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We investigate the exclusive B — y/7¢~ decay in the general two
Higgs Doublet Model (model III) including the neutral Higgs boson effects
with an emphasis on possible CP-violating effects. For this decay, we an-
alyze the dependencies of the forward—backward asymmetry of the lepton
pair, Apg, CP-violating asymmetry, Acp, and the CP-violating asymme-
try in forward-backward asymmetry, Acp(App), on the model parame-
ters and also on the neutral Higgs boson effects. We have found that
App ~ 1071, 1072, Acp ~ 1072, 10! and ACP(AFB) ~ 1072, 10717 de-
pending on the relative magnitude of the Yukawa couplings £§ ,, and £3 ,,
in the model ITI. We also observe that these physical quantities are sensitive
to the model parameters and neutral Higgs boson effects are quite sizable
for some values of the coupling EJQJT.

PACS numbers: 12.60.Fr, 13.20.He

1. Introduction

It has been realized for a long time that rare B-meson decays induced by
the Flavor-Changing Neutral Currents (FCNC) are the most promising field
for obtaining information about the fundamental parameters of the Standard
Model (SM), like the elements of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, the leptonic decay constants etc., and testing the SM predictions
at loop level. At the same time rare decays can also serve as a good probe
for establishing new physics beyond the SM, such as the two Higgs Doublet
Model (2HDM), minimal supersymmetric extension of the SM (MSSM) [1]
etc., since the contributions from these new models and the SM arise at
the same order in perturbation theory. The observation of radiative pen-
guin mediated processes, in both the exclusive B — K*v [2] and inclusive
B — Xyv [3] channels, stimulated the investigation of the radiative rare
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B-meson decays with a new momentum. Among these rare decays, B —
v 8~ (¢ = e, u, T) have received a special interest due to their relative clean-
liness and sensitivity to new physics. They have been investigated in the
framework of the SM for light and heavy lepton modes in Refs. [4-6]. The
new physics effects in these decays have also been studied in some models,
like MSSM [7] and the two Higgs doublet model [8-10].

In this work, we study the radiative B — v/£7¢~ decay in the general
2HDM (model III) including the neutral Higgs effects. The 2HDM is the
minimal extension of the SM, which consists of adding a second doublet to
the Higgs sector. In this model, the Yukawa Lagrangian responsible for the
interaction of quarks and leptons with gauge bosons opens up the possibility
of having tree-level FCNC, which are forbidden in the SM and model T and
IT types of the 2HDM. This brings new parameters, .e., Yukawa couplings,
into the theory.

B — ~4 /{74~ decay is induced by the pure-leptonic decay B — £/,
which is free from the helicity suppression, in contrast to the channels with
light leptons, but quite hard to detect experimentally due to low efficiency.
In B — v¢*¢~ decay, helicity suppression is overcome by the photon emis-
sion in addition to the lepton pair. For this reason, it is expected for
B — 474 decay to have a large branching ratio and this makes its inves-
tigation interesting. Another reason that motivates to study B — vy /414~
process is that it receives additional contributions from the Neutral Higgs
Boson (NHB) exchanges in the 2HDM. Since NHB contributions are propor-
tional to either the lepton mass or the corresponding Yukawa coupling, they
are negligible for B — ~ £/~ decays with light leptons, but we could expect
significant contributions for £ = 7. Indeed, the investigation of B — y7+7~
decay in model I and II types of the 2HDM in [8], and in MSSM in [7],
including NHB effects report that the contribution from exchanging neutral
Higgs bosons may be quite sizable for large values of tan 8, which is already
favored by LEP experiments [11].

We investigated the B — £/~ decay for £ = 7 in the model III type
of the 2HDM in a previous paper [10]. In this work we extend this study
with an emphasis on possible CP violation effects. The CP asymmetry is
of great interest in high energy physics especially since its origin is still
unclear. In the SM, the source of CP violation is the complex CKM matrix
elements, which can explain all the existing data on CP violation. However,
for example, to explain the matter-antimatter asymmetry observed in the
universe today one needs additional sources of CP-violating effects, which
has motivated to search new models beyond the SM. In model III type of
the 2HDM, the complex Yukawa couplings provide a possible source of CP
violation. Indeed, it was reported [12-14] that a measurable CP asymmetry
was obtained due to this new phase in the model III.
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The paper is organized as follows: In Section 2, we first present the
Leading Order (LO) QCD corrected effective Hamiltonian for the quark
level process b — v £7£¢ ", including the NHB exchanges. Then we give the
corresponding matrix element for the exclusive B — vy £*/~ decay. Next,
we calculate the forward—backward asymmetry of the lepton pair, Apg,
CP-violating asymmetry, Acp, and the CP-violating asymmetry in forward—
backward asymmetry, Acp(App), as functions of the model parameters.
Section 3 is devoted to the numerical analysis of these physmal quanti-
ties with respect to the CP parameter sinf, Yukawa couplings & Nrr and
§N7bb and the mass ratio myo/m 40 and to the discussion of our results. In
Appendix A, we give a brief summary about the general 2HDM (model IIT).
The operators and the corresponding Wilson coefficients appearing in the ef-
fective Hamiltonian are given in Appendices B and C, respectively. Finally,
some parametrizations used in the text may be found in Appendix D.

2. The exclusive B — ~£1£~ decay

The exclusive B — v £7¢~ decay is induced by the inclusive b — s~y ¢4~
one. Therefore, we start with the QCD corrected effective Hamiltonian for
the related quark level process b — s £/, which is obtained by integrating
out heavy particles in the SM and in the 2HDM |[15, 16]

4GF 10
H=—7" thVgs{ZC )‘i‘ZCQi(M)Qi(M)}a (1)
i=1

1

where O; are current—current (i = 1,2), penguin (i = 1,...,6), magnetic
penguin (i = 7,8) and semileptonic (i = 9,10) operators . The additional
operators Q;(i = 1,...,10), are due to the NHB exchange diagrams, which
give considerable contributions in the case that the lepton pair is 77~ [15].
Ci(p) and Cg,(p) are Wilson coefficients renormalized at the scale p. All
these operators and the Wilson coefficients, together with their initial values
calculated at g = myy in the SM and also the additional coefficients coming
from the new Higgs scalars are presented in Appendices B and C.

Neglecting the strange quark mass, the effective Hamiltonian (1) leads
to the following matrix element for b — s £/~

G _ _
M = fé/iF V;fths{CQ (S'YMPLb) E’Yuf + Clo(g’YuPLb) E’yu’y5£

—207%(§'L’UMVQVPRZ))Z’YHE + CQ1 (§PRb)E£ + CQ2 (EPRb)E’%E} ,(2)
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where P rp = (1 F5)/2 , ¢ is the momentum transfer and V;;’s are the
corresponding elements of the CKM matrix.

In order to obtain the matrix element for b — sy £7¢~ decay, a photon
line should be attached to any charged internal or external line. As pointed
out before [5,6], contributions coming from the release of the free photon
from any charged internal line will be suppressed by a factor of mz /M\Q,v and
we neglect them in the following analysis. When a photon is released from
the initial quark lines it contributes to the so-called “Structure Dependent”
(SD) part of the amplitude. Using the expressions

e

(0) L5 95 Blrs)) = - {ewnoe™a W g(a?)

+i [e*“(kq) - (6*q)k“]f (qg)} )

(3iuky (1 F 358 B) = —7{Cuasacakiots 91(p?)
B

T i [e),(kq) — (€'k)q] fl(pQ)},
0,

(715(1 +5)b|B) = (3)

the SD part of the amplitude can be written as

OéGF

2V/2m
+ 0Pyl [Bleumge*”qo‘kﬁ + 1 By (6Z(kq) — (6*q)ku>} } , (4)

Msp = ——Vu Vi B{£7 E{Aleﬂmﬁs Vg kP “I‘ZAQ( Z(kq) — (5*q)ku)]

where £, and k), are the four vector polarization and four momentum of the
photon, respectively, and pp is the momentum of the B-meson. In Eq. (4),
Ay, Ay, By and By are functions of the Wilson coefficients and the form
factors, and they are given in Appendix D.

We note that the neutral Higgs exchange interactions do not contribute
to the structure dependent part of the matrix element Mgp. However,
the situation is different for the so-called “Internal Bremsstrahlung” (IB)
contribution, Mg, which arises when a photon is radiated from one of the
final ¢- leptons. Using the expressions

(0]5yuv5b|B) = — ifBPBy,
(0|50, (1 £v5)b|B) = 0,
2
o m
(0|3750|B) = ifp—2,
my

(0l0|B) = 0, (5)
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and the conservation of the vector current, IB part of the matrix element is
found as [§]

ozGF ﬁ/*ﬂB_ﬂBﬁl*
M = o V”’V;Sefm{ <2p1k ook ] 5

7y P 1 1
ik 2ok +2W<7+ M) flﬁ} )

where F' and Fj are functions of form factors and the Wilson coefficients
Cg, and Cg, due to the NHB effects and their explicit forms can be found
in Appendix D. Finally, the total matrix element for the B — £/~ decay
is obtained as a sum of the Mgp and Mg terms, M = Mgp + MiB.

Now, we will calculate the forward—backward asymmetry, Apg, for the
lepton pair, CP-violating asymmetry, Acp, and CP-violating asymmetry in
the forward-backward asymmetry, Acp(App) for the process under consid-
eration. All these measurable physical quantities can provide a great deal
of clues to test the theoretical models used. We first give the definitions of
AFB (.’L‘) and ACP:

+F ¢

d2 dz
- 2 2 )
F(B — fyﬁ"’ﬁ_) - (B — )
ACP = — = — ) (8)
I'B—~v¢H-)+I'(B—~0te)

where z = cos 0, 0 is the angle between the momentum of the B-meson and
that of £~ and = 2F, /mp is the dimensionless photon energy. In Eq. (7),

% is the double differential decay rate and in the Center of Mass (CM)
frame of the dileptons £*£~, it is given by

ero
drdz

+ 8 (|A1| | Ay| >+4z\/ (1—7)(1—z—4r)Re (A2B1+A1B2)]
(z —1)

(22 = 1)(z — 1) +4rz?)

+ (1 —4r —2*(1 — z — 4r)) Re (A2 F}) — zRe (A1 F*)]

+/fBme [vzzRe (BoF* — B Fy)
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1—x)

(
)

( 2
+f% (( ) ) +4,,,z2)2 |:|F| ((_2 +4z — 3$2 +£E3

22 -1

+8r(1—z))(22—1

z—1

—1—47':1:222) +|F ((32r*(z—1)+4r (4—62+227)

—2+4m—3m2+$3)(22—1)4—:10222)]}, 9)

where v = /1 — 147"

—— with r = m% /m%. Integrating over the angle variable,

we find the forward—backward asymmetry App as follows,

App = —/dm4vm2{m23$\/($—1)(m—1+47“)Re(A1A§—BlB§)

z—1+4r

—(Al—Bl)Fn} / | ds D) (10)

D(x) = B3 [(|AL? + | Ao2) (1 + 2r — 2) + (|B1[> + | Bo|?)(1 — 4r — z)
12

~1 4
—4fpmev ( il )m1 "_Re((Ay — By)F*
x

where

—fepmex [21)(1 — z)Re(AxFY) + lni fz ((x — 4r)Re(A2FY) — wRe(AlF*))}
—of2 lvg (|F|2 4 (1—4r) |F1|2) +1n1—_|_z < <1 + Qw—r - i - g) |F|?
+<(1—4r)—42 (1—6;+8r') _§> |F1|2> (11)

We note that in these integrals the Dalitz boundary for the dimensionless
photon energy z is taken as

4m?

§<z<1-—t, (12)

mp
since |[ Mg |2 term has infrared singularity due to the emission of soft photon.
In order to obtain a finite result, we follow the approach described in Ref. [6]
and impose a cut on the photon energy, i.e., we require E, > 50 MeV,
which corresponds to detecting only hard photons experimentally. This cut
requires that £, > d mp/2 with § = 0.01.
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For B — ~/¢T/¢~ decay, Acp almost vanishes in the SM due to the
unitarity of CKM matrix together with the smallness of V,,,V,/,. However,
in model ITT complex Yukawa couplings provide a new source of CP violation.
In our calculations, we choose fﬁbb = |§]€7bb|ew so that C§T, Cg, and Cg,
are the Wilson coefficients that contain CP-violating terms. Using Eq. (8),
we calculate Acp as

[ dzT(z)

Acp = [ dz (D(z) + Dcp(x))

(13)

T(x) = m% Im(E}\?,bb) {gx(l—i—%—x)Agg)A?)

—2fpt [ <2u(1 _ 1) + (2 — 4r)lniE ”) ADF® _ 41 1Y 40 g
mp 1 1—w

and Dcp(x) is the CP conjugate of D(z) which is defined as

Dep(z) = D(z) (€N — ENm)*) - (15)
The explicit form of the functions Agg, Ag’g, etc., in Eq. (14) are given in
Appendix D.
Finally, we consider the CP-violating asymmetry in App, Acp(Arp),
which is an important measurable quantity that may provide information
about the model used. It is defined as

App — App

Acp(Ars) = App + App

(16)

Here, App is given by Eq. (10) and App is obtained by the replacement
éﬁ,bb - (fﬁ,bb)* in Apg .

3. Numerical analysis and discussion

We present here our numerical results only for £ = 7 channel, but they
can easily be applied to the £ = y case. The input parameters we used in
our numerical analysis are as follows:

mp = 5.28GeV, my =4.8GeV, m,=1.4GeV, m, =1.78GeV,
mpgo = 150GeV, mpuo = T70GeV, m 0 = 80GeV, my+r = 400GeV,
Vi Vii| = 0.045, a =129, Gr = 1.17 x 107°GeV 2,
8 = 1.64x10712s, CST=4229, (9= —-4.659. (17)
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Here we note that the value of the Wilson coefficient Cgﬁ above corre-
sponds only to the short-distance contributions. C’Sﬁ also receives Long-
Distance (LD) contributions associated with the real éc intermediate states
(see Appendix C for the details of LD contributions). There are five pos-
sible resonances in the éc system that can contribute to the B — y 777~
decay and to calculate their contributions we need to divide the integra-
tion region for z into two parts: § < z < 1 — ((my, + 0.02)/mp)? and
1 — ((my, — 0.02)/mp)? <z <1—(2m,;/mp)?, where my, = 3.686 GeV is
the mass of the second resonance.

For the values of the form factors g, f, g1 and fi, we have used the
results of Ref. [17] and [18], and represent their ¢> dependencies in terms of
two parameters F'(0) and mp as

F(0
i) = O (19)
(1-3%)
F
where the values F'(0) and mp for the B —  are listed in Table 1.
TABLE 1

B-meson decay form factors in the light-cone QCD sum rule.

F(O) agr

g 1 GeV 5.6 GeV
f 0.8 GeV 6.5 GeV
g1 | 3.74 GeV? 6.4 GeV
fi | 0.68 GeV2 5.5 GeV

There are many free parameters in the general 2HDM, such as masses

of the charged and neutral Higgs bosons and complex Yukawa couplings,
U,D . . .

&7, where i, j are quark flavor indices. There are also some experimental
results that one can use to restrict these new parameters. In this context,
the stronger restriction comes from the analysis of the A F' = 2 decays with
F = K, By, D mesons, the p parameter and the B — X~ decay.

The contributions to the Wilson coefficient C7 from the neutral Higgs

bosons h® and A° are given by [19]

CHlmy) = (VaVi) ' S €0, 80, Y (19)

8m;myp
i=d,s,b b

where H = hY, A°, and m; and Q; are the masses and charges of the down
quarks, respectively. Eq. (19) shows that the neutral Higgs bosons can give
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a large contribution to the Wilson coefficient C; and this contradicts with
the CLEO data [3]

BR(B — X,v) = (3.154+0.35 4+ 0.32) x 10 *. (20)

However, assuming that the couplings fﬁis with ¢ = d,s,b and §£7bd are
small enough to reach the conditions Eﬁ’bbfﬁis < 1 and fﬁbdéﬁds < 119,

together with the constraints from A F = 2 mixing [20] and the p para-
meter [21], we obtain the conditions

5N,tc < E]I{f,tt’
N ENij~ 0i,j =d,s, (21)

so that we only take into account EJU\,’” and 5}\?7%. In our work, we choose
5%7” as real and 5]137% as complex, namely 5]137% = |E]l\),,bb|ei‘9. As for the Ez({r,wa
since it controls the contributions due to the NHB effects, we leave E%JT as
a free parameter to investigate the size of NHB effect on the measurable
quantities of the B — y 777~ decay.

In our numerical calculations, we further adopted the constraint on the
Wilson coefficient CET, 0.257 < |C£%| < 0.439 [20] due to the CLEO mea-
surement (Eq. (20)) and the redefinition

U,D _ [ﬁ_U,D

The above constraint on the C?H restricts the allowed regions of the mea-
surable quantities of the exclusive B — y777~ decay, namely, App, Acp
and Acp(Arp) and these regions are represented by the ones between the
solid curves for C¢% > 0 and the dashed curves for CST < 0 throughout the
graphs in Figs. 1-18.

In Fig. 1, we plot sin @ dependence of Apg without NHB effects for the
cU
g%:z < 1. We see that in model III without NHB
effects, |App| is smaller compared to its value in the SM (0.183), represented
by the dashed straight line, for C$" > 0, but it can be enhanced up to 7%
with increasing sinf. For C£T < 0, App is not much sensitive to sin@, but
its value can be slightly greater than the SM prediction. Including the NHB
effects to App ( Fig. 2) reduces its magnitude 30% of its value without NHB
effects for C?H > 0, while for C?H < 0, App is almost the same as the SM
value.

case of ratio |ry| =
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-0.16 T T T T T T

-0.165

-0.17

App

-0.175

-0.18

-01850 1 1 1 1 1 1

Fig.1. Arp as a function of sinf for fﬁ’bb/mb = 40my and |ry| < 1 without
NHB effects. Here App is restricted in the region between solid (dashed) curves
for C£% > 0 (CS™ < 0). Dashed straight line represents the SM prediction.

0

-0.05

App

-0.1

-0.15

Fig.2. The same as Fig. 1, but including NHB effects with f_ﬁ’” =10m,.

In Fig. 3 (4), we present App as a function of §£7bb/mb (mp0/m 40) for
fﬁw = 10m,, sinf = 0.5 and |ry| < 1. App is at the order of magni-
tude 107! and increases with the increasing values of both 5]137% /my and
mpo/m 0. For C’?ﬁ > 0, App stands less than the SM prediction and for
(_J'?ﬁ < 0, model IIT prediction can reach the SM one for large values of
f£7bb/mb and myo0/m 4o.

We have also calculated the sinf ( fﬁbb and mypo/m 40) dependence of
Arpp for the case of ratio r4 > 1. We have found that in this case Ay is
one (two) order(s) of magnitude smaller than its value for |ry| < 1 case, and
including NHB effects reduces this value even one more order of magnitude.
Therefore, we do not present these graphs here.
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-0.05

-0.1

App

-0.15 - -

0.2 | | | | |
20 30 40 50 60 70 80

D
Exon/ ™0

Fig.3. App as a function of gﬁ’bb/mb for f_ﬁ’” =10m,, sinf = 0.5 and |ry| < 1.
Here App is restricted in the region between solid (dashed) curves for C$ > 0
(CE% < 0). Dashed straight line represents the SM prediction.

App

-0.1 B

-0.15 C .

0.6 0.65 0.7 075 0.8 0.8 0.9 0.95
Mpo /M 40

oo
ot
<
ot
Tt

Fig.4. The same as Fig. 3 but as a function of m0/m 4.

Fig. 5 represents sinf dependence of Acp without NHB effects for the
case of ratio |ry| < 1. It is at the order of magnitude 10~2 and increases
with sin#. For C¢T < 0, Acp can have both signs, while for C£T > 0 its sign
does not change in the restricted region. Including the NHB effects (Fig. 6)
reduces |Acp| without NHB effects almost by 60% for C¢™ > 0. However,
for C¢T < 0, it is possible to enhance it by up to 35%.

Figs. 8 and 7 are devoted to sin @ dependence of Acp for ry > 1 with
and without NHB effects, respectively. Without NHB effects, |Acp| is at the
order of magnitude 1073 and including the NHB effects can enhance it up
to two orders of magnitude, i.e., it becomes |Acp| ~ 1071, We further note
that the restricted region for C£T > 0 (solid lines ) and C£T < 0 (dashed
lines) are now larger but they almost coincide.
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sin 0

Fig.5. The same as Fig. 1 but for Acp.

10% Acp

sin 6

Fig.6. The same as Fig. 2 but for Acp.

103 A(}p

sin 6

Fig.7. Acp as a function of sinf for fﬁm = 0.1my and ry > 1 without NHB
effects. Here Acp is restricted in the region between solid (dashed) curves for

csf >0 (G5 <0).
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0.4
0.3
0.2
0.1

0
-0.1
-0.2
-0.3
-0.4 =

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
sin 0

10 Agp

Fig. 8. The same as Fig.7 but including NHB effects with EJQJT =m;.

Fig. 9 (10) shows Acp as a function of EJQJT for 5]137% = 40(0.1)my and
sinf = 0.5 for |ry| < 1 (ry > 1). We see that Acp is sensitive to the
parameter fﬁw and it decreases (increases) with the increasing values of
EJQJT for CT > 0 (CET < 0) when |ryp| < 1. When 7y > 1, restricted
regions for C$T > 0 (solid lines ) and C£T < 0 (dashed lines) almost coincide
and |Acp| can take one orders of magnitude larger values compared to the
case where |ry| < 1.

10% A(}p

20 40 60 80 100
ERrr (GeV)

Fig.9. Acp as a function of EEJT for fﬁ’bb = 40my, sinf = 0.5 and |ry| < 1.
Here Acp is restricted in the region between solid (dashed) curves for CSf > 0
(CEf < 0).

In Fig. 11 (12), we plot the dependence of Acp on myo/m 4o for fﬁw =
10(1) m., ff&bb = 40(0.1)m; and sinf = 0.5 for |ry| < 1 (ry > 1). For
lrip| < 1 and CST > 0, Acp is sensitive to the ratio myo/m 40 and increases
with the increasing values of my0/m 0. However, for C’?H < 0, dependence
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1298

10 Acp
o
]

102 Agp

| | |
0.85 0.9 0.95

|
05 055 06 065 07 075 038

Mypo /M a0

Fig. 11. Acp as a function of myo /m 4o for EJQJT =10m,, fﬁm = 40my, sinf = 0.5
and |ry| < 1. Here Acp is restricted in the region between solid (dashed) curves

for C¢T > 0 (C5™ < 0).

10 Acp
o
T

I
b5 06 065 07 075 08 0.8 0.9 095

mpo/m 4o

Fig.12. The same as Fig. 11 but for ry > 1 with EJP,JT =m, and fﬁm =0.1my.
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of Acp on the ratio is weak but, the restricted region is larger this time. As
seen from Fig. 12, when ry > 1, |[Acp| can take one orders of magnitude
larger values compared to the case where |ry| < 1.

Finally, we present our results about the CP-violating asymmetry in Apg,
Acp(Arg) in a series of figures, Figs. 13-18. Fig. 13 (14) shows Acp(Ars)
as a function of sin@ for EJQJT = 10(1) m,, §£7bb = 40(0.1)my, for |ry| < 1
(rgg > 1). For |ryp| < 1, Acp(Apg) is at the order of magnitude 1072 and
it does not change sign in the restricted region for C$T > 0, while it can
have both signs for C?H < 0. For ry > 1, Acp(Arg) can reach 5% for the
intermediate values of sin and restricted regions for C£T > 0 (solid lines )
and CST < 0 (dashed lines) almost coincide.

0.8 T T T T T T
0.6
0.4

0.2

0

102 Acp(AFB)

02 ——— m

sin 6

Fig.13. Acp(App) as a function of siné for EJQJT = 10m,, f_ﬁ’bb = 40m,; and
|rep| < 1. Here Acp(App) is restricted in the region between solid (dashed) curves
for O£ > 0 (C£% < 0).

10 Acp(App)

sin

Fig.14. The same as Fig. 13 but for r;, > 1 with f_ﬁ’” = m, and f_ﬁ’bb = 0.1my.
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We can see from Figs. 15 and 16 that Acp(Arg) is sensitive to the
parameter fjl\),,ﬂ, especially for its small values. Acp(App) is a decreasing

(jncreasing) function of 557” for |rp| < 1 (ry > 1) and reaches 1(6)% for
EN -7 = 1(50).

10% A(}p(AFB)

Fig.15. Acp(Arg) as a function off_ﬁJT for f_ﬂbb =40my, sinf = 0.5 and |ry| < 1.
Here Acp(Arp) is restricted in the region between solid (dashed) curves for C¢F > 0
(Cef < 0).

0.6 IS 3

04 -~ -

0.2F .

IOACP(AFB)
(=)
T

20 40 60 80 100
R (GeV)

Fig.16. The same as Fig. 15 but for ry > 1 with f_f\’,’bb = 0.1my.

Fig. 17 (18) is devoted to the ratio myo/m 40 dependence of Acp(Arg)
for EJQJT =10(1) m,, E]l\),,bb = 40(0.1)my and sin @ = 0.5 for |ry| < 1(ry > 1).
It is seen from Fig. 17 that for |ry| < 1, Acp(ArB) is sensitive to the mass
ratio mpo/m 40 and it is increasing with the increasing values of myo/m 40
for C’?H > 0, while for C’?H < 0, its dependence on the mass ratio is weak.
For ryy > 1, |Acp(Ars)| is one order of magnitude larger than its value for
|’l"tb| < 1.
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10% Acp(Apg)

_.'0.5 0.55 06 065 0.7 075 08 0.8 09 095
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Fig.17. Acp(Arg) as a function of myo/m 40 for EJP,JT = 10m., Efﬁ’bb = 40my,
sind = 0.5 and |r| < 1. Here Acp(Arp) is restricted in the region between solid
(dashed) curves for C<T > 0 (C£% < 0).

-1
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
Mo /M g0

Fig.18. The same as Fig. 17 but for 74 > 1 with f_ﬁ’” =m, and f_ﬁbb = 0.1my.

In conclusion, we have investigated the physical quantities Apg, Acp
and Acp(Apg) for the exclusive B — /¢~ decay in the general 2HDM
including the NHB effects. From the results we have obtained we conclude
that experimental investigation of these quantities may be very useful for
testing the new physics effects beyond the SM and also the sign of C?H.

Appendix A
Model description
The 2HDM is the minimal extension of the SM, which consists of adding

a second doublet to the Higgs sector. In this model, there are one charged
Higgs scalar, two neutral Higgs scalars and one neutral Higgs pseudoscalar.
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The general Yukawa Lagrangian, which is responsible for the interactions of
quarks with gauge bosons, can be written as

Ly =n5Qid1Ujr +n};Qird1Djr + fZTQiL§Z§2UjR + ¢ Qirg2Djr + hec.,

(A1)
where 7,7 are family indices of quarks, L and R denote chiral projections
L(R) = 1/2(1 F5), ¢m for m = 1,2, are the two scalar doublets, Q;z, are
quark doublets, U;g, D;r are the corresponding quark singlets, nZ’D and

{g’D are the matrices of the Yukawa couplings. The Yukawa Lagrangian in
Eq. (A.1) opens up the possibility that there appear tree-level FCNC, which
are forbidden in the SM and model I and model II types of the 2HDM.
However, tree-level FCNC are permitted in the general 2HDM, and this
type of 2HDM is referred to as model III in the literature.

In this model, it is possible to choose ¢ and ¢9 in the following form

=) (B e (80 )

with the vacuum expectation values,

1 0
W= (1) w=o. (A3)
With this choice, the SM particles can be collected in the first doublet and
the new particles in the second one. Further, we take Hy, Hs as the mass
eigenstates h0, A®, respectively. Note that, at tree level, there is no mix-
ing among CP even neutral Higgs bosons, namely the SM one, H°, and
beyond, AP .
The part which produces FCNC at tree level is

Ly rc = SZTQiL@U]’R + fi?QiL@DjR + &0l g2Big +hee.. (A4)

In Eq. (A.4), the couplings ¢V"P for the flavor-changing charged interactions
are

U
fch = &neutral VOKM

551 = VokM &neutral 5 (A5)
where fge’ftral is defined by the expression
U(D U(D)y— U(D

and fr[l]e’ftral is denoted as f%’D. Here the charged couplings are the lin-

ear combinations of neutral couplings multiplied by Voxwm matrix elements
(see [20] for details).
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Appendix B
The operator basis

The operator basis in the general 2HDM (model IIT ) for our process is
[15,16,22,23]

Ol = (§La’)’MCL5)(EL5’YMbLa),
Oz = (SrLaYucra)(Crsy"brp),

O3 = (SLaYubra) Z (qrs7"ars) ,

q=u,d,s,c,b
Os = (SLavYubrp) Z (qrsY"qra) »
q=u,d,s,c,b
Os = (SLaVubra) Z (ars7"arp) »
q=u,d,s,c,b
Os = (gLon;tbLB) Z (QRB’Y#QRC\()’
q=u,d,s,c,b
O7 = m%gaduy(mbR—i-msL)bafﬂy,
Og = 1692$aTaﬁaW(mbR+ms )bg G,
e —
Oy = m—Q(sLa’yﬂbLa)(ﬁy“ﬁ),
O = 167 Q(SLQ’Y,LLbLa)(E’Y ’75@
e? -
Q1 = W(E% b) (£0)
e? -
Q2 = 167(5% br) (Lysl)
2
g _ _
Q3 = W(S%b%) Z (@ dy) »
q=u,d,s,c,b
9 Ny
Qs = 167(5%5%) > (drdr),
q=u,d,s,c,b
9 5 8
Qs = T6m2 (ST R) Z (a1, 9%) -
q=u,d,s,c,b

2
g _
Qs = 153GT0R), D (drad).
q=u,d,s,c,b
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2
9° . _
Qr = (550 b%) Y (a) ouwdr)

1672
q=u,d,s,c,b
2
—g P —
@s = 12 (510" V) Y (@howdr),
q=u,d,s,c,b
2
g P —
@o = 167r2(5%"wblﬁ%) > (@ owad),
q=u,d,s,c,b
2
g P —
Qu = 1672 (53 0" V) Z (Tp o a?) (B.1)
q=u,d,s,c,b

where a and 3 are SU(3) color indices and F*” and GM” are the field strength
tensors of the electromagnetic and strong interactions, respectively. Note
that there are also flipped chirality partners of these operators, which can
be obtained by interchanging L and R in the basis given above in model III.
However, we do not present them here since corresponding Wilson coeffi-
cients are negligible.

Appendix C
The Initial values of the Wilson coefficients

The initial values of the Wilson coefficients for the relevant process in the
SM are [22]

Cls,li\{f...ﬁ (mW) - Oa
3x3 — 222 —8x3 —5x? 4+ Tx
SM t t t t t
=t T
Cr(mw) = 4o, =y e 24(z, — 1)
32 —23 + 522 4+ 22
OSM _ t 1 t t t
5 (mw) Mo =0 T TR 1
1 1 — 4sin? 0w 4
CSM - _ LT A OW -D 4
o (mw) im0 (1) 2 Oy (1) (z1) + 9
1
Cio'(mw) = S0 O (B(zt) — C(x41))

cyltmw) =0 i=1,.,10 (C.1)
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and for the additional part due to charged Higgs bosons are

1,. G(mW)
C%q(mW) Y2 Fi(y) + XY Fa(y),
' (mw) = Y?Gi(y) + XY Ga(yr),
Csl(mw) = Y2 Hy(y),
Cli(mw) = Y2 Li(y), (C.2)
where
1 _ |
X = p— <51[\)/,bb f]?/sbvts>
1 Vi
Y = o <§Ntt+thcV ) (C.3)
ts

The NHB effects bring new operators and the corresponding Wilson coeffi-
cients read as [24]

g]e,TT(g][\]],tt)smbyt(@E) (yt)ZA - @1 (ZAa yt))

A0 3\ _
C ((tht) ) = 32m2m2,miO1 (24, Y1) Os (yr) ’
40 o 5]%,77(5%,”)2511\)/,1)1) 1
C ((tht) ) = 32W2m?40 (@1(2A,yt)@l(ZA,yt)@B(yt))

x (yt@l(m, 1)~ Os(r) (y + 24)) 201 (24, 91) O (31) [MD ,

@1 (ZAa ?/t)

OO w) =

g fN TTfN 1T 2 zym+2z4 ol [ 2405(z1) ]
64m2m?,my Os5(z1)  O1(za, ) O1(za,xt)
. ( (@ — Day(ye/za —1) — (1 + 2)ys
PN (O6 — (& = ) (= 1)) (O3(24) + (@ — ) (w1 — y1)2a)

_w(ye + 21— yi/24)) — 2%)
O6O3(24) ’

can
(fN bb) 64772m2 . @3 (ZA)

T ) |

9N €N ( _ajy +2y(z — Dz, — za(27 + Os)

Os O2(za,)
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CHO((f ) ) = 2(E%tt)2mbm7
Nt 64m2m?2 ,m?

r(1-2y)y; (=1 +2cos? Ow)(—1+z+y)ys
X +
Os5(y1) cos? Ow Oy (y1)

21 (01 (21, yo) vy + cos? Ow (—2a% (=1 + @y )yyi + vweyy; — Osz))
cos? OwO1 (2, yi)O7 ’

CHO (f ) = 92511\]/ ttfﬁ w7 [(—1 + 2 cos? Ow)y; T 2y (zy — 2p)
Nt 64m2m3,omy cos? OwOu(yt) Os(yt)  O1(zm,y1)
(=1 + 2cos® Ow)yzm Os(y)zm
— 2z In | ———— 4
" cos? Oy Or G | ) (C4)
CH (g1) = grmym,x B (=1 +2x)xy 2z (=1 + (2 4+ z)y)
' ~ 12872m2om] Os(wt) +y(1 — ) Os(z1)
_4cos Ow(—1+z+y)+z(z+y) x(z(x(y —22g) —4zg) + 225)

cos? Ow Oy () O1(zm, w)
+yt((—1+x)xtzH+0032 Ow((Bz—y)zm + 2(2y(z—1)—2zn (2—32—y))))
cos? Ow (O3(zg) + z(xs — yt)2H)

Os(xt)zm r(ys — x¢)2g — O3(2m)
PR g o | T @50 + o1 x)yH] ))’
gﬁw(g][\]@tt)gmbyt

Cep = -
((Exu)®) 32m2m2,miO1(zn, y1) O (1)

(€1 (zn,0) (25 =1)+65(31) 2= 1)z )

. EN ()’
Cal (€)= 553
o (@5 2n(ye = 1) (@ 4y —1) 1 (20, ) (O5 (ye) +y1) o [zh@5(yt)]
O1(21)O5(yt) O1(z1)

O ) = PN N T (2(=1+ 2+ 3)y)  wmelz — 1)y — z)
A Os(:) O (2n)

64m2m?,my
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9l 21Os5(zt) x(z(y — 221) — 4z1) + 225
O1(zn, x1) O1(zn, z4)
(14 z)ys2n

zyzy + (2 — y) (7 — wi) — Op)
O + yrzn((z — y) (2t — Y1) — O6) (22 — 1)
2h06(0s — (z — y) (2t — yt))

+$(ytzh + xi(2n —yt)) — 2yt2’h)

_l’_

Os(zp)

CI(ED, ) = _9251?/,77512,bb yyi (27 (ye — 2n) + Oszn(z — 2))
1ASI,bb 647r2m1210 Zh@g(zh)@g
Os TiYt2h
+2In |— | +2In ,
TtYt @2(Zh) )
where
O1(w,\) = —(—14+y—yNw — z(yA + w — w)
Oa(w) = (¢ +y(1 — ) yew — 24 (yys + (yr — Dw)
O4(w) = Og(w, s + Y1)
O3(w) = (z(—=1+y) —Yyw + zz(yys + W(=1 4 Y1)
Oyw) = 1—z+ 2w
O5(A) = z+A(1 —x)

Os = (1 +y(1 —z))ys + z24(1 — 1)

O7 = (y(ye — 1) —wy)zm + x(yys + (v — 1) zm)

Os = y(22*(L+z)(y — 1) + z(y(L — ) +v) + 2(2(L — y + 1)
+z1(1 = 2y(1 — yt) — 3y1)))

O = —i (1+z+y) (v +2(2y: — 1)) (y: — 2n) — Tryr2n (2 (1422) — 2y)

=

+yi (@ (2® —y(1 — 2)) + (1 + 2)(z — y)zn) (C.5)
and
2 2 2 2 2
Tt = mgt y Yt = i , ZH = ’”;t sy 2h = m2t , RA= ,rth .
myy ™M+ M0 myo m%o

The explicit forms of the functions Fiy(2)(yt), Gi(2)(yt), H1(y:) and Li(y;) in
Eq. (C.2) are given as

yi(7T =5y — 8y?) i3y — 2)
72(y — 1)3 12(y, — 1)4

Fi(y) = Iny;,
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yi(5y: —3)  yi(—3y +2)

F: = 1
2(v1) 20 —12 " 6 -1F
ye(—yi + 5y +2) ~y
G = 1
l(yt) 24(yt _ 1)3 + 4(yt — 1)4 nYye,
Yi(yt — 3) Y
G = 1
Q(yt) 4(yt _ 1)2 + 2(yt — 1)3 nye,
1 — 4sin’Ow zy; 1 1
H = - - 1
1) sin20w 8 |lw—1 (y—1)2 e
ATy? — 19y +38 3y — 6y, +4 .
"l108(y, — 1)3 1By - 7
1 TYy 1 1
L = = |- 1 .
1) sin?fy 8 [ yr— 1 * (yr — 1) nyt]

Finally, the initial values of the coefficients in the model III are

CHPM (mw) = CPM(mw) + Cff (mw),

g™ omw) = [ e [y (OB + OB ) + O )
+O8, (€N .0)°) + CQI ((€N.0)°) + Cy (ER ) + CB, (ER )

1-x
ogPmw) = [ e [ ay (O + 807 + O

+CQ2 (EX )
m
Cas" mw) = o (GG (maw) + € (mw)
m
CHPM(mw) = m (CEPM(mw) — CEPM(mw)) |
CHFPM(my) = 0, i=5,...,10. (C.7)

Here, we present Cg, and Cg, in terms of the Feynman parameters z and
y since the integrated results are extremely large. Using these initial values,
we can calculate the coefficients C2MPM (1) and ngDM(u) at any lower scale
in the effective theory with five quarks, namely u, ¢, d, s, b similar to the SM
case [19,23,25,26].

The Wilson coefficients playing the essential role in this process are
CZDM () - C2HDM () C2IPM (), CQPIIDM( ) and C2HDM( ). For complete-

ness, in the following we give their explicit expressions,

O (u) = CFPM(u) + Qu (CF™PM () + N CFPM (n))
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where the LO QCD corrected Wilson coefficient C7L O-2HPM () is given by

C;O,QHDM(IUI) — n16/23C$HDM(mW) + %(n14/23 _ 7]16/23)C§HDM(mW)

8
+ C3 M (mw) Y hin™, (C.8)

and n = as(mw)/as(u), h; and a; are the numbers which appear during the
evaluation [26].

C$% (1) contains a perturbative part and a part coming from LD effects
due to conversion of the real ¢c into lepton pair 1/~ :

Cef (1) = CB™ (1) + Yreson(s) , (C.9)
where

Cgert( ) CQHDM(M)

+h(z,5) (3C1 (1) + Ca(p) + 3C3(p) + Calp) + 3C5(p) + Co (1))

—5h(1, ) (4C3(n) + 4C4 (1) + 3C5(1) + Co(n))

—3h(0, 8) (C3(p) +3Cu(p)) + 2 (3C5(p) + Calps) + 3C5() + Co(1))
(C.10)

and

3 o Z WF(‘/Z —>ﬁ+ff)mv

2
[0
e Vi=yy

x (3C1 (1) + Co(p) 4 3C3(p) + Calp) +3C5(p) + Co(p)) - (C.11)
In Eq. (C.9), the functions h(u, s) are given by

Yieson(s) = q? — my, +imy, Iy,

8 8 8 4
) = =g gt g g (C12)
Vifzl| o
(2+$)|1—$|1/2 (1 ‘m 1‘_177), fOI‘.’L‘:TZ<1
2 arctan ﬁa for ¢ = 4% >1,
4 4
h0,5) = 5= g e — Slns + gir. (©13)

279 4 9 9

with u = 7. The phenomenological parameter  in Eq. (C.11) is taken as

2.3. In Egs. (37) and (C.11), the contributions of the coefficients C1(p), .. .,
Ce(u) are due to the operator mixing.
Finally, the Wilson coefficients Cg, (1) and Cg, (1) are given by [15]

Co.(p) =05 Co.(mw) , i=1,2. (C.14)
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Appendix D

Some functions appearing in the expressions

We parametrize the functions Ay, Ay, By, Be, F} and F5 in Eqs. (4) and (6)

as

Ap = A Al +bebA Y
Ay = AP i Al +5NbbA()

By = Chgy,
By = Cyo f,
2
F = 2m7010+m— (F + &N F ))
mp
m3 1 s 2
R o= m—lg (Fl( "R P )>, (D.1)
gRe(CS™) — %gl cet
’ q2 ! gﬁ,bbﬁo’
gIm(CSH),
2m 8 16
2 e Kal) + 0% — )Gl
AV (g = i1 = ),
AP (g - 1),
A(S) (g1 — f1)s

1— a:
_12/23/ dﬂﬁ/ CHO tht)) CHO(tht)
+CE(g") + CL2 ((€R.1)%) + CL2 (R )?) + CL2 (R )]

—12/23 -z
/ dz / dy C19 (ED,,),

Nbb
11—z
12/23/ dI/ CAO fN,tt)S)+CA§((f%,tt)2)+cAg(f%ﬁ) ’
—12/23 -z A
/ dm/ dyCos( (€N o) - (D.2)
beb
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