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1 Introduction and conclusions

The hierarchy between the electroweak scale and a high scale cutoff, Λ, may result from

a finely-tuned Higgs mass. For example, Λ may represent the Planck scale, the grand

unification (GUT) scale [1], or a high supersymmetry (SUSY) breaking scale [2]. One

possible mechanism for producing a tuned electroweak scale is environmental selection

in a multiverse [3–5], in analogy to Weinberg’s anthropic constraint on the size of the

cosmological constant [6]. In a generic theory, additional tunings are required if additional

light states exist in the scalar spectrum. Since only one light scalar Higgs boson is required

to break electroweak symmetry, it is reasonable to expect that even if one Higgs state

is tuned to be light, mh � Λ, all other scalars still reside near the cutoff scale Λ. This

reasoning suggests that the infrared physics should consist of the Standard Model, possibly

augmented by new fermions, whose masses are protected by chiral symmetry, but not new

scalars. Examples of this class of theories are the Standard Model (SM) extrapolated to

high energies, Split Supersymmetry [7], and the SM plus fermionic dark matter [8].

Sometimes, the above argument is turned around. If new fundamental scalars are

discovered at the LHC, then selection probably does not explain the electroweak scale [9].

This points to a natural electroweak scale, perhaps with supersymmetry around the corner.
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More radically, extra scalars and the absence of a stabilizing symmetry may be evidence

that quantum gravity does not contribute a large correction to scalar masses [10]. However,

while compelling for generic theories, this conclusion is not a theorem, and can fail for non-

generic theories. A simple counterexample is the case where the masses of one more more

new scalars are linked by symmetry to the mass of the SM Higgs boson. In such theories,

only one tuning is required, and results in additional light scalars.1

In this article we discuss a simple Two Higgs Doublet Model (2HDM) [11] of this

type. Discrete symmetries constrain the mass terms in the Higgs sector so that when one

doublet is tuned light, the other comes along for the ride. The symmetries also constrain the

quartic couplings, and in the Yukawa sector they require the introduction of new fermion

states with soft symmetry breaking vectorlike mass terms. We analyze the Higgs sector

phenomenology and the naturalness constraints on the symmetry breaking terms.

Similar 2HDMs were previously studied in [12], although with a different motivation.

Ref. [12] set out to identify models where the Higgs mass is fine-tuned, but related to the

dark matter mass by a symmetry, preserving weak scale dark matter. They studied the

Inert Double Model [13, 14], where an unbroken Z2 protects the stability of one doublet,

which is identified with dark matter. The dark matter mass is related to the Higgs mass by a

discrete symmetry, which requires vectorlike fermions. Our focus will be on a similar model

with a slightly different vectorlike fermion content. We present a general classification of the

symmetries that can tie the two masses and identify the minimal requirements. We analyze

the full vacuum structure, allowing the inert symmetry to be spontaneously broken, and

we provide updated constraints given LHC measurements of the Higgs mass and couplings.

We then discuss the extension of these symmetries to supersymmetric models. Given

our minimal example of a “partially natural” 2HDM, it is interesting to think how it

may be embedded in more a ultraviolet (UV) complete 2HDM. For example, if the soft

SUSY breaking scale in the MSSM is high, the “generic theory” expectation is that the

mass of the second Higgs doublet is of order msoft — far in the decoupling limit. Can

the discrete symmetries be implemented so that the mass of the CP-odd Higgs boson,

mA, is naturally of order the electroweak scale? We show that the mechanism discussed

in the non-supersymmetric case is not extendable in a simple way. In supersymmetry,

some of the discrete symmetries take the form of generalized charge conjugation or parity

symmetries that cannot be extended to the Yukawa and gauge sectors simultaneously,

inevitably introducing hard breaking of the symmetries. However, in the MSSM without

extra matter, we find that there are corners of parameter space where there is a hierarchy

between mA and msoft and hard discrete symmetry breaking effects on the fine-tuning are

relatively mild.

The remainder of this paper is organized as follows. In section 2, we study all possible

symmetries of the 2HDM and determine when one fine-tuning implies more than one light

scalar. In section 3.1, we specialize to a specific example, with a Z2×Z2 symmetry, which

1In the multiverse scenario, this requires typical vacua satisfying selection criteria to possess extra states

and symmetries in the Higgs sector. This is possible, given our ignorance of the underlying distribution

of vacua. Note that we already observe our vacuum to contain more particles and symmetries than seem

necessary for observers, such as three fermion generations with approximate flavor symmetries.
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we study in the remainder of the paper. In section 3.2, we extend the discrete symmetry

to the Yukawa sector, which requires adding vectorlike fermions whose masses softly break

the symmetry. We discuss discrete symmetry breaking effects in section 3.3, the vacuum

structure in section 3.4, the scalar spectrum in section 3.5, and the phenomenology of the

vectorlike quarks in section 3.6. In section 4, we show that the discrete symmetry cannot be

extended in a simple way to protect the mass of the heavy doublet in the MSSM. However,

in gauge-mediated models with large tan β, an approximate discrete symmetry between

the top and bottom Yukawa couplings may allow a natural one-loop splitting between the

second doublet and the soft SUSY-breaking scale.

2 Fine-tuning of parameters in the Two Higgs Doublet Model

The Higgs sector of the Standard Model is famously unnatural [15, 16].2 In particular,

a fine-tuning of the Higgs sector squared-mass parameter is required in order to explain

the observed vacuum expectation value of the neutral Higgs field: v ' 246 GeV. As we

now demonstrate, the Two-Higgs Doublet Model (2HDM) generically requires 4 separate

and independent fine-tunings. To determine the number of independent fine-tunings con-

sider the most general renormalizable SU(2)L×U(1)Y invariant 2HDM scalar potential

(see e.g., ref. [20]),

V = m2
11Φ
†
1Φ1+m2

22Φ
†
2Φ2−[m2

12Φ
†
1Φ2+h.c.]+

1

2
λ1(Φ

†
1Φ1)

2+
1

2
λ2(Φ

†
2Φ2)

2+λ3(Φ
†
1Φ1)(Φ

†
2Φ2)

+ λ4(Φ
†
1Φ2)(Φ

†
2Φ1) +

{
1

2
λ5(Φ

†
1Φ2)

2 +
[
λ6(Φ

†
1Φ1) + λ7(Φ

†
2Φ2)

]
Φ†1Φ2 + h.c.

}
, (2.1)

where Φ1 and Φ2 (which defines the generic basis of fields) denote two complex Y = 1,

SU(2)L doublet scalar fields. Note that the parameters m2
11, m

2
22 and λ1,2,3,4 are real,

whereas the parameters m2
12 and λ5,6,7 are potentially complex. When the scalar potential

is minimized, the neutral components of Φ1 and Φ2 acquire vacuum expectation values

[vevs], 〈Φ0
i 〉 = vi/

√
2 where vi ≡ |vi|eiξi and v2 ≡ |v1|2 + |v2|2. It is conventional to write

cβ ≡ cosβ = |v1|/v , sβ ≡ sinβ = |v2|/v , (2.2)

where 0 ≤ β ≤ 1
2π. Furthermore, we define the relative phase of the vevs, ξ ≡ ξ2 − ξ1.

Since Φ1 and Φ2 are indistinguishable fields, it is always possible to define two or-

thonormal linear combinations of the two doublet fields without modifying any prediction

of the model. In particular, the Higgs basis is obtained by defining new Higgs doublet fields,

H1 =

(
H+

1

H0
1

)
≡ v∗1Φ1 + v∗2Φ2

v
, H2 =

(
H+

2

H0
2

)
≡ −v2Φ1 + v1Φ2

v
, (2.3)

where 〈H0
1 〉 = v/

√
2, 〈H0

2 〉 = 0, and v = 246 GeV.

2It has been suggested [17] that a general Higgs sector may be natural if the couplings satisfy Veltman

conditions [18]. However, such a non-generic model is natural only if the values of couplings compatible

with the Veltman conditions also lie near an infrared fixed point, and any viable model of this type is likely

to require a considerable amount of extra structure near the weak scale [19].
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In terms of the Higgs basis fields, the scalar potential takes on a form similar to

eq. (2.1) [21],

V = Y1H
†
1H1 + Y2H

†
2H2 +

(
Y3H

†
1H2 + h.c.

)
+

1

2
Z1(H

†
1H1)

2 +
1

2
Z2(H

†
2H2)

2 + Z3(H
†
1H1)(H

†
2H2)

+ Z4(H
†
1H2)(H

†
2H1) +

[
1

2
Z5(H

†
1H2)

2 + [Z6H
†
1H1 + Z7H

†
2H2]H

†
1H2 + h.c.

]
, (2.4)

where the Yi are linear combinations of the squared-mass parameters, m2
ij [cf. eqs. (2.7)–

(2.9)], and the Zi are linear combinations of the λi. In general, the parameters Y1,2 and

Z1,2,3,4 are real and the parameters Y3, Z5,6,7 are potentially complex. Assuming that

|λi|/(4π) <∼ O(1) (so that the scalar potential satisfies unitarity constraints [22] at tree-

level), it follows that the Zi cannot become arbitrarily large. The scalar potential minimum

conditions in the Higgs basis are:

Y1 = −1

2
Z1v

2 , Y3 = −1

2
Z6v

2 . (2.5)

Note that the most general 2HDM is governed by 11 free parameters. The counting is

most easily done in the Higgs basis, where in light of eq. (2.5) we identify the independent

parameters to be the vev v, Y2, Z1,2,3,4, |Z5,6,7| and two relative phases among the complex

parameters Z5,6,7.

We now turn to the number of fine-tuning conditions required in order that all Higgs

masses are of O(v). We need one fine-tuning condition to set the scale of electroweak

symmetry breaking to be v = 246 GeV (rather than some high energy energy scale Λ� v).

This is equivalent to fine-tuning the value of Y1 ∼ O(v2) in eq. (2.5), under the assumption

that Z1 ∼ O(1).3 Likewise, under the assumption that Z6 is an O(1) parameter, it also

follows from eq. (2.5) that Y3 ∼ O(v2). However, the parameter Y2, which sets the squared-

mass scale of the non-SM-like Higgs states, is not yet fixed. One can easily derive the

following squared-mass relations,

m2
H± = Y2 +

1

2
Z3v

2 , Tr M2
H = 2Y2 + (Z1 + Z3 + Z4)v

2 , (2.6)

where M2
H is the 3 × 3 neutral Higgs squared-mass matrix. Thus, to ensure all non-SM-

like Higgs boson masses of O(v), one must perform additional fine-tunings in order to set

Y2 ∼ O(v2).

The total number additional fine-tunings required depends on how the parameters of

the model are scanned. The natural values for the squared-mass parameters m2
11, m

2
22 and

|m2
12| of the scalar potential defined in eq. (2.1) are of O(Λ2), where Λ is the ultraviolet

cutoff of the theory. Fine-tuning conditions correspond to the requirement that certain

linear combinations of these parameters must yield squared-mass parameters of O(v2).

3Indeed, in the alignment limit where one of the neutral Higgs states h exhibits couplings that approxi-

mate those of the Standard Model (SM) Higgs boson, we have to good approximation m2
h ' 1

2
Z1v

2, which

yields Z1 ' 0.26.
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To see how this works in practice in the case of the 2HDM, we write the squared-mass

parameters of the scalar potential in the Higgs basis, Y1, Y2 and Y3, in terms of m2
11, m

2
22

and m2
12 [21],

Y1 = −1

2
Z1v

2 = m2
11c

2
β +m2

22s
2
β − Re(m2

12e
iξ)s2β , (2.7)

Y2 = m2
11s

2
β +m2

22c
2
β + Re(m2

12e
iξ)s2β , (2.8)

Y3 = −1

2
Z6v

2 = −e−iξ
[

1

2
(m2

11 −m2
22)s2β + Re(m2

12e
iξ)c2β + i Im(m2

12e
iξ)

]
, (2.9)

where s2β ≡ sin 2β, c2β ≡ cos 2β, and ξ is defined below eq. (2.2). Since Y3 and m2
12 are

generically complex, eqs. (2.7)–(2.9) constitute four real equations. Two of these equations

can be used to fix the values of β and ξ (which determine the vevs vi up to an overall

scale). The two remaining equations can be used to fix the value of v = 246 GeV and to set

Y2 ∼ O(v2). The first of these two equations is obtained by adding eqs. (2.7) and (2.8). The

second of the two equations is obtained by eliminating β by combining eqs. (2.7) and (2.9).

Explicitly,

m2
11 +m2

22 = Y2 −
1

2
Z1v

2 , (2.10)

(m2
11 −m2

22)
2 + 4|m2

12|2 =

(
Y2 +

1

2
Z1v

2

)2

+ |Z6v
2|2 . (2.11)

Hence, m2
11, m

2
22 and |m2

12| must all be of O(v2) in order to set Y2 ∼ O(v2). Since the

natural values of m2
11, m

2
22, Re(m2

12) and Im(m2
12) are of O(Λ2), eqs. (2.10) and (2.11)

correspond to four fine-tuning conditions.4 In particular, eq. (2.10) yields one fine-tuning

condition whereas eq. (2.11) yields three fine-tuning conditions since the left-hand side of

eq. (2.11) is the sum of squares, which implies that m2
11 −m2

22, Re(m2
12) and Im(m2

12) are

separately of O(v2).

Note that in the decoupling limit of the 2HDM where Y2 � v2, we can combine

eqs. (2.10) and (2.11) to obtain

|m2
12|2 −m2

11m
2
22 =

1

2
v2
[
Z1Y2 +

1

2
|Z6|2v2

]
. (2.12)

If Y2 ∼ O(Λ2), then it is possible to have m2
11, m

2
22, Re(m2

12) and Im(m2
12) all of O(Λ2),

with one fine-tuning condition given by eq. (2.12) to fix v � Λ. This is equivalent to

the usual fine-tuning condition of the SM Higgs sector to fix the scale of electroweak

symmetry breaking.

We propose to remove the additional fine-tuning conditions by imposing a discrete or

continuous symmetry on the scalar potential given in eq. (2.1), which reduces the number of

independent parameters. Remarkably, the possible symmetries that yield distinct models

are quite limited and are listed in table 1 [23–26]. These symmetries fall in two classes:

4The total number of tunings depends on how m2
12 is parameterized (i.e. how m2

12 scans). If m2
12 is

parameterized by Re(m2
12) and Im(m2

12), then eq. (2.11) implies 4 tunings, whereas if m2
12 is parameterized

by |m2
12| and a phase, then there are 3 tunings since eq. (2.11) depends only on |m2

12|.
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symmetry m2
11 m2

22 m2
12 λ1 λ2 λ3 λ4 λ5 λ6 λ7

Zi2 0 0 0

Zm2 m2
11 real λ1 real λ∗6

U(1) 0 0 0 0

SO(3) m2
11 0 λ1 λ1 − λ3 0 0 0

CP1 real real real real

CP2 m2
11 0 λ1 −λ6

CP3 m2
11 0 λ1 λ1 − λ3 − λ4 (real) 0 0

Table 1. Classification of 2HDM scalar potential symmetries and their impact on the coefficients

of the scalar potential [cf. eq. (2.1)] in a generic basis [23–26]. Empty entries in table 1 correspond

to a lack of constraints on the corresponding parameters. Strictly speaking, the Zm
2 is not an

independent symmetry condition, since a change of scalar field basis can be performed in this case

to a new basis in which the Zi
2 symmetry is manifest.

Higgs family symmetries and generalized CP symmetries. The Higgs family symmetry

transformations are subgroups of the U(2) transformation, Φa → UabΦb, where U is a 2×2

unitary matrix. The U(1)Y hypercharge symmetry group (corresponding to Φa → eiαΦa)

is a subgroup of U(2) that is always present due to electroweak gauge invariance. The

generalized CP (or GCP) symmetries are generically of the form Φa → UabΦ
∗
b . In the

list of Higgs family and GCP symmetries given below and in table 1, an element of the

corresponding symmetry group should be regarded as an equivalence class of elements,

where the elements of a given class are related by U(1)Y symmetry transformations.5

We summarize below the symmetry transformations of the scalar fields corresponding

to the symmetries listed in table 1. The possible Higgs family symmetries modulo the

U(1)Y hypercharge symmetry can be either discrete or continuous:

Zi2 : Φ1 → −Φ1, Φ2 → Φ2

Zm2 (mirrorsymmetry) : Φ1 ←→ Φ2

U(1)PQ (Peccei−Quinnsymmetry [29]) : Φ1 → e−iθΦ1, Φ2 → eiθΦ2

SO(3) : (maximalHiggsflavorsymmetry) : Φa → UabΦb , U ∈ U(2)/U(1)Y

It should be noted that starting from the scalar potential of a Zm2 -symmetric 2HDM,

one can find a different basis of scalar fields in which the corresponding scalar potential

manifestly exhibits the Zi2 symmetry, and vice versa [21].

The GCP symmetry transformations of the scalar fields listed in table 1 are as follows:

CP1 : Φ1 → Φ∗1, Φ2 → Φ∗2

CP2 : Φ1 → Φ∗2, Φ2 → −Φ∗1

CP3 : Φ1 → Φ∗1 cos θ + Φ∗2 sin θ, Φ2 → −Φ∗1 sin θ + Φ∗2 cos θ, for 0 < θ <
1

2
π

5A larger class of accidental symmetries of the 2HDM scalar potential that utilizes mixed Higgs family

and generalized CP symmetries, which has been treated in refs. [26–28], will not be considered here.
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In all cases, each of the above symmetries is applied singly in a generic {Φ1,Φ2} basis. One

can also consider the possibility of applying two of the symmetries listed above simultane-

ously in the same basis. It was shown in ref. [24] that no new independent models arise

in this way. For example, applying Zi2 and Zm2 in the same basis yields a Zi2 ⊗ Zm2 model

that is equivalent to CP2 when expressed in a different basis.6 Similarly, applying U(1)PQ
and Zm2 in the same basis yields a model that is equivalent to CP3 when expressed in a

different basis. Other examples of these types can be found in ref. [24].

One can automatically remove one of the fine-tuning conditions of the 2HDM by choos-

ing a CP-invariant scalar potential, which sets Im(m2
12) = 0 in a real basis. By imposing

any of the other symmetries of table 1, one can remove either two or three fine-tuning

conditions depending on the choice of symmetry. For example, imposing a Zi2 or U(1)PQ
symmetry on the scalar potential sets the complex parameter m2

12 = 0, thereby removing

two fine-tuning conditions. In order to remove three fine-tuning conditions (leaving only

the fine-tuning condition associated with setting v = 246 GeV), we shall impose a symme-

try on the scalar potential that places the 2HDM in an exceptional region of parameter

space, first identified in ref. [21] and later dubbed the ERPS in ref. [24]. This parameter

regime consists of choosing

m2
22 = m2

11 , m2
12 = 0 , λ1 = λ2 , λ7 = −λ6 . (2.13)

The corresponding conditions in the Higgs basis are,

Y2 = Y1 , Y3 = Z6 = Z7 = 0 , Z1 = Z2 . (2.14)

Indeed in the ERPS, Y2 is no longer an independent parameter, which means that the fine-

tuning conditions that set Y2 ∼ O(v2) are automatically satisfied once the first fine-tuning

condition to set Y1 ∼ O(v2) is implemented.

The ERPS is consistent with three of the symmetries listed in table 1: SO(3), CP2

(equivalent to Zi2⊗Zm2 in another basis) and CP3 (equivalent to U(1)⊗Zm2 in another basis).

The 2HDMs that are constrained either by an SO(3) or CP3 symmetry contain an extra

massless (CP-odd) Goldstone boson due to an underlying Peccei-Quinn symmetry (this

state can be lifted to a pseudo-Goldstone boson by softly breaking the global symmetry).

In contrast, in the CP2-symmetric 2HDM, the physical CP-odd Higgs boson is massive. We

shall henceforth focus on the CP2-symmetric 2HDM as a potential model of an extended

Higgs sector with one fine-tuning condition.

Until now, we have focused solely on the pure scalar sector of the 2HDM. Including

the interactions with the vector bosons does not modify the analysis above, since these

arise from the scalar kinetic energy terms when an ordinary derivative is replaced by a

gauge covariant derivative. The resulting kinetic energy term is in fact invariant under the

6Note that the discrete Zi
2 and Zm

2 symmetry transformations commute modulo the hypercharge

U(1)Y group. That is, if we define the subgroup ZY = {1 , −1} of U(1)Y (where 1 is the 2 × 2 iden-

tity matrix), then the elements of Zi
2 = {1 , σ3}, Zm

2 = {1 , σ1} and ZY generate the dihedral group

D4 = {±1 , ±σ1 , ±iσ2 , ±σ3} of eight elements [12, 24] (here, the σi are the usual Pauli matrices). How-

ever, if we impose an equivalence relation by identifying g and −g for all g ∈ D4, then we recover the group

of four elements, D4/ZY
∼= D2

∼= Zi
2 ⊗ Zm

2 .
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full U(2) Higgs family symmetry. However, when we include the Yukawa couplings of the

Higgs bosons to the fermions, we immediately face a challenge. The Yukawa interactions

are linear in the scalar fields that transform non-trivially with respect to the Higgs family

and GCP symmetries. Thus, if we want to preserve the symmetry that yields eq. (2.14)

and preserves the single fine-tuning, then we must introduce transformation laws for the

fermion fields in such a way that respect the corresponding Higgs family or GCP symmetry.

This in turn will constrain the structure of the Higgs-fermion interactions.

Such an analysis was performed in ref. [30], where the following results were obtained.

First, it was shown that there is no extension of the CP2 symmetry to the Higgs-quark

Yukawa couplings in a way consistent with experiment. In particular, a CP2-symmetric

Higgs Lagrangian necessarily contains a massless quark. Second, all possible extensions

of the CP3 symmetry (corresponding to different choices of θ) were considered. Only one

potentially viable CP3-symmetric 2HDM was found, although this model yielded a value of

the Jarlskog invariant that was nearly three orders of magnitude below the experimentally

observed value. Moreover, this model possesses tree-level Higgs-mediated flavor-changing

neutral currents that may already be inconsistent with data. Finally, as previously noted,

an exact CP3 symmetry yields a massless CP-odd scalar and thus must be softly-broken

by taking m2
12 6= 0 in eq. (2.13). However, the latter would introduce additional fine-tuning

if m2
12 were much larger than the electroweak scale.

In order to extend the CP2 symmetry of the bosonic part of the 2HDM Lagrangian to

the full Higgs Lagrangian, we will need to add additional fermions to the model. This in

turn will allow us to modify the transformation laws of the ordinary fermions under CP2

and avoid the conclusions of ref. [30].

3 Model of a partially natural 2HDM

3.1 Higgs sector

We focus on the CP2-symmetric 2HDM scalar potential, which was shown in section 2 to

alleviate two of the three fine-tuning conditions of the model. As noted above, the CP2

model is equivalent to imposing simultaneously the discrete Zm2 and Zi2 symmetries on the

scalar potential.

It is instructive to exhibit how the second fine-tuning is alleviated in the generic

{Φ1,Φ2} basis. Consider the mass terms of the general 2HDM,

V ⊃ m2
11Φ
†
1Φ1 +m2

22Φ
†
2Φ2 −

[
m2

12Φ
†
1Φ2 + h.c.

]
. (3.1)

In order to relate the two scalars by a symmetry, we introduce a Z2 exchange, or mirror,7

symmetry,

Zm2 : Φ1 ⇐⇒ Φ2. (3.2)

7Here, we restrict to a single copy of the SM gauge group, GSM = SU(3)c × SU(2)W × U(1)Y , unlike

many studies (see for example refs. [31, 32]) that consider a mirror symmetry that exchanges two copies of

the SM gauge group.
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The mirror symmetry sets m ≡ m11 = m22,

V ⊃ m2
(

Φ†1Φ1 + Φ†2Φ2

)
−
[
m2

12Φ
†
1Φ2 + h.c.

]
. (3.3)

This mirror symmetry is insufficient to ensure two light Higgs bosons at low energies

because the eigenvalues of the mass matrix are given by m2 ±m2
12. This means that one

Higgs boson can be tuned light, with one heavy, by setting m2 ≈ m2
12 with both parameters

of order Λ2. Another way to see why the mirror symmetry alone is insufficient is to change

variables, Φ± = Φ2 ± Φ1. In these variables Zm2 acts as,

Zm2 : Φ+ ⇐⇒ Φ+, Φ− ⇐⇒ −Φ−. (3.4)

In particular, Φ+ and Φ− transform differently and have independent masses.

In order to ensure two light eigenvalues we need to introduce a second symmetry

where Φ†1Φ2 transforms non-trivially such that m2
12 is forbidden. A simple possibility is to

introduce a second Z2 symmetry where Φ1 is odd and Φ2 is even,

Zi2 : Φ1 ⇐⇒ −Φ1, Φ2 ⇐⇒ Φ2. (3.5)

The “i” stands for “inert,” since in the inert phase 〈Φ1〉 = 0 and thus Zi2 is unbroken.

Now, both scalars have mass m2. In the Φ± variables, Zi2 acts as an exchange symmetry,

Φ+ ⇐⇒ Φ−. The full Zm2 × Zi2 symmetry is necessary to guarantee that an exchange

symmetry is present independent of field redefinitions.

In the general 2HDM the quartic interactions are given by eq. (2.1), where λ5, λ6, and

λ7 are in general complex. The mirror symmetry, Zm2 , requires that λ ≡ λ1 = λ2, λ5 is real,

and λ6 = λ∗7. The Zi2 symmetry sets λ6 = λ7 = 0. To summarize, the 2HDM potential

invariant under Zm2 × Zi2 is given by

V ⊃ m2
(

Φ†1Φ1+Φ†2Φ2

)
+

1

2
λ
[
(Φ†1Φ1)

2+(Φ†2Φ2)
2
]
+λ3(Φ

†
1Φ1)(Φ

†
2Φ2)+λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+

{
1

2
λ5(Φ

†
1Φ2)

2 + h.c.

}
, (3.6)

with λ5 real. This corresponds to the ERPS as defined by eq. (2.13).8 Minimizing the

scalar potential given by eq. (3.6) yields 〈Φ0
i 〉 = |vi|eiξi/

√
2, where tan β ≡ |v2|/|v1| and

ξ ≡ ξ2 − ξ1 depends on the sign of λ5. In particular, the scalar potential is minimized for

sin ξ = 0 if λ5 < 0 and cos ξ = 0 if λ5 > 0 [33]. In the latter case, 〈Φ0
2〉/〈Φ0

1〉 = ±i tanβ.

However, a redefinition of Φ1 → ∓iΦ0
1 yields real non-negative vevs while λ5 → −λ5. Thus,

without loss of generality, we shall assume that the neutral scalar field vevs are real and

non-negative, in which case λ5 ≤ 0 [34].

3.2 Yukawa sector

Now we consider the top quark sector. For now we take the limit where the other SM

fermions are massless (it is straightforward to include them as we discuss below). Let

8After minimizing the scalar potential, one can define the Higgs basis. It is a simple matter to check

that Y1 = Y2, Z1 = Z2 and Y3 = Z6 = Z7 = 0, as expected in light of eq. (2.14).
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q and u denote the SU(2) doublet and singlet top quarks, respectively. If q and u are

invariant under Zm2 × Zi2, then the top Yukawa coupling is forbidden. In order to allow

for the top Yukawa coupling, we include a mirror right-handed top U that has the same

SM gauge quantum numbers as u. We take the top sector to transform under the discrete

symmetries as follows,

Zm2 : q ⇐⇒ q, u⇐⇒ U

Zi2 : q ⇐⇒ q, u⇐⇒ u, U ⇐⇒ −U. (3.7)

Other choices are possible, including introducing a mirror isospin doublet for q instead of

a singlet for u, or both. A more sophisticated example is given in ref. [12], which has the

same Higgs sector but two mirror symmetries acting in the fermion sector differently on

the SU(2) doublets and singlets. In the model of ref. [12], the second mirror symmetry

permits moderately better tuning properties. We employ a right-handed mirror sector in

this paper to illustrate the physics with minimal additional field content.

With U , the Yukawa couplings take the form,

V ⊃ yt (qΦ2u+ qΦ1U) + h.c. (3.8)

In order to avoid anomalies as well as experimental limits on a chiral fourth generation, we

introduce a field Ū in the conjugate representations to U under the SM gauge symmetries.

We assign Ū the following transformations under the discrete symmetries,

Zm2 : Ū ⇐⇒ Ū

Zi2 : Ū ⇐⇒ −Ū , (3.9)

and include a vectorlike mass,

V ⊃MU UŪ + h.c. (3.10)

The mass term explicitly breaks Zm2 but leaves Zi2 unbroken. Because of the Zm2 breaking,

quantum corrections spoil the degeneracy of the Φ1 and Φ2 masses. However, this breaking

is soft, and therefore m2
22 −m2

11 is protected from quadratic sensitivity to the cutoff scale

Λ. We return to the effects of symmetry breaking momentarily.

It is straightforward to include the other fermions of the SM. The SU(2) doublet of

leptons is denoted by `. For the remaining right-handed fermions of the SM, d, and e, we

can add mirror partners D and E which receive a vectorlike mass with conjugate fields D̄

and Ē (we leave the generation indices implicit). We assume the transformation properties,

Zm2 : d⇐⇒ D, e⇐⇒ E, D̄ ⇐⇒ D̄, Ē ⇐⇒ Ē

Zi2 : d⇐⇒ d, e⇐⇒ e, D ⇐⇒ −D, E ⇐⇒ −E. (3.11)

The Yukawa couplings take the form,

V ⊃ yb (qΦ∗2d+ qΦ∗1D) + yτ (`Φ∗2e+ `Φ∗1E) , (3.12)

and the vectorlike fermion masses are,

V ⊃MDDD̄ +MEEĒ. (3.13)
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Each vectorlike mass is a source of soft breaking of the mirror symmetry. For the

second scalar to have a natural electroweak scale mass, the mirror right-handed top quark

must have a mass near the electroweak scale, while the other mirror fermions can be much

heavier. The proximity of the vectorlike top mass to the weak scale requires a coincidence

between two a priori unrelated mass scales (analogous to the µ-problem in supersymmetry).

This coincidence can be explained if the vectorlike top mass is tied to the mass of dark

matter, as can occur in the inert phase with unbroken Zi2, or if the vectorlike top mass

is related to the mass of an electric and color neutral fermionic state (such as the neutral

component of a vectorlike lepton doublet).

For a SM fermion with mass mf = yfv and mirror partner with vectorlike mass Mf ,

there is a one-loop correction to m2
22 −m2

11. Requiring this correction to be smaller than

the electroweak scale implies a bound of order

Mf . 4π
v2

mf
. (3.14)

The mirror partners of the bottom and tau should be lighter than about 100 TeV, while the

partner of the electron should be lighter than about 108 GeV. These estimates are robust

against inclusion of higher-order corrections because the discrete symmetries imposed on

the Higgs fields alone become exact in the limit of small Yukawa couplings. Consequently,

only the mirror right-handed top partner needs to have a mass near the electroweak scale,

and if the cutoff scale Λ is low enough, the other mirror fermions need not be present in

the spectrum at all.

Below the scale of the top partner, all the new fermions decouple, and the effective

theory is that of the Type I 2HDM [35, 36] with approximate discrete symmetries in the

Higgs sector.

3.3 Discrete symmetry breaking effects

As noted previously, the vectorlike masses break part of the discrete symmetry group. We

imagine that above some cutoff scale Λ the symmetry is restored, while below Λ, explicit

Zm2 -breaking enters with a characteristic scale MU which we take to be the vectorlike quark

mass. In general there will also be an explicit Zm2 -breaking mass splitting m2
11 −m2

22. In

the infrared, the splitting is approximately

∆m2 ≡ m2
22 −m2

11 ∼ κM2
U −

3y2tM
2
U

4π2
log(Λ/MU ) . (3.15)

Here the first term represents the boundary condition for the splitting at Λ (κ is a dimen-

sionless coupling), and the second term represents a radiative correction from a quark loop

below Λ. We will have in mind the case where either the Zm2 breaking is not communicated

at tree-level to the Higgs sector, or κ is a somewhat small coupling. In either case, ∆m2

can be somewhat smaller than M2
U without fine-tuning, but not much smaller than a loop

factor below M2
U .

Because Zi2 is unbroken except possibly spontaneously by v2, m
2
12 is not generated at

zeroth order in v. Below MU , the fermionic partners can be integrated out, and a splitting
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between λ1 and λ2 is generated, since only λ1 feels the top quark. The splitting in the

infrared (IR) is approximately

∆λ ≡ λ1 − λ2 ∼
3y4t
4π2

log(MU/mt) ∼ 0.1 (3.16)

for MU ∼ 1 TeV. The couplings λ6 and λ7 are not generated due to the unbroken Zi2.
At the scale mt we write m2

11 and m2
22 in terms of m2 ≡ 1

2(m2
11 +m2

22) and ∆m2. For

simplicity, we neglect the effects of ∆λ, which are small.

3.4 Vacua

We define the variables,

λ345 = λ3 + λ4 + λ5 R =
λ345
λ

. (3.17)

To prevent a runaway we require [34],

λ > 0 R > −1 . (3.18)

There are different possible electroweak symmetry breaking phases, depending on whether

one of the vi vanishes.

3.4.1 Inert phase

If one of the vi vanishes, one of the discrete symmetries is unbroken. We focus on the case

where v1 = 0, in which case the Zi2 symmetry is unbroken. This phase is known as the

Inert Doublet Model [13, 14]. At the minimum of the scalar potential, the scalar field vevs

are given by9

〈Φ2〉2 = v2 = −
m2 + 1

2∆m2

λ
〈Φ1〉 = 0. (3.19)

The existence and convexity of the extremum requires that

∆m2 < −2m2 , ∆m2 < 2m2

(
1−R
1 +R

)
. (3.20)

3.4.2 Mixed phase

There is also a “mixed phase” where both vi 6= 0 and Zi2 is spontaneously broken.

Minimizing the scalar potential yields

m2 = −1

4
λ(1 +R)v2 ,

tanβ =

√
1− ε
1 + ε

, (3.21)

where

ε ≡ 2∆m2

λ(1−R)v2
. (3.22)

9In the Higgs basis, we identify the Higgs basis field H1 = Φ2.
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The positivity of v21 and v22 and the curvature at the extremum requires

|R| < 1 , |ε| < 1 . (3.23)

Given the constraint on R, the constraint on ε can also be written

m2 < 0 , ∆m2 < −2m2

(
1−R
1 +R

)
. (3.24)

The inert phase can exist without a mixed phase, or vice versa. For both to exist requires

|R| < 1 , m2 < 0 , ∆m2 < 2m2

(
1−R
1 +R

)
. (3.25)

The energy densities at the inert and mixed extrema are

VI = − (2m2 + ∆m2)2

8λ
, VM = − 1

4λ

(
(2m2)2

1 +R
+

(∆m2)2

1−R

)
. (3.26)

Taking the difference, we can see that the mixed phase minimum is deeper than the inert

minimum when both exist.

3.5 Scalar spectrum

3.5.1 Inert phase

In the inert phase, the neutral CP-even scalar masses squared are

m2
h = λv2 ,

m2
H = −1

2
λv2(1−R)−∆m2 . (3.27)

Since ∆m2 can be arbitrarily negative in the inert phase (for example, MQ = MU � v),

in principle m2
H can be arbitrarily heavy. Of course, we are interested in the case where it

sits near the electroweak scale.

The other Higgs boson masses are given by

m2
A = m2

H − λ5v2 ,

m2
H± = m2

H −
1

2
(λ4 + λ5)v

2 . (3.28)

Since λ5 ≤ 0, the CP-odd scalar is heavier than the CP-even scalar. If λ4 ≥ λ5, then H

can be the lightest electrically neutral, Zi2-charged particle, as required for H dark matter.

3.5.2 Mixed phase

In the mixed phase, the neutral CP-even scalar squared-mass matrix is

M2
e =

1

2
λv2

 1 + ε R
√

1− ε2

R
√

1− ε2 1− ε

 . (3.29)
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Fits to Higgs coupling measurements indicate that if a 2HDM is realized in nature, it must

lie near an alignment limit [20, 37–40], where the CP-even scalar mixing angle α ' β−π/2.

In this limit, one of the states is “mostly aligned” with the vev (v1, v2), and therefore has

SM-like couplings to electroweak gauge bosons, so it can be identified with the 125 GeV

Higgs boson.

The mixing angle and spectrum analysis is most convenient in the Higgs basis, where

the squared-mass matrix given in eq. (3.29) is rotated by an angle β. In this basis,

M2
e =

1

2
λv2

 (1 +R) + (1−R)ε2 (1−R)ε
√

1− ε2

(1−R)ε
√

1− ε2 (1−R)(1− ε2)

 . (3.30)

In this basis, the mixing angle is α − β + π/2. If | cos(β − α)| is small, the approximate

eigenvector (1, 0) is aligned with the vev and is SM-like. It will be the lightest scalar state

if the first diagonal element is smaller than the second,

(1 +R) + (1−R)ε2 < (1−R)(1− ε2) , (3.31)

which, along with the vacuum constraint eq. (3.18), implies that R should lie in the range

− 1 < R < − ε2

1− ε2
. (3.32)

The smallness of the mixing angle requires that the off-diagonal element of (3.30) be

small compared to the splitting of the diagonal elements. The off-diagonal element vanishes

for R = 1, ε = ±1, and ε = 0, but it is easy to see that only in the case ε = 0 can the

SM-like state be the lightest, and then only if eq. (3.32) is satisfied, implying R < 0. When

ε and cos(β − α) are both small and nonzero, the latter is approximately given by

cos(β − α) ' −ε(1−R)

2|R|
. (3.33)

Self-consistency of this result requires |ε/R| < 1 (since we have already eliminated the

possibility that R ≈ 1 when ε is small.) In figure 1 we plot the exact cos(β − α) on the

(R, ε) plane, and see that as expected, alignment favors small |ε|.
The CP-even scalar squared-masses are given by

m2
h,H =

1

2
λv2

(
1∓

√
R2 + (1−R2)ε2

)
, (3.34)

and the other Higgs masses are given by

m2
A = −λ5v2 , m2

H± = −1

2
(λ4 + λ5)v

2 . (3.35)

We can solve for λ in terms of mh. Inserting the solution for λ into the heavy neutral

CP-even scalar mass, we obtain an expression for m2
H as a function of R and ε:

m2
H = m2

h

(
1 +

√
R2 + (1−R2)ε2

1−
√
R2 + (1−R2)ε2

)
. (3.36)
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Figure 1. The alignment limit parameter cos(β−α). We mask regions where the heavier CP-even

state is the more SM-like of the two.

The heavy scalar mass is plotted in figure 2 with mh = 125 GeV. Its growth as R→ −1

is due to the fact that in that limit, holding m2
h fixed requires increasing λ as (1 + R)−1.

Conversely, the vanishing of m2
12 as imposed by the exact Zi2 symmetry prevents the de-

coupling of mH while keeping dimensionless couplings finite. The quartic λ reaches the

unitarity limit of 8π for R ≈ −0.98.

In figure 2 we crop regions where the alignment parameter is in tension with Higgs cou-

pling fits [41]. Positive ε corresponds to negative cos(β −α) and tan β < 1, which is where

the coupling constraints are strongest, while negative ε corresponds to the more weakly-

constrained region of positive cos(β − α) and tan β > 1; these differences are responsible

for the asymmetry in the allowed region.10

Without a cancellation between the terms in eq. (3.15), ∆m2 is expected to be at least

as large as the logarithmic correction. Using

∆m2 = m2
h

(
ε(1−R)

1−
√
R2 + ε2(1−R2)

)
(3.37)

10The relative strength of the constraints can be understood as follows. The fermionic couplings are

universally scaled by sin(β − α) + cos(β − α)/ tanβ, and for tan β ∼ few, as | cos(β − α)| increases to

moderate values ∼ 0.3, this scaling factor eventually provides a suppression to the couplings for either

sign of cos(β − α). However, the suppression is more severe for negative cos(β − α) than for positive,

so the constraints are stronger for the former. In the region of tan β < 1, for small cos(β − α), there is

a rapid enhancement towards positive cos(β − α) and a rapid suppression towards negative cos(β − α),

so the parameters quickly become disallowed. However, a 50% decrease in the coupling gives a bigger

change in the rates than a 50% increase in the coupling, so again the constraints are somewhat stronger for

negative cos(β − α).
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Figure 2. The heavy CP-even scalar mass mH (parameter space zoomed in compared to figure 1).

We mask regions where the alignment parameter is in tension with Higgs boson coupling fits (taken

from [41]), and regions where λ > 8π (corresponding to R . −0.98).

and setting ∆m2 equal to the logarithmic term in eq. (3.15), we obtain M shown in figure 3

as a function of R, ε, and the cutoff Λ, under the assumption that log(Λ/M) = 3. We see

that low vectorlike masses are obtained unless R is close to −1.

Such low values for M are in tension with direct search limits at the LHC, as discussed

in section 3.6. However, there are situations in which the vectorlike scale might be higher.

For example, a part-in-N tuning in eq. (3.15) allows raising the scale M by about a factor of√
N . In figure 4 we plot the percent cancellation between the terms in eq. (3.15) necessary

to raise M to 1 TeV, and find that the tuning is modest, of order 10%, in much of the

allowed parameter space.

Another interesting possibility for raising M is the introduction of soft Zi2-breaking

through the m2
12 parameter. In order to avoid an unnatural coincidence of scales, it would

be desirable to break all of the discrete symmetries with the same spurion. We leave further

analysis of this scenario for future work.

3.6 Phenomenology

Our scenario consists of a 2HDM augmented by vectorlike quarks. The (partially) natural

parameter space of our model predicts electroweak scale masses for the vectorlike quarks

and extra Higgs bosons, leading to signals at colliders such as the LHC. The collider

signals depend on the phase of the vacuum. First, we discuss the inert phase, where
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Figure 3. The vectorlike mass scale M (parameter space zoomed in compared to figure 1). We

mask regions as in figure 2.

Zi2 is preserved. Then we consider the phenomenology of the mixed phase, where Zi2 is

spontaneously broken.

In the inert phase, the lightest odd state under Zi2 is collider stable. If the light-

est odd state is the vectorlike quark, U , then searches for Heavy Stable Charged Par-

ticles (HSCPs) require mU & 1.3 TeV [42]. Similarly, if the lightest odd state is the

charged Higgs, H±, then HSCP searches require mH± & 400 GeV [43]. If the lightest

odd state is the neutral Higgs, H, then it is a dark matter candidate [12] and it con-

tributes to missing energy at colliders. In this case, the vectorlike quark can decay to

Higgs bosons, U → (tH, tA, bH±). This leads to signals that are similar to stop production

in supersymmetry, and U is constrained by searches for stops. If Br(U → tH) = 100%,

searches for tt̄ plus missing energy constrain mU & 900 GeV for mH . 400 GeV [44].11

If Br(U → tH) = 25%, we require mU & 650 GeV for mH . 200 GeV [44]. There

are also constraints on U → b(H± →W±
∗
H) from searches for stop decays to charginos.

For example, if Br(U → bH±) = 100 (50)%, then we require mU & 800 (700) GeV, for

mH± . 400 (200) GeV, assuming mH± ≈ 1/2 (mU + mH) [44]. Searches at the LHC for

electroweak production of heavy stable Higgs bosons in association with a monojet will

probe masses up to of order 1 TeV [46, 47].

11In order to interpret the limit on U from stop searches, we have assumed similar efficiency for U

and stops. This is only approximately true due to different production kinematics for colored scalars versus

fermions. Dedicated searches for fermionic top partners in the tt̄ plus missing energy final state have not been

updated since
√
s = 7 TeV, but require mU & 500 GeV for Br(U → tH) = 100% and mH . 150 GeV [45].
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Figure 4. The percent cancellation between the tree-level and loop-induced contributions to ∆m2

in eq. (3.15) needed to raise the scale of the vectorlike fermions to 1 TeV. We mask regions as

in figure 2.

In the mixed phase, the U quark mixes with the top quark through the yt coupling

of eq. (3.8), and can therefore decay also to Wb, Zt, and ht. If the sum of these branch-

ing ratios is 100%, then experimental constraints require mU & 700–900 GeV (depending

on the relative branching ratios) [48–50]. In the model discussed here the tH and bH+

modes are likely to dominate when they are kinematically accessible since the couplings are

unsuppressed by mixing. Mixing also allows H to decay to SM particles, with dominant

branching ratios into tt̄ (bb̄) above (below) the top pair threshold. The H+ branching ratios

depend on whether the HW+ and tb modes are kinematically accessible. LHC searches for

tt̄H, H → tt̄ and t̄bH+, H+ → tb̄ offer promising reach for direct production of new scalar

states near the alignment limit [41, 51].

4 Supersymmetry

Supersymmetry is a highly motivated 2HDM, and if the soft SUSY-breaking scale is low,

then both doublets are naturally light. On the other hand, there are reasons to contemplate

a high SUSY-breaking scale. For example, while the MSSM can accommodate a 125 GeV

Higgs, it requires dimensionful parameters (either soft masses or A-terms) significantly

above the electroweak scale in the stop sector [52]. In such models a soft Higgs mass must

be fine-tuned in order to obtain v/msoft � 1.
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Without additional tuning or symmetries, the other Higgs states will be as heavy as

the squarks, usually completely decoupled and too heavy to produce at the LHC. This can

be seen as follows. Given the MSSM Higgs sector input parameters m2
Hu

, m2
Hd

, b, and µ,

the light electroweak scale requires tuning m2
Hu

,

m2
Hu
≈ −µ2 +

b2

µ2 +m2
Hd

. (4.1)

While it is technically natural for b and µ to lie anywhere between the electroweak scale

and msoft, m
2
Hd

is not generically protected by symmetries, and sets the scale of the other

Higgs multiplets to be of order msoft via

m2
A ≈

b2

µ2 +m2
Hd

+ µ2 +m2
Hd
≈ m2

soft . (4.2)

Discrete symmetries of the type discussed in the previous section may be imposed among

the soft masses at the SUSY-breaking mediation scale in order to naturally tie the Higgs

doublet masses together. Without adding chiral multiplets to the MSSM, these symme-

tries are again typically broken by dimensionless Yukawa couplings, leading to splittings

controlled by a product of Yukawa couplings and soft masses.

There are several ways to proceed. First, we can attempt to introduce mirror vectorlike

multiplets such that the Yukawa terms in the superpotential preserve a mirror symmetry.

We find that the model and the mirror symmetry discussed previously cannot be generalized

in a simple way consistent with the gauge interactions and supersymmetry if Hu and Hd

are required to be present at low energies. A second possibility we consider is a weaker but

more minimal mechanism, requiring a top-bottom symmetry but no new states; in this case

there are hard discrete symmetry breaking effects that must be made as small as possible.

4.1 C and CP-symmetric SSMs

We promote all fields to superfields. As usual, holomorphy of the superpotential requires

that two chiral Higgs superfields carry opposite hypercharge. Therefore, the most straight-

forward implementation of the discussion in the previous sections is to add both right-

handed top partners and two mirror doublets H ′u and H ′d. The Higgs sector is now a

4HDM with a quadratic scalar potential of the form

V ⊃ m2
1(|Hd|2 + |H ′d|2) +m2

2(|Hu|2 + |H ′u|2)−m2
3(HuHd +H ′uH

′
d) . (4.3)

Since m2
1 and m2

2 are still independent, two linear combinations of fields can be made light

with one tuning, while the other two linear combinations remain heavy.12 If, for example,

m2
1 is not tuned and remains of order m2

1 ∼ m2
soft � v2, we can integrate out Hd and H ′d,

Hd ≈
m2

3

m2
1

H∗u , H ′d ≈
m2

3

m2
1

H ′∗u , (4.4)

and the low energy theory is just a particular case of the 2HDM studied in the previous

section. This is analogous to the “decoupling limit” of the MSSM.

12In principle, we could achieve two light fields and one heavy field in a supersymmetric 3HDM, for

example by omitting H ′d and making Hd invariant under the mirror symmetry. This model would have

anomalies and no µ term, so we stick with the case where even the heavy doublets have mirror partners.
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A more interesting question is whether we can implement sufficient discrete symmetries

on the minimal SUSY Higgs sector (i.e. without the introduction of H ′u and H ′d) so that

Hu and Hd are light fields. Identifying Φ1 and Φ2 in the common notation as Hd and

Hu, respectively, the hypercharges of Φ1 and Φ2 are opposite. Thus the mirror symmetry

in eq. (3.2) must become a charge-conjugation symmetry. The superpotential must be

modified from eqs. (3.8) and (3.12); one possibility is

W ⊃ yt
(
qΦ2u+ Q̄Φ1Ū

)
+ yb

(
qΦ1d+ Q̄Φ2D̄

)
+ yτ

(
`Φ1e+ L̄Φ2Ē

)
+MQQQ̄+MU UŪ +MDDD̄ +MLLL̄+MEEĒ . (4.5)

We have introduced mirror left-handed fields and their conjugates Q, Q̄, . . . in addition

to the right-handed mirrors U, Ū , . . . in order to write gauge invariant supersymmetric

Yukawa interactions and vectorlike mass terms. For brevity we have only written a subset

of the possible mass terms. If, as before, we enforce the Zm2 on the Yukawa interactions,

but allow soft breaking by the vectorlike masses, the mirror symmetry can be defined in a

variety of ways. One assignment is

Zm2 : q ⇐⇒ Q̄, u⇐⇒ Ū , d⇐⇒ D̄, `⇐⇒ L̄, e⇐⇒ Ē,

Q⇐⇒ Q∗, U ⇐⇒ U∗, D ⇐⇒ D∗, L⇐⇒ L∗, E ⇐⇒ E∗ . (4.6)

Here Zm2 is acting as a generalization of the ordinary charge conjugation on q, Q̄, u, Ū ,

d, D̄, . . . and like CP on the Q,U,D, . . . .13 The difference is problematic because it means

the gauge interactions cannot be completely invariant: the C and CP transformations of the

vector superfields are different, so the Q and Q̄ gauge interactions are not both preserved.

Similarly, gauge interactions break the symmetries if Q,U,D, . . . are defined to be invariant

under Zm2 . Since these are hard breakings, in general the symmetries cannot be protected

at low energies.

The C symmetry can be promoted to generalized CP, e.g., u ⇐⇒ U∗ and Ū ⇐⇒ Ū∗.

However, this is not a symmetry of the superpotential, and moreover it cannot be a mirror

symmetry and a symmetry of the Yukawa sector unless Φ2 has the same hypercharge as

Φ1, in which case the down-type Yukawa couplings are forbidden. Alternatively, we can

impose Zm2 as a P symmetry on the Higgs fields Φ2 ⇐⇒ Φ∗1, and define u⇐⇒ Ū∗, etc. Once

again, however, there is no transformation for the unbarred mirror fields that preserves the

gauge interactions.

Ref. [12] considered a different pattern of discrete symmetries which includes two mirror

symmetries. It is similarly not possible to extend their model to a supersymmetric one in a

minimal way. The SU(2) doublet fermions are invariant under one of the mirror symmetries

and the SU(2) singlets are invariant under the other, implying neither can be preserved

with generalized C and P transformations in supersymmetry.

4.2 t/b-symmetric MSSM

Hard discrete symmetry breaking signals that radiative corrections will generate mass

splitting proportional to the typical soft mass scale. Whether or not the splitting is large

13For simplicity we are ignoring small explicit CP-violation in the Yukawa couplings; this will turn out

not to matter.
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compared to the electroweak scale is then a detailed model-dependent question of the size

of the coefficient. This is a weaker position than in the non-supersymmetric case where

we avoided hard breakings completely. However, it can be an interesting possibility to

consider precisely because it strongly constrains the allowed UV completions.

With this in mind we could analyze the radiative splittings generated by the hard

breaking terms in the mirror model of the previous section. However, perhaps a more

interesting model is simply the MSSM without mirror matter. We study this possibility in

this section. Explicit symmetry breaking from hypercharge and Yukawa interactions will

limit the parameters and UV completions that naturally contain a light second doublet.

Unsurprisingly, having both doublets light requires the MSSM Higgs sector mass pa-

rameters to be of order the electroweak scale. To see this, note that the neutral Higgs

masses satisfy the tree-level relations

m2
h +m2

H = m2
A +m2

Z , m2
A = −m2

12(tanβ + cotβ) , (4.7)

while the minimization conditions take the form

m2
1 = −m2

12 tanβ +O(v2) , m2
2 = −m2

12 cotβ +O(v2) . (4.8)

Therefore, having both mh and mH of order the electroweak scale requires −m2
12 tanβ to

be of order v2, which in turn requires m2
1 and m2

2 to be of order v2.

Small m2
12 is radiatively stable. The beta function for m2

12 contains terms of order m2
12

and µMi, where Mi is an electroweakino mass. If µ and m2
12 are small at the mediation

scale Λ (consistent with the discrete symmetries), they remain small under renormalization

group (RG) evolution.

On the other hand, m2
1 and m2

2 are naturally of order the heaviest sparticle mass. For

values of tan β somewhat above 1, the tuning of the electroweak scale is primarily a tuning

of m2
2, so naturally obtaining the second light doublet requires m2

1 to remain of order m2
2.

At the mediation scale, m2
1 = m2

2 may be a consequence of the approximate discrete sym-

metries. Under RG evolution, a splitting develops, which at 1-loop is approximately [53]14

∆(m2
1 −m2

2) '
1

8π2
log

(
Λ

msoft

)(
3Zt − 3Zb − Zτ +

3

5
g21DY

)
, (4.9)

where

Zt = y2t (m
2
Hu

+m2
Q3

+m2
u3 + |At|2) , (4.10)

Zb = y2b (m
2
Hd

+m2
Q3

+m2
d3 + |Ab|2) , (4.11)

Zτ = y2τ (m2
Hd

+m2
L3

+m2
e3 + |Aτ |2) , (4.12)

DY = Tr(Ym2) . (4.13)

The hypercharge-generated term DY is small in many explicit models at the media-

tion scale, and this property is radiatively stable because its beta function is homoge-

neous [54, 55]. For tan β ∼ 50, the role of the mirror matter fields in the exchange sym-

metry can be partially approximated by a t ↔ b symmetry in the Yukawa couplings and

14See http://www.niu.edu/spmartin/primer/ for the latest version and errata.
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soft masses (but which is again broken by hypercharge and the τ Yukawa coupling). At

1-loop this symmetry leads to a cancellation of the Zb and Zt terms above. However, there

is no candidate exchange partner for the (s)leptons. If right-handed neutrinos are included

to form a Dirac mass with SM neutrinos, then the neutrino Yukawa coupling is much too

small. If Majorana right-handed neutrinos are included, the right-handed multiplet de-

couples at a high scale or, again, the Yukawa coupling is too small. Therefore, for small

DY and large tan β, the dominant 1-loop contribution to the m2
1 −m2

2 splitting may come

from terms involving the τ Yukawa coupling, which in this case is non-negligible, of order

yτ ∼ 1/2. To avoid fine-tuning, if the mediation scale is low, then the stau masses must

be at most an order of magnitude above the mass of the second Higgs doublet. If the

mediation scale is high, of order the GUT scale, then the staus and Higgs bosons must be

of similar masses.

There are also important 2-loop contributions, including effects from the 1-loop yb-yt
splitting induced by hypercharge and yτ . The dominant effects are roughly of order

∆2(m
2
1 −m2

2) '
1

2

6y2t y
2
τ

8π2
m2
Q3

16π2
log2(Λ/msoft) , (4.14)

where Λ is the mediation scale.15 Avoiding fine-tuning with a low scale Λ implies third-

generation squark masses less than two orders of magnitude above the mass of the second

Higgs doublet. If the mediation scale is high, the third-generation squarks and Higgs bosons

must be of the same order — but in this case the fine-tuning of the electroweak scale itself

is relieved.

In conclusion, it is possible to imagine a “mini-split”-type scenario [56] with two light

Higgs doublets and only one meso-tuning. It is most easily achieved in a framework like

gauge mediation, where m2
Hu

= m2
Hd

at the messenger scale and DY vanishes (in both

cases, up to possible corrections from couplings generating µ and m2
12). Furthermore in

gauge mediation the m2
u3 and m2

d3
boundary values are split only by hypercharge effects,

and the messenger scale can be low. In such a scenario the higgsino states are expected

to be as light as the extra Higgs states, and staus are also expected to be light, at most

an order of magnitude heavier. A gauge mediated model with a mini-split spectrum, low

tanβ, and large mA was studied in [57], and it would be interesting to examine whether

variants of the model can accommodate large tan β and low mA. We leave this investigation

for future work.
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