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ABSTRACT: We present a Two-Higgs-Doublet Model in which the structure of the quark
Yukawa sector is governed by three spurions breaking the flavour symmetries. The model
naturally suppresses FCNC amplitudes in the down-type sector, but permits sizable FCNC
couplings in the up sector. We calculate the branching ratio of By — u* ™ to leading and
next-to-leading order of QCD for the case with FCNC couplings of the heavy neutral
Higgs bosons to top and charm quarks and verify that all counterterms follow the pattern
dictated by the spurion expansion of the Yukawa matrices. We find correlations between
By, — ptu~, b — sv, and the Higgs masses. The B, — B, mixing amplitude is naturally
suppressed in the model but can probe a portion of the parameter space with very heavy
Higgs bosons.
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1 Introduction

Two-Higgs-Doublet models (2HDMs) [1, 2] are a popular extension of the Standard Model
(SM) due to their relative simplicity, involving no additional particles apart from a second
Higgs doublet. Moreover, a strong motivation to study 2HDMs also comes from theories in
which a second Higgs doublet is required due to symmetry arguments, e.g. axion models in
the context of the strong CP puzzle [3—5] or minimal supersymmetry [6]. 2HDMs differ in
the structure of Higgs-fermion Yukawa couplings. The historically most favoured variant
is the so-called type-II 2HDM in which up- and down-type quarks couple to separate Higgs
doublets exclusively. In most of the 2HDMs, flavour-changing neutral current processes
such as the decay By — u™u~ are loop-suppressed and therefore small masses of the
additional Higgs bosons are in principle possible, an appealing feature during the early
LHC searches. A general 2HDM exhibits, however, a much richer Yukawa structure [7, §],
in which flavour-changing neutral Higgs-boson couplings are possible, in case quarks couple
to multiple Higgs doublets at the same time.



In this paper, we will consider the rare decay Bs — p+u~ in the context of a 2HDM
with more general Yukawa couplings. The model under consideration will feature flavour-
changing up-type Yukawa couplings of the additional neutral Higgs bosons, most notably a
charm-top transition which may eliminate the Cabibbo-Kobayashi-Maskawa (CKM) sup-
pression that is present in both the SM and the 2HDM type-II models. We put special
emphasis on the leading corrections for large values of tan .

The outline of the paper is as follows: In section 2, we will introduce the effective
operators contributing to the low-energy weak By, — p*pu~ decay. The Yukawa and Higgs
sectors of the 2HDM are presented in section 3, while section 4 is dedicated to a short
description of the computational setup used for the evaluation Feynman diagrams. The
limiting case of the type-II 2HDM is introduced in section 5, with the additional contribu-
tions from flavour-changing neutral-Higgs Yukawa couplings being presented in section 6.
Finally, we will discuss the phenomenology of such models in section 7, before summarizing
in section 8.

2 The decay By — putpu~

The typical momentum scale for By decays is of order Mp, or smaller, so that weak Bj
decays can be described by an effective theory in which the heavy W, Z bosons, the top
quark, and the Higgs bosons of the 2HDM are integrated out. The resulting |AB| = 1
Hamiltonian H.g describes the interactions mediated by these heavy particles in terms of
dimension-6 operators changing the beauty quantum number B by one unit. The piece of
H_g relevant for By — p™p~ reads

Heg = N Z (CiQi + C1Q)) - (2.1)

i=A,S,P

The operators in Eq. (2.1) are

Qa = (bvuPrs) (" ysm) . Qy = (b1uPrs) (1" 1)
Qs = (bPrs) (p) , Qs = (bPgs) () (2.2)
Qp = (bPrs) (Aysp) Qp = (bPrs) (iysm)

and are multiplied with their respective Wilson coefficients Cga, ..., Cs which contain the

dependence on the heavy masses. The normalisation factor in Eq. (2.1) is

G2 M2 Gpoem (1)
N= LWy v = =2V, Vi, 2.3
2 tsVitb \/571’ sin2 0. ts Vb ( )
which complies with the conventions of Ref. [9]. The second “=" sign only holds to lowest

order in the electroweak interaction, while in higher orders the relation between the Fermi
constant G and the electromagnetic coupling ce, = €2/(47), the weak mixing angle 6,
and the W mass My is modified. Electroweak corrections have been calculated in Ref. [10]
and e.g. remove the ambiguities related to the choice of the renormalisation scheme for these
parameters; in the second version for N in Eq. (2.3) this issue also includes the choice of



the scale in the running aen. We choose the first definition N G% in this paper, for
which the electroweak corrections to the SM contribution to C'4 are as small as —2.4% [10].
We introduce the perturbative expansion of the C; as
_ 0 s\ ~1)

Ci=C0+ () +.. (2.4)
where C’i(o) denotes the leading order (LO), arising in the SM from one-loop electroweak
diagrams. Ci(l) comprises the next-to-leading order (NLO) QCD corrections. In the SM
only Cj4 is relevant, C’; is suppressed w.r.t. C4 by the ratio myms /MVQV involving strange
)

and bottom masses my, ;) and Cg b receive additional suppression factors of M?BS /MI%V

)

The leading contributions Ci(l) arise from one-loop electroweak diagrams at order G% in
the SM, hence the branching ratio is rather small.
The average time-integrated branching ratio is given by [11, 12]
My 1%
2 S S /8

B(Bs — p'pu~) =N STy,

17 (Ca =€) = u(Cr — Cp)PFo+ [uB (Cs - C5)PF]
(2.5)

with dimensionless quantities

r= 2 B=+1-r2, u= _Ms. (2.6)

MBS’ mb—i—ms'

Here, T'}; (I'}) denotes the decay width of the heavier (lighter) B, mass eigenstate, and
the factors Fp and Fg account for the mixing of the B,-B, system, given by

rs —T%

Fp=1- FisHsin2 larg (1 (C)y — Ca) —u (Cp — Cp))] ,
L
I‘SL _Ff'{ 2 /
Fg=1-— —Ts o8 larg (Cs — Cs)] (2.7)
L

in the absence of significant CP-violating New Physics contributions to the By — B mixing
amplitude. In writing Eq. (2.5), we have used the pseudoscalar decay constant fp, to
rewrite the operator matrix elements as

(0byuv58|Bs(p)) =ipufB,
_ M2
(0lbyss|Bs(p)) = — ifp, —2— (2.8)

mp + ms
where the second equation follows from the first one by use of the Dirac equation.
3 2HDM with suppressed down-type FCNC couplings

3.1 General Yukawa sector

The Yukawa Lagrangian of the general (“type III”) 2HDM reads
= [374 — rayiva * — *
Ly =-Q) [Yfin + e?iHu] dp — Q) [Y;ﬁieHu + e?iEHd]u;R +hee.

= Q' [V'Hy+ e H,|dy — Q Vet +e"eH|uf + hec (3.1)



with

H+ HO*
Hyq= | ud eH! ;= u.d (3.2)
b (Hg,d) h —H, 4
ul
and Q) = d,fL . (3.3)
fL

The subscripts f,i = 1,2,3 label the generations, e.g. u,; =t} . The notation in Eq. (3.1)
follows Ref. [8], except that our H, corresponds to —eH}; of that paper.
The vacuum expectation values (vevs) and related quantities are

(HY) = v, = vsin B, (HY) = vy = vcos B,

tan 3 := v—u, v = y/v2 4+ v2 =174 GeV. (3.4)
Vg

The quark mass matrices are
M :?dvcosﬁ—l—Edvsinﬁ, M* =Y "vsin 8 4 v cos 3, (3.5)

which we diagonalise in the usual way:

uy, p = ST RUL,R TR =5% pdr R, (3.6)
mg 0 O my, 0 O

S4prdsd — prt = | o 0 SUTAresy = pre =1 o 0 3.7

L R~ = Ms ) L R — = me ) (3.7)
0 0 my 0 0 my

with the unprimed fields corresponding to quark mass eigenstates. The gauge sector of
the 2HDM is invariant under independent unitary rotations of the fields @', d, and u/, in
flavour space. We use Eq. (3.6) and choose

Q' =5{Q (3.8)
and find Ly in the so-called down basis:
Ly = -0|viH, + edHu] dp — Q [Y“eH; + el |up + hee. (3.9)
with the appropriately transformed Yukawa matrices
yud = ity dgud evd = gfigudgud (3.10)
and the CKM matrix
vV =54s¢. (3.11)

The Yukawa Lagrangian Ly in Eq. (3.9) is manifestly SU(2) invariant, with the SU(2)

doublet
Viu I
= 5% = .



Eq. (3.9) is our starting point; the Yukawa matrices are related to the diagonal mass
matrices as

%: Y% cos 8+ €?sin 3, % =V (Y"sinf + € cos f3). (3.12)
Non-vanishing off-diagonal entries of Y% %% give rise to FCNC couplings of the neutral
components of the Higgs doublets.

In a general 2HDM the quantity tan 8 has no physical meaning: One can arbitrarily
rotate (Hu, Hd) in Eq. (3.1) leading to a Lagrangian of the same form (yet with different
Yukawa matrices) and the rotation angle will add to 8. The situation is different in variants
of the 2HDM in which H* and H? are distinguished by quantum numbers which forbid
such rotations of (Hu, Hd). Prominent examples are the 2HDM of type I and II, in which
two out of the four Yukawa matrices in Egs. (3.1) and (3.9) are absent. The type-I model
corresponds to € = Y* = 0. The type-II model is instead found for e? = ¢* = 0.

The doublets ¢sm, dnew Of the Higgs basis [13—15] are defined by a rotation of the two
doublets H,, and Hy by the angle  such that ¢new has no vev:

¢new |  [cosB —sinf3 H,
<¢SM> B <sinﬂ cos f3 ) (Hd> (3.13)

G* a+
Psm = v ¢0 +iGO |, Pnew = (Z)O/ +iA° | - (314)
V2 V2

Next we use Eq. (3.13) to express Ly in terms of ¢sy and dpew:

One has

Ly = @[ —Y%cos 8 — € sinﬂ] osmdr  + @[Yd sin 8 — €? cosﬂ} OnewdR
+QVT [ —Y%sinf — €“cos B] €EPSMUR + Qvt [ —Y%cos B + €*sin ,8} €ProwUR + h.cC.
(3.15)

By using Eq. (3.5) to eliminate Y* and Y¢ one can write the couplings to physical
charged and neutral Higgs bosons in Eq. (3.15) as

~

) M ¢01_1A0 3 ord ¢0/+iAO
Lo — g | —cot B+ g | up——— + df, | — tan 8 + ¢% | dg——=—
v L= B+g"| ur 7 L= B+g%| dr 7
M - M
+arV | =—tan g + ¢¢ dpHt +d, vt —cot B+ g% | ugpH™
v v
_ Mé ¢O M ¢0>
—dr,—dr v+ —=) — up—u v+ — | + h.c 3.16
P < \/i) S < V2 (8.16)
with the matrices [8]
g% = —€sin B (tan B + cot 3) g" = —€“cos f (tan 5 + cot ) . (3.17)



The non-diagonal matrices g¢ and g* characterise the deviations from the popular type-II
2HDM (for which ¢¢ = g* = 0) and can induce flavour-changing couplings of neutral Higgs
bosons. Note that the type-I model is also included in the formalism and recovered by
using Eq. (3.5) with Y* = 0 in the expression for g¢. For our loop calculation and the
phenomenological analysis it is advantageous to work with g%* rather than ¢%*, especially
for the definition of the renormalisation prescriptions. We write gflj = gd;d;, where d; is the
i-th down-type quark flavor, ¢ = 1,2, 3, and similarly for g“.

We are interested in 2HDM scenarios in which current and forthcoming measurements
by LHCb and CMS can find deviations in B(Bs — ptpu~) from the SM prediction. This
consideration guides us to lepton Yukawa couplings of the type-II form,
orl

1 o
o tan 3| IlrRH + h.c. (3.18)

M O+ iA°
— tan 3 s
v

li
VG

and large values of tan 8 to enhance the muon Yukawa coupling Y,, = m,/vtan 8 over its

LY =+, + VL

SM value. M in Eq. (3.18) denotes the diagonal mass matrix of the charged leptons.

We restrict ourselves to the CP-conserving Higgs potential, in which diagrams involving
AY contribute to the Wilson coefficient Cp, while diagrams with the CP-even neutral
Higgs states contribute to C's. The two Higgs bosons ¢ and ¢ are in general not mass
eigenstates. The latter are given by

R sin(f—a) cos(f—a) O @°
HY | =|cos(B—a) —sin(B—a)0 o (3.19)
AP 0 0 1) \A°

The angle « is an a priori arbitrary parameter of the theory that serves to diagonalise the
mass matrix of neutral Higgs bosons.

3.2 Spurion expansion

The 2HDM of type I and II (and their variants with modified lepton couplings) invoke
(softly broken) Zy symmetries to forbid FCNC couplings of the neutral Higgs bosons. This
was motivated by the wish to find non-standard Higgs bosons at modern colliders, because
for generic values of the Yukawa matrices in Eq. (3.9) constraints from FCNC processes
like meson-antimeson mixing push these masses to values outside the reach of of LEP,
Tevatron, and LHC. With the absence of discoveries of non-standard Higgs bosons this line
of arguments loses its appeal and the consideration of more general Yukawa sectors is in
order.

The type-II model is the most studied variant of the 2HDM for two reasons: Firstly,
it constitutes the tree-level Higgs sector of the Minimal Supersymmetric Standard Model
(MSSM), in which the holomorphy of the superpotential enforces ¢%¢ = 0. Secondly, the
type-II model is phenomenologically especially interesting, because in this model FCNC
processes are sensitive to loop effects of the charged Higgs boson. A prominent example
of the latter feature is the branching ratio B(B — s7v), which sets a stringent bound
on the charged-Higgs mass [16]. The type-II 2HDM further permits the possibility of



large down-type Yukawa couplings, a scenario motivated by the possibility of bottom-
top Yukawa unification. Such large-tan  scenarios are efficiently constrained by B(Bs —
ptu~) [9, 17, 18] and we will come back to this topic in section 5. Concerning the first
above-mentioned motivation, the Higgs sector of the MSSM is really richer than that
of the type-II 2HDM: In the limit of infinitely heavy superpartners one encounters non-

decoupling loop-induced Yukawa matrices e*¢

, an effect caused by the supersymmetry-
breaking terms [19-21]. Despite the loop suppression large effects are possible in FCNC
processes with down-type quarks which involve the product e?tan [22-27] with huge
impact on B(Bs — ptp~) [22-25, 28].

The phenomenological constraints from meson-antimeson mixing and rare (semi-)lep-
tonic decays place severe bounds on the off-diagonal elements of €?, while those of €* are
essentially unconstrained except for €}, and €;. This situation calls for a variant of the
2HDM in which Y*¢ and €* are arbitrary, while e? is suppressed. A strong motivation for
such a model is the possibility of spontaneous CP violation, implemented through a Higgs
potential developing complex vevs and real Yukawa matrices. Spontaneous CP violation
is not possible with a 2HDM of type I or II, but requires at least three out of the four
matrices in Eq. (3.9) to be non-zero. Avoiding fine-tuning implies that the better part of
the needed effect stems from €*, while €? can be neglected [29]. However, in such a model,
the mixing of the neutral Higgs fields is different from Eq. (3.19) and instead involves all
three fields. Yet for the CP-conserving observables considered in this paper this feature is
of minor relevance. The 2HDM scenario with sizable Y and €* has the appealing feature
that it simultaneously permits both measurable effects in FCNC processes and sufficiently
light masses of the non-standard Higgs particles enabling their discovery at the LHC.

Setting €? naively to zero leads to a non-renormalisable model, because there are UV-
divergent loops involving up-type quarks with Y*% and €* couplings, which require coun-
terterms proportional to elements of e?. Whenever one seeks to constrain the elements g;-‘k
of Eq. (3.16) from FCNC transitions of down-type quarks, one must foresee such a coun-
terterm to find a meaningful prediction. For example, B, — putp~ is a b — s transition
constraining g.; and the corresponding loop contribution requires a counterterm for gg.
The minimal renormalisable theory is found by invoking flavour symmetries and systemat-
ically expanding in terms of the spurions breaking these symmetries [30, 31]. The 2HDM
gauge sector is invariant under unitary rotations Q@ — UgQ, dp — Ugdr, ur — Uyugr
in flavour space with (Ug, Uy, U,) € SU(3)3 and the Yukawa sector is formally invariant
under this flavour symmetry if one transforms the matrices in Eq. (3.9) as

yud = Uy, ! = Uge U] . (3.20)

We propose to categorise the classes of renormalisable 2HDM in terms of the spurions
breaking the SU(3)? flavour symmetry of the quark sector.! The minimal choice are two
spurions, with just two physically distinct possibilities. Both comply with the definition of
minimal flavour violation (MFV) as defined in Ref. [31]. The first possibility is to take Y

!The generalisation to the lepton sector is straightforward, but not relevant for the calculations in this
paper.



as spurions and express the other two Yukawa matrices as e%% = Pu,d(Y“Y“T, YdeT) yuwd,
where P, and P, are polynomials. This variant is discussed in Ref. [31] and amounts to a
generalisation of the 2HDM of type II. It also constitutes a renormalisable extention of the
aligned 2HDM of Ref. [32, 33], in which P, 4 are constants. If the 2HDM is the low-energy
limit of a more fundamental theory obeying the considered two-spurion symmetry-breaking
pattern, the latter will naturally induce €% in the described way as well. An example for
such a UV theory is the MSSM with a flavour-blind supersymmetry breaking mechanism
(such as gauge mediation). The second possibility is to choose Y, €% as spurions, leading
to a generalisation of the type-I 2HDM.

There are two possibilities for a 2HDM with three spurions, which can be taken as
Y@ plus either €* or €?. The first possibility is the phenomenologically interesting one
and studied in this paper. The expansion up to third order reads

ed =cv?d + ¢ Yy diyd
+ b€ e Y 4 bpe VY 4 by YUY 4 by YUYV (3.21)

with complex coefficients c, ..., bao.
Concerning Eq. (3.21) several comments are in order:

e The spurion expansion is only meaningful, if the contributions to the off-diagonal
elements of €? from higher electroweak orders (with five or more Yukawa matrices)
are small, so that they can be neglected. A sufficient condition for this is realised
in scenarios in which ¢y, ..., b are induced by one-loop contributions in either the
UV completion or the 2HDM, while terms with (2n + 1) spurions are only generated
at n-loop order and beyond. We consider this scenario throughout this paper.” Ad-
ditional QCD corrections (e.g. an extra loop with a gluon) comply with the pattern
in Eq. (3.21), i.e. QCD renormalises the coefficients, but does not induce new ones.

e By rotating (Hu, Hd) in Eq. (3.9) one can eliminate ¢ in Eq. (3.21). But in general
radiative corrections bring this term back and a counterterm to c¢ is needed, unless one
corrects the rotation in each order of perturbation theory. It is therefore advisable to
keep ¢ in Eq. (3.21); we treat it as a perturbative quantity with ¢ = 0 at tree level.

e The decay B, — pu™p~ involves the FCNC vertex @j—de—Hd with (j,k) = (2,3).
The dominant one-loop vertex diagram involves an internal Hy line and the prod-
uct YV Yy d or €Y ? stemming from the three Hy Yukawa couplings. The UV
divergences can be cancelled by counterterms to ci; and by1.

e With Eq. (3.12) we can trade Y*¢ in Eq. (3.21) for the quark masses and CKM
elements. Compared to the SM we find 14 additional complex parameters, the 9
entries of € and ci1,...b22. Yet it is much more convenient to express observables

2A different application of Eq. (3.21), in which ci1,...,b22 = O(1) is allowed, is the case that Y* and
€" are almost aligned, so that Eq. (3.12) means small off-diagonal matrix elements of these matrices in the
chosen basis. Since Y34, €43 = O(1) and further Y54 = O(1) is possible, some terms with five spurions must
be added to Eq. (3.21), just as in the MFV case of Ref. [31].



in terms of g of Eq. (3.16) instead of € and then use Egs. (3.17) and (3.21) (with
Eq. (3.12)) to calculate the g?k in terms of the coefficients of the spurion expansion.
While this procedure is needed in a global analysis of all available data —which is
beyond the scope of this paper—, the study of b — s transitions alone will simply
involve g and gy.

In a practical calculation it is cumbersome to implement the renormalisation procedure in
the described way, by providing counterterms to e;fk and c, ..., boo. Instead, it is much easier
to renormalise the g;“.”l;d. If one renormalises all g;.l];d in the MS scheme, one automatically
complies with SU(2)xU(1) gauge symmetry. Therefore it is sufficient to choose the g?k in
such a way that Eq. (3.21) is obeyed at tree level. In our calculation we will only need a
counterterm to gg (in addition to the usual QCD counterterms for the SM parameters),
if mg is set to zero. If my is kept, one finds primed Wilson coefficients which require a
counterterm to gps.

4 Computational setup

In this section, we describe the chain of programs used to generate and evaluate the corre-
sponding Feynman diagrams at leading and next-to-leading order. We use FeynRules with
the Universal FeynRules Output (UFQ) [34-36] to obtain Feynman rules for the model.
The output is processed by tapir [37] into a Lagrangian file, which is used with qgraf [38]
in order to generate all Feynman diagrams.

We compute the one-loop diagrams for general electroweak gauge parameters for the
W and Z bosons and check that they drop out in the final result. This is a welcome
check for the conversion from UFO to ggraf and tapir. If diagrams with all different quark
flavours are explicitly calculated, we have at one-loop level < O(100) Feynman diagrams in
the SM,* and an additional O(300) diagrams from contributions with at least one non-SM
Higgs boson, most of which are Higgs-penguin diagrams.

At two loop-order, we perform the calculation in the Feynman gauge for the W and Z
bosons. The diagrams are then converted with the help of tapir into FORM [39] code using
Feynman rule definitions that were also produced in the conversion from UFO to the qgraf
Lagrangian file. The individual expressions for the diagrams are mapped onto integral
families using exp [40, 41] and a custom FORM setup is used to perform the remaining
computational steps. Since the Wilson coefficients are independent of the momenta of
the external particles, we set the latter to zero, so that only vacuum integrals need to be
computed. (An exception are diagrams with an FCNC self-energy in an external leg, which
are calculated with on-shell b quark and m; # 0 before the subsequent limit m; — 0 is
taken.) We use a FORM implementation of the algorithm presented in Ref. [42], see Ref. [43].
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Figure 1. Sample diagrams contributing to C4 at leading and next-to-leading order in the SM.

5 The decay By — i~ in the Two-Higgs-Doublet Model of type-IT

In the SM next-to-leading order corrections are available from Refs. [44-48] and higher
order QCD and electroweak corrections have been computed in Refs. [9, 10, 18, 49, 50].
Next-to-leading corrections in the type-II 2HDM have been computed in Refs. [17, 51-53],
which we have reproduced for the present paper, also as a check of the automated setup.
The result can be expressed in terms of dimensionless mass ratios of the top quark, W
boson and charged Higgs boson masses,

2 2
mt mt
_ 7 — , 5.1
Ve Ve (5-1)

In the SM, only the Wilson coefficient C'4 receives significant contributions from diagrams
such as the ones depicted in Fig. 1. The Wilson coefficients C;, Cs, ..., C’ are suppressed
by powers of ratios of light (external) masses and Myy. The leading SM contribution is,
moreover, independent of the Yukawa couplings of all external particles, that is we can set

3From the technical perspective, it is convenient to split the electroweak gauge bosons into two different
“particles”, with different propagator denominators (k2 - M2) " and (k:2 - §M2) 71, respectively, and treat
them as different diagrams; hence the large number of diagrams in the 1-loop calculation.

~10 -



I

Figure 2. Sample two-loop Feynman diagrams contributing to the Wilson coefficients C’g) (Hiz2)
and C}(,/) (A®). In the left diagram, only flavour-diagonal transitions i = j are possible in the type-II
2HDM, while the more general 2HDM allows also for transitions with ¢ # j, e.g. transitions from
a charm quark into a top quark.

my = mg = my, = 0 for the contributions from W-box and Z-penguin diagrams. At leading
and next-to-leading order they are given by

OWHZ(0) _ Tt (z: —4) | 3aflogay (5.2)

A S8z —1)  8(zy— 1)
2 : 1
CWHZW) _ 2z, (2xt2 + 5z + 5) @ (mf + 5z + 2) log x4 B T ("Et + 2) Liz (1 - E)
A 3(xy — 1) (2 — 1) (2 — 1)
y (mlat o) Gafloga )t (53)
(w — 1) (e —1)° ) " mi’

where the Z-penguin contributions include the flavour-changing quark self-energy diagrams
required to make the penguin diagrams finite. Moreover, since charm and up quark masses
can be neglected compared to My and m;, after summation over internal up-type quarks
all contributions are proportional to the CKM factor V;sV}; (contained in the normalisation
factor N defined in Eq. (2.3)) due to the unitarity of the CKM matrix.

In the type-II Two-Higgs-Doublet model, the leading terms are given by O (tan2 B)
contributions to C’g) and C (/), arising from penguin diagrams with a neutral Higgs boson,
see e.g. Fig. 2, and the WT-H™* box diagram. The Higgs-penguin contributions to Cg are

given by
log rpg Tt log Tt
oho) _ [ rHTt _ : 5.4
5 A=) rg —a) 4w — 1) (rer — a2) (54)
ohs() . [ 8rywy 2rgxy (3rg — 7)logry  2rgaxy (3zy — 7)log a4
= —7Tp|— —
s 3rg—1D (@ —1) 30rg—1%0g—m) 3(@—1>%0g—n)
uQ THTt rgxilogry rrTlog Ty
—2log | — + 2 - 2
my (rg —1) (z¢ — 1) (rae—1)"(rg —z) (ze—1)" (rg —x)
9 gy Lis (1 - %) 9 g4 Lia (1 - i)

TH — Xt TH — Tt
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where
2
m,mg tan® g3

Ty = Mgv (5.6)

The Wilson coefficients for the right-handed operators C/Sh’(i) can be obtained by the re-
placement 7, — 75 in Egs. (5.4) and (5.5). Further contributions include terms of order
mbmsmi tan® 3/M;}, and m%mi /Mj;, entering the Wilson coefficients C’y and C4, respec-
tively, as well as O (mym,tan? 3/M3,) (in C’;) and O (mfcot? 3/M3,) (in Ca) terms
arising from Z-penguin diagrams with a charged Higgs boson. Box diagrams with a single
charged Higgs boson also contribute to Cs p (Cfs p), with Wilson coefficients proportional
to mp (ms). We do not explicitly list these contributions here; they can be found in
Refs. [51-53]. With the exception of the doubly muon-mass suppressed H™—H~ box con-
tributions to C'4, we include all of these additional terms in our analysis. The feature that
Cs and Cp are proportional to my while their primed counterparts are proportional to mg
holds beyond the type-II 2HDM in our more general 2HDM with three spurions because
of ¢ = Py (e“, Y, Yd) Y4, entailing factors of mg; in Yukawa couplings of d;r. A rather
remarkable feature of the type-II 2HDM is the fact that the leading terms in tan 5 depend
only on tan 8 and the charged-Higgs boson mass Mg+, that is they are independent of
the parameters of the neutral Higgs sector [17]. In the type-II 2HDM, the leading tan® 3
contributions to the pseudoscalar and scalar Wilson coefficients satisfy the rather simple
relation

Cs=Cp, Clh=—Ch. (5.7)

In Fig. 3 we show the branching ratio B(Bs; — putu~) in the type-II 2HDM as a
function of the charged Higgs boson mass. The horizontal gray, blue, and violet bands
correspond to the experimental measurements of LHCb [57] and CMS [56] as well as the
theory prediction [18], respectively, including 20 uncertainties for the experimental values
(cf. Table. 1). The theory prediction of Ref. [18] uses |Vu| = 0.0424 + 0.0009, which
is close to today’s value inferred from inclusive b — cfv decays. If one uses |Vg| =
0.03936 4 0.00068 from exclusive B decays [58] the central value of the theory prediction
for 10°8 (Bs — pu*pu~) drops from 3.65 to 3.15.

The coloured lines are predictions from the 2HDM for different values of tan 5. It is
interesting to note that for tan 8 = 25 low values of Mpy+ are required to reproduce the
central value of the LHCb measurement. Recently it has been pointed out that LHC data
still permit Mpy+ < 400 GeV with couplings compatible with solutions of the b — crv
flavour anomalies [59]. Charged-Higgs explanations of the latter have been found viable in
Ref. [60, 61] and are invigorated by recent LHCb data on B — D™ 1v [62], see Refs. [63, 64].
Of course, in the limit Mgy+ — oo all 2HDM curves approach the SM prediction. Note
that in the type-II model there is a tan S-independent 95% C.L. lower bound on My+ in
the range 570-800 GeV from B — Xy [16]. This bound can be easily weakened with
our model’s additional couplings discussed in the following section. While charged Higgs
searches at the LHC are compatible with the quoted H* masses [65], the lower bound on
M+ inferred from the data on gg/bb — A°[— 7F77] searches is larger than 1 TeV [66] in
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Figure 3. Branching ratio B(Bs; — pu*u~) in the type-II Two-Higgs-Doublet model at next-to-
leading order in QCD, for different values of tan 5. All running parameters are evaluated at the
scale p = m; (my). The black dashed and dotted lines denote the central value and the experimental
20 error of the LHCb measurement [54, 55], respectively, the blue band shows the corresponding
information for the CMS result [56]. The purple dashed and dotted bands indicate the SM prediction
with uncertainties, presented in Ref. [18]. Note that the SM predictions in the purple band were
obtained including also O (?) and O (e ) contributions.

perturbed versions of the type-II 2HDM, but can be weakened if e.g. the A? coupling to
7’s is modified w.r.t. to the type-II form in Eq. (3.18).

6 Additional contributions in a model with flavour-changing neutral
Yukawa couplings

In a model with a Yukawa Lagrangian given by Eq. (3.16) there are additional tree-level
contributions bs — h?(H?, A%) — pTu~ of order tan 3. A sample Feynman diagrams is
shown in Fig. 4. At loop-level there are O(tan®3) terms due to diagrams in which the
neutral Higgs boson couples to the b line. At LO these are diagrams with a FCNC self-
energy and we also refer to them as self-energy diagrams at NLO, even if a gluon connects
the FCNC loop with the s quark as in the diagram on the right in Fig. 2. These O (tan3 B)
terms occur because a tan S-enhanced coupling in the self-energy diagrams is not cancelled
by a factor cot S in the second charged-Higgs coupling, which is a distinguishing feature
compared to the type-1I model. If these self-energy diagrams involve a helicity flip of the
internal fermion line, see Fig. 5, they come with a factor of tan 8 and are linear in the
flavour-changing Yukawa matrix §“, which enters the result through the charged-Higgs
coupling in the fourth term of Eq. (3.16). In fact, the dominant dependence on g.; stems
from this source and not from diagrams in which a neutral Higgs boson couples to charm
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Figure 4. Tree-level diagrams with flavour-changing neutral Higgs couplings. The b — s — H
coupling is denoted by a dot on the vertex.

' >
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Figure 5. The loop-induced change of flavours s — b via a quark self-energy diagram. The helicity
flip denoted by the cross ensures a factor of tan 8 and linearity in g*.

and top in a vertex diagram, which have a factor of tan 8 less. Note that contributions from
diagrams without helicity flip are either already included in the type-II model or quadratic
in ¢g" (and without the factor tan ), and we will consequently neglect the latter in what
follows.

6.1 Pseudoscalar Wilson coefficient Cp

At tree level the Wilson coefficient C'p originating from the diagram in Fig. 4 with a virtual
A boson is given by

C,I(D()),tree o 7w my tan/@ o _&Cgo) X (61)

= — g =
GLME ViVis 20M3, 70 gy,

Since there is no loop-suppression, even small values of g5 and g7, can have significant
impact on the branching ratio, but the spurion expansion in Eq. (3.21) naturally leads
to (parametrically suppressed) small couplings. For convenience, let us define the linear
combinations gi = Gbs T gy

At one-loop order only the self-energy diagrams contain an enhancement factor tan? /3
whereas the vertex contributions contain at most a quadratic term. The one-loop self-
energy contributions to Cp and C) are ultra-violet divergent. The corresponding coun-
terterm is generated from Eq. (6.1) and is of the form

,0 0 o 1
9" = g+ 523,,,5 + (TD 523,,,5 +.... (6.2)
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In the MS renormalisation scheme the one-loop contribution is given by

5(0) 1v2G pmy tan? 8
A0 bs — _g 872

Here, the terms with m; renormalise the Wilson coefficient Cp, while the ones with mg

[msgct‘/tsvzl; + (msgtt%s + mngtV::s + mbg;tkt%s) V}Z] . (63)

renormalise the Wilson coefficient C'5. The renormalised finite pseudoscalar Wilson coef-
ficients read

OO _ o0 (g* Ves gZ%) co

D) {
MAO ¢ ‘/;S (6 4)
~ m Vi ~(0) '
CID(O) :CID(O),tree N M (gctcf: +gtt> Cﬁ; :
M3, \™V,
with normalisation factor
- Ty tan3 8 _ gmumy, tan3 8 (6.5)
GrvV2M3v 2GF My,
the weak coupling constant g, and
~ 1 u? logry
CW=_Zl14+lg( ) - . 6.6
P 8 T8 m? rg —1 (6.6)
At NLO in QCD (i.e. two-loop order), the counterterm required to obtain a finite result is
given by
G pmy tan? . N . .
5213’31) - \/)%ﬂﬁ [Msget Vis Ve + (Msget Vis + mipge Ves + mugy Vis) Vi)

1 4
LQ 3€:| (6.7)
Note that in addition to the top quark mass m; also the flavour-changing Yukawa couplings
are minimally renormalised. The two-loop contribution to the Wilson coefficients reads

~ I/;:S . ~
=i (e ) o)

M?2 Ay,
A0 tV* (6.8)
W _ M Vi =(1)
CP Mio (gct V{Z + gtt) P
with
C'(l) __ 4(TH - 2) (?)TH - 7) log(rH) 7T — 4’!“H _ log(rH) lo LQ
P 3(rm — 1) 3(rm — 1)2 3(rm — 1)  (rm—12) 2\ m?

1 w2 . 1
—Zlog? (L5 )| +Lig (1 —— ). .
2 % <m?>+ 12( TH) (6.9)

6.2 Scalar Wilson coefficient Cg

The scalar Wilson coefficients receives contributions from both neutral CP-even Higgs mass
cigenstates h? and H?. At tree level, the diagrams with h° and HY give rise to the Wilson

coefficients )

ree U tan 3 g* /(0)
cO)t My Rygl, = 25208” , 6.10
S - G2 M2 Vi Vis 2% MYsb e S ( )
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where . 9
_ MPysin® (8 — a) + M, cos® (8 — a)

2 2
MhOMHO

contains the dependence on the neutral Higgs-boson masses. The counterterms required

R (6.11)

to cure the divergences at one and two loops can be obtained from Egs. (6.3) and (6.7) by
the simple replacements g, — —get and gy — —gy. The renormalised Wilson coefficients
Cs and Cj are related to the pseudoscalar ones by

i Ry ) 1(4) Ryt (i)
cW = M o0 o) M o) 6.12
S Mio S Mio P ( )
Note that there are no QCD corrections to C’g{)lfree since they cancel in the matching
calculation.

7 Phenomenology

In this section we discuss the possible size of B(Bs — puTu~) in our 2HDM under the
constraint that other b — s processes comply with the data. We include the tree-level
contributions from diagrams with flavour-changing down-type couplings (cf. Fig. 4), as
well as the SM results and the leading quadratic tan 8 contributions in the type-11 2HDM
to which the additional diagrams of order tan® 3 discussed in the previous section add as
corrections.

In a generic 2HDM the tree-level couplings gi will drastically increase the branching
ratio for By — ppu~ due to the missing loop suppression. In our model the spurion expan-
sion suppresses gi in a controlled way, but still permits large enough contributions to get
phenomenologically interesting effects in By — u™ ™ : Even rather small up-type couplings
get significantly modify the Wilson coefficients C’](DI) and C’(/), as they feature a CKM factor
V,s instead of V5. In the following, we will restrict ourselves to the experimentally favoured
scenario [67, 68] of aligned Higgs doublets, in which sin (8 — «) ~ 1. For the numerical
analysis, we will set sin (8 — «) = 1, and therefore have Ry, = Mg% In this case, the
Higgs mass eigenstates h? and H° coincide with ¢ and —¢%, respectively, and only the
latter possesses non-SM-like couplings to fermions. This reduces the number of relevant
non-Yukawa-type parameters of the extended Higgs sector to four, namely tan 8, M+,
M g0 and Myor = Myo.

7.1 Constraints from b — sy decays

An important constraint on the magnitude of flavour-changing Yukawa couplings in the
up-type quark sector arises from the inclusive rare decays B — Xyy. This process is
mediated at the quark level by b — s+ through a top quark loop with a charged W boson
in the Standard Model and receives additional contributions through charged-Higgs boson
diagrams in the 2HDM, see Fig. 6. In order to eliminate the dependence on V,, ~ —V,q,
one traditionally works with the quantity

_ B(b—sy)+B((b—dy)
By = B(b— clv) ' (7.1)
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Figure 6. Sample Feynman diagram for the rare decay b — sv at one loop in the 2HDM. The
cross indicates a chirality flip t;, — tg.

Note that in the SM and the type-II 2HDM the branching ratio of b — d~ is much smaller
than that of b — s7.

In the type-II 2HDM, the contribution of the charged Higgs diagrams to the decay
rate is positive, moving the theoretical prediction for the branching ratio away from the
experimental value averaged in [16] to

Ry exp. = (3.224£0.15) - 1072, (7.2)

where a lower cutoff of Fy > 1.6 GeV has been put on the photon energy. The practical
independence of I, of tan 3 in the largest part of the parameter space in the type-11 2HDM
allowed for the extraction of a lower limit on the mass of the charged Higgs boson in [16],
see section 5. In the general 2HDM, where the factor tan 8 from the bt H ~ vertex need not
be cancelled by a factor cot 8 from the stH™ vertex, the quantity R, depends on tan j3.
The combination of the t b H ™ and 5.tgpH~ Yukawa couplings arising in the process is
then given by

¢ v Vo VisVis
<mb an 3 tb> (mt o +v:;gtt+vz;gct> = IR (1 g, (73)
v vtan g v

where we have defined the short-hand notation

e v tan 3 Vi
95 = (9 +gtt> . (7.4)

ct Y«
my V:‘,s

Note that g carries a factor of tan 3. We stress that the limit g¢f = 0 corresponds to the
type-I1 2HDM, while the case ¢¢f = —1 is the Standard Model limit. In order to constrain
our new flavour-changing couplings, we use the results from [69] and [16] with this trivial
change of the s;tg H~ Yukawa coupling.

For large enough values of My, the central value of R, is approximately given (at
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p=my (my)) by

R, ~107%. { 33.10|gy, + (1 + Re g;{f) [rH (—48.93 — 47.601og 757 — 0.99 (log 77 )?

1
—0.15 (log 7 )® + 4.71 Liy <1 - >)
T

1
+r% (—53.82 —98.18log 1 + 4.79 Liy <1 — T))
H

1
+r¥ (—56.04 —150.43log 7 + 3.17 Ly <1 - r))] } , (7.5)
H

which agrees with the exact result within 1 % in the complete subdomain of (M +, Re gt ) €
[500 GeV, 00) x [—5,5] in which R, lies within the band allowed by the experimental and
theoretical uncertainties (see below). The approximate formula in Eq. (7.5) only includes
the interference of the new-physics contribution with the SM result and neglects the squared
new-physics contribution. In deriving Eq. (7.5) we have used Eq. (10) of Ref. [70]. We
adopt the estimate of the theoretical uncertainty of about 6.73 % given in [16], consisting of
individual uncertainties of 5% (non-perturbative), 1.5 % (parametric), 3% (higher-order),
and 3% (interpolation in the charm quark mass m.). In Fig. 7, we illustrate the ratio R,
in the (M o+, Re ggff ) plane. The thick dashed line corresponds to the central experimental
value in Eq. (7.2) and Ry exp = Aexptth; Where Acxpith = 20exp + On is the sum of the
experimental 20 uncertainty intervals and the theoretical uncertainty of 6.73 %. For small
values of M=, the allowed range of ¢ is tightly constrained around ¢¢f = —1, due to
the closeness of the Standard Model prediction and the experimental central value. At
larger My+, a significantly wider range of flavour-changing Yukawa couplings is allowed.
From R, we derive Mp+-dependent upper and lower bounds on Re (gg’{f ) which we will use
in order to constrain the real part of the flavour-changing up-type couplings appearing in
By — ptu.

7.2 Higgs searches

Searches for heavy Higgs bosons at the LHC put powerful lower limits on the masses of
new Higgs particles, but these depend on the Yukawa sector of the considered 2HDM.
For the case of the type-II model (or ramifications of it) these searches already exclude
a significant portion of the M40 — tan 8 plane at present. In Fig. 8, we show a recent
collection of exclusion limits obtained through various different searches by the ATLAS
experiment [66] in a modification of the type-II model. These limits imply that large
values of tan 8 can only be realised if at the same time the additional Higgs bosons are
quite heavy, M40 = 1.5 TeV.

It should be noted that for heavy M 40 these bounds also approximately apply for M+
and Mo, since the masses become degenerate in the heavy-Higgs limit (for a thorough
analysis of the allowed mass splittings see [71]). Note that the bounds from neutral Higgs
searches are more constraining than those for H' searches [65]. The most stringent con-
straints are from final states with 7’s and also apply to our lepton Yukawa Lagrangian in
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Figure 7. The ratio R, as a function of the charged Higgs boson mass Mpy= and g, The dashed
lines correspond to the experimental central value and the +2¢ intervals, to which we have also
added the theoretical uncertainties.

Eq. (3.18) which we have chosen of type-II. (However, the choice of the 7 Yukawa couplings
is of no relevance for the phenomenology of the b — s FCNC processes discussed in this
paper.) The presence of the additional couplings g;fk will increase some branching ratios
at the expense of those of decays into 7’s, so that these bounds can be somewhat weak-
ened, but the general trend remains valid. Our scenarios discussed below comply with the
ATLAS bounds.

7.3 B, — B mixing

The effective 5,bpA° and 57,bpH® vertices are the sum of the tree-level couplings o g, and
the loop contributions involving vertex and self-energy diagrams o< ge:Vip Vi +9u Vi V. Cp
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Figure 8. Exclusion limits in the M4 o0 — tan 8 plane from different searches performed by the
ATLAS experiment. Taken from [66]. The shown limits are for a different variant of the type-II
2HDM than ours, but qualitatively apply as well to our model.

and Cg are proportional to this effective vertex, which is therefore the relevant quantity
constrained by B(Bs — utu~). Now the By — Bs mixing amplitude depends quadratically
on this effective vertex, while both quantities drop quadratically with M 40 and Mgo, so
that the quantities give complementary information on the parameter space. B;— B, mixing
is mediated in the Standard Model by the AB = 2 operator Qv = (BL’}/“SL) (BL’}/MSL)
and in the 2HDM by three additional effective operators

Qscr = (brst) (brsr) ,
Qstr = (brsy) (brsr) ,
Qsrr = (brsr) (bLsr)

The Wilson coefficient of Qgrronly involves the effective vertex governing Bs — pu™ ™~

(7.6)

and the tree-level propagators of A? and H°, while the coefficients of the other operators
also involve the corresponding chirality-flipped effective 5zbr, A and 5pby H® vertices. The
coefficient Csr, (Csrg) is proportional to mi (m?), while the coefficient Csrr is propor-
tional to myms; we therefore drop the operator Qgrpr in our analysis. However, considering
the ATLAS constraints implying large masses M 4o o, Csrr l/ME10 — 1/]\412_10 is heavily
suppressed due to the small splitting of Higgs masses in the large-mass limit, and Csrr
becomes relevant. This feature results from the fact that Qg violates hypercharge by two
units of the Higgs hypercharge and the coefficient C'sp, is therefore suppressed by a factor
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of v? /M,%O compared to Cgrr multiplying Qsr,r which conserves hypercharge and SU(2).
As a consequence, Cgr g is more important than Cgrr. This feature has been widely stud-
ied in the context of the effective 2HDM emerging from integrating out superpartners in
the MSSM [23-25, 27].

In the following we correlate B(Bs — utp~) with B(B — X47y) and the B, — B
oscillation frequency AMp_, which is proportional to the magnitude of the By — Bs mixing
amplitude. Only the effective 57,brA° and 5,bpH? vertices are physical, by e.g. changing
the renormalisation condition for g4 we can shift pieces between gg, and the renormlised
loop. For simplicity, we set the tree-value of g4 to zero, i.e. consider the case that this
coupling is only generated radiatively. The only non-trivial Yukawa structure entering the

considered observables is then g¢ff.

In Fig. 9 and Fig. 10 we illustrate the dependence of the branching ratio B (Bs — u™ ™)
on the flavour-changing Yukawa couplings for some exemplary numerical values. We choose
to show our results separately for the LHCb [54, 55] and CMS [56] measurements, which
lie on different sides of the SM prediction calculated with the |V;| from inclusive decays.
The interval allowed on the horizontal axis (the real part Re (gf;ff )) is for each choice of
Higgs masses determined by the range allowed by b — sv. Recall that gse};f carries a factor
of tan 8, which needs to be taken into account if the bounds on g?{f were to be converted
into direct bounds on g, and gs. A priori generic < 0(0.1) values of g.; could make g¢ff in
Eq. (7.4) as large as O(50). For the considered Higgs masses such large values of ¢! | are
forbidden by b — s and the range for Im (ges psy) shown on the y axis in plots (a) to (d)
only serves the purpose to show the constraint from B (Bs — u ™). Low values for Higgs
masses enforce small values for tan 8 from the LHC searches, but for these scenarios b — sy
forbids any measurable effect in B (Bs — p* ™). This situation changes if one considers
large values for tan 3 and the Higgs masses, because B (Bs — putpu~) grows faster with
tan § than B(B — Xy7v), see plots (e) and (f). We find that in the considered scenarios the
bounds from B(B — Xgv) are stronger than those from AMp,, which we always find in
the band allowed by the current theoretical uncertainty. This situation changes if we go to
even larger Higgs masses, permitting larger values of [¢¢f| in B(B — X,v). The quadratic
dependence of AMp, on ¢! makes AMp, a good probe of the parameter region in which
both the Higgs masses and ¢S are large.

We do not study the case of sizable imaginary parts of the new FCNC couplings here.
These imaginary parts impact CP asymmetries such as AZX(By — J/1¢), which will
be investigated in a follow-up paper. All numerical SM input parameters are given in
Tab. 1. Note that we do not take into account uncertainties in the input parameters as
the dependence of the branching ratio is much weaker than the dependence due to the
variation of flavour-changing Yukawa couplings.

We stress here that the presented calculation equally applies to By — ptpu~ with
the change Vis — Vj4, but this is not true anymore when considering the constraint from
By — By mixing because of the additional dependence on the light quark mass. Since my
is negligibly small, the B; — By mixing amplitude becomes insensitive to the effective bd A°
and bdH" couplings.
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Figure 9. Branching ratio of B, — utpu~ for different values of Higgs masses and tan 3. All
quantities are evaluated at u = 7, (7). The red dashed and dotted lines indicate the experimental
central value and the 20 uncertainties of LHCb branching ratio measurement [54, 55|, respectively.
The constraint of B(B — X¢v) on |Im g¢f| is not shown.
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Figure 10. Same as Fig. 9 for the CMS branching ratio measurement [56].
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parameter numerical value reference

Mp, 5.367 GeV [72]
mp 4.18 GeV [57]
M 0.093 GeV [57]
my 0.106 GeV 73]
my () 162.622 GeV [57]
o (Mg = 91.1876 GeV) 0.1179 [57]
Gr 1.166 x 107° GeV 2 [74]
Myw 80.37 GeV [75]
fB. 0.230 GeV [76]
I3, (1.616 ps) " HFLAV
rs (1.427ps) ™" HFLAV
|Vis| 0.041 CKMfitter
[Vio| 0.999 CKMfitter
|Ves| 0.974 CKMfitter
|Veol 0.041 CKMfitter
B(Bs = " p7 )gm 3.65(23) x 1077 [18]
B(Bs = p 1) Lien 3.097048 100 [54, 55]
B(Bs = u 17 ) oms 3.957022 x 107 [56]

Table 1. Numerical input used for the phenomenological analysis. For the QCD running of the
top-quark mass and the renormalisation scale, we have used RunDec [77, 78]. The numerical values
of the CKM matrix elements have been taken from the updates provided on the CKMfitter [79]
web page. The numerical values of the B, decay widths have been taken from the online updates
provided at the HFLAV web page [58].

8 Summary

We have presented a 2HDM with three flavour-breaking spurions in the quark Yukawa
sector. The model contains the established type-I and type-II models as limiting cases and
otherwise permits large FCNC couplings in the up-type sector while naturally suppressing
FCNC effects in down sector, as required by data. Despite the large number of parameters
the model makes characteristic predictions, such as correlations between b — su™u~,
b — sv, and B, — B, mixing, all of which involve the same combination g of fundamental
parameters. Also all couplings to right-handed down-type quarks are proportional to the
quark masses as in the type-II model.

We have studied in detail the rare decay B; — u™p~, calculated the Wilson coefficients
of the effective operators Qg and @ p, and demonstrated the consistency of the model by
showing that the UV counterterms follow the pattern of the spurion expansion. Next
we have calculated next-to-leading order (two-loop) QCD corrections to this process to (i)
verify that higher-order QCD corrections can be correctly included (e.g. all UV divergences
could be renormalised in the usual way plus countertems for our new couplings) and (ii)

— 24 —


http://ckmfitter.in2p3.fr/
https://hflav.web.cern.ch/

tame the sizable renormalisation-scale dependence of the Yukawa couplings. Then we
have studied the phenomenology of an FCNC coupling g, of the heavy neutral Higgs
bosons to top and charm quarks. We have found that —contrary to expectation— the
dominant contribution to the loop-induced 57,bpA° and 57,br H couplings do not come from
vertex diagrams with the neutral Higgs coupling to the internal top-charm line, but from
charged-Higgs couplings which inherit the dependence on g.; through SU(2) symmetry. The
corresponding diagram (FCNC self-energy with the neutral Higgs attached to the b line)
is enhanced by a factor of tan 5 compared to the vertex diagram, resulting in a O (tan3 B)
contribution to the By — ptpu~ amplitude which is absent in the type-II model. This
feature makes Bs — up~ a sensitive probe of the model even for Higgs masses well above
the lower bounds found by the LHC experiments. For small Higgs masses, however, b — sy
precludes large effects in By — p . In our model the dominant contribution to B, — By
mixing is naturally small due to a suppression factor of mgmy/v?; nevertheless By — B
mixing sets constraints on the parameter space for very large Higgs masses.
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