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ABSTRACT: In this article we study b — syt p~ transitions and possible correlations with
the anomalous magnetic moment of the muon (a,) within two-Higgs-doublet models with
generic Yukawa couplings, including the possibility of right-handed neutrinos. We perform
the matching on the relevant effective Hamiltonian and calculate the leading one-loop
effects for b — s€0"), b — sy, AB = AS =2, b — svi and £ — ('~ transitions in a general
R¢ gauge. Concerning the phenomenology, we find that an explanation of the hints for new
physics in b — sy~ data is possible once right-handed neutrinos are included. If lepton
flavour violating couplings are allowed, one can account for the discrepancy in a, as well.
However, only a small portion of parameter space gives a good fit to b — su™u~ data and
the current bound on A — 7u requires the mixing between the neutral Higgses to be very
small if one aims at an explanation of a,.
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1 Introduction

Two-Higgs-doublet models (2HDMs) [1] have been under intensive investigation for a long
time (see e.g. ref. [2] for an introduction or ref. [3] for a review article). There are several
reasons for this intense interest: first of all, 2HDMs are extremely simple extensions of the
Standard Model (SM) obtained by adding a single scalar SU(2) 1, doublet to the SM particle
content. Furthermore, motivation for 2HDMs comes from axion models [4] because a pos-
sible CP violating QCD-theta term can be absorbed [5] if the Lagrangian possesses a global
U(1) symmetry, which is for example possible if the SM is extended with an SU(2) dou-
blet. Also the baryon asymmetry of the universe can be generated within 2HDMs while the
amount of CP violation in the SM alone is too small to achieve this [6]. Finally, the Minimal
Supersymmetric Standard Model predicts the presence of a second Higgs doublet [7], due
to the holomorphicity of the superpotential. The effective theory obtained after integrating



out the superpartners of the SM particles (sfermions, gaugions and higgsinos) is a 2HDM
(with the addition of higher dimensional operators involving two Higgs doublets [8]).

2HDMs possess three additional physical scalars with respect to the single Higgs boson
of the SM; a neutral CP-even H?, a CP-odd scalar A° and a charged scalar H* (under
the assumption of CP conservation). These new particles are not only interesting with
respect to direct searches at the LHC (see e.g. refs. [9-17] for recent reports). In addition,
they give rise to important effects in low-energy precision flavour observables, providing
a complementary window to physics beyond the SM. In this respect, decays of neutral
mesons to charged lepton pairs (e.g. By = p*pu~, D — ptp~ and Ky — p*p~) are very
interesting because they are especially sensitive to scalar operators which possess enhanced
matrix elements with respect to vector operators. For this reason, Bs — pu*u~ (which can
be calculated more precisely than D — pu*pu~ or K, — putpu~ and has a larger branching
fraction than By — 1) has been studied frequently in the context of 2HDMs. However,
the focus was on models with natural flavour conservation (i.e. with a Zs symmetry in
the Yukawa sector) [18-24], alignment [25, 26] or generic flavour violation in the down
sector [27-30]. In all these setups, the dominant effect originates from scalar operators.
The current measurement of By — putu~ [31] (by ATLAS, CMS and LHCb [32-35])

Br[Bs — ptp Jgxp = (3.1 £0.7) x 1077, (1.1)
agrees quite well with the SM prediction [36, 37]
Br[Bs — utp Jsm = (3.57 £0.17) x 1077 (1.2)

This puts stringent constraints on 2HDMs with scalar operators contributing to b — su™* ™
transitions. Furthermore, LHCb found significant hints for new physics in b — s¢T¢~ data,
showing a coherent pattern of deviations from the SM predictions with a significance of
more than 4-50 [38, 39].) However, in order to explain these anomalies, vector operators,
in particular Oy, are necessary while an explanation of the anomalies with scalar operators
alone is not possible.

Within 2HDMs, vector operators at the dimension 6 level can only be generated via
loop effects. However, contributions to other loop-induced processes such as b — sy (for
which the SM prediction [47] is in very well agreement with the experimental average [31]),
b — svw, (where the experimental upper bound [48, 49] approaches the SM prediction [50])
or Bs — B, mixing [31] unavoidably arise and their constraints must be taken into account.
Therefore, an explanation of b — s/T/¢~ data in the context of multi-Higgs-doublet models
might require the introduction of right-handed neutrinos [51-53]. Furthermore, any model
with sizeable couplings to muons could potentially address the long-lasting discrepancy
between experiment [54] and the SM prediction?

Aay = ap " —as™M ~ 270(85) x 1071 (1.3)

ncluding only R(K) and R(K™), the significance is at the 4 o level [40-46].

2The SM prediction of a, is currently re-evaluated in a community-wide effort prompted by upcoming
improved measurements at Fermilab [55] and J-PARC [56] (see also [57]). With electroweak [58-60] and
QED [61] contributions under good control, recent advances in the evaluation of the hadronic part include:
hadronic vacuum polarization [62—68], hadronic light-by-light scattering [69-74], and higher-order hadronic
corrections [75, 76].



of 3-4 0. For definiteness, and in order to be conservative, we choose a value at the lower
end. In the case of lepton flavour violation, a,, is intrinsically correlated to lepton flavour
violating decays such as 7 — 7y whose bound must be taken into account. Furthermore, in
2HDMs also h — 7u gives relevant bounds [77, 78] due to the mixing between the neutral
CP-even Higgses.

In this article we want to investigate b — sutpu~ transitions within 2HDMs in the
light of the corresponding hints for new physics and its correlations with other b — s
transitions and a,. For this purpose, we will consider a 2HDM with a CP conserving Higgs
potential but with generic sources of flavour violation and the possible addition of right-
handed neutrinos. After establishing our conventions in section 2, we will use this setup to
calculate the tree-level matching on the effective Hamiltonian governing b — s transitions
and the leading one-loop effects in section 3. Section 4 is devoted to the calculation of
the matching on the AB = AS = 2 Hamiltonian, to a,, h — 7 and b — sviv. In our
phenomenological analysis in section 5 we will address the question if the hints for new
physics in b — sy~ transitions can be explained within 2HDMs without violating the
bounds from other processes, before we conclude in section 6.

2 Model and conventions

As outlined in the introduction, we supplement the SM by a second scalar doublet with
the same hypercharge as the first one. For the calculation of flavour observables it is
convenient to work in the Higgs basis [79-81] where only one Higgs doublet acquires a
vacuum expectation value and therefore the generation of the fermions and gauge boson
masses is separated from the couplings to fermions. Using the notation of ref. [82], we have

Gt H*
Q1 = | viH04ico |, Py = | m9tiao |, (2.1)
V2 V2

with v ~ 246 GeV. Gt and G are the Goldstone bosons and A° denotes the physical
CP-odd scalar, assuming that CP is conserved in the Higgs potential. The CP-even mass
eigenstates are

h® = H?sin(B — a) + HY cos(f — o),
(2.2)
HY = HY cos(B — a) — HYsin(B — a),

where we defined the mixing angle as 5 — « for easier comparison with the well-known
type-I/1I/X/Y 2HDMs. In the following, we will abbreviate sg, = sin(8 — a) and cgo =
cos(8 — ) and assume that h° is the SM-like Higgs boson with a mass of around 125 GeV.
We require cg, to be small (at most ((0.1)) such that its properties are compatible with
experiments [83, 84]. With these conventions the couplings of the scalar bosons to fermions



are given by

F

_ m

b= X[t G )
F=u,d,t,v

F
_ m
8y (s e s o

+inpFy(efiPr — & *PL)F,-AO]

— 2y (VyediPr—e VP ) i 40y (Uspeli Pr—elj U PL ) GH T+
V (U) is the CKM (PMNS) matrix, m! is the mass of the fermion F' = {u,d,¢,v} with
flavour index ¢ and

—u=-—m,=1mp=n9=1. (2.4)

We also allowed for the presence of right-handed neutrinos N with a Majorana mass term
—1/2M N¢N. This manifests itself in eq. (2.3) through the terms m" and ” which otherwise
would be absent. Note that m” corresponds to the Dirac mass term of the neutrinos which
is related to the physical neutrino mass via the see-saw mechanism. Assuming a mass scale
of the right-handed neutrinos at the TeV scale requires m” to be at most around 10 MeV.
Thus we can safely neglect its effect on the Higgs couplings to fermions and focus on €
which is decoupled from the neutrino masses and thus unconstrained.

We do not need to discuss the Higgs potential in detail since, in addition to the physical
masses and mixing angles, only the two Higgs self-couplings enter in our calculation in the
case of CP conservation. We will simply parametrize these couplings as A, g+py- and
Apo+p- and refer the interested reader to eq. (A.2) in the appendix for the explicit
expressions.

The Higgs basis defined in eq. (2.3) is useful for calculations and phenomenology since
fermion masses (generated from electroweak symmetry breaking) and the additional free
couplings are decoupled. However, this basis is not motivated by a Z, symmetry which
is capable to provide protection against flavour changing neutral currents. However, the
parameters f-:f; in the Higgs basis can be related to the ones within the four 2HDMs with
natural flavour conservation (type-I/II/X/Y) as

P &F
F Fmi B ij
€ij = Cy 0ij + o (2.5)

&€

The 55 are the flavour changing entries in the new basis, i.e. the corrections to natural

flavour conservation. The coefficients cgj and cf are given in table 1. In this basis, the

terms 55 break the Zy symmetry and lead to deviations from natural flavour conservation.



Type cd cy ¢, ! ct ct
I cot (B) | cot(B) | cot(B) | —sin(B) | —sin(B) | —sin(f)
II —tan(B) | cot (B) | —tan(B) | cos(B) | —sin(B) | cos(B)
X cot (B) | cot(B) | —tan(B) | —sin(B) | —sin(B) | cos(p)
Y —tan (B) | cot (B) | cot(B) cos(B) | —sin(pB) | —sin(B)

Table 1. Relations between the parameters 5 . of the Higgs basis and the new parameters EF in

one of the other four bases with 5” = c Y; 6” + E; /c~ The 5 . break the Zs symmetry of the four
2HDMs with natural flavour conservatlon and mduce flavour changlng neutral currents.

3 b — sft{~ processes

We define the effective Hamiltonian giving direct effects in b — s€0") and b — sv transi-
tions as

4G
Hy = f vl [ 30 col+ ST ot (3.1)
= K=9,10,5,P
with the operators
e o gs
g v, — P ,
Or 1672 o Os 16,2 rOG Y,
e? 2
Oy = 15N Pebli"ly, Ot = 15 Prbliy" sl (3.2)
2 2
1J — V3 IJ (& _ —
= P __“ p
O = fgmaslrblity OF = {25 Lblrysty

plus their primed counterparts which are obtained by exchanging P; and Pr. We did not
include tensor operators here since they are not generated at the dim-6 level.

In addition, we include four-quark operators which are generated by charged Higgs
exchange (analogous to Oy in the SM)

5
4G .
' = ——5VaVis 3 CxOx, (3.3)
K={LL,LR,RL,RR}

which can contribute to b — s¢/T¢~ processes at the loop-level. The operators are defined as
Oap = (5Pac) (¢Pgb) , (3.4)
with A, B = L, R and the colour indices are contracted within the bilinears.

3.1 Tree-level

At tree-level, in the approximation of vanishing external momenta, we only get contribu-
tions to semi-leptonic scalar and pseudoscalar operators from neutral Higgs exchange (see



Figure 1. Tree-level effects in b — s¢*/~ transitions induced by the flavour-changing couplings
553732. These diagrams contribute to the Wilson coeflicients of scalar operator ng,ﬁ" as given in
eq. (3.5).

figure 1). They are given by

2 2 l
167 My g« mléu

Y = (yn — yu) + Li’) :

4.2 2
gQSW‘/tb‘/tz mHi

4 .2 2
gzswvtb‘/?; M+

1672 m?%, . .
CH = Wl ((C%ayh + S%ayH) (5?1 - 561) +ya (5?1 + 5?1)) )

(3.5)
1672 m? mbdry
i = W d (255, Yh — YH —LI_J>,
S s ViV m2,, B\ TPy ( )
CgJ = 167 m%V 55 (02 Yn + 5% yH) (5?7 - 5?]) — YA (E?I + 5?]))
gast Vi Vi m 2\ P pa ’
where we defined
LZI:J =Yya (5?1 - 6?}) + (C%ayh + S%ayH) (‘%J + 65*1) ) (3.6)
and
2 2 2
Myt M+ Myt
ya = SI y Yn = }21 v Yn = g : (3.7)
miy, M, M,

In addition, we define for future convenience the squared mass ratios for heavy Majorana
neutrino, up-type quark and the W boson with respect to the charged Higgs

2 2 2
may. m:. m
N,
Ti= o, zi= g, Y=g (3.8)
mHi mHi mHi

We derived eq. (3.5) by working at leading order in the external momenta (which we
will also do for all following results). This corresponds to an expansion in my s and my
over the Higgs masses which we assume to be at least at the EW scale. For consistency,
one has to take into account all masses m; s and my in this expansion, also the ones
entering via Higgs couplings.® Equation (3.5) contains terms linear in light fermion masses
which therefore correspond to dim-7 contributions. However, since from the expansion in
the external momenta no dim-7 terms arise (the next non-vanishing order is dim-8), it is

3Note that it is a convenient feature of the Higgs basis that only the couplings which are related to
EW symmetry breaking contain fermion masses (unlike in type-I/II/X/Y). Thus one can directly expand
in these parameters without taking into account factors of sin «, tan 3, etc.



Figure 2. Feynman diagrams showing the 2HDM contribution to C§I) and Cé/) given in eq. (3.10),
eq. (3.11) and eq. (3.12).

consistent to keep these terms even though in the loop effects, to be studied later, we only
consider dim-6 terms.

The Wilson coefficients of the four-quark operators in eq. (3.3) due to tree-level charged
Higgs exchange read

dx{7* ~ux 2
4ejo VorEna Vnsmyy

Crr =
2 2 ’
92 V;fbv;;;mH:t
* U UK 2
Crp = _AViekaEna Vnsmiy
- b
gg‘éb‘éiqui (3.9)
d*x Y/ * d 2 :
CrL = _4€k2‘/2kv2n€n3mw
- bl
ggVibV{;méi
* U d 2
Crp = AVi5€ e Vanensmiy
- 2 2
gQ%bV;j:mH:t

3.2 b— sy

Here (and for all loop effects to be calculated) we do not consider multiple flavour changes
which are phenomenologically known to be small. Regarding the (numerically) leading
contributions due to the charged Higgs (see figure 2) exchange we therefore only have to
distinguish the top contribution (for which all particles in the loop are heavy) from the
charm contribution (where we set the mass equal to zero). For the first case the result is

given by
2 * U UK 2 * U d
C7Hi _ 1 myy Visersens Vs Filz) — 1my myy VisepsVanens falz3)
- )
I8 MZ,  g3VaVii 3mpy MZ. g3V Vi
2 _d d 2 _d
O L myy €53 32‘/!3n5n3f (23) 1 my myy, 5k§%’%52§,vn3f (23)
7 =" 15 1\&3) — 5 — 2(%3),
18 ngi ggv;tb {; 3my M}%[i ngtb t: (3 10)
C8Hi — 1 m12/V Vk*2511$352§v”3 f3(Z3) _ @ mlz/V VJQETI&%V?’”E?LS f4(2’3)
- )
6 M7 g3VaVis me M7 g3V Vi
2 dx{/7* d 2 dx{7* ~ux
CHE _ 1 myy €35V, Vanens my My €p3VayEn3Vn3
s = f3(23) — fa(z3),

6 M2  g3VaVi my M%. g3V Vi

which is in agreement with e.g. [29, 85, 86]. Since we assume the charm quark in the
denominator of the propagator to be massless, while we keep the leading term in the
numerator, there is a dimensionally regularised infrared singularity which has to cancel



with the EFT contribution originating from the four-quark operators defined in eq. (3.9).
The result at the matching scale p is thus given by

() = — 7 miy VigelaensVes 1 me miy Vineha Vanens <3 +4log ( w ))
I8MZ.  g3VaVie  3my M.  g3VaVi m2. )’
oty — _ iy Vi Vonctly  Lme miy <fsVieisVag <3 + 1og < 2 ))
I8 Mp.  g3VaVis  3me Mp.  g3VaVi M)
CBHi(,U) _ 1 miy ViaCkatnaVn3 e miy ViseinVanens <3+210g< T >>
3M2 ALY bMQ:t ALY m2.,))’
C/Hi( ): 1 mi/V 6k2v2k‘/2n6n3 mc m%/V €k2‘/2>‘;€€ Vn3 <3+210g< /.L22 )) ) (311)
3 Mp.  g5VaVis my M7 g3V Vis M+

()

The four fermion operators in eq. (3.3) mix into C7 5 (at order « 9) from the matching u
down to the B meson scale uyp, resulting in
C7 () = — dme mW szekz‘/?ngml (H%)
i 3my M7, g3VaVis p)’
C/Hi ( ) — 4mc m%[/ 6%;‘6*k€%§V"3 lo (Mg>
9

7mix\H 3mpy M. 93VaVi ©?

(3.12)
CSIHIX( ) C7m1x( )7

U (1 >—§ ().

8 mix 9 7 mix

Therefore, the dependence on the matching scale u cancels as required once both the hard
matching contribution and the soft contribution from the EFT are added to each other.
Since there is no constant term in eq. (3.12) the inclusion of the soft contribution just leads
to a replacement of p by pp in eq. (3.11).

While an explicit splitting into the hard matching contribution and the effect from
the four-quark operators is necessary if one aims at including «ay corrections, this is not
necessary at leading order and one can just add both contributions. In fact, since the
neutral Higgs contribution is phenomenologically small, a leading order estimate is sufficient
and we give here the sum of the soft and the hard contribution at the B meson scale py

HO mW523 2 2 d My
C7 () = 18622, ViV [633 (4 + Chayn + Staym) + 353 (3 + 2log (on )) YA

2
mW532
18g3m2,, ViiViy

2
(3 + 2log (%)) c%ayh — (3 + 2log (; s?gayHﬂ :
my, Ho

G () = = 3C7" (ju)
CEH (1) = — 30 (1 > . (3.13)

0
G () = [ 53 (ya + Chayn + s5aym) + 385



It is straightforward to use the NLO QCD corrections calculated in ref. [85] (for our
prediction with a top-quark in the loop), where QCD corrections in a generic 2HDM with
a discrete symmetry were considered. The Wilson coefficients C'7 and Cy can be included
by simply setting the couplings X and Y defined in ref. [85] to

2 X U UK
|Y|2 _Amyy Vinersers Vis

Xy* = — Amiy,  VipelsVaiels .

gamemy  VasVi,

The primed operators can be treated in an analogous way taking into account that C} = 0.

3.3 One-loop effects in b — s££(")

We will now calculate the “leading” one-loop matching contributions to the operators C (/),

C’g), C’g) and C’{Q. We will perform this calculation in a general R gauge expanding all
diagrams up to the first non-vanishing order in the external momenta, corresponding to
dim-6 operators. In addition, we neglect all quark masses, except for the top-quark and
integrate out all Higgses, W, Z and the top at a common scale mgw.

By “leading” one-loop effects we also mean that we will only calculate the loop correc-
tions to a Wilson coefficient if there is no corresponding tree-level effect. In addition, we
will neglect small effects originating from multiple flavour changes, i.e. 3 —+ 1 — 2. Thus,
since the tree-level contribution involve 533732, we will assume these couplings to be zero
when calculating the loop correction. Therefore, flavour violation in the quark sector can
either originate from the CKM matrix multiplying a diagonal 5;-‘2- or from the term &“;“»L;V]'Z'PL
which contributes both for diagonal and also off-diagonal elements E%’S Note that the latter
terms only enter via charged Higgs couplings to quarks. Hence, we just need to calculate
diagrams with a charged Higgs and/or W boson together with the corresponding charged
Goldstones. Finally, we obtain gauge-invariant results.

3.3.1 Self-energies and renormalization

Here we will discuss the renormalization which can be solely derived from expressions for the
self-energies. The reason is that in our setup (with 5‘213732 = 0) ultraviolet divergences only
arise in (pseudo)scalar operators originating from Higgs penguins and Higgs couplings are
intrinsically related to chirality changing self-energies (see ref. [87]). We will also use this
opportunity to illustrate the cancellation of the gauge dependence in the renormalization
of the quark masses. We performed the calculation in a general R gauge.

We begin by defining the self-energies as

b s .
, ( ) o =—i(pPLEL + p PR + Prubl o+ P 2lEY (3.15)



and we obtain the following expressions for b — s transitions

Lr _ €VisVismugzi
sb 327123124/(2,- —&y)

[log(fy) - log(zi)}

2V Vismpz; 1 (1
— —t | log(z;) — <1++log( >) 1
e85 VisVibehimu, 14 1 +log > _log (#) 2
872 € m%ﬁ zi—1 |’
shr _ eV Vismu, | 1 g (12 ) los(ai) e | (3.17)
872 € my. zi—1
s ©VigVisi 1 + log W] - VseniciaVii [1 + log 2k
sb 647252,y |€ m3,. 1672 € m3,.
27/ *
e“Vi5Vis€zi |:
— lo — log (z; }
2V Viszi
T N ey [6 log () y* + 3(2 — y*) —log (21) (8y” — 4yzi + 27 }
1287253,y (y — 2)
Vns3eni€ii Vo [ 2 2
. 1 — 4z + 322 — 2log ( z] 3.18
3272 (=1 + 2)° Z Z B .
dx ~d ViV 1 z-log(z-)
wRR _ £22°33Vip Vi3 s L 3.19
s 1602 |1—z  (z—1)2] (3.19)

with £ denoting the gauge parameter.

Let us now consider the general effect of self-energies on kinetic terms and quark masses
(see e.g. ref. [88]). First of all, one has to render the kinetic terms canonical, leading to
the shifts in the quark fields

2 J

These shifts then enter not only in all couplings but also in quark masses. Since the quark

L.R 1orr,RR\ L.R
qi7 —><5ij—|-2ij’ )q.’ . (320)

mass terms receive contributions from the chirality changing self-energies as well, we have
1 1
mydp; — mY; = <5fj + 2z§f> M0k <5ki + 225{*) + 3. (3.21)

The eigenvalues of this matrix after renormalization in the M S scheme are identified with
the physical quark masses, extracted from data according to the SM prescription. Note
that at first order in perturbation theory (i.e. linear in ¥), the eigenvalues just correspond
to the diagonal terms

1 1
mi <1 + §2§§R + 22#) + Sk (3.22)

where the dependence on £ drops out and thus rendering the renormalized parameter
gauge-independent, as required for a physical quantity. The rotations that diagonalize the
mass matrix as

Ufrmb Ul = misys; (3.23)

~10 -



read at leading order (considering only the s-b sector)

IyLL | 25 1vwRR , S8
; 1 23 + 5 " 1 2%03 + S
U= U=
ELR* ’ ERL*
ZLL* 23 1 ZRR* _ ~23 1
my my

These rotations, together with the shifts in eq. (3.20) result in

1+ 19kl nLp 4 S5 |+ InfR nRR 4 D
~ m, ~ m
Ut~ LR+ b ’ Ut~ SRL* ' ) (3.24)
—Ths L auy T 1+

This agrees with the diagrammatical approach of ref. [89] and confirms the statements
of ref. [22] that diagrams involving flavour changing self-energies can be treated as one-
particle irreducible. Thus, we apply eq. (3.24) to the couplings sglj and take into account
all self-energy contributions.

Let us now turn to the renormalization. As stated above, it can be determined solely
from the expressions for the self-energies. Unlike in the SM or in 2HDMs with natural
flavour conservation, our results for b — s¢™¢~ will be divergent for generic couplings Eij
The reason for this is that once €5 . does not correspond to a special case of the four 2HDMS
with natural flavour conservatlon (See table 1), the Z? symmetry in the Yukawa sector is
broken and no symmetry protects z-: . from being flavour changing. In fact, counterterms
to off-diagonal elements of sij are requlred to render the result finite. Since all divergences
originate from Higgs penguin diagrams, we can determine the 1/e structure of our results
from the self-energies. For this, we start with the interaction basis in which the Yukawa
Lagrangian is given by

— LBV — 4, (deng + efZH()) Ppd; + iy (YfZHO + efZH()) Prui,  (3.25)

where for simplicity we considered the neutral current part only. Assuming (3.25) is already
in the basis with diagonal mass matrices, the masses then are given by

m‘fcjtsﬂ = dede- + vuz—f;lci , m; = vy Y f; + V4 - (3.26)

Since the chirality flip on the fermion line in E%R always originates from an up-quark mass,
we can define

(Ykl Uy, + Ekl Ud) Ufz = E ‘dlv (327)
We keep only the relevant divergent part and we obtain
=d \/* zu
i Ca3ViatiVis 1 i ViVl
923 = 872 Z €’ T32 = 82 Z € (3.28)

We invert the relations in table 1 to go to the Higgs basis and set for consistency reasons
the quark masses to zero. Then we apply the rotations in eq. (3.24) and find

d S5 4 RR | S04 ey
05, = ( € <E + >) ey
23 b — 9y | 254 Obji »
my my div

J ZRL* I E%;%* 4

— * 'L] U*x

0e5y = (533 (2 > 822) — OpsEji >
3 div

mp b

(3.29)

- 11 -



Figure 3. Feynman diagrams showing the off-shell photon and Z penguin contributions to ng/()10)7
given in egs. (3.30), (3.31), (3.32).

where the definition for the bare couplings 53&?3))2 = 553’32 + 5&7%3732 was used. Again, note
that these counterterms are independent of the gauge parameter £. As we will see later,
these counterterms, inserted into the tree-level expressions for By — (14~ (see eq. (3.5)),
will render the results finite.

3.3.2 7 and v penguins

The Wilson coefficients originating from Z penguins and involving the charged Higgs (see
figure 3), are only relevant for top exchange and are given by

V* €u Eu*v 3
o) — _§,, 2 k27k3Tn3 TS (1 42 I -1
9 IJ 262V Vjt ( SW) ( 1(23) ),
Vi ela.eutV,
cld = 51{}%”3*"3([1@3) _ 1) ,
2e thVts
Ay v od (3.30)
C/IJ—5 k2 3k 3nn3 1_42 T -1
1J 262‘/21; ( SW) ( 1(23) )7
5 VA VAo
C%J SR k2Y3kY3n n3 (1—1(23) _ 1),

62 ‘/tb ts

where the loop function I (z) is defined in the appendix. Note that I;(0) — 1 = 0 justifying
that we only consider the top quark here.
For the off-shell photon penguin, also shown in figure 3, we obtain for the top quark

2
VioEkstns Vo myy

Cy? =6
O T TV Vs M2

f5(z3),
(3.31)

dx* {7 *
€ Vanela m?
CIIJ 5 17 k2 ¥ 3k’ on-n3 w f5(23).
27 §thV{§ M?{i

Concerning light-quarks, the hard matching contributions get amended by the mixing of
the four-quark operators in eq. (3.9) into Cy and C§. We obtain

9 VE el gur|/ 2 2
L (up) = 81 o 2 p2n2 8 T (19+1210g<]\5§ ))

27 QthV;ss Mi{i H* (3 32)

2 eBVy: Vo, 2
Ci7 () = b1 %ﬁQ%mylwmm<@>.
721 BVaVis My, M

- 12 —



The same result can be obtained by expanding eq. (3.31) in m; and then replacing m; in
the logarithm by the B meson scale pp,. Once more, note that at LO adding the soft to the
hard matching contribution is justified.

3.3.3 Higgs penguin and W-Higgs boxes

Here, contributions originating from flavour changing self-energies appear that are para-

metrically enhanced by
My,

t= % (3.33)

myp

for ¢« = 3. Using these definitions, the neutral Higgs penguin contributions involving a top
quarks and a H¥ in the loop, (see figure 4) read

d* 2
e mW
cL’ 22 — l;”{éﬂ t — 1) (3 V5 eta Vag — e Vb e sV
S(HH) — gis? Vts‘rtb< om2 .t 1 (23) t3(z3 )( 33Vk2€k3V33 — €33V32En3 n3)

2
— 210g (m/é > (2 (6%3‘/]:26%3%3 533‘/*25\%3‘/713) t3 + 2‘/;2513]‘3823‘/”3
H+

— VioeksensVns) — Io (23) Vieliaems Vs + 415 (23, 23) ‘6’55535%‘413}

2
I m
+ 214 (23, 23) Vaseiens Vaa L —5
mHi

mw
VE&ZWM@\%(%J + 5?1) [2(1 - I (23))Cﬂa9255a(yh — YH)

m A - A _
D () (Cﬂath_%wwfﬂqﬂ),
mg+ mpg+ mg+
C,IS‘I‘%H . mW LIJ[ 211(23)753(23—1)((533) Via€lsVas — 522522‘/*25“3‘/”3)
(HH) ™ 32, Vi Vi \m2, ?

2
/J' * *

+2log <m2 >(—5g3Vk25%35§3%3+ ((533> Via€lsVas — 522522‘%2%3%3) 753)
H+

+ ey (17 (25) £3358, Vi Vas + 215 (25, 28) Vielisei Vas) |

2
d 1% g My
— 214 (23, 23) €53 Viaepaess Vag LYy 2

H+

- 5gsvi€2€%3v33m7m\/5(5?1 +e) [2(1 — 11 (23))ca925pa(Yn — ym)

m A - A _
I () T <05a hoH H- Ao SﬁoyH)D'

mpy+ M+ M+
(3.34)

The charm contribution is obtained in the limit z — 0 and is explicitly given in the
appendix. The top quark contributions of diagrams including both W+ and H*, i.e.
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) > > {
c,t ¢t NHT 7
A 4
-
i Hy, ho, Ao i HO nO, A®
A 14 A /
nrJ

Figure 4. Higgs-penguin Feynman diagrams contributing to Cg p) ;) in eqs. (3.34).

s H™

— - - -

Figure 5. Mixed H-W box-diagrams and Higgs penguins contributing to C’g()II;)](HW) in eq. (3.35).

It is understood for the W diagrams that the Goldstone bosons are implicitly included.

mixed boxes and Higgs penguins with a W in the loop (see figure 5) yield the result

clJ _ 5%; 231 1 it 1[ [ ¢
s(HW) = 22\ 1 08\, + ‘f'g 3(y,23) Ly + Iz (23) €7y |

2
925w +
) N (3.35)
c'L €33 1o H LJJ_}_, (Z)LIJ+I (z)se*
S(HW)_iggslg/V 9 g m%H - o 16\23) L 2(23)€g1 | »

which constitutes a gauge invariant subset. The expressions for Cg)U are related to the

ones given above by

ol =cl/ cgl=cq’ . (3.36)

€¢I €¢I

The charm contribution vanishes in limit m. — 0 since the loop functions involved approach
zero in the approximation.

The sum of the results in eq. (3.34) and eq. (3.35) is renormalized in the MS scheme
using the counterterms of eq. (3.29) inserted into the tree-level expressions of eq. (3.5). As
a further check of the correctness of the result, note that in the limit of one of the four
2HDMs with natural flavour violation the result is finite without any counterterm.
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b H- l
c,t VA

Figure 6. Box diagrams involving only charged Higgses contributing to C( )wJ in eq. (3.37).

3.3.4 H¥* boxes

The expressions for the box diagrams involving two charged Higgses (see figure 6) are

given by
2
cl = T (VinerietVis) (e el s I (z) — UnpeletrUsIs (21, 25))
- QLQLS%VthV}*m%i k2¢kicni Yn3 mIcmJt1\~i Ipcpj m] Jm 18 <1y Lj
S
2
IJ -m
Cl() = 9432 ‘/%bV?mQ B (Vk*25k15 V )( m[gmjll(zl) + U[pﬁpjf UJmlg(ZZ,fE]))
2w m; " (3.37)
1J —w d d V4 L
Cé = g482 thV*mz (515 zzvlngn?)) (gm*IEmJll(ZZ) UIPE e":ijJmIS(ZZ?m]))
2°W ts''v g+
2
11T _ My ds 1 7% d ox
O’ = 12 VgV, (FR3VikVineh) (s 1)+ UtpeperiiUsn sl )

Note that e’ (¢) generates Cg = (—)C1o and Cfy = (—)C},. The limit m, — 0 exists and
the corresponding expressions for the loop-functions are given in the appendix.

3.4 Processes and observables

For b — su™p~ transitions it is helpful to distinguish three regimes, the one of scalar
operators (C’g) and CI(D/)), the one of vector operators (ngl) and Cfg) and the one of magnetic
operators (C() ). In By — £ processes both scalar and vector operators enter in the

branching ratio (see e.g. [29, 90])

G4 ME SW )
3275\‘41:‘48\ f(r7.r3) Mp, [, (mg, +myg,)” 8, (3.38)

% {| ( (CIJ* C/IJ*) (CIJ* C/IJ*)

me + mfh) (mff + ng)

Br [B, — £} ¢;] =
2

[1—(r1 —1))?]

(C/IJ* CéJ*) (mﬁl _ ng) 2

‘ (mfIf + ml]i)(mh + mﬁ]) (mfj + ng)

(CéJ* - CéIJ*)

[1— (r1+15)?] } 7

with f (r7,rs) and r; defined as

my

flrry) = \/1 —2(rp4ry)+(rr—ry)?, = MiB’. (3.39)

E]

Note that [29] uses a different definition for the operator basis. As one can see, the effect of

scalar operators is enhanced by a factor = M%S /(mymy with respect to the vector

max|[[], ])’
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ones. Thus, these processes (also since they are two-body decays) are most sensitive to
scalar operators taking into account eq. (1.1) and eq. (1.2). However, the effect of vector
operators cannot be neglected here, since they have different parametric dependences,
notably contributions independent of 5%-.
Concerning magnetic operators, the inclusive b — sy decay is most sensitive. The SM
prediction [47, 91]
Br[B — Xsy|sm = (3.36 +0.23) x 1074 (3.40)

has to be compared to the experimental value [31]
Br[B — XY]exp = (3.324+0.15) x 107, (3.41)

In case of vanishing C7 g one can use the numerical formula [47] to express the branching
ratio in terms of the Wilson coefficients* at the matching scale

Br[B — X,v] = (3.36 £ 0.23 — 8.22C7 — 1.99Cs) x 1072, (3.42)

Note that the contributions in egs. (3.11), (3.13), which would require the addition of the
four Fermion operators in eq. (3.9) are all proportional to e, which we set to zero in our
analysis. Finally, semi-leptonic decays are important to constrain vector operators since
their dependence on scalar ones is very weak [93]. However, many processes and observables
have been measured and one therefore should use a global fit to constrain Cg(,f)l’é“ (taking
also into account Bs — ptu~ if one assumes the absence of scalar operators). The scenario
with a lepton flavour conserving Cpg effect (C’{]O) and a contribution to Cy = —C4¢ with
muons only (Cy" = —C};) (following the conventions of ref. [94]) is phenomenologically the
most important scenario for us. We will discuss this in the next section.

Concerning the case of decays into tau leptons, one can calculate the semi-leptonic
processes using the relevant expressions for the factors. We use the results of ref. [95] and

find for tau leptons

107 x Br [B — Krt7 |92 = (1.20 1 0.15C) — 0.42 Cly + 0.02 C42
+0.05C12 +0.15CYT —0.42CTy +0.04CYTCY +0.10 CIF ¢4

3.43
+0.02C5P2 +0.05 C}“OP?) + (0.12 +0.02C05% —0.04 O (343)
+0.01C) — 0.04C}y + 0.08C12 4 0.01 CNF €1y + 0.01 Ci\g”) ,
107 x Br [B — K*rrr 1519 = (0.98 ~0.30Cl 4 0.12C}y + 0.05 C>
+0.02C72 +0.38CYY —0.14CLY — 0.08 CYFCy —0.03CRF 1,
(3.44)

+0.05CNP2 4 0.02 C%PQ) + (0.09 +0.03CNP — 0.01CNP

—0.01CYPClH —0.03Ch — 0.01 CHClo + 0.01 CH% — 0.01 C{é) :

4For a more detailed analysis included primed operators see e.g. ref. [92].
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} [15,18.8]

107 % Br [By — ¢rt7™ (0 86 — 0.28 C} + 0.10 Yy + 0.05 C}?

+0.01 12 +0.34CNF —0.11CN —0.08C5FCl —0.0200 C (3.45)
+0.05CYP? +0.01 CNP2> £ (0.06 +0.02CH* — 0.02C +0.02C13) .

For lepton flavour violating transitions one finds [96]

Br[B — K(T¢"] =107° (aKw

Cge' /ze ‘ + by ‘C’Z 4 sz'

) NN

Cgf/ /ZZ ‘ + bK*ZE’ ‘C + C/ZZ/

e axey brer aggp brc+epr CK*op dgcrppr
T 9.6+1.0 10.0£1.3 3.0+0.8 2.7+0.7 164+ 2.1 1544+1.9
ue 154+ 3.1 15.7+ 3.1 5.6+1.9 56+1.9 29.1+49 29.1+4.9

BI‘[B — K*£+E,_] = 10_9 <CLK*”/
(3.47)

/ / ’
+ Cxorpp Cﬂ@ le@ + dK*ZZ’ Cf le@

with

4 b— svi, B, — B, mixing, a, and £ — 'y

Let us now turn to the matching for the remaining b — s processes, b — svv and By — B,
mixing. In addition, we consider the anomalous magnetic moments of charged leptons
together with the closely related radiative lepton decays and h — 7u.

4.1 b — svv

For b — svv processes the corresponding effective Hamiltonian is defined as

Vv, 4G
iy = = *SEva; (CPOY + Ci Of) (1)
with the operators
o2 o2
o1’ = 6 55 Py (1 —vs) vy, OF = T6n ——5 SN PROVY (1 =) vy (4.2)
From box diagrams with charged Higgses we obtain
Ol = Y (Ve e U el U V() 43
L QQSW‘/;‘/I)‘/;;( I3 nIEnjgp] J) 1(2 ) ( )
IJ Y
CR = m( V VlElgU Ignj p]UpJ)Il(Zz). (44)
We follow [50] and define
2 2
Vier + ek _ —Re[CpCy]

Yoo Y e ekt
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This allows us to write the branching ratio in terms of

3 3
1 1
Ry = § E (1 —QHIJ)E%J, Rg+ = g E (1-{—!{777][])6%], (4.6)
(I.7}=1 (IJ}=1

where k, encapsules the dependence on the form factors. In ref. [50] this quantity is
evaluated using as input for the B — K* form factors a combined fit to lattice and LCSR
results performed in [97], finding x,) = 1.34 £ 0.04. The branching ratio reads

R 2R;
Br[B — X, ~ Br[B — X, (W) . (4.7)
2+ Ky
This has to be compared to the experimental limits [48]
R < 3.9, RYY < 2.7. (4.8)
4.2 B, — B, mixing
The effective Hamiltonian is defined as
5 3
HE'=* =) C.0,+> C,0,, (4.9)
a=1 a=1

with

0y = [3a7"Prmbal [367uPrmbs] s OY = [5aPrmybal [55Prir)bs)
O = [5aPrr)bs] [55Pr(rba) O = [5aPrbo] [S3PRbS] (4.10)
O5 = [§QPLb5] [§5PRba] .

We obtain at tree level (see left diagram in figure 7)

2 2
1 of S & 1
02:_5(5g§) ( ﬁza + ﬁ; T2 )7
My, Mp, M,

2 2
1, 4\2/( 5B 3 1
=5t (2 2 - ), (411
My, My, My

2
s c 1
_ d _dx Ba Ba
Cy = —523532< 7t —5 t+— ) :
mHO mho mAO

Like in the case for b — s¢™¢~, we only calculate a loop effect in the case of a vanishing
tree-level contribution, i.e. for 553,32 = 0. In agreement with ref. [29] we find for the pure
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Figure 7. Feynman diagrams contributing to B, — B, mixing. Note that the tree-level contribution
is absent for e4; = £, = 0.

H™ boxes
(Vk*Zg}cL 'E;L'*VEB) (Vm2€mz€nz V )
Cp=— — 5 I3(2j, 2i)
(522633‘/2‘/13) (522533‘/2‘/33)
cl = e C
Oy = (522‘/}*25 ‘/13)(522‘/;55 n3) vzzx/ (21, 25)
8772 H+ R (4 12)
! — (Vn25sz3533)(Vl2513 13533) \/Zz\/ ir (i, 2)
2 Q72 mH+ 10\<i5 <5 ) »
= (522‘/?25}3 W3)(V7:126umi%36g3) \/Zi\/'?J'I (i, 2;)
4 47‘(2 m%H 10 <3y <5 ) »
dx Y7 * d * U ux
(522 2V3€33)(Vm2€mk€nkvn3)
Cs = Jj2°J 5,3 (IS(Zjvzk) +11(ZJ)) )
H+

and for the W+-HT boxes

j252] ) (Wzg}tkvkiﬁ)IH(y:zkazj) 5

6472 mW
. d tre . (4.13)
= _92(822533Vk2vk3vj2vj3)1 (25, 2)
4 1672m?2 12025, 2k) -

The corresponding diagrams are shown in figure 7. The loop functions are given in the
appendix and once more we did not distinguish between the cases of light and heavy quarks,
since the contribution of the light quarks trivially follows by taking the convergent limit
zi — 0.

Phenomenologically, we only need to consider the contributions to C, since the other
Wilson coefficients are proportional to 6 - which we will assume to be small. The constraints
on NP crucially depend on the hadromc matrix elements calculated in lattice QCD. While
ref. [98] finds a preference for destructive interference with the SM, ref. [99] finds a pref-
erence for constructive interference. We will therefore use the ratio CN*/CM, where all
hadronic uncertainties drop out. We assume a conservative bound of +30%.
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4.3 £ — ¢/~ and ay

Since it is important for our phenomenological analysis, we generalize the formula of ref. [29]
to include right-handed neutrinos. Following the conventions of ref. [100] we define

Het = ¥ 0po,, PREFM + hie. (4.14)
with
4
ae, = _L;éz% [Cgﬂ , (4.15)
and
mg, FI|2 | | IF|2
Britr — £e7] = —Lre, (e + e ) - (4.16)

For the loop diagrams with charged Higgses we obtain

et _ M (UFkSkj emiUln) [223 + 525 — 1 627 log(a;) emngi*Fsﬁl
& 1927%m;, (1—a5)° (1 —a;)t 192m2m3,, (4.17)
lply emeF (UFkgk] n*UIn) 21‘3 + 5xj -1 61‘? 10g(.1‘]) emglekFaM .
19212m?,, (1—x;)3 (1—x;)* 192m2m2,, '

where we set the left-handed neutrino mass to zero. The neutral Higgs bosons give

Hx* H+H H +H 2

CEFEI _ Z B (mZFPJFF]] +m€1FjFF]I) +emz FF]F]I 3+210g % (4.18)

R 19272m2, 64m2m?, my
H={Ho,ho,Ao}

with

A .
FHO = Cga " 5FI — 55a5F17 FI;?I = Sga 5FI + C@a5F17 FF(} = lEZFI. (4.19)

Also here, we included the hard matching contribution together with the soft contribution
from the effective theory in the formula since we do not aim at calculating QED correc-
tions [101]. For our purposes we require only the lepton flavour violating decay 7 — uy
whose experimental upper limit is given by Br [t — uy] < 4.4 - 1078 [102, 103].

44 h—T1p
Here, we find for the decay width

3c2 mp m2\ 2
i i = 25 (e 4 JeP) (1- 27 (1.20)
h

with I'sy ~ 4.1MeV. This has to be compared to the current experimental limit [104, 105]
Br[h — 7u] < 1.43%. (4.21)

Due to the suppressed SM decay width, h— 7 will turn out to be surprisingly constraining.
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U
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Figure 8. Effect in By — B, mixing and Cf} in the e4;-¢%, plane for M+ = 400GeV assuming
all other couplings ¢ = 0. Note that the relative effect in C¥, with respect to the one in B, — By
mixing is to a good approximation independent of the Higgs masses. The small allowed regions in
the bottom-left (top-right) of the plot correspond to cancellations between boxes with two charged
Higgses and mixed boxes with W and H*.

5 Phenomenological analysis

In our numerical analysis we want to focus on the possibility to explain the hints for NP
in b — spTp~ transitions and a, within 2HDMs. Concerning b — sptp™ data, it is
well-known from global fits that a sizeable contribution to the Wilson coefficient Cy (and
possibly also Cg) is required to explain the data. Additional substantial effects in C¢ and
C, are possible. However, contributions to scalar operators must be suppressed due to
the strong constraints from By, — ptpu~ where they enter with an enhancement factor
of m2/ mz

Cy and Cyg can only be generated from v and Z penguins (see egs. (3.30)—(3.32))

or from charged Higgs boxes (see eq. (3.37)). Interestingly, all contributions to Cy and
d

Cio involve &5 but not E% while the effect in Cy, C, only appears once ¢f; is unequal to

zero. Furthermore, scalar operators involve both 5%. and £%. To accommodate the strong
constraints on scalar operators we will assume that 6?1- is negligibly small in the following.
As stated above, an effect in Cy is mandatory to explain the anomalies. However, the Z
penguin contribution to Cy is suppressed by (1 — 45124,) and the off-shell photon effect is

v
ij
left with a lepton flavour universal C{} effect (following the conventions of ref. [94]) to a

small due to the electromagnetic coupling. Hence, in the limit of sfj =¥ = 0 we are
good approximation. This effect is also strongly correlated to (and therefore limited by)
B, — B, mixing, as shown in figure 8. Note that this correlation is to a good approximation
independent of the Higgs masses. The bound from b — s in this setup turns out to be in
general weaker than the ones from B, — B mixing.
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Figure 9. Prediction for the decay of the SM-like Higgs boson h — Ty as a function of &5, under
the assumption that 553 is chosen in such a way that the anomalous magnetic moment of the muon
is explained. We used Mg+ = 400GeV, My, = 250GeV and M4, = 300GeV. For cg, = 0.003 the
whole 2 o region to explain a,, is shown while for cg, = 0.001 and cg, = 0.005 only the predictions
for the central value of a, are depicted.

Therefore, we need in addition the charged Higgs boxes if we aim at a good fit to
b — sutpu~ data. Here, 6?2 generates Cy = O} effect in muons only, while €5y gives
CcY = —C%. Let us first consider the case with only €§ 7 since these couplings are present
also in the scenario without right-handed neutrinos. Since we aim at an explanation of a,,
we focus on the elements 5£3732 which give an m,/m,, enhanced effect in this observable.”
For the numerical analysis we chose for definiteness m 4, = 300 GeV and mpy, = 250 GeV.
Even though a detailed collider analysis is well beyond the scope of this article, note that
the small values of cg, are compatible with direct LHC searches [83]. The effect in a,, is
directly correlated to h — 7p which strongly constrains cg, as shown in figure 9. The
bounds from h — 7u do not only depend on fewer parameters than 7 — puvy but are
even much stronger for 552733 = 0. Concerning b — s¢*¢~, the impact with 553732 # 0 is
small. Since the effect in a,, is chirally enhanced, it significantly limits the product e3¢5,
rendering the deviation from Cy = —C}; unimportant.

In a next step, we allow for the presence of right-handed neutrinos and E;jj = 0 where
the Cg‘,/ = —C% effect has to be added to C% from the Z penguin. The result is shown
in figure 10 where we can see that it is difficult to find points which give a good fit to
b — spTp~ data. While the effect of €/, # 0 in a, is always destructive, i.e. it increases
the discrepancy between theory and experiment, the effect is small since it is not enhanced
by m;/m,,. It is therefore possible to tackle b — syt p~ fixing €/, and da,, fixing 5?] semi
independently, while choosing the Higgs masses consistent with direct searches and taking
into account the smallness of cg,, required by A — 7. One can see that in order to be in
agreement with b — s¢T¢~ data, positive effects in By — B, mixing are preferred.

5Since it is a chirally enhanced effect, it has a free phase and can thus give a sizeable effect in the electric
dipole moment of the muon [100].
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Figure 10. Scatter plot with €3 39 95 33 and €5 59 39 93 33 varied between +1.5. Concerning the
masses we scanned over are (in GeV) my, € [100,1000], mgy+ € [100,500] and {mg,,ma,} €
[100,350]. In total, we generated 10 points. The red regions are preferred by b — s¢t¢~ data
according to updated fit of ref. [39] and includes the new LHCb [106] and Belle [107] measurement
of R(K) and R(K™), respectively. It is interesting to note that using the new fit significantly more
points lie within the preferred regions.

6 Conclusions

In this article we studied b — s transitions in 2HDMs with generic Yukawa couplings
(including right-handed neutrinos) with focus on b — sy~ transitions and its possible
correlations with a,. We first recalled the tree-level effects in b — s observables which
involve 533732. If these elements are zero or negligibly small, loop effects involving W bosons
and charged Higgses can become numerically important. We calculated these leading one-
loop corrections to b — sft¢~, b — svv and AB = AS = 2 transitions in a general
R; gauge and confirmed their correctness finding gauge invariant results. Additionally,
we discuss the treatment of self-energy contributions and renormalization in detail. In
addition, we provided the formula for 7 — u7y and a, including the contributions from
heavy (TeV scale) right-handed neutrinos.

Concerning the phenomenology, we found that without right-handed neutrinos size-
able contributions to vector operators can only be generated via photon and Z penguins.
However, this does not allow for lepton flavour universality violation and the effect in C’%
with respect to Cg is too big to give a good fit to data. Therefore, we included in a next
step right-handed neutrinos which lead in general to a lepton flavour universality violating
C’X = —C% effect. This can provide an explanation of the anomalies especially with the
recently updated b — s¢T¢~ data.

If we allow for Higgs to 7u couplings, we can explain the anomalous magnetic mo-
ment by a chirally enhanced m,/m,, effect. This leads at the same time to non-vanishing
branching ratios 7 — py and 7 — 3p which are however compatible with the experimental
limits. The effect in h — 7u is found to be dominant, i.e. most constraining. In case of an
explanation of a,, h — Tp requires a close alignment in the Higgs sector, i.e. very small
CBa- Furthermore, a small Cg‘,/ = +C% effect is generated which does not significantly
improve the goodness of the fit to data.
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2HDMs have a rich flavour phenomenology since they give effects in many classes of
observables. As we showed in this article, these models are in principle capable to ex-
plain the discrepancies between the SM and experiment. Once one allows for a generic
flavour structure and right-handed neutrinos, this provides a possible solution to the de-
viations in b — s¢T¢~ transitions and a,, even though some degree of finetuning is nec-
essary. Furthermore, also the anomalies in b — c7v processes [31] might be addressed by
2HDMs [29, 108-117]. However, these solutions are under pressure from the measurement
of the B, lifetime [118-121] and LHC searches [122]. Furthermore, also the €’/e anomaly
(see e.g. ref. [123] for a review) could be explained [52, 124], leaving 2HDMs still as one of
the most appealing NP scenarios.
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A Higgs potential and loop functions

We define the Higgs potential as

A
V(®1, ®2) = mH @[ @1 + m3y Bl — (M@ @y + mIz@i@;) + %(@{@1)2
A
+ 2 (0]@2)7 + A3 (] @1) (PLBo) + Ao (D] o) (PL1) (A1)

2
A 2 2
+ 5 ((@le)” + (@fo1)”).

Using the definition of eq. (2.1) and transforming to the CP-even mass eigenstates ac-
cording to eq. (2.2), we express mii, mag, ma1, A1 and A4 in terms of the Higgs masses.
Therefore, the remaining couplings are A2, A3 and A5. The triple Higgs couplings appearing
in eq. (3.34) are then given by

AhoHYH- = U580 A3, (A2)

)\HOH+H— = UCBQ)\g .

Note that with these conventions the expressions are as simple as possible and only As
enters.
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Loop functions. The loop functions that we used throughout our article are defined as

(12b (log (b) — 1) — 3b* (61og (b) + 1) + 8% + 7)

fl(b> = (1 _ b)4
hb) = (41og (b) + 3 — (216?2())? (b) +4) + 5b?) |
fab) = (3b(21og (b) (J; 1_) b—)46b2 + b3+ 2) |
o . 2
falb) = (21 g(sz_?)b);lb—i—b ) |
f(b) = 2 (121og (b) + 19) — 9b (4log (b) + 13) ~ 126b% + b> (181og (b) — 47)
T (1-b) (1-b) ’
~1-3b  2b?log (b)
log (b) b
I (b) = lolgszb —(1—b)(b)—1,
I3 (a,b) (Ta —b)b ~ 2b%log (b) (2a® — b? — 6a + 3b + 2ab) B 6a2blog (a)
- @02 (b-1) (@—b% " (A3)
Iy (a,b) = Va3v/blog (a) B Vavb3log (b)
Y = "D a—b)  (b-D(@-10b)’
B a’log (a) b2 log (b)
Bab) =1 -~ - Da-)’
Is(b) = —b+ b2blo_g ib) — b(b— 1)1 (b),
2 O,
I )= o - b(bl_gl(;;) — bn ()
B -1 b%log(b) a?log(a)
Lab) = G =i Y A= 02e—0 T U—a2b-a)’
B —ab ablog(b) ablog(a)
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La(a,b) = ablog(a) ~ ablog(b)

(1-a)(a—=b) (1-b)a—b)
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If the Higgs penguins contain a charm quark in the loop (whose mass we neglect), i.e.

z9 = 0, the loop functions simplify to

Ip(0) = —1,

L(0)=1,
I4(b7 0) = 14(0’ b) = 14(070) =0,
I5(b,0) = I5(0,b) = —1 + béof(f) ,
15(0,0) =-1,

I7(0) = 0,
Is(0,z5) = Ii(z;),

and the corresponding Wilsons coefficients in eq. (3.34) become
clJ —yegs LY
U 29353, ViV

2
— 2log < qu > (2 (€g3Vk*25z2V23 - 553‘/2*25%%3) t2
myy

d * dxyr* _u* * *
[4@ (£53VineiaVas — €53 Vonens Vana) + Vinelaens Vs

* _U* _U * _U* U * _U* U * uU*x U
+ Vs (2Vaaenachn + 2Varensess + 2Visensesy — Vk25n25k2)>
~ 4 (VpehoetiVia — I (20,0) (VselhelsVaa + Vil V)|

11J yLI—J
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