twin-hypercharge-

breaking scalars with Y = 2 in order to supply the necessary Z2 symmetry breaking [150]. This

addition allows us to rescue the Fraternal Twin WIMP Miracle [116, 118] 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 O(100 GeV) 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
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constraints. Incidentally, the truncated 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-τ ′R dark

matter candidate could be discovered 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, ∆Neff ≈ 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 τ ′R dark matter, the Y = 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 3.5.3, the LHC is becoming sensitive to these signatures in important regions of

parameter space. Finally, indirect detection could provide an early discovery channel for this fraternal

twin tau dark matter candidate, once the non-perturbative aspects of the glueball shower produced in

the annihilation are understood [224].

In summary, the Z2FTH model presented here represents a promising and minimal extension

of the Fraternal Twin Higgs framework, which addresses several of the shortcomings 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.

3.5 Appendices

3.5.1 A. Domain Walls

The full Lagrangian of the scalar sector of the Z2FTH model can be split into two parts. First, the

U(2) preserving terms are given by

λΦ(|φ|2 + |φ′|2)2 + µ2
Φ(|φ|2 + |φ′|2), (3.18)

while the U(2) breaking terms are written as follows:

δΦ(|φ|4 + |φ′|4) +m2(|φ|2 − |φ′|2) + δ′(|φ|4 − |φ′|4). (3.19)

While m and δ′ 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 (fφ, 0) and (0, fφ).

It does not, however, split their energy degeneracy; only the m2 and δ′ terms break the degeneracy

between the depth of the vacua. As a result, if m2 = 0 and δ′ = 0, the model will predict the ex-

istence of domain walls which are disfavored by cosmology. As long as the difference between the

63



energy densities of the two vacua is large compared to the domain wall energy, the domain walls dis-

sipate gravitationally before they dominate the energy density of the universe [240]. This requirement

corresponds to

∆V >
σ2

m2
Pl

, (3.20)

wheremPl is the reduced Planck mass, and the domain wall tension σ can be estimated as σ2 ≈ δΦf
6
φ .

The authors of Ref. [150] included a small m 6= 0 term in order to split the vacuum degeneracy.

In our case, we get a contribution to ∆V from a nonzero δ′, which is generated radiatively because

the two sectors have different numbers of fermion flavors. For small δ′, the energy density difference

between the two vacua is

∆V = µ4
Φ

δ′

(δΦ + λΦ)2
≈ δ′f4

φ. (3.21)

The radiative correction to δ′ is generated by couplings of the first two SM lepton generations to φ,

analogous to Eq. (3.3), which are absent in the fraternal twin sector:

δ′ ∼
∑
l=e,µ

1

16π2
λ4
l log(mφ/Λ). (3.22)

In order to satisfy condition in Eq. (3.20), we require:

λl > O(1)(fφ/mPl)
1/2 ∼ 10−8. (3.23)

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 φ′ gets a

twin-hypercharge-breaking VEV is preferred and the domain wall problem is resolved.

3.5.2 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 , ZX represent the gauge cou-

plings of the twin photon, W and Z bosons, respectively, to particle X , where all particles are mass

eigenstates. For instance Qτ ′ represents the coupling of the twin photon mass eigenstate to the lighter

τ ′1 mass eigenstate (i.e. the dark matter candidate). Thus to obtain the correct couplings, both the

gauge and τ ′ mass matrices must first be diagonalized.

The τ ′ mass eigenstates are

τ ′1 = cos θτ ′τ
′
L − sin θτ ′τ

′
R, (3.24)

τ ′2 = sin θτ ′τ
′
L + cos θτ ′τ

′
R,
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where the τ ′ mixing angle is given by

sin2 θτ ′ =
1

2

+
fφ(2λτΛ2 − ξτf2)

2
√

2f2(c̃τf2
φ + yτΛ2)2 + f2

φ(2λτΛ2 − ξτf2)2
. (3.25)

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

Z ′µ = cos θW ′W
3
µ
′ − sin θW ′B

′
µ, (3.26)

γ′µ = sin θW ′W
3
µ
′
+ cos θW ′B

′
µ,

where the twin Weinberg angle is given by

sin2 θW ′ =
(g2 − g′2)f2 − 32g′2f2

φ + ∆

2∆
, (3.27)

with

∆ =
√

1024g′4f4
φ − 64g′2(g2 − g′2)f2

φf
2 + (g2 + g′2)2f4. (3.28)

Keep in mind that the above definitions for θτ ′ and θW ′ are subject to relabeling sin ↔ cos in order

to maintain τ ′1 as the lightest eigenstate and the Z ′ as the majority-W ′ state.

3.5.2.1 τ ′1τ
′
1 → ν ′ν ′

dστ ′τ ′→ν′ν′

d cos θ
=

1

64π2s

√
s√

s− 4m2
τ ′

|Mν′ν′ |2, (3.29)
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with

|Mν′ν′ |2 =

(
Qν′Qτ ′

s−m2
γ′

+
Zν′Zτ ′

s−m2
Z′

)2

(α+ + α−)

+ 2|Wτ ′ |2
(
Qν′Qτ ′

s−m2
γ′

+
Zν′Zτ ′

s−m2
Z′

)(
α+

t−m2
W ′

+
α−

u−m2
W ′

)

+ |Wτ ′ |4
(

α+

(t−m2
W ′)

2
+

α−
(u−m2

W ′)
2

−
8m2

τ ′s

(t−m2
W ′)(u−m2

W ′)

)

−
8|Wτ ′ |2m2

τ ′sβ

(s−m2
γ′)(s−m2

Z′)

(
1

t−m2
W ′

+
1

u−m2
W ′

)
−

8m2
τ ′sβ

2

(s−m2
Z′)

2(s−m2
γ′)

2
, (3.30)

where

α± =

(
s± cos θ

√
s
√
s− 4m2

τ ′

)2

(3.31)

β = Qν′Qτ ′(s−m2
Z′) + Zν′Zτ ′(s−m2

γ′),

and

t = −s
4

(1− cos2 θ)−
(

cos θ
√
s

2
−
√
s

4
−m2

τ ′

)2

,

u = −s
4

(1− cos2 θ)−
(

cos θ
√
s

2
+

√
s

4
−m2

τ ′

)2

. (3.32)

3.5.2.2 τ ′1τ
′
1 → b′b̄′

dστ ′τ ′→b′b̄′

d cos θ
=

1

64π2s

√
s− 4m2

b′√
s− 4m2

τ ′

|Mb′b̄′ |2, (3.33)
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with

|Mb′b̄′ |2 =

4Q2
τ ′

(s−m2
γ′)

2

(
(Q2

b′ +Q2
b̄′)κ+Qb′Qb̄′m

2
b′(s− 6m2

τ ′)

)
+

4Z2
τ ′

(s−m2
Z′)

2

(
(Z2

b′ + Z2
b̄′)κ+ Zb′Zb̄′m

2
b′(s− 6m2

τ ′)

)
+

4Qτ ′Zτ ′

(s−m2
γ′)(s−m2

Z′)
×(

2(Qb′Zb′ +Qb̄′Zb̄′)κ+ (Qb′Zb̄′ +Qb̄′Zb′)m
2
b′(s− 6m2

τ ′)

)
, (3.34)

where

κ =
1

8

(
s(s− 4m2

τ ′)(1 + cos2 θ)

+ 4m2
b′(2m

2
τ ′(1 + 2 cos2 θ)− s cos2 θ)

)
(3.35)

and

t = −
(s

4
−m2

b′

)
(1− cos2 θ)

−
(

cos θ

√
s

4
−m2

b′ −
√
s

4
−m2

τ ′

)2

, (3.36)

u = −
(s

4
−m2

b′

)
(1− cos2 θ)

−
(

cos θ

√
s

4
−m2

b′ +

√
s

4
−m2

τ ′

)2

. (3.37)

3.5.3 C. Constraints on the Fraternal Twin Higgs from LHC Long-Lived Particle Searches

In the last 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 [233–235] or outer detectors [236–238], 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, mb′ = (f/v)mb ≈
14, 23, 32 GeV for f/v = 3, 5, 7. For illustrative purposes, we can assume that the twin bot-
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tomonium 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 bind-

ing energies [35]). Similarly, we focus on just the lightest 0++ glueball with the shortest lifetime

of all the glueball states [241, 242]. RG arguments favour the glueball mass to be in the range

mGB ∼ 10−30 GeV [155], 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 . mb′), or the twin bottomonia efficiently annihilate to twin glueballs (mb′ .

mGB . 2mb′). Both of these scenarios are cosmologically viable, since the twin glueballs efficiently

annihilate or decay to the SM [118]. Assuming the above mass ranges for twin glueballs, it seems that

f/v = 3 (7) slightly favours the twin bottomonium annihilation (twin bottomonium decay) scenario.

Both glueballs and bottomonia are produced in exotic Higgs decays at the LHC, with Br(h →
b′b′) ∼ (0.06) × (3v/f) and Br(h → twin glueballs) ∼ 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 [236–238], which can probe LLP lifetimes up to the (1 - 3) ×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 mb′
25. 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 anni-

hilation scenarios, but the branching fraction is likely out of reach of main detector searches even at

the high-luminosity LHC. However, MATHUSLA [163, 243] would cover this range completely un-

der 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 bottomonia themselves. The shortest-lived pseudoscalar state, χ0, has a lifetime in the range

of cτ ∼ (10−4 − 10−3) m [112]. 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 [244, 245], 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
25This assumes that a sizeable fraction of produced glueballs are the shortest-lived lightest 0++ state, which is backed up

by finite-temperature QCD estimates [239]
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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 (10−2 − 1) m window where inner detector searches have sensitivity for exotic

Higgs decay production of LLPs with branching ratios of ∼ 10% for for LLP masses below ∼ 40

GeV [233, 235], taking advantage of Zh production for triggering, or displaced jet searches with

pecent-level branching ratio sensitivity for LLP masses above ∼ 40 GeV [234]. For longer lifetimes,

the outer detector searches could have relevant sensitivity as well [236–238]. 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 spectrum and the lifetime of the higher states are

highly uncertain [35, 112].

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 non-perturbative dynamics. Future detectors like 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 [155, 246–248], scalar resonance searches [87, 97, 99, 232], and Higgs

coupling measurements [86, 207, 208] that are sensitive to the cosϑ reduction of the Higgs couplings

to SM fermions regardless of the detailed twin sector phenomenology.
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PART 3:

LEPTOQUARKS, µ− e CONVERSION, AND

THE MINIBOONE ANOMALY
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SU(3)C SU(2)L U(1)Y
R2 3 2 7/6

R̃2 3 2 1/6

S1 3̄ 1 1/3

S3 3̄ 3 1/3

Table 2. Gauge representations of some popular scalar leptoquarks.

4 Leptoquarks, µ− e Conversion, and the MiniBooNE Anomaly

Leptoquarks models are extremely natural consequences of unification scenarios. Constructions in-

volving leptoquarks have appeared in the literature as early as 1974 with the Pati-Salam model [249]

and have brought forth a wealth of interesting physical models with broad experimental consequences.

A number of intriguing anomalies in the SM are beginning to solidify at the 2− 4σ level. In Section

1.2.3 we discussed in detail the RD(∗) and RK(∗) anomalies, which are discrepant in the 2.2 − 3.3σ

range (depending on the decay products and the energy transfer of the process), and the anomalous

magnetic moment of the muon, ∆aµ, which has now been confirmed to disagree with the SM at

4.2σ. In addition, the presence of nonzero neutrino masses continues to be an unsolved puzzle that

necessitates new physics beyond the SM.

Leptoquark models, and in particular scalar leptoquark models, are versatile tools that can be

used to explain each of these anomalies. The four most commonly used scalar leptoquarks are shown

in Table 4, and many different approaches have been taken to use some combination of these and other

leptoquarks to explain some combination of the above anomalies [250–265].

Spurred by the success of scalar leptoquark models in explaining recent SM anomalies, in this

Chapter we consider the possibility that scalar leptoquarks are also responsible for the recent excess of

electron-like events reported by the MiniBooNE collaboration (as briefly mentioned in Section 1.2.3).

We begin with a more thorough treatment of the MiniBooNE experimental results.

4.1 The MiniBooNE Anomaly

The MiniBooNE (Mini Booster Neutrino Experiment) experiment was designed as a followup to

LSND (Liquid Scintillator Neutrino Detector), which measured decays of stopped µ+ following the

decay chain µ+ → ν̄µe
+νe. The goal was to measure excess ν̄e events, interpret any excess as ν̄µ →

ν̄e oscillations, and use that information to constrain the squared mass differences of the three neutrino

mass eigenstates.26 After 6 years of data, the collaboration found an excess of 87.9 ± 22.4 ± 6.0 ν̄e

events, compared to 33300±3300 events if 100% of produced ν̄µ oscillated to ν̄e. This was interpreted

as a (0.264± 0.067± 0.045)% oscillation probability [266–268].

The MiniBooNE experiment uses the Booster Neutrino Beam (BNB) at Fermilab, comprised

of protons with 8 GeV of kinetic energy each, to strike a beryllium target and produce a variety of
26LSND collected data from 1993-1998, when |∆m2

12| and |∆m2
23| were still poorly constrained.
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mesons that decay in flight [269]. The dominant meson produced is the pion, which decays almost

exclusively through the process π+ → µ+νµ (π− → µ−ν̄µ), and through the use of an electromagnet

the muon can be deflected leading to a relatively pure νµ (ν̄µ) beam. This beam is sent down a∼ 500m

pipeline to a spherical detector 12.2m in diameter filled with 818 tons of mineral oil [270]. An array

of photomultiplier tubes look for Chereknov and scintillation light from the outgoing lepton in the

charged current quasi-elastic (CCQE) process νl + n → l− + p. Due to their difference in masses,

electrons and muons produce very different Chereknov ring patterns and are easily discernible [271].

After 18.75 × 1020 protons-on-target in neutrino mode and 11.26 × 1020 protons-on-target in

antineutrino mode, the MiniBooNE collaboration has detected a 4.8σ excess of νe events in their neu-

trino detector [60–62]. Given the known bounds on neutrino masses [20], these events are inconsistent

with regular νµ → νe oscillation and must be understood either as misinterpreted SM phenomena or

as a sign of new physics.

Several types of new physics explanations have been proposed to explain the anomaly. The

most common explanations propose one or more eV-scale sterile neutrinos that induce short baseline

oscillations [272–278], but there have also been proposals for heavier sterile neutrinos that decay in

the beamline or detector [279–284], as well as a vast array of less minimal explanations that combine

aspects of the above models with extra effects such as CPT violation [285–289] and non-standard

interactions [290–292].

Our approach in this project was to consider lepton flavour violation in pion decays. Previous

work had considered lepton flavour violation in muon decays as a possible source for the anomaly

[293, 294], but our work was the first to consider explaining the anomaly through non-standard pion

decays.

This approach is viable because the MiniBooNE collaboration uses a GEANT4-based simulation

to understand the constituents of their beam (detailed in Ref. [269]). Since the beam is never measured

(there is no operational near detector for the beam, although the Short-Baseline Neutrino Detector is

expected to come online in 2023 [295]), it is possible that the observed excess of νe events could be

explained at least in part by non-standard pion decay in the decay pipe. In fact, the current bound on

the lepton flavour violating decay π+ → µ+νe is Br(π+ → µ+νe) < 8×10−3 [188], while our initial

estimates suggest that the entire excess could be explained by a branching ratio of only ∼ 1× 10−3.

This prospect motivates a search for a suitable model capable of producing this lepton flavour

violating decay channel. In this work we explore two simple leptoquark models, but find that a wealth

of other constraints make it impossible for these models to produce 100% of the observed MiniBoone

excess.

The rest of this chapter is organized as follows. In Section 4.2 we provide the phenomenological

details of two leptoquark models that we explored, showing the relevant experimental constraints and

discussing the models’ viability in explaining the MiniBooNE excess. In Section 4.3 we briefly dis-

cuss an alternative outcome of the project, which is to place new constraints on leptoquark couplings
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by examining models with loop-level µ− e conversion in nuclei.

4.2 Scalar Leptoquark Models of Lepton Flavour Violating Pion Decay

Scalar leptoquarks are highly motivated extensions of the SM. They have been used to explain sev-

eral outstanding anomalies, such as the anomalous ratios RD(?) and RK(?) , the anomalous magnetic

moment of the muon ∆aµ, and neutrino masses [250–256, 258, 260, 263, 265]. Different models use

different combinations of scalar leptoquarks (as well as vector leptoquarks in many constructions),

and there are many experimental constraints on the possible parameters of these models, particularly

for leptoquark couplings to first- and second-generation fermions [296, 297]. Given their aptitude for

solving flavour anomalies, scalar leptoquark models were a natural candidate to use in our attempted

explanation of the MiniBooNE excess via lepton flavour violating pion decays.

4.2.1 R2 only

The first model we used involved the addition of a single scalar leptoquark, R2, which transforms as

(7/6, 2, 3) under (U(1), SU(2), SU(3)). The Lagrangian is [296]

L ⊃ −yRL2ij ū
i
RR

a
2ε
abLj,bL + yLR2ij ē

i
RR

a∗
2 Q

j,a
L + h.c. (4.1)

and in terms of particle interactions we find

L ⊃ −yRL2ij ū
i
Re

j
LR

5/3
2 + yRL2,ij ū

i
Rν

j
LR

2/3
2 +

(
yLR2 V †

)
ij
ēiRu

j
LR

5/3∗
2 + yLR2,ij ē

i
Rd

j
LR

2/3∗
2 + h.c. (4.2)

where ψ̄ = ψ†γ0, the charges of the leptoquarks are indicated by superscripts, and the neutrinos

are in their flavour basis.

The above induces π+ decay to µ+νe at tree level, mediated through the R2/3
2 leptoquark, with

branching ratio proportional to |yRL∗2,11 y
LR
2,21|2.

However, this process cannot produce the MiniBoone excess because the required Yukawa cou-

plings are ruled out by muon-electron conversion, which also happens at tree level and is mediated

instead by the R5/3
2 leptoquark. In principle it would be possible to simply raise the mass of the R5/3

2

particle until this process is below the current experimental sensitivities, but precision electroweak

measurements of the T parameter (and to a lesser extent the S parameter) demand that the mass split-

ting within the R2 electroweak doublet obey ∆m < 53 GeV at 95% C.L. [296]. To obtain a large

enough signal, the R2/3
2 should be as close as possible to the experimental limit of 1 TeV [296, 298].

Thus the model is not viable.
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Figure 15. µ− e conversion diagram in the R2, R̃2 model.

4.2.2 R2, R̃2

The tree level µ − e conversion suffered by the R2-only model above can be removed if we turn off

the yLR2,21 coupling, and instead include a second leptoquark, R̃2, which has SM charges (1/6, 2, 3)

and the following Yukawa interaction:

L ⊃ −ỹRL2,ij d̄
i
RR̃

a
2ε
abLj,bL + h.c. (4.3)

leading to

L ⊃ ỹRL2,ij d̄
i
Re

j
LR̃

2/3
2 + ỹRL2,ij d̄

i
Rν

j
LR̃
−1/3
2 + h.c. (4.4)

where a, b are SU(2) indices and we neglect to include the possibility of right-handed neutrino

couplings (see Ref. [296] for the complete Lagrangian). We also include couplings between R2, R̃2,

and the Higgs, which allows the R2 and R̃2 to mass mix. The mixing ensures pion decay can still

happen at tree level, but now muon-electron conversion happens only at loop level (see Figure 15).

Additionally, the loop requires a chiral flip of the down quark which should suppress the amplitude

by a factor of ∼ md/mp.

However, in this scenario we find that the signal cannot be generated by perturbative Yukawa

couplings. For O(1) mixing between R2 and R̃2 and leptoquark mass eigenvalues near their lower

bound of 1 TeV [296], which represents the best case scenario, the branching ratio is roughly

Br(π+ → µ+νe) ∼
(
Y RL∗

2,11 Y
RL

2̃,12

)2
× 10−5 (4.5)

and constraints from atomic parity violation demand that |Y RL
2,11| < 0.25 [296], which for a required
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branching ratio of ∼ 10−3 forces Y RL
2̃,12

well into the non-perturbative regime. Note that interference

effects between the two leptoquark eigenstates complicate the leptoquark mass dependance of the

above relation, but the branching ratio always decreases when either leptoquark mass increases. As a

result, this model is also not a viable option to explain the MiniBooNE excess.

4.3 A New Direction: Constraining Products of Leptoquark Couplings with Next Generation
µ− e Conversion Experiments

The leading constraints on µ − e conversion come from the SINDRUM II experiment, which finds

the conversion-to-capture rate for gold muonic atoms to be Γ(µ−Au → e−Au)/Γcapture(µ
−Au) <

7 × 10−13 at 90% C.L. [299]. Next generation experiments, Mu2e and COMET, plan to reduce this

bound toO(10−17) [300, 301]. Our initial estimates suggest that this level of precision should be able

to place meaningful constraints on the product of two leptoquark Yukawa couplings, in models where

µ − e conversion happens only at loop level. We have identified two scalar leptoquark models that

see this process only at loop level, namely R2 + R̃2 and R̃2 + S1, where S1 transforms as (3̄, 1, 1/3)

under (SU(3)C , SU(2)L, U(1)Y ). By estimating the size of the conversion-to-capture rate for these

models, new bounds on leptoquark couplings may be found. This work will be continued by my

collaborators Jared Barron and F. David Wandler.
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CONCLUSION
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5 Conclusion

The apparent sensitivity of the Higgs boson mass to large, quadratic corrections up to the Planck scale

has been a major driver of model building efforts in the last few decades. The SM in its current form

includes the Higgs boson as a fundamental scalar particle with no symmetry mechanism to protect its

mass from these dangerous effects, yet the observed mass of the Higgs boson would be an incredibly

fine-tuned coincidence if there were truly no underlying reason for its value.

Much of the work presented in this thesis begins from this unsettling philosophical perspective. In

lieu of experimental evidence for supersymmetry, Higgs compositeness, or any hints of new physics

that might appear at the Large Hadron Collider and begin to guide us toward a deeper understand-

ing of Nature, physicists have constructed theories of Neutral Naturalness, capable of removing the

contradiction between the lack of experimental evidence for new physics and the pressing need for

a resolution to the hierarchy problem. The Neutral Naturalness model used in Chapters 2 and 3 is

the Twin Higgs framework, which introduces an approximately Z2-symmetric copy of the SM that

is, crucially, not charged under the SM gauge groups, but yet is capable of cancelling large quadratic

corrections to the Higgs potential at first loop order. Twin Higgs models are both experimentally

consistent and philosophically sound.

In addition to solving the hierarchy problem, the Twin Higgs framework as a possible eventual

extension of the SM can be seen to yield qualitatively new features that are both useful and interesting

with regard to dark matter, another major shortfall of the SM. In Chapter 2 we explored the conse-

quences of the pseudo-Nambu-Goldstone (pNGB) boson nature of the Higgs boson in Twin Higgs

theories, which is qualitatively different from the SM realization of the Higgs as merely a complex

SU(2) doublet. We found that couplings between a singlet scalar dark matter particle and the Higgs

boson could be highly suppressed in direct detection experiments. Combined with the possibility of

dark matter dilution through late-time entropy injection, this work shows that a singlet scalar particle

minimally coupled to the Higgs – an astonishingly simple dark matter scenario – is still completely

possible within the Twin Higgs framework, and may be detectable in the next generation of direct

detection experiments.

Another intriguing feature of Twin Higgs models is the broad spectrum of SM-neutral particles

that are predicted to exist, even in the most minimal scenarios. Any massive, stable twin sector particle

is an a priori dark matter candidate, and in minimal Twin Higgs models the twin tau lepton is a natural

choice. By incorporating a recent novel mechanism devised to dynamically break the Z2 symmetry

between the visible and twin sector, we were able to revive the prospect of the twin tau lepton as dark

matter candidate (an idea which had been previously thought to be ruled out).

The last portion of this thesis was motivated by the curious fact that the correct number of excess

electron neutrino events seen in MiniBooNE could be completely generated by nonstandard pion

decays with a π+ → µνe branching fraction of only ∼ 10−3, currently within the experimental limit.
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While building an experimentally consistent leptoquark model to generate the excess proved to be a

challenging task, I am reassured knowing that the pursuit of understanding this result will continue in

some measure, either by the continued work of my excellent collaborators, or by physicists at large in

the years to come.
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