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We perform a comprehensive study of a model in which the Higgs sector is extended to contain two
Higgs doublet fields, with the four types of possibilities to couple to standard fermions, as well as an
additional light pseudoscalar Higgs boson which mixes with the one of the two doublets. This two-Higgs-
doublet-plus-pseudoscalar model includes also a stable isosinglet massive fermion that has the correct
thermal relic abundance to account for the dark matter in the Universe. We summarize the theoretical
constraints to which the model is subject and then perform a detailed study of the phenomenological
constraints. In particular, we discuss the bounds from the LHC in the search for light and heavy scalar
resonances and invisible states and those from high-precision measurements in the Higgs, electroweak, and
flavor sectors, addressing the possibility of explaining the deviation from the standard expectation of the
anomalous magnetic moment of the muon and the W-boson mass recently observed at Fermilab. We also
summarize the astrophysical constraints from direct and indirect detection dark matter experiments. We
finally conduct a thorough analysis of the cosmic phase transitions and the gravitational wave spectrum that
are implied by the model and identify the parameter space in which the electroweak vacuum is reached after
single and multiple phase transitions. We then discuss the prospects for observing the signal of such
gravitational waves in near-future experiments such as the Laser Interferometer Space Antenna, Big Bang

Observer, or Deci-hertz Interferometer Gravitational wave Observatory.
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I. INTRODUCTION

The discovery of a new type of particle at the LHC a
decade ago, the scalar Higgs boson with a mass of 125 GeV
[1,2], has completed the spectrum of the Standard Model
(SM) of particle physics and established it as a correct
description of three of nature’s fundamental interactions at
present energies [3]. It opened and even encouraged the
possibility that additional Higgs particles may also exist.
Such extensions of the SM Higgs sector, with its unique
doublet of complex scalar fields to spontaneously break the
electroweak symmetry [4], are, in fact, predicted in a
plethora of new physics extensions. This is particularly
the case of supersymmetric theories in which the most
economical version, the minimal supersymmetric SM
(MSSM) [5], requires the existence of two Higgs doublet
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fields that lead to five Higgs states in the particle spectrum:
two CP-even h and H, a CP-odd or pseudoscalar A, and two
charged H* states [6,7]. But, in fact, two-Higgs-doublet
models (2HDM), independently of supersymmetry, have
been intensively discussed in the literature and their
phenomenology studied in great detail; see, e.g., Ref. [8]
for a comprehensive review. Other extensions have also
been considered in which the Higgs sector involves addi-
tional scalar multiplets, from singlet to several doublets, to
triplet Higgs fields [6].

The original motivation of the extension of the SM
Higgs sector to include two doublets of complex scalar
fields and a singlet pseudoscalar field was to alleviate the
strong constraints on the particle physics candidates for
dark matter (DM) [9-11] that is expected to form about
25% of the energy budget of the Universe [12]. Indeed, this
model [13-18] offers the possibility to induce a direct
coupling of the singlet pseudoscalar state to an isosinglet
fermionic DM particle, as well as a coupling between this
singlet and the SM fermions, via the mixing of the new
pseudoscalar a with the pseudoscalar state of the two-Higgs-
doublet model. This allows for an efficient annihilation of
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the DM state into pairs of fermions in order for it to have the
correct cosmological relic density. At the same time, the
absence of couplings between the DM state and the two
CP-even Higgs bosons of the model, including the SM-like
one, forbids tree-level spin-independent interactions for the
DM, allowing it to evade the stringent constraints from direct
detection in astroparticle physics experiments.

The model with two Higgs doublets and a pseudoscalar a
field, that we call here the 2HD + a model (also known as
2HDMa in the literature), has a very rich phenomenology.
In particular, the presence of a possibly light a boson has
far-reaching consequences. First, as it should substantially
couple to SM fermions in order to generate the correct DM
relic density, it could be produced and detected in collider
experiments. In particular, searches for such a state have
been performed at the Large Hadron Collider (LHC) and
even earlier, and some constraints have been set on its mass
and couplings; see, for instance, Refs. [19,20]. On the other
hand, a light a state could address and resolve some
anomalies that have been observed in recent experimental
data, in particular, the significant discrepancy from the
standard expectation of the anomalous magnetic moment
of the muon recently measured at Fermilab [21]. Indeed,
for a range of masses and couplings of the new light
pseudoscalar and the fermionic states, it has been
shown that the DM problem and the Fermilab value of
the (9—2), could be simultaneously explained while
satisfying all other constraints from astroparticle physics
and collider searches, including the constraints from flavor
physics [22]. Furthermore, another recent puzzling feature
could also be simply addressed in the context of this
2HD + a model [23]: the large deviation from the SM of
the W boson mass recently observed by the CDF experi-
ment at the Tevatron [24]. Hence, the scenario has multiple
advantages, addresses several issues, and is, thus, a good
option for physics beyond the SM.

The model requires further scrutiny, and, in particular,
one should simultaneously apply and update all the con-
straints to which it is subject. This is the case of the ones that
apply on the heavy 2HDM and the possibly light pseudo-
scalar a bosons from the LHC searches, especially now that
the ATLAS and CMS experiments have recently released
their updated results with the full dataset collected at an
energy of 13 TeV [25,26]. This is the first purpose of the
present paper, to perform a comprehensive analysis of all the
possible constraints on the 2HD -+ a model, from the high-
precision measurements of the electroweak observables
including the W-boson mass and of the couplings of
the SM-like Higgs boson at the LHC, the constraints
from flavor physics, in particular, the muon (g — 2) and
B-meson sector observables, and those from the search
for the heavy and the possibly light Higgs bosons in

the various channels to which they lead at the LHC and
other colliders. We will also confront these constraints
with the updated ones that come from astroparticle physics

searches, in particular, the very recent results from the L.Z
direct detection experiment [27].

We will show that, depending on the configuration or
type of the couplings of the 2HDM states to the SM
fermions, the so-called type I, II, X, and Y scenarios that
allow for the absence of flavor-changing neutral currents at
tree level, the various constraints can be either very strong
as is, for instance, the case of the type II scenario which
occurs in supersymmetric models and in which one doublet
field couples to isospin down-type quarks and leptons and
the other to up-type quarks, or rather weak, as is the case in
the type I scenario, when both the Higgs doublets couple to
isospin up-type and down-type quarks and charged leptons.
For each type of scenario, including the X and Y configu-
rations, we will delineate the parameter space of the 2HD +-a
scenario that is still allowed by collider and astrophysical
data and, eventually, the one in which the (g —2) u and the
M, anomalies could be resolved.

Another aspect, which has not been discussed before and
that we address in this paper in a comprehensive manner, is
the one connected to the cosmological phase transitions
related to the dynamics of electroweak symmetry breaking
and its link to gravitational waves (GWs) [28]. Given the
properties of its extended Higgs sector, the 2HD + a model
can easily admit first-order phase transitions resulting in a
stochastic GW background, contrary to the SM, which
predicts a phase transition that is a smooth crossover [29]
and does not generate observable GW signals. Following a
recent analysis for a pure 2HDM [30], we perform a random
scan over the 2HD + a parameter space and determine the
phase transition pattern in the plane formed by the two CP-
even Higgs states. We show that a certain number of points,
which incidentally also address the new measurement of the
W-boson mass at the Tevatron, yields a GW signal that
could be within the reach of future space-based GW
observatories such as the Laser Interferometer Space
Antenna (LISA) [31], Big Bang Observer (BBO) [32],
Taiji [33], TianQuin [34], or Deci-hertz Interferometer
Gravitational wave Observatory (DECIGO) [35].

The rest of the paper is organized as follows. In the next
section, we will introduce the 2HD + a model, including the
DM aspect, and briefly summarize the theoretical constraints
to which it is subject. In Sec. III, we discuss the various
phenomenological and experimental constraints from col-
lider experiments, in particular, the ones from the high-
precision measurements in the electroweak, B-meson, muon,
and Higgs sectors and the ones from direct searches of
additional Higgs bosons at the LHC and elsewhere as well as
invisible states. We then present in Sec. IV the salient
features which make the model, when it incorporates a
fermionic stable particle, lead to the correct relic density
while passing the bounds from direct and indirect detection
experiments and combine all these constraints with the
collider bounds. Section V will be devoted to the discussion
of the cosmic phase transitions and the gravitational wave
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spectrum, as well as the prospects for observing the signal of
such waves in future experiments. A short conclusion is
given in Sec. VL.

II. THEORETICAL ASPECTS OF THE 2HDMa

In this section, we present the 2HD + a model enlarged
with a fermionic dark matter candidate and its salient
theoretical features. We first introduce our constrained two-
Higgs-doublet model with the four allowed types of
couplings to standard fermions. We then discuss the
consequences of including a possibly light pseudoscalar
Higgs field. The theoretical constraints on the model,
mainly from the perturbativity of the scalar quartic cou-
plings and the stability of the electroweak vacuum, are then
summarized.

A. The two-Higgs-doublet model

In a 2HDM, the scalar sector consists of two doublets of
complex scalar fields ®; and @, which, when invariance
under CP symmetry is assumed, can be described by the
following scalar potential [8]:

Vaupm = m @[ @) + m3,05®, — m?,(®]®, + H.c.)

1 1
+54 (Dd)? + 5/12(43;@2)2

+ 13(@] D)) (DD, + 44 (D] @) (PLD))

+ %15 [(®]®,)? + H.c.]. (1)

From the very beginning, we assume the presence of a
discrete symmetry [36] which forbids the introduction of
two additional couplings2 A¢ and 44. Electroweak symmetry
breaking is achieved when the fields ®@; and @, acquire the
vacuum expectation values (VEVs) v; and v,, respectively.

These VEVs have to satisfy the relation /2% + 13 = v,
with v ~ 246 GeV being the standard one, and their ratio
defines the very important parameter tan # = v,/v;. After
symmetry breaking, one obtains five physical states in the
spectrum: two CP-even h and H bosons, a CP-odd A?, and
two charged Higgs bosons H*.

In addition to the four Higgs boson masses M, My,
M 4o, and My- and the angle f defined above, at least
another input parameter is needed to entirely characterize
the model: the angle o which describes the mixing between
the two CP-even h, H bosons. The /4 state will be identified

"The fields transform under the discrete symmetry as ¢; — ¢
and ¢, — —¢,; note, however, that we have allowed for the
operator qbigbz + H.c., which softly breaks this symmetry.

*CP violation in a 2HDM would impact the dynamics of the
phase transitions to be discussed later only very weakly [37]; it
will be ignored here, as we need to distinguish between scalar and
pseudoscalar states.

by convention to be the scalar particle with a 125 GeV mass
observed at the LHC, and the H boson will be considered to
be heavier, My > M, (we ignore the unlikely reverse
possibility discussed, e.g., in Refs. [38,39]). The five
quartic couplings 4; of the scalar potential above can be
more conveniently expressed in terms of the physical state
masses and the angles « and f introduced above. The five
couplings would read

sin“a
A v? = —M*tan’B + M?
COS

M?*  cos’a , sin’a

121}2 =

Ctan?f sin?g " sin?p
sin 2a
dav? = —M? + 2M?2 My - M3),
3V +2M. + sn 2ﬂ( H 7)
Y S RV e

when using the abbreviation (with M being possibly
positive or negative)

M? =m3,/(sin fcos ). (3)

The additional parameter m;, will enter only in the
trilinear and quartic couplings among the physical Higgs
states, and, as we will see shortly, it can be ignored in most
of the present discussion together with the mass parameters
my and Myy.

The mixing between the neutral CP-even Higgs bosons
of the model makes 4 and H share the coupling of the
standard Higgs particle H° to the massive gauge bosons
V=Ww,Z

Gnvv = Q%EBM/QZ]X[VV = sin(f - a),

Juvy = 9%11%/?/1\4/92})4‘/\/ = cos(f - a). 4)

As a result of CP invariance, there is no coupling of the
CP-odd AY state to the massive W, Z bosons, guoyy = 0.
The couplings between two Higgs bosons and a massive
vector boson V are complementary to the previous ones. Up
to normalization factors, one has, for instance,

Inavz = Gnutw = cos(f — a),
Gz = Jup=w = sin(f — a). (5)

There are also couplings of the charged Higgs boson to
gauge bosons which simply read

GaopEw = 1, JHYH-—y = —€,

Ju+H-z = —e cos 20y /(sin Oy cos Oy). (6)

Finally, there are couplings of the various Higgs bosons
to the standard fermions. They are slightly more involved
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TABLE L.

Couplings of the 2HDM Higgs bosons to third-generation fermions, normalized to the SM-Higgs ones,

as a function of the angles @ and f for the four types of 2HDM scenarios. For the CP-even h, H states, the values in

the alignment limit @ — f — % are also shown.

Type I Type 1I Type X Type Y

I T s 1 !
nv sing 1 —mg sng 1 il
e g 1 —amp v il sing 1
- e oL e oL e oL e oL

sin f} tan f sin f# tan f sin f} tan f sin 3 tan f
Gitvo g =~ v = tanf e~ — g w0 tan
Grter sing _, L s an fonf — tan S =~
9AOy ta,]l—/} ﬁ/} tar]1—ﬂ talT/f
Ga0pp - ta|11/i tan — ﬁ tan
GAzr — g tan 8 tan 3 Ty,

and can be described by the following Yukawa-type
Lagrangian:

SM _
_£Yuk -

Z % (ghffffh + guspffH — igAOf'f'fVSon)

f=tbz

V2 /.
Y (f(ngAOnPL + my, g0, Pr)PH™

¥ g0 D PrrHY + H.c.), (7)

with the usual projectors Py g =3 (1 F 7s). gy are the
reduced couplings of the ¢ boson to quarks and leptons,
and we will take into account here only those of the third
generation which are the only relevant ones (except in
the case of the muon g — 2 as will be seen later). They
have been normalized to the couplings of the SM H°
boson, g, r = gyt ™M/ gi}}fi .-

In the 2HDM with a discrete symmetry that we are
considering here, the absence of flavor-changing neutral
currents (FCNCs), which are experimentally constrained
to be very small, is enforced by coupling in a specific
manner the original ®; and ®, fields to isospin up-type
quarks and isospin down-type quarks and charged leptons.
There are four configurations or types [40]. The most
discussed ones [8] are the so-called type I model, in which
the field ®; couples to isospin down-type quarks and
leptons and @, to up-type quarks, and the type I model, in
which the field ®, couples to both isospin up- and down-
type fermions. To be more general, we will also study the
two additional options in which the charged leptons will
have a different coupling compared to down-type quarks,
namely, the type X or lepton-specific model, in which the
Higgs couplings to quarks are as in the type I case but
those to leptons are as in type I, and the type Y or flipped
model, in which the Higgs couplings are as in the previous
model but with the type I and type II couplings reversed.

The neutral Higgs couplings to fermions in these four
flavor-conserving types of 2HDMs, as functions of the
angles f and a, are listed in Table I. The couplings of the
charged Higgs bosons follow those of the pseudoscalar A°
state. In the case of the CP-even h and H bosons, we also
give for completeness the values of these couplings in the
alignment limit in which the & state is SM-like. This
alignment limit is strongly favored by LHC Higgs data as
will be seen in the next section and is achieved by simply
setting a = ff — 7.

B. The pseudoscalar sector of the 2HD + a scenario

In our study, we will consider the extension of the 2HDM
previously introduced by an additional singlet pseudoscalar
Higgs field a” [13-17]. The most general scalar potential
for such a 2HD + a scenario is given by3 [17]

| 3
Voupia = Vonom + Emio(ao)z + 1 (a%)*
+ (imoqﬁcbz + H.c.)
+ (llp(ao)z‘bi(bl +,12P(a0)2q);q)2)7 (8)

where V,ypy 1s the 2HDM potential given in Eq. (1) and «,
A1p, and A,p are the new trilinear couplings between the two
Higgs doublets and the pseudoscalar a° state and A, the
quartic a° coupling (we assume that « is real for simplicity).

After electroweak symmetry breaking, the physical con-
tent of the Higgs sector of the theory will consist of again
two CP-even h, H states, two charged H* bosons, but two
CP-odd a° and A° states which could mix. Hence, in
addition to the usual mixing angles « and § of a 2HDM,
there will be an extra mixing angle # which allows one to

3This additional scalar potential would also softly break the Z,
symmetry.
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transform the (A%, a°) current eigenstates to the (A,a)

physical CP-odd eigenstates
A° cos@ sind\ [ A
ol =1 . : ©)
a —sin@ cosd a
This mixing angle is given, in terms of x and the physical
masses M, and M,, by

2
an20 = — - (10)
M2 = M2

The CP-odd mixing will modify two of the quartic
couplings of the 2HDM given in Eq. (2) when the
replacement A® = cos @A + sin fa is made. More explicitly,
one would have

Ayv* = M? 4+ M3 cos® 0 + M7 sin”> 0 — 2M7,..,
Asv? = M? — M3 cos® 0 — M2 sin? 0. (11)

In the case of the Higgs couplings to fermions, one can
consider simply those discussed in the context of the
2HDM with the four configurations, type I, II, X, and Y,
but modify the neutral Higgs sector to introduce the
additional pseudoscalar Higgs state. The neutral current
part of the Lagrangian Ly, which contains the Yukawa
|

interactions with the SM fermions will then read

mye - - —
Lyw = ZTf [ghffhf S+ gurHff —igassAfrsSf
f

- igaffaﬁ’sf} , (12)

where the couplings g, of the 2HDM CP-even h, H (as
well as implicitly those of the charged Higgs bosons H™)
are given in Table I in the four types of configurations,
while the Yukawa couplings of the pseudoscalar Higgs
bosons will be given by
gagf = €08 0ga0 s, Gafs = sinbguopp,  (13)
with the reduced couplings g0/, again given in Table I in
the four 2HDM configurations.
Finally, there are also trilinear interactions between the
Higgs states which could be relevant. Here, we will be
interested only in the interactions of the SM-like 4 boson

whose couplings to two pseudoscalar fields are given by the
Lagrangian L,

ﬁscal = ihaahaa + /IhaAhaA -+ ﬂhAAhAA, (14)

where, using the abbreviations sy, cx = sin(X), cos(X) and
tg = tan f3, one would have

) . ZMg 2 M%l 2s/}—atﬁ+c[f—(l(1 —t‘%}) M2 zzsﬂ—atﬁ+cﬁ—a(1 —l’%)
haa = — Sp_aSg — — g +—15
v tﬂ tﬂ
Spoq — Cpqgl t5(Sp_alp + Cpoa)
Y IO o B i R Y WAV R Al ol ﬁa,
R e
M3 M2 M2 Sp_alp+ cpg(1 —13) Spog — Cpql
Ahah = =252 529+ =255 0509 + =L B2 ) pvsyy L “hmah
haA 2 p—a®20 2 p—a>20 ) 20 t[j 1PYU920 1_‘_%
P [ﬁ(sﬂ—atﬂ+c/j—a) M2 2S/}_at/5+6/3_a(1 —l‘/zj)
— AopUSyg 3 — 5. 52 )
1 . ZMi 2 M%l zsﬂ—atﬂ+cﬂ—a<1 —té) M? 2Sﬂ—atﬂ_cﬂ—a(1 —l‘/zj)
B R A t T z
p p
Sp_g — Chgl t5(Sp_alp + Cp_
_ZAIvagw_ZAZPysg p(Sp-alp + Cpa) (15)

2

In the following, we will show the results of several
parameter scans. For the latter, we have adopted the
following set of free parameters:
(i) the physical masses of the Higgs states, My, M,,
M,, and My-=;

(i) the mixing angles «a [possibly traded against
cos(f—a), f (we will mostly use tanf), and 6
(we will mostly use sin8)]; and

2
1+15

(iii) the scalar couplings 4,,p and A3, with the latter
replaced by M in some cases.

C. Theoretical constraints on the model

We now summarize the theoretical constraints that one
can impose on the 2ZHD + a model. These generally apply
on the quartic couplings of the scalar potential which can be
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translated into bounds on the Higgs masses M, M, My,
and M+ as functions of the angles o and p, using, for
instance, Egs. (2) and (11). The most relevant bounds can
be obtained following those derived in the context of a
2HDM only [41-43] assuming Ap, Ap; > 0.

There is first the requirement of perturbative unitarity
which leads to the following bounds on the combinations of
the couplings 4;:

;| < 8z, [A1.2p| < 4m, |43 £ 44| < 4n,
1
‘§</11 + A, £ (l] —/12>2+4/1%> <8, k=45,
A3+ 204 £32s| <8z, |23 £ 25| < 8z, (16)

where the x;’s are the solutions of the equation

0=x3=3(Ay + A1 + A)x® + (912, + Vody — 442, — 432, — 402 — 430y — 22 + 941 n )x
122250 + 1222y = 161 pdopls — 81 phopds + (=2T412 + 1222 + 120504 + 342)A,. (17)

In addition, there is the requirement that the scalar potential should be bounded from below, which leads to the following
constraints on the scalar quartic couplings (with the assumption Ap;, 1p, > 0, the last two lines are always satisfied) [44]:

/11>0, A2>0, /‘Lu>07
Ja = /Ay + A3 + min(0, A4 — |As]) > 0,

_ PR - o
/11135 12 +/11p>0, AZPE 22 +/12p>0,
Al’bﬂa . j’a _ _
> + p\/ A + apr/A + [A3 + min(0, A — |A5])] 5T V24/di2d1pdap > 0. (18)

It is interesting to further discuss this requirements for
the specific case of the coupling 5. Defining the SM Higgs
self-coupling as A = M3 /(2v?), one has A; > 24, and under
the assumption M, > M ,, which will be intensively used
later on, one would have

M% —M?
ATSIH2 0 —2).cot? 23 (19)

/13>

from unitarity constraints. When combining this equation
with the perturbativity requirement A3 < 4z, one realizes
that it is not possible to have an arbitrary mass splitting
between the @ and A bosons when mixing is present,
ie., sinf # 0.

III. COLLIDER CONSTRAINTS
A. Higgs signal strengths

We come now to the phenomenological constraints on
the 2HD + a and first discuss the ones that emanate from
the high-precision measurements of the properties of the
125 GeV Higgs state performed at the LHC. Indeed, precise
measurements of the & boson production and decay rates
strongly constrain its couplings to massive gauge bosons
gnpvy and fermions g, given in the upper part of Table I
and, hence, the values of the angles a and f.

It has become now customary to study these / couplings
by looking at their deviation from the SM expectation, which
is achieved when considering a specific search channel X, by

means of the signal strength modifier uyy [3,45]. This
quantity characterizes the 4 production cross section times
its decay branching ratio into the X states, normalized to the
expected SM values. One would then have, in the narrow
width approximation, the relation

o(pp = h > XX)

o(pp — H® - XX)|sm

B o(pp = h) x BR(h — XX)
o(pp = H")|sy X BR(H® - XX)|y

Hxx =

(20)

with H° representing the SM 125 GeV Higgs boson; note
that M, = Mo has been assumed.

For instance, assuming that the /& boson is produced in
the by far dominant gluon-gluon fusion process gg — h and
focusing on the 7 — XX decay channel, one can relate the
signal strength pyy to the coupling modifier k% which
measures the deviations of the & coupling to the particle X,
Inxx, from its value as predicted in the SM:

, _ T(h— XX) Prxx )1
F(H - XX)|SM gHoxx|SM

The measurements of the various 4 couplings have been
recently updated by the ATLAS and CMS Collaborations for
the tenth anniversary of the Higgs discovery, using the full
available set of data, about 139 fb~!, collected at the energy
of 13 TeV [25,26]. The corresponding signal strengths
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TABLE II. Summary of the values of the signal strengths of the
125 GeV Higgs boson assumed to be the 4 state as measured by
ATLAS [25] and CMS [26] using the full set of available data in
the various possible decay channels; the quoted uncertainties are
the total ones.

Signal strength ATLAS CMS
Hyy 104009 1.13 +£0.09
Hzz 1.01 £0.11 0'97f8'1112
Hww 1.09 +0.11 0.97 £+ 0.09
Hpb 1.027017 1.0510%
Her 0937013 0.85+£0.10

measured by ATLAS and CMS are summarized in Table 11
in the case of Higgs decays into gauge boson (u,,, ptww, pz7)
as well as bottom quark and tau lepton (1, 4., ) final states.
Together with the central values, the total (theoretical,
statistical, and systematical) uncertainties as estimated by
the Collaborations are also shown. In the last line, we also
give the measured signal strength from the cross section for
h production in the dominant production channel, the gluon-
fusion process gg — h, which is dominantly mediated by top
quark loops and is, thus, directly related to the & coupling to
top quarks.

The table shows that / has been found to have SM-like
properties with an accuracy of about 10% or less. In
particular, it should have an almost SM-like coupling to
V =W, Z bosons which, assuming the custodial SU(2)
symmetry to which the SM as well as our model obey, are
equal g,ww = gnzz = gnvy- This provides the most strin-
gent test of the departure from the SM expectation or the
alignment limit, cos?(8 — a) = 1 — g3, = 0. One can thus
turn these measurements into constraints on the angles «
and S of our 2HD + a scenario.

To avoid the risk of combining the ATLAS and CMS
results given in Table II, we consider only the ATLAS
results (those of CMS are rather similar); we show in Fig. 1
the regions in the [cos(f —a),tanf] plane which are
allowed at the 95% confidence level (C.L.) by the combined
constraints on the Higgs couplings to gauge bosons and
fermions in the context of a 2HDM in their four specific
realizations, namely, type I and II (upper row) and X and Y
(lower row). As we are considering only the CP-even state /
whose couplings are not altered by the presence of the
additional pseudoscalar Higgs boson, the results shown in
the figure are also valid in our 2HD + a scenario.”

*Such an analysis has been performed in a complete and
sophisticated way by the ATLAS Collaboration in the four
2HDM types; see Ref. [46] and its Fig. 20. Unfortunately, it
cannot be used in our context, since, first, it involves experimental
cuts (such as a rapidity cut yy < 2.5) and, second, it does not
consider values of tan f higher than 10. Nevertheless, we find a
qualitative agreement with the figure.

One sees from the figure that, in the type II, type Y, and
to some extent type X scenarios, |cos(f—a)| is con-
strained to be small or close to zero, | cos(f — a)| < 0.1, for
any value of tanf that we varied from a minimum of
tanf = 0.3 to a maximum of tanf = 50 which are the
values that allow for perturbative top and bottom quark
Yukawa couplings in the type II and type Y scenarios.

The reason is that, in these three models, one of the
Yukawa couplings to the b quark or z lepton would be
enhanced at large tan f values if one is not in the SM-like
configuration cos(ff —a) — 0. This then forces the fer-
mionic signal strengths p;;, and/or y,, to depart from the
unit values to which they are experimentally constrained to
be close, as shown in Table II. In turn, in the type I model,
no coupling to fermions is enhanced at high tan # and, thus,
cos(ff —a) can significantly deviate from unity for all
considered values of tan # = 0.3 without affecting too much
the fermionic £ signal strengths. Note that, at small tan f3,
the deviations in g, ;¢ can be larger, but the measured values
are below the SM expectation, which forces g,y to be less
than unity and, hence, cos(f —a) # 0.

Another comment to be made is that in earlier analyses
of these three models (see, e.g., Ref. [11]) there were
narrow “arms” at cos(ff — @) 2 +0.1 which corresponded
to the so-called “wrong-sign” Yukawa regime [47] in
which the & couplings to down-type quarks and/or leptons
are equal in magnitude to those of the SM Higgs boson
for cos(ff —a) = 0 but opposite in sign. These regions
have been substantially reduced by the recent and more
precise measurements, and only a few such points are left
in our scan.

In any case, all these constraints from the 4 signal
strengths can be simultaneously satisfied in the so-called
alignment limit, a = —% [48-51]. In this case, the
couplings of the CP-even h and H states to gauge bosons
are by construction such that g,y = 1 as for the SM Higgs
and gyyy = 0 as is the case for the pseudoscalar A in our
CP-conserving model. The Higgs couplings to fermions in
the alignment limit, also given in Table I, are such that
Ghit = 9oy = nee — 1 again as for the SM Higgs and
gusr = 9aogs Which means that all couplings of the heavier
CP-even H reduce to those of the 2HDM pseudoscalar A°.

Finally, let us note that, for the couplings between two
Higgs and one gauge boson, those involving £ vanish in the
alignment limit, g,,7 = ¢,z+w+ = 0, while those involving
H become maximal, gyaz = gyp=w+ = 1.

B. Constraints from flavor physics

Let us now turn to the constraints that come from flavor
physics, focusing first on the heavier 2HDM Higgs bosons
in the four considered configurations, type I, II, X, and Y.
While these scenarios are free from tree-level FCNCs by
construction, they are nevertheless induced at the loop
level. Severe constraints come from processes in which
there are b — s transitions at the basic level, which have
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Tan[g]
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= 10F
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~ 5F
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Cos[B-a]
FIG. 1.

configurations that do not induce tree-level FCNCs.

rates that are essentially sensitive to the parameters entering
the charged Higgs sector, namely, M = and tan 5. The type
IT and Y models are the ones that are most affected, as they
involve the H* coupling component to bottom quarks gy,
that is proportional to tan and which can be strongly
enhanced at large tan f8 values. In the configurations II and
X with enhanced Higgs couplings to muons, additional
constraints come from B-meson decays such as B, — u*pu~
and B - Ku'tu~ [52].

Nevertheless, the most stringent constraints are due to the
loop-induced decay process B — X,y. Indeed, at the funda-
mental level, the radiative decay b — sy proceeds in a
2HDM or 2HD + a through a triangular loop involving W
and H* bosons along with top quarks. At leading order, the
contribution of the H states to the amplitude is proportional
to the two combinations of couplings ¢3,, and gau.9adas
and, hence, in the four 2HDM configurations one has
contributions that are proportional to tan? as in type II
and type Y scenarios or are proportional to cot’  as in type I
and type X scenarios. As a result, and taking into account the
most up-to-date value of the branching fraction BR(B —
X,y) = (3.43 £0.21 £ 0.07) x 107 [53,54] and the most
precise calculation performed at next-to-next-to-leading

Type |l
50
= 10
5
= 5}
1k . ' ]
-0.2 -0.1 0.0 0.1 0.2
g
c
©
[
-0.2 -0.1 0.0 0.1 0.2
Cos[B-0a]

Allowed regions in the plane [cos(ff — «), tan ] for the & signal strengths measured at the LHC in the four types of 2HD + a

order in Refs. [55,56], one obtains the following constraints,
depending on the considered 2HDM type:

Type L or Y : My- 2 800 GeV  for any tan f,

Type I or X : My= = 500 GeV  for tan f < 1. (22)
As can be seen, these bounds are rather severe. Only in
models of type I and X and for tan 2 2 that one has the
loose bound M ;= = 80 GeV from LEP searches (see later).

Turning now to the case of a possibly very light
pseudoscalar particle, it can affect a large variety of low-
energy processes, especially those involving b quarks
which have enhanced couplings to a at high tan 8 in type
IT and Y scenarios. This is, for instance, the case of the
decay rates of B and K mesons which can be substantially
modified by the emission of a very light a state [57]. At
high tan # values and, again in the type II scenario, very
constraining processes are the decays Y — ay, By, — u* ™,
and B - Ku"yu~. In particular, the mode B, — u*u~ can
potentially receive large contributions from the exchange of
a light a state if it has large couplings to b quarks and
muons as is the case in the type Il model. In the case of the
type X configuration, constraints as severe as in the type II

055010-8



TWO-HIGGS-DOUBLET-PLUS-PSEUDOSCALAR MODEL: ...

PHYS. REV. D 108, 055010 (2023)

case could be derived from the searches of a light
leptophilic scalar boson which have been performed rather
recently by the BABAR Collaboration [58]. The corre-
sponding limits on the mass of a (even if it cannot be
emitted on shell) are included in our numerical analysis via
a procedure discussed in Ref. [59], to which we refer for
details. Note that there are also constraints from violation of
lepton universality in the decays of the Z boson and the 7
lepton [60].

All constraints of this type can be fulfilled at this early
stage (further stronger constraints from direct LHC
searches of the pseudoscalar a boson will be discussed
in Sec. II1.5), by adopting a lower bound of 10 GeV on the
mass of the a state.

C. Constraints from electroweak precision
measurements

Another set of strong constraints on the 2HD +a
scenario emerges from electroweak high-precision mea-
surements, in particular, the one of the effective electro-
weak mixing angle sin® @y, and of the W boson mass My,.
The by far dominant set of radiative corrections to these
two quantities is the one that affects the so-called p
parameter, which measures the strength of the neutral to

|

_ QAQED (M %)
162202, (1 — M2, M2)

Ap

charged currents ratio at zero-momentum transfer [61]. It is
defined by

Ap = HWW<O)/M%V - sz(o)/M% (23)

where I1yy are the transverse parts of the V = W, Z boson
two-point functions or self-energies. This parameter
strongly constrains the mass splitting between particles
that belong to the same SU(2) isodoublet, as they give
contributions that are quadratically dependent on the
masses. In a 2HDM scenario, for instance, they force
the masses of the additional heavy A°, H, and H* states to
be very close in mass, M 4o & My ~ M = [62,63]. Note that
the SM-like / boson also contributes to the p parameter, but
the contribution is only logarithmic and it is already
included in the fit of the SM data in the limit where £ is
SM-like, i.e., in the alignment limit discussed previously.

In our 2HD + a model, there are not only contributions
from the 2HDM extra A°, H, and H* bosons but also
additional contributions due to the extra pseudoscalar
Higgs boson a” which mixes with the 2HDM pseudoscalar
state with an angle 6. Outside the alignment limit that we
will consider from time to time, the full contribution to the
p parameter is given by

{sin2 (B — @) [f (M2, M%) + cos® O (M3, M) + sin® f (M2, . M2)

—cos? Of (M3, M3;) — sin? 0f (M2, M%))] + cos*(B — a)[f(M%., M3) + cos® Of (M3, M3)

o+ SIN? Of (M3, M2) = cos® Of (M3, M3) — sin® 0 (M3, M3)] }. (24)

where aggp is the fine structure constant evaluated at M
and the loop function f reads

log—. 25
g5 (25)

This quantity vanishes if the loop particles are mass
degenerate, f(x,x) =0, and, for a large splitting x > y,
one would have f(x,0) =x and, hence, possibly large
contributions.

One can also take into account the subleading contri-
butions to the electroweak observables beyond the p
parameter and, for instance, consider the ones of the
Peskin-Takeuchi S, T, U parameters [64]. In this scheme,
the largest contribution 7 is, in fact, simply the Ap
contribution 7 « Ap — Ap|gy, While S and U describe
new contributions to, respectively, neutral current processes
at different energies and the W mass from new charged
currents.

The central values for the three variables in the case of
the SM are as follows [62,63]:

OM = (S, T,U)M = (0.04,0.09, —0.02).  (26)

A global fit to all electroweak precision observables
available before the new CDF measurement of the W mass
to be discussed later has been made in Refs. [62,63] and
leads to the following 4> as a function of the departure of
the three variables from their SM values:

X = Z(Oi - OISM)(GiVijO-j)_l(Oj - O,SM) (27)

L]

where the standard deviations and the covariance matrix are
given by

1 092 -0.68
c=(0.11,0.14,0.11), V=] 092 1 —0.87
-0.68 —-0.87 1
(28)
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For our numerical evaluation, we have performed a scan on the parameters of the 2HD + a model over the following ranges:

tan g € [1, 60], |cos(ff —a)| <0.2,

My, My, My-] €[(125 GeV, 90 GeV, 80 GeV), 1 TeV],

where the 2HDM Higgs masses were taken to be such that
My > M, (by construction) and My 2 My, M, 2 M,
which are the limits obtained from the negative LEP2
searches as will be seen later. In addition, we have imposed
the hierarchy M, < M ,.

The model points which pass the theoretical constraints
discussed before, as well as the bounds on the Higgs

Type |
400
200
S
jol
o, 0
S
4
E -200
-400 F
-600 F
-600 -400 -200 0 200 400
(My-Mp)[GeV]
400 F
200 F
s
[0
o, 0
S
4
E -200
-400 F
-600 F
-600 -400 -200 0 200 400
(My-Mp)[GeV]

sinf€0.1,0.8],

M, €[10,400] GeV, |3, Aip. dop| < 4z, (29)

|

signal strengths and flavor physics, are displayed for the
type I, I, X, and Y 2HD + a in Fig. 2 in the [My —
My, My: — M,] planes. The points passing all the con-
straints are the ones represented in blue in the different
panels of the figure. In addition, we have highlighted the
impact on the allowed parameter space, of the different
types of constraints (namely, the ones from the theory

Type |l
400
200
S
[]
o} 0
5
4
5 -200
-400
-600
-600 -400 -200 O 200 400
(My=Mp)[GeV]
400
200
S
[0)]
o 0
5
4
5 -200
-400
-600
-600 -400 -200 O 200 400
(My-Mp)[GeV]

FIG. 2. 2HD + a model points in the [My — M, M5 — M ] plane in the four configurations I, II, X, and Y. In each panel, the red
points represent the parameter space compatible with the theory constraints on the quartic Higgs couplings, the magenta points in
addition comply within 95% C.L. with the constraints on electroweak precision data (using the SM fit for the W-boson mass), the purple
points are compatible in addition with the constraints from the £ signal strength, and, finally, the blue points represent the model points
passing all constraints also including those from B-meson physics.
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400 | g
200 } ;
3
o Of 1
S
% 200} ;
s
-400 } ]
-600 | N ]
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(My—Mg)[GeV]

FIG. 3.

800

600

400

200

(M,£-M,)[GeV]

-200

-400 F ~
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(Mr=M,)[GeV]

The 2HD + a model points complying with theoretical and electroweak constraints assuming the SM fit (red points)

or accounting for the new CDF My, value (blue points); the left and right panels show the result of the scans in the [My — M, ,.

My: —M,,,] planes.

requirements, the electroweak precision data, the 4 signal
strengths, and B-physics constraints) using the different
color codes indicated in the figure caption. As can be seen,
a significant Higgs mass splitting is possible, in particular,
in the type I and X scenarios. These two configurations
give similar results, as is also the case for type II and
Y scenarios.

Let us now briefly comment on the impact of the new
My, measurement performed by the CDF Collaboration
[24] which turned out to be significantly different not only
from the expectation in the SM, about 7, but also from
other measurements performed in other experiments. In the
context of the 2HDM and 2HD + a, this deviation could be
explained simply by allowing for a larger splitting between
the H, A, and H* masses. In Ref. [22], numerical examples
have been given in the type II and type X scenarios to
illustrate this possibility, and we extend the discussion here
to the other two configurations.

We compare in Fig. 3 the outcome of scans of the
2HD + a, when varying the parameters in the same range
of values as before assuming either a purely SM fit for My,
(as given by the red points) or those that allow for an
explanation for the new CDF measurement’ of My, (given
by the blue points). The two panels in the figure show the
results in, respectively, the [My — My, My~ — M,| and
My —M,,My- —M,] planes. For definiteness, we have
performed the parameter scan considering the type I
configuration. For simplicity, only the theoretical bounds
on the coupling of the scalar potential have been considered

>To account for the CDF measurement, we have replaced the
set O?M and the corresponding o; with the set dubbed “CDF” in
Ref. [65] in Eq. (27).

in addition to the electroweak observables. These bounds
are not sensitive to a specific Yukawa configuration. The
main purpose of Fig. 3 is to show that the CDF W-boson
mass anomaly could be easily explained in our 2HD + a
scenario by simply allowing for a more significant splitting
between the masses of the H, A, and H* states. Notice that
Fig. 3 should be regarded simply as an illustration; in the
rest of the paper we will strictly assume the SM fit for the
electroweak data.

D. Impact of the muon g -2

We come now to the constraint from the anomalous
magnetic moment of the muon, a, =3 (g —2) ,» Which has
been recently measured by the Muon g — 2 Collaboration at
Fermilab [21] and which, when combined with a previous
measurement at Brookhaven [66], gives [21]

afX? = (116592061 +41) x 1071, (30)
This results implies a 4.2¢ deviation from the consensual
SM value generally adopted by theorists [67]. It is tempting
to attribute this discrepancy to new physics beyond the SM
and, in particular, to the 2HD + a model that we are
considering here, ignoring the possibility that it could
partly or entirely be due to unknown uncertainties (as
suggested by a debate triggered by a conflicting theoretical
value obtained in a lattice calculation [68]).

The 2HD +a ® = h, H, H*, A, a bosons contribute to
the (9—2), in two ways. There is first a one-loop
contribution when they are exchanged between the two
muon legs in the yu ™y~ vertex as is shown in the left-hand
side in Fig. 4 (in the H* case, the initial photon couples to
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FIG. 4. Feynman diagrams for the one-loop (left) and two-loop
(right) contributions of a Higgs boson ® = h, H, H* A, ato the
muon (g — 2).

the H" H™ states and a v, neutrino is exchanged between the
two muon lines). Such diagrams give rise to contributions
that scale like mj, /M3 x g%bw; we assume, of course, the
universality of the Higgs couplings and, hence, 9o, = gor:-
As will be discussed later, such a contribution is sizable
only for enhanced gg,,, couplings, hence favoring the type II
and X scenarios, and light, namely, M¢ < O(100 GeV),
exchanged neutral bosons. In our setup, only the pseudo-
scalar a will be considered in this mass range. Within a good
approximation, the one-loop contribution to (g — 2) , can be
written as [69,70]

4
QQED ny

M2\ 11
_JQED_ 2 log(22) -], (31
SﬂsinZQWM%VM?,ga””{Og(mﬁ) 6] (31

1-loop __
Aa, " =—

A comparable or even larger contribution to the one
discussed above comes from Barr-Zee-type diagrams
[71-74], a representative example of which is shown in
the right panel in Fig. 4. Their contribution is enhanced

with respect to Aa,”°°® by a factor m7/mg, compensating
the higher agep power suppression. The two-loop con-
tribution to Aa,, restricting for simplicity to the exchange
of a, can be written as [72-74]

) 2 2 2
a m . m nm
Aaz-loop QED 4 E ) »Nj _fF - ,
. 87 sin? 0y, M3, T i 9arNeLs M2 \M?

(32)

where F is the loop function of the mass ratio a = m7/Mj
and it is defined by

_ [ log(r) —loglx(1 - x)]
F(r)—A dx g . (33)

Notice that the analytical expressions provided above serve
just as an illustration of the leading contributions. The
numerical results illustrated below are based on a more
detailed computation, adapting to the 2HD + a case the
complete expressions provided in Ref. [74], and including
all the additional Higgs bosons running in the loops.

Figure 5 shows the value of Aq, as a function of M, for
model points obtained by making a parameter scan,
according to the ranges listed in Eq. (29), with the exception
of M, for which the upper bound M, < 200 GeV is used.
This is due to the fact that the low-M, regime is the most
relevant for (g — 2) 4~ These points comply with theoretical
constraints on the parameters of the scalar potential and with
electroweak data (assuming the SM fit).

The four panels of the figure consider individually the
four different Yukawa configurations, namely, type I (red
points), II (blue points), X (green points), and Y (orange
points). The results are compared to the 1o (20) region of
the Fermilab measurement drawn in green (yellow). As can
be seen, the type I and type Y models, featuring tanf;
suppressed interactions of the neutral Higgs bosons with the
muon, provide a too small contribution to the (g9-2),
anomaly, far below the experimental bands.

Hence, a sufficiently large contribution to a, can be
achieved only in the type II case when the mass of a is less
than a few 10 GeV, while the contribution in the type I and
type Y scenarios is far too small. In the type X model, on
the contrary, the contribution can get close to the exper-
imental sensitivity but falls short to reach the experimental
bands. The reason for such a behavior is that, in type IL, it is
the b-quark loop contribution that is enhanced by tan / (both
Japp and g, are proportional to tan ) while, in type X, only
the loop involving 7 leptons (which has a lower mass and no
color factor compared to b quarks) contributes significantly
since only g,., o tan . As already discussed in Ref. [22],
the a contribution can be made sufficiently large in the type
X case as to explain the (g—2), excess by invoking
extremely large tanf values, tan =~ 80. While they lead
to a nonperturbative b Yukawa coupling in the type II
scenario, these tan f values are acceptable in type X, as the
coupling g,;,, 1s not enhanced and the z-lepton coupling is
still perturbative as a result of the smaller mass. Such
extreme assignment of the value of tanf has not been
considered in our present study, as we assume tan f# < 60 in
all cases. For this reason, contrary to Refs. [22,23], no model
points are present in the experimentally favored bands.

E. Constraints from direct Higgs searches

The most stringent constraints on some of the 2HD + a
configurations come from the direct searches at colliders of
the additional Higgs bosons compared to the already
observed h state. As already mentioned before, bounds
were already available on the 2HDM states from negative
LEP?2 searches at a c.m. energy up to /s = 209 GeV [60]:
M, 290 GeV in the associated production process
ete™ - hA and My- =80 GeV in the pair production
process eTe” — HTH~. These bounds are independent of
the value of tan §§ and, to a large extent, of the value of the
angle a as there is some complementarity between various
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FIG.5. Values of Aa,, in units of 107! as a function of M, for the four 2HD + a model types. The colored points are obtained from a

scan of the parameters discussed in the text.

processes. Added to that, one has the ad hoc assumption of
My > M;, = 125 GeV that we have introduced from the
start and which is also favored by LEP2 and present data.’

In the case of a light pseudoscalar a with M, = O (a
few 10 GeV), there are constraints from LEP1 at high tan 8
for the type II and X models via searches of associated
production ete™ — bba and eTe” = tT77a [75,76].
In addition, besides constraints from searches of exotic
Z — ay decays induced by heavy fermion or Higgs boson
loops at LEP1 [76], there must also be a constraint from
the associated production process ete™ — ha at LEP2
when there is significant Aa mixing and one is outside

®There is, though, still the possibility of a light Higgs with a
mass My ~ 96 GeV [38,39] for which there was a slight excess
of events at LEP2 and also more recently in CMS. We will not
consider this possibility.

the alignment limit as to make the coupling g, =
sin@cos(ff — @) nonzero, as is particularly the case in
the type I scenario; see Fig. 1.

More significant portions of the parameter space of the
2HD + a model have been probed by direct Higgs searches
at the LHC, in particular, at a c.m. energy of /s = 13 TeV
with the full collected luminosity of 139 fb~! [77-84] as
will be summarized below.

1. Single production of the heavy H/A and H* states

At the LHC, the heavy 2HDM neutral bosons ® = H, A
can be searched for in several channels, the most important
one being their production in the gluon-fusion process as
single resonances via loops of heavy quarks and their decay
into the clean t+7z~ final states [77,78]:

pp—g99—>®=H/A - 17", (34)
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The experimental outcome strongly depends on the type of
scenario and on the value of tan 5. Most of the ATLAS and
CMS analyses have been performed in two benchmark
scenarios of the MSSM (more precisely, the so-called
hMSSM [85,86] and M [87] scenarios) which has a
type II configuration with the additional constraint of being
close to the decoupling regime that is similar to alignment,
ie., with a~p -7, making the @ states have similar
couplings, with the additional constraint of being almost
degenerate in mass, My ~ M .

At high tan g, that is, tan 2 10, the dominant contri-
bution in gg — H/A production is due to loops of b quarks
that have enhanced couplings, ggp, =~ tan f. In this case,
the process is supplemented by contributions from initiated
b-quark fusion, bb — H/A which has a comparable rate.
The ® states mostly decay into b quarks and z-lepton pairs
with respective branching ratios BR(® — bb) ~ 90% and
BR(® — 7777) ~ 10% as one also has gg,, = tan . All
other decays are suppressed: The bosonic ones are absent
in the alignment limit, and the decays into top quark pairs,
for ® masses above the f7 threshold Mg, = 350 GeV which
is favored by constraints from flavor physics, have sup-
pressed rates as g, = 1/tanf.

At low tanf, i.e., tan # < 3, the gg — @ cross section is
mostly generated by loops of top quarks which have
couplings that are not strongly suppressed or are even
enhanced for tan < 1; the yield of bb fusion becomes
negligible in this case. At the decay end, the only relevant
mode would be ® — 7 above the favored mass range of
Mg > 2m,, with an almost unit branching ratio. One
would, thus, have the partonic process

99— ®=H/A > 1t (35)

for the Higgs signal. One then needs to consider the large
QCD background from the process gg — ff as well as its
interference with the signal, as both have the same initial
and final states, rendering the interpretation of the searches
more problematic [88].

Some of these features are also present at intermediate
tanf values, with 3 <tanf < 10, where the H/A cou-
plings to b and t quarks are comparable and not strong
enough. The production rates are not large, and there is a
competition between the bb and 7 decay modes even for
H/A masses above the 2m, threshold. Any new decay
channel into particles that do not have suppressed cou-
plings to the Higgs bosons could be important and even
dominating. This would be the case of, for example,
invisible decays of the A state into pairs of the DM
particles, A — yy, which is not detectable in this particular
channel. Concerning the CP-even H state, there is the
possibility of H — aa decays, if the coupling gy, is not
too small, which would lead to complicated topologies
with, e.g., 4b, 2b2z, and 4r final states.

In the case of the charged Higgs state, besides the LEP
bound M+ 2 80 GeV, there are searches at LHC (and the
Tevatron) of top quark decays t — bH' with the sub-
sequent decay H~ — 7v and eventually H~ — ¢35, leading
to an exclusion of the mass range My < m, ~ 170 GeV
for any value of tan 3 [89]. For the larger H* masses that
are still allowed by flavor constraints, the dominant process
would be the associated production mechanism

gb — tH* with H* — th, v, (36)

at low tan # < 1 or large tan > 1 values, for which either
the ¢ or the b component of the gy, coupling is strong. In
the former case, H+ will decay into b final states with
almost 100% probability, while, in the second case, one
would have the tb and zv final states with branching ratios
of BR(H" — tb) ¥ 90% and BR(H" — 7v) ~ 10%. Both
these topologies have been searched for at the LHC, but
at present only loose constraints have been set at low
tan < 1 and high tan $ = 50 [89] which do not compete
with the limits from b — sy.

Recently, an updated analysis of these constraints
has been performed [90] in the context of the MSSM
(and, more precisely, of the hMSSM in which the value
M, =125 GeV is enforced) which has the following
simplified features in the decoupling limit a~f—7%
(which is reached as soon as M, = 500 GeV and it should
be valid in order to cope with the / signal strengths): (i) the
same Higgs couplings as in the type II 2HDM in
the alignment limit, (ii) only values 1 <tanf <50 are
allowed, and (iii) the approximate mass degeneracy,
My ~ M, ~Mj-. Using the full LHC data of 139 fb~!
collected at an energy of 13 TeV, and considering the three
main search channels of Egs. (34)—-(36), one obtains the
excluded area at the 95% C.L. of the [M,,tan ] plane
shown in Fig. 13 in Ref. [90].

From this figure, one can see that the pp - H/A —
77~ search is extremely efficient and excludes values of
M, below 1 TeV for the entire range tanf 2 10. The
exclusion extends to tanf~5 for M, ~700 GeV and
tan § = 20 for M, ~ 1.5 TeV. The search in the H/A —
t1 final state is much less constraining, as only values M, <
750 GeV are excluded for tan < 2. The search for the
charged Higgs boson in the mode H* — th excludes
masses below My: <700 GeV at both low tanf <2
and high tan f 2 40 values.

In our 2HD + a context, these limits can be overcome or
loosened in the following cases:

One can first have a nondegenerate mass scenario,
My # M,, in such a way that, in the pp > H/A -
777~ process, one looks for two resonances rather than a
single one. This lowers the excluded values of tanf by

approximately a factor v/2. The mass nondegeneracy would
also allow cascade decays, suchas H - AZ, A - HZ, and
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H/A — H*WT depending on the hierarchy of masses,
which lead to lower 77 rates and, hence, looser bounds.

The cross section for A production is lowered by a factor
cos’@ compared to the MSSM. In addition, as noted
previously, one could have the additional decays A — yy
as well as H — aa in the case of the CP-even Higgs (in
addition to the cascade decays above) which would lead to
less severe bounds, in particular, at intermediate tan /5 values.

Finally, in the charged Higgs case, one has the additional
decay H* — aW™* [91] which is always favored by phase
space and which, for the sizable Aa mixing needed for DM
issues, can compete with the H* — tb mode (in addition to
the possible H* — W + H/A decays).

All these features would make the LHC heavy Higgs
searches less constraining in our model compared to the
MSSM. Nevertheless, they still exclude a substantial area
of the parameter space of the model as will be seen shortly
when we move to our numerical analysis. Before that, let us
first adapt all these discussions held for the type II scenario
to the other 2HD + a model configurations, namely, type I,
X, and Y.

First, in the type Y scenario, @ production is the same as
above, since the Higgs couplings to ¢ and b quarks are as in
type II. In turn, as the Higgs couplings to 7 leptons are now
o 1/tan 3, only the decay mode H/A — bb is relevant at
high tan /8, and it is subject to a large QCD background
which makes it difficult to probe at the LHC. At low tan
values, the situation is similar as in type II, as only the
channel ® — f7 is relevant. In the case of the H™ state, the
search channel gb — tH* — ttb is the only relevant one at
low tanf but also at high tan g, as the coupling g4, x
1/tan g is suppressed in this case.

In the type I scenario, the main process for H/A
production is again gluon fusion, but it is generated by
top quark loops which give large rates only at low tan
values, tan # < 3 when gg,; o 1/ tan g is strong. In the strict
alignment limit, the dominant decay modes for Mg =
350 GeV are into top quarks with branching ratios of the
order of 100% unless there are exotic decays. For the H*
states, the only relevant production process would be again
gb — tH* with a large rate at low tan 8 where H* — tb
decays have a unit branching ratio.

Finally, in the type X scenario, neutral Higgs production
is as in the type I case and is important only at low tan /8
values, with exclusive ® — 7 decays for Higgs masses
above the 2m, threshold. For the H* state, the production is
also as in type I, but, at high tan 8, BR(H* — 7v) will be
dominant thanks to the enhanced g+, « tan # coupling.

An important remark to be made at this stage is that there
is another source of H, A, and H* states at the LHC whose
rates do not depend on tanf in the alignment, namely,
production in pairs in the Drell-Yan processes qg —
HYH~,HA and qg’' - HH*,AH*. These occur through
virtual gauge boson exchange and have rates that are
unsuppressed by the scalar-vector couplings ggmsz and

ggegw Which are maximal in the alignment limit,
Eq. (5). The production rates are limited only by phase
space, but, as we have already the constraint My 4 5+ 2
500 GeV in most cases, they should be small and these
channels, which have not yet been considered by the
experiments, are or should not be very constraining.

In order to determine LHC limits for the scenario under
scrutiny, we have computed the production cross sections
of the neutral Higgs bosons using the package SuSHI
[92,93] in the four flavor-preserving 2HDMs. The results
have been then adapted to the corresponding 2HD + a case
by applying suitable sin?> @ and cos’ @ factors.

We have again performed multiple scans, considering
individually the different Yukawa configurations, over the
ranges described in Eq. (29), applying together with
theoretical, electroweak, flavor, and Higgs signal strengths,
the following constraints.

Next we discuss the limits from the search in the process
pp = HJ/A = 17t~ as given in Ref. [77]—As already
pointed out, this is probably the most constraining search,
impacting, in particular, our 2HD 4 a model. We have
ignored the limits from the processes gg — H/A — ti
and gb - H™t — tb, v, as these are sensitive only to small
areas of the parameter space that are excluded by the
previous channel and by B-physics constraints.

In order to consider also the region outside the alignment
limit, which is not realized everywhere in particular in the
type I scenario, we also include the limits from the two
search channels pp - A - Zh [94] and pp - H —» ZZ
[95]. Both have rates that are suppressed by the factor
9rvy = gnaz = cos(f —a) which vanishes in the align-
ment limit.

To cope with the possibility of a significant mass
splitting between the masses of the heavy neutral Higgs
bosons, |My — My| =2 M, we also include the search
channels pp - A - ZH [96] and pp - H — ZA [97].
Again, in the alignment limit, the decays H - AZ or A —
HZ depending on the mass hierarchy, are not suppressed
since gyaz = 1.

As will be discussed in the next subsection, we will also
include the possible decay H — Za which is always phase-
space allowed in our context, since we assume Mg > M,,.
This is done by considering one of the previous channels,
pp — H—ZA [97], formulated in the 2HDM with
My > M,, and adapting it to the case pp - H — Za.

Finally, we have considered again the pp — H —
Za(A) and pp — A — ha processes in the specific case
in which the final state pseudoscalar states decay domi-
nantly into invisible DM pairs [98,99]. For these searches
we have adopted the upper bounds on the production cross
section times branching ratio determined in [18].

The constraints from the pp - H/A — 't~ channel
are shown in Fig. 6 in the [My, tanf] plane in the four
configurations for some choices of the a parameters, M, =

100 and 50 GeV and sin @ = 1/\/§ or 0.1. In all cases, the
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FIG. 6. LHC limits from searches in the pp — H/A — "7~ channel in the [M,tan f] plane for different assignments of the
(M, sin 0) pair and assuming My = M, = M+ = |M|. The different colored regions correspond to the exclusions for a given Yukawa
configuration, namely, type I (red), type II (blue), type X (green), and type Y (orange). In the panels with 0 =%, the gray regions
correspond to the case in which at least one between the H and A states has a total decay width that exceeds 10% of its mass.

equality My = My = M, has been assumed. As can be
seen, while the constraint is strong in the type II case, it is
less severe in the other configurations and only masses
below the ¢7 threshold, M, < 350 GeV, are excluded for
tan f# values of the order of 20 in type X and 2 in type I and
Y scenarios. In the left panels, we also show the regions (in
gray) in which the total decay width of either the A or H
states exceeds 10% of its mass. While this condition should
not be strictly regarded as a constraint, it should, however,
be noted that most of the bounds from resonance searches
are given assuming the narrow width approximation. The
gray regions, thus, require a dedicated study which is
nevertheless beyond our scope here.

The model points passing all constraints are shown in
Fig. 7, distinguishing as usual the four different Yukawa
configurations. From the left to the right columns, dis-
played are the viable model points in the bidimensional
planes’ [M 4, tan ), [My. tanp], [M7%, tanp], and finally
[cos(ff — a), tan f3].

As expected, the type Il case appears to be the most
constrained one, allowing only for values of M, between

"The collider constraints discussed above have a negligible
impact on the sin 8 parameter, at least for values within the range
chosen for the scan. For this reason, we do not display plots as
functions of sin 6.
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FIG. 7. Model points for the four flavor-preserving Yukawa configurations of the 2HD + a model, which comply with
theoretical constraints, the bounds from flavor and Higgs signal strengths, and LHC searches of extra Higgs states (see the main
text for details). The points which pass these constraints are shown from left to right, in the [M, tan ], [My, tan 8], [M =, tan 8], and

[cos(f — a), tan ff] planes.

700 GeV and 1 TeV and limiting tanf to 2 Stanp < 15.
The lower limit on M4 is essentially due to the bound from
b — sy. While the latter strictly applies to the mass of the
H* boson, it impacts also the other mass eigenstates, since
theoretical and electroweak constraints do not allow for
arbitrary mass splittings. The low tan 8 region is ruled out

by the constraints on the By — u"pu~ process, while high
tan # values are disfavored by searches of neutral Higgs
decaying into 717",

As already mentioned, the lower bound is weaker
compared to the hMSSM case as a result of the suppression
of the A production cross section as well as its reduced
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decay branching fraction into 7z pairs. The allowed param-
eter region is similarly small for the type Y model. The only
difference is the absence of a lower bound on tan f, since
searches of 717~ resonances are not effective in this case.
The only constraint is represented by the Higgs signal
strengths which require one to be close to the alignment
limit for values tan f = 10.

The type I and X models are, on the contrary, very
weakly affected by collider constraints. The most effective
bound is the one on low tan  coming from B, — ptu~. It
is also worth noticing that our analysis shows that searches
for Zh/ZH/ZA/ZZ events lead to weaker bounds than the
ones obtained by the corresponding searches in the ordi-
nary 2HDM [94-97]. This is due to the presence of
additional decay channels such as H — aa,aA or A —
ha which reduce the branching fractions of the considered
signals. More dedicated experimental searches for the
production of light pseudoscalars from the decays of heavy
resonances are needed to efficiently probe the 2HD + a
model, besides the type II.

2. Constraints on the light a boson

Turning to the case of the light pseudoscalar a boson, in
addition to the pre-LHC bounds discussed in the beginning
of this section, there is first a severe constraint from
searches at the LHC in the decay & — aa of the SM-like
Higgs boson for masses M, < 62 GeV [14,16,19]. The
partial decay width involves the 4,,, coupling of Eq. (15)
and is given by

y) 2
I'(h — aa) = 3';:;4}1 V1 —4M2/M2. (37)

This process has been intensively searched for by the
ATLAS and CMS Collaborations in various topologies,
namely, 2b2u, 2b2z, 4b, jjyy, 2u2z, and 4z, and is also
constrained by the 4 invisible branching ratio which can be
inferred from the Higgs signal strengths discussed earlier
and which was measured to be BR(h — inv) < 0.11 [100].
To evade this constraint, a very small coupling is required,
Ahaa/ My S O(1073). Such a value is achieved by choosing
for the parameters entering Eq. (15), e.g., sin@ and A;p»p,
ad hoc values that lead to an almost vanishing coupling.
Hence, one should rely on blind spots on the coupling, and
we refer to Ref. [22] for a more detailed discussion that
involves the possibility of including radiative corrections to
Anaa that are generated by loops of b and ¢ quarks with
enhanced couplings.

Searches of mono-Z and mono-/ signatures, corre-
sponding to pp — Za, ha with a — yy, represent a very
interesting tool for probing the 2HD + a model; see, e.g.,
Ref. [101]. These have been already discussed in the
previous section.

The most severe constraints on a with a significant
mixing with the heavier A comes from searches of light

resonances decaying into muon pairs which have been
revived recently [20]:

PP = 99, bb = a— utu. (38)
As in the case of H/A discussed above, the gluon-fusion
process is mediated by 7-quark loops at low and b-quark
loops at high tan 8 in scenarios like type II and Y; in the
high-tan f# case, additional contributions from b-quark
fusion should also be included. The decay branching ratio
BR(a — u"pu) is important only in type IT and X scenarios
at high tan # when the coupling is g,,» = sinftan f.

Two recent searches have been conducted in this
channel, one by CMS [102] and another one by the
LHCb Collaboration [103]. The latter, which has been
interpreted only in the type Y configuration when setting
tanff = % and assuming M, 2 10 GeV, is the strongest.

We have recast the resulting bound of this search in the
[M,, sin 6] plane and for larger @ masses up to M, = 1 M,
The production rate ¢(pp — a) has been calculated using
the programs HIGLU [104] and for the decay rate BR(a —
utu) using the program HDECAY [105,106], and we have
compared the obtained result with the corresponding one
given by CMS [102]. The excluded regions in the [M,, tan /3]
plane and for different assignments of sinf are shown in
Fig. 8, in which the four panels correspond to the four
Yukawa configurations, namely, type I, II, X, and Y. The
mass M, is varied from 10 to 62 GeV, while the CP-odd
mixing angle was assigned the values sind = 0.15, 0.25,
0.5, and 0.7.

In agreement with the findings of Refs. [22,23], as well as
in the earlier discussion in Ref. [20], the strongest constraint
applies on the type II scenario in which both the production
and decay rates are enhanced as g,;,, = g,zr & tan . In the
absence of additional decays of the a state, it basically rules
out, for sin@ > 0.25, the whole parameter space for which
the considered searches have sensitivity. A weaker but still
sizable constraint is obtained in the type X model, as a
consequence of the tan # enhancement of the coupling of the
a state with muons. Much weaker are the limits which apply
in the type I and Y models, for which one obtains the lower
bounds tanf = 2 (5) for sin@ = 0.5 (0.7).

Finally, let us note that, for a nonzero Aa mixing, one
would also have the possibility of pair production of the
H/A and H™ states with a light pseudoscalar a, gg — Ha
and qg’ — H*a which occur through virtual vector boson
exchange. When 0 = % the cross sections are maximal and
the processes are favored by phase space, as we expect the a
state to be much lighter than the A and H* bosons. They
lead to interesting topologies with four fermions in the final
states like H — bb, 17 and H* — b while one should have
a — 77,bb and even a — utu~ decays for the light a.
Nevertheless, except for the Ha case which has been
adapted from the 2HDM CMS search in the channel pp —
AH [97] discussed before, these processes have not been
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FIG. 8. Excluded regions in the [M,, tan §] plane from searches in the process gg, bb — a — u*u~ in the four types of Yukawa
configurations. Each colored region corresponds to different assignments of sin @ reported in the panels. Note, in particular, that the
whole region M, <75 GeV is ruled out for the type II configuration.

explicitly considered by the ATLAS and CMS experiments
and there is barely a way to set strong limits. One expects,
though, that these limits are not stronger than the ones from
the gg = a — u"p~ process that we discussed here.

IV. THE DARK MATTER AND COMBINED
CONSTRAINTS

A. The DM relic density

In our 2HD + a scenario, we have introduced a dark
matter particle candidate which was assumed to be a Dirac
fermion y that is isosinglet under the SM gauge group (no
substantial change of the results is expected in the case in
which the DM was of Majorana type). We also introduced a
discrete Z, symmetry under which the new DM field is odd
and transforms as y — —y while all other fields are even
and transform like ¢ — +¢, making that the y particle
cannot decay into SM particles and is, hence, absolutely

stable as it should be. Because it is not charged under the
SU(2), group, y has no couplings to gauge bosons and, by
virtue of the Z, symmetry, it couples to Higgs bosons only
in pairs.

Starting from an initial coupling iy,a’%iy’y of the y
states with the a” boson (the y states do not couple to the
2HDM bosons), and, after electroweak symmetry breaking,
the DM will interact with the two pseudoscalar Higgs
bosons according to the following Lagrangian:

Lpm = v, (cosOa + sin OA)yiysy. (39)

There are no couplings of the DM fermion to the CP-even
Higgs bosons at the tree level, a feature which will have
major consequences as will be discussed shortly.

The DM fermion will have the correct cosmological relic
density, as we will assume the conventional freeze-out

055010-19



ARCADI, BENINCASA, DJOUADI, and KANNIKE

PHYS. REV. D 108, 055010 (2023)

yX=1

10*

| A\

o
<
>
G 0.01

107

1076

1078

1 5 10 50 100 500 1000
my[GeV]

yX=O.1

1000

S/
T

50 100
my[GeV]

0.001

500 1000

FIG. 9. The DM relic density as a function of the DM mass for tanf =35, cos(f—a) =0, 0 = % M, =50 GeV, and
My o g+ = 800 GeV. The different colored lines stand for type I (red), II (blue), X (green), and Y (orange), and the left (right)
panels refer to y, = 1 (0.1). In each panel, we see four distinct curves in the region m, < 100 GeV. This is due to the fact that in this
region the main annihilation channel is into SM fermion pairs and the latter is sensitive to the Yukawa configuration. At higher DM
mass, the lines overlap, since the relic density is mostly accounted for annihilations with bosonic final states, mostly ha.

mechanism in which the experimentally favored value
measured by the Planck Collaboration [12],

thz =0.12£0.0012,

(40)
is achieved if the DM thermally averaged pair annihilation
cross section has a value in the appropriate range. For the
scenario that we are interested in here, the most relevant
DM annihilation channels are the following final states that
occur via a/A boson exchange:

xx — a*, A* - 1777, bb, and 1, (41)
the latter channel occurs only when kinematically acces-
sible, i.e., for m, 2 175 GeV. The weight of the individual
channels depends on the type of Yukawa coupling con-
figuration, namely, type L, II, X, and Y, as well as on the
value of tan f. In addition to annihilation into SM fermion
pairs, the following final states could also be relevant:

Xy — a*, A* - ha,Zh, and yy — aa, (42)
where, in the last case, the aa final state is obtained via
t-channel exchange of the DM. In the first channel, a*
exchange should be suppressed for m, < %M 5, as the
coupling g, should be very small as to make the decays
h — aa very rare. The second channel with a Zh final state
is possible only outside the alignment limit when the
coupling g;,7, is nonzero.

The numerical determination of the DM relic density is
achieved through the implementation of the different
2HD + a scenarios into the package micrOMEGAs

[107-109]. For completeness, the annihilation channels
into aA, AA, ZH, and W*HT final states, which open up
only for DM masses above several hundred GeV, have also
been included.

A simple illustration of the impact of the relic density
constraint is provided by Fig. 9. Here, we have considered
the same benchmark for all the four Yukawa configura-
tions, namely, cos(f—a) =0, tanf =35, 6 =%, My =
My =My =M =800 GeV, and M, =50 GeV, and
computed the relic density as a function of the DM mass
for two assignments of the coupling y,, namely, y, =1
(left) and y, = 0.1 (right). In each panel, the different
colored curves represent the different Yukawa configura-
tions, namely, red, blue, green, and orange for type I, 11, X,
and Y, respectively.8 As can be seen, the DM relic density is
sensitive to the different realizations of the 2HD -+ a model,
in particular, in the m,, < M, range. Here, the relic density
is mostly due to annihilations into SM pairs via s-channel
mediation of the a/A states, whose cross section are
sensitive to the tan # enhancement or suppression of the
Yukawa couplings. Even for y, = 1, for the type I and X
models, the correct relic density requires the occurrence of

¥Some of the important features of the figure can be under-
stood as follows. For m, < 100 GeV, the relic density is mostly
accounted for by annihilations into SM fermion pairs, and, as the
corresponding cross sections are sensitive to the Yukawa con-
figuration, four distinct lines are visible in the figures. For
m, 2 100 GeV, DM annihilation channels into Higgs boson
final states, in particular, the ha final state responsible for the
sharp drop of the relic density lines, are dominant; these channels
are not sensitive to the Yukawa configuration, and, hence, all the
contours overlap into a single curve.
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the resonant enhancement of the annihilation cross section
for m, ~ %Ma. In turn, the type II and Y models can have
the correct relic density even outside the pole region. As the
DM mass increases, the relic density becomes dominated
by the aa and, most importantly, ha channels whose cross
sections are essentially the same for all the four 2HD + a

model types.

B. Constraints from direct and indirect detection

One of the main experimental probes of a weakly
interacting and massive DM candidate is represented by
direct detection (DD): namely, the search for the recoil
energy deposited in a suitable detector when (elastic)
scatterings between the DM particle and the atomic nuclei
of the target detector occur. In this regard, the 2HD + a
scenario has the very peculiar and interesting property that
spin-independent interactions, the ones which are most
efficiently probed by present experiments, emerge only at
the one-loop level.

The Feynman diagrams responsible for such interactions
have two possible topologies shown by the two represen-
tative examples given in Fig. 10. The first diagram involves
triangle vertices with one CP-even neutral Higgs boson
which is coupled with the SM quarks and a pair of
pseudoscalar Higgs bosons that couple to the DM state.
The second topology is represented by box diagrams
involving the exchange of two pseudoscalar states between
the lines formed by the SM quarks and the fermionic DM
candidate.

We have determined the DM scattering cross section,
adopting the computation performed in Refs. [110,111] and
slightly refined in Refs. [59,112,113], for instance. We have
then compared the results with the strongest exclusion limit
as given at the moment by the LZ Collaboration [27]
(which superseded the earlier strong XENONIT limits
[114]; notice that there is also a dedicated study made by
the PANDA-X Collaboration [115]).

Some of the relevant annihilation channels of DM, in
particular, the ones into SM fermions pairs via pseudoscalar
Higgs exchange, feature an s-wave-dominated cross sec-
tion; i.e., the values of the cross section at present times and
at freeze-out are very close to each other. Consequently, the
viable parameter space for the relic density can be probed
by indirect detection (ID) experiments as well that search
for the clean products of the annihilation processes. In order
to account for indirect detection, we have used the limits

X ‘\\ //, X X i i X
aszsza : :
Y a: ra
h. ' '
q : q q q

FIG. 10. Generic Feynman diagrams for the loop-induced
scattering of the DM particle on quarks in the 2HD + a model.

from searches of continuous y-ray signals determined by
the FERMI-LAT experiment in Refs. [116,117].

Before discussing our main results, obtained via scans of
the parameter space, we provide in Figs. 11 and 12 two
simplified illustrations of the impact of the DM constraints
with some other relevant bounds, namely, the one from the
invisible width of the 4 boson which accounts for possible
h — aa decays and light a boson searches in the pp —
a — up~ mode. The two figures illustrate the limits in the
[M,, m,] plane for all the four flavor-preserving Yukawa
configurations for some fixed assignments of the param-
eters cos(ff — ), tanf, and . For simplicity, we have
assumed mass degeneracy for the heavy 2ZHDM states,
My =M, = My= = |M|. The two figures differ only in
the assignment of the ayy coupling, which has been taken
to be large y, = 1 in Fig. 11 and small y, = 0.1 in Fig. 12.
In each plot, the correct DM relic density is achieved along
the black isocontours while the blue, yellow, green, and red
regions are excluded, respectively, by direct detection by
LZ, indirect detection by FERMI-LAT, the invisible
branching ratio of the SM-like Higgs boson, and LHC
searches of light resonances decaying into u'p~ final
states.

In summary, the viable parameter space for a given
benchmark corresponds to the case in which the black
isocontour of the relic density lies outside all the colored
regions. As can be seen from Fig. 11, despite of their
radiative origin, DM spin-independent interactions can be
strongly constrained thanks to the high sensitivity reached
by the current generation of multiton detectors. On the
other hand, the scattering cross section is strongly sensitive
to the DM coupling, as the spin-independent cross section
of the DM on protons behaves as 63}, & y;. Moving from
the y, =1 to the y, = 0.1 case renders the DM direct
detection limits irrelevant while it is still possible to achieve
a correct relic density.

One also notices that the region M, < %M 5, 1s completely
ruled out by the bound imposed on the invisible branching
ratio of the 125 GeV Higgs, BR(h — inv) <0.11. As
already pointed out, the latter includes also the decay
channel & — aa which can be evaded only by imposing
specific conditions on the parameter of the scalar potential
that leads to a very tiny 4,,,, coupling. This has not been
enforced in the benchmark considered in Fig. 12.

As one can easily imagine, it would be very hard to
enclose all the features of a rich parameter space, such as
the one of the 2HD + a model, into simple bidimensional
plots as the ones shown in Figs. 11 and 12. For this reason,
we will present in the next section a more general analysis
based on a parameter scan. Nevertheless, the results
presented above have some general features which would
have been only modestly affected if different assignments
of the parameters had been adopted. As already pointed out,
the bound on the a mass from possible & decays is very
general and can be encompassed only at the price of very
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FIG. 11. DM constraints in the [M,,m,] plane for some benchmark assignments of the 2HD + a model parameters in the four
configurations of the Yukawa couplings. In each plot, the black isocontours correspond to the correct DM relic density, while the blue
(yellow) regions represent the parameters space excluded by DM direct (indirect) detection. For comparison, the region excluded by the
invisible width of the 125 GeV Higgs and by searches of light resonances decaying into uu~ have also been shown, in green and red,

respectively.

specific choices of the model parameters. For what con-
cerns the DM relic density, the results for different
parameters would be, in general, similar, but a shift of
the contours toward higher or lower DM masses could
occur in the figure above. In turn, the excluded regions
from direct detection searches are strongly sensitive to the
assignment of the model parameters. A more detailed
discussion of the impact of these constraints is given in
the next subsection.

C. Combined constraints

We have now all the ingredients to assess in a more
systematic manner the impact of the DM constraints and to
combine them with the collider ones. To achieve this task,
we have conducted an analogous parameter scan as the one

considered in the previous sections but including also the
parameters m,, and y, that appear in the DM context. In
summary, the ranges of the parameter scan are the following:

tan ff € [1, 60, |cos(ff —a)| < 0.2,
M| =My = M, = M €[125 GeV, 1 TeV],
M, €[10,400) GeV,  sin@e|0.1,0.8],
m, €[1,1000] GeV and y,€[1072,10],

Jp = ap = 3. (43)

We stress again that it is implicitly intended that the mass
hierarchy between the two pseudoscalars, M, < M,, is
always respected and that some simplifying assumptions,
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FIG. 12. DM constraints in the [M,,, m,] plane for the four types of the 2HD +- a model. Everything is the same as in Fig. 11 but taking

v, = 0.1 instead of y, = 1.

such as, for example, the mass degeneracy for the heavy
2HDM Higgs states, have been made.

A first result of such a parameter scan is shown in
Fig. 13, in which each panel reports the model points that
satisfy the correct DM cosmological relic density and evade
the bounds from DM direct as well as indirect detection.
Furthermore, we have applied to the type I and Y models
the lower bound M= > 800 GeV from the b — sy con-
straint and to all models the LHC bounds from searches of
heavy resonances decaying into 777~ and of light reso-
nances decaying into ptpu~.

The left column of the figure displays the model points in

the [WW} plane, while the right column

illustrates the results in the [m,, y,] plane. The distribution
of model points in the first column of the plot is mostly
sensitive to the relic density constraint. In agreement with

previous findings, one gets very similar results for the four
Yukawa configurations. In all cases, the distribution of

model points have tails covering the regions in which

. M,-2 M2 .
either % <1 or % < 1. This corresponds to

the s-channel resonance regions m, ~3M, or $M, for
which the correct relic density can be achieved also for
very small values of the DM coupling y,. We further
notice that the bottom-left regions of the panels in the left
column are substantially empty. There are essentially two

. . My—2m
reasons for this. These regions correspond to both IATA*‘

and ‘Mﬂ;isz‘ much lower than 1. In other words, both

pseudoscalars should essentially have degenerate masses,
close to twice the DM mass. Having the two Higgses
degenerate in mass is a difficult condition to achieve in the
type of numerical scan we have made. Hence, we expect
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FIG. 13. Outcome of the parameter scan including DM parameters and constraints in the four types of scenarios (see the main text for
details). Each plot contains the model points complying with the correct relic density, a spin-independent cross section below the LZ
direct limit, and an annihilation cross section complying with indirect constraints. Limits from B-physics and LHC searches (mostly
H/A — t77~ and a — u*u~) are accounted for.
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FIG. 14.  Accepted model points in the [M, m,,] plane of a parameter scan focused on the light a region. The figure contains only three
panels, relative to the type I, type X, and type Y configurations, as the type Il 2HD + a scenario is almost entirely ruled out by LHC

searches of light resonances.

this region to be poorly populated regardless of the applied
constraints. In addition, Feynman diagrams corresponding
to s-channel exchange of two pseudoscalars in the DM
annihilation cross section into SM fermions tend to have
destructive interference. If the masses are very similar, this
would cause a suppression of the cross section, rendering
hard to achieve the viable relic density.

Besides the M, and M, s-channel poles, the other
favored regions of the parameter space correspond to the
case in which the DM is heavier than one or both the
pseudoscalar Higgs bosons. As already pointed out, in this
regime, the relic density constraint has as analogous impact
in the four Yukawa configurations. The most notable
difference is in the value of |M, —2m,|/M, which does
not exceed O(1) for the type Il and Y scenarios. This is due
to the strong bounds from the LHC searches and B-physics
observables together with the chosen ranges for the scanned
parameters.

The impact of constraints from direct and indirect DM
searches can be more clearly appreciated by looking to the
[m,,y,] planes. As already mentioned, to evade direct
detection constraints, one needs to require y, < 1. DM
indirect detection, instead, rules out most of the viable
parameters space for m, < 100 GeV. The residual points for
light DM masses still present in Fig. 13 correspond to DM
annihilation in the m,, ~ %M « pole. This is because there is
not any longer matching between the DM annihilation cross
section at thermal freeze-out and present times in the case of
an s-channel resonant enhancement [1 18].9

Figure 14 shows a further illustration of the DM
constraints focusing on the M, < 100 GeV region. We

°This mismatch is due to the so-called thermal broadening of
the resonance; see, e.g., Ref. [119] for a detailed discussion
including some useful analytical approximations.

have repeated the previous parameter scan and selected the
viable model points in the [M,, m,| plane, by considering
this low-M, range and keeping fixed the masses My =
M, = My to |[M| = 500 GeV in the case of the type I and
type X scenarios and to |M| = 800 GeV in the type Y case.
The type II model has been not included in this analysis,
since most of the low-M, region is already ruled out by
searches of light resonances decaying into muon pairs as
has been discussed earlier.

As can be seen from the figure, the distributions of the
model points are rather similar for the three Yukawa
configurations. First, one notices the almost sharp cut of
the viable parameter space for M, < 60 GeV which is
essentially due to the bound on the invisible 4 boson width
which can be evaded only by choosing fine-tuned blind spot
configurations for the model parameters to suppress or
forbid &7 — aa decays. Low values of M, are also subject
to the bounds from searches of light resonances, for instance,
decaying into muon pairs. For this reason, the type I scenario
features more viable model points for M, < 60 GeV, since it
is the least subject to the latter bounds.

Moving to the range M, 2 60 GeV, the viable model

points occupy two very specific regions, the pole m, ~

%Ma region and the m, > M, area. This outcome is mostly
due to the constraints from DM indirect detection. A DM
state lighter than O(100 GeV) and annihilating into SM
fermion pairs is generally strongly disfavored. In the
2HD + a case, this problem can be circumvented by being
either in the pole region, as a consequence of the fact that
there is not exact matching between the DM annihilation
cross section at the time of thermal freeze-out and at present
times, or in the m, > M, regime such that the yy — aa
process is kinematically allowed. This process, indeed,
features a p-wave-dominated cross section for which
indirect detection constraints are irrelevant.
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As already pointed out before, Figs. 13 and 14 show the
results of parameter scans performed under rather simplify-
ing assumptions, namely, degenerate masses for the addi-
tional Higgs bosons except for the a state and fixed values
of the couplings 4;p, 4,p, and 4,. To understand how the
latter parameters affect DM phenomenology, we have
conducted further parameter scans fixing the DM mass
to two values, namely, m, = 50 GeV and m, = 150 GeV,
and assuming nondegenerate masses for the heavy Higgs
bosons while varying freely the quartic couplings of the
scalar potential.

As evidenced, in particular, by Fig. 13, for what DM
phenomenology is concerned, the type I and type II
configurations have a very similar behavior as the type
X and type Y configurations, respectively. Hence, without
loss of generality, we have restricted ourselves to the type I
and type II configurations, the results of which are
illustrated in Figs. 15 and 16, respectively.

Each figure shows two series of panels, corresponding
to the two chosen values of the DM mass. Each one of
these series shows the model points which comply with all

Type |, m=50 GeV
1000 z

Type |, my=50 GeV

the constraints considered in this work in the [M,, M,],
My, M|, and [M g, M =] planes (results in the [M 4, M ;-]
plane are more or less similar to those obtained in the
[My, My+] plane). By looking at the distribution of the
model points, we notice that the DM constraints, namely,
having the correct relic density and complying with the
bounds from direct and indirect detection, do not sub-
stantially modify the allowed parameter space regions with
respect to the LHC and theoretical bounds discussed in the
previous sections.

The only exception concerns the mass of the light
pseudoscalar boson a. Indeed, for m, <M, < 100 GeV,
the correct DM cosmological relic density is achieved
while being compatible with the other constraints, only in
the pole m, ~ M, region. In the case m, = 50 GeV, the
mass of a is consequently constrained to lie around
100 GeV. This is the reason why in the upper panels in
both Figs. 15 and 16 the model points are concentrated in
the regions M, ~ 100 GeV.

This ends the discussion on the combined collider and
astroparticle physics constraints on the 2HD +- a parameter
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FIG. 15. Outcome of a parameter scan in which all the model parameters are varied but the DM mass, which has been fixed to two

values, namely, m, =50 GeV and m, = 150 GeV. All the points shown in the panels comply with constraints from DM
phenomenology, LHC searches, and theoretical constraints. The type I configuration has been assumed for the Yukawa couplings
of the additional Higgs bosons. The concentration of the model points, in the upper left plot, in the region around M, ~ 100 GeV is due

to the fact that the DM relic density is achieved essentially in the m, ~ %Ma pole region.

055010-26



TWO-HIGGS-DOUBLET-PLUS-PSEUDOSCALAR MODEL: ...

PHYS. REV. D 108, 055010 (2023)

Type Il, m=50 GeV
1000 5 =7

Type II, m=50 GeV

Type Il, m=50 GeV
1000 T T T

900 950
900
800
3 S 3
O [ ©
s e S 850
700 N =
800
600
750 750
500 700 700
60 80 100 120 140 500 600 700 800 900 1000 700 750 800 850 900 950 1000
Ma[GeV] My[GeV] My[GeV]
Type Il, my=150 GeV
1000 7 . Type I, m,=150 GeV Type Il, m=150 GeV
. 1000
900 950
900
800
3 s 3
19} © ]
S o O 850
s 3 ES
700 =
800
600
750 750
500 b= . L . L L + 700 700
20 40 60 80 100 120 140 500 600 700 800 900 1000 700 750 800 850 900 950 1000
Ma[GeV] MalGeV] My[GeV]

FIG. 16. The same as in Fig. 15 but considering the type II scenario. Note the different scales on the x and y axes for the heavy Higgs
boson masses compared to the previous case. Similarly to what occurred in the upper left panel in Fig. 15, the correct relic density for
m, = 50 GeV requires that M, ~2m, ~ 100 GeV to meet the condition for an s-channel resonant enhancement of the DM annihilation

cross section.

space. From this, one concludes that the constraints are
rather strong, in particular, in the type II scenario. They
nevertheless leave significant regions in which the model is
still viable, in particular, if it does not have to explain the
anomalous (g — 2) , result which requires too light a states
with too strong couplings to isospin —% fermions. Part of
these regions could, nevertheless, be challenged in the near
future by more sensitive LHC and DM direct detection
searches.

V. PHASE TRANSITIONS
AND GRAVITATIONAL WAVES

A promising way to probe the 2HD + a model is through
the detection of the stochastic gravitational wave back-
ground. These gravitational waves, originating from the
electroweak first-order cosmic phase transitions, propagate
freely, being only redshifted by the expansion of the
Universe. They can potentially be detected by future
space-based GW detectors such as LISA, BBO, or
DECIGO. The aim of this section is to compute the GW
signal from the electroweak first-order phase transition
(FOPT) within the 2HD + a scenario.

Since the fermionic contributions, except from the top
quark (because of its large mass), do not play a significant
role in the study of thermal phase transitions, " it turns out
that it does not matter whether we consider the type I, 11, X,
or Y configuration (as the top coupling is the same in these
four configurations) for our 2HD + a model, and the GW
signal will be independent of this choice. When computing
the stochastic gravitational wave background, we therefore
arbitrarily consider the type II configuration. We have
nevertheless explicitly checked that we obtain very similar
results in the type I scenario; the type X and Y scenarios
will give exactly the same results as in type II and I,
respectively, as the only difference comes from the differ-
ent coupling of the 7 lepton which plays a negligible role in
this context. At the end of our discussion, we consider the
2HDM limit of our model to underline the impact of the
parameters related to the pseudoscalar a boson, namely, its
mass, mixing, and couplings.

"In the high-temperature expansion of the thermal function
further defined in Eq. (59), it is shown that, unlike for bosons, the
function for fermions is lacking a cubic term, a crucial ingredient
to generate a thermal barrier in the effective potential.

055010-27



ARCADI, BENINCASA, DJOUADI, and KANNIKE

PHYS. REV. D 108, 055010 (2023)

A. One-loop thermal effective potential

In order to study the electroweak phase transition, both
zero-temperature quantum corrections and thermal effects
must be incorporated into the full effective potential needed
for the analysis of phase transitions. However, let us first
revisit the tree-level potential.

We consider phase transitions occurring in the field
space (h°, H®), where h° and H° are the CP-even
components of ®; and ®,, respectively, which are defined
in the gauge basis as

o L G, + iG,
T2\ R 0G0 )

H., +iH,, )

|
D, = — 44
: \/§<H°+v2+iAn (44)

The tree-level potential (8) in terms of classical background
fields, thus, reduces to

m2 m> A
Vo = %(hoy —i—%(HO)Z _ m%zhOHO +§1(h0)4
—1—%2(H0)4 +/13+/274+/15(h0)2(H0)2, (45)

The Hessian matrix of the tree-level potential (8)isa 9 x 9
matrix (four degrees of freedom or d.o.f. from @, four
from ®,, and one from a°, the CP-odd light pseudoscalar).
Then, considering only the fields 4° and H°, we obtain a
block-diagonal matrix, with four blocks. The first one is the
2 X 2 matrix m§ of the CP-even states, and the second one
is the 3 x 3 matrix m% of the CP-odd states, while the two
last ones are the 2 x 2 matrix mZ of the charged states.

One-loop quantum corrections are encoded in the
Coleman-Weinberg potential [120]

1 4 m;
VCW :wZnimi 1117—6’1'

with i€ {t,b,y, Ws, Wi, Zr,Z;,y,} and also runs over
the states from the scalar potential (8). The degrees of
freedom are encoded in n;, where n, =n, =-12,
n, = -2, Ny =4, Ny =Nz, = 2, nz, =n, = 1, and

(46)

143
the d.o.f. for each of the scalar neutral states is 1 and 2 for
the charged states. The renormalization scale u is set to the
VEV v = \/v?} + v3. The value of constant ¢; arising from
dimensional regularization in the MS scheme is 3/2 for
fermions, scalars, and longitudinal vector bosons and 1/2
for transverse vector bosons. Finally, m? = m?(h°, H®)
corresponds to the eigenvalues of the field-dependent mass
matrix.

In the type II or Y models, which differ only by the
contributions of the 7 lepton that we ignore as its effects are

far too small because of its very small mass, the field-
dependent masses for the SM states and the DM candidate
y are

2 ¥ 012 2 Vi 02
= 2sin’f (H°)% Mo = 2cos’p (7).
M = m? + y2(a°)?, (47)
2
Miy =GP [(R0) + (HO)?,
My =T B G0p s o), w0, (48)

with y,, v,, g1, and ¢, the top Yukawa coupling, the
bottom Yukawa coupling, the U(1), and SU(2), gauge
couplings, and yf( the DM Yukawa coupling to the
pseudoscalar a°, respectively. Since we consider only phase
transitions occurring in the (1°, H°) field space, a® = 0 (see
Sec. V D), the M}{ term in the effective potential contributes
only to the cosmological constant. On the other hand, in the
type I or X model, the bottom field-dependent mass is given
by m3 = (y7)/(2sin? B)(H")%. The eigenvalues of m3 and
m3 yield the field-dependent masses for the neutral states,
while those of mZ% yield the field-dependent masses of the
charged states.

In order to compensate the shift from V ¢y to the VEVs,
masses, and mixing in the electroweak vacuum, we con-
sider the counterterms

Ver = 6m3 (h°)? + 6m3,(H®)? + 6m3,h°H®

+ 641 (h°)* + 81y (HO), (49)
where these (finite) counterterms satisfy the following
renormalization conditions'' in the electroweak vacuum

(Ul’ 1)2):

9 (Vew + Ver) =0,
(v1,02)
o (Vew + Ver) o) 0, (50)
V1,05
a%ho)Z(Vcw + Ver) o) 0,
a%HU)Z(VCW + Ver) o) 0, (51)
000 (Vew + Ver) o) 0 (52)

and are given by

llDivergences arising from Goldstone contributions are treated
with the method described in Ref. [121].
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1
5/11 = @ (6ho VCW - a%ho)z VCWUI - diOHU Vcwi}2> s (53)
1 (v1.02)
1 2 2
6dy = 352 (90 Vew = 9o Vewva = 0050 Vewr) . (54)
2 (v1,02)
1
5m%1 = 4—Ul (—3ahchw + a%hojz VCWUI + 30i0Hchwv2) ( ), (55)
V1,03
S, = i (—301_10 Vew + FyopVewns + 3% Vcwvl) , (56)
(v1,02)
|
) 5 The resulting one-loop thermal effective potential is then
omiy, = =000 Vew (o1) (57)  given by"

Finally, one must consider thermal effects, since the phase
transition occurs in the early Universe and, thus, at very
high temperature. These thermal corrections are given
by [122]

(58)

T+ m?
VT = 2—71_42’:1’11.] <F> s
where the thermal function is defined as [122]

J(y) = /°° dxx*1In (1 4 (=1)Be~ V) (59)

0

with B = 1(0) for bosons (fermions).

In order to avoid infrared divergences from the zero
Matsubara modes, one resums the daisy diagrams, which
amounts to a shift in the mass parameter m’> with a
leading-order thermal contribution in the propagator:
m?> — m? + c¢T?, with ¢ a constant depending on dimen-
sionless couplings. This thermal mass resummation is
made in the gauge basis and only then are mass matrices
diagonalized to obtain the thermal field-dependent eigen-
values m?(h°, H°, T).

In addition to the usual Debye mass ¢T? for the SM
content, the Debye masses peculiar to the type II or Y
2HD + a are given by

¢y = (g1 + 393 +4y;/ cos )/16

+ (341 + 245 + Ay + A1p) /12, (60)
¢y = (g1 + 393 +4y7/sin? §)/16
(3 + 225 + Ay + Aop)/ 12, (61)

and where, in the case of type [ or X 2HD + a models, cos f§
is replaced with sin # in Eq. (60).

V(RO HO.,T) = Vo + Vew + Ver + V. (62)

B. Key parameters for phase transitions

Initially, before the electroweak phase transition, the
Universe is in the symmetric phase. As the temperature
decreases, there appears a new minimum in the scalar
potential—a new (broken) phase. With decreasing temper-
ature, this minimum eventually becomes deeper than the
one in the symmetric phase, thus making it metastable. This
metastable or false vacuum eventually decays into the stable
or true vacuum. The cosmic first-order phase transition
occurs through the nucleation of bubbles of true vacuum,
which expand and collide with each other, converting the
symmetric phase into the broken phase. The decay rate of
the false vacuum or the bubble nucleation rate per time per
volume I' is given by [125]

[~ T4e ST, (63)
where § is the three-dimensional Euclidean action mini-
mized by the bounce or O(3) critical bubble.

The nucleation temperature 7, is defined such that the
number of nucleated bubbles per Hubble time per Hubble
volume is unity: TH™* ~ O(1) with H the Hubble param-
eter. The latter is expressed in a radiation-dominated
Universe as

There could be an additional gauge or renormalization-scale
dependency which we do not take into account and that could
potentially lower the predicted GW signal strength [123,124].
Moreover, this dependency can potentially influence the nature of
phase transitions. However, in our analysis, we consider only
strong first-order phase transitions (see Sec. V D); thereby, we
expect that the impact of gauge and renormalization-scale
dependence is not significant enough to transform a strong
first-order phase transition into a second-order phase transition.
We, thus, expect these dependences to only potentially influence
the strength of the phase transition.
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2 _ 87Prad
3M%

(64)

where p.,q = 77/30g,T* is the energy density of the plasma
in the false vacuum, with g, the effective number of
relativistic degrees of freedom at 7 and where M, is the
Planck mass.

Considering the electroweak scale, one has 7'~ O(100)
GeV and g, ~ O(100). Therefore, using Eq. (63), one
obtains S/T ~ 140 at the nucleation temperature 7 ,,.

The strength of a first-order phase transition is given
by [126]

_Ae

= , Ae=e¢ —€ (65)
Prad T=T,

false vacuum true vacuum

with € = Vg — %%, the vacuum energy.

Finally, the inverse time duration $ of the PT is defined
as [127]

, (66)

where the parameters are evaluated at the nucleation
temperature T,,.

C. Predictions for gravitational wave signals

A single bubble of true vacuum alone cannot be
responsible for the generation of gravitational waves
because of its spherical symmetry (zero quadrupole
moment). A stochastic gravitational wave background,
however, is possible when at least two bubbles collide
with each other. The resulting gravitational power spec-
trum /’Qgw mainly comes from three contributions '
[31]: W?Qqw =~ h?* Qo) + W Qg + W Quup-

The contribution from bubble collisions is given in the
envelope approximation by [129]

thcol(f) = thpeakScol(f)7 (67)

‘col

with

HN\2/ k. 0\2
R2OP — 167 x 1075 =2 ) (==
‘col X ﬂ 1+a

100\ /3 / 0.1123,
g v ) 68
(o) Gavz) ©

YA new contribution, from feebly interacting particles, has
been recently studied in Ref. [128]. This contribution is more
appropriate for phase transitions in the dark sector; therefore, we
omit it in our analysis.

_ 3'8(f/fc01)2.8
- 1+ 2'8(f/fcol)3.8 ’

where k. is the efficiency factor for the conversion of the
vacuum energy into the gradient energy of the scalar field,
v,, is the bubble-wall speed in the rest frame of the plasma
far away from the bubble [31], f., is the frequency at the

S

(69)

peak of the power spectrum, hZQszfk , and S, is the spectral

shape of the GW spectrum h2Q,.
The overlap of sound waves yield a contribution given
by [130-132]

n2Q, (f) = BN S (), (70)
with
R2QPEK — 123 % 106 (H—> <M)2 (100> P
SW . ﬂ 1 + a gn w 2
(71)
B f 3 7 7/2
S = <f) <4 + 3(f/fsw)2> ’ 72)

where kg, is the efficiency factor for the conversion of the
vacuum energy into the bulk motion of the plasma, f, is
the sound-wave peak frequency, and S, is the spectral
shape of the GW spectrum 4%Q,,. The suppression factor,
accounting for the finite lifetime z,, of the GW source from
sound waves, is defined in a radiation-dominated Universe
as [133,134]

1
T=1-————. 73
V2t H, + 1 (73)

The magnetohydrodynamics (MHD)-turbulence contri-
bution is given by [31,135]

thturb (f) = h2QF:::)kSturb (f)v (74)
with

H 3/2 /100 1/3 1
RO =335 107 <—> (’;‘ufb") ( ) Buy
ﬂ +a 9n turb
(75)
S = (f/fturb)3 Nturb (76)

YO+ (f fu)) L+ 8af

Nturb = 211/3(1 + 87Tfturb/hn)’ (77)

where k4, 18 the efficiency factor for the conversion of the
vacuum energy into turbulent flows, f4 is the MHD-
turbulence peak frequency, Sy, 1S the spectral shape of the
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GW spectrum h?Q,, Ny iS a normalization factor such
that Sy, (f = fun) = 1, and £, is the value of the Hubble
rate at T, redshifted to today.

D. Phase transitions and GW signals in the plane
of h° and H’

Considering phase transitions that occur only in the
plane (h°, H®), we set a’ to zero. This means that we
suppose that the path taken in the field space during the
phase transition, to tunnel from the false to the true vacuum,
occurs with no excursion only along the a° direction. This
configuration remains different from the 2HDM model,
because a and its associated couplings intervene through
loops via Egs. (46) and (58).

In the following, we consider the type II model in the
alignment limit @ = f — z/2. As already mentioned in the
beginning of this section, the impact of the fermionic sector
in this context is rather modest, and we have checked that
the results are the same in the type I scenario (as well as in
the type X and Y cases, as we neglect the impact of the =
lepton). We perform a random sampling in the following
parameter space:

My, My My €[500,1250] GeV, M, €[10,200] GeV.,

where we have fixed the additional parameter m, to m?, =
1M3;sin(2f3) (M| = My). The resulting points satisfy the
constraint of perturbative unitarity Eq. (16) and stability of
the potential Eq. (18) and allow a moderate mass splitting
between the heavy scalar particles so that it satisfies
constraints from electroweak precision observables.

We then scan this region of the parameter space with the
package COSMOTRANSITIONS [136] and consider only
strong FOPT, that is, with v»,/T, > 1 [137], with v, =

V) g = ()5 + (H) gy = (HO)p ) evaluated
at the nucleation temperature 7', in order to avoid any
ambiguity about the kind of the phase transition [29,30].
Finally, regarding the GW spectrum, we consider that the
bubbles run away and consider v,, = 1 for the velocity of
the bubble wall.

The points that give rise to strong FOPT are shown in a
series of two-dimensional projected spaces. Figure 17
shows these points with the value of the mass of the heavy
scalar particles, color coded by tan . One can see from the
three panels that the largest value is found for M ,, which
reaches the upper limit of 1250 GeV in Eq. (78). As for My
and M-, their values remain below 1 TeV.

In Fig. 18, the same parameters as in the previous figure
are involved, but this time the color code measures the mass
splitting between two of the three heavy scalar states, the

tanfe[0.1,50], sinde[v2/2,1], third one being on the abscissa. In this plot, one more
clearly sees the allowed range of values for the masses. In
1. €[0,4z],  Aip,dop €[, 4n], (78) " the middle panel, one can see that a zero mass splitting
1200 1200 1200
< 1000 1ot <1000 1o? = 1000 1ot
< 800 = Em = Em 800 °
500 100 10 500 AR 10
600 800 1000 1200 600 800 1000 1200 600 800 1000 1200
My [GeV] My [GeV] M, [GeV]
FIG. 17. Points, from the scanned parameter space, giving rise to strong FOPTs that generate a GW signal. Left: M, vs M. Middle:

M = vs M. Right: M= vs M 4. The color code indicates values of tan . Shades of blue characterize points with 0.1 < tan# < 1, and
shades of green characterize points with 1 < tan < 10, while yellow to white shows points with 10 < tanf < 50.

10! 3 10 E 10! >
I
@ 300= @ 300-; @ 3000,
c L < s < T
kS s B 5 s
2007 200 ! 200 |
< T S
o] = s 0 = 0 =
10 100 10 100 10 100
ean 8ol o .
- 0 SRR SRR 0
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My [GeV] M, [GeV] My= [GeV]

FIG. 18. Parameter space with strong FOPTs. Left: tan 8 vs M. Middle: tan 8 vs M 4. Right: tan 8 vs M7;. The color code quantifies
the mass splitting between two of the three heavy scalar states. Only the middle panel presents a zero mass splitting.
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2 A
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1200 800
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800
My [GeV]

1000 1200 1000 1200

FIG. 19. Parameter space with strong FOPTs. Left: 4, vs M. Middle: 1;p vs My. Right: A,p vs M. The color code indicates values

of tan .

between M+ — My is allowed, while it is not the case for
the two other combinations.

For each panel in Fig. 19, we show on the ordinate one of
the quartic couplings associated to the light pseudoscalar.
Similarly to Fig. 17, the color code represents the value
of tan . This color code clearly indicates two regions in
both the middle and right panels. In the middle panel, it
shows that large values of 1,p are found with small values
of tanf and vice versa. On the other hand, in the right
panel, 4,p and tan f§ are positively correlated: When 4,p is
small, tan f8 is small, and vice versa. Regarding the phase-
transition parameters, the left panel in Fig. 22 shows the
usual correlation between £/ H and a: The slower the phase

transition, the stronger it is. The color code represents the
value of tan f.

Let us now investigate the impact of the parameters
related to the light pseudoscalar on the strength of the phase
transition a. Figure 20 shows that the maximal value for the
pseudoscalar self-coupling 4, is smaller than the maximal
value for the portal couplings 4;p or A,p, and it seems easier
to obtain a strong FOPT for smaller 4,, as beyond 4, =5
the plot is less populated. The range of values for both 4,p
and A,p are quite similar. However, contrary to A4,
moderately small negative values of these portal couplings
are allowed to give rise to strong FOPTs. In Fig. 21, one can
see in the left panel that M, does not seem to impact the PT
strength a, while in the right panel, values of sin 8 from the

102 : 102

102

tanp
tanp

10° 10°

10 0 5 10
Azp

FIG. 20. Parameter space with strong FOPTs. Left: a vs 1,. Middle: @ vs 4;p. Right: a vs 1,p. The color code represents the value

of tanf.
1024 T
101.
10!
1094 a
IS c
8
1071,
100
10—2 4
M, [GeV]
FIG. 21.

102.

10
10!

tanf

100

0.75 0.80

sin@

Parameter space with strong FOPTSs. Left: a vs M. Right: a vs sind. The color code indicates the value of tan f3.
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FIG. 22. Parameter space with strong FOPTs. Left: /H, vs a. Right: Peak amplitude of the GW signal as a function of the peak
frequency. Also shown are the sensitivity curves of future detectors LISA, BBO, and DECIGO.

first half of the scanned range are slightly favored for
strong FOPTs.

The right panel in Fig. 22 shows the peak amplitude
of the GW signal as a function of the peak frequency.
The power-law integrated sensitivity curves for the GW
detectors are constructed for an observation time of four
years for LISA (solid line), BBO (dashed line), and
DECIGO (dotted line), and GWs are considered to be
detectable if the signal-to-noise ratio is above 10 [138].
This figure shows points yielding a signal strong enough to
be potentially detected by LISA, BBO, or DECIGO.

1. Comparison with the 2HDM

In this section, we consider the 2HDM limit, which
means M, =sinf = 1, = A;p = Ap =0, to put in evi-
dence the impact of these parameters in the 2HD + a
model. We again consider the parameter space (78), con-
strained by perturbative unitarity and the requirement of a
potential bounded from below. These constraints can be
found in the 2HDM review [8]. In Fig. 23, we can see that
the allowed parameter space is narrower than in Fig. 17.
Moreover, all the three masses My, M,, and My can
produce strong FOPTs also for higher values, i.e., beyond

1200

1000

tanp

800

tanp
My [GeV]

600

1200 1200
1
< 1000 10 <1000
[}
8 e 8
< 800 =& 800
! 10°
600 600
600 800 1000 1200 600 800
My [GeV]
FIG. 23.

code indicates values of tan /.

1000 1200 600 800 1000 1200
My [GeV]

M, [GeV]

Parameter space with strong FOPTs for pure 2HDM. Left: M, vs M. Middle: M+ vs My. Right: My vs M 4. The color

10t

tanp
Mp — My - [GeV]
tanp

10°

My= — My [GeV]
Ms — My [GeV]

600 800 1000 1200 B 600
My [GeV]

800 1000 1200 B 600 800
M, [GeV]

1000 1200
My- [GeV]

FIG. 24. Parameter space with strong FOPTs for pure 2HDM. Left: tan# vs M. Middle: tan 8 vs M. Right: tan # vs M#. The
color code quantifies the mass splitting between two of the three heavy scalar states. Both the left and right panels present a zero

mass splitting.
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Parameter space with strong FOPTs for a pure 2HDM. Left: f/H vs a. Right: Peak amplitude of the GW signal as a function

of the peak frequency. Also shown are the sensitivity curves of future detectors LISA, BBO, and DECIGO. The GW signal seems

correlated with tan , contrary to the 2HD + a case (Fig. 22).

1 TeV. While for the case of strong FOPTs in the 2HD + a
model, we find that only the mass splitting M+ — M can
be zero (Fig. 18), in the 2HDM limit, we find zero splitting
only in M, — My=; see Fig. 24.

The left panel in Fig. 25 shows that, for a fixed value of
pB/H,, the phase-transition strength « increases when tan 8
decreases. As for the GW signal, one can see in the right
panel in Fig. 25 that the population of points is a bit
narrower than in the right panel in Fig. 22. In terms of the
range of values for the GW signal and the frequency, the
2HD + a and 2ZHDM models are quite similar.

All in all, we see that there is a part of the 2HD + a
model parameter space that can be probed by future GW
detectors such as LISA, BBO, or DECIGO and that
considering a singlet pseudoscalar a state in addition to
the usual two Higgs doublets of the 2HDM does, indeed,
make a difference.

VI. CONCLUSIONS

The extension of the minimal Higgs sector of the SM to
include two Higgs doublet fields, leading to four Higgs
bosons A, H, and H* in addition to the already & state
observed, and a relatively light pseudoscalar a boson
with significant mixing with the A state of the 2HDM,
is interesting in many respects. First, when including
a cosmologically stable isosinglet fermion, it allows for
a nice resolution of the dark matter problem while not
conflicting with present data: The correct cosmological
relic density is essentially obtained through DM annihila-
tion into SM fermions via s-channel a boson exchange or
into a final state involving light a bosons, while elastic DM
scattering on the nucleon proceeds through loop diagrams
which make the cross sections rather small and, hence, DM
detection in direct astrophysical experiments more difficult.
Because of its extended particle content, the model has a

very rich phenomenology that can be probed in collider
experiments, in particular, at the LHC.

Nevertheless, the model is still subject to severe con-
straints from both collider and astrophysical data, and the
first objective of the present paper was to perform a
comprehensive study of all the experimental constraints
to which it is subject, in addition to the theoretical ones
from perturbativity, unitarity, and the stability of the
electroweak vacuum. To this end, we have discussed the
impact of the high-precision measurements of the electro-
weak observables performed mostly at the LEP and
Tevatron colliders, the properties of the already observed
SM-like Higgs boson at the LHC, in particular, its
couplings to fermions and gauge bosons and its invisible
decays, and in the flavor sector, with a focus on B-meson
physics and the muon g—2. We have also studied the
bounds that one can set on the parameter space of the model
from the intensive campaign of searches of the heavy Higgs
bosons of the 2HDM and the lighter singlet pseudoscalar a
boson that has been performed at the 13 TeV LHC with the
full dataset, in particular, when they are produced as single
resonances in gluon (and eventually bottom-quark) fusion
and decay into lepton pairs, +z~ or ytu~. We have also
studied the impact of the high sensitivity of direct DM
detection experiments such as XENON, and very recently
LZ, on the mass and couplings of the a boson.

The combined effect of these constraints on the model
turns out to be quite severe. While, indeed, one can explain
recent anomalies, such as the ones affecting the mass My,
and the muon (g —2) , and simultaneously satisfying the
DM requirements, with a judicious choice of some key
parameters or features (such as the mass splitting between
the heavy Higgs bosons in the first case and the mass of the a
boson and the value of tanf in the second one), these
explanations are made rather difficult in some configurations
of the model when other constraints, such as those from
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Higgs searches at the LHC, are also included. The result
strongly depends on the type of configuration which has
been chosen for the 2HDM Higgs couplings to fermions in
order to avoid flavor-changing neutral couplings at tree level.
The most studied case, the so-called type II configu-
ration which also occurs in supersymmetric theories and in
which both the b-quark and charged-lepton Yukawa
couplings are enhanced at high tan # values, is the most
constrained one, in particular, from searches for single
Higgs resonances at the LHC. These searches exclude
much of the parameter space that allow for an explanation
of the measured value of the (g—2),. The type X
configuration, in which only the charged-lepton couplings
are proportional to tanf, is less constrained by these
experiments, but one needs extremely large values of
the latter parameter to comply with the (g —2),, deviation.
The other scenarios, namely, type I and Y, have suppressed
couplings to leptons and are, thus, less severely con-
strained. All configurations, in turn, allow for an explan-
ation of the recent measurement of My, performed by the
CDF experiment, as one simply needs to allow for a
sufficient splitting between the masses of the heavy
2HDM states. Constraints from the signal strengths of
the observed light A particle can be easily evaded by
enforcing the alignment limit in which the state has SM-
like couplings to fermions and gauge bosons, while flavor
constraints can be coped with by having a sufficiently
heavy charged Higgs and pseudoscalar a bosons. All these
constraints still allow for the additional stable fermionic
state to be a good DM candidate, namely, to have the
correct relic density and to evade the strong bounds from
direct detection experiments like XENON and LZ in some
areas of the space of the DM and a boson parameters.
In the last part of this work, we have performed a detailed
study of the cosmic phase transitions in the 2HD + a model
and the corresponding gravitational wave spectrum which
is generated. We have calculated the GW signals for phase
transitions in the plane of two fields 4° and H° and have
shown that they could be observable by near-future experi-
ments such as LISA, BBO, and DECIGO. We have also
discussed the differences between the 2HDM and the
2HD + a, which arises from a modified parametrization
of quartic couplings and corrections to thermal masses due
to couplings with the additional singlet pseudoscalar a®.

The GW signal frequency and amplitude range in the
2HDM and 2HD + a cases are relatively similar, but there
is a larger variation in the signal of the latter model. In some
cases, it could potentially help distinguish between the two
models.

Our calculation accounts for all four 2HDM configura-
tions for the Higgs couplings to fermions. Because the top
and bottom Yukawa couplings dominate over others, we do
not have to consider types X and Y separately, since they
differ from types I and II, respectively, only in the lepton
Yukawa sector. Moreover, also types I and II yield a
practically identical parameter space of phase transition
patterns and GW signals due to the overall small effect of
the fermion contribution in the thermal evolution of the
effective potential.

In view of its rather rich phenomenology and the fact that
it addresses various important issues and anomalies in high-
energy physics and in cosmology, the 2HD + a model is an
interesting candidate for physics beyond the SM and can
serve as a benchmark in the various searches for it at
present-day and future collider and astroparticle physics
experiments. It can be further tested at the present and high-
luminosity runs of the LHC [139], the DM direct detection
experiments like XENONnT [140], and the new and
ultimate one DARWIN [141], as well as in future high-
precision measurements such as the W mass and muon
(g — 2). In addition, it is capable of generating gravitational
wave signals which can be tested in planned experiments
such as LISA [31], BBO [32], and DECIGO [35].

In view of all these features, the 2HD + a model deserves
further attention and studies.
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