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ABSTRACT: The alignment in flavour space of the Yukawa matrices of a general two-Higgs-
doublet model results in the absence of tree-level flavour-changing neutral currents. In
addition to the usual fermion masses and mixings, the aligned Yukawa structure only
contains three complex parameters ¢y, which are potential new sources of C'P violation
[. For particular values of these three parameters all known specific implementations of
the model based on discrete Z5 symmetries are recovered. One of the most distinctive
features of the two-Higgs-doublet model is the presence of a charged scalar H*. In this
work, we discuss its main phenomenological consequences in flavour-changing processes at
low energies and derive the corresponding constraints on the parameters of the aligned
two-Higgs-doublet model.
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The simplicity of the idea of including one additional Higgs doublet to the Standard Model

(SM) and the versatility of the resulting phenomenology are the main ingredients that

have made the two-Higgs-doublet model (2HDM, see e.g. [f, ] and references therein) so

interesting. In the most general version of the model, the fermionic couplings of the neu-

tral scalars are non-diagonal in flavour and, therefore, generate unwanted flavour-changing

neutral-current (FCNC) phenomena. Different ways to suppress FCNCs have been devel-

oped, giving rise to a variety of specific implementations of the 2HDM. The simplest and



most common approach is to impose a Zs symmetry forbidding all non-diagonal terms in
the Lagrangian [[f]. Depending on the charge assignments under this symmetry, the model
is called type I [{, [, 1T [B, [}, X and Y [§, P, [Id, [T, 12, i3, [4] or inert [17, [4, [7, [g]. In
these types of models with natural flavour conservation the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix [, R{] is the only possible source of CP violation. An-
other possibility is to assume particular Yukawa textures which force the non-diagonal
Yukawa couplings to be proportional to the geometric mean of the two fermion masses,

ij o< \/Mimy, the so-called type III 2HDM [@, @, @, @]

Our work focuses on the recent suggestion [fl] to enforce the alignment in flavour space
of the Yukawa couplings of the two scalar doublets, which guarantees the absence of tree-
level FCNC interactions. The Yukawa structure of the resulting aligned two-Higgs-doublet
model (A2HDM) is fully characterized by the fermion masses, the CKM quark mixing
matrix and three complex parameters ¢y (f = wu,d,l), whose phases are potential new
sources of C'P violation [llll. The usual models based on Z5 symmetries are recovered for
particular (real) values of these three parameters. The A2HDM provides a more general
setting to discuss the phenomenology of 2HDMs without tree-level FCNCs, leaving open
the possibility of having additional C'P-violating phases in the Yukawa sector beyond the

CKM-matrix one.

The presence of a charged scalar H* is one of the most distinctive features of an
extended scalar sector. In the following we analyze its phenomenological impact in low-
energy flavour-changing processes within the A2HDM, and constrain the three complex
parameters ¢y with present data on different leptonic, semileptonic and hadronic decays.
We proceed as follows: the formulation of the general 2HDM is recalled in section [,
where the aligned condition is implemented and the resulting Yukawa structure discussed.
Section B explains our statistical treatment of theoretical uncertainties and compiles the
inputs used in our analysis. The phenomenological consequences of having a charged scalar
field are analyzed next, process by process, extracting the corresponding constraints on the
new-physics parameters ¢y. In section i we discuss the constraints derived from tree-level
leptonic and semileptonic decays, while section ] describes the information obtained from
loop-induced processes. Finally, we give our conclusions in section f|. Some technical
aspects related to AF = 2 transitions have been relegated to the appendix.

2. Aligned two-Higgs-doublet model

The 2HDM extends the SM with a second Higgs doublet of hypercharge ¥ = % The
neutral components of the scalar doublets ¢,(x) (a = 1,2) acquire vacuum expectation
values (VEVs) that are, in general, complex: (0|¢l (x)|0) = % (0,04 €%). Through an
appropriate U(1)y transformation we can enforce #; = 0, since only the relative phase
0 = 05 — 0 is observable. The combination v = \/U% + v% ~ (\/§ GF)_1/2 = 246 GeV plays
the role of the SM VEV when generating the gauge boson masses.

A global SU(2) transformation in the scalar space (¢1,¢2) takes us to the so-called



Higgs basis (®1, ®3), where only one doublet acquires a VEV:

Q) _ 1 |v v ®1
()= 2] (5) =

In this basis, the two doublets are parametrized as

Gt H+
¢ = 1 ) Py = 1

. . , 2.2
L (04 +iG) L (S, +iSy) (2:2)

where G* and G° denote the Goldstone fields and (HT) = (GT) = (GY) = (S;) = 0.
The five physical scalars are given by two charged fields H*(z) and three neutral ones
©Y(x) = {h(z), H(z), A(z)}, which are related to the S; fields through an orthogonal
transformation ¢?(x) = R;;S;(z). The form of R;; depends on the scalar potential, which
could violate C'P in its most general version; in that case the resulting mass eigenstates do
not have a definite C'P parity.

The most general Yukawa Lagrangian of the 2HDM is given by

Ly = — {Q/L(qubl + Dago) dp + QL (A1d1 + Noga) up + L (11 + Maghr) l}z} + h.c.,

(2.3)
where Q’L and E’L are the left-handed quark and lepton doublets, respectively, and QNSQ(:U) =
iTo¢:(z) the charge-conjugated scalar doublets with Y = —%. All fermionic fields are
written as Ng-dimensional vectors and the couplings 'y, A, and II, are Ng x Ng complex
matrices in flavour space, Ng being the number of fermion generations. Moving to the
Higgs basis, the Lagrangian reads

2 (= _ ~ ~ _
£y = = Y2 QLM+ Vi) di + QLD + Vi) uf + Ly (M + V{0 I} +
+h.c., (2.4)
with
M= o (v1F1 v v2r2ei9> , vi— o (vlrgew . Wn) : (2.5)
V2 2
1 : 1 )
r_ = —1i0 I —i0 __
Mu = 5 <’U1A1 + v9Age ) , Yu \/5 (UIAQQ U2A1> , (2.6)
1 : 1 )
r_ = 0 I = i
Ml = \/§ <’U1H1 + vollge ) , YE \/5 <U1H2€ U2H1> . (27)

In general, the complex matrices M JQ and Yjﬁ (f =d,u,l) cannot be simultaneously diago-
nalized. Thus, in the fermion mass-eigenstate basis, with diagonal mass matrices My, the
Yukawa-coupling matrices Yy remain non-diagonal giving rise to FCNC interactions.

The unwanted non-diagonal neutral couplings can be eliminated requiring the align-
ment in flavour space of the Yukawa matrices [[l]. It is convenient to implement this

condition in the form:

Ty =¢&e 1y, Ay =& eA, Iy = &e 1 (2.8)



Model (€a, 6w, &) Sd Su S
Type I (00, 00, 00) cotS |cotfB | cotB
Type 11 (0,00,0) —tanfB | cot 8 | —tanf
Type X (00, 00, 0) cotB | cotB | —tanpf
Type Y (0, 00, 00) —tanfB | cot 8 | cot
Inert | (tan 3, tan 3, tan () 0 0 0

Table 1: Limits on £ that recover the different Z; models and corresponding ¢y values.

where £y are arbitrary complex parameters. The proportionality of the matrices Y]ﬁ and
M Ji guarantees that all FCNC couplings vanish at tree level:

& —tanp

Ya1 =<4, Mqy; , Y, =M, , FET & tanf

tan S =wvg/v1 . (2.9)

In the A2HDM the mass-eigenstate Yukawa Lagrangian reads [fl]
V2

Ly =—==H"() {4(@) [saVMPR — 6 MIVPL| d(2) + q #(@) MPri(z) } -
STy ) F@) MyPRf() + b, (2.10)
o.f

where V' denotes the CKM matrix, Pr = Héﬁ are the right-handed and left-handed
projectors and the couplings of the neutral scalar fields are given by:

0 . ? : *
yi} =R + (Riz +iRiz) <au Yu' = Ri1 + (Riz — i Riz) si . (2.11)

Some conclusions can be drawn from (R.10). In the A2HDM all fermionic couplings
to scalars are proportional to the corresponding fermion masses and the neutral-current
interactions are diagonal in flavour. The only source of flavour-changing interactions is
the CKM matrix in the quark charged current, while all leptonic couplings are diagonal
in flavour because of the absence of right-handed neutrinos in our framework, which could
however easily be included. There are only three new parameters ¢y, which encode all
possible freedom allowed by the alignment conditions; these couplings satisfy universality
among the different generations, i.e. all fermions with a given electric charge have the same
universal coupling ¢;. The three parameters ¢; are also invariant under global SU(2) trans-
formations of the scalar fields ¢, — ¢/, = Uupdp [@], i.e. they are scalar-basis independent.
Taking the particular values shown in table 1, the different models based on Z, symmetries
are recovered, with a single scalar doublet coupling to each type of right-handed fermions
M. Finally, it should be pointed out again that ¢y are arbitrary complex numbers, opening
the possibility of having new sources of C'P violation without tree-level FCNCs.

2.1 Quantum corrections

Quantum corrections induce some misalignment of the Yukawa coupling matrices, generat-
ing small FCNC effects suppressed by the corresponding loop factors. However, the special



structure of the A2HDM strongly constrains the possible FCNC interactions [[[]. Obvi-
ously, the alignment condition remains stable under renormalization when it is protected
by a Zy symmetry [(], i.e. for the particular cases indicated in table [. In the most gen-
eral case loop corrections do generate some FCNC effects, but the resulting structures are
enforced to satisfy the flavour symmetries of the model. The Lagrangian of the A2HDM is
invariant under flavour-dependent phase transformations of the fermion mass eigenstates

(f=d,u,l,v, X = L,R, oz;"L = aé’L):

. X . w,L . 4L . fL . f.R
fx(x) = % fyx(z), Vij — % Vije "% | My — €% My e "% . (2.12)
Owing to this symmetry, lepton-flavour-violating neutral couplings are identically zero to all
orders in perturbation theory, while in the quark sector the CKM mixing matrix remains the
only possible source of flavour-changing transitions. The only allowed local FCNC struc-
tures are of the type gV (M, M)"V(M,M)™Myug, dpV(M,M)"V (M, M)™M,dg,
or similar structures with additional factors of V, VT and quark mass matrices M. There-
fore, at the quantum level the A2HDM provides an explicit implementation of the popular
Minimal Flavour Violation scenarios [, RS, 9, Bd, B, BJ], but allowing at the same time
for new C P-violating phases.! Structures of this type have been recently discussed in [B3].
Using the renormalization-group equations [, B4, one can easily check that the one-
loop gauge corrections preserve the alignment while the only FCNC structures induced by
the scalar contributions take the form [B]:

c "
Lrcne = 47T(2/f))3 (1+cu6q) %
x> @) {(Rio+iRis) (s = ) [di VIM,MIVM, |~ (2.13)

— (Ria —iRis) (i — i) [a VMM VIM, up} + he

As they should, these FCNC effects vanish identically when ¢; = ¢, (Z£2 models of type
I, X and Inert) or ¢4 = —1/¢ (types II and Y). The leptonic coupling ¢; does not induce
any FCNC interaction, independently of its value; the usually adopted Z; symmetries are
unnecessary in the lepton sector. Assuming the alignment to be exact at some scale pg,
i.e. C(po) = 0, a non-zero value for the FCNC coupling, C(p) = —log (1/ o), is generated
when running to a different scale.

The numerical effect of these contributions is, in any case, suppressed by mqmg, /v3 and
quark-mixing factors. This implies an interesting hierarchy of FCNC effects, avoiding the
stringent experimental constraints for light-quark systems, while allowing at the same time
for potential interesting signals in heavy-quark transitions. Obviously, the most relevant
terms in (R.13) are the 5.bg and ¢ptr operators. The 5pbp term induces a calculable
contribution to BngS mixing through (,0? exchanges, which modifies the mixing phase
and could explain the like-sign dimuon charge asymmetry recently observed by DO [Bg].
Tree-level scalar exchanges from FCNC vertices have been already suggested as a possible

"Minimal flavour violation within the context of the Type IT 2HDM has been discussed in [ﬁ] This
reference didn’t consider the possibility of incorporating new C P-violating phases.



explanation of the DO measurement [B7]. We defer the phenomenological analysis of the
FCNC operator (R.13) to a future publication [BF], where the neutral sector of the A2HDM
will be studied in detail. In the present paper we will concentrate in the phenomenology
of the charged-scalar Yukawa Lagrangian (P.10).

3. Inputs and statistical treatment

In the following sections we will analyze the most important flavour-changing processes that
are sensitive to charged-scalar exchange and will try to constrain from them the new-physics
parameters ¢;. Most of these observables have been discussed in recent phenomenological
analyses, usually in the framework of the type II 2HDM [Bg, B9, [iJ, ], but also in the
type 11T 2HDM [(d).

For that purpose, a good control of the hadronic decay parameters is necessary. These
usually involve large theoretical uncertainties whose treatment is not well defined. In
our work we use the statistical approach RFit [[iJ], which has been implemented in the
CKMfitter package [i4]. The new-physics parameter space is explored, assigning to each
point the maximal relative likelihood under variation of the theoretical parameters which
are not shown. Theoretical uncertainties are treated by defining allowed ranges within
which the contribution of the corresponding theoretical quantity to the Ax? is set to zero,
while it is set to infinity outside. This treatment implies that uncertainties of this kind
should be chosen conservatively and added linearly.

Another related problem is the combination of different theoretical determinations of a
hadronic quantity, which is even less well defined. We follow the prescription given in [[[].
However, unless commented explicitly, we only take lattice results coming from numerical
simulations with 241 flavours. For quantities concerning the light hadrons, we consider the
determinations recommended by the Flavour Lattice Averaging Group (FLAG) [[, Ed].
The obtained values are collected in table B

For ff“(O) the only published value with 2+1 dynamical quarks is the one from
RBC/UKQCD [[i7, [t], which however fails to fulfill the FLAG standards. On the other
hand, there is one 2-flavour result, which fulfills the FLAG criteria [[£9]. Although consis-
tent with the old Leutwyler-Roos estimate [p{], based on O(p*) Chiral Perturbation Theory
(xPT), these lattice determinations are somewhat smaller than the O(p®) analytical cal-
culations [p1, b2, b3, p4]. We take this into account and adopt the conservative range

Km(0) = 0.965 £ 0.010.

To fix the values of the relevant CKM entries we only use determinations [64, [f9,
which are not sensitive to the new-physics contributions. Thus, we use the V4 value
extracted from superallowed (0T — 01) nuclear 8 decays and CKM unitarity to determine
Vs = \. The values of Vi, and Vi, = AX? are determined from exclusive and inclusive
b — wuly; and b — cly; transitions, respectively, with [ = e,u. The apex (p,7) of the
unitarity triangle has been determined from |Vi,/Vip|, A and the ratio Ampo/Am BY (see
section @) For the top quark mass we have adopted the usual assumption that the
Tevatron value [p7] corresponds to the pole mass, but increasing its systematic error by
1 GeV to account for the intrinsic ambiguity in the my; definition; i.e. we have taken



Parameter Value Comment
IB. (0.242 +£0.003 £ 0.022) GeV  Our average [5g, B6, 57
fB./fB, 1.232 4 0.016 + 0.033 Our average [5d, F7]
fp. (0.2417 £ 0.0012 + 0.0053) GeV  Our average [p3, b8, b7
fp./fp, 1.171 £ 0.005 + 0.02 Our average [5g, B
IK/fx 1.192 4 0.002 + 0.013 Our average [pg, b9,
fB. \/3732 (0.266 + 0.007 4 0.032) GeV  [E§]
F50\/ B/ (F,\/ Boy) 1.258 40,025 +0.043 i)
B 0.732 £ 0.006 + 0.043 E1, B2
|Vid| 0.97425 + 0.00022 63
A 0.2255 + 0.0010 (1= [Vaal?)'?
[Vao| (3.84+£0.1+0.4) 1073 b — ulv (excl. + incl.) [64, B3]
A 0.80 +0.01 +0.01 b — clv (excl. + incl.) [64, B3
p 0.15 4+ 0.02 +0.05 Our fit
7 0.38 +0.01 +0.06 Our fit
my(2 GeV) (0.00255 * -00002) GeV (6]
ma(2 GeV) (0.00504 * 5-00929) GeV (5]
ms(2 GeV) (0.105 79 032) GeV (5]
me(2 GeV) (1.271097) GeV 6]
(1) (4.205:57) GeV (B4
g (my) (165.1 0.6 +2.1) GeV ]
Sra/me —0.0070 = 0.0018 B3, B9, [0, 1)
sk 0.0090 = 0.0022 ZNENZ]
sora/mt2 0.0016 = 0.0014 3, [, [
P°| 5D 118+ 0.04 + 0.04 5]
Alp_pu 0.46 £ 0.02 73]
Km(0) 0.965 4 0.010 13, B9, B9, B, B3, B3, B4
s ~0.42112 - §300% 3. )
Ke 0.94 +0.02 &)
Tb'sur 0.07744 % {56003 [d, ]

Table 2: Input values for the hadronic parameters, obtained as described in the text. The first
error denotes statistical uncertainty, the second systematic/theoretical.

mP%® = (173.1 4 0.6 £ 2.1) GeV and have converted this value into the running MS mass.
The measurements used in our analysis are listed in table fj.

Concerning the charged-scalar mass, we will use the LEP lower bound My+ > 78.6 GeV
(95% CL), which does not refer to any specific Yukawa structure [, BJ]]. This limit assumes
only that H™ decays dominantly into uiJj and [Ty;. Obviously, the bound is avoided by
a fermiophobic (inert) A2HDM with ¢f < 1, but all our constraints would also disap-
pear in this case. The charged scalar could still be detected through the decay mode
H* — WA, provided it is kinematically allowed. Assuming a CP-conserving scalar po-



Observable Value

Q
g
=
2
=

<0.72 (95% CL)
(17.36 £ 0.05) x 1072

|g}S{R|T—>u

]

]
Br(r — ev, ) (17.85 £ 0.05) x 1072 ]
Br(r — pv,v,)/Br(t — ev; ) 0.9796 + 0.0039 |
Br(B — 1v) (1.73 £0.35) x 1074 I
Br(D — uv) (3.82+£0.33) x 1074 I
Br(D — 7v) <1.3x1073 (95% CL) I
Br(Ds — 1v) (5.58 4 0.35) x 1072 . BA., B, B3, Y]
Br(Ds — uv) (5.80 4 0.43) x 1073 . B9, B
NK — pv)/T(m — uv) 1.334 £ 0.004 |
I'(r — Kv)/T(1 — 7v) (6.50 4 0.10) x 1072 , B3
log C 0.194 £ 0.011 ,
Br(B — D1v)/BR(B — D{v) 0.392 £ 0.079 P4, p3|

I'(Z — bb)/T(Z — hadrons)

Br(l? — Xs7) By >1.6Gev
Br(B — X ev,)

0.21629 £ 0.00066

(3.55 4 0.26) x 10~*
(10.74 £0.16) x 1072

EEEEREEEREERAREREREEE

Amp (0.507 & 0.005) ps~*
Ampo (17.77 £0.12) ps~*
lex| (2.228 £ 0.011) x 102 [B6

Table 3: Measurements used in the analysis. Masses and lifetimes are taken from the PDG /@/

tential, OPAL finds the 95% CL constraints Mg+ > 56.5 (64.8) GeV, for 12 (15) GeV <
My < Mp+ — My + [BY.

4. Tree-level decays

4.1 Lepton decays

The pure leptonic decays | — I’y vy provide accurate tests of the universality of the leptonic
W couplings and of their left-handed current structure [p6, P7, P§. The exchange of a
charged scalar induces an additional amplitude mediating the decay of a right-handed
initial lepton into a right-handed final charged lepton; in standard notation [, ], this
scalar contribution gets parametrized through the effective low-energy coupling gRR =

—% |g|?. Its phenomenological effects can be isolated through the Michel parameters

governlng the decay distribution,

3 1 g I BN 3 3 9
p—7=0, n=gyRelorr), &-1=-g5lorrl" & -7=-o% l9ral®,  (41)
and in the total decay width

P(l -1 vy Vl) =

—L—m) N |f +4n—g TRC , 4.2
19273 m? my m? (42)



where f(z) =1 — 8z + 82% — 2* — 1222 logz, g(x) = 1 + 92 — 922 — 23 + 62(1 + 2) log z,
N =1+ }lgfial? an [T

a(my) (25 3 m? m?
_ |4 olm) (25 P 3m . 4
RO [+ 27 <4 " 5M2, T M2, (4.3)

Since the scalar couplings are proportional to lepton masses, the decay 7 — pv,v; is the
most sensitive one to the scalar-exchange contribution. The present bound | Q%R‘T—)u < 0.72
(95% CL) [6d] translates into |g|/My= < 1.96 GeV™! (95% CL). A better limit can be
obtained from the ratio of the total 7 decay widths into the muon and electron modes.
The universality test |g,/ge|* = [Br(t — p)/Br(r — e)||f(m2/m2)/f(m,/m2)| = 1.0036 =
0.0029 [64, implies:

al
H*

< 040 GeV™'  (95%CL). (4.4)

4.2 Leptonic decays of pseudoscalar mesons

Information about new-physics parameters can be also extracted from leptonic decays of
pseudoscalar mesons, P™ — [*y;, which are very sensitive to H™ exchange due to the
helicity suppression of the SM amplitude. The total decay width is given by?

2

(Pt = 1Ty) = G2 “V-»?mpg 1-— my 14+ 6M2y 11 — A2 4.5
( ij Vl) - lefP| ZJ| ] m2 ( + Oem )| Zj| > ( . )
Pt
ij

where 7, j represent the valence quarks of the meson under consideration. The correction

Mt \ 2
P SuMy,; + SdMd,;
My, + Mg,

encodes the new-physics information and 622

denotes the electromagnetic radiative con-
tributions. These corrections are relevant because the additional photon lifts the helicity
suppression of the two-body decay, thereby compensating in part for the additional elec-
tromagnetic coupling, and the two processes are not distinguishable experimentally for
low photon energies. Their relative importance therefore increases for decreasing lepton
masses.

The correction A;; is predicted to be positive in model I, negative in model X and
can have either sign in the models IT and Y, depending on the decaying meson, while it
is of course absent in the inert scenario. In the more general A2HDM it is a complex
number with a real part of either sign. To determine its size one needs to know |V;;| and
a theoretical determination of the meson decay constant.

The SM as well as the 2HDM contribution to this class of decays start at tree level.
Therefore they can be assumed to remain the dominant contributions, relatively indepen-
dent of a possible high-energy completion of the theory. Electroweak loop corrections are
of course expected and they could be sizeable in some cases, for example in supersymmetry

at large values of tan 3 [[[01], [[07].

2The normalization of the meson decay constant corresponds to fr = v/2F, = 131 MeV.




4.2.1 Heavy pseudoscalar mesons
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Figure 1: Constraints in the complex §l*<u7d/M1%1i planes from B — tv (left) and D — pv (right),
in units of GeV~=2. The colour code indicates confidence levels (1 — CL).

The leptonic decays of heavy pseudoscalar mesons that have been measured up to now
are B — tv, D; — uv, Ds — 7v and D — pv. The radiative corrections for the leptonic
decays of heavy mesons have been estimated in [[03], and are already taken into account
in the experimental values given in table B therefore the electromagnetic correction is set
to zero in Eq. (7).

In B and D decays the function A;; can be approximated by neglecting the contribution
proportional to the light quark mass, because m,, /my < mg/me ~ O(1073). Therefore the

relations
2 2
m m
AN B A e D
ub ~ §l*§d ’ cd ~ Cl*gu (47)
M? M?
H=* H*

hold, leading to a direct constraint on these combinations. While for D(y) — 7v the helicity
suppression is absent, the corresponding phase space is small and there are two neutrinos
in the final state, which is why D — 7v has not been measured up to now. Nevertheless,
the upper limit set by CLEO [B4] starts to become relevant in constraining our parameters:
|[1—Acq| < 1.19 (95% CL). The present experimental limit on B — uv gives |[1—A| < 2.04
(95% CL). The information obtained from the decays B — 7v and D — puv is shown
in figure fl. The broad dark red (black) ring in the middle reflects the fact, that the
systematic error is dominant in these constraints, leading to a large amount of degeneracy
for the ‘best fit value’. To infer a limit at a certain confidence level, the corresponding
number of rings has to be included, for example for 95% up to the yellow (light grey)
corresponding to 1 — C'L = 0.05. The resulting 95% CL constraints, |1 — A| € [0.8,2.0]
and [1—Acq| € [0.87,1.12], translate into allowed circular bands in the ¢, /M 7. complex
planes. For real Yukawa couplings there is a two-fold sign ambiguity generating two possible

— 10 —
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Figure 2: 95% CL constraints in the complex cl*cu/M?{i plane from Dy — (1, u)v, in units of
GeV 2, using B — Tv to constrain gl*gd/M?{i.
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Figure 3: Constraints from Ds — Tv; (left) and Ds — pv,, (right), in units of GeV =2, under the
assumption of real parameters ;. The grey bands correspond to 95% CL. Also shown are the cuts
for the 2HDM of type I/X (dashed line) and II (lighter grey area, tan 8 € [0.1,60]). Finally, the
four black regions are the possible allowed areas considering the information coming from B — Tv..

solutions, the expected one around A;; = 0 (the SM amplitude dominates) and its mirror
around A;; = 2, corresponding to a new-physics contribution twice as large as the SM
one and of opposite sign. The real solutions are ¢/sz/M%. € [—0.036,0.008] GeV~? and
[0.064,0.108] GeV~2, and ¢}'s,/M?Z. € [-0.037,0.037] GeV~? and [0.535,0.609] GeV 2.
In Dy decays we get |1 — Aqg| € [0.97,1.18] from Ds — pr and |1 — Azl € [0.98,1.16]
from Ds — 7v. Here the situation is a bit more complex, because my/m. ~ 10% and
the light-quark term in the A.s function cannot be neglected since this suppression could
be compensated by the different ¢;. Therefore there is no direct constraint, neither on
S Su /MI%HE nor on g;'¢q /M?{i, only a correlation among them. For that reason, we use the
additional information from B — 7v to constrain the parameters which are not shown.
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This suffices to render the influence of the mass-suppressed term subdominant.

If CP symmetry were only broken by the CKM phase, the parameters ¢; would be
real. In this case, the constraints from D; — 7v, and Ds — pv, can be visualized as
shown in figure [J, plotting the correlation between the two real parameters. The two grey
bands are associated with the two possible solutions around A.s = 0 and A.s = 2. The
different models with Z9-symmetry correspond to cuts in these plots. The plots show the
small influence of the term proportional to the strange quark mass, as long as the couplings
are of the same order. Using the constraints on gl*gd/Mﬁ,i from B — 7v, one finds for
the other coupling combination the two real solutions ¢, /M?Ii € [~0.005,0.041] GeV 2
and [0.511,0.557] GeV ™2, at 95% CL, which agree with the corresponding constraints from
D — pv. Putting together all the information from leptonic B, D and Dg decays, the real

solutions are:

S'sd [—0.036,0.008] GeV~2, S/ Su [—0.006,0.037] GeV~2, (48)
M3, [0.064,0.108] GeV 2, M7, [0.511,0.535] GeV 2.
4.2.2 Light pseudoscalar mesons
ap 1
NI 2r b
=
3 o ]
*3\_ .
£ -2t ] I(t- Kv)/
(T 1v)
_4l i ]
0 2 2 6 8
Re(GC)/ME  NoopEi 4
o 1 |
~NT 2 -
: f,
3_ package 4
E 2l 1 -0.1 0.0 " 0.1 0.2
] Re(C, i)
_al il
0 2 2 6 8
Re((" (/M3

Figure 4: Constraints in the complex plane (f<q)/M3., in units of GeV =2, Left: Full regions
allowed at 95% CL for K/m — uv (upper plot) and 7 — K/wv (lower plot). Right: 95% CL
constraints in the interesting region (from the global fit) for both constraints, using D — uv to
constrain ¢, /M?{i )

Due to the cancellation of common uncertainties, lattice calculations of the ratio fx/fr
are more precise than the determinations of the individual decay constants. This ratio can
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be extracted experimentally from two different ratios of decay widths:

2
MK =)  mg (1 —mi/mic | Vas |* (£ (1 4 §K12/m2) L= Ay [ (4.9)
[(r — pv) My \ 1 —m2/m2 Vid fr em 1— Ayl 7
F(T%KV) _ 1_m%(/m72' ’ Vus ? f_K 2(1+57K2/T7r2) 1 — Ay ? (4 10)
F(T _>7TV) 1 _m%/m% Vud f7r o 1 _Aud ’ ‘
where 55&2/ mi2 is given in table E and 5&5 22 _ é;Kz/ Ke2) —|—5§n£2/ w2 —5(;22/ ™2 _ 0.0004 4

0.0054.

The new-physics corrections are dominated by A,s ~ gl*gdm%{ /M%Ii As m%{ / mQB ~
1%, the scalar contributions to these decays are much smaller than for the heavy mesons.
However, the good experimental precision achieved provides interesting constraints, as
shown in figure ], which are dominated by the K,o/m 2 ratio. At 95% CL, one finds
|1 — Ays| € [0.984,1.017] from K,p/mue and |1 — Ayl € [0.965,1.025] from the ratio 7 —
vK/m. The real solutions are then, ¢/¢z/MZ. € [-0.07,0.07] GeV~? or [8.14,8.28] GeV 2.
The larger real solution is already excluded by the B — 7v data.

4.3 Semileptonic decays of pseudoscalar mesons

Semileptonic decays receive contributions from a charged scalar as well, but in this case the
leading SM amplitude is not helicity suppressed, therefore the relative influence is smaller.
In addition, there are momentum-dependent form factors involved. The decay amplitude
M — M'lp; is characterized by two form factors, fi(t) and fo(t) associated with the
P-wave and S-wave projections of the crossed-channel matrix element (0]a;y"d;|MM’).
The scalar-exchange amplitude only contributes to the scalar form factor; it amounts to a
multiplicative correction

fg(t) = fo(t) (1 +5ij t) , (4.11)

where .
< Suly; — SdMd;

a2
MHi My, — M,

0ij = (4.12)

The determination of the CKM matrix element |Vj;| is not contaminated by the new-
physics contribution, because it is governed by the vector form factor. One measures
the electron mode M — M'ev,, where the scalar contribution is heavily suppressed by the
electron mass, determining the product |V;;| | f+(to)|, with tg = 0 for light-quark transitions
and tqg = (mp; — map)? for heavy quarks. A theoretical calculation of |f, (tp)| is then
needed to extract |V;;|. The sensitivity to the scalar contribution can only be achieved
in semileptonic decays into heavier leptons. Whenever available, one can make use of
the differential decay distribution to separate the scalar and vector amplitudes. In any
case, theoretical determinations of the scalar and vector form factors are needed to extract
information on d;;.

4.3.1 B — Dr1v;

To reduce the uncertainty from the vector form factor, let us consider the ratio
Br(B — Drv;)

2 2 2 212 2
- - - . 4.1
Br(B — Dev,) ap + a1 (mB mD) Re(0cp) + az (mB mD) |0cb] (4.13)
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The coefficients a;, which contain the dependence on the strong-interaction dynamics, have
been studied recently and parametrized in terms of the vector form-factor slope p? and the
scalar density A(vp - vp) = A, assumed to be constant [BY, [[04]. We make use of these
parametrizations, taking for the two parameters the values indicated in table . The
function A(vg-vp) o fo(t)/f+(t) has been studied in the lattice, in the range vp-vp = 1—
1.2, and found to be consistent with a constant value A = 0.46 £ 0.02, very close to its
static-limit approximation (mp —mp)/(mp +mp) [

0.4

0.2

2
2)IGeV

Im(Z,Z/M

-0.2

rl_fitter

I package

0.1
Re({,{/M2)/GeV?

-0.4

CKM

0.2 0.4
Re({ {/M2)/GeV?

Figure 5: Constraints from B — Drv,, in units of GeV =2, plotted in the complex plane for
Srsa/M%. (left) and sy /M%. (right), using D — pv and B — Tv to constrain the combination
not shown, respectively. The colours indicate 1 — C'L, the red lines the constraint (95% CL) for
Ssu,a/ Mz — 0.

We obtain once more a correlation between ¢/, /M?{jE and ¢;'¢q /MIQJJ_,, where the term
proportional to the charm quark mass is in general potentially more important than in the
type IT model. The results are shown in figure [ for both parameter combinations. As can
be seen there, the constraint on ¢4¢/ /M?Ii is consistent with the information coming from
B — 7v and the leptonic decays of light mesons, but does not constrain this combination
further as long as only the information of B — D7v; is used. The red lines indicating the
constraint for ¢, — 0, however, show that the semileptonic decay can exclude a small
region around (0.08,0), once that combination is bound to be small. We will use this to
exclude the second real solution for ¢'¢y /M?{jE with aid of the processes ex,Z — bb and
7 — pvv (see figure f§). Also, when plotted in the complex ¢/, /M121,J_r plane, it becomes
apparent that this constraint is important to exclude the second real solution allowed by
D(s) — Lv decays, already using only the information from leptonic decays in addition (see
again figure ).

Considering the limit of real ¢;’s, the correlation between the real parts is visualized in
figure [, together with the cuts corresponding to the different models with Z, symmetries.
The plot shows that the my; and m. terms have potentially similar influence in this case.

It has been pointed out in [[[0F] that measuring the spectrum instead of just the
branching ratio will increase the sensitivity of this channel. This, however, has not been
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done up to now, due to lack of statistics.

07,
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Figure 6: Allowed regions for Re(f<q)/Mz+ and Re(sfsu)/M3 . from the process B — Dtv at
95% CL (grey), in units of GeV =2, assuming that their imaginary parts are zero. The projections
for the 2HDM:s of types I/X (dashed line) and II (lighter grey area, tan 8 € [0.1,60]) are also shown.

4.3.2 K — mlv

In semileptonic kaon decays the Callan-Treiman theorem [[L06], allows to relate the
scalar form factor at the kinematic point t., = m3% — m2 to the ratio of kaon and pion
decay constants: C' = fo(t..)/f+(0) = ]}_}:#(0) + Ay, where A, = (=3.5+8) 10 is a
small xPT correction of O[m2 /(4 f)?] [0, f4, [09). Using a twice-subtracted dispersion
relation for fo(t) [L10], the constant C has been determined from the K3 data by KLOE
b1, KTeV PJ] and NA48 [IT1]. In the average quoted in table ] the NA48 result has been
excluded because it disagrees with the other two measurements by more than 2o.

In the presence of charged-scalar contributions, the scalar form factor gets modified
as indicated in Eq. (f.11)), inducing a corresponding change in C. Taking into account
that the analyzed experimental distribution is only sensitive to |fo(t)|?, to first order in

the new-physics correction d,, the measured value of C corresponds to

1
log C' = log <f—K + ACT> + Re [dy5(mF —m2)] . (4.14)
frx f+(0)
The resulting constraint on the real part of ¢4¢; /M121,J_r is shown in figure [}, leading to
Re < Ajgd > € [-0.16,0.30] GeV~2 (95% CL), (4.15)
H*

which is in agreement with the previous constraints, but with larger uncertainties. This
might change in the near future, due to improved lattice determinations of f(0) and
fx/fr, as well as improved experimental precision, e.g. from NA62 or KLOE-2.

4.4 Global fit to leptonic and semileptonic decays

Combining the information from all leptonic and semileptonic decays discussed before,
one gets the constraints shown in figure B. |45} /M?IJ_,| is bounded to be smaller than
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Figure 7: Constraint from the direct measurement of log C, in units of GeV ~2.

~ 0.1 GeV~2 (95% CL) from these decays alone, while for ¢,¢/M%. the constraints are
relatively weak, due to the similar masses of the mesons in the leptonic decays. Note
that in both cases there are two real solutions. For the combination gugl* /M%Ii’ one real
solution is excluded in the global fit at 95% CL, while the other, including the SM point
of vanishing couplings remains allowed. As mentioned before, this exclusion is due to
B — Drv in combination with the constraint on ¢;¢ /M?Ii For the latter, the situation
is more complicated. The second solution remains allowed, due to the overlapping of the
two main constraints in both regions and the weak constraint on g,s;"/M?%. derived from
semileptonic decays. However, using in addition the information coming from leptonic 7
decays in (f4), the lower Higgs mass bound from LEP and the constraint from e, Z — bb
(see section B.1) in a conservative way, |c,s;|/M%. < 0.01 GeV™2, the second real solution
for ¢4/ /M?Ii is excluded as well by B — D7v.

M- Iv+B - Dv+ | D pv
&+Z - bb+1-pv g i

M-Iiv+B-Dv | 0.2 1

@ ] R(B-DIv)(+B 1)
0.4 Lot Bt i o T
-0.1 0.0 0.1 0.2 -0.1 0.0 0.1 0.2 03 0.4 05 0.6 0.7
* N p2: * N p2:
Re(Z4¢/Mp) Re(Z, /M)

Figure 8: ;' /M7 (left) and << /M7. (right) in the complex plane, in units of GeV =2, con-
strained by leptonic and semileptonic decays. The inner yellow area shows the allowed region at
95% CL, in the case of sasf /M7 using additional information (see text).
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5. Loop-induced processes

For processes where new-physics contributions appear only through quantum loop effects,
the situation becomes obviously more difficult, regarding not only the calculation but also
the interpretation of the results. If the SM amplitude is also mediated only by loops, the
relative importance of the charged-scalar contributions is expected to be higher, but this
implies also a higher sensitivity to the framework in which the A2HDM is eventually to
be embedded in. In the following we make the assumption that for the observables under
discussion the dominant new-physics corrections are those generated by the charged scalar.
Moreover, since no significant signal for new physics has been found up to now in flavour
observables, we assume these effects to be subleading with respect to the SM contribution.

5.1 Z — bb

The high-precision data collected at LEP and SLD has made it possible to accurately test
the SM electroweak loop corrections at the Z scale, providing information on the Higgs mass
and useful constraints on many new-physics scenarios. While most Z-peak observables
are only sensitive to the gauge-boson selfenergies, the decay Z — bb provides valuable
information on fermionic vertex corrections induced by charged-current exchanges. Since
Vi = 1, those loop diagrams involving virtual top quarks generate quantum corrections
to the Zbb vertex, which are absent in the Zdd and Zs5 vertices. These corrections are
enhanced by a factor m?, allowing for a quite accurate determination of the top quark
mass [[[13, [13]. The same arguments apply to the charged-scalar contributions present
in the A2HDM, providing a sensitive probe of the corresponding H*tb coupling. For very
large values of |g;| this decay would also be sensitive to contributions from neutral scalars
[[14]; we don’t consider this possibility here. However, given a not too small value for ¢,
(semi-)leptonic decays can be used to exclude that possibility.

Therefore, we assume the dominance of charged-scalar effects in the following, allowing
only for |4 < 50. We disregard the information coming from the forward-backward polar-
ization asymmetry Ay, because the scalar-exchange contributions to Ay are small compared
to the present uncertainties.

It is convenient to normalize the Z — bb decay width to the total hadronic width of
the Z, because many QCD and electroweak corrections cancel in the ratio, amplifying the
sensitivity to the wanted vertex contribution [[1]. Within the A2HDM, this ratio can be

written as [, 7 @]

F(Z — Bb) Sb QCD -1
= = |14+ — 1
A I'(Z — hadrons) [ * Sp @ ’ (5.1)
where
_ _ _ _ 3a
S0 = [(aF — B + (gt + g <1+ EQE) | S=Y s, (62
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Figure 9: Constraint from Ry in the |¢,|— My« plane (Mg+ in GeV units), allowing for |sq| < 50.

with C;QCD = 1.0086 being a factor including QCD corrections [I16]. The A2HDM contri-
butions are encoded through the effective left- and right-handed Zbb-couplings:

L _ =L \/iGFM{%V m; 2 Qs
3 = s+ g gl [+ 52 )] (5.3)
_R R \/iGFM{%V mg 2 Qg

= - — 4
e = v Al OB =P B (5.4)

where t, = m}/M?.., f1(ty) = [t2 —tp—tnlog t]/(1—t;)? and the function f>(t,) governing
the NLO correction is given in [[7]. If running quark masses 1m;(Mz) and my(Myz) are used,
this NLO QCD correction is small. The light-quark coupling contribution S, = 1.3214
[7G, [[1] is not sensitive to the new-physics effects. The SM values of the couplings géfM,
given in table fl, have been computed removing the Z — bb information from the standard
electroweak fit [[76), [77].

In contrast to the leptonic and semileptonic constraints discussed before, here the
parameters |g, 4| enter directly, allowing to bound them without information on |g|. The
constraint resulting from the input values in tables [ and B is shown in figure J. The
constraint is plotted in the |¢,| — Mg+ plane, as obviously it is much weaker for |g4|, due
to the relative factor my/m;. For large scalar masses, the constraint weakens as the effects
start to decouple, reflected in limy, ¢ f1,2(t4) = 0. In the range of scalar masses considered,
it leads to a 95% CL upper bound |¢,| < 0.91 (1.91), for My+ = 80 (500) GeV. The upper
bound increases linearly with Mg+, implying

" - 72
lul - 0.0024 Gev—1 4 07
MHi Hi

<0.011 GeV ™!, (5.5)

where we have used the lower bound on the charged-scalar mass from LEP searches, M+ >
78.6 GeV (95% CL) [fl, Bl]]. Combined with the limit on |¢; /M| from leptonic 7 decays,
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this already constrains the combination |¢,¢/ | /M?qi much stronger than the global fit to
(semi)leptonic decays, leading to

lustl 005 Gev—2 (5.6)
e . e ) .

H*
however only with the additional assumptions of |¢;| < 50 and charged-scalar effects dom-
inating the new-physics contributions to Rp. The range allowed for 4| in the fit does not
influence the upper bound on |s,|, apart from the exclusion of neutral-scalar effects, since
both contributions can only lower the value for Rp, and both are allowed to vanish in the
fit. Therefore the upper limit stems from points with |¢4| = 0.

5.2 B%-B? mixing

The mixing of neutral B mesons is very sensitive to charged-scalar effects, as the leading
contribution stems from top-quark loops, rendering the new-physics and SM contributions
comparable. Besides the high precision of the measurement for the mass difference Ampo,
the BY mixing is especially interesting due to the observed tension in its phase [Bd, ).
In the usual 2HDMs with a Z, symmetry the scalar couplings are necessarily real, leading
to a vanishing contribution to this phase. However, the complex Yukawa couplings ¢, 4
of the A2HDM provide a potential new-physics contribution, which could account for the
experimentally observed phase.

In the SM, the calculation is simplified by the fact that only one operator contributes,
denoted OV below. In the presence of a charged scalar, an enlarged effective Hamiltonian

G2 M2,
Hat' 2= =3 (ViaVa)’ ZO (57)

has to be considered, involving a basis of eight operators [[13, [[(1§, 19, [2]:

OVLLVER _ (o Py o) (CZB’YWPL,RbB) :
O = (@, Peb”) (& Prb?) |
= (@) (Prb?) . >
OSLLSKR _ (qop; 119 (JﬁpL,Rbﬁ) ;
OSULSRR _ (o, Py pb®) (JBO—WPL,RZ;B) ;

with «, 8 being colour indices and o*” = %[’y“,’y” ]. We have written the effective Hamil-
tonian relevant for Bg—Bg mixing; the mixing of B? mesons is described by the analogous
expression, changing the label d to s everywhere.

We have performed the matching of the underlying A2HDM and the low-energy effec-
tive Hamiltonian at the scale usy ~ My, ms. The resulting Wilson coefficients, given in
the appendix, reproduce the SM result as well as the matching for the 2HDM in the limit
mg — 0, given in [[21]]. As noted above, the contribution of the A2HDM to Cyr,(pw)
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is an O(1) effect. For that reason, we calculate this contribution at NLO, implementing
the results of [[[21]] within the A2HDM.? Owing to their chirality structure, the remaining
Wilson coefficients are all suppressed by powers of the light-quark mass mg (ms in the
BY case), except CisR which is proportional to mg. Restricting the parameter ranges to
lsu| € [0,5] and |g4| € [0, 50], the ratio |C;(uew )/CyviL(iew )| is then below two percent for
all operators apart from OfRR. Since the matrix elements for the B® mixing do not contain
the large (chiral) enhancement factors present in the kaon system, this allows us to restrict
ourselves to two operators only. Moreover, the ratio C%RR /Cyr is a small quantity (10%
at most for |¢4| < 25, still below 40% for |s4| = 50) and therefore a leading-order estimate of
the O?RR contribution is enough for our purposes, while the dominant OV contribution
is included at NLO.

The strong (ms — mg)/Myw suppression of SU(3)-breaking effects implies that, for
the parameter ranges considered, the ratio Ampo J/Am BY is unaffected by charged-scalar
contributions and can be used in the CKM fit. Note, however, that in the limit |¢4| >
50, |su| < 1, which corresponds to the large—tan S scenario in the type II model, the
contribution from OVRR might become the dominant new-physics correction to BY mixing,
but remains small compared to the SM one.

We use the ratio Ampo/Am o to determine the apex (p,7) of the unitarity triangle,
and bound the charged-scalar parameters with the BY mixing information. The resulting
constraint from Ampo in the Mp+— lsu| plane is shown in figure [0, using the scales
wew = my and pp = 4.2 GeV. The error includes the variations in the CKM parameters,
IBo, B po and the experimental uncertainty. The leading OVLL contribution depends on
‘gu‘2
between the two Yukawa couplings. To determine the allowed region shown in figure [[0,

only, while Clpp is proportional to ¢is; = |ullsale’?, ¢ being the relative phase

we have varied ¢4 in the range |¢4| < 50 and ¢ € [0, 27].

Interestingly, the dominant contribution to a possible phase shift in the mixing is
also the one from OJRR. The factor M, Do(my, My+) (see appendix) varies between zero
and ~ —3% for scalar masses between 50 and 500 GeV, while 4m2mj/M$, ~ 10%. For
relatively large values of the product [¢fc;| (2 20) this factor can contribute sizeably to
the BY mixing phase, as long as M=+ is relatively small. The sign of the shift is obviously
not fixed, but depends on the sign of the relative Yukawa phase ¢. As long as |¢4| is not
too large, the effect is the same in BY and BY.

The DO experiment has measured very recently [Bg] a like-sign dimuon charge asym-
metry leading to Agl = —0.00957 £+ 0.00251 + 0.00146, which differs by over three standard
deviations from the SM prediction [[29, [23]. The measurement includes contributions
from BY and BY mesons, corresponding to A% = (0.506 + 0.043) ad, + (0.494 + 0.043) a?,,
with (¢ =d, s)

9 79, | Al'po
ag m( {12> 7%, sin ¢, 51 an ¢ , (5.9)

where M{, — T, = <B((1)’7_[§HB:2‘B((1)>. While this result needs certainly confirmation, we
will explore some of its consequences for the parameters of the A2HDM in the follow-

3Note, that there are several smaller errors in that paper, most of which have been pointed out in [@]
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Figure 10: The 95% CL constraint coming from Ampo in the M+ — [c.| plane for |sq| € [0,50],
varying in addition the relative phase ¢ in [0,27]. The excluded area lies above the dark (red) region
only. In yellow the allowed area for ¢4 = 0 is shown.

ing. Using the current experimental value for the asymmetry in the Bg system, afl =
—0.0047 £ 0.0046 [69], the measured value of AM po and the SM prediction for Al'po, the
D0 asymmetry implies sin ¢ = —2.7 + 1.4 + 1.6, showing that the central value of this
measurement is incompatible with the assumption of negligible influence of new physics
on I'!2, while the uncertainties are large enough to allow every value for the mixing phase
at 20. Using in addition the direct measurement of a3, through BY — pt D7 X decays by
DO [[24], a%, = —0.0017 £ 0.0091, results in sin¢s = —1.7 £ 1.1 + 1.0. Note that (part
of) the observed deviation may also be due to the possibility of bad convergence of the
operator product expansion (OPE) [[2§, [2q], related to the relatively low effective energy
scale my — 2m,.. However, no signs for a breakdown were found in the above calculation.
Note also that in [[27] it has been argued that such a large value violates a “coherence
bound” derived by demanding monotonicity of the Stokes vector in the By system. The
possibility of NP influence on the rate as an explanation for this measurement has recently
been discussed in [[2§, [29, [[30]. The authors of conclude, that most of the possible
operators are strongly constrained by other processes (including the one discussed in [129]),
leaving little space for an O(1) contribution to I'{,.

Hints of a large ¢, value have been also obtained previously from B? — J/¢¢ decays
37, [32, [[33], where the extraction of the phase might however be influenced by contri-
butions to the decay amplitude: in the SM, one of the reasons why this decay is “golden”
is the fact, that the potentially relatively large penguin contributions have the same phase
as the leading (colour-suppressed) tree amplitude, and therefore do not spoil the extrac-
tion of the mixing phase from the time-dependent C'P asymmetry. However, this is no
longer true in the A2HDM: the charged-scalar penguin contributions include terms similar
to their leading SM counterparts, with an additional factor of ¢icgmpms/Mz. ~ O(1),
thereby providing a second weak phase in the decay amplitude. Quantitatively assessing
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the influence of these contributions would require a reliable calculation of the correspond-
ing matrix elements, which is however not available; we are thus left with the possibility
of a semi-quantitive analysis only, e.g. along the lines of [[34], which we however do not
consider here.

The SM predicts a very small positive value for ¢, and a much larger and negative result

. . o
for ¢q. The theoretical values quoted in [[29] are ¢ = 0.24° £ 0.08° and ¢4 = —5.2° T 152
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Figure 11: Dependence of sin ¢q/(|Aq]sin ¢3M) on ¢ = arg (¢i¢,).

Assuming that the charged-scalar contributions are the only relevant new-physics ef-

fects, we can analyze the possibility to accommodate a large ¢ phase within the A2HDM.
In figure [[] we plot the allowed range for sin ¢,/(|A,|sin ngM) where A, = M}, /M{IQSM,
a function of the relative Yukawa phase ¢ = arg(;s;). The other scalar parameters have
been varied in the ranges [s4| € [0,50], My+ € [80,500] GeV, and |g,| according to the
allowed range from e, Z — bb, which includes only values for (|g,|, Mpy+) which lead to
acceptable values for Amg 4. While it is indeed possible to obtain a large value of ¢, the
predicted equality of As and Ay implies a strong anti-correlation of sin ¢g/(]Ag|sin ¢g5™M)
and sin ¢ /(|As|sin ¢5M), due to the different sign (and size) of 5™ and ¢5M. This leads to
a prediction for the sign of agll, which could be verified /falsified, once higher experimental
precision is achieved. As can be seen, the preferred negative sign for the af, asymmetry
implies ¢ € [7/2,7],[37/2,27], and for possible large values the Yukawa phase should not
be close to 0,7 (obviously).

Figure [[J shows the dependence of sin ¢,/(|A4|sin ¢SM) with |¢q| (left) and My«
(right), varying the remaining parameters within their allowed ranges. If large values for
the af, asymmetry are confirmed (within the physical range |sin ¢,| < 1), this would point
towards large values of |¢;] and small charged scalar masses. Finally we show in figure [[3
the plots from figure [[J] again, restricting the product |s,s}| < 20 (see section p.4). The
corresponding maximal asymmetry is correspondingly smaller, but still relative factors up
to ~ 60 are allowed for Bs with respect to the SM.

Additional contributions to ¢ could be induced by neutral scalar exchanges, through
the effective FCNC operator in Eq.(R.1J) appearing at the one-loop level. Also, a sizable
Yukawa phase ¢ = arg(s;c,;) could generate observable signals in other C'P-violating ob-
servables not yet included in our analysis. A detailed discussion of these effects and their
corresponding constraints on the model parameters is postponed to future work.
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Figure 12: Dependence of sin ¢/ (|As| sin ¢S™M) on [c4| (left) and My« (right).
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Figure 13: Dependence of sin ¢q/(|A4| sin ¢§M) on ¢ = arg (sis,), constraining |s.s;| < 20.

5.3 K°-K° mixing: ex

The AS = 2 effective Hamiltonian is described by the same basis of four-quark operators
given in (B.§), changing the flavour b to s everywhere. However, the small light-quark
masses mg and m, suppress now the contributions from all operators except OVEE. Another
difference with respect to BY mixing is that, owing to the different CKM factors, one needs
to consider the virtual contributions from top and charm quark exchanges within the box
diagrams:

G My

AS=2 _
Hett 1672

{A7 C¥LL (k) + A2 CFLL (1) + 20 A O L (1)} (dyuPrLs) (dy*Prs)

(5.10)
Since At = ViV, ~ A%2X° while \; = V3V, ~ A, in spite of the m2 /m relative suppression,
the charm loop gives the dominant short-distance contribution to Amyg. There are in
addition large corrections from long-distance physics, which make it difficult to extract
from Ampg useful constraints on the new-physics amplitude.

More interesting is the C'P-violating parameter ex, which can be written in the form

Re ei(ﬁs Im(Mlg)
€ g
K \/5 AmK )

(5.11)

where k. = 0.94 4 0.02 takes into account small long-distance corrections [[3§, [§]. The
top and charm contributions are now weighted by less hierarchical CKM factors ITm(\?) ~
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AMm(AA) ~ Am(A\2); the mass hierarchy compensates for this, implying that the top
quark gives the most important contribution to eg.

The relevant Wilson coefficients C’{%L, containing the SM and new-physics contri-
butions, are given in the appendix. The corrections induced by the charged scalar are
? |*. All contributions from the coupling ¢4 are absent in the

proportional to |¢,|* and |g,

limit mg s = 0. The matrix element (K°|H57=2/K°) is parametrized through the hadronic
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Figure 14: 95% CL constraints from ex .

quantity fIQ{B k. We use the numerical values of fx/fr and By, given in table B, together
with the phenomenological determination of the pion decay constant from I'(rt — ptw,),
fr=130.4+£0.04 £0.2 MeV [pg]. Figure [[4 shows the constraint obtained from ek in the
plane Mpy+ — |g,|. It is very similar to the one extracted from Z — bb, and even slightly
stronger.

54 B — Xgv

The radiative decay B — X,y has been calculated at NNLO in the SM, leading to the
prediction Br(B — X v)su = (3.1540.23) x 10~ [[(36]. In the 2HDM the decay amplitude
is known at NLO [137, 13§, 7, [[39]. Following the steps given in [[[4(], one can express

the branching ratio as

ViV |
Ve

(%6

BT(B — XsV)EW>E0 = BT(B — Xeel)exp @

[P(Eo) + N(Eo)], (5.12)

where the phase-space factor Cp = |Vi/ Vi |?T(B — Xce)/T(B — Xyev) = 0.580£0.016
[[47] accounts for the m. dependence of Br(B — X.ev). Normalizing the result with the
B — X_.ep transition, cancels the leading non-perturbative corrections of order AZ /mg
and minimizes many sources of uncertainties, such as those generated by the CKM quark-
mixing factors, the dependence on mg and the sensitivity to m.. The subleading non-

perturbative contributions are contained in N (Ej), which includes corrections of O(A%/m?2)
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[43], O(A3/m3), O(A3/mym?) [143] and O(asA?/(my, — 2Ep)?) [[44]. The relevant com-
bination of CKM factors is given by

2

V2V,
ST = 14 A2(20— 1) + A (PP 472 — A%) + O(\) = 0.963 +0.002 +0.005, (5.13)

Vew

where the sensitivity to the apex (p,7) of the unitarity triangle is suppressed by two powers
of \.

For mg = 0 the effective low-energy operator basis remains the same as in the SM. The
modifications induced by new-physics contributions appear only in the Wilson coefficients,
which are included in the perturbative part P(Ep):

CM () = Cisar + lsul? Ciuw — (S35 ) Cind » (5.14)

where ¢*cy = |su|[sq|e’?, ¢ being the relative phase. The virtual top-quark contributions
dominate the coefficients Cj y,, and Cj ,q; their explicit expressions as a function of m; can
be found in [{7. Depending on the value of the phase ¢, the combined effect of the two
terms Cj 4y, and C; ¢ can be rather different. For instance, these two terms tend to cancel
each other in the type I model where ¢ = 0, while in the type II version with ¢ = 7 they
add constructively.

Since the new-physics contribution is only calculated up to NLO, terms in the branch-
ing ratio of O(a?) coming from the square of the 2HDM amplitude are neglected con-
sistently. In some regions of the parameter space, leading to large new-physics effects of
opposite sign to the SM amplitude, the cancellations between the two contributions en-
hance the sensitivity to higher-order QCD corrections, generating in some cases unphysical
results (for instance in the type I model at small values of tan ) [[L3§]. Fortunately, the
most problematic region (large values of |¢,|) is already excluded by the constraints from
Z — bb and Am po. The inclusion of the SM NNLO contributions substantially improves
the reliability of the theoretical predictions.

To extract the information on the A2HDM couplings, we take into account the latest
experimental values, given in table ], and use the same renormalization scales as in [[40]
(o = 160 GeV, up = 2.5 GeV and p,. = 1.5 GeV as central values and the same ranges of
variation). We follow again the RFit approach, adding the theoretical uncertainty linearly
to the systematic error. The resulting constraints on |¢,| and |¢4| are shown in figure [[5,
varying the charged-scalar mass in the range Mg+ € [80,500] GeV. The white areas are
excluded at 95% CL. In the left plot, the phase ¢ has been scanned in the whole range
from 0 to 27; the resulting constraints are not very strong because a destructive interference
between the two terms in (p.14) can be adjusted through the relative phase. In the range
lsu| < 2, one finds roughly [¢4||s,| < 20 (95% CL). More stringent bounds are obtained at
fixed values of the relative phase. This is shown in the right plot, where ¢, and ¢; have
been assumed to be real (i.e. ¢ = 0 or m). In that case, couplings of different sign are
excluded, except at very small values, while a broad region of large equal-sign couplings is
allowed, reflecting again the possibility of a destructive interference.

The sensitivity to the charged-scalar mass is illustrated in figure [, which shows the
constraints on |¢q| versus M+ for fixed values of ¢, = 0.5 (left) and ¢, = 1.5 (right). Again,
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Figure 15: Constraints on s, and ¢4 from B — X, taking My+ € [80,500] GeV. The white
areas are excluded at 95% CL. The black line corresponds to the upper limit from ex,Z — bb on
|su|. In the left panel, the relative phase has been varied in the range ¢ € [0,2x]. The right panel
assumes real couplings.

in the upper plots the relative phase has been varied in the whole range ¢ € [0, 27|, while
the lower plots assume real couplings. Figure [ shows the constraints on the |¢,| — M+
plane, for ¢; = 0. Finally, in figure [l we show the constraints obtained for fixed values
of the charged-scalar mass, assuming ¢, and ¢z to be real. We reproduce in this case the
qualitative behaviour obtained in [{2)].

We observe that for small values of |¢,| no constraint on ¢ is obtained, because in the
limit |g,| — O the SM is recovered, which is compatible with the data. With growing |¢,| a
bound on |¢4| emerges, corresponding to [s,sq| < 20. For ¢; = 0 on the other hand, a limit of
lsu] < 3 can be observed for large scalar masses around 500 GeV, strengthening to |¢,| < 1.3
for smaller values of My+. The overall constraint is relatively weak compared to the strong
bound on Mg+ obtained in the type II 2HDM, due to the correlation ¢,5; = —1. However,
it can be seen from the plots with vanishing phase and/or a fixed value for |¢q,,| that this
strength is recovered, once some parameters are constrained independently. Comparing the
plots with complex input parameters to their real counterparts, we observe that the effect
of the relative phase is mainly to extend the allowed bands in a way that the excluded
space between them is rendered allowed, too.

We have also analyzed the C'P rate asymmetry, defined as

_ BR(B — Xsv) — BR(B = X57)
" BR(B — X¢y) + BR(B — Xs7)’

acp (515)
which is predicted to be tiny in the SM. Once the constraints from the branching ratio are
implemented in the A2HDM, the predicted asymmetry is smaller than the present exper-
imental bounds. Thus, one does not obtain further constraints on the model parameters.
A sizable Yukawa phase ¢ could generate values of the C'P-asymmetry large enough to
be relevant for future high-precision experimental analyses. However, a NNLO analysis of
the theoretical prediction appears to be needed to reduce the presently large theoretical
uncertainties and fully exploit such a measurement.
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Figure 16: Constraints on |s4] versus My« (in GeV) from B — X, for ¢, = 0.5 (left) and
Gu = 1.5 (right). The white areas are excluded at 95% CL. In the upper panels, the phase has been
varied in the range ¢ € [0,27]. The lower panels assume real couplings.
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Figure 17: Constraints on |c,| versus My« (in GeV) from B — X, for 4 = 0. The white area
is excluded at 95% CL.

6. Discussion

Imposing natural flavour conservation through discrete Zs symmetries, one finds that the
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Figure 18: Constraints on g versus s, (95% CL) from B — X7, assuming real couplings and
taking My+ = 150 GeV (left) and Mg+ = 400 GeV (right).

CKM phase is the only source of C'P violation in the resulting 2HDMs. During the last
thirty years, it has been common lore to assume that this is a more general fact, i.e.
that the absence of tree-level FCNCs implies the absence of additional phases beyond the
CKM one. The A2HDM provides an explicit counter-example, where FCNC couplings are
absent at the Lagrangian level, while additional unconstrained complex phases generate
new sources of C'P violation. Since all Yukawa couplings are proportional to fermion
masses, the A2HDM gives rise to an interesting hierarchy of FCNC effects, avoiding the
stringent experimental constraints for light-quark systems and predicting at the same time
interesting signals in heavy-quark transitions. The flavour-blind phases present in the
model open a very interesting phenomenology which is worth to be investigated. The
built-in flavour symmetries protect very efficiently the A2HDM from unwanted FCNC
effects generated through quantum corrections. At the one-loop level the only allowed
FCNC local structures are the two operators in (R.1), which could have very interesting
(and computable) implications for BY mixing.

Besides the fermion masses and mixings, the charged-scalar couplings of the A2HDM
are fully characterized by three complex parameters ¢f. In the previous sections, we have
analyzed the impact of the H* contribution to different observables, where it is expected
to be the dominant new-physics effect. Using conservatively estimated hadronic param-
eters and up-to-date data, we have inferred the present constraints on the new-physics
parameters involved in these processes.

Leptonic tau decays provide a direct bound on the leptonic Yukawa coupling: ||/ Mg+ <
0.40 GeV~! (95% CL). From semileptonic processes constraints on the products S Su /MI%HE
and gl*gd/MI?Ii are derived. The leptonic decays of heavy-light mesons allow us to disen-
tangle the effects from ¢, and ¢z. Thus, from B — 7v we derive an annular constraint
in the complex plane ¢f¢y/M%. (figure [la), implying the absolute bound |/ ca/M7 .| <
0.108 GeV~2 (95% CL). For real Yukawa couplings there is a two-fold sign ambiguity
generating two possible solutions, the expected one around A;; = 0 (the SM ampli-
tude dominates) and its mirror around A;; = 2, corresponding to a new-physics con-
tribution twice as large as the SM one and of opposite sign. The real solutions are
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§jsa/M? . € [—0.036,0.008] GeV~? and [0.065,0.108] GeV 2.

Similar, but slightly weaker constraints on ¢/'g, /MI%HE are obtained from the decays
D — pv (figure fb) and Ds — (7, p)v (figure P); in the last case the bounds from B — Tv
are used to get rid of the small ¢; contamination proportional to the strange quark mass.
The resulting absolute bound |sj'c,/M?%.| < 0.6 GeV ™2 (95% CL) is rather weak, but the
upper limit corresponds to a new-physics contribution twice as large as the SM one, a very
unlikely situation. The annular form of these constraints results in much stronger limits,
once this possibility is excluded by other processes. For real Yukawa couplings, one finds
§fsu/M%. € [—0.005,0.037) GeV~2 or [0.511,0.535] GeV 2, at 95% CL.

Owing to the quark-mass suppression, the absolute constraints obtained from lep-
tonic decays of light mesons (figure i) are obviously much weaker. However, the excellent
experimental precision achieved in 7 and K decays implies a narrow allowed annular re-
gion. For real Yukawa couplings this translates into quite stringent bounds: ¢y /MiﬁE €
[—0.07,0.07] GeV~2 or [8.14,8.28] GeV~2 (95% CL). The uncertainties are dominated by
the present theoretical knowledge of the ratio fx/fx.

Independent information is obtained from the semileptonic decays of pseudoscalar
mesons, through the scalar form-factor contribution. One needs, however, to disentangle
the dominant vector form-factor amplitude, which does not contain any charged-scalar
effect and is correlated with the usual measurement of the corresponding CKM mixing
factor. The present constraints from the ratio Br(B — D7v;)/Br(B — Dev,), shown in
figures f| and [, are not very strong by themselves, but allow in combination with other
processes the exclusion of the second real solutions in the ¢, 4< /MI%HE planes. A future
measurement of the differential distribution in B — D7y, would obviously increase the
sensitivity to the scalar contribution. In spite of the strange-mass suppression, the much
higher experimental accuracy achieved in the analysis of K — wlv decays allows to derive
the bound Re(sjsy/M%.) € [—0.16,0.30] GeV ™2 (95% CL). This already excludes the
second real solution (a scalar amplitude larger than the SM one) obtained from K5 /7.

Combining the information from all leptonic and semileptonic decays analyzed, one
gets the constraints shown in figure §.

The flavour-conserving decay Z — bb provides a very stringent constraint on |g,|. Since
Vi &= 1, the one-loop contributions involving virtual top quarks completely dominate both
the SM (W*) and the new-physics (H*) radiative corrections. In contrast to leptonic
and semileptonic processes, where the charged-scalar effects are necessarily proportional
to ¢, the Z — bb amplitude gives direct access to ¢, and ;. Owing to the relative
factor my/m; which suppresses the ¢z contribution, one gets finally the constraints on
|su| shown in figure | (assuming [¢4] < 50). At 95% CL, we obtain |g,| < 0.91 (1.91), for
M+ = 80 (500) GeV. The upper bound increases linearly with My, implying |, |/ Mg+ <
0.0024 GeV~! + ]\(/)['—Zi < 0.011 GeV™!, where we have used the LEP lower bound on the
charged-scalar mass Mpy+ > 78.6 GeV (95% CL) [, BI]. Together with the tau-decay
constraint on |g|/Mp+, this gives the limit |,q/|/M%. < 0.005 GeV~?, which is much
stronger than the information extracted from the global fit to leptonic and semileptonic
decays.

Quite similar information can be extracted from B° mixing, which is also dominated
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by one-loop contributions involving virtual top quarks. The smallness of the mg/My
ratio implies that SU(3)-breaking corrections are negligible; therefore, the charged-scalar
contributions cancel in the ratio Ampgo/Am Y, Which can be used in the CKM fit. Only two
AB = 2 four-quark operators are numerically relevant; the one generating the leading SM

|24, while the other operator

amplitude gets new-physics contributions proportional to |g,
generates subleading corrections proportional to (c{icd)mmg /M‘%V Scanning the parameter
ranges |¢q| < 50 and ¢ € [0,27], where ¢ is the relative phase between ¢, and ¢4, the
measured B? mixing amplitude implies the constraints shown in figure [0, in the plane
Mir+—|su|- At 95% CL, one gets |, | < 0.00279 M+ +0.27+117/Mp+, for M+ € [80,500],

in GeV units.

The charged-scalar contribution could accommodate a large BY mixing phase, without
spoiling the agreement in the By system, although it is not possible to reach a value as
large as hinted at by the present DO central value, which is however at odds with the rate
difference being unaffected by new physics (unless the calculation of the rate difference
is affected by problems regarding the OPE). If confirmed, a large phase ¢ would point
towards large values of |¢4|, small charged-scalar masses and a sizable Yukawa phase ¢.
The preferred negative sign for the af; asymmetry would require ¢ € [r/2,7], [37/2,27].
Additional contributions to ¢s could be induced by neutral scalar exchanges, through the
effective FCNC operator in Eq.(R.13)) appearing at the one-loop level. Large Yukawa phases
could be constrained by other C'P-violating observables not yet included in our analysis.
A detailed discussion of these effects is postponed to future work.

The observable ex leads again to a similar constraint, even slightly more restrictive
than the ones from BY mixing and Z — bb. Although C'P violating, this observable is
insensitive to the new-physics phases, as the relevant contributions involve |g,|, only. We
obtain at 95% CL |¢,| < 0.560 + 2.6471073My= — 1.049107°M?%, + 6.153107'°M3, in
units of GeV.

The radiative decay B — X, provides another important source of information. There
are two different charged-scalar contributions, proportional again to |¢,|? and SuSg» but in
this case the two have similar sizes. Their combined effect can be quite different depending
on the value of the relative phase ¢. This results in rather weak limits because a destructive
interference can be adjusted through this phase. The resulting constraints on |¢,| and |4
are shown in figure [[5, varying the charged-scalar mass in the range My+ € [80,500] GeV.
Scanning the phase ¢ in the whole range from 0 to 27, and imposing |¢,| < 3, one finds
roughly |¢4|[su| < 20 (95% CL). Much stronger bounds are obtained at fixed values of the
relative phase. Assuming real values of ¢, and ¢4 (i.e. ¢ = 0 or 7), one finds that couplings
of different sign are excluded, except at very small values, while a broad region of large
equal-sign couplings is allowed, reflecting again the possibility of a destructive interference.
Figures [, [q and show the sensitivity of the B — X v constraints to the different
unknown parameters: Mpg+, |s|, |sq| and ¢.

The constraints discussed so far apply to the general A2HDM framework, with three
arbitrary complex parameters ¢;. The limits become of course much stronger in particular
models where these parameters are correlated. Figures [ show the combined constraints
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Figure 19: Constraints on Mg+ (in GeV) versus tan 8 (95% CL), in the 2HDM models of types
I (upper-left), II (upper-right), X (lower-left) and Y (lower-right).

on the tan 3~Mpy+ plane for the different Z5 models. The bounds from Z — bb, ex, Am BO
and B — X,v are obviously identical for the models of type I and X and also for type II
and Y. In the type I/X case, ¢ = gg = Gu5q = cot? 8 and the scalar amplitudes grow for
decreasing values of tan 3. For type I1/Y, this behaviour is only observed in the 2 term,
while gg = tan’? B and ¢,¢q = —1; the decay B — X,y provides then a very strong lower
bound on the scalar mass, My« > 277 GeV (95% CL), due to the constructive interference
of the two contributing amplitudes. The ¢ coupling gives rise to different constraints from
leptonic and semileptonic decays in each of the four models. Our results agree with the

qualitative behaviour found in previous analyses [[[4, B8, B9, [0}, {1, (2, [(36, [[45, [[44, [47,
[[4], [[49, [L50], the small differences originating from the slightly different inputs adopted.

The A2HDM is not the most general version of a 2HDM without tree-level FC-
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NCs. To avoid the unwanted FCNCs one just needs diagonal Yukawa matrices Yy in
the fermion mass-eigenstate basis, i.e. Yy = diag(ya, s, ¥s), Yu = diag(yu,ye,yr) and
Y, = diag(ye,yu,y-), with arbitrary parameters y;. This more general scenario can be
formally described by the Lagrangian (R.1() with the substitution ¢;M; — Y;. One could
still use nine dimensionless parameters ¢y = ys/my, one for each charged fermion [[[5]], but
in this case this is just a redefinition of the Yukawa couplings y; because a priori nothing
relates them to the fermion masses [[5]. The hierarchy of couplings characteristic of the
A2HDM ansatz is lost and one can no longer justify that the leading charged-scalar effects
originate in the heavier fermion couplings (it becomes an assumption). With this caveat
in mind, our results can still be applied in this case, but most correlations among different
processes disappear because the associated constraints correspond now to different ¢, pa-
rameters. For instance, the constraint in ([£4) refers to \/lsrspi| and figures [ to s*cp (left)
and ¢ (right).

The A2HDM provides a general setting to discuss the phenomenology of 2HDMs,
satisfying in a natural way the requirement of very suppressed FCNC effects. The align-
ment conditions imply Yukawa couplings proportional to the corresponding fermion masses,
which is supported by the data (bounds of order 1 for the ¢ parameters). While including
as limiting cases all Z5 models, the A2HDM incorporates possible new sources of C'P vi-
olation through the ¢y phases. The additional freedom introduced by these phases makes
easier to avoid some low-energy constraints, resulting in weaker limits than in the usual
scenarios with discrete Zo symmetries. A detailed analysis of CP-violating observables
is clearly needed to investigate the allowed ranges for these phases and their potential
phenomenological relevance [B].

At the moment, the data does not show any clear deviation from the SM. Therefore,
we have derived upper limits on the Yukawa parameters. Nevertheless, we have already
pointed out that the A2HDM could account for a sizeable BY mixing phase, as suggested
by the present By — J/¢¢ and like-sign dimuon data. Our bounds could be made stronger,
adopting more aggressive estimates for the hadronic parameters entering the analysis, but
we have preferred to be on the conservative side and infer solid limits for later use. Im-
provements are to be expected on one hand from better theoretical determinations of the
hadronic inputs, and on the other hand from more accurate measurements at NA62 (kaons),
LHCb (Amgs, Bs — J/¢¢), a future Super-B factory (7, b — sv, Amgy, B — (v, B — Dlv),
or a linear collider with Giga-Z option (Rjp). The agreement of the different bounds in the
vicinity of zero is trivial, when the SM agrees with the data. If signals for new-physics are
found at LHC, the analysis presented here will be capable of quantifying the agreement
(or disagreement) of the data with the A2HDM, and with the different implementations of
the 2HDM based on Z; symmetries, in one step.

Note added

After this work was finished, two relevant papers have been posted in the archives. In
Ref. [[53] an approximate solution to the renormalization-group equations of the A2HDM
is analyzed and the generated FCNC terms are studied numerically; the results presented
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there agree with our FCNC operator (R.1J) and it is concluded that the induced FCNC
effects are well below the present experimental bounds. Ref. [L54] analyzes the strength
of FCNC effects mediated by neutral scalars in a minimal-flavour-violating framework
containing two Higgs doublets, assuming a perturbative expansion around the type II
model. The tree-level alignment conditions of Ref. [[l] are reproduced, the one-loop FCNC
structures in (R.13) are discussed and their coefficients are estimated at large tan 3 in the
decoupling limit. The phenomenological analysis of Ref. [[[54] emphasizes the potential
relevance of the flavour-blind phases present in the A2HDM to accommodate the recent
hints of a large B? mixing phase through neutral-Higgs exchange.
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A. AF = 2 effective Hamiltonian

Al AB=2

At lowest order, the AF = 2 transitions are mediated by box diagrams with exchanges of
W+ and/or H* propagators. Performing the matching between the A2HDM amplitude
and the low-energy effective Hamiltonian H%F =2 at the scale s ~ My, my, one obtains
the Wilson coefficients C;(u). We have derived the LO results given in table [, where
Tw =m? /M‘%V and zy = m? /M%Ii They can be expressed in terms of the two four-point

functions [[L55:

D My, My) = =
0(m17m27 1 2) (m% _m%)(m% —M12) m% — M22) +
M log (Mﬁ)
ts NEVE EVE o T
(M7 —m7)(M{ — m3)(M{ — My)
2
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2
D My, Ms) =
R 7 BT [T e T T
M log (K«?)
+ o +
(M7 —m3)(M7 — m3)(M7 — M3)
My 10?;( 32
+ , (A.2)
(M3 —m7)(M5 — )(M22 - M7)
through (: = 0,2)
Di(m,Ml,Mg) = ml;glm Di(m,mg,Ml,Mg), (A3)
Di(m,M) = M12i1_1>1M D;(m, M, M,), (A.4)
Eg(m,Ml,Mg) = Dg(m, Ml,Mg) — DQ(O,Ml,Mg) . (A5)

These one-loop contributions involve virtual propagators of up-type quarks (u,c,t).
Once the GIM cancellation is taken into account, the up and charm contributions vanish
in the limit m, . — 0, which we have adopted. Thus, the B meson mixing is completely
dominated by the top-quark contributions (the different CKM factors have all a similar
size for BY mixing, V.*,V,, ~ VAV, ~ V5V, ~ AX3, while in the B case V)V, ~ AX!
and VAV, ~ ViV, ~ AX?). Since the scalar couplings are proportional to quark masses,
we have maintained the masses of the external down-type quarks. In the limit mg — 0, we
reproduce the results given in [[[21]]. The only Wilson coefficients which are not suppressed
by powers of my are Cyrr, and CéRR' Therefore, for all practical purposes, one can neglect
the remaining operators.

The running for O7#f is performed using the results of [[19],

<0§RR<%>> ) ([nnwbnm [m(uw]sw) <CéRR<MtW>> (A.6)

Cirr (1) [m21 (1) IsrR. [1122(0)]sRR ) \ Cégp (Hew)
with
(11 (1) )srr = 1.015375 %0315 — 0.0153 707184 (A7)
[m12(i)lsrr = 1.9325 (n5 "% ?7?,'7184), A8)
(21 (1)]srR = 0.0081 (1) 7184 — =06315) (A9)
(722 (1) ]srR = 1.0153 7278 — 0.0153 75 06315 (A.10)

These are leading-order expressmns but they have been evaluated with the two-loop ex-

(5)
as” (pew) ~ 0.7.
(5)( 5)

The corresponding matrix elements are given by

pression for ag in 75 =

<(9VLL>(,U) — %mBgf?BgBVLL(M)’ (A.11)
m o 2

(OFRR) (1) = —;—4 (ngdmd(u) mpg f0 BY (1) (A.12)
mpzo 2
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O; Ci(pew )

OVIL | 4y + :IJ"%,V)M2 Dy (my, M) — 8%, M7y, Do(me, My )+
+2‘§u‘2 [MWDQ(mt,MW,MH:t) —4M{/1[/D()(mt,MW,MH:t)] +
+ ’gu“leMWDQ(mtaMHi)

OVRR "ﬁ’”? (lsal a1 M2, Do(me, My ) + |sal2 M2, D (my, My, M)
ot 25w [Isal?|sul® Mgy, Da(me, M=) + 2 Re(sjsu) M, Do (my, My, M=)
OLR Q?ﬁ%%[quL@meﬂﬂ%IMOnhﬂlHi)—4deAﬁ%D20nhAﬁVJWHi)+
+ (lsal? + lsul®)zw M, Do (my, My, M= )]

OBLL 4%%%xa,[@@gp2Aﬁ;zzxn%,A4Hi)4—29£dAAV1xmnh,Aﬁy,Ainﬂ

o5 | o

2
OFRE 4]\%;33%[/ [(sasi)2 My, Do (my, Mp+) + 2cqsi My, Do (my, My, Myr+))
O3RR | 0

Table 4: Leading-order Wilson coefficients for the AB = 2 operators given above. The quark
masses from the scalar couplings are to be taken at the matching scale pw .

the B;(u) parametrizing the deviation from the naive factorization limit. These B;(u)
factors have been evaluated in the quenched approximation on the lattice in [[56], using
a different operator basis. The connection reads (see again [[[1d], given here with both
operators in the same scheme)

B (4) = By(y), BS(u) = SByu) — SBs(n).  (AL4)

From we arrive at the values given in table f] by adding again all systematic uncer-
tainties linearly.

By By
BMS(my) | 0.83 £0.03 +0.06 | 0.84 & 0.02 + 0.06
BMS(my) | 0.90 £0.06 +0.12 | 0.91 £0.03 £ 0.12

Table 5: B-parameters for Bgs mixing from [ Systematic errors added linearly.

The wanted Bg—Bg mixing amplitude is given by
GEMg,
1672

2 4
3 Bpy ns(@w,zm) Cvir (pew )+ (A.15)

2
m
Bp

" (m (1) + ma(pe

(B[ Hi"=*|B°) = (ViaVin)* f g M

Ik [srr (1o, ew) Csrr (ew)]” Bsrr (1) |
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with

5

—15B2,4(1)
Bgsrr(up) = 127 . A.16
(1) 2Bs.a(1) — 3 Bsalp) (A.16)

From this, we get the relevant observables as

1 P

Ampgy = —(BYHEP=IBY)!, (A.17)
By

dp = —Arg [(BYHAP|BY)] (A.18)

The analogous expressions for BY-BY mixing are trivially obtained changing the label
d to s everywhere.

A2 AS=2

For the Kaon mixing amplitude, we have calculated the LO matching coefficients completely
anologous to the AB = 2 coefficients, keeping the charm mass finite. Due to the strong
suppression of all other operators by light quark masses we can choose the LO matching
coefficients to be

Gy, = (4255 + 255 My Dy(me, M) — 825> My Do(me, My )
Cd, . = (Aa§h + x§t?)MB, Do(me, my, My) — 8252 MYy Do(me, my, My) +
+2|<U|233?/€/2 [M5VD2(mmmt,MW,MHi) — 4M{;"VD0(mC,mt7MW’MHi)] +
+ou 2 Miy Do (me, my, M), (A.19)
Cypr = (Amw + a3y ) My Da(me, My) — 83y My Do(my, M) +

+2|§u|2x%/v [MI%VD2(mt7MW7MHi) - 4Mi‘/1VD0(mt7MW7MHi)] +
+‘§u’4x%VMI%VD2(mt7MHi)7
Co, =0 (i #VLL),

k3

where the loop functions Dy have been defined in appendix A, and z§}, = mmy, /MI%V In
the calculation, we use the NLO results for the SM which have been calculated in [I57, [[5§],
while the NLO charged scalar contributions to the top contribution are again taken from
[[21], corrected and applied to our scenario.
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