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ABSTRACT: We study popular scalar extensions of the Standard Model, namely the singlet
extension, the 2-Higgs doublet model (2HDM) and its extension by a singlet scalar. We
focus on the contributions of the added scalars to the anomalous magnetic moment of the
muon, (g — 2), in the presence of CP-violation, and the electric dipole moment of the
electron (eEDM) in these models. In the absence of CP-violation, CP-even and CP-odd
scalars contribute with an opposite sign to the anomalous magnetic moment of the muon
and as a result these models generally require very light scalars to explain the observed
discrepancy in (g — 2),. We study the effect of CP-violation on the anomalous magnetic
moment of the muon and its compatibility with the eEDM constraints. We show that
given the current status of the global set of constraints applied on all values of cot 3, in the
CP-violating scalar extensions, there exist no viable parameter space in agreement with
both a, and eEDM bounds.
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1 Introduction

While the Standard Model (SM) of particle physics agrees very well with data from high
energy collider experiments, it still falls short on explaining several observed features of
Nature. For example, SM does not provide sufficient amount of CP-violation to source the
Baryon Asymmetry of the Universe (BAU) [1] and the scalar sector of the SM does not
provide a first order phase transition [2], which would be needed to produce BAU at the
electroweak transition. Another example is the need to understand the origin of neutrino
masses and mixing patterns. One possible paradigm to address these issues is to enlarge
the scalar sector of the SM. Many such extensions have been studied in the literature [3-9].

In addition to providing new sources for CP-violation, the extra scalars arising
from such extensions could also help to explain the muon anomalous magnetic moment
a, = (9 —2),/2 which deviates from the SM prediction by

exp _ SM — (987 +£0.8) x 1077 (3.60) (1.1)

Aa, = a, u

according to the most recent experiment done at BNL [10, 11].

Finally, extended scalar sectors provide new scalar mass eigenstates which can, for
example, provide a Dark Matter (DM) candidate. Typically their stability is guaranteed
by an ad-hoc discrete symmetry. In this paper, we do not consider a DM candidate and
therefore, in the models we study we try to avoid extra symmetries if possible.

We focus on the following well-known scalar extensions of the SM

e Real and Complex Singlet extension of the SM (SM+RS, SM+CS)
e 2-Higgs-doublet model (2HDM)
e Complex Singlet extension of the 2HDM (2HDM+CS)

For each model, we calculate the contribution of the scalars to a, to see if they can
explain the observed discrepancy.

ACL’M _ azxp _ (aEM (without scalars) + aicalars) -0 = azcalars _ (288 4 08) % 10—9‘ (12)

We show that in the CP-conserving limit, due to the cancelling effect of the CP-odd
and CP-even scalars, one can not explain the excess in eq. (1.2), unless very light scalars
are present and tan g is very large. However, when CP-violation is introduced, we show
that less dramatic values of tan 3 or scalar masses are required to produce the observed a,,.

Having introduced CP-violation, the parameter space of models under consideration
is strongly constrained by the data from ACME collaboration on electron and neutron
Electric Dipole Moment (EDM) [12]. The bounds on electron EDM (eEDM) with

de <1025 x 1072 e cm = 1.573 x 1071° GeV ™, (1.3)

impose the strongest constraints on any Beyond Standard Model (BSM) scenario with CP-
violation. In each of the models under consideration we study if the amount of CP-violation
required to explain the a, discrepancy can be accommodated within the limits imposed by



eq. (1.3). As CP-violation is one of the main ingredients of BAU, the identification of the
surviving regions of the parameter space after imposing the eEDM bounds is a necessary
prerequisite of BAU studies. The models we have listed above have appeared in the context
of electroweak baryogenesis: for a singlet extension of the SM, see e.g. [13-16], for 2HDM
see e.g. [17-25] and for a singlet extension of the 2HDM see [6, 26, 27]. In this paper, we
show, for the first time, how to implement the constraints from eEDMs and from the muon
anomalous moment systematically on these models. In particular we show how this allows
to determine the experimentally favoured patterns of Yukawa interactions in these models.

The paper is organised as follows: for the reader’s convenience, in section 2 we review
the computation of a, and eEDM from a generic Lagrangian and show in detail the 1-
loop and 2-loop calculations of such contributions. In sections 3, 4 and 5 we present the
scalar potential, theoretical and experimental constraints and a, and d. contributions in
the SM+RS, SM+CS, 2HDM and 2HDM+CS scenarios, respectively. In section 6 we draw
our conclusions and present our outlook.

2 Calculation of a, and d. contributions

By definition, the a, = (g — 2),/2 and eEDM contributions are

e

0, = m ay (Ao ) F*, (2.1)

Ede = —% de (éaW ’)/56)FIW, (2.2)

where F),, is the electromagnetic field strength and o, = i[y,,7,]/2. Therefore, the
relevant parts of the Lagrangian are

Lo % e (10,0, P F™ + cp(lo,, Prl)FM | + hc., (2.3)
where [ stands for the relevant lepton (e for eEDM calculations and p for the muon anoma-
lous magnetic moment). Expanding the Lagrangian for the explicit forms of the operators,

leads to
emy - L, oemp, - y
LD ) (CL + CR)(ZO'W,PLZ)F‘u + 32 (CL + C]:,g)(lO'w,PRl)F‘u
emy s T L, .emy s T y
= o2 Re(er, + cg) (low ) FH —1i 92 Im(cr, + cg) (lowysl) F* (2.4)

where P, = (1 —v35)/2 and Pr = (1 4 75)/2 are the left and right projection operators.
One, therefore, needs to explicitly calculate

2

m "

au = 477:; Re(CL + CR). (25)
€ Me *

d. = 2 Im(cr, + cg), (2.6)

where c¢;, and cr are the Wilson coefficients to be calculated for each loop diagram in
figure 1 separately.
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Figure 1. The higher order diagrams contributing to muon anomalous magnetic moment (I = p)
and to eEDM (I = e).

Figure 2. The 1-loop diagram mediated by neutral scalars h; contributing to muon anomalous
magnetic moment (I = p) and to eEDM (I = e).

2.1 1-loop contributions

The digram contributing to the a, and d. at 1-loop is shown in figure 2, where h; are the
neutral scalars in the model with their coupling to electrons and muons represented by Y%
and Y/ZZH
and is therefore neglected [28]. The mass of the charged scalar is set to be equal to the

respectively. The charged scalar mediated version of this diagram is sub-dominant

mass of the heaviest scalar to comply with the ElectroWeak precision data. Note also that
in the models we study, we only extend the scalar sector of SM and do not add any extra
vector or fermion fields, such as right-handed neutrinos.

The Wilson coefficients are calculated to be

oy Yh — D)my + A (y — 1)my
St I+ 27

_ Yz? / / y(y — Vymy + A7 (y — 1)my

dmy tyly—2)+ A —yl+miy’

where Yl?’ is the scalar h;’s coupling to [l and could in general be complex,
h; h; . hi
Y, = Re(Y}]") + idm(Y};"). (2.8)

The contribution from the 1-loop diagrams to a, and d. are then caluclated to be

-loop _ ’ ’2 ( - 1)Re((YhZ)2)

abl o Z/ dx/ dy m2 e pu SETR m}%MZ , (2.9)
1-loop __ € Me m h; T (y B 1)

de = 1672 - Im((Yee' ) / d / dymz y(y —z)+ (1 —y)] + m}zuyv (2.10)

where n is the number of the scalars mediating the loop in figure 2. Our formulas are in
agreement with the known results in [7, 28]-[29].
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Figure 3. The Barr-Zee diagrams with largest contributions to muon anomalous magnetic moment
(Il =) and eEDM (I =e).

2.2 2-loop contributions

The main 2-loop contributions to a, and d., shown in figure 3, arise from the Bar-Zee
diagrams mediated by the scalar states.

The diagrams with the Z boson in the loop (instead of ) are suppressed by a factor of
(% —sin? By ), which makes their contribution almost two orders of magnitude smaller than
diagrams with a photon in the loop. We therefore ignore such diagrams in the calculations
that follow. Similarly, contributions from the charged scalars are ignored since they too
are sub-dominant [30]. For our 2-loop calculations, we use the results of [31].

The contribution from 2-loop diagrams with heavy fermions (f =t,b,¢,7),! and W to
the a, are

a2 loop __ g OZGFUQmu
s f 3 \/§7T3mf -

2-loop _ OZGFUmu YWW hi § § f(ZWhi)—g(ZWhi)
Ww = ( G )ZQ 2 eV, )[3f(zwm)+ T 9w )+ 3h(wn)+ =" ’

NIE

[Rewi;)Re(Yﬁ;)f(zm—1m<Y,f,;>Im<th;>g<zm>} , (2.11)

3 .
Il

where zap = m? /m%, YV}[L,"W is the scalar h;’s coupling to WW. For the SM-Higgs coupling
to WW, we use the notation YV}[‘,SX/ which in the pure SM limit is 2m,/v. The Yff is the
scalar h;’s coupling to ff which could in general be complex,

thf = Re(Y; ) + zIm(thf) (2.12)

and in the pure SM limit is m/v.
The contribution from 2-loop diagrams to the d. from heavy fermions, f, and W
loops are

diﬁ‘?‘)":;g(j;’:;j);[m( ERe(YIH) (2 )+ Re(VL Im(Y g (g, |, (213)

2-loop _ € (aGpv - YWW flewn,)—g(zwn,)
dow = @( N )Zg 2 o Im(Y; )[3f(ZWh )+ Q(ZWh)+ h(th)+Tm :

!The subscript f stands for fermion and is not to be confused with the loop function f(z).



The loop functions f(z), g(z) and h(z) appearing in egs. (2.11) and (2.13) and are presented
in appendix A.

3 The real singlet extension (SM+RS)

The real singlet model is often presented with a Zo symmetry imposed on the scalar poten-
tial in order to stabilise the singlet field as a viable DM candidate [4, 32-35]. As mentioned
earlier, in this paper we shall not look into DM phenomenology and hence we consider the
model in its general form with no extra symmetries.

The most general potential in this case has the following form

V= =200 — 1252 + M (®TD)% 4+ NpS* + N\3(0TD)S?
+ K18 + K2 S(T®) 4 k353 (3.1)

Note that by a translation of S, the linear k1 term can be removed. The fields ® and S are,
respectively, the SM gauge doublet and singlet with Vacuum Expectation Values (VEVs)
v and w. Their field decomposition is as follows,

G¥ w+ ¢
(b: ) 1414 0 5 S:< > (32)

Since S is an SU(2) singlet, it has no direct couplings to the SM gauge bosons or
fermions. The field ® plays the role of the SM Higgs doublet, therefore, Gt and G° are
the would-be Goldstone bosons which are “eaten” by the W and Z bosons.

The minimum of the potential requires

1
p3 = 5 (2)\11)2 + Azw? + \/§ﬂ2w> , (3.3)
1

y (2\@;1 V290 + 2002w + Dhow® + 3\@&311}2) .
w

ps =

The gauge eigenstates ¢12 are then rotated to the mass eigenstates hio with the
rotation matrix R defined as

P 1\ [ cos@ sinf hy
61 = Rijh;. (¢2> - (—sin¢90059> <h2>, (3.4)

where we take hy to be the observed 125 GeV Higgs boson. The mixing angle 6 is calculated

to be
4ow (\/5/@2 + 2>\3w)

2v2k1 + 02 (8A1w + V2k2) — w? (8Xaw + 3v/2k3) '

The value of sin @ is bounded by experimental [36] and theoretical [37] constraints to be

tan(260) = (3.5)

| sin 6 |< 0.33. (3.6)

Throughout this paper we take the conservative limit of sin 6 < 0.3 into account.



Note that the two neutral scalar mass eigenstates, hi, are a mixture of ¢1 o which
are CP-even. Clearly there is no possibility of introducing CP-violation explicitly (through
complex parameters in the potential) or spontaneously (through a complex VEV of the
doublet and/or singlet). Hence, CP-violation is introduced through a higher dimension op-
erator [5, 38]. In the absence of a Z3 symmetry, we take this to be the following dimension-5
operator,

Lopy = % S QL ) tr + h.c. (3.7)

where

n = Ren + ilmn, (3.8)

is the complex CP-violating parameter, A is the scale of new physics generating the effective
operator, (1, and tg are, respectively, the left-handed doublet and right-handed quarks of
the SM. Note that the sole source of CP-violation here is the parameter n, which is only
introduced for the top quark couplings.

We use the conventional SM Yukawa couplings as defined by the Lagrangian,

Lyukawa = Y;{]EL,Z'JCR,inl +h.c., (3.9)

where, as clarified before, ¢; is the SM Higgs field.
To calculate a, and d. discussed in section 2, one needs to identify the couplings of
the mass eigenstates h1 2 to leptons, quarks and the W boson. These are:

Yl?l — Ry <%> (I =p for a,, |=eford.) (3.10)
_ 2m3 , m
fo-m(E) om () on
) m v(Ren + ¢Im
Yl = Rui () + R <(772A77)> , (3.12)

where R;; are the components of the rotation matrix defined in eq. (3.4). Note that the
only complex coupling is Yt;“ = Re(Yt}t”) + zIm(Yt?L) with

; m vRen ; vlmn
Re(Y,") = Ry; (Tt) + Ry, (2A> ., Im(Y™) = Ry, <2A> . (3.13)

Following from eq. (2.9)—(2.13), one can see that since Im(Yl?’l) = 0, only the imaginary
part of 1 contributes to d. and only the real part to a,,

de o< Imn, a, o< Ren, (3.14)
as it will be shown in detail in the next two subsections. We will therefore quantify our

results in terms of the dimensionless quantities vRe(n)/(2A) for a, and vIm(n)/(2A) for
d.. For the theoretical and experimental constraints, we have adopted the results in [37].
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Figure 4. The contours showing a, in the SM+RS model. The green region is where the model

produces a, within the observed window in eq. (1.2). At n = 0, where there is no Lcpy, the model
does not provide large enough contribution to a,.

3.1 a, in the SM+RS model

As shown in detail in section 2, a, is proportional to the real part of the fermion-scalar
couplings. Hence, all 1-loop and 2-loop contributions are non-zero and calculated to be

4 2 1 T 2
) (y—1)R7,
a};loop:_ T’;ﬂ2§ dr dy (y+ )(y )Rlz ’ (315)
87'[' v~ 0 0 2 2
i=1 m, |y(y—x)+(1—y)| +mjy y

(Cﬁ%ﬁ) ii}[R“ (R“ (%) + R (%)) f(zthp] :

2 2
21 aGpm 23 3 f(Cwn,)—9(zwn,)
a* 0P _ (—#) E R, [3f(thi)+Zg(thi)+Zh(ZWhi)+ Sy ;
i=1 ‘

2-loop 2 CVGFmZ - 2
am ¥ = g W Z |:R1if(th¢):|7 (f?ét)

=1

W N

where Rj; = cosf and Rjo = sin 6 are the elements of the rotation matrix in eq. (3.4).
We find that SM+RS model is incapable of explaining the muon anomalous moment for
mp, of a few hundred GeV, even in the presence of a non-zero Lcopy. In figure 4, we show
contours of a, in the sin -vRe(n)/(2A)-plane for a representative value of my, = 500 GeV.
The green region is where the model produces a, within the observed window in eq. (1.2).
Hence, one would need a very large, O(10%), non-trivial coupling to top quark in eq. (3.7).



Note that the green region shown in the plot is not affected by eEDM constraints, which
are governed by different couplings. We will discuss these constraints in detail in the
next section.

3.2 de in the SM+RS model

As mentioned before, the only CP-violating coupling is that of the top quark which is intro-
duced in eq. (3.7) through a dimension-5 operator. Therefore the only eEDM contributions
come from the 2-loop Barr-Zee diagrams mediated by the top quark as the 1-loop and W-
mediated 2-loop diagrams are proportional to the imaginary part of the scalar-electron
couplings and are hence zero,

dioP o Im((YV2)?) =0, and  d2'5P oc Tm(Y/2) = 0. (3.16)

From eq. (2.13), the 2-loop contributions from the top quark are calculated to be

_loo e aGrv vlm )
di,lt P _ =3 <\/§7r];n ) Me < 2An> sm@cos@[—g(zthl) + 9(zeny) |- (3.17)
t

In figure 5, we show contours of d. in the sin #-(vImn/2A)-plane. The superimposed red

regions are ruled out by the experimental bound in eq. (1.3). In the left panel of the figure
mp, = 140 GeV and in the right panel my, = 500 GeV. As predicted by eq. (3.17), when
mp, &= myp, = 125GeV, and g(z,) = g(2h,), the 2-loop contributions to d. are reduced.
Hence, as my, approaches my,, a larger region of the parameter space will survive the
eEDM bounds as shown by the smaller excluded red area in the left panel of figure 5 in
comparison to the right panel.

3.3 Remark on complex singlet extension

The results derived in the previous subsections are directly applicable also to the case
where SM is extended by a complex singlet scalar (SM+CS). It has been shown [39] that
an apparent CP violating phase in a model with a scalar doublet and a complex singlet
scalar can be rotated away, and no explicit or spontaneous CP violation can be introduced
in the SM+CS model. Similar to the SM+RS model, the only CP violation would come
from higher dimensional operators such as in eq. (3.7).

The SM doublet ® and SM singlet S are defined as:

B Gt (w2 +ig3
¢_<\}§(U+¢1+m0)>, S‘(ﬂ)’ (3.18)

with v and w as VEVs of the doublet and the singlet, respectively. Similar to the SM+RS
case, ® is the SM Higgs doublet with G* and G as the Goldstone bosons.
The gauge eigenstates ¢1 2 3 are rotated to the mass eigenstates hq 2 3 through

o1 cos@ sin6 0 hy
(251' = Rijhj, (252 = —sinf cosf 0 hg . (3.19)
b3 0 0 1 hs
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Figure 5. The contours showing the eEDM contributions in the SM+RS model for my, = 140
(top) and myp, = 500 GeV (bottom). The red region is ruled out by experimental data.

Due to its singlet nature, ¢35 does not couple to the fermions and the W boson.?

Therefore, ¢3 does not influence the calculations of the d. and a, in comparison to the
SM+RS model and the results are identical to the ones presented in the preceding section.

2Through the higher order operator, Lcpy, ¢3 has a coupling to the top quark. However, it does not
contribute to the Barr-Zee diagrams since it has no coupling to e and p.



4 The two Higgs doublet model (2HDM)

Extending the SM with one extra scalar doublet with the same SM quantum numbers as
the SM-Higgs doublet,® one arrives at the well-studied 2HDM [40-46]. The most general
2HDM potential can be written in the following form:

V =~ (@]®1) - p3(@]@,) — [13(2]@2) + e (4.1)
+ A1(D]D1)% + Xo(DLP2)? + A3 (®]D1) (@5 D5) + Ay (@] D) (D] P1)
+ A (@]@2)% + Ao(@]81)(]D2) + A (@} ) (@] @2) + b |

In the general case, due to the existence of two scalar doublets to which fermions can
couple, 2HDMs suffer from Flavour Changing Neutral Current interactions (FCNCs) at
tree-level, which are strongly restricted experimentally. It is known that imposing a softly
broken Z, symmetry on the scalar potential, and extending it to the fermion sector can
forbid these FCNCs [47, 48]. Depending on the Zy charge assignment of the fermions,
four independent types of Yukawa interactions are allowed, and these are known as Type-I,
Type-11, Type-X (Lepton-specific) and Type-Y (Flipped) in the literature [41, 42, 49], and
references therein. These will be discussed in section 4.2. In what follows, the transforma-
tion of the scalar doublets under this Z symmetry is fixed to be &1 — +®; and &9 — —Po.

Imposing the softly broken Z; symmetry forbids the Ag7 terms in the potential in
eq. (4.1),

s = A7 = 0. (4.2)
The rest of the parameters are real with the exception of ;3 and A5 which are complex and
defined as
p3 =Rep? +iIm(pd), A5 = Rels+iImls. (4.3)
In this paper, we take the VEVs of the doublets to be real and positive and study explicit
CP-violation which occurs when Im(A%[u3]?) # 0 [50], through the complex parameters of
the potential.
In general, the decomposition of the scalar doublets is as follows

oF o3
(I)l - v1+h?+m? ; (1)2 = v2+h8+ia8 ; (44)
V2 IV

where v; and vg are taken to be real with v? = v? + v3 = (246GeV)? and, as usual, we
define tan 5 = vy /vy.
4.1 Minimisation of the 2HDM potential

The minimization of the potential implies
2
v
(7 = — tan BReu3 + v’ s3Re)s + 7 A+ 23 4 A+ 025200 = Az — )

2
U% = —cot 6Reu§ + vzc%Re)\5 + UZ (2X2 + A3+ Mg+ (=202 + A3+ \y))
2

Imy§ = v?sgeglms, (4.5)

where s3 and cg stand for sin 3 and cos 3, respectively.

3Note that extending the SM with a doublet with different charges, e.g. hypercharge, still leads to a
2HDM.

~10 -



At this point, it is useful to rotate the doublets to the so called Higgs basis [51],

</ISI B cosf sinp P,
(@2) N (—sinﬂ cosﬂ) (@2)’ (4.6)

where only one of the doublets has a VEV

Gt ~ HT
1= | vpitice | s P2=| goties |- (4.7)
V2 V2

and one can separate the Goldstone bosons, G*, G, from the physical states. The mass

)

of the charged Higgs is calculated to be

> _ Repi o°
m = —
H*

— (A1 + 2ReXs). 4.
Sac 2 (A1 + 2Res) (4.8)
BCp

The neutral mass-squared matrix, M?2, shown in detail in appendix B, is a 3 x 3 matrix
which is diagonalised by the rotation matrix R,

RTM?R = M3, = diag(mj, , mj,,mj,,), (4.9)

where we take h; to be the observed Higgs boson at the LHC with my, = 125 GeV.

The rotation matrix, R, depends on the three mixing angles, 612,613 and 653, where
the latter two angles represent CP-violation and will vanish in the CP-conserving limit.
Therefore, we take these angles to be small since, as it will be shown later, they prove to
be very small in the interesting and allowed regions of the parameter space. The angle
f12 represents the mixing of the SM-like Higgs with the other CP-even state. As shown in
eq. (3.6), to agree with the observed Higgs data, we take 612 to be small.

With all mixing angles being small (cos §; ~ 1 and sin §; ~ 6;), the rotation matrix, R,
simplifies to the form

o1 1 0120 613 hi
¢; = R;jhj, p2 | =] b2 1 02 ho |- (4.10)
®3 —013 —f23 1 hs

With this simplified form, one can calculate the angles in terms of the parameters of the
potential as shown in appendix B.
After minimisation, the 9 independent parameters of the model,

M%, ,u%, Re,u%, )\1, )\2, )\3, /\4, ReA5, Im)\5, (4.11)
can be expressed in terms of
tanﬁ? UV, Mpyy, Mpy, Mpg, Mg+, 9127 9137 9237 (412)

which we take as input parameters for our numerical calculations.

- 11 -



Oy | Do | up [ dp | ep | QL, L &d u &
TypeI | + | — | — | — | — + cot | cotB | cotp
TypeIl | + | — | — | + | + + —tanf | cot B | —tanf
Type-X | + | — | — | — | + + cotf | cotp | —tanpf
Type-Y | + | — | — | + | — + —tanf | cot B | cotf

Table 1. Z5 charge assignment and &-coefficients in the Yukawa couplings of d, u, [ fermions in the
four types of Yukawa interactions.

4.2 Yukawa and gauge couplings

In the general 2HDM, interactions of the scalar sector with SM fermions are defined as
— Ly =Y, QLioo®iuy + YiQ ®gdy + YL @€’y + hoc., (4.13)

where ®,, 4. are ¢; and/or @2 depending on the type of Yukawa interactions. This corre-
spondence is determined according to table 1 after the Z5 charge assignments for fermions
have been specified.

Starting from eq. (4.13), one rotates ®; 2 to @172 in the Higgs basis using eq. (4.6). The
primed fermion gauge doublets and singlets, will have to be written in terms of the unprimed
mass eigenstates using the usual unitary matrices Uy, and Ug, which also diagonalise the
fermion mass and Yukawa matrices simultaneously. The Yukawa interactions can then be
written in the following compact form

3
Ly, = &L%dpb S" (Rui + &a(Rai + i Raq)) h, (4.14)
Ly, = éLTnleRi(Rli—Ffl(R% +1i Rs;)) hy, (4.15)
v :
m 13
Ly, = 7TLLTUUR Zz: (R1i + &u(Roi — i R3;)) hi, (4.16)

where the R;; are the rotation matrix elements defined in eq. (4.10) and the coefficients &;
are Type-specific as defined in table 1.
The scalar-gauge interactions are derived from the kinetic terms and are of the form

Liin =| D@1 |* + | Du®s > = | D&y | + | D, 2 (4.17)

2
2miy,

D)

2m?2 m2 m2
UW ¢1 W, WH + TZ ¢1 Z,Z" = Ryhi ( W, Wk + UZZMZ“) ,

v
where, again, R;; are rotation matrix elements defined in eq. (4.10).

In all the results that follow, we take into account theoretical and experimental bounds
as shown in detail in appendix C. For our plots, we find it instructive to show a large region
of cot B, and point out, in each subsection, the regions that are ruled out experimentally.
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4.3 a, and d. in 2HDMs
4.3.1 General type-independent formulas for a, and d.

The contribution from 1-loop diagrams to a, and d. are

loop _ (y+1)(y—1)(R1;+&Roi)* +(y—1)?(§ Rsi)?
1 8#202 Z/ dﬂf/ m2ly(y—a) + (1_?/)]+miiy ,  (4.18)

dl-loop — § Rai(Rui+ Rz/d/d (y L (419
8 9 2 gl 3 1 gl 2 x me y x)_i_(l_y)]_i_m%ly ( )

The 2-loop contributions from up-Type and down-Type quarks, leptons and the W
boson to a, are

Joon | 2 aGpm?2\ AT
a’ o = 3 (\/%3“) Z (Rlz'+§ZR2i)(R1i+§uR2i>f(zuhi)+§l§uR§ig(Zuhi):|a (4.20)
=1t
oop 2 [(@GEME\ T
i,ldng ( \/§7r3u> > (Rli'i‘flRQi)(Rli+§dR2i)f(Zdhi)_gldegig(zdhi)]u (4.21)
=1t
2 [ aGpm? ST
2—100p:7 4 Rz+ RiQ .—2R2~ :| 4.99
a, 7" =3 ( N ); (Ruit&B)*f () =6 B9 eany) | (4.22)
2 3
2-loop aGqu
=— Ry (R1;+& Ry
Lt (4\%3);1(1 §iRoi)

f(ZWhi)_g(ZWhi)] . (4.23)

23 3
x |3 f(zwn,)+—g(zwn,)+ - h(zwn,)+
4 2ZWhi

4

The 2-loop contributions from up-Type and down-Type quarks, leptons and the W
boson to d. are

eaGEme [
dZ1oP = % > |&Rsi(Rui+&uRai) f(zun,) _guRZSi(Rli+€ZR2i)g(Zuhi>:| ; (4.24)
3V 2w L
2-loop _ eaG rme N
de g 30 > & Rsi(Ru+EaRo:) f (zan;)+EaRsi(Rui+& Rai)g(zan, ) | (4.25)
3v2me L
3 -
3 eaG pme
di,kzmpzix/g =D §ZR3i(R1i+£lR2i)f(zlhi>+€ZR3i(R1i+§lR2i)g(zlhi>:|7 (4.26)
3vam AL
2loop QG pme P 23 3 fGwn)—9(zwn,)
e, W 8\/> 3 Z;RlzélR?n |:3f(ZWhl)+ 4 g(ZWhi)+4h(ZWhi)+ 2ZWhi .

(4.27)

Note that these results are type-independent: each type of 2HDM can be studied
further numerically when the corresponding values of &, £; and &, presented in table 1 are
implemented.
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4.3.2 The numerical formulas for a, and d. for given masses

To gain insight into how the constraints on a, and d. operate in different models, it is
instructive to look at the explicit numerical form of the total a, and d. contributions. Here,
we present explicitly the numerical formulas for exemplary values of my, ; = 200, 300 GeV;
of course, the formulas corresponding to any other mass texture can be easily produced
from the general results presented in the preceding subsection.

The total contribution from the scalars to a,, is

ay = 1071 = 1.7 + §€,(2.2 + 1.403, + 2.007; + 2.3035) + £(0.8012 — 0.3013623)

+ £4(—0.3012 + 0.8013623) — 0.9 62, — 0.3 6%,
+ £€4(0.5 + 3.26%, — 4.00%; — 1.16025) x 1072 + £4(—0.1012 + 0.8613623) x 1072

FE2(0.2 4+ 1102, — 1.30% — 0.362) x 1072, (4.28)

where the last two lines are the contributions of the down-Type quarks (mostly b) and
charged leptons (mostly 7) to the Barr-Zee diagrams which clearly are sub-dominant.
Hence, Type-I and Type-Y (and similarly, Type-II and Type-X), whose only difference
is in &4, contribute almost identically to d. and a,, especially when & 4 are not very large
as it will be clarified further here.

To see the exact difference between Type-I and Y (and similarly Type-II and X), we

show the explicit numeric formulas in each case. For Type I,

a£ =101 [—1.7+c0t2 B(2.241.407, 4207, +2.3025) +cot B(0.4615+0.4613093) —0.96%, —0.3953] ,
(4.29)
and for Type Y,

aY =al 10711 [<—0.5+49%3+9§3+cot2 B(—0.5+6033) +tan 3(012 —0.8913023)> X 10—2} ,

Iz [

(4.30)

which has a subdominant correction with respect to Type-I. Note that when tan 3 < 102,

this correction is negligibly small, as it is shown in figure 6. From these equations we see

that Type-I (and Y) are capable of producing a large enough a, in the cot § 2 10 region.
For Type II,

all =101 [—3.9+cot B(—0.3012+0.8013023) +tan B(—0.8012+0.36013023)
—2.3(02) 4+ 075 +03;) +-tan? 3 (0.7+4e§2—59%3—1.39§3> X 10—2] , (4.31)
and for Type X

aX = all 41071 [(0.5 + 625 + tan® 3(—0.5 — 36%, — 662 + 053)) x 10—2] . (4.32)

which again has a sub-dominant correction to Type-II. Note that when tan 5 < 10, this
correction is negligibly small. From these equations we see that Type-1I (and X) are capable

— 14 —



of producing a large enough a,, in the cot 8 2 100 and tan 5 2 100 regions. These findings
are summarised in figure 6, where we show the @, contributions in the CP-conserving limit
(013 = 023 = 0) on the top panel and in the presence of CP-violation on the middle panel.

On the other hand, keeping only the leading terms, the total eEDM contributions are

d.=10"1"

fl (9.6913+6.6923912> +£u <6.6913+10.6923912> Jrfléu <08923 4.3013912)

+&4 <—0.2913—0.1923912> +&&q <—0.1923+O.5913912> —l—le (—0.03923+0.1913912> ’ .

(4.33)
The bound in eq. (1.3) then gives the following constraints: for Type I,
cot 3(16613 4 17623012) + cot? B(0.7623 — 3.6013012)| < 0.15, (4.34)
and for Type Y,
cot $(16.2013 + 17.2023012) + cot® 5(0.8623 — 4.1013612)
+ tan $(0.2613 + 0.1623612) + 0.1623 — 0.5012013| < 0.15. (4.35)

Note that the difference between the d. contribution in Type-I and Y is proportional to
tan 8 whose effect is visible in the low cot 8 region in figure 6.

To satisfy these constraints, in both Type-I and Y, one requires small cot 5. Note also
that when cot 8 is small, tan S is large which makes the d.-surviving region in Type-Y
more constrained when compared to Type-I.

For Type II,

cot ,3(6.6913 + 10.6923912) + (—0.8923 +4.3 013912)

+ tan 3(—9.4013 — 6.4023615) + tan? B(—0.1093 + 0.6013612)| < 0.15. (4.36)
For Type X,
cot 3(6.4613 + 10.4023012) + (—0.7623 + 3.8 013612)
+ tan B(—9.6013 — 6.6023012) + tan® B(—0.03623 4 0.1013612)| < 0.15, (4.37)

whose contributions are very similar to each other, with both types surviving the d. con-
straints in the tan 8 = cot # =~ 1 region. The similarities of Type II and X are also visible
in figure 6 where the two types only differ slightly in the low cot 8 region.

Superimposing the a, and d. plots, one can see that with heavy scalars, it is not
possible to have a large enough a, contribution with the amount of CP-violation that is
allowed by the eEDM data.

We emphasize that the above numerical formulas are presented for exemplary values
of masses mp, ; = 200,300 GeV. In the next subsection, we will analyse different mass
hierarchies in more detail.
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Figure 6. a, (top) and d. (bottom) contribution in different 2HDM Types for fixed values of
masses (mp, , = 200,300 GeV) in the CP-conserving limit (left) and in the presence of CP-violation
(right).
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4.4 2HDM results

We divide this section into three subsections dealing with heavy (mp,; 2 mp,), medium
(M5 =~ mp, ) and light (mp, ; < mp, ) mass regions.

4.4.1 Heavy mass region

To investigate the effect of CP-violation more closely, in figure 7, we show the a, and d.
contributions for different values of the CP-violating angles, 613 and 623 for Type I and Type
X for fixed scalar masses, my, ; = 200,300 GeV. The black lines show the a,, contribution
of each model in the CP-conserving limit and the cyan line shows the experimental upper
limit on the d. contribution. Note that in Type I, larger CP-violating angles lead to larger
a, values while the effect is more complicated and cot S-dependent in Type X. Clearly
with increasing CP-violation, the d. contribution increases and the surviving region of
the parameter space shrinks. As mentioned before, the behaviour of Type Y and II are,
respectively, similar to Type I and X.

To study the effect of the scalar masses, in figure 8, we show the regions surviving the
d. constraint and regions producing a, within the observed band in Type I, Y, II and X
2HDMs for two sets of scalar masses and fixed values of 619 = o3 = 0.1. Types I and Y
show the expected behaviour in agreement with figure 6: Type Y is more constrained by
d. in comparison to Type I due to the contribution proportional to tan 8 (see eq. (4.35)),
which is large in small cot 3 region. However, the contributions to a, are almost identical
in both types of models. Clearly the a, bands do not overlap with the d. surviving regions
in this case. Type II and X contribute almost identically to both a, and d: there are
two regions, very small cot 3 and very large cot 8 which lead to the correct value for a,
in agreement with figure 6. However, none of these regions pass the d. bounds which are
satisfied in the cot 8 &~ 1 as also confirmed by figure 6.

Aside from the eEDM constraints, note that large values of cot 5 lead to large scalar-
fermion couplings which are ruled out due to flavour and/or collider constraints. It has
been shown in the CP-conserving limit in [29, 52-54] that due to these constraints only
Type I and X models survive in the low cot 8 region.

4.4.2 Medium mass region

Next we turn to the medium mass region where all scalars have masses comparable with
mp,. In figure 9, we show the behaviour of all four types of 2HDM over a large range of
cot  values for fixed values of the angles. The behaviour is similar to the heavy mass region
with a significant contribution to a, in the large cot 3 region in Type I, Y and in the small
cot 8 region in Type II, X, both with and without CP-violation. The d. contributions are
also similar to the heavy scalar case with Type I, Y favouring the low cot 8 region while
Type Y is more constrained, and with Type II, X leaning towards the cot 5 =~ 10 region.
To get a closer look at the effect of CP-violation, we present in figure 10, a, and
d. contributions of Type I and X for fixed scalar masses and varying angles. Note that
in Type I, larger CP-violating angles lead to larger a, values while the effect is more
complicated and cot S-dependent in Type X. Clearly with increasing CP-violation, the
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Figure 7. a, (top) and d. (bottom) values in Type I (left) and Type X (right) for different values
of angles and fixed values of masses (mp,, = 200,300 GeV). The behaviour of Type Y and II are
similar to Type I and X, respectively.
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Figure 8. Regions surviving d. bounds vs. regions producing a, with the deviation observed for

Type LY (left) and Type IIX (right), for different my, , masses (in GeV) and fixed values of 02
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Figure 9. a, (top) and d. (bottom) values in different 2HDM Types for fixed values of angles and
masses (1mp, , = 145,105 GeV).
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d. contribution increases and the surviving region of the parameter space shrinks. As
mentioned before, the behaviour of Type Y and II are similar to Type I and X, respectively.

To see the effect of the scalar masses, in figure 11, we show regions producing a,
within the 3.60 band and regions surviving the d. limits for mid-range scalar masses and
fixed values of 615 = o3 = 0.1. In Type I and Y, the regions corresponding to different
constraints overlap when cot 8 ~ 9, and therefore in this mass range one can explain a,
and remain compatible with the eEDM experiments. Let us stress that in Type I and
Y one can satisfy the constraint on d. at any point of the plane shown in figure 11 by
changing the masses and the mass splittings. However, the region where the observed a,
can be produced lies robustly at large cot 8, which is ruled out by too large scalar-fermion
couplings. The corresponding plots for Type II and X show that in neither types there is a
region where the d. and a, plots overlap, with a, preferring the very small and very large
cot 3 values while d. bounds are satisfied in the cot 8 ~ O(1).

Note that in figure 10 the value for the CP-violating angles 623,613 is chosen to be
0.5 for the a, plot to show the enhanced effect of CP-violation. Such a high value of
CP-violation is strongly constrained by eEDMs as shown in the same figure in the d. plot
with the same 6a3, 013 values. In figure 11 where we claim that the a, and d. favourable
regions overlap, the CP-violating angles are very small 023,013 ~ 0.1 and well within the
d. bounds as shown in figure 12.

4.4.3 Light mass region

It has been shown [30, 55] that in the CP-conserving limit, Type-X 2HDM can pro-
duce a large enough a, due to the positive contribution from a very light CP-odd scalar,
ma =~ 30GeV, and a large tan 8 =~ 60. Our calculations, when taken to the CP-conserving
limit (613 = 023 = 0), confirm these results.

In figure 13, we show the effect of CP-violation on the a, contribution in different
2HDM Types for light scalars masses. We also show the d, contribution in different 2HDM
Types in this mass region and the upper limit imposed by the eEDM experiments.

To clarify the effect of CP-violation, in figure 14, we plot a, and d. contributions
in Type I and X for fixed scalar mass values while varying the CP-violating angles. The
corresponding plots for Type Y and II are similar to Type I and X, respectively, as discussed
in detail before.

To see how different scalar masses affect the a, and d. contributions, in figure 15, we
show regions surviving d. bounds and regions producing a, within the 3.60 observed value
in different 2HDM Types for different my, , masses with fixed 012, 623 values. This figure
confirms our statement in figures 13: in Type I and Y, the a, behaviour is very similar
while Type Y is more constrained by d. data. Clearly, a, requires cot 8 ~ 10, while d.
constrains cot 8 to be less than 1 in Type I and Y with no overlap between the two regions.
Type IT and X, clearly showing no overlap between the d. and a, regions with a,, preferring
the very small and very large cot § values while d. bounds are satisfied for cot § ~ O(1).

Similar to the other mass regions, large cot 3 values are ruled out due to flavour and/or
collider constraints in Type IT and Y, and only Type I and X survive in the low cot 5 region.
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Figure 10. a, (top) and d. (bottom) values in Type I and Type X for different values of angles
and fixed values of masses (mp, , = 145,105 GeV). The behaviour of Type Y and II are similar to

Type I and X, respectively.
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(mn,, = 150,140 GeV). Notice the dc-surviving region cot 3 ~ 10 which contributes to a,
sufficiently.

To summarise the findings in these subsections: in all mass ranges, Type I and Y
contribute efficiently to a, in the large cot 3 region. In Type II and X, very small cot 3
values lead to the correct a, values. On the other hand, bounds from d. experiments are
satisfied in the small cot 8 region for Type I and Y with Type Y more constrained, and in
the cot 8 2 1 for Type IT and X.

Super-imposing the d. and a, plots reveal that only in Type I and Y and only in the
medium mass region, one can simultaneously produce the observed contribution to a, and
remain compatible with the results from eEDM experiments. However, this happens only
at relatively large values of cot 8 ruled out by current experimental data. In the low cot
region we find that only Type I and Type X models remain viable: Type X is a suitable
choice for obtaining a, contributions in the absence of CP-violation, while Type I has the
smallest contribution to d. and therefore a suitable choice for a CP-violating model, but
yielding only the SM contribution to ay.
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Figure 14. a, (top) and d. (bottom) values in Type I (top) and Type X (bottom) for different

values of angles and fixed values of masses (my, , = 200,50 GeV). The behaviour of Type Y and II
are similar to Type I and X, respectively.
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5 2HDM -+ singlet extension

The singlet extension of the 2HDM is a relatively popular model [6, 26, 27] for several
reasons: first, the scalar sector of 2HDM+S resembles that of the Next to Minimal Su-
persymmetric SM (NMSSM). Second, it is understood that the singlet extension of the
SM and the 2HDM are incapable of providing a viable DM candidate and allow for CP-
violation simultaneously [56]. Therefore, going beyond the simplest extensions of the SM
seems inevitable.

In general, the decomposition of the scalar multiplets is as follows.

of ¢l 1 :
V2 V2

Here, we discuss directly the complex singlet extension of 2HDM. The results could
easily be translated to the real singlet case by setting the imaginary component of the
singlet, ¢5, and the related parameters (615, 625, 035, 045 in the rotation matrix in eq. (5.12))
to zero. Also, in the calculation of the d. and a,, the sums will be over i = 1,...,4,
corresponding to the four scalar mass eigenstates, h123 4.

The most general 2HDM+CS potential has the form V = V% 4+ V* 4+ V9 where

—pF (D] ®1) — p3(®5Ds) — p3(@]P2)

+ A (@]01)7 + Ao (®1B2)? + A3 (B]B1)(PLDs) + Ay(@] D) (2] D1)

+ A5(D]@2)? + A6 (@] 1) (B D3) + Ar(DLo) (@] Dy), (5.2)
—13(S*S) — H2(S%)

+ As(578)% + Ag(5*5)(52) + Ao(SY)

+ k1(S) + K2 (S?) + k3(S)(5*S), (5.3)

Vis = A (®101)(5*S) + Aio(D181)(5?) + ka(®]01)(S)

d
)

+ A13(PL02)(S*S) + Ara(@L82)(S?) + 5 (P1D2)(S)
+ >\15(<I) ®y)(SS) + )\16((1;{(1)2)(52) + >\17(‘1>I‘I)2)(5*2)
+ K6(D]B2)(S) + r7(B] Do) (7). (5.4)

Similarly as in the case of SM+RS, the linear term x1 can be removed by a translation of .S.

Similar to the 2HDM, the 2HDM-+CS suffers from tree-level FCNCs due to the ex-
istence of more than one scalar doublet which in general could couple to fermions. As
in 2HDM, this can be alleviated by imposing a Z> symmetry on the scalar sector and
extending it to the fermion sector in a similar manner. The transformation of the scalar
multiplets under this Zy symmetry is fixed to be

P - +P, Py — —Py, S — +8S. (55)

The fermionic Zy charges are as shown in table 1 which define the 2HDM type of the
model. Imposing this symmetry on the potential while allowing for a soft breaking term
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(3, forbids the following parameters,
X = A7 = A5 = Mg = M7 = kg = k7 = 0. (5.6)
CP-violation is introduced explicitly through the following complex parameters,
113, 13, K1, Ko, K3, K4, K5, As; Ag, A0, A12, Aua. (5.7)
We take the VEVs, v1, v and w to be real.

5.1 Minimisation of the 2HDM+CS potential

The minimisation conditions are presented in appendix D under which the minimum of the
potential is realised at (®1) = vy, (P2) = v, (S) = w.

Similar to the 2HDM, it is useful to rotate the doublets to the Higgs basis while the
singlet remains unchanged,

&31 cosf sinfg 0 Py
Oy | = | —sinf cosf 0 oy |, (5.8)
S 0 0 1 S

with tan 8 = vy /v;. Then, only one of the doublets has a VEV,

D1 = pyppico |, Po=| gotigs |, S= 7(10 + ¢4 + i), (5.9)
vz V2 2

and one can separate the Goldstone bosons, G*, G?, from the physical states. The charged
Higgs mass is calculated to be

o _  Reps 02

=" _ . Nl
mi« Sncosh 2 (A4 + 2Re)s) (5.10)

The neutral mass-squared matrix, M2, shown in detail in appendix D, is a 5 x 5 matrix
which is diagonalised by the rotation matrix R,

R'M?R = ./\/l?hag = diag(mil,m,zw, mig,mfwmis) , (5.11)
where, as before, we take h; to be the observed Higgs boson at the LHC.

The rotation matrix, R, contains ten mixing angles, 012_15,023_25, 03435 and 045
among which five represent CP-violation, namely 613 15 23 25 34, and will vanish in the CP-
conserving limit. We, therefore, take these angles to be small since, as it will be shown
later, they prove to be very small in the interesting and allowed regions of the parameter
space. Of the remaining angles 612 and 614 represent the mixing of the SM-like Higgs with
the other CP-even states. To keep this state mostly doublet-like and to agree with the
observed Higgs data, we take these angles to be small.

The remaining angles, 694, 035 and 645 do not contribute to the observables in which
we are interested here, and therefore, to simplify the analysis, we assume all mixing angles
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to be small (cosf; ~ 1 and sinf; ~ 6;). As a result, the rotation matrix, R, simplifies to

the form
¢1 1 b2 013 014 015 ha
®2 —b12 1 O3 B2 0o ha
¢i = Rijh; ; ¢3 | = —013 =tz 1 O34 035 hs |- (5.12)
¢4 —014 —0O24 =034 1 Oy hy
®5 —b15 —0O5 —035 —O45 1 hs

With this simplified form, one can calculate the angles in terms of the parameters of the
potential as shown in appendix D.
After minimisation, the 32 independent parameters of the model,

2 2
11 2.4, Repss, A4, Ag 1113, Rewi—s, Imri5, Reds 9101214, ImA59101214,  (5.13)
can be expressed in terms of

tan 8, v, w, mp,_5, my+, 61215, 02325, 0343545, R€M§,57 Imki_5, ReXs, ImAs5910,12,14,

(5.14)
which we take as input parameters for our numerical calculations. In all the results that
follow, we take into account the same theoretical and experimental bounds as in section 4
translated to fit the 2HDM+CS model accordingly.

5.2 a, and d. in 2HDM+-CS

Due to the singlet nature of ¢4 and ¢5, they do not directly couple to the SM fermions and
gauge bosons. As a result, the Yukawa and kinetic terms are similar to the 2HDM discussed
in section 4.2 with ¢ = 1,--- , 5, corresponding to the five scalar mass eigenstates, 1123 .45.
The last two rows of the rotation matrix in eq. (5.12) do not appear in the calculations of
de and a, whose contributions are very much 2HDM-like with the sums running over all
five scalar mass eigenstates, hi 2345, in egs. (4.19)-(4.23).

We have studied numerically all four 2HDM-like types with an exemplary value of 0.1
for all sub-dominant angles. Similar to the 2HDM scenario, we plot the constraints on d,
and a,, in the (0;3,cot §)-plane for various values of scalar masses.

The main conclusion here is very similar to what was found in the 2HDM subsection 4.4:
only in Type I and Y and only in the case of medium range masses mp, 5, ; & mp, is one
able to produce the observed value of a, while remaining consistent with the d. constraints
as shown in figure 16. However, as mentioned before, such large values of cot 5 are ruled
out due to flavour and/or collider constraints.

6 Conclusions and outlook

We have studied popular scalar extensions of the Standard Model and their contributions
to the muon (g — 2), and electric dipole moment of the electron, eEDM. Concretely, we
studied first the real and complex singlet extension of the SM, and second, as the main
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Figure 16. Regions surviving d. bounds while producing a, in 2HDM+CS Type-I and Y for mid-
range mp, , , ; masses (in GeV) and fixed values of angles. Note that by changing my,, , , ; masses,
it is possible to cover the whole plane.

part of our analysis, we considered the 2-Higgs doublet model (2HDM) of Types I, II, X
and Y and the 2HDM extended with the inclusion of a singlet scalar.

In the singlet extension of the SM, CP-violation is introduced by a non-trivial higher
dimensional operator connecting the singlet scalar with the Higgs field and the top quark.
We found that while the imaginary part of this coupling can be compatible with the eKDM
bounds, a very large real part must be introduced in order to explain ay.

In the CP-conserving limit, extensive (g — 2), studies have been done in different
types of 2HDM with varying scalar masses, mixing angles and tan s in the literature.
It has been shown that at 1-loop level contributions to a, are positive for the CP-even
scalars and negative for the CP-odd scalars (and the charged scalar whose negative effect
is negligible). The dominant contribution is from the 2-loop processes to which CP-even
scalars contribute negatively and CP-odd scalars contribute possitively. As a result, very
light CP-odd scalars have been shown to produce a large enough a,, in large tan 3 regions
for Type II,X and large cot 8 regons in Type I,Y. It is, therefore, intuitive to expect that by
introducing CP-violation, less dramatic values of tan 3/cot 3 or scalar masses are required
to produce an adequate a, contribution.

All our calculations, confirm the known results in the CP-conserving limit and show the
well-understood (g — 2), behaviour of different 2HDM types for varying masses in a wide
range of tan s. Incremental changes in the scalar masses do not change the a,, drastically.
By introducing CP-violation, which only adds the two CP-violating angles 613 and 623 to
the known input parameters, we show that indeed the value of a, is affected. This effect,
however small, is enhanced by increasing the amount of CP-violation (manifested in the
values of 013,623 angles). On the other hand, 6;3, 023 angles are strongly constrained by
eEDM experiments which only leave a small window in the parameter space to be explored.
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We provide the detailed formulas for a,, and d. contributions to show the subdominant effect
of the parameters for which an exemplary value has been chosen in the plots.

In particular, we found that only when all scalars are relatively close in mass, CP-
violating Type I and Y 2HDMs explain the muon anomalous magnetic moment in cot 5~ 10
which is also allowed by the eEDM constraints. However, such large values of cot 5 are
already ruled out by flavour/collider experiments. Therefore, given the current status of
the global set of constraints applied on all values of cot 3, in the CP-violating 2HDM, there
exist no viable parameter space in agreement with both a, and eEDM bounds. In the low
cot B region, Type X remains the only 2HDM type which has a large enough contribution
to ay,, while Type I is the preferred type when introducing CP-violation as it contributes
minimally to d,.

In the singlet extension of the 2HDM, we show that the 2HDM behaviour is repeated
and the model is capable of explaining the (g — 2), within the d. bounds when all scalars
are relatively close in mass and the Yukawa interactions are of Type I and Y. However,
this only occurs in the cot 8 = 10 region which, again, is ruled out by flavour and collider
experiments.

We have presented a robust way to implement the constraints on the muon anoma-
lous magnetic moment and electric dipole moment of the electron on these models. Our
central finding is that this allows one to categorically exclude different types of 2HDMs
and 2HDM+CS and, consequently, identify most viable Yukawa interaction patterns which
would be useful for more general model building based e.g. on the paradigm of minimal
flavour violation.

The scalar extensions we have studied are applied in attempts to explain the BAU
via electroweak baryogenesis. Since then also CP violation in the new sector needs to be
introduced, our results help in establishing phenomenological viability of these models.
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A Loop functions

The loop functions are:

flz) = ;z/ol de(l—x) log <9:(1—x)> , (A.1)

x(l—z)—z
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B Details of minimisation of the 2HDM potential

The elements of the symmetric neutral mass-squared matrix, M? in eq. (4.9), are of
the form

M3 = évQ (4 cos(28)(A1 — A2) + A1 cos(48) + Az cos(48) — Az cos(48) — Mg cos(43)
4+ 33X+ 3N+ A3+ A+ 4sin2(25)Re)\5>

M7y = —izﬂ sin(20) [cos(28)A1234 + A1 — A2 — 2 cos(28)Res)
M3; = —v*sin() cos(8)Im()s)

M3, = i [2 cse(B) sec(B)Reps + v* sin?(28) (A123a — 2Res)]
M3, = —%UQ cos(26)Im(As)
M33 = csc(28)Rep3 — v*Reds, (B.1)

where Ajog4 = A1 + Ao — A3 — Mg,
The angles defining the rotation matrix, R in eq. (4.10), are calculated to be

0y — v2(2sin(28) (A1 — A2) + sin(43)(A1231 — 2Re)s)) (B.2)
p2 — dcse(B) sec(B)Rer3 |

_ 8v? Sin2(25)1m()\5)(COS(2,3)()\1 — A2) + A1234 + 2Re)s)

© p3—20Zsin(28) [ps + p5 — 4(cos(48) + T)ReAZ]

b 2Im(As) [ps — 16 cos(28)Rep3]

- p3 — 2v?sin(2P) [pa + ps5 — 4(cos(48) + T)RerZ]’

013

where

p1 = cos(25)(A1 — A2) (B.5
pa = 202 [2p1 + A1+ Xo + A3 + Mg + cos(48) (Ai23s — 2Reds) + 2Re)s] (B.6
p3 = 8Rep3 [(cos(48) — 1) A1aza — 2 (cos(48) + 3) Res) (B.7
pa = (cos(48) — 1) (4M1ha — (A3 + \a)?) (B.8
ps = —4ReAs [4p1 + cos(48) (A3 + Ag) + 4\ +4ha — A3 — 4] (B.9
pe = 207 sin(283) [4cos(28) (A1 + A2) + (cos(48) + 3) (A1 — A2) + 8cos(28)Reds]. (B.10

C Constraints on the parameters

C.1 Theoretical bounds

1. Stability of the potential. The scalar potential stability requires the potential
to be bounded from below in any direction of the scalar space whose necessary and
sufficient conditions are [57]

A >0, A>0, VAda+ Az +MIN(0, Ay — |As]) > 0. (C.1)

— 33 —



Positive-definiteness of the Hessian-positivity of mass eigenvalues. For the
point (®q) = %, (Pg) = % to be a minimum of the potential, the second order

derivative matrix must have a positive definite determinant.
Similar constrains are achieved by requiring the mass eigenvalues to be positive.

Perturbative unitarity. S-matrix unitarity for 2 to 2 elastic scattering, constrains
the value of combinations of As in the potential [58, 59].

Electroweak precision data. Extra scalars affect the gauge boson propagators,
parametrized by the oblique parameters S, T, U [60]-[61] by contributing to the
neutral and charged current processes at low energies (7'), or to neutral current
processes at different energy scales (S). U is generally small in new physics models.

These parameters are constrained to be
S=005+0.11, T7T=0.094+0.13, U =0.014+0.11, (C.2)

determined from a fit with reference mass values of top and Higgs boson m; =173 GeV
and mj;, = 125 GeV are [62, 63].

Experimental bounds

. Flavour constraints. The B physics data provides constraints on mgy+ and tan 3

in 2HDMs [64-67]. Ref. [52] provides a comprehensive study on various B physics
observables such as b — sy, B%-BY mixing, B — 7v in 2HDMs.

Recently, the BaBar Collaboration has reported a measured ratios BR(B — D*rv)/
BR(B — D*fv) and BR(B — D7v)/BR(B — D{lv) ({ = e, ) to deviate from the
SM predictions by 2.7 ¢ and 2.0 o, respectively, and their combined deviation is
3.4 o [68]. Note that these deviations cannot be simultaneously explained by a Zs
symmetric 2HDM which is flavour conserving, with or withour CP-violation.

Direct searches for extra Higgs bosons at the LHC. The search for extra
neutral Higgs bosons decaying into bb, 77, vy, Zv, ZZ, WW, hh and hZ [69-108]
using the LHC Run-I and IT data, excludes tan 8 2 10 (30) for my4 = 300 (700) GeV
in MSSM. A similar bound is expected in the non-supersymmetric Type-IT 2HDM,
since the structure of the Yukawa interactions are the same. In Type-I 2HDM,
there is no tan 8 enhancement in the Yukawa couplings since the Yukawa couplings
are suppressed by the factor of cot 5. The production cross section is, therefore,
suppressed by cot? 3.

A — Zh searches. Using LHC Run-I data, an upper limit on the o(gg — A) X
BR(A — Zh) x BR(h — ff) has been given [74] for m4 = 220-1000 GeV. The upper
limit for f = 7 (b) is measured to be 0.098 — 0.013 pb (0.57 — 0.014 pb). Our typical
g9 — H, A cross section is ~ 1 pb for mg 4 = 200GeV and tan3 2 2, and the
A — Zh branching ratio is < 1072, Considering that the decay rate of the SM-like
Higgs boson does not change much from the SM prediction, the A — 77(bb) branching

ratio is ~ 7%(60%), meaning that our cross section is well below the upper limit.
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4. Gauge bosons width. The contribution of the extra scalars to the total gauge
bosons widths [109] constrain the scalar masses:

MHA+Mygs > My, Mmg+ma > mg, 2mg+ > mz. (C.3)

5. Direct searches for charged scalars and their lifetime. A conservative lower
limit for the mass of charged scalars is taken to be: mg+ > 70 GeV [110-117].

Moreover, to satisfy the bounds from long-lived charged particle searches, an up-
per limit is set on their lifetime to be 75+ < 1077s, to guarantee their decay
within the detector, which translates to an upper bound on their total decay width
Iiet > 6.58 x 10718 GeV.

6. Higgs signal strength. The signal strength, jiy,-, of the SM-like Higgs boson
hi [98, 118-128], defined as

J(gg—)hl) BR(h1—>XY)
o(99—hsm)  BR(hsm — XY)’
L 0(q<j—> h1V) BR(H1 — bl_))
How = o(qq— hsmV) . BR(hgm — bb)

Hxy = XYZW+W_7 ZZ? 99, v, Z’Yv T+T—7

(C.4)

limits the contribution from new scalars to the Higgs observables.

D Details of minimisation of the 2HDM+CS potential

The minimum of the potential is realised at

1
,u% =3 <—8t5Reu§ — 2@2035c51Re/\5 + 20°ReXs + 8w?ReArs + 8V2wReky (D.1)

+ 2)\1@2035051 — )\31)20350/;1 — )\41}203/3651 + 6)\12}2 + )\31)2 + )\4112 + 4)\11w2>

1
,u% = 3 (—St[;lReug + 2v253ﬂ3§1Re/\5 + 20°ReXs 4+ 8w?ReAs + 8\/§wRe/<c5

— 2)\21)2335851 =+ )\3@2335351 + /\41}2335851 + 6002 + A302 + A\gv? + 4/\13w2>

Imy = v?spclmAs

1

pi = 5 <2\[2R€I€1 + \/51)20%1{6%4 + ﬂvQCs%Remg) + 2v2wc?3Re)\12

w
+ QUwa%Re)\M + 4w3Re)\10 + 4w3Re)\9 + 3\/§w2Re/i2

+ 3\f2w2Re/£3 — 4wRe,u§ + )\11v2wc% + Algvzws% + 2)\8w3>
1
Iy = <2\/§Imm + V20 G Imky + V20 s3Imes + 20%weImg

+ 2v2ws%1m>\14 + 4w3ImAo + 2w ImAg + 3V 2w Tmeks + \/§w21mm3>.
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The elements of the symmetric neutral mass-squared matrix, M? in eq. (5.11), are of
the form

My = 02 (4c05(28) (M — X)X+ 38X g+ hs-+cos(46) hnzsa — 2Reds) + 2Reds)
M3y =~ 707 5in(28) (cos(28) Mz + M — Ao —2cos(26)Reds)

My =—v?sin(B) cos(8)Im(As)
A4M;:fv(am%ﬂ)(vﬁRen4+2wReAu%nhlw>+sn9(ﬁ)<v5R3n5+2wReAM4ah3w))
Mis =~ 2o (co(8) (VEIm(sa) + 2uTm(\i2) ) +sin(8) (VEIm(ss) + 2um (M) )
M2y =2 7 (20sc(8) sec(B)Red-+075in? (28) (Mizss ~ 2Res))

M2, — —%qﬂ cos(28)Tm(\s)

1
/\/@4 =—-v Sin(2/3) (\/iRem— \/iRe/% +w()\11 —Ai3+2ReA o —2Re)\14))

4

M3y = fv sin(25) (\@Im(/@;) —V/2Im(ks5) +2w(Im(A12) —Im()\14))>
M= csc(2,8)Reu§—v2Re)\5

M3,=0

M35 =0

1

Mi4:4w<—2\/§Re(n1) V202 cos?(B)Rekg — v2v% sin®(B8)Rers
+8w3Re)\10+8w3Re/\9+3\/§w2Remg+3\/§w2Re/@3+4/\8w3>

Mi5_<2f Im (1) +v20? cos?(B)Im(k4) +v/ 202 sin(8)Im (k5 ) — 8w>Im (A1)
—4w3lm()\9)—3\/§w21m(/£2)—\/ﬁwQIm(mg)>

1
M§5:—4w<2\@Re(/ﬁ;1) +v/202 cos?(B)Rery 4+ V202 sin?(8)Reks
+4v%wcos? (B)ReAio +4v wsin? () Reds + 16w ReA g

—|—4w3Re)\g+9\/§w2Re/@2+\/§w2Reﬁ3—8wRe,u§). (D.2)

The zero entries in the mass-squared matrix are the result of the imposed Zs symmetry
and vanishing parameters in eq. (5.6).

The angles defining the rotation matrix, R in eq. (5.12), can be calculated in the
general case, however the expressions are too lengthy to present here. We only show the
values of the angles in the following approximation

Imk1_5 = Rer1—5 = ImA59,10,12,14 = ReAs9,10,12,14 = Mi113 = € < 1, (D.3)
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which is obtained by assuming that CP-violation is small and h; is mostly CP-even and
doublet-like. As a result, the angles are calculated to be as follows.

v Sln(2ﬁ)(COS(26)(A1234 — 26) + A — )\2)
v2(cos(48)(A1234) + 2c08(28) (A1 — A2) + A1 + A2 + A3 + Ag) — 2 cse(B) sec(B)Rep
2’U 6(008(26)()\1 ) + )\1234)
v2sin(26) (4A1 A2 — (A3 4+ A1)?) — 4Rep3(Ai234)
0, — v (Bw + \f) (16Reu3 — 2sin(205) (v cos(4/3)(M1234) + v2(—A1234) + 8)\8w2))
e sin(28) [61 + 05 — 3222w?] — 4Rep2 [63 — 8Agw?]

20 (2w + v/2) € (—8sin(28)Rep + 4Rep3 + v? sin®(23) (A1234))

012 =

013 =

15 = 2Rep3 [04 — 16Rep2] + sin(2) [64(Rep?)? + 65 + v1sin?(28) (4M A2 — (A3 + A1)?)]
b ecsc(2p3) (8 cot(28)Reud — v (4cos(2B) (A + A2) + (cos(48) + 3)(A1 — A2)))

S ARep2 (M1 + Az — Az — A1) + 02sin(28) (Az + A1) — 4A1A9)

160 (3w + V2) esin?(B) cos?(B)(cos(28)(A234) + A1 — Ag)

27T sin(2B) [06 + 07 — 3202w — 4Repi [65 — 8Aguw?]

Oy — — 03 (2w 4+ V2) esin?(28) (cos(28) (A1 + A2 — A3 — A1) + A1 — Ao)
sin(2B) [6g + v*sin?(28) (A + A1)? — 4\ A2)| — 2Rep [610 — 16Re(p2)]
034 =0
035 =0
e (—vV20% + 1203 + 4vV2w? — 2v/2

615 = ( 4Agw3 — 8wRep? ) ’ (D-4)
where

61 =t [cos(4ﬂ) (AN — (A3 4+ A)?) =AM o + A3 + 22304 + A\
5o = v2w? [16Ag cos(28) (A1 — A2) + 16A1Ag + 16A2)g]
63 = v [cos(4/8) (A1234) + 4¢0s(28) (A1 — A2) + 3A1 + 3Xa + A3 + A4
64 = v2 [cos(48) (M1234) + 4cos(26) (A1 — A2) + 31 + 3Xa + A3 + A
55 = —16v*RepuZ[cos(26) (A1 — A2) + A1 + Ao
dg = v* [008(46) (AN A2 — (A3 + A)?) — 4Aha + A3 + 223 + A]]
67 = v?w? [16Ag cos(28) (A1 — A2) + 16X A5 + 162)g]
g = 12 [cos(4B8) (A1 + Ao — Az — Aa) + 4cos(28) (A1 — Xa) + 3A1 + 3h2 + A3 + A\
59 = —64(Repu)? + 16v°Rep2 (cos(28) (A1 — X2) + A1 + A2)
610 = v* [cos(48)(A1234) + 4cos(28) (A1 — X2) +3A1 +3X2 + A3+ M\ .

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

— 37 —


https://creativecommons.org/licenses/by/4.0/

References

[1]

V.A. Kuzmin, V.A. Rubakov and M.E. Shaposhnikov, On the Anomalous FElectroweak
Baryon Number Nonconservation in the Early Universe, Phys. Lett. B 155 (1985) 36
[INSPIRE].

K. Kajantie, M. Laine, K. Rummukainen and M.E. Shaposhnikov, Is there a hot electroweak
phase transition at mg 2 mw ¢, Phys. Rev. Lett. 77 (1996) 2887 [hep-ph/9605288]
[INSPIRE].

V. Silveira and A. Zee, Scalar phantoms, Phys. Lett. B 161 (1985) 136 [INSPIRE].

J. McDonald, Gauge singlet scalars as cold dark matter, Phys. Rev. D 50 (1994) 3637
[hep-ph/0702143] [INSPIRE].

J.M. Cline and K. Kainulainen, FElectroweak baryogenesis and dark matter from a singlet
Higgs, JCAP 01 (2013) 012 [arXiv:1210.4196] [INSPIRE].

T. Alanne, K. Kainulainen, K. Tuominen and V. Vaskonen, Baryogenesis in the two doublet
and inert singlet extension of the Standard Model, JCAP 08 (2016) 057
[arXiv:1607.03303] [iNSPIRE].

M. Lindner, M. Platscher and F.S. Queiroz, A Call for New Physics: The Muon Anomalous
Magnetic Moment and Lepton Flavor Violation, Phys. Rept. 731 (2018) 1
[arXiv:1610.06587] [INSPIRE].

L. Bian and N. Chen, Cancellation mechanism in the predictions of electric dipole moments,
Phys. Rev. D 95 (2017) 115029 [arXiv:1608.07975] [INSPIRE].

K. Kowalska and E.M. Sessolo, Ezpectations for the muon g-2 in simplified models with dark
matter, JHEP 09 (2017) 112 [arXiv:1707.00753] [INSPIRE].

MUON G-2 collaboration, G.W. Bennett et al., Final Report of the Muon E821 Anomalous
Magnetic Moment Measurement at BNL, Phys. Rev. D 73 (2006) 072003 [hep-ex/0602035]
[INSPIRE].

T. Blum et al., The Muon (g-2) Theory Value: Present and Future, arXiv:1311.2198
[INSPIRE].

ACME collaboration, J. Baron et al., Order of Magnitude Smaller Limit on the Electric
Dipole Moment of the Electron, Science 343 (2014) 269 [arXiv:1310.7534] INSPIRE].

J. McDonald, Electroweak baryogenesis and dark matter via a gauge singlet scalar, Phys.
Lett. B 323 (1994) 339 [nSPIRE].

S. Profumo, M.J. Ramsey-Musolf and G. Shaughnessy, Singlet Higgs phenomenology and
the electroweak phase transition, JHEP 08 (2007) 010 [arXiv:0705.2425] [INSPIRE].

V. Barger, P. Langacker, M. McCaskey, M. Ramsey-Musolf and G. Shaughnessy, Complex
Singlet Extension of the Standard Model, Phys. Rev. D 79 (2009) 015018
[arXiv:0811.0393] [INSPIRE].

A. Ahriche and S. Nasri, Light Dark Matter, Light Higgs and the Electroweak Phase
Transition, Phys. Rev. D 85 (2012) 093007 [arXiv:1201.4614] INSPIRE].

N. Turok and J. Zadrozny, Electroweak baryogenesis in the two doublet model, Nucl. Phys.
B 358 (1991) 471 [INSPIRE].

— 38 —


https://doi.org/10.1016/0370-2693(85)91028-7
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B155,36%22
https://doi.org/10.1103/PhysRevLett.77.2887
https://arxiv.org/abs/hep-ph/9605288
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9605288
https://doi.org/10.1016/0370-2693(85)90624-0
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B161,136%22
https://doi.org/10.1103/PhysRevD.50.3637
https://arxiv.org/abs/hep-ph/0702143
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0702143
https://doi.org/10.1088/1475-7516/2013/01/012
https://arxiv.org/abs/1210.4196
https://inspirehep.net/search?p=find+EPRINT+arXiv:1210.4196
https://doi.org/10.1088/1475-7516/2016/08/057
https://arxiv.org/abs/1607.03303
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.03303
https://doi.org/10.1016/j.physrep.2017.12.001
https://arxiv.org/abs/1610.06587
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.06587
https://doi.org/10.1103/PhysRevD.95.115029
https://arxiv.org/abs/1608.07975
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.07975
https://doi.org/10.1007/JHEP09(2017)112
https://arxiv.org/abs/1707.00753
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.00753
https://doi.org/10.1103/PhysRevD.73.072003
https://arxiv.org/abs/hep-ex/0602035
https://inspirehep.net/search?p=find+EPRINT+hep-ex/0602035
https://arxiv.org/abs/1311.2198
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.2198
https://doi.org/10.1126/science.1248213
https://arxiv.org/abs/1310.7534
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.7534
https://doi.org/10.1016/0370-2693(94)91229-7
https://doi.org/10.1016/0370-2693(94)91229-7
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B323,339%22
https://doi.org/10.1088/1126-6708/2007/08/010
https://arxiv.org/abs/0705.2425
https://inspirehep.net/search?p=find+EPRINT+arXiv:0705.2425
https://doi.org/10.1103/PhysRevD.79.015018
https://arxiv.org/abs/0811.0393
https://inspirehep.net/search?p=find+EPRINT+arXiv:0811.0393
https://doi.org/10.1103/PhysRevD.85.093007
https://arxiv.org/abs/1201.4614
https://inspirehep.net/search?p=find+EPRINT+arXiv:1201.4614
https://doi.org/10.1016/0550-3213(91)90356-3
https://doi.org/10.1016/0550-3213(91)90356-3
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B358,471%22

[18]

[19]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

N. Turok and J. Zadrozny, Phase transitions in the two doublet model, Nucl. Phys. B 369
(1992) 729 [INSPIRE].

K. Funakubo, A. Kakuto and K. Takenaga, The Effective potential of electroweak theory
with two massless Higgs doublets at finite temperature, Prog. Theor. Phys. 91 (1994) 341
[hep-ph/9310267] [INSPIRE].

A.T. Davies, C.D. froggatt, G. Jenkins and R.G. Moorhouse, Baryogenesis constraints on
two Higgs doublet models, Phys. Lett. B 336 (1994) 464 [INSPIRE].

J.M. Cline, K. Kainulainen and A.P. Vischer, Dynamics of two Higgs doublet CP-violation
and baryogenesis at the electroweak phase transition, Phys. Rev. D 54 (1996) 2451
[hep-ph/9506284] [INSPIRE].

M. Laine and K. Rummukainen, Two Higgs doublet dynamics at the electroweak phase
transition: A Nonperturbative study, Nucl. Phys. B 597 (2001) 23 [hep-1at/0009025]
[INSPIRE].

L. Fromme, S.J. Huber and M. Seniuch, Baryogenesis in the two-Higgs doublet model,
JHEP 11 (2006) 038 [hep-ph/0605242] [INSPIRE].

P. Basler, M. Krause, M. Muhlleitner, J. Wittbrodt and A. Wlotzka, Strong First Order
Electroweak Phase Transition in the CP-Conserving 2HDM Revisited, JHEP 02 (2017) 121
[arXiv:1612.04086] [INSPIRE].

P. Basler, M. Mihlleitner and J. Wittbrodt, The CP-Violating 2HDM in Light of a Strong
First Order Electroweak Phase Transition and Implications for Higgs Pair Production,
JHEP 03 (2018) 061 [arXiv:1711.04097] [INSPIRE].

C. Bonilla, D. Sokolowska, N. Darvishi, J.L.. Diaz-Cruz and M. Krawczyk, IDMS: Inert
Dark Matter Model with a complex singlet, J. Phys. G 43 (2016) 065001
[arXiv:1412.8730] [INSPIRE].

M. Kakizaki, A. Santa and O. Seto, Phenomenological signatures of mized complex scalar
WIMP dark matter, Int. J. Mod. Phys. A 32 (2017) 1750038 [arXiv:1609.06555]
[INSPIRE].

E.J. Chun, The muon g-2 in two-Higgs-doublet models, EPJ Web Conf. 118 (2016) 01006
[arXiv:1511.05225] [INSPIRE].

A. Broggio, E.J. Chun, M. Passera, K.M. Patel and S.K. Vempati, Limiting
two-Higgs-doublet models, JHEP 11 (2014) 058 [arXiv:1409.3199] INSPIRE].

K.-m. Cheung, C.-H. Chou and O.C.W. Kong, Muon anomalous magnetic moment, two
Higgs doublet model and supersymmetry, Phys. Rev. D 64 (2001) 111301 [hep-ph/0103183]
[INSPIRE].

R. Harnik, J. Kopp and J. Zupan, Flavor Violating Higgs Decays, JHEP 03 (2013) 026
[arXiv:1209.1397] [INSPIRE].

C.P. Burgess, M. Pospelov and T. ter Veldhuis, The Minimal model of nonbaryonic dark
matter: A Singlet scalar, Nucl. Phys. B 619 (2001) 709 [hep-ph/0011335] INSPIRE].

H. Davoudiasl, R. Kitano, T. Li and H. Murayama, The New minimal standard model,
Phys. Lett. B 609 (2005) 117 [hep-ph/0405097] INSPIRE].

C.E. Yaguna, Gamma rays from the annihilation of singlet scalar dark matter, JCAP 03
(2009) 003 [arXiv:0810.4267] [INSPIRE].

-39 —


https://doi.org/10.1016/0550-3213(92)90284-I
https://doi.org/10.1016/0550-3213(92)90284-I
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B369,729%22
https://doi.org/10.1143/PTP.91.341
https://arxiv.org/abs/hep-ph/9310267
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9310267
https://doi.org/10.1016/0370-2693(94)90559-2
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B336,464%22
https://doi.org/10.1103/PhysRevD.54.2451
https://arxiv.org/abs/hep-ph/9506284
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9506284
https://doi.org/10.1016/S0550-3213(00)00736-7
https://arxiv.org/abs/hep-lat/0009025
https://inspirehep.net/search?p=find+EPRINT+hep-lat/0009025
https://doi.org/10.1088/1126-6708/2006/11/038
https://arxiv.org/abs/hep-ph/0605242
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0605242
https://doi.org/10.1007/JHEP02(2017)121
https://arxiv.org/abs/1612.04086
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.04086
https://doi.org/10.1007/JHEP03(2018)061
https://arxiv.org/abs/1711.04097
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.04097
https://doi.org/10.1088/0954-3899/43/6/065001
https://arxiv.org/abs/1412.8730
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.8730
https://doi.org/10.1142/S0217751X17500385
https://arxiv.org/abs/1609.06555
https://inspirehep.net/search?p=find+EPRINT+arXiv:1609.06555
https://doi.org/10.1007/s12043-016-1254-2
https://arxiv.org/abs/1511.05225
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.05225
https://doi.org/10.1007/JHEP11(2014)058
https://arxiv.org/abs/1409.3199
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.3199
https://doi.org/10.1103/PhysRevD.64.111301
https://arxiv.org/abs/hep-ph/0103183
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0103183
https://doi.org/10.1007/JHEP03(2013)026
https://arxiv.org/abs/1209.1397
https://inspirehep.net/search?p=find+EPRINT+arXiv:1209.1397
https://doi.org/10.1016/S0550-3213(01)00513-2
https://arxiv.org/abs/hep-ph/0011335
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0011335
https://doi.org/10.1016/j.physletb.2005.01.026
https://arxiv.org/abs/hep-ph/0405097
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0405097
https://doi.org/10.1088/1475-7516/2009/03/003
https://doi.org/10.1088/1475-7516/2009/03/003
https://arxiv.org/abs/0810.4267
https://inspirehep.net/search?p=find+EPRINT+arXiv:0810.4267

[35]

[36]

[37]

[38]

R.N. Lerner and J. McDonald, Gauge singlet scalar as inflaton and thermal relic dark
matter, Phys. Rev. D 80 (2009) 123507 [arXiv:0909.0520] [NSPIRE].

ATLAS and CMS collaborations, Measurements of the Higgs boson production and decay
rates and constraints on its couplings from a combined ATLAS and CMS analysis of the
LHC pp collision data at /s =7 and 8 TeV, ATLAS-CONF-2015-044.

A. Falkowski, C. Gross and O. Lebedev, A second Higgs from the Higgs portal, JHEP 05
(2015) 057 [arXiv:1502.01361] [INSPIRE].

J.R. Espinosa, B. Gripaios, T. Konstandin and F. Riva, FElectroweak Baryogenesis in
Non-minimal Composite Higgs Models, JCAP 01 (2012) 012 [arXiv:1110.2876] INSPIRE].

G.C. Branco, L. Lavoura and J.P. Silva, CP Violation, Int. Ser. Monogr. Phys. 103 (1999)
1 [INSPIRE].

T.D. Lee, A Theory of Spontaneous T Violation, Phys. Rev. D 8 (1973) 1226 [INSPIRE].

J.F. Gunion, H.E. Haber, G.L. Kane and S. Dawson, The Higgs Hunter’s Guide, Front.
Phys. 80 (2000) 1 [NSPIRE].

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 [arXiv:1106.0034]
[INSPIRE].

V. Keus, S.F. King, S. Moretti and K. Yagyu, CP Violating Two-Higgs-Doublet Model:
Constraints and LHC Predictions, JHEP 04 (2016) 048 [arXiv:1510.04028] [INSPIRE].

V. Zarikas, The Phase transition of the two Higgs extension of the standard model, Phys.
Lett. B 384 (1996) 180 [hep-ph/9509338] [inSPIRE].

A.B. Lahanas, V.C. Spanos and V. Zarikas, Charge asymmetry in two-Higgs doublet model,
Phys. Lett. B 472 (2000) 119 [hep-ph/9812535] INSPIRE].

G. Aliferis, G. Kofinas and V. Zarikas, Efficient electroweak baryogenesis by black holes,
Phys. Rev. D 91 (2015) 045002 [arXiv:1406.6215] [INSPIRE].

S.L. Glashow and S. Weinberg, Natural Conservation Laws for Neutral Currents, Phys.
Rev. D 15 (1977) 1958 [InSPIRE].

E.A. Paschos, Diagonal Neutral Currents, Phys. Rev. D 15 (1977) 1966 [INSPIRE].

V.D. Barger, J.L. Hewett and R.J.N. Phillips, New Constraints on the Charged Higgs Sector
in Two Higgs Doublet Models, Phys. Rev. D 41 (1990) 3421 [nSPIRE].

H.E. Haber and D. O’Neil, Basis-independent methods for the two-Higgs-doublet model. II.
The Significance of tan B, Phys. Rev. D 74 (2006) 015018 [Erratum ibid. D 74 (2006)
059905 [hep-ph/0602242] [INSPIRE].

S. Davidson and H.E. Haber, Basis-independent methods for the two-Higgs-doublet model,
Phys. Rev. D 72 (2005) 035004 [Erratum bid. D 72 (2005) 099902] [hep-ph/0504050]
[INSPIRE].

F. Mahmoudi and O. Stal, Flavor constraints on the two-Higgs-doublet model with general
Yukawa couplings, Phys. Rev. D 81 (2010) 035016 [arXiv:0907.1791] [nSPIRE].

A. Cherchiglia, P. Kneschke, D. Stockinger and H. Stockinger-Kim, The muon magnetic
moment in the 2HDM: complete two-loop result, JHEP 01 (2017) 007 [arXiv:1607.06292]
[INSPIRE].

40 —


https://doi.org/10.1103/PhysRevD.80.123507
https://arxiv.org/abs/0909.0520
https://inspirehep.net/search?p=find+EPRINT+arXiv:0909.0520
https://cds.cern.ch/record/2052552
https://doi.org/10.1007/JHEP05(2015)057
https://doi.org/10.1007/JHEP05(2015)057
https://arxiv.org/abs/1502.01361
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.01361
https://doi.org/10.1088/1475-7516/2012/01/012
https://arxiv.org/abs/1110.2876
https://inspirehep.net/search?p=find+EPRINT+arXiv:1110.2876
https://inspirehep.net/search?p=find+%22Ser.Monogr.Phys.,103,1%22
https://doi.org/10.1103/PhysRevD.8.1226
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D8,1226%22
https://inspirehep.net/search?p=find+J+%22Front.Phys.,80,1%22
https://doi.org/10.1016/j.physrep.2012.02.002
https://arxiv.org/abs/1106.0034
https://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0034
https://doi.org/10.1007/JHEP04(2016)048
https://arxiv.org/abs/1510.04028
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.04028
https://doi.org/10.1016/0370-2693(96)00701-0
https://doi.org/10.1016/0370-2693(96)00701-0
https://arxiv.org/abs/hep-ph/9509338
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9509338
https://doi.org/10.1016/S0370-2693(99)01400-8
https://arxiv.org/abs/hep-ph/9812535
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9812535
https://doi.org/10.1103/PhysRevD.91.045002
https://arxiv.org/abs/1406.6215
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.6215
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1958
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D15,1958%22
https://doi.org/10.1103/PhysRevD.15.1966
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D15,1966%22
https://doi.org/10.1103/PhysRevD.41.3421
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D41,3421%22
https://doi.org/10.1103/PhysRevD.74.015018
https://arxiv.org/abs/hep-ph/0602242
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0602242
https://doi.org/10.1103/PhysRevD.72.099902
https://arxiv.org/abs/hep-ph/0504050
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0504050
https://doi.org/10.1103/PhysRevD.81.035016
https://arxiv.org/abs/0907.1791
https://inspirehep.net/search?p=find+EPRINT+arXiv:0907.1791
https://doi.org/10.1007/JHEP01(2017)007
https://arxiv.org/abs/1607.06292
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.06292

[54]

[55]

[66]

[67]

T. Abe, R. Sato and K. Yagyu, Lepton-specific two Higgs doublet model as a solution of
muon g-2 anomaly, JHEP 07 (2015) 064 [arXiv:1504.07059] [InSPIRE].

A. Cherchiglia, D. Stéckinger and H. Stockinger-Kim, Muon g-2 in the 2HDM: mazximum
results and detailed phenomenology, Phys. Rev. D 98 (2018) 035001 [arXiv:1711.11567]
[INSPIRE].

V. Keus, CP wviolation and BSM Higgs bosons, PoS(CHARGED2016) 017 [arXiv:1612.03629]
[INSPIRE].

B. Grzadkowski, O.M. Ogreid and P. Osland, Natural Multi-Higgs Model with Dark Matter
and CP-violation, Phys. Rev. D 80 (2009) 055013 [arXiv:0904.2173] [INSPIRE].

S. Kanemura, T. Kubota and E. Takasugi, Lee-Quigg- Thacker bounds for Higgs boson
masses in a two doublet model, Phys. Lett. B 313 (1993) 155 [hep-ph/9303263] [INSPIRE].

A.G. Akeroyd, A. Arhrib and E.-M. Naimi, Note on tree level unitarity in the general two
Higgs doublet model, Phys. Lett. B 490 (2000) 119 [hep-ph/0006035] [INSPIRE].

M.E. Peskin and T. Takeuchi, Estimation of oblique electroweak corrections, Phys. Rev. D
46 (1992) 381 [INSPIRE].

H.E. Haber and D. O’Neil, Basis-independent methods for the two-Higgs-doublet model I11:
The CP-conserving limit, custodial symmetry and the oblique parameters S, T, U, Phys.
Rev. D 83 (2011) 055017 [arXiv:1011.6188] [INSPIRE].

GFITTER GROUP collaboration, M. Baak et al., The global electroweak fit at NNLO and
prospects for the LHC and ILC, Eur. Phys. J. C 74 (2014) 3046 [arXiv:1407.3792]
[INSPIRE].

E.M. Dolle and S. Su, The Inert Dark Matter, Phys. Rev. D 80 (2009) 055012
[arXiv:0906.1609] [INSPIRE].

M. Misiak et al., Updated NNLO QCD predictions for the weak radiative B-meson decays,
Phys. Rev. Lett. 114 (2015) 221801 [arXiv:1503.01789] [INSPIRE].

C.Q. Geng and J.N. Ng, Charged Higgs Effect in BY-BY Mizing, K — v Decay and Rare
Decays of B Mesons, Phys. Rev. D 38 (1988) 2857 [Erratum ibid. D 41 (1990) 1715]
[INSPIRE].

O. Deschamps, S. Descotes-Genon, S. Monteil, V. Niess, S. T’Jampens and V. Tisserand,
The Two Higgs Doublet of Type II facing flavour physics data, Phys. Rev. D 82 (2010)
073012 [arXiv:0907.5135] [INSPIRE].

HFLAV collaboration, Y. Amhis et al., Averages of b-hadron, c-hadron and T-lepton
properties as of summer 2016, Eur. Phys. J. C 77 (2017) 895 [arXiv:1612.07233]
[INSPIRE].

BABAR collaboration, J.P. Lees et al., Evidence for an excess of B — D™=, decays,
Phys. Rev. Lett. 109 (2012) 101802 [arXiv:1205.5442] [INnSPIRE].

ATLAS collaboration, Search for new resonances in W~ and Z~ final states in pp
collisions at /s = 8 TeV with the ATLAS detector, Phys. Lett. B 738 (2014) 428
[arXiv:1407.8150] [INSPIRE].

ATLAS collaboration, Search for Scalar Diphoton Resonances in the Mass Range
65-600 GeV with the ATLAS Detector in pp Collision Data at \/s = 8 TeV, Phys. Rev. Lett.
113 (2014) 171801 [arXiv:1407.6583] [INSPIRE].

— 41 —


https://doi.org/10.1007/JHEP07(2015)064
https://arxiv.org/abs/1504.07059
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.07059
https://doi.org/10.1103/PhysRevD.98.035001
https://arxiv.org/abs/1711.11567
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.11567
https://pos.sissa.it/contribution?id=PoS(CHARGED2016)017
https://arxiv.org/abs/1612.03629
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.03629
https://doi.org/10.1103/PhysRevD.80.055013
https://arxiv.org/abs/0904.2173
https://inspirehep.net/search?p=find+EPRINT+arXiv:0904.2173
https://doi.org/10.1016/0370-2693(93)91205-2
https://arxiv.org/abs/hep-ph/9303263
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9303263
https://doi.org/10.1016/S0370-2693(00)00962-X
https://arxiv.org/abs/hep-ph/0006035
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0006035
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1103/PhysRevD.46.381
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D46,381%22
https://doi.org/10.1103/PhysRevD.83.055017
https://doi.org/10.1103/PhysRevD.83.055017
https://arxiv.org/abs/1011.6188
https://inspirehep.net/search?p=find+EPRINT+arXiv:1011.6188
https://doi.org/10.1140/epjc/s10052-014-3046-5
https://arxiv.org/abs/1407.3792
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.3792
https://doi.org/10.1103/PhysRevD.80.055012
https://arxiv.org/abs/0906.1609
https://inspirehep.net/search?p=find+EPRINT+arXiv:0906.1609
https://doi.org/10.1103/PhysRevLett.114.221801
https://arxiv.org/abs/1503.01789
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.01789
https://doi.org/10.1103/PhysRevD.38.2857
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D38,2857%22
https://doi.org/10.1103/PhysRevD.82.073012
https://doi.org/10.1103/PhysRevD.82.073012
https://arxiv.org/abs/0907.5135
https://inspirehep.net/search?p=find+EPRINT+arXiv:0907.5135
https://doi.org/10.1140/epjc/s10052-017-5058-4
https://arxiv.org/abs/1612.07233
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.07233
https://doi.org/10.1103/PhysRevLett.109.101802
https://arxiv.org/abs/1205.5442
https://inspirehep.net/search?p=find+EPRINT+arXiv:1205.5442
https://doi.org/10.1016/j.physletb.2014.10.002
https://arxiv.org/abs/1407.8150
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.8150
https://doi.org/10.1103/PhysRevLett.113.171801
https://doi.org/10.1103/PhysRevLett.113.171801
https://arxiv.org/abs/1407.6583
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.6583

[71] ATLAS collaboration, Search for neutral Higgs bosons of the minimal supersymmetric
standard model in pp collisions at /s = 8 TeV with the ATLAS detector, JHEP 11 (2014)
056 [arXiv:1409.6064] [INSPIRE].

[72] ATLAS collaboration, Search for a high-mass Higgs boson decaying to a W boson pair in
pp collisions at \/s = 8 TeV with the ATLAS detector, JHEP 01 (2016) 032
[arXiv:1509.00389] [iNSPIRE].

[73] ATLAS collaboration, Search for an additional, heavy Higgs boson in the H — ZZ decay
channel at /s =8 TeV in pp collision data with the ATLAS detector, Eur. Phys. J. C 76
(2016) 45 [arXiv:1507.05930] [INSPIRE].

[74] ATLAS collaboration, Search for a CP-odd Higgs boson decaying to Zh in pp collisions at
Vs =8 TeV with the ATLAS detector, Phys. Lett. B 744 (2015) 163 [arXiv:1502.04478]
[INSPIRE].

[75] ATLAS collaboration, Searches for Higgs boson pair production in the
hh — bbrT, yyWW*, ~~bb, bbbb channels with the ATLAS detector, Phys. Rev. D 92 (2015)
092004 [arXiv:1509.04670] [INSPIRE].

[76] ATLAS collaboration, Search for new phenomena in the Z(— f) + ERS final state at
Vs =13 TeV with the ATLAS detector, ATLAS-CONF-2016-056.

[77] ATLAS collaboration, Search for diboson resonance production in the fvqq final state using
pp collisions at /s = 13 TeV with the ATLAS detector at the LHC,
ATLAS-CONF-2016-062.

[78] ATLAS collaboration, Search for scalar diphoton resonances with 15.4 fb=! of data
collected at /s = 13 TeV in 2015 and 2016 with the ATLAS detector,
ATLAS-CONF-2016-059.

[79] ATLAS collaboration, Search for Minimal Supersymmetric Standard Model Higgs Bosons
H/A in the T final state in up to 13.3fb=' of pp collisions at \/s = 13 TeV with the
ATLAS Detector, ATLAS-CONF-2016-085.

[80] ATLAS collaboration, Search for a high-mass Higgs boson decaying to a pair of W bosons
in pp collisions at /s = 13 TeV with the ATLAS detector, ATLAS-CONF-2016-074.

[81] ATLAS collaboration, Search for new resonances decaying to a Z boson and a photon in
13.3 b= of pp collisions at \/s = 13 TeV with the ATLAS detector,
ATLAS-CONF-2016-044.

[82] ATLAS collaboration, Searches for heavy ZZ and ZW resonances in the llgq and vvqq final
states in pp collisions at \/s = 13 TeV with the ATLAS detector, ATLAS-CONF-2016-082.

[83] ATLAS collaboration, Study of the Higgs boson properties and search for high-mass scalar
resonances in the H — ZZ* — 4L decay channel at \/s = 13 TeV with the ATLAS detector,
ATLAS-CONF-2016-079.

[84] ATLAS collaboration, Search for Higgs boson pair production in the final state of
YYWW*(— lvjj) using 13.3 f6~1 of pp collision data recorded at /s = 13 TeV with the
ATLAS detector, ATLAS-CONF-2016-071.

[85] ATLAS collaboration, Search for Higgs boson pair production in the bbyvy final state using
pp collision data at \/s = 13 TeV with the ATLAS detector, ATLAS-CONF-2016-004.

collaboration, Search for a -0 1ggs boson decaying to in pp collisions at
86] ATLAS collab i Search f CP-odd H b d Zh ll
Vs =13 TeV with the ATLAS detector, ATLAS-CONF-2016-015.

— 492 —


https://doi.org/10.1007/JHEP11(2014)056
https://doi.org/10.1007/JHEP11(2014)056
https://arxiv.org/abs/1409.6064
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.6064
https://doi.org/10.1007/JHEP01(2016)032
https://arxiv.org/abs/1509.00389
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.00389
https://doi.org/10.1140/epjc/s10052-015-3820-z
https://doi.org/10.1140/epjc/s10052-015-3820-z
https://arxiv.org/abs/1507.05930
https://inspirehep.net/search?p=find+EPRINT+arXiv:1507.05930
https://doi.org/10.1016/j.physletb.2015.03.054
https://arxiv.org/abs/1502.04478
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.04478
https://doi.org/10.1103/PhysRevD.92.092004
https://doi.org/10.1103/PhysRevD.92.092004
https://arxiv.org/abs/1509.04670
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.04670
http://cds.cern.ch/record/2206138
http://cds.cern.ch/record/2206199
http://cds.cern.ch/record/2206154
http://cds.cern.ch/record/2206278
http://cds.cern.ch/record/2206243
http://cds.cern.ch/record/2206125
http://cds.cern.ch/record/2206275
http://cds.cern.ch/record/2206253
http://cds.cern.ch/record/2206222
http://cds.cern.ch/record/2138949
http://cds.cern.ch/record/2141003

[87] ATLAS collaboration, Search for pair production of Higgs bosons in the bbbb final state
using proton-proton collisions at /s = 13 TeV with the ATLAS detector,
ATLAS-CONF-2016-017.

[88] CMS collaboration, Search for a Higgs boson in the mass range from 145 to 1000 GeV
decaying to a pair of W or Z bosons, JHEP 10 (2015) 144 [arXiv:1504.00936] [INSPIRE].

[89] CMS collaboration, Search for a pseudoscalar boson decaying into a Z boson and the

125 GeV Higgs boson in {Y0~bb final states, Phys. Lett. B 748 (2015) 221
[arXiv:1504.04710] [NSPIRE].

[90] CMS collaboration, Searches for a heavy scalar boson H decaying to a pair of 125 GeV
Higgs bosons hh or for a heavy pseudoscalar boson A decaying to Zh, in the final states with
h — 77, Phys. Lett. B 755 (2016) 217 [arXiv:1510.01181] [INSPIRE].

[91] CMS collaboration, Search for neutral MSSM Higgs bosons decaying into a pair of bottom
quarks, JHEP 11 (2015) 071 [arXiv:1506.08329] [INSPIRE].

[92] CMS collaboration, Search for resonant pair production of Higgs bosons decaying to two
bottom quark-antiquark pairs in proton-proton collisions at 8 TeV, Phys. Lett. B 749 (2015)
560 [arXiv:1503.04114] [INSPIRE].

[93] CMS collaboration, Search for two Higgs bosons in final states containing two photons and
two bottom quarks in proton-proton collisions at 8 TeV, Phys. Rev. D 94 (2016) 052012
[arXiv:1603.06896] INSPIRE].

[94] CMS collaboration, Search for additional neutral Higgs bosons decaying to a pair of tau
leptons in pp collisions at /s =T and 8 TeV, CMS-PAS-HIG-14-029.

[95] CMS collaboration, Search for scalar resonances in the 200-1200 GeV mass range decaying
into a Z and a photon in pp collisions at /s = 8 TeV, CMS-PAS-HIG-16-014.

[96] CMS collaboration, Search for high-mass resonances in Z(qq)y final state in pp collisions
at /s = 13 TeV with 12.9 fb—!, CMS-PAS-EXO-16-035.

[97] CMS collaboration, Search for resonant production of high mass photon pairs using
12.9fb=1 of proton-proton collisions at \/s = 13 TeV and combined interpretation of
searches at 8 and 13 TeV, CMS-PAS-EXO-16-027.

[98] CMS collaboration, Measurements of properties of the Higgs boson and search for an
additional resonance in the four-lepton final state at /s = 13 TeV, CMS-PAS-HIG-16-033.

[99] CMS collaboration, Search for high mass Higgs to WW with fully leptonic decays using
2015 data, CMS-PAS-HIG-16-023.

[100] CMS collaboration, Search for resonant Higgs boson pair production in the bbr™ 7~ final
state using 2016 data, CMS-PAS-HIG-16-029.

[101] CMS collaboration, Search for a narrow heavy decaying to bottom quark pairs in the 13 TeV
data sample, CMS-PAS-HIG-16-025.

[102] CMS collaboration, Search for high-mass resonances in Z~y — ete™~v/utu= final states in
proton-proton collisions at /s = 13 TeV, CMS-PAS-EX0-16-034.

[103] CMS collaboration, Search for resonant Higgs boson pair production in the bbluly final
state at /s = 13 TeV, CMS-PAS-HIG-16-011.

[104] CMS collaboration, Search for a neutral MSSM Higgs boson decaying into 77 with
12.9 fb=1 of data at \/s = 13 TeV, CMS-PAS-HIG-16-037.

43 —


http://cds.cern.ch/record/2141006
https://doi.org/10.1007/JHEP10(2015)144
https://arxiv.org/abs/1504.00936
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.00936
https://doi.org/10.1016/j.physletb.2015.07.010
https://arxiv.org/abs/1504.04710
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.04710
https://doi.org/10.1016/j.physletb.2016.01.056
https://arxiv.org/abs/1510.01181
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.01181
https://doi.org/10.1007/JHEP11(2015)071
https://arxiv.org/abs/1506.08329
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.08329
https://doi.org/10.1016/j.physletb.2015.08.047
https://doi.org/10.1016/j.physletb.2015.08.047
https://arxiv.org/abs/1503.04114
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.04114
https://doi.org/10.1103/PhysRevD.94.052012
https://arxiv.org/abs/1603.06896
https://inspirehep.net/search?p=find+EPRINT+arXiv:1603.06896
http://cds.cern.ch/record/2041463
http://cds.cern.ch/record/2140286
http://cds.cern.ch/record/2205280
http://cds.cern.ch/record/2205245
http://cds.cern.ch/record/2204926
http://cds.cern.ch/record/2205151
http://cds.cern.ch/record/2204936
http://cds.cern.ch/record/2204928
http://cds.cern.ch/record/2204921
http://cds.cern.ch/record/2141743
http://cds.cern.ch/record/2231507

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

CMS collaboration, Search for resonant pair production of Higgs bosons decaying to two
bottom quark-antiquark pairs in proton-proton collisions at 13 TeV, CMS-PAS-HIG-16-002.

CMS collaboration, Search for H(bb)H(gammagamma) decays at 18TeV,
CMS-PAS-HIG-16-032.

CMS collaboration, Model independent search for Higgs boson pair production in the
bbrT 7~ final state, CMS-PAS-HIG-15-013.

CMS collaboration, Search for new diboson resonances in the dilepton + jets final state at
Vs =13 TeV with 2016 data, CMS-PAS-HIG-16-034.

PARTICLE DATA GROUP collaboration, K.A. Olive et al., Review of Particle Physics, Chin.
Phys. C 38 (2014) 090001 [InSPIRE].

A. Pierce and J. Thaler, Natural Dark Matter from an Unnatural Higgs Boson and New
Colored Particles at the TeV Scale, JHEP 08 (2007) 026 [hep-ph/0703056] [INSPIRE].

ATLAS collaboration, Search for charged Higgs bosons decaying via H* — t%v in fully
hadronic final states using pp collision data at /s = 8 TeV with the ATLAS detector, JHEP
03 (2015) 088 [arXiv:1412.6663] [INSPIRE].

CMS collaboration, Search for a charged Higgs boson in pp collisions at /s = 8 TeV, JHEP
11 (2015) 018 [arXiv:1508.07774] [INSPIRE].

ATLAS collaboration, Search for charged Higgs bosons in the H* — tb decay channel in pp
collisions at /s = 8 TeV using the ATLAS detector, JHEP 03 (2016) 127
[arXiv:1512.03704] [INSPIRE].

ATLAS collaboration, Search for charged Higgs bosons in the T+jets final state using
14.7 fb=1 of pp collision data recorded at /s = 13 TeV with the ATLAS experiment,
ATLAS-CONF-2016-088.

CMS collaboration, Search for charged Higgs bosons with the H* — 7*v, decay channel in
the fully hadronic final state at \/s = 13 TeV, CMS-PAS-HIG-16-031.

ATLAS collaboration, Search for charged Higgs bosons in the H* — tb decay channel in pp
collisions at /s = 13 TeV using the ATLAS detector, ATLAS-CONF-2016-089.

ATLAS collaboration, Search for new phenomena in tt final states with additional
heavy-flavour jets in pp collisions at \/s = 13 TeV with the ATLAS detector,
ATLAS-CONF-2016-104.

ATLAS and CMS collaborations, Measurements of the Higgs boson production and decay
rates and constraints on its couplings from a combined ATLAS and CMS analysis of the
LHC pp collision data at /s =T and 8 TeV, JHEP 08 (2016) 045 [arXiv:1606.02266|
[INSPIRE].

ATLAS collaboration, Search for Higgs boson production via weak boson fusion and
decaying to bb in association with a high-energy photon in the ATLAS detector,
ATLAS-CONF-2016-063.

ATLAS collaboration, Search for the Standard Model Higgs boson produced in association
with top quarks and decaying into bb in pp collisions at \/s = 13 TeV with the ATLAS
detector, ATLAS-CONF-2016-080.

ATLAS collaboration, Combined measurements of the Higgs boson production and decay
rates in H — ZZ* — 40 and H — v final states using pp collision data at /s =13 TeV in
the ATLAS experiment, ATLAS-CONF-2016-081.

— 44 —


http://cds.cern.ch/record/2141024
http://cds.cern.ch/record/2207960
http://cds.cern.ch/record/2139335
http://cds.cern.ch/record/2243295
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://inspirehep.net/search?p=find+J+%22Chin.Phys.,C38,090001%22
https://doi.org/10.1088/1126-6708/2007/08/026
https://arxiv.org/abs/hep-ph/0703056
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0703056
https://doi.org/10.1007/JHEP03(2015)088
https://doi.org/10.1007/JHEP03(2015)088
https://arxiv.org/abs/1412.6663
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.6663
https://doi.org/10.1007/JHEP11(2015)018
https://doi.org/10.1007/JHEP11(2015)018
https://arxiv.org/abs/1508.07774
https://inspirehep.net/search?p=find+EPRINT+arXiv:1508.07774
https://doi.org/10.1007/JHEP03(2016)127
https://arxiv.org/abs/1512.03704
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.03704
http://cds.cern.ch/record/2206282
http://cds.cern.ch/record/2223865
http://cds.cern.ch/record/2206809
http://cds.cern.ch/record/2220371
https://doi.org/10.1007/JHEP08(2016)045
https://arxiv.org/abs/1606.02266
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.02266
http://cds.cern.ch/record/2206201
http://cds.cern.ch/record/2206255
http://cds.cern.ch/record/2206272

[122]

[123]

[124]

[125]

[126]

[127]

[128]

ATLAS collaboration, Search for the Standard Model Higgs boson produced in association
with a vector boson and decaying to a bb pair in pp collisions at 13 TeV using the ATLAS
detector, ATLAS-CONF-2016-091.

ATLAS collaboration, Measurements of the Higgs boson production cross section via Vector
Boson Fusion and associated W H production in the WW™* — fvlv decay mode with the
ATLAS detector at /s = 13 TeV, ATLAS-CONF-2016-112.

CMS collaboration, Search for the standard model Higgs boson produced through vector
boson fusion and decaying to bb with proton-proton collisions at \/s = 13 TeV,
CMS-PAS-HIG-16-003.

CMS collaboration, Updated measurements of Higgs boson production in the diphoton decay
channel at /s =13 TeV in pp collisions at CMS., CMS-PAS-HIG-16-020.

CMS collaboration, Observation of the SM scalar boson decaying to a pair of T leptons with
the CMS experiment at the LHC, CMS-PAS-HIG-16-043.

CMS collaboration, Search for ttH production in the H — bb decay channel with 2016 pp
collision data at \/s = 13 TeV, CMS-PAS-HIG-16-038.

CMS collaboration, Search for the associated production of a Higgs boson with a top quark
pair in final states with a T lepton at /s = 13 TeV, CMS-PAS-HIG-17-003.

45 —


http://cds.cern.ch/record/2206813
http://cds.cern.ch/record/2231811
http://cds.cern.ch/record/2160154
http://cds.cern.ch/record/2205275
http://cds.cern.ch/record/2264522
http://cds.cern.ch/record/2231510
http://cds.cern.ch/record/2257067

	Introduction
	Calculation of a(mu) and d(e) contributions
	1-loop contributions
	2-loop contributions

	The real singlet extension (SM+RS)
	a(mu) in the SM+RS model
	d(e) in the SM+RS model
	Remark on complex singlet extension

	The two Higgs doublet model (2HDM)
	Minimisation of the 2HDM potential
	Yukawa and gauge couplings
	a(mu) and d(e) in 2HDMs
	General type-independent formulas for a(mu) and d(e)
	The numerical formulas for a(mu) and d(e) for given masses

	2HDM results
	Heavy mass region
	Medium mass region
	Light mass region


	2HDM + singlet extension
	Minimisation of the 2HDM+CS potential
	a(mu) and d(e) in 2HDM+CS

	Conclusions and outlook
	Loop functions
	Details of minimisation of the 2HDM potential
	Constraints on the parameters
	Theoretical bounds
	Experimental bounds

	Details of minimisation of the 2HDM+CS potential

