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We examine the lepton-specific 2HDM as a solution of muon g −2 anomaly under various theoretical and 
experimental constraints, especially the direct search limits from the LHC and the requirement of a strong 
first-order phase transition in the early universe. We find that the muon g − 2 anomaly can be explained 
in the region of 32 < tanβ < 80, 10 GeV < mA < 65 GeV, 260 GeV < mH < 620 GeV and 180 GeV <

mH± < 620 GeV after imposing the joint constraints from the theory, the precision electroweak data, the 
125 GeV Higgs data, the leptonic/semi-hadronic τ decays, the leptonic Z decays and Br(Bs → μ+μ−). 
The direct searches from the h → A A channels can impose stringent upper limits on Br(h → A A) and 
the multi-lepton event searches can sizably reduce the allowed region of mA and tan β (10 GeV < mA <

44 GeV and 32 < tanβ < 60). Finally, we find that the model can produce a strong first-order phase 
transition in the region of 14 GeV < mA < 25 GeV, 310 GeV < mH < 355 GeV and 250 GeV < mH± <

295 GeV, allowed by the explanation of the muon g − 2 anomaly.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The muon anomalous magnetic moment (g − 2) is a very pre-
cisely measured observable. The muon g − 2 anomaly has been a 
long-standing puzzle since the announcement by the E821 experi-
ment in 2001 [1,2]. The experimental value has an approximate 3σ
discrepancy from the SM prediction [3–5]. As a popular extension 
of the SM, the two Higgs doublet models (2HDM) have been ap-
plied to explain the muon g − 2 anomaly in the literature [6–31]. 
Among these extensions, the lepton-specific 2HDM (L2HDM) pro-
vides a simple explanation for the muon g − 2 anomaly [11,14–17,
22]. A light pseudoscalar with a large coupling to lepton can siz-
ably enhance the muon g − 2 via the two-loop Barr–Zee diagrams.

In this work we examine the parameter space of L2HDM by 
considering the joint constraints from the theory, the precision 
electroweak data, the 125 GeV Higgs signal data, the muon g − 2
anomaly, the lepton flavor universality (LFU) in the τ and Z de-
cays, the measurement of Br(Bs → μ+μ−), as well as the direct 
search limits from the LHC (the data of some channels analyzed 
by the ATLAS and CMS are corresponding to an integrated lumi-
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nosity up to about 36 fb−1 recorded in proton–proton collisions 
at 

√
s = 13 TeV). On the other hand, it is known that the 2HDM 

can trigger a strong first-order phase transition (SFOPT) in the 
early universe [32,33], which is required by a successful explana-
tion of the observed baryon asymmetry of the universe (BAU) [34]
and can produce primordial gravitational-wave (GW) signals [35]
potentially detectable by future space-based laser interferometer 
detectors like eLISA [36]. Due to the importance of SFOPT in cos-
mology, we will also analyze whether a SFOPT is achievable in the 
parameter space in favor of the muon g − 2 explanation.

Our work is organized as follows. In Sec. 2 we recapitulate 
the L2HDM. In Sec. 3 we discuss the muon g − 2 anomaly and 
other relevant constraints. In Sec. 4, we constrain the model using 
the direct search limits from the LHC. In Sec. 5, we discuss some 
benchmark scenarios leading to a SFOPT. Finally, we give our con-
clusion in Sec. 6.

2. The lepton-specific 2HDM

The Higgs potential with a softly-broken discrete Z2 symmetry 
is given as [37]

V = m2
11(�

†
1�1) + m2

22(�
†
2�2) −

[
m2

12(�
†
1�2 + h.c.)
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In this paper we focus on the CP-conserving case where all λi
and m2

12 are real. The two complex scalar doublets respectively 
have the vacuum expectation values (VEVs) v1 and v2 with v2 =
v2

1 + v2
2 = (246 GeV)2, and the ratio of the two VEVs is defined 

as usual to be tan β = v2/v1. There are five mass eigenstates: two 
neutral CP-even states h and H , one neutral pseudoscalar A, and 
two charged scalars H± .

In the L2HDM, the quarks obtain masses from �2 field, and the 
leptons from �1 field [38,39]. The Yukawa interactions are given 
by

−L = Yu2 Q L �̃2 uR + Yd2 Q L �2 dR + Y�1 LL �1 eR + h.c. , (2)

where Q T
L = (uL , dL), LT

L = (νL , lL), �̃1,2 = iτ2�
∗
1,2, and Yu2, Yd2

and Y�1 are 3 × 3 matrices in family space.
The Yukawa couplings of the neutral Higgs bosons normalized 

to the SM are given by

yh
V = sin(β − α), yh

f = [
sin(β − α) + cos(β − α)κ f

]
,

yH
V = cos(β − α), yH

f = [
cos(β − α) − sin(β − α)κ f

]
,

y A
V = 0, y f

A = −iκ f (for u), y A
f = iκ f (for d, �), (3)

where V denotes Z or W , κ� ≡ − tan β , κd = κu ≡ 1/ tan β and α
is the mixing angle of the two CP-even Higgs bosons.

3. Muon g − 2 anomaly and relevant constraints

3.1. Numerical calculations

In this paper, the light CP-even Higgs h is taken as the SM-
like Higgs, mh = 125 GeV. We take a convention [40], 0 ≤ β ≤ π

2
and −π

2 ≤ β − α ≤ π
2 , which leads to 0 ≤ cos(β − α) ≤ 1 and 

−1 ≤ sin(β − α) ≤ 1. We take tan β and sin(β − α) as input pa-
rameters, which replace the mixing angles β and α, respectively. 
If sin(β − α) and tan β are given, we can determine β and α by 
β = arctanβ and α = arctanβ − arcsin(β − α), respectively. Since 
the muon g − 2 anomaly favors a light pseudoscalar with a large 
coupling to lepton, we scan over mA and tan β in the following 
ranges:

10 GeV < mA < 120 GeV, 20 < tanβ < 120. (4)

Such tan β can make | yh
f | to deviate from 1 sizably for a large 

cos(β − α), which is disfavored by the signal data of the 125 GeV 
Higgs. Therefore, we take | sin(β − α) | to be close to 1. According 
to the results on sin(β − α) in Ref. [15], we scan over sin(β − α)

in the following ranges:

0.994 ≤ sin(β − α) ≤ 1, − 1 ≤ sin(β − α) ≤ −0.994. (5)

In our calculation, we consider the following observables and 
constraints:

(1) Theoretical constraints and precision electroweak data. The 
2HDMC [40] is employed to implement the theoretical con-
straints from the vacuum stability, unitarity and coupling-
constant perturbativity, as well as the constraints from the 
oblique parameters (S , T , U ).
(2) The signal data of the 125 GeV Higgs. Since the 125 GeV Higgs 
couplings with the SM particles in this model can deviate from 
the SM ones, the SM-like decay modes will be modified. Be-
sides, for mA is smaller than 62.5 GeV, the invisible decay 
h → A A is kinematically allowed, which will be strongly con-
strained by the experimental data of the 125 GeV Higgs. We 
perform χ2

h calculation for the signal strengths of the 125 GeV 
Higgs in the μgg F+tth(Y ) and μV B F+V h(Y ) with Y denoting 
the decay mode γ γ , Z Z , W W , τ+τ− and bb̄,

χ2(Y ) =
(

μgg H+tt H (Y ) − μ̂gg H+tt H (Y )

μV B F+V H (Y ) − μ̂V B F+V H (Y )

)T (
aY bY

bY cY

)
×

(
μgg H+tt H (Y ) − μ̂gg H+tt H (Y )

μV B F+V H (Y ) − μ̂V B F+V H (Y )

)
, (6)

where μ̂gg H+tt H (Y ) and μ̂V B F+V H (Y ) are the data best-fit val-
ues and aY , bY and cY are the parameters of the ellipse, which 
are given by the combined ATLAS and CMS experiments [41].

(3) LFU in the τ decays. The HFAG collaboration reported three 
ratios from pure leptonic processes, and two ratios from semi-
hadronic processes, τ → π/Kν and π/K → μν [42]:(

gτ

gμ

)
= 1.0011 ± 0.0015,

(
gτ

ge

)
= 1.0029 ± 0.0015,(

gμ

ge

)
= 1.0018 ± 0.0014,

(
gτ

gμ

)
π

= 0.9963 ± 0.0027,(
gτ

gμ

)
K

= 0.9858 ± 0.0071. (7)

The correlation matrix for the above five observables is⎛⎜⎜⎜⎝
1 +0.53 −0.49 +0.24 +0.12

+0.53 1 +0.48 +0.26 +0.10
−0.49 +0.48 1 +0.02 −0.02
+0.24 +0.26 +0.02 1 +0.05
+0.12 +0.10 −0.02 +0.05 1

⎞⎟⎟⎟⎠ . (8)

In the L2HDM we have the ratios(
gτ

gμ

)
≈ 1 + δloop,

(
gτ

ge

)
≈ 1 + δtree + δloop,(

gμ

ge

)
≈ 1 + δtree,

(
gτ

gμ

)
π

≈ 1 + δloop,(
gτ

gμ

)
K

≈ 1 + δloop, (9)

where δtree and δloop are respectively corrections from the 
tree-level diagrams and the one-loop diagrams mediated by 
the charged Higgs. They are given as [16,22]

δtree = m2
τ m2

μ

8m4
H±

t4
β − m2

μ

m2
H±

t2
β

g(m2
μ/m2

τ )

f (m2
μ/m2

τ )
, (10)

δloop = 1

16π2

m2
τ

v2
t2
β

[
1 + 1

4

(
H(xA) + s2

β−α H(xH )

+ c2
β−α H(xh)

)]
, (11)

where f (x) ≡ 1 − 8x + 8x3 − x4 − 12x2 ln(x), g(x) ≡ 1 + 9x −
9x2 − x3 + 6x(1 + x) ln(x) and H(xφ) ≡ ln(xφ)(1 + xφ)/(1 − xφ)

with xφ = m2
φ/m2

H± .

We perform χ2
τ calculation for the five observables. The co-

variance matrix constructed from the data of Eq. (7) and 
Eq. (8) has a vanishing eigenvalue, and the corresponding de-
gree is removed in our calculation.
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(4) LFU in the Z decays. The measured values of the ratios of the 
leptonic Z decay branching fractions are given as [43]:

�Z→μ+μ−

�Z→e+e−
= 1.0009 ± 0.0028 , (12)

�Z→τ+τ−

�Z→e+e−
= 1.0019 ± 0.0032 , (13)

with a correlation of +0.63. In the L2HDM, the width of 
Z → τ+τ− can have sizable deviation from the SM value 
by the loop contributions of the extra Higgs bosons, because 
they strongly interact with charged leptons for large tan β . The 
quantities of Eq. (12) are calculated in the L2HDM as [16,22]

�Z→μ+μ−

�Z→e+e−
≈ 1.0 + 2ge

L Re(δg2HDM
L ) + 2ge

R Re(δg2HDM
R )

ge
L

2 + ge
R

2

m2
μ

m2
τ

,

(14)

�Z→τ+τ−

�Z→e+e−
≈ 1.0 + 2ge

L Re(δg2HDM
L ) + 2ge

R Re(δg2HDM
R )

ge
L

2 + ge
R

2
,

(15)

where the SM value ge
L = −0.27 and ge

R = 0.23. δg2HDM
L and 

δg2HDM
R are from the one-loop corrections of L2HDM, which 

are explicitly given in Ref. [22].
(5) The muon g − 2. The recent measurement is aexp

μ =
(116592091 ± 63) × 10−11 [44], which has approximately 3.1σ
deviation from the SM prediction [45], �aμ = aexp

μ − aS M
μ =

(262 ± 85) × 10−11. In this paper, we require the model to 
explain the muon g − 2 anomaly at the 2σ level.
In the L2HDM, the muon g − 2 obtains contributions from the 
one-loop diagrams induced by the Higgs bosons and also from 
the two-loop Barr–Zee diagrams mediated by A, h and H . For 
the one-loop contributions [6] we have

�a2HDM
μ (1loop) = G F m2

μ

4π2
√

2

∑
j

(
y j
μ

)2
r j
μ f j(r

j
μ), (16)

where j = h, H, A, H±, r j
μ = m2

μ/M2
j . For r j

μ � 1 we have

fh,H (r) 	 − ln r − 7/6, f A(r) 	 ln r + 11/6,

f H±(r) 	 −1/6. (17)

The two-loop contributions are given by

�a2HDM
μ (2loop − BZ)

= G F m2
μ

4π2
√

2

αem

π

∑
i, f

Nc
f Q 2

f yi
μ yi

f ri
f gi(r

i
f ), (18)

where i = h, H, A, and m f , Q f and Nc
f are the mass, elec-

tric charge and the number of color degrees of freedom of the 
fermion f in the loop. The functions gi(r) are [7,8,10]

gh,H (r) =
1∫

0

dx
2x(1 − x) − 1

x(1 − x) − r
ln

x(1 − x)

r
, (19)

g A(r) =
1∫

0

dx
1

x(1 − x) − r
ln

x(1 − x)

r
. (20)

The contributions of the CP-even (CP-odd) Higgses to aμ are 
negative (positive) at the two-loop level and positive (nega-
tive) at one-loop level. As m2 /m2

μ could easily overcome the 
f
loop suppression factor α/π , the two-loop contributions can 
be larger than one-loop ones.

(6) Bs → μ+μ− . We take the formulas in [46] to calculate Bs →
μ+μ−

B(Bs → μ+μ−)

B(Bs → μ+μ−)SM
=

[
|P |2 +

(
1 − ��s

�s
L

)
|S|2

]
, (21)

where the CKM matrix elements and hadronic factors cancel 
out, and

P ≡ C10

CSM
10

+ M2
Bs

2M2
W

(
mb

mb + ms

)
C P − CSM

P

CSM
10

, (22)

S ≡
√√√√1 − 4m2

μ

M2
Bs

M2
Bs

2M2
W

(
mb

mb + ms

)
C S − CSM

S

CSM
10

. (23)

The L2HDM can give the additional contributions to coeffi-
cient C10 by the Z -penguin diagrams with the charged Higgs 
loop. Unless there are large enhancements for C P and C S , their 
contributions can be neglected due to the suppression of the 
factor M2

Bs
/M2

W . In the L2HDM, C P can obtain the important 
contributions from the CP-odd Higgs exchange diagrams for a 
very small mA . The experimental data of Br(Bs → μμ) is given 
as [47]

Br(Bs → μμ) = (3.0 ± 0.6+0.3
−0.2) × 10−9. (24)

(7) The exclusion limits from the searches for Higgs bosons at the 
LEP and h → A A at the LHC. We employ HiggsBounds [50,51]
to implement the exclusion constraints from the searches for 
the neutral and charged Higgs at the LEP at 95% confidence 
level. The searches for a light Higgs at the LEP can impose 
stringent constraints on the parameter space.
The ATLAS and CMS have searched for some exotic decay 
channels of the 125 GeV Higgs, such as h → A A. In addi-
tion to the global fit to the 125 GeV Higgs signal data, the 
h A A coupling will be constrained by the ATLAS and CMS di-
rect searches for h → A A channels at the LHC. Table 1 shows 
several h → A A channels considered by us.

The 125 GeV Higgs signal data and the LFU data from τ decays 
include a large number of observables. We perform a global fit 
to the 125 GeV Higgs signal data and the LFU data from τ decays, 
and define χ2 as χ2 = χ2

h +χ2
τ . We pay particular attention to the 

surviving samples with χ2 − χ2
min ≤ 6.18, where χ2

min denotes the 
minimum of χ2. These samples correspond to be within the 2σ
range in any two-dimension plane of the model parameters when 
explaining the signal data of the 125 GeV Higgs and the data of 
the LFU from τ decays.

3.2. Results and discussions

In Fig. 1, we project the surviving samples within 1σ , 2σ , 
and 3σ ranges of �χ2 on the planes of tan β VS mA , tan β VS 
mH± , and mA VS mH± after imposing the constraints from the-
ory, the oblique parameters, the exclusion limits from searches 
for Higgs at LEP, the signal data of the 125 GeV Higgs, and the 
LFU in τ decays. We obtain a surviving sample with a minimal 
value of χ2 fit to the 125 GeV Higgs signal data and the LFU data 
in τ decays, χ2

min = 16.99. The upper-left panel of Fig. 1 shows 
that the value of χ2 is favored to increase with tan β and with 
a decrease of mH± . This is because the LFU in τ decays is sig-
nificantly corrected by the tree-level diagrams mediated by the 
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Table 1
The upper limits at 95% C.L. on the production cross-section times branching ratio for h → A A channels at the LHC.

Channel Experiment Mass range (GeV) Luminosity

gg → h → A A → τ+τ−τ+τ− ATLAS 8 TeV [48] 4–50 20.3 fb−1

pp → h → A A → τ+τ−τ+τ− CMS 8 TeV [49] 5–15 19.7 fb−1

pp → h → A A → (μ+μ−)(bb̄) CMS 8 TeV [49] 25–62.5 19.7 fb−1

pp → h → A A → (μ+μ−)(τ+τ−) CMS 8 TeV [49] 15–62.5 19.7 fb−1

Fig. 1. The samples within the 1σ , 2σ and 3σ ranges of �χ2 projected on the planes of tanβ versus (VS) mH± , tanβ VS mA , mA VS mH± , and mA VS mH after imposing the 
constraints from theory, the oblique parameters, the exclusion limits from searches for Higgs at LEP, the signal data of the 125 GeV Higgs, and the LFU from the τ decays. 
The bullets (green), pluses (royal blue), and triangles (red) are respectively within the 3σ , 2σ and 1σ regions of �χ2.
charged Higgs. The lower-left panel of Fig. 1 shows that χ2 is fa-
vored to have a large value for a small mA . For mA < mH± , the 
large mass splitting between mA and mH± can make the one-
loop diagram to give sizable correction to the LFU in τ decays. 
The upper-right panel shows that, for a light pseudoscalar, such 
as mA < 25 GeV, tanβ is strongly imposed an upper limit. The 
main constraints are from the exclusion limits from the searches 
for Higgs at LEP. Ref. [26] also obtained the limits from LEP on 
tan β for mA < 25 GeV. Our results are consistent with those of 
Ref. [26], such as tan β > 35 (60) for mA around 10 GeV (20 GeV). 
Most of regions of mA < 60 GeV and mH < 300 GeV are beyond 
the 2σ range of �χ2, as shown in lower-right panel of Fig. 1. The 
main constraints are from the signal data of the 125 GeV Higgs 
and the theory.

The left panel of Fig. 2 shows that sin(β − α) and tan β are re-
stricted to be a narrow region. From the Eq. (3), the τ Yukawa 
coupling of the 125 GeV Higgs normalized to the SM is yh

τ =
sin(β − α) − cos(β − α) tan β with cos(β − α) > 0, and | yh

τ | can 
significantly deviate from 1.0 for a large tan β , which is disfavored 
by the signal data of the 125 GeV Higgs. Therefore, an appropriate 
sin(β −α) is required to make | yh

τ | to be around 1.0. A simple so-
lution is | sin(β −α) | very close to 1.0. However, the constraints of 
theory and Br(h → A A) < 0.3 require tanβ < 10, and the detailed 
discussions are given in Ref. [52] (see Fig. 1 of Ref. [52]). Therefore, 
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Fig. 2. The surviving samples projected on the planes of sin(β − α) VS tanβ and sin(β − α) VS mA . The bullets (sky blue) and pluses (royal blue) are allowed by the 
constraints from theory, the oblique parameters, the exclusion limits from searches for Higgses at LEP. In addition, the pluses (royal blue) are within the 2σ regions of �χ2.
Fig. 3. The surviving samples on the planes of Br(h → A A) VS mA after imposing 
the constraints from “pre-muon g − 2”. The bullets (green) and crosses (blue) are 
respectively within the 3σ and 2σ regions of �χ2. The circles (pink) are within 
the 2σ regions of �χ2 and allowed by the exclusion limits from h → A A channels 
at the LHC.

such solution is excluded for tan β > 20 in our paper, as shown in 
the right panel of Fig. 2. For sin(β −α) > 0, | sin(β −α) | is allowed 
to deviate from 1.0 properly. The corresponding −yh

τ is around 1.0, 
and yh

τ is opposite in sign from the gauge boson coupling of the 
125 GeV Higgs. This is so called the wrong sign Yukawa coupling 
of 125 GeV Higgs. For example, yh

τ = −1.01 for sin(β −α) = 0.999
and tan β = 45. For sin(β − α) < 0, yh

τ is smaller than 0, and its 
absolute value deviates from 1.0 significantly, which is excluded. In 
addition, for mA < 20 GeV, the exclusion limits from the searches 
for Higgs at LEP impose an upper bound on tan β . As a result, some 
large values of sin(β − α) are excluded for mA < 20 GeV accord-
ing to the dependence of tan β on sin(β − α) shown in the left 
panel.
In Fig. 3, we project the surviving samples on the planes of 
Br(h → A A) VS mA after imposing the constraints from “pre-muon 
g − 2” (denoting the theory, the oblique parameters, the exclu-
sion limits from the searches for Higgs at LEP, the signal data of 
the 125 GeV Higgs, the LFU in τ decays, and the exclusion limits 
from h → A A channels at LHC). The direct searches for h → A A
channels at the LHC impose stringent upper limits on Br(h → A A)

in the L2HDM, such as Br(h → A A) < 4% for mA = 60 GeV. Many 
samples within the 2σ range of �χ2 are excluded.

In Fig. 4, we project the surviving samples on the planes of 
tanβ VS mA , tanβ VS mH± , tan β VS mH , mA VS mH± , mA VS mH , 
and mH VS mH± after imposing the constraints from “pre-muon 
g − 2”, muon g − 2 anomaly, the LFU in Z decays, and Br(Bs →
μ+μ−). The lower-left and lower-middle panels show that the 
LFU in Z decays excludes most of samples in the large mH± and 
mH regions. This is because that the one-loop diagram can give 
sizable corrections to the LFU in Z decays for mA < mH± (mH ). 
The characteristic is also found in Refs. [12,22,26], and our re-
sults are consistent with theirs. Because of the constraints from 
the oblique parameters, H and H± are favored to have a small 
splitting mass for large mH± , as shown in the lower-right panel of 
Fig. 4. Ref. [14] also pointed out the constraints of �ρ on the mass 
splitting between H and H± . The T parameter used in our paper 
is related to �ρ . For mH± < 250 GeV, all the samples within 2σ
region of �χ2 are consistent with the limits of the LFU in Z de-
cay. This is because the LFU in τ decays can give more stringent 
constraints on the L2HDM than the LFU in Z decays for a light 
charged Higgs.

The upper-left and lower-left panels of Fig. 4 show that the 
limits of Br(Bs → μ+μ−) exclude most of regions of mA around 
10 GeV and mH± < 300 GeV. The A exchange diagrams can give 
sizable contributions to Bs → μ+μ− for a very small mA . In the 
L2HDM, the lepton couplings are enhanced by tan β , while the 
quark couplings are suppressed by cot β . Therefore, the leading 
contributions are almost independent on tan β for large tan β .

Fig. 4 shows that with the limits from “pre-muon g − 2”, the 
LFU in Z decays and Br(Bs → μ+μ−) being satisfied, the muon 
g − 2 anomaly can be explained in the regions of 32 < tan β < 80, 
10 GeV < mA < 65 GeV, 260 GeV < mH < 620 GeV, and 180 GeV <

mH± < 620 GeV. The upper-left panel of Fig. 4 shows that in the 
range of 65 GeV < mA < 100 GeV, the muon g − 2 anomaly can 



524 L. Wang et al. / Physics Letters B 788 (2019) 519–529
Fig. 4. The surviving samples projected on the planes of tanβ VS mA , tanβ VS mH± , tanβ VS mH , mA VS mH± , mA VS mH , and mH VS mH± . The pluses (green) are allowed 
by the constraints of “pre-muon g − 2”. The triangles (pink) are allowed by the “pre-muon g − 2”, but excluded by the Br(Bs → μ+μ−) limits. The light bullets (sky blue) 
and dark bullets (royal blue) are allowed by the “pre-muon g − 2”, but excluded by the limits of the LFU in Z decay. In addition, the light bullets accommodate the muon 
g − 2 anomaly and the dark bullets do not. The circles (black) are allowed by the constraints from the “pre-muon g − 2”, the LFU in Z decay, and Br(Bs → μ+μ−).
be explained for a large enough tan β . However, such a large tan β

is excluded by the LFU in Z decays. The contributions of A to the 
muon g −2 anomaly have destructive interference with those of H . 
Therefore, a large mass splitting between A and H is required to 
explain the muon g − 2 anomaly, as shown in the lower-middle 
panel of Fig. 4.

Refs. [16,22,26] discussed the muon g − 2 anomaly, the con-
straints from LFU in τ and Z decays in the L2HDM. Here we 
compare our results with those of Refs. [16,22,26]. Within the 2σ
range of the muon g − 2 anomaly, the dependence of tan β on 
mA in our paper is almost consistent with those of Ref. [16] and 
Ref. [14]. However, Ref. [16] only considered the two ratios of gτ

ge

and gμ

ge
for the LFU in τ decay. As a result, the lower limits of 

tan β are more stringent than that of our paper. Within the 2σ
range of the muon g − 2 anomaly, the lower limits of tan β in 
Ref. [22] are smaller than those of Ref. [14] and our paper. Ref. [26]
used the searches for A at the LEP, the experimental data of the 
LFU in τ and Z decays to restrict tan β and mA , and took differ-
ent approaches of considering these constraints. In this paper, we 
used the joint theoretical and experimental constraints, and tan β

and mA are stronger than those of Ref. [26]. Obviously, in our pa-
per (see lower panels of Fig. 1) and Ref. [17] (see right panel of 
Fig. 2 and Fig. 5 in Ref. [17]), mA below 50 GeV is excluded for 
mH± = 150 GeV and mH = 150 GeV. However, such case is allowed 
in Fig. 1 of Ref. [26].
4. The direct search limits from the LHC

Here we discuss the direct search limits from the LHC. In the 
parameter space in favor of muon g − 2 anomaly explanation, the 
production processes of extra Higgs bosons via the Yukawa interac-
tion with quarks can be neglected due to the suppression of large 
tan β in the L2HDM. For mA smaller than 62.5 GeV, a pair of pseu-
doscalars can be produced via pp → h → A A at the LHC. In the 
above Section, we find that h → A A channel at the LHC can ex-
clude many samples within the 2σ region of �χ2.

The extra Higgs bosons are dominantly produced at the LHC via 
the following electroweak processes:

pp →W ±∗ → H± A, (25)

pp →Z∗/γ ∗ → H A, (26)

pp →W ±∗ → H±H, (27)

pp →Z∗/γ ∗ → H+H−. (28)

In our scenario, the important decay modes of the Higgs bosons 
are

A → τ+τ−, μ+μ−, H → τ+τ−, Z A, H± → τ±ν, W ± A.

(29)
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Fig. 5. The samples satisfying the constraints described in Sec. 3 projected on the planes of mH VS mA and mH± VS mA . The varying colors in each panel indicate the values 
of mH± , BR(H → τ+τ−), BR(H → Z A), mH , BR(H± → τ±vτ ) and BR(H± → W ± A), respectively.
Here the light pseudo-scalar A indeed decays into ττ essentially at 
100% due to the enhanced lepton Yukawa couplings by large tan β . 
The other decay branch ratios and mass spectrum for the samples 
satisfying constraints described in Sec. 3 are presented in Fig. 5 on 
the planes of mH VS mA and mH± VS mA . We can see from the 
upper panels that mH increases from 260 GeV to 620 GeV with 
mH± increasing from 180 GeV to 620 GeV and the upper bounds 
of mA decreasing from 65 GeV to 30 GeV. The reason is discussed
in Sec. 3. As a result, the cross sections of processes in Eq. (25) and 
Eq. (26) are much larger than the two in Eq. (27) and Eq. (28). The 
middle and right panels exhibit the decay branch ratios of H/H±
to τ+τ−/τ±vτ and H/H± to gauge boson and A. With an in-
crease of mA , the partial widths of H±/H to AW ±/Z decrease 
due to the suppression of phase space. The muon g − 2 anomaly 
favors a large tan β with mA increasing, which leads the partial 
widths of H → τ+τ− and H± → τ±vτ to be enhanced since the 
Yukawa couplings are proportional to tan β . Therefore, with an in-
crease of mA , Br(H → A Z) and Br(H± → W ± A) decrease, and 
Br(H → τ+τ−) and Br(H± → τ±vτ ) increase. In conclusion, the 
dominated finial states generated at LHC of our samples are 3 or 4 
τ s with or without gauge boson from

pp →W ±∗ → H± A →,3τ + vτ or 4τ + W ± (30)

pp →Z∗/γ ∗ → H A → 4τ or 4τ + Z . (31)
In order to restrict the productions of the above processes at 
the LHC for our model, we perform simulations for the sam-
ples in Fig. 5 using MG5_aMC-2.4.3 [53] with PYTHIA6 [54]
and Delphes-3.2.0 [55], and adopt the constraints from 
all the analysis for the 13 TeV LHC in version CheckMATE 
2.0.7 [56]. Besides, the latest multi-lepton searches for elec-
troweakino [57–61] implemented in Ref. [62] are also taken into 
consideration because of the dominated multi-τ final states in our 
model.

The results from CheckMATE are presented in Fig. 6 on the 
planes of mH VS mA , mH± VS mA , and tan β VS mA . The colors 
stand for the R values defined by [56]

R= max
i

{ Si − 1.96�Si

S95
i,Exp

}, (32)

where Si and �Si denote the number of signal events in signal re-
gion i, and S95

i,Exp is the experimentally measured 95% confidence 
limit on signal event in signal region i. Obviously, R > 1 means that 
the corresponding point is excluded at 95% confidence level by at 
least one search channel. We can see that the constraints from cur-
rent LHC 13 TeV data shrink mA from [10, 65] GeV to [10, 44] GeV 
and tan β from [32, 80] to [32, 60]. For the samples excluded by 
current 13 TeV LHC data, the strongest constraint comes from the 
search for electroweak production of charginos and neutralinos in 
multilepton final states [58]. In this analysis, 7 categories of signal 
region are designed for event with τ in final state, SR-C to SR-F
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Fig. 6. The samples satisfying the constraints described in Sec. 3, projected on the planes of mH VS mA , mH± VS mA , and tanβ VS mA with colors indicating the R values 
from CheckMATE. The orange stars and green dots stand for the samples excluded and allowed by the LHC Run-2 data at 95% confidence level, respectively.
and SR-I to SR-K. The most sensitive signal region is SR-K for 
most of the parameter space. It requires at least two light-flavor 
leptons and two τ jets without b-tagged jet. The signal region is 
subdivided by missing energy /E T to three bins, SR-K01, SR-K02, 
and SR-K03. The main contributions of our samples to the bins 
are from processes in Eq. (30) and Eq. (31) with at least two of the 
τ s decaying hadronically.

In Fig. 6, the points with relatively larger mH /mH± or lower mA
can escape the direct searches. The R value decreases gently with 
heavier H /H± because of the smaller cross sections. With higher 
luminosity and collision energy this region can be further detected. 
For the light A, the τ s from A in Eq. (25) to Eq. (28) decays be-
come too soft to be distinguished at detector, while the τ s from A
in H/H± decays are collinear because of the large mass splitting 
between A and H/H± . Meanwhile, the H/H± → A Z/W ± decay 
modes dominate the H/H± decays in the low mA region. Thus, in 
the region of mA < 20 GeV, the acceptance of above signal region 
for final state of two collinear τ + Z/W boson quickly decreases.

The production processes of the extra Higgses in Eqs. (30), (31)
considered by us are the same as Eqs. (26–29) of Ref. [17]. The 
main difference is that we implemented the constraints from 
13 TeV LHC results of 36 fb−1 data, while Ref. [17] used the 8 TeV 
LHC results of 20 fb−1 data. Another difference is that we per-
form MC simulation for all survived samples instead of points on 
mA − mH plane with fixed mH± and branch ratios. In addition, the 
constraints of LFU in Z decay are not considered in Ref. [17]. Thus, 
mH and mH± are allowed to be large enough to satisfy the LHC 
searches for H A and H± A productions in Ref. [17]. However, the 
lower panels of Fig. 4 in our paper show that the limits of LFU 
in Z decays can impose the upper bounds of mH and mH± in 
the parameter space favored by the muon g − 2 anomaly, such as 
mH < 320 GeV for mA = 50 GeV. Such ranges of mH and mA are 
completely excluded by the LHC searches for H A production, and 
the corresponding tan β is also excluded.

5. The strong first-order phase transition

In this section we study the possibility to obtain a parameter 
space in L2HDM that can trigger a SFOPT and explain muon g − 2
anomaly at the same time. In order to know the strength of phase 
transition in our scenario, we need to study the effective potential 
with thermal correction included. The thermal effective potential 
V (φ1, φ2, T ) at temperature T is composed of four parts:

V (φ1, φ2, T ) = V 0(φ1, φ2) + V C W (φ1, φ2) + V C T (φ1, φ2)

+ V T (φ1, φ2, T ), (33)

where V 0 is the tree-level potential, V C W is the Coleman–
Weinberg potential, V C T is the counter term and V T is the ther-
mal correction. Concrete expressions of these terms can be found 
in [63].

The condition for a SFOPT is usually taken to be [64]:

ξc ≡ vc

Tc
� 1.0. (34)

Here Tc is the critical temperature at which a second minimum 
of V (φ1, φ2, T ) with non-zero VEV appear, and vc =

√
φ2

1 + φ2
2

is the corresponding VEV at Tc . Due to the complicated form of 
V (φ1, φ2, T ), numerical calculation is always required to analyze 
the geometry evolution of V (φ1, φ2, T ). In this work we use pack-
age BSMPT [65] to do the analysis. In BSMPT, the critical tem-
perature Tc is determined when the minimization point v = vc

at critical temperature Tc jumps to the origin v = 0 at a slightly 
higher temperature T > Tc .

The 4881 points allowed and excluded by the search limits of 
LHC in the Sec. 4 are used as input to calculate ξc . Out of 4881 
input points, there are only 279 points that can lead to VEV jump-
ing and a non-zero ξc . Because of the complicated scalar potential 
geometry and its dependence on T , it is hard to find obvious re-
lation between our zero temperature inputs and the strength of 
phase transition. While in [66,67], it is pointed out that the depth 
of minimum point at zero temperature has a strong correlation 
with phase transition strength. If the zero temperature vacuum en-
ergy in a model (noted as F0) is higher than the zero temperature 
vacuum energy in the SM (noted as F S M

0 ), then the phase transi-
tion of this model tends to be SFOPT. A F0 under F S M

0 can also 
trigger a first order phase transition, but with a lower probabil-
ity and a lower phase transition strength. The difference between 
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Fig. 7. Upper-left: relationship between �F0/F SM
0 and ξc . Points with ξc = 0 do not have a first order phase transition. Relationships between �F0/F SM

0 and m2
12 (upper-

right), �F0/F SM
0 and mH± (lower-left), and �F0/F SM

0 and mH (lower-right).

Fig. 8. mH VS mH± plane (left panel), tanβ VS m2
12 (middle) and tanβ VS mA (right) with color mapped by ξc . Grey points do not have a SFOPT. Colored spots are allowed 

points under current limits, and colored stars are excluded by the LHC direct search.
F0 and F S M
0 at one-loop level in 2HDM with alignment limit 

(sin(β − α) → 1) has been given in [67]:

�F0 ≡ F0 −F S M
0

= 1

64π2

[
(m2

h − 2M2)2

(
3

2
+ 1

2
log

[
4mAmHmH±

(m2
h − 2M2)2

])]

+ 1
(m4

A + m4
H + 2m4

H±)

2

+ (m2
h − 2M2)(m2

A + m2
H + 2m2

H±) . (35)

Here M2 = m2
12(tan β + tan β−1). The SM one-loop vacuum energy 

F S M
0 ≈ −1.25 × 108 GeV4.

In Fig. 7 we show the relationship between �F0/F S M
0 and ξc . 

The first order phase transition can only happen in the region with 
�F0/F S M

0 < 1.0. This is consistent with the relationship found 
in [67]. Here we need to emphasize that even there is a strong 
correlation between �F0/F S M

0 and phase transition, it doesn’t 
mean that the phase transition is decided by �F0/F S M solely. In 
0



528 L. Wang et al. / Physics Letters B 788 (2019) 519–529
Table 2
Several benchmark points achieving the SFOPT.

Benchmark points A B C D

sin(β − α) 0.999 0.9989 0.9992 0.9987
tanβ 48.57 46.09 53.66 41.46
mh (GeV) 125.0 125.0 125.0 125.0
mH (GeV) 314.96 322.95 330.88 342.27
mA (GeV) 18.22 20.3 18.24 20.45
mH± (GeV) 253.27 259.89 264.59 284.7
m2

12 (GeV2) 2041.32 2261.78 2039.42 2823.33
ξc = vc/Tc 1.015 1.066 1.117 1.132

the region with �F0/F S M
0 < 1.0, the probability for ξc > 0.0 and 

ξc > 1.0 are 8.3% and 0.8%. Thus in order to get SFOPT, a certain 
level of parameter fine tuning is required. In our parameter space, 
mH± , mH , and m2

12 are closely related to �F0/F S M
0 , see plots in 

Fig. 7. While tan β and mA are not so relevant to phase transition 
in our scenario. Furthermore, in Fig. 8 we project all the points on 
the planes of mH VS mH± , tanβ VS m2

12, and tan β VS mA with 
color mapped by ξc . It can be seen that ξc > 0.0 and ξc > 1.0 con-
strain the planes of mH VS mH± and m2

12 VS tan β to very narrow 
regions, but the phase transition is not sensitive to tan β and mA . 
The points with ξc > 0.0 and mA > 25 GeV are excluded by the 
direct searches limits of LHC.

To conclude this section, SFOPT and the explanation of muon 
g − 2 in L2HDM can happen in a small subset of 2HDM parameter 
space, where 14 GeV < mA < 25 GeV, 310 GeV < mH < 355 GeV, 
and 250 GeV < mH± < 295 GeV. We list detailed information of 
several benchmark points achieving the SFOPT and explaining the 
muon g − 2 anomaly in Table 2.

6. Conclusion

The L2HDM can provide a simple explanation for the muon 
g − 2 anomaly. We performed a scan over the parameter space 
of L2HDM to identify the ranges in favor of the muon g − 2 ex-
planation after imposing various relevant theoretical and exper-
imental constraints, especially the direct search limits from LHC 
and a SFOPT in the early universe. We found that the muon g − 2
anomaly can be accommodated in the region of 32 < tan β < 80, 
10 GeV < mA < 65 GeV, 260 GeV < mH < 620 GeV and 180 GeV <

mH± < 620 GeV after imposing the joint constraints from the 
theory, the precision electroweak data, the 125 GeV Higgs sig-
nal data, the LFU in τ and Z decays, and the measurement of 
Br(Bs → μ+μ−). The direct search limits from the LHC can give 
stringent constraints on mA and tan β for small mH and mH± : 
10 GeV < mA < 44 GeV and 32 < tanβ < 60. The direct search 
limits from the h → A A channels at the LHC can impose stringent 
upper limits on Br(h → A A). Finally, we found that a SFOPT can 
be achievable in the region of 14 GeV < mA < 25 GeV, 310 GeV <

mH < 355 GeV, and 250 GeV < mH± < 295 GeV while the muon 
g − 2 anomaly is accommodated.
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