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We briefly survey several typical CP-conserving two-Higgs-doublet models (2HDMs) in light of
current experiments. First we derive the masses and couplings of the mass eigenstates from the
Lagrangians. Then we analyze the constraints from theory and oblique electroweak parameters.
Finally, we delineate the status of 2HDM in light of the LHC searches, the dark matter detections

and the muon g — 2 measurement.
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1. Introduction

A two-Higgs-doublet model (2HDM) is a simple extension of
the Standard Model (SM) by introducing an additional SU(2),
Higgs doublet, which predicts three neutral Higgs bosons and
a pair of charged Higgs bosons H*. The 2HDM can be CP-
violating [1], but it is also useful to study its CP conserving
version, where the neutral Higgs bosons can be classified into
the CP-even states (& and H) and the CP-odd state (A). The
tree-level flavour changing neutral current (FCNC) can appear
in the general 2HDM, which is forbidden by imposing Z,
discrete symmetry in several different ways, such as type-I
2HDM [2, 3], type-1I 2HDM [2, 4], lepton-specific 2HDM
(L2ZHDM), flipped 2HDM [5-10], and inert 2HDM [11-13].
Also the tree-level FCNC is absent in the aligned 2HDM in
which the Yukawa-coupling matrices of the two Higgs
doublet fields are assumed to be proportional [14]. In addi-
tion, due to a certain type of symmetry, the FCNC is naturally
suppressed by the off-diagonal element of the CKM matrix in
the Branco—Grimus—Lavoura 2HDM [15].

Various 2HDMs have been extensively studied in parti-
cle physics. Because of the plentiful Yukawa couplings of the
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quarks and leptons, the 2HDMs have been studied in meson
decays, and the L2ZHDM is used to explain the muon g — 2
anomaly [22, 16-20, 171, 23-33]. In the inert 2HDM, one
may take the lightest component of the inert Higgs doublet
field is neutral, and consider it as a dark matter (DM) can-
didate because of its stability. If an additional field protected
by a new symmetry is added to other types of 2HDMs, then
these models also can provide a DM candidate. In these
models, the multiple scalar fields can be the portals between
the DM and the SM sector, and lead to some interesting
effects on the DM observables via their various Yukawa
couplings [34-50]. On the other hand, the analyses of ATLAS
and CMS collaborations at the LHC show that the properties
of the discovered 125 GeV Higgs boson agree well with the
SM Higgs boson [51, 52]. Other than that, no experiment
claims to have observed any new resonance with 5o level.
However, there are some interesting excesses that imply the
existence of new scalars. For example, the CMS Run II results
for Higgs boson searches in the diphoton final state show a
local excess of ~3¢ around 96 GeV [53]. The ATLAS col-
laboration reported a local excess of ~3¢ around 130 GeV in
the searches for r — Hb with HX — cb [54]. Besides, very
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recently the CDF II result for the W-mass has an approximate
7o discrepancy from the SM prediction [55]. The 2HDM can
give additional corrections to the masses of gauge bosons via
the self-energy diagrams exchanging extra Higgs fields, and
simply explain the CDF W-mass when the extra Higgses have
appropriate mass splittings (see e.g. [56—69]).

In the literature there already have been some reviews on
2HDMs (see e.g. [70-75]). In this note we emphasize current
experiments and briefly review several typical CP-conserving
2HDMs. We will start from the Lagrangians and derive the
masses and couplings of the particles. Then we analyze the
constraints from theory and oblique electroweak parameters,
respectively. Finally, we discuss the status of 2HDMs in light
of the LHC searches, the dark matter detections and the muon
g — 2 measurement.

The content is organized as follows. In sections 2 and 3,
we demonstrate several typical CP-conserving 2HDMs and
discuss the constraints from theory and oblique parameters. In
sections 4, 5, and 6, we review the status of the 2HDMs in light
of the LHC Higgs searches, the DM detections and the muon
g — 2 measurement. Finally, we give a summary in section 7.

2. Several typical 2HDMs

The general scalar potential of 2HDM is given as

Vice = m{1(®]@1) + m3y (P]Py) — mp5(®{®, + h.c.)
£ 2L@]002 + @10 + (@] 2 (@)
@] e@e) + | 2oy
+ A (D] @) (P P) + A7 (D5 P2) (D] D7)

+ h.c.],
2.1

and the ®; and &, are complex Higgs doublets with
hypercharge Y = 1:

¢
O =1 N
— (Vi + ¢ + ia)
2
¢y
oy, = . 2.2
: %(V2+¢z+iaz) @2

Here we restrict to the CP-conserving models in which all );
and mp are real and the electroweak vacuum expectation
values (VEVs) v, and v, are also real with v2=
v + vi = (246 GeV)2.

2.1. Type-l, type-Il, lepton-specific and flipped 2HDMs

In order to forbid tree-level FCNC, one may introduce an
additional Z, discrete symmetry under which the charge
assignments of fields are shown in table 1. Because of this Z,

Table 1. The Z, charge assignment in the four types of 2HDMs
without FCNC. The other fields are even under Z, symmetry.

Model o, O up di e
Type I + - + 4+ +
Type II + -+ =

Lepton-specific + — 4+ + —
Flipped + - + - +

symmetry, the \g and \; terms in the general scalar potential
in equation (2.1) are absent, while the soft breaking m;5 term
is still allowed. The mass parameters m7 and m2 in the
potential are determined by the potential minimization con-
ditions at (v, v,):

1
mi = mty — EVZ()HC,; + Asuss),
1

m3y = miy /1y = 22008 + daasc), (23)
where the shorthand notations #3 = tan 3 = v, /v, s3 = sin 3,
cg = cos 3, and Azus = A3 + Ay + As are employed.

From the scalar potential in equation (2.1) with M\¢=
A7 =0, we can obtain the mass matrices of the Higgs fields

mits + Avics

o o) i) )
2 ,
: —m122 + %V%Vzﬂ mlzz/lﬁ + )\zvzsg b,
2.4)
a a 2 1y 2 Is -1\ (a 25
(@ 2)[m12— AV szs] 1y \a) 2.5

i3 —1\(o
(Qbfr ¢2+) [m122 - %()\4 + )\5)1}2823](_1 1/&3)((}5;)
2.6)

The mass eigenstates are obtained from the original fields by the
rotation matrices:

H\ [ cosa sina\[®
(h)_(—sina cosa)(¢2)’ 2.7
GY (cosB sinB\/a
(A)_(—Sinﬁ cosﬁ)(az)’ (2.8)
G*) _(cosB sinf o
(Hi)_(—sinﬁ Cosﬁ)((ﬁ]’ 2.9)

where G° and G are Goldstone bosons which are absorbed as
longitudinal components of the Z and W= bosons. The remained
physical states are two neutral CP-even states 4 and H, one
neutral pseudoscalar A, and a pair of charged scalars H™. Their
masses are given by

1
m%,h = E[M}z’,ll =+ MI%,22

+ My — MRy + AME )] (2.10)
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Table 2. The k,, k4 and k, for the four types of 2HDMs.

Type-I Type-Il Lepton-specific  Flipped
Ry l/tﬁ l/l‘ﬂ l/l"y 1/[’/3
Ra l/tg — 1 l/l‘d — 13
Ky ]/l3 _t)j — I3 l/tg
m 2
m; = —2 — \sv2, 2.11)
S3Cs
2
m 1
szli =12 —(\g+ a2 (2.12)
spes 2

where M,% is the mass matrix shown in equation (2.4).
The gauge-kinetic Lagrangian is given as
Ly = (D' (D, P1) + (D'D,) (D, D). (2.13)

We can obtain the neutral Higgs couplings to VV (VV =ZZ,
ww)

2 12 H
LyD %vz 7z (1 + 2ﬁth + 2—yf‘;)
v v

2
+ %vz WHw- (1 n 2ﬁth 4 ﬂyg), (2.14)
v v

where y;}/ = sin(# — «) and yg = cos(f — ).
According to different charge assignments, there are four
different models with Yukawa interactions:

—L =Y, 01 P ug + Yo O Padr

+ Y Ly @, eg + hec. (type 1), (2.15)
—L =Y 01 ®>ug + Y1 O Prdr
+ Ygl EL q:'l eg + h.c. (type H), (216)
—L =Y, 01 Prup + Y1 O Padpy
+ Yy Ly ®reg + h.c. ( lepton specific), 2.17)
—L =Y 01 Drux + Y101 P dg
+ Yy Ly ®ser + h.c. ( flipped model), (2.18)

Where QI:T = (ML, dL)’ L[T - (VL’ lL), 61,2 = iT2©>1k!29 and Yu2a
Y12 and Y, are 3 x 3 matrices in family space.
We can obtain the Yukawa couplings

—Ly="Lyl W f+ =Ly HF f
— imT”/iu Aliysu + i%md Ad~ysd

+ i%l{[ AE’}SE + HﬂZVCKM (7\ 2vmd RdPR

— @/{MPL)d + h.c.

+ @K¢H+ TPge + h.c.

v

(2.19)

where yhf = sin(8 — a) + cos(B — a)k; and y;;' = cos
(8 — o) — sin(8 — «)~Ky. The values of x,, k, and k, for the
four models are shown in table 2.

2.2. Inert Higgs doublet model

We impose an exact Z, discrete symmetry in the 2HDM and

assume that it remains after the potential minimization. Under

the Z, symmetry all the SM fields are taken to be even, while

the new (inert) doublet ®, is odd:
G+

v+h+iG) [

H+
h=1L H +id) |

2

o= 1
V2
(2.20)

The &, field has a vev v =246 GeV, and $, has no vev.
The scalar potential is

. . A
vzmﬂ@@ﬂw@@wﬁ+§@mm
A
+§@ﬁﬁ+&@mm@%)
. . A .
+ Ay (O] D)) (D5 D)) + [75@} D)% + h.c.]. (2.21)

The parameter m/? is fixed by the scalar potential minimum
conditions

mp = —%)\lvz. (2.22)

The fields H* and A are the mass eigenstates and their masses
are given by
A3,

2 3
mps = my + S5V

1
mi = mk.+ 5()\4 — As)v2 (2.23)
There is no mixing between & and H, which are the CP-even
mass eigenstates

m? = My = (125 GeV)?,

2

mp = mi + \sv2 (2.24)

The fermion masses can be obtained via the Yukawa
interactions with @,

—L =y, 0rPur + ;0. Pidg

+ yIELéleR + h.C., (225)

where y,, y; and y, are 3 X 3 matrices in family space.
Because of the exact Z, symmetry, the inert field ®, has no
Yukawa interactions with fermions. The lightest neutral field,
H or A, is stable and may be considered a DM candidate. If
right-handed neutrinos are introduced, then ®, can interact
with them, giving rise to the neutrino masses via the one loop
with DM [76].

3. Constraints from theory and oblique parameters

3.1. Vacuum stability

Vacuum stability requires the potential to be bounded from
below and stay positive for arbitrarily large values of the
fields. The Higgs potential with a soft Z, symmetry breaking
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term is given by
Viee = M (D] ®)) + m3, (DjPy) — [mp (P} D, + h.c.)]

Al s A . .
+ 7‘(@; D))? + 72«15@2)2 + A3 (D] D) (D] D)

A
+ Ay (D] D) (P5 D) + [75@1%)2 + h.c.].

3.1
The fields can be parametrized as
oD, = X7, DD, = X7,
Oy = X X, pel? with 0 < p < 1. (3.2)

For large values of the fields, the quadratic terms can be
neglected and the quartic part is

A A
V, = 7')(1 + 72)(2 + MX2X? + N XPX7p?

+ AsX2X} p? cos 26. (3.3)

After stabilizing 6 at the minimum, we obtain the #-inde-
pendent part of potential

Al A

VH—indep - ) Xl + 7X2 + /\3X] X2 + )‘4XI X2 p

— | XsIX7 X5 p? (3.4)

For A\, — |As| > 0, the potential has a minimal value at p =0,

Al A2

V(?*pfindep ) X] + ?Xz + >\3X1 Xz (35)

For A\, — |As| < 0, the potential has a minimal value at p =1,

Al v

Vo—p—indep = 3 =X+ 7X2 + MXP X5
+ N XPXT — [ NsIX2X5. (3.6)
Therefore, the vacuum stability requires
MN>0, XM>0, M+ JAh >0,
A+ A — sl + A > 0. (3.7)

In addition, there is the possibility that the 2HDM scalar
potential of equation (3.1) has two minima, and the selected
minimum is required to be global in order to avoid a meta-
stable vacuum, which imposes the following condition [77],

— k2m2)(tan 8 — k) > 0 (3.8)

m122(m121
with k = 4/ N/ )\ .

3.2. Unitarity

The amplitudes for scalar—scalar scattering s;s, — s354 at high
energies respect unitarity [78]. A simple and explicit deriva-
tion can also be found in [79]. The starting point is the uni-

tarity of the S matrix, S =1 +i7,
SST=1—TT=—-i(T-T". (3.9

Then in terms of matrix elements of scattering from a pair of
particles a = 1, 2 with momenta p,, p, to a pair b = 3, 4 with

momenta ks, k, we have

({k, BYTI{p, a}) = iMp2m)*6* (ks + ks — py — ps).
(3.10)
We can obtain a bound on the partial wave
—%(aJ a) > aaj, (3.11)

where a; is a normal matrix related to the partial wave
decomposition of 2 — 2 scattering matrix elements M,,,

O B T
327\ 200205
f | 4005 0) Miyy(c0s 0) Py (cos 6). (.12)
The factor §;5(d34) is 1 when the particles 1 and 2 (3 and 4)
are identical, and zero otherwise. P, are the Legendre poly-
nomials, 7' is the centre-of-mass three-momentum for particle
i,and s = (p, + p,)?* is the standard Mandelstam variable.
We can diagonalize @ and a' in equation (3.11) with a
unitary matrix, and obtain the constraints on the eigenvalues (a}):

- . 1P 1
Im(a)) > |aj]> — [(Re(a})]? [(Ima}) — 5] < T
(3.13)
At tree-level, the bound is generally relaxed to
|Re(a)| < — (3.14)

We assume the external masses of s, 34 are vanishing at a
high energy limit, and focus on the J=0 partial wave. The
modified zeroth partial wave for 5,5, — 5354 is

1 _1s
ag 2 —— (2720 905,
167

where Q1234 is a quartic coupling of §15,5354.

Now we study the unitarity constraints on the 2HDM
scalar potential. For the scalar potential in equation (3.1), one
can take the uncoupled sets of scalar pairs

(3.15)

{0705, 0,05, D105, d1a2, a10,, araz}, (3.16)
{¢1+¢1’ ¢FLal’ ¢;¢2’ ¢2+az}a (3.17)
(@) b2 W) a2, ¢ 01, Py e}, (3.18)

{1a1, pra0}, (3.19)

{6701, 6365, D101, 202, aran, azas} (3.20)

to construct the matrix containing the tree-level amplitudes
for 515, — s354. We can obtain different eigenvalues of these
matrices [80, 81]

=200+ M) £ O - M) + @+ M), (B2D)

bi=3On+d) £ F - M2+ (622
o= S+ A E T - W2+ A (3.23)
s =g+ 2\ % 3, (3.24)
fi=A* Ay (3.25)
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g = A5 £ As. (3.26)

The unitarity of the scattering process s;s, — s35, leads to

(3.27)

Here we stress that the conditions of equation (3.27) just
indicate the approximate level above which the tree-level
scattering amplitudes do not provide reliable results anymore.
The problem is that we cannot rely on perturbative expansion
when analyzing scattering, and therefore equation (3.27) is
just our safety check, not the strict theory limitation. In
addition, we take the standard approach to derive
equations (3.15) and (3.27) and only consider quartic point-
like couplings in the high energy limit. At finite energy, the
additional diagrams of s, ¢, u channel in 5,5, — 5354 scattering
can give some corrections to equations (3.15) and (3.27) [82].

|a:l:|’ |bﬂ:|9 |C:f:|’ |eﬂ:|9 |fi|9 |gﬂ:| < 8.

3.3. Oblique parameters

The 2HDM can give additional contributions to gauge boson
self-energies by the exchange of extra Higgs fields in the
loops. The oblique parameters S, 7 and U were used to
describe deviations of 2HDM from the SM, which are given
as [83-85]
1
M
— Mg Bo(Mz; My, Mi}) + Ba(Mz; Mij, M3)]
+cos’(8 — a) [Br(Mz: M, Mip)
— Mj Bo(M; M, Mpp) + Bao(Mz5 M, M})]

S =

{sin?(B — a) [Ban(MZ; M2, M})

— Boa(Mz; M2, M2.) — Boo(Mz; M7, Mjj o)
+ M Bo(Mz; Mz, Mjpep)}, (3.28)
= {sin?(8 — ) [F(M2,, M?

T {si?(8 — @) [F(M2., My)

— (MR, M3) + 3FM2, M?) — 3F(My, MP)]

+ cos? (8 — @) [FIM2., M) — F(M;, M3)

+ 3FM3Z, M}) — 3F (M3, M3)]

+ F(M2 ., M) — 3F(Mz, M, )

+ 3F(Myy, Mjyep)}
(3.29)

U =H(My) — H(M)
1
+ 5 {cos?(B — a) Bn(M3; Méi’ M)
™My
+ sin?(8 — @) Bo(Myy: M2 ., M)
+ BZZ(MVZV; Mlei, Mi) — 2822(M‘/%/; Mlet, Mflt)}
1
— — {cos’ (8 — @) Bao(Mz; Mi, M})
iz

+ sin®(3 — a) Bn(M3; M}, M3)

— Bo(Mz; M2, M2.)),
(3.30)

where

1

H(My) = {sin(8 — a) [Bn(My; My, M)

2
My
2 2. 2 2 2
— My Bo(My; My, M;)] + cos*(8 — )
X [Boo(My; My, Miy) — My Bo(My; My, Mj)]
— Boa(M3; M, M)
+ My Bo(My; My, M ) }.

(3.31)
The loop functions are given by
1 1
Baa(gh mi's m3) = 2 (A + D mf +m = = ¢°]
1
_1 f dx X log(X — ie),
2 Jo
Bo(g* mi, m3) = A — j;l dx log(X — ie),
1 mim?
Fmi, m3) = = (mi + m3) — —1—2
2 mp —mp
2
X log(m—lz),
" (3.32)
where
X = m12x+m22 (1 —-x)—qg*>x(1 —x),
2
A = —— + Indrw — g, 333
4-d E (3.33)

in d space-time dimensions. The B, and B, functions are
defined as

B(q?; mi, m3) = By (q?; m, m3)

- B22(O; m129 mzz)s (3'34)
Bo(g*; mi, m3) = Bo(g% mi, m3)
— Bo(0; m{, my). (3.35)

The above expressions show that the oblique parameters
S, T and U are sensitive to the mass splitting of extra Higgs
bosons. If 7 is taken as the 125 GeV Higgs, H or A is favored
to have small mass splitting from H~. Figure 1 shows m;; and
my for type-II 2HDM allowed by the global fit values to the
oblique parameters [86]

§$=002+010, T=007=+0.12, U=0.00=+0.09,
(3.36)

with correlation coefficients
per = 0.89, pgy =-054, py=—083. (3.37)

In figure 1 my= > 570 GeV is taken to satisfy the constraints
of the experimental data of b — s+ [88].

Very recently the CDF collaboration reported their new
result for the W-boson mass measurement [55]

my = 80.4335 £ 0.0094 GeV, (3.38)

which has an approximate 7o deviation from the SM pre-
diction, my(SM)=80.357 £ 0.006 GeV [89]. The shifted
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Figure 1. Scatter plots of m, and my satisfying the constraints of vacuum stability, unitarity, perturbativity, and the oblique parameters for

570 GeV < my+ <900 GeV, taken from [87].

W-mass modifies the global fit values to S, 7, and U [90]

§$=0.06+010, T=0.11=+0.12, U=0.14 £0.09,
(3.39)

with correlation coefficients
Py =09, pgy=-059, py=—085. (3.40)

The W-boson mass can be inferred from the following relation
(911,

2

QUG
miy = myj;(SM) + 2—W2m§
Gy — Sw
2 2
W -Lerery vy | (3.41)
2 4SW

In the 2HDM, the correction to T is usually larger than S
and U. In order to accommodate the W-mass reported by the
CDF 1I collaboration, the 2HDM needs to give an appropriate
value of T. Therefore, H/A is disfavored to degenerate in
mass with H=. Various types of 2HDMs have been used to
explain the W-mass [56-69]. Reference [59] discussed the
CDF W-mass in the 2HDM with an exact Z, symmetry and
found that the CDF W-mass favors the mass splitting between
HYand H /A to be larger than 10 GeV, and allows H and A to
degenerate. The mj; and m, are favored to be smaller than
650 GeV for my < 120 GeV, and allowed to have more large
values with increasing of my.

4. Constraints from LHC searches for Higgs bosons

4.1. Signal data of the 125 GeV Higgs

In the four types of 2HDMs, the neutral Higgs Yukawa

couplings normalized to the SM are given by
Yl = [sin(8 — a) + cos(B — a)ryl, (4.1)

yii = [cos(B — @) — sin(3 — a)ryl, (4.2)

f;

yi = —irs (for u), (4.3)

yh =iks (for d, 0. (4.4)
The neutral Higgs couplings with gauge bosons normalized to
the SM are

4.5)

Wo=sinB—a), = cos(B — a),

with V denoting W or Z.

The analyses of ATLAS and CMS collaborations show
that the coupling strengths of the discovered 125 GeV boson
agree well with the SM Higgs boson, but the sign of the
couplings cannot be measured directly. If we take & as the
125 GeV Higgs boson, its couplings have two different cases:

y,f X y,:/ >0 (for SM — like couplings), (4.6)

J;

X yhv <0 (for wrong — sign Yukawa couplings).

.7

In the case of the SM-like couplings, the couplings of the
125 GeV Higgs are very close to those in the SM, which has
an alignment limit. In the exact alignment limit [92, 93],
namely cos(8 — a) = 0, from equations (4.1) and (4.5) we
see that /1 has the same couplings to the fermions and gauge
bosons as in the SM, and the heavy CP-even Higgs H has no
couplings to the gauge bosons.

Now we discuss the wrong-sign Yukawa couplings [87,
94-109]. The signal data of the 125 GeV Higgs require the

absolute values of yhﬁ and th to be close to 1.0. Thus, we
approximately express y,‘f and y}:/ with € and cos(8 — a) as
fi

yi=—-1+e€ 1y ~1-05c08(— a)
for sin(@ — «) > 0 and cos(8 — a) >0 , 4.8)
yhﬁ =1-—¢ 1y ~-1405c0s’(— )

for sin(8 — a) < 0 and cos(8 — «) > 0. 4.9)
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Figure 2. Scatter plots of sin(3 — «) and tan 3 of type-II model satisfying the constraints of the 125 GeV Higgs signal data, taken from [112].

From equation (4.1) we can get

_ —2+4+¢e+05c0s(8 — a)?
cos(B — a)

< —1

ky

for sin(# — a) > 0 and cos(8 — a) > 0, (4.10)
e a2
)y = 2 —¢e—05c0s(8— ) S 1
cos(B — )
for sin(# — a) < 0 and cos(G — «) > 0. 4.11)

In the four types of 2HDMs, the measurement of the
branching fraction of b — sy favors a tan 3 greater than 1.
Therefore, for sin(6 — a) > 0 and cos(8 — a) > 0, there
may exist wrong-sign Yukawa couplings for the down-type
quarks and leptons in the type-Il model, for the leptons in the
L2HDM, and for the down-type quarks in the flipped 2HDM.

Figure 2 shows sin(8 — «) and tan 3 of type-II model
allowed by the 125 GeV Higgs signal data. The value of
sin(8 — «) in the case of the wrong-sign Yukawa couplings
is allowed to deviate from 1 more sizably than in the case of
the SM-like couplings. In the case of the wrong-sign Yukawa
couplings, tan 8 has stringent upper and lower bounds for a
given value of sin(G — «).

4.2. Searches for additional scalars at LHC

The ATLAS and CMS collaborations have searched for an
additional scalar from its decay into various SM channels or
from its exotic decays. Since the Yukawa couplings of down-
type quarks and leptons can be both enhanced by a factor of
tan 3, the type-II model can be more stringently constrained
than the other three types of models by the flavor observables
and the LHC searches for additional Higgs.

At the LHC, the dominant production processes of H and
A are from the gluon—gluon fusions, which are generated by
exchanging top quark and b-quark in the loops. There may be
destructive interference between contributions of b-quark
loop and top quark loop. The SusHi [110] was used to cal-
culate the cross sections for H and A in the gluon fusion and
bb-associated production at NNLO in QCD, while the

2HDMC was employed to precisely calculate the branching
ratios of the various decay modes of H and A [111].

The studies in [87, 112] used a large number of ATLAS
and CMS analyses at the 8 TeV and 13 TeV LHC to constrain
the type-1II 2HDM. Table 3 lists some analyses at the 13 TeV
LHC with more than 35.9 fb~' integrated luminosity data.
Figure 3 shows the surviving samples with the SM-like
coupling of the type-II model satisfying various LHC direct
searches. The couplings of AhZ and AHZ are respectively
proportional to cos(6 — «) and sin(3 — «). For the case of
the SM-like coupling, |sin(8 — «)| is very closed to 1.
Therefore, the A — hZ channel fails to constrain the parameter
space, and the A — HZ channel can exclude many points in
the region of my < 360 GeV. The H/A — 777~ channels give
an upper bound on tan 3, and allow my to vary from 150 GeV
to 800 GeV for appropriate tan 5 and sin(3 — «). Figure 3
shows the joint constraints of H/A — 7, A— HZ,
H— WW, ZZ, ~y, and H — hh exclude the whole region of
mpy < 360 GeV.

The surviving samples with the wrong-sign Yukawa
couplings of the type-II model are shown in figure 4. For the
case of the wrong-sign Yukawa couplings, the signal data of
the 125 GeV Higgs requires tan 3 > 5 and allows sin(3 — «)
to be as low as 0.94, as shown in figure 2. As a result, the
cross sections of H and A in the gluon fusion productions are
sizably suppressed, and only bb — A — 777~ and A — hZ
channels can be used to constrain the parameter space.
Especially for my = 600 GeV, the constraints are very strin-
gent, and the allowed samples are mainly distributed in sev-
eral corners. Many samples with m, in the ranges of
30-120 GeV, 240-300GeV, 380-430GeV, and 480-550
GeV are allowed for appropriate tan § and sin(8 — «). Also
the samples in the regions of my <20 GeV and 80 GeV <
my < 90 GeV are allowed since there is no experimental data
of A — 777~ channel in these ranges.

For the case of my =600 GeV, the constraints of the
bb — A — 77~ and A — hZ channels can be relatively
relaxed. Many samples of 150 GeV < my <470 GeV are
allowed and myg > 470 GeV is excluded. For a small my, the
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Figure 3. The surviving samples with the SM-like couplings of type-II model, taken from [112]. The triangles (sky blue), circles (royal blue),
squares (black), inverted triangles (purple), and pluses (red) are respectively excluded by the H/A — 777, H— WW, ZZ, vy, H — hh,
A — HZ, and A — hZ channels at the LHC. The bullets (green) samples are allowed by various LHC direct searches.

Table 3. The upper limits at 95% C.L. on the production cross section times branching ratio for the channels of H and A searches at the LHC.

Channel Experiment Mass range [GeV] Luminosity
gg/bb — H/A — 751~ CMS 13 TeV [113] 200-2250 36.1 fb~!
gg/bb — H/A — Tt~ ATLAS 13 TeV [114] 200-2500 139 b~ !
gg — H/A —1f CMS 13 TeV [115] 400-750 35.9 fb~!
gg —~H/A—yy+1H/A (H/A — vy) CMS 13 TeV [116] 70-110 35.9 tb~!
VWV —H — vy + VHH — ~v7) CMS 13 TeV [116] 70-110 35.9 fb~!
gg/VV — H— WW (lvgq) ATLAS 13 TeV [117] 200-3000 36.1 th~!
2g/VV — H— WW (evuv) ATLAS 13 TeV [118] 200-3000 36.1 b~
gg/VV—H—WW- CMS 13 TeV [119] 200-3000 35.9 fb~!
gg/VV—H—7ZZ ATLAS 13 TeV [120] 200-2000 36.1 tb~!
gg/VV—H—7Z ATLAS 13 TeV [121] 300-5000 36.1 fb™!
gg/VV—H—Z7Z ATLAS 13 TeV [122] 200-2000 139 fb~!
gg — H — hh — bbbb CMS 13 TeV [123] 750-3000 35.9 th~!
gg — H — hh — (bb)(tT17) CMS 13 TeV [124] 250-900 35.9 fb!
pp — H — hh CMS 13 TeV [125] 250-3000 359 fb !
gg — H — hh — bbZZ CMS 13 TeV [126] 260-1000 35.9 fb~!
gg — H — hh — bbrtr~ CMS 13 TeV [127] 1000-3000 139 fb~!
gg/bb — A — hZ — (bb)Z ATLAS 13 TeV [128] 200-2000 36.1 fb!
gg/bb — A — hZ — (bb)Z CMS 13 TeV [129] 225-1000 35.9 fb~!
g8 — A — hZ — (TT17)(0) CMS 13 TeV [130] 220-400 35.9 th™!
gg/bb — A(H) — H(A)Z — (bb)(£0) ATLAS 13 TeV [131] 130-800 36.1 fb!
gg — A(H) — H(A)Z — (bb)(£l) CMS 13 TeV [132] 30-1000 35.9 th~!

A — HZ decay will open and increase the total width of A. As
a result, the branching ratio of A — hZ can be sizably sup-
pressed, and weaken the constraints of the A — hZ channel.

Compared to the type-Il 2HDM, all the Yukawa cou-
plings of H, A and H™ in the type-I model can be suppressed
by a large tan 3, which leads that the searches for additional
scalars at the LHC and measurements of the flavor obser-
vables are easily satisfied. Thus, H, A and H* are allowed to
have broad mass ranges. There are some recent studies on the
status of type-I and type-II 2HDMs confronted with the direct
searches at the LHC, see, e.g. [133-143].

5. Dark matter observables

5.1. Inert 2HDM and dark matter

Because of the exact Z, symmetry, the lightest neutral
component H or A is stable and may be considered as a DM
candidate. If taking H as the DM, it requires

As <0, As— )| <O. 5.1

Flipping the sign of As, A will be the DM candidate. The
parameter As345 = A3 + Ay + As controls the ZHH coupling,
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which will affect the signal strengths of the 125 GeV Higgs
and the DM observables.

The main possible annihilation channels include
HH — ff, VV®™,_ hh and various co-annihilations of the
inert scalars. In addition to the constraints from theory and the
oblique parameters as well as the signal data of the 125 GeV
Higgs, the model should also satisfy the precise measure-
ments of the W and Z widths, which requires

my + myg > mz, 2mp+ > myg,

my + my= > my, myg 4+ myr > my. (5.2)

The null searches at the LEP exclude two regions [144, 145],

mpt < 70 GeV,
my < 80 GeV, my < 100 GeV,

and my — my > 8 GeV. (5.3)

Considering various relevant theoretical and experimental
constraints, the allowed DM mass ranges have been discussed,
see e.g. [146-157]. Because of the tension between the signal
strength of the 125GeV Higgs and the relic density,
my <55GeV is disfavored. In the resonance region of
my ~ %, the main annihilation channels are A-mediated, pri-
marily into bb and WW final states. The correct relic density can
be obtained and the relevant constraints can be satisfied. In the
region up to around 75 GeV, the HH pair mainly annihilates to
WW* via the processes mediated by & or via the quartic cou-
plings. Under the relevant constraints, the correct relic density
can be rendered for 73 GeV < myz < 75GeV. For 75 GeV <
my < 160 GeV, the correct relic density requires Az45 to be large
enough to lead to an appropriate cancelation between diagrams
of VV*. However, such a large \345 is excluded by the DM direct
detections. In the region between 160 GeV and 500 GeV, the
annihilation cross section of HH — WW™ is too large to pro-
duce the exact relic density. In the region of my > 500 GeV, the
exact relic density favors small mass splittings among the three
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DM annihilation from dSphs [42].

inert Higgs bosons, roughly < 10 GeV. The large mass splittings
tend to enhance the cross section of HH annihilation into
longitudinal Z and W bosons.

5.2. Wrong-sign Yukawa couplings and isospin-violating
interactions between dark matter and nucleons.

Although the inert 2HDM may provide a DM candidate, its
mass range is stringently constrained. Alternatively, a real
singlet scalar DM can be added to the 2HDM, and this DM
has different properties from the DM in inert 2HDM. Espe-
cially for the type-II 2HDM, the 125 GeV Higgs may have
wrong-sign Yukawa couplings with down-type quarks. If
such a Higgs acts as the portal between the DM and SM
sectors, the model can give the isospin-violating interactions
between DM and nucleons, which can relax the constraints
from the DM direct detections.

A real singlet scalar S is introduced to the type-1I 2HDM
under a Z’, symmetry in which § — —S. The potential con-
taining the S field is written as [35]

‘l 2
Vs = S (m®]® 4 ra @) + %52

+ ﬁs“.

. (5.4)

The S field has no vev and may serve as a DM candidate. The
DM mass and the cubic interactions with the neutral Higgs
bosons are obtained from equation (5.4),

m =

mé + %nlvz cos? 3 + %Iﬁ:zvz sin? 3, (5.5)
—MvS?h/2 = —(—kK;sinaccos B + Ky cosasin B)vS2h/2,

(5.6)

—AgvS?H /2 = —(Kicos acos 3 + Ky sin asin B)vS2H /2.
5.7)

10

In this model, the elastic scattering of S on a nucleon
receives the contributions from the process with a 7-channel
exchange of h and H. The spin-independent cross section is
written as [158],

2
M[ fp(n) 12,

Op(n) = (58)
m drm?
Mgy
where 1, = r— and
Mpn)
fp(n) — Z fqp(n) qu
q=u,d,s mq
2 Mp(n)
+fr YT Cs—, (5.9)
27 g=c,b,t m‘[

with Cs, = A—”zmquh + /\—zmquH . Here fq” (fq”) is the form
my; mg

factor at the proton (neutron) for a light quark ¢, and fgp ( fg")

is the form factor at the proton (neutron) for gluon [159],

fP =~ 0.0208, fP ~0.0399, fF ~0.0430,
é” ~ 0.8963, f! ~0.0188, f ~ 0.0440,

1! = 0.0430, f; ~ 0.8942. (5.10)

A simple scenario is to take the 125 GeV Higgs (k) as the
only portal between the DM and SM sectors. If fq” = fq”, the
S-nucleon scattering may be isospin-violating for the appro-
priate values of yhd and y,".

The left panel of figure 5 shows that f*/f” approaches to 1
with y,/y,. Namely, the S-nucleon scattering is isospin-conserving
for y, =y, and significantly isospin-violating when y,/y, deviates
from 1 sizably, especially since there is an opposite sign between
vy and y,. The right panel shows that the bounds of the
direct detection experiments can be satisfied in the region
—1<f"/f’ <0.8. The DM scattering rate with Xe target can be
sizably suppressed for f"/f” ~ —0.7, which can weaken the con-
straints from the spin-independent DM-nucleon cross section.
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There are other DM extensions of 2HDM which
accommodate the DM direct detection limits. In the general
2HDM with a DM, when both # and H are portals between
the SM sector and DM, and have appropriate couplings, the
model can achieve the blind spots at DM direct detection,
which originates from cancellations between interfering dia-
grams with & and H exchanges [47, 48]. Besides, in the
L2HDM with a DM, the quark Yukawa couplings of H can be
significantly suppressed for a very large tan 5. If such a H
field is taken as the portal between the SM sector and DM, the
model can easily weaken the bound of the DM direct detec-
tion and explain the muon g — 2 [49, 50].

6. Muon anomalous magnetic moment

6.1. L2HDM and muon g — 2

The muon g — 2 is a very precisely measured observable and
serves as a sensitive probe of new physics (for a pedagogical
review, see, e.g. [160]). The new Fermilab measurement
[161] combined with E821 data [162] shows a 4.20 deviation
from the SM prediction [163-166]. Such a discrepancy has
been explained in various new physics models like minimal
supersymmetry (see, e.g. [167-170]). Among the 2HDMs, the
L2HDM can offer an explanation.

In the L2ZHDM, the lepton (quark) Yukawa couplings to
H, A and H* can be sizably enhanced (suppressed) by a large
tan 3. The model has been extensively studied to explain the
muon g — 2, and the searches at the LHC and low energy
precision measurements can exclude a large part of parameter
space for the explanation of muon g — 2. The study in [19]
considered the signal data of the 125 GeV Higgs, and found
that the muon g — 2 explanation favors the 125 GeV Higgs to
have wrong-sign Yukawa couplings to the leptons. The
experimental results of Br (B, — u*p1) can exclude some
parameter regions with a very light A [19]. Besides, the
measurements of lepton flavor universality (LFU) of the Z
decays and 7 decays give stringent constraints on tan 3 and
the mass splittings among H, A and H [20, 24], and a more
precise study was performed in [23]. The muon g—2
explanation makes the additional Higgs bosons to have 7-rich
signatures at the LHC, and the study in [21] first used the
chargino/neutralino searches at the 8 TeV LHC to constrain
the model. The analysis in [27] used the constraints of the
multi-lepton analyses at the 13 TeV, and found that the
L2HDM may explain the muon g — 2 anomaly and produce a
strong first order electroweak phase transition (SFOEWPT)
simultaneously.

In the L2HDM, the additional contributions to the muon
g — 2 are mainly from the one-loop diagrams and the two-
loop Barr—Zee diagrams mediated by A, H and H*. The one-
loop contributions is given by [171-173]

Aa;"™M(1 — loop) =

GF mﬁ . . .
YD, (6.0)
471_2\/5 7 2 L A ]

11

where j=H, A, H*, r;{ = mi/M,2 For rj< 1 we have
Fa() > —Inr—7/6, f,(r)=Inr+ 11/6,
fut(r) = —1/6.

For the main two-loop contributions, we have

(6.2)

GF m2 %
AaZHDM(z — loo ): [ em
" P A722 7w

X NG OF v, vp 1y &(rp),  (6.3)
if

where i=H, A, and my QO and NJS are the mass, electric
charge and the number of color degrees of freedom of the
fermion f in the loop. The functions g;(r) are given by
[174-176]

o2 —x)— 1 x(1 —x)
gun(r) = [ ax e 64
o 1 x(1 —x)
gA(r)_j(;dxx(l—x)frln r . (6.5)

The contributions of H and A to Aa,, are positive (negative) at the
one-loop level and negative (positive) at the two-loop level. Since
mf2 / mi easily overcomes the loop suppression factor o/, the
two-loop contributions can be larger than one-loop ones. As a
result, the LZHDM can enhance the value of Aa,, for my < my,.
In [177] the authors presented an extension of the GM2Calc
software to calculate the muon g — 2 of 2HDM precisely.

Because of the large lepton Yukawa couplings, the
L2HDM can give sizable corrections to the Z and 7 decays,
and thus be constrained by the measured values of LFU of the
Z-boson [178]

Ty
22— 1.0009 + 0.0028, (6.6)
FZ—>6+67
| e
22T 1.0019 4 0.0032, 6.7)
1—‘Z—>e+e’
and 7 decays [179],
821 = 1.0011 + 0.0015, (&) — 1.0029 + 0.0015,
gu ge
8] = 1.0018 + 0.0014, 32| = 09963 + 0.0027.
ge gy. T
S| = 0.9858 + 0.0071.
u)k (6.8)
Here the first three ratios are defined as
2
| = [(r — ev) /T (1 — evd), (6.9)
8u
2
(&) =T(r — ) /T(u — evi), (6.10)
8
g 2
(l) =10 — o) /T(r — evp) 6.11)
8
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and the last two ratios are from semi-hadronic processes
7— 7/Kv and /K — pv. T' denotes the partial width nor-
malized to its SM value. The correlation matrix for the above
five observables is

1 +0.53 —-0.49 +40.24
+0.53 1 +0.48 +0.26
—-0.49 +0.48 1 +0.02
+0.24 +0.26 +0.02 1
+0.12 +0.10 —0.02 +40.05

+0.12
+0.10
-0.02 |-
+0.05

1

(6.12)

The theoretical values of the ratios in the L2ZHDM are given
as

& ~1+ (5]001), (&) ~ 1+ Opee + 6loop7

gp e

8

2k ~1+ 6tree7 & ~1+ 6]00137

8e gﬂ T

S| M1+ Siop (6.13)
8 ),

Here 6yee and 600, are respectively corrections from the tree-
level diagrams mediated by H= and the one-loop diagrams
involved H, A and H* [20, 23]

2.2 2 2 2
m-m m m m
Buee = 15 — —> 18 ’;/ ;), (6.14)
8m 4. m2. " f(m:/m?)
1 m? 1
600 :—_thl:l + —(H(x,
loop = 7572715 4( (xa)
2o H ) + céfamxh)], (6.15)

where f(x) =1 — 8x + 8x3 — x* — 12x%2In(x), g(x) = 1 +
9x — 9x? — x* + 6x(1 + x)In(x) and H(xy) = In(xy)(1 +
x4) /(1 — x,) with x, = m@z/mzé.

The experimental value of (& has an approximately

g

20 positive deviation from the SM. In the L2ZHDM, the tree-
level diagram mediated by H gives a negative contribution
to the decay 7 — uvo, as shown in equation (6.14), which
tends to raise the discrepancy in the LFU in 7 decays. In [27],
a global fit to the LFU data from 7 decays and the 125 GeV
Higgs signal data was performed, requiring x> — Xim <
6.18 with anin denoting the minimum of x*. Figure 6 shows
the surviving samples satisfying the constraints of ‘pre-muon
g — 2’ (denoting the theory, the oblique parameters, the
exclusion limits from the searches for Higgs at LEP, the
signal data of the 125 GeV Higgs, LFU in 7 decays, and
the exclusion limits from 7 — AA channels at LHC). The LFU
in Z decays can exclude most of the samples in the region of
large mj: (my) and tan (3. In addition to a large tan 3, one-loop
diagrams can give a sizable correction to the LFU in Z decays
for my < my+ (my). The oblique parameters favor H and H*
to have a small splitting mass for a light A. Many samples in
the regions of m, around 10GeV and my+ < 300 GeV are
excluded by the measurement of Br (By— p' ). This is

12

because the decay B, — u'p~ can get sizable corrections
from the A-exchange diagrams for a very small ma.

Under various theoretical and experimental constraints,
the L2HDM can explain the muon g —2 anomaly in
the regions of 32 <tan( < 80, 10GeV < my < 65GeV,
260 GeV < my < 620 GeV, and 180 GeV <my+ < 620 GeV.
Because the contributions of A and H to the muon g —2
anomaly are respectively positive and negative, the mass
splitting between A and H is required to be large to explain
the muon g — 2 anomaly, as shown in the lower-middle panel
of figure 6.

The muon g — 2 explanation requires a large tan 3 which
will sizably suppress the quark Yukawa couplings of H, A and
H*. Therefore, these extra Higgs bosons are dominantly
produced at the LHC via the following electroweak processes:

pp — WE* — HFA, (6.16)
pp — Z*/7* — HA, (6.17)
pp — WH* — H*H, (6.18)
pp — Z*/v* — HTH™. (6.19)
The main decay modes of the Higgs bosons are
A— 7T, e , (6.20)
H— 71, ZA,----- , (6.21)
H* = 7%y, WHA,-----. (6.22)

Therefore, in the parameter space favored by the muon g — 2
explanation, the LZHDM will mainly produce a multi-lepton
signature at the LHC, especially the multi-7 signature.

The study in [27] used all the analyses for the 13 TeV
LHC in CheckMATE 2.0.7 [180] and the multi-lepton
searches for electroweakino [181-185] to constrain the
parameter space. The surviving samples are shown in figure 7
in which R > 1 denotes that the corresponding samples are
excluded at 95% confidence level. The searches for multi-
leptons at the 13 TeV LHC shrink m4 from [10, 65] GeV to
[10, 44] GeV and tan 3 from [32, 80] to [32, 60]. The main
constraint is given by the search for electroweak production
of charginos and neutralinos in multi-lepton final states [182].

For relatively large my and my;, the production cross
sections of extra Higgs bosons are small enough to escape the
limits of direct searches at the LHC. For a light A, the 7
leptons from the decays of A produced in equations (6.16) and
(6.17) are too soft to be distinguished at detectors, and the 7
leptons from A produced in H /Hi decays are collinear
because of the large mass splitting between A and H /HjE
Thus, in the very low my region, the acceptance of the above
signal region quickly decreases and the limits of direct sear-
ches can be easily satisfied.

6.2. Solution of muon g — 2 and T decays

The L2HDM can give a simple explanation for the muon
g — 2, but raise the discrepancy in the LFU in 7 decays.
Therefore, to explain the muon g — 2 and LFU of 7 decays
simultaneously, other models need to be considered.
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6.2.1. Lepton-specific inert 2HDM. In this model the Z,
symmetry-breaking lepton Yukawa interactions of &, are
added to the inert 2HDM [186, 187]

L=

2 - ~2m
f2me Ke Lip ©r ep + . -

v

’\/EmT

v

Ry, EZL @2 Hr

+ KRt l_43L (I>2 TR + h.c.

(6.23)

In this way the extra Higgs bosons (H, A, and H™) acquire
couplings to the leptons while having no couplings to the
quarks.

&

In this model, (

(5

Here 6. and (SITO’gp are respectively corrections from the tree-
level diagrams mediated by H* and the one-loop diagrams

involving H, A and H, given by [20, 23, 27]

2
) is given by

1 + 26uee + 20750p
1+ 268 ’

loop

&
8e

(6.24)

2.2 2 2 2
mel, ml. g(ml m’r)
Buree LRIk — —kok,—S T, (6.25)
8m My fmg fm?)
1 m} 1
by = o VTZ’“' Hi,u[l + Z(H(xA) + H(xH))]. (6.26)

The model gives the one-loop contributions to muon
g—2[171-173]

2

m . .
Aa2"™M(11oop) = ﬁ Z Ky 1 Fi(rl), (6.27)

. i 2 /g2
Wheret—H,A,Hianer—mu/Mj.

14

The contributions of the two-loop diagrams are

2
m,

82y
) ) )
X Zi,g O Ky ke ry Gi(rp),

where i = H, A, { = T, and m, and Q, are the mass and electric
charge of the lepton ¢ in the loop.

This model was also used to discuss the electron g — 2
anomaly, and the calculations are similar to the muon g — 2.
The value from the measurement of the fine-structure constant
using '**Cs atoms at Berkeley [188] makes the electron g — 2
to have 2.40 deviation from the SM prediction [189, 190],

aSM = (=87 £36) x 1074, (6.29)

Olem
2

AaiHDM (2loop) =
™

(6.28)

exp _

Aa, = a;

However, the newest experimental result of the fine-structure
constant using %’Rb atoms at Laboratoire Kastler Brossel
gives a value of a, which agrees well with the SM value
[191]. So far, the discrepancy between these two experimental
results is not clear. If the Berkeley '**Cs experiment result
turns out to be the real story, it will be challenging to explain
muon and electron g — 2 simultaneously since the two effects
have opposite signs. In [186], the Berkeley '**Cs experiment
data was used and this model was found to give an
explanation for the muon and electron g—2 (for the
explanation in other popular models like the minimal
supersymmetry, see, e.g. [192]).
Taking

Ky <0, Kk >0, Ke > 0, (6.30)

then 6. has a positive value because of the opposite signs of
k, and k.. Thus, the model can enhance ?) and give a better

fit to the data of the LFU in the 7 decays. The contributions of
H (A) to the muon g — 2 are positive (negative) at the two-
loop level and positive (negative) at the one-loop level. For
the electron g — 2, the contributions of H (A) are negative
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Figure 8. In the lepton-specific inert 2HDM, the surviving samples
fit the data of LFU in 7 decay within the 20 range, taken from [186].

(positive) at the two-loop level and positive (negative) at the
one-loop level. Figure 8 shows the surviving samples with
xi< 9.72, which means to fit the data of LFU in 7 decays
within the 20 range. Figure 8 shows that Xi can be as low as
7.4, which is much smaller than the SM prediction (12.25).
Figure 9 shows that after imposing the constraints of theory,
the oblique parameters, the Z decay, and the direct searches at
LHC, the model can simultaneously explain the anomalies of
Aa,, Aa, and LFU in the 7 decay within the 2o range
in a large parameter space of 200 GeV < my < 320 GeV,
500GeV  <my = mys < 680 GeV, 0.0066 < k, < 0.01,
—0.25 < K, < —0.147, and 0.53 < k- < 1.0.

6.2.2. u—r-philic Higgs doublet model. In this model an exact
discrete Z, symmetry is imposed, and the Z, charge assignment
is shown in table 4 [193]. The scalar potential is given as

A
V= Y(®®)) + Y (@]d,) + 71@?@1)2
A .
+ 72@;@2)2 + A (D] D)) (PID2) + Agy(B] Do) (PP)

+ [%@}@2)2 + h.c.].
(6.31)

The vev of the ¥, field is v =246 GeV, while the ®, field has
zero VeV. The fermions obtain masses via the Yukawa
interactions with @,

—L=y,006,Ur + y,01 ¢, Dr

+ v L ¢,Er + h.c. (6.32)

The Z, symmetry allows @&, to have p—7 interac-
tions [193]

15

—Lipy =2 PML_fészR +2 P LL 5 g

+ h.c. (6.33)

From these interactions we can obtain the p—7 lepton flavor
violation (LFV) couplings of H, A, and H™.

The model gives a new contribution to Aq,, via the one-
loop diagrams containing the p—7 LFV coupling of H and A

[194-196]
mp 3 m3 3
mng2 | (0e5E —3) e~ 3)
Aaﬂ - 2 2 o 2 ’
&m My my
(6.34)
which shows that the contributions of H and A are

respectively positive and negative.
T

¢

In this model, | ==
=(1+ 6;:)0p

2

where the flavor of final neutrino and anti-neutrino states is
summed up, and .. is from the tree-level diagram mediated
by the charged Higgs

2
) is given as [193, 197]

6tree

& _ Owee
(1 + o)

8e

)+ (6.35)

6tree = B (6.36)
g'm ;j,i
with p,. = p,, = p, and 6ﬁmp and 6y, are the corrections to

vertices Wi, and Wit from the one-loop diagrams
involving A, H, and H*

T = 6# = 1
loop loop 167T2

p2[1 + %(H(x/o + H(xH))]. 637)

Since 6y is positive, the model can enhance (&) and give a
8

better fit to the data of the LFU in the 7 decays.

Figure 10 shows that after considering the constraints
from theory, the oblique parameters and the Z decay, the
model can simultaneously explain Ag, and LFU in the 7
decays in the parameter space with 300GeV <my <
800 GeV and Am < 50 GeV. For such small mass splitting
between my (m,f) and my, H, A and H= will mainly decay
into 7, TV, and pv;. The limits of direct searches at the LHC
exclude the region my < 560 GeV and require p > 0.68. Also
[198, 199] discussed the implications of the muon g —2
anomaly on the model.

In the discussions above, m,4 and m,f are chosen to have
degenerate mass, which is disfavored by the CDF W-mass.
The study in [59] found that combined with relevant
theoretical and experimental constraints, the mass splittings
among H, A and H™ of the model are stringently constrained
in the region simultaneously explaining the W-mass, muon
g—2 and LFU in 7 decays, ie. 10GeV <my —my <
75 GeV, 65GeV <myz—my < 100 GeV, 85GeV <my= —
my < 125 GeV (—150GeV <my+ — my < —85GeV,
—105GeV <mpyr — my < =55 GeV).
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Figure 10. The surviving samples of the y—7-philic 2HDM allowed by the constraints of the theory, the oblique parameters, and the Z decays,
taken from [197]. The bullets (green) samples are within the 20 range of muon g — 2 and the circles (blue) are within the 20 range of LFU in
the 7 decays. The triangles (purple) and pluses (black) are within the 20 ranges of both muon g — 2 and LFU in the 7 decays, and the former
are allowed by the limits of the direct searches at the LHC, while the latter are excluded. Here Am = my — my with my = my=.

Table 4. The Z, charge assignment of p—7-philic 2HDM.

o @ Q@ U, Dy Lf L} LI e pr TR

Zy 1 -1 1 1 1 1 i —i 1 i —i

6.3. Other 2HDMs and muon g — 2 The study in [24] considered a perturbed lepton-specific 2HDM

In [200] the authors proposed a muon-specific 2HDM in in which the sign of extra Higgs boson couplings to tau are

which extra Higgs boson couplings to muon are enhanced by flipped. Similar to the lepton-specific inert 2HDM, the model

a factor of tan 3, while their couplings to the other fermions ~can accommodate the muon g — 2 anomaly and the 7 decays,
are suppressed by cot 3. Thus, the model can explain the but the electron g — 2 anomaly is not simultaneously explained.
muon g — 2 anomaly by the contributions of the one-loop The muon and electron g — 2 anomalies can be both explained
diagram for a very large tan 3, and weaken the constraints of in general 2HDM. For recent studies see e.g. [201-203].

the 7 decays because of the cancellation of tan 3 between the The L2HDM can be derived from the aligned 2HDM by
tau and the muon Yukawa couplings to the charged Higgs. taking the specific parameter space [14]. Therefore, the

16
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aligned 2ZHDM may explain the muon g —2 anomaly in a
broader parameter space, and the large lepton Yukawa cou-
plings of A still play the main role in most of the parameter
space [204]. Some recent studies have been done in
[205-209]. In addition to the 2HDM with a Z, symmetry, the
extra Higgs doublet with the p—7 LFV interactions can be
obtained in general 2HDM. For recent studies see e.g.
[210-216].

7. Summary

From the above review we summarize the following points
for the 2HDMs: (i) for the popular type-II 2HDM, the current
direct searches at the LHC excluded a large part of parameter
space, while still allowing the 125 GeV Higgs to have wrong-
sign Yukawa couplings to the down-type quarks and leptons.
If a real singlet scalar DM is added to the type-II 2HDM and
the 125 GeV Higgs with wrong-sign Yukawa couplings is
taken as the portal between the SM sector and DM, this model
can have isospin-violating interactions between DM and
nucleons, which can relax the constraints from the DM direct
detections; (ii) as a simpler DM model, in several DM mass
ranges the inert 2HDM can produce the correct relic density
and satisfy the bounds of DM direct detections and direct
searches at the LHC; (iii) the muon g — 2 anomaly can be
explained in the lepton-specific 2HDM with a light A and
heavy H/H™, but it will raise the discrepancy in the LFU in 7
decays. Such a tension may be solved in the 2HDM with
some specific muon and tau Yukawa couplings. So, compared
with low energy supersymmetry (for recent reviews see, e.g.
[217, 218]), the 2HDMs can also do the job of explaining
dark matter and muon g — 2, albeit cannot address the nat-
uralness problem.
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