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In the context of a two-Higgs doublet model, supplemented by an additional light pseudoscalar Higgs
boson and a stable isosinglet fermion, we consider the possibility of addressing simultaneously the
discrepancy from the standard expectation of the anomalous magnetic moment of the muon recently
measured at Fermilab and the longstanding problem of the dark matter in the universe which can be
accounted for by a thermal weakly interacting massive particle. We show that it is indeed possible, for a
range of masses and couplings of the new light pseudoscalar and the fermionic states, to explain at the

same time the two features while satisfying all other constraints from astroparticle physics and collider
searches, including the constraints from flavor physics.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

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

1. Introduction

A new measurement of the anomalous magnetic moment of the
muon, a, = %(g — 2)y, has been recently released by the Muon
g — 2 collaboration at Fermilab [1] which, when combined with
a previous measurement performed at Brookhaven [2], gives the
value [1]

aff® = (116592061 + 41) x 107", (1)
which implies a 4.20 deviation from the consensus on the Stan-
dard Model (SM) contribution [3-24]

Aay =a" — a3 = (251 +£59) x 1071 (2)

While not yet exceeding the 50 target which is needed to claim
observation, it is very tempting to attribute this discrepancy to a
new phenomenon beyond the ones predicted in the SM, rather to
still unknown theoretical or experimental uncertainties. In such a
case, the new measurement would probably be the first sign of
the so awaited new physics. An explanation of the fact that these
possible effects behind this observation have not been observed in
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direct searches conducted in the high-energy frontier at the CERN
Large Hadron Collider (LHC) [25-27], would be that they are rather
due to the presence of light new species which can significantly
contribute to the (g —2),, observable, but are difficult to detect at
the LHC as they yield events with small transverse momenta. The
new light degrees of freedom could also enter B-meson physics
observables (in which some anomalies have also been observed)
and in, particular, contribute to the semi-leptonic b — sy~ de-
cay rate, which happens to also be related to muons and slightly
deviates from the SM expectation [28].

If all these anomalies are indeed present, it would be theoret-
ically appealing if they are related to the presence of dark matter
(DM) in the universe [29]. This DM could appear in the form of a
colorless and electrically neutral, weakly interacting massive parti-
cle (WIMP) which is stable at cosmological scales [30,31]. Several
attempts have been made in this direction, see e.g. Refs. [32-39]
for a few examples. In Ref. [34] for instance, a systematic classi-
fication of minimal models according to the quantum numbers of
their field content [40] has been made and two specific examples
of scenarios resolving the (g —2), anomaly and with different DM
candidates have been proposed: a mixed SU(2). singlet-doublet
lepton and a real scalar field. In Refs. [36,37], a two Higgs dou-
blet model (2HDM) augmented by an Abelian gauge symmetry and
a vector-like fermion family, that contribute to (g — 2),, has also
been discussed.
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In this note, we propose another solution to the (g — 2),, pos-
sible discrepancy which also fulfills the requirements for a WIMP
DM. It is based on a Higgs sector which is extended to contain two
doublets and a light pseudoscalar field a which can serve as a por-
tal to a DM sector, which minimally consists of an SU(2) isosinglet
fermion. This 2HD+a model' has recently gained a wide interest
as it easily copes with constraints from collider and astroparticle
physics [43-47]. Indeed, one can obtain the correct relic density
for the DM through its efficient annihilation into SM particles via
the s-channel exchange of the a state and, at the same time, evade
the stringent XENON1T direct limits in the spin-independent scat-
tering of the DM over nucleons [48], as the DM would not couple
to the CP-even Higgs bosons. On the other hand, light pseudoscalar
Higgs particles that do not couple strongly to the observed SM-like
Higgs boson, can easily evade the LHC bounds from direct Higgs
searches [26].

Hence, the pseudoscalar particle present in the model can be
rather light and have couplings to isospin-down fermions that are
enhanced; it can be thus exchanged between muons and gives a
contribution to the (g —2), [49-56]. Whether this contribution
is large enough as to explain the excess observed by the Fermi-
lab experiment, while complying with the set of astrophysical and
collider constraints previously mentioned, is the purpose of the
present note. We will show that, indeed, there is a range of the
masses and couplings of the a boson and the DM fermion that are
not excluded by searches at the LHC and elsewhere and by direct
and indirect detection experiments, which lead to the correct DM
relic abundance and explains the (g — 2),, deviation. In addition,
the a state would also contribute to the b— sI™I~ process which
can be observed in B-meson decays; the decay rate would be par-
ticularly enhanced in the case of a light a boson which is emitted
on mass shell.

In the next section, we briefly introduce the 2HD+a model and
summarize the theoretical constraints on it. In section 3, we sum-
marize the various experimental constraints from LHC and other
collider searches, DM experiments and the contributions to the
(g — 2)y. In section 4, we perform a numerical analysis of the
model and delineate the region of parameter space that could ex-
plain all observed phenomena. A short conclusion is given in the
last section.

2. The 2HD+a model

The scenario of a two-Higgs doublet model plus a light pseu-
doscalar state offers the possibility of inducing in a gauge invariant
manner, an interaction between a singlet pseudoscalar a boson
and the SM fermions. One obtains a coupling of the form a)_‘y5f.
via the mixing of a with the pseudoscalar A state of the 2HDM
[43-47]. The following potential has been adopted to describe the
scalar sector of the model [47]:

1 A

V= V(@1 92) + omiyap + Jaf + (iao®] @2 +h.c.)

+ (A1p2®T 1 + Arpd LD 3
1pag®; @1 4 A2pagd, ;7 ), (3)

where V(®q1, ®,) denotes the potential of the two Higgs dou-
blet fields which can be found in Refs. [57,58]. Notice that CP-
conservation in the scalar sector as well as a Z; symmetry, to
forbid tree level FCNCs, have been assumed. Once the electroweak
symmetry is broken, the two doublet fields acquire non-zero ex-
pectation values vq{ and v, where, as usual, the ratio is denoted

1 In fact, this model bears many similarities with a well known benchmark
scenario proposed for the next-to-minimal supersymmetric extension of the SM
(NMSSM) [41]; see Ref. [42] for a comparison.

Physics Letters B 834 (2022) 137436

Table 1
Summary of the possible values, in the alignment limit 8 —o — % of the &5 pa-
rameters describing the couplings of the extra Higgs bosons to the SM fermions.

Type | Type 11 Lepton-specific (X) Flipped
& - ﬁ tan 8 - ﬁ tan 8
g - ﬁ tan 8 tan B - ﬁ

by vi/v2 =tanp with \/v? 4 v2 = v ~ 246 GeV. The scalar sec-
tor of the theory will consist of two CP-even h, H states, with h
conventionally identified with the 125 GeV boson observed at the
LHC, two charged H* bosons and two CP-odd states. The latter
are a mixture of the original singlet and 2HDM states ap and Ag
obtained from the field rotation

(A> =( cos 9) (AO) with tan20 = 2V
a —siné cosé ap 1\/1/2q — M?
(4)

In the physical mass basis, the scalar sector of the theory is
fully described by the following set of parameters: the physical
masses of the five Higgs bosons, M, My, My=, My, My, three
parameters of the scalar potential, namely Aqp, A2p and A3 (con-
tained in the 2HDM potential), and finally, the mixing angles en-
tering the quantities sin6, tan8 and cos(8 — ) with o being the
mixing angle among the 2HDM CP-even neutral bosons. It is pos-
sible to eliminate the last parameter by imposing the alignment
limit, 8 — o = /2, which sets the values of the coupling of the
lighter h state to fermions and gauge bosons to its corresponding
SM values, as favored by the constraints on the 125 GeV Higgs bo-
son properties measurements [25]. In addition, to cope with con-
straints from high-precision electroweak measurements performed
at LEP and elsewhere [59], and in particular to forbid large contri-
butions to the p parameter (see however Ref. [60], in view of the
recent CDF My measurement [61]), we will assume mass degen-
eracy for the heavier H, A, H* states, My = M = My= [62].

The couplings of the physical neutral Higgs bosons to the SM
fermions play a crucial role in our context. In the flavor conserv-
ing case (for a discussion of the lepton violating case, see e.g.
Ref. [63]), they are described by the following Lagrangian

Lywe=Y_(mg/V)gnishf f + gusrHF f —igasrAfys f
f

—igesrafysal, (5)

where, according to the adopted alignment limit ¢ =8—m /2, one
should set the h couplings to their SM values, gnsr =1. For the
other Higgs couplings, in order to avoid the appearance of flavor-
changing neutral currents at tree-level, one assumes the following
structure for them (the couplings of the charged Higgs bosons to
isospin i% fermions follow that of the H state)

gHff =&f, gaff =C0sO &5, gqpf = —sinb &y, (6)

with the parameters &; having four sets of possible assignments,
corresponding to four “types” of 2HDM [57] and that are summa-
rized in Table 1.

Among these assignments, only the Type-Il and the lepton-
specific (also customarily dubbed Type-X) scenarios are of interest
for our study, as they feature enhanced couplings of the additional
Higgs bosons to the SM charged leptons for large values of tan .

The trilinear interactions between the Higgs states will also
have an important impact. In the alignment limit, the pseudoscalar
states couple only to the SM-like h boson and an important inter-
action is the one among the haa states described by the coupling
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1
Mg = —— [(M,% +2M2 —2M2 — 233 vz) sin? 6
Mh 1%

—2<Ap1 coszﬂ—f—kpz sin? /3) v cos? 9]. (7)

There are strong theoretical constraints on the model, in partic-
ular conditions on the quartic Higgs couplings in order to have a
scalar potential that is bounded from below [64] (similar to the
case of a general 2HDM) as well as requirements from pertur-
bative unitarity on the scattering amplitudes of Higgs into gauge
boson processes [44]. These constraints have been discussed in
e.g. Ref. [42] and we include them in our analysis. In the limit
Mz > M, and for a maximal mixing sin26 ~ 1, these induce an
upper bound on My of about 1.4 TeV which can, however, be
weakened by lowering the value of sin26.

Let us finally introduce and discuss the DM candidate, which
will be assumed to be a Dirac fermion (no substantial change of
the results is expected in the case of a Majorana fermion) which
is isosinglet under the SM gauge group. Because it is not charged
under SU(2)., the DM state has no couplings to gauge bosons and
by virtue of the Z; symmetry that is introduced in order to make
it stable, it couples to Higgs bosons only in pairs. Starting from an
initial coupling with the ag state, and after electroweak symmetry
breaking, the DM will interact with the two pseudoscalar bosons
according to the following Lagrangian

Lpm = gx (cosfa+sinbA) xiysx . (8)

There are no couplings of the DM fermion to the CP-even Higgs
bosons at tree-level and this will have important consequences as
we will see in the next section.

3. Implications for collider and astroparticle physics
3.1. Collider constraints and effects in flavor physics

Scenarios like the one under consideration here are, first of all,
constrained by high-precision electroweak as well as SM-like Higgs
measurements [59,62]. The electroweak constraints can be evaded
if all the heavier Higgs states are assumed to be degenerate in
mass, i.e. My >~ Ma >~ My+ = M [65]. The assumption of the align-
ment limit guarantees, instead, that the lighter h boson is SM-like.
As we are interested in situations in which the couplings to isospin
—% muons are enhanced, only the two 2HDMs of Type Il and Type
X (lepton-specific) with large values of tan B, say tang 2 10, will
be interesting for our analysis.

For what concerns collider constraints, we have first of all the
ones coming from searches of the H, A, H* bosons at the LHC. In
this regard, the Type-Il and Type-X scenarios differ significantly.
In the former case, because of the tan 8 enhancement of the cou-
plings of the neutral Higgs bosons with both down-type quarks
and leptons, sizable signals from pp — A/H — Tt production pro-
cesses are potentially expected. LHC searches of this signature, see
e.g. Ref. [66] for the latest results, have been used to set upper
bounds on the value of tang as function of My =Mp in MSSM
scenarios such as the hMSSM [67,68] or M} [69]. Similar limits
could be also adapted to the Type-II 2HD+a model.

There are some notable differences with the previous SUSY
scenarios, though. First of all the production cross section of the
heavy pseudoscalar A is suppressed, compared to the hMSSM, by
a factor cos®6. As will be seen below, high values of the mixing
angles will be considered for our study, hence corresponding to
a sizable reduction of the cross section. Furthermore, the decay
branching fractions into t lepton pairs of both H and A bosons
are reduced because of the presence of additional decay chan-
nels, namely H — aa, H — aZ and A — ha. For our numerical
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study, illustrated in the next subsection, we have recast for the
Type-II 2HD+a model, the limits given in Ref. [66] for the hMSSM.
Charged Higgs bosons are also actively searched, see e.g. Ref. [70]
for a recent account, and exclusion bounds can be imposed on the
[M, tan B8] parameter plane as well. These constraints tend to affect
the very low and very high tan g regions, but in the latter case,
searches for the neutral H/A states provide stronger constraints.
For our numerical analysis, we will consider the specific parameter
values tanB <30 and M > 1TeV, for which all these constraints
are evaded.

It was pointed out very recently [71] that LHC can also con-
strain the mass M, of the pseudoscalar a via searches of light
resonances decaying into muon pairs. We thus include this con-
straint, adopting the most recent limits given by the CMS [72] and
LHCb [73] collaborations. More specifically, for M, < 10GeV, we
have reexpressed the constraint from LHCb in the (Mg, sin6) vari-
ables (the strongest in this mass range) originally formulated for
the flipped configuration with tan 8 = 0.5. For larger masses, M, =
10GeV, we have computed the rate o (pp — a) x BR(@ — utu™)
using the programs HIGLU [74] and HDECAY [75,76] and compared
the result with the corresponding CMS limit [72].

In addition, the Type-Il 2HDM+a possesses peculiar signatures
such as mono-h or mono-Z [65,77] final states as well as associ-
ated production of the light pseudoscalar state with top or bottom
quark pairs [78]. These processes are mostly relevant in the regime
Mg > 2m, which does not occur for the benchmarks which will be
presented in our numerical analysis.

None of the previously discussed constraints will apply to the
lepton specific configuration, since the couplings of the Higgs
states to quarks are suppressed for high tan 8 values. Potentially
detectable signals could be nevertheless obtained by looking at
the production of the H/A/H® states, which in this case could be
light and still comply with the (g —2), and the lepton universality
constraints. The production occurs through purely electroweak pro-
cesses such as pp - H*A, HH* HA and H*HT, that could pos-
sibly lead to identifiable signatures such as 3t + E1 miss, 47, 47 +
W=, 47 + Z etc. The cross section associated to these signatures
is potentially within the reach of the LHC for not too heavy Higgs
states. Otherwise, for say M Z 300 GeV, a large data sample such
as the one expected at HL-LHC would be required, see for instance
Ref. [79]. Nevertheless, dedicated Monte-Carlo analyses would be
required for a more precise assessment of the possible exclusion
bounds.

In contrast, and until recently (see below), there are less severe
bounds on the mass and couplings of the pseudoscalar a and it
can be as light as a few GeV and, hence, could explain the g — 2
anomaly. Searches for a light state with a mass Mq <M, have been
performed in associated a production with bb and T~ pairs in
Z decays at LEP1 [80]. These constrain the abb and at*7~ cou-
plings to be extremely tiny and smaller than those of the SM-like
h boson since Z — bbh as well as Z — ht Tt~ topologies with a
light h have been unsuccessfully searched for [81]. Also at LEP1,
couplings of the a state with gauge bosons through loops of new
particles should be severely constrained by searches of the exotic
Z — ay decay [81]. Additional limits on the Zha coupling come
from searches in ete~ — ha production at LEP2.

The most severe bound on a light a comes from searches in
the h — aa and h — Za processes [44,46,82] which have been ex-
tensively studied. In particular, the decay h — aa for M, < %Mh
is rather constraining as, for a not too small values of the Apgq
coupling in eq. (7), it can have a significant rate, which is given
by [43,58]

Ahaal*M
I'(h— aa) = %,/1 — 4M2/M?. (9)
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This process has been actively searched for by the ATLAS and CMS
collaborations through various topologies, 2b2u, 2b2t, 4b, jjyy,
212t and 4rt. Besides, one can apply the general constraint on
the invisible width of the SM-like Higgs boson, BR(h— inv) <0.11
[83], to account for this decay and in this work, we will consider
the latter more conservative approach.

To evade this bound, one needs a rather small value of the cou-
pling Apgq, namely < O(10~3). Such a suppression can be obtained
by ad hoc assignments of the parameters sin#, A1p and A,p, that
lead to a cancellation among some contributions in eq. (7). In other
words a “blind spot” should occur for the haa coupling. (Note that
a similar result could be also obtained in a pure 2HDM; deviation
from the alignment limit would be required though [84].) This is
the approach that we adopt in our analysis in order to circumvent
this constraint.

It is worthwhile asking whether radiative corrections can gen-
erate a significant Apqq coupling, despite its fine-tuned suppres-
sion at tree-level.? To our knowledge, no detailed computation has
been performed for this specific model, contrary to the case of the
MSSM for instance; see Ref. [85]. To have an estimate of the correc-
tions to the haa coupling that could be large in our case, namely
those due to top and bottom quarks at one-loop, we have sub-
stituted into the appropriate MSSM expressions given in Ref. [85],
the masses and couplings of the 2HD+a model determined via the
Feynrules package [86]. In terms of the Passarino-Veltman loop
functions Bg and Cp [87], computed using the Package-X [88], we
obtain for the relevant triangle diagrams involving the third gener-
ation heavy fermions:

1-loop 1 sin6
haa 16772 V3Mh

3 NGeimd [230 (M,%, m2, m})

f=t,bt
+(Mg_zmg)co(Mﬁ,Mg,Mg,mZ;,m;,m;)], (10)

where we have regulated the divergent piece of the contribution
(that appears in the two-point function Bp) in the MS scheme by
subtracting the pole which, in a full calculation, should be canceled
by the corresponding one of the counterterm of the bare Apq, cou-
pling.

Given the dependence on the fourth power of the mass of the
fermion running in the loop, eq. (10) is essentially determined by
the contribution from the top quark and, for high tanp values,
from the b-quark and t-lepton. An evaluation of eq. (10) con-
sidering the ranges 10GeV < My < 20GeV, 0.5 < sinf < 0.7 and
30 < tan B < 50, relevant for the g — 2 (see below), we obtain a
variation in the range )\}m_alool) =103 —10* in the Type-Il 2HD+a
case. This leads to a branching ratio for the h — aa decay that is
well below the requested limit.

Let us finally turn to constraints from flavor physics. Such a
light particle could affect a broad variety of low energy processes,
in particular if it has enhanced couplings to the isospin down-type
fermions. For instance, the emission of a light a modifies the decay
rates of B and K mesons [89] in Type Il models. For the region
of interest in the light of the g — 2 anomaly, the most relevant

2 In fact, since we are not specifying the region of parameter space in which
it should occur, one could ask for a very small or vanishing h— aa decay rate at
the renormalized level, i.e. when including radiative corrections. We will neverthe-
less attempt in the following to estimate the size of the one-loop corrections from
the diagrams which are relevant to our discussion here, namely, large bottom-quark
Yukawa couplings that occur at high tan 8. The full calculation, including also the
diagrams involving the trilinear and quadrilinear scalar couplings (which should be
small if one assumes small couplings and large 2HDM Higgs masses as it is as-
sumed here) is beyond the scope of this letter and will be given in a forthcoming
publication.
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Fig. 1. Generic Feynman diagrams responsible for the loop induced scattering of the
DM state on quarks in the two Higgs doublet plus a light pseudoscalar model.

processes are the decays Y — ay, Bs — utu~ and B— Ku*tu™.
The experimental bounds on these processes have been translated
into constraints for the 2HD+a scenario in Ref. [90] and will be
adopted as well for the present study.

In particular, the B; — ut ™ decay should receive potentially
large contributions from the a state if it is light and has large
couplings b-quarks and muons. In the case of the lepton spe-
cific configuration, comparatively strong bounds as in the Type-II
case can be derived by considering the searches of light leptophilic
bosons recently performed by the BaBar collaboration [91]. A fur-
ther strong constraint comes from violation of lepton universality
in the decays of the Z boson and the t lepton. We have adapted
to the present 2HD+a model, all the constraints determined for the
2HDM in Refs. [84,92]. We finally mention the lower bound from
the decay b — sy on the H* mass (and hence also on M4 and
Mpy) for the Type-Il model, My+ > 570GeV [93].

3.2. Dark matter constraints and requirements

The 2HD+light a model, as a gauge invariant embedding of a
pseudoscalar portal for a SM singlet DM, presents remarkable dif-
ferences with respect to the other scenarios of fermionic DM con-
nected to the Higgs sector. First, the absence of a coupling between
the DM and the CP-even 2HDM states forbids spin-independent
interactions for the DM at tree level. These interactions are cru-
cial for direct detection and arise only at the one-loop level. Some
Feynman diagrams which contribute to the elastic scattering of the
DM with nucleons at this level are shown in Fig. 1. For simplicity,
we have depicted only the contribution with a boson exchange but
all possible combinations of exchanges of the a, A states should be
included, although the contributions with A exchange will be far
smaller.

To compute the scattering cross section of the DM over pro-
tons, which is needed to be compared with the experimental
bounds, we relied on the most recent computations performed in
Refs. [94,95] (see also Ref. [90,96] for earlier estimates). The elas-
tic DM cross section determined in this way, has been compared
with the most stringent experimental constraints as given by the
XENONI1T experiment [48].

For what concerns the DM cosmological relic density, we will
assume the conventional freeze-out paradigm in which the experi-
mentally favored value h% ~0.12 [29] is achieved via the appro-
priate annihilation of the DM states into SM particles. Throughout
the present work, we will assume a relatively light DM particle,
with a mass m, < m; < M. Under such a hypothesis, the DM relic
density will be mostly accounted for by annihilation into t+z~
and bb final states for Type II 2HDMs and only 77~ in the
lepton-specific or Type X model. The channels with ha, Za and
aa final states should also be included in the annihilation sub-
processes when they are kinematically accessible. Approximate ex-
pressions of the rates of these annihilation channels can be found,
for example, in Ref. [42].

Given the fact that the DM annihilation rate into SM fermion
final states is s-wave dominated, the model is also sensitive to con-
straints from DM indirect detection. We have thus included in our
study the limits imposed by searches of y-ray continuous lines
as determined by the FERMI-LAT collaboration [97,98] and trans-
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Fig. 2. Generic Feynman diagrams responsible for the one-loop (left) and two-loop
(right) contributions of a neutral pseudoscalar Higgs boson to the (g —2),.

lated them into upper limits on the annihilation cross sections into
T+t~ and bb final states.

3.3. Contributions to the g-2

Generic neutral Higgs bosons & contribute to the muon g—2
first at the one-loop level when they are exchanged between the
two muon legs® in the yutu~ vertex, Fig. 2 (left). They give
rise to contributions that are proportional to m},/Mg x g5,
where one power of m, comes from the definition, one from
the kinematics and two powers come from the Yukawa couplings.
When the latter are enhanced, g, > 1, the impact can be size-
able but only if the mass of the exchanged Higgs state is not
too large, My < 100 GeV. In view of the severe bounds on the
2HDM Higgs particles from direct and indirect collider searches
[62], the only state that can generate a significant contribution
is the pseudoscalar a boson. This occurs when it has i) a mass
below the 10 GeV range, ii) enhanced Yukawa couplings, mean-
ing fermionic couplings of Type II and X with large tang val-
ues, and iii) a significant mixing with the A boson, sin6 = O(1).
In the limit My > m,, one obtains at one-loop [49] (see also
Ref. [50])

4 2
1-oop o my, 2 |: (Ma ) 11 :|
sl 1o ~ log(~2) - —|. (11
8 s sin oy 12,02 S |8z ) 5 ] U

Hence, in absolute value, one can indeed generate an adequate
contribution to |ay| for a masses below a few 10 GeV and tan g
values above 20. However, because the logarithm is large and pos-
itive, the one-loop contribution of the a state is in fact always
negative and thus, cannot explain the (positive) excess observed
by the Fermilab experiment, eq. (2).

Nevertheless, there are also possible contributions to éa,, which
come from some particular Barr-Zee type diagrams [99] occurring
at the two-loop level [51-53] and which can be important. Indeed,
as shown in the right-hand diagram of Fig. 2, one can generate a
heavy fermion loop, f =t,b, T, that couple to the primary pho-
ton, in which a Higgs and a photon can be emitted before ending
with the final muon lines.* Although suppressed by two powers of
the electroweak coupling, the contribution is enhanced by a fac-
tor m?/mfl relative to the one-loop diagram. The a contribution

at this level, in terms of the coupling g4, color number N{ and
electric charge Qy of the loop fermion f with mass my, reads
[51-53]

3 For charged Higgs bosons, there is an additional one-loop diagram in which the
photon couples to the charged Higgses and a v, neutrino is exchanged between the
two muons.

4 There is also the possibility of exchanging a Z boson instead of the internal
photon but the corresponding contribution is two orders of magnitude smaller and
can be thus ignored.
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2 2 m2  /m>
2-loop o my f f ( f>
da = N — F| —= ),
. 8m2sin 6y My, Baun ;gaff ¢ Qs M2\ M2
(12)
with the function F defined by
1
log(r) — log[x(1 — x
F(r):/dx g(r) glx( )]’ (13)
r—x(1-—r)

0

This contribution turns out be larger than the one-loop contri-
bution and with the correct positive sign that allows to explain the
discrepancy of the measurement from the standard value. Again,
this occurs for a masses of a few GeV and moderately large tan 8
values which make that only closed loops of the bottom quark and
the tau lepton, which also have couplings gqff octanp in Type I
and Type X scenarios, generate substantial contributions.

4. Numerical analysis

We are now ready to present our numerical analysis, taking
into account all the ingredients that were presented in the previ-
ous sections. They are summarized in Fig. 3 to Fig. 5. The first and
last figures show the summary of the constraints in the [M, tan 8]
plane for two benchmark scenarios in, respectively, the Type-II and
Type X (lepton specific) configurations for the Higgs-fermion cou-
plings. In each figure, we have considered two values of the DM
mass, namely m, =60 GeV and my, =150 GeV, and the values
of the coupling g, and of sinf were chosen in such a way that
the correct DM relic density and a viable fit of (g — 2),, could
be simultaneously achieved. In all cases we have taken sin6 = 0.5,
while the 2HDM H, A and H¥ states are assumed to have a com-
mon mass of M = 1TeV in Type Il and M = 300GeV in Type X
scenarios. The DM constraints, namely from direct detection from
XENONIT and indirect detection from FERMI, as well as flavor con-
straints have also been included.

As it should be evident from the figures, in Type-II and Type
X scenarios, there is indeed an overlap between the regions cor-
responding to the correct relic density for the DM state (in dark
gray in each panel) and the regions reproducing the (g — 2),
anomaly within 1o (green bands) and 20 (yellow bands). How-
ever, these regions differ as for the considered ranges of tan g8 val-
ues. In the former case, because of the tan 8 enhancement of the
Yukawa coupling of the bottom quarks, we had to impose the limit
tan 8 < 60 from the requirement of a perturbative coupling. Such a
constraint is not present in the lepton-specific Type X model and,
hence, higher values of tang can be allowed. This feature influ-
ences strongly the allowed regions favored by the (g —2), value
which, indeed, tends to favor the lepton-specific scenario. In all
cases, we need a sizable value of the mixing angle 6, in other
words require a significant doublet-like component for the pseu-
doscalar a boson.

Besides this aspect, the Type-II and Type X models differ from
the set of complementary constraints which are applied, besides
the ones from the (g — 2),, and the relic density Qh2. Indeed,
in the former case with enhanced gu, couplings, one observes
that the mass range My < 5GeV is almost entirely excluded by the
bounds from B — Kup and T — ya decays (we have labeled the
ensemble of the two bounds - depicted by the hatched areas in red
- as “LHCb” in the plots). Fig. 3 also shows in hatched red, the re-
gions in which the rate of B — u™ ™ exceeds the experimental
determination [28] by more than 2o.

For the DM constraints, the regions of parameter space ex-
cluded by direct and indirect detection experiments are shown,
respectively, as hatched areas in blue and cyan. Note that indi-
rect detection bounds appear only for m, = 60GeV since current
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Fig. 3. The summary of constraints, in the [Mg, tan 8] plane for the Type-Il 2HDM+a state for two choices of the (my, gy ,sinf) parameter set, reported on top the corre-
sponding panels. In each plot, the colored black bands correspond to the correct DM relic density, the green (yellow) band corresponds to a viable fit of the (g —2),, anomaly
within 1 (2)o. The red regions correspond to a rate for the Bs — ut ™ process exceeding the experimental determination. The blue and hatched regions correspond to the
exclusion from direct DM searches by XENON1T and indirect DM searches from FERMI-LAT, while the orange region is excluded by constraints from low energy processes. Fi-
nally, the purple and magenta hatched regions are excluded, respectively by LHC searches of H/A bosons decaying into 77 and a bosons decaying into w/i. For definiteness

we have set the 2HDM mass scale M to 1 TeV.

experiments have not yet reached enough sensitivity to probe the
freeze-out paradigm for high DM masses.

Most important, the Type-II scenario is potentially subject to
strong LHC constraints. First of all one has to consider searches
of resonances decaying into t pairs which exclude the region
highlighted in hatched purple. As can be seen, one has the up-
per bound tan 8 < 28, weaker than the corresponding limit in the
hMSSM, namely tan 8 < 10, but still excluding most of the region
fitting the (g—2),, anomaly, except for a small portion of the 2o
region.

Nevertheless, as pointed out recently [71], an even stronger
bound comes from searches of light resonances produced in gluon
or b-quark fusion and decaying into w* ™ [72,73]. This bound is
particularly effective in the Type-II model since all the couplings
involved in a production and decay are tan enhanced. The ex-
cluded region is shown in hatched magenta in Fig. 3 and, as it can
be seen, it contains the whole region fitting the (g — 2),, anomaly
with the exception of a tiny strip around My >~ 10GeV.

To be more explicit, Fig. 4 shows the evolution of the LHC
bounds with the model parameters. The left panel shows in ma-
genta (purple) the excluded region by searches of the pp —
H/A — t71~ process in the [M,tang] for sinf = 0.5(0.7). The
regions enclosed between the magenta/purple dashed lines cor-
respond to a viable fit, i.e. within 20, of the (g — 2),, anomaly.
For sake of comparison, we also show the excluded region in the
case of the hMSSM. Nevertheless, the tension between the LHC
bounds from searches of heavy resonances and the (g—2), ex-
cess interpretation can be relaxed by increasing the value of M.
Indeed, while the extension in the [Mg, tan 8] plane of the region
accounting for the (g—2), excess is affected very little for higher
M, the LHC constraint is progressively relaxed. For instance, we
find that the upper bound on tan8 moves to tang < 35(48) for
M=12(1.4)TeV.

Very different is the situation in the case of light resonance
searches. The right panel of Fig. 4 shows the excluded region in
the [Mg, sin€] plane for tan8 =40 and M = 1.2TeV. This region
is compared with the 10 (207) (g — 2),, band shown in green

(yellow). In agreement with the findings shown in Fig. 3, the
limit from pp — a — T~ searches strongly disfavor the Type
Il 2HD+a as an interpretation of the g — 2 anomaly. The model is
however not definitely ruled-out as there is still a small range of
M, values evading the constraint.

Moving to the case of the lepton specific 2HD+a case, for which
the constraints are shown in Fig. 5, we notice again that the region
My < 5GeV is excluded by searches of new light states. A compar-
atively stronger bound, with respect to the Type-II scenario, comes
from Bs — ptu~. This is due to the choice M = 300GeV which
implies a sizable contribution to the rate of this process also from
Higgs bosons other than a. The choice of this low mass scale is
needed to comply with bounds from violation of lepton univer-
sality in Z and 7t decays which are severe. A stronger hierarchy
between M, and M would have completely ruled out the region
corresponding to the fit of the (g — 2),, measurement; see also
Ref. [92].

No exclusion from direct detection experiments appears. This
is due to the fact that the 1/tanS dependence of the a/A cou-
plings to quarks causes a suppression of the contribution from
the box diagram in Fig. 1, while the contribution of the triangle
diagram, usually dominated by the exchange of the light pseu-
doscalar a state, is suppressed by the requirement Apg, >~ 0 to
avoid a too large rate for the exotic decay of the SM-like Higgs
boson into a pairs. As can be seen, the region accounting for the
(g — 2),, excess is tightly constrained. Nevertheless, a combined
fit of (g —2), and the correct relic density is still possible in the
Mg >~ 10—-20GeV range, for the DM mass value m, = 150GeV. The
lighter DM benchmark is, instead, again disfavored by DM indirect
detection as shown in the left panel of Fig. 5.

As already mentioned before, the 2HD+a Type-X benchmarks
that we illustrate in Fig. 5 easily evade the LHC bounds that are
severe in the Type II scenario. To further strengthen this point, we
confront in Fig. 6 the theoretical expectations for the cross-sections
of heavy A production in the process pp — A — t7 17~ and light a
production in the process pp — a — ™~ as functions of the rel-
evant Higgs mass and for the values tan 8 = 20, 50, 80. The cross-
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Fig. 5. The same as in Fig. 3 but for the lepton-specific Type X 2HD+a scenario with a 2HDM mass scale set to M =300 GeV. Here, we have included bounds from Z-boson
and 7-lepton decays which exclude the regions above the dot-dashed gray and magenta lines.

sections at the /s = 13 TeV LHC, which have been determined
using the SusHi package [100] as in the previously discussed case,
are confronted to the exclusion experimental bounds (represented
as black solid lines) that were derived in, respectively, Ref. [66]
and Ref. [72]. As can be seen, the LHC constraints are thus not a
problem in the Type-X case.

5. Conclusions

In this note, we have studied a beyond the SM scenario in
which the Higgs sector is enlarged to contain two doublets of
scalar fields as well as an additional pseudoscalar Higgs boson,
while the matter sector is extended by an additional electroweak
isosinglet fermion which is made stable by imposing a discrete

symmetry. The singlet pseudoscalar state should be rather light
and substantially mix with the heavier one of the 2HDM. One can
arrange that it has strongly enhanced Yukawa couplings to isospin
down-type fermions such as the muons (and eventually bottom
quarks) in the Type Il and Type X 2HDM scenarios, by choosing
the ratio of vacuum expectation values of the two doublet fields to
be rather large, tang > 1.

Such a scenario also copes with constraints from flavor physics
and, for instance, provides the correct rate for the decay Bs —
ut ™. Cosmological and astrophysical requirements on the addi-
tional DM fermion, namely that it leads to the correct cosmological
DM abundance and evades the limits from direct and indirect DM
detection, can be also fulfilled. Finally, we have shown that for
masses and couplings that are allowed by the previous constraints
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Fig. 6. Left: the theoretical predictions for the cross section of the process pp — A — 777, at the LHC as a function of M, for three values of tan 8, namely 20 (dashed
red), 50 (dashed blue) and 80 (dashed green) and with the assignments of the other relevant parameters as reported on top of the panel; the black line represents the
experimental limit. Right: the theoretical prediction for the cross-section of the process pp — a — u*u~ as function of My; the color code is the same as in the left panel.
The black curve representing the experimental sensitivity stops at around 75 GeV since the search presented in [72] is not sensitive in the 75-110 GeV mass range.

and requirements, one can arrange such that the pseudoscalar a
state contributes to the muon (g — 2) and explains the 4.20 de-
viation of the value recently measured at Fermilab from the one
expected in the SM. Nevertheless, one of the two considered sce-
narios, namely Type I, is challenged by LHC searches of resonances
decaying into lepton pairs, if not totally excluded. A definite assess-
ment of the area of parameter space in which this model might be
still viable requires a dedicated analysis (which includes some of
the experimental aspects) and is postponed to a future publication.
The Type X scenario is not affected by this constraint.

In any case, if the anomaly in the measurement of the (g —2),
persists and is magnified by future more precise measurements,
the 2HD+a scenario could be one of the most interesting viable
solutions to resolve the discrepancy as it would also address the
DM issue which is very important in particle physics and cosmol-
ogy. In this case, more dedicated searches for such additional Higgs
and DM states should be made and these would benefit from the
next run and high-luminosity option of the LHC and the increase
in sensitivity of various astroparticle experiments that are planed
in the near future.
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