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E-46980 Paterna, Spain

2INFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Roma, Italy

(Received 18 September 2023; accepted 29 December 2023; published 15 February 2024)

An updated global fit on the parameter-space of the aligned two-Higgs-doublet model is performed with
the help of the open-source package HEPfit, assuming the Standard-Model Higgs to be the lightest scalar.
No new sources of CP violation, other than the phase in the Cabibbo-Kobayashi-Maskawa matrix of the
Standard Model, are considered. A similar global fit was previously performed by O. Eberhardt et al.
[Global fits in the aligned two-Higgs-doublet model, J. High Energy Phys. 05 (2021) 005] with a slightly
different set of parameters. Our updated fit incorporates improved analyses of the theoretical constraints
required for the perturbative unitarity and boundedness of the scalar potential from below, additional flavor
observables and updated data on direct searches for heavy scalars at the LHC, Higgs signal strengths, and
electroweak precision observables. Although not included in the main fit, the implications of the CDF
measurement of the W� mass are also discussed.
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I. INTRODUCTION

With the discovery of the Higgs boson [1,2], the
StandardModel (SM) has become a well-established theory
describing the interactions among elementary particles in a
very elegant way. Nonetheless, there is ample evidence
indicating that the SM cannot explain all aspects of nature,
and hence the existence of physics beyond-the-SM (BSM)
is indispensable. In order to explain such BSM phenomena,
the SM is usually enlarged with some additional particles or
gauge groups that respect all of its fundamental principles.
While the augmentation of the SM with extra generations
of quarks and leptons receives severe experimental con-
straints from unitarity-triangle data [3] or Z-boson branch-
ing fractions [4], extensions with additional SUð2ÞL scalar
doublets do not suffer from such stringent bounds.1

Among such scalar extensions, the simplest one is the
two-Higgs-doublet model (THDM), where one additional
scalar doublet with the same quantum numbers as the
SM Higgs doublet is appended [6–8]. In addition to the
three needed Goldstone bosons, this model includes three
neutral and one pair of charged scalars. Such a rich scalar
spectrum opens various interesting possibilities such as
new sources of CP violation [9–13], axion-like phenom-
enology [14–16], dark matter aspects [17–19], neutrino mass
generation [20,21], electroweak baryogenesis [22–24], the
stability of the scalar potential until the Planck scale [25–27],
etc. Moreover, the THDM can also be thought of as a low-
energy effective field theory framework for several models
with larger symmetry groups (like supersymmetry).
One major shortcoming of the most general THDM is the

emergence of tree-level flavor-changing neutral currents
(FCNCs), which are observed to be tightly constrained
experimentally. This problem is usually avoided by impos-
ing discrete Z2 symmetries so that each type of right-
handed fermion couples to one scalar doublet only [28,29].
However, the absence of tree-level FCNCs can be guar-
anteed with a much weaker requirement: the alignment
of Yukawa couplings in the flavor space, so that the
interactions of the two scalar doublets acquire the same
flavor structure [30–33]. This provides a more generic
theoretical framework, known as the “aligned THDM”
(ATHDM), where flavor violation is minimal [34,35]
and (highly suppressed) FCNCs only appear at higher
perturbative orders [30–32,36–43]. In this model, all of
the fermion-scalar interactions become proportional to
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1In generic scalar extensions, the tree-level value of the ρ
parameter shifts from unity, depending on the hypercharge and
weak isospin of the extra scalars [5]. However, it remains equal to
1 with additional doublets having the same hypercharge as the
SM Higgs doublet.
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the masses of the corresponding fermions, leading to
a quite compelling phenomenology in high-energy colli-
ders [43–45] and low-energy flavor experiments [37,46,47].
The ATHDM constitutes a generic platform for THDMs; all
Z2-symmetric THDM scenarios can be explored as special
cases of the ATHDM [30]. In addition, the ATHDM can
accommodate new sources of CP violation beyond the
Cabibbo-Kobayashi-Maskawa (CKM) matrix in both the
scalar and Yukawa sectors [30].
The parameter space of the THDM has been exten-

sively scrutinized in the literature, considering LHC
data, LEP data, flavor bounds, and theoretical con-
straints [37,43–45,48–76]. A global fit of the ATHDM
with no new sources of CP violation (and a slightly
different set of parameters) was performed in Ref. [74],
taking into account various theoretical and experimental
bounds. In this paper, we reanalyze the global fit of this
scenario in great detail, assuming that the SM Higgs boson
is the lightest scalar. The fits are performed with the help
of the open-source code HEPfit [77]. Compared with the
previous study, we update the Higgs signal strengths and
add direct searches for all of the scalars from the most
recent LHC data. Additionally, we improve the analysis of
theoretical constraints by including necessary and sufficient
conditions for boundedness of the scalar potential from
below (i.e., the potential never tends to negative infinity)
and incorporate the branching fractions for semileptonic
decays of B, D, and K mesons in the flavor sector too.
We also analyze the implications of the CDF measurement
of the W� mass [78], although we do not include it in our
global fits in view of its currently unresolved discrepancy
with other measurements. A similar conservative attitude has
been taken for the muon g − 2 anomaly [79], in view of the
current controversy with lattice [80–82] and τ-decay [83,84]
data; although not included in the global fit, we also study the
ensuing constraints on the parameter space of the ATHDM.
The paper is organized in the following way. Section II

briefly describes the ATHDM scenario. The setup for the
global fit is discussed in Sec. III. While in Sec. IV we
illustrate different theoretical and experimental constraints
that are considered for this study, in the Sec. V we present
the numerical results from the fits. Finally, we conclude in
Sec. VI. All of the data and various other details used in the
global fit are incorporated in the Appendices.

II. THE ATHDM MODEL

A. Scalar sector

We extend the SM with a second complex scalar doublet
having the same hypercharge as the SM scalar doublet, i.e.,
Y ¼ 1=2. The neutral components of both scalar doublets
may acquire nonzero complex vacuum expectation values
(VEV); nonetheless, with a suitable SUð2ÞL ⊗ Uð1ÞY
global transformation, one can always rotate the basis of
the scalar space such that only the neutral component of the

first doublet acquires a nonzero (real) VEV. Working in this
so-called Higgs basis, we can write down the two doublet
scalar fields as

Φ1 ¼
1ffiffiffi
2

p
� ffiffiffi

2
p

Gþ

S1 þ vþ iG0

�
; Φ2 ¼

1ffiffiffi
2

p
� ffiffiffi

2
p

Hþ

S2 þ iS3

�
;

ð2:1Þ

whereΦ1 gets the VEV v ¼ 246 GeV. The componentsG�

and G0 act as Goldstone bosons, providing the masses to
the W� and Z bosons. Thus, we are left with one pair of
charged scalars H�, two neutral scalars S1;2, and one
neutral pseudoscalar S3. The three neutral particles Sj mix
with each other through an orthogonal transformation to
produce the mass eigenstates φ0

i . The explicit form of this
orthogonal transformation depends on the scalar potential.
In general, if the scalar potential is not invariant under the
CP symmetry, all three Sj fields mix together, giving no
definite CP to the mass eigenstates.
The most general scalar potential, allowed by the SM

gauge symmetry, takes the form

V ¼ μ1Φ
†
1Φ1 þ μ2Φ

†
2Φ2 þ ½μ3Φ†

1Φ2 þ H:c:� þ λ1
2
ðΦ†

1Φ1Þ2

þ λ2
2
ðΦ†

2Φ2Þ2 þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ

þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ þ
��

λ5
2
Φ†

1Φ2 þ λ6Φ
†
1Φ1

þ λ7Φ†
2Φ2

�
ðΦ†

1Φ2Þ þ H:c:

�
; ð2:2Þ

where μ3, λ5, λ6, and λ7 are complex parameters and the rest
are real. Minimizing the potential with respect to the neutral
fields at their corresponding minima, one obtains

v2 ¼ −
2μ1
λ1

¼ −
2μ3
λ6

; ð2:3Þ

implying that μ1 and μ3 are not independent quantities.
Redefining the phase of Φ2, one can make any one of the
three parameters λ5, λ6, or λ7 real. Therefore, the scalar
potential involves 11 independent real parameters: μ2; v;
λ1;2;3;4; jλ5;6;7j, and the two relative phases between λ5;6;7.
The quadratic terms of the potential, which give rise to

the scalar masses, can be written as

VM ¼
�
μ2 þ

1

2
λ3v2

�
HþH−

þ 1

2

�
S1 S2 S3

�
M

0
B@

S1
S2
S3

1
CA; ð2:4Þ

with
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M ¼

0
B@

v2λ1 v2Reðλ6Þ −v2Imðλ6Þ
v2Reðλ6Þ μ2 þ 1

2
v2fλ3 þ λ4 þ Reðλ5Þg − 1

2
v2Imðλ5Þ

−v2Imðλ6Þ − 1
2
v2Imðλ5Þ μ2 þ 1

2
v2fλ3 þ λ4 − Reðλ5Þg

1
CA: ð2:5Þ

In order to obtain the physical mass eigenstates, we need
to diagonalize the neutral mass matrix (2.5). Imposing CP
conservation in the scalar sector, all of the parameters in our
potential become real, reducing the number of independent
inputs to nine. Moreover, in this case the mass eigenstates
have definite CP: we get two CP-even (h, H) and one
CP-odd (A) field. From the mass matrix, we explicitly see
that in this case S3 ¼ A does not mix with the other scalars
and we only need to diagonalize a 2 × 2 matrix. The
squared masses are then given by

M2
H� ¼ μ2 þ

λ3
2
v2; M2

h;H ¼ 1

2
ðΣ ∓ ΔÞ;

M2
A ¼ M2

H� þ v2

2
ðλ4 − λ5Þ; ð2:6Þ

with

Σ ¼ M2
H� þ

�
λ1 þ

λ4
2
þ λ5

2

�
v2 and

Δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΣ − 2λ1v2Þ2 þ 4λ26v

4

q
: ð2:7Þ

Note also that, since the trace of the mass matrix must be
invariant, the scalar masses must satisfy the relation

M2
h þM2

H þM2
A ¼ 2M2

H� þ v2ðλ1 þ λ4Þ; ð2:8Þ

which can also be easily confirmed by substituting the
expressions for the masses. The mixing between the two
CP-even neutral scalars,

�
h

H

�
¼
�

cos α̃ sin α̃

− sin α̃ cos α̃

��
S1
S2

�
; ð2:9Þ

is given by

tan α̃ ¼ M2
h − v2λ1
v2λ6

¼ v2λ6
v2λ1 −M2

H
: ð2:10Þ

Using the above equations, we can trade five of the nine
parameters of the potential (μ2, v, and λ1−7) for the four
scalar masses (MH� ;Mh;MH;MA) and the mixing angle α̃,
which are more physical. Clearly, λ2 must be kept since it
does not relate with any of the new parameters. Since μ2
and λ3 always appear in the same combination (MH�), we
must keep one of them, which we choose to be λ3. From
Eq. (2.10) we can relate λ1 and λ6 with α̃, M2

h, M
2
H, and v.

Then, we can use Eq. (2.8) to obtain λ4 and Σ to obtain λ5.

With this procedure, we trade μ2, λ1, λ4, λ5, and λ6 for the
four masses and the mixing angle. Our choice for the nine
input parameters is then v;MH� ;Mh;MH;MA; α̃; λ2; λ3,
and λ7. The remaining parameters of the scalar potential
can be easily obtained in terms of these inputs:

μ2 ¼ MH� −
λ3
2
v2; λ1 ¼

M2
h þM2

Htan
2α̃

v2ð1þ tan2α̃Þ ;

λ6 ¼
ðM2

h −M2
HÞ tan α̃

v2ð1þ tan2α̃Þ ;

λ4 ¼
1

v2

�
M2

h þM2
A − 2M2

H� þM2
H −M2

h

1þ tan2α̃

�
;

λ5 ¼
1

v2

�
M2

H þM2
htan

2α̃

1þ tan2α̃
−M2

A

�
: ð2:11Þ

While considering interactions of neutral scalars with
gauge bosons, S1 plays the role of the SM Higgs boson.
This implies that the couplings of the scalar mass eigen-
states with a pair of gauge bosons are given by

ghVV ¼ cos α̃gSMhVV; gHVV ¼ − sin α̃gSMhVV; gAVV ¼ 0;

ð2:12Þ

where VV ≡WþW−; ZZ.

B. Yukawa sector

The interactions of the fermion mass eigenstates with the
scalar fields read

−LY ¼
�
1þ S1

v

�
fūLMuuR þ d̄LMddR þ l̄LMllRg

þ 1

v
ðS2 þ iS3ÞfūLYuuR þ d̄LYddR þ l̄LYllRg

þ
ffiffiffi
2

p

v
HþfūLVYddR − ūRY

†
uVdL þ ν̄LYllRgþH:c:;

ð2:13Þ

where the generation indices are suppressed and the sub-
scripts L, R denote the usual left and right chiral fields.
Here, Mfðf ≡ u; d; lÞ are diagonal mass matrices for the
up-type quark, down-type quarks, and charged leptons,
respectively, originating from the Yukawa interactions with
the doublet Φ1. Yf are the Yukawa matrices parametrizing
the fermionic couplings with the second doublet Φ2, and V
is the usual CKM matrix required for the quark mixing.
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In general, Yf could be arbitrary 3 × 3 complex matrices, which leads to unwanted FCNCs at tree level. This can be easily
avoided by imposing the alignment condition of Mf and Yf in flavor space [30,31], i.e.,

Yu ¼ ς�uMu and Yd;l ¼ ςd;lMd;l; ð2:14Þ

where the Yukawa alignment parameters ςf could be arbitrary complex numbers. In terms of the scalar and fermion mass
eigenstates, the Yukawa Lagrangian takes then the form

−LY ¼
X
i;f

 
y
φ0
i

f

v

!
φ0
i ½f̄MfPRf� þ

� ffiffiffi
2

p

v

�
Hþ	ū
ςdVMdPR− ςuM

†
uVPL

�
dþ ςlν̄MlPRl

�þH:c:; ð2:15Þ

where PL;R are chirality projection operators and φ0
i are the scalar mass eigenstates.

In the following, we assume a CP-conserving potential and that there are no additional sources of CP violation beyond
the CKM phase, i.e., we only consider real alignment parameters. The Yukawa couplings of the neutral scalars are then
given by

yHu ¼ − sin α̃þ ςu cos α̃; yhu ¼ cos α̃þ ςu sin α̃; yAu ¼ −iςu; ð2:16Þ

yHd;l ¼ − sin α̃þ ςd;l cos α̃; yhd;l ¼ cos α̃þ ςd;l sin α̃; yAd;l ¼ iςd;l: ð2:17Þ

The usual THDM scenarios based on Z2 symmetries are just particular cases of the more general ATHDM framework;
they can be retrieved by imposing μ3 ¼ λ6 ¼ λ7 ¼ 0 along with the following conditions:

Type I∶ ςu ¼ ςd ¼ ςl ¼ cot β; Type II∶ ςu ¼ −
1

ςd
¼ −

1

ςl
¼ cot β; Inert∶ ςu ¼ ςd ¼ ςl ¼ 0;

Type X∶ ςu ¼ ςd ¼ −
1

ςl
¼ cot β and Type Y∶ ςu ¼ −

1

ςd
¼ ςl ¼ cot β: ð2:18Þ

The alignment requirement (2.14) remains stable under re-
normalization when it is protected by Z2 symmetries [36].
Otherwise, higher-order quantum corrections create a mis-
alignment of Mf and Yf that generates loop-suppressed
FCNC effects. However, the special Yukawa structure of
the ATHDM strongly constrains the possible FCNC inter-
actions, making those effects numerically small [30,31,37].
Assuming exact alignment at some high-energy scale (even
at the Planck mass), the small misalignment generated by
running down to low energies remains well below the
current experimental limits [32,38,39,42].

III. FIT SETUP

Our numerical analyses are performed with the open-
source HEPfit package [77]. This code has been widely used
due to its efficiency and versatility, allowing for global fits
both within the SM [85] or in general BSM extensions
such as the SM effective field theory [86,87] or particular
models of new physics (NP) [74,88], as in this paper. HEPfit
works within the Bayesian statistics framework and there-
fore we need to carefully choose the priors of our variables.
We have a total of ten new degrees of freedom with respect
to the SM: the physical masses of the additional scalars
(MH� ;MH, and MA), the mixing angle of the CP-even

neutral scalars (α̃), three quartic couplings of the potential
(λ2, λ3, and λ7), and the three Yukawa alignment parameters
(ςu, ςd, and ςl). Since our fits include all of the available
information, we use uniform distributions as priors. In
general, the priors are chosen to cover the region of the
parameters that is physically relevant. For the mixing angle,
we chose the prior in such a way that at least the 5σ region
of the posterior probability is contained within the selected
range. The quartic couplings are mainly constrained from
theory assumptions, which impose a hard cut on the values
that these parameters can take. In this case, we chose a prior
wide enough to include all points allowed by the theory
constraints. The priors of the Yukawa couplings are also set
within the limits allowed by perturbative constraints.
There is huge freedom when choosing ranges for the

scalar masses. In this analysis, we assume that the SM
Higgs is the lightest scalar, i.e., that MH, MA, and MH� are
larger than 125 GeV. The complementary scenario where
the SM Higgs is not the lightest scalar is phenomenologi-
cally very intriguing and capable of displaying very distinct
collider signatures at the LHC [57–59]. However, these
signatures and the overall phenomenology are strongly
dependent on the assumed hierarchy of scalar masses
(which BSM particles are considered to be lighter than
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the SM Higgs). Moreover, a detailed analysis of the
different possible scenarios requires the inclusion of addi-
tional experimental data from LEP and flavor factories and
a proper theoretical treatment of hadronic resonances in the
mass region below 10 GeV. These intricacies for the light
BSM particles are beyond the scope of this paper, and
therefore here we focus only on the heavy BSM scenario.2

Higher scalar masses are obviously preferred by the data
because no clear deviations from the SM have been
observed so far. Taking into account that many direct
searches have been studying mass ranges up to 1 TeV, this
number seems a reasonable higher cutoff for our global
analysis. However, we also provide some results in which
the highest value of the scalar masses have been set to
1.5 TeV, so that we can get a feeling of how much our
results depend on the priors. Finally, we would also like to
comment that, instead of taking the masses as fundamental
parameters, using the masses squared could also be a
well-justified choice. However, as can be seen in Ref. [74],
when using a uniform distribution for the masses squared
the results depend much more on the ranges of masses
analyzed. Therefore, we impose our priors linearly on the
scalar mass parameters. The chosen priors can be found
in Table I.

IV. FIT CONSTRAINTS

We aim to use as much information as we can in order to
constrain the parameter space of the ATHDM. In this work

we combine the whole set of theoretical constraints with all
relevant experimental limits coming from LHC direct
searches, Higgs data, electroweak precision data, and flavor
observables.

A. Theoretical considerations

Regarding theoretical constraints, the two conditions that
are usually demanded are a scalar potential bounded from
below and perturbative unitarity of the S matrix. The
requirement that the scalar potential is bounded from below
indicates that it should not go to large negative values,
which would make it unstable, for any configuration of the
fields. For this purpose, it is useful to recast the scalar
potential V in the following Minkowskian form [89]:

V ¼ −Mμrμ þ 1

2
Λμ

νrμrν; ð4:1Þ

with

Mμ ¼
�
−
μ1 þ μ2

2
;−Re μ3; Im μ3;−

μ1 − μ2
2

�
;

rμ ¼ �jΦ1j2 þ jΦ2j2; 2ReðΦ†
1Φ2Þ; 2ImðΦ†

1Φ2Þ; jΦ1j2
− jΦ2j2

�
; ð4:2Þ

and

Λμ
ν ¼

1

2

0
BBBB@

1
2
ðλ1 þ λ2Þ þ λ3 Reðλ6 þ λ7Þ −Imðλ6 þ λ7Þ 1

2
ðλ1 − λ2Þ

−Reðλ6 þ λ7Þ −λ4 − Reλ5 Imλ5 −Reðλ6 − λ7Þ
Imðλ6 þ λ7Þ Imλ5 −λ4 þ Reλ5 Imðλ6 − λ7Þ
− 1

2
ðλ1 − λ2Þ −Reðλ6 − λ7Þ Imðλ6 − λ7Þ − 1

2
ðλ1 þ λ2Þ þ λ3

1
CCCCA: ð4:3Þ

Diagonalization of the mixed-symmetric matrix3 Λμ
ν pro-

duces one “timelike” (Λ0) and three “spacelike” (Λ1;2;3)
eigenvalues.4 The scalar potential remains bounded

from below when the following two conditions are
satisfied [89,90]:
(1) All the eigenvalues are real.
(2) Λ0 > 0 with Λ0 > Λi ∀ i∈ f1; 2; 3g.

Several necessary conditions for the scalar potential to be
bounded from below have been listed in Ref. [91]. How-
ever, those necessary conditions are comprehended in the
two above-mentioned necessary and sufficient conditions.
One additional constraint could be imposed on the

quartic couplings by demanding that the vacuum of the

TABLE I. Priors chosen for the NP parameters.

Priors

MH� ⊂ ½0.125; 1.0 ð1.5Þ� TeV MH ⊂ ½0.125; 1.0 ð1.5Þ� TeV MA ⊂ ½0.125; 1.0 ð1.5Þ� TeV
λ2 ⊂ ½0; 11� λ3 ⊂ ½−3; 17� λ7 ⊂ ½−5; 5�
α̃ ⊂ ½−0.16; 0.16� ςu ⊂ ½−1.5; 1.5� ςd ⊂ ½−50; 50� ςl ⊂ ½−100; 100�

2In a forthcoming publication we will soon address the
possibility of lighter scalars.

3Actually, Λμν is a symmetric matrix and can be diagonalized
by a SOð1; 3Þ transformation.

4The attributes “timelike” and “spacelike” are related to the
corresponding eigenvectors.
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scalar potential is a stable neutral minimum.5 For this
purpose, one defines the discriminant of the matrix
ξI4 − Λμ

ν as

D ¼ −
Y3
k¼0

ðξ − ΛkÞ with ξ ¼ M2
H�

v2
; ð4:4Þ

where the Lagrange multiplier ξ is determined by minimiz-
ing the scalar potential V with the constraint6 rμrμ ¼ 0.
The condition for a global minimum is found to be [90]
D > 0, or D < 0 with ξ > Λ0. We include this condition in
our analysis, requiring a stable neutral minimum. However,
removing this constraint does not significantly change our
results.
The unitarity of the S matrix ensures that, in order to

conserve the total probability, scattering amplitudes do not
grow monotonically with energy. Since unitarity emerges
from the basic formulation of quantum field theory, it is
bound to hold in a complete renormalizable theory while
dealing with the full Smatrix. However, the unitarity bound
does not need to be satisfied by the perturbative calculation
of the S matrix to any particular order. The stronger
requirement of perturbative unitarity enforces the unitarity
of the S matrix to be obeyed at every order of perturbation
theory. It indirectly indicates that the couplings, in terms
of which the perturbative expansion is performed, are not
very large and one can safely neglect higher-order con-
tributions. Therefore, imposing perturbative unitarity on all
of the 2 → 2 scattering amplitudes involving the scalars

(both the massive ones and the Goldstone bosons, which
account for the W�

L and ZL) will restrict the quartic
couplings λi, ensuring that the perturbative expansion of
the S matrix does not diverge at high energies. Tree-level
unitarity is enforced on the 2 → 2 scattering matrix of
scalars by demanding that

ða0jÞ2 ≤
1

4
with ða0Þi;f ¼ 1

16πs

Z
0

−s
dtMi→fðs; tÞ;

ð4:5Þ

where a0 is the matrix of tree-level partial-wave amplitudes
and a0j are the corresponding eigenvalues in the jth partial
wave. Nevertheless, while considering the scattering of
scalars at very high energy, only the S-wave amplitude with
j ¼ 0 becomes most significant at tree level. Constructing
two-scalar scattering states with definite hypercharge and
weak isospin ðY; IÞ and grouping the ones with the same set
of quantum numbers, the 25-dimensional7 matrix a0 can be
expressed in a block-diagonal form:

aþþ
0 ¼ 1

16π
Xð1;1Þ; aþ0 ¼ 1

16π
diag½Xð0;1Þ; Xð1;0Þ; Xð1;1Þ�;

a00 ¼
1

16π
diag½Xð0;0Þ; Xð0;1Þ; Xð1;1Þ; Xð1;1Þ�; ð4:6Þ

where the superscript indicates the total charge of the initial
or final states. Thus, the scattering matrix a0 is comprised
of the following four submatrices [91,94]:

Xð1;0Þ ¼ λ3 − λ4; Xð1;1Þ ¼

0
B@

λ1 λ5
ffiffiffi
2

p
λ6

λ�5 λ2
ffiffiffi
2

p
λ�7ffiffiffi

2
p

λ�6
ffiffiffi
2

p
λ�7 λ3 þ λ4

1
CA; Xð0;1Þ ¼

0
BBB@

λ1 λ4 λ6 λ�6
λ4 λ2 λ7 λ�7
λ�6 λ�7 λ3 λ�5
λ6 λ7 λ5 λ3

1
CCCA;

Xð0;0Þ ¼

0
BBB@

3λ1 2λ3 þ λ4 3λ6 3λ�6
2λ3 þ λ4 3λ2 3λ7 3λ�7

3λ�6 3λ�7 λ3 þ 2λ4 3λ�5
3λ6 3λ7 3λ5 λ3 þ 2λ4

1
CCCA: ð4:7Þ

The perturbative-unitarity condition (4.5) can be traded in
terms of the eigenvalues (ei) for the above four submatrices
by demanding that

jeij < 8π: ð4:8Þ

On the other hand, considering the coupling of fermions
to the charged scalars, we vary the value of ςf in the pertur-

bative range satisfying
ffiffiffi
2

p jςfjmf=v < 1. A more detailed
study on the perturbativity of the alignment parameters
could be performed based on the procedure mentioned in
Ref. [95], which would extend the range of ςf a bit more.
However, for our analysis it is sufficient to consider the
above inequality.

5This requirement is a bit more restrictive. It can be relaxed by
allowing a metastable vacuum with a transition time to the true
vacuum larger than the age of the Universe.

6The condition rμrμ ¼ 0 ensures that the vacuum is a charge-
neutral minimum. It has been proven that neutral and charge-
breaking vacua cannot coexist in any THDM [92,93].

7For any THDM, there are 14 neutral, eight single-charged, and
three doubly charged two-body scalar scattering states possible.

KARAN, MIRALLES, and PICH PHYS. REV. D 109, 035012 (2024)

035012-6



B. Direct searches

Many searches for additional scalars have been devel-
oped at the LHC. In order to use those results, we compare
the theoretical prediction of the cross section times branch-
ing ratio, σ · B, for several processes with the exclusion
limits obtained by the CMS and ATLAS experimental
collaborations.
The experimental data are provided in the form of tables,

which compile the values of the 95% upper limits on σ · B,
as a function of the resonance mass. In these tables, HEPfit
performs a linear interpolation if needed. In order to
compare the theoretical results with the experimental data,
we define the ratio of the theoretical prediction over the
experimental upper limit. To this ratio we assign a Gaussian
distribution (restricted to positive values) centered at 0 such
that the value 1 is excluded with a 95% probability.
All of the channels included in our fit can be found in

Appendix A. In Table IV we show the channels included
for the charged scalars, while those of the neutral scalars are
shown in Tables V–VII. Specifically, in Table V we show
the decays into neutral scalars (including the SM Higgs
boson); in Table VI the decays into fermions, γγ, and Zγ;
and in Table VII the decays into weak gauge bosons. When
the limits on σ · B provided in the experimental papers also
consider a subsequent decay of the SM particles, we show
this final decay with parentheses. When the limits on σ · B
are provided directly on the decay width of the NP particles
to SM particles, but using particular decays of the produced
SM particles, we show such SM decays with square
brackets.

C. Higgs data

The presence of additional scalars generates relevant
effects on the production and decay of the SM Higgs. The
one-loop h → 2γ amplitude receives additional contribu-
tions from the charged scalar. Furthermore, due to the
mixing among the CP-even scalars, the coupling of the SM
Higgs with the weak bosons is modified as shown in
Eq. (2.12), which changes the Higgs production through
vector-boson fusion (VBF) and the associated production
with vector bosons (Vh). The decays of the Higgs boson to
fermions are also sensitive to the scalar mixing, as shown in
Eqs. (2.16) and (2.17), which also modifies the Higgs
production through gluon fusion (ggF) and its associated
production with tt̄ pairs (tth).
The production and subsequent decay of the SM Higgs

boson have been measured (or bounds have been set) at the
LHC for the most relevant production modes (ggF, VBF,
Vh, and tth) and decay channels (cc̄, bb̄, γγ, μþμ−, τþτ−,
WW, Zγ, and ZZ). These data are parametrized in terms
of the Higgs signal strengths, which are defined as the
measured cross section times branching ratio for a given
production and decay Higgs channel, in units of the SM
prediction. Table III in Appendix A compiles the

experimental papers from which we take the values of
the different Higgs signal strengths relevant to our analysis.

D. Electroweak precision observables

The presence of additional scalars generates contribu-
tions to the oblique parameters (also known as Peskin-
Takeuchi parameters [96,97]) S, T, and U [98]. The
experimental values of these parameters are obtained from
global fits of electroweak precision data, using observables
directly measured (mainly) at LEP and SLC. Among these
observables, we highlight the ratio Rb ≡ ΓðZ → bb̄Þ=
ΓðZ → hadronsÞ [99,100], which is also affected by the
additional scalars. Using the values of the oblique param-
eters from the Particle Data Group (PDG) would be
inconsistent in our study because those values do not take
into account the NP contamination of Rb. Moreover, since
we include Rb directly in our global fit of the ATHDM, the
information from this observable cannot be employed to
determine the oblique parameters.
In order to obtain noncontaminated values for the

oblique parameters, we repeat the electroweak fit by
removing Rb from the list of fitted measurements, obtaining
the values of S, T, and U that are included as inputs to our
analysis. These values are summarized in Table IX of
Appendix B 2.
The values of the oblique parameters are also highly

dependent on the value of theW-boson mass (MW). For our
baseline results on these parameters, we use the value of
MW quoted by the PDG 2022 [101]. However, in April of
2022 the CDF Collaboration announced a controversial
new measurement of MW [78], which is incompatible with
the SM prediction by 7σ. Since there is not yet consensus in
the community, we do not include this measurement in our
main global fit but instead show how much the results
change with the values for the oblique parameters obtained
when incorporating this new measurement in a global
electroweak fit performed with HEPfit [102,103].8

Finally, we also notice that using the three oblique
parameters S, T, and U and fitting only S and T (assuming
U to be negligible) give very similar results. Therefore, we
use only S and T, since it is well known that the THDM
contributions to U are highly suppressed [98].

E. Flavor observables

The parameter space of the ATHDM can also be con-
strained from flavor observables, since the new scalars
generate relevant contributions to many of them. How-
ever, in order to be able to determine these contributions,
we first need to know the numerical values of the CKM
parameters. For this work we adopt the Wolfenstein

8Note that in these references Rb was also included as an input,
but we have checked that repeating the fit of Ref. [103] without
Rb leads to very similar results. Therefore, we decide to use the
values quoted in the original paper.
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parametrization [104], so we need to provide the corre-
sponding values as inputs in our analysis. The world
averages quoted in the PDG 2022 [101] originate from
SM fits from the CKMFitter [105] and UTfit [3,106]
collaborations, which make use of several flavor transitions
that could be affected by the additional scalars. The UTfit
Collaboration also provides the values of the Wolfenstein
parameters when removing the loop processes from the
fit [107], which gives the correct values for models in
which the tree-level effects of NP are negligible. Never-
theless, for some (small) regions of the parameter space in
the ATHDM there could still be some contamination of
some of the tree-level processes used to determine the
Wolfenstein parameters. For this reason, we repeat this
CKM fit using only processes that are not contaminated by
the additional scalars. Details on this fit, as well as the
resulting numerical values for the CKM parameters, can
be found in Appendix B 1. Note also that we use as
observables for our ATHDM global fit some processes
that are usually taken into account in the CKM fit, like
the pseudoscalar-meson leptonic decays, so it is clear that
we should remove these processes from our CKM
determination.
We consider all relevant flavor observables that con-

strain the CP-conserving ATHDM, including the contri-
butions to loop processes like the neutral-meson mixing of
Bs (ΔMBs

) [37,108], the weak radiative decay B → Xsγ
[37,46,47,109–115], and the rare weak leptonic decay
Bs → μþμ− [40,116]. Besides these loop processes, we
also include some relevant tree-level transitions like the
leptonic decays of heavy pseudoscalar mesons (B → τν,
DðsÞ → μν and DðsÞ → τν), as well as the ratios of the
leptonic decays of light pseudoscalar mesons [ΓðK → μνÞ=
Γðπ → μνÞ] and the similar tau decays [Γðτ → KνÞ=
Γðτ → πνÞ] [37].
We do not include in our main fit the anomalous

magnetic moment of the muon, ðg − 2Þμ [117], because
there is no full consensus in the community on the SM pre-
diction of this observable. The most recent lattice compu-
tations of the hadronic vacuum polarization [80–82] and the
estimates from τ decay [83,84] seem to find an SM result

much closer to the experimental value [118,119] than the
dispersive eþe− prediction [79], and additional hints of a
possible dispersive underestimate are suggested by a recent
QCD analysis of the Adler function [120] and the CMD3
data [121]. Nevertheless, this observable is included in
our code and we show the individual constraints obtained
with it, comparing these results with the ones obtained
using all of the other flavor observables that we have
mentioned here.

V. FIT RESULTS

Here we provide the results for all of the fits we perform
in this analysis. We first discuss in several subsections the
limits obtained using only some subsets of observables, in
order to show the relevance that each observable has in the
global fit. Afterward, we present the global fit, which
provides the main results of this work. We also show how
the results of our global fit would change if the new CDF
measurement of MW [78] is included.

A. Theoretical bounds

The theoretical considerations generate constraints on
the parameters of the scalar potential. As shown in Sec. II,
we have a total of nine degrees of freedom in the CP-
conserving potential. The scalar vacuum expectation value
andMh are fixed by the measurement of the Fermi constant
in muon decay [101] and the Higgs mass measurement at
the LHC [101]. We then have a total of seven degrees of
freedom that could be possibly constrained with the theory
assumptions. As mentioned before, we trade some of these
scalar potential parameters for more physical inputs. Our
chosen parameters are the masses of the new scalars, the
mixing angle among the CP-even scalars, and the three
quartic couplings λ2, λ3, and λ7.
The theoretical constraints on the parameters of the

potential can be translated into limits on the scalar mass
splittings. Figure 1 displays the resulting constraints on the
correlation among the different masses and the correlation
of the charged scalar mass with the mixing angle. Note that
in this case we show the 100% probability region, since all

FIG. 1. Constraints from theory assumptions.
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of the points that satisfy these constraints are equally valid.
In general, we observe that for scalar mass values below
700 GeV, the constraints on the mass splittings and the
mixing angle are rather weak. This can be easily under-
stood, since for low masses the mass differences cannot
be large enough to reach the theoretical bounds. How-
ever, above this threshold, especially beyond 1 TeV, the
constraints become considerably more stringent. Since
differences of masses squared are proportional to combi-
nations of quartic couplings times the VEV squared, the
naive estimate

ffiffiffiffiffiffi
4π

p
v ≈ 870 GeV gives indeed a good idea

of the scale where these limits become relevant.
The constraints on the quartic couplings are shown in

Fig. 2, where we can see that negative values of λ2 are
forbidden while slightly negative values of λ3 could be
allowed, provided they are very close to zero. Finally, λ7 is
clearly constrained to be smaller than 3 in modulus.

B. Experimental bounds

Figure 3 shows that the measured Higgs signal strengths
generate tight constraints in the α̃-ςf planes. At 99.7%

probability some allowed regions, at the corners of the
central and right plots of Fig. 3, appear really far away from
the SM solution. These regions correspond to down-type
and/or lepton Yukawas of opposite sign to the SM Higgs
couplings. Since these observables are only sensitive to the
modulus of the Yukawa couplings, this could be a possible
solution, although following a Bayesian approach the prior
probability of this kind of solutions would be quite small.
No such regions appear for up-type quarks because the
relative sign between the top Yukawa and the Higgs
coupling to the gauge bosons gets constrained by the
h → 2γ decay width and the range of allowed jςuj values
is much smaller.
The oblique parameters (S and T) generate significant

constraints on the mass splitting of the additional scalars.
These constraints can be found in Fig. 4, where we compare
the results obtained when S and T are fitted with the
PDG 2022 value of MW (PDG-MW) with those using
the modified S and T values emerging from the world
average [103] after including the CDF MW (CDF-MW)
measurement [78]. The allowed regions using the PDG

FIG. 3. Constraints from the measured Higgs signal strengths.

FIG. 2. Constraints from theory assumptions.
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value of MW are compatible with small or even zero mass
splittings. However, once the CDF value is included in the
fit, a nonzero mass difference between the new scalars is
definitely required to explain the deviation from the SM
prediction of MW . This scalar mass difference could be
accommodated within this model, since we are able to
generate the needed contribution to MW , even when we
impose agreement with all other observables in combina-
tion, as we discuss in Sec. V D.
The flavor observables and Rb generate constraints on

the Yukawa alignment parameters (ςu, ςd, ςl) and the mass
of the charged Higgs MH� . Figure 5 displays the correla-
tions among ςu, ςd, and ςl, while in Fig. 6 we show the
correlation of these parameters with MH� . The dominant
NP contribution to the B → Xsγ amplitude is proportional
to the product ςuςd, which explains the strong correlation
between these two alignment parameters observed in the
left panel of Fig. 5. The first two panels in Fig. 6 also
exhibit the presence of two additional bands emerging from
the central B → Xsγ allowed region; they correspond to
solutions with a NP contribution equal to −2 times the SM

amplitude. The strongest constraint on the ςu −MH� plane
comes from meson mixing, although Rb, B → Xsγ, and
Bs → μþμ− also help in constraining this plane. In the ςd −
MH� plane, the tree-level leptonic and semileptonic decays
of pseudoscalar mesons (and tau decays into pseudoscalars)
generate the strongest limits for low values of the scalar
masses. However, the tree-level NP contributions rapidly
drop when increasing the mass of the charged scalar, so for
larger mass values the loop processes dominate. B → Xsγ
provides the strongest limits for intermediate values ofMH�

around 500 GeV, while for heavier masses Bs → μþμ−
produces the most relevant constraints because it also gets
contributions from neutral scalar exchanges that are sizable
at large jςdj. In the ςl −MH� plane, the constraints are very
poor, except at very low values ofMH� where useful limits
are obtained from the tree-level processes. As shown in the
first two panels of Fig. 6, small values of MH� are allowed
when ςu;d → 0, but when marginalizing over these two
alignment parameters their probability becomes very small,
which explains the lower bound on the charged scalar mass
observed in the third panel. Notice that the maximum and

FIG. 4. Constraints on the mass splittings from the oblique parameters S and T.

FIG. 5. Constraints from flavor observables on the alignment parameters.
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minimum values allowed for the different parameters are
slightly different in Figs. 5 and 6; this is just a consequence
of having non-Gaussian distributions.
Finally, in Fig. 7 we compare the constraints on ςl

obtained from the combination of all flavor observables
with the results needed to explain the anomalous magnetic
moment of the muon. Since we are only considering scalar
masses above 125 GeV, quite large values of the leptonic
alignment parameter are required, but there is indeed room
to satisfy all of the flavor constraints in combination with
ðg − 2Þμ. Nevertheless, we decide to exclude this observ-
able from our global fit because its SM prediction is
currently under debate, as discussed in Sec. IV E.

C. Global fits

In this section we provide the results emerging from the
global fit, using all of the experimental observables and
theoretical considerations at the same time. As mentioned
in Sec. III, we consider masses up to 1 and 1.5 TeV, in such

a way that we can also explicitly see the dependence on the
adopted priors. The marginalized probabilities, given in
Table II, indeed exhibit some dependence on the priors,
especially regarding the mass limits. This behavior is
reasonable since the likelihood is maximized for higher
values of the masses; smaller masses would always be
disfavored, moving the 95% region farther away when we
allow for higher mass values. The allowed ranges of the
Yukawa alignment parameters are also wider when heavier
masses are allowed because the scalar contributions to the
flavor observables decrease with increasing mass values
and, therefore, higher values of ςu;d;l become possible, as
can be observed in Fig. 6. In contrast, the preferred region
of the mixing angle shrinks when we scan over heavier
masses because the theoretical constraints, shown in Fig. 1,
become more severe for higher values of the scalar masses.
The correlations among the scalar masses are shown in

Fig. 8, which exhibits diagonal bands enforced by the
theoretical constraints and the oblique parameters. The
bounds on the masses get significantly relaxed, and almost

FIG. 7. Comparison of the ςl region required to accommodate ðg − 2Þμ with the flavor constraints.

FIG. 6. Constraints from flavor observables on the Yukawa couplings and mass of the charged scalar.
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disappear, in the limit of zero mass splittings between the
charged and neutral scalars. This is due to the reduction of
the constraints from the oblique parameters, which makes
these points much more favored. The correlations among
the mass splittings are shown in Fig. 9. In the middle plot
one observes that the two mass differences between the

charged scalar and the neutralCP-even and CP-odd bosons
cannot be simultaneously large; when one increases, the
other must decrease. From the left and right plots we can
also see that when the mass splitting among the neutral
scalars gets large the mass splitting among the charged
scalar and one of the neutral scalars must go to zero. Here

TABLE II. Marginalized individual results. The mass limits are at 95% probability, while for the others we show
the mean value and the square root of the variance.

Marginalized individual results

Masses up to 1 TeV

MH� ≥ 390 GeV MH ≥ 410 GeV MA ≥ 370 GeV
λ2∶ 3.2� 1.9 λ3∶ 5.9� 3.5 λ7∶ 0.0� 1.1
α̃∶ ð0.05� 21.0Þ × 10−3 ςu∶ 0.006� 0.257 ςd∶ 0.12� 4.12 ςl∶ − 0.39� 11.69

Masses up to 1.5 TeV

MH� ≥ 480 GeV MH ≥ 490 GeV MA ≥ 480 GeV
λ2∶ 3.2� 1.9 λ3∶ 5.9� 3.8 λ7∶ 0.0� 1.2
α̃∶ ð0.8� 16.8Þ × 10−3 ςu∶ − 0.011� 0.407 ςd∶ − 0.096� 6.22 ςl∶ − 1.18� 17.54

FIG. 8. Correlations among the masses of the new scalars.

FIG. 9. Correlations among the mass splittings.
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again, this behavior is generated by the oblique parameters,
whose NP contribution tends to zero when the mass
splitting between any neutral scalar and the charged scalar
vanishes. The last interesting plots regarding the masses are

their correlations with the Yukawa alignment parameters
and the mixing angle, shown in Fig. 10. Here we can see
how the higher the masses get, the higher the Yukawa
alignment parameters can be. Nevertheless, for masses

FIG. 10. Correlations among the mixing angle and the Yukawa alignment parameters with the masses.
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above 700 GeV, smaller values of the mixing angle are
preferred due to the theoretical constraints, as explained
before. Finally, for very small values of the Yukawa
alignment parameters or the mixing angle the limits on
the masses also start to disappear, as expected.
The correlations of the Yukawa alignment parameters

among themselves and with the mixing angle are shown in
Figs. 11 and 12, respectively. In the first one we observe
that the regions get wider when higher masses are allowed,
since all experimental constraints become softer, as also
shown in Fig. 10. Moreover, once one of the Yukawa
alignment parameters tends to high values, the others get
highly suppressed. Indeed, for masses up to 1 TeV, in order
to obtain values of ςd or ςl of order 10, ςu must be of order
0.1 or smaller. We observe a similar behavior by looking
at the correlations of the Yukawa alignment parameters
with the mixing angle. The higher the mixing angle, the
smaller the Yukawa alignment parameters must be, and the
higher the allowed range of masses, the higher the Yukawa
alignment parameters can be. However, as can also be seen
in Fig. 10, the mixing angle does not grow with the masses,
and slightly smaller values of α̃ are preferred when heavier

masses are allowed in the fit. Nevertheless, performing a
fit with a wider mass region does not significantly change
the shape of the correlations between the Yukawa align-
ment parameters and the mixing angle with respect to the
masses of the scalars. Integrating over the masses, like in
Figs. 11 and 12, the shape stays basically unchanged and
just rescales when a different mass range is covered.
Indeed, performing the fits for these two different mass
ranges allows us to get an idea of the shape of the multi-
dimensional correlation of the masses against the other
parameters which, unfortunately, cannot be printed in a
two-dimensional plot.
In Fig. 11 we also show the restrictions [Eq. (2.18)] each

Z2 THDM would impose on the Yukawa alignment
couplings. In these models, all alignment parameters are
related through an angle β, whose tangent measures the
ratio of the VEVs of the two scalar fields in the basis where
the discrete Z2 symmetry is imposed. Therefore, each
Z2-symmetric model corresponds to specific curves (either
straight lines or hyperbolas) in the ςf1 − ςf2 planes, each
point of which represents different values of tan β. The
curves in green (thick solid), cyan (thin solid), orange

FIG. 11. Correlations among the Yukawa alignment parameters. Also shown are the restrictions (2.18) imposed in the different Z2

THDMs (the inert model is omitted since in that case these couplings are simply set to zero).

FIG. 12. Correlations among the mixing angle and the Yukawa alignment parameters.
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(thin dotted), and black (thick dotted) depict the type-I,
type-II, type-X, and type-Y THDMs, respectively, whereas
the inert THDM corresponds to an isolated point at the
origin. The first panel in Fig. 11 indicates that the type-II
and type-Y models have some tension with the (mainly
flavor) data. Note, however, that this is just a qualitative
comparison. In order to analyze the parameter space of any
of these particular models, we would need to change the
priors of our analysis by considering tan β as the free
parameter instead of the alignment parameters along with
the constraint μ3 ¼ λ6 ¼ λ7 ¼ 0. A comprehensive inves-
tigation of the parameter space for each of these models,
though valuable, falls outside the scope of this study. We
refer the interested reader to the more recent specific
analyses in Refs. [49,50].
Finally, in Fig. 13 we plot the correlations among the

quartic couplings of the scalar potential. These couplings
are mainly constrained by the theoretical bounds (pertur-
bative unitarity, boundedness from below, and vacuum
stability) and therefore their constraints do not depend on
the mass range studied. Indeed, these limits are approx-
imately the same as those of Fig. 2, in which only the
theoretical considerations have been taken into account.

D. CDF W-mass measurement

As mentioned before, in 2022 the CDF Collabo-
ration released a new measurement of the mass of the W
boson [78] with a 7σ tension with the SM prediction. Since
there is still a controversy in the community, we do not
include this last measurement in our main analysis, but we
provide here the results of a global fit including that
information. In particular, we take the values of the oblique
parameters (S and T) from Ref. [103]. Using that data as an
input, we obtain a posterior value for MW ¼ 80.4178�
0.0091 GeV which is compatible with the CDF measure-
ment (MCDF

W ¼ 80.433� 0.009) within a 95% probability.
The additional scalars of the ATHDMwould then be able to
explain this result, if confirmed.9 As can be seen in Figs. 14
and 15, in order to generate this additional contribution
toMW we need a mass difference among the charged scalar
and the neutral scalars of, at least, a few tens of GeV.
Besides this mass difference, the results for the other para-
meters are very similar to the ones obtained in the baseline
fit, as expected.

FIG. 13. Correlations among the quartic couplings.

FIG. 14. Correlations among the masses of the new scalars, with and without including the CDF measurement of MW .

9Of course, we are not able to explain the 4σ incompatibility
between the ATLAS [122,123] and CDF [78] measurements.
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VI. CONCLUSION

In this work we have performed an extensive phenom-
enological analysis of the CP-conserving ATHDM, using
the HEPfit package. These results update the previous work
of Ref. [74],10 although here we used a slightly different set
of parameters. The observed SM Higgs boson at a mass of
125 GeV has been assumed to be the lightest scalar particle,
and therefore we focused our study on heavy NP scalars.
More details on the region of the parameter space that we
scanned can be found in Sec. III.
We incorporated the theoretical requirements of pertur-

bative unitarity, boundedness of the scalar potential from
below, and vacuum stability, and the most relevant exper-
imental constraints, including direct searches at the LHC,
Higgs signal strengths, electroweak precision observables,
and flavor data. The main results of the global fit, com-
bining all theoretical and experimental constraints at the
same time, are shown in Sec. V C.
We had a total of ten NP parameters to fit. Three of them

are the Yukawa alignment parameters for up-type quarks
(ςu), down-type quarks (ςd), and leptons (ςl). The other
seven come from the scalar potential, where we chose the
three heavy scalar masses (MH,MA, andMH�), the mixing
angle among the neutral scalars (α̃), and three quartic
couplings (λ2, λ3, and λ7). The only relevant constraints
on these quartic couplings come from theoretical consid-
erations. The mixing angle is mainly constrained by the
Higgs signal strengths and lower limits on the masses of
the new scalars were obtained from direct searches and
flavor observables (which constrain the mass of the charged
scalar). The mass difference among the charged scalar and
(at least one of) the neutral scalars is highly constrained by
the oblique parameters. The theoretical requirements also

provide relevant constraints on the mass splittings and the
mixing angle for high values of the charged scalar mass.
Finally, the Yukawa alignment parameters are mainly
constrained by the direct searches and flavor observables.
The marginalized probabilities for all of the parameters

can be found in Table II. In this table, we show results for a
fit in which the scan on the masses is done up to 1 TeVand
one in which the scan is done up to 1.5 TeV. These ranges
of masses were chosen according to the ranges testable at
the LHC. Obviously, the results differ according to the
range considered, since higher masses are always favored.
Note also that the lower bounds on the masses are highly
correlated with the values of the Yukawa alignment
parameters. If we set these parameters to sufficiently low
values, the constraints on the masses vanish. For masses up
to 1 TeV, values of jςuj > 0.7, jςdj > 12, jςlj > 30, and
jα̃j > 0.06 are outside of the 95% probability region.
Besides performing this global fit with the state-of-the-art

data, we also studied two additional measurements that, at
the moment, deviate from the SM prediction: the muon
(g − 2) [118,119] and the new measurement ofMW from the
CDF Collaboration [78]. In both cases we did not include
them in the global fit because they are still controversial,
although for different reasons. Nevertheless, we have shown
that the ATHDM has enough flexibility to accommodate
both measurements within its parameter space, while still
being compatible with all other constraints.
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APPENDIX A: DATA INCLUDED

The following tables compile all experimental references included in the fit for the direct searches and the Higgs signal
strengths.

TABLE III. Higgs signal strengths measured by ATLAS and CMS. Note that not all of the decays have been measured for all of the
production channels.

References L [fb−1]
ffiffiffi
s

p
[TeV] References L [fb−1]

ffiffiffi
s

p
[TeV]

Production Decay ATLAS CMS

cc̄ [124] 139 13 [125] 35.9 13
bb̄ [126,127] 4.7=20.3 7=8 [128,129] 5.1=18.9 7=8

[101,130,131] 126=139 13 [101,132,133] 2.3=41.3 13
ggF γγ [134] 4.5=20.3 7=8 [135] 5.1/19.7 7=8

[136] 139 13 [137] 137 13
VBF μþμ− [138] 5=20 7=8 [138] 5=20 7=8

[139] 139 13 [140] 137 13
Vh τþτ− [141] 4.5=20.3 7=8 [142] 4.9=19.7 7=8

[143] 139 13 [144] 137 13
tth WW [145,146] 25, 4.5=20.3 7=8 [147] 4.9=19.4 7=8

[143] 139 13 [144] 137 13
Zγ [148] 4.7=20.3 7=8 [149] 5=19.6 7=8

[150] 139 13 [151] 35.9 13
ZZ [152] 4.5=20.3 7=8 [153] 5.1=19.7 7=8

[154] 139 13 [144] 137 13

TABLE IV. Direct searches for charged scalars.

Label Channel Experiment Mass range [TeV] L [fb−1]

Aτν
8 pp → H� → τ�ν ATLAS [155] [0.18;1] 19.5

Cτν
8 pp → H� → τ�ν CMS [156] [0.18;0.6] 19.7

Aτν
13 pp → H� → τ�ν ATLAS [157] [0.09;2] 36.1

Cτν
13 CMS [158] [0.08;3] 35.9

Atb
8 pp → H� → tb ATLAS [159] [0.2;0.6] 20.3

Ctb
8 pp → H� → tb CMS [156] [0.18;0.6] 19.7

Atb
13 pp → H� → tb ATLAS [160] [0.2;2] 139

Ctb
13

CMS [161] [0.2;3] 35.9

TABLE V. Direct searches for neutral heavy scalars, φ0
i ¼ H, A, with final states including the SM Higgs boson or other neutral

scalars. φ3 denotes the heaviest scalar, V ¼ W, Z, l ¼ e, μ. Parentheses show the final decay of the SM particles produced from the NP
particles. Square brackets are used when the values of σ · B are shown in terms of the primary decay (i.e., the NP particle decay) but a
particular decay channel of the SM particles is used to obtain those values. See Sec. IV B for more details.

Label Channel Experiment Mass range [TeV] L [fb−1]

Ahh
8 gg → φ0

i → hh ATLAS [162] [0.26;1] 20.3

C4b
8 pp → φ0

i → hh → ðbbÞðbbÞ CMS [163] [0.27;1.1] 17.9

C2γ2b
8

pp → φ0
i → hh → ðbbÞðγγÞ CMS [164] [0.260;1.1] 19.7

C2b2τ
8g gg → φ0

i → hh → ðbbÞðττÞ CMS [165] [0.26;0.35] 19.7

C2b2τ
8 pp → φ0

i → hh½→ ðbbÞðττÞ� CMS [166] [0.35;1] 18.3

(Table continued)
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TABLE V. (Continued)

Label Channel Experiment Mass range [TeV] L [fb−1]

A4b
13 pp → φ0

i → hh → ðbbÞðbbÞ ATLAS [167] [0.251;5] 139

C4b
13;1 CMS [168] [0.26;1.2] 35.9

C4b
13;2 CMS [169] [1;3] 138

C4W
13 pp → φ0

i → hh → ðWWÞðWWÞ=ðWWÞðττÞ=ðττÞðττÞ CMS [170] [0.25;1] 138

A2γ2b
13

pp → φ0
i → hh½→ ðbbÞðγγÞ� ATLAS [171] [0.251;1] 139

C2γ2b
13

pp → φ0
i → hh → ðbbÞðγγÞ CMS [172] [0.25;0.9] 35.9

A2b2τ
13;1 pp → φ0

i → hh → ðbbÞðττÞ ATLAS [173] [0.251;1.6] 139

A2b2τ
13;1 ATLAS [174] [1;3] 139

C2b2τ
13;1 pp → φ0

i → hh½→ ðbbÞðττÞ� CMS [175] [0.25;0.9] 35.9

C2b2τ
13;2 CMS [176] [0.9;4] 35.9

C2b2V
13 pp → φ0

i → hh → ðbbÞðVV → lνlνÞ CMS [177] [0.26;0.9] 35.9

C2b2W
13 pp → φ0

i → hh → ðbbÞðWW → qq̄lνÞ CMS [178] [0.8;3.5] 35.9

C2b2Z
13 pp → φ0

i → hh → ðbbÞðZZ → lljjÞ CMS [179] [0.26;1] 35.9

C2b2Z
13 pp → φ0

i → hh → ðbbÞðZZ → llννÞ CMS [179] [0.26;1] 35.9

A2b2W
13 pp → φ0

i → hh½→ ðbbÞðWWÞ� ATLAS [180] [0.5;3] 36.1

C2b2W
13 pp → φ0

i → hh½→ ðbbÞðWW=ττ → ðqq̄=lνÞlνÞ� CMS [181] [0.8;4.5] 138

A2γ2W
13

gg → φ0
i → hh → ðγγÞðWWÞ ATLAS [182] [0.26;0.5] 36.1

AbbZ
8 gg → φ0

i → hZ → ðbbÞZ ATLAS [183] [0.22;1] 20.3

C2b2l
8 gg → φ0

i → hZ → ðbbÞðllÞ CMS [184] [0.225;0.6] 19.7

AττZ
8 gg → φ0

i → hZ → ðττÞZ ATLAS [183] [0.22;1] 20.3

C2τ2l
8 gg → φ0

i → hZ → ðττÞðllÞ CMS [165] [0.22;0.35] 19.7

AbbZ
13 gg → φ0

i → hZ → ðbbÞZ ATLAS [185] [0.2;2] 36.1

CbbZ
13;1 CMS [186] [0.22;0.8] 35.9

CbbZ
13;2 CMS [187] [0.8;2] 35.9

CbbZ
13;3 gg → φ0

i → ðh → ττÞðZ → llÞ CMS [188] [0.22;0.4] 35.9

AbbZ
13b bb → φ0

i → hZ → ðbbÞZ ATLAS [185] [0.2;2] 36.1

CbbZ
13b;1 CMS [186] [0.22;0.8] 35.9

CbbZ
13b;2 CMS [187] [0.8;2] 35.9

C
φ0
2
Z

8;1
pp → φ0

3 → φ0
2Z → ðbbÞðllÞ CMS [189] [0.04;1] 19.8

C
φ0
2
Z

8;2
pp → φ0

3 → φ0
2Z → ðττÞðllÞ CMS [189] [0.05;1] 19.8

Aφ0Z
13

gg → φ0
3 → φ0

2Z → ðbbÞZ ATLAS [190] [0.13/0.23;0.7/0.8] 139

Aφ0Z
13b

bb → φ0
3 → φ0

2Z → ðbbÞZ ATLAS [190] [0.13/0.23;0.7/0.8] 139

TABLE VI. Direct searches for neutral heavy scalars, φ0
i ¼ H, A, with quarks, leptons (l ¼ e, μ), photons and Zγ final states.

Parentheses show the final decay of the SM particles produced from the NP particles. Square brackets are used when the values of σ · B
are shown in terms of the primary decay (i.e., the NP particle decay) but a particular decay channel of the SM particles is used to obtain
those values. See Sec. IV B for more details.

Label Channel Experiment Mass range [TeV] L [fb−1]

Att
13b bb → φ0

i → tt ATLAS [191] [0.4;1] 13.2

Ctt
13t tt=tW=tq → φ0

i → tt CMS [192] [0.35;0.65] 137
Att
13t tt → φ0

i → tt ATLAS [193] [0.4;1] 137

Cbb
8b bb → φ0

i → bb CMS [194] [0.1;0.9] 19.7

Cbb
8 gg → φ0

i → bb CMS [195] [0.33;1.2] 19.7

(Table continued)
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TABLE VI. (Continued)

Label Channel Experiment Mass range [TeV] L [fb−1]

Cbb
13 pp → φ0

i → bb CMS [196] [0.55;1.2] 2.69

Cbb
13b bb → φ0

i → bb CMS [197] [0.3;1.3] 35.7

Abb
13 pp → φ0

i → bb (≥ 1 b-jet) ATLAS [198] [1.4;6.6] 36.1

Abb
13 pp → φ0

i → bb ATLAS [198] [0.6;1.25] 24.3

Abb
13 pp → φ0

i → bb ATLAS [198] [1.25;6.2] 36.1

Abb
13b bb → φ0

i → bb ATLAS [199] [0.45;1.4] 27.8

Cbb
13 pp → φ0

i → bb CMS [200] [0.05;0.35] 35.9

Cμμ
8b bb → φ0

i → μμ CMS [201] [0.12;0.5] 19.3
Cμμ
8 gg → φ0

i → μμ CMS [201] [0.12;0.5] 19.3
Cμμ
13b bb → φ0

i → μμ CMS [202] [0.14;1] 35.9
Cμμ
13 gg → φ0

i → μμ CMS [202] [0.14;1] 35.9
Aμμ
13b bb → φ0

i → μμ ATLAS [203] [0.2;1] 36.1
Aμμ
13 gg → φ0

i → μμ ATLAS [203] [0.2;1] 36.1

Aττ
8 gg → φ0

i → ττ ATLAS [204] [0.09;1] 20
Cττ
8 CMS [205] [0.09;1] 19.7

Aττ
8b bb → φ0

i → ττ ATLAS [204] [0.09;1] 20
Cττ
8b CMS [205] [0.09;1] 19.7

Aττ
13 gg → φ0

i → ττ ATLAS [206] [0.2;1.2] 3.2
Aττ
13b bb → φ0

i → ττ ATLAS [206] [0.2;1.2] 3.2

Aττ
13 gg → φ0

i → ττ ATLAS [207] [0.2;2.5] 139
Aττ
13b bb → φ0

i → ττ ATLAS [207] [0.2;2.5] 139

Cττ
13 gg → φ0

i → ττ CMS [208] [0.06;3.5] 138
Cττ
13b bb → φ0

i → ττ CMS [208] [0.06;3.5] 138

Aττ
13 gg → φ0

i → ττ ATLAS [209] [0.2;2.25] 36.1
Cττ
13 CMS [210] [0.09;3.2] 35.9

Aττ
13b bb → φ0

i → ττ ATLAS [209] [0.2;2.25] 36.1
Cττ
13b CMS [210] [0.09;3.2] 35.9

Aγγ
8 gg → φ0

i → γγ ATLAS [211] [0.065;0.6] 20.3
Cγγ
13 gg → φ0

i → γγ CMS [212] [0.5;4] 35.9
Cγγ
13 gg → φ0

i → γγ CMS [213] [0.5;5] 35.9
Aγγ
13 pp → φ0

i → γγ ATLAS [214] [0.15;3] 139

AZγ
8

pp → φ0
i → Zγ → ðllÞγ ATLAS [215] [0.2;1.6] 20.3

CZγ
8

CMS [216] [0.2;1.2] 19.7

Cllγ
13

pp → φ0
i → Zγ½→ ðllÞγ� CMS [217] [0.35;4] 35.9

Cqqγ
13 pp → φ0

i → Zγ½→ ðqqÞγ� CMS [217] [0.35;4] 35.9

CZγ
13

pp → φ0
i → Zγ½→ ðll& qqÞγ� CMS [217] [0.35;4] 35.9

Allγ
13

gg → φ0
i → Zγ½→ ðllÞγ� ATLAS [218] [0.25;2.4] 36.1

Aqqγ
13 gg → φ0

i → Zγ½→ ðqqÞγ� ATLAS [219] [1;6.8] 36.1

CZγ
8þ13

gg → φ0
i → Zγ CMS [217] [0.35;4] 35.9
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APPENDIX B: NONCONTAMINATED STANDARD
MODEL INPUTS

In this work we include as inputs the entries of the CKM
matrix, in the Wolfenstein parametrization [104], and the
oblique parameters [96,97]. The experimental values of
these parameters quoted by the PDG [101] have been
obtained through an SM fit of multiple observables,
neglecting any NP contributions. Unfortunately, this
assumption is not satisfied in our model for all of the
observables included in the fits, and we need to repeat these
fits without the problematic observables.

1. Noncontaminated CKM fit

We extract the Wolfenstein parameters from the mea-
sured values of the CKM matrix elements (or ratios
among them).

a. Determination of jVudj
For jVudj we use directly the value quoted by the

PDG [101],

jVudj ¼ 0.97373� 0.00031; ðB1Þ

TABLE VII. Direct searches for neutral heavy scalars, φ0
i ¼ H, A, with vector-boson final states. V ¼ W, Z, l ¼ e, μ. Parentheses

show the final decay of the SM particles produced from the NP particles. Square brackets are used when the values of σ · B are shown in
terms of the primary decay (i.e., the NP particle decay) but a particular decay channel of the SM particles is used to obtain those values.
See Sec. IV B for more details.

Label Channel Experiment Mass range [TeV] L [fb−1]

AZZ
8 gg → φ0

i → ZZ ATLAS [220] [0.14;1] 20.3

AZZ
8V VV → φ0

i → ZZ ATLAS [220] [0.14;1] 20.3

A2l2L
13 gg → φ0

i → ZZ½→ ðllÞðll; ννÞ� ATLAS [221] [0.2;1.2] 36.1

A2l2L
13V VV → φ0

i → ZZ½→ ðllÞðll; ννÞ� ATLAS [221] [0.2;1.2] 36.1

A2l2L
13 gg → φ0

i → ZZ½→ ðllÞðll; ννÞ� ATLAS [222] [0.2;2] 139

A2l2L
13V VV → φ0

i → ZZ½→ ðllÞðll; ννÞ� ATLAS [222] [0.2;2] 139

A2L2q
13

gg → φ0
i → ZZ½→ ðll; ννÞðqqÞ� ATLAS [223] [0.3;3] 36.1

A2L2q
13V

VV → φ0
i → ZZ½→ ðll; ννÞðqqÞ� ATLAS [223] [0.3;3] 36.1

C2l2X
13 pp → φ0

i → ZZ½→ ðllÞðqq; νν;llÞ� CMS [224] [0.13;3] 35.9

C2q2ν
13

pp → φ0
i → ZZ½→ ðqqÞðννÞ� CMS [225] [1;4] 35.9

AWW
8 gg → φ0

i → WW ATLAS [226] [0.3;1.5] 20.3

AWW
8V VV → φ0

i → WW ATLAS [226] [0.3;1.5] 20.3

CWW
13V VV → φ0

i → WW CMS [227] [0.2;3] 35.9

A2ðlνÞ
13

gg → φ0
i → WW½→ ðeνÞðμνÞ� ATLAS [228] [0.2;4] 36.1

A2ðlνÞ
13V

VV → φ0
i → WW½→ ðeνÞðμνÞ� ATLAS [228] [0.2;3] 36.1

C2ðlνÞ
13

ðggþ VVÞ → φ0
i → WW → ðlνÞðlνÞ CMS [229] [0.2;1] 2.3

Alν2q
13

gg → φ0
i → WW½→ ðlνÞðqqÞ� ATLAS [230] [0.3;3] 36.1

Alν2q
13V

VV → φ0
i → WW½→ ðlνÞðqqÞ� ATLAS [230] [0.3;3] 36.1

Clν2q
13

pp → φ0
i → WW½→ ðlνÞðqqÞ� CMS [231] [1;4.4] 35.9

CVV
8 pp → φ0

i → VV CMS [232] [0.145;1] 24.8

A4q
13

pp → φ0
i → VV½→ ðqqÞðqqÞ� ATLAS [233] [1.2;3] 36.7

AVV
13 pp → φ0

i → VV ATLAS [234] [0.3;3] 36.1

AVV
13V VV → φ0

i → VV ATLAS [234] [0.3;3] 36.1

AVV
13 gg → φ0

i → VV ATLAS [235] [0.2;5.2] 139

AVV
13V VV → φ0

i → VV ATLAS [235] [0.2;5.2] 139

CWW
13 gg → φ0

i → WW CMS [236] [1,4.5] 137

CWW
13V VV → φ0

i → WW CMS [236] [1;4.5] 137
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since this value comes from superallowed 0þ → 0þ nuclear
β decays [237] with completely negligible contamination
from our additional scalars.

b. Determination of jVusj
The determination of jVusj in the PDG [101] is based on

semileptonic decays of kaons, averaging the electronic and
muonic channels, and, independently, on the pure leptonic
decay of kaons and pions to muons which provide the ratio
jVus=Vudj. The scalar contribution to the semileptonic
decays is highly suppressed by the light lepton masses.
Therefore, as long as the mass of the kaons is much higher
than the mass of the decaying lepton we can safely neglect
the NP contribution in the semileptonic decays. This
assumption holds for the semileptonic decay to electrons
but it is not fulfilled for the muonic channel. Therefore, for
the semileptonic decays we only consider the decays to
electrons, including theKL,KS, andKþ decays, which give
the average value jVusfKþð0Þj ¼ 0.21626� 0.00040 [238].
Taking the form-factor average fþð0Þ ¼ 0.9698� 0.0017
from Nf ¼ 2þ 1þ 1 lattice QCD calculations [239]
gives jVusj ¼ 0.2230� 0.0006.
As mentioned above, the alternative determination of

jVusj is based on the leptonic kaon decay. In this case, the
SM contribution is helicity suppressed, making the scalar
contribution relatively much higher. In general, the
charged-scalar contribution to the leptonic decay of a
pseudoscalar-meson takes the form [37]

ΓðPþ
ij → lþνlÞ ¼ ΓSMðPþ

ij → lþνlÞj1 − Δijj2; ðB2Þ

where i, j are the flavor indices corresponding to the
valence quarks of the meson, the NP correction

Δij ¼
�mPþ

ij

MH�

�
2

ς�l
ςumui þ ςdmdj

mui þmdj
; ðB3Þ

and the SM contribution is related to the CKM matrix
element by

ΓSMðPþ
ij → lþνlÞ ¼ G2

Fm
2
l f

2
PjVijj2

mPþ
ij

8π

�
1 −

m2
l

mPþ
ij

�
2

× ð1þ δMl2
em Þ; ðB4Þ

where fP is the meson decay constant and δMl2
em is the

electromagnetic radiative corrections.
In particular, in order to determine jVusj, the ratio among

the kaon and pion decay widths into muons is used, which
gets a scalar contribution that is dominated by 2Δus ≈
2ς�l ςdm

2
K=MH� . Since ς�l and ςd can, in general, reach quite

high values, we cannot neglect the scalar contribution in
this case, and therefore we cannot utilize this for the jVusj
determination.

Note that the determination of jVusj obtained from
the average of measurements involving leptonic decays
(jVusj ¼ 0.2252� 0.0005) is not compatible by more than
2 standard deviations with the determination derived from
the average of measurements involving semileptonic
decays (jVusj ¼ 0.2231� 0.0006). When these two deter-
minations are combined in the PDG average, the total
uncertainty of the mean value is multiplied by a factor of 2
(jVusj ¼ 0.2243� 0.0008) in order to account for the
discrepancy among them. In our case, we could attribute
the discrepancy to the NP effects. However, using only the
determination from semileptonic decays generates a
deviation from unitarity in the first row of the CKM matrix
above the 3σ level, when combined with jVudj from nuclear
β decays. This “Cabibbo anomaly” is already present in the
PDG average, although at a slightly lower level because the
leptonic kaon decay pushes the central value of jVusj in a
more favorable direction and the uncertainty is increased.
In order to relax the deviation from unitarity below the 3σ
level, and also motivated by the PDG procedure, we follow
a more conservative approach and also increase the
uncertainty on jVusj by a factor of 2 (as the PDG does).
The final value used in our fits is then

jVusj ¼ 0.2230� 0.0012: ðB5Þ

c. Determination of jVcdj
The PDG [101] average is obtained from semileptonic

decays of D mesons to light leptons, leptonic D decays to
muons and taus, and neutrino scattering data. The scalar
contribution to the leptonic decay can be sizable and
therefore we only use the data coming from semileptonic
decays (jVcdj ¼ 0.2330� 0.0136) and the neutrino scatter-
ing data (jVcdj ¼ 0.230� 0.011). Averaging these two
values, we obtain

jVcdj ¼ 0.231� 0.009: ðB6Þ

Note, however, that the uncertainty is significantly higher
than that of jVusj, so the impact of this measurement on the
CKM fit is basically negligible.

d. Determination of jVcsj
Similar to the previous case, the determination of jVcsj is

obtained from measurements of semileptonic decays of D
mesons and the leptonic decay of Ds, provided that the
form factors are obtained from lattice QCD computations.
We dismiss the determination from leptonic decays and we
only use the one coming from semileptonic decays:

jVcsj ¼ 0.972� 0.007: ðB7Þ

As happens for jVcdj, we have a much higher uncertainty
compared to the light-quark data (jVudj) so, again, this

UPDATED GLOBAL FIT OF THE ALIGNED TWO-HIGGS-DOUBLET … PHYS. REV. D 109, 035012 (2024)

035012-21



observable could be neglected from our fit while leaving
the results unchanged.

e. Determinations of jVcbj and jVubj
The methods used to determine jVcbj and jVubj in the

PDG do not receive sizable contributions from our addi-
tional scalars. Note that, as before, the leptonic decay of the
B mesons would be affected by the NP but these processes
are not used for the current world average due to their large
uncertainty. The values quoted by the PDG [101] are

jVcbj ¼ ð40.8� 1.4Þ × 10−3 ðB8Þ

and

jVubj ¼ ð3.82� 0.20Þ × 10−3: ðB9Þ

f. Determination of jVtd=Vtsj
Finally, we use the determination of jVtd=Vtsj, which is

obtained from measurements of B0
ðsÞ − B̄0

ðsÞ meson mixing.

Obviously, the additional scalars will contribute to this
mixing but, once the ratio of the Bd and Bs transitions is
taken, the NP contribution is highly suppressed since it is
only present through SU(3)-breaking effects. We adopt the

value for jVtd=Vtsj quoted by the PDG [101]:

jVtd=Vtsj ¼ ð0.207� 0.001� 0.003Þ: ðB10Þ

g. CKM fit result

Using as inputs all of the measurements mentioned in the
previous sections, we obtain the values for the Wolfenstein
parameters shown in Table VIII.

2. Noncontaminated fit to the oblique parameters

For the determination of the oblique parameters, a global
fit of the electroweak observables is performed, removing
the contribution from Rb. We use the same inputs as
described in Ref. [103], but we remove Rb and use the
PDG value for MW.
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