PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: August 8, 2021
REVISED: March 11, 2022
ACCEPTED: April 4, 2022

PUBLISHED: April 28, 2022

Cornering the Two Higgs Doublet Model Type Il

Oliver Atkinson,” Matthew Black,” Alexander Lenz,’ Aleksey Rusov®
and James Wynne®
@SUPA, School of Physics & Astronomy, University of Glasgow,
Glasgow G12 8QQ, U.K.
b Physik Department, Universitit Siegen,
Walter-Flez-Str. 3, 57068 Siegen, Germany
¢IPPP, Department of Physics, University of Durham,
Durham DH1 SLE, U.K.
E-mail: o.atkinson.1@research.gla.ac.uk, Matthew.BlackQuni-siegen.de,
Alexander.Lenz@uni-siegen.de, rusov@physik.uni-siegen.de,
jameswynne39Q@gmail.com

ABSTRACT: We perform a comprehensive study of the allowed parameter space of the Two
Higgs Doublet Model of Type II (2HDM-II). Using the theoretical framework flavio we
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find that the 2HDM-II fits the data slightly better than the Standard Model (SM) with
best fit values of the heavy Higgs masses around 2TeV and a value of tan 5 ~ 4. More-
over, we conclude that the wrong-sign limit is disfavoured by Higgs signal strengths and
excluded by the global fit by more than five standard deviations and potential deviations
from the alignment limit can only be tiny. Finally we test the consequences of our study
on electroweak baryogenesis via the program package BSMPT and we find that the al-
lowed parameter space strongly discourages a strong first order phase transition within the
2HDM-II.
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Introduction

Two Higgs Doublet Models (2HDM) [1] (see ref. [2] for a textbook and ref. [3] for a more
recent review) are very well-studied extensions of the Standard Model (SM) and probably
one of the simplest possibilities for beyond the SM (BSM) physics. Besides the SM particles,
four new scalars arise in the 2HDM: two charged ones (H'T and H~), a pseudoscalar
(A% CP-odd) and a scalar (H°, CP-even; when denoting the SM Higgs with h°). Such



an extension might solve some of the conceptual problems that arise within the SM, see
e.g. ref. [4]. In particular, 2HDMs could provide the missing amount of CP violation to
explain the matter-antimatter asymmetry in the Universe and they could also lead to a
first order phase transition in the early Universe, as required by the Sakharov criteria [5].
2HDMs further appear as subsets of more elaborate BSM models, such as the minimal
supersymmetric SM (MSSM). Depending on the structure of the Yukawa couplings one
distinguishes different types of 2HDMSs — in this work we will consider the 2HDM-II.

Since we have no direct experimental evidence so far for an extended Higgs sector, we
investigate indirect constraints on the 2HDM-II by comparing the most recent measure-
ments with high precision calculations. We perform a comprehensive study of more than
250 observables, where the new Higgs particles could appear as virtual corrections and
modify the SM prediction. Our study extends previous works like refs. [6, 7].! In 2009,
ref. [6] studied bounds from quark flavour observables on the 2HDM-II within the frame-
work of CKMfitter. In particular, it was found that the 2HDM does not perform better
in the fit than the SM and that the new charged scalar has to be heavier than 316 GeV.
We will considerably extend this analysis by using updated measurements, theory predic-
tions and by including additional flavour observables. In 2017, the authors of ref. [7] used
HEPfit to constrain the 2HDM-II with Higgs data, electroweak precision observables and
some flavour observables (the radiative decay b — sy and the mass difference of neutral
B mesons Amy), as well as theoretical constraints like perturbativity. The main findings
are lower mass bounds such as mg+ > 740 GeV and a lower limit on the mass splittings
of the heavy Higgses of the order of 100 GeV. Higgs signal strengths allow only small de-
viations from the alignment limit, |5 — a — 7/2| < 0.055 - this bound is further reduced
to |/ —a — 7/2| < 0.02 within the overall fit (driven by theory constraints). Finally, the
authors of ref. [7] found that the parameter tan 3 lies in the preferred range [0.93;5.0]. We
will extend this analysis by updating experimental values and considering a large number
of flavour observables. Moreover we confirm the observation made in ref. [7], that the
wrong-sign limit is excluded by data.

Throughout this work, we use the Python program package flavio [11] for flavour
physics for our predictions of observables in the 2HDM-II. New physics models are not
explicitly included in flavio. Instead, they impact observables through their contributions
to the Wilson coefficients of dimension-6 operators in the relevant effective theory: the
Weak Effective Theory (WET) below the electroweak scale, or the Standard Model Effec-
tive Field Theory (SMEFT) above. In section 6, the relevant 2HDM-II contributions are
included in the coefficients of the WET operators with five active flavours (there are only
three active flavours in the WET-3 basis used for the anomalous magnetic moment of the
muon a,). For a full list of operators in the flavio basis for each effective theory, see the
documentation of the WCxf package [12].

IThere is a vast literature on 2HDM studies, which we are not going to review here. Papers which have
some minor overlap with our study are e.g. ref. [8], which focuses on triple Higgs couplings in the 2HDM
and uses many of the same constraints as we do here, with the addition of LHC searches for BSM Higgs
searches, to set bounds on the allowed triple coupling values. Further studies of the 2HDM have also been
carried out in e.g. refs. [9, 10].



Once 2HDM-II contributions to the relevant coefficients have been included, we use
flavio to construct fits in 2HDM parameter spaces, where we show in colour the allowed
regions of our parameter space within the confidence levels stated in the captions. The
package flavio expresses experimental measurements and input parameters as various one-
and two-dimensional probability distribution functions. The errors of theoretical predic-
tions are constructed by calculating the prediction for each of a number (we use N = 10%)
of randomly-selected values of the input parameters within their probability distributions,
and then computing the standard deviation of these values. We work with the “fast like-
lihood” method in flavio for constructing likelihood functions of the form £ = e X3/ 2,
where it is assumed that the set of fit parameters { contributing to the observables entering
the likelihood function are taken at their central values. This method uses the combined
experimental and theoretical covariance matrix of the observables in the fit. For further
information on the “fast likelihood” method and the package’s construction, we refer to
flavio’s documentation [11] or the flavio webpage?

The program package flavio is used in section 6 for the flavour observables, where we
work in two-dimensional parameter spaces. We make use of flavio to construct likeli-
hoods and combine measurements in section 5 for the Higgs signal strengths, however for
the calculations of the signal strengths themselves, we use analytical expressions written in
Python natively. The constraints discussed in section 3 and 4 stemming from theoretical
considerations and the electroweak precision observables cannot be expressed in terms of
coefficients of dimension-6 operators. Therefore in section 3, the results are taken from
a native Python code generating Monte Carlo scans of the full parameter space. The
likelihood functions for the electroweak precision observables, taking into account the ex-
perimental correlations were translated into native Python code to be properly combined
in section 7 with all other observables and theory constraints using some customisations
to the flavio package.

The paper is organised as follows. Our notation for the 2HDM-II is set up in section 2.
In section 3 theoretical constraints like perturbativity, vacuum stability, and unitarity
are studied, while section 4 introduces electroweak precision observables in the form of the
oblique parameters. Constraints stemming from the SM Higgs production and decay at the
LHC are studied in section 5. Most of our observables stem from the quark flavour sector,
see section 6. In section 6.1 we investigate leptonic and semi-leptonic tree-level decays,
where the charged Higgs is predominantly responsible for the new contributions. In this
section we further study a potential pollution of the determination of CKM elements from
semi-leptonic and leptonic decays by the 2HDM-II. B-mixing is considered in section 6.2
and loop-induced b quark decays are studied in section 6.3. Section 6.3.1 contains a brief
description of the b — s transition, known to give a lower bound on the mass of the charged
Higgs boson. The leptonic decays B, — p*p~ get also sizable contributions from the
new neutral Higgses, see section 6.3.2. In section 6.3.3 we study semi-leptonic b — s¢T¢~-
transitions, where the so-called flavour anomalies have been observed in recent years. These
anomalies can be best explained by vector-like new effects, while we consider here the

Zhttps:/ /fav-io.github.io.
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effects of new scalar couplings. The results of our global fit, combining all constraints
discussed so far are presented in section 7. In section 7.2 we comment on the lepton flavour
observable, a,, the anomalous magnetic moment of the muon, where recent measurements
at Fermilab [13] have confirmed the older BNL value [14]. We study two scenarios based on
using the SM prediction from the theory initiative [15] or a recent lattice evaluation [16].
Using the program package BSMPT [17, 18] we investigate in section 7.3 the question
of whether our allowed parameter space can also lead to a first order phase transition in
the early Universe. Finally we conclude in section 8, while all our inputs are collected in
appendix A.

2 The Two Higgs Doublet Model of Type 11

In the SM, a conjugate of the Higgs doublet is used to ensure both up-type and down-
type quarks acquire mass. This can also be achieved by using two distinct complex scalar
doublets

o

e (( Fol o iG?)/ﬂ) ’ 21
with ¢« = 1,2. These acquire different vacuum expectation values (VEVs) v; after elec-
troweak symmetry breaking (EWSB), that are related to the SM Higgs VEV v by v? +v3 =
v? [1-3]. This construction has 8 degrees of freedom, 3 of which become the longitudinal po-
larisations of the massive W* and Z bosons, leaving 5 physical Higgs bosons. Two of these
are charged, H*, two are neutral scalars, H° and h°, and one is a neutral pseudoscalar,
AY. Typically h° is taken to be the lighter of the two neutral scalars. The potential for a
general 2HDM with a softly broken Zs symmetry is, in the lambda basis [3],

A
V(®1,®s) = m3 ®I®; + mIy®i 0y — m2y (DD, + ®Id) + ?1@*@ )%+ 22 (D1 Dy)?
+ A3(]D1) (BLPs) + (] Do) (@11 + ; (@] @) + (@f@1)?].

(2.2)

The Zy symmetry is required to forbid tree-level flavor changing neutral currents (FCNC).
Constraints on the A; from a theoretical perspective are considered in section 3. The
parameters m?, and m3, are related to vy and vy as [19)]

2 2 U2 vi v3

My = Mg M 5 —(As+ A+ )\5)77 (2.3)
2 2 U1 v3 vi

Mooy = M9y 72 - )\2 9 ()\3 + )\4 + A5)7 (24)

In the remainder of this work we make use of the mass basis, through a transformation [20]?

mi, = mi%zsirf(ﬂ —a)
H sin 3 cos 8 (2.5)
2 2 2 L2 .9 A3+ A+ A5 . . .
+ v* | A1 cos® acos® B+ Agsin® asin® 5 + fsmmysuﬁﬂ ,

3We differ with the expressions given in [3] for m 40 and my+.
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mig

2 20
ho = sin 5 cos 8 cos™(f — ) (2.6)
2 .2 2 2 .2 A3+ A+ A5 . '
+ v | A1 8in” avcos® B + Ag cos® asin 5—fsm2asm2/3 ,
2
2 mi 2
=—=— - 2.7
e sin (3 cos 8 50 @.7)
2
2 miy M+As o
= — . 2.8
M sin B cos 3 2 Y (2:8)

The mass basis allows us to concentrate on the 8 physical parameters: the masses of the
new particles, mg+, myo, Mmygo, m4o, the mixing angles o and 3, the softly Zo breaking
term mig, and the VEV v. We identify h as the observed SM-like boson with a mass
of 125.1 £ 0.14 GeV [21] and take v = 246 GeV throughout this work. The angles o and
B, describing the mixing of the neutral and charged Higgs fields, respectively, satisfy the
following relations [20]

tan f = @, (2.9)
vy
2 (=m3y + (A3 + Ag + X5)viv2)

tan 2o = )
m2, (va/v1 — v1/v2) + A2 — Agv3

(2.10)

One may revert egs. (2.5)—(2.10) and express explicitly the \; parameters in terms of the
physical parameters, see e.g. ref. [22]. We will show below that data strongly favours the
small cos( — a) limit, where the expressions for the \; become particularly simple [22, 23]:

tan 3(m?, — m3,0 sin B cos 3)

v2
A — 2.11
1= mho C()S2 B y ( )
2 2 o
9 9 miy — Miyo sin 3 cos 3
Ay = — 2.12
UAZ = MR tan Bsin? 3 ’ (212)
2y 24 o2 2 miy (2.13)
viAg =m mi+ —Mmio — ———— .
3 ho m* H® ™ gin Beos B’
2
2 2 mio
A = 2 2.14
VAT Mo M sin B cos 3 ( )
2
2 mig
s = 2.15
v A T G B cos ( )
The Lagrangian for the Higgs and Yukawa sectors in the 2HDM is given by
L2ERM = Z |D,®;|? — V(®1,D2) + Ly, (2.16)

where Ly depends on the details of the quark-Higgs couplings in the 2HDM. There are
four main types of 2HDM, based on which particles each of the doublets couple to. In
this work, the 2HDM of Type II (2HDM-II) is investigated as it gives quark mass terms in
the Lagrangian that are similar to the form in the SM. This in turn yields a similar CKM
matrix through which all flavour-changing interactions can be described, with tree-level
FCNCs forbidden by the imposition of the Zo symmetry (which is only softly broken by



m2,). The 2HDM-II model has the doublet ®; coupling to down-type quarks and leptons,
while ®5 is coupling to up-type quarks, so

Ly = -YQL doufy — YV Q) @1, — VL @14} + hec, (2.17)
Y(uvdvg)

ij
of the fermions, and the left-handed SU(2)-doublets of quarks and leptons are, respectively,

i _ ([l i v,

After EWSB, rotating to the mass basis and focusing on the gauge and Yukawa couplings

where ®; = 109®7, are the Yukawa couplings, 7,5 = 1, 2,3 run over the generations

of h¥ gives Lagrangian terms of a very similar form to the SM, with factors ; relating the
coupling constants to those in the SM [24]:

2m? -
"Whwiwes - S kL, (2.18)
v f=wde Y

m2
[,ho = /ﬁ/iZhZMZ'u + Ky
v

where, in the 2HDM-II,

Ky =sin (8 — ),
Ky = sin (8 — a) + cot S cos (B — ), (2.19)
Kqe =sin (8 — a) — tan S cos (8 — a).

Naturally, in the SM all x; = 1, which is consistent with LHC data [25-27]. Setting
cos (8 — a) = 0 recovers this and thus matches the phenomenology of k" in the 2HDM
with the SM Higgs. As such, this is known as the alignment limit. The dependence of
these, and numerous other, couplings on cos (8 — «) and tan 3 leads us to choose these as
parameters of the model, in place of o and j3.

The addition of new Higgs fields introduces new interactions, where the charged Higgs
fields can replace W* fields in flavour-changing charged interactions, as well as direct
couplings of the new bosons to the weak bosons themselves. The part of the Yukawa
Lagrangian describing interactions of H* bosons with the fermions is given by [2, 3]*

\/ivud H+

2
L+ = u [my, cot P, + mgtan S Pg] d+£me tan SH (7, Prf)+h.c., (2.20)
v

where Pr p = (1F5)/2, m, and mg are the masses of the up- and down-type quarks, my
(¢ = e, p, 1) is the charged-lepton mass, and V,,4 denotes the corresponding element of the
quark-mixing Cabibbo-Kobayashi-Maskawa (CKM) matrix.

The new Higgs fields, discussed above, will affect many measured particle physics quan-
tities including the electroweak precision parameters, Higgs signal strengths and flavour
physics observables. These effects are investigated in sections 4, 5, and 6 respectively and
used to set bounds on the parameter space of the model. However, we start with the
discussion of purely theoretical constraints.

“Here and hereafter, for notation simplicity, we omit indices 4, j indicating the generation of the up- and
down-type quarks v = u,c,t and d = d, s, b.



3 Theoretical constraints

3.1 Perturbativity

Within the lambda basis, perturbativity in the scalar sector can be simply expressed
as [28, 29]
|Ai| < 4, i=1,...5. (3.1)

Clearly this is not a strict experimental constraint like the bounds studied below; it is more
related to our ability to make meaningful predictions in the 2HDM - and the numerical
value of the bound on the )\; contains a certain amount of arbitrariness. Thus we will also
consider the less conservative bound of |A;| < 4 - inspired by the results in refs. [30, 31].
None of our conclusions will actually be changed by modifying the perturbativity bound
from 47 to 4; to be able to study some more extreme scenarios in section 7.3 we will,
however, use the more conservative bound 4.

Writing the expressions for A; in terms of the additional Higgs masses we find that for
low masses, i.e. M < 1000 GeV, no bounds (below the particle mass M) are set on the mass
differences of the new Higgs particles, while for high masses a form of degeneracy has to
hold. In our analysis, we will consider heavy Higgs masses ranging between 10%° =~ 300 GeV
and 10° GeV. Masses of the charged Higgs boson as low as 300 GeV are clearly ruled out by
flavour observables, in particular by b — sv, as discussed below. The experimental lower
bound on the charged Higgs mass from direct searches is actually only myg+ = 160 GeV [32].
The upper bound has been chosen to be equal to the centre-of-mass energy of a future
100 TeV collider.

Looking at the couplings in eq. (2.20), one can derive two further perturbativity con-
straints from the Yukawa sector

2 t
\[th;ntcoﬁgx/ﬂ = tanf > 0.14,
v

2 t
WS‘@ & tanf <300,
v

(3.2)

where we again have chosen a very conservative range. For the range of log(tan ) we
will consider the conservative lower bound tan /3 = 10715 = 0.03, and the upper bound
tan 8 = 10125 = 300.

3.2 Vacuum stability and unitarity
Next we apply the conditions for a stable vacuum as set out in ref. [33]:

)\172 > O,
A3 > —(A1A2)Y2, (3.3)
A3+ A — [As] > —(Axo)V2

Demanding the vacuum to be the global minimum of the potential, we further find [34]

, <m§1 i, (;;)%) (mﬁ _ (;;)i) o 5.0



We also consider the conditions from tree-level unitarity, see refs. [29, 35],% alongside NLO
unitarity and the condition that NLO corrections to partial wave amplitudes are suppressed
relative to LO contributions, see refs. [30, 31].

To implement these constraints alongside the perturbativity conditions, we carry out
Monte Carlo scans. Starting with the allowed sets of \; (via eq. (3.1)) we then use egs. (2.6)
and (2.10) to get a relation among the parameters \j,..., A5, 8 and the small parameter
§ = B —a—7/2,% which is explicitly given in appendix B. Expanding the expressions up
to second order in J, egs. (2.5)—(2.8) give the allowed ranges of Higgs masses depending
on the value of 5 and d. We show the effect of the theory constraints on the Higgs masses
M+, Mo, Mo, tan B and cos(f — a) as two-dimensional projections in figure 1. The
starting values |\;| < 47 are depicted in green, while points from |\;] < 4 are shown in
amber — the latter obviously leads to more constrained regions. Here we note that due
to the imposition of NLO unitarity constraints, for starting values |)\;| < 47, we find most
successful points for |A\;| < 27. Moreover, we find that for charged Higgs masses above
1TeV - as implied by the flavour observables - the choice of |\;| < 47 or |\;| < 4 has only
a very minor impact.

The two upper plots and the left of the middle plots of figure 1 show that theory
constraints require the new Higgses to be more or less degenerate in mass. The heavier
the mass, the stronger this requirement becomes, which can also be nicely read off from
table 1. The right plot of the middle row in figure 1 shows that |4| will be constrained to
small values, if the new Higgs particles are heavier than about a TeV (such a bound on
the charged Higgs mass will follow from flavour constraints discussed below). Again, the
constraints on |§| become stronger the heavier the new Higgs masses become. Quantitative
values for the bounds on || are given in table 1. In the lower row of figure 1 we see that
tan (8 is not really constrained by the theory constraints, apart from the restrictions given
in eq. (3.2).

In the alignment limit, the value of « is fixed by the value of tan 8, and we find a
similar requirement for a mass degeneracy of the new Higgs particles as in the general case.
Moreover, we do not find any bound on tan 8 within the regions of interest.

4 Electroweak precision observables

The oblique parameters first proposed in ref. [37] are defined as

e2
5= 1 Male?) ~ Mgy, (a.1)
@ aq
e2
T:= m [Hll(o) - HSS(O)]a (4.2)
4e? d 9 9
U:= UTQQ[HU(Q ) — Ms3(q7)]| op- (4.3)

®For similar discussion in an alternative lambda basis see [36].
SHiggs data suggests |§| <0.05; see section 5.
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mpg+/TeVE | Agogo/GeV € | Agop+/GeV € | Ao+ /GeV € o€
[0.0,0.5) (—536,521) (—420,574) (—351,532) (—0.5,0.5)
0.5,1.0) (=297, 296) (—328, 268) (—351,268) | (—0.5,0.5)
[1.0,1.5) (—163, 158) (—123,157) (—118,154) | (—0.30,0.25)
[1.5,2.0) (—109, 105) (—74,110) (—73,105) | (—0.19,0.16)
2.0,2.5) (—82,84) (—52,82) (—46,79) | (~0.14,0.13)
2.5,3.0) (—67,64) (—42,67) (—36,65) (—0.11, 0.09)
3.0,3.5) (—53,55) (—35,56) (234,53) | (—0.09,0.08)
[3.5,4.0) (—47, 47) (—30, 47) (—27,48) (—0.07,0.07)
[4.0,4.5) (—42,40) (—30,41) (—22,43) | (~0.07,0.06)
[4.5,5.0) (—35, 35) (—23, 36) (—18,37) (—0.06, 0.06)

Table 1. A numerical summary of the effects of imposing the theory constraints with starting values
|\i| < 47. These intervals are found by carrying out a 10® points Monte Carlo scan with |5 < 0.5,
M+, Mmgo, myo < 5000 GeV and —1.5 < log;y(tan §) < 2.5. We have defined A;; :=m; —m,.

Ixy (¢%) represents the self energies of the electroweak gauge bosons X and Y with 4-
momentum ¢*, the subscript i represents the W; field and the subscript @ represents the
B field. Here we stress that in defining these oblique parameters a subtraction of the SM
contributions is made; S = Syp—Ssm and similarly for T" and U, such that, by construction,
inthe SM S=T=U =0.

While most of the constraints we consider below depend on the particular type of the
2HDM, the oblique parameters are, at one loop order, unaffected by the Yukawa couplings
and therefore universal for all 2HDMs. The expressions for S, T, and U in the 2HDM
(derived from ref. [38]) have been collected in appendix C.

New physics generally has only a small effect on U; we therefore follow the approach
outlined in ref. [21] and set U to zero. This effectively reduces the error on the experimental
result for 7', due to the correlation between T and U. The oblique parameters will be
included in our global fit.

5 Higgs signal strengths

Signal strengths are a key measurement in determining if the observed Higgs boson is
indeed that of the SM, or if new physics is involved. For a single production mode ¢ with
a cross section o;, and decay channel f with a branching fraction By, the signal strength
le is defined as
f_ (Ui'Bf)Exp. (5 1)
" (00 Bp)sm '

as the cross section and branching fraction cannot be separately measured without further
assumptions. Evidently if the SM is accurate, all these signal strengths should take a
value of 1.

In practice, the small branching fractions and cross sections render some channels im-
possible to measure currently, but there are recent measurements available for 31 channels
from the ATLAS and CMS collaborations at /s = 13 TeV with an integrated luminosity

~10 -



of up to 139fb~! and 137 fb~! respectively [25-27, 39-42]. These include various combina-
tions of the four main h° production channels at the LHC: gluon-gluon fusion (ggF), vector
boson fusion (VBF), in association with a weak vector boson (Vh) or a top-antitop pair
(tth), and the decay channels vy, ZZ*, WW*, Z~, 777~, bb and c¢. The recent observa-
tions of h® — putp~ [42, 43] are also included here. In cases such as kY — pu~ where a
combined signal strength across all channels is given, it is interpreted as being purely from
gluon-gluon fusion as this mechanism dominates the Higgs production cross section at the
LHC. In instances where a correlation matrix between measurements is given this is also
included in the analysis. For full details on which channels have been used and their ex-
perimental values, see table 4 in appendix A. Where multiple measurements are available
for a single channel we take an average, which significantly improves our sensitivity (see
flavio’s documentation for details [11]).

The couplings of h¥ to the massive gauge bosons and fermions are multiplied by factors
k; compared to the SM Higgs, as set out in section 2, with the relations for k; given in
eq. (2.19). As the couplings are modified, the signal strength data can be used to place
constraints on the two parameters on which the k; depend: cos(8 —a) and tanf. A
scenario in which

Ry = 1, Ry = 1, Hd,g = —1, (5.2)

has been introduced as one of the ways a fourth sequential chiral generation of fermions may
still exist” while remaining hidden from current LHC data [46]. By enforcing #, = —rgq = 1

one finds
2tan g

cos (B —a) =sin2p = T3 tanZd

(5.3)

The full criteria of the wrong sign limit are satisfied exactly only when this equation is
followed at very large tan 3, giving the set of couplings in eq. (5.2). The contributions of
the additional Higgs bosons to the loop-level processes have been neglected as they are
negligible for the allowed masses found in section 6.

The results of the analysis including all the Higgs signal strengths listed in table 4 are
shown in figure 2 (see also table 2); we will later include the Higgs signal strengths in our
global fit. This fit is performed using the analytic expressions for the Higgs production
and decay channels in the 2HDM found in ref. [2]. As outlined above, the coupling modi-
fications, the k;, are functions of tan 8 and cos(f — «), allowing us to constrain this plane.
For some recent studies that include a similar analysis in the 2HDM, see, for instance,
refs. [7, 23, 24, 47, 48]. We observe that the alignment limit must be closely followed,
which is unsurprising given that almost all of the experimental data included here matches
the SM within 20, with the majority agreeing at 1o. As a result, the 2HDM must closely
replicate the SM behaviour for h°. At 20 we find

| cos (B — a)] < 0.050, (5.4)

"Simply adding a fourth sequential, chiral, perturbative generation of fermions, without any additional
new degrees of freedom is definitely ruled out, see e.g. refs. [44, 45].
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Figure 2. Contour plot of the allowed 2HDM-II parameter space in the (tanf — cos(f — a))
plane from the Higgs signal strengths, with the dashed black line indicating the alignment limit
(cos(8 — a) = 0) and the dashed red line the wrong sign limit of eq. (5.3). The contours indicate
the allowed space at 1, 2, 3, 4, 50 from dark to lighter.

with the maximum allowed value of cos (8 — «) occurring at tan 8 ~ 1. Due to the depen-
dence of k4, on tan B, this maximum value falls significantly once away from tan g ~ 1,
to the point where, at large values of tan 3, the alignment limit must be strictly followed
and it is valid to set cos (f —a) = 0. At 30 and above we find the wrong sign limit to
be allowed, which substantially increases this upper bound, provided eq. (5.3) is closely
followed.

The wrong sign condition from enforcing x, = —kq = 1, eq. (5.3), which is shown in
figure 2 as a dashed red line, is here found to be excluded at 2.7¢ by the signal strength
data, an improvement over previous works such as refs. [23, 25, 49], due in part to our
inclusion of a larger data set than in such works, which improves our sensitivity.

To further probe the wrong-sign limit, we examine the possible values of the coupling
modification factors, independently from eq. (2.19). We first perform a fit in terms of the
three k; to find the best fit point, and then fix one of the x; to its best fit value, allowing a
2D fit in terms of the remaining x; y-; to be performed. We show the results from such a
fit in the (ky — Ka,e) plane in figure 3, where we have fixed to the best fit value xy = 1.036,
and stress again that these results do not make use of eq. (2.19). This fit does not exclude
kg = —1, in line with the current lack of sensitivity to the sign of kg at the LHC. We
then look to find solutions in terms of tan 8 and cos(f — «) that give values of k, and kg4
that lie within the 20 allowed region close to kg4 = —1 (bottom part of figure 3) by using
eq. (2.19). However, the only solutions we find require that |cos(f — «)| 2 0.96. Such
extreme values of cos(f — «) are not consistent, in the 2HDM-II, with the fixed value of
ky = 1.036 from the best fit point that we use in the scan. Therefore this 20 allowed
region in the (K, — kq¢) plane cannot be attained in the 2HDM-II. Thus, while we do not
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Figure 3. Contour plot of the coupling constant modifiers, in which we have fixed to its best
fit value ky = 1.036 and marked the alignment (wrong-sign) limit in black (red). The contours
indicate the allowed space at 1, 2, 3, 4, 50 from dark to lighter.

in general exclude kg = —1 we can, in the 2HDM-II that we examine here, rule out the
arrangement K, = —kg = 1 (given by eq. (5.3)) at 2.7¢ from figure 2.

More generally, we observe that when g, = —1, small deviations away from s, = 1
have a significant impact, causing cos(8 — «) to be large, which is incompatible with the
signal strength data. The debate in the literature over the possibility of the wrong-sign
limit will hopefully be resolved by future collider data, with suggestions on fruitful search
channels made in refs. [50] and [51], with the latter also including the possibility of a hidden

sequential fourth generation of fermions.

6 Flavour observables

In this section, we present our fits of the 2HDM-II for selected flavour observables. We
show fits for groups of observables individually, and then in section 7, we combine these
with all other observables in the global fit. For each fit, we use the standard (tan 8 —mg+)
parameter space in a log-log scale. All fits have been performed using the flavio package
as described in section 1.

6.1 Leptonic and semi-leptonic tree-level decays

The Yukawa term in the 2HDM-II Lagrangian (2.17) leads to additional contributions to
the tree-level flavour-changing charged transitions. Integrating out the heavy charged Higgs
boson H¥, one obtains the effective Hamiltonian describing the d — u ¢~y or u — dl*y,

transition in the 2HDM:
4G

HEE = _Wvud(CSfP Os—p+Cs1pOgip) +hec, (6.1)
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Figure 4. Diagrams contributing to leptonic (left) and semi-leptonic (right) decays in the 2HDM.

where the new effective operators are
Os_p = (uPr d)(ZPLVg), Os+p = (uPg d)(EPLI/g). (6.2)

The corresponding Wilson coefficients are related to the 2HDM-II parameters as follows:

2
My, My mgqmyetan® 3
Cs—p=—5—, Cstp=—95—"" (6.3)
mi . M

For use in flavio, we convert the latter coefficients to C’g%e”“, g%"‘, respectively, in the

flavio WET basis, finding

Csp" =—Cs-p,  Cgg" =—Csyp, (6.4)
where the negative sign in front of these coefficients is due to the convention for the effective
operators adopted in flavio’s basis. Feynman diagrams describing the leptonic and semi-
leptonic transitions in the 2HDM are shown in figure 4. The full list of leptonic and
semi-leptonic modes included in our fit is given in table 6, where the corresponding SM
predictions (produced in flavio) are based on [52-60]. In addition to previously measured

(%)

semi-leptonic decay channels, we consider for the first time the By — Dg" pv, modes

measured recently by the LHCb collaboration [61], and the corresponding B, — Dg*) form
factors are determined using Lattice QCD [62]. Moreover, we consider the Lepton-Flavour
Universality (LFU) observables R(D®)) = B(B — D™®r,)/B(B — D", where { = e
or . The experimental measurements of the latter were found to be in tension with the
corresponding SM predictions, giving hints of possible LFU violation. In the 2HDM, this
violation is caused by different couplings of the charged Higgs boson to the lepton pair,
which are proportional to the lepton mass m,. Using the HFLAV averages for R(D™) [63],
we present in figure 5 the allowed (tan 8 — mp+) regions at 1 and 20 levels, where the left
(right) plot corresponds to R(D) (R(D*)). Note that the semi-leptonic b — ¢fv, transitions
receive negative corrections compared to the SM contributions, therefore R(D) and R(D*)
move further away from the measurements (apart from a narrow region of the (tan S—mp+)
parameter space (see figure 5), where the 2HDM-II correction becomes more than the twice
the size of the SM contribution proportional to the scalar form factor). Since R(D) is in
fact only 1.20 away from the SM prediction (see table 6), one finds a wide allowed range
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Figure 5. Contour plot of the allowed 2HDM-II parameter space in the (tan 8 — mpg+) plane,
originating from R(D) (left) and R(D*) (right). The lighter contour indicates the allowed parameter
space at 20 confidence level while the darker contour corresponds to lo.

of tan  and my+ at the 20 level (the left plot in figure 5). On the other side, R(D*) is in
greater tension (2.8¢) with the SM, therefore one obtains just a narrow region with large
tan 5 and small my+ (the right plot in figure 5). The experimental combination of both
R(D) and R(D*) [63] is more than three standard deviations away from the SM prediction,
and within 20 one finds in the 2HDM-II only a very narrow region at very low masses of
the charged Higgs, mpy+ ~ 1GeV, which is far from the physical domain. We find that
the 2HDM-II is not able to accommodate the experimental data on both R(D) and R(D*)
within 3.5 0; the corresponding tension in the SM (using flavio) is 3.2 0.

Combining all the leptonic and semi-leptonic tree-level decay channels indicated in
table 6 yields the allowed range of tan S and myg+ at 1 and 20 levels as shown in figure 6.

In addition, we would like to make an important observation regarding the extraction
of the CKM matrix elements from experimental data. Consider e.g. the branching fraction
of a leptonic meson decay in the 2HDM,

Boupm = Bsw % (1 + dampm)?, (6.5)

where dogpm is the 2HDM correction factor. Conventionally, the corresponding CKM ele-
ment is determined from the experimental measurement, assuming Bey, = Bsy. But if the
2HDM is realistic then Bexp = Baupwm and the CKM element extracted from measurement
is actually proportional to (1 + doppm). Therefore, the fraction 1/(1 + doppm) is then
interpreted as the modification factor that the measured CKM element must receive in the
2HDM to be the true CKM element. A similar argument holds for the semi-leptonic meson
decays.

Using eq. (6.5), and a similar relation for the semi-leptonic decays, the size of the
modification factor 1/(1 + dogpm) can be scanned across the 2HDM-II parameter space
(tan f — mpy+) to test the significance of the factor for each of the CKM matrix elements,
where the accepted values are commonly taken from leptonic and semi-leptonic tree-level
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Figure 6. Contour plot of the allowed 2HDM-II parameter space in the (tan 8 — mpg+) plane,
originating from the combination of tree-level leptonic and semi-leptonic decays of B, By, D, Dy, K,
and 7w mesons and the hadronic decays of 7 leptons to K and 7w mesons with a tau neutrino as well
as R(D) and R(D*), see table 6. The lighter contour indicates the allowed parameter space at 20
confidence level while the darker contour corresponds to lo.

decays. We perform tests of this significance for Vs, Vi and V, using the tree-level
parameterisation to consider the propagated effects to all CKM elements, and we also take
into account unitarity of the CKM matrix. We find negligible effects to all CKM elements
for most of the parameter space considered here, and the small areas where more noticeable
effects arise are excluded from theoretical constraints, direct searches, and by the global fit
in section 7.

Were the 2HDM-II proven to be physical, it could be the case that there is some small
modification to CKM elements that, although is not enough to impact results here, would
need to be considered. This would be dependent on the specific values found for m g+ and
tan 8 from experiment.

6.2 Neutral B-meson mixing

Neutral B-meson mixing plays an important role in flavour physics. For a recent discussion
on B-mixing in the SM and within New Physics models see, for example, ref. [64]. In the
2HDM, B-mixing gains additional contributions from new box diagrams where one or
both of the virtual W* bosons are replaced by charged Higgses H*, see figure 7. Here
we consider the mass difference Amg s between the heavy and light eigenstates in both By
and B; meson mixing. The effective 2HDM Hamiltonian for AB = 2 processes can be
expressed as [65]:

5 3
HEP=2 =" CLOp + Y CLO}, (6.6)
k=1 k=1
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Figure 7. Examples of box diagrams describing By- and Bs-meson mixing in the 2HDM.

where the operators are defined (for ¢ = d, s) as

O = (@4 Ppb™) @ 1Py,
OF) = (¢ Poimb*) (@ Py’ O1 = (§*Prb™) (¢ Prb”), (6.7)
08 = (¢ Poimh™) (@ Prry™), Os = (¢*PLb”) (7" Prb®),

with o and 8 denoting the colour indices. The contributions of these operators to B-meson
mixing in the 2HDM are well-known throughout literature, see e.g. refs. [65—67]. In our
work, for the Wilson coefficients C’,g/) in eq. (6.6) we use expressions calculated in ref. [65].
We convert these to the flavio WET basis [12], where we find

bgb 0 bab

CVquL(RR) = Cf ) Csir = Cu,

(baba _ " cbabe 1 C (6:8)
SLL(RR) — ~2 > VLR = ~ 9 V5"

The operators Og) do not give any contributions (at LO in QCD) to mixing in the

2HDM [65], so we do not need to consider conversion for C’é/) here. The largest theory
uncertainties by far stem from the non-perturbative values of the matrix elements of the
AB = 2 operators given in eq. (6.7). In our analysis we will use the averages presented
in ref. [64], which are based on HQET Sum Rule evaluations [68-70] and lattice simula-
tions [71-73]. The perturbative SM corrections are known and implemented to NLO-QCD
accuracy [74]. In the numerical analysis we further use the most recent experimental av-
erages for Amg and Amg [63]° (see table 6). The results of the fit are shown in figure 8,
indicating that the mass differences constrain the allowed tan S region from below.

6.3 Loop-Level b — s,d transitions

The effective Hamiltonian for flavour-changing neutral current (FCNC) b — ¢¢*¢* and
b — s (for ¢ = d, s) processes is defined as [65]

4G ’ / / /
M = I ( S oo+ ¥ 02)02)) +hee. (6.9)
k=78 %k=9,10,8,P

8Not yet including the recent, most precise value of Am; from LHCb [75].
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Figure 8. Contour plot of the allowed 2HDM-II parameter space in the (tan 8 — mpg+) plane for
the mass difference in the mixing of B; and Bs; mesons. The lighter contour indicates the allowed
parameter space at 20 confidence level while the darker contour corresponds to lo.

The operators in this Hamiltonian are

(y _emp (_ ., (Y __9sMy (_ a a
Or' = 1672 (qo“ PR(L)b) Fuy 07 = 1672 (qa“ PrayT b) Gl
2 2
OF) = (@ Prrh)(4"0), 0% = — (@1, Priryb) (Er"y50) (6.10)
9 1672 piL(R) ) 10 1672 vt L(R) ’ ’
00— & (aPun b)(20) 0 = € (P b)(£y5L).
S 1672 (R) ) P 1672 (R)

The expressions for 2HDM-II contributions to each operator’s Wilson coefficient are given
e.g. in section 3 of [65]. Since all the operators in eq. (6.9) are defined in the same way
as in the flavio WET basis (for either ¢ = e, u), no Wilson coefficient conversions are
required here. Some example diagrams describing the b — ¢¢/*¢~ transitions in the 2HDM
are shown in figure 9.

6.3.1 Radiative Decay B — X,v

The radiative decay B — X,y is an important observable in the 2HDM-II. Historically, it
has played a significant role in giving a lower bound on the charged Higgs mass. A recent
update of the SM value with NNLO accuracy in QCD [76] (based on e.g. refs. [77, 78]),

BM(B — X,y 3.40 +0.17) x 1074, (6.11)

)’E7>1.6 Gev = (

leads to a stronger constraint on the charged Higgs mass: my+ > 800 GeV (95% CL) [76].
The experimental average from [63] is based on [79-81]. The operators which contribute to
the radiative decays B — X, are Oy, Og, given by eq. (6.10). As expected, our fit for this
process provides an important lower bound for the charged Higgs mass, predicted here as
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Figure 9. Example of diagrams (penguins and boxes) describing the b — ¢f*¢~ transitions in the
2HDM.

Figure 10. One-loop penguin contributions to b — sy processes in the 2HDM.

(see also figure 11)
my+ = 790 (1510) GV at 20 (10). (6.12)

We slightly differ from ref. [76] in that our 2HDM-II contributions are taken at NLO [82],
while they use NNLO results [83] and we also use a different statistical treatment. In
addition, as can be seen in figure 11, the bound for m g+ becomes even stronger for lower
values of tan .

6.3.2 Leptonic By — ptpu~ decays

The FCNC leptonic meson decays By s — ptp™ are particularly sensitive to scalar operator
contributions in NP models, and therefore can be excellent probes of the effects of the
2HDM. These processes are particularly worthy of consideration now, due to the recently-
produced experimental combinations which we use in our fit [84], and recent ATLAS, CMS,
and LHCb results [85-90]. The SM prediction is based on a perturbative element [91-93]
and a non-perturbative determination of the decay constants, see e.g. refs. [94-96]. It
has been common in the past to study these decays in the large tan limit (tan/s >
V/mi/my, see e.g. ref. [97]) where the Yukawa coupling to b quarks is large and there can
be simplifications to the 2HDM contributions of the operators which affect this process:
(’)YO), O(l), Og). However, a big part of the allowed parameter space of the 2HDM-II lies not
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Figure 11. Contour plot of the allowed 2HDM-II parameter space in the (tan 3 — mpg+) plane
for the radiative decay B — Xs7v. The lighter contour indicates the allowed parameter space at 20
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i cos(f—a) =0, myo =m0 = mp+

4.5 1

log;o[m+/GeV]
& £

©w
o
L

2.5 1

15 -10  -05 00 05 ) 15 20 25
logyg[tan j]

Figure 12. Contour plot of the allowed 2HDM-II parameter space in the (tan 8 — mg+) plane
for the FCNC leptonic By s — ptp~ decays, fixing the additional parameters as cos(f — «) = 0,
mpygo = mgo = mpyg+. The lighter contour indicates the allowed parameter space at 20 confidence
level while the darker contour corresponds to lo.

within the large tan 3, thus we use only the general expressions given in ref. [65]. These
generalised expressions bring three further parameters of the 2HDM into play: «, mgo,
and myo. In section 7, we will combine all observables in a fit of the five independent
parameters: tan 3, mg+, mgo, m4o and cos(8 — «). Here, in order to present a 2D fit in
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the (tan 8 —mg+ ) parameter space, we fix the other three parameters as cos(f—a) = 0, as
the alignment limit is preferred (see section 7) by the global fit, and mgo = m 0 = my+,
which is justified from theoretical constraints (see section 3). The corresponding contour
plot is shown in figure 12. From there one can see that the mass of charged Higgs is also
constrained from below, roughly:

mp+ > 300 GeV, (6.13)

however this bound is not as strong as that from the B — X v decay. Furthermore,
Bgs — ptp~ yields a strong correlation between possible values of tan 8 and my-+.

6.3.3 Semi-leptonic b — sf1 ¢~ transitions

For the semi-leptonic b — s¢T¢~ processes we are considering, all of the operators from
eq. (6.10) contribute. Therefore all the 2HDM parameters, mg+, mgo, m 4o, tan f and
cos(f — ), will affect these processes.

The first group of observables are the LFU ratios Rx and Ry« [98], defined as

BB = KM putu]
B[B — K®eter]’

Ry = (6.14)
where the branching fractions are integrated over bins of squared dilepton invariant mass ¢2.
These quantities are theoretically very clean, since almost all hadronic effects drop out in
the ratio. In the SM, the values of Ry (.) are very close to 1 with tiny uncertainties. The
electromagnetic corrections for Ry ) worked out in ref. [99] were found to be very small,
~ 1 —2%. In our analysis, we consider the ten binned LFU ratios listed in table 8. The
recent measurement by LHCb shows a deviation from the SM of 3.1 for Ry+ [100]. In
figure 13 we present the resulting (tan f —my+ ) contour plot for Ry (., observables, where
we fixed the three other 2HDM parameters at their best fit values for the 10 R(.) bins:
cos(f — a) = 0.001, myo = 250 GeV, m 40 = 9.2 GeV (see table 2). As one can see, Ry«
< 1GeV and very

~

could only be accommodated within the 2HDM-II only at very low m g+
high tan 8 2 300, which are beyond the physical domain (see section 3). Therefore, the
2HDM-II (as well as the SM) is unable to accommodate the current experimental values of
Ry (+). The contours in figure 13 are not only found in regions which are in disagreement
with the allowed contours in figures 6, 8, 11, 12, but also with the constraints from direct
searches [32]. Moreover, in deriving the formulae for the relevant Wilson coefficients [65],
it was assumed that mpg+ is at least of the order of the electroweak scale, meaning that
the validity of contours much lower than log;q[my+/GeV] ~ 2 must be questioned.

The combined fit of the 10 Ry (.) observables is in disagreement with our combined
fits of all observables to 4.2 confidence. Due to this disagreement between R (., and
other flavour observables, we work with two approaches for our fits: excluding and includ-
ing Rp).

Next we include further b — s¢T¢~ observables (binned branching ratios, angular
distributions, asymmetries, etc.) — some of these also deviate from the SM predictions,
see table 7. For more detailed analyses of these processes and their NP implications, see e.g.
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Figure 13. Contour plot of the allowed 2HDM-II parameter space in the (tan/ — mpg+) plane
for the Ry~ observables and fixing the additional parameters at their best fit point in table 2.
The lighter contour indicates the allowed parameter space at 20 confidence level while the darker
contour corresponds to lo.

refs. [55, 84, 101-115]. For all b — s¢™ ¢~ processes listed in table 7 and the leptonic decays
By — pTu (see table 6), but excluding the Ry (.) observables, one gets the allowed regions
for tan § and m g+ shown in figure 14. Deviations of experiment from SM predictions now
introduce an upper bound on the charged Higgs mass at 1o. A further inclusion of the
Ry (+) observables does not change the contours of allowed regions in figure 14 sizeably, but
does worsen the corresponding fit and the p-value, see table 2.

7 Global fit

7.1 Results

Combining all the observables collected in table 4 (Higgs signal strengths), table 5 (S, T, U),
table 6 (flavour observables without b — s¢™¢~), table 7 (b — s¢T¢~ observables) and
table 8 (Ry()) one obtains the results shown in table 2. We emphasize that in searching
for the best-fit point of the corresponding likelihood function we have applied the theory
constraints for the Higgs mass differences (see table 1). As one can see from table 2,
including all the observables yields a relatively poor fit with a low p ~ 1.5%-value. This is
due to the fact that the Ry (., and R(D(*)) quantities cannot be accommodated within the
2HDM-II, as was already discussed in sections 6.1 and 6.3.3. Nevertheless the 2HDM-II
still achieves a higher level of agreement than the SM and we find a corresponding pull
of 2.30. Not considering the observables R(.) yields a better fit for the 2HDM-II with a
significantly higher p ~ 7%-value, again marking a better performance than the SM, with
a corresponding pull of 1.80.
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Figure 14. Contour plot of the allowed 2HDM-II parameter space in the (tan  —mpg+) plane for
the leptonic By s — ptp~ decays and the semi-leptonic b — s¢T¢~ observables listed in table 7
excluding the Ry () observables and fixing the additional parameters to the best fit point from the
b — st~ fit in table 2. The lighter contour indicates the allowed parameter space at 20 confidence
level while the darker contour corresponds to 1o.

Next we find from table 2 and figure 15 that the global fit prefers the alignment limit,
cos( — a) = 0, allowing only small deviations from zero:

max{| cos(f — a)|} < 0.02(0.04), at 1o (20). (7.1)

This bound is considerably stronger than the one we obtained in eq. (5.4) using only data
on Higgs signal strengths. Regarding the wrong sign limit solution, we found using only
the Higgs signal strengths this to be allowed at 2.7¢ or above; using the global fit of all
observables (excluding Ry («)), this is now excluded within 60 of our best fit point with
p-value =~ 7%. We also perform fits to all observables requiring the wrong sign limit as
defined in eq. (5.3), where one can see the quality of these fits is significantly worsened
compared to the general global fit with no input constraint on cos( —«), yielding a p-value
~ 0.1%.

The best fit further favours values of mpg+ = mpgo =~ myo ~ 2.3 TeV and tan § ~ 4.
Performing a scan around the best-fit point (excluding Ry(.) and keeping in mind the
theory constraints in table 2, we find that the charged Higgs mass is constrained to be in
the region

76.3TeV > mpy+ > 1.26 TeV  at 1o,
mpyg+ > 0.86 TeV at 20,
mpg+ > 0.68TeV at 3o,
mpyg+ > 0.57TeV at 4o,
mpyg+ > 0.49TeV at 50. (7.2)
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Scenario # Best-fit point X2 | p-value

Observables {tan B, myg+,myo, myo,cos(f — a)}
All incl. Ry 275 {4.2,2140 GeV, 2180 GeV, 2210 GeV,0.0096} | 323 1.5%
All excl. Ry (» 265 {4.3,2340 GeV, 2380 GeV, 2390 GeV,0.0090} | 295 6.6%
Flavour incl. Ry 241 {4.2,2310 GeV, 2300 GeV, 2290 GeV, 0.001} | 207 | 0.4%
Flavour excl. Ry« 231 {4.3,2420 GeV, 2390 GeV, 2360 GeV,0.0001} | 269 2.5%
b — sll incl. Ry (v 202 {4.0,820 GeV, 690 GeV, 690 GeV, 0.0003} 265 0.1%
b — sll excl. Ry 192 {4.0,820 GeV, 690 GeV, 690 GeV, 0.0003} 238 0.7%
Only Ry (+) 10 {2370,0.14 GeV, 250 GeV, 9.2 GeV, 0.001 } 8.5 13.1%
Higgs Signals 31 {~ 100 + 20, —, —, —, 0.0003} 24 | 72.9%
Wrong Sign Limit, cos(f — a) = sin2f
All incl. Ry 275 {12.1,2320 GeV, 2270 GeV, 2260 GeV } 380 | 0.001%
All excl. Ry(» 265 {12.2,2320 GeV, 2270 GeV, 2260 GeV } 340 0.1%
Alignment Limit, cos(f —«a) =0
All incl. Ry 275 {4.1,2290 GeV, 2330 GeV, 2340 GeV } 326 1.3%
Al excl. Ry 265 {4.2,2260 GeV, 2300 GeV, 2310 GeV'} 297 | 6.4%
cos(f—a) =0, myg+ = myo = m o
All incl. Ry 275 {4.0,2070 GeV} 328 | 1.3%
All excl. R+ 265 {4.2,2320 GeV'} 300 5.7%

Table 2. Best fit points of 2HDM-II parameter fits for various groups of observables using the
constraints from theory to inform the physical parameter values.

From the 20-level onwards we do not see an upper bound within the area considered
(mp+ < 100 TeV). The parameter tan § has a strong correlation with mg+. For the best
fit values of cos(f — «), mgo and m 40, we find the allowed regions in the (tan 8 — mg+)
plane given in figure 16 and figure 17 (the latter zoomed into the best-fit point and shown in
combination with the theory constraints). Assuming both the alignment limit, cos(8—a) =
0, and the degeneracy for the Higgs masses, myg+ = mgyo = m o, the contour plot of
figure 18 shows that tan § is strongly constrained for low my+ ~ 1TeV while the bounds
on tan 3 become weaker with an increase of my+ up to 100 TeV. We stress again that these
constraints above are obtained from the fit by excluding Ry (.). The inclusion of R (., would
not significantly change the allowed parameter regions, while it would considerably worsen
the quality of the fit.

Furthermore, we investigate several constrained scenarios in the fit, as indicated in
table 2. First, we checked that the wrong-sign limit is absolutely disfavored by the global
fit. Second, in the exact alignment limit the fit yields similar results as in the general case.
Finally, assuming both the alignment limit, cos(8 — a) = 0, and the degeneracy for the
Higgs masses, my+ = mpyo = m 40, again leads to similar results due to the preference of
both of these assumptions by the global fit and theory constraints.
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mp+ = 2340 GeV,
mpo = 2380 GeV, m 4 = 2390 GeV
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Figure 15. Contour plot of the allowed 2HDM-II parameter space in the (tan 8 — cos(f — «))
plane obtained by combining all observables excluding Ry (), fixing the additional parameters to
the best fit point from table 2. The contours indicate the allowed parameter space at 1,2, 3,4, 50

confidence level going from darker to lighter.

cos(f — a) = 0.0090,
mpgo = 2380 Ge\/, mpo = 2390 GeV

5.0
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log,o[tan 3]

Figure 16. Contour plot of the allowed 2HDM-II parameter space in the (tan 8 — mg+) plane,
obtained by combining all observables excluding Ry (-, fixing the additional parameters to the best
fit point from table 2. The contours indicate the allowed parameter space at 1,2, 3,4, 50 confidence

level going from darker to lighter.
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cos(f — a) = 0.0090,
mpo = 2380 GeV, m 4 = 2390 GeV

2500

2450 4

2400 4

mp+/GeV

2350

2300 1

All observables excl. Ry ‘\

15  -10  -05 0.0 0.5 1.0 15 2.0
log;,[tan 5]

2250

Figure 17. Contour plot of the allowed 2HDM-II parameter space in the (tan 8 — mg+) plane,
obtained by combining all observables excluding Ry (-, fixing the additional parameters to the best
fit point from table 2 and including the restrictions from the theory constraints in table 1 (shown by
the red dashed lines). The contours indicate the allowed parameter space at 1,2,3,4, 50 confidence

level going from darker to lighter.

cos(f—a) =0, myo =my = mpy+

5.0
4.5
=
& 40+
~
+
&
S
3.5
20
2
3.0 1
All observables excl. Ry
2.5 T T T T T T T
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log;,[tan 5]

Figure 18. Contour plot of the allowed 2HDM-II parameter space in the (tan 8 — mg+) plane,

obtained by combining all observables excluding R (), fixing the additional parameters as cos( —
a) =0, myg+ = myo = myo. The contours indicate the allowed parameter space at 1,2,3,4, 50

confidence level going from darker to lighter.
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Figure 19. Examples of one- and two-loop 2HDM contributions to g — py.

7.2 Comment on the anomalous magnetic moment of the muon
The anomalous magnetic moment of the muon,

-2
ap = guT? (7'3)

measures the deviation of the muon gyromagnetic moment g, from 2 due to quantum
loop effects. This can be accurately measured in experiment, with recent measurements at
Fermilab [13] confirming the older BNL value [14]. It can also be accurately predicted in
the Standard Model and the Theory Initiative (WP [15]) yields a 4.20 discrepancy with
the updated combined experimental value. We will also consider a recent Lattice QCD
evaluation (BMW Collaboration [16]) that finds the g, — 2 discrepancy to be only 1.60.

This deviation in a, can be a strong motivation for potential new physics signals, such
as supersymmetric particle loops or other BSM contributions, see e.g. ref. [116]. 2HDM
contributions to a, form a subset of SUSY contributions to the anomalous magnetic mo-
ment and they have been recently studied e.g. in refs. [117-119].

Matching flavio’s WET-3 basis [12], we write the effective Hamiltonian for ¢ — ¢+

processes as
9=t _4Gr e
off V2 1672
The 2HDM contribution to a, is then defined as

M, Cr (0o p PROFP + hec. (7.4)

2
az PN — LCr, (7.5)

w V22

where we take the contributions at one- and two-loop level given in [120]. The two-loop

contributions come from the Barr-Zee diagrams ([121], see figure 19) with a fermion or

_97 —



cos(B —a) =0, myo =my =mpy+ cos(f —a) =0, myo = ma = mpy+
5.0 5.0
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Figure 20. Contour plots of the allowed 2HDM-II parameter space in the (tan 8 — mg+) plane
for a,, using the Standard Model prediction by WP20 [15] (BMW [16]) (left (right) plot), fixing
the additional parameters as cos(8 — a) = 0, mgo = mo = mg+. The lighter contour indicates
the allowed parameter space at 20 confidence level while the darker contour corresponds to 1o.

boson loop which can give rise to significant contributions to aiHDM. All Higgs bosons are
present in these loops, therefore aZHDM depends not only on tan 8 and my+, but also on
m 4o and mgo, with a further dependence on the mixing angle a.

From figure 20 we find that the 2HDM-II cannot explain the discrepancy between the
experimental number for the anomalous magnetic moment of the muon and the white paper
prediction as the required values of tan S lie in the non-perturbative region. Obviously the
BMW prediction yields a consistency of experiment and theory within 20 and thus a large
portion of the 2HDM-II parameter space is still allowed.

7.3 Electroweak phase transition

The electroweak phase transition (EWPT) is a mechanism which can generate the baryon
asymmetry we observe in the Universe today through the process of EW baryogenesis, with
the requirement that the EWPT is of strong first order (SFO). In the SM this could be
achieved for myo < 70 GeV [122], however the measurement of the SM Higgs boson mass as
mpo = 125.1 £0.14 GeV [21] means we now require BSM physics to achieve a SFOEWPT;
a 2HDM is in principle capable of generating this. For recent work testing the 2HDM for
a SFOEWPT across large regions in its parameter space, see e.g. refs. [19, 123, 124], in
which the authors find regions where the 2HDM-II could support a SFOEWPT, however
only for Higgs masses less than 1 TeV. In [125], the strength of the EWPT in the 2HDM-II
is tested for Higgs masses 2 600 GeV; a FOEWPT can be found for these masses but it
is not strong enough to support EW baryogenesis. Furthermore, a SFOEWPT appears to
favour a mass splitting (~ 200 GeV [123]) between H+ and H?, and m 40 ~ mpg+ [123, 124].
This could still be allowed by our results in section 3, however only for low charged Higgs
masses, in tension with the global fit of figure 16.
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tan 3 Mass Basis (GeV) Lambda Basis m3, We T. ¢
an c
myg+  Mygo  Mao A3 A4 A5 (GeV?) (GeV) | (GeV)

4.2 50000 50000 50000 | 0.26 0 0 5.6 x 108 0.66 162 0.004
4.2 2320 2320 2320 | 0.26 0 0 1.2 x 108 23 162 0.14
4.2 2320 2250 2280 | 10.8 —83 —2.2 1.1 x10° 31 186 0.17
1.0 2320 2320 2320 | 0.26 0 0 2.7 x 106 23 162 0.14
10 2320 2320 2320 | 0.26 0 0 5.3 x 10° 24 162 0.15

4.2 860 710 860 | 8.03 -39 -39 1.1x10° 142 175 0.81
4.2 860 690 860 | 895 —43 —43 1.1x10° 177 176 1.00
4.2 680 470 680 | 8.22 —4.0 —4.0 5.0x 10% 211 149 1.42
4.2 570 320 570 760 —3.7 -3.7 23x10% 226 126 1.79
4.2 490 250 490 | 6.12 —-29 -29 1.4 x10* 207 126 1.64
4.2 490 490 490 | 0.26 0 0 5.4 x 10% 24 161 0.15

Table 3. Table of results for the EWPT in the 2HDM. We consider the exact alignment limit,
cos(8 — a) = 0, and in addition we employ the condition by eq. (7.6). In this limit, as follows from
egs. (2.11)—(2.15), one gets: A1 = Ao = m2,/v? = 0.26, i.e. A1 are fixed and independent of the
Higgs masses and tan 8 (and therefore not again shown in the table). In addition, one obtains that
A3,4,5 are independent of tan 3, and Az + Ay + A5 = mio /v? =0.26. For similar discussions of the
lambda basis, see e.g. [126].

In this work, we use the BSMPT package [17, 18] to calculate the strength of the
EWPT for selected parameter points across our fit. The BSMPT package calculates the
strength of the EWPT for the 2HDM in the lambda parameter basis ()\;, m2,, tan ). We
have so far primarily worked in the mass basis (m 4o, m o, mpo, Mg+, tan 3, cos(f — «)),
and so must convert to the lambda basis. In the alignment limit, a sufficient but not
necessary condition for vacuum stability is [22]

miy = miosin Bcos B N mio +mis —mio >0 N mig +m%e — mio > 0. (7.6)
We then use this, along with egs. (2.11)—(2.15), to perform the conversion, while making
the assumption that cos(S — «) is small, which is of course in line with our constraints.
This is only appropriate when the conditions of eq. (7.6) are fulfilled, i.e. primarily for
mpo S M A0, M+

The BSMPT package parameterises the strength of the EWPT in the 2HDM by
calculating
J— wc

fc - Tc’

where w, is the high-temperature VEV (w? = w}(T,.) + w3(T,) and w;(T = 0) = v;) at the
critical temperature T.. The BSMPT package only passes a result if & > 0, with the
desired SFOEWPT indicated by &, > 1.

We choose M = 50TeV as a benchmark for more extreme masses, the best-fit point

(7.7)

of our degenerate mass fit, and lower limits in my+ at ~ 2,3,4, 50 where we select more
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favourable mass splittings as points to test for a SFOEWPT. We also show some variations
in tan 3 at the best-fitting degenerate masses. In table 3, we present our selected parameter
points in both bases, and then also the results produced by the BSMPT package. As is
generally favoured by our fits, for higher masses we mostly test parameter points in the
limit of degenerate masses, since this will satisfy the conditions of eq. (7.6) and the small
mass splittings allowed at higher mass scales have only small effects, as is shown in one
benchmark point. However for lower masses where these splittings are more significant,
we consider further benchmark points allowing for mass splitting more favourable for a
SFOEWPT [123], and find that demanding degeneracy for these lower masses is a poorer
choice.

We find that for most of our allowed parameter space, a SFOEWPT is not possible due
to the large mass scales involved. From the benchmark points at higher masses, we find a
maximum of £, = 0.17; much smaller than required. For our benchmark points at lower
masses however, the outlook improves, where we first find a £, > 1 for a parameter point at
~ 20 from the global best fit point. On the other hand, we note that all points in table 3
with a ratio & > 1 require some of the couplings |\;| > 4, which could be in conflict with
perturbativity, depending on what constraint we apply; see the beginning of section 3.1.
As we have only chosen a few benchmark points, we cannot rule out the possibility of a
&, > 1 at some point closer to our best fit, however this seems unlikely given the trends
shown here and in other works. Therefore to accommodate a SFOEWPT in the 2HDM-II,
we would require much lower Higgs masses than are favoured by the global fit. But for such
regions of the parameter space the 2HDM-II will no longer perform better in the overall
fit compared to the SM.

8 Conclusion

In this work we have investigated theoretical bounds on the 2HDM-II stemming from
perturbativity, unitarity and vacuum stability as well as experimental constraints stemming
from electroweak precision, Higgs signal strengths, flavour observables and the anomalous
magnetic moment of the muon. All in all, we find that the 2HDM-II can accommodate the
data better than the SM. The best fit point for the 2HDM-II lies around

Mg+ = Mpgo & myo ~ 2TeV

(8.1)
tan 8 ~ 4, cos(ff —a) =~ 0.01.

For the charged Higgs mass we find a lower limit of 680 GeV at 30 and the remaining
Higgses have to be largely degenerate — this requirement becomes stronger the heavier
the Higgs masses become. For low values of the charged Higgs mass, tan 3 is severely
constrained to lie around a value of 4, while for high values of the charged Higgs mass
(around 50 TeV) tan § should be in the region between 0.1 and 300. We further find that
the wrong-sign limit is disfavoured by Higgs signal strengths and excluded by the global
fit by more than 50 and that only small deviations from the alignment limit are possible.

Experiments currently observe some deviations from SM predictions, in particular in
R(D™), Ry and the anomalous magnetic moment of the muon. The tensions in R(D™))

— 30 —



will either be enhanced in the 2HDM-II or to be resolved, they would require parameter
regions in the (tan S —my+ ) plane which are excluded by other flavour observables. Elim-
inating the tension in Ry ) would require charged Higgs masses below 1 GeV and non-
perturbative values of tan 5. The 2HDM-II can also not resolve the discrepancy between
the measurement of the magnetic moment of the muon and the white paper prediction.

Finally we found that the allowed parameter space of the 2HDM-II strongly disfavours
the existence of a sufficiently strong first order phase transition for EW baryogenesis.
This requires mass splittings discouraged by theoretical constraints, and low masses of
the charged Higgs — at least 20 away from our best fit point, which makes this model
theoretically much less attractive.

As a next step we plan to study more types of 2HDMs and also investigate implications
of our findings for future collider searches.
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A Inputs and observables

Observable Experimental value ‘ Source ‘ SM prediction
Higgs signal strengths

1.03+£0.11 [26]

e 1090, 27 1
1071017 [127]

W22 0.943?% [26] .
0.98Z0711 27]
1.08%0 12 [26]

fpep 1.281020 [27] 1
1.20018 [128]

T 2.075:9 [41] 1

i 1.023%;55 [26] .
0.39%0 39 27]
1.240.6 [42]

Hegr 0.31% 1§ [27] 1
1.19%02 43

ah 2.51352 [26] .
2457555 [27]
1317538 [26]

[T 0.7715:35 [27] 1
1.04153¢ [127]

Jan 1257070 26 1
0.5719-38 [27]
0.60534 [26]

MBE 0.6375:67 [27] 1
0.9919-23 [128]

e 1151527 [26] .
1.0570:39 [27]

i 3.187%:33 [27) 1

o 3.0311:87 [26] .
0.9570-38 [129]

1 3.764153 [39] 1

ai 2.85 % 47 [27) 1

1 3.017157 [27) 1

" 12708 27 1
0.9510:27 [130]
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1] 0.00 +1.14 [39] 1

g 0.907 743 [27] 1

Mk 1531757 [27] 1

o 0.931033 [27] .
1.0870:35 [130]

1, 3745 [40] 1

a 1.3215:33 [26] .
1.3410:38 [127]

i 1.53% 60 [26] .
1.1079%5 27]

e 1021547 [26] .
1.031033 [130]
0.9070 3% [26]

i 162707 27 !
1.3570 3% [127]

[ 0.25%5 753 [27] 1

pith 0.937035 [27] 1

iy 1727553 [26] 1

i 1.20% 503 [26] .
0.81F572 [27]

o 0.7970 %9 [26] .
1137050 [27]

Table 4. Table of the Higgs signal strengths used in the analysis in section 5.

Observable Experimental value ‘ Source ‘ SM prediction

Oblique parameters

S 0.0240.10 [21]
0.07 +0.12 [21]
U 0.00 4 0.09 [21]

Table 5. List of the Oblique parameters used in the analysis in section 4.
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’ Observable Experimental value ‘ Source ‘ SM prediction
Tree-level leptonic decays
I(rt — uty,) (2.528 +0.005) x 1077 eV [21] (2.521 4 0.003) x 1077 eV
B(Kt — puv,) (63.56 +0.11) x 102 [21] (63.9140.93) x 1072
B(BT — ptu,) (5.34+2.2) x 1077 [21] (4154 0.51) x 1077
B(BT — ttu,) (1.09 4+ 0.24) x 107* [21] (9.244+1.13) x 107°
B(DT — uty,) (3.7440.17) x 10~* [21] (3.97£0.04) x 10~*
B(Dt — tTu,) (1.20 +0.27) x 1073 [21] (1.07 £ 0.01) x 1073
B(DF — utv,) (5.49 +0.16) x 1073 [21] (5.31 +£0.04) x 1073
B(DF — tTv,) (5.48 £0.23) x 1072 [21] (5.22 4+ 0.04) x 1072
B(rT — Ktu,) (6.96 & 0.10) x 1073 [21] (7.07£0.10) x 1073
B(rt = 7tv,) (10.82 4 0.05) x 1072 [21] (10.85 4 0.13) x 1072
Tree-level semi-leptonic decays
B(B® — D™ ¢Tw) (2.31 4£0.10) x 1072 [63] (2.26 +0.18) x 1072
B(BT — D%"w) (2.3540.10) x 1072 [63] (2.4540.19) x 1072
B(B° — D*~ () (5.06 £0.12) x 1072 [63] (4.82 4 0.44) x 1072
B(BT — D*%¢ty,) (5.66 & 0.22) x 1072 [63] (5.20 4 0.48) x 1072
B(BT — 70T w,) (7.80 £ 0.27) x 107° [21] (6.37 +1.03) x 107°
B(B® — =T w) (1.50 £ 0.06) x 10™* [21] (1.18 £0.19) x 107*
B(BT — p%t ) (1.58 £ 0.11) x 107* [21] (2.194+0.44) x 10~*
B(B° — p~ 4ty (2.9440.21) x 1074 [21] (4.06 +0.82) x 10~*
B(B? = D;utv,) | (2.404£0.1240.15 4 0.06 £ 0.10) x 1072 | [61, 131] | (2.36 £ 0.18) x 1072 * [62]
B(BS — D pTv,) | (5.1940.24 4047 +0.13 £0.14) x 1072 | [61, 131] | (4.99 +0.45) x 1072 * [62)
B(DT — K°%uv.) (8.73 £0.10) x 1072 [21] (9.08 £ 0.61) x 1072
B(D" — K°uTv,) (8.76 +0.19) x 1072 [21] (9.04 +0.61) x 1072
B(DT = 7% ") (3.72+0.17) x 1073 [21] (3.47 £0.20) x 1073
B(DT — n°utu,) (3.50 £0.15) x 1073 [21] (3.46 £ 0.19) x 1073
B(D° — K~ eTv,) (3.542 4 0.035) x 1072 [21] (3.55 4 0.24) x 1072
B(D° — K~ p"w,) (3.4140.04) x 1072 [21] (3.54 4 0.24) x 1072
B(D® — n~etwe) (2.9140.04) x 1073 [21] (2.68 +£0.15) x 1073
B(D? — 7~ uty,) (2.67+£0.12) x 1073 [21] (2.67+£0.15) x 1073
B(K*T — 7%twe) (5.07 £0.04) x 1072 [21] (5.12 4 0.06) x 1072
B(KT — m°utv,) (3.352 4 0.033) x 1072 [21] (3.380 4+ 0.043) x 1072
B(K? — 1Te™ ) (40.55 £0.11) x 1072 [21] (40.82 £0.43) x 1072
B(KY = ntu~i,) (27.04£0.07) x 1072 [21] (27.04 £ 0.30) x 1072
B(KS — 1Te™ 1) (7.04 £0.08) x 107* [21] (7.154£0.07) x 107*
B(KS — 7mTu~o,) (4.69 £ 0.05) x 107* [21] (4.73 4£0.05) x 107*
Tree-level LFU Ratios

R(D) (0.340 £ 0.030) [63] (0.303 & 0.006)
R(D¥) (0.295 4 0.014) [63] (0.255 4 0.003)
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Radiative decays
B(B — X.v) \ (3.3240.15) x 10~ | 63] | (340+0.17) x 107" « [76]
FCNC leptonic decays
B(Bg — ptu) (0.56 4 0.70) x 107*° [84] (1.08 £0.13) x 10 *°
B(Bs — utp™) (2.9340.35) x 107° [84] (3.48 +0.26) x 107°
] B-Mixing
Amyg (0.5065 + 0.0019) ps~* [63] (05330022  ps—* * [64]
Am (17.757 £ 0.021) ps~* [63] (18.410 7y ps™ * [64]
Anomalous magnetic moments
a, 116592091 (54)(33) x 107! [21] 116591810(43) x 10~ * [15)
116591954(55) x 10~ * [16]

Table 6. Table of flavour observables (except b — s¢T¢7) used in the analysis. The stated SM
predictions are our calculations through flavio, where we have modified some appropriately in order

to closely replicate the most recent averages or predictions, for example in B-mixing and B — Xy
(marked by * in the fourth column).

Mode Observable Source Bin Experimental value SM prediction
BY — K*p*u~ |10°GeV? x 25| LHCb [132] [0.1,0.98] 3.324+0.18 £0.17 3.34+0.63
[1.1,2] 2.3340.15+0.12 3.33 +£0.63
2, 3] 2.8240.16 +0.14 3.32 4 0.62
3,4] 2.54 +0.15+0.13 3.30 £ 0.62
[4,5] 2.2140.14 +0.11 3.28 £ 0.62
[5, 6] 2.3140.14 £ 0.12 3.26 4 0.61
[15, 16] 1.61 +0.10 +0.08 2.25+0.33
[16,17] 1.64 4+ 0.10 +0.08 2.03 +0.28
[17,18] 2.06 & 0.11 £ 0.10 1.77 £0.23
[18,19] 1.37 4+ 0.10 + 0.07 1.49 +0.19
19, 20] 0.74 + 0.08 + 0.04 1.17+0.14
20, 21] 0.59 4 0.07 + 0.03 0.8240.10
[21,22] 0.43 + 0.07 £ 0.02 0.44 + 0.05
B® = K°u*p~ |10°GeV? x 25| LHCb [132] [0.1,2] 1.2279-39 4 0.06 3.10 £+ 0.58
2, 4] 1.8779-3% 4 0.09 3.07 4 0.58
4, 6] 1.73795% +0.09 3.03 £0.57
[15,17] 1.437035 +0.07 1.98 +0.28
[17,19] 0.781017 £0.04 1.50 £0.19
BY — K**u*p~ [10°GeV? x 25 | LHCb [132] [0.1,2] 5921138 +0.40 7.53+1.11
[2,4] 559715 £0.38 4.60 + 0.63
4, 6] 2491040 £0.17 5.13+0.74
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(15,17 6.447132 £0.44 7.19 £0.89
[17,19] 1.161025 £0.08 4.96 £ 0.68
BY = K*Tptu~ Fr LHCb [133] [0.1,0.98] 0.3410-10 £ 0.06 0.303 + 0.052
[1.1,2.5] 0.547018 £0.03 0.767 £ 0.043
[2.5,4] 0.171535 £0.04 0.798 4 0.035
4, 6] 0.677011 +0.03 0.712 4 0.048
[15,17] 0.411515 £0.02 0.346 & 0.022
[17,19] 0.347013 £ 0.04 0.326 £ 0.016
BT — K*Tutu~ P LHCbD [133] [0.1,0.98] 0.441538 +0.11 0.045 4 0.027
[1.1,2.5] 1.6077:22 £ 0.32 0.022 + 0.047
[2.5, 4] —0.291182 4+ 0.22 —0.116 £ 0.036
[4, 6] —1.247999 +0.29 —0.176 + 0.046
[15,17] —0.887041 +£0.07 —0.531 4 0.050
[17,19] —0.40705% +0.09 —0.746 + 0.036
BT = K*Tutu~ Py LHCb [133] [0.1,0.98] —0.057915 4 0.03 —0.136 + 0.008
[1.1,2.5] —0.287023 4+ 0.15 —0.451 £ 0.017
[2.5,4] 0.031525 £ 0.11 —0.054 +0.114
4, 6] —0.157032 +0.06 0.294 4+ 0.081
[15,17] 0.4570:03 +0.03 0.414 4+ 0.016
[17,19)] 0.141519 +0.04 0.320 £ 0.020
BT - K*Tutu~ P; LHCb [133] [0.1,0.98) —0.42%529 4 0.05 0.0015 + 0.0134
[1.1,2.5] —0.0975:70 +0.18 0.0040 + 0.0242
[2.5,4] —0.457059 +0.20 0.0039 + 0.0103
[4, 6] 0.5215%2 £ 0.15 0.0025 4+ 0.0154
[15,17] —0.237038 £ 0.02 | —0.0004 £ 0.0003
[17,19] 0.12%521 £0.02 | —0.0003 = 0.0002
BT — K*Tutu~ P LHCbD [133] [0.1,0.98] —0.09703% +0.12 0.234 4 0.012
[1.1,2.5] 0.5815%2 +0.11 —0.066 & 0.047
[2.5,4] —0.8175%9 +0.14 —0.392 +0.048
[4, 6] —0.79703% +0.09 —0.502 =+ 0.028
[15,17] —0.327035 +0.08 —0.618 £ 0.010
[17,19] —0.57192%2 £0.13 —0.660 £ 0.007
BT = K*Tutu~ P} LHCb [133] [0.1,0.98] 0.517038 +£0.12 0.684 £ 0.024
[1.1,2.5] 0.8815°7% +0.10 0.112 £0.083
[2.5,4] —0.87718% +£0.09 —0.517 £ 0.107
4, 6] —0.2570%% +0.09 —0.763 £ 0.077
[15,17] —0.1475-21 +0.06 —0.673 £ 0.036
[17,19] —0.667930 4 0.13 —0.487 £ 0.035
BT — K*Tutu~ P} LHCb [133] [0.1,0.98) —0.02%594%9 4+ 0.06 | —0.0476 + 0.0376
[1.1,2.5] 0257135 £0.08 | —0.0539 £ 0.0784
[2.5, 4] —0.371259 £ 0.05 | —0.0439 + 0.1071
[4, 6] —0.097999 £ 0.05 | —0.0285 4 0.1159
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(15,17 —0.48%5921 £0.02 | —0.0029 + 0.0015
e ~ S [ 0[117,012}8 ] 0.1235;53 +0.04 | —0.0012 =+ 0.0007
1,0. 0451050 £0.09 | —0.0326 £ 0.0225
[1.1,2.5] 0.12%575 £0.05 | —0.0271 £ 0.0354
[2.5,4] 0.127782 £0.07 | —0.0182 +0.0394
[1[;1, (15]7} —S;iigzg i g.gi —0.0114 4 0.0377
, 347023 + 0. 0.0007 = 0.0006
B® = K*0uty- o TN [0[117,013}8] — 0.36705%5 £0.07 0.0003 + 0.0002
1,0. 255 £ 0.032 £ 0.007 | 0.295 + 0.050
[1.1,2.5] | 0.655+0.046 £0.017 | 0.760 % 0.044
[2.5,4] 0.756 £ 0.047 £0.023 | 0.796 % 0.036
4, 6] 0.684 +0.035 £ 0.015 | 0.711 4+ 0.048
[15,17] | 0.35240.026 +0.009 | 0.348 £ 0.022
I - — [17,19] | 0.34440.03240.025 | 0.328 £0.016
[134] [0.1,0.98] | 0.09040.11940.009 | 0.0441 + 0.0465
[1.1,2.5] |—0.617 4 0.296 + 0.023 | 0.0234 + 0.0463
[2.5,4] 0.168 £ 0.371 £0.043 | —0.116 4+ 0.037
4, 6] 0.088 £ 0.235 £ 0.029 | —0.178 +0.047
[15,17] | —0.511 4 0.096 + 0.020 | —0.534 4 0.050
S - T [ 0[117,013}8 ] —0.763 4+ 0.152 4 0.094 | —0.751 £ 0.035
1,0. —0.003 £ 0.038 - 0.003 | —0.132 £ 0.008
[1.1,2.5] | —0.443 4 0.100 4+ 0.027 | —0.451 £ 0.014
[2.5,4] | —0.191+0.116 +0.043| —0.063 +0.113
[1[;1, (15]7} g.;gz i g.ggi i 2.009 0.292 + 0.081
, . : .004| 0.413 £0.016
—— - S [ 0[117,013}8 ] 3.328 +0.0324+0.017|  0.317 £ 0.020
1,0. 073 £ 0.057 £0.003 | 0.0014 +0.0135
[1.1,2.5] 0.324 £ 0.147 £ 0.014 |  0.0039 % 0.0245
[2.5,4] 0.049 £ 0.195 £ 0.014 | 0.0040 £ 0.0104
4, 6] —0.090 4 0.139 4 0.006 |  0.0026 + 0.0155
[15,17] | —0.000 + 0.056 + 0.003 | —0.0004 + 0.0003
e - S [ 0[117,012}8 ] 3.085 4+ 0.068 4 0.004 | —0.0003 =+ 0.0002
1,0. A135+0.118 £0.010|  0.251 +0.017
[1.1,2.5] |—0.08040.14240.019| —0.064 + 0.045
[2.5,4] | —0.435+0.169 £ 0.035| —0.393 4 0.046
4, 6] —0.31240.115 4+ 0.013 | —0.504 & 0.028
[15,17] | —0.626 £ 0.069 £ 0.018 | —0.619 & 0.010
S - T [0[117,013}8] —0.647 4 0.086 + 0.057 | —0.661 + 0.007
1,0. 0.521 £ 0.095 £ 0.024 |  0.688 4 0.024
[1.1,2.5] 0.365 £0.122 £0.013|  0.140 £ 0.081
[2.5,4] | —0.150 £ 0.144 +0.032| —0.500 4 0.102
4, 6] —0.439 4 0.111 4+ 0.036 | —0.757 & 0.079
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[15,17] | —0.714 4 0.074 £ 0.021| —0.670 4 0.036
[17,19] | —0.590 + 0.084 + 0.059 | —0.483 4+ 0.035
B — K*%utu~ P} LHCb [134] [0.1,0.98] | 0.01540.094 +0.007 | —0.055 = 0.036
[1.1,2.5] |—0.226 4 0.128 +0.005 | —0.070 & 0.077
[2.5,4] | —0.155+0.148 £ 0.024 | —0.052 4 0.105
4, 6] —0.293 4+ 0.117 4 0.004 | —0.030 £ 0.117
[15,17] 0.061 £ 0.085 £ 0.003 | —0.003 £ 0.002
[17,19] 0.103 4+ 0.105 £ 0.016 | —0.001 & 0.001
BY — K*%utpu~ P4 LHCbD [134] [0.1,0.98] | —0.007 4= 0.122 4- 0.002 | —0.0056 =+ 0.0222
[1.1,2.5] | —0.366 & 0.158 4 0.005 | —0.0177 = 0.0350
[2.5,4] 0.037 £ 0.169 £ 0.007 | —0.0173 £ 0.0370
4, 6] 0.166 + 0.127 + 0.004 | —0.0115 4 0.0376
[15,17] 0.007 + 0.086 + 0.002 |  0.0007 4 0.0006
[17,19] | —0.055 £ 0.099 + 0.006 | 0.0003 & 0.0002
B —» K*%utp~ Fr, ATLAS [135] | [0.04,2.0] 0.44 + 0.08 £ 0.07 0.388 4 0.057
[2,4] 0.64 4+ 0.11 £ 0.05 0.799 + 0.035
4, 6] 0.42 +0.13 +£0.12 0.711 4 0.048
B® - K*%utu~ P ATLAS [135] | [0.04,2.0] | —0.05£0.30 4+ 0.08 0.0435 4 0.0280
[2,4] —0.78 £0.51+£0.34 | —0.095 4 0.038
4, 6] 0.1440.43+£0.26 | —0.178 £0.047
B® - K%t~ Py ATLAS [135] | [0.04,2.0] 0.31 4 0.40 £ 0.20 0.150 £ 0.018
[2,4] —0.76 £0.31 £ 0.21 | —0.349 4 0.050
4, 6] 0.644+0.33+£0.18 | —0.504 +0.028
B® - K*%u "~ P} ATLAS [135] | [0.04,2.0] 0.67 4 0.26 £0.16 0.513 £0.033
2,4] —0.334£0.314+0.13 | —0.409 4+ 0.110
4, 6] 0.26 +0.35£0.18 | —0.757 £ 0.079
B® - K*%utu~ P} ATLAS [135] | [0.04,2.0] | —0.18£0.2140.04 | —0.056 & 0.042
[2,4] 0.314+0.28+0.19 | —0.056 + 0.042
4, 6] 0.06 +0.27 £0.13 | —0.030 £0.117
B® - K*%utu~ P} ATLAS [135] | [0.04,2.0] | —0.29+0.484+0.18 |—0.0084 & 0.0233
[2,4] 1.07 +0.41 +£0.39 | —0.0179 4 0.0388
4, 6] —0.24 +£0.4240.09 | —0.0115 4 0.0376
B® = K*u p~ [10°GeV2 x 25 | CMS [136] [1,2] 46+0.7+£0.3 4.59 4 0.61
[2,4.3] 33+0.5+0.2 4.25 4 0.59
[4.3,6] 34+05+0.3 4.7940.71
[14.18, 16] 6.7+£0.6+£05 7.06 £ 0.85
[16,19] 42403403 5.16 & 0.68
B® — K*utpu~ Fr, CMS [136] [1,2] 0.641540 £+ 0.07 0.724 + 0.050
[2,4.3] 0.8015-9% + 0.06 0.793 4+ 0.036
[4.3,6] 0.627005 +0.07 0.703 4 0.049
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[14.18, 16] 0.48%0:0% +0.04 0.362 4 0.027
[16, 19] 0.3815:95 +0.04 0.333 £ 0.020
BY - K™%t~ Arp CMS [136] [1,2] —0.2715:30 +0.07 —0.156 + 0.031
[2,4.3) —0.12%912 4+ 0.05 —0.026 £ 0.033
[4.3,6] 0.011515 +£0.03 0.132 4 0.045
[14.18,16] 0.3915-9¢ £+ 0.01 0.412 +0.018
[16,19] 0.3570:07 +0.01 0.349 4+ 0.021
B® = K*%utu~ P CMS [137] [1,2] —0.127398 +0.10 0.044 + 0.047
[2,4.3] —0.69705% +£0.23 —0.106 + 0.038
[4.3,6] 0.5370-22 +£0.19 —0.180 + 0.049
[14.18,16] —0.3370 325 £0.20 —0.465 £ 0.051
[16,19] —0.537019 +£0.16 —0.680 £ 0.041
B — K™ty P CMS [137] [1,2] 0.101552 £+ 0.07 0.289 4 0.063
2,4.3] —0.571531 £0.18 —0.449 +0.104
[4.3,6] —0.96192% +0.25 —0.769 £ 0.073
[14.18, 16] —0.66T0 50 +0.18 —0.719 £ 0.035
[16,19] —0.561013 +£0.07 —0.547 + 0.036
BY = K*ptp~ [10°GeV? x 25| Belle [138] [0.1,4] 4517895 £0.20 3.33 4 0.60
[4,8.12) 3.0015°8% 4+ 0.07 3.24 +0.61
[1,6] 4.601552 £0.10 3.30 + 0.60
BY — K**ptp~ [10°GeV2 x 25 | Belle [139] [1.1,6] 2.45T182 +0.41 4.87 £0.77
[15,19] 7.257200 £0.75 6.08 +0.73
B = K*%u*u~ [10°GeV? x 5| Belle [139] [1.1,6] 3.881122 £0.61 4.48 £0.71
[15,19)] 5.507125 +0.50 5.60 & 0.67
B = ¢°utpm |10 GeV? x 25 |LHCD [131, 140] | [0.1,2] | 5547065 +0.13 +0.27 7.92 4+ 0.98
2, 5] 2427099 £0.06 £0.12 | 4.94 £ 0.69
[15,17] | 4.28%051 £0.11 +0.21 6.60 & 0.65
[17,19] |3.757931 £0.134+0.18 |  3.93+0.41
B? — ¢utu F LHCb [140] [0.1,2] 0.2075-05 £ 0.02 0.496 + 0.037
2, 5] 0.687015 +0.03 0.811 £0.017
[15,17] 0.2315-09 +0.02 0.349 + 0.015
[17,19] 0.401512 £ 0.02 0.328 +0.014
BY = ¢°utu~ Sy LHCb [140] [0.1,2] —0.051913 4 0.01 0.020 + 0.006
[2,5] —0.06T033 +0.01 —0.009 =+ 0.004
[15,17] —0.06T015 +0.01 —0.180 =+ 0.007
[17,19] —0.07193% +£0.02 —0.262 + 0.006
BY — ¢®utu~ Sy LHCb [140] [0.1,2] 0271538 +0.01 0.060 4 0.007
[2, 5] —0.477939 +0.01 —0.148 £ 0.017
[15,17] —0.037012 +£0.01 —0.296 + 0.004
[17,19] —0.3970:2% £ 0.02 —0.313 £ 0.004
BY — ¢®utu~ S, LHCb [140] [0.1,2] 0.0415-12 £ 0.00 —0.025 £ 0.018
[2, 5] —0.03955 +£0.01 —0.020 +0.038
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(15,17 0.12731¢ +£0.01 | —0.0013 £ 0.0006
[17,19] 0.201939 £0.01 | —0.0005 + 0.0003
B— Xsutp * 10° x AB BaBar [141] (1, 6] 0.667057 4+ 0.07 1.68 £0.16
[14.2, 25] 0.6070:34 £ 0.00 0.35 4 0.04
B— Xsete™ 10° x AB BaBar [141] [0.1,2] 3.0570:%% +0.35 1.24 £0.12
[2.0,4.3] 0.691035 +0.07 0.79 + 0.08
[4.3,6.8] 0.697551 +0.05 0.74 £ 0.07
[14.2,25] 0.561519 £ 0.00 0.30 +0.03
B— Kty ~ P; Belle [142] 1,6] —0.22703% £ 0.15 —0.342 £ 0.041
[14.18,19] —0.1075-%9 + 0.07 —0.627 £ 0.010
B— K*'utu~ ~ P Belle [142] (1, 6] 0.43703% +0.10 —0.431 4 0.096
[14.18,19] —0.137032 +0.06 —0.626 + 0.036
B — K*ete™ * P, Belle [142] (1, 6] —0.7215:35 +£0.06 —0.339 £ 0.041
[14.18,19] —0.157098 +£0.04 —0.627 4 0.010
B— Kete™ * P; Belle [142] (1, 6] —0.2279%9 +0.03 —0.424 4 0.095
[14.18,19] —0.917936 +0.03 —0.626 4 0.036
B® — K*%ete™ Fr, LHCb [143] |[0.002,1.12]| 0.16 4 0.06 £ 0.03 0.18 4 0.04
BT - Ktutu~ Arp CMS [144] [1,6] —0.147007 +0.03 0.0+ 0.0
[16,18] 0.0470:2% +0.03 0.0+0.0
[18,22] 0.0575:07 £ 0.02 0.0+0.0
BT — Ktutyu~ Fy CMS [144] [1,6] 0.3810:37 £ 0.09 0.0247 + 0.0003
[16, 18] 0.070:0% £ 0.07 0.0064 £ 0.0004
[18,22] 0.1015-% £ 0.09 0.0079 =+ 0.0007
AY — Aptpu~ 10°GeV? x 25 | LHCD [145] [1.1,6] 09708101 +0.2 0.98 +0.57
(15, 16] 11.271910% £ 2.3 6.75 £ 0.90
(16, 18] 122719103 £ 25 7.28 £ 0.88
[18, 20 124719196 + 26 6.1240.76
A — ApTu~ Abp LHCD [146] [15,20] —0.394+0.04+0.01 | —0.353+0.018
ARy [15,20] —0.30£0.05+0.02 | —0.3184+0.011
Ay [15, 20] 0.25 £ 0.04 £ 0.01 0.164 & 0.009
Bs — utp~ 10° x B Comb. [84] 2.93+0.35 3.48 £+ 0.26
Table 7. Table of b — sfT{~ observables (except Ry()) used in the analysis. We include

correlations between measurements when provided by the sources. The stated SM predictions are
our calculations through flavio. The modes marked by * assume averaging of B* and B° decays.
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Observable Source Bin Experimental value SM prediction
R+ LHCb [100] | [1.1,6] 0.84675:032+0-013 | 1.0008 + 0.0003
Ri-o LHCb [147] | [0.045,1.1] | 0.66105% +0.03 0.926 + 0.004
[1.1,6.0] 0.6910:5% £ 0.05 0.9964 £ 0.0006
Rx BaBar [148] | [0.10,8.12] | 0.747039 4 0.06 1.0007 + 0.0003
Ry BaBar [148] | [0.10,8.12] | 1.0670:4% +0.08 0.9949 + 0.0015
R+ Belle [138] [1, 6] 1.397038 +0.02 1.0008 + 0.0003
Ryt Belle [139] | [0.045,1.1] | 0.627052 +0.09 0.928 4 0.005
[1.1,6] 0.7279-99 +0.15 0.997 4 0.001
[15,19] 1401022 £0.12 | 0.99807 + 0.00004
Riceo Belle [139] | [0.045,1.1] | 0.467052 +0.13 0.926 + 0.004
[1.1,6] 1.0619:5% +0.14 0.996 + 0.001
(15, 19] 1121555 £0.10 | 0.99807 + 0.0004

Table 8. Table of Ry ) observables used in the analysis. The stated SM predictions are our
calculations through flavio.

B Calculation of § from \; and tan 38

We start from eq. (2.10) and rearrange to give an expression for m?2,. Using small angle

approximations on 6 = 5 — o — /2, we expand to second order, and find that

with

F§2 = sgcg (m%o — ;\10?3 - ;\25% —

miy6* =T 2+ T30+ 136+ 0(5°)

2

X3as 8§5>

1*51 = sgc3 (—2;\10%35 + 25\23%05 + 5\345 325025) )

and where we have used as shorthand:

F% = sgca (5\1(0% - s%c%) + 5\2(5% - C%S%) + X345 5%5) ,

s9 = sin(f), cg = cos(0), Aaas = A3+ Ay + A5, and \; = 02\,

Then inserting eq. (B.1) into eq. (2.10), we find an equation for ¢ of the form

where

c+bd+ad’+ 0% =0,

a = 2525At5 FE2 + ZCgﬁAtﬁ FEI — 2825At5 F% — 8255\16% + 825:\28%

—2cop F% + 5\345 cops23 — 4828 Fgl + 4cop FEQ,

b = 2cypAtg F,(;Z — s93Atg FEI — 2c9 1—‘51 — 4593 ng,

c = —s9Atg FEZ — 2c9 ng,
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having defined

1

) (B.10)

Atﬁ = tan(f) —

By trigonometric manipulation we find that ¢ = 0. We are therefore left with the two

solutions

0—0 and 6= —S, (B.11)

where the first solution corresponds to the alignment limit. Note that the second solution
is only valid for small § as a second-order Taylor expansion was used in its derivation.

C Formulas for the oblique parameters in the 2HDM
The formulae for the oblique parameters in a general 2HDM as derived from [38] are

G :
T?HDM a {F(mlzqi ,m%0) 4 sin?(0) F (m3%+, m30) + cos?(0) F(m2., m3o)

8\/5 am?

— sin®(0) F (m?%o, m3y0) — cos?(0) F (m%0, mjo) (C.1)
+ 3cos?(0)[F(m%, m30) — F(miy, m30)]
)

— 3cos?(0)[F(m%, mio) — F(m%v,mio)]}

Grm?y, sin?(Ow) .
G2HDM _ 12%(”2 (2sin?(Ow) — 1)% G(m%e, m2 e, m2)

+sin?(0) G(m30, m30, m%)

T A0 T 70 (02)
mHi

+ cos?(0) G(m?o, m3o, m%) + 21n ( 5

+ cos2(9) {G’(quo,m%) — G’(mio, m%)} },

G
UHbM 48\1;fn(xv:1'2 {G m3., m%0, miy) + sin?(0) G(m3., m30, miy)
+ cos?(0) G(m3y+, mio, miy) — [2sin?(Ow) — 1°G(m3+, m3+, m%)
— sin®(0) G(m?o, m¥, m¥y) — cos?(6) G(m¥o, mds, m%) (C:3)
+ cos?(0)[G (mip0, miy) — G(mi, m%)]
(0)

— cos?(0 G (m%o,m%{/) - é(miO’mQZ)]}v

_ 492 —



where 8 = 8 — «. The loop functions used above are defined as

Ty _ ln($>, for x # vy,
Fla,y)=¢ 2 -y \y
0, for x =y,
16 5x+y) 2(x—y)?
G(x7y7 Z) = _E + P - 22
3|z2+y? 22— (mfy)3 T r
- — In(— — f(t
+z xr—y z + 322 n<y>+23f(7r)7
. - t
G(z,y,2) = -2+ (H B $+y>ln (95) i f( ,7“)’
z x—y Y z
G(z,2) = Gz, 2,2) +12G(z, 2, 2).
These functions depend on the sub-function,
t—pl/2
1/2
T lnt—l—rl/Q for r > 0,
f(t,r) =10 for r =0,
172
2(—r)/2 tan! <( Tt) ) for r <0,

where
t=x+y—z,

r=2%—2z(z+y)+ (z —y)>

(C.9)
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