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We present the QCD corrections to R, and to the AB = 1 effective Hamiltonian in models with a
second Higgs field that couples to the quarks respecting the criterion of minimal flavor violation, thus
belonging either to the (1,2),/, or to the (8, 2),, representation of SU(3) X SU(2) X U(1). After the
inclusion of the QCD corrections, the prediction for R, becomes practically insensitive to the choice of
renormalization scheme for the top mass, which for the type-I and type-1I models translates in a more

robust lower bound on tanB. The QCD-corrected determinations of R, and BR(B —

.y) are used to

discuss the constraints on the couplings of a (colored) charged Higgs boson to top and bottom quarks.
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I. INTRODUCTION

One of the main goals of the present experimental pro-
gram at the Tevatron and at the LHC is the search for the
Higgs boson(s) in order to elucidate the mechanism of
electroweak symmetry breaking (EWSB). In the standard
model (SM), the latter is realized in the most economical
way via a single Higgs doublet. This minimal realization
predicts a single neutral Higgs boson, whose mass can be
constrained, from electroweak precision data and the direct
search limit from LEP, to be lighter than ~200 GeV.
However, at the moment, there is no direct experimental
evidence for a neutral Higgs boson or any other scalar
particle like, for example, a charged boson that can be
present in models with a nonminimal Higgs sector.

The LHC is going to explore physics up to the TeV scale
in order to search for the Higgs boson, as well as for any
new phenomenon that would confirm the widespread ex-
pectation that the picture of particle physics in terms of the
SM is incomplete. However, new particles with mass in the
TeV range that couple to quarks at the tree level can modify
the predictions for flavor changing neutral current (FCNC)
processes. Thus any extension of the SM, starting from the
simplest we can think of, a two-Higgs-doublet model
(2HDM), needs to face the problem of avoiding conflicts
with the strict limits on FCNC processes.

Glashow and Weinberg addressed this issue proposing
the principle of natural flavor conservation (NFC) [1],
which requires that the matrices of Yukawa couplings to
up and down quarks for all the Higgs fields be diagonal in
the basis where the quark mass matrices, MY"?, are diago-
nal. This implies that, with the exception of models with
vectorlike quarks that mix with the ordinary ones, NFC
models do not have tree-level FCNC couplings. In the
2HDM case, NFC can be realized imposing the sufficient
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condition that each of the quark mass matrices is obtained
from a single Higgs field. This can be enforced via a Z,
symmetry that acts differently on the two Higgs doublets,
leading to two possibilities usually referred to as type-I
(i.e., the model in which both up and down quarks get their
masses from Yukawa couplings to the same Higgs doublet)
and type-II models (where up and down quarks get their
masses from Yukawa couplings to different Higgs
doublets).

A less-restrictive way to suppress FCNC processes, still
avoiding conflict with the experimental bounds, is to con-
sider the criterion of minimal flavor violation (MFV) [2],
which amounts to assuming that all the new flavor-
changing transitions, including those mediated at the tree
level by electrically neutral particles, are controlled by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. Thus, the
MFV hypothesis requires that all the flavor-violating inter-
actions of the new particles present at the TeV scale be
linked to the known structure of the Yukawa couplings.

The enforcement of the MFV hypothesis to the case of
multi-Higgs models has been recently investigated by sev-
eral groups [3-5]. In particular, in Ref. [3] it has been
shown, via group-theoretic arguments, that the MFV hy-
pothesis can be enforced requiring that all the Higgs
Yukawa-coupling matrices be composed from the pair of
matrices Y'Y and Y? that are responsible for the breaking of
the SU(3)y, X SU(3)y, X SU(3)y, quark flavor symme-
try. This requirement restricts the allowed SU(3) X
SU(2) X U(1) representations of the Higgs fields that can
couple to the quarks to either be equal to that of the SM
Higgs field, ie. (1,2);/,, or transform as (8,2).
Examples of the former case, besides the NFC type I and
IT models, are the aligned model of ref. [5] or the class of
2HDM presented in Ref. [6]. The latter case is quite differ-
ent, because the second field does not acquire a vacuum
expectation value (vev) and does not mix with the SM
Higgs field. Thus the scalar spectrum of this model con-
tains a CP-even, color-singlet Higgs boson (the usual SM
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one) and three color-octet particles, one CP-even, one
CP-odd and one electrically charged, which are split in
mass proportionally to the SM-Higgs vev [3]. These col-
ored scalar particles give rise to an interesting phenome-
nology for the LHC, not only because—if they are not too
heavy—they can be directly produced, but also because
their indirect effects can influence flavor, electroweak and
Higgs physics [3,7-10].

Models with a second Higgs doublet present a new and
interesting phenomenology, in particular, related to the
presence of a charged scalar. In the flavor sector, decays
mediated by a weak charged current are the natural place
where effects due to a charged Higgs boson, H, can show
up. In the electroweak sector the observable R, = I'(Z —
bb)/T'(Z — hadrons) shows a sensitivity to H" because of
the specific vertex corrections introduced by the interaction
of H" with the top and bottom quarks. Many studies (for
the most recent see, e.g., Refs. [11-13]) used various
combinations of flavor and electroweak observables to
constrain the parameter space of the type-II 2HDM, which
garnered most of the attention because of its property of
having the same Higgs-sector realization as the minimal
supersymmetric standard model (MSSM). Other studies
[14—-16] explored the parameter space of 2HDMs uncon-
strained by a Z, symmetry, with the second Higgs doublet
still in the (1, 2), /, representation.

The theoretical accuracy of the predictions in the 2HDM
with MFV is not yet at the same level as in the SM. Here we
take a first step in improving this situation, by (re)consid-
ering the QCD corrections to two observables, R, and
BR(B — X,vy), which allow to set important constraints
on the mass and couplings of the charged scalar. The QCD
corrections can play a relevant role in reducing the error of
the theoretical predictions, a well-known example of this
fact being indeed the radiative decay of the B meson. The
present knowledge in the 2HDMs of the two observables
we are considering can be summarized in this way: in the
case of models with a second Higgs doublet in the (1, 2), »
representation, the complete one-loop calculation of
['(Z — bb) is available [17], but (to our knowledge) no
QCD corrections to the charged-scalar contributions are
known. The process B — X7 is instead fully known at the
next-to-leading order (NLO) in QCD [18-21]. The case
with colored scalars in the adjoint representation of SU(3)
is less studied. The one-loop charged-scalar contribution to
I'(Z — bb) was reported in Ref. [7] (see also Ref. [22])
while for the radiative decay of the B meson only a partial
result for the leading order (LO) Wilson coefficients of the
magnetic and chromo-magnetic operators has been pre-
sented [3].

In this paper we present the QCD corrections to the
contribution to I'(Z — bb) of a charged scalar in either
the (1,2),, or the (8,2),,, representation. Concerning
B — X,y, we compute the O(a,) contribution to the
Wilson coefficients due to a colored charged scalar in the
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(8,2),, representation. This is the missing piece to achieve
NLO predictions for BR(B — X,vy) for all 2HDMs with
MFV. Because of the specific interactions of the colored
scalar with the gluons, the Wilson coefficients cannot be
simply obtained by an appropriate color-factor rescaling of
the known (1, 2),/, result.

The paper is organized as follows: in the next section we
discuss the couplings of the charged Higgs boson in the
different realizations of the 2HDM with MFV. In Sec. III
we present the results for the QCD-corrected contribution
to I'(Z — bb) due to a charged scalar, covering both cases
of color-singlet and color-octet particle. We show that,
after the inclusion of the QCD correction, the prediction
for R, is practically insensitive to choice of an MS or on-
shell (OS) renormalization scheme for the top mass. The
bounds set by R, on the thH* coupling are also shown.
Section IV contains the result for the NLO Wilson coef-
ficients in the AB = 1 effective Hamiltonian (the explicit
analytic expressions are presented in the appendix). The
known results for the colorless 2HDMs are recovered,
while the case of a colored charged scalar is fully new.
The restrictions imposed by B — X,y on the charged-
scalar interaction with quarks are discussed. Finally, in
Sec. V we present our conclusions.

II. MINIMALLY FLAVOR VIOLATING 2HDMS

In a generic 2HDM it is always possible to rotate the two
Higgs fields to a basis in which only one of them, which we
denote as @, gets a vev [23]. In this basis, we write the
Yukawa interactions of the Higgs fields with the quarks as

—Ly =g, YVug + g, @, YPdg + C?L‘i)(za)Tz(ea)YUMR
+ g ®WTVYPdy + Hee,, (1)

where ®; = io,®?, and the Yukawa couplings YU-P are
3 X 3 matrices in flavor space such that MV:P? = yU-2(®?).
The possibility of a colored second Higgs doublet is en-

coded in the matrices T,({‘) that act on the quark fields. In the
usual colorless 2HDM T, is equal to the identity matrix in
color space. On the other hand, for a colored Higgs doublet
in the adjoint representation of SU(3) T4 = T%(a = 1, 8),
the matrices of the fundamental representation. The MFV
condition amounts to requiring that the Yukawa coupling
matrices of the second doublet, YY'”, be composed of
combinations of the matrices YV'P, and transform under
the SU(3)y, X SU(3)y, X SU(3)y, quark flavor symme-
try in the same way as YY'P themselves. We can decom-

pose the matrices YU'P as
YU=A,1+¢, YUyt + . )vY, 5
_ (2)
Y2 =A,(1 + €, YUYVt + . )YP,

where in principle A, ; and €, , are arbitrary complex
coefficients. The ellipses in Eq. (2) denote terms involving
powers of YPYPT as well as terms involving higher powers
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of YUYV In the following, we will assume that the only
significant deviations from proportionality between YY'-?
and YY"? are controlled by the Yukawa coupling of the top
quark, and that terms involving higher powers of the
Yukawa matrices are suppressed (e.g., because they are
generated at higher loops). If we further require that there
are no new sources of CP violation apart from the complex
phase in the CKM matrix, the coefficients A, ,; and €, 4
must be real. Finally, the case €, = €; = 0 corresponds to
the NFC situation in which the Yukawa matrices of both
Higgs doublets are aligned in flavor space.

The processes Z — bb and B — X,y that we will con-
sider in Secs. Il and IV involve loops with a charged Higgs
boson and a top quark. Under the assumptions implicit in
Eq. (2), the interaction between the quarks and H' is
controlled by the Lagrangian

3

g _ (a)( i T =ys
- MiT Aumu_
\/Emw i'z R ! 2

LJj=1

£H+:

1+
—A;md/_TYS) JdH{, +He,  (3)

where g is the SU(2) coupling constant, i, j are generation
indices, m, 4 are quark masses, V' is the CKM matrix. The
family-dependent couplings A, , read

i mz2
Ag=Aua\l+ €ud 7 08 ) 4)

where v = (PY). It appears from Eq. (4) that, when we
neglect the masses of the light quarks, the effect on the
charged-Higgs couplings arising from the YUYY* terms in
Eq. (2) is limited to a shift in the couplings involving the
top quark. Since those are the only couplings that enter our
computations, in Secs. III and IV we will drop the family
index from A/, , without ambiguity.

The term €,YUYUt entering the expression for ¥? in
Eq. (2) also induces a flavor-changing interaction with the
down quarks for the neutral component of the second
Higgs doublet. However, this interaction does not affect
the computation of I'(Z — bb), and its contribution to B —
X,y is negligible with respect to the charged-Higgs con-
tribution as long as €;A,/A, < (v/m;)?. Other FCNC
processes such as BB mixing would put bounds on the
combination €;A,, but this will not be relevant to the
discussion that follows.

In the notation of Eq. (3), the type-I and type-II models
are specified by Tj equal to the identity matrix in color
space, and by the real (and family-universal) coefficients

Al = A =1/tanB  (typel), (5)

Al = —1/A=1/tanB  (typell), (6)

where tanf is the ratio of the vevs of the two Higgs
doublets in the basis where each of the quark mass matrices
is obtained from a single Higgs field.
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According to our discussion, the MFV hypothesis in-
cludes two other possibilities, namely, color-singlet and
color-octet Higgs doublet that couple to the quarks with
arbitrary coefficients’ Ai, 4+ We are going to refer to the first
category (singlet) as type-III model, while the second
possibility (octet) will be called type-C model.

III. CHARGED-HIGGS CONTRIBUTION TO R,
INCLUDING QCD CORRECTIONS

We begin by discussing the radiatively corrected partial
decay width of the Z boson in a quark-antiquark pair in a
model with an additional Higgs doublet. We write it as

Cu Mz gay +

Ne 5 30

where N, is the color factor (N,

IZ—qq) = @Rk, (D
= 3), &(,. g are the left-
handed and right-handed Zgg couplings, written in terms
of the radiative parameter p, and the radiatively corrected
sine of the Weinberg angle 5}, as (75 is the third compo-
nent of the weak isospin, Q,, is the electric charge in unit e)

= JPTi = QG &k = — P Qy (W),
®)
while the factor K, contains the QCD, QED and quark-
mass corrections. The latter has been computed up to
O(a?) in Ref. [25], and at the lowest order it reads:
3a, ,3a 3 My
b idm 4G + (897

K,=1+Cp + O(ad),

€))

where p, = m2/m% and Cr = 4/3.

We assume that the oblique corrections due to the sec-
ond doublet are negligible, as happens when the spectrum
of the additional states is approximately custodially sym-
metric. Then the effect of the second Higgs doublet is
concentrated in the vertex corrections to I'(Z — bb).
Thus, defining

Py =pPg" + 8py, (10)

(5%)* = (5)3u

we have 8p( +p) = 8(§(‘4‘£¢b))2 = 0. In the limit of neglect-
ing the mass of the Z boson with respect to the masses of
the top quark and the charged Higgs boson we find

+ 8(5%)%, (11)

"Even models with generic Yukawa matrices not satisfying the
MFV hypothesis show a structure of couplings with arbitrary
coefficients A! .4+ 10 be phenomenologically viable, the danger-
ous FCNC effects should be sufficiently suppressed via some
specific assumption like, e.g., a specific texture of the Yukawa
matrices [24].
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1 a |A |I’h 2 |Ad|ﬁ1h 2
00 = 75 s W (Bne) * () |
P01 dmsy, L\ Vamy) T \Vamy,

[f&(rh>-+ (Crfolty) + <?ﬁfa(rh>>] (12)

1 1 a |A |
SGEY = — ~5p s 4+ (d b)
(%) 2 Posw 20, 47TS€V R \/Emw
I:fl(th) + —(CFfz(fh) + C; f’i(th)):l (13)
where Ck =1, C3 =0 [Cy = Cf, C} = C, = N,] for

Higgs fields in the (1, 2);,[(8, 2),/,] representation, and
we omit an overall factor |V,,|> = 1. In Egs. (12) and (13)
t, = mj; /mH+ , where i1, is the MS quark mass at the scale
w and my+ is the OS H* mass. The explicit expressions
for the functions f;(x) are

fil) =—=~ (xxin’f)z, (14)
_ 6x(x—2) . ) x(—27 + 11x)
Pt )
x(25 —=9x)Inx  (6x(3 —x) 12xlnx n%%
i (x—1)° +((x—1)2_(x—1)3) w?
- 3f1(x), (15)
Li 1\ - 3x(1 — 2x + x% + In%x)
70 = 21 =) + R
6x Inx
TG o

where the last term ( — 3f;) in the function f, is intro-
duced to avoid double counting due to the correction factor
K, in Eq. (7), and in the thH * coupling we have also kept
the contribution proportional to the bottom mass.”

The one-loop terms in 8p;, and 8(5%,) agree with the
results® of Refs. [17,22]. The two-loop terms were obtained
following the lines of the analogous SM calculation that
was performed by several groups, via different methods, in
the early nineties [26]. The SM correction can be actually
obtained by considering the SM Lagrangian in the limit of
vanishing gauge coupling constants, the so-called gauge-
less limit of the SM [27]. In this limit the gauge bosons
play the role of external sources, and the propagating fields
are those of a Yukawa theory with massless Goldstone
bosons. Indeed, in the Ilimit my+ — 0, the
O(aa,m?/m?%,) corrections in Eq. (12) agree with the
known SM result.

*Terms proportional to 1, relevant only for very large values
of Ay, can also arise from vertices with neutral scalars.
3In Ref. [22] there is a misprint in the overall normalization of
the 8g5® couplings.
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To express the corrections in terms of the OS top mass

m,, we must expand the MS top mass entering the one-loop
part as i, = m, + ém,, with

2
oy iy
5m, = EC}:'(:; IHF -

4>m,. 17)
For the terms proportional to |A,|? and |A,|? in Egs. (12)
and (13), this amounts to making the substitution 71, — m,
and replacing the function f, with the OS counterparts f%
and f4, respectively:

8w Om, af(x)
f5(x) = fr(x) + a.Cy m, I:fl(x)+x—8x ] .
_ 8w om, of;(x)
J4x) = fr(x) + aCr om ~ ax

The explicit dependence on the renormalization scale can-
cels out in the function f%:

it - ST

(x x—1)
S LI VY (19)
x—1)7

whereas f4 has a residual dependence on u which is
compensated for by the implicit scale dependence of the
rﬁ% entering the one-loop parts of Egs. (12) and (13). Using
the OS bottom mass m;, would remove this residual scale
dependence, but it would introduce large logarithms of the
ratio m,/m,, in the two-loop part of the corrections.

In Fig. 1 we plot, as a function of m+, the ratio §%P
between the two-loop and one-loop contributions in the
terms proportional to |A,|? in Eq. (12), for the two cases of

0.2 —————

— MS top mass
—- OS top mass

CD
50

100 150 200 250 300 350 400
m [GeV]

FIG. 1 (color online). The ratio of two-loop to one-loop
charged-Higgs contributions to the Zbb vertex as a function of
mpy-+, with the top mass expressed in the MS (solid lines) or OS
(dashed lines) renormalization scheme. The upper (red) curves
are for the model with color-octet Higgs (type C), while the
lower (blue) curves are for the models with color-singlet Higgs
(types I-III).
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color-singlet (lower set of lines) and color-octet (upper set
of lines) charged Higgs boson. For each case, we show
8P as obtained using either the central value of the
physical (OS) top mass, m, = 173.1 GeV [28] (dashed
lines), or the corresponding MS value 71,(m,) =
163.5 GeV (solid lines), with the appropriate formulae
for the two-loop function f,. It can be seen from the figure
that, for models of types I-III (i.e. with color-singlet
charged Higgs) the two-loop corrections are always nega-
tive, and they are substantially larger when the OS top mass
is used in the one-loop part than when the MS mass is used.
On the other hand, for the model of type C (with color-octet
charged Higgs) there is an overall upward shift in the two-
loop correction due to the additional function f; in
Eq. (12), with the result that the sign and relative size of
the corrections in the OS and MS cases depend on the
Higgs mass. For low values my+ = 150 GeV, the two-loop
correction approaches zero if the OS top mass is used, and
it is positive and relatively large if the MS mass is used.
Conversely, for larger values my+ =~ 400 GeV the two-
loop correction approaches zero if the MS top mass is
used, and it is negative and relatively large if the OS
mass is used. As a result, we will see that for 2HDMs of
types I-III a reliable approximation of the two-loop result
for R, could be obtained by using the one-loop result
expressed in terms of the MS top mass. On the other
hand, a precise determination of R, in the 2HDM of
type C requires the inclusion of the two-loop part of the
Zbb vertex correction.

From Eqgs. (7)-(13) we can construct the observable R,
which can be written as

> [(&)? + (gh)*K,

1 (q#Db) b
— =1+ — - =1+-2C (20)
Ry, [(g7)* + (8%)°1K, sp !
where
_ . —T(59)2 Y »3a
Sb - Z sq’ sq - [(gL) + (gR) ] 1 + Qq4_ .
(g#b) g

21

Using the results of Ref. [29] we find S, = 0.6607.
Concerning the SM part of s, to avoid relying indirectly
on the measured value of R,, we follow Ref. [12] and
compute it using the values p3™ = 0.99426 [29] and
(55)%y = (1.0063) X 0.23153 = 0.23299, the latter ob-
tained from the measured value of sin?65?" = 0.23153 +
0.000 16 corrected for the top-induced contributions spe-
cific to the Zbb vertex.* Finally, the factor C,, that includes
QCD and mass corrections is obtained from Ref. [25]. We
find, for a; = 0.118, C, = 1.0086.

With the values specified above for the various parame-
ters entering Eqgs. (20) and (21) we find a SM prediction

“In Ref. [12] the correcting factor 1.0063 was not introduced.
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RM = (0.21580, nearly lo below the measured value
R} =0.21629 * 0.00066 [29]. Since the charged-
Higgs contributions to g7 and g% have the effect of further
lowering R, stringent bounds can be imposed on the
parameters my+ and A, by the requirement that the pre-
dicted value of R, in a 2HDM be not too far from R} ". On
the other hand, R;, has little sensitivity on A, because the
terms in Egs. (12) and (13) controlled by the latter are
suppressed by 71;,. Therefore, for the models of types III
and C in which A is a free parameter we will simplify our
discussion by setting A; = 0. In the 2HDM s of type I and
IT the parameter A, is related to A, and cannot be set
independently to zero. However, due to the strong suppres-
sion of the contributions controlled by A,, in most of the
parameter space the predictions of R, obtained in those
two models do not differ significantly from the predictions
obtained in the type-IIl 2HDM with A; = 0. More specifi-
cally, the predictions of the type-1 2HDM, in which A; =
A,, are virtually indistinguishable from those of the type-
III 2HDM with A; = O for all the values of A, consistent
with the measured value of R;". In the 2HDM of type II,
on the other hand, A; = —1/A,, and the predictions of R,
differ from the ones obtained in the type-III 2HDM with
A, = 0 only for very small values of A,,.

Figures 2 and 3 show our determination of R, in the
2HDMs of type III and C, respectively, as a function of
|A,l. In each plot we show two sets of curves for the
charged-Higgs mass values my+ = 100 GeV and mpy+ =
400 GeV. In each set, the dashed (solid) curve represents
the one-loop (two-loop) result expressed in terms of the
MS top mass, while the dotted (dot-dashed) curve repre-
sents the one-loop (two-loop) result expressed in terms of
the physical top mass. We also show in each plot the
measured value R " (solid horizontal line) and the values
1o and 20 below (dashed horizontal lines). It can be seen

Color-singlet Higgs

0.2165 ————————— ;
exp
Rb
—- 1-loop MS ]
0216 - — 2-loop MS .
-+ 1-loop OS g
-—- 2-loop OS
——————————————————————————— -lo
o 02155
02150 - ___ O N 1 25
0.2145
0 0.5 1 1.5

Al

FIG. 2 (color online). R, as a function of |A,| in the 2HDM
with color-singlet Higgs, for A; = 0 and two different values of
my+. The measured value R;® = 0.21629 and the values 1o and
20 below it are displayed as horizontal lines. For the meaning of
the different curves see the text.
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that, in both plots, the curves corresponding to the two-
loop results (with the top mass renormalized either in the
MS or in the OS scheme) are practically overlapped. The
location of the curves corresponding to the one-loop results
reflects the behavior that could already be inferred from
Fig. 1: in the 2HDM of type III the one-loop result com-
puted in terms of the MS top mass is very close to the two-
loop result, while the one-loop result computed in terms of
the physical top mass can differ significantly. On the other
hand, in the 2HDM of type C the quality of the one-loop
approximation depends on the charged Higgs mass. At low
values of my+, using the physical top mass in the one-loop
result gives a much better approximation to the two-loop
result than using the MS top mass, while the situation is
reversed at large values of my+. Therefore, only the use of
the two-loop results guarantees a precise determination of
R, for all the values of my+.

From Figs. 2 and 3 it is also possible to determine the
values of |A,| that are disfavored by the comparison be-
tween RZXP and the corresponding theoretical prediction. In
the case of the type-1II 2HDM, the two-loop curves cross
the 20 horizontal line at |A,| = 0.78 for my+ = 100 GeV
and at |A,| = 1.35 for my+ = 400 GeV. In the case of the
type-C 2HDM, they cross it at |A,| = 0.62 for my+ =
100 GeV and at |A,| = 1.10 for my+ = 400 GeV. We
checked that the crossing points for intermediate values
of my+ can be determined by linear interpolation of the
values given above.

The predictions of R, for the type-II 2HDM (where
A; = —1/A, = —tanB) are virtually indistinguishable
from those presented in Fig. 2 for the type-1II 2HDM as
soon as |A,| > 0.1. The upper bounds on |A,| discussed
above translate, for the type-1I 2HDM, into |A | > 1.28 for
mpg+ = 100 GeV and |A,| > 0.74 for my+ = 400 GeV.
On the other hand, when |A,,| tends to zero the predictions
of R, in the type-II 2HDM decrease quickly, and get 2
standard deviations below R;’ for |A,| = 0.01, corre-

Color-octet Higgs

0.2165 ———— T
[ exp
R,
—- 1-loop MS ]
0216 - — 2-loop MS -
-+ 1-loop OS g
.=+ 2-loop OS
________________________________ ~-lo
o 02155 A
L my+ =400 GeV
my+=100 GeV
0215 AA—————m— e N 4-2¢6
0.2]45 1 1 1 1 1 1 E 1 1 1 1 1 ) N
0 0.5 1 1.5

FIG. 3 (color online).
octet Higgs.

Same as Fig. 2 in the 2HDM with color-
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sponding to |[A,| = 100. As we will see in the next section,
the bounds on A; coming from the process B — X,y can
be much stronger than that, but they do not apply to the
type-1I 2HDM.

IV. CHARGED-HIGGS CONTRIBUTION TO B —
X,y AT THE NLO

The branching ratio for B — X7 is fully known at the
NLO for a 2HDM of types I-III. To cover also the case of a
type-C 2HDM, the only missing ingredient is the determi-
nation of the colored-scalar O(«,) contribution to the
Wilson coefficients. We compute it following the analo-
gous computation for the type I-II 2HDM presented in
Ref. [19].

In the operator basis defined in Ref. [19] we write the
Wilson coefficients at the scale wy, where the “full”
theory is matched to an effective theory with five quark
flavors, as

Cilpw) = C(my) + 6C0 ()

+ %’;W)[cﬁ”w) +8C (uw)) @)

where Cgk)(,uw) represents the SM contribution (kK = 0, 1)

while BCf-k)(,u,W) represents the charged-Higgs contribu-
tion. At the LO, the latter is given by

SCuyw)=0 i=1,...,6 (23)
|A,1? .
5C (uy) = C}e(T FO(y) - AdA,,F?)(y)), (24)
0) (AP o « 2
8Cy" (mw) = Cg TFs () — AJALFS(y)

+ CR(APFD () + AALFY (), (25)

where
7-5y—82) 23y -2
FO( ):y( y 3y) ¥ (3y 4) Iny,
24(y — 1) 4y — 1) (26)
3-5y) ,yBy—2)
F () = 2 + Iny,
T A T
24+ 5y —y?) 3y?
F(l)( ) — )’( _ In :
O T ) R TC ) L o
3-y) y
FO(y) — ¥( _ Iny,
AT T T R
1+y) y?
Fy) = - Iny,
R U e (TR A o,
FP(y) = — Y + Y Iny,
YOS N -
with
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_ i (paw)

",

(29)

expressed in terms of the NLO top-quark running mass at
the scale wy and of the OS charged-Higgs mass. Again,
Ch=1,C4=0[Ck,=Cp, C)=C,=N, for Higgs
fields in the (1, 2),»[(8, 2),,] representation.

At the NLO, the charged-Higgs contributions to the
Wilson coefficients are

SCM(uy) =0 i=1,2356, (30)
5C () = E™(y), 31)
(1) 3
8C, (uw) = GH(y) + A(y) 1nm2W : (32)
H+
0 3
8Cy (mw) = G (y) + A (y) 1nm2W - (33)
H+

The expressions for G¥,, A%y, and E¥ are rather long
and they are reported in the appendix. As expected, the wy,
dependence in 6C;g cancels out at O(«ay) because the
functions Aé’,’g entering Eqs. (32) and (33) satisfy the
relation

08C" 1 & (ert s 0
42§ 40l 500 34
5 2 ; y ; (34)

Jt
J

Al =gy

1

where y{§' = 8 is the LO anomalous dimension of the top

mass, while yﬁ?)eff

sions of the Wilson coefficients, whose entries can be
found in eq. (8) of Ref. [18].

In Fig. 4 we show the ratio between the NLO and LO
charged-Higgs contributions to the Wilson coefficients C; g
as a function of my+, for both the type-C (color-octet) and
type-IIl (color-singlet) cases, with the particular choice
A; = A, (in the color-singlet case this coincides with the
type-1 2HDM). For the type-C 2HDM, the NLO correc-
tions can reach up to ~20% of the LO contribution at small
my+, and they decrease as the charged-Higgs mass in-
creases, eventually crossing zero. In contrast, for the
type-IIl 2HDM the two-loop corrections to the Wilson
coefficients are always different from zero, and have op-
posite sign with respect to the LO contributions. We
checked that the behavior of the NLO corrections is quali-
tatively similar to the one described above even when we
allow A, to take on values different from A,,.

The calculation of BR(B — X,v) is performed using a
modified version of the fortran code SUSYBSG [30]. The
code provides a NLO evaluation of the branching ratio in
the MSSM with MFV, including the full two-loop gluino
contributions to the Wilson coefficients [31]. The current
public version (1.3) includes also the options of evaluating
the branching ratio in the SM, in the type-II 2HDM and in

is the matrix of LO anomalous dimen-
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A=Ay
.
. —s¢,
L —- 8¢, .
L TypeC T T——___
o 01 §\~‘~‘~~:
)
3 L
|
Z 0
Typelnl T TTTTmmm——— o
-0.1  *
202 . I . I . I . I . I .
100 150 200 250 300 350 400
mye [GeV]

FIG. 4 (color online). The ratio of NLO to LO charged-Higgs
contributions to the Wilson coefficients C; (solid line) and Cg
(dashed line) as a function of my+, with A; = A,,, for the model
with color-octet Higgs (type C) or color-singlet Higgs (type III).

the MSSM with two-loop gluino contributions computed in
the effective Lagrangian approximation. We enlarged the
2HDM option to include also the type-I, type-III and type-
C models, thus covering all four types of 2HDM compat-
ible with MFV.® The relation between the Wilson coeffi-
cients and BR(B — X,7) is computed at NLO along the
lines of Ref. [32], but the free renormalization scales enter-
ing the NLO calculation are adjusted in such a way as to
mimic the next-to-next-to-leading order (NNLO) contribu-
tions presented in Ref. [33]. When the SM input parame-
ters are set to the partially outdated values used in
Ref. [33], SUSYBSG gives a SM prediction for BR(B —
X,y) of 3.15 X 1074, in full agreement with the NNLO
result of that paper. Very good numerical agreement is also
found with the results of the partial NNLO implementation
of the type-II 2HDM in Ref. [33], which combines NNLO
anomalous dimensions and matrix elements with NLO
Wilson coefficients. We take into account a recent update
[34] in the calculation of the normalization factor for the
branching ratio as well as the latest central value of the top
mass [28], which results in a modest enhancement of the
SM prediction for BR(B — X,y) to 3.28 X 1074,

In the 2HDMs of types I and II, the requirement of
consistency between the theoretical prediction and the
measured value of BR(B — X,7y) allows us to set bounds
on the parameters my+ and tanf, the latter determining
both Higgs-quark couplings A, and A,. More specifically,
in the type-1 2HDM the charged-Higgs contribution to the
Wilson coefficients C; g scales like 1/ tan?, therefore it is
possible to derive, for each given value of my+, a lower
bound on tang3 (i.e., an upper bound on A,, = A,) which is

>A public version of SUSYBSG with this new feature will be
released soon.
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however much less stringent than the corresponding bound
derived from R;,. In the type-Il 2HDM there is a
tanS-independent contribution to the Wilson coefficient,
which allows to set an absolute lower bound on my+. These
bounds have been extensively discussed in the literature
(see, e.g., Refs. [11-13]) and we will not further consider
them here. In the models of type III and C, on the other
hand, the parameters A, and A, are unrelated to each other.
As can be seen in Egs. (24) and (25), the charged-Higgs
contributions to the Wilson coefficients C; g include two
terms controlled by |A,|> and A,A%, respectively. The
bounds on A, derived in the previous section tell us that
the former term cannot be too large, while the latter can be
significant for large values of A,. Furthermore, its effect on
the branching ratio depends on the relative sign between A,
and A,.

In Fig. 5 we show BR(B — X,v) as a function of A, for
both the type-III (solid lines) and type-C (dashed lines)
2HDM, and for the representative choices A,, = *=0.3 (the
latter are allowed by R, as can be seen in Figs. 2 and 3).
The left panel displays the case of same sign between A,
and Ay, while the right panel shows the case of opposite
sign. Each plot contains two sets of curves corresponding
to my+ = 100 GeV and my+ = 400 GeV, respectively.
The horizontal dashed lines mark the 95% C.L. band
around the experimental value BR(B — X,y) = (3.52 =
0.25) X 10™* [35]. The band also includes, added in quad-
rature, the theoretical error on the 2HDM prediction (we
conservatively estimate this error as 10% of the SM pre-
diction for the branching ratio). From Fig. 5 it is clear that,
unless |A,| is extremely small, the process B — X,y sets
stringent limits on A ;. Focusing on the case of color-singlet

A =03
5 T N T N T N T N T
45+ —
r-——————— === ————= 1+ 20
4 — TypeIll _
—- Type C
BReXp

BR(B->X )/ 10"
(98]
W
I
|

w

2.5

FIG. 5 (color online).
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Higgs we see that, for A, = 0.3, the values of A, that allow
for a branching ratio inside the 95% C.L. band are A; =
0.9 for my+ =100 GeV and A; =25 for my+ =
400 GeV; for A, = —0.3 the bounds are a little less strin-
gent, i.e. A; = 1.3 for my+ = 100 GeV and A; = 4 for
mpy+ = 400 GeV. From the figure it is also apparent that
the bound on A for a fixed value of A, is almost indepen-
dent of the colored or colorless nature of the charged
Higgs, with the colored case showing only slightly stronger
bounds. However, as seen in the previous section, the
bounds on A, derived from R, are more dependent on
the nature of the Higgs, so that the allowed regions for
the A, coefficient are in fact different for the color-singlet
and color-octet charged Higgs.

The case of same sign between A, and A, has the
peculiarity that, as shown in Fig. 6, there are actually two
ranges of values of A, that fit inside the 20 allowed band
for BR(B — X,v). This is related to the fact that, in this
case, the sign of the charged-Higgs contribution to the
Wilson coefficient of the magnetic dipole operator, CZ,
is opposite to the sign of the SM contribution, C3M. Since
BR(B — X,) is roughly proportional to |C¥ + CSM|?, as
A, increases the branching ratio goes to zero when C¥ =
—C5M, and it goes back inside the 20-allowed band when
CHl = —2C5M. Thus, the two ranges of possible values of
A, differ by the sign of the amplitude A (b — sy), basi-
cally the sign of the Wilson coefficient C5. Although B —
X,y allows both ranges of values for A,, there are other
observables that are sensitive to the sign of C, thus select-
ing one of the two options. Among them, we cite BR(B —
X,I*17) [36] and the isospin-breaking asymmetry that
can be constructed from the exclusive neutral and charged

+20

~

exp

BR

— Type 1ll
—- Type C

BR(B->Xy)/ 10"
(9%
(9.}

w
I

———————————————————————— -20

N
W
I
|

BR(B — X,7) as a function of A, in the type-III (solid line) and type-C (dashed line) models for A, = 0.3 (left

panel) and A, = —0.3 (right panel) and two different values of my+. The horizontal dashed lines specify the 20 interval around the

experimental value of BR(B — X,7v).
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— Type 1L /]
—- Type C /]

T
I
1
1
1
1
1
1

BR(B->Xy) /10"

L L | L
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FIG. 6 (color online). BR(B — X,7) as a function of A, in the
type-1II (solid line) and type-C (dashed line) models for A, =
0.3 and two different values of my+. The horizontal dashed lines
specify the 20 interval around the experimental value of
BR(B — X,7).

B — K*vy decay modes [16,37]. Although, for both ob-
servables, neither the experimental result nor the theoreti-
cal prediction is at the same level of accuracy as for
BR(B — X,v), these observables still give a compelling
indication that the sign of A (b — s7) is that of the SM
contribution, thus eliminating the large-A, option.

V. CONCLUSIONS

Minimal flavor violation is a very popular criterion that
is used to suppress FCNC effects in models with new
particles at the TeV scale. The enforcement of the MFV
criterion to the simplest extension of the SM, i.e. a model
with a second Higgs doublet, allows the possibility of
color-singlet or color-octet Higgs field. For both cases we
have considered the two-loop QCD corrections to the

|

PHYSICAL REVIEW D 81, 075001 (2010)

charged Higgs boson contribution to R,. We found that
for all four types of 2HDM with MFV, after the inclusion of
the two-loop QCD corrections, the prediction for this ob-
servable is practically insensitive to the the choice of
renormalization scheme for the top mass entering the
one-loop part of the calculation. Thus, the upper bound
on the coupling |A,| derived from R, is improved, which
for the type-I and type-II models translates in a more robust
lower bound on tanB. We have also computed the O(a;)
contributions to the Wilson coefficients relevant to the
process B — X,y for the color-octet case. This was the
last missing ingredient to obtain a determination of
BR(B — X,v) at the NLO level for all 2HDM with MFV.
After the inclusion of the NLO corrections it is found that,
in the region allowed by the present experimental results,
the B — X,y transition is fairly insensitive to the colored
or colorless nature of the charged Higgs. Furthermore, in
type-III and C models, the bounds on the A, parameter that
can be obtained from BR(B — X,vy) and other observables
rule out the large-A, region, where effects proportional to
the bottom mass could become important.

ACKNOWLEDGMENTS

We thank H. Haber for communications concerning
ref. [22], and P. Gambino for useful discussions. One of
us (G. D.) also thanks M. Nebot for his contribution in the
early stage of this project. This work was supported in part
by an EU Marie-Curie Research Training Network under
Contract No. MRTN-CT-2006-035505 (HEPTOOLS) and
by ANR under Contract No. BLANO07-2_194882.

APPENDIX: ANALYTICAL EXPRESSIONS FOR
THE NLO WILSON COEFFICIENTS

In this appendix we report the analytic expressions for
the functions G5 and A%, entering SC%. We find

43+ 7y —2y?) . 1\ 8 — 14y —3y? 2(=3 —y+ 12y? — 2y%)
GY =C1C{AA*[ L(l——) 2O ey 4+ 1
7 (Y) R“YF d uy 3(y _ 1)3 12 y 3(y _ 1)4 n y 3(y _ 1)4 ny
7 — 13y + 2)? 18 — 37y + 82 1 —14 + 23y + 32
N y 3y]+|Au|2y[y( y4y) 1(1——>+y( y5 ) 12
oG—1 6(y — 1) y 6(y — 1)
L TS0+ 251y = 174y7 — 192)° +21y* 797 — 5436y + 7569y — 1202y3]}
n
S4(y — 1) Y 648(y — 1)*
—19 + 25y . 1\ =25+ 33y + 15y? 33 — 59y + 32 —8 + 31y
+c1C2{AA; [7L (1—7) In2y + — | +7]
R R -7 Uy 66 -DF YT TG Y 360y — 1
12 -25 1\ —12 + 85y — 108y? + 33 50 + 33y — 195y% + 16y°
+ IAulzy[iyzLiz(l ——)+ J YT 2y y — 195y° + 16y
36(y — 1) y 2(y — 1) 108(y — 1)
17 — 29y + 42
—yﬂ]} (Al)
18(y — 1)°
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21— 47y + 8y —8+ 1y +3) —31 — 18y + 1352 — 14y°

Al (y) = c}qcF{AdAzzy[ 1ny] + |AM|2y[

6(y — 1)? 3y —1* 36(y — 1)*
y(14 — 23y — 3y?) ]} . 2{ [ 1 1 ]
Iny |} + cLc2ia, Ax - 1
6y —1p AT ERERAA STy T3 -0 Y
1+y y
+ 14,17 [— + 1 ]} A2
WO e - e - ™ 2
1 [=36+25y—17y* . 1\ 19+ 17y —3 — 187y + 12y — 14y?
G¢ =c1{AA;—[ L(l——>+ In’ 1
A 2(y — 1)} Uy T oY 4y —1)* W
3(143 — 44y + 292 1 [y(30 — 17y + 13y? 1 31+ 17
( y : 9y )] N |Au|2_y[y( y i y )Li2(1 B _) - x( 5y)lnzy
8(y—1) 6 -1 y -1
| 226 + 817y + 1353)” + 318)° + 42" 1oy 4 1130 — 18153y + 7650y2 — 4451y3]}
36(y — 1) Y 216(y — 1)*
1 [—43 + 34y . 1\ —157 — 108y + 81y? —51 — 22y + 57y?
+ A Ay ——— i1 - =) + 2 1
R{ “ “9y[ 45— 1)? 12( y) sy—nr 7 sy —1°
5(13 — 8y) , 1 [—15+ 149y — 122y7 1\ 15— 533y — 237y? + 243y°
—— | T ALl —y 3 oAl —=)— In“y
-1 144 (y—1) 2(y — 1)°
172 — 744y + 357y + 23y3 203 + 1174y — 737y?
- 7 ny = 3 (A3)
3y—-1) 20— 1)

1 181 —16y+7y* 19+ 17y 1 [—38—261y+ 18y> —7y3  y(31 + 17y)
Af(y) = Cl {A A’,;—yl: — lny] + |Au|2—y|: + 1 ]}
’ sl 2 -1 =D 6 6(y — * =17

1 r31—=7y 19+ 5y 1 [—19—60y +7y>  y(31+ 5y)
+C2{AA*7[ — 1 ]+ A,z—[ + 1 :” A4
R L e T el I P R T N e i (9
1 716 =29y +7y> =2+ 3y 1 -1 24y
Efl(y) = CLlA, |22 [ + In ]+ c2la, )2 [ + In ] (AS)
VTR T 6y — 1)? G- Y BT -1 36— Y

The results for type I-IIIl models are recovered setting Cy = 1 and C% = 0, while the result for the case of a colored
charged scalar in the adjoint of SU(3) is obtained with Cy = C and C% = N...
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