
Further study of the global minimum constraint on the
two-Higgs-doublet models: LHC searches for heavy Higgs bosons

Ning Chen1,∗ Chun Du 2,† Yongcheng Wu 3,‡ and Xun-Jie Xu 4§
1 School of Physics, Nankai University, Tianjin 300071, China

2 Key Laboratory of Cosmic Rays (Tibet University),
Ministry of Education, Lhasa 850000, Tibet, China

3 Ottawa-Carleton Institute for Physics, Carleton University,
1125 Colonel By Drive, Ottawa, Ontario K1S 5B6, Canada

4 Max-Planck-Institut für Kernphysik, Postfach 103980, D-69029 Heidelberg, Germany
(Dated: February 19, 2019)

The usually considered vacuum of the two-Higgs-doublet model (2HDM) could be unstable if it
locates at a local but not global minimum (GM) of the scalar potential. By requiring the vacuum
to be a GM, we obtain an additional constraint, namely the GM constraint, on the scalar potential.
In this work, we explore the GM constraint on the CP -conserving general 2HDM. This constraint is
found to put limits on the soft Z2 breaking mass parameter m2

12 and also squeeze the heavy CP -even
Higgs boson mass into larger values for the m2

12 < 0 case. Combined with the current global signal
fits from the LHC measurements of the 125 GeV Higgs boson, we discuss the phenomenological
implications for the heavy Higgs boson searches at the LHC.

∗ chenning symmetry@nankai.edu.cn
† duchun@utibet.edu.cn
‡ ycwu@physics.carleton.ca
§ xunjie@mpi-hd.mpg.de

ar
X

iv
:1

81
0.

04
68

9v
2 

 [
he

p-
ph

] 
 1

7 
Fe

b 
20

19

mailto:chenning$_$symmetry@nankai.edu.cn
mailto:duchun@utibet.edu.cn
mailto:ycwu@physics.carleton.ca
mailto:xunjie@mpi-hd.mpg.de


1

CONTENTS

I. Introduction 2

II. The general 2HDM and the GM constraint 3

A. The general 2HDM 3

B. The GM constraint on the 2HDM potential 4

III. The GM constraints on some benchmarks 7

IV. The phenomenology implications: heavy Higgs boson searches at the LHC 9

A. The heavy CP -even Higgs boson decays into SM-like Higgs boson pairs 10

B. The exotic heavy Higgs boson decays 11

V. Conclusion 13

ACKNOWLEDGMENTS 14

References 14



2

I. INTRODUCTION

In the studies of new physics beyond the Standard Model (BSM), it is quite often that one has an extended

Higgs sector. A simple and well-known example is the two-Higgs-doublet model (2HDM), 1 which was motivated

from several different aspects, such as supersymmetry [2, 3], CP violation [4], and axion models [5]. With an

additional Higgs doublet introduced, the Higgs potential in the 2HDM may develop several different minima.

Therefore, one may encounter the possibilities as follows: (i) one Higgs doublet does not acquire a vacuum

expectation value (VEV), (ii) the Higgs VEVs break the CP symmetry, or (iii) the Higgs VEVs even break the

U(1)EM symmetry. It has previously been studied in Refs. [6–25] that several minima can coexist in the 2HDM

potential so that the desired vacuum might be a local minimum that could decay into a deeper one through

quantum tunneling [26, 27], causing instability of the desired vacuum.

To avoid the vacuum instability, one may impose a global minimum (GM) condition for the desired vacuum.

This leads to new constraints on the Higgs potential, in addition to the conventional bounded-from-below (BFB)

constraints and the unitarity bounds. Recently, the GM condition of the 2HDM potential has been analytically

formulated in Ref. [28] and tentatively applied to constrain the general 2HDM. It has been demonstrated that

the GM constraint can sometimes be robust in constraining the parameter space of the 2HDM. 2

In this work, we further study the GM constraint on the 2HDM, with the focus on the phenomenological

implications at the LHC. It turns out that the GM condition is likely to put constraints on the masses of heavy

Higgs bosons and the soft Z2 breaking scale of m2
12 in the 2HDM. In turn, these constraints are directly connected

to the Higgs self-couplings in the 2HDM. From the experimental point of view, the Higgs self-couplings are likely

to be probed by the high-luminosity (HL) and/or high-energy (HE) LHC runs, by looking for the Higgs boson

pair productions. Since the discovery of the 125 GeV Higgs boson at the LHC, a lot of efforts have been made

in probing such processes in different new physics models at the LHC [32–49]. Since the Higgs self-couplings

in the 2HDM can determine the corresponding partial decay widths of a heavy Higgs boson into lighter Higgs

pairs, the future experimental searches for heavy Higgs bosons in the 2HDM may also be sensitive to the GM

constraint.

The layout of this paper is described as follows. In Sec. II, we revisit the CP -conserving general 2HDM,

where we put emphasis on the GM constraint on the 2HDM potential. This constraint, together with the

usual tree-level BFB and perturbative unitarity constraints, will be imposed on the 2HDM parameter space. In

Sec. III, we consider benchmark models in two different scenarios, namely, the degenerate heavy Higgs boson

scenario of MA = MH = M±, and the heavy Higgs boson spectrum involving exotic decays. It turns out

that the GM condition leads to additional restrictions on the parameter space. In Sec. IV, we study the LHC

phenomenologies based on the GM constraints on the benchmark models. Since the GM constraint on the m2
12

parameter will control the Higgs boson self-couplings in the 2HDM, the pair productions of both SM-like and

BSM Higgs bosons at the LHC can be relevant to this constraint. The current LHC 13 TeV searches for the

Higgs boson pairs, as well as other exotic heavy Higgs boson decay modes are imposed to the benchmark models

with the GM constraint taken into account. Finally, we conclude in Sec. V.

1 See Ref. [1] for a comprehensive review.
2 Typically in many BSM models with scalar extensions, the GM conditions of the desired vacua can be nontrivial and deserve
further studies. The GM conditions of some models have been studied before, such as the Georgi-Machacek model in Ref. [29],
the Type II Seesaw model in Ref. [30], and the left-right symmetric model in Ref. [31].



3

II. THE GENERAL 2HDM AND THE GM CONSTRAINT

A. The general 2HDM

The scalar potential of the general 2HDM is written as follows

V (Φ1 ,Φ2) = m2
11|Φ1|2 +m2

22|Φ2|2 −m2
12(Φ†1Φ2 + H.c.)

+
1

2
λ1(Φ†1Φ1)2 +

1

2
λ2(Φ†2Φ2)2 + λ3|Φ1|2|Φ2|2 + λ4|Φ†1Φ2|2

+
1

2
λ5

[
(Φ†1Φ2)2 + H.c.

]
, (1)

where all the couplings are real for the CP -conserving case. Here, we do not include the Z2 broken terms of

λ6(Φ†1Φ1)(Φ†1Φ2)+λ7(Φ†2Φ2)(Φ†1Φ2)+H.c., focusing our study on the potential with softly broken Z2 symmetry.

The potential in Eq. (1) contains eight parameters, namely m2
11, m2

12, m2
22, and λ1···5, which are usually

referred to as the parameters in the generic basis. In phenomenological studies, it is usually more convenient

to work in the so-called physical basis, including the five physical boson masses of (Mh ,MH ,MA ,M±), two

mixing angles of (α , β), a soft Z2 broken mass squared term of m2
12, and the electroweak VEV v ≈ 246 GeV.

In the general 2HDM, there could be tree-level flavor-changing neutral currents (FCNC), which are well-

known constraints on such model. To alleviate the tree-level FCNC process constraints, the SM fermions of a

given representation are usually assigned to a single Higgs doublet. We focus on the so-called Type I and Type

II Yukawa couplings of

L ⊃
∑

hi=h ,H

−mf

v

(
ξfi f̄fhi + ξfAf̄ iγ5fA

)
, (2)

with

Type I : ξfh = sin(β − α) +
cos(β − α)

tanβ
, ξfH = cos(β − α)− sin(β − α)

tanβ

ξuA =
1

tanβ
, ξd ,`A = − 1

tanβ
, (3a)

Type II : ξuh = sin(β − α) +
cos(β − α)

tanβ
, ξd ,`h = sin(β − α)− cos(β − α) tanβ ,

ξuH = cos(β − α)− sin(β − α)

tanβ
, ξd ,`H = cos(β − α) + sin(β − α) tanβ ,

ξuA =
1

tanβ
, ξd ,`A = tanβ . (3b)

Besides, two CP -even Higgs bosons couple to the gauge bosons such that

L ⊃
∑

hi=h ,H

ai

(
2
m2
W

v
W+
µ W

−µ +
m2
Z

v
ZµZ

µ

)
hi , (4)

with

ah = sin(β − α) , aH = cos(β − α) . (5)

The current LHC run I and run II have measured the signal strengths of the SM-like 125 GeV Higgs boson3

via different channels [50–78]. Here, they are combined to obtain the 95% C.L. regions in the cos(β−α) vs tanβ

3 Throughout the context, we always assume that Mh = 125 GeV, while all other Higgs bosons are heavier.
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FIG. 1. The combined LHC run-I and run-II constraints on the 125 GeV Higgs boson signal strengths in terms of
2HDM parameters cos(β − α) and tanβ. Both Type I (left) and Type II (right) cases are displayed.

plane, as shown in Fig. 1. In both Type I and Type II, the alignment limit of β − α = π/2 is favored by the

global fit. For the Type I 2HDM with tanβ & 2, | cos(β − α)| is constrained to be less than about 0.4 with the

LHC run-I and run-II data. This is envisioned to be further constrained to be less than 0.2 with the HL-LHC

runs in Ref. [79]. For the Type II 2HDM, large/small tanβ inputs will enhance the Yukawa couplings ξd ,`h /ξuh .

Thus, the region around tanβ = 1 accommodates the largest deviation from the alignment. The current LHC

run-I and run-II measurements constrain cos(β−α) in the range of (−0.01 , 0.08) approximately with tanβ = 1

(except for the wrong-sign Yukawa coupling region [80, 81]).

B. The GM constraint on the 2HDM potential

As explained in the Introduction, to guarantee the absolute stability of the usually considered vacuum, we

shall impose the GM constraint on the potential. First, we will present all the possible minima of the potential

at the tree level and discuss the condition of the desired one being a global minimum. We realize that loop

corrections can also have important influence on the GM constraint. Subsequently, we will also address the

issue of including loop corrections.

At the tree level, by defining the following three SU(2)L invariants of

q1 ≡ |Φ1|2 = Φ†1Φ1, q2 ≡ |Φ2|2 = Φ†2Φ2, z ≡ Φ†1Φ2 = |z|eiθ , (6)

the potential can be rewritten as

V (Φ1 ,Φ2) = m2
11q1 +m2

22q2 − (m2
12z + H.c.)

+
1

2
λ1(q1)2 +

1

2
λ2(q2)2 + λ3q1q2 + λ4|z|2 +

1

2
(λ5z

2 + H.c.) . (7)
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TABLE I. All possible local minima of the scalar potential. “×” denotes a nonzero component, and “∗” stands for an
arbitrary value (can be zero or nonzero).

. Type A . . Type B . . Type C . . Type D . . Type E .

〈φ1〉, 〈φ2〉

[
0

×

]
,

[
×
∗

] [
0

0

]
,

[
0

×

] [
0

×

]
,

[
0

0

] [
0

×

]
,

[
0

×

] [
0

0

]
,

[
0

0

]

(q1 , q2 , z) Eq. (10) (0 ,−m
2
22
λ2

, 0) (−m
2
11
λ1

, 0 , 0) Eq. (13) (0 , 0 , 0)

Existence

condition

q1 , q2 > 0

|z|2 < q1q2
q2 > 0 q1 > 0

q1, q2 > 0

|z|2 = q1q2
/ a

Vmin Eq. (12) −m
4
22

2λ2
, Eq. (15a) −m

4
11

2λ1
, Eq. (15b) Eq. (15c) 0

a Not required.

In principle, one can directly minimize the above potential with respect to q1, q2, and z. However, one should

notice that by definition, the three SU(2)L invariants of (q1 , q2 , z) satisfy the boundary conditions of

q1 ,2 ≥ 0 , q1q2 ≥ |z|2 . (8)

Depending on whether the minima are on one of the boundaries in Eq. (8), we can classify the minima into

five types, namely,

Type A : q1 > 0 , q2 > 0 , q1q2 > |z|2 , (9a)

Type B : q1 = 0 , q2 > 0 , z = 0 , (9b)

Type C : q1 > 0 , q2 = 0 , z = 0 , (9c)

Type D : q1 ,2 > 0 , q1q2 = |z|2 , (9d)

Type E : q1 ,2 = z = 0 , (9e)

where, e.g., Type A is not on any of the boundaries and Type E is on all of the boundaries. All of the five types

of minima have been solved in Ref. [28] and summarized in Table I.

The row in Table I containing the explicit forms of 〈φ1〉 and 〈φ2〉 indicates that Type D is the usually desired

vacuum of 2HDM. Type A minima could break U(1)EM, while Type B and Type C minima appear in the

so-called inert 2HDM. Type E is a trivial solution that is listed here for completeness.

The solution of Type A is given by

Type A :


q1
q2
z

z∗

 = Λ−1 b , (10)

where

Λ =


λ1 λ3 0 0

λ3 λ2 0 0

0 0 λ5 λ4
0 0 λ4 λ∗5

 , b =


−m2

11

−m2
22

m2
12

(m2
12)∗

 . (11)
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And the corresponding potential minimum is

Vmin ,A = −1

2
bTΛ−1b =

−m4
11λ2 −m4

22λ1 + 2m2
11m

2
22λ3

2(λ1λ2 − λ23)
− (m2

12)2

λ4 + λ5
. (12)

The Type D minimum is determined by ∂V/∂q1 ,2 = 0:

m2
11 = m2

12 tanβ −
[
λ1 cos2 β + (λ3 + λ4 + λ5) sin2 β

]
q , (13a)

m2
22 = m2

12/ tanβ −
[
λ2 sin2 β + (λ3 + λ4 + λ5) cos2 β

]
q , (13b)

where q ≡ q1 + q2. Given the potential parameters of (m2
11, λ1, λ2, ...), Eqs. (13a) and (13b) can be solved with

respect to q and β, which can be further converted to q1 and q2 according to q2/q1 = tan2 β and q1 + q2 = q. In

practical use with physical inputs, Eqs. (13a) and (13b) are commonly used to evaluate m2
11 and m2

22 for given

tanβ and v, together with the quartic couplings determined by

λ1 =
M2
h sin2 α+M2

H cos2 α−m2
12 tanβ

v2 cos2 β
, (14a)

λ2 =
M2
h cos2 α+M2

H sin2 α−m2
12/ tanβ

v2 sin2 β
, (14b)

λ3 =
1

v2

[ (M2
H −M2

h) sinα cosα

sinβ cosβ
+ 2M2

± −
m2

12

sinβ cosβ

]
, (14c)

λ4 =
1

v2
(M2

A − 2M2
± +

m2
12

sinβ cosβ
) , (14d)

λ5 =
1

v2
(

m2
12

sinβ cosβ
−M2

A) . (14e)

The potential minima for the Type B, Type C, and Type D cases can be expressed as follows in the physical

basis:

Vmin ,B = −
v2 cos2 β

[
(M2

H −M2
h) sinα cosα+ (M2

H sin2 α+M2
h cos2 α) tanβ − 2m2

12

]2
8
(
M2
h cos2 α+M2

H sin2 α−m2
12/ tanβ

) , (15a)

Vmin ,C = −
v2 sin2 β

[
(M2

H −M2
h) sinα cosα+ (M2

H cos2 α+M2
h sin2 α)/ tanβ − 2m2

12

]2
8
(
M2
H cos2 α+M2

h sin2 α−m2
12 tanβ

) , (15b)

Vmin ,D = −v
2

16

[
M2
H +M2

h + (M2
H −M2

h) cos(2α− 2β)
]
. (15c)

Apparently, the minimal values of the 2HDM potential in the Type B and Type C cases are essentially controlled

by the input parameters of (Mh ,MH ,m
2
12 , α , β), while the minimal value in the Type D case is independent

of m2
12.

The GM constraint requires that the Type D minimum is a GM of the potential in order to protect the

corresponding vacuum from decaying to other vacua. To infer whether it is a GM, one can compute all the

possible minima listed in Table I and then compare their Vmin’s. It is important to mention that the possible

minima listed in Table I do not necessarily exist. Table I only provides the possible solutions of the first

derivatives vanishing, which should be further checked by the existence conditions in Table I. If (q1, q2, z)

computed for a specific type violates the corresponding existence condition, the solution of this type does not

exist. Otherwise, the solution exists. However, this does not necessarily imply it is a minimum since it could

also be a maximum or saddle point. Technically, we do not need to check whether the obtained solutions are
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local minima or other extrema because we are only concerned about the Type D minimum. As long as Vmin

of Type D is lower than the potential values of other existing solutions, Type D must be a GM. Checking the

existence of other types of solutions, however, is necessary in this procedure.

Note that the minima summarized in Table I are only for the tree-level potential, while at the loop level they

may receive important corrections. To include loop corrections, we use the package Vevacious [82] which is

capable of finding the minima of the one-loop effective potential given the minima of the tree-level potential. We

will show that loop corrections can change the GM constraint quantitatively but not qualitatively. Therefore

the tree-level analytic expressions can be useful tools for understanding the more complicated, loop-corrected

GM constraint. Nevertheless, the loop corrections should be included for quantitative studies.

When applying the GM constraint, we shall first impose the BFB [10, 83–86] and perturbative unitarity

bounds [87–91]. This is because the former is the premise of studying global minima, and the latter avoids

too large quartic couplings. Although the unitarity bound is innocuous for the tree-level GM studies, it would

drastically enhance the loop corrections. The BFB conditions of the tree-level potential are given as

λ1 ,2 ≥ 0 , (16a)

λ3 ≥ −
√
λ1λ2 , (16b)

λ3 + λ4 − |λ5| ≥ −
√
λ1λ2 . (16c)

However, as recently shown in Ref. [92], the BFB constraints can be alleviated with more feasible parameter

regions when the radiative corrections are taken into account. Therefore when studying the loop-level vacua we

should check the BFB status of the one-loop effective potential instead of the tree-level potential. In addition,

the perturbative unitarity bounds, defined by the requirement that all the scalar scattering amplitudes respect

the unitarity condition, are usually considered in the high energy limit of s→∞. Recently it has been pointed

out in Refs. [89–91] that some amplitudes at finite s might be significantly larger than that in the s→∞ limit.

Hence, we will adopt the unitarity bounds improved by taking the s dependence into account, which are readily

applicable using the SARAH package [89, 93, 94].

III. THE GM CONSTRAINTS ON SOME BENCHMARKS

Given inputs of (Mh, MH , MA, M±, m2
12, α, β, and v) in the physical basis , we can convert them to the

potential parameters of (m2
11, m2

12, m2
22, and λ1···5) in the generic basis and, with the method introduced in

Sec. II B, infer whether the corresponding potential violates the GM condition. In this section, we study the

GM constraints on the parameters in the physical basis, focusing on two simple yet illustrative scenarios below:

• (i) all the heavy Higgs bosons are mass degenerate, i.e., MH = MA = M±;

• (ii) two of the heavy Higgs bosons are mass degenerate while the remaining are heavier or lighter than the

degenerate mass — see Table II. Such a mass spectrum allows exotic decays [95, 96].

For scenario (i), we perform a grid scan of MH = MA = M± from 200 GeV to 1 TeV at a step of 10 GeV,

and m2
12 from 0 to −(500 GeV)2 at a step of (10 GeV)2. The 2HDM mixing angles (α , β) are taken to be

consistent with the current LHC constraints on the 125 GeV Higgs boson signal strengths as shown in Fig. 1.

For scenario (ii), we summarize the benchmark models in Table II. Taking BP-1 for instance, we perform the
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FIG. 2. The GM constraints in the (MΦ ,
√
|m2

12|) plane, where mΦ is defined as the degenerate heavy Higgs boson mass
MH = MA = M± ≡ MΦ. The gray regions have already been excluded by the simplistic unitarity and BFB bounds,
and the tree-level GM constraints further exclude the yellow regions, leaving only the blue regions allowed by all these
constraints. When the loop corrections and the s dependence are included, the unitarity and BFB bounds shift to the
red curves, and the GM boundaries shift to the black curves. The left and the right panels assume Type I 2HDM with
cos(β − α) = 0.1 and Type II 2HDM with cos(β − α) = 0.01, respectively.

Mass planes Decays

BP-1 MA > MH = M± A→ (H±W∓ , HZ)

BP-2 MA < MH = M± H → (AZ ,AA) , H± → AW±

BP-3 MH > MA = M± H → (AZ ,AA) , H → (H+H− , H±W∓)

BP-4 MH < MA = M± A→ HZ ,H± → HW±

TABLE II. Summary table of the different benchmark planes (BP) with exotic heavy Higgs boson decays in the 2HDM.

grid scan of the heaviest Higgs boson mass MA from 250 GeV to 1 TeV at a step of 10 GeV, and the next heavy

Higgs boson mass MH = M± from 130 GeV up to MA − 100 GeV. The soft Z2 breaking parameter m2
12 still

takes the negative values from 0 to −(500 GeV)2 at a step of (10 GeV)2. In addition, we take cos(β − α) = 0

(known as the alignment limit) in this case for simplicity. For both scenarios, we set tanβ = 1.0 because larger

or smaller tanβ will be more stringently constrained by the perturbative unitarity bounds.

In Fig. 2, we present the GM constraints for scenario (i), i.e., the mass-degenerate heavy Higgs boson case. All

the samples generated in the above way are first filtered by the unitarity and BFB bounds and then constrained

by the GM conditions. For comparison, we present results for both a simplistic approach and an improved

approach. For the simplistic case, we adopt the conventional unitarity and BFB bounds which exclude the

gray regions, and then use the tree-level GM constraint to further exclude the yellow regions, leaving the blue

regions that satisfy all the constraints. The improved case includes the loop corrections and the s dependence

(explained at the end of Sec. II B), which change the boundaries of the gray regions to the red curves and the

boundaries between the blue and yellow regions to the black curves. As one can see, the loop-corrected GM

constraints deviate significantly from the tree-level GM constraints, but both can be violated typically when

|m12| is too large. Due to the significant loop corrections, for the remaining analyses we will adopt the improved
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FIG. 3. The GM constraints (excluding yellow) combined with the unitarity and BFB constraints (excluding gray) on
some benchmarks tabulated in Table II, with cos(β−α) = 0 and tanβ = 1.0. The loop corrections and the s dependence
have been included. The blue regions are the largest allowed regions by all the constraints in the grid scan — see the text
for more details.

constraints while the tree-level constraints are only used to qualitatively understand the results.

In Fig. 3, we present these joint constraints for the heavy Higgs mass spectrum with exotic decays in the

(MA ,
√
|m2

12|) or (MH ,
√
|m2

12|) plane, with 2HDM mixing angles of cos(β − α) = 0 and tanβ = 1.0. The

allowed regions by the GM constraints should be the same for both Type I and Type II models, provided that

the same 2HDM mixing angles are assumed. The heaviest neutral Higgs boson masses are always labeled as the

x axis. The blue regions represent the largest allowed regions by the grid scan of the next heavy Higgs mass in

each benchmark model.

IV. THE PHENOMENOLOGY IMPLICATIONS: HEAVY HIGGS BOSON SEARCHES AT THE
LHC

In this section, we will discuss the implications of the GM constraint on the LHC phenomenology of the

heavy Higgs boson searches in the general 2HDM. Since we have found that the GM condition is able to further
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FIG. 4. The decay branching fractions of Br[H → hh], for the Type I model (left panel) and Type II model (right
panel). The solid or dashed curves represent the parameter regions that are allowed or excluded by the GM conditions,
respectively. The loop corrections and the s dependence have been included.

constrain m2
12, in addition to the unitarity and BFB bounds, the actually allowed ranges of the Higgs boson

self-couplings are further restricted. For the cubic Higgs self-couplings in the physical basis, one may check

Ref. [97] for details. Accordingly, one can expect that the GM condition will be relevant to the SM-like Higgs

boson pair productions and other heavy Higgs search limits at the LHC.

A. The heavy CP -even Higgs boson decays into SM-like Higgs boson pairs

We study the resonance productions of the SM-like Higgs boson pair productions for the degenerate heavy

Higgs boson scenario. The exact results for the one-loop Higgs pair production processes at the pp colliders were

first studied in Ref. [98]. For the 2HDM case with nonvanishing inputs of cos(β − α), the leading contribution

is due to the heavy CP -even Higgs boson resonance H. In the m2
12 < 0 region, we plot the decay branching

fraction of Br[H → hh] for the Type I model (with parameters of cos(β − α) = 0.01 and tanβ = 1.0) and the

Type II model (with parameters of cos(β − α) = 0.1 and tanβ = 1.0) in Fig. 4, for three different inputs of the

heavy CP -even Higgs boson masses. The decay branching fractions of Br[H → hh] are apparently suppressed

in the Type II model, with a small cos(β−α) input, as compared to the Type I model. With the GM condition,

the allowed ranges of
√
|m2

12| are further restricted, which were also displayed in Fig. 2 previously.

We obtain the heavy CP -even Higgs boson production cross sections at the LHC 13 TeV runs, by using

the Sushi package [99]. For the parton distributions, we use NNPDF. Both the heavy resonance searches for

H → hh → bb̄γγ [100] and H → hh → bb̄bb̄ [101] were taken into account. In Fig. 5, the current LHC 13 TeV

search limits on the SM-like Higgs boson pairs via these two channels, as well as the theoretically allowed

regions, are presented in the (MH ,
√
|m2

12|) plane. For the Type I model, the current LHC search limits have

excluded the heavy Higgs boson mass ranges of 250 GeV . MH . 350 GeV. Meanwhile, the search limits

on the Type II model are much smaller in the theoretically allowed region, since the corresponding alignment

parameter of cos(β − α) was suppressed from the LHC signal strengths. For both Type I and Type II, most of

the LHC excluded regions are actually out of the theoretically allowed regions, showing the robustness of the

combinations of GM constraints and other theoretical bounds in the H → hh process.
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FIG. 5. The current LHC 13 TeV search limits on the resonance productions of SM-like Higgs boson pairs, for the
Type I model (left panel) and Type II model (right panel). The red and blue hatched regions have been excluded by the
hh→ bb̄γγ and hh→ bb̄bb̄, respectively. The black contours represent the theoretically (including the GM and unitarity
and BFB constraints) allowed regions.

FIG. 6. The current LHC 13 TeV search limits on the A→ ZH in the BP-1 case with cos(β − α) = 0 and tanβ = 1.0
input. The red hatched regions have been excluded by the LHC 13 TeV searches for A → ZH. The black contours
represent the theoretically (including the GM and unitarity and BFB constraints) allowed regions.

B. The exotic heavy Higgs boson decays

In general, the cubic self-couplings control the partial decay widths of heavy Higgs bosons, such as H → hh,

AA, H+H−, and so on. The constraints from the GM requirements turn out to be relevant to these partial

decay widths, and hence to all possible decay branching fractions of heavy Higgs bosons. The possible exotic

heavy Higgs boson decay modes were previously tabulated in Table II in the alignment limit.

Currently, the most recent LHC search limits on a heavy Higgs boson decaying into a Z boson plus another

heavy Higgs boson via the `+`−bb̄ final state can be found in Ref. [102]. The experimental search limits of

σ × Br[A → ZH] × Br[H → bb̄] have been projected to the two-dimensional plane of (MH ,MA) by assuming

that MA > MH . Such exotic heavy Higgs decay searches have also been studied in Ref. [96] via different final

states of 2b+ 4` or 4b+ 2`. Here, we use the observed upper limits on both gg → A→ ZH and gg → H → ZA
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FIG. 7. Similar to Fig. 6, but for the LHC 13 TeV search limits on H → ZA in the BP-2 case.

FIG. 8. Similar to Fig. 6, but for the LHC 13 TeV search limits on H → ZA in the BP-3 case.

processes by assuming that the search limits are insensitive to the parity properties of the heavy Higgs bosons.

Through Figs. 6, 7, 8, and 9, we present the current LHC 13 TeV search limits on the exotic heavy Higgs

boson decay modes in the (MA ,MH) plane (for BP-1 and BP-4) or the (MH ,MA) plane (for BP-2 and BP-

3). In Ref. [102], the mass ranges of the experimental searches were taken to be MA ∈ (230 , 800) GeV and

MH ∈ (130 , 700) GeV. For all four benchmark planes, the current LHC 13 TeV experimental search limits

have excluded the regions where the next-heaviest Higgs boson masses are . 300 GeV.

As shown in Figs. 6-9, for all the cases presented here, the LHC excluded regions partially overlap with

theoretically allowed regions (marked by the black contour), which implies that the GM constraints are comple-

mentary to the LHC constraints. When m2
12 changes from zero (left panels) to negative values (right panels),

the theoretically allowed regions shrink, leading to preferences for smaller branching ratios. Generally speaking,

more negative m2
12 is more stringently constrained by the GM constraints, which is consistent with what has

been shown in Figs. 2-3. This can be understood by the analytical expressions of potential minima in Eqs. (15),
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FIG. 9. Similar to Fig. 6, but for the LHC 13 TeV search limits on A→ ZH in the BP-4 case.

which can be reduced to

Vmin ,B → −
(M2

h tanβ − 2m2
12)2v2 cos2 β

8
(
M2
h sin2 β +M2

H cos2 β −m2
12/ tanβ

) , (17a)

Vmin ,C → −
(M2

h/ tanβ − 2m2
12)2v2 sin2 β

8
(
M2
H sin2 β +M2

h cos2 β −m2
12 tanβ

) , (17b)

Vmin ,D → −
v2

8
M2
h . (17c)

in the alignment limit of cos(β−α) = 0. To have both conditions of Vmin ,D < Vmin ,B and Vmin ,D < Vmin ,C hold

with a more negative input of m2
12, one thus demands a larger input of MH .

For the BP-1 and BP-4 cases, a more negative input of m2
12 pushes MA and MH closer to each other.

Therefore, one can expect the current experimental searches via the H → ZA mode become more challenging,

since the transverse momenta of final-state b jets and leptons are smaller. Similar situations can be envisioned

for the BP-2 and BP-3 cases as well, but for the different decay mode of A→ ZH. This suggests that the heavy

Higgs boson spectrum involving exotic decay modes may be hidden from the LHC experimental searches, with

negative inputs of m2
12 and the GM constraint taken into account.

V. CONCLUSION

In the scalar potential of the general 2HDM, it is likely that several minima may coexist. The usually

considered vacuum can thus become a local minimum, and it may decay into a deeper one. To avoid this

vacuum instability at the tree level, we impose the GM condition to the 2HDM potential.

According to our analysis, it turns out that the GM condition can impose a more stringent bound on the m2
12

parameter when it is in the negative region. Besides, we find that large or small inputs of tanβ can impose

stringent bounds on the heavy Higgs boson masses for the illustrated cases. Hence, we focus on the parameter

input of tanβ = 1.0 in our discussion. Two different scenarios in the heavy Higgs boson sector were considered in

our analysis. For the mass-degenerate heavy Higgs bosons, we find that the actually expected decay branching

fractions of Br[H → hh] with a nonvanishing alignment parameter are restricted into smaller ranges. The
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current LHC 13 TeV searches for SM-like Higgs boson pairs via bb̄γγ and bb̄bb̄ final states are more sensitive in

the Type I benchmark model, compared to the Type II benchmark model with a suppressed cos(β − α) input.

For the heavy Higgs boson spectrum involving exotic decays, the GM constraint can put more stringent bounds

with more negative inputs of m2
12. The current LHC 13 TeV run has performed searches for the heavy Higgs

boson with an exotic decay mode of A → ZH → `+`−bb̄. We projected the experimental search limits on the

(MA ,MH) plane (when MA > MH) or the (MH ,MA) plane (when MH > MA). We also note that the GM

constraint can squeeze the heavy CP -even Higgs boson mass MH into larger values with the negative inputs

of m2
12. Consequently, such parameter regions bring difficulty for the future LHC searches via the exotic heavy

Higgs boson decay channels.

ACKNOWLEDGMENTS

The work of N.C. is supported by the National Natural Science Foundation of China (under Grant No.

11575176) and Center for Future High Energy Physics (CFHEP). The work of Y.C.W. is partially supported

by the Natural Sciences and Engineering Research Council of Canada. N.C. thanks Center for High Energy

Physics Peking University for their hospitality when part of this work was prepared.

[1] G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M. Sher, and J. P. Silva, Theory and phenomenology of
two-Higgs-doublet models, Phys. Rept. 516 (2012) 1–102, [arXiv:1106.0034].

[2] H. E. Haber and G. L. Kane, The Search for Supersymmetry: Probing Physics Beyond the Standard Model, Phys.
Rept. 117 (1985) 75–263.

[3] A. Djouadi, The Anatomy of electro-weak symmetry breaking. II. The Higgs bosons in the minimal
supersymmetric model, Phys. Rept. 459 (2008) 1–241, [hep-ph/0503173].

[4] T. D. Lee, A Theory of Spontaneous T Violation, Phys. Rev. D8 (1973) 1226–1239. [,516(1973)].
[5] J. E. Kim, Light Pseudoscalars, Particle Physics and Cosmology, Phys. Rept. 150 (1987) 1–177.
[6] P. M. Ferreira, R. Santos, and A. Barroso, Stability of the tree-level vacuum in two Higgs doublet models against

charge or CP spontaneous violation, Phys. Lett. B603 (2004) 219–229, [hep-ph/0406231]. [Erratum: Phys.
Lett.B629,114(2005)].

[7] A. Barroso, P. M. Ferreira, and R. Santos, Charge and CP symmetry breaking in two Higgs doublet models, Phys.
Lett. B632 (2006) 684–687, [hep-ph/0507224].

[8] A. Barroso, P. M. Ferreira, and R. Santos, Some remarks on tree-level vacuum stability in two Higgs doublet
models, Afr. J. Math. Phys. 3 (2006) 103–109, [hep-ph/0507329].

[9] A. Barroso, P. M. Ferreira, and R. Santos, Tree-level vacuum stability in multi Higgs models, PoS HEP2005
(2006) 337, [hep-ph/0512037].

[10] I. P. Ivanov, Minkowski space structure of the Higgs potential in 2HDM, Phys. Rev. D75 (2007) 035001,
[hep-ph/0609018]. [Erratum: Phys. Rev.D76,039902(2007)].

[11] A. Barroso, P. M. Ferreira, R. Santos, and J. P. Silva, Stability of the normal vacuum in multi-Higgs-doublet
models, Phys. Rev. D74 (2006) 085016, [hep-ph/0608282].

[12] I. P. Ivanov, Minkowski space structure of the Higgs potential in 2HDM. II. Minima, symmetries, and topology,
Phys. Rev. D77 (2008) 015017, [arXiv:0710.3490].

[13] A. Barroso, P. M. Ferreira, and R. Santos, Neutral minima in two-Higgs doublet models, Phys. Lett. B652 (2007)
181–193, [hep-ph/0702098].

[14] I. P. Ivanov, Can 2HDM support fermion-stabilized bubbles of false vacuum?, arXiv:0706.4332.
[15] I. P. Ivanov, Thermal evolution of the ground state of the most general 2HDM, Acta Phys. Polon. B40 (2009)

2789–2807, [arXiv:0812.4984].
[16] I. P. Ivanov and C. C. Nishi, Properties of the general NHDM. I. The Orbit space, Phys. Rev. D82 (2010) 015014,

[arXiv:1004.1799].
[17] N. Barros e Sa, A. Barroso, P. Ferreira, and R. Santos, Vacuum Stability in two-Higgs doublet models, PoS

CHARGED2008 (2008) 014, [arXiv:0906.5453].

http://arxiv.org/abs/1106.0034
http://arxiv.org/abs/hep-ph/0503173
http://arxiv.org/abs/hep-ph/0406231
http://arxiv.org/abs/hep-ph/0507224
http://arxiv.org/abs/hep-ph/0507329
http://arxiv.org/abs/hep-ph/0512037
http://arxiv.org/abs/hep-ph/0609018
http://arxiv.org/abs/hep-ph/0608282
http://arxiv.org/abs/0710.3490
http://arxiv.org/abs/hep-ph/0702098
http://arxiv.org/abs/0706.4332
http://arxiv.org/abs/0812.4984
http://arxiv.org/abs/1004.1799
http://arxiv.org/abs/0906.5453


15

[18] I. F. Ginzburg, I. P. Ivanov, and K. A. Kanishev, The Evolution of vacuum states and phase transitions in 2HDM
during cooling of Universe, Phys. Rev. D81 (2010) 085031, [arXiv:0911.2383].

[19] I. P. Ivanov, Properties of the general NHDM. II. Higgs potential and its symmetries, JHEP 07 (2010) 020,
[arXiv:1004.1802].

[20] R. A. Battye, G. D. Brawn, and A. Pilaftsis, Vacuum Topology of the Two Higgs Doublet Model, JHEP 08 (2011)
020, [arXiv:1106.3482].

[21] A. Barroso, P. M. Ferreira, I. P. Ivanov, R. Santos, and J. P. Silva, Evading death by vacuum, Eur. Phys. J. C73
(2013) 2537, [arXiv:1211.6119].

[22] A. Barroso, P. M. Ferreira, I. Ivanov, R. Santos, and J. P. Silva, Avoiding Death by Vacuum, J. Phys. Conf. Ser.
447 (2013) 012051, [arXiv:1305.1906].

[23] A. Barroso, P. M. Ferreira, I. P. Ivanov, and R. Santos, Metastability bounds on the two Higgs doublet model,
JHEP 06 (2013) 045, [arXiv:1303.5098].

[24] A. Barroso, P. M. Ferreira, I. Ivanov, and R. Santos, Tree-level metastability bounds in two-Higgs doublet models,
in Proceedings, 1st Toyama International Workshop on Higgs as a Probe of New Physics 2013 (HPNP2013):
Toyama, Japan, February 13-16, 2013, 2013. arXiv:1305.1235.

[25] I. P. Ivanov and J. P. Silva, Tree-level metastability bounds for the most general two Higgs doublet model, Phys.
Rev. D92 (2015), no. 5 055017, [arXiv:1507.05100].

[26] S. R. Coleman, The Fate of the False Vacuum. 1. Semiclassical Theory, Phys. Rev. D15 (1977) 2929–2936.
[Erratum: Phys. Rev.D16,1248(1977)].

[27] C. G. Callan, Jr. and S. R. Coleman, The Fate of the False Vacuum. 2. First Quantum Corrections, Phys. Rev.
D16 (1977) 1762–1768.

[28] X.-J. Xu, Tree-level vacuum stability of two-Higgs-doublet models and new constraints on the scalar potential,
Phys. Rev. D95 (2017), no. 11 115019, [arXiv:1705.08965].

[29] K. Hartling, K. Kumar, and H. E. Logan, The decoupling limit in the Georgi-Machacek model, Phys. Rev. D90
(2014), no. 1 015007, [arXiv:1404.2640].

[30] X.-J. Xu, Minima of the scalar potential in the type II seesaw model: From local to global, Phys. Rev. D94 (2016),
no. 11 115025, [arXiv:1612.04950].

[31] P. S. Bhupal Dev, R. N. Mohapatra, W. Rodejohann, and X.-J. Xu, Vacuum structure of the left-right symmetric
model, arXiv:1811.06869.
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