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Abstract

In this article, we perform an extensive study of flavor observables in a two-Higgs-doublet model
(2HDM) with generic Yukawa structure (of type III). This model is interesting not only because it
is the decoupling limit of the Minimal Supersymmetric Standard Model (MSSM) but also because
of its rich flavor phenomenology which also allows for sizable effects not only in FCNC processes but
also in tauonic B decays. We examine the possible effects in flavor physics and constrain the model
both from tree-level processes and from loop-observables. The free parameters of the model are
the heavy Higgs mass, tan 5 (the ratio of vacuum expectation values) and the "non-holomorphic”

{J( f =wu,d,f). In our analysis we constrain the elements ¢/ in various ways:

ij
In a first step we give order of magnitude constraints on elfj from 't Hooft’s naturalness criterion,

Yukawa couplings €

finding that all elfj must be rather small unless the third generation is involved. In a second
step, we constrain the Yukawa structure of the type-III 2HDM from tree-level FCNC processes
(Bsa — pp~, K — ptu=, D — ptp=, AF = 2 processes, 7~ — p~ptp~, 77 — e putu~
and pu~ — e~ ete”) and observe that all flavor off-diagonal elements of these couplings, except
€531 and €533 must be very small in order to satisfy the current experimental bounds. In a
third step, we consider Higgs mediated loop contributions to FCNC processes (b — s(d)v, Bsq
mixing, K — K mixing and p — ev) finding that also €3 and €Y, must be very small, while the

bounds on €4, and €Y, are especially weak. Furthermore, considering the constraints from electric
u,l
ij
constraints from FCNC processes we study the size of possible effects in the tauonic B decays

dipole moments (EDMs) we obtain constrains on some parameters €, . Taking into account the
(B—7v,B— Drvand B — D*rtv)aswellasin D) — 7v, D) — pv, K(7) = ev, K(7) — v
and 7 — K(m)v which are all sensitive to tree-level charged Higgs exchange. Interestingly, the
unconstrained €5, 51 are just the elements which directly enter the branching ratios for B — 7v ,
B — Dtv and B — D*rv . We show that they can explain the deviations from the SM predictions
in these processes without fine tuning. Furthermore, B — 7v , B — D7v and B — D*7v can even
be explained simultaneously. Finally, we give upper limits on the branching ratios of the lepton
flavor-violating neutral B meson decays (Bs g — pe, Bsq — Te and Bg g — T1) and correlate the
radiative lepton decays (17 — py, 7 — ey and p — e7y) to the corresponding neutral current lepton
decays (17 — p putp~, 77 — e ptpu~ and = — e"eTe”). A detailed appendix contains all

relevant information for the considered processes for general scalar-fermion-fermion couplings.



I. INTRODUCTION

Two-Higgs-doublet models (2HDMs) [1] have been under intensive investigation for a
long time (see for example Ref. 2] for an introduction or Ref. [3] for a recent review article).
There are several reasons for this great interest in 2HDMs: Firstly, 2HDMs are very simple
extensions of the Standard Model (SM) obtained by just adding an additional scalar SU(2),
doublet to the SM particle content. This limits the number of new degrees of freedom and
makes the model rather predictive. Secondly, motivation for 2HDMs comes from axion
models [4] because a possible CP-violating term in the QCD Lagrangian can be rotated
away [5] if the Lagrangian has a global U(1) symmetry which is only possible if there are
two Higgs doublets. Also the generation of the baryon asymmetry of the Universe motivates
the introduction of a second Higgs doublet because in this way the amount of CP violation
can be large enough to accommodate for this asymmetry, while the CP violation in the SM
is too small [6]. Finally, probably the best motivation for studying 2HDMSs is the Minimal
Supersymmetric Standard Model (MSSM) where supersymmetry enforces the introduction
of a second Higgs doublet [7] due to the holomorphic superpotential. Furthermore, the
2HDM of type III is also the effective theory obtained by integrating out all super-partners
of the SM-like particles (the SM fermion, the gauge boson and the Higgs particles of the
2HDM) from MSSM.

2HDMs are not only interesting for direct searches for additional Higgs bosons at collid-
ers. In addition to these high energy searches at the LHC also low-energy precision flavor
observables provide a complementary window to physics beyond the SM, i.e. to the 2HDMSs.
In this respect, FCNC processes, e.g. neutral meson decays to muon pairs (Bya) — ptp,
D — ptp~ and K, — ptp~) are especially interesting because they are very sensitive to fla-
vor changing neutral Higgs couplings. However, also charged current processes like tauonic
B-meson decays are affected by the charged Higgs boson and b — sv provides currently the
best lower limit on the charged Higgs mass in the 2HDM of type II.

Recently, tauonic B decays received special attention because the BABAR collaboration
performed an analysis of the semileptonic B decays B — D71v and B — D*7v reporting a
discrepancy of 2.0 0 and 2.7 ¢ from the SM expectation, respectively. The measurements of
both decays exceed the SM predictions, and combining them gives a 3.4 0 deviation from
the SM [8, 9] expectation, which constitutes first evidence for new physics in semileptonic
B decays to tau leptons. This evidence for the violation of lepton flavor universality is
further supported by the measurement of B — 7v by BABAR [10, 11] and BELLE [12, 13]
which exceeds the SM prediction by 1.6 o using V,,;, from the global fit [14]. Assuming that
these deviations from the SM are not statistical fluctuations or underestimated theoretical or
systematic uncertainties, it is interesting to ask which model of new physics can explain the
measured values. Since, a 2HDM of type II cannot explain B — 7v , B — D7v and B —
D*rv simultaneously [8], one must look at 2HDMs with more general Yukawa structures.



Also 2HDMs of type III with Minimal Flavor Violation (MFV) [15] cannot explain these
deviations from the SM but a 2HDM of type III (where both Higgs doublets couple to
up quarks and down quarks as well) with flavor-violation in the up sector, is capable of
explaining B — 7v , B — D7v and B — D*rv without fine tuning [16].

These points motivate us to perform a complete analysis of flavor-violation in 2HDMs
of type III in this article. For this purpose we take into account all relevant constraints
from FCNC processes (both from tree-level contributions and from loop-induced effects)
and consider afterwards the possible effects in charged current processes.

This article is structured as follows: In Sec. II, we review the Yukawa Lagrangian of the
2HDM of type III. In Sec. IIT we give a general overview on the constraints on 2HDMs and
update the bounds on the 2HDM of type II. The following sections discuss in detail the
constraints on the 2HDM of type III parameter space from 't Hooft’s naturalness argument
(Sec. 1V), from tree-level FCNC processes (Sec. V) and from loop-induced charged and
neutral Higgs mediated contributions to the flavor observables (Sec. VI). Sec. VII studies
the possible effects in charged current decays (B — 7v , B — D1v , B — D*1v , D) — TV,
Dy — pv, K(m) = ev, K(r) — pv, 7 — K(m)v) and Sec. VIII is denoted to the study
of the upper limits on the branching ratios Bs;q — 7p, Bsg — Te, Bsq — pe and the
correlations among 7~ — puputuT, T = e putuT, pm — e ete and T — py, T — e,
1 — e7y. Finally, we conclude. A detailed appendix contains some of the input parameters
used in our analysis, general expressions for some branching ratios as well as all the relevant
Wilson coefficients for b — s(d)y, AF = 2 processes, leptonic neutral meson decays (AF =
1), LFV transitions, EDMs, anamolous magnetic moment (AMM) of muon and (semi-)
leptonic charged meson decays for general charged and/or neutral scalar-fermion-fermion
couplings.

II. SETUP

The SM contains only one scalar weak-isospin doublet, the Higgs doublet. After elec-
troweak symmetry breaking its vacuum expectation value ("vev”) gives masses to up quarks,
down quarks and charged leptons. The charged (CP-odd neutral) component of this dou-
blet becomes the longitudinal component of the W (Z) boson, and thus we have only one
physical CP-even neutral Higgs particle in the SM. In a 2HDM we introduce a second Higgs
doublet and obtain four additional physical Higgs particles (in the case of a CP conserving
Higgs potential): the neutral heavy CP-even Higgs H°, a neutral CP-odd Higgs A° and the
two charged Higgses H*.

As outlined in the introduction we consider a 2HDM with generic Yukawa structure
(2HDM of type III). One motivation is that a 2HDM with natural flavor-conservation (like
type I or type II) cannot explain B — D7v , B — D*rv and B — 7v simultaneously, while
the type 11T model is capable of doing this [16]. Beside this, our calculations in the 2HDM

3



IIT are the most general ones in the sense that they can be applied to models with specific
flavor-structures like 2HDMs with MFV/[15, 17, 18]. In this sense also our bounds are model
independent, because they apply to any 2HDM with specific Yukawa structures as well (in
the absence of large cancellations which are unlikely). Finally the type-III 2HDM is the
decoupling limit of the MSSM and the calculated bounds can be translated to limits on the
MSSM parameter space.

The fact that the 2HDM III is the decoupling limit of the MSSM also motivates us to
choose for definiteness a MSSM like Higgs potential! which automatically avoids dangerous
CP violation. The matching of the MSSM on the 2HDM Yukawa sector has been considered
in detail. For the MSSM with MFV it was calculated in Ref. [19-24] and for the MSSM with
generic flavor structure in Ref. [25] (neglecting the effects of the A-terms) and in Ref. [26]
(including the A-terms). Even the next-to-leading order corrections were calculated for
the flavor-conserving case in [27] and for the flavor-changing one in the general MSSM in
Ref. [28]. Also the one-loop corrections to the Higgs potential have been considered [29-37],
but their effects on flavor-observables were found to be small [38].

Following the notation of Ref. [26, 28, 39] we have the following Yukawa Lagrangian in
the 2HDM of type III starting in an electroweak basis:

Ly = Q?L [YdiewebaHg* — ejfieng} d;r + Q‘}L [Y%eweabﬂz* — e%eWHg} w;g + h.c. . (1)

Here a, b denote SU(2)y-indices, €, is the two-dimensional antisymmetric tensor with
€12 = —1 and the Higgs doublets are defined as :

H: HY )
=1 4| = ) with HY = 1,
H? Hy 0
(2)
H! HY 0
H, = _ with (H,) =
H? H? Uy

Apart from the holomorphic Yukawa-couplings Y and Yfliow, we included the non-
holomorphic couplings €3 (¢ = u,d) as well.

As a next step we decompose the SU(2) doublets into their components and switch to a

L If we would require that the Higgs potential possesses a Z; symmetry the results would be very similar
(for v < my). The heavy Higgs masses squared would still differ by terms of the order of v? and only
Higgs self-couplings would be different, but they do not enter the flavor-processes at the loop-level under
consideration.



basis in which the holomorphic Yukawa couplings are diagonal:

Ly = —CZfL [Ydiéfng* + g?‘,l H3:| dip — Ugr [YuléfZHS* + g;l HCOZ] U; R
+ ﬂfLij [Ydl(;ﬂ — cot 5%2] Hg*diR (3)
+dsp iy [Yuiéji — tan ﬁggﬂ H™u;p+ h.c. .

where tan 8 = v, /vy is the ratio of the vacuum expectation values v, and v, acquired by
H, and H, respectively. We perform this intermediate step, because this is the basis which

corresponds to the super-CKM basis of the MSSM and the couplings €§lj can be directly
qL,R
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related to loop-induced non-holomorphic Higgs coupling. The wave-function rotations U
necessary to arrive at the physical basis with diagonal quark mass matrices are defined by

L R
Ujy " mi U™ =m0y (4)

They modify the Yukawa Lagrangian as follows:

ﬁy = — JfL {(Eéﬂ — e?itanﬁ) Hé* + chli H3:| diR
Ud

My,
— ﬂfL |:(U—Ul5fl — EijiCOtﬁ) HS* + E?i Hé:| Ui R

u

mg,
+ s Vi [Tjéji — (cot 5 + tan 3) e?i] H¥ d;p

+ df LV {%5]-,- — (tan 5 4 cot f) 62‘2] HYu;g + h.c. . (5)
Here, m,, are the physical running quark masses, H, ql and H 3 are the components of the
Higgs doublets, and

Vi = U Uit (6)
is the CKM matrix. The Higgs doublets H, and Hy project onto the physical mass eigen-
states H? (heavy CP-even Higgs), h° (light CP-even Higgs), A° (CP-odd Higgs) and H= in
the following way:

1
H) = — (Hsina+ h°cosa +iA%cos 3)
1 )
1
HY = —(Hocosoz—hosinoz—i-iAOsinB) ,

V2
H! = cosBH",

H} = sinH™, (7)

where « is the mixing angle necessary to diagonalize the neutral CP-even Higgs mass matrix



(see e.g. [40])%. Since we assume a MSSM-like Higgs potential® we have

Uy
tan = —,
o mio + M%
tan2a = tan 28 —5——5-, (8)
mye — My

2 2 2 2 2 2 2
M. = M50 + My, , mije =m0 + Mz —mso,

With%ﬂ<a<0and0<ﬁ<g.

This means that in the phenomenologically interesting and viable limit of large val-
ues of tan 3 and v < m 40 we have to a good approximation®:

tan  ~ — cot v,

(9)

Mygo = Mg+ T Mg0 = Mpy.

q
g7
neously diagonalize the mass terms and the neutral Higgs couplings in Eq. (5). However, in

Without the non-holomorphic corrections ¢!, the rotation matrices U]‘ZiL’R would simulta-
the presence of non-holomorphic corrections, this is no longer the case and flavor changing
neutral Higgs couplings are present in the basis in which the physical quark mass matrices
are diagonal.

The Yukawa Lagrangian in Eq. (5) leads to the following Feynman rules® for Higgs-quark-
quark couplings

- (PLRH RLH
t (Ffoh' Pr + Ffoh' PL) (10)
with
LRH? My,
T, © = 2k (U—uléﬁ — €; cot ﬁ) + xfl*e?i,
u
LR H? k[ Md; d kx_d
Fdfdl- b=y (U—dfsfi — €y tan 5) + xy €

3
LRH* . Mg, d
Fufdi = Z Sll’lﬁ ij (’U—déﬂ — € tanﬁ) >
j=1
> m
LRH* i
Ly = Z cos BV} (U—Zéﬁ — €); tan B) : (11)

2 Note that we defined o as common in the MSSM. In the 2HDM also a convention with a doubled range

for « is used.
3 MSSM-like Higgs potential implies that in the large tan 8 limit and for v < my the charged Higgs mass

my+, the heavy CP even Higgs mass mpyo and the CP odd Higgs mass m 40 are equal.

4 For the SM-like Higgs boson h? we use myo ~ 125 GeV in our numerical analysis.

5 Hermiticity of the Lagrangian implies the relation l"f;;%iH = l"qLiI;fH *



Similarly, for the lepton case, the non-vanishing effective Higgs vertices are

LRH) my,

Dy © = ( " Opi — €5 tanﬁ) + abrel,
(12)

[LRH® _ LA 3 VPMNS m&-d. ¢ tan

v, =2 sinpB Vg i etanf ) .

j=1 d
Here, H) = (H°,h°, A°) and the coefficients «% are given by
k ( L sin « L CoS (v ! cosﬁ)
€Ty, = —— ==l y T = y T = )

k= (—icosoz Lsinoz Lsinﬁ)
‘ V2 V2 T2 ’

This means that flavor-violation (beyond the one already present in the 2HDM of type IT)
is entirely governed by the couplings egf. If one wants to make the connection to the MSSM,
the parameters egf will depend only on SUSY breaking parameters and tan 5.

III. CONSTRAINTS ON THE 2HDM PARAMETER SPACE
— GENERAL DISCUSSION AND OVERVIEW

In this section we give an overview on flavor observables sensitive to charged Higgs con-
tributions. We review the constraints on the 2HDM of type II and discuss to which extent
these bounds will hold in the 2HDM of type III. A detailed analysis of flavor constraints on
the type-II1 2HDM parameter space will be given in the following sections.

The most common version of 2HDMs, concerning its Yukawa sector, is the 2HDM of
type II which respects natural flavor conservation [41] by requiring that one Higgs doublet
couples only to up-quarks while the other one gives masses to down-type quarks and charged
leptons (like the MSSM at tree-level). Flavor-observables in 2HDMs of type II have been
studied in detail [42—44]. In the type IT model there are no tree-level flavor-changing neutral
currents and all flavor violation is induced by the CKM matrix entering the charged Higgs
vertex. In this way the constraints from FCNC processes can be partially avoided. This is
true for AF = 2 processes where the charged Higgs contribution is small, for K — putpu™,
D° — utp~ (due to the tiny Higgs couplings to light quarks) and all flavor observables in
the lepton sector. However, the FCNC processes b — sv (also to less extent b — dvy) and
B, — pTp~ are sensitive the charged Higgs contributions. In addition, direct searches at
the LHC and charged current processes restrict the type-II 2HDM parameter space.

Among the FCNC processes, the constraints from b — sy are most stringent due to the
necessarily constructive interference with the SM contribution [45-48]. The most recent
lower bound on the charged Higgs mass obtained in Ref. [49] is my+ > 360 GeV which
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includes NNLO QCD corrections and is rather independent of tan 5. In the type-111 2HDM
this lower bound on the charged Higgs mass can be weakened due to destructive interference
with contributions involving ;. Also in By — p*p~ (and By — pp”) a sizable loop-
induced effect is possible in the 2HDM II, but the constrains are still not very stringent even
if the new LHCb measurement are used. The reason for this is that, taking into account the
constraints from b — s on the charged Higgs mass, the branching ratio for B, — p™p~ in
the 2HDM 1I is even below the SM expectation for larger values of tan 8 [50-52] due to the
destructive interference between the charged Higgs and the SM contribution.

Regarding charged current processes, tauonic B decays are currently most sensitive to
charged Higgs effects. Here, the charged-Higgs contribution in the type-II 2HDM to B —
Tv interferes destructively with the SM contribution [53, 54]. The same is true for B —
D*rv [55] and B — Drv [42, 56, 57]. As outlined in the introduction this leads to the
fact that the 2HDM II cannot explain B — 7v , B — D7v and B — D*7v simultaneously
[8]. Other charged current observables sensitive to charged Higgses are D,y — pv, Dy —
Tv [68-60], 7 = K(m)v and K — pv/m — v [61] (see [44] for a global analysis).

Fig. 1 shows our updated constraints on the 2HDM II parameters space from b — sv,
B—tw,B— Drv,B— D'tv, B, —» pup~ and K — pv/m — pv. We see that in
order to get agreement within 20 between the theory prediction and the measurement of
B — D*rv | large values of tan 8 and light Higgs masses would be required which is in
conflict with all other processes under consideration.

Concerning direct searches the bounds on the charged Higgs mass are rather weak due to
the large background from W events. The search for neutral Higgs bosons is easier and the
CMS bounds® on m 4o from A° — 777~ are shown in Fig. 2. These bounds were obtained
in the MSSM, but since the MSSM corrections to A — 7+7~ are rather small and since we
consider a MSSM-like Higgs potential, these bounds also hold in the 2HDM III as long as
the Peccei-Quinn symmetry breaking in the lepton sector is small”.

Going beyond the simple Yukawa structure of the 2HDM of type II, also 2HDMs of
type III with MFV [15, 17, 18], alignment [64, 65] or natural flavor conservation [17, 41]
have been analyzed in detail. However, flavor-observables in type III models with generic
flavor-structure have received much less attention. Ref. [66] considered the possible effects
of the flavor-diagonal terms and Ref. [67] considers leptonic observables. As outlined in
the introduction, 2HDMs of type II (or type III with MFV) cannot explain B — D7v and
B — D*rv simultaneously [8] (and for B — 7v fine tuning is needed [18]).

In the following sections we will study in detail the flavor-observables in the 2HDM with
generic flavor-structure [68], but for definiteness, with MSSM-like Higgs potential. For this

6 Note that we did not use the bounds from unpublished CMS update of the A — 777~ analysis.
7 For a global analysis of electroweak precision constraints see for example Ref. [62].
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FIG. 1: Updated constraints on the 2HDM of type II parameter space. The regions compatible with
experiment are shown (the regions are superimposed on each other): b — sv (yellow), B — D1v
(green), B — 7v (red), Bs — putu~ (orange), K — uv/m — pv (blue) and B — D*7v (black).
Note that no region in parameter space is compatible with all processes. Explaining B — D*71v
would require very small Higgs masses and large values of tan 5 which is not compatible with the
other observables. To obtain this plot, we added the theoretical uncertainty linear on the top of

the 2 o experimental error.

purpose, all processes described above are relevant. In addition, AF = 2 processes, lepton
flavor violating observables (LFV), EDMs, 7 — K(m)v/K(rw) — pv and K — p(e)v/m —
p(e)r will turn out to give information on the flavor structure of the 2HDM of type III.
Furthermore, we will investigate to which extent contributions to Bs 4 — 7, Bsq — Te,
B, 4 — pe and muon anomalous magnetic moment are possible.

IV. CONSTRAINTS FROM T HOOFT’S NATURALNESS CRITERION

The naturalness criterion of 't Hooft states that the smallness of a quantity is only
natural if a symmetry is gained in the limit in which this quantity is zero. This means on
the other hand that large accidental cancellations, which are not enforced by a symmetry, are
unnatural and thus not desirable. Let us apply this reasoning to the fermion mass matrices
in the 2HDM. We recall from the last section the expressions for the fermion mass matrices
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FIG. 2: Plot from the CMS collaboration taken from Ref. [63]: Exclusion limits in the m 40—tan 3
plane from A° — 7177 . The analysis was done in the MSSM, but since we consider a 2HDM with
MSSM-like Higgs potential and the MSSM corrections to the A%77 vertex are small, we can apply
this bound to our model. However, a large value of €55 in the 2HDM of type III could affect the
conclusions. Note that in the limit v < myg all heavy Higgs masses (mgo, myo and mpy+) are

approximately equal.

in the electroweak basis:
mg; = vaY 4 4 v,el™
mis = v, Y + vgell (14)
my; = vaY ™ + vee™
Diagonalizing these fermion mass matrices gives the physical fermion masses and the

CKM matrix. Using 't Hooft’s naturalness criterion we can demand the absence of fine-

tuned cancellations between de;?’l (v.Y;§) and vueff (vaef;). Thus, we require that the

fj’-z and vge;; to the fermion masses and CKM matrix do not exceed the
physical measured quantities.

contributions of v,

In first order of a perturbative diagonalization of the fermion mass matrices, the diagonal
elements m{i give rise to the fermion masses, while (in our conventions) the elements mzfj
with i < j (i > j) affect the left-handed (right-handed) rotations necessary to diagonalize
the fermion mass matrices. The left-handed rotations of the quark fields are linked to the

CKM matrix and can therefore be constrained by demanding that the physical CKM matrix
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is generated without a significant degree of fine-tuning. However, the right-handed rotations
of the quarks are not known and the mixing angles of the PMNS matrix are big so that
for these two cases we can only demand that the fermion masses are generated without too

large accidental cancellations. Note, that in Eq. (14) the elements e{jow enter, while the

elements elfj which we want to constrain from flavor observables are given in the physical

basis with diagonal fermion masses. This means that in order to constrain elfj from 't Hooft’s
naturalness criterion we have to assume in addition that no accidental cancellation occur by
switching between the electroweak basis and the physical basis. In conclusion this leads to

the following upper bounds

vuaresy” | < [Vi§M] < max [1ma, ), may ] fori <7,
Uu(d)ejj(u)‘ < max [mdi(ui), mdj(uj)] fori > 7, (15)

‘vuefj} < max [mgi,mgj] .

In the large tan /5 limit, inserting the quark masses m,(p) at the Higgs scale (which we
u,d,l

choose here to be fiiges = 500 GeV), we can immediately read off the upper bounds on €

from Eq. (15):

1.3x107% 58x107° 51x107°
e < 126x107* 26x107* 59x1074]|
L4x 107 14x107 14x107%/
34x107% 32x1072 1.6x 107"
|| < (tanB/50) | 1.4 x 107" 1.4 x 10! 1.9 : (16)
_ _ _ }
29x 1075 6.1x107% 1.0 x 102
] < 16.1x107* 61x107* 1.0 x 1072
1.0x 1072 1.0x 1072 1.0 x 1072

ij

Of course, these constraints are not strict bounds in the sense that they must be respected

in any viable model. Anyway, big violation of naturalness is not desirable and Eq. (16) gives
f
i
possible to explain B — 7v , B — D7v and B — D*7v using €5 3, without violating

us a first glance on the possible structure of the elements €. As we will see later, it is

Eq. (16), while if one wants to explain B — 7v with €4; 't Hooft’s naturalness criterion is
violated.
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V. CONSTRAINTS FROM TREE-LEVEL NEUTRAL-CURRENT PROCESSES

I
v

currents (FCNCs) already at the tree-level. Comparing the Higgs contributions to the

The flavor off-diagonal elements €], (with ¢ # j) give rise to flavor-changing neutral
loop-suppressed SM contributions, large effects are in principle possible. However, all ex-

perimental results are in very good agreement with SM predictions, which put extremely

!

stringent constraints on the non-holomorphic terms ¢;;.

In this section we consider three different kinds of processes:

e Muonic decays of neutral mesons (B g — ptpu~, K — pFu~ and D° — ptpu™).

e AF =2 processes (D—D, K—K , B,—B,and B;— B,mixing).

e Flavor changing lepton decays (77 — p ptpu™, 77 — e putp~ and p= — e"ete).

As we will see in detail in Sec. VA, the leptonic neutral meson decays Bsg — ptp~,
K; — ptp~ and D° — pp~ put constraints on the elements eﬁlj (with 4 # j) and €}y
already if one of these elements is non-zero, while By—By, B,—B,, K—K and D—D mixing

only provide constraints on the products eldje;li* and €}yeyr (Sec. V B). This means that the
constraints on AF = 2 processes can be avoided if one element of the product €};€};
while the constraints from the leptonic neutral meson decays can only be avoided if the

is zero,

Peccei Quinn symmetry breaking for the leptons is large such that €5, ~ m,, /v, is possible.

In Sec. VC we will consider the flavor changing lepton decays 7= — p putpu~, 77 —
e ptp~ and p= — e~ ete” which constrain the off-diagonal elements 653732, ef3,31 and efz,m,
respectively.

A. Leptonic neutral meson decays: Bsq — pu~, K — ptp~ and D° — ptpu~

Muonic decays of neutral mesons (B, — ptp~, By — ptp~, K — ptp~ and D —
) are strongly suppressed in the SM for three reasons: they are loop-induced, helicity
suppressed and they involve small CKM elements. Therefore, their branching ratios (in
the SM) are very small and in fact only K, — ptp~ and recently also By — ptu~ [69]
have been measured, while for the other decays only upper limits on the branching ratios
exist (see Table I). We do not consider decays to electrons (which are even stronger helicity
suppressed) nor By s — 777~ (where the tau leptons are difficult to reconstruct) because the
experimental limits are even weaker. The study of meson decays to lepton flavor-violating
final states is postponed to Sec. VIII.

We see from Fig. 3 that the off-diagonal elements of €fy ), €35 55, €75 51 and €}, 5, directly
give rise to tree-level neutral Higgs contributions to By — putu~, By — ptu~, Ky — ptp~
and D° — ptpu~, respectively.
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Process Experimental value SM prediction

BBy — ptp] 3.2715 x 1079 [69) (3.23 £0.27) x 1079 [70]

B[Bg — pTp~] < 9.4x10719 (95% CL) [69]|(1.07 4 0.10) x 10710 [70]

BIKL = pt i g <2.5x 1079 [71] ~ 0.9 x 1079 [71]

B[D— ptp~] | <1.4x1077 (90% CL)[72] -

TABLE I: Experimental values and SM predictions for the branching ratios of neutral meson decays
to muon pairs. For K — pu™p~ we only give the upper limit on the computable short distance
contribution [71] extracted from the experimental value (6.84 + 0.11) x 107 (90% CL) [72]. The

SM prediction for D° — pFp~ cannot be reliably calculated due to hadronic uncertainties.

q _qx
€ris €if

>
> T >

4i : ar
b HO RO A0
| b) )

T o

FIG. 3: Feynman diagram showing the neutral Higgs contribution to Bs g — ptp~, Ki — ptp~
and D — ptp—.

In principle, the constraints from these processes could be weakened, or even avoided, if
€5y & my, /v,. Anyway, in this section we will assume that the Peccei Quinn breaking for
the leptons is small and neglect the effect of €5, in our numerical analysis for setting limits

q
on €;;.

1. Bs,d - ,u+:u_

For definiteness, consider the decay of a neutral Bj (I_ys) meson (the corresponding decay
of a By meson follow trivially by replacing s with d and 2 with 1) to a moun pair. The

13



effective Hamiltonian governing this transition is®

- G
HE T = — W [CRO + CHO + CROE + OOk + CE 0 + CR O] + hee.,

" (17)

where the operators are defined as

0% = (byuPrs) (i ysp)
Ol = (bPys) () (18)
Op = (bPrs) (fysp)

and the primed operators are obtained replacing P;, with Pgr. The corresponding expression
for the branching ratio in terms of the Wilson coefficients reads

GhMyy m,
8m° M3,
M, (5~ o)

2 (mp + mg) my,

B[Bs — putu| =

M3 (Ck - o)

o Cbs __ (Wbs
(Ci ) 2 (mp + mg) my,

+

2 m2
X <1 — 4—2“)
mBs
(19)
Concerning the running of the Wilson coefficients due to the strong interaction, the operators

0% and O%* correspond to conserved vector currents with vanishing anomalous dimensions.
This means that their Wilson coefficients are scale independent. The scalar and pseudo-
scalar Wilson coefficients C% and C% (C%* and C%*) have the same anomalous dimension
as quark masses in the SM which means that their scale dependence is given by:

COP (thiow) = My fliow) CP5 (inign) (20)
SF Mg (high) SF !

where m, is the running quark mass with the appropriate number of active flavors. In the
SM, C is the only non-vanishing Wilson coefficient

2 2
bs * m * m,
Oy = -VpVisY (M—é{/) =V VesY (Mév) ) (21)
where the function Y is defined as Y = 1y Yj such that the NLO QCD effects are included
in ny = 1.0113 [70] and the one loop Inami-Lim function Y} reads [73]

4—x 3x
+ L ln(:c)} . (22)

X

Yo(x)zg {

1—=x

The complete Wilson coefficients for general quark-quark-scalar couplings are given in the
appendix. In the 2HDM of type III, in the case of large tan 8 and v < mpyg, the terms

8 The complete expression for the Hamiltonian and the branching ratio including lepton flavor-violating

final states is given in the appendix.
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involving ¢ simplify to

2 1 my, — v,€
Ok =Cf = ————5——Beltan’ 3,
2
bs __ bs __ m 1 My, — Uy€og 4
Cs" = —Cv" = T GZMZ, 2m?, 2 e tan” 5.
To these Wilson coefficients the well known loop-induced type II 2HDM contributions®
Cbs — Cbs — _mb ‘/;Z‘/;fs my tan2 5 10g (m%{/m?) ’ (24>

2 2ME, m2 /m? — 1

have to be added as well [52]. Note that since we give the Wilson coefficients at the matching
scale, also m; and m; must be evaluated at this scale.

We can now constrain the elements €35 4, and €5 5; by demanding that the experimental
bounds are satisfied within two standard deviations for By — u™pu~ or equivalently at the
95% CL concerning By — pu*pu~. The results for the constraints on €4, and €, (¢4; and €g,)
from By — ptp~ (Bg — ptp~) are shown in Fig. 4 (Fig. 5).

All constraints on €fy 5, and €y 5, are very stringent; of the order of 107°. Both an
enhancement or a suppression of B[Bys — p x| compared to the SM prediction is possible.
While in the 2HDM II the minimal value for B[Bys — p* ] is half the SM prediction, in
the 2HDM III also a bigger suppression of By, — u*u~ is possible if 6?3’23 # 0. In principle,
the constraints on €4, (ef5) from By — ptu~ are not independent of €3, (€4,). Anyway,
in the next section it will turn out that the constraints from AF = 2 processes are more
stringent if both €4, and el are different from zero (the same conclusions hold for egl,lg,
E31,12 and €3, ,).

By — ptpu~ and By — pp~ can also be used to constrain the leptonic parameter eb,.
We will discuss the corresponding subject in Sec.VI.

2. Kp— putp~

Concerning K — pt ™, the branching ratio and the Wilson coefficients can be obtained
by a simple replacement of indices from Eq. (19), Eq. (21) and Eq. (23). Due to the presence
of large non-perturbative QCD effects, we require that the 2HDM III contribution together
with the short distance piece of the SM contribution does not exceed the upper limit on
the short distance contribution to the branching ratio calculated in Ref. [71]. The resulting
constraints on ecfml are shown in Fig. 6. They are found to be extremely stringent (of the

order of 107°).

9 Since we want to put constraints on the elements e‘f3)23 we assume that the loop-induced 2HDM II

contribution is not changed by elements €% or €4,.
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Bs—u'u~ (tans=30) Bs—u'u~ (tans=30)

15 C10 50 5 15 C10 50 5
Re[ed,] x 10° Re[eds] x 10°
B,—u'u~ (tang=50) B,—u'u~ (tang=50)

Im[e,] x 10°

Relel,] x 10° ReleJ;] x 10°

FIG. 4: Allowed regions in the complex eg3’327plane from By — ptpu~ for tan 3 = 30, tan 8 = 50
and myg = 700 GeV (yellow), mg = 500 GeV (red) and my = 300 GeV (blue). Note that the
allowed regions for egfplane are not full circles because in this case a suppression of B [Bs — pu™u™|

below the experimental lower bound is possible.
3. DY — utu~

The analogous expressions for the branching ratio for D° — u*u~ (D°(cu)) follow by a
straightforward replacement of indices in Eq. (19) but the Wilson coefficients in the type-I11
2HDM for D° — p* i~ have a different dependence on tan 3:

2 ¢
T 1 my, —v,e€
cu __ cu __ 2 U222 ux
O = —CF = @ am? ¢z tan f,
My 2y (25)
2 ¢
s 1 my, —v,e€
lcu __ leu __ 2 ut-22 4
COs" = Cp" = G2 M2, 2m?, v  tanf.

Differently than for B, — p™u~ the SM contribution cannot be calculated due to non-
perturbative effects and the 2HDM II contribution is numerically irrelevant. Since we do
not know the SM contribution, we require that the 2HDM III contribution alone does not

generate more than the experimental upper limit on this branching ratio.

It is then easy to express the constraints on €jy,; in terms of the parameters my and
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By—u i~ (tanB=30) By—u'y” (tanB=30)
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_4 _4 [
—6L d —6L d
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

Rele),] x 10° Relel;] x 10°
By—u'u~ (tanB=50) By—u'u~ (tanB=50)

Im[e,] x 10°

2 1 0 1 2 3 2 1 o 1 2
Rel[ed;] x 10° Re[ed,] x 10°

FIG. 5: Allowed regions in the complex e‘1l37317p1ane from By — pTp~ for tan 8 = 30, tan 8 = 50
and my = 700 GeV (yellow), my = 500 GeV (red) and my = 300 GeV (blue).

tan [:
(my /500 GeV)?
tan (/50

The resulting bounds on €, ,, (setting one of these elements to zero) are shown in Fig. 7.

ey | < 3.0x 1072 (26)

B. Tree-level contributions to AF = 2 processes

In the presence of non-zero elements egj neutral Higgs mediated contributions to neutral
meson mixing (Bg s Bas, KK and D-D mixing) arise (see Fig. 8). In these processes, the
2HDM contribution vanishes if the U(1)pq symmetry is conserved. This has the consequence
that the leading tan S-enhanced tree-level contribution to the AF = 2 processes (shown
in Fig. 8) is only non-vanishing if €, and €}; are simultaneously different from zero (in
the approximation m 0 = mpgo and cot 5 = 0). Making use of the effective Hamiltonian
defined in Eq. (84) of the appendix we get the following contributions to By—B, mixing (the
expressions for B;~By and K—K mixing again follow by a simple replacement of indices):

d _dx

Cy= —623232 tan® 3. (27)
My
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Ki—p' i~ (tans=30) Kiop'u (tans=30)
6 [y

6p i
4 — 4
s 2 s 2
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-8 6 -4 -2 0 2 4 -8 6 -4 -2 0 2 4
Relel,] x 10° Rele), ] x 10°
K —>uty (tanB=50) K »u'y (tanB=50)
s 3,\
2
2 ‘a
S S 1
X X
E E
-2 -1
-3 -2
-3 2 -1 o0 1 2 -3
Reled,] x 10° Reled;] x 10°

FIG. 6: Allowed regions in the complex e‘fzzl—plane from Kj — pTp~ for tan 3 = 30, tan 8 = 50
and my = 700 GeV (yellow), my = 500 GeV (red) and mpy = 300 GeV (blue).

All other Wilson coefficients are sub-leading in tan 5. For D mixing, again only C} is non-
zero and given by

€U gux
C, = — 12521 ) 28
4 m%( ( )

After performing the renormalization group evolution [74-78] (here we used up =
500 GeV at the high scale) it turns out that the dominant contribution to the hadronic
matrix elements stems from Oy. Inserting the bag factors [79, 80] and decay constants from
lattice QCD (see Table. X1), we get for the 2HDM of type III contribution

(BY| C104|BY) ~ 0.26 C4 GeV?,
(B2 C104|BY) ~ 0.37 C4 GeV?,
(K% C404|K°) ~ 0.30 Cy GeV?,
(D°| C404|D") ~ 0.18 Cy GeV?,

where we used the normalization of the meson states as defined for example in [77]. In
Eq. (29) the Wilson coefficients within the matrix elements are at the corresponding meson
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FIG. 7: Allowed regions in the complex €f, o)~tan 8 plane from D° — ptp~ for my = 700 GeV
(yellow), my = 500 GeV (red) and my = 300 GeV (blue).

q qx
q; _ efi (ei >‘ q]f
|
1
1 HO RO, A°
1
qr : di

A

A

Q* q
€if (efi)
FIG. 8: Feynman diagram contributing to Bd,s*Ed@, K-K and D-D mixing.

scale while C'y on the right-handed side is given at the matching scale my. For computing

the constraints on €, €d,eds and ef,edr we use the online update of the analysis of the

UTfit collaboration [81]'°. For this purpose we define

. (BS| HNE | BY)
Cp,e?80 =1 + e/ (30)
(Bo|HaFT | BY)
for By— Bgand B,— B, mixing and
I (L AL)
" Im |:<K0|Heff ‘K0>] (31)
K° K°
Nt L)

Re [(KO|HEM ‘Koﬂ

10°See also the online update of the CKMfitter group for an analogous analysis [14].
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for K — K mixing. Using for the matrix elements of the SM Hamiltonian'? [82)]
(BY| 15572 | BY) ~ (1.08 + 1.254) x 107 GeV
(BY| HEE72| BY) = (59 — 2.2i) x 10713 GeV, (32)

(K| HEH72 | K°) ~ (115 + 1.16i) x 1077 GeV,

we can directly read off the bounds on Cy and thus on €%, €d,edr and edyeds:
—2.0 x 107" < Re [ed5€5] (%)2 < 6.0x 10717, (33)
~3.0x 1070 < T [elyeds] <m3r;§ ({ i;oev)z <7.0x10710 (34)
—3.0x 107" < Re [edyeds] (mjg(?o/é(lv) <15x107", (35)
15 x 1071 < Tm [edyedt] (m;jrgoﬁo/ é(lv) <25x 1071, (36)
~10x 1072 < Re[elyed] < ;a/g(fo/éiv) <3.0x 1071, (37)
—4.0x 107" < Im [efye5i] (%)2 <25x1071. (38)

We see that if e is of the same order as e - these bound are even more stringent than the
ones from By —> pwrp” and Ky — ptu computed in the last subsection.

For D — D mixing, the SM predictions is not known due to very large hadronic uncer-
tainties. In order to constrain the NP effects we demand the absence of fine tuning, which
means that the NP contribution, which are calculable short distance contributions, should
not exceed the measured values. Concerning the 2HDM III contribution, there is no tan g
enhancement and taking into account the recent analysis of UTfit collaboration [83] we arrive
at the following constraints (for mpy = 500 GeV):

|ehyebr] < 2.0 x 1078 (39)
Note that although these bounds look more stringent than the corresponding AF = 1 con-
straints, they scale differently with tan 8 and also involve products of pairs of €};. Therefore,
contrary to the AF = 1 case, in principle all of these limits can be evaded for one of the
couplings by suppressing the other one. Fig. 9 and Fig. 10 show the allowed regions for these
parameters obtained from neutral Higgs contribution to Bd737§d,s, K-K and D-D mixing
(see the Feynman diagram in Fig. 8).

11 To obtain a value consistent with the NP analysis of the UTfit collaboration, we also used their input for

computing the matrix elements of the SM AF = 2 Hamiltonian in Eq. (32).
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FIG. 9: Allowed regions in the complex eglj—plane from Bd7s—§d7s mixing for tan f = 50 and my =

700 GeV (yellow), my = 500 GeV (red) and my = 300 GeV (blue).
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FIG. 10: Allowed regions in the complex ef,edj—plane from K—K and D— D mixing for tan 8 = 50
and my = 700 GeV (yellow), mg = 500 GeV (red) and my = 300 GeV (blue).

C. Lepton-flavor-violating decays: 7= — pu pu u=, 7~ — e putp~ and p— e"ete”

In this section, we investigate the constraints that 7= — p~p*p~, 77 — e putp~ and
i — e~ ete” place on the flavor changing couplings e§2,23, egl,lg and 651’12, respectively.
For these decays, the experimental upper limits [84, 85] are

Blr~— — puputp] <21 x1078,
Blr~ = e ptp ] <27x1078, (40)
Blu~ —eete’] <1.0x 10712,

at 90% CL. Let us consider the processes 7~ — pu~pu"p~ and 7= — e~ pu* ™~ which are shown
in Fig. 11. The expressions for the branching-ratio for 7= — e~ u" ™~ can be written as
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FIG. 11: Feynman diagrams contributing to 7= — p~p*tp~ and 7= — e~ " p~ via neutral Higgs
exchange. Note that for 77 — p~ T~ (or p — e"eTe™) two distinct diagrams exist which come

with a relative minus sign due to the exchange of the two fermion lines.
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FIG. 12: Allowed regions for the absolute value of E{3731, 653732 and 6?2,21 for tan = 30 (yellow),
tan 8 = 40 (red) and tan 8 = 50 (blue) from 7= — e ptpu~, 77 — p putp” and um — e"ete,

respectively. In each plot only one of the elements eff or efci is assumed to be different from zero.

_ _ _ mS  tan'B|/m 2
Bl = et ] = oy (5= <)[ (10l + 1<4F) (41)

where T'; is the total decay width of the 7-lepton. The branching ratios for 7= — e~"eTe™
and u~ — e“eTe” can be obtained by an obvious replacement of masses, indices and total
decays widths. Note that the full expression for general scalar couplings given in Eq. (116)
of the appendix is different for 7= — e~ p*p~ than for 7= — p~p™p~ and only approaches
a common expression in the limit of large tan 8 and large Higgs masses.

Comparing the type-II1 2HDM expression with experiment we obtain the following con-
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: £ : ‘
straints on €}, (assuming €;; = 0)

my /500 GeV\* B~ — e~ete]
tan 3/50 ) 1.0 x 1012 7

my /500 GeV)4 Bt~ = e utp] (42)
tan 3/50 2.7x10°%

my /500 GeV\* Blr— — puptp]
tan /50 ) 2.1 x 1078

}%2‘2 - }551}2 < (23x107%)* (

}%3‘2 - }Eglf < (42 x107%)* (

P+ |ehf” < (3.7 x 1079)? (

These constraints are also illustrated in Fig. 12 for the experimental limits given in Eq. (40).

VI. LOOP-CONTRIBUTIONS TO FCNC PROCESSES

We observed in the previous section that all elements €f;, €/, (with i # j) and €}, 5
must be extremely small due to the constraints from tree-level neutral Higgs contributions
to FCNC processes. Furthermore, the constraints on egj and egi get even more stringent if
both of them are non-zero at the same time due to the bounds from AF = 2 processes.
Nevertheless, the elements €75 53 and €3; 35 are still unconstrained because we have no data
from neutral current top decays. In addition, also the flavor-conserving elements elfi are not

constrained from neutral Higgs contributions to FCNC processes.

In this section, we study the constraints from Higgs mediated loop contributions to FCNC
observables. First, in Sec. VIA we consider the AF = 2 processes, By~ B, B; By and
K — K mixing and then examine the constraints on €303 and €4 55 from b — s(d)y. Also
by (€43) can be constrained from these processes due to the relative tan § enhancement
compared to m,. (my;) in the quark-quark-Higgs vertices. In this analysis, we neglect the

effects of the elements €/, which means that we assume the absence of large accidental

YR
cancellations between different contributions.

Also AF = 0 processes (electric dipole moments) place relevant constraints on the type-
IIT 2HDM parameter space, as we will see in Sec VIF.

A. B,-B,, Bj—Bgand K — K mixing

For the charged Higgs contributions to AF = 2 processes we calculated the complete
set of Wilson Coefficients in a general R¢-gauge. The result is given, together with our
conventions for the Hamiltonian, in the appendix. For the QCD evolution we used the NLO
running of the Wilson coefficients of Ref. [74, 75].

For computing the allowed regions in parameter space we used the same procedure as
explained in the last section. The results are shown in Fig. 13, 14 and 15 and can be
summarized as follows: B,~B, (Bg—B,) mixing gives constraints on €% (€%) which are of
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FIG. 13: Allowed regions in the complex ¢} i;-plane from Bg mixing for tan3 = 50 and mpy =
700 GeV (yellow), mp = 500 GeV (red) and mpy = 300 GeV (blue).
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FIG. 14: Allowed regions in the complex €;;-plane from By mixing for tan 5 = 50 and my =
700 GeV (yellow), mp = 500 GeV (red) and mpy = 300 GeV (blue).

the order of 10~ (1072) for our typical values of tan 3 and my. In addition, B;~ B, mixing
also constrains €% to a similar extent as B,~B, mixing. The constraints on €%, €%, and €%
are all very weak (of order one). Also Kaon mixing gives comparable bounds on Abs [e},]
and the bounds on Abs [e},] are of the order 107",

B. Radiative B meson decays: b — sy and b — dy

The radiative B decay b — sy (b — dvy) imposes stringent constraints on the element
€ys (€}3) while also in this case the constraints on €%, (€4;,) are very weak due to the light
charm (up) quark involved (see left diagram in Fig. 16). For these processes both a neutral
and a charged Higgs contribution occur. Since the flavor off-diagonal elements €f; 55 and
e§1,32 are already stringently constrained from tree-level decays we neglect the neutral Higgs
contribution here. We give the explicit results for the Higgs contributions to the Wilson
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FIG. 15: Allowed regions in the complex €;;-plane from K — K mixing for tan 8 = 50 and mpy =
700 GeV (yellow), mg = 500 GeV (red) and mpy = 300 GeV (blue). The constraints are practically
independent of tan 5.
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FIG. 16: Left: Feynman diagram contributing to b — sy via a charm-loop containing €§3. The
contribution is suppressed, since the small charm mass enters either form the propagator or from
the charged Higgs coupling to the charm and strange quark.

Right: Feynman diagram showing a neutral Higgs box contribution to D — D mixing arising if €%

and €5, are simultaneously different from zero.

coefficients governing b — s(d)y in the appendix.

For B — X7y, we obtain the constraints on the 2HDM of type III parameters €; by
using BB — X,v| from Ref. [86] (BABAR) and Ref. [87, 88] (BELLE). Combined and
extrapolated to a photon energy cut of 1.6 GeV, the HFAG value is [89]

B[B = Xlptr ey = (3:43£0.21£0.07) x 107*. (43)

In order to estimate the possible size of NP we use the NNLO SM calculation of Ref. [48]
(again for a photon energy cut of 1.6 GeV)

B[B — XA = (3.15 £ 0.23) x 107, (44)
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FIG. 17: Allowed regions for €5 from B — X,(4)7, obtained by adding the 20 experimental error
and theoretical uncertainty linear for tan 5 = 50 and mpy = 700 GeV (yellow), myg = 500 GeV
(red) and mpy = 300 GeV (blue).
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FIG. 18: Allowed regions for € from B — X,(4)7, obtained by adding the 20 experimental error
and theoretical uncertainty linear for tan 8 = 30 and my = 700 GeV (yellow), my = 500 GeV
(red) and mpy = 300 GeV (blue).

and calculate the ratio

exp
Rb—>s'y — B [B — Xsfy” (45)

P B[B— X"

This leads to a certain range for Rg;;”. Now, we require that in our leading-order calculation

the ratio

b—sy B [B — X87]|2HDM

theory — B [B N XS'YHSM
lies within this range. In this way, we obtain the constraints on our model parameters €;; as
illustrated in Fig. 17 and Fig. 18.

(46)

The analysis for b — dv is performed in an analogous way. In addition we use here the
fact that most of the hadronic uncertainities cancel in the CP-averaged branching ratio for
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B — X4 190, 91]. The current experimental value of the BABAR collaboration [92, 93] for
the CP averaged branching ratio reads

BB = XoYl|pargaey = (141 £0.57) x 107°. (47)

Here we take into account a conservative estimate of the uncertainty coming from the ex-
trapolation in the photon energy cut [94]. For the theory prediction we use the NLL SM
predictions of the CP-averaged branching ratio B(B — X47)|g,>1.6cev of Ref. [95, 96], which
was recently updated in Ref. [94] and reads

BB = Xollporscey = (1.54533) x 107°. (48)

After defining the ratios Ri " and Rf;fﬁy we continue as in the case of B[B — Xv] in

order to constrain €fs.

As can be seen from Fig.17 and Fig. 18, the constraints that B — X4y enforces on
€33(13) are stronger than the ones from By(g) mixing. Even €55 can be restricted to a rather

small range.

While in the 2HDM of type II b — sv enforces a lower limit on the charged Higgs mass
of 360 GeV [49] this constraint can get weakened in the 2HDM of type III: The off-diagonal
element €, can lead to a destructive interference with the SM (depending on its phase)
and thus reduce the 2HDM contribution. Lighter charged Higgs masses are also constrained
from b — dry but also this constraint can be avoided by €.

C. Neutral Higgs box contributions to D— D mixing

Nearly all the loop-induced neutral Higgs contributions to FCNC processes can be ne-
glected because the elements involved are already stringently constrained from tree-level
processes. However, there is one exception: since the constraints on €3 5, are particularly
weak (because of the light charm or up quark entering the loop) this can give a sizable effect
in D—D mixing via a neutral Higgs box'? (see Fig. 16). As we will use €%, and €%, in Sec. VII
for explaining the mentioned deviations from the SM prediction in B — 7v ;, B — D7v and
B — D*rv it is interesting to ask if all processes can be explained simultaneously with-
out violating D — D mixing. In principle also charged Higgs contributions to D — D mixing
arise but we find that they are very small compared to the HY contributions. The explicit
expression for the Wilson coefficients can be found in the appendix.

Fig. 19 shows the allowed regions in the complex e4,e57—plane. The constraints are again
obtained by using the recent UTFit [83] analysis for the D—D system.

12 Tn principle, one can also get contribution to D° — ptpu~ through H? box and penguin contributions if

the elements €%, and €¥; are simultaneously non-zero. However, we observe that they are negligible.
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FIG. 19: Allowed region in the complex €4,e57—plane obtained from neutral Higgs box contributions
to D — D mixing for tan 3 = 50 and my = 700GeV (yellow), my = 500GeV (red) and mpy =
300 GeV (blue).

D. Radiative lepton decays : y© — ey, 7 — ey and 7 — uy

The bounds on €{y5, and €y5, from the radiative lepton decays 7 — ey and 7 —
(using the experimental values given in Table II) turn out to be significantly weaker than
the ones from 7= — p~ptp~ and 77 — e p. Concerning pu — ey we expect constraints
which are at least comparable to the ones from pu~ — e ete™ since u — ey does not
involve the small electron Yukawa coupling entering = — e“eTe™. In fact, using the new
MEG results [97] the constraints from p — ey turn out to be stronger than the ones from
uw- — e ete (see Fig. 20). Note that the constraints from pu~ — e“ete™ can be avoided if
vyu€lq ~ m, while the leading contribution to ;1 — ey vanishes for v,e5, ~ m,,.

Process | Experimental bounds

Br — uy]| < 4.5 x 1078 [98, 99]

Bir —ey]| < 1.1x1077 [98]

Blp—ey]| < 5.7x10713[97]

TABLE II: Experimental upper limits on the branching ratios of lepton-flavor violating decays.

In principle, for ;1 — e a simplified expression for the branching ratio in the large tan 8
limit and v < my could also be given. However, due to the large logarithm with a relative
big prefactor (last term of Eq. (96)) this is only a good approximation for very heavy Higgses
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FIG. 20: Allowed region for €/, (left plot) and €5, (right plot) from g — ey for tan 8 = 30 (yellow),
tan 8 = 40 (red) and tan 5 = 50 (blue).

and we therefore use the full expression in our numerical analysis.

We will return to the radiative lepton decays in Sec. VIII and correlate them to the decays
T = uptuT, T e ptpT and pm —eeter.

E. B, —utp

Setting egj = 0 only the loop induced charged Higgs contribution to B, — p*u~ (and
By — pu7) exist. This contribution (see Eq. (24)) gets altered in the presence of non-zero
elements €/}, e.g. €5,. In the large tan 3 limit, the loop induced result in Eq. (24) is modified

to
* L
_my VigVis My, — Uy€59

2 2M2,

The resulting constraints on €5, from By — pu~ are shown in Fig. 21 and the ones from

log (m3;/m7)
m2 /m? —1 "~

Ch=0% = tan® 3 (49)

By — ptp~ are found to be weaker.

F. Electric dipole moments and anomalous magnetic moments
1. Charged leptons

The same diagrams which contribute to the radiative lepton decays for ¢; # £; also affect
the electric dipole moments and the anomalous magnetic moments of leptons for ¢; = ¢;.
For this reason we use the same conventions as in Eq. (93) and express the EDMs of leptons

in terms of the coefficients chf % of the magnetic dipole operators Oif g in the following way
(using that for flavor conserving transitions ¢ = %)
d, = 2my, Tm [c¢5] (50)
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FIG. 21: Left: Allowed regions in the complex e5y—plane from By, — p*u~ for tan3 = 50 and
mp = 700 GeV (yellow), mg = 500 GeV (red) and mpy = 300 GeV (blue). Right: Allowed regions
in the €5, ~mp plane from By — ptp~ for tan 8 = 30 (yellow), tan 8 = 40 (red), tan 8 = 50 (blue)

and real values of 652.

FIG. 22: Left: Feynman diagram contributing to EDMs (for i« = f) or LFV decays (for i # f)
involving a neutral-Higgs boson. Right: Feynman diagram contributing to EDMs (for ¢ = f) or
LFV decays (for i # f) involving a charged-Higgs boson.

In SM there is no contribution to the EDMs of leptons at the one-loop level. This is
also true in the 2HDM of type II, because the Wilson coefficients are purely real since the
phases of the PMNS matrix drop out in the charged Higgs contributions after summing
over the massless neutrinos. However, in a 2HDM of type III, one can have neutral Higgs
mediated contributions to EDMs. Note that there is no charged Higgs contribution to the
charged lepton EMDs also in the 2HDM of type III because the Wilson coefficients are
purely real in this case. Comparing the expression for the EDMs in the 2HDM of type 111
with the experimental upper bounds on d, d, and d, (see Table III), one can constrain the

¢

parameters ¢; (or combination of them) if they are complex.

We observe that while d. enforces strong constraints on the products Im [6{36&} and
Im [e{zegl] (see Fig. 23), d,, and d, are not capable of placing good constraints on our model
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EDMs \d.| \d,| d. |d|

Bounds (ecm)|10.5 x 10728 [100]{1.9 x 10~ [101]|€ [~2.5, 0.8] x 10717 [102]|2.9 x 1072 [103]

TABLE III: Experimental (upper) bounds on electric dipole moments.
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FIG. 23: Allowed regions in the Im [e{5€f,]-my and Im [e{,e}; ]-mpy planes from neutral Higgs
contribution to d, for tan § = 50 (blue), tan § = 40 (red) and tan § = 30 (yellow). The constraints

on Im [6{1] are not sizable.

parameters.
Similarly, following the conventions in Eq. (93), the anomalous magnetic moments
(AMMSs) can be written in terms of c%“ as (e > 0)

4 2
ap, = —% Re [ci%] . (51)

7

The discrepancy between experiment and the SM prediction for the muon magnetic moment
a, = (g —2)/2 is [104-108]

Aa, = a —a™~ (3£1)x 1077, (52)

In the 2HDM of type II, the sum of the neutral and charged Higgs mediated diagrams gives
the following contribution to a, (for tan 8 = 50 and my = 500 GeV):

ay M~ 2.7 x 1071, (53)

which is interfering constructively with the SM. Anyway, it can be seen that the effect is
orders of magnitude smaller than the actual sensitivity and it even gets smaller for higher
Higgs masses.
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FIG. 24: Left: Allowed region in the e55—¢5, plane from Aa, for real values of €55, €4, and tan 8 =
50, mpyg = 700 GeV (yellow), my = 500 GeV (red) and my = 300 GeV (blue). Right: Allowed
region in €5,—mp plane from Aa,, for real values of €5, and tan 3 = 50 (blue), tan 8 = 40 (red) and
tan 8 = 30 (yellow).

Concerning the 2HDM of type III the discrepancy between experiment and the SM pre-
diction given in Eq. (52) could be explained but only with severe fine-tuning. One would
need to allow for very large values of €5, which would not only violate 't Hooft’s naturalness
criterion but also enhance B, — p* ™ by orders of magnitude above the experimental limit.
If one would try to explain the anomaly using e5; and €5, (€{, and €5;) one would violate the
bounds from 77 — p~ptuT (W — e eTe” or p — ey) as illustrated in Fig. 24.

In conclusion, neither a type-II nor a type-III 2HDM can give a sizable effect in a, and
both models are not capable of explaining the deviation from the SM.

2. FElectric dipole moment of the neutron

The neutron electric dipole moment d,, can also provide constraints on the parameters

¢;;- In the SM, there is no contribution to d,, at the 1-loop level since the coefficients are

real. This is also true in the type-11 2HDM.
Using the theory estimate of Ref. [109], which is based on the QCD sum-rules calculations
of Refs. [110-113], the neutron EDM can be written as

dy = (1+0.5)[1.4(dg — 0.25d,) + 1.1e(d + 0.5d%)] (54)

where d, (dg) is the EDM of the up (down) quark and dj , define the corresponding chro-
moelectric dipole moments which stem from the chromomagnetic dipole operator

Oy = M, ;0" T Pr1yaiGl, (55)
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FIG. 25: Allowed regions in the Im [5%1,22}*mH planes from the electric dipole moment of the
neutron for tan 8 = 50 (blue), tan 8 = 40 (red) and tan 8 = 30 (yellow). We observe that d,, can

not provide good constraints on the real parts of €f 5.
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FIG. 26: Allowed regions in the complex €3; 5;-planes from d,, for tan 8 = 50 and mpy = 700 GeV
(yellow), mpy = 500 GeV (red) and mpy = 300 GeV (blue). We see that the absolute value of €,
can only be large if it is aligned to Vi, i.e. Arg[Vi] = Argley;] = 7 which is very important when

we consider later B — 7v.

Similar to EDMs, the (chromo) electric dipole moments of quarks are given as
d = 2m,, Tm [c%?(’; )] . (56)

Using the upper limit on d,, (see Table IIT) we can constrain some of €; (for €/; = 0) as shown
in Fig. 25 and 26. These constraints are obtained for the conservative case of assuming a
prefactor of 0.5 in Eq. (54). The explicit expressions for c%f](’; ) stemming from neutral and
charged Higgs contributions to d((]f ) are relegated to the appendix. Note that for the neutron
EDM we did not include QCD corrections.
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VII. TREE-LEVEL CHARGED CURRENT PROCESSES

In this section we study the constraints from processes which are mediated in the SM
by a tree-level W exchange and which receive additional contributions from charged Higgs
exchange in 2HDMs. We study purely leptonic meson decays, semileptonic meson decays
and tau lepton decays. Concerning B meson decays we consider B — 7v, B — Dtv
and B — D*rv which are, as outlined in the introduction, very interesting in the light
of the observed deviation from the SM. We consider in addition D¢y — 7v, D) — v,
K(m) = ev, K(m) — pv and 7 — K (7)r and look for violation of lepton flavor universality
via K(7) — ev/K(m) — pv and 7 — K(m)v/K(r) — pv. Even though no deviations from
the SM have been observed in these channels, they put relevant constraints on the parameter
space of the type-111 2HDM.

For purely leptonic decays of a psudoscalar meson M (and also tau decays to mesons) to
a lepton /; and a neutrino v (which is not detected) the SM prediction is given by

m2 2
Z M,
<1 _ m?w) (1+027) - (57)

where 5%@ stands for channel dependent electromagnetic corrections (see Table IV), my,

By [M — lv] = GFmZ T s |Vayas

is the mass of the meson involved and m,, (mq,) refers to the mass of its constituent up
(down) type quark. The expression for 7 — Mwv differers by the exchange of the meson
masses (life time) with the tau masses (life time) and by a factor of 1/2 stemming from spin

averaging.

NP via scalar operators can be included very easily:

2
m2 C’u,fdi ,Zj . Cujcdi fj
Byp = Bsu |1+ M i o L (58)
(M, +ma,) my, Cght
with
Clrdits _ AGFVoya, V2. (59)

All quantities in Eq. (58) are understood to be at the meson scale m,,. Like for By —
wp, the SM Wilson coefficient is renormalization scale independent and the scalar Wilson
coefficients evolve in the same way as the quark masses.

In the 2HDM III the Wilson coefficients C}’ %5 and Cy %% are given by (neglecting
terms which are not tan § enhanced)

weds £ tan2
CRfdl b B (sz

mHi

3
ZVf] jZ) (n:fj Z€£;> )
k=1
3
— Zef;) :
k=1

(60)

wupdi b tanﬁ my
CL Z Ji ]f UJ
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Ratio

Experimental value

SM prediction

M,
OpM

B[K — ev] /B[K — pv]

(2.488 +£0.013) x 107°

(2.472 +0.001) x 107°

—0.0378 & 0.0004 [61]

B[IK — uv]/B[r — pv]

(63.55 £0.11) x 1072

(63.48 £1.37) x 1072

—0.0070 + 0.0018 [114]

B[K — ev] /B[r — ev]

(1.285 £ 0.008) x 1071

(1.270 £ 0.027) x 10~ ¢

—0.0070 + 0.0018 [114]

Br — ev] /B[r — pv]

(1.230 £ 0.004) x 1074

1.234 x 1074

—3.85% [115]

B[r — Kv]/B[r — 7v]| (6.46 £0.10) x 1072 | (6.56 4+0.16) x 10~2 | 0.0003 £ 0.0044 [116]

B[r — mv] /B[r — uv] | (10.83 £ 0.06) x 1072 10.87 x 1072 +1.2% [115]

Blr — Kv]/BIK — uv]| (1.102 £ 0.016) x 1072 1.11 x 1072 +2.0% [115]

TABLE IV: Experimental values, SM predictions and electromagnetic corrections (in the SM) for
the ratios of charged current processes. The experimental values are obtained by adding the errors
of the individual branching ratios given in Ref. [72] in quadrature. The SM predictions include

M,

the uncertainties from d5,; and (if involved) as well as the uncertainties due to CKM factors and

decay constants. As always, we add the theory error linear to the experimental ones.

Note that O}’ 4l s only proportional to one power of tan 3 while '’ %% is proportional
to tan? 3. The Hamiltonian governing M — {;v (7 — Mwv) and the Wilson coefficients for
general scalar interactions are given in the appendix. It is important to keep in mind that,
since we are dealing with lepton flavour-violating terms, we must sum over the neutrinos in
the final state because the neutrino is not detected. Note that we did not include the PMNS

matrix in both Cgj,""” and Cngi Y for simplifying the expressions, since it cancels in the

final expression after summing over the neutrinos.

For semileptonic meson decays B — D7v and B — D*7r , which have a three-body
final state, both the SM prediction and the inclusion of NP is more complicated, as will be
discussed in subsection VITA 1.

A. Tauonic charged B meson decays: B — v, B — Drvand B — D*rv

As discussed in the introduction the BABAR collaboration performed an analysis of the
semileptonic B decays B — D7tv and B — D*rv using the full available data set [8, 9].
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They find for the ratios
R(D®) = B(B — DWrv)/B(B — DY), (61)
(with ¢ = e, ) the following results:

R(D) = 0.440 + 0.058 + 0.042, (62)
R(D*) = 0.332+0.024 + 0.018 . (63)

Here the first error is statistical and the second one is systematic. Comparing these mea-
surements to the SM predictions

Rsm(D) = 0.297 £0.017, (64)
Rem(D*) = 0.252 £ 0.003, (65)

we see that there is a discrepancy of 2.00 for R(D) and 2.7¢ for R(D*) . For the theory
predictions we used the updated results of [8], which rely on the calculations of Refs. [55, 117]
based on the results of Refs. [118-122]. The measurements of both ratios R(D) and R(D*)
exceed the SM prediction, and combining them gives a 3.4 0 deviation from the SM [8, 9]
expectation.

This evidence for the violation of lepton flavour universality in B — D7v and B —
D*rv is further supported by the measurement of B — 7v by BABAR [10, 11| and
BELLE [12]. Until recently, all measurements of B — 7v (the hadronic tag and the leptonic
tag both from BABAR and BELLE) were significantly above the SM prediction. However,
the latest BELLE result for the hadronic tag [13] of B[B — 7v] = (0.727031 4 0.11) x 10~*
is in agreement with the SM prediction [14]:

Bsum[B — mv] = (0.79615588) x 107, (66)
Averaging all measurements, one obtains the branching ratio
Bewp|B — 7v] = (1.15 £ 0.23) x 107, (67)

which now disagrees with the SM prediction by 1.6 ¢ using V,,; from the global fit [14].

Combining R(D) , R(D*) and B — Tv , we have evidence for violation of lepton flavor
universality. Assuming that these deviations from the SM are not statistical fluctuations or
underestimated theoretical or systematic uncertainties, it is interesting to ask which model
of new physics can explain the measured values [16, 123-132].

1. B— Drvand B— D*tv

Let us first consider the semileptonic decays B — D7v and B — D*rv . Here the
Wilson coefficients C%"" and C%" affect B — Drv and B — D*7v in the following way
[54, 55, 133]:
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FIG. 27: Feynman diagram showing a charged Higgs contributing to B — 7v and B — D7y
involving the flavour changing parameters €%, and €, which affect B — 7v and B — D® 7y,

respectively.

ch,r + ch,r ch,‘r + ch,r
R(D) =Rsm(D) | 1+ 1.5R % +1.0|=2E o L ’ (68)
SM SM
2
ch,‘r _ ch,‘r ch,r o ch,r
R(D*) = Rspr(D7) | 1+012R | —E—— L] +0.05| 2L (69)

For our analysis we add the experimental errors in quadrature and the theoretical uncertainty
linear on top of this. There are also efficiency corrections to R(D) due to the BABAR
detector [8] which are important in the case of large contributions from the scalar Wilson
coeflicients C’gj[ (i.e. if one wants to explain R(D) with destructive interference with the
SM contribution). As shown in Ref. [123], these corrections can be effectively taken into
account by multiplying the quadratic term in C’fg’{ of Eq. (68) by an approximate factor of
1.5 (not included in Eq. (68)).

Since €%, contributes to C’f%b " (the same Wilson coefficient generated in the type-II 2HDM)
it cannot simultaneously explain R(D) and R(D*) . Therefore, we are left with €},, which
contributes to B — D71v and B — D*rv . In the left frame of Fig. 28 we see the allowed
region in the complex €4,-plane, which gives the correct values for R(D) and R(D*) within
the 10 uncertainties for tan f = 50 and my = 500 GeV, and the middle and the right
frames correspond to the allowed regions on €%, from B — v .

2. B—1Vr

In principle, B — 7v can be explained either by using €2, (as in 2HDMs with MFV) or by
€%, (or by a combination of both of them). However, €, alone cannot explain the deviation
from the SM without fine tuning, while €4, is capable of doing this [16].

B — 7v can also be used to constrain ef,, €5, and €5, as illustrated in Fig. 29. In order to
obtain these constraints, we assumed that all other relevant elements (€4, and €% ) are zero.
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FIG. 28: Left: Allowed regions in the complex €,—plane from R(D) (blue) and R(D*) (yellow) for
tan 8 = 50 and mpy = 500 GeV. Middle: Allowed regions in the complex €3, -plane combining the
constraints from B — 7v (1 o (yellow) and 2 o (blue)) and neutron EDM (green) for tan § = 50
and my = 500 GeV. Right: Allowed regions in the mp—€Y; plane from B — 7v for real values of

€4, and tan 5 = 50 (green), tan § = 30 (orange).
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FIG. 29: Left: Allowed regions in the mpy—e’y plane from B — 7v for real values of e and
tan 8 = 30 (yellow), tan 5 = 40 (red), tan 8 = 50 (blue). Right: Allowed regions in the complex
€ts, €h and ey-planes from B — 7v for my = 700 GeV (yellow), my = 500 GeV (red) and
mpg = 300 GeV (blue).

B. D) — v and D) — pv

Previously, there were some indications for NP in Dy — 7v [134-136]. However, using the
new experimental values for B[Ds; — 7v] (see Table V) and the improved lattice determi-
nation for the decay constant fp, [137, 138] we find agreement between the SM predictions
and experiment. Nevertheless, it is interesting to consider the constraints on the 2HDM of
type III parameter space. Charged Higgs contributions to D) — 7v and D) — pv have
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FIG. 30: Left: Allowed region in the mg—e4,—plane (for real values of €4,) obtained by combining
the constraints from D — pur and Dy — pv for tan 8 = 30 (yellow), tan 8 = 40 (red) and tan 5 = 50
(blue). While the upper bound on €4, comes from Dy — pv, D — pv is more constraining for
negative values of €5,. The bound on the imaginary part of €, are very weak. The constraints
from Dy — 7v turn out to be comparable (but a bit weaker) while the ones from D — 7v are

weak.

Process  |Experimental value (bound) SM prediction
B[D, — TV] (5.43 4+ 0.31) x 1072 (5.36170:25) x 1072
B[Ds — pv] (5.90 £0.33) x 1073 (5.5070:25) x 1073
B[D — Tv] <1.2x1073 (1.10 £ 0.06) x 1073
B[D — v (3.8240.33) x 1074 (4.157037) x 1074

TABLE V: Experimental values (upper bounds) and SM predictions for D) — v and D) — pv
processes. The SM prediction for Ds — pr mode takes into account the EM correction effects of
+1.0% [134, 135, 140].

been investigated in Ref. [58-60, 139].

The most important constraints on the 2HDM of type III parameter space are the ones
on €4, (shown in Fig. 30). D) — 7v and D) — pv constrains Re [ey,] while the constraints
on Im[e4,] are very weak. In principle, also the ratio D) — 7v/D() — pv could be
used for constraining deviations from lepton flavor universality, but the constraints from
K(r) = ev/K(n) — pv and 7 — K(m)v/K(mw) — pv turn out to be stronger.
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but cannot be avoided assuming the MFV limit (

C. K—w/m— pvand K — ev/m — ev

The ratio Rg,, ., = B[K — ] /B[r — (v] ({ = e, p) is useful for constraining €4, €
and €/, because the ratio of the decay constants fr/f, is known more precisely than the
single decay constants [61].

For obtaining the experimental values we add the errors of the individual branching
ratios in quadrature and the SM values take into account the electromagnetic correction.
The corresponding values are given in Table. IV. The errors are due to the combined
uncertainties in fx/f, the CKM elements and the EM corrections. We obtained the value
for Vs from K — 7lv (which is much less sensitive to charged Higgs contributions than
K — pv/m — pv) and V4 by exploiting CKM unitarity.

Fig. 32 illustrates the allowed regions for €4, by combining the constraints from K —
pv/m — pv and K — ev/m — ev. Like in D¢,y — 7v and D,y — puv the constraints are on
the real part of e, while the constraints on the imaginary part are very weak. Concerning
et and €, the constraints from K(7) — ev/K(7) — pv will turn out to be more stringent

my,

but the latter ones can be avoided in the limit = :T[ (see Fig. 31 and Fig. 33).

ZJ J3

D. 7— Kv/t -7y

The 7 is the only lepton which is heavy enough to decay into hadrons. The ratio
B[r — Kv]/B|[r — 7] can be considered for putting constraints on €%, €}, and €.
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FIG. 32: Left: Allowed regions in the meef?fplane from 7 — Kv/7 — wv. Right: Allowed
regions in the meegfplane obtained by combining the constraints from K — pv/m — pv and
K — ev/m — ev for real values of €%,. In both plots tan 3 = 30 (yellow), tan 3 = 40 (red) and
tan 8 = 50 (blue).

The experimental and theoretical values for this ratio are given in Table. IV. We observe
that the constraints from D° — p*p~ and D — Dmixing on €% and K, — putu~ on €,
are too stringent so that no sizable effects stemming from these elements are possible. Also
concerning e, as we will see in the following sections, the constraints from 7 — 7v/m — pv

will be stronger but again the latter ones can be avoided in the MFV limit —= = ezi (see

my . €.
Fig. 32).

J 27

E. Tests for lepton flavour universality: K () — ev/K(r) — pv and
T— K(m)v/K(m) = uv

Kp (K — (lv) decays ({ = e, u) are helicity suppressed in the SM and suffers from
large theoretical uncertainties due to the decay constants. However, considering the ratio
Rg,, = B[K — ev] /B[K — pv] the dependence on decay constants drops out.

In the 2HDM of type II the charged Higgs contributions to K (7)) — ev/K(m) — uv and
7 — K(m)v/K(r) — pv drop out. This is also true in the 2HDM of type IIT (for €/; = 0
with ¢ # j) as long as the MFV-like relation €5,/m, =€, /m, is not violated.

1. K—ev/K — uv andm — ev/m — uv

K — ev/K — pv is a very precise test of lepton flavor universality [141] (see table. IV).
Including NP entering via scalar operators modifies this ratio according to Eq. (58).
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FIG. 33: Allowed regions in the m H*Efjfplane obtained by combining the constraints from K —
ev/K — pv and m — ev/m — pv for real values of efj and tan 8 = 30 (yellow), tan 8 = 40 (red)
and tan 8 = 50 (blue). The constraints on €, (affecting the electron coupling) are more stringent

than the constraints on €, (which affect the muon coupling).

We find strong constraints on €, (which affect the coupling to the muon) and the con-
straints on €, (where the coupling of the electron is involved) are even more stringent. Like
for Dy — 7v and D, — pv the constraints are much better for the real part of efj than the

imaginary part. Note that these constraints are obtained assuming that only one element
¢
]
constraints can be obtained.

€. is non-zero. In the case €b,/m,=€!; /m. where lepton flavor universality is restored no

Alternatively, the ratio m — ev/m — pv can test lepton flavor universality. We find that
the constraints from m — ev/m — uv are comparable with the ones from K — ev/K — pv.
Our results are illustrated in Fig. 33.

2. 71— Kv/K — uv and 7 — v /m — uv

The ratios 7 — Kv/K — pv and 7 — 7v/m — pv are very similar to K(m) —
ev/K(m) — pv: all dependences on decay constants and CKM elements drop out and
they are only sensitive to NP which violates lepton-flavour universality. The corresponding
experimental and the theoretical values for these ratios are given in Table. IV.

We find that the constraints on €, from 7 — 7v//7 — pv are stronger than the ones from
7 — Kv/K — pv and they are shown in Fig. 34.
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FIG. 34: Allowed regions in the meefgfplane from 7 — wv/m — pv for real values of efg and
tan 8 = 30 (yellow), tan 8 = 40 (red), tan 8 = 50 (blue). The bounds on the imaginary parts are

very weak.

VIII. UPPER LIMITS AND CORRELATION FOR LFV PROCESSES

In Sec. V we found that the neutral current lepton decays 7= — p~putp~ and 77 —
e~ptp~ give more stringent bounds on the elements €4, ,5 and €4 ;5 than the radiative
decays 7 — py and 7 — ey. Also the LFV neutral meson decays Bs 4 — 7p, Bsa — Te,
B, 4 — pe cannot be arbitrarily large in the type-III 2HDM due to the constraints from
Bsg — ptp~ and 77 — pptuT, 7 — e ptpuT, po — e ete” (assuming again the

absence of large cancellations)'®.

Therefore, in this section we study the upper limits on B, 4 — T, Bsq — Te, Bsq — jie
and the correlation among 7= — p ptpu~, 77 — e putpT, pm — e ete” and T — py,
T — e7, i — ey in the type-I11 2HDM.

A. Neutral meson decays: B, 4 — T, By g — 7e and B, g — pe

In the SM (with massless neutrinos) the branching ratios for these decays vanish. Also in

the 2HDM of type II these decays are not possible (even beyond tree-level). In the type-III

2HDM, these decay modes are generated in the presence of flavor-violating terms efj and

there exists even a tree-level neutral Higgs contribution to By — £(; (Bq — ((;) if also
653,32 # 0 (561l3,31 #0).

13 see e.g. Ref. [142-144] for an analysis of NP in B 4 — Tu.

43



Observables B(Bs — pe) B(Bg — pe) B(Bg — i) B(Bg — Te)

Upper bounds| 2.0 x 1077 [145]| 6.4 x 1078 [145]| 2.2 x 1075 [146]| 2.8 x 107> [146]

TABLE VI: Upper limits (90 % CL) on the branching ratios of the lepton flavor-violating B meson

decays.

In the large tan 8 limit, v < my and neglecting the smaller lepton mass, the correspond-
ing expressions for these branching ratios take the simple form

B[B —>f'.’_f._} ~ NZ M 42 [‘65_4‘2}661 }2+ ‘EE-F‘Ed ‘2] (70)
q 1) 1] mH/5OOGeV 7 q3 ij 3q 5

with ¢ = d, s, Nj; = N{; and

IB.
s~ 21 x 107—225
= 0.229 GeV ’

N~ 1.6 x 107—IP1__
200196 GeV (71)
/B,

NS o 17 % 107
31,32 * Y 0229Gev

/5
N 5o~ 1.2 x 107 —24—
o3 0.196 GeV
Note that the expressions for the branching ratios are not symmetric in efj and eﬁl Since
+

experimentally both B, — ¢/¢; and B, — {; (] are combined we compute the average

BB, = (i{;] = (BB, — 61*6;] + BB, — 6}6;}) /2.

df
ij
For €35 4, (¢{54,) we use the biggest allowed absolute value compatible with the bounds from

In order to obtain the upper limits we insert the biggest allowed values for Abs [e

By — ptu~ (Bg — ptp~). As we can see from Fig. 4 (Fig. 5) the absolute value for €4,

(e4,) can be bigger than efy (ef5). For the leptonic parameters iy, and €hs 5, we use the

constraints obtained from 7~ — p~utu~, 77 = e putu (see Sec. VC)

, _y (mp /500 GeV >
€513 < 42x107° (W ;
500 GeV \ *
£ < 3 103 L 9
}532,23‘ < 3.7x10 ( tan 3/50 ) (72)

while for €f,,, we use the combined constraints from =~ — e~ete™ and from p — ey (see
Sec. VID).

Our results are shown in Fig. 35. We see that for bigger Higgs masses larger values for
the branching ratios are possible.
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FIG. 35: Upper limits on the branching ratios of the lepton flavor violating B meson decays as a

function of mp for tan = 30 (yellow), tan = 40 (red) and tan 8 = 50 (blue).

B. Radiative lepton decays: 7 — uy, 7 — ey and pu — ey.

In Sec. VC and Sec. VID we found that the radiative lepton decays 7 — puy and 7 — ey
give less stringent bounds on the parameters ehyq, and (54 than the processes 7= —
pw ptpT and 77 — e pTp~ while the constraints on 6@721 from p — ey are stronger than
the ones from pu= — e~ ete.

There are however interesting correlations between these decays in the type-11I 2HDM.
In the large tan 8 limit and for v < my we obtain the following relation

Bt =] o, ‘mgi/v—efi ? <}€ff}2+4‘6§%}2>
Bl = G661 2wy jo— e (Jd + )

(73)

As already noted in Sec. VID, we stress that this formula is only a good approximation
for very heavy Higgs due to the large logarithmic term in the expression for ¢; — £,y (see
Eq. (96)). Therefore, the relation in Eq. (73) gets modified for lighter Higgs masses as shown
in Fig. 36. We see that, as expected, for very large Higgs masses the ratios approach
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FIG. 36: Left: % as a function of my assuming that only €{, (red) or ¢, (blue) is
different from zero for tan 5 = 50. Right: Bl ag 4 function of m g assuming that only

Blr~—=p~ptp~]
€55 (red) or €k, (blue) is different from zero for tan 3 = 50.

For scenarios in which both €5 and €§, (¢4, and €5,) are different from zero the 2HDM of type I1I

Blr—py] Blu—eq]
T =uptum] \ Bum—e ete™

predicts the ratio Bl }> to be within the yellow region. These ratios are

to a good approximation independent of tan  for tan 5 2 20. The behavior of B[T*BE;Z@W} (not
shown here) is very similar to the case of 3 — 2 transitions.
Blt; — ¢ a. m2
_[ _fz]_ — 22’” gz for eff%(),
Bt = (;0765] ™y, (74)
Blli = t7] O™,

= for €4, #0
— it > ri7 Y

Bty = (;4767] 6momg,
where, we assumed that €/, /ef; = my, /my, and that only one flavor changing element effi, eff

is different from zero.

IX. CONCLUSIONS

In this article we studied in detail the flavor phenomenology of a 2HDM with general
Yukawa couplings. Motivated by the fact that the 2HDM of type III is the decoupling limit
of the MSSM we assumed a MSSM-like Higgs potential. In our analysis we proceeded in
several steps:

1. We gave order of magnitude constraints on the parameters egf from 't Hooft’s natu-
ralness criterion and found that all couplings except € 5; and €5, 5, should be much

smaller than one.

2. Considering tree-level FCNC processes we constrained the elements efj (1 # j) and
€991 from neutral meson decays to muons and from AF = 2 processes, finding that
they are tiny for the values of my and tan 8 under investigation (assuming efj =0).
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4
ij

constrained from 77 — p~putp~, 77 — e putpT and pm — e ete” to be very small.

In the lepton sector the absolute values of all flavor off-diagonal elements €. were

3. After having found that the off-diagonal elements eglj must be very small due to con-
straints from tree-level contributions to FCNC processes we considered charged Higgs
contributions to K—K , B,—B, , Bq—B,mixing and b — s(d)y arising at the one-loop
level. In these contributions the so far unconstrained elements €5, (and also €3;)
enter for the first time and we found that, setting e, = 0 (with i # j), €l3 53 should

be rather small. Furthermore, the electric dipole moment of the neutron and of the
¢

charged leptons constrain €}, €3, €5, €3 and €;;, respectively. Respecting all other

constraints, no sizable effect in a, is possible.

4. Keeping in mind the constraints from the previous steps, we considered the possible
effects in charged current processes. Here we found that tests for lepton flavor univer-
sality constrain the differences e, /m,, — egj /my,;. Most importantly, the unconstrained
elements €%, and €%, enter the processes B — 7v and B — D®7v directly (with-
out CKM suppression) and can remove the tension between experiment and theory
prediction observed in the SM simultaneously.

5. Finally we gave upper limits on the lepton flavor violating neutral B meson decays in
the 2HDM of type III and correlated the radiative lepton decays to 7= — pu~putu™,
7T = e putu and pm — eete.

In Table VII and VIII we list all processes which have been under consideration and quote
the constraints placed on the parameters EZ]’-Z for our benchmark point myg = 500 GeV and
tan 8 = 50.

In summary, combining the constraints from Table VII and VIII the following bounds
on the absolute values of the parameters ¢]; and e/; (for our benchmark point with mpy =
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Observable Results

Neutral meson decays to muons

Bs = ptp~ leda] < 3.0 x 1075, |eds] < 1.9 x 1077, |€fy| < 2.0 x 1073
Bq = ptp €| <1.1x1075, |efs| <9.4 x 1076
Kp — ptp €3] < 1.6 x 1075, |ef,| < 1.6 x 107°
DO — ity le4] < 3.0 x 1072, |e¥y] < 3.0 x 1072

AF = 2 processes

B;s— B, mixing 3595 < 9.2 x 10719, elhs] < 0.18, |elfy| < 1.7, |ely] < 0.7
By— Bgmixing |efsedt] < 3.9 x 107 [ely] < 0.2, [ely] < 0.04, |ey] < 1.9
K — K mixing ledoedt] < 1.0 x 10712, [el,| < 0.25, |els] < 0.14

D — D mixing letedr] < 2.0 x 1078, |elyedr| < 0.02

Radiative B decays

b— sy |eds] < 0.024, |eds] < 0.55
b— dy et < 7.0 x 1073

Radiative lepton decays

T [efa] <17 1074, Jefy| <22 x 1071, 55 < g B2l <56
T ey 0.19 < 22l < 0.3
T =y 0.19 < B2l <35

— Blr—opptp] —

Neural current lepton decays

o —eete |e§2721| <23x1073
T~ e utpT |el331| <4.2x1073
T = pu T |e§3’32| <3.7x1073

TABLE VII: Results obtained in the type-III 2HDM from various processes for tan 5 = 50 and
mpyg = 500 GeV.
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Observable Results

Charged current processes

B —Tv 2.7 x 1073 < [e4y] < 2.0 x 1072, |efy| < 6.0 x 1072
B — Dtv & B — D*Tv 0.43 < |elfy] < 0.74

Ds — 7v & Digy — pv |Re [e,]] < 0.2

D —Tv —

K — ple)v/m — ple)v ‘Re [632” <1.0x 1073

K(r) — ev/K (1) — pv [Re [ef;]] 2.0 x 1075, |Re [ef,]]| < 5.0 x 107*
T — K(m)v/K(m) — pv —4.0 x 1072 < Re [€f;] < 2.0 x 1072

T— Kv/T — v |efs| < 0.14

EDMs and anomalous magnetic moments

de IIm [ef,€5, ]| < 2.5 x 1078, |Im [ef5€4,]| < 2.5 x 1077

d, -

d, -

d, Tm [e¥,]] < 2.2 x 1072, [Im [e%]| < 1.1 x 1071, Argledy] = Arg[Vip) £ 7

ay, Deviation from the SM cannot be explained
LVF B meson decays

By — T B[Bs — i) < 2.0 x 1077

Bs — e B[Bs — pe] < 9.2 x 10710

Bs — Te B[Bs — T1e] <28 x 1077

By — T B[By — T <2.1x1078

Bg — pe B[By — pe] <9.2 x 1071

By — Te B[By — 1e] < 2.8 x 1078

TABLE VIII: Results obtained in the type-II1 2HDM from various processes for tan 5 = 50 and
my = 500 GeV.

49



500 GeV and tan 8 = 50) are obtained:

34x 107 3.0x10~2 7.0x 1073
et} < | 3.0x 1072 1.4 x 107" 2.4 x 102

20x 102 74x 107" 55x107" |
ij
1.3x107* 1.6x 106 9.4 x 10~°
e <1 1.6x 1079 2.6 x 107 2.0 x 10~° (75)
11x1075 3.0x107° 1.4x 1072 ;
29x 1076 1.7x107* 4.2x 1073

el < | 22%x107* 6.1 %104 3.7x 1073

42x107% 3.7x107% 1.0x 1072
]

These bounds hold in the absence of large cancellations between different contributions.

Note that in Eq. (75) we applied the naturalness bounds in case they were stronger than

the experimental limits.

It is interesting that B — 7v , B — D71v and B — D*7v can be explained simultaneously
in the 2HDM of type III without violating bounds from other observables and without
significant fine-tuning. It remains to be seen if these tensions with the SM remain when
updated experimental results and improved theory predictions will be available in the future.
In order to further test the model and constrain the parameters €}, (€%;) we propose to study
HO A° — tc (H°, A° — tu) at the LHC.
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X. APPENDIX

In this appendix, we collect the Wilson coefficients (to the relevant precision at the
matching scale) which are needed for the calculation of b — s(d)y, AF = 2 processes
(i.e. neutral meson mixing), leptonic neutral meson decays (AF = 1 processes), B — 1v ,
B — Dtv , B = D*tv , Dy — (v, K(n) = (v, 7 — K(m)v, LFV radiative lepton
transitions, EDMs of charged leptons and neutron, as well as the AMM of the muon. In
addition, we give general expressions for some branching ratios, the explicit form of the loop
functions entering our results and summarize the input parameters used in our analysis in
tabular form.

A. Loop functions

We give the explicit form of the loop functions entering our results. In the limit of
vanishing external momentum the one and two-point Passarino Veltman functions [147] are
defined as

1 1
AO (m2) 67T 4 ¢ f 2) )
) - (76)
1672 d k 1
By (m2,m2) = —4-d ’
0 ( 1 2) i H f (27T)d (k2 _ m%) (kz _ m%)

where p is the renormalization scale.

The loop functions Cy (three-point) and Dy (four-point) are defined in analogy to By,
but with three and four propagators, respectively. Evaluating these loop functions yields
(with d = 4 — 2¢)

1 >
Ao (m?) = m? 1+g—7E+ln(47r)+ln (W)] +0 (e),

2 2 77
m?In <%) —m3ln (%) (77)
; =100

1
Bo(m%,m2)—1+——”yE+ln(47T) SR

By (m%a m%) By (m% m?’,)

Co (m?,m2, m?) =
o (mi, m3, m3) m2 — m2
2] mi + ] m3 +mim?1 m;
m2m2ln [ — m2m?2In mamsln [ —
B 13 m2 315 m% 31y m? (78)
(ml mz) (m3 ml) (m% - m%) ’

CO (mlvmgamfﬁ) CO (mlvmgvmi)

2 2
mz — my

DO (m%7 m%? m%, mi) =

Here, the one and the two-point loop functions Ay, By are UV-divergent and ¢ is the UV-
regulator.
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At various places also the functions Cy and Dy appear, which have, compared to Cjy and
Dy, an additional factor k2 in the numerator of the integrand. These functions read

Cy (m7,m3,m3) = By (m},m3) + m3 Cy (m7, m3,m3)

Dy (m7,m3,m3,m3) = Co (m3, m3,m3) +mj Dy (m3, m3, m3,m3) . (79)

B. Radiative b — s(d)y decays

Concering new physics contributions to b — s(d)7y, we work in leading logarithmic (LL)
precision in this paper. As mentioned before, we use these processes to constrain certain
elements ;. For this purpose, we put the €4 ;—couplings (which are already constrained to
be very small) to zero. When also neglectmg the mass of the strange quark and further
neglecting operators with mass dimension higher than six, we obtain the same effective
Hamiltonian as in the SM, reading for b — s (see e.g. Ref. [47]).

4G
H = ﬂF ViV Z C;0; . (80)

For b — dvy the CKM structure is slightly more complicated (see e.g. Ref. [95]). In our
approximation only the Wilson coefficients C7 and Cg of the operators

07 = 08

_ Ys
"PrbF,

1672 a 1672

get new physics contributions. They are induced through charged Higgs bosons propagating

PrbGe, (81)

in the loop (neutral Higgs boson exchange leads to power suppressed contributions which

we neglect). For b — sy the new physics contributions read (with y; = mij /m3,, and
A=V Vi)

3
e = VL s prgrs purres G ()
’ )\t my — ujdy muj
S RLHi RLHi C?yy (y5)
TN > T T s o (82)
t ] 1 Uj
3
NP _ v 1 RLHi*FLRHi C8 xy (y;)
8 o )\__ ujdz -
t Mo 1 My,

Y

:t + CSO YY (y )
)\t

ujda uJ ds m2
Uj

while for b — dvy the label dy and A, = V}, VX have to be replaced by d; and A\, = Vj;, V3,
respectively. The functions C? vy, C?yy, Cf yy and CFy were introduced in Ref. [47];
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their explicit form reads

00y = Y —5y7 +8y; — 3+ (6y; — 4) Iny,
7.XY\Jy) — )
’ 12 (y; —1)°
2
yi [—yi +4y; —3—2Iny;
Cg,XY(yJ) = Zj ’ (y] _ 1)3 d )
L J
O (y) = Yj —8y§-’ + 3yj2- +12y; — 7+ (18y]2- — 12y;) Iny,
7YY \J) )
2| (y; — 1)
0 y; [~y +6y; —3y; —2— 6y;Iny,
Cy YY(yJ) o (y; — 1) (83)
L j

In Eq. (82) we retained the contributions from internal up- and charm-quarks, although
these contributions are subleading.

C. Wilson coefficients for AF = 2 processes

The extended Higgs sector of our 2HDM of type-III also leads to extra contributions to
AF = 2 processes (B, By, Kaon and D mixing) which can be matched onto the effective
Hamiltonian

Y2 = ZCO+ZC’O’+hc (84)
where the operators read in the case of B, mixing

Ol = (EQ’V“PLba) (§BV“PL55) ’ 02 = (gaPLba) (gﬁprB) )
O3 = (54PLbg) (55PLby) , O4 = (54PLbs) (55Pgbg) , (85)
Os = (54PLbg) (55Prb.,) -

a and (3 are color indices and the primed operators can be obtained from O o3 by inter-
changing L and R. Similarly, the corresponding operator bases for B;, Kaon and D mixing
follow from Eq. (85) through simple adjustment of the indices.

In the following subsections we present the contributions to these Wilson coefficients
arising from: 1.) one-loop box diagrams with charged Higgs boson exchange; 2.) tree-level
contributions induced by neutral Higgs boson exchange; 3.) box diagrams involving neutral
Higgs bosons, relevant in the case of D mixing.

1. Charged Higgs box contributions

For definiteness, let us consider By mixing. The corresponding Wilson coefficients for
B, and Kaon mixing follow by a simple adjustment of the indices. We have performed our
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calculation in a general R gauge. The non-vanishing Wilson coefficients from pure charged
Higgs boxes are given by

3
_ RL HE% RL HE*{RL HE«1RL HE 2 2 2 2
Cl - 128 2 Z Uj da u d3 Fukdz Fukdg D2 muj'7muk7 mHj”mHi )
T jk=1
O, = —1 23: m. m. TLR Hi*FRL HiFLR Hi*FRL HiD m2 m2 m2.. m2
2 — 327T2 . wj T UE T wda u;ds ugdz ugds 0 gy Moup MogEs Mg E |
Jk=1 (86)
_1 3 + + + +
_ LR HY¥«PRL HEpRL HE«PLR H 2 2 2 2
C4 - 167T2 _;1mujmukruj'd2 FUjd3 Fukdz Fukd;g DO (mu]‘7 muk7 mHi7 mHi) )
]7 =
CO: = 1 23: LR HExpLR HiFRL Hi*FRL HiD m2 m2 .m2.. m2
5 = 3972 - ujdy ujds ugdo ugds 2 wjo g s o+
j? :1

The sum of the charged Higgs—W* and charged Higgs—Goldstone-boson boxes is given by

2 3
P * RL HYPRL H* %
C) = 3072 .;1 mujmukvjzvk?:ru ds Pukdz
]7 =

2 2 2 2 02 2 02 2 02
4My, Dy (MW,mHi,muj,muk> — Dy (MW,mHi,muj,muk>
2
4 M,

X

(87)

C, = 1 g_% 23: V. V*FLRHi*FLRHi
4= 167T2 2 i J3V k2 u;da ugds

2 2 2 2 2 2 2 2 .2 2
Cy (ng,mH+,muj) — (Y (mH+,muJ_,muk> + my, Co (SMW,mHi,muk)

X 2
Mg,

We stress here, that we want to use B; mixing only to constrain certain €;;—couplings,
because the €f ;—quantities are already contrained to be very small. We therefore only
took systematlcally into account those contributions to the Wilson coefficients which stay
different from zero in the limit e - — 0. At first sight, the Wilson coefficient C4 seems to
be gauge dependent. However, When using the unitarity of the CKM matrix (entering the
expression for C; both, explicitly and implicitly through the I'—quantities), we find that the

£ —dependent terms are always proportional to an element €., which we put to zero in our
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analysis. Also note that our result agrees with the one of Ref. [148]. The only difference
is that we neglected gauge dependent terms corresponding to higher dimensional operators.
The Wilson coefficients of the primed operators can be obtained by interchanging L and R

in the corresponding unprimed ones.
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2. Tree-level H,g contribution

The Wilson coefficients from neutral Higgs mediated tree-level contributions to By mixing

read:

—1 ( LRHg*)g

2m? HO dsda

(88)

Q)
S

I
M«

=
Il
—

—1 ( LRHQ)Q

S
=
I
E

dod
— 2mHO 203
3
o _ -1 [pLRHY LR Hx
4 - m2 daods dsda2
k=1 HY

The corresponding coefficients for By, Kaon and D mixing follow by a careful adjustment
of the indices.

Note that in the limit of large tan f and m4 > v, Cf ¢ and C’;H’g vanish and we only get
a contribution to Cf 3

3. Neutral Higgs box contribution to D mixing

The Wilson coefficients resulting from the neutral Higgs box contribution to D mixing

are given as

C LRH * LR Hg2 LR ngg* LR Hgl D 9 9 9 )
b 12871’2 Z Z Fuwh ulujl Fuzujz Fulujz 2 <mUj1 My s mH& ) mng) )
Ji,g2=1k1,ko=1
—1 LR Hgl* LR H22* LR Hgl* LR H22*
G2 = 3272 Z Z Mgy Mg, Fujlu1 F“2“jl F“Jé ul FUQ“jz

J1,J2=1 k1,k2=1

2 2 2 2
x Dy (muh,m : ’mH}Ql’mH}iz)’

Ujo
Cy =0,
-1 LRH® » LRH® + LRH® LR HO

_ k1 ko ko kq

04 N 1672 Z Z mujl mujz Fujl“1 F“2“j1 FujQ“Q FUl“jz
J1,92=1 k1,ko=1
2 2 2 2
X DO <muj1,muj ,mHO ,mHo ) 5 (89)
LR HY * LR HY _LRH) _LRH) x

— 2 1 2 2 2 2 2

Cs = 12871’2 Z Z Fujlul quuz Fulujz Fuzuﬂé Dy (mwl My mHgl ) me(c)g) .

J1,J2=1k1,ke=1

The indices ji, jo describe the internal up-type quarks while kq, ky stand for neutral Higgs
indices (H°, h°, A%). Moreover, the primed Wilson coefficients can be obtained from above

by the replacement L <> R in the couplings.
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D. Semileptonic and leptonic meson decays and tau decays: B — (D(*))TV, Dy —
vy, K(m) = fvy and 7 — K(7)v processes

These processes are governed by the effective Hamiltonian
Heff _ Cufdl,f Oufdl,fj + Cufd“gjOufd“ZJ + C’ufd“Z’Oufd“Z] + h.c. (90)

with the operators defined as

Og{fi’zj = ﬂfquPLdi Ej’)/“PLI/,
O — iy Pad; 1; Py, (91)

OZfdi’Zj = ﬂfPLdz EjPLV .

Here, for tauonic B meson decays ¢; = 7, d; = b and uy = u (uy = ¢) for B — 7v (B —
Drv and B — D*rv ). For Dy — ljv (D — {;v), up = ¢ and d; = s (d), for 7 = K(7m)v,
l;=71,u; =uand d; = s (d) and for K(7) — {;v we have {; = p,e, uy = u and d; = s (d).
The Wilson coefficients in 2HDM of type III at the matching scale read

oty _ 4G
SM \/§ ujcdi ;
dil; —1 + +
Cuf ity FLRH FLRH * (92)
R m2 dez ?
H*
wpdily —1 CRIHt pLREE
H*E

E. Lepton flavour violation (LFV): {; — (;v processes

The radiative lepton decays ¢; — (v (¢ = e, or 7) are induced by one-loop penguin
diagrams with internal neutral or charged Higgs bosons. The result for the one-loop decay
amplitude can be written as a tree-level matrix element of the effective Hamiltonian

Hagg = i O + 0", (93)

it

.
where ¢ and ¢,/

are the effective Wilson coefficients of the magnetic dipole operators

Olst

R(L) = mgi[faijR(L)ﬁiF“” . (94)
With these conventions, the branching ratio for the radiative lepton decays ¢; — {7 reads

efz

m5.
Bl — (9] = ﬁ (| £t 2 ) . (95)
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The neutral Higgs (Hp = H° h°, AY) penguin contribution to cﬁ{zi is given by

bl _ 3 —€ LRHY LR HPx meFLRH* LRH)

0 - Tho_9. 9 . N .
R k=1 1927T2m3{0 Cply AL . ity 0565
’ k

2

m my.
- érﬁngﬁH 9+6In | — ,

my, I Mo

can be obtained from cR ' by interchanging L and R. Similarly, for the charged

(96)

4;

and cZL
Higgs penguin contributions we find

3
At . ¢ LRHE*LRHEx
L H* — 2.2 vil; vl )
3847T mHi j=1 J f (97)
At e, € Z LRHi LR H*%
R H* — 2 2 ujef .

my, 384m2m2,, =

F. Wilson coefficients for EDMs and the anomalous magnetic moment of the muon

1. Wilson coefficients for EDMs of charged leptons and the anomalous magnetic moment of

the muon

As in the case of the LFV processes discussed in the previous section, we again have
both neutral and charged Higgs penguin contributions to the flavor conserving radiative
transitions ¢; — £;7. The corresponding effective Hamiltonian is obtained from Eq. (93)
and Eq. (94) by identifying ¢; with ¢;. The contribution to the effective Wilson coefficients
related to neutral Higgs bosons (propagating in the loop) reads

3
0l; —€ LRHYx LR HY LRH(x LR HY
Cr 'm0 = Z 199722 [FZZ Lo, "+ L0 "Ly * (98)
J= k
2
0 my.
- Mapggpen <9+61n (m;f ))] |
HY
i = (99)

while the charged Higgs penguin contribution leads to the (real) coefficients

0:0; 0:0; € & LRH*P LR HE% (100)
Cr ' ye =Cp 'yt = s —
L H R H 384W2m?{i = vil; vl

2. Wilson coefficients for neutron EDM

In this section we consider the transitions d — dy(g) and u — wy(g) (denoted by dég)
and dflg)) which are the building blocks for the electric dipole moment d,, of the neutron.
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As we are only interested in a rough estimate of d,, we do not include QCD corrections
to these building blocks. In this approximation the latter can be described by the effective

Hamiltonian
e A my do ., Prd F™ + Ay do,, Prd F* +

eff
cR M dUWPRT“d G+ c%dg mq CZUWPLT“CZ G 4+ (d — u). (101)

The effective Wilson coefficients CR Lu “ and cR L " again receive neutral and charged Higgs

contributions. The neutral contributions of the Wilson coefficients (involved in dég )) read

3
(Y 6Qd LRHY%LRH? = LRHO% LR H®
CR § : T092..3 [Fdd “laa, "+ 104 " T (102)
= 19272m
sJ = k
2
my 0 m;.
et (g g (200) )|
3
0 O 0 * 0
G S e el o 02
192712m H g g
7.7_ k
2
m my.
st oo (25))]
dd,H? dd,HY x . . . . . .
and c; (g) = Cpiy - The charged Higgs penguin contributions to the Wilson coefficients

(involved in d?) read

3 m2 m?
dd,H* —€ FLRHi FLRHi o FLRHi FLRHi o u;
Cp~ = 1602m2 | Fdw 7YY — vy | =3
mmg, m m

j=1 H+ H+

2

LRHi LrREET; M,
_'_F F waid 07 XY 2
b my ’ m

: (104)

H+

3 m?, m?2
dd,H+ —Ys LR H*« LR Hi 0 LR Hi* LR Hi ug‘
Crg — 55 | Ldu, Ty Ciyy + F 08 Yy | —3
’ 1672 my, I ’ m2., m?

j=1 H H+

2
+ + My, mu-
+1—\LRH FLRH J C 23 ’ (105)
My
and Cdd,Hi . Cdd,Hi *
L(g) — "R(9)
uu, HE HY . . . . (9)
The analogous expressions for cR( ) , which are involved in the expressions of dy’ are
given as
3 m?, m?2
wu,HY —eQy LR H LR o [LRHpLRH] ~o u;
‘R = E , 1672 m2 uu; u; 8YY m2 + Luju uju 8YY |
ik=1 i Hy H
0 m m2
LRHY? LRH u; u;
+F““J F - CE(B),XY 2J ) (106)
my, Mo
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0 3 m2 0 m2
= 3 T rtr g, (T ) ket o, (T
R,g 1671'2 mij J J 8 m J J 8 m2

gk=1 HY HY
2
LRH? LR HY My, my,;
+luu; “Tuju "—2 Coxy | === || 107
J J My 8, XY (még> ( )
+ > e
wu, HE — [ LRHi* LRHi LRHi* LRHi
c = —— |5 Lud ™ +517 Iy
R ; 115272 m2,,
, m3
—PLRHTpLAHE G ;19 ln< 2, (108)
My My
+ > g
wu, HE s [ LR H*x LRHi Hi* LRHi
c = — I r; +F Iy
fo ; 19272 m3;,
2
m
rLRHiPLRHi <9—|—61n< & ))] . (109)
My mi.
Agai h uu,HS_ uu,Hg* d wu, HE  wu,HE % The 1 f . CO
gain, we have ¢, (\* = ¢ (" and ¢, = ¢\ 7. The loop functions Tsxyyy(y;) are

given in Eq. (83).

G. Leptonic decays of neutral mesons

The effective Hamiltonian H.¢; which includes the full set of operators for the general
decays PS(qyq;) — ({5 (PS refers to the pseudo-scalar meson) reads

2 2 . . . . . .
H@Afg:l _ _GFWJQMW [C‘fl/fqugqu + ququqfqz + Cgfququqz + C}l)f‘]zQ‘]ﬁ‘Qz + primed] T he.
(110)
where the operators (together with their primed counterparts) are defined as

OV = (grPras) (€syla), O™ = (G Pras) (Ly"ysla)

O;ffq’ (572 Prai) (Lpy*La) qfql = (@77 Pra:) (L57"504) (111)
OF" = (arPran) (lsl), OF" = (@) (L6t

03" = (qrPaa) Tsla),  OF™ = (arPra) (Lssta).

Making use of the hadronic matrix elements

(Olgry1u Y50l PS) = ifpsppg. (112)

M
Olgrys@|PS) = —ifps
! (mgy +my,)

Y
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one obtains the branching ratio

] e
B[PS(qpa:) — Cil] = =5

M (CH - cpm)

f (2%, 2%) Mps f3g (mu, +mu,)” Tps
2

X —(C’qfqi—C',qfqi) X [1—(xa—xzp)?
(me + qu‘) (mlA + mlB) 4 4 [ ( 4 B) ]
/ 2
M2 (Cgf‘h B qufqi) B /
+ (mlA mls) (Cgfqi . C‘/l?fQi) > [1 . (xA + xB>2]
(mq,f + qu')(mlA + mlB) (mlA + mlB)
(113)
where the function f(z;,z;) and the ratio x; are defined as [149]
my.
i i) = /1 = 2(x; + x5 i T, wm =
Flais) = U= 2t ) + (=) =

1. Wilson coefficients

o Tree level neutral Higgs contributions to PS(qpq;) — (ilg in the 2HDM of type III

The non-vanishing Wilson coefficients of the operators in Eq. (110) induced through
tree-level neutral Higgs (HY = H® h°, A?) exchange read

T2 3 1 0
g LRHY = RLHO\ RLH?
CS 2G2 M2 = m2 (FZBZA _I_ PZBZA FQf‘]i
W
k
U _ w? 23: 1 [LRH) _ pRLHY\ pRLH]
P 22 Mgv = m2 . lpla zBeA qrqi
H
{ (114)
s _ w? 3 1 pLRHY | pRLHYY LR H]
S 2G2 M2 = 1m2 lpla Ila qarqi
W
k
9 _ w2 1 pLRH] _ pRLHY\ LRH]
P 2G:2 MI%V = m2 lply EBZA qrqi

0
Hk

e Loop-induced charged Higgs contributions to By — up~ in the 2HDM of type II

As mentioned earlier, we also include in our analysis the 2HDM of type II loop-induced
charged Higgs contributions to By — p*pu~ from Ref. [52]:

my ViiVie my, 4 log (m3 /m7)

Cbs — Cbs:_
s T 2 2MZ T mi— 1

(115)

where my, and m; are understood to be running masses evaluated at the matching
scale.
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H. Flavour-changing lepton decays

The general expressions for the branching ratios of 7= — e putp™ and 77 — p ptp~

have the form

2

LRH% LRH? |? LR H% LR H?
_ T m‘;’ YT Per 5 D"
Bt~ —weputu|= 3 5 5
2 2
pLRHY LR ] LR H LR ]
Te pom LRl pu
(116)
51 pLRHx LR HY 2 pLRHpLR HY 2
- T T ™ o pr o
Blr~ = u putp ] = 5 2| 2|
12(87)°T, Mo My,
pLRHY LR HY 2 pLRH) LR HY 2
g pot L|a ot
2 2
m m
HO HO

Note that the (not explicitly denoted) sum over the Higgses must be performed before taking
the various absolute values in Eq. (116).

I. Input parameters

In this section we list our input parameters in tabular form.

Parameter Value (GeV) Parameter Value
(2 GeV)| 0.00219 £ 0.00015 [150] My 80.40 GeV
ma(2 GeV)| 0.00467 £ 0.00020 [150] My 91.19 GeV
ms(2 GeV)|  0.095 4 0.006 [150] as(Mz) 0.119
Me(me) 1.28 +0.04 [151] Gr  [1.16637 x 1075 GeV 2
mmp(my) 4.243 4+ 0.043 [89) Qem ! 137
iy (my)  |165.80 4 0.54 + 0.72 [14] v 174.10 GeV

TABLE IX: Left: Input values for the quark masses used in our article. In the numerical analysis,
we used the NNLO expressions in oy for the running (see for example Ref. [152]) in order to obtain
the quark-mass values at higher scales. Right: Electroweak parameters and the strong coupling
constant used in our analysis. Concerning the running of s we used NNLO expressions (given for

example in Ref. [72]).
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Parameter Value Meson massses|Values (GeV)
fe./fe |1.221 £0.010 £ 0.033 [14] Mmp+(Bo) 5.279
fp 218.9 £ 11.3 MeV [138] mp, 5.367
fp. 249 £2 £ 5 MeV [14] M p+(poy 1.870 (1.865)
fp./fp 1.188 £ 0.025 [138] mp, 1.969
fK 156.3 £ 0.3 £ 1.9 MeV [14] MK+ (F0) 0.494 (0.498)
i/ fr 1.193 £ 0.005 [150] My (70) 0.140 (0.135)

TABLE X: Left: Values for decay constants of Ref. [14] obtained by averaging the lattice results of
Ref. [138, 153-165]. Right: Meson masses according to the particle data group (see online update
of Ref. [72]).
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