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Two Higgs doublet models (2HDMs) are attractive scenarios for physics beyond the Standard
Model. In particular, lepton-specific manifestations remain contenders to explain the observed
discrepancy between the anomalous magnetic moment of the muon a,, predicted within the Standard
Model and recent observations at Fermilab and BNL. Dominant uncertainties that affect a, have
motivated the MUonE experiment to access the hadronic vacuum polarization contribution that

impacts a, via elastic muon-electron scattering. In this work, we contrast the high precision that is

u
achievable within the MUonE context with constraints from flavor physics, precision electroweak
constraints and LHC searches as well as their extrapolations for a range of two Higgs doublet models
with a softly broken Z, symmetry. We find that the sensitivity of MUonE does not extend beyond the
parameter regions that are already excluded by other constraints. MUonE will therefore provide a
detailed measurement of the hadronic vacuum polarization contribution which then transparently
informs a,, interpretations in 2HDMs without modifications of correlations from beyond the Standard
Model interactions. In passing we extend earlier results of LHC and flavor projections to lepton-
specific 2HDM (Types X and Y) scenarios, and comment on the possibility of modifying the value of
the W-boson mass; we briefly discuss the implications for a strong first-order electroweak phase

2]l

transition for these models.

DOI: 10.1103/PhysRevD.106.115031

I. INTRODUCTION

Searches for new physics at the current high energy
collider frontier of the Large Hadron Collider (LHC) have
not revealed any significant sign of new interactions
beyond the Standard Model (BSM). This stands in contrast
to some tension in precision analyses in flavor physics,
see, e.g., Refs. [1,2] as well as recent measurements of the
muon anomalous magnetic moment a, at Fermilab [3].
This measurement confirmed the earlier tension observed
at BNL [4] from the standard model (SM) expectation [5].
Sources of uncertainty that affect the SM prediction have
given further motivation to constraining the hadronic
polarization contribution to Aa"™! as there exists significant

"
deviation between some lattice QCD predictions [6-8]
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and analyticity driven techniques based on the R
ratio [9], which rely on [10] and [I11-15] respectively.
The connection of Aaj* to the electroweak fit has been
studied in [16-19].

The MUonE experiment [20,21] proposed at CERN aims
to achieve a measurement of Aaf* with a statistical
uncertainty of around 0.3% through a precision measure-
ment of u — e scattering of a 150 GeV muon beam off
atomic electrons, collecting ~3.7 x 1012 scattering events
resulting from a (leading order) cross section of around
250 ub. Such scattering at relatively low center-of-mass
energy implies a small ¢ channel momentum exchange
compared to the Z boson threshold thus enabling the direct
measurement of Aaf™® (see also [9,22]). The expected
experimental precision is reflected by the continued effort
to reduce the theoretical uncertainty of the SM prediction of
u — e scattering [23—-28]; in parallel such precise measure-
ments have implications for the BSM physics as well, both
in relation to a, [29] and beyond [30-32]. Modifications
due to new electroweak states could be constrainable at the
MUonE environment, in particular when they appear at
relatively low masses away from the decoupling limit,
where they might be difficult to observe at hadron colliders
due to overwhelming QCD backgrounds.

Published by the American Physical Society
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Particularly interesting in this context is the two
Higgs doublet model, which continues to have appealing
phenomenological properties with regards to the UV com-
pletion of the SM [33-45]. For Z, symmetry assignments of
the two Higgs doublet models (2HDMs) that avoid tree-level
neutral current flavor violation [46], we will show that there
are parameter regions that can explain the a,, anomaly whilst
avoiding large electron positron (LEP), LHC and flavor
constraints (see also [42,44,47]).

Any significant sensitivity to new physics beyond the
hadronic vacuum polarization will require due caution
when MUonE results are interpreted along the latter
lines. The question of the extent to which a precision
experiment like MUonE can provide additional sensi-
tivity via modified electroweak corrections is therefore
relevant and timely. This is the focus of this work: we
include the MUonE sensitivity estimate from next-to-
leading order electroweak corrections arising in 2HDMs
to a global analysis of LHC, LEP, electroweak precision
and flavor physics data. We particularly focus on the
relevance of lepton-specific Z, charge assignments that
one would naively expect to lead to tensions between
MUonE measurements and those from flavor and col-
lider experiments.

In addition, very recently, the Collider Detector at
Fermilab (CDF) collaboration reported a new measurement
of the W-boson mass my, [48] which finds an excess of
~70 MeV (70) above the Standard Model fit [49]. If such a
deviation from the Standard Model is confirmed, this can
open the door for a plethora of New Physics (NP) models
which could explain this anomaly. Previously [50] it was
expected that any 2HDM would only ever have much
smaller corrections to my, than the deviation found in [48],
however revived analyses of flavor conserving 2HDMs
with a softly broken Z, symmetry claim larger contribu-
tions can arise, which could bridge this gap [S1-61]. It is
therefore worthwhile to comment, in passing, on the
corrections to the W-boson mass within the 2HDM using
the context of our fits from other sectors to inform the
parameter regions used, resulting in ranges of values which
my could take from a particular 2HDM realization. These
ranges can then be compared to future updates of the
measurement of my, from any experiment. Furthermore, we
correlate these ranges with the corrections to a, in the
2HDM, where we assume the Theory Initiative’s SM
prediction [5], and find 2HDM parameters which can
resolve either or both of these tensions with experiments.
The potential for lepton-specific 2HDMs to resolve the a,
anomaly have been explored in, e.g., [62,63].

This work is organized as follows: Section II provides a
brief overview of the models studied in this work to make
this paper self consistent. Section III gives a summary of
these scenarios in the phenomenological context of
MUonE. Section IV is devoted to results. We summarize
and conclude in Sec. V.

TABLE 1. The four Types of 2HDM that avoid tree-level

FCNC. By convention the up-type quarks couple to ©,.

Model I I X Y

Ug D, D, D, 0,

dg D, D, D, D,

€R ) @, D, )
II. MODELS

The 2HDM invokes a pair of distinct complex SU; (2)
doublets, @, ;, where the SM has only a single doublet that
serves to give mass terms to both the up- and down-type
quarks. The vacuum expectation values (VEVs) of these
doublets are nonzero and satisfy v} + v3 = v* for the
SM VEV v =246 GeV. The general potential for the
2HDM with a softly broken Z, symmetry is, in the notation
of [64,65],

V(®,®,) =m} @ D) +m3, D, —m3, (O] D, + D)D)
M,y A _ .
+§1 (P]D,)> +32(<p£q)2)2 +23(®] D) (O] D,)

14010 (@30) + 2 [(@]0,) 4 (@40 .
()

This opens up the possibility of tree-level flavor changing
neutral currents (FCNC), which can be removed by
imposing a Z, symmetry such that each fermion type
couples to only one of the Higgs doublets. There are four
such configurations, shown in Table I, and thus four Types
of 2HDM which we examine here; we denote these by, for
instance, 2HDM-I.

Electroweak symmetry breaking sees three of the eight
degrees of freedom of the doublets “eaten” by the weak
bosons, the five remaining degrees of freedom manifest as
new particles. Assuming CP conservation in the scalar
sector, these are: two neutral scalars h°, H® (my0 < mppo),
two charged scalars, H* and a neutral pseudoscalar A°.
Instead of the lambda basis of Eq. (1), in this work we make
use of the mass basis, which can be attained through the
transformations given in [35,42,66-68], which allows us to
focus on the physical masses m0, myo, mys, myo, the
mixing angles cos(ff — @), tan f = v, /v, and the softly Z,
breaking parameter m3,; this soft breaking of the Z,
symmetry is important in generating heavy masses
for the additional Higgses while keeping the theory
perturbative. We additionally take h° to be the scalar
particle observed at the LHC, thereby fixing mjo =
125.25 £0.17 GeV [49].

Having transformed to the mass basis, the Yukawa sector
of the Lagrangian of the general 2HDM is given by [64,69]
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TABLE II. Coupling strengths & in each Type of 2HDM
between the Higgs particles and fermions.

Model | I X Y

& cosa/sinff cosa/sinff cosa/sinff cosa/sinf
&l cosa/sinff —sina/cosff cosa/sinff —sina/cosp
& cosa/sinff —sina/cosff —sina/cosf cosa/sinf
&y sina/sinf sina/sinf  sina/sinf  sina/sinp
& sina/sinff cosa/cosff sina/sinff  cosa/cosf
& sina/sinff cosa/cosff cosa/cosf sina/sinp
& cotf} cotf} cotf} cotf}

& cotf3 —tan j3 cotf3 —tan j3

& cot 3 —tan 8 —tan 8 cot 8

LZHDM

== % (ELFfh+ ERFFH + i, FrsfA)

Yukawa
f=udst
2V,
+ {fv 4 i(mad Py — myEiP; )dH ™
2
+ {mfgg (0Px¢)H* +Hec. |, 2)

where we follow the convention of [69] for the H™
coupling. The couplings & are Type dependent and given
in Table II, and the factor 5, for fermion type f = d, ¢ is 1
and for f =uis —1.

In previous works [42,44] we have studied the 2HDM-I
and 2HDM-II in depth and here bring the same machinery
to bear on the 2HDM-X and 2HDM-Y (also known as
lepton-specific and flipped respectively), as well as inves-
tigating the implications from the high precision MUonE
experiment for all four models.

I11. 2HDMs AT MUonE

The MUonE experiment aims to investigate elastic e —
scattering. The Born-level e —pu scattering is entirely
SM-like, which highlights the precision potential of the
MUonE experiment to access virtual contributions that
are modified from the SM expectation. At (renormalized)

(a) (b)

FIG. 1.

one-loop level the virtual M, part of the next-to-leading
order amplitude

|IM[} = [Mpom|* + 2Re{ Mpom M} (3)

can be diagrammatically represented by the Feynman
diagram topologies of Fig. 1. As we are interested in the
scenarios of Table II where the couplings are lepton-flavor
universal, and as m, < m,, we will neglect effects ~m,
contributing to the virtual amplitude throughout this work.
This removes #-channel Higgs and Goldstone diagram
contributions as well as scalar contributions to the box
diagrams in Fig. 1(d); we employ the on-shell renormal-
ization scheme in the following. It is worthwhile high-
lighting that MUonE probes a subset of oblique corrections
that are included in our scan as detailed in Sec. IV, however,
probed at space-like #-channel momentum transfers (the
latter also means that width contributions to the Z boson
propagators are absent).

While the t-channel photon contribution already results
in a soft singularity at tree level (which is avoided by
requiring a finite recoil energy in the experimental setup),
the presence of virtual massless propagators connecting on-
shell legs leads to additional soft (eikonal) singularities of
|M|? which cancel against real photon emission via the
Kinoshita-Lee-Nauenberg theorem [70,71]. For Abelian
gauge theories the eikonal approximation takes a particu-
larly compact form that is well documented in the literature
[72,73] and is readily implemented in publicly available
packages like FormCalc [74]. This real emission part is not
sensitive to the 2HDM modifications, but we consider it for
completeness, including unresolved soft photon radiation
up to 10% of the MUonE center-of-mass energy.

Numerical expressions of the loop diagrams sketched
in Fig. 1 are generated using the FeynArts/FormCalc/LoopTools
[74-76] toolchain. We have checked the cancellation of
ultraviolet divergences both numerically and analytically
for the full amplitude, as well as the independence of our
results of a virtual photon mass that is introduced to
regularize soft singularities at intermediate steps. We have
also validated our results against the SM by approaching

W, Z,~,v

(c) (d)

Feynman diagram topologies contributing to e — p scattering at one-loop level. Highlighted are renormalized vertex and

propagator corrections for the topologies (a)-(c). They include 2HDM Higgs contributions for the propagator and y vertex corrections.
The different shading of (b) indicates that we are neglecting electron mass contributions to the virtual amplitude. The propagator
contributions include leading order hadron polarization effects consistently.
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the 2HDM decoupling limits of the different scenarios
considered in this work.

As a 2 — 2 scattering process, MUonE is entirely
determined by the ¢ channel momentum transfer (we
assume monochromatic muon beams and electron targets),
which determines the laboratory scattering angles and
u and e recoil energies. For our analysis we consider
51 independent bins of a scattering angle distribution (after
validating the literature-documented cross section of
~240 pb), which we enter in a y? hypothesis test given by

ZZZZUQVi_NiSM)Z (4)

5 .
i Gi.syst + Gi,stat

Here, i runs over the bins, N; are the 2HDM events in the
ith bin and N$M denotes the SM expectation (evaluated at
next-to-leading order). o; yu, 0;4ys denote statistical and
systematic uncertainties, respectively. In the following we
will use 6, 4 = /N; and 6, = 107°N; as a common
benchmark choice for the expected sensitivity of MUonE
[21,29]. From the > we can infer the impact of a given
parameter point on the MUonE data and whether the
experiment would be sensitive to the existence of the
2HDM with such parameters.

IV. CONSTRAINTS, RESULTS AND MUONE
RELEVANCE

Here we outline the various constraints that can be
placed on the 2HDM from a variety of sectors. We begin
with an analysis of the signal strengths of the SM-like
Higgs observed at the LHC, proceeding to flavor observ-
ables where the 2HDM can have large indirect effects,
and then to the impact of direct BSM searches on the
parameter space, including an extrapolation to future
collider capabilities for the latter. These analyses build on
the toolchains developed in our previous works [42,44];
we make use of the python package FLAvio [77] for
the flavor fits and MadGraph5_aMC@NLO [78], 2HDecay
[74,79-83], and HiggsBounds [84—90] for the BSM collider
searches. We refer the interested reader to [42,44] for full
details on the fitting procedures used and the experi-
mental data included can be found in Ref. [91], updated to
additionally include the measurements from [92,93],
where we will avoid being overly repetitive here and
focus on the conclusions drawn from these analyses.

A. Higgs Signal Strengths

The signal strengths of the observed Higgs boson
provide a measure of how closely this boson matches
the expected phenomenology of the SM Higgs, and are
defined as, for a channel with production mechanism i and
decay products f,

(Gi -B f )Exp

— . (5)
(0i - By)sm
The modifications to the couplings of 4° given in Table II
lead to different phenomenology in the 2HDM compared
to the SM, and we use this to constrain the parameters
on which the couplings depend; tanf and cos(f — a)
in the basis we use here. As the observed Higgs matches
the SM predictions to within ~10%, we expect to find
that the 2HDM is driven towards the alignment limit,
cos(ff —a) = 0, which precisely recovers the SM cou-
plings. There is another region in which SM-like couplings
can be recovered, with, in the 2HDM-X, & = &4 = 1 and
& = —1. This is known as the wrong sign limit and is
attained when

2tan

cos(f—a) = sin2ﬁ:m.

(6)

Similar coupling configurations in which the & have the
same magnitude as the SM are also possible in Type II and
Y models, with the down type and lepton and only the
down-type couplings taking the negative sign respectively.
The signal strengths are calculated using the expressions
in [65], with the results of the fit shown in Fig. 2.

In the 2HDM-X we find that the wrong sign limit
is allowed for all confidence levels examined here.
Outside this region, there is a maximum magnitude of
| cos(f — a)| < 0.10 at 26, which falls rapidly once tan /3 is
away from ~1, with only very small cos(f} — a) allowed for
extreme values of tan . The wrong sign limit being allowed
at 1o, in contrast to the 2HDM-II in which it is excluded up
to 2.70 [42], is a result of the lack of sensitivity to the sign
of &, due to the leptons giving minimal contributions to the
loop level processes compared to the much more important
contributions from the quarks. Indeed, the leptons do not
contribute at all to the crucial gluon fusion production
mechanism and their contributions to the diphoton and Zy
decay channels are orders of magnitude lower than those
from the quarks and the W* boson for an SM-like 4°. The
leptonic decays of h° are still important here as they restrict
cos(ff — a) to be small for large values of tanf, which
differentiates these results from the 2HDM-1.

The relative lack of sensitivity to & compared to the quark
couplings can also be seen in the results for the 2HDM-Y, in
which the quark sector matches that of the 2HDM-II, with
the result that the contours are very similar between the two
Types, with the wrong sign limit allowed at 2.6¢ in the
2HDM-Y, with | cos(ff — a)| < 0.049 at 26.

B. Collider Searches, Electroweak Precision
and Flavor Constraints

In this section we combine the numerous collider
searches for BSM Higgs states to exclude regions of the
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FIG. 2. Contour plots of the allowed regions at 1, 2, 3, 4, 5¢ from the h° signal strengths with the alignment and wrong sign limits

shown as black and red dashed lines respectively.

parameter space. We take the exact alignment and degen-
erate mass limits in these scans, guided by the results of
Sec. IVA and the theoretical constraints [42]. We also
extrapolate the LHC data present in HiggsBounds to a future
collider with a center-of-mass energy of /s = 13 TeV and
L = 3 ab™!, in line with the expected integrated luminosity
of the high luminosity LHC (HL-LHC). The results from a
scan of 50,000 randomly generated points are shown in
Fig. 3, where orange points are allowed by current data but
excluded by the extrapolated dataset while blue points are
allowed by both. In the following we outline the main
channels that give the exclusion in each region.

>

Q

@)

~

=

5

+

]

£

E

o0

2
154 mmmm Current Data

mmmm  [xtrapolation 2HDM-X
1.0 T T T T T T T
—-1.5 -1.0 —0.5 0.0 0.5 1.0 1.5 2.0 2.5
logj[tan 5]

FIG. 3.

At low tanf in the 2HDM-X, the exclusion is from
decays of the neutral heavy Higgses to b quarks [94,95], up
to the top quark mass, beyond which H™ — tb drives the
exclusion until the mass of the charged Higgs becomes
large enough such that the production cross section falls
below the current bounds [96]. For moderate tan f the LEP
baseline and H™ — 777, rule out masses up to ~100 GeV
[97] before sensitivity is lost due to falling branching ratios
for this channel. The decay H° — 7+7~ is responsible for
the remaining exclusion in this region [98]. Whilst we
might expect this channel to also exclude points with large
tan # as the lepton couplings become large, this is not the

logw [mH+3Hn,A0/GeV]

. Current Data

mmmm  Extrapolation

1.0

-15 —0.5 0.0 0.5 1.0 1.5 2.0 2.5

logyg[tan 5]

-1.0

Scans of the 2HDM parameter space with randomly generated points shown in blue if allowed by the current and extrapolated

bounds, and in orange if currently allowed but expected to be excluded by the HL-LHC. Overlaying are the 1, 2, 3, 4, 5o (darker to
lighter) allowed contours from the flavor sector to highlight regions of collider-flavor (including electroweak precision data)

complementarity.
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case as the quark couplings, proportional to cot 3, become
small and the new Higgs states essentially decouple from
the quark sector, giving very low production cross sections
and thus limited sensitivity in this region beyond the
historic LEP limits [94]. The extrapolation improves these
bounds, leading to the additional exclusion most notable in
the moderate tan 8 region from H® — 7+7~.

In the 2HDM-Y case, below the top mass at low tan f3,
leptonic decays of H° exclude points [99,100], before the
same H* — tb channel provides the exclusion above the
top mass [96]. There is relatively little exclusion for
moderate tan # in the current data, owing to the compara-
tively low branching ratios in this region for the channels
that give exclusion in other 2HDM Types, with the lower
mass bound set from the LEP data [94]. For high tanf,
H® = bb gives the exclusion up to ~250 GeV [101],
beyond which H* — tb is the most sensitive channel. In
the extrapolation, the improved bounds from H* — tb and
H° — bb are sufficient to rule out a swath of points in the
moderate tan f region.

Furthermore, we find constraints on the 2HDM param-
eters by way of a global fit to flavor and electroweak
precision observables, where the h° signal strengths are
also included. These fits for Types I and II have been
previously covered in [42,44], and we also now consider
Types X and Y. Having updated several input parameters,
the predictions for many of the flavor observables have
changed from the previous listings in [42]. Although not
significant enough to have a noticeable impact on these fits,
we collect the SM predictions for the observables used in an
auxiliary file. Note that here by default we assume the global
fit including all observables apart from the lepton flavour
universality (LFU) quantities R(D™)), R(K(*)). The latter
(as it was shown in [42,44]) cannot be accommodated within
2HDMs of Type Il or Type I, and we find the same for Types
X and Y in this work. Including R(D™), R(K™)) in the fit
therefore leads to very poor p-values. On the other side,
excluding LFU observables from the fit yields more rea-
sonable p-values, and therefore, in such scenarios, con-
straints on 2HDM parameter spaces have higher credibility.

The global fit for Type X results in very similar
constraints to that of Type I, where overall there is still
alot of freedom for the 2HDM parameters. The mass of H*
can be as low as the electroweak scale, which is already the
lower limit of validity for the Wilson coefficient expres-
sions used from [69]. Above this minimum value, the
correlation between the lower bound on tan f and my=+ is
again very similar to that of the Type I fit; we are not
sensitive to the upper limits on tan f as for large values, the
Yukawa couplings approach decoupling in the quark sector
and nonperturbative values for the leptons.

The charged Higgs mass is most constrained in the
Type Y model, where we find strict lower and upper limits
within 20, shown in Table III. Beyond 20, we find mass

TABLE III. Regions of 2HDM parameters used in this work.
We consider the 20 regions from the global fit (excluding LFU
observables R(K™*)), R(D))) for each Type, and also do not
exceed the region of my~ € [0.1, 10] TeV in order to not conflict
with direct search limits [94] or approach the decoupling limit.
The additional neutral Higgs masses are constrained from the
charged Higgs mass as found in [42] (Table I). * indicates
quantities which are not general, but depend on my+; we show
values for my+ = 10 TeV where the allowed regions are at their
maximum.

my+ [TeV] cos(ff — ) tan
Type [0.1, 10] [~0.14,0.14] [0.55%, 320)
Type 11 [0.86, 10] [-0.04, 0.04] [0.32%, 50%)
Type X [0.13, 10] [-0.05,0.10] [0.38%, 320)
Type Y [0.74, 3.61] [-0.01,0.04] [110, 320)

constraints more similar to those of Type Il where these
two Types have the same quark sector couplings, leading
to agreement in the strong constraint on mgy= from
B(B - X,7).

We now look to compare the results of the BSM collider
searches and the global fits to gain insight into the
complementary nature of these approaches. We do so by
displaying the results on the same axes in Fig. 3, and stress
that this is not a statistical combination and simply an
overlay of the contours from the flavor sector on the scans
from the collider searches in Fig. 3.

We observe a good degree of complementarity between
the two sectors, as each can probe regions of the parameter
space that the other cannot. For both Types of 2HDM
examined here the flavor sector excludes regions with low
tan f# that the BSM searches lack sensitivity to, both in the
current and extrapolated datasets. For the 2HDM-X, the
collider searches, particularly the H® — 777z~ channel in
the HL-LHC extrapolation, are more sensitive than the
flavor sector and can rule out a portion of the 1o region
from the flavor observables, though both approaches lack
sensitivity above masses of 100 GeV when tan f is large.
In the 2HDM-Y case, the collider searches rule out the
entirety of the 1o region in the parameter space we examine
here, and the majority of the 26 region. The extrapolation of
the LHC data improves on this further, and rules out very
nearly all of the 2o region. Outside of this high tan f region
the flavor constraints outperform the collider searches.
These results demonstrate the high degree of complemen-
tarity between the two datasets and give further indications
of where future searches should focus efforts to detect or
exclude a 2HDM.

C. a, in 2HDMs

With the long-standing tension between the SM pre-
diction [5] and the experimental measurement from
BNL [4], now also confirmed by Fermi National
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Accelerator Laboratory (FNAL) [3], there has been strong
motivation to consider BSM contributions to a, where
one can introduce new loop diagrams, such as from the
new Higgs particles we consider here in the 2HDMs. In
the 2HDM, it is important to consider diagrams at both 1-
and 2-loop, where the ‘Barr-Zee’ diagrams yield signifi-
cant contributions [102,103]; these are included in our
calculations. We will consider the 2HDM contributions to
a, in each of the four flavor-conserving Types discussed
in Sec. II, where we scan over 10 random points within
the 20 global-fit constraints for each Type, summarized in
Table III. We also follow this procedure to analyze the
2HDM corrections to the W boson mass (see Sec. IV D
below), and present together the correlated results for a,
and my in 2HDMs in Fig. 4. Note that we assume the
White Paper prediction [5] when referring to the SM
contribution to a,. It is found that in order to resolve the
tension in a, from any Type of 2HDM, one must either

215
=== SM my

;!— = SMay, :
= = CDF-lmy
== = Exp. ay,

21.0

20.5

a, x 10° - 1165900

80.55

80.35

80.40
my[GeV]

21.5

== SM my
== SM ay

=== CDF-Ilmy :
w= = Exp. ay

21.0

20.5

ay X 10° — 1165900

17.5 = - -
80.25 80.30 80.35 80.40 80.50 80.55

mw[GeV]

80.45

consider values of tan f corresponding to nonperturbative
Yukawa couplings or restrict the masses of the new
Higgses to <1 TeV where a sizeable mass splitting
between H*, H, A° is also allowed from theory con-
straints (see, e.g., Table 1 of [42]). The former scenario is
one explicitly avoided in our studies and we cannot
comment on the phenomenology of a nonperturbative
2HDM; the latter scenario can be compared to our fits of
other sectors in 2HDMSs, however, masses lower than
1 TeV are disfavored at 26 in both the Type-II and Type-Y
models and thus we cannot resolve a, within the 20
constraints of our global fits for Types Il and Y. In Types |
and X, there is much more freedom allowed for the new
Higgs masses below 1 TeV which leads to a much larger
range of mass splittings between H*, H°, A° allowing
then for larger contributions to a,; we now find for both
Types I and X many parameter points within 26 of our
global fits which would also resolve the tension in a,,.

21.5
== SM mw
=== SMa,
== = CDF-II my
== = Exp. ay,

2HDM-II

21.0

20.5

20.0

19.5

I
ZZIIooIIIol

L T
: I

I

[
————ﬂ———T—-
—— ]

a, x 10° — 1165900

== SM my
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== = CDF-II my

== = Exp. ay

21,0 = m——————
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|

S
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|

|
————ﬂ———*—-
—— ] e

ay x 10° — 1165900
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FIG. 4. The correlation of my, and the muon g — 2 in 2HDMs within their allowed parameter space, see Table III (orange); restricting
cos(ff —a) = 0 (blue). The 1o region for each quantity stated in the legend are shown by the dashed lines.
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In Fig. 4, we plot in orange data calculated from allowing
all parameters to vary within the 26 bounds of our fits
(Table III), while in blue we further restrict the data to lie in
the alignment limit, cos(ff — @) = 0. In comparing the blue
and orange data, one can see that although deviations
from alignment are expected to be small (see Sec. IVA),
allowing these small deviations is important in resolving
the tension in a, even in the freer Types I and X.

Itis important to stress however that a, in the SMitself is
still under scrutiny, and in fact with multiple recent lattice
QCD predictions with improved precision [6—8] beginning
to converge on a value closer to experiment than the data-
driven SM prediction, the 2HDM contributions may in the
future be required to be much smaller than considered here
for agreement between theory and experiment to stay.

D. W-Boson Mass

The relation between the W-boson mass my and the
Fermi constant G, the fine-structure constant at zero
momentum ¢, (0) and the Z-boson mass m, reads
(e.g., [104,105]):

where my, and m, are renormalized in the on-shell scheme,
and Ar accounts for radiative corrections. Eq. (7) can be
then equivalently presented as

4o, (0)

\/EG—FmZ[l + A”(m%v)]), (8)

1
m%‘,zim%<l+ 1

which then is iteratively solved with respect to my,. To first
order,

A : S p (9)
My =~ — =My ————5 Ar,
v 2 Ws%v—c%v

where 5%, =sin?(0y) = 1 —m3,/m% is the shorthand
notation of the electroweak mixing angle in the on-shell
scheme, and c}, =cos?Oy = 1 —s3,. Introducing the
oblique parameter 7,

o (zz(()) _Ew(0>>, (10)

aem<m2) m% m%V

Ar can then be recast as [104]

2
C
Ar = Aa_%aem(mZ)T—i_Arremv (11)

where Aa includes the leading logarithmic QED correc-
tions from the light fermions, and Ar,, absorbs the
remaining contributions. For the oblique parameter 7" we

use the Yukawa-independent expression in a 2HDM shown
in Eq. (C.1) of [42], calculated from [106]. As T is
independent of the Yukawa structure of the 2HDM, it is
the same for each Type we discuss here; the difference
between the results of the four Types will come purely
through the different parameter constraints found from the
global fits (Table III).

Some studies of my, in 2HDMs consider 7 in the exact
alignment limit [51,58,59], however here we do not
constrain ourselves to this. Instead we take the constraints
on cos(f — a) at 2¢ from the global fit to each Type and
vary within these. The impact of choosing the exact
alignment limit as opposed to our method with further
freedom can be seen by comparing the blue (alignment
limit) and orange (20 constraints) data in Fig. 4. We do not
find a significant change in the range of values my, can take
in the 2HDM from the choice of treatment of cos(f — «),
instead this choice is far more important for the consid-
eration of a, than for my. In Fig. 4, both the orange and
blue data are calculated using 1-loop expressions for the 7'
parameter in the 2HDM. There are however 2-loop calcu-
lations for the 2HDM contributions to my, calculated
[107,108] and used [51] in literature, remaining in the
alignment limit. We use the package THDM_EWPOS' to
compare the 1- and 1+ 2-loop calculations for my in
2HDM. Within the region plotted in Fig. 4, it is found that
the 1 + 2-loop calculation does not provide more informa-
tion than the 1-loop, at least within the alignment limit, and
thus we do not show additional plots for these calculations.
The difference found at 2-loop is a ‘stretching out’ of my,
values which already extend past the plotted range at 1-loop
and also that the value of my becomes less correlated
with a,,.

Within the context of our global-fit parameter constraints
(at 20), we find that the 2HDM corrections to the W-boson
mass can be large, either positively or negatively. To
generate large corrections, it is favored that there is a large
mass splitting between H*, H°, A° which approximately
implies an upper bound my= <1 TeV, however there is
still sufficient freedom for the masses to be separate within
the range of 1-2 TeV such that the more constrained Types
IT and Y can also find large corrections to my,, where even
the 70 deviation of the new CDF-II measurement is easily
covered by these.

E. Impact of MUonE

As demonstrated in the previous section, (g — 2), can be
accommodated in the 2HDM. Equipped with this discus-
sion, we now turn to relevance of MUonE, which seeks to
measure the hadronic vacuum polarization contribution in a
data-driven way (without relying on past measurements of
the R ratio). Our aim is to clarify whether new physics

lhttps:// github.com/st3v3m4n/THDM_EWPOS.
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contributions are relevant in this context. To this end, we
consider the parameter space of all four models of Tables I
and II. Furthermore, we consider not just the degenerate
mass and alignment limits in this section, but include a
wide range of possible mass scenarios, such as varying each
of the new Higgs masses independently, fixing two masses
to a range of values and varying the other, all with different
values of cos(ff — a) examined in each case, as we scan
across the mass and tan f parameter space.

We find that the MUonE experiment is largely insensi-
tive to the presence of a 2HDM of any Type. The total y?
we calculate in almost every scenario is far smaller than the
threshold value for the 68% CL and thus we find that
almost all parameter regions cannot be probed by the
MUonE experiment. However, there are some exceptions to
this and we can still glean some useful information from
this analysis. In order to observe any exclusion we must
consider extreme mass scenarios, one example of which we
show for the 2HDM-X in Fig. 5, where we have fixed
my+ =5 TeV, cos(f — a) = 0 and varied myo = m . In
this scenario there is a tan # independent lower limit on the
mass of the neutral scalars of myo = m 40 2 460 GeV at 20,
with an upper bound at around 8.5 TeV. Identical limits are
found in this scenario for all Types of 2HDM within the
parameter space we examine. Separately, there is also some
exclusion at and beyond the TeV scale for mpy+ = mppo
when m o is fixed to a value below 1 TeV. Inducing a large
mass splitting between the charged and neutral Higgses
yields the greatest sensitivity, however such mass splits are
conclusively ruled out by the theoretical requirements
explored in [42], which demand a strong degree of mass
degeneracy, which becomes tighter for higher masses.

cos(f—a)=0, my== 5TeV, myo=myo

40
351
; 3.0 1
(5]
Q
=
cm 2.5
£
&
S 20
1.5
MUonE 2HDM-X
1.0 T . . . : : :
-15  -10 =05 0.0 0.5 1.0 15 2.0 25
logo[tan ]
FIG.5. Contour plots of the allowed regions at 1, 2, 3¢ from the

MUonE analysis, where in this case we have fixed myo = myo,
my= =15 TeV and cos(f —a) = 0.

Very low Higgs masses, below the order of 1 GeV, give
large 42, but such states would already have been observed
in the direct collider searches outlined in Sec. IV B and thus
are already ruled out, so MUonE adds no extra exclusion in
this case. Additionally, points with large tan 8 > O(10%),
are also excluded from the MUonE analysis in the 2HDM-
X but such tanf leads to Yukawa couplings which are
highly nonperturbative; a similar argument applies in the
2HDM-Y for tan g < O(107%).

The impact of each different Type of 2HDM is very similar
in the majority of the parameter space we investigate as the top
quark loops provide the dominant contributions and each
model has the same set of couplings to the top quark. Itis only
in extreme tan 3 regions that we observe some differences in
the y? from each model, where we see that Types I and Y give
the same results, as do Types Il and X, owing to these models
having the same lepton sectors, indicating that the lepton
contributions become significant only when the couplings
become extreme; see Table II. In all scenarios and models,
increasing cos(ff — ) does increase the sensitivity, but this
effect is relatively minor and insufficient to give any mean-
ingful additional exclusion regions.

This lack of sensitivity to 2HDM states in parameter
regions not already excluded by other sectors means that
the MUonE experiment is unlikely to be able to provide a
distinct signal of BSM physics in the Higgs sector, which is
of benefit to the aim of the experiment of measuring the
leading-order hadronic contribution to the anomalous
magnetic moment of the muon. The measurement will
be free from potential contamination in the case that a
2HDM of any Type is realized in a fashion consistent with
the theoretical and collider bounds.

Qualitatively this can be understood along two lines:
radiative corrections create sensitivity through coupling
modifications and/or introduce thresholds. As MUonE
operates at a relatively low center-of-mass energy com-
pared to direct collider bounds, the latter are not directly
relevant (yet MUonE could resolve such low scales, as
shown in Fig. 5). This also motivates effective field theory
(EFT) methods as an appropriate framework for the present
analysis: the leading BSM contribution scales directly tied

to a, scales

2 2
AgBSM . YBsM ny,
" 3272 A2

(see also [109]) due to the chiral suppression of the a,
associated dimension-6 operator ~y; 6*wrF,, + H.c. (the
cut-off A is determined from scalar mass spectrum and yggy
is related to the muon Yukawa couplings in our case). Other
EFT contributions enter elastic u — e scattering [110],
however, for a perturbative model with a scale separation
such as the 2HDMs discussed in this work, the associated
BSM modifications are generally small as evidenced by our
(full) 2HDM results. MUonE predominantly probes QED
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contributions, which include the hadronic vacuum polariza-
tion contribution to the photon.

F. Electroweak Phase Transition

Previous works [42,44] assessed the implications of
the global fits on Type I and II 2HDMs for a strong first-
order electroweak phase transition (SFOEWPT). The sig-
nificance of the different Yukawa couplings of different
Types on the electroweak phase transition (EWPT) in
2HDMs is minimal, so the main difference in the results
from the four flavor-conserving 2HDMs comes from the
parameter constraints of the fits. For an EWPT to be of
strong first-order, it is favored that there is a sizeable
difference between mpy+ and mpo; it is sufficient for
myo ~ my+. From the theoretical constraints found in [42]
(also studied previously in, e.g., [111-118]), one can see that
this then inhibits larger Higgs masses from producing the
SFOEWPT since the larger the mass scale, the more
degenerate the new masses become. Favoring masses
<1 TeV in order to generate a sufficient mass separation,
we find that, similarly to Type I, my+ still has enough
freedom in Type X in order to generate this SFOEWPT
within 1o of our best fit.

However in Type Y, my+ is most constrained out of all
Types and has a similar lower bound to that of Type II.
Furthermore, within 26 tanf is constrained to be much
larger than in other Types; typically a SFOEWPT will
require a tan # ~ O(10). The constraints on both tan  and
my+ together prohibit a SFOEWPT from being realized
within 2¢ of our global fits for Type Y. Beyond 2o, the
constraints on tan 8 significantly relax, however the con-
straints on my+ still remain stronger than those of the other
Types. While these mass constraints reduce the allowed
range of masses to test for a SFOEWPT, they still are
sufficiently low enough to generate a mass splitting which,
along with a low value of tanf allowed above 20, can
generate a SFOEWPT. Considering a wide range of
parameters at various o from our best fit, we conclude
that a SFOEWPT generated from the Type Y 2HDM would
currently lie at or above 3¢ from our best fit.

V. CONCLUSIONS

The search for new physics beyond the Standard Model
is a high priority of the particle phenomenology programs
across many different experimental settings. The sizeable
tension of the anomalous magnetic moment of the muon
could be a concrete pointer towards a more comprehensive
theory of particle physics. The occurrence of this tension
specifically highlights the lepton sector as a BSM source,
which, when understood in the context of two Higgs
doublet extensions motivates a combined analysis of
collider and flavor physics data for 2HDM scenarios X
and Y. To our knowledge this has been presented here
comprehensively for the first time. We find that each of
these analyses exclude large amounts of the parameter

space of the models, with the combination of the two
improving upon this further as the flavor and collider
constraints exhibit a good degree of complementarity.

Within the 2HDM-I and 2HDM-X we can accommodate
the measurements of the muon anomalous magnetic
moment by BNL/Fermilab using as SM prediction the
White Paper result [5]. The hadronic vacuum polarization
contribution is known to be a relevant source of uncertainty
for the BSM interpretation of the muon anomalous mag-
netic moment measurement. Recent lattice results [6-8]
show tension with the data-driven methods employed to
formulate the SM expectation consensus [5]. Whilst future
updates can be expected here, this discrepancy can be
addressed experimentally at MUonE, which provides a
precise data-driven extraction of the vacuum polarization.
Given the high sensitivity of MUonE to this naively
subdominant contribution, it is important to also understand
the impact of lepton-philic new physics on this experiment
and the resulting impact on the interpretation of MUonE
results in terms of the hadronic vacuum polarization
contribution. This becomes particularly relevant for the
2HDM-X and Y scenarios as they can address the anomaly
in some parameter regions that are consistent with exper-
imental findings [47]. In this work, we provide the first
comprehensive analysis of electroweak radiative correc-
tions for these scenarios at MUonE in conjunction with
constraints from flavor collider observables (also including
the partonic vacuum polarization contribution consistently
at leading order). We find that these electroweak correc-
tions do not play a constraining role for the parameter
region favored by flavor and collider data. Consequently,
MUonE data can be fully interpreted as a measurement of
the hadronic vacuum polarization contribution in these
scenarios without the need to correct for BSM effects.

In passing, we found that all four 2HDM Types can
reproduce large shifts in my,, as indicated by the recent
CDF measurement and we identify the possibility of having
a SFOEWPT within 1o of our best fit point in 2HDM-X and
at or above 3¢ of our best fit point in 2HDM-Y.
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