Eur. Phys. J. C (2017) 77:796
https://doi.org/10.1140/epjc/s10052-017-5370-z

THE EUROPEAN

CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Two Higgs doublet models and b — s exclusive decays

Pere Arnan', Damir Betirevi¢?, Federico Mescia!, Olcyr Sumensari

2.3,

1 Departament de Fisica Quantica i Astrofisica (FQA), Institut de Ciencies del Cosmos (ICCUB), Universitat de Barcelona (UB), Barcelona, Spain

2 Laboratoire de Physique Théorique (Bat. 210), CNRS, Univ. Paris-Sud, Université Paris-Saclay, 91405 Orsay, France
3 Instituto de Fisica, Universidade de Sdo Paulo, C.P. 66.318, Sdo Paulo 05315-970, Brazil

Received: 9 September 2017 / Accepted: 3 November 2017 / Published online: 22 November 2017

© The Author(s) 2017. This article is an open access publication

Abstract We computed the leading order Wilson coeffi-
cients relevant to all the exclusive b — s£7£~ decays in
the framework of the two Higgs doublet model (2HDM)
with a softly broken Z; symmetry by including the O(my)
corrections. We elucidate the issue of appropriate match-
ing between the full and the effective theory when deal-
ing with the (pseudo-)scalar operators for which keeping the
external momenta different from zero is necessary. We then
make a phenomenological analysis by using the measured
B(B; — utp™) and B(B — Kt 107 ) pigh—g2» for which
the hadronic uncertainties are well controlled, and we discuss
their impact on various types of 2HDM. A brief discussion
of the decays with t-leptons in the final state is provided too.
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1 Introduction

Physical processes driven by the flavor changing neutral cur-
rents (FCNC) are forbidden in the Standard Model (SM) at
tree level. Since they occur through loops, their measure-
ments offer alow-energy window to the particle content in the
loops. In other words, they do not only represent a fine test of
validity of the SM, but they also offer an opportunity to look
for the effects of physics (particles) beyond the SM (BSM) at
low energies. The main obstacle to the accurate comparison
between the SM theory and the experimental data lies in the
fact that the non-perturbative QCD effects are not under full
theoretical control. While the solution to non-perturbative
QCD is lacking, in some situations the hadronization effects
can be solved by means of numerical simulations of QCD
on the lattice (LQCD). Over the past couple of decades we
witnessed huge progress in reducing the uncertainties in the
LQCD results. Nowadays, an excellent theoretical control of
the neutral meson mixing processes promoted those FCNC
processes to viability tests of the New Physics (NP) model
candidates. Besides the oscillation frequencies of the neutral
meson systems, the processes based on b — s transitions
received a great deal of attention in the particle physics com-
munity. While the inclusive and exclusive processes based
on the penguin-induced b — sy decay have been, and still
are, a very significant constraint when building a NP model,
the processes based on b — s€1£~ received huge attention
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because they allow one to access another types of penguin and
box diagrams. With the advent of the Large Hadron Collider
(LHC) the measurement of B(B; — u ™) became possi-
ble [1] and the result appeared to be somewhat lower than
predicted [2]. The spectrum of dB(B — K u*117)/dg? has
been measured [3] too and in the range of large ¢ *’s it appears
to be larger than predicted [4-9]. A full angular analysis
of B(B — K*u*tu™) [3,10] and B(By — ¢utp™) [11]
revealed discrepancies in several observables with respect to
their SM predictions [12—19]. Moreover, the recent measure-
ments of Rx = B'(B — Kutu™)/B (B — Kete™) [20]
and Rgx = B (B — K*utu™)/B' (B — K*eTe™) [21]
were shown to be significantly lower than predicted [22].!
Those new experimental data helped discarding several NP
models and are currently used as constraints in building a NP
model.

Simultaneously with the research of FCNC processes, the
LHC experiments allowed observing the missing ingredient
of the SM, the Higgs boson, the mass of which has been
found to be m;, = 125.09(24) GeV [23]. While this was a
milestone of the LHC, the pending question of hierarchy of
scales remains open and a quest for physics BSM contin-
ues. One of the minimalistic approaches to building a model
of physics BSM is to extend the Higgs sector by introduc-
ing an extra Higgs doublet. Phenomenology in the scenar-
ios with two Higgs doublets appears to be very rich and
the associated models are generically called the two Higgs
doublet models (2HDM), cf. e.g. [24-27]. Nowadays the
experimental search of the additional Higgs bosons is one
of the main goals at LHC, in particular that of the charged
Higgs boson [28]. Like in the SM, introducing fermions to
the 2HDM context results in a plethora of new parameters.
To restrain the number of those parameters and to prevent the
appearance the FCNC at tree level it is common to assume a
peculiar pattern of Yukawa couplings. To test those assump-
tions one needs to compare many measured observables with
theoretical expressions derived in SM with the extended
Higgs sector. In this paper we elaborate a few lessons one
can learn from the measured b — su™ ™ processes about
2HDM with a softly broken Z; symmetry. In doing so we
will use two observables, namely B(B; — u™u™) and
B(B — K,u"’u_)high_qz, which are very well measured
experimentally and for which the theoretical control of the
corresponding hadronic uncertainties is established by the
LQCD computations [29]. For other observables the theo-
retical uncertainties are not as well assessed and one might
run a risk of interpreting the unknown hadronic uncertain-
ties as signals of physics BSM. We should also emphasize
that 2HDM alone cannot explain R[S(%) > R;X(g) because
only the scalar and pseudoscalar operators can generate lep-

1 'We use B/ (B — K™¢*¢7) to indicate that the decay rate has not
been fully integrated but only within the window ¢2 € [1, 6] GeV2.
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ton flavor universality violation in this framework, which
is not enough to accommodate the observed deviation from
the SM. A study along the line we are pursuing here has
been initiated in Ref. [30] in which the authors computed
the Wilson coefficients in the Aligned 2HDM (A2HDM),
for the operators relevant to the By — ™+ ™ decay. In this
paper we revisit their computation and extend it to include
the operators that are needed for the phenomenological anal-
ysis of B — K™ ¢*¢~ and other similar decays. While we
broadly agree with the results of Ref. [30], there are a cou-
ple of points in which we disagree. We will examine those
points, compute the remaining Wilson coefficients and use
our results to discuss the phenomenological consequences on
the 2HDM scenarios by comparing B(B; — utp~)?HPM
and B(B — K u“'u_)ﬁ:]ﬂ’lqz with their experimental val-
ues. We will then discuss the consequences on the similar
decays with t-leptons in the final state.

The remainder of this paper is organized as follows: In
Sect. 2 we remind the reader of the main general constraints
on the spectrum of scalars in 2HDM and perform a scan of
parameters by assuming the lowest CP-even Higgs state to
be the one measured at LHC. In Sect. 3 we write the low-
energy effective theory and present our results for all the
Wilson coefficients in Sect. 4. We compare our results with
the existing ones (in the limits in which the comparison can
be made) in Sect. 5 and elucidate the subtleties related to
the matching procedure in the between the full 2HDM) and
effective theories in Sect. 6. Phenomenological discussion is
made in Sects. 7 and 8. We briefly conclude in Sect. 9.

2 General constraints on 2HDM

In this section we remind the reader of the basic ingredients
of 2HDM, enumerate the parameters of the model and list the
main general constraints on the spectrum of scalars which are
then used to perform a scan of allowed parameters to obtain
the allowed ranges of the Higgs masses and couplings.

2.1 2HDM

We consider a general CP-conserving 2HDM with a softly
broken Z, symmetry. The most general potential can then be
written as
— 2.t 2 gt 2 (ot t
Al Ay
+ 5 (@107 + T2 (9;02)°
3D DI D) + Ay D] DD D,

A
+ 75[@1%)2 + ()17, (1)
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where the term proportional to m%z accounts for the soft
breaking of 72.2 The scalar doublets ®, (a = 1,2) can be
parameterized as

o0 b (x) 2)
alX) = %[va+pa(X)+ina(X)] '

with vy 2 > 0 being the vacuum expectation values, satisfy-

ing VM =/ v% + v%; it is already known from experiment
that vSM = 246.22 GeV [32]. In the following, for notational
simplicity, we will drop the argument of the Higgs fields. Two
of the six fields are Goldstone bosons, while the remaining
ones are four massive scalars: two CP-even states (k, H), one
CP-odd state (A), and one charged Higgs (H ™). These fields
are defined as

¢\ _ (cosp —sinp) (GT

o)~ \sinp cosp J\HT)"

m\ _ (cosp —sinp\ (G°

<n2> - (sinﬂ cos B ) (A )’ 3)

and

p1\ _ (cosa —sina (H
<p2> o <sina cosa > <h) “)
The mixing angles « and f satisfy

v2
tan f = —,
V1]

2(—m?, + A3450102)

tan 2o = 5 5 5
mi,(v2/v1 — v1/v2) + Av] — A2v;

&)

with A345 = A3+ A4+ As. The masses of the physical scalars
can be written in terms of parameters which appear in the
potential as

m%i = M?sin® (e — B) + ()q cos” a cos’ B
) .2 A3ds . . 2
+Xo sin” « sin” 8 + > sin 2« sin 28 |v~, (6)
m% = M?cos’(a — B) + (kl sin a cos” B
2 .2 A34s . . 2
+Apcos”asin® B — - sin 2« sin 28 Jv~, @)
my = M? — 507, ®)

2 We remind the reader that the Z, symmetry (&; — &, &y —
F&,) of the Lagrangian forbids transitions ®; <> ®;. Soft breaking
of Z, means that such transitions may occur only due to dimension-
2 operators (terms proportional to m%z in Eq. (1)) so that Z, remains
preserved at very short distances, cf. discussion in Ref. [31].

Table 1 Couplings ¢ in various types of 2HDM

Model &a Cu 144

Type I cot 8 cot 8 cot 8

Type II —tan B cotf —tan 8

Type X (lepton specific) cot B cot B —tan

Type Z (flipped) —tan cot cot 8
g+ A

m. = M*— T%z, ©)

where the Z, breaking term is now parameterized via M? =
mi,
sin Bcos B’

In the Yukawa sector, the Z; symmetry becomes particu-
larly important as it prevents the flavor changing processes to
appear at tree level [33]. Furthermore it enforces each type of
the right-handed fermion to couple to a single Higgs doublet.
Four choices are then possible and they are called Type I, II,
X (lepton specific) and Z (flipped) 2HDM [26,27].3 To be
more specific, we first write the Yukawa Lagrangian as

V2o _
Ly =—7H+{u [Cqa VmgPRr—C,myV Pl d~+E; vmg Pre}
1 0o
- = D & @ mPrflthe, (10)
f.@leth, H,A}

where u and d stand for the up- and down-type quark,
£ is a lepton flavor, f stands for a generic fermion, V
for the Cabibbo—Kobayashi-Maskawa (CKM) matrix, and
Pr.r = (1 F y5)/2. A specific choice of parameters ¢ s cor-

responds to the above-mentioned types of 2HDM, which we
0

also summarize in Table 1. Notice that the couplings E;fi
appearing in the neutral Lagrangian part can be mapped onto
the charged ones via

gf =sin(B — @) + cos(B — a)iy,
£l = cos(B — ) —sin(B — )¢y,
Ed=—ity, Ely=ilar. (11

2.2 General constraints and scan of parameters

To perform a thorough scan of scalars in a general 2HDM
we use the general constraints summarized below.

3 The model that we call Type Z or flipped 2HDM is sometimes referred
to as Type Y.
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e Stability:
To ensure that the scalar potential is bounded from below,
the quartic couplings should satisfy the relations [25]

A2 >0, A3 > —()»1)\2)1/2, and
A3+ Aa — [As] > —(Ma)'/2 (12)

Furthermore, the stability of the electroweak vacuum
implies that

2 2
5 ALVU] A3V )

2 viv2
(13)
5 +A2v§+kgv12 V] [ 2 (ath )UIUZ]
m — =—|mi, — — >
nt— 3 Ty, Mo 4t2s)—
(14)

which then allows us to express m%l and m%z in terms
of the soft Z, breaking term m%z and the quartic cou-
plings A1_s. These constraints should be combined with
the necessary and sufficient condition that the minimum
developed at (v, vp) is global [34]:

miy (3 — mip/ii /) (tan f — i /3a) > 0.
(15)
e Perturbative unitarity:
An important constraint on the spectrum of scalars within
2HDM stems from the unitarity requirement of the S-

wave component of the scalar scattering amplitudes. That
condition implies the following inequalities [35,36]:

latl, [+, lexl, [ f+1, leral, Lfils Ip1l < 8, (16)

where

3 9
at E(M +A2) £ Z(M —A2)? 4+ (2h3 4+ M4)?,

1 [ —
bj: = 5()\1 +)\.2) + E ()\.1 —)\,2) +4)\.4,

1 1 5 2
c+ = 5(?»1 + i) £ 5\/ (A1 — A2)= +4As,

el = A3 +2h —3A5, ez =3 — s,
fr=2A3+20 +3%s,  fo=2A3+2s,
fi=A3+M,  p1r=Ai3— A (17)

e Electroweak precision tests:
Finally, the additional scalars contribute to the gauge
boson vacuum polarization. As a result, the electroweak
precision data provide important constraint. In particular
the T parameter bounds the mass splitting between m g

@ Springer

and mpy=+ in the scenario in which % is identified with
the SM-like Higgs, cf. Ref. [37] for example. The gen-
eral expressions for the parameters S, T and U in 2HDM
can be found in Ref. [38]. To derive the bounds on the
scalar spectrum we consider the following values and the
corresponding correlation matrix [39]:

ASSM = 0.05+0.11,
ATSM = 0.09 £ 0.13,
AUM = 0.01 £0.11,

1 0.90 —-0.59
corr = | 0.90 1 —0.83 ]. (18)
—-0.59 —-0.83 1

The x? function is then expressed as

X =) (X = xR o — x5, (19)
iJj

where the vectors of central values and uncertain-
ties are denoted X = (AS,AT,AU) and 0 =
(0.11, 0.13, 0.11), while the elements of the covariance
matrix are obtained via al%. = 0;COIT; ;0.

As mentioned above, we identify the lightest CP-even
state i with the SM-like scalar observed at the LHC with
mass mj, = 125.09(24) GeV [32]. To forbid the dangerous
decays h — AA which could over-saturate the total width
of h (>~ F}SlM), we assume that m4 > mp /2. Moreover, we
impose the alignment condition | cos(f —«)| < 0.3, in order
to ensure that the couplings of & to V = W, Z remain con-
sistent with the values measured so far, which appear to be
in good agreement with the SM predictions [40]. The above-
mentioned constraints are then imposed onto a set of ran-
domly generated points in the intervals:

_rr 2 2
anpe 0250, «e(-3.7). |M|=02TeVv)
mpy+ € (my, 1.2 TeV), mpy € (my, 1.2 TeV),

ma € (mp/2, 1.2 TeV). (20)

A scan of parameters consistent with the constraints listed
above favors the moderate and small values of tan B €
(0.2, 15]. To see that the larger values of tan 8 cannot be
discarded it is sufficient to examine Eq. (6) in the alignment
limit. For that reason, and in addition to the free scan, we per-
form a second scan with m g ~ | M|, which helps us probing
higher values of tan 8, and we then combine results of both
scans. The combined results are shown in Fig. 1 in two planes,
(tan B, my=+) and (m 4, m y=). From the right panel of Fig. 1
we observe that the additional scalars become mass degen-
erate in the decoupling region (M2 >> v?), as it can be easily
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Fig. 1 Results of the scan described in the text

deduced from Egs. (6)—(9). We should also emphasize that
the results of our scans agree with what has been previously
reported in the literature, cf. [41-44].

In Sect. 8 we will confront the points allowed by our scan
with the experimental measurements of exclusive b — s
decays.

3 Effective Hamiltonian
The most general effective Hamiltonian describing the b —

s£{ transitions, made of dimension six operators, is given
by [45]

4G
Hef = \/; Vi Vs
X > (CiwO; () + CH(wO;(w) +he..  (21)
i
where
&2
O = ax )z(syMPLh)(eytte) Os = (1 )z(vPRb)(M) (22)
&2 &2
O = an )z(sy;LPLb)(ﬁy yst), Op = an )2(\PRb)(€y5€)
(23)
et = e =
Or = W(sa,wb)(ﬁv“ 0, Ors= w(smwb)(ﬁcr“ st),
(24)
and 07 = e/(4n)2mb(§(7wPRb)F“” is the electromag-

netic penguin operator. The operators with a flipped chiral-
ity, O 4 1.5 p» are obtained from 079 19,5, p by replacing
P, < ’PVR in the quark current.

The dimension six operators appearing in Eq. (21) are
sufficient to match the one-loop amplitude when the exter-
nal fermion momenta are neglected. This, however, is not
true if the computation is made with external momenta dif-
ferent from zero which is, in general, necessary when deal-
ing with (pseudo-)scalar operators. For example, in order to
get a correct expression for the Wilson coefficient Cp one

1200
1000 -
800
600
400"
200"

my= [GeV]

0 200 400 600 800 1000 1200

my [GCV]

needs to consider the external momenta, which then leads
to Cp mgmb/m%v, c.f. [30]. We therefore need to select
all situations in which one can obtain the terms of the form
(mgmb/m%,v)(’)p, such as

2 2

¢ s "L (54 Pib)(TP;0), or

mp _ =
——(§Pib)(£q Pjl),
()2 m W ’

e
4m)2 m
(25)

which can obviously be reduced to (mgmb/m%V)Op. As an
example,

o m( - o memp _ =
i - (5g PLb) (Lyst) = — —=—= (3 Pgb) (Eyst)
™ my, my
o memg _ -
— 5 GPb) (Eyst)
TT mW
_muznbop_mz;nso,P
myy nyy
mynip
~ ——0p. (26)
myy,

We should stress at this point that in the course of our
computation the contributions proportional to the chiral-
ity flipped operator Of ,, are suppressed by a factor of
my which is why they are readily neglected. A compli-
cation arises when encountering the operators with inser-
tion of P, + P in the leptonic current, with the conven-
tion b(pp) — s(ps)€ (p_)et(py), where we also use
q = pp — Ps = P+ + p—. A way to deal with that,
adopted in Ref. [30], consists in setting p; = 0, so that
Pyt P, =4+2p, =4¢ = p,+ p_, and in this way
one can again, like in the previous example, use the equa-
tions of motion. That way to deal with the problem in hands,
however, leads to an incomplete expression for C p, for exam-
ple. If, instead, one keeps all the momenta nonzero, we get
a complete result. At this point we just emphasize that the
matching should be performed by keeping all the external
momenta different from zero and the contributions stemming
from dimension-seven operators can be neglected at the very
end of computation. We further elucidate this problem in
Sect. 6 where we also propose a general framework for the

@ Springer
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2.2

Fig. 2 Photon penguin diagrams generated by the charged Higgs bosons

appropriate matching between the full and effective theories
in a case in which the (pseudo-)scalar bosons are explicitly
taken into account. Before closing this section we could also
argue that a term (memp/ m%V)O p could be obtained from
the dimension-eight operators, such as

a 1 _ -

E%(S(’m —pPORDYU(p, + pP;O). 27)
Such terms, however, never appear in our calculations and
we will limit our discussion to the dimension-seven operators

only.

4 Wilson coefficients

After unambiguously matching the full with the effective
theories we obtain the one-loop expressions for the Wilson
coefficients generated by the additional scalar particles. We
summarize our results in this section. For clarity we will write
them as

NPy

Cr = C7 ) (28)
NP,y NP, Z

Co=Cy 7 +Cy %, (29)

Cio=Cly %, (30)

CP — CPI?IP, box + CII\JIP, Z + C;IP,A (31)

CS — C?P’ box + C?P,h + CI;P’ H (32)

where the superscripts denote the types of diagrams that
contributes to a given Wilson coefficient, namely, the box
diagrams, the y, Z-penguins and the (pseudo-)scalar pen-
guins. These coefficients should be added to the (effective)
ones obtained in the SM: C; = —0.304, C9 = 4.211,
Cip = —4.103, and Cs p ~ 0 [46].*

Henceforth, we neglect the s-quark mass and give all our
results in the unitary gauge. To check the consistency of our
formulas, we also performed the computation in the Feyn-
man gauge. In the remainder of this section we present our

4 Special attention should be paid to the scalar penguin with the SM-like
Higgs to avoid the double counting since it also appears with modifica-
tions in AZHDM.

@ Springer

resulting expressions for each of the coefficients appearing
in Egs. (30)—(32). We use the standard notation,

2
2 2 m2,
_ "M _ My e

Xy =4 = THES oA (33
T m2 m2 % m?
W W 14

where ¢ € {b, 1}, and ¢ € {h, H, A}.
4.1 y-penguins in 2HDM

The y-penguin diagrams induced by the charged Higgs are
shown in Fig. 2. The off-shell and on-shell contributions can
be matched onto the Wilson coefficients C7 and Cog, respec-
tively, we obtain

NPy _ i« 2 Xt 7x12qi — Sxpg+x;s — 8xt2
7 “L 12 (xp+ —x;)3
6xpy+x;(3x; — 2xpy+) Xy+
+ log
(xp= — x)* Xt
w, Xt | 3xpt—35x;  2xp=(3x; —2xpy+)
— by 2 3
12 (xp — xp) (xr —xpg+)
X log< al ) j|
X+
(34)
and
NPy e 2 38x2s — T9xpy=x, + 47x7
o “' 108 (xp= —x;)3

6(4xi]i — 6x%lix, + 3x,3) XH+
— log
(xp+ — Xt)4 Xt

xoxp | =37x2 4 + 8xpzx; + 53x2
+;;§d”’[ g~ R

108 (xg= — xp)*

3 2 2 3
+6(2xHi +6x7: X — 9xpex; — 3x7) log (xHi>i| '

(g — x;)3 X
(35)
The dominant terms in both C;\I P and Cg P come from

the top quark contribution and are proportional to |z, |>. The



Eur. Phys. J. C (2017) 77:796

Page 7 of 21 796

3.2

Fig. 3 Z penguin diagrams generated by the additional scalars

Fig. 4 Box diagrams generated by the additional scalars

term proportional to ¢,/ ¢4 in Cé\l RET suppressed by m%, thus
it indeed is subdominant.

4.2 Z-penguins in 2HDM

The Z-penguin diagrams contribute significantly to the Wil-
son coefficients Cp, C9 and C1g through the diagrams shown
in Fig. 3. The leading order expressions for Cg and Cyo read

Co"% = Oy 7 (—1 4 4sin® 0y), (36)
NeZ o2 A7 1 YH*E
C = [&ul ) - 2
8sin” Oy L Xg+ — Xt (Xg= — xt)

()]
x log
Xt

Xt Xp |: Xg+ + X
16sin2 Oy | (xg+ — x1)%  (xg+ — x7)3

x log (xfi> ] (37)
t

Similarly, for Cp we obtain

2x: X g+

+¢5¢a

Sxpxexs [ x; —3xp+ 2x2 Xyt
Cp =t '[ e 1 log (-

16sin? Oy | (xg+ — x)%  (xpg+ —x;)3 X
2 A/XbXE Xt
+ 1&ul 216
38x12,_1i + 54x%[ix, — T9xpyx; — 108):11+x,2 + 47xt2 + 54):,3
(xg+ — x)3

6(4x?_1i + 9xzix1 — 6x%_1ixl — 18x?_lix,2 + 9XHiX[3 + 3x,3)

(xg= — x)*

x lo (xHi ) 3
& Xy 2 sin? Ow

[2)c§,i +36x2 0% — Txgex; — T2xp=x? + 11x2 + 36x7
X

(xp= — xp)?
6, (633, — 12x% 2% + 6xpex? + x7 Xpe
- 1 . 38
s — 3 Og( x )“ 35)

4.3 Charged Higgs boxes in 2HDM
The box diagrams, peculiar for 2HDM, are drawn in Fig. 4.

At low energy they contribute to the Wilson coefficients Cg
and Cp; we have

A/ XeXp Xt

CNP,box _
N - )
8(xy+ — xy) sin” Oy
x {¢ely al logx; — _AHE log xp+
Xt — 1 Xg+ — 1
2
X+ — x,
+ o)1 — 1
ke [ o —x) — 1) o
xp=(x; — 1) }
- log x =
(xgx —x)(xgs — 1)
X
+2¢4¢; log (—t> }
X+
(39)
and
NP box _ A
P 8(xpy+ — x;) sin® By
X {Q{j( al logx; — xilogx;,t)
X — 1 Xg+ — 1
2
% X+ — x,
- 1— Io
ke [ (e — ) — 1) o

@ Springer
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xy+(xy — 1)

(et — x) (e — 1)

* X1
()]

In additionto C SNlj; box , the tensor and (axial-)vector operators

receive contributions but suppressed by the lepton mass, i.e.
by x¢ = m% / m%v These coefficients are negligible even for
decays with 7’s in the final state as it can be verified by using
the expressions we provide in Appendix C.2.

longi:|

(40)

4.4 Scalar penguins in 2HDM

We now turn to the effective coefficients C;IP’ A, CSNP’ " and

C?P’ " generated by the scalar penguin diagrams shown
in Fig. 5. We recall that the total ultraviolet divergence
coming from these diagrams is proportional to the factor
(1+ ¢4 ¢4)(&y — a), which vanishes due to the Z; symmetry
(cf. Table 1).°

The penguins with the CP-odd Higgs give rise to

CNPA _ VXeXp Cexy
NPA —

sin? Oy 2xa
X+

{,f’x, 1 Xy+
X § = — log| —
2 |xpgs—x  (xpgs—x)? X;

Lu 3xy+x; — bxy+ — 2x,2 + 5x;
Z[_ (v — D= — x1)
Xy (x?ii — Txy+ + 6x;)
(g —x)*(xpg= — 1)
X2, (6} — 2x +4) + 367 (2x, — 2xp+ — 1)
- (e — 302 (x, — 1)2 Og’”“’

—+

logx g+

(41)

where we used ¢y € R; (1 + £,64)(§y — &) = 0. Similarly,
the penguins with the CP-even Higgs lead to

JXeXp Xp .
C?P’h . —L [sin(B — &) + cos(B — a) ]
sin” Oy 2xp,

X [gl sin(B — a) + g2 cos(B — @)

20? h
- g()m_z)‘HJrH— s

W
P H = NI T o8 — ) — sin(B — )]
sin“ Oy 2xH

5 Notice that this is not true in general. For instance, in the A2HDM the
divergences are canceled by contributions coming from the radiatively
induced misalignment of the Yukawa matrices. The alignment is only
preserved at all scales in the context of Z;-symmetric models [30].

@ Springer

X [gl cos(f —a) — g2sin(f — )

vy
— 80— X — |, 42
80 m%}v H+H ] (42)
o? - . . .
where A, ., are the trilinear couplings defined in Appendix

B. The functions go 1,2 are given in Appendix C along with
the amplitudes generated by each of the diagrams shown in
Fig. 5.

5 Comparison with other computations

In this section we compare our Wilson coefficients with the
results obtained in previous studies. Before doing so we
should emphasize the novelties of the present work:

(i) The result for Cy in a general 2HDM with a Z, symme-
try is new.

(ii) The subleading terms O(mp) to Co 10 have been
neglected in the previous computations, and they are
included here.

(iii)) We provided an independent computation of the coeffi-
cients Cs and Cp, and elucidate inconsistencies present
in Ref. [30], cf. Sect. 6, where we propose a general
prescription for matching procedure when the external
momenta are not neglected.

The effective coefficients Cs and Cp, in the context of
Type I1 2HDM, were first computed in Refs. [47-52]. In these
papers tan 8 was assumed to be very large, which consider-
ably simplifies the computation because in that case only the
box diagrams give significant contributions. We agree with
these results if we keep only the leading terms in tan 8 in our
expressions, namely

Cp = —Cs ~ tan” B

JXeXp X; i <)CHj: )
0 .
4 sin? Ow X+ — X; & Xt

(43)

Along the same lines, the leading order QCD corrections to
the same coefficients were included in Ref. [53]. Recently,
the computation of Cg and Cp was extended to the con-
text of a general A2HDM, which comprises all four types
of 2HDM with Z, symmetry discussed here but without the
usual assumption of large tan 8 [30]. We agree with their gen-
eral results, except for the expression for C ;IP’ Z which differs
from the one reported in the present paper. The disagreement
comes from the fact that the authors of Ref. [30] worked
with the assumption p; = 0, which appears not to be fully



Eur. Phys. J. C (2017) 77:796

Page 9 of 21 796

Fig. 5 Higgs penguin diagrams generated by the additional scalars

appropriate.® By keeping ps # 0 one realizes that the com-
putation of Z-penguin leads to two independent terms, one
proportional to py = pp + ps and the other to g = pp — p;.
By using the equations of motion, Cp s correctly receive
contributions from the terms proportional to ¢, but not from
those proportional to py. With p; = 0 only one invariant

© We should emphasize that we were able to reproduce the expression
for C I;IP’ z reported in Ref. [30] by taking p; = 0, which, however, is
not an appropriate assumption as we argue in the text.

4 14
l l
l 14
l l
4
L
4
l

5.18

appears, because py = ¢, and thus the resulting Cp s also
receive spurious contributions from pg.

Regarding the other Wilson coefficients, the first compu-
tations of C7 for a general 2HDM have been performed in
Ref. [54], then in Refs. [55-57] where the leading and sub-
leading QCD corrections were included too. Our results are
consistent with those, as well as with the expression for Cjg
presented in Ref. [S1] and more recently in Ref. [30]. The
only difference with respect to those results is that we include
the subleading terms in m;.
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6 Matching procedure

In this section we discuss in more detail the matching of the
one-loop amplitudes when the nonzero external momenta
are considered. We stress once again that keeping external
momenta nonzero is necessary to obtain the correct val-
ues for the Wilson coefficients Cs p. As we mentioned in
Sect. 3 the insertion of external momenta result in dimension-
seven operators which can be simplified by using equations
of motion, except in the cases when the lepton momenta
are to be contracted with the quark current and/or the quark
momenta to be contracted with the lepton current. The ampli-
tudes which need a special treatment, which give rise to the
terms o mgmb/m%v, are

[ N AN

Aij = 4 mw(s(p— PIPbEP;L),
1 —
Al = %—(EPib)(Z(]ﬂb +p,)Pil).
T m 44)

Al = 47 m (S(P = P)YuPib)Ey" P;0),

14 o s 7
Ayt = amwwfbwm + PV Pj0),

where i, j = L, R and s, b, ¢ are the fermion spinors. Note
again that our convention is b(pp) — s(ps)€~ (p_) €T (p4),
andg = pp — ps = p++ p—. Inour calculation, specifically,
the amplitude A?/. appeared in the computation of the Z-

penguin diagrams, while Afj and Ai‘;q are encountered when
computing the box diagrams.
In order to keep our discussion general, we first extend the

Hamiltonian (21) and include the following operators:

= — V,b LY (CE WO
i,j=L,R
T T
+ Cijq(u)(’)ijq(u)) +h.c., (45)
where
62
ge W—(sy“Pb)a (Lo Pj),
T
. . ) (46)
01 = ~ G a (50, Pb) (Ey " P;0),

with i, j = L, R.” We reiterate that even though these oper-
ators are suppressed by 1/myy, they are necessary to unam-
biguously match the loop induced amplitudes with the effec-
tive field theory. The above choice of the basis of dimension-
seven operators is convenient since they do not contribute to

7 Notice that we are not computing the QCD corrections to the Wilson
coefficients and therefore, at this order, we do not make distinction
between the ordinary and the covariant SU (3). derivative.

@ Springer

B(By; — w' ™), while for the other decays their hadronic
matrix elements are easy to calculate.

By using the Fierz rearrangement and by applying the field
equations, the amplitudes (44) are reduced to

AL, & —O0Tf 4 Ogn%’ 47)
Al o 0T+ 09— (48)
my
Or -0
AVt o —0T0 4 (O’ ! : D ) e (49)
myy
AVY o 0T84 (0 4 Q1= Ors) me (50)
4 myy
O/ - O/ np 09 - 010 nm
q 10 5
MR At 1
ALl < OLL + > mw > - (5D
O + O mp Og + O19 my
q OT(I 10 —_ 52
Alr < Orr + ) my ) my (52)
Os—0Op m
\%4 Tl S P b
Al < Opp + T mw
Or —Ors\ my
0. -0, — , 53
" ( s 2 ) 2mw )
O5+0p m
Va . _ Tt p Ms
Ar < O + ) my
@) (@)
+<OS+OP+ rt T5> " (54)
2 me

To remain completely general, in the above equations we also
kept the lepton mass and the mass of s-quark different from
zero. As an example we show the validity of Eq. (49). Using
p— — p+ = 2p_ — q, and by the multiple use of the field
equations, we can write

o
4 m

a
T Imm 7(5qV;APLb)(eVMPLK)

AlL = (sp Vi PLb) @y Pre)

o _
= Em[‘l(SPLb)(@ILPLK)

—2(5yu Pr p_b)(Ey" PLL)
| |

+ mg (5yu PLb)(Ey" Ppe) + my Sy, Prb)(Ly " PLO)
- Z(EPLb)(IZpbPLZ)]

Fierz 2 —[4me<sPLb><ePLE)
4 m

+ms(Syu PLb)(ﬁy“PLE)
+ mp(Syu PRD)(Ey" PLO) — S PLD)(E(p), + p) PLO)
+me(5 PLb)(Eys0)]. (35)

4(SPLE)(LPRp_D)

By applying the Fierz identity once again, we arrive at

ALZ Fierz WZZ <OS OT - OTS) _ OZ'Z] (56)
myy 4
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Clearly, for the appropriate matching of these amplitudes to
the effective theory, the operators appearing in Eq. (21) are
not enough and the extended basis given in Eq. (45) is nec-
essary. Once the matching is performed, the operators from
Eq. (21) could be neglected since they are 1 /myy suppressed
with respect to the dominant (dimension six) ones.

This delicate point can then be verified explicitly by com-
puting the Wilson coefficients C I{Z’ and Cglg which come
from the Z-penguin diagrams and the coefficients CLTf =
(e Z—Ig)* generated by the box diagrams. Their explicit expres-
sion is given in Appendix C.1.

We can now easily understand the source of our disagree-
ment with Ref. [30]. If one sets p; = 0 in A?e r of Eq. (44),
then just like in Ref. [30] one could write p, + p, = p, = ¢
which, by means of the equations of motion, yields

ny o _ -
Abr = —-—@GPgb) (E(Pr — PL)C) = /x¢Op, (57)
my 4w
which then in the actual computation gives a contribution to
Cp. With our procedure, we understand that this contribu-
tion does not come from Cp but actually from ,/x,C I{Z .In
other words, by using our definition of operators and of the
effective Hamiltonian, we find

A= X Op + 2%(§PRb)(ZpSPR£). (58)

Had we set p; = 0 we would have missed the contribution
of the dimension-seven operator. We emphasize, once again,
that -A?e r 18 a non-trivial operator with derivative which can-
not be straightforwardly simplified by means of equations of
motion.

Finally, after a comparison between ours and the result for
Cp presented in Ref. [30] we find®

\/x_lé Tqi| (this work)
— > —Crr . (59)
2 sin” Oy

In other words, the Wilson coefficient Cp of Ref. [30] con-
tains the Wilson coefficient of the operator O RZ, the matrix
element of which is not equal to the matrix element of the
operator Op but is, instead, suppressed by my as we explic-
itly check in the next section. For that reason the Wilson
coefficient of Ref. [30] is not well defined unless the basis of
dimension-seven operators is explicitly specified.

C;lsef‘[ﬁ] _ |:CP i

7 By - p*p~ and B — Kptp~ in 2HDM

In this section we give the expressions for B(B; — ut ™)
and B(B — Kt ™) to which we also include the contri-
butions of the operators given in Eq. (46). Those additional

8 Notice also that the notation of Ref. [30] is such that their Wilson
coefficient Cp, which we can call Cp, is related to our’s via Cp =

szxb’ép/ Sin2 Qw.

operators were necessary for the appropriate matching pro-
cedure between the full and the effective theories. However,
since they are suppressed by 1/my they are expected to be
negligible with respect to the dominant operators entering
the effective Hamiltonian (21). The purpose of this exercise
is to check whether or not the size of the matrix elements
of the operators (46) is indeed numerically insignificant for
phenomenology.

71 By — putp~

On the basis of Lorentz invariance and invariance of the
strong interaction with respect to parity, one can easily verify
that By — ut ™ is not affected by the operators Oiqu and

Oin, with i, j = L, R. The expression for the decay rate of
this process remains the standard one

202
—th a“Gymp B 2
B(B; — ¢He)h = IBSI;T |Vip Vi |
2 /|2
m% (Cp — CL)
2 2 B P
X fig,my {CIO ~Cio+ 2my(myp + my)
N
2 (2 2
o My (my — dmy)
+|Cs = ¢ A2 2 | (60)
my(mp + mg)

where 8y = /1 — 4m§/m%g. To compare Eq. (60) with the
available experimental value, one needs to take into account
the effects of By — B oscillations which, to a good approx-
imation, amounts to [58]

B(Bs — ¢Te7)™, (61)

1
B(By — £7¢7)™P ~ ;

s

where y; = AT'p /(2I'p,) = 0.061(9), experimentally
established by the LHCb Collaboration [59]. As we men-
tioned before, the dimension-seven operators (46) were cho-
sen in such a way that they do not contribute the By — £+~
decay amplitude.

72 B— Kutu~

In contrast to By — £+, the decay B — K{{~ receives
contributions from the operators of the extended basis (46).
To write the decay amplitude in a compact form, it is conve-
nient to use the formalism of helicity amplitudes (HAs). In
the absence of the (pseudo-)scalar operators, the total ampli-
tude can be schematically written as

M =MLy Pt + M), lo"" Pl + (L < R).  (62)
By describing the decay mode as B — KV* — K{T¢™,

where V* is a virtual vector boson, one can decompose the
total decay amplitude in terms of HAs,
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AL = MEB® & m),  and
= MLl eV (n),

L(R
Apst?

(63)

where 8’; (m) (withm,n = 0, t, ) are the V*-boson polar-
ization vectors, explicitly defined in Appendix A. We repeat
that the above decomposition is valid as long as the scalar
and the pseudoscalar operators are not present. To incorpo-
rate those contributions unambiguously one can assume the
lepton masses to be unequal (m¢, # my,) and then apply the
Ward identities,

2 _ _ ql/«

Liyuysta, £l = , Ciyuta,

liysty =
me, + Mg, ey — My,
(64)

to absorb the (pseudo-)scalar terms in the time-like coeffi-
cients A“®_ By taking the limit my, = my, in the final
expression one ends up with the desired HAs and the total
decay amplitude, from which is then easy to compute the
decay rate [60]. Notice that the contributions from C s P enter
the amplitudes As and A, defined as

Ar=_lim (A} —Af), (65)
Wl[lﬁmjz

As= lim [—m“ M A 4 Af)}. (66)
me;—>mg, /q

More details regarding this point can be found in Ref. [60].
We also need to stress that all the helicity amplitudes are
the g2-dependent functions, A; = A, (¢?). By applying the
method briefly sketched above we obtain

9 BB keteyh

dg?
2(q* — m3)
- Tﬁ[mgﬁ + 148171
2 2
—4m
+ Zm% |A,|2 + qTK|AS|2
g% +2m
+T[|A A(%z|2+|AtIE)_A(I)?t|2]
+ 4m?Re[AL* AR
8(q% — 4m?) 4(q* — 4m3)
L a4 L
3 3
x Re[A%.s(AL Ag,> — (L < R)]+4m?

x Re[AF (AR — AR) — ALr(Af — AR

— 2m\/q? Im[(A§ + AD*(Afy — AG, + (L < R))],

(67)
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where the explicit expressions for the helicity amplitudes are

N
L(R), 2 B
Ay (g7) = Nk
0 N7

2my,
+ fr(g®)
mp+mg

[f+(q2)[(C9 + Cy) F (Cio + Cip)]

(C7+Ch)

2
q T
—fT(qz)m[CL et CR,qL(R)]i| :

(68)

A 0D = -\, 2 m%a - m%(

(q7) =— Kfo(q )7

2 /
/ q (CP + CP)
- [Cm 0T Sy —my | ©
2 _ 2
As(@®) = Nk folg) 2K (cs + cy), (70)
mp — My
Aé;(R)(qz) l./\/’K)xl/z [fT(qz)m
crt . +cT
2 L,L(R) R,L(R)

+ g TR R ] (71)

C )"l/2
A @) = —iNg friq?) - (72)

B +mg

Al/z
Ars(g®) = AR = iNg fr(q )L (73)
B +mg

where the normalization factor also accounts for the remain-
ing phase space, namely

Q2GR VER M 1)
wK(qZ)F:rd—’ a2

74
51205my, 42 7

For brevity, in the above formulas, we used A, = A/ g2, my,

mye) and Ag = A(mp, mk, \/q?), where A(a, b, ¢) = [a® —
(b — ¢)*1[a® — (b + ¢)?]. The kinematic conventions and

the form factor definitions are collected in Appendix A. In
the limit in which the derivative operators vanish we retrieve
the usual expression for differential branching fraction [60].
The choice of dimension-seven operators (46) is convenient
also because their matrix elements are proportional to the
original hadronic matrix elements multiplied by ig". As it
can be seen from the above expressions the coefficients C; 7—.@

and C 7 enters the above formulas with the explicit 1/myy -
suppresswn factor. In other words, with the above formulas
and by using the Wilson coefficients presented in the pre-
vious sections, we see that the derivative operators (46) are
indeed irrelevant for phenomenology. Their presence is there-
fore essential for the unambiguous matching procedure in the
computation of Wilson coefficients but they do not alter the
phenomenological analysis even at the sub-percent level.
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Fig. 6 Results of the scan given in Fig. 1 after imposing the constraints coming from B(B; — u*u™)®P and B(B — Ku*u™)
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accuracy. Blue points are allowed by all observables, while gray points are excluded by B(B; — utu™), and the red ones are excluded by

B(B = K 1 pigh g2

8 Phenomenology and discussion

In this section we use our results for Wilson coefficients and
compare the experimental data for the exclusive b — s€1£~
modes with various types of 2HDM. We decided to focus
on B(By — pru )™ = (28707 x 1079 [1], and
B(B — Ku*’u‘)f:i(ghqz = (8.5+0.3+0.4) x 108 [3],
where “high ¢>” means that the decay rate has been integrated
over the interval g2 € [15, 22] GeV?. The reason for opting
for these decay modes is that the relevant hadronic uncer-
tainties are under good theoretical control. The hadronic
quantity entering the By — pu*u~ decay amplitude is
the decay constant, fp . It has been abundantly computed
by means of numerical simulations of QCD on the lattice
(LQCD) and its value is nowadays one of the most accu-
rately computed hadronic quantities as far as B(s)-mesons
are concerned [29]. The hadronic form factors entering the
B — Kutu~ decay amplitude have been directly com-
puted in LQCD only in the region of large ¢2’s [62,63],
which explains why we use B(B — KM+M_):1)1(gphq2 to
do phenomenology. Furthermore, since the bin correspond-
ing to g> € [15,22] GeV? is rather wide and away from
the very narrow charmonium resonances, the assumption of
quark—hadron duality is likely to be valid [61]. By using the
recent LQCD results for the form factors provided by the
HPQCD [62] and MILC Collaborations [63], the SM results
are

B(B — KI’L+/’L_)highq2

,(10.7+£0.5) x 1078
HPQCD

= [(10.0 +0.5) x 1078

MILC ]

(75)

both being about 2¢ larger than the experimental value mea-
sured at LHCb.? Since the current disagreement between the-
ory and experiment needs to be corroborated by more data,
we decided to impose all the constraints to 30 accuracy. We
will then discuss the impact of B(B — K;ﬁ‘p._)}e:i(gth on
2HDM if the current discrepancy remains, i.e. by requiring
the 2HDM to compensate the disagreement between theory
(SM) and experiment at the level of 2o and more. Notice also
that the measured B(B; — ™ ™)®*P is slightly smaller than
predicted, B(B; — utu™)SM = (3.65 £ 0.23) x 107°[2].

We now use the results of our scan from Sect. 2.2, and
we require the 30 agreement between experiment and the-
ory, which means that we add the generic 2HDM Wilson
coefficients derived in the previous section to the SM val-
ues. The result, in the (tan 8, m y+) plane, is shown in Fig. 6
for each type of 2HDM discussed in Sect. 2. We learn that
both B(B; — ut ™) and B(B — KWLM_)higth exclude

9 In the following we will average the results obtained by using the two
sets of form factors obtained in LQCD.
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Table 2 Allowed values of low tan 8 (at 99% CL) for the different
2HDMs. See text for details

Model

Type 1 Type I Type X Type Z

tan B8 > 1.0 > 0.9 > 1.0 > 0.9

the low tan 8 < 1 region regardless of the type of 2HDM
considered. The limit of exclusion of low tan 8 coming from
B(B — Ku* [t )pign g2 is slightly larger than the one aris-
ing from B(B; — p 7). The limit on low tan 8 obtained
in this way for each of our four models is given in Table 2.

Besides excluding tan 8 < 1, it may appear as a surprise
that the large tan 8 are not excluded by these data. The reason
for that is the fact that the (pseudo-)scalar Wilson coefficient,
with respect to the dominant (axial-)vector one, comes with a
term proportional to (mp, /m w)? which suppresses the large
tan § values. This feature can be easily verified in the Type II
model for which the coefficients Cg, p,inthe large tan § limit,
are given in Eq. (43). This is why only a small number of
points have been eliminated from our scan of Type II model
at large tan g but relatively light m y=.

Since the SM value is in slight tension with B(B —
Kut M’)}e}g’hqz at the 2.10 level, we can now check which
of the models discussed in this paper can be made consis-
tent with the experimental data if any disagreement beyond
20 between theory (SM) and experiment is to be attributed
to 2HDM. It turns out that two such models are Type II and
Type Z2HDM, which we illustrate in Fig. 7. For the other two
scenarios (Type I and Type X) the NP contributions are either
too small or already in conflict with B(By, — u™u™)*P,
From Figs. 7 and 8 we see that in order to explain the discrep-
ancy one needs a relatively light charged scalar: (i) mpg+ <
735 GeV and tan 8 > 2.3 in the Type II scenario, and (ii)
my+ < 380 GeV and tan 8 > 3.5 for the Type Z scenario.
Since the masses of the additional scalars are correlated, we
see that my and m 4 become bounded as well, cf. Fig. 8. In
the case of Type Il and Type Z 2HDM an additional bound on
the charged Higgs has been recently derived from the inclu-

1200
1000/
> 800
(0]
S 6004
T 400
200

0 10 20 30 40 50
tan 8

sive mode B(B — X,y). After comparing the experimen-
tal spectra with theoretical expressions in which the higher
order QCD corrections have been included, the lower bound
mpy+ > 570 GeV (95% CL) was obtained in Ref. [64] (c.f.
also Ref. [65]). This bound is superposed on our results in
Figs. 7 and 8, which then also eliminates Type Z 2HDM.
Furthermore, we can say that the requirement of agreement
between theory and experiment to 2o, for the quantities dis-
cussed in this section, reduces the available space of param-
eters for Type Il 2HDM to my+ € (570, 735) GeV, and
tan B € (16, 35), while the available range of values for the
mass of the CP-odd Higgs becomes m 4 € (145, 865) GeV.
In what follows we will assume that the 20 disagreement
of the measure B(B — Ku* /L_);ghqz with respect to the
SM prediction indeed remains as such in the future and dis-
cuss the consequences on the decays B(B; — t+t7) and
B(B — KtTt )yeng2 if the Type II 2HDM is used to
explain the disagreement. From Eq. (60) we can see that

B(By —» tft7)
B(By — t+t1—)SM

B(By; — M+M_)
B(By — ptpu—)SM

G512 m3,
OS2 (mp + my)?

(76)

where the only remaining m, dependence comes from the last
numerator in the factor multiplying |Cs—Cj | in Eq. (60). In
Fig. 9 we illustrate the validity of the above equality. Notice
that a tiny departure from equality comes from the large tan
values which enhance the Cg contribution. In other words,
the current experimental result B(B; — ™), which is
slightly lower than the one predicted in the SM, is expected
to lead to B(By; — t17)%P compatible or slightly lower
than predicted in the SM. The cancellation of the lepton mass
in B(B; — £+£_)2HDM, discussed above, does not occur in

B(B — Kﬁ+ﬁ_)ﬁglg¥q2. As a result we obtain

B(B — KT+.L.—)TypeII - B(B N KM+M—)TypeH
BB — Kttt—)M ~ B(B - Kutu—)SM ’

(77)
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Fig. 7 Results of the scan in Fig. 1 after imposing the » — s constraints to 20 accuracy. The hatched area is excluded by B(B — Xy) at

95% [64]. See Fig. 6 for the color code
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Fig. 9 We show the branching fractions of the decay to t-leptons with respect to their SM predictions, as obtained in the Type II 2HDM, consistent

with experimental results for the decays to muons in the final state

where we omitted the subscript “high-¢>” to avoid too heavy

a notation. [llustration is provided in Fig. 9. We can rephrase
this observation with an equivalent statement:

B(B - Kttt )M

B(B — Krtr—)Typell
< .
B(B — Kutu—)M

B(B — Kputpu—)Typell

(78)

To be fully explicit, we obtain

BB — Kttt7)

m S (112, 114)SM, (10, I.I)Type II-

high—q?

(79)

9 Conclusion

In this paper we computed the leading order Wilson coef-
ficients relevant to the exclusive b — s€7¢~ decays in
the framework of 2HDM with a softly broken Z; symme-
try. Most of these Wilson coefficients have been computed
previously but in the limit of large tan 8, which we extend
here to a generic setup. We also included O(mj) corrections,
which were neglected in the previous computations. Regard-
ing the (pseudo-)scalar Wilson coefficients, we elucidated the
issue of unambiguous matching of the one-loop amplitudes

between the full and effective theories which requires extend-
ing the basis of operators in the effective theory by includ-
ing two types of operators suppressed by 1/my (altogether,
eight new operators). We pointed out that for the appropriate
identification of the Z-penguin contribution to the Wilson
coefficient Cp it is necessary to keep all external momenta
different from zero.

After having computed the full set of Wilson coefficients
we were able to make a phenomenological analysis by focus-
ing on B(Bs — putp7) and B(B — Kutp pign_g2,
the quantities which are measured at LHC and for which
the hadronic uncertainties are under good theoretical control
(computed in LQCD). After carefully scanning the parame-
ter space of 2HDM with a softly broken Z, symmetry, we
tested various types of 2HDM against the experimental data
for B(By — pntpu™)®*P and B(B — KMJFM_)E?gPh_qZ, and
found that to 30 the values of low tan 8 < 1 are excluded
for all types of 2HDM considered here.

If, instead, we require the 20 agreement with experiment,
then only Type IT and Type Z models provide a viable descrip-
tion of the data. After combining ours with the bound on
the charged Higgs deduced from the inclusive b — sy
decay, we find that the Type Z model can be discarded
and
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Type Il : mpy= € (570, 735) GeV, my € (145, 865) GeV,

tan B € (16, 35). (80)

We also discussed the repercussions of the current results on
the decays B(B; — t+t7) and B(B — KT T )pign_g2-
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A Conventions and kinematics
Angular conventions

We adopt the same angular conventions for B(p) —
K (k)¢T(py)e~(p_) as those used in Refs. [60,66]. In the B-
meson rest frame, the leptonic and hadronic four-momenta
are chosen as g = pi + p" = (90,0,0,¢;) and k* =
(ko, 0,0, —q;), where

2 2 2 2 2 2
mp + —m mp +my —
qo:—B g K, ko:—B K 9 . and
ZmB 2m3
A2(mp, mi, q?)
q: = ) .
mp

In the dilepton rest frame the components of the leptonic
four-vectors are given by

Y = (E¢, |pelsinéy, 0, | pe| cosby),
Pl = (E¢, —|pelsindy, 0, —| pel cos 6y),

where E; = \/q2/2, and 6, is the angle between £~ (in the
dilepton rest frame) and the line of flight of the two leptons
(in the B-meson rest frame). The momentum py is given by

[Pl

_ A2/ q% me, my) 81)
2m '

B

@ Springer

Polarization vectors

In the B-meson rest frame we take the polarization vectors
of the virtual vector boson V* to be

1 1
el () = ﬁo, £1,i,0), &} (0) = J—?(qz,o, 0, 90),
1
ey (1) = ——=(q0, 0,0, ¢2). (82)

\/c?

These vectors are orthonormal and satisfy the completeness
relation,

> e ey () guw = g, (83)

n,n’
where n,n’ € {t,0, £}, and g,,, = diag(1, —1, —1, —1).
Hadronic matrix elements

For completeness we also give the definitions of the decay
constant ( f,) and of the form factors [ f 0,7 (qz)], quantities
which parametrize the hadronic matrix elements relevant to
the processes discussed in this paper:

(01by,cyss|Bs(p)) = ipyfs,,
2 _ 2
(R®Is7ub B = [(p 0y = =27, | 710

2 2
myp—m
+ %qumz),

(K (k)|5b|B(p))

q" (K (k)|5y,b|B(p))

my — myg
2 2
m —m
= "B TR ),
mp — Mg
_ _ , 2fr(q?, 1)
(R (0)[50,0b1B(p)) = —i(pky — ”“"”)ﬂ—w’

(84)

where for B — K ¢1¢~ the kinematically accessible ¢ val-
ues lie in the interval 4m% < q2 < (mp— mK)z. Notice that
we do not write explicitly the scale dependence of the quark
masses, nor of the scalar and tensor densities and of the form
factor fr(g?). In the actual computations the MS values of
these quantities are taken at u = my.

B Feynman rules
In this appendix we collect the Feynman rules used in our

computation. For the couplings between the gauge bosons
and the scalars we have
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W=
————— ignLW")‘ﬁi:er— glw
P
W+
(85)
where )\W+W, = sin(B — ), )»WJrW, = cos(B — «) and
AG\V*W* = 0. Similarly, we also have
N N H+
pk\ R
PN ie(p— — py)",
pP— 7
/fC}{*
(86)

w*
Py
)
B g)\le¢([)Hi+[) 0)
A @

. H*
(87)
where AHi‘” = cos(B — «), )‘HiW¥ = —sin(f — «),
and A4 y+ws = Fi, depending on the charges of the initial

particles. For the trilinear scalar interactions, we have

C Scalar penguins and auxiliary functions

In this appendix we give the expressions for the Wilson coef-
ficients generated by each diagram shown in Fig. 5. We also
give the expressions for the auxiliary functions (f; and g;)
used in this paper.

The penguins arising from coupling to (p? e {h, H, A}
contribute to the effective coefficient Cs p and can be gener-
ically written as

NP, ¢? NETET) ( ) ko)

C = E —RC C P s 90
$ sin? GW ©0)
NP0 /XpX¢ m2 : AT

= Z—mf i Im (g;" )c"’%, O1)

W= e}

where CX# is a common coefficient generated by the dia-
gram k, with &k = 1,...,18. Since, in our framework,
Qf’, QH € R and QA € i x R, it is clear that the CP-
even scalars & and H contribute only to Cg, whereas the
CP-odd Higgs A contributes only to Cp, as expected from
the assumption of CP conservation. We obtain in the unitary

gauge
Xt XH+ Xy+
1 - log
Xg+ — Xt XHE — Xt Xt

Xy 3x; — xg+
2(x g+ — x)?

o))

clel {zdg

Xg+ (XHj: — ZX;)

2
+
12l 5 P

N H- 5
N i
AN o Su {Cd(u |: . al P = xHix B log xp+
P - Z'U)\Lp'Jr B HE — Xt HE — Xt
7 (,0? e X 2x g+ — Xt) logx ]
O H* (g — x;)? g
4 2
2 Xt 3xpt —Xx; Y= Xy+
(88) + 18l 2(xy= —x,)2|: 2 Xyt — X; log( Xy )]}’
(92)
where the trilinear couplings read
N B mi[3 cos(e + B) + cos(ar — 3B)] + 4sin(2B) sin(B — a)m3,. — 4M? cos(a + B)
HTH= ™ 202 sin(2B) ’
N B m%[3sin(a + B) + sin(e — 38)] + 4sin(2B) cos(B — a)ym?,. — 4M? sin(a + B)
HYH- — 202 sin(2B) ’
Ay =0 (89)

These results agree with the ones given in Refs. [30,67] after
the appropriate change of basis and/or conventions.'”

10 Notice that our A is —A of Ref. [30].
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0
22 ¢
0 sin” Oy A - X, Xyt
C2¥ = —e 0 HIHZ }rich L log =) -1
i dra(xy: — X;) Xyt — X; Xy

2
, pY Xt xpt — 3x;
e T G el S

log x,],

o
el = %;dgj[ —A+

logxp+ —
X+ — Xt Xg+ — Xt
94)
el =0, (95)
o0 1[0 5x2—13x, —2  2x2 —6x2+9x, —2
CS"”I' _ _ i A — t _ t t 1
4 {S“ [ A —1)2 200 — 1)3 08X
OFA 2x2—x—7  x}—3x2+3x+2
Ol _ 1
e [ 27 A — 12 20—z Ep
(96)
0
o
e 0 PR x2—2x, — 11
Ccov — WIWZ | _gpa 4 2t = 7
0T T
3x(x? —3x, + 4
Xy Tk ) (Zc 1x),3+ ) logx,], 97)
-
el =8l =0, (98)
0
24

69*‘/7? _ MHw- {: 1 A+ xpt(xgx +2)logxy=
8 2 (gt — Dy —xp)
_ X (x; 4+ 2) log x; i|’ (99)

(o = Dxp= — x0)

o)
Cloe? _ M- { _ Cl[xr(xﬂixr —4xp= +3x;) log x;

4 2 (xr — D(xg+ — x,)?

xp+(xg+x, — 3x g+ + 2x)

1
G~ Dlge —xp? o
X+ xp+ log xg+ xy log x,
H :|+§d|:_A+H gH_tgt:H’
Xp+ — X; Xp+ — X Xp+ — X

(100)

0 0
where the couplings )\f‘ﬁw, and )L(givw are defined below
Egs. (85) and (87), respectively. The coefficient £,0 = -1

0 . éu”"‘
for ¢; = A, and +1 otherwise. Moreover, A = — DA —

2
yE + logdmr — log ('Z—‘;’) + 1 contains an ultraviolet diver-

gence which cancels out after summing up all the diagrams.
The diagrams (9.11)—(9.18) do not contribute in our compu-
tation, owing to the fact that we work in the unitary gauge.
To make sure that our resulting (total) expressions are gauge
independent we performed the computation in the Feynman
gauge too. In comparison with Ref. [30], we only disagree

@ Springer

with one of the signs in the expression for 59 , which we
believe is a typo.

The auxiliary functions go 1 2 used in Eq. (42) are defined
by

1 « X Xp+
= 1 —1
80 4(xg+ — x1) igd;u |:xHi — Xy og( Xy

2
2 X; Xp+ Xyt —3x;
1
el [2<xHi —x)? Og( X >+4<xﬂi —x»]}

(101)
f1= 2 tay [1 - g (xHiﬂ
X+ — X; Xg+ — X; Xt

) Xt Xp+ + X; _XHEXY Xpg+
+ 1%l 2(xHi—x,)2[ 2 Xg+ — X; log( Xy >i|’
(102)
2 = Ca(Caty + D fiu xge) + La (67) foler xps)
+Cal8ul® f30x, xp+)
+ GGl faCe, xp=) = & 18l f5 (e, xp+)
+ CufoCxr, xp=) — & fr(xr, xpg+), (103)
with
1
J1(xe, xg+) = o — 1) xt)[—xHi + x;
+ xpy+ logxy+ — x; log x], (104)

1 XHEXt X+
So(x, xge) = X — log ;
2(xyg+ — xt) Xyt — Xt Xt

(105)
1 x2,. log xp+
f3(xp, xge) = ———— | xg+ — M
2(xyg+ — xt) Xyt — Xt
n X 2xp+ — x;) logxti|’ (106)
Xg+ — Xt
_ 1 X Bxy+ — x4)
f4(~xl‘3x1‘1i) - 4(xHi _xl)z[ 2
2
X754 X
_ Ltlog (xHi)i|’ (107)
Xg+ — Xt Xt
_ 1 X (xg+ — 3x4)
fj(Xt,XHi) - 4(XH:E _XI)z[ 2

_xgEx (g — 2x;) log (xii> ]’ (108)
XH+ — Xt Xt
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XH+ (XH:t.X[ — 3XH:t + 2x,) IOgXH:t

f6(-xl"xHi) =

1 |:x,(x,2 —3xg+x; +9xy+ — 5x, — 2)

f7(xl"xHi) =

20x — 1)

20xgx —x;) 4(x; — 1)? 20t — D(ige —x1)

x,zii(—2xt3 + 6)6,2 —9x; +2) + 3xHix12(x,2 —2x,+3) — xt2(2xl3 _ 3x12 T35+ 1)
" 3 log x; |, (109)

2(x; — 1)°(xg+ — x¢)
! O +x —8)(xpyr —x;)  xp=(xp= +2)
- log x g+

2(xpg= — X¢) 4(x — 1)2 20xp: — 1)

4 O = 3x7 + 3% +2) + 3 = 27 logxt] (110)

Notice that in the above expressions we assumed the cou-
plings ¢y € C in order to keep our formulas as general as
possible, although in the body of the paper we consistently
used ¢r € R.

C.1 Wilson coefficients for the derivative operators

In this subsection we present the explicit expressions for the
Wilson coefficients relevant to the derivative operators given
in Eq. (46). From the Z-penguins we obtain

5 /XbXs 3(x%,i — Sxpg+x; — 2xt2)
72 (xg+ — x;)3

n 18xHix,2 log Xg+
(xp= — x0)* Xt

2 2
7xHi — Sxpg=x; — 8x;

T
CRIZ = [ul

—25sin%6
' W[ (e — )3

6xg+x; (2xg+ — 3x;) <xHi> “
— log

(xg+ — xt)4 Xt

+§*§_ ﬂx, 3(.XH:t — 3xt) 6XH:t (XH:E — th)
usd™og (xp+ —x1)2 Xp+ — X;
()
x log
Xt
1 4sin? 0y Sx; —3xpgx 2xp=Q2xpgx — 3x;)
(ep= — x1)? (xp= — x;)?

(111)

()]}

I
and 10 =11 (1 ST

- — ) Similarly, from the box
2 sin” Oy

diagrams we get

A/ Xe Xt

4(xp+ — x;) sin? Oy

Cli = —¢uti

1 xgx(l —xg+)logx;
[ (g =1 (g —x) 0 — Dy — 1)
xgx(x; + 1 —2xyx)logxpy=
(gt —x) (e — 1)2 }

(112)

and C7} = (cTH*.
C.2 Wilson coefficients suppressed by m,

In addition to the Wilson coefficients given in Sect. 2, in
the computation of the box diagrams one gets contributions
suppressed by the lepton mass. For completeness, we give
these contributions here. We obtain

mxt
32(x g+ — x;) sin? Oy
x: log x;
[(xt — Drgs —x)
xy+logxy+

(g — Dyt —x0)

T(5) = é—;Q

xr —logx; — 1
(xr — 1)2
(113)

and

1
CNPbox _ _ XeXi { 2 2|: _
? 16 sin? Oy Sul"12e] Xp=t — X;

Xt X+
—1
* (xp= —x;)? 0g< Xt )]

i (x7 +2) log x;
+ 2Re[¢u¢, ]|:(xHi —x)(x — 1)

_ (xHi +2)10g)CHi Te
(et —x) (e — 1)“ +2V/xRe (CLL> :
(114)

NP, box XeXt 21, 12
" = ———alPlel| - ———
16 sin” Oy XH+ — Xt

Xt Xg+
— 1 —
- (xpe — x0)? 0g< Xt )}

% (xr —2) log x;
+ 2Re[¢u g, ][(XHi —x) (e — 1)

B (xg+ —2)logxpy+ i“
(xg= —x)(xg= =1 ])

(115)
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