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ABSTRACT: We investigate simple extensions of the Mirror Twin Higgs model in which the
twin color gauge symmetry and the discrete Zs mirror symmetry are spontaneously broken.
This is accomplished in a minimal way by introducing a single new colored triplet, sextet,
or octet scalar field and its twin along with a suitable scalar potential. This spontaneous
Zo breaking allows for a phenomenologically viable alignment of the electroweak vacuum,
and leads to dramatic differences between the visible and mirror sectors with regard to the
residual gauge symmetries at low energies, color confinement scales, and particle spectra.
In particular, several of our models feature a remnant SU(2) or SO(3) twin color gauge sym-
metry with a very low confinement scale in comparison to Agcp. Furthermore, couplings
between the colored scalar and matter provide a new dynamical source of twin fermion
masses, and due to the mirror symmetry, these lead to a variety of correlated visible sector
effects that can be probed through precision measurements and collider searches.
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1 Introduction

The Twin Higgs [1] and other ‘Neutral Naturalness’ scenarios [2-16] feature color-neutral
symmetry-partner states which stabilize the electroweak scale, thereby reconciling a nat-
ural Higgs with the stringent direct constraints on colored states from the Large Hadron
Collider (LHC). The original Mirror Twin Higgs (MTH) [1] provides the first and perhaps
structurally simplest model of this kind, hypothesizing an exact copy of the Standard Model
(SM) along with a discrete Zy symmetry that exchanges each SM field with a corresponding
partner in the mirror sector. Assuming the scalar sector respects an approximate SU(4)
symmetry that is spontaneously broken, the Higgs doublet arises as a pseudo-Nambu-
Goldstone boson (pNGB) at low energies. The Zs exchange symmetry and the presence of
mirror top-partners and gauge-partners shield the Higgs from the most dangerous quadrat-
ically divergent contributions to its mass. The leading contribution to the Higgs potential
is only logarithmically sensitive to the cutoff, which can naturally be of order 5 TeV. Thus,
the MTH offers a solution to the little hierarchy problem, and, furthermore, a variety of
ultraviolet (UV) completions exist [17-25].

Several considerations motivate extensions of this basic framework. First, the Zy sym-
metry must be broken to achieve a phenomenologically viable vacuum, featuring a hierarchy
between the global SU(4) breaking scale and the electroweak scale. From a bottom up per-
spective a suitable source of Zo breaking can be implemented ‘by hand’ in a variety of
ways, including a ‘soft’ breaking mass term in the scalar potential [1] or a ‘hard’ break-
ing through the removal of a subset of states in the twin sector, as in the Fraternal Twin
Higgs [26]. A second issue is that in the standard thermal cosmology the MTH predicts too
many relativistic degrees of freedom at late times, clashing with observations of primordial
element abundances and the microwave background radiation. The removal of the lightest
first and second generation twin fermions, which are not strictly required by naturalness
considerations, provides a simple way to evade this problem [26-28] though other meth-
ods have also been explored [29-34]. Following these successes many other cosmological
topics can be addressed, including the nature of dark matter [27, 29, 32, 35-44], the order
of the electroweak phase transition [45], baryogenesis [38, 46], and large and small scale
structure [47, 48].

It is appealing to have a dynamical origin for these soft and/or hard Z, breaking
mechanisms. One possibility is that the Zs is an exact symmetry of the theory but is spon-
taneously broken [49-53]. Such spontaneous Zg breaking could result from a pattern of
gauge symmetry breaking in the mirror sector that differs from the SM’s electroweak sym-
metry breaking pattern. Interestingly, such spontaneous mirror gauge symmetry breaking
can dynamically generate effective soft Zo breaking mass terms in the scalar potential re-
quired for vacuum alignment. They can also produce new twin fermion and gauge boson



mass terms, which mimic the hard breaking of the Fraternal Twin Higgs scenario [26] by
raising the light twin sector states. Due to the exact Zy symmetry, this scenario generi-
cally leads to a variety of new phenomena in the visible sector that can be probed through
precision tests of baryon and lepton number violation, quark and lepton flavor violation,
CP violation, the electroweak and Higgs sectors, and directly at high energy colliders such
as the LHC.!

This approach was advocated recently in refs. [56, 57], which explored the simultaneous
spontaneous breakdown of mirror hypercharge gauge symmetry and Zs symmetry. In this
work we examine the spontaneous breakdown of the twin color symmetry. Beginning from a
MTH model, with an exact Zy symmetry, we add a new scalar field charged under SU(3).
and its twin counterpart. A suitable scalar potential causes the twin colored scalar to
develop a vacuum expectation value (VEV), spontaneously breaking both twin color and
Zs. Depending on the scalar representation and potential, a variety of symmetry breaking
patterns can be realized with distinct consequences. There are several possible residual
color gauge symmetries of the twin sector which may or may not confine, and when they
do at vastly different scales. The possible couplings of the scalar to fermions may also
produce new twin fermion mass terms. All of these possibilities lead to very different twin
phenomenology and the rich variation that can spring from an initially mirror Zs set up.
Though the results are varied we have found no obvious theoretical or phenomenological
reason to prefer one version to another. That is, the models are similar in their visible
sector phenomenology, but vary primarily in the twin sector’s composition.

While the complete breakdown of twin color was explored in ref. [57], the aim was
a particular cosmology and employed two scalars that acquired VEVs. We focus on a
different part of the vast span of possibilities that is in some sense a minimal set of color
breaking patterns. These follow from the introduction of a single new colored multiplet
(in each sector) which may transform in the triplet, sextet, or octet representation. This
scalar field is assumed to be a singlet under the weak gauge group, though it may carry
hypercharge. A detailed analysis of these possibilities is presented in section 2. In section 3
the couplings of the colored scalars to fermions are investigated and shown to dynamically
generate new twin fermion mass terms, providing a possible way to realize a fraternal-
like twin fermion spectrum. The correlated effects of these couplings in the visible sector
through a variety of precision tests are discussed in section 4. The new colored scalars
can also be directly probed at the LHC and future high energy colliders, and we detail the
current limits and prospects for these searches in section 5. Finally, we conclude with some
perspectives on future studies in section 6.

2 Spontaneous breakdown of twin color

Our basic starting point is a MTH model, with its exact copy of the SM called the twin
sector. In all that follows the label A (B) denotes visible (twin) sector fields and the exact
Zo exchange symmetry interchanges A and B fields. To this base we add the scalar fields,

1Other connections between Twin Higgs models and SM flavor structure have been explored
in [39, 54, 55].



® 4 and Pp, that are respectively charged under SM and twin SU(3). gauge symmetries.
We consider the following complex triplet, complex sextet, and real octet representations
for the scalar fields:

(3,1,Ys), (6,1,Yy), (8,1,0), (2.1)

which are singlets under SU(2)y, so that the weak symmetry breaking pattern is not mod-
ified. Several specific values of the scalar hypercharge Y3, which allow different couplings
to SM and twin fermions, are explored in section 3. Given an appropriate scalar potential,
®p obtains a VEV, spontaneously breaking twin color and Zy with sufficient freedom to
align the vacuum in a phenomenologically viable direction.

A few remarks apply to this general scenario. First, the phenomenologically desirable
vacuum always gives ®p a nonzero VEV, while (®4) = 0. A consequence of the exact
Zo symmetry of the theory, however, is the existence of another vacuum of equal depth in
which the VEV lies entirely in the A sector, i.e., ($4) # 0 and (®p) = 0. This vacuum is
phenomenologically unacceptable as it breaks [SU(3).]4, and our universe must therefore
correspond to the other vacuum, (®4) = 0 and (®p) # 0. Second, the spontaneous
breaking of the discrete Zo symmetry raises potential concerns of a domain wall problem.
However, this problem can be circumvented if, for instance, there is a low Hubble scale
during inflation, or if there are additional small explicit sources of Zy breaking in the theory.
See ref. [56] for further related discussion in scenarios where mirror hypercharge and Zs
are spontaneously broken.

One may also wonder if a new tuning must be introduced when the mirror color is
spontaneously broken. Indeed, the Fraternal Twin Higgs [26] emphasizes the importance
of twin color in preventing new large two-loop contributions to the Higgs mass due to
the difference in the running of the SM and twin top Yukawa couplings. Because our
models begin from an exact mirror symmetric set up, however, the Yukawa couplings
are identical at the UV cutoff, significantly reducing the estimated tuning compared to
ref. [26]. Furthermore, the difference in Yukawa running only occurs below the scale of
twin color breaking, which can be well below the UV cutoff, further mitigating the tuning.
Finally, in every case we examine some fraction of the twin gluons remain massless, causing
the twin top Yukawa to run more like its SM counterpart, again reducing the tuning.
Therefore, taken together we expect the two-loop contributions to the Higgs mass to be
unimportant relative to the leading v/f tuning required by the Twin Higgs, and most
pNGB constructions.

2.1 Warmup: colored scalar potential analysis

In this subsection we analyze the symmetry breaking dynamics of the colored scalar sector
in isolation. This enables us to highlight some of the differences in the color symmetry
breaking for the triplet, sextet and octet cases. The investigation of the entire scalar poten-
tial including the Higgs fields and the full electroweak and color gauge symmetry breaking
is carried out in subsequent subsections. Throughout we use the standard definitions for
the SU(3) generators, 7% = 1\* with Gell-Mann matrices \* and a = 1,2,...8, and SU(2)

generators, 7% = %aa with Pauli matrices % and a =1, 2, 3.



2.1.1 Color triplet scalar

First, consider triplet scalars ®4 5 ~ (3,1,Ys), which can be represented as a complex
vectors, i.e, (P 4);, with color index i = 1,2,3. The Zy symmetric scalar potential for ® 4
and ®p is

Vo = —12 (194 + [05[2) + A(10aP + [252)2 +5 (@a* + @) . (22)

The p2 and ) terms respect a large U(6) global symmetry while the § term preserves only
a smaller U(3)4 x U(3)p X Zo symmetry. We are often interested in the parameter regime
16| < A\.2 When § < 0, the vacuum spontaneously breaks Zy [2]. The desired vacuum is

0
@ab=0. @a=| 0| f=y il 23)
fa

corresponding to the gauge symmetry breaking pattern [SU(3). — SU(2).]|5.
Fluctuations around the vacuum are parameterized as

2
Dy = Pa, Op = . , ; (2.4)
fo + 5 (e +inB)

with ¢4 a triplet under [SU(3).]4, 77](32) a doublet under [SU(2).|p, and ¢p and np being
singlets. Expanding the potential in eq. (2.2) about the vacuum, the scalar masses are
found to be

m<275A = _25-}0‘%7 mis =4\ + 5)f<12>, m727(2> =0, m2 =0. (2.5)
B

In the limit |§] < A the global symmetry breaking pattern is U(6) — U(5), yielding 11
NGBs (complex [SU(3).|a triplet ¢4, complex [SU(2).]p doublet 77532)7 and real singlet
ng). The field ¢4 obtains a mass proportional to the U(6) breaking coupling § and can be
considered to be a pNGB in this limit. The fields ng), np are exact NGBs and are eaten by
the five massive twin gluons, which obtain masses of order mq, ~ gsfe. Since the triplet
scalar is also assumed to carry hypercharge Yg, it gives a mass to the twin hypercharge
boson. We will examine these effects below when we include the Higgs fields in the scalar
potential. Finally, there is the radial mode ¢p with mass of order v/Afs.

2.1.2 Color sextet scalar

We next take ®4p ~ (6,1,Yp) as color sextets, which can be represented as complex
symmetric tensor fields, i.e, (®4);;, with 4,7 = 1,2,3. The most general Zy symmetric
potential for ® 4 and ®p is

2
Vo = =2 (Te 004 + Trafop) + X (Trl o, + Trofap)

+ 5 [(Tr ®f @ 4)% + (Tr@%@B)Q} + 6 [(ﬂ ol 0,40, 4) + (Tr ol 0500,05)] .
(2.6)

2Note that ¢ is radiatively generated by the SU(3). interactions with characteristic size § ~ a2 ~ 1072,



The first line of eq. (2.6) respects U(12) global symmetry. The second line explicitly breaks
U(12), with 6; preserving U(6)4 x U(6)p X Zy and 62 preserving U(3)4 x U(3)p X Zy. We
focus on the regime |01 2| << A. The vacuum structure is analyzed following the techniques
of ref. [58] and is governed by the values d; and d3. There are two spontaneous Zso breaking
vacua of interest, which we now discuss.

[SU(3)c — SU(2).|B: the first relevant sextet vacuum leads to the gauge symmetry
breaking pattern [SU(3). — SU(2).]p. The orientation of this vacuum is

000 "
(@aij) =0, (®B) = fao 8 8 (1) ; Jo = \/ m . (2.7)

Assuming |d7 2| < A, this vacuum is a global minimum for the parameter regions d < 0
and 41 < —d2. The fluctuations around the vacuum can be parameterized as

Ciotgs|  dof?

q)A = ¢A7 (I)B = X
10D fo + L5 (08 + ins)

, (2.8)

with ¢4 a sextet under [SU(3)c]a, ¢ = ¢E7* a complex triplet under [SU(2).|p, 771(92)

doublet under [SU(2).]p, and ¢p and np singlets. Inserting (2.8) into the potential (2.6),

a

the masses of the scalar fluctuations are found to be

m3, = —2(01 + 62) f3, m2 = 4(A+ 81 + 62) f2,

miB = —209 f%v m??(z) =0, m2 =0. (2.9)
B

For small ¢; 2 the symmetry breaking pattern is U(12) — U(11), producing 23 NGBs
(complex [SU(3).]4 sextet ¢4, complex [SU(2).|p triplet ¢p, [SU(2).|p doublet 77592)7 and
real singlet np). The field ¢4 is a pNGB and obtains a mass proportional to the U(12)
breaking couplings d1, 2. But, since d; respects a U(6) g symmetry, which is spontaneously
broken to U(5)p, it does not contribute to the ¢ mass. However, as d9 explicitly breaks
U(6)p to U(3)p, ¢p is a pNGB with mass proportional to do. The fields 771(92) and np
are exact NGBs, and are eaten by the heavy gluons. The radial mode ¢p has a mass
proportional to v fa.

[SU(3)c — SO(3).]B: the second viable sextet vacuum produces the gauge symmetry
breaking pattern [SU(3). — SO(3).|p. The orientation of this vacuum is

100
(®4) =0 @ =22 (010 fo = " (2.10)
A= BI= 001l T\ 20001 +62/3) ‘

Assuming |1 2| < A, this vacuum is a global minimum for the parameter regions d, > 0
and 01 < —d2/3. The fluctuations around the vacuum can be parameterized as

100
1 (5)

1 ) .
Qs = ga, Op = % fo + E(SDB +l773)] x| 010 | +op+ing’, (2.11)
001



where we have defined the real [SO(3).]p quintuplets ¢ = ¢%T and 771(95) = n%T*, with
barred index referring to the broken SU(3) generators, a = 1, 3,4, 6, 8. Inserting (2.11) into
the potential (2.6), the masses of the scalar fluctuations are found to be

5 5
mj, = —2 (61+32> /3, m?,, :4<>\+51+32> fa,
4
mg, = 30213, ml =0, mi, =0 (212)

In the [612] < A limit the symmetry breaking pattern is again U(12) — U(11), yielding
23 NGBs (complex [SU(3).]4 sextet ¢4, two real [SO(3).]p quintuplets ¢p and ng), and
real singlet np). The field ¢4 is a pPNGB with mass proportional to the U(12) breaking
couplings 01, d2. But, since d; respects a U(6) g symmetry, which is spontaneously broken
to U(5)p, it does not contribute to the ¢p mass. The coupling d2 explicitly breaks U(6)p
to U(3) g, however, so ¢p is a pNGB with mass proportional to d2. The fields 77](5‘?) and np
are exact NGBs at this level and are eaten by the five heavy gluons and the hypercharge
gauge boson. Finally, the radial mode g has a mass proportional to vV fg.

2.1.3 Color octet scalar

Finally, consider real octet scalars, ®4 p ~ (8,1,0), which can be written in matrix nota-
tion as, e.g. (®4)! = ®%4(T*)]. A Z; symmetric potential involving the colored scalars is
given by

Vo = —pi2 (Trd% + Tr &%) + A (Tr &2 + Tr %)
+6 [(Tr@%)? + (Tr @%)%] + V3 + Vs - (2.13)

The first line of eq. (2.13) respect a O(16) global symmetry. The second line explicitly
breaks O(16), with ¢ preserving O(8)4 x O(8)p x Zg. The potential V3 contains the cubic
couplings, Tr ®3 +Tr &%, which respects SU(3) 4 x SU(3) g x Za, while the Vg term contains
dimension six operators, which are discussed below.

Again, the vacuum structure is obtained following the methods of ref. [58]. We first
suppose V3 and Vg are set to zero. The cubic coupling in V3 can be forbidden by a parity
symmetry, ®4 p — —P4 g, while the higher dimension terms in Vs are generally expected
to be subleading. For § < 0 the vacuum spontaneously breaks the Zs symmetry, and can
be parameterized as

(Ba) =0,  (Bp)=V2fp(sinBT3+cosBT),  fo=——b_ (2.14)

V2O

The vacuum angle 8 does not appear in the potential at this level, and thus corre-
sponds to a flat direction. Several possible dynamical effects can explicitly break the
large O(8)4 x O(8)p symmetry, lifting the flat direction and generating a unique ground
state. These include tree level contributions to V3 and Vi as well as radiative contributions
to the potential.

Cubic term. Let us first consider the cubic coupling,

Vs = A (Tr &3 + Tr &%), (2.15)

-6 —



where A is taken real and positive without loss of generality, and we consider the A/ < 1
regime. For § < 0 the vacuum spontaneously breaks the Zo symmetry and is described by
the configuration

@) =0,  (@n)=Vifo TS  fo~ V3A

M%A+®+E¢ﬂA+®'

The twin color gauge symmetry is broken from [SU(3).|p down to [SU(2). x U(1).]s. The

(2.16)

scalar fluctuations are parameterized as

1 (2
o5 | J5ms (2.17)

1, (2)f
Fi | 0

Dy = ¢a, ®p = (V2fo+¢p) T +

where ¢4 is a real octet under [SU(3)c]a, ¢ = ¢%7* is a real [SU(2).|p triplet, ng) is
a [SU(2).]p doublet, and ¢p is a singlet. Inserting (2.17) into the potential (2.13) and
expanding about the vacuum, the scalar masses are found to be

3A [27
mj, = (—25+ 8f¢,> a my, = 5 Afe (2.18)

mf]g) =0, m’,, = <4A +46 — ;’}1) f2.

In the small §, A/u regime the symmetry breaking pattern is O(16) — O(15), generating
15 NGBs (a real [SU(3).]a octet ¢4, a real [SU(2).|p triplet ¢, and a [SU(2).|p doublet
771(32))- The field ¢4 is a pNGB, with mass proportional to the O(16) breaking couplings &
and A. But, since ¢ respects a O(8)p symmetry, which is spontaneously broken to O(7)p,
it does not contribute to the ¢p mass. However, the coupling A explicitly breaks O(8)p
to SU(3) g, so ¢p is a pNGB with mass proportional to A. The field ng) is an exact NGB,
and is eaten to generate mass terms for the heavy gluons. Finally, pp is the radial mode
with mass proportional to v\ fs.

Higher dimension operators. Since a cubic term in the potential aligns the vacuum
in the T® direction, it is interesting, in light of eq. (2.14), to ask if the vacuum can point
entirely along 7°. To this end, we consider a dimension six operator, which, given that
the MTH model should have a relatively low UV cutoff, is generally expected to appear.
Imposing the parity symmetry ® 4 p — —®4 p, which forbids the cubic term, we consider
a simple representative dimension six operator

C

Vo= 13

(Tr oS + Tro% ), (2.19)
where A is the UV cutoff and c is the Wilson coefficient. We work in the regime cu?/A? < 1.

For § < 0 and ¢ > 0 we find the following Zy breaking vacuum orientation:
,UZ 3 C/J,4

— — 3 2 ~ _

(2.20)



The twin color gauge symmetry is broken from [SU(3).]p down to [U(1). x U(1).]z. The
fluctuations around the vacuum are parameterized as

0 WTIB %7759
By =4, ©p=(V2fo+op)T° +épT> + % 0 Jemp |, (221)
w5 s 0

Inserting (2.21) into the potential given in egs. (2.13) and (2.19) and expanding about the

vacuum, the scalar masses are found to be

3cf, cfd
2 P 2 2 _ Cs
m¢A— (26+4 A2>f¢,, m¢B—W, (222)
3c
My, =m2, =m2 =0, m?, = (4)\+45+ f@)fq,.
B B

In the small 6, cu?/A? limit the symmetry breaking pattern is O(16) — O(15), supplying
15 NGBs (a real [SU(3).]4 octet, a real scalar ¢p, three complex scalars np, 75, and 75).
The field ¢4 is a pNGB with mass proportional to the O(16) breaking couplings ¢ and c.
But, since § respects a O(8)p symmetry, which is spontaneously broken to O(7)p, it does
not contribute to the ¢ mass. However, the coupling ¢ explicitly breaks O(8)p to SU(3)p,
so ¢p is pNGB with mass proportional to ¢. The three complex scalars np, 77}3, and 77;/9 are
true NGBs, and are eaten by the massive gluons. Finally, the radial mode ¢p has a mass
proportional to v fa.

Radiative scalar potential. Finally, we must consider radiative contributions to the
scalar potential. Even if V3 = 0 and Vg is negligible, the SU(3). gauge interactions ex-
plicitly break the large O(8)4 x O(8)p symmetry present in the first line of the tree-level
potential (2.13), leading to a radiatively generated potential for the vacuum angle g in
eq. (2.14). This is conveniently studied by computing the one-loop effective potential in
the MS scheme:

Ve,1-1o0p = 3gqu> Z {sm —nm/3)log 205/ 50 (5~ mr/?))] - 5} ' (2.23)

> 6

The potential has minima at 5 = nn/3, which, noting eq. (2.14), each lead to the gauge
symmetry breaking pattern [SU(3), — SU(2). x U(1).]. Each is simply an SU(3). trans-
formation from 7%, so without loss of generality we consider the vacuum orientation as
given by eq. (2.14) with g =0, i.e.,

(®g) = V2 fs TS (2.24)
So, the analysis mimics that of the cubic term, but with the pNGB mass of order oy fs.

2.2 Full scalar potential and nonlinear realization

The previous analysis can be adapted to realistic potentials involving both the Higgs and
the colored scalar fields. We use a nonlinear parameterization of the scalar fields, working



in unitary gauge and including only the light pNGB degrees of freedom to provide a simple
and clear description of the low energy dynamics. The technical details of each analysis
are similar to each other and to analysis of the hypercharge scalar in ref. [56]. Therefore,
we present only the triplet scalar case in detail. We do comment on how the sextet and
octet models differ, but relegate much of the details to the appendix.

2.2.1 Color triplet scalar

Taking the new scalars to be color triplets (see section 2.1.1 above), we now include the
Higgs fields. The Zy symmetric scalar potential is given by

V= —Mg |HP? + A |H|" — M3 |®|> + \¢ |®* + Ao |H|? | D[ (2.25)
+6u (|Ha|* + |Hp[*) + 60 (|2a]* + |@5[*)
+dpe (|Hal* — |Hp?) (|®4]* — |25]%) ,

where we have defined |H|? = HLHA + HLHB and |®|? = <I>JIF4<I>A + @E@B. The terms in
the first line of eq. (2.25) respect a U(4) x U(6) global symmetry, while those in the second
line explicitly break this symmetry. We demand that the symmetry breaking quartics dp
and dgg are small compared to Ay and Age, to ensure the twin protection mechanism
for the light Higgs boson. Though not strictly required, if dg is small compared to Ag the
color triplet scalar in the visible sector can naturally be lighter than fg.

In the absence of the colored scalar fields, choosing d; > 0 leads to a vacuum with
(Ha) = (Hp). This implies order one modifications of the light Higgs boson’s couplings
to SM fields, which is experimentally excluded. However, we saw in section 2.1.1 that
taking dg < 0 spontaneously breaks the Zo symmetry, with &z obtaining a VEV but
(P4) = 0. Crucially, this symmetry breaking makes the dp¢ interaction into an effec-
tive Zo breaking mass term for the Higgs scalars, allowing the desired vacuum alignment,
with <HA> <K <HB>

The nonlinear parameterization for the Higgs fields is given by (see also ref. [56])

0 0
Hy = Fy sin <’UH+h> , Hp = Fa1 cos <UH+h> , (2.26)
U\ Very T2\ Ve tu

while for the colored scalars we have

sin(\/W/ﬁb) P — 8 . (2.27)
VI0oal?/ fo fo cos (\/[0al?/ fo)

Here fy is the global U(4) breaking VEV, vy is related to the VEV of Hy, h is the physical
Higgs fluctuation, and ¢4 is a triplet of [SU(3).]4.

Dy =g

Inserting the nonlinear fields in egs. (2.26) and (2.27) into the scalar potential,
eq. (2.25), and neglecting the constant terms, we find the scalar potential for the pNGB



fields:

_ Oufi o | V2wmth) | dafy . o|2V/]0al
V = 5 sm[ = 5 sin To
+5H®f12-1f¢2>005 VEIGTRED 0s 2v16al . (2.28)
JH fa

The potential (2.28) has a minimum with (¢4) = 0, vy # 0 which obeys the relation
f3dme + f5 dr cos(29) = 0, (2.29)

where we have introduced the vacuum angle ¥ = vy /(vV2fy). Expanding the potential
about the minimum and using eq. (2.29), we obtain the masses of the physical scalar fields
h and ¢ 4:

mi =2 f5 0y sin?(209), (2.30)
2 6%14) 2

To ensure the Higgs mass in eq. (2.30) is positive we require 0y > 0, and combining
this requirement with the vacuum relation (2.29) leads to the condition dge < 0. We
also demand that méA > 0 in eq. (2.31), which restricts the value of d¢ once dp, dfs
are specified.

To make contact with the standard definition of the weak gauge boson masses, we

define the electroweak VEV and its twin counterpart as
vy = fH\fQSin'ﬁ, vg = fH\/icosﬁ, (2.32)

where v4 = vgw = 246 GeV. Using eqgs. (2.29)- (2.32) we can trade the parameters
fr,0H,08,00e for va, ¥, my, mg,. In particular, the quartic couplings may be written as

b —
= 4v?% cos? )’
S mi,% cos (299)
e =772 9sin? (20)
2
b0 = mg,  vimi cos?dcos? 20 (2.33)

C2f2 fi sint29

Fixing the vacuum angle to be sin < 1/3, the free parameters of the model can then
be chosen as my, and fo.2 We can also estimate the scale of these parameters. This follows
from imposing certain restrictions on the symmetry breaking quartics, d¢ and dr¢, which
are related to mg, and fe via eq. (2.33). Since the gauge and Yukawa interactions break
the U(4) x U(6) symmetry, the symmetry breaking quartics will be generated radiatively

3Higgs coupling measurements imply that ¥ cannot be too big, while naturalness suggests it not be too
small [59].
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and cannot be taken too small without fine tuning. The quartic d¢ is generated by strong
interactions at one loop, implying its magnitude is larger than roughly a? ~ 1072. On
the other hand, dp¢ is generated at one loop by hypercharge interactions, or at two loops
due to top quark Yukawa and strong interactions, suggesting its magnitude be larger than
about 10™*. We also take these couplings to be smaller than the U(4) x U(6) preserving
quartics and thus require |dp go| S 1 for strongly coupled UV completions. Collectively,
these conditions suggest mg, and fe fall within the 100 GeV-10TeV range. Of course,
direct constraints from the LHC typically require my, to be 2 1TeV, as we discuss later.
The potential (2.28) contains cubic interactions involving the Higgs and colored scalar.
In particular, we find V' D Ah¢TA¢Ah 4|2, with
m3 v 4 cot(20)

A =— .
holuda f2 sind

(2.34)

Such couplings can lead to modifications of the Higgs couplings to gluons and photons, and

are discussed in section 5.

2.2.2 Color sextet and octet models

A similar analysis can be carried out for color sextet or octet, and we refer the reader to
the appendix for details on their nonlinear parameterizations. One important difference in
those models is the presence of additional pNGB scalar degrees of freedom ¢p in the twin
sector, as was already apparent in sections 2.1.2 and 2.1.3. Otherwise, the analyses of the
sextet and octet are very similar to that of the triplet. In particular, the trilinear coupling
involving the visible sector Higgs boson and colored scalar are always given by eq. (2.34).

2.3 Twin gauge dynamics and confinement

We now discuss the gauge interactions in the various models, including the nature of the
unbroken non-Abelian and U(1) gauge symmetries and confinement in the twin sector.
As seen above, several twin color breaking patterns are possible depending on the repre-
sentation of the colored scalar and form of the scalar potential. By accounting for both
twin color and electroweak symmetry breaking, we found five distinct patterns of gauge

symmetry breaking:

I: (3,1,Y3) [SU3). x SU@2); x U(l)y — SU(2)e x UL)inlB (2.35)
II: (6,1,Ys) [SU@B). x SU(2)r x U(l)y — SU(2). x U(1)pumlB (2.36)
III: (6,1,Ys) [SU3). x SU2)L x U(1)y — SO(3)5 (2.37)
IV: (8,1,0) [SU®B)ex SU2)L x Ul)y — SU(2). x U(1)e x U(L)pm]s (2.38)
V: (8,1,0)  [SU®3). x SU@2), x Ul)y = U1). x UL x UD)pmle  (2.39)

Of these, cases I-IV feature a residual non-Abelian color gauge symmetry and confinement
at a low scale. In cases I, IT, and IV, this non-Abelian group is SU(2)., while in case III
it is SO(3).. All models except III, where the twin photon picks up a mass from the
color sextet VEV, have one or more unbroken abelian gauge symmetries. At least one of
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these U(1)s is similar to the usual electromagnetic (EM) gauge symmetry, with the massless
gauge boson an admixture of weak, hypercharge, and, in cases I and II, color gauge bosons.
In the color octet models there are also color U(1) gauge symmetries which are remnants
of [SU(S)C]B-

In MTH models with unbroken color gauge symmetry the confinement scale is similar to
the ordinary QCD confinement scale, A4 ~ 1 GeV. In models I-IV confinement naturally
occurs at a much lower scale, because the number of massless gluonic degrees of freedom
contributing to the running below the TeV scale is much smaller. The one-loop beta
function can be written as dag'/dInQ = b/27, with

11 2 1
b=—5Cra—3 zf:ch -5 ZS:CSTS, (2.40)

where Caq is the quadratic Casimir for the adjoint representation and Ty (7%) is the Dynkin
index for fermions (scalars) charged under the strong gauge group. The factors ¢y = 1(2)
for Majorana (Dirac) fermions, and ¢; = 1(2) for real (complex) scalars. The fermions in
both the SM and twin sectors all have masses below the TeV scale and transform in the
fundamental representation of the given gauge group, with index Ty = % In estimating
the evolution of the strong coupling constant we make the mild assumption that the twin
fermions are married into Dirac states, similar to SM fermions. In the simplest case the
twin fermion masses are given by my, = my, cotd =~ few x my,. In the visible sector,
we have Caq = 3 for [SU(3).]a at all energy scales, while for the twin sector below fg
we have Caq = 2 for [SU(2).]p and Caq = 3 for [SO(3)c]p. There may be additional
colored pNGBs in both sectors with TeV masses; the number and particular index T are
model dependent.

Before estimating the confinement scale for these models, we note that additional
dynamical Zo breaking effects, such as new twin fermion mass terms or a shift in the
strong gauge coupling at the UV scale, a?(fs) = a?(fs) + das, may raise or lower this
scale by several orders of magnitude. Nevertheless, the general expectation is that the twin
confinement scale is much lower than that in the visible sector, in contrast to MTH models

with unbroken [SU(3).]5.

2.3.1 Cases I, II, IV: unbroken [SU(2). X U(l)gl)v[]B symmetry

Cases I, IT, and I'V have very similar gauge dynamics at low energy owing to the unbroken
[SU(2). x U(l)(EII)VI] B color and electromagnetic gauge symmetries. Considering case I of
the color triplet for concreteness, the beta function coefficients (2.40) associated with the
unbroken color symmetries in the A and B sectors are given by

2 1
ba=11—>nf — gnf,

3
2 2 L

where n? (n]jcB ) denotes the number of active Dirac fermions in the A (B) sector at a given

energy scale. The visible sector potentially contains a color triplet scalar ¢4 in the effective
theory, with index T = %, and nf the number of light triplet scalars in the A sector.
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Figure 1. Left: one-loop evolution of the strong fine structure constants in the visible (red) and
twin (blue) sectors for a color triplet scalar with unbroken [SU(2).]p twin color symmetry, case I .
The twin confinement scale is of order MeV. Right: same plot for color sextet scalar with unbroken
[SO(3).] g twin color symmetry, case ITI. The twin confinement scale is of order 10723 GeV. In both
plots we fix af (mz) =0.1179, fo = 3TeV, and assume pNGB colored scalars have 1 TeV masses.
Visible and twin sector gauge couplings are matched at Q = fo.

In the left panel of figure 1 we display the evolution of the strong coupling constants
in the visible (red) and twin (blue) sectors. We see that the twin strong coupling becomes
large near scales of order Ag ~MeV. As mentioned above, this is primarily a consequence
of having fewer twin gluonic degrees of freedom and thus a smaller bp in eq. (2.41). While
we have explicitly studied case I here, the running is essentially identical in the other
cases with residual [SU(2).|p, II and IV. The only difference is the contribution of TeV
scale colored scalar degrees of freedom, which have essentially no quantitative impact on
the results.

The generator of the unbroken electromagnetic symmetry for each case are

I: (3,1,Ys) QM =7 1Y +V3YsT?, (2.42)
3

II:  (6,1,Yy) QM= 1y + {Yé T8, (2.43)

IV : (8,1,0) My (2.44)

In cases I and II the twin electric charges depends on a particle’s T® as well as the colored
scalar’s hypercharge Yg. This occurs because the triplet and sextet can carry hypercharge,
which leads to mass mixing between the neutral hypercharge and color gauge bosons. On
the other hand, the octet in case IV is real, so the EM generator is identical to the SM.
According to eqs. (2.42)— (2.44) the twin electric charges of the twin leptons are equal
to the electric charges of the visible leptons. Following symmetry breaking, the twin quark
fields decompose into doublets and singlets under the unbroken [SU(2).]p, which carry
distinct electric charges. Before symmetry breaking, we denote the quark fields as Qp ~
(3,2,%), up ~ (3,1,—2), dp ~ (3,1, 1) using two component Weyl fermions. These fields
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decompose as

Qpi = (QBZ> = (um dAB%> T A T i) (2.45)
(B3 i3 dps ups dps

where hatted fields denote states of definite charge under [SU(2).]p, and i =1,2. For

example, dg; (dps) is a doublet (singlet) under [SU(2).]p. In table 1 we indicate the

electric charges of the twin quark fields for the several choices of Y3 for these cases. These

choices of Yg allow Yukawa-type couplings of the colored scalar to pairs of fermions, and

their implications are explored in section 3.

We emphasize here the great difference in the twin particle spectrum compared to the
basic MTH model. Though much of the dynamics are determined by the Zo twin symmetry
with the SM fields, we end up with new unconfined quarks, from the part of the field along
the VEV direction, as well as new SU(2). bound states. Insights into this bound state
spectrum and dynamics of the phase transition can be found in, for example, [60-71], but
a few qualitative items are worth mentioning. First, the lightest quark masses are a few
MeV, which is just above the confinement scale so mesons, composed of a quark and an
anti-quark, and baryons, composed of two quarks, can likely be simulated as nonrelativisitic
bound states. In the absence of additional scalar couplings to matter there is a conserved
baryon number that renders the lightest twin baryon stable, which may be interesting
from a cosmological perspective. In addition, the mass of the lightest SU(2) glueball
is mg ~ 5Ap [72, 73] so it is likely that the glueball and meson/baryon spectrum will
overlap. However, as the lightest glueball is a 0™ state it will decay rapidly to a pair of
twin photons.

2.3.2 Case III: unbroken [SO(3).]p symmetry

In case ITI, with sextet scalar, the unbroken twin color symmetry is [SO(3).|p. Within the
effective theory, the visible sector contains a (complex) color sextet scalar ¢4 with index
Ts = %, while the twin sector contains a real quintuplet scalar ¢ with index Ty = % The
beta function coefficients (2.40) in each sector are given by

2
by =11— gnf — %nsA, (2.46)
11 2 5

where n}‘?‘ (n? ) denotes the number of active Dirac fermions in the A (B) sector, and

A B

£ (n2) is the number of active colored scalars in the A (B) sector. In the right panel

ni (n
of figure 1 we display the evolution of the strong coupling in the visible (red) and twin
(blue) sectors. We observe that the twin strong coupling blows up near scales of order
Ap ~ 10723 GeV, many, many orders of magnitude below the QCD confinement scale.
This is due to smaller color charge of the [SO(3).]p gluons, in comparison to the [SU(2).|p
case. One observes from the figure that the twin gauge coupling runs to smaller values for

some range of scales below fg. Thus, at energies below the twin quark masses where the
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I (3717Y<I>)

? Yo 5/3 2/3 | -1/3 | -4/3
QM [a 5] = —QEM [i14] 3/2 1 1/2 0
QM [dy 5] = —QEM [d3] 1/2 0 ~1/2 1
QEM [iig5] = —QEM [43] -1 0 1 2
QEM[AB?’] 7Q%M[j§] _9 1 0 1

II  (6,1,Ys)
) Ya 4/3 1/3 —2/3
¥

QM [i3] =~ QM [i14] 1 3/4 1/2

QEM [ds ;] =—QEM (4] 0 -1/4 | -1/2

Q" [aps] = QB [43] 0 1/2 1

M [dss] = — QM [44] -1 ~1/2 0

Table 1. Twin quark electric charges in cases I triplet (left) and IT sextet (right) for several choices
of scalar hypercharge Yg.

beta function becomes negative, the coupling is comparatively small in magnitude, leading
it to run very slowly.

Interestingly there are no unbroken U(1) gauge symmetries in this case, as the sextet
VEV lifts the twin photon, with mass of order ¢'Ys fo. The heavy twin gluons pick up
a mass of order gsfp, and form a quintuplet under the unbroken [SO(3).|p gauge sym-
metry. The twin quarks on the other hand transform in the fundamental representation
of [SO(3).]p. This again shows how different the twin and visible sectors can be, even
though they are fundamentally related by the Zs symmetry. If the twin sector is much
colder than the SM, as perhaps motivated by Neg bounds, the quarks would just barely
act like quirks [74], but with the width of the color flux tubes connecting them set by
1/Ap the scale of confining forces is about that of a planet. Similarly, the lightest bound
states are glueballs with small masses likely a few times Apg, and these objects are again
roughly Earth-sized. However, we typically expect that the twin quarks and gluons were
in equilibrium at some point in the early universe, and the cosmic evolution of this dark
sector with such a low confinement scale brings with it many open questions. Such novel
dynamics and their cosmological implications is clearly worth further exploration.

2.3.3 Case V: unbroken [U(1). x U(1)!, X U(1)gm]B symmetry

In the color octet model of case V there is no residual non-Abelian gauge symmetry.
There are, however, three unbroken abelian symmetries, [U(1). x U(1). x U(1)gm] 5, with
generators T2, T8, and Q%M = 134+, respectively. The heavy gluons can be grouped into
complex vectors which carry charges under the U(l)g) gauge symmetries. In particular,
G5 couple to G% but not G%,, while G5”%" couple to both G3 and G%. Similarly, the
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different colors of quarks couple with different strengths to the massless U(1) color gluons
according to the generators T2, T®, while their twin electric charges are the same as the
electric charges of their Zs partners in the visible sector. We expect in this model that
there can be a rich variety of atomic states, some of which may have important cosmological
applications.

3 Scalar couplings to matter

Thus far we have only considered the dynamics of the gauge sector and scalar potential.
We now investigate the consequences of new couplings of the colored scalars to fermions.
These couplings have two primary motivations. First, they cause the visible sector colored
scalar ¢ 4 to decay, explaining in a simple way the absence of stable colored relics. Second,
following spontaneous color breaking in the mirror sector, such couplings produce new
dynamical twin fermion mass terms. Consequently, the spectrum of twin fermions can
be deformed with respect to the mirror symmetric model, which may have important
consequences for cosmology and phenomenology. We emphasize, however, that the exact
Zo symmetry in our setup produces tight correlations between variations in the twin mass
spectrum and visible sector phenomenology, including the collider signals of ¢4 (section 5)
and indirect precision tests (section 4).

Given these motivations, we focus mainly on couplings involving a single colored scalar
to a pair of fermions. For the SU(2), singlet, color triplet (3,1,Ys), sextet (6,1,Ys), and
real octet (8, 1,0) scalars considered in this work, we find eight distinct representations that
allow such couplings. These representations are shown in table 2, along with the complete
set of couplings to fermion bilinears which respect the full SM gauge symmetry. Fermions
are written using two component left chirality Weyl spinors. The quantum numbers of
the visible sector fields are Q% = (ua,da)” ~ (3,2,¢), w4 ~ (3,1,-2), da ~ (3,1, 3),
LY = (va,ea)” ~ (1,2,-3), ea ~ (1,1,1), Ha ~ (1,2, 3) and similarly for the mirror
sector. The table also indicates the corresponding decays of ¢4 and the twin fermion mass
terms generated by each coupling, which will be discussed in more detail below. We will
also make a few brief remarks below regarding possible couplings beyond those in table 2.

3.1 Decays of ¢pa

From table 2, the visible sector colored scalars ¢4 can decay in a variety of ways, depending
on their quantum numbers and the particular couplings allowed by gauge symmetry. Color
triplets can decay to a pair of SM quarks, a quark and a neutrino, or a quark and a
charged lepton. To illustrate, consider ®4 ~ (3,1, %) with general Lagrangian containing
the following interactions:

1 S Ca c7 - coe
_[:DiAJJ@EdAdA—F%L(I)AﬁA(LAHA)—I-%@AdA(HLLA)—i- IQ\G ‘I)L(HLQA)éA

¢ c
+ 5y A (HAQ)(HQa) + 5 @y (QuHA) (LaHa) + Hee.
= Tady + 5LV Cqrv - CQev
il A | aLVA |, _ VA QeVA i )
32>\dd¢AdAdA+ J2A patiava + JIA padaea+ NGT) ¢l daea

CQ L'U124
2A2

cQQUi
AN2

+ padada+ (f)LuAI/A—l—H.C., (3.1)
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[} Coupling to ¢4 decay Twin fermion mass terms
fermion bilinear
[SU(2). x U(l);:M]B
2 (QQ) ¢a —ud apdp
ot (QL) da = ue,dv Gpsen, dpsvp
ot ad da — ud up jB
(371,_§) ?ﬂé @A—>ue 123353
®d(LH) ¢pa— dv dpsvp
® (H'Q)(Q H) ba —ad apdp
o (H'Q)(L H) pa—dv dps v
o' (QH)(H'L) da—ue Upsep
ofdd ba—dd dpdp
du(LH) ¢4 — uv UB3 VB
(3,1,2) ‘I’Id(HT ) da—de 6?3363
T (HQ)e da—de dpsép
P (HIQ)(H'Q) ¢a—dd dpdp
o' (Q H)(L H) pa—uv lp3vp
ot b4 — U ug up
SN 7 e
®(Q H)( H) b4 —uu upup
o (H'Q)(H'L) s —de dpsep
(3.1,9) (QH)fj (DA—MHf TZBSEB
u(H'L) b4 —ue Uup3ep
[SUR)e X UDpuls S0@)els
' (QQ) $a—ud apsdps updp
(6,1,1) dad b4 — ud Gips dps tipdp
T (QH)(H'Q) $a—ud tps dps updp
(6.1,-2) odd ¢a— dd C?B:sdiBii dpdp
' PIHIQ)HTQ) | pa—dd dpsdps dpdp
6.1,1) duu ha —uu B3 UB3 B ip
T(QH)(QH) $a —uu lp3 iip3 upup
SU@)e x U)e x UMemls | [UL)e x UML), x U(L)em] s
(8,1,0) ®(Q H)ﬂ, ba— ui ﬁrAB 123 - 21%33 1233 ﬁABl 1231 - 1%32 1232
@ (H1Q)d ¢4 — dd dpdp —2dpsdps | dpidp —dpadps

Table 2. SU(2);, singlet scalar representations and allowed couplings to fermion bilinears. Each
coupling leads to the indicated decays of ¢4 to SM fermions, as well as new twin fermion mass
terms for the indicated unbroken twin gauge symmetry.
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where in the second line we have used egs. (2.26) and (2.27). The interactions in eq. (3.1)
lead to the decays ¢4 — dd,uv,de.* On the other hand, color sextets (octets) decay
strictly to pairs of quarks (quark-antiquark pairs). For instance, in the case of the sextet
scalar ® ~ (6,1, —%), we can write

1 S — c
—LD ikgg Padada + % ol (HYQ4)(H,Qa) + Hec.

1 . coQ>
35)\&& dadady + Z?@A (ﬁ}:‘dAdA—i—H.C., (3.2)

which lead to the decay ¢4 — dd.

Taking into account the various flavors of quark and lepton, there are a variety of
potential collider signatures of the colored scalars, which we explore in section 5. Of
course, the colored scalar can decay in more channels than those listed in table 2. One
possibility is that ¢4 decays to a pair of SM bosons. For instance, the color octet may decay
to a pair of gluons through the dimension five operator Tr ® 4G 4G 4. Another interesting
possibility emerges if operators that couple fields in the two sectors are present. These
are typically higher dimension operators, and can naturally arise when ‘singlet’ fields [75],
which transform by at most a sign under Zo, are integrated out. As an example, taking
P4~ (3,1, %), we can write the operator (®ati4)(®piig) O fo dpaliatips, leading to the
decay of ¢4 to one SM quark and one twin quark. The same operator could allow the twin
quark to decay back into the visible sector via an off-shell ¢ 4.

3.2 Dynamical twin fermion masses

Before considering new twin fermion masses, we first recall the ordinary mass terms origi-

nating from twin electroweak symmetry breaking:

- C
~L > ye(HpLp)es +yu(QpHp)is + ya(HQp)ds + - (LpHp)(LpHp) + He.
v
2
Yevp  _ Yu VB  _ YdVB , 7 Cy Up
D epép + —=—upup + —=dpdp + vprvg + H.c. . 3.3
\/§ B¢B \/5 BYB \/§ BUB 2, BYB ( )

These Higgs Yukawa interactions lead to the usual mass terms that are larger than those
in the SM by the factor vg/v4 = cot ¥ =~ few.

The new twin fermion masses generated by spontaneous color symmetry breaking de-
pend on the particular scalar representation and symmetry breaking pattern. The following
discussion is intended to be illustrative, with examples presented for triplet, sextet, and
octet models. The full set of possible twin fermion mass terms for a given model is provided
in table 2. While we restrict our analysis to the SM fermion field content, we note that
additional interesting possibilities for twin fermion masses arise if new singlet fermions are
present in the theory [57].

4We note that, e.g., d here (without the subscript A) denotes the outgoing particle state in the decay
rather than the field variable in the Lagrangian, in this case anti-down quark.
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3.2.1 Color triplets

We first study a triplet example with quantum numbers ® ~ (3,1, %) The Lagrangian
contains the following interactions coupling the scalar to pairs of fermions:

1 = s Cy _ cg < CQe _
LD 5)\&2 (I)TB dpdp + % dpup (LBHB) + % dpdp (HLLB) + ie (I)TB(HTBQB) ép

C CQL
- % Op (HLQpR)(HLQB) + % ol (QpHp)(LpHgp) + H.c.

1 = = caLvBfe - cqrvBfe 2 cQevpfo ;
D -Aggfedpdp + ——=—upsvp + ““=—dpsep+ ——=—dpsé

5 jfedpdp J3A B3VB JIA B3€B JIA B3€B
coQusfe 5 5 corvife .
7QZAgf® dpdp + 7Q;Agﬁb upsvp + H.c., (3.4)
where in the second line we have set the scalar to its VEV, (®;) = f3di3 (eq. (2.3)), effecting
the spontaneous symmetry breakdown of [SU(3). x SU(2), x U(1)y — SU(2). x U(1)g\ B-

We have also used the quark decomposition in eq. (2.45). We note that the couplings Az,

_|_

cQq in eq. (3.4) are antisymmetric in generation space.

We see that new twin fermion mass terms beyond those generated by the Higgs VEV
arise from the interactions in eq. (3.4). In particular, there are ‘Majorana-like’ mass terms
for the down-type quark fields, which are allowed since these fields are not charged under
the unbroken twin electromagnetic gauge symmetry; see table 1.5 There are also mass
terms which marry ‘3rd color’ ([SU(2).]p singlet) quark fields with leptons. From the
electric charges in table 1 it is easy to verify that the operators in the second line of
eq. (3.4) respect the unbroken twin electromagnetic gauge symmetry.

Different physical mass hierarchies can arise depending on the size of the various cou-
plings in eq. (3.4). For instance, consider a simple case in which only )\(1;3— = _)‘% £ 0.
Accounting for the Higgs Yukawa interactions, we have the following mass terms in the
down-strange [SU(2).]p doublet sector:

—L D MdCiB§B + My deB+msB §B§B—|—H.C., (35)

where we have defined the mass parameters mg, = yqvp/v?2, ms, = ysvp/v2, and My =
)\% fo. In the limit My > ms,, ma,, a seesaw mechanism operates with the two mass
eigenstates fermions having approximate eigenvalues My and mg,mgq, /M 4. Taking fo ~
A ~5TeV, sint ~1/3, and )\% order one, the mass eigenvalues of order 5 TeV and 100eV.

On the other hand, if both )\% = _)‘?Lli # 0 and ch = —célQ # 0 both give large
contributions to the quark masses relative to gloge from the Higgs Yukawa couplings, then
the two masses are M = )\C% o and My = —W. Taking fo ~ A ~ 5TeV, sind ~ 1/3,
and order one values for )\(11—3— and ch, we find My ~ 5TeV, and My ~ 50 GeV.

Twin fermion masses can be distorted away from the MTH expectation in a variety of
ways, but there are correlated effects in the visible sector due to the Zs related interactions.
For example, if both Aj; and ¢y, in eq. (3.4) are nonzero, both baryon number and lepton
number are violated by one unit, leading to nucleon decay in the visible sector. These and
other indirect constraints on scalar-fermion couplings are outlined in section 4.

5Strictly speaking these are not Majorana mass terms, since they marry quarks of different flavor
and color.
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3.2.2 Color sextet

For the color sextet scalar we focus, for concreteness, on the case &5 ~ (6,1, —%) With
these quantum numbers we can add the following interactions to the Lagrangian:

1 S c
~L5 JAig @pdpds + 535 O (HLQE) (HLQp) + He., (3.6)

where the couplings Ajz, coq in eq. (3.8) are symmetric in generation space. In contrast
to the triplet case, no lepton mass terms are generated from eq. (3.9). There are, however,
new mass terms generated for down type quarks. We examine each of the two possible
gauge symmetry breaking patterns for the color sextet in turn.

For case II, the sextet scalar obtains a VEV, (®p;;) = fodizd;z (eq. (2.7)), leading to
the symmetry breaking pattern [SU(3). x SU(2)r x U(1)y — SU(2). x U(1)gy]p- Using
eq. (2.45), the twin quark masses that follow from eq. (3.6) are given by

.. 2
—-LD %)\d‘g fo JBg Jgg—l- %d&g CiBg—f-H.C. . (37)
These are Majorana mass terms for the ‘3rd color’ ([SU(2).]p singlet) down quark fields,
and are consistent with the fact that these quarks are not charged under the unbroken twin
electromagnetic gauge symmetry; see table 1.

Alternatively, if the symmetry breakdown proceeds via [SU(3). x SU(2)r, x U(1)y —
SO(3)c]p due to the VEV (®p;;) = %&j (eq. (2.10)), case III, the down type quarks

obtain a mass

2
LD )\;f/jgb JBJB‘FWCZB dp +H.c. . (3.8)
We see that Majorana mass terms for the [SO(3).]p down quark fields are generated. The
presence of such mass terms is consistent with the fact that there are no unbroken U(1)
gauge symmetries in the low energy theory.

The new mass terms in egs. (3.7) and (3.8) can dominate over the usual EW ones
for large enough couplings, and may or may not feature a seesaw behavior in analogy
with the color triplet example discussed above. In case II, eq. (3.7), only the ‘3rd color’,
[SU(2).|p singlet quark obtains a mass. Conversely, in case III, eq. (3.8), all quark colors
can be lifted.

3.2.3 Color octet
In models with a real octet scalar, ®p ~ (8,1,0), there are two possible couplings to quark
pairs that arise from dimension 5 operators,

cQu _ . %Qd t 7
—LD T‘I)B(QBHB)'LLB—|—T(I)B(HBQB)C[B+H.C. . (39)

As with the sextet, no lepton mass terms are generated from eq. (3.9), while the resulting
quark mass terms are similar to the standard ones arising from the Higgs Yukawa cou-
plings (3.3) in that they marry SU(2), singlet and doublet quarks. The precise form of the
quark masses depend on the pattern of gauge symmetry breaking.
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For case IV, the octet scalar obtains a VEV, &5 = v/2fsT® (eq. (2.16)), leading to
the symmetry breaking pattern [SU(3). x SU(2)z x U(1)y — SU(2). x U(1), x U(1)gm]5-
Using eq. (2.45), the twin fermion masses that follow from eq. (3.9) are given by

cQuvB fo ,. - . coavB fo (4 = IS
5 QuUBIe (h b~ 2apsh +7<d dg —2dps d )+H.c.. 3.10
W (ap g B3 UB3) WA Bdp B3dB3 (3.10)

Interestingly, in this case all quark colors obtain a mass from a single interaction.

In case V, the octet scalar obtains a VEV, &5 = v/2f3T° (eq. (2.20)), leading to the
symmetry breaking pattern [SU(3). x SU(2)z x U(1)y — U(1). x U(1). x U(1)gm]B. The
twin quark masses resulting from eq. (3.9) are

coavBfe
2A

cQuvBfa

—53721\

(uB1 U1 — UB2 fLBQ) + (dBl JBl —dpo CZBQ) +H.c. . (3.11)

In this case, only the first and second quark colors are lifted, while the third color does
not obtain a mass. This is consistent with the unbroken [U(1). x U(1). x U(1)gm|B gauge
symmetry. The mass terms in egs. (3.10) and (3.11) can be as large as O(100 GeV) for
order one Wilson coefficients and fe ~ A.

3.2.4 Other sources of twin fermion masses

Thus far we have considered twin fermion masses involving a single colored scalar field,
and all such possibilities of this type are shown in table 2. Additional options arise from
couplings involving two colored scalars. First, there is always the possibility of coupling the
gauge singlet operator |®g|? to the usual Higgs Yukawa operators, e.g., |®5|?(HTLg)eép.
After ®p obtains a VEV, effective Yukawa couplings are generated in the twin sector, which
can exceed the SM ones by a factor of 10-100 for the light generations without spoiling
naturalness; see the discussion in ref. [56] for further details. Furthermore, we can couple
two color triplet scalars to pairs of quark fields in nontrivial ways to generate new twin
quark masses. As an illustration consider ® ~ (3,1, %), with operator ®p; ®p; ﬂiB ﬂ% D
f% Ups3 Ups, which provides an additional mass term beyond those presented in eq. (3.4).

4 Indirect constraints

The previous section showed that the spontaneous breakdown of twin color and Zs can
also dynamically generate new twin fermion mass terms, when there are sizable couplings
between the colored scalar fields and matter fields. The exact Zy symmetry correlates
these new masses to visible sector phenomena, including baryon and lepton number vio-
lation, quark and lepton flavor changing processes, deviations in electroweak probes, and
CP-violation. Indirect tests in the visible sector can limit the size and structure of the
new twin fermion mass terms. Given the range of models and possible new couplings (see
table 2), a complete vetting of these constraints is beyond our scope. Instead, we provide
illustrative examples of the characteristic phenomena that can occur. Many of the phe-
nomena we consider here occur in the context of R-parity violating supersymmetry; for a
review see ref. [76].
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4.1 Baryon and lepton number violation

In triplet models with hypercharge Yo = , %, —% the proton may decay, which leads
to strong constraints on certain comblnatlons of couplings. For a comprehensive review
on proton decay see ref. [77]. For example, consider ® ~ (3,1, —%) with non-vanishing

couplings to the first generation,
L5 N\ @l (QLLY) + AL @l al &y + Hee,
S NG ¢l uaea + Aol wada + He. . (4.1)

In this case, tree level exchange of ¢ 4 allows the proton to decay into a pion and positron,
pt — et with decay width

11 41112 2
T(pt — etn0) = AL Aag|” |a*(1 + F + D)*m, (1 B m2> (4.2)
mi 647 f2 mg
4
(1034 yr) ! Ao A Tev\*
= yr 4x10-13 Mg,

where || = 0.0090 GeV? [78] is the nucleon decay hadronic matrix element, F + D ~
1.267 [79] is a baryon chiral Lagrangian parameter, and f = 131 MeV. The current limits
from ref. [80] for this channel are 7,/Br(p* — eT7%) > 1.6 x 10** yrs at 90% C.L. The
non-observation of proton decay generally places strong limits on pairs of couplings that
violate B in triplet scalars models. Depending on the flavor structure of the couplings,
there may be other proton decay modes and other nucleon/baryon decays allowed.

In scenarios with a single colored scalar in the visible sector, nucleon decays with
AB = 1 are usually the most sensitive probes of B violating couplings. Processes like
neutron-antineutron oscillations and dinucleon decays with AB = 2 are expected to be less
sensitive. However, if there are additional colored scalar fields present then such AB = 2
processes can be observable; see e. g ref. [81] for a recent study.

%, certain combinations of scalar-fermion couplings
can violate lepton number by two units while conserving baryon number. In such cases

In triplet models with Y = ,

we generally expect that neutrino masses are generated radiatively. For instance, consider
again ® ~ (3,1, —%), but with the following interactions:

—ﬁD)\QL(I)T (QALA)+ <I>AdA(LAI‘IA)—{—HC

A
fA

These interactions break lepton number by two units. Neutrino masses will be generated

> —AoL ¢y (4.3)

at one loop, with characteristic size

AL € A Aot ¢ T
m, ~ CQLCL MU o <> ~0.1eV ( QLC;“) (5 ev). (4.4)
16v/272A Mg, 10 A

Here we have fixed mgy, = 1TeV and used the bottom mass for mg, which leads to the

strongest constraint.
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4.2 Quark and lepton FCNC

The interactions of the colored scalars with matter in table 2 can also lead to new tree level
or radiative flavor changing neutral currents (FCNCs) in the quark and lepton sectors. A
variety of rare FCNC processes are possible, many of which impose strong constraints on
the new scalar-fermion couplings.

For instance, sextet and octet models can mediate new tree level contributions to
AF = 2 transitions in the kaon system. Taking & ~ (6,1, —%) as an example, we write
the interaction 1 o

LD iAJJQSAdAdA + H.c. . (4.5)
If the diagonal couplings )\C% and /\Z—

3— are nonvanishing, then tree level sextet scalar exchange

generates the effective interaction

L D Cifpp (547" Prda)(547" Prda) + Hec., (4.6)
with Wilson coefficient
11 y22* 2 2 11 y22*
osd _ Nda Nd 1 TeV\" (AagNaa (47)
VIR 8m2 104TeV ) \my, 107

Current constraints on such operators probe new physics scales of order 10* TeV [82],
which, noting eq. (4.7), limits the typical size of these couplings to be at the level of 1073
or smaller.

Octet scalars, ® ~ (8,1,0), can also induce neutral meson mixing at tree level. After
electroweak symmetry breaking, the scalar-quark coupling is

CHTUVA _
i dady+He. . 4.8
/A padada c (4.8)

is nonzero, exchange of ¢4 generates the effective interaction

. 12
If, for instance, Cod
L5 CY (34 PLday)(5)Prda;) + He., (4.9)

where 7, j denote color indices. The Wilson coefficient is given by

12 V2,2 2 2 2 12 2
osd (cgq)”va ~ 1 TeV\" (5 TeV ‘Qd . (4.10)
SEL T 8m2 A2 104TeV ) \mg, A 6 x 10-3

While color triplet scalars do not mediate tree level AF = 2 transitions, sizable loop

contributions to these operators can arise. As an example consider ¢ ~ (3,1, —%) with
interaction
f£:)\ﬂg¢LfLAJA+H.C. . (4.11)

There are two types of one-loop box diagrams that generate contributions to Kaon mix-
ing [83, 84]. The first involves the exchange of two colored scalars and leads to the effective
Lagrangian (4.6). In the limit my, > my, the Wilson coefficient is

y (ZIA53A55*>2N< I >2(Tev>2<zzAéi—Aéb-*>2 @2)

e —
V.RE 6472m? 104TeV ) \my, 3x 1073
A
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The second type of diagram involves the exchange of one W boson and one colored scalar,
leading to the effective Lagrangian

£ Cglhy, [(5 Prdai)(5) Pudag) — (55 Prda)(5h Prdag)] + Hee., (4.13)

For anarchic couplings A;7 and heavy scalar mass mg, > my, the leading contribution is

2 2 32 ) 31x
Csd VdV )\32 )\3 g m¢> ~ 1 TeV A'd )\ud
SAL 8\@ 2 "taTts ad Tud m¢ m2, 100TeV ) \mg, ) \2x10-3 )"

(4.14)
Thus, the typical constraints on the couplings in this case are at the 107210~ level.

Color triplets can also facilitate lepton flavor violation, such as the decay p — ey. If
o~ (3,1, —%), for example, the coupling gy, in eq. (4.1) is

— LD Xr®\(QaLa) +He. . (4.15)

The p — ey branching ratio is found to be

a’ZIAII*)\IL‘Q
Br(p —ey) = 1,4 SYE
mg

4 )\Il*)\[ 2
4% 10-13 <1TeV) <|ZI oLl ) 7 (4.16)

me 2)(106

12

where 7, ~ 2.2 x 1079 s is the muon lifetime. The MEG experiment has placed a 90% CL
upper bound on the branching ratio, Br(u — ey)mpa < 4.2 x 10713 [85]. So, for a colored
triplet with mass of order 1 TeV, the couplings are typically constrained to be smaller than
about 0.04.

4.3 Electric dipole moments

When multiple scalar-fermion couplings are present in the theory new physical complex
phases to appear. These can source new flavor-diagonal CP violation in the form of fermion
electric dipole moments (EDMs). To illustrate, we investigate the contribution to electron
electric dipole moment coming from a triplet ® ~ (3,1, —%) with interactions

— LD Xr®' (QaLa) + AaePatiaea+He. . (4.17)

Exchange of up-type quarks leads to an electron EDM at one loop, described by the effective
Lagrangian _

Lo —%de Ea 0 en FHY. (4.18)

In the case of flavor anarchic couplings, the top loop dominates and leads to the prediction

m? 1T 2 (Im[\3}, A3L
7+ 4log ( )] A, AL ~ 107 % ec < meV> [10Q—Ll()] .
m
¢ da

(4.19)
The best constraint on the electron EDM comes from the ACME collaboration: |d.| <
1.1 x 107%% cm [86]. We see that for generic complex phases the constraints on the

~ €My
e — 2
32mem <15

couplings are quite severe for this scenario. We expect that the neutron EDM can also
provide a promising probe of certain combinations of couplings.
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4.4 Charged current processes

The new interactions of fermions with colored scalars can also lead to new charged current
processes. To illustrate, we consider here the decays of charged pions that occur for & ~
(3,1, —1) with interaction

L5 AL (QaLa)+He. (4.20)

Nonvanishing (Agr)11 or (Agr)12 lead to a modification to the lepton universality ratio,

T(r— -7, ALL 2 212 2
RﬂEM:REM 1+ Aarl” = Agrl” ) (4.21)
D(m= = 1o 2v2Gp |Vaalm3,

We have neglected the effects of decays such as 7= — e~ 7, etc., which do not interfere
with the SM weak contribution, retaining only the dominant coherent contributions. The
SM prediction [87] and measured value [88] are

RSM = 1.2352(2) x 1074, RSP =1.2344(30) x 107%, (4.22)

where the experimental uncertainty dominates the theoretical uncertainty. We apply a 20
C.L. bound by demanding the new physics correction in eq. (4.21) is less than twice the
experimental uncertainty. This leads to the constraint

m
VP = NP < 0.4 ({roa) (4.23)

In addition to pion decays, such couplings may be probed in hadronic tau decays as well
as tests of charged current universality in the quark sector.

4.5 Discussion

Evidently, interactions between the colored scalar and matter can manifest in a host of
precision tests. The exact Zo symmetry in our scenario ties any constraints coming from
these measurements to the possible form and maximum size of the new twin fermion mass
terms generated by those couplings (see section 3). We have seen that some of these
constraints can be quite stringent (e.g., from baryon number violation or FCNCs), although
it is clear that they hinge, in many cases, on a particular coupling combination or flavor
structure. Though it is beyond our scope, it would be interesting to explore more broadly
how the various patterns of new twin fermion mass terms arising from twin gauge symmetry
breaking intersect with experimental constraints.

5 Collider phenomenology

5.1 Direct searches for colored scalars

The colored scalar field ¢4 in the visible sector can naturally have a mass near the TeV
scale and could therefore be produced in large numbers at hadron colliders like the LHC.
We concentrate on pair production, pp — ¢4 ¢%, since as an inevitable consequence of
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the strong interaction it provides the most robust probe of the colored scalars. There can
also be single ¢4 production channels provided the scalar-fermion couplings discussed in
section 3 are sizeable, e.g., q¢' — ¢4, qg — ¢ al, etc, but we focus on the various signatures
expected from colored scalar pair production.

e Squark searches: color triplet scalars with quantum numbers (3,1, —%), (3,1, %) can
decay to any quark flavor and a neutrino, ¢4 — qv. The resulting collider signa-
tures are identical to those of squark pair production in the Minimal Supersymmetric
Standard Model, in which the squark decays to a quark and a massless stable neu-
tralino. Therefore, searches for first and second generation squarks, sbottoms, and
stops can be directly applied to these scenarios. A CMS search based on 137 fb~! at
/s = 13 TeV rules out a single squark decaying to a light jet and massless neutralino
for squark masses below about 1.2 TeV [89], while comparable limits have been ob-
tained by ATLAS [90]. Final states containing a bottom or top quark along with a
neutrino resemble sbottom or stop searches, which constrain the triplet scalars to be
heavier than about 1.2 TeV [89, 91]. The HL-LHC and, especially, a future 100 TeV
hadron collider will be able to significantly extend the mass reach for such scalars.
Taking stops as an example, the HL-LHC (3 ab™!, /s = 14TeV) will be able to
constrain scalar masses up to about 1.6 TeV [92], while a future 100 TeV collider can
probe scalars as heavy as 10 TeV [93].

e Leptoquark searches: the color triplet models may also feature ‘leptoquark’ signals if
the scalar decays to a quark and a charged lepton. A number of searches have tar-
geted various leptoquark signals, depending on the flavor of the quark and charged
lepton in the decay. Searches for first- and second-generation leptoquarks focus on
the signature ££jj, with ¢ being an electron or muon. The best limits to date exclude
scalar masses in the 1.4-1.6 TeV range and below [94-96]. The scalar may also have a
significant branching ratio into a light jet and a neutrino. To cover these scenarios ex-
periments have searched for the fvjj final state, though these tend to give somewhat
weaker constraints in comparison to the ££jj channel. In the future, the HL-LHC
will be able to probe first and second generation leptoquarks in the 2-3 TeV range,
while a future 100 TeV hadron collider will be able to extend the reach to the 10 TeV
range and beyond; see, e.g., ref. [97] for a phenomenological study of the prospects
in the ppjj channel.

Various searches for third generation leptoquarks exist in which the scalar decays in-
volve one or more of 7,b,t. For example, scalars decaying to t7 (br) are constrained
to be heavier than about 900 GeV (1TeV) by ATLAS and CMS searches [98-100].
There is also a CMS search in the tu channel that constrains scalar masses below
1.4TeV [101]. Bounds on scalar leptoquarks decaying to te have been obtained from
a recast of a CMS SUSY multipleptons analysis [102, 103] and probe scalar masses
below about 900 GeV. Finally, ATLAS searches [104] for scalar leptoquarks decay-
ing to be and by place mass limits in the 1.5 TeV range. See refs. [102, 105] for a
comprehensive guide to leptoquark searches.
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e Diquark searches: colored triplets, sextets, and octets may also decay to pairs of
quarks or quark-antiquark pairs, ¢4 — qq or ¢ 4 — qq. Pair produced colored scalars
then form four quark final states. Both ATLAS [106] and CMS [107] have searched
for such paired dijet resonances using a portion of the Run 2 dataset, and constrain
color triplet scalars below about 500 GeV (600 GeV) when the scalar decays to light
jets (one bottom jet and one light jet). The ATLAS study also interprets their result
in the context of color octet scalars decaying to a pair of jets, limiting octet scalars
below about 800 GeV. Because the pair production cross section for sextet scalars
is comparable to that of octets [108-110], we expect that similar limits for sextets
decaying to pairs of light jets. In the long term, we expect the full HL-LHC dataset to
improve the mass reach by a factor of two or more. Decays to tt are another interesting
channel though the collaborations have not yet undertaken dedicated studies for pair
produced scalars decaying to top-quarks. However, a recast of a CMS analysis of SM
four top production has been performed [111] and constrains color octets with masses
below about 1 TeV. By scaling up to the full HL-LHC 3ab~! dataset at Vs =14TeV
this limit can be extended to octet masses of about 1.3 TeV [112] .

e Long-lived particle signatures: the signatures discussed above assume prompt scalar
decays. However, if the couplings of the scalar to fermions discussed in section 3
are suppressed, the scalar may be long-lived on collider scales. A variety of poten-
tial signatures exist in this case, many of which are quite striking and have small
SM backgrounds. Examples include heavy stable R-hadrons, displaced vertices and
kinked tracks. There is an active program at the LHC to search for signatures of
this kind, and we refer the readers to the recent review articles [113, 114] for an
in-depth survey.

5.2 Higgs coupling modifications

A coupling between the colored scalar and the Higgs fields is an essential ingredient in
our scenario. This couplings allows for viable electroweak vacuum alignment, following
spontaneous Zo breaking by the ®p VEV. Consequently, the physical Higgs scalar and

the colored scalars are coupled, V' 2 A, o, ¢Ah |pa|?, where A ba is given in eq. (2.34).

+
Through this coupling the new colored, charged scalars genera}EiAone loop contributions to
the hyvy and hgg effective couplings, which can modify the decay of the Higgs to two photons
or the production of the Higgs in gluon fusion. These modifications can be expressed in
terms of modifications of the Higgs partial widths. Assuming 2mg > my,, we find (see e.g.,

ref. [115]):

L(h = v7) o Angagy va |
— ' ~costV—cpdp Vi —52 |, 5.1
T(h — vy)sum *oe e 6m3§ A%M (5.1)
I'(h — gg) Angagr VA 2
Vv 99) | cosd) + cp Ty —2A%a A\ 5.2
T'(h — g9)sum cosvtcolo Smé ASM (52)

where A%A ~ 6.9, AES/I ~ 1.4, dg is the dimension of the scalar representation, Tg is its
Dynkin index, and cp = 1 (3) for complex (real) scalars. The LHC has measured the hyy
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and hgg couplings with 10% precision [116, 117]. For sin? < 1/3, we find that current
measurements can only probe relatively light scalars and low symmetry breaking scales fg,
typically below about 300 (500 GeV) for color triplet (sextet and octet) scalars. In most
cases direct searches for pair produced colored scalars yield stronger limits. However, as
these searches depend on the assumed decay mode, Higgs coupling measurements still offer
a complementary test of light colored and charged scalars. Looking forward, the Higgs
coupling measurements at the HL-LHC and at future colliders may be able to achieve
percent level precision, probing smaller values of sin ¥} and/or heavy colored scalar masses.
The radial modes of the color symmetry breaking will also have a small effect upon the
Higgs couplings, but as shown for the analogous hypercharge case the effect is typically
negligible [56].

6 Outlook

The Mirror Twin Higgs provides an elegant symmetry-based understanding of the apparent
little hierarchy between the EW scale and the dynamics at the 5-10TeV scale posited to
address the big hierarchy problem. Arguments related to vacuum alignment and cosmology
suggest that the mirror symmetry protecting the light Higgs must be broken, and an
attractive possibility is that this Zo breaking is spontaneous in nature. In this work, we have
investigated the simultaneous spontaneous breakdown of the twin color gauge symmetry
and Zo. Remarkably, despite being related by an exact mirror symmetry in the UV, vast
differences between the two sectors are exhibited in the low energy effective theory below
the TeV scale as a result of spontaneous symmetry breaking. These difference manifest in
the residual unbroken gauge symmetries, color confinement scale, and particle spectrum.

The richness of these effects is tied to the variety of possible colored scalar repre-
sentations and associated symmetry breaking patterns. We have outlined five minimal
possibilities for models with a single color triplet, sextet, or octet, and explored how the
twin sector departs from the mirror onset. In particular, we have shown how new dynam-
ical mass terms may be generated for the twin fermions. These effects are tied by the
discrete Zy symmetry to precision tests in the visible sector, allowing additional handles on
uncovering the twin structure without direct access to many of the states. Furthermore,
the new colored states may be probed at the LHC and at future high energy colliders.
This richness is mostly confined to the twin sector, because only this sector experiences
the color breaking. The visible sector phenomenology is largely the same, illustrating the
variety possible in a twin sector that is identical to the SM at high energies.

The MTH framework includes many new light states and consequently predicts the
late time effective relativistic degrees of freedom, ANeg, is much greater than the cur-
rent observational limits. Our scenarios generically predict fewer light states than in the
original MTH model since some of the twin gluons become massive due to spontaneous
color breaking. Unfortunately, this effect by itself is insufficient to fully evade the A Nqg
constraints. In addition to raising the twin gluons, it is conceivable that raising the twin
fermions could relax the tension further, though this requires further detailed study of the
correlated indirect constraints in the visible sector. On the other hand, there are several
interesting proposals for a viable MTH cosmology in the literature which could be consid-
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ered in our scenario [29-34]. For example, a late time reheating of the SM sector [31] can
bring A Neg well within the current bounds in the MTH model, and this proposal can be
applied to our models with similar success.

There are a number of open questions worthy of further consideration. As alluded to in
the previous paragraph departures from MTH scenarios are often motivated by cosmology,
and it would be very interesting to examine the possible cosmological histories within our
models. For instance, the addition of a new colored field could play a role in baryogenesis.
Moreover, the twin baryons and other bound states of the various residual color symmetries
may provide interesting dark matter candidates or manifest as a new form of dark radiation.
In many cases these dark sectors may exhibit novel gauge interactions, including new long
range forces and/or very low confinement scales. Another direction concerns the possible
UV completions of our models. In particular, we expect that the new colored scalars utilized
in this work may find a natural home in supersymmetric completions as a superpartner of
a quark, or in composite Higgs models as a colored pNGB.
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A Nonlinear realizations

In this appendix we provide some details pertaining to the nonlinear parameterizations
and scalar potential analyses for the sextet and octet models. The analysis closely follows
that of the scalar triplet in section 2.2. In each case we use eq. (2.26) for the Higgs fields
and provide the unitary gauge nonlinear parameterization of the colored scalar fields.

A.1 Color sextet
Including the Higgs fields, the Zo symmetric scalar potential is given by
V= — M H? + A [H|' = ME|®* + Ao |@]" + Anra |H|? |2
+ 65 ([Hal*+ [Hp|") + 61 [(Tr ol ®4)2 + (Tr @E@B)Q] (A1)
+ b0z (Tr @}, @,0,04 + Tr 0L, 0p0,05)
+dpe (|Hal* — |Hp|?) <Tr<I>L<I>A —Tr ‘I’E‘I’B) ,

where |H|? = HI‘HA + HgHB and |®|? = ’I‘r@TA@A + Tr <I>Jf9<I>B. As shown in section 2.1.2
there are two symmetry breaking patterns to consider.

A.1.1 [SU(3). — SU(2)]B

In this case, the colored scalar fields can be parameterized in unitary gauge as

. ) sin (¢/fe) 0
1= o, 000/ fe) sp=| v é/ fo (A.2)

o/fo - ’
0 | o cos (6/ )
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where ¢4 is a complex sextet of [SU(3).]4, ¢p is a complex triplet under [SU(2).]5, and
&2 =Tr ¢2¢ A+ Tr qSEqﬁB. The sextet is represented as a symmetric tensor, (¢4);; with

@ with complex

i,7 = 1,2,3, and the complex triplet can be represented as ¢p = P{T
components ¢%, o = 1,2, 3.

Inserting egs. (2.26) and (A.2) into eq. (A.1) yields the potential for the pNGB fields.
Minimizing this potential leads to the same condition defining the vacuum angle as was
found for the triplet scalar, eq. (2.29), as well as the same expression for the physical Higgs
boson mass, eq. (2.30). Furthermore, we find the following expressions for the masses of

the physical colored scalar fields:
2 52
my, = 2 —0p1 — 0o + == fcp, (A3)

qu)B 25(1)2 fq), <A4)

The same expression for the cubic scalar coupling V' 2> A4, ot ¢Ah Tr ¢L¢ A, as in eq. (2.34),
A
is also obtained.

A.1.2 SU(3) — SO(3)

In this case, the colored scalar fields can be parameterized in unitary gauge as

. 100 o
%> Op = fﬁcos(gi/fé) 010 |+ ¢BM
¢/ fo

A , A5

Dp =y

where ¢4 is a complex sextet of [SU(3).]4, ¢p is a real quintuplet under [SO(3).]p, and
q32 =Tr ¢L¢ 4+ Tr (bQB. In particular, we represent the sextet as a symmetric tensor, (¢4)i;
with 7,5 = 1,2,3, and the real quintuplet as ¢p = ¢%LT“, with real components ¢% and
index a = 1, 3,4, 6,8 running over the broken generators.

By inserting eqs. (2.26) and (A.5) into eq. (A.1) we can derive the potential for the
pNGB scalars. Minimizing this potential leads to the same condition defining the vacuum
angle as was found for the triplet scalar, eq. (2.29), as well as the same expression for the
physical Higgs boson mass, eq. (2.30). Furthermore, we find the following expressions for
the masses of the physical colored scalar fields:

0 6%
m;, =2 <—6<1>1 - % + ) /3 (A.6)

m¢B = 5<I>2 fcb (A'7)

We also obtain the same expressions for the cubic scalar coupling V"> A4, o ¢AhTr¢L¢ A,
A
as in eq. (2.34).
A.2 Color octet
Including the Higgs fields, we will consider the following Zs symmetric scalar potential:
V=~ Mg |HP + Ay [H|' = M§|®° + Ao |2|* + Ao |H|* |
+6u (|Hal* + [Hp|*) + 0o [(Tr @%)* + (Tr ©3)?]
+ 0o (|Hal> — [Hpl*) (Tr@% — Tr@%) + Vs + Vs, (A.8)
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where |H|? = HLHA + HLHB and |®|> = Tr 2 + Tr ®%. We have included the possibility
of a cubic interaction and higher dimension operators,

Vi = A (Tr &3 + Tr %), (A.9)
Vo = % (Tr &% + Tr 3%). (A.10)

As discussed in section 2.1.3, the inclusion of such terms leads to a unique ground state
in which the residual unbroken twin color gauge symmetry is either [SU(2). x U(1).]p or
[U(1). x U(1).] 5. We discuss each case in turn.

A.2.1 [SU(3)e — SU(2)e x U(1)lB

In this case, the color octet can be parameterized in unitary gauge as

. sin (¢/fa)
‘I’A=¢AW7 ®p = V2 foy cos (§/fa)T° + o &/ fo " , (AdD)
411
0 0

where ¢4 is a real octet of [SU(3).]Ja, ¢p is a real triplet under [SU(2).]p, and ¢? =
Trd)i + TrqﬁzB. We represent the octet as ¢4 = ¢4T with a = 1,2,...8 and the triplet as
¢p = ¢BT® with o = 1,2, 3. All components ¢%, ¢% are real scalars.

Inserting eqgs. (2.26) and (A.11) into eq. (A.8) including the cubic term V3 (A.9), we
can derive the potential for the pNGB scalars. Minimizing this potential leads to the same
condition defining the vacuum angle as was found for the triplet scalar, eq. (2.29), as well
as the same expression for the physical Higgs boson mass, eq. (2.30). Furthermore, we find
the following expressions for the masses of the physical colored scalar fields:

3A 262
méA = <—25<I> + gf; + 55(1)) f<12>y (A‘12)

[27
mj, = §A fa, (A.13)

We also obtain the same expressions for the cubic scalar coupling V"> A4, ot ¢AhTrqﬁjr4¢> A,
A

as in eq. (2.34). For completeness we note that a cubic coupling Tr ¢f’4 is present in this
case, with coupling constant equal to A.
A.2.2 [SU(3). —» U@1). x U(1).]lB

In this case we can parameterize the fields as

A:mw, <I>B:\/§f¢cos(q§/f¢,)T3+¢BMT8, (A.14)

¢/ fo o/ fo

Inserting egs. (2.26) and (A.14) into eq. (A.8) including the dimension-six operator
Vs (A.10), we can derive the potential for the pNGB scalars. Minimizing this potential
leads to the same condition defining the vacuum angle as was found for the triplet scalar,
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eq. (2.29), as well as the same expression for the physical Higgs boson mass, eq. (2.30).
Furthermore, we find the following expressions for the masses of the physical colored
scalar fields:

3cfi 262
mg, = (—2 Op — ZT]} + 5?’) fé, (A.15)
2 Cfé

We also obtain the same expressions for the cubic scalar coupling V 2> A4, o ¢AhTr ¢TA<Z> A,
A
as in eq. (2.34).
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