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In the “Higgs basis” for a generic two-Higgs-doublet model, only one doublet gets a nonzero vacuum
expectation value and, under the criterion of minimal flavor violation, the other one is fixed to be either
color-singlet or color-octet, referred to, respectively, as the type-III and type-C models. Both of them can
naturally avoid large FCNC transitions and provide very interesting phenomena in some low-energy
processes. In this paper, we study their effects on exclusive radiative B-meson decays due to the exchange
of colorless or colored charged Higgs. It is found that while constraints from the branching ratios are
slightly weaker than the ones from the inclusive B — X,y decay, the isospin asymmetries in exclusive
decays provide very complementary bounds on the model parameters. As the two models predict similar
corrections to the dipole coefficient CSf, but similar magnitudes with opposite signs to Cg, the branching
ratios cannot discriminate the two models, and we have to resort to the direct CP and isospin asymmetries
of b — s processes, which are more sensitive to C&!. Due to the CKM factors |/1,<,d>\ ~ |15d)|, the terms
proportional to /1,(,d) make the observables of b — d processes exhibit a different dependence on the possible
new physics phase. In addition, correlations between the various observables in the exclusive B — Vy and
the inclusive B — X ;7 decays are investigated, which could provide further insights into the models with

more precise experimental measurements and theoretical predictions for these decays.
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I. INTRODUCTION

One of the main goals of the Large Hadron Collider
(LHC) is to explore the mechanism of electroweak sym-
metry breaking (EWSB). In the Standard Model (SM), it is
realized via the Higgs mechanism implemented only by
one scalar doublet, and the predicted Higgs-boson mass is
consistent with the new particle announced by the ATLAS
[1] and CMS [2] experiments at LHC. Moreover, its
properties measured so far [3—6] also comply with the
ones predicted within the SM. If this boson, with more
precise data accumulated, is confirmed to be truly SM-like,
a natural question to address is then whether it corresponds
to the unique Higgs boson predicted by the SM, or it is just
the first signal of a much richer scenario of EWSB.

In fact, the EWSB is not necessarily induced by a single
scalar doublet. Meanwhile, the SM by itself is not expected
to be a complete description of nature. The simplest
extension compatible with the gauge invariance is the
so-called two-Higgs-doublet model (2HDM) [7], which
is identical to the SM except for one extra scalar doublet.
The 2HDM is very interesting on its own as a potential
theory of nature, since the extended scalar sector allows for
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CP violation beyond what is provided by the Cabibbo-
Kobayashi-Maskawa (CKM) mechanism [8,9] in the SM. It
is also useful to gain further insights into the scalar sector of
supersymmetry and other models that contain similar scalar
contents.

Within the SM, the flavor-changing neutral current
(FCNC) interaction is forbidden at tree level and, due to
the Glashow-Iliopoulos-Maiani (GIM) mechanism [10], is
highly suppressed at loop level. In a generic 2HDM,
however, the scalar-mediated FCNC transitions are not
protected by the GIM mechanism, and will appear unless
the off-diagonal couplings of Higgs bosons to quarks are
absent or sufficiently small. Accordingly, one big problem
2HDM has to face is how to avoid the stringent exper-
imental constraints on FCNC processes. To address this
issue, two different hypotheses, natural flavor conservation
(NFC) [11] and minimal flavor violation (MFV) [12-16],
have been proposed. In the NFC hypothesis, by requiring
the Yukawa couplings to up and down quarks for all the
Higgs fields be diagonal in the basis where the quark mass
matrices are diagonal, one can naturally eliminate the tree-
level FCNC interactions. Explicitly, this can be enforced
via a discrete Z, symmetry acting differently on the two
scalar doublets; depending on the Z, charge assignments
on the scalar doublets and fermions, there are four types of
2HDM (type-I, II, X, and Y) under the NFC hypothe-
sis [17,18].
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In the MFV hypothesis, although being allowed even at
tree level, all the flavor-violating interactions, including
those mediated by the electrically neutral scalars, are
controlled by the CKM matrix [8,9], as happens in the
SM. Explicitly, this can be implemented by requiring all
the Higgs Yukawa couplings be composed of the pair of the
SM ones YV and Y”. As pointed out in Ref. [19], there are
two classes of 2HDM satisfying the MFV hypothesis. For
convenience of discussion, we introduce the so-called
“Higgs basis,” in which only one doublet gets a nonzero
vacuum expectation value (VEV) and behaves the same as
the SM one [20]. In this basis, under the MFV hypothesis,
the allowed SU(3), ® SU(2), ® U(1), representation of
the second doublet is fixed to be either (1, 2), , or (8,2), ;
namely, the second doublet can be either color-singlet or
color-octet [19], referred to, respectively, as the type—IH1
and type-C models [25]. Examples of the former include
the aligned 2HDM (A2HDM) [26] and the four types of
2HDM reviewed in Ref. [17]. The scalar spectrum of the
latter contains, besides a CP-even and color-singlet Higgs
boson (the usual SM one), three color-octet particles, one
CP-even, one CP-odd and one electrically charged, pro-
viding many interesting phenomena in collider physics
[19,27-32].

Although the scalar-mediated flavor-violating inter-
actions are protected by the MFV hypothesis, these two
models still present very interesting phenomena in some
low-energy processes, especially due to the presence of a
charged Higgs boson. Among these processes, the radiative
b — s(d)y decays are of special interest, because the
charged Higgs contributes to these decays at the same
level as the W boson in the SM. It has already been shown
that, in both the type-III and the type-C model, the inclusive
B — X,y decay is very sensitive to the charged Higgs
Yukawa couplings [25]. Being induced by the same quark-
level processes, the exclusive decay modes like B — K*y
and B — py are also expected to be affected by these NP
models. On the experimental side, especially the inclusive
and exclusive decays corresponding to b — sy transitions
are known with good accuracy, but the branching ratios and
even the direct CP and isospin asymmetries have also been
measured for several b — dy decays [33,34]. On the
theoretical side, while the inclusive decays can be essen-
tially calculated perturbatively with high precision, the
exclusive processes are more complicated due to the
interplay of nonperturbative hadronic effects [35].

"It should be noted that different notations of the type-IIl
2HDM exist in the literature. The type-1II model introduced in
this paper denotes the 2HDM under MFV hypothesis with the
second Higgs doublet color-singlet, which is defined in detail in
Sec. II. This terminology is, however, usually used for general
2HDMSs unconstrained by a Z, symmetry with the second Higgs
doublet colorless, where FCNC is controlled with a particular
Yukawa texture [21,22] or for a decoupling limit of MSSM
[23,24].
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Besides some other methods [36-50], the QCD factoriza-
tion (QCDF) approach, which will be adopted in this paper,
has provided a systematic framework for the treatment of
these exclusive decays [51-58]. Thanks to the experimental
and theoretical improvements achieved in recent years, the
exclusive b — s(d)y decays are providing very important
and complementary information on various NP models
[21,59-70].

In this paper, we shall study the exclusive radiative B-
meson decays in both the type-III and the type-C model.
Besides the branching ratios, we shall also consider the
direct CP and isospin asymmetries of these decays, which
are expected to provide complementary information on the
model parameters. Our paper is organized as follows: In
Sec. II, we give a brief review on the 2HDM with MFV. In
Sec. 111, the effect of charged Higgs on B — Vy decays is
discussed after presenting the relevant theoretical frame-
work. In Sec. IV, we give our detailed numerical results and
discussions. We conclude in Sec. V.

II. 2HDM UNDER THE MFV HYPOTHESIS

To discuss the generic 2HDM with MFV, it is convenient
to rotate the two scalar doublets to the so-called “Higgs
basis,” in which only one doublet (denoted as @, here) gets
a nonzero VEV and behaves the same as the SM one [20].
In this basis, the Yukawa interactions of the Higgs fields
with the quarks can be written as [25]

—Ly =308, YUu + 3%, Y20 + 2 DT\ TV il

+ 20T VP4 + Hee., 2.1)
where ¢?, u% and d% denote the quark fields in the
interaction basis, and ®; = ic, ®; with o, the Pauli matrix.
The SU(3). generator TI(Q“) acts on the quark fields
and determines the color nature of the second doublet;
for a color-singlet scalar, Ty is just the identity matrix;
for a color-octet scalar, on the other hand, 7% =
T%(a =1,...,8), denote the matrices of the fundamental
representation in color space.

The Yukawa couplings YY"? and YY*? in Eq. (2.1) are
general complex 3 x 3 matrices in the quark flavor space
and, under the MFV hypothesis, should have the same
transformation properties in the quark flavor symmetry
group SU(3),, ® SU(3)y, ® SU(3)y,. This can be
achieved by requiring that the couplings YV be composed
of pairs of the matrices YY-P [25],

YU = A5(1 + e YVUYUi 4+ )YV,

YP = A (1 +e,YVYYT + . )YP, (2.2)
where A, ; and ¢, , are generally arbitrary and complex
coefficients. As discussed in Ref. [25], by assuming that
those involving higher powers of the Yukawa matrices are
suppressed (e.g., because they are generated at higher
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loops) and that the only significant deviations from
proportionality between YY? and YYP are due to the
top-quark Yukawa couplings, one can then neglect terms
involving powers of YPYPT and terms involving higher
powers of YUYUT, which are denoted collectively by the
ellipses in Eq. (2.2).

Under the assumptions for the Yukawa couplings YY"
made in Eq. (2.2), and applying the SM unitary trans-
formations to rotate the quark fields from the interaction to
the mass-eigenstate basis, one can obtain the Lagrangian
governing the Yukawa interactions between quarks and the
charged Higgs boson [20,25],

A m, PL AilmdeR)V d H

ij%ji* (a)

3
Ly+ = fmw Z u, T

+Hec., (2.3)

where g denotes the coupling constant of SU(2), gauge
group; u; and d; are the up- and down-type quark fields in
the mass eigenstates, with i, j the generation indices and

m, , the quark masses; V denotes the involved CKM
matrix, and Pp; = 1?’5 are the right- and left-handed
chirality projectors. In terms of the fermion mass-eigenstate
fields, the Yukawa couplings YY" in Eq. (2.2) can now be
expressed as

. m?
Ayg=Aual 1+ eu.dﬁaﬁ ) 2.4)

where v = (®)) = 174 GeV is the VEV. Since only the
couplings of charged Higgs boson to the top quark are
involved for radiative b — s(d)y decays, we shall drop the
family index of the couplings Afh 4 from now on.
Following the notation used in Ref. [25], we shall denote
the model with a color-singlet and the one with a color-
octet Higgs doublet as the type-III and the type-C model,
respectively, both of which satisfy the principle of MFV.
It is noted that, the lepton sector, which is not discussed
in this paper, is correlated with the quark sector and may
affect (semi)leptonic meson decays. It has, however, been
shown explicitly in Ref. [24] that, after including contri-
butions of the charged Higgs Yukawa interactions with
leptons, the 2HDM within MFV cannot explain simulta-
neously the current experimental data on R(D ) and R(D*),
where R(D™)) = B(B — D™w)/B(B - DY ¢v) [71,72].

*Since the analysis performed in Ref. [25] is restricted to the
case of real couplings A, and ¢,, the complex conjugate on A,
and ¢, in Eq. (2.2) is unnecessary. In addition, our expression for
the charged-Higgs Yukawa Lagrangian [Eq. (2.3)] differs from
that in Ref. [25] by a global minus sign, which is confirmed to be
a typo after communication with the authors of Ref. [25]. The
difference has, however, no impact on the Wilson coefficients,
since the vertices in Eq. (2.3) always enter in pairs.
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III. THEORETICAL FRAMEWORK FOR
RADIATIVE B-MESON DECAYS

In this section, following the analysis of
Refs. [51,52,69], we firstly present the decay rate of
exclusive radiative B-meson decays, and then discuss the
corrections to the Wilson coefficients due to the exchange
of colorless or colored charged Higgs boson. For more
details, the readers are referred to Refs. [51-58] for the
former and to Refs. [25,73-78] for the latter.

A. B — Vy decays within the QCDF framework

Following the conventions advocated in Refs. [51,52], it
is convenient to define the quantity

=§Cs 4, (3.1)

where i = ¢ or u, and the subleading perturbative correc-
tions as well as power corrections discussed in the previous
subsection are denoted by the ellipses.

In terms of the quantity C7 ), the decay rate fora B — Vy
decay can be expressed as [51,52]

G2 m2 3
[(B— Vy) = —F BS( 2V>
mpg

x"‘e—m T,(0)[ AP + AP P, (3.2)

4z
where S = 1/2 for p° and w, whereas S = 1 for the other
light vector mesons. Within the SM, the decay rate for the
CP-conjugate mode B — Vy can be obtained from
Eq. (3.2) with the replacement ﬂ( ) ﬂfm For b — s
transitions, as the amplitude propomonal to /154&) is doubly
Cabibbo su;))pressed, the main contribution comes from the
term /1 C7 . However, for b — d transitions, the CKM
factor ﬂ( is of the same order as lgd), and hence the
corresponding amplitude cannot be neglected; indeed,
interference between these two terms plays an important
role in generating the CP and isospin asymmetries in these
decays.

Starting with the decay rate given by Eq. (3.2), the
following three interesting observables in B — Vy decays
can be constructed [51-58]:

(i) The CP-averaged branching ratio

B(B — Vy) = 15I(B — Vy)

['(B— Vy)+T(B— Vy)
2 9

(3.3)

where 7 is the B-meson lifetime and T" denotes the
CP-averaged decay rate. From Eqgs. (3.1) and (3.2), it
can be seen that the branching ratio is proportional to
|CSMt () |? in the leading-order (LO) approximation.
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(i1) The direct CP asymmetry,

_ F(B — V)/) — F(B — ‘7]/)
Ace(B = Vy) = ['(B—Vy)+T(B—- Vy)’
(3.4)

which arises due to the interference between the
hadronic matrix elements <V7/|H£tf)f|f9> (mainly from
the operator ;) and <Vy|Hgf> |B) (mainly from the
operator 0,).
(iii) The isospin asymmetries for B — K*y and B — py
decays are defined, respectively, as

_ [(B° - K*%) —T(B" - K*'y)
l:‘(BO N K*Oj/) —|—F(B+ - K*er) ’

I'(B" = p'y)
AN =3t = )

A(K*y)

(3.5)

As detailed in Ref. [50], the isospin asymmetry is
generated mainly from three sources: (i) the weak
annihilation mediated by four-quark operators, (ii) the
quark-loop spectator scattering through four-quark
operators, and (iii) the spectator scattering through
chromo-magnetic operator Og. From the above defi-
nitions, it can be seen that this quantity is roughly
proportional to 1/CS(u,) at the LO.
These observables can be used not only to test the SM but
also to probe various NP beyond it [21,59-70]. Especially
due to their different dependence on the Wilson coeffi-
cients, the information provided by these different observ-
ables is complementary to each other.

Note that in this paper we shall not discuss the indirect
CP violation in the decays. The reason is that this
observable remains proportional to mg)/m;, for a b —
s(d) transition [44,47,68], rendering it very small both
within the SM and in the two 2HDMs with MFV. It is also
noted that the currently available measurements are
compatible with zero [33,34].

B. B — Vy decays in 2HDM with MFV

For both the type-III and the type-C model introduced in
Sec. II, the tree-level FCNC transitions are highly sup-
pressed under the MFV hypothesis, and the dominant NP
contributions to b — s(d)y decays arise from the photon-
penguin diagrams mediated by charged Higgs boson,
which contributes at the same level as the W-boson in
the SM. In the approximation of vanishing strange-quark
mass, these NP contributions do not generate additional
operators beyond the ones present already in the SM
effective Hamiltonian, and the charged-Higgs effects reside
only in the short-distance Wilson coefficients at the
matching scale pyy.
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Using the effective Hamiltonian approach, we can obtain
the matching conditions for the Wilson coefficients by
matching the full theory to an effective theory with five-
quark flavors, and the analytic expressions up to NLO can
be found, e.g., in Refs. [25,73-78]. Especially, Degrassi
and Slavich have obtained these results for the type-C
model for the first time [25]. It is found that, at the matching
scale uy and up to NLO, only the Wilson coefficients
Cy473(uw) are affected by the charged-Higgs contributions.
During the calculation of these matching coefficients, all
the heavy particles (including the top quark, vector bosons
and the charged Higgs) have been integrated out simulta-
neously at the scale py, which is a reasonable approxi-
mation provided that the charged-Higgs mass m = is of the
same order of magnitude as my, and m,. The evolution of
these Wilson coefficients from the matching scale uy, down
to the low-energy scale y;, = m,, remains the same as in the
SM, details of which can be found, e.g., in Refs. [79-84].

Numerically, it is found that, at the low-energy scale y,,,
only the Wilson coefficients CS'§(u,) present significant
deviations from the SM predictions. In the LL approximation
and taking my: = 200 GeV and p,= 2.5 GeV, we get

Cgff(ﬂb)/ CgffSM(/"b)

[ 1-028A3A,+0.045|A,* for type-III

— . (3.6)
1 —0.27A:A, + 0.044]A,*> for type-C

Cgff (ﬂb ) /C gf‘fSM (ﬂb )

- { 1 —0.49A;A, + 0.058|A,> for type-III 37

~ 114042434, —0.090|A,)> for type-C =

where the dependence on the Yukawa couplings A, and A,
has been made explicit. It can be seen that, for comparable
|A,| and |A,|, the dominant NP contribution comes from
the term proportional to A;A,. Results for CSf(u;,) are
numerically quite similar for both the type-III and the type-
C model and will, therefore, have indistinguishable effects
on the branching ratios. There is, however, one main
difference between the type-III and the type-C model,
i.e., their contributions to C§T(u;,) have similar magnitudes
but with opposite signs, which will affect predictions for
the direct CP and isospin asymmetries in exclusive
radiative B-meson decays. It is therefore expected that
these interesting observables may have the potential to
distinguish between the two models, as will be detailed in
the next section.

It is noted that only the charged-Higgs contributions are
relevant for the radiative B-meson decays. With the para-
metrization of Eq. (2.3), the charged-Higgs Yukawa inter-
actions with quarks in the type-III model are the same as
the ones in the A2ZHDM [69], with the replacements
Ay(a) <> Su(a)- Therefore, constraints on the model param-
eters and correlations between the various observables are
the same in these two models.
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IV. NUMERICAL RESULTS AND DISCUSSIONS

With the theoretical framework recapitulated in the
previous section, we proceed to present our numerical
results and discussions in this section.

A. SM predictions and experimental data

With the input parameters collected in Table I, our SM
predictions for the observables in exclusive radiative
B-meson decays are listed in Table II, in which the
theoretical uncertainties are obtained by varying each input
parameter within its respective range and adding the
individual uncertainty in quadrature. For sake of complete-
ness, we also present in Table II our results for the
branching ratios and direct CP asymmetries of inclusive
B — X, 4v decays, the theoretical framework of which
could be found, e.g., in Refs. [98-101] and [102-105],
respectively. All the experimental data is taken from the
Heavy Flavor Averaging Group [34].

It is observed that our predictions for the branching ratios
of inclusive B — X,y and B — X,y decays are in good
agreement with the experimental measurements, implying
very stringent constraints on various NP models [21,59-70].
For the direct CP asymmetries, on the other hand, due to the
appearance of long-distance effect in the interference of the
electromagnetic dipole amplitude with the amplitude for an
up-quark penguin transition accompanied by soft gluon
emission (the so-called “resolved photon contributions”),
there are still quite large uncertainties in the theoretical
predictions, lowering the predictive power of these observ-
ables [105].

TABLE 1.

PHYSICAL REVIEW D 89, 054024 (2014)

For the exclusive B — Vy decays, within the QCDF
formalism, the main theoretical uncertainties stem from the
hadronic input parameters and the variation of renormal-
ization scale u,. We have also added an additional 15%
global uncertainty in all exclusive observables to account
for the nonfactorizable effects, which have not yet been
included in the QCDF framework. It is noted that, taking
into account their respective uncertainties, our predictions
for these observables are generally in good agreement with
the current data, except for one tension observed for A(py),
which has however rather large experimental errors. Thus,
stringent constraints on the two 2HDMs with MFV are
expected from these exclusive decays.

B. Procedure in numerical analysis

As shown explicitly in Egs. (3.6) and (3.7), the relevant
model parameters in our case can be chosen as the Yukawa
couplings |A,| and |A}A,|, the phase € (defined as
AiA, = |AsA,le™?), as well as the charged-Higgs mass
my+. As detailed in Ref. [25], a stringent upper bound on
the coupling |A,,| can be obtained from the process Z — bb.
Limits on the charged-Higgs mass from flavor observables
and direct searches, however, depend strongly on the
assumed Yukawa structure. The latest bound on the
type-II 2HDM from B(B — X,y) gives my= > 380 GeV
at 95% confidence level (C.L.) [78]. Within the A2HDM,
on the other hand, it is still possible to have a light charged
Higgs [69,106-110]. Assuming that the charged Higgs
decays only into fermions u;d ; and [*v;, LEP established
the limit my: > 78.6 GeV (95% C.L.) [111], which is

The relevant input parameters used in our numerical analysis. The meson masses and lifetimes can be found in Ref. [33].

The tensor form factors T (0) are given for B, ; — K*, p, @ and By — K*, ¢. The ratio fr,/fp, = 1201 £0.017 [90] is used to
determine the decay constant f . Details about how to obtain these hadronic input parameters could be found in Ref. [69].

a, 1/137.036 [33] sin®@y, 0.23146 £+ 0.00012 [33]
as(my) 0.1184 £ 0.0007 [33] my (91.1876 £ 0.0021) GeV [33]
[V sl 0.2252 £ 0.0009 [33] My (80.385 + 0.015) GeV [33]
Vol 0.00415 £ 0.00049 (33] my,(my) (4.18 £ 0.03) GeV [33]
Vol 0.0409 + 0.0011 133] m.(m,) (1.275 + 0.025) GeV [33]
v (68119)° [33] mPoe (173.18 4 0.94) GeV (85]
g (1 GeV) (0.460 + 0.110) GeV [86] f5 (227.6 £ 5.0) MeV [87-90]
Meson ap (1 GeV) a, (1 GeV) a (1 GeV) a, (1 GeV) Ref.
P 0.15+0.07 0.14 £+ 0.06 [91,92]
K~ 0.03 £0.02 0.04 £0.03 0.11 £0.09 0.10 £0.08 [93-95]
¢ e e 0.18 £0.08 0.14 £0.07 [96]
10} 0.15£0.14 0.14 £0.12 [69]
Meson f1/GeV f1(2GeV)/f T,(0) Ref.
P 0.215 £ 0.006 0.70 + 0.04 0.276 £ 0.039 [33,44]
K* 0.209 £+ 0.007 0.73 £0.04 0.302 £+ 0.052(B,.4) [33,44]
0.274 £ 0.045(By)
¢ 0.229 £+ 0.003 0.75 £0.02 0.335 +£0.043 [33,97]
0} 0.188 £0.010 0.70 £0.10 0.237 £ 0.055 [33,69]
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TABLE II.

PHYSICAL REVIEW D 89, 054024 (2014)

SM predictions and experimental measurements for the observables in radiative B-meson decays. The branching ratios are

given in units of 107, and the direct CP and isospin asymmetries in units of 1072, For the inclusive B — X, ;7 decays, the values given

here correspond to a photon energy cut at £, = 1.6 GeV [34].

Observable SM Exp. Observable SM Exp.
B(B = X,y) 316738 343 +£22 Acp(B = X,7) 2.60°97% —0.8+29
B(B* — K**y) 4244173 42.1+18 Acp(BT = K*y) 0.387932 18 +£29
B(B® — K*%) 42,698 433415 Acp(B® — K*%) 0.747932 -0.7+1.9
B(By — ¢) 537487 35+3 Acp(Bg — ¢y) 0.5279%

B(B — Xz7) 15.2737 14.1+49 Acp(B = Xz7) -57.4173%

B(B* = pty) 164108 0.98%033 Acp(B* = p*y) -12.243% —11+33
B(B® = p%%) 0.847032 0.867 12 Acp(B® = p%) -12.013

B(B® - wy) 0.627035 0.4410-18 Acp(B® = oy) -11.6174

B(B, - K"y) 1715072 Acp(B, = K%y) —-11.3132

A(K*y) 4212 52426 Alpy) -9.5%8¢ —46+)7

independent of the Yukawa structure. A charged Higgs
produced via top-quark decays has also been searched for at
Tevatron [112,113] and LHC [114,115]; these searches are,
however, not readily translatable into constraints for the
model parameters considered here. With these points kept
in mind, we shall restrict the model parameters in the
following ranges:

|A.| €10.3],
0 € [—180°, 180°,

[ALA4l € 10, 60],

4.1
my: € [80,500] GeV.

The colored scalars in the 2HDM within MFV may also
alter the production and/or decay rates of the neutral Higgs
boson & discovered at the LHC, since the couplings
of h with gluons, photons and Zy may be affected by
the colored scalar-mediated loops. However, these 2HDM
contributions arise from the triple- and quartic-scalar
interactions present in the Higgs potential and are, there-
fore, independent of the Yukawa interactions discussed in
this paper [19]. For the phenomenological implications of
colored scalars at the LHC, the readers are referred to
Refs. [19,27,29-32].

In order to derive the allowed parameter space from
radiative B-meson decays, we adopt the same procedure as
in Ref. [69]: each point in the parameter space corresponds
to a theoretical range, constructed as the prediction for an
observable in that point together with the corresponding
theoretical uncertainty. If this range has overlap with the 2¢
range of the experimental data, the point is regarded as
allowed. To incorporate the theoretical uncertainty, we use
the statistical treatment based on frequentist statistics and
Rfit scheme [116], which has been implemented in the
CKMFITTER package [117]. Here the basic observation is
that, while the experimental data approximatively yield a
Gaussian distribution of an observable, a theoretical

calculation does not. The latter depends on a set of input
parameters like form factors, decay constants and
Gegenbauer moments etc., for which no probability dis-
tribution is known. The Rfit scheme assumes no particular
distribution for the theory parameters, only that they are
constrained to certain allowed ranges with an equal
weighting, irrespective of how close they are from the
edges of the allowed range. In addition, for simplicity, the
relative theoretical uncertainty is assumed to be constant at
each point in the parameter space. This is a reasonable
assumption, since the main theoretical uncertainties are due
to the hadronic input parameters, common to both the SM
and the NP contributions. Therefore, the theoretical range
for an observable at each point in the parameter space is
obtained by varying each input parameter within its
respective allowed range and then adding the individual
uncertainty in quadrature.

As can be seen from Table II, at present most of the
observables in radiative B-meson decays have not been
precisely measured and/or their theoretical predictions are
still quite uncertain. It is therefore interesting to investigate
the correlations between these various observables, which
might be helpful to gain further insights into the model
parameters, with improved experimental measurements and
theoretical predictions expected in the near future. Since
both the experiment [34] and theory [98,99] have acquired
a precision of a few percent for the branching ratio
B(B — X,y), we shall explore these correlations within
the allowed parameter space constrained by this observable.
For simplicity, we do not consider the theoretical uncer-
tainty at each point in the parameter space. As the
theoretical uncertainties of the other observables are mostly
independent from the one of B — X,y and are approx-
imately common to both the SM and the NP contributions,
the cross for the SM uncertainties shown in the plots is also
applied to each of these points.
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C. B — X, 4y decays in 2HDM with MFV

The branching ratios of B — X ;v decays are, at the LO
approximation, also proportional to |CS(u,)|?, for which
the dominant NP contribution comes from the term propor-
tional to A;;A,. Consequently, a stringent constraint on the
combination A} A, is expected from these observables. This
is exemplified in Fig. 1, in which we show constraints on
the couplings A, and A, for both the type-III and the type-C
model from the B — Xy decay, plotted in the planes A, —
Ay (real couplings), |A7A,| — 6 and |A;A,| — my: (com-
plex couplings). Constraints from the B — X,y decay are
similar but slightly weaker, and hence not shown here.
From these plots, the following observations are made:

(i) For both the real and complex cases, constraints
from the branching ratio are almost indistinguish-
able for the type-III and the type-C model. This can
be understood because the branching ratio is propor-
tional to |CSH (1, )|? to the first order, for which there
are no significant differences between these two
models [see Eq. (3.6)].

(i1) In the case of real couplings, there exist two allowed
regions under the constraint of B(B — X,y). The
region close to the axes corresponds to the case
where the NP contribution is small and constructive
with the SM one. In the other region, on the other
hand, simultaneously large and same-sign values for
A, and A, are allowed, corresponding to the case
where the interference becomes destructive and
makes the coefficient C$(u;,) sign-flipped. How-
ever, the regions with simultaneously large values
for A, and A, but with opposite signs are already
excluded.

(iii) In the case of complex couplings, the interference
between the SM and NP contributions depends on
the phase 6. Especially, for 6 ~ £180° only a small
region with smaller |A%A,| remains due to the
constructive effect between them; while for 8 ~ 0°,
the interference becomes destructive and there exist
two allowed regions, corresponding respectively to
the case with relatively small NP influence (the
lower region) and the case where the NP contribu-
tion is about twice the size of the SM one (the upper
region). In addition, the combination |A}A,| is
strongly correlated with the charged-Higgs mass,
with large values only allowed for large mg-.

(iv) Since the experimental data and the theoretical
prediction for the direct CP asymmetry Acp(B —
X,y) still suffer large uncertainties, this observable
gives almost no constraint on the model parameters,
except for the small excluded region in the type-
C model.

Since the branching ratio B(B — X,y) is a key observ-
able, it is interesting to investigate its correlations with the
other observables. Furthermore, under the constraints of
B(B — X,y), correlations between the other observables

PHYSICAL REVIEW D 89, 054024 (2014)

are also expected to be significantly affected. These are
shown in Fig. 2 for the inclusive B — X ;v decays in both
the type-III and the type-C model, from which one observes
only mild correlations for most observables, the exception
being the correlation between the two direct CP
asymmetries.

It is also interesting to note that the NP contributions
exhibit large and small deviations from the SM predictions
for Acp(B — X,y) and Acp(B — X,y), respectively. The
predicted ranges are similar for Aqp(B — X,y) but quite
different for A-p(B — X,y) in the two models; especially,
the type-C model gives much wider ranges for
Acp(B = Xy) than the ones predicted in the type-III
model. To understand these observations, we should firstly
recall that the dominant NP effects in our case are encoded
in the two dipole coefficients CSIf and CET, and the main
contributions to these observables consist of three terms
proportlonal reS]S‘)ectlvely to Im(C,/Cs), Im(Cgt /)
and Im[1\” /") . C,/CEH], see Eq. (12) in Ref. [105]
for detalls As the SM contributions to C, and C57 are all
real, only the last term contributes and makes a difference
between Acp(B — X,y) and Acp(B — X,7), being doubly
Cabibbo suppressed for the former but absent of this
suppression for the latter. In the 2HDMs considered here,
on the other hand, the charged-Higgs Yukawa couplings are
generally complex and, therefore, all the three terms can
contribute and do not suffer any CKM-suppression. Thus,
compared to the SM result, a wider region of Aqp(B —
X,y) is predicted in the type-C model due to the con-
structive interference from the NP contributions; in the
type-IIl model, the NP contributions to Cgf have an
opposite sign, which makes the overall NP effect being
destructive and leading to a direct CP asymmetry with
small derivations from its SM prediction. For
Acp(B = X,y), however, the NP contributions are not
doubly Cabibbo-enhanced relative to the SM ones, which
results in only small deviations between them.
Consequently, the observable Acp(B — X,y) is more
suitable to distinguish between the two models.

As a final comment, we should note that the large
deviations from the SM value for Acp(B — X,y) are,
however, not favored by the current experimental data,
part of which corresponds to the excluded region shown in
the last plot of Fig. 1. Further insights into the model
parameters provided by these observables have to be
complemented by the improved experimental precision
and theoretical progress expected in the near future.

D. B —» K*y decays in 2HDM with MFV

For the exclusive B — Vy decays, although the decay
amplitudes are proportlonal to the coefficient Ceff(yh)
through the quantity C7 defined in Eq. (3.1), predictions
for the branching ratios still suffer large uncertainties
mainly due to the tensor form factor 7';(0). Accordingly,
the branching ratios of exclusive decays could not provide
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further constraints on the model parameters with respect to
that of the inclusive B — Xy decay. However, another two
interesting observables, the direct CP and isospin asym-
metries, can be constructed for the exclusive modes, both of
which show a different dependence on the NP parameters
from that of the branching ratios. Thus, different constraints
on the model parameters are expected from these two
observables. In this subsection, we shall firstly discuss
B — K*y decays.

Under the constraints of the current experimental data on
B — K*y decays, we show in Fig. 3 the allowed regions of
the charged-Higgs Yukawa couplings A, and A, for both
the type-III and type-C model, plotted also in the planes
A, — A, (real couplings), |A%A,| —0 and |ALA,| — mpy=
(complex couplings). From these plots, we make the
following observations:

(i) In the case of type-IIl model, constraints derived
from the isospin asymmetry A(K*y) exhibit a differ-
ent dependence on the NP phase 6 with respect to
that of the branching ratio shown in Fig. 1. This is
caused by the different dependence on the coeffi-
cient C5(u;,) between these observables; while the
branching ratios are proportional to [CS(p,)[?, the
isospin asymmetry varies like 1/CS(u,), both
being at the LO approximation. Furthermore, the
large same-sign solutions allowed by B(B — X,y)
are already excluded once constraints from A(K*y)
are taken into account.

(ii) In the case of type-C model, on the other hand,
the isospin asymmetry puts almost no bounds on
the Yukawa couplings; especially, it could not
exclude the regions with large |A,| and |A,|. This
is quite different from that observed in the type-III
model. To understand this, we should note that,
among the three sources of the isospin asymmetry
pointed out below Eq. (3.5), the contribution from
the spectator scattering through the chromo-
magnetic operator Og (i.e., the terms proportional
to Re(C*C¢™) and |CET|?) is more relevant in
the regions with large |A,| and |A,|. In this region,
the isospin asymmetry will be dominated by these
two terms and, since the predicted CgT(u,)
have similar magnitudes but opposite signs, the
different interference between them results in
numerical values with opposite signs between
these two models. Taking into account the current
experimental constraint with 2¢ error bars, 0 <
A(K*y) < 10.4, we can therefore exclude the case
in which the predicted A(K*y) lies outside this
range, which corresponds to the type-III model
discussed above. The type-C model belongs to the
other case, in which the predicted A(K*y) is still
consistent with the experimental measurement, and
hence the regions with large |A,| and |A,| still
could not be excluded.

PHYSICAL REVIEW D 89, 054024 (2014)

(iii) Since there are still large theoretical and experimen-
tal uncertainties for the direct CP asymmetries in
these decays, again almost no constraints can be
obtained from these observables. For the type-C
model, however, some regions with small |A}A,]
have already been excluded by the observable
Acp(B® — K*%). This is due to the same reason
as explained in the case of inclusive B — X,y decay.

(iv) The branching ratio and the isospin asymmetry are
very complementary to each other. Although the
constraints from exclusive branching ratios are
slightly weaker than the ones from B(B — Xy),
their combinations with the isospin asymmetry play
an important role in further reducing the allowed
parameter space. This will be explored in Sec. V.

In the presence of 2HDMs with MFV, the observables in
B — K*y decays are also expected to be correlated with
each other. Within the parameter space allowed by
B(B — X,y), these are shown in Fig. 4 for both the
type-1II and the type-C model. The correlations between
the two branching ratios are trivial and similar between the
two models; the large values for the branching ratios
correspond to the case where the NP contribution to C&if
is about twice the size of the SM one. For the direct CP
asymmetries, the allowed ranges in the type-C model are
much larger than the ones in the type-III model, which is
similar to the case observed in the inclusive decays. For the
isospin asymmetry, on the other hand, the allowed ranges in
the type-C model are much smaller than the ones in the
type-IIl model. Very large values for A(K*y) correspond to
the case where a strong cancellation between the SM and
the NP contributions to CST(u;) occurs, making the
remaining parts, such as the annihilation and spectator-
scattering contributions, relatively important.

Thus, it is concluded that the direct CP and isospin
asymmetries in B — K*y decays could provide constraints
on the parameter space in a way complementary to the
branching ratios. Improved experimental measurements
and theoretical predictions will make these observables
more powerful for exploring NP.

E. B — py decays in 2HDM with MFV

For the excluswe B — py decays, since the CKM factors
if, ) and /1 are comParable in magnitude, the two decay
amplitudes C7 and C7 should be included simultaneously.
This feature makes these decays particularly interesting in
constraining the CKM unitarity triangle [37,44,52,54,57]
and probing physics beyond the SM [50,66,67,69,70].

Specific to the type-IIl and type-C models, it is found
that, similarly to the case of B — K*y decays, constraints
from the two branching ratios are also slightly weaker than
the ones from B(B — X;y), and the two direct CP
asymmetries are again found not to be able to put any
constraints on the model parameters. Thus, we only show in
Fig. 5 the constraints on the Yukawa couplings A, and A,
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FIG. 3. Constraints on the couplings A, and A, from the observables A(K*y) and A¢p(B° — K*%). The other captions are the same
as in Fig. 1.
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FIG. 5. Constraints on the couplings A, and A, from A(py). The other captions are the same as in Fig. 1.

from the isospin asymmetry A(py). From these plots, the
following observations are made:

(@)

(ii)

For both the type-III and the type-C model, the
isospin asymmetry A(py) exhibits a different
dependence on the phase 6 from the branching
ratios, but also the observable A(K*y). This is
due to the comparable contribution from the extra
term proportional to ﬂid) , which is associated with an
extra weak phase arg(V,;,).

For the type-C model, unlike the case in B — K*y
decays, the isospin asymmetry A(py) excludes most
of the regions with large values of |A, | and |A,|. This
is mainly due to the discrepancy between the
experimental measurement and the SM prediction,
in which the current data are quite below the SM
prediction. In the region with large |A,| and |A,],

(iii)

although still being opposite in sign, the obtained
values of A(py) in both cases are larger than the
experimental data, and hence the corresponding
regions are excluded.

Due to their different dependence on the phase 0, the
combined constraints from the branching ratios and
the two isospin asymmetries should be more strin-
gent, which will be explored in detail in Sec. V.

Within the parameter space allowed by B(B — X,y),
correlations between the observables of B — py decays are
shown in Fig. 6. It is observed that, for the direct CP
asymmetries, the predicted ranges relative to the SM
predictions are different between the B — K*y and B —
py decays. This difference is similar to that observed in the
inclusive B — X,y decays and the reason is almost
the same.
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FIG. 6 (color online).

B(B — X,y). The other captions are the same as in Fig. 2.
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by B(B — X,y). The other captions are the same as in Fig. 2.

We also show in Fig. 7 the correlation between the two
isospin asymmetries A(K*y) and A(py). It can be seen that,
even under the constraint from B(B — X,y), large values
for the two isospin asymmetries remain allowed relative to
their respective SM predictions, with much wider ranges
for A(K*y) than for A(py). To understand this, we should
note that the allowed ranges of the isospin asymmetry
under the 2HDMs are determined by the NP effects with
small values of |A;A,|. In this region, the contribution from
the weak annihilation and the spectator scattering through
the current-current operator O, plays an important role,
which corresponds to the term proportional to
Re(AP) /2P) . €,/ CS). Within the SM, this term is doubly
Cabibbo suppressed for the B — K*y, but no suppression
for the B — py decays. Thus, due to the absence of the
CKM suppression, much wider ranges for A(K*y) are
predicted than for A(py) in the two NP models. This also
explains why the predicted ranges for the direct CP and
isospin asymmetries do not show a large difference
between the two models, complemented by the fact that
the two models give similar corrections to CST(uy).
However, with the constraint from B(B — X y) taken into
account, the very large central value of A(py) cannot be
accommodated by the two models.

From the above observations, we conclude that, similarly
to B — K*y decays, the isospin asymmetry A(py) is also a
very important observable in constraining the charged-
Higgs Yukawa couplings. A confirmation of the present
central value with higher precision would challenge the SM
as well as the two models considered here.

F. Other B — Vy decays in 2HDM with MFV

In this subsection, we discuss the other exclusive
radiative B-meson decays, including B — wy and B, —
K% induced by b — d transition, as well as B, — ¢y
induced by b — s transition. At present, only the branching
ratios of B, — ¢y and B — wy have been measured,
which however could not provide stronger constraints on
the model parameters than the ones from B(B — X,y).
Here we do not consider the pure annihilation-dominated
B — Vy decays, which are predicted to be very tiny within

(=]
—
L
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AK*Y[1072]

Correlation plots between the two isospin asymmetries A(K*y) and A(py) within the parameter space allowed

the QCDF formalism, ~O(107'%) [118,119]. Furthermore,
a quantitative discussion does not seem appropriate in this
case, as the two models considered here do not imply large
enhancements.

Since neither the direct CP asymmetries of these decays
nor the observables of B, — K*y have been measured
so far, we show in Fig. 8 the predicted correlations among
the various observables in these B — Vy decays as well as
the two isospin asymmetries A(K*y) and A(py), within the
parameter space allowed by the observable B(B — X,y).
With improved measurements from the LHCb and the
future Super-B factory, these interplays may provide useful
information about the NP model.

It is interesting to note that, even after taking into account
the constraints obtained from the previous sections, large
derivations from the SM predictions for the direct CP
asymmetries, especially in the case of type-C model, are
still possible. As pointed in Refs. [45,69], the direct CP
asymmetry of B, — ¢y decay is predicted to be relatively
tiny within the SM and does not suffer large hadronic
uncertainties, which makes it particularly sensitive not only
to the 2HDMs considered here, but also to every model
introducing new weak phases in b — s transitions.

V. CONCLUSIONS

In the “Higgs basis” for a generic 2HDM, only one
doublet gets a nonzero vacuum expectation value and,
under the MFV criterion, the other one is fixed to be either
color-singlet or color-octet, referred to, respectively, as the
type-III and type-C models. Due to the absence of FCNC
transitions, both of these two models imply very interesting
phenomena in some low-energy processes. In this paper,
we have studied their effects on the exclusive radiative B-
meson decays due to the exchange of colorless or colored
charged-Higgs boson. Our main conclusions can be sum-
marized as follows:

(1) Constraints from the branching ratios of exclusive
decays are slightly weaker than the ones from the
inclusive B — X,y decay. As the branching ratio is
proportional to |CST(u,)|?* to the first order, for
which the NP contributions make no significant
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The other captions are the same as in Fig. 1.

differences between the two models, constraints

from these observables are almost indistinguishable

for the type-1II and the type-C model.
(i) Complementary constraints on the model parameters
can be obtained from the two isospin asymmetries
A(K*y) and A(py), which vary like 1/CS (u,,) at the
LO. Especially once constraints from the current
data on A(K*y) are taken into account, the allowed
regions in which the NP contribution is about twice
the size of the SM one are already excluded.
As the two models predict similar magnitudes but
with opposite signs for C§* (i), the direct CP and
isospin asymmetries of b — s processes, to both of
which the main SM contributions are doubly Cab-
ibbo suppressed, are found to be more suitable for

(iif)

discriminating the two models. Due to the absence
of CKM suppression, on the other hand, contribu-
tions from the term proportional to /1,(4‘1) makes these
observables of b — d processes less sensitive to
CSft () and exhibit a different dependence on the
phase 6.
Since most of the observables still suffer large
uncertainties, we have also investigated correlations
between the observables in exclusive B — Vy and
inclusive B — X,y decays, within the parameter
space allowed by B(B — X,y). Some of them will
become relevant with the advent of more precise
experimental data and theoretical predictions.

To see clearly the complementary effects between these
observables, we show in Fig. 9 the final combined

(iv)
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constraints from all the available experimental data on B —
Vy and B — X,y decays. With respect to the regions
shown in Fig. 1, one can see that constraints from the
exclusive observables could exclude a significant addi-
tional part of the parameter space.

With the experimental progress expected from the LHCb
and the future Super-B factory, as well as the improved
theoretical predictions for these decays, either constraints
shown here will be strengthened or signs of nonstandard
effects rather than the ones considered here will show up.
Of special interest in this respect are the two isospin
asymmetries.
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