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Abstract
We calculate the leading logarithmic QCD corrections to the decay Bs → γγ in the
two Higgs doublet model (2HDM) including O7 type long distance effects and estimate
the restrictions of the 2HDM parameters, tanβ and mH , using the experimental data of
B → Xs γ decay provided by the CLEO Collaboration. A lower bound for the charged
Higgs mass mH as a function of the renormalization scale µ is given for 2HDM model
II. We further present the dependencies of the branching ratio Br(Bs → γγ) and the
ratio |A+ |2 /|A− |2 on mH and tanβ including leading logarithmic QCD corrections. The
dependence on the renormalization scale is found to be strong for both ratios. An additional uncertainty arises from the variation of the parameters of the bound state model,
(mb , Λ̄s ). We see, that to look for charged Higgs effects the measurement of the branching
ratio Br(Bs → γγ) is promising.
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Introduction

The experimental discovery of the inclusive and exclusive B → Xs γ [1] and B → K ∗ γ [2]
decays stimulated the study of rare B meson decays as a new force. These decays take place via

flavor-changing neutral current (FCNC) b → s transitions, which are absent in the Standard
Model (SM) at tree level and appear only through loops. Therefore, the study of rare B-decays

can provide a sensitive test of the structure of the SM at loop level and may shed light on
the Kobayashi-Cabibbo-Maskawa (CKM) matrix elements and the leptonic decay constants of
the B-mesons. At the same time, such decays are in a very promising class to search for new
physics beyond the SM, like two Higgs doublet model (2HDM), minimal supersymmetric model
(MSSM), etc. [3]. Currently, the main interest is focused on these decays for which the SM
predicts large branching ratio and which can be measured in near future in the constructed
B-factories. The Bs → γγ decay belongs to this category. In the SM, the branching ratio of
Bs → γγ decay is of order 10−7 without QCD corrections. Including leading log (LLog) QCD
corrections, the branching ratio (Br) b → sγγ is of the same order of magnitude ∼ 10−6 like
b → sl+ l− [4].

The investigation of Bs → γγ decay is interesting for the following reasons:

• It is well-known, that the QCD corrections to the b → sγ decay are considerably large (see

[5] - [8] and references therein). Therefore, one can naturally expect that the situation is
the same for the b → sγγ decay. Recently the QCD corrections in the LLog approximation

to this decay have been calculated and found to be large as expected [9] - [11]. Note, that
in the literature this decay without QCD corrections was analysed in the SM [12] - [13]
and in the 2HDM [14].

• In Bs → γγ decay, the final photons can be in a CP-odd or a CP-even state. Therefore
this decay allows us to study CP violating effects.

• From the experimental point of view, Bs → γγ decay can be easily identified by putting

a cut for the energy of the final photons, e.g., the energy of each photon is larger than
100 MeV . In this case, two hard photons will be easily detected in the experiments [15].

• Finally, this decay is also sensitive to the physics beyond the SM.
In an earlier analysis [14], the Br(Bs → γγ) in the 2HDM without QCD corrections was found

to be enhanced with respect to the SM one for some values of the parameter space. In the
present work, we study Bs → γγ decay in the 2HDM with perturbative QCD corrections in
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LLog approximation. In contrast to [14], who used the constituent quark model, we impose a
model based on heavy quark effective theory for the bound state of the meson Bs . Further we
perform an additional analysis with the inclusion of long-distance effects through the transition
Bs → φγ → γγ, which we call O7 -type throughout this paper, see [9] for details. We find,

that the theoretical analysis is shadowed by large uncertainties due to the renormalization

scale µ and the parameters of the bound state. The decay Bs → γγ is dominated by the

Wilson coefficient C7ef f (see section 2), which is restricted in our analysis by the B → Xs γ

branching ratio provided by CLEO data [1], Br(B → Xs γ) ∝ |C7ef f |2 , see section 3. Without

any improvement from the theoretical side, we see that the only chance to detect a deviation
from the SM in Bs → γγ decay lies in a possible enhanced branching ratio, which can be at

most 1.4 · 10−6 in the SM [9] and 2.1 · 10−6 in model II of the 2HDM (for mH = 480 GeV and
large tanβ) resulting from our analysis, at µ = 2.5 GeV including the O7 -type long distance
effects.
The paper is organized as follows: In Section 2, we give the LLog QCD corrected Hamiltonian responsible for the b → sγγ decay. We further calculate the CP-odd A− and CP-even

A+ amplitudes in an approach based on heavy quark effective theory, taking the LLog QCD

corrections into account. In Section 3, we study the constraint analysis for the 2HDM parameters mH and tanβ, using the measured data on the branching ratio of the B → Xs γ decay [1].

Section 4 is devoted to an analysis of the dependence of the ratio |A+ |2 /|A− |2 and the Br on

the parameters µ (scale parameter), tanβ and mH and our conclusions.
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Leading logarithmic improved short-distance contributions in the 2HDM for the decay Bs → γγ

Before discussing the LLog QCD corrections to the Bs → γγ decay, we would like to remind
the main features of the models which we use in further discussions. In the current literature,
mainly two types of 2HDM are discussed. In the so-called model I, the up and down quarks
get a mass via the vacuum expectation value (v.e.v) of only one Higgs field. In model II, the
up and down quarks get mass via v.e.v of the Higgs fields H1 and H2 , respectively, where H1
(H2 ) corresponds to first (second) Higgs doublet of the 2HDM. Note, that in this sense the
Higgs sector of model II coincides with the MSSM extension of the SM. In the 2HDM, there
exist five physical Higgs fields, namely, two charged H ± and three neutral Higgs bosons. The
interaction Lagrangian of the quarks with the charged fields, which we need for the calculation
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of the b → sγγ decay amplitude, is [17]
L=

s

4GF
√ [mui ξ ūi Ldj − mdi ξ ′ ūi Ldj ]Vij H + + h.c. ,
2

(1)

where L and R denote chiral projections L(R) = 1/2(1 ∓ γ5 ) and ξ and ξ ′ are the ratios of the

two vacuum expectation values, v1 and v2 of the Higgs fields H1 and H2 , respectively. Vij are

the elements of the CKM matrix. In model II,
ξ ′ = −1/ξ = −tanβ = −v1 /v2 ,

(2)

ξ ′ = ξ = cotβ = v2 /v1 .

(3)

and in model I

After this preliminary remark, let us discuss the LLog QCD corrections to the b → sγγ

decay amplitude in the 2HDM. The framework to incorporate short-distance QCD corrections
in a systematic way is that of an effective low energy theory with five quarks, namely u,d,s,c,b
quarks. The effective Hamiltonian is obtained by integrating out the heavier degrees of freedom,
i.e. the top quark, W ± and H ± bosons. In the effective theory, only the lowest (mass) dimension
operators, which are constructed by quark and gauge fields, are taken into account, since higher
dimensional operators are suppressed by factors O(m2b /m2t ) and O(m2b /m2W ).
The LLog QCD corrections are done through matching the full theory with the effective
theory at the high scale µ = mW and then evaluating the Wilson coefficients from mW down
to the lower scale µ ∼ O(mb ). In this way the LLog QCD corrections for the b → sγγ decay in
the SM are calculated in [9] - [11].

The effective Hamiltonian relevant for our process is
8
X
GF
Hef f = −4 √ Vtb Vts∗
Ci (µ)Oi (µ) ,
2
i=1

(4)

where the Oi are operators given in eq. (5) and the Ci are Wilson coefficients renormalized at
the scale µ. The coefficients can be calculated perturbatively and the hadronic matrix elements
< V |Oi |B > can be calculated using some non-perturbative methods.
The operator basis of Hef f is given as

O1 = (s̄Lα γµ bLα )(c̄Lβ γ µ cLβ ),
O2 = (s̄Lα γµ bLβ )(c̄Lβ γ µ cLα ),
O3 = (s̄Lα γµ bLα )

X

(q̄Lβ γ µ qLβ ),

q=u,d,s,c,b
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O4 = (s̄Lα γµ bLβ )

X

(q̄Lβ γ µ qLα ),

q=u,d,s,c,b

O5 = (s̄Lα γµ bLα )

X

(q̄Rβ γ µ qRβ ),

q=u,d,s,c,b

O6 = (s̄Lα γµ bLβ )

X

(q̄Rβ γ µ qRα ),

q=u,d,s,c,b

O7
O8

e
s̄α σµν (mb R + ms L)bα F µν ,
=
16π 2
g
a
s̄α Tαβ
σµν (mb R + ms L)bβ G aµν ,
=
16π 2

(5)

where α and β are SU(3) colour indices and F µν and G µν are the field strength tensors of the

electromagnetic and strong interactions, respectively.

For the reason given below, the LLog QCD corrections can be calculated in analog to the
SM. In the 2HDM, the charged Higgs fields are present and give new contributions due to the
their exchange diagrams. Since the interaction vertices of the charged Higgs bosons and quarks
are proportional to the ratio mq /mW , where mq is the mass of the quark and mW is the mass of
the W boson, the main contribution comes from the interaction with the t-quark. We neglect
the contributions coming from u and c quarks, since their masses are negligibly small compared
to mW . In this case the calculations show, that the new contributions modify only the Wilson
coefficients C7 and C8 of the operators O7 and O8 at mW scale and do not bring any new
operators [14]. Therefore the operator basis used in the 2HDM is the same as the basis used
in the SM for the b → sγγ decay.

Denoting the Wilson coefficients for the SM with CiSM (mW ) and the additional charged

Higgs contribution with CiH (mW ), we have the initial values [18]:
SM
C1,3,...6
(mW ) = 0 ,

C2SM (mW ) = 1 ,
3x3 − 2x2
−8x3 − 5x2 + 7x
C7SM (mW ) =
ln
x
+
,
4(x − 1)4
24(x − 1)3
−x3 + 5x2 + 2x
3x2
ln
x
+
,
C8SM (mW ) = −
4(x − 1)4
8(x − 1)3
and [14], [16]
H
C1,...6
(mW ) = 0 ,

−3y 2 + 2y
3y − 5y 2
ln
y
+
],
6(y − 1)3
12(y − 1)2
3
2
−8y 3 − 5y 2 + 7y
2 3y − 2y
ln y +
],
+ ξ [
12(y − 1)4
72(y − 1)3

C7H (mW ) = ξξ ′[
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(6)

y 2 − 3y
y
ln
y
+
],
2(y − 1)3
4(y − 1)2
y2
−y 3 + 5y 2 + 2y
+ ξ 2[
ln
y
+
],
4(y − 1)4
24(y − 1)3

C8H (mW ) = ξξ ′[

(7)

where x = m2t /m2W and y = m2t /m2H . Here the parameters ξ and ξ ′ are given in eqs. (2) and
(3). From eqs. (6) and (7) the initial values of the coefficients for the 2HDM are defined as:
2HDM
C1,3,...6
(mW ) = 0 ,

C22HDM (mW ) = 1 ,
C72HDM (mW ) = C7SM (mW ) + C7H (mW ) ,
C82HDM (mW ) = C8SM (mW ) + C8H (mW ).

(8)

Using the initial values of the Wilson coefficients Ci2HDM , we can calculate their contributions at any lower scale as in the SM case. Here we would like to make the following remark:
Since in our case there exists a charged Higgs boson with a mass larger than mW , the correct
procedure to calculate the Wilson coefficients at a lower scale µ has two stages: First, we calculate the value at mW starting from mH and second, we evaluate the result from mW down to
a lower scale µ. We assume that the evaluation from mH to mW gives a negligible contribution
to the Wilson coefficients and therefore we consider only their evaluation between mW and a
lower scale µ.
Using the effective Hamiltonian in eq. (4), the amplitude for the decay Bs → γγ can be

written as [9] - [14]

A(Bs → γγ) = A+ Fµν F µν + iA− Fµν F̃ µν ,

(9)

where F̃µν = 12 ǫµναβ F αβ . Here A+ (A− ) is the CP-even (CP-odd) part in a HQET inspired
approach [9] :

f
f
m4Bs (mef
− mef
αem GF fBs
1
ef f
s )
b
√
λ
t
ef f
ef f C7 (µ)
2
m
3
2π
Λ̄s (mBs − Λ̄s )(mb + ms )
Bs
!
mBs2
4
−
f
f (−mb J(mb ) + ms J(ms ))D(µ) ,
9 mef
+ mef
s
b

A+ =

αem GF
1
1
g− C7ef f (µ)
A− = − √
fBs λt
3 mBs Λ̄s (mBs − Λ̄s )
2π
!
X
1
2
,
−
Qq I(mq )Cq (µ) +
f
f (mb △(mb ) + ms △(ms ))D(µ)
9(mef
+ mef
s )
q
b
where Qq =

2
3

(10)

for q = u, c and Qq = − 13 for q = d, s, b. In the calculations, we have used

the unitarity of the CKM-matrix

∗
i=u,c,t Vis Vib

P

= 0 and have neglected the contribution due to
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∗
Vus
Vub ≪ Vts∗ Vtb ≡ λt . The function g− is defined as:
f
ef f
f 2
2
f 2
g− = mBs (mef
+ mef
+ mef
s ) + Λ̄s (mBs − (mb
s ) ) .
b

(11)

f
f
The parameter Λ̄s enters eq. (10) through the bound state kinematics [9]. mef
and mef
are
s
b

the effective masses of the quarks in the Bs meson bound state [9],
f 2
(mef
= p2 = m2b − 3λ2 ,
b )
f 2
f 2
2
(mef
= p′2 = (mef
s )
s ) − mBs + 2mBs Λ̄s ,

(12)

where λ2 comes from the matrix element of the heavy quark expansion [19]. The LLog QCDcorrected Wilson coefficients C1...6 (µ) [9] - [11] enter the amplitudes in the combinations
Cu (µ) = Cd (µ) = (C3 (µ) − C5 (µ))Nc + C4 (µ) − C6 (µ) ,
Cc (µ) = (C1 (µ) + C3 (µ) − C5 (µ))Nc + C2 (µ) + C4 (µ) − C6 (µ) ,
Cs (µ) = Cb (µ) = (C3 (µ) + C4 (µ))(Nc + 1) − Nc C5 (µ) − C6 (µ) ,
D(µ) = C5 (µ) + C6 (µ)Nc ,

(13)

where Nc is the number of colours (Nc = 3 for QCD). While C1...6 (µ) are the coefficients of the
operators O1...6 , C7ef f (µ) is the ”effective” coefficient of O7 and contains renormalization scheme
dependent contributions from the four-quark operators O1...6 in Hef f to the effective vertex in

b → sγ. In the NDR scheme, which we use here, C7ef f (µ) = C7 (µ) − 31 C5 (µ) − C6 (µ), see [18]

for details. The functions I(mq ), J(mq ) and △(mq ) come from the irreducible diagrams with
an internal q type quark propagating and are defined as
m2q
I(mq ) = 1 + 2 △(mq ) ,
mBs
m2 − 4m2
J(mq ) = 1 − Bs 2 q △(mq ) ,
4mBs
△(mq ) =



ln(


mBs +
mBs −

q

m2Bs − 4m2q

q

△(mq ) = − 2 arctan(

m2Bs − 4m2q

q

) − iπ 

4m2q − m2Bs
mBs

2
2

m2Bs
≥ 1,
for
4m2q

) − π  for

m2Bs
< 1.
4m2q

In our numerical analysis we used the input values given in Table (1).
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(14)

Parameter
mc
mb
−1
αem
λt
Γtot (Bs )
fBs
mBs
mt
mW
mZ
(5)
ΛQCD
αs (mZ )
λ2

Value
1.4 (GeV)
4.8 (GeV)
129
0.04
4.09 · 10−13 (GeV)
0.2 (GeV)
5.369 (GeV)
175 (GeV)
80.26 (GeV)
91.19 (GeV)
0.214 (GeV)
0.117
0.12 (GeV2 )

Table 1: Values of the input parameters used in the numerical calculations unless otherwise
specified.

3

Constraint analysis

There is a considerable interest in the constraints of the parameter space of the 2HDM, especially in model II, since its Higgs sector coincides with the minimal supersymmetric extension
of the SM one. The free parameters of the 2HDM are the masses of the charged and neutral
Higgs bosons and the ratio of the v.e.v. of the two Higgs fields, denoted by tan β. In our
analysis the neutral Higgs bosons are irrelevant, since they do not give any contribution to the
b → sγγ process. Therefore we consider as free parameters the mass mH of the charged Higgs
boson and tanβ. By using existing experimental data, it is possible to find restrictions on the

parameters mH and tanβ.
The model independent lower bound of the mass of the charged Higgs mH ≥ 44 GeV comes

from the non-observation of charged H pairs in Z decays [20]. There are no experimental upper
bounds for mH except mH ≤ 1 T eV to satisfy the unitarity condition [21]. For model II, the

constraints have already been studied. Top decays give mH ≥ 147 GeV for large tanβ [22].

The lower bound of tanβ is found to be 0.7 due to the decay Z → bb̄ [23] and in addition for
large tanβ the ratio tanβ/mH is restricted. The current limits are tanβ/mH ≤ 0.38 GeV −1

[24] and tanβ/mH ≤ 0.46 GeV −1 [25], which come from the experimental results of branching

ratios of the decays B → τ ν̄ and B → Xτ ν̄. Recently, the exclusive decay mode B → Dτ ν̄

has been studied [26] for model II. It was shown that this decay could be used to put an upper
bound on tanβ/mH , with the sufficient data and the reduction of theoretical uncertainities.
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Under these conditions, the upper bound was estimated as tanβ/mH = 0.06 GeV −1 .
In the present work, we estimate the constraints for the 2HDM parameters using the result
coming from the measurement of the decay B → Xs γ by the CLEO collaboration [1]:
Br(B → Xs γ) = (2.32 ± 0.57 ± 0.35) · 10−4.

(15)

To reduce the b-quark mass dependence let us consider the ratio
Br(B → Xs γ)
Br(B → Xc eν̄e )
|Vts∗ Vtb |2 6αem ef f 2
|C | ,
=
|Vcb|2 πg(z) 7

R =

(16)

where g(z) is the phase space factor in semileptonic b-decay,
g(z) = 1 − 8z 2 + 8z 6 + z 8 − 24z 4 ln z

(17)

and z = mc /mb .
Now we want to discuss the theoretical uncertainties present in the prediction of R.
• The ratio of the CKM matrix elements

∗ V |2
|Vts
tb
|Vcb |2

comes from the CP violating parameter ǫκ [8].

= 0.95 ± 0.04 has an uncertainty which

• The function g(z) has an uncertainty coming from the masses mb and mc via the ratio
z = mc /mb . HQET provides a mass relation [27]
mb − mc = (mB̄ − mD̄ )[1 −

λ1
1
+ O( 3 )] ,
2mB mD
mQ

(18)

where Q = b and c , mB̄ and mD̄ are spin averaged meson masses, mB̄ = 5.31 GeV and
mD̄ = 1.97 GeV [27]. Here λ1 is the non-perturbative parameter, which characterizes the
average kinetic energy of the b-quark in B meson and its value is obtained by QCD sum
rules. Using the theoretical estimate for λ1 = −(0.4 ± 0.2) GeV 2 [28], the mass difference
and the error quoted are given as

mb − mc = (3.40 ± 0.03 ± 0.03) GeV.

(19)

Here the first error is due to the uncertainty in λ1 and the second one is from higher order
corrections. We take the central value of b-quark mass as mb = 4.8 GeV . The uncertainty
in mb is ∆mb = ±0.1 GeV . Using the HQET result, we estimate the uncertainty in mc as
∆mc = ±0.16 and we get the error in g(z̄) as ∆g(z̄) = 0.096 and ∆g(z̄)/g(z̄) = 17.8 %,
where z̄ = mc /mb = 0.29 is the central value.
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The Br for the semileptonic B → Xc eν̄e is [29]
Br(B → Xc eν̄e ) = 0.103 ± 0.01.

(20)

Both the theoretical uncertainties and the experimental errors, as given in eq. (15) and (20),
result in an uncertainty in C7ef f . Using
Brmax (B → Xs γ) = 3.24 · 10−4 ,
Brmin (B → Xs γ) = 1.40 · 10−4 ,

(21)

we get a possible range for |C7ef f | as
0.1930 ≤ |C7ef f | ≤ 0.4049 .

(22)

In the SM and 2HDM model II is C7ef f < 0, but in possible extensions it can be positive.
Now we present the lower bounds of mH for different values of the scale µ in Table (2) for
model II. We restricted |C7ef f,2HDM (µ)| by using the limits given in eq. (22). For model I, a
mHmin [GeV ] µ [GeV ]
480
2.5
302
5
235
10
158
mW
Table 2: The lower bounds of the Higgs mass mH for different scales µ in model II.
lower bound for the Higgs boson mass is absent.
The parameter tanβ has bounds strongly depending on the scale µ and mH . In fig. (1),
we plot the parameter tanβ with respect to mH for 3 different µ scales (2.5, 5, 10) GeV in
model II, by fixing |C7ef f,2HDM | = 0.4049. We see, that the dependence of tanβ (mH ) on mH

(tanβ) becomes weak for large values of mH (tanβ) and that a decreasing µ scale causes the
allowed region in the tanβ - mH plane is to be small. It is interesting that at µ = 2.5 GeV , the
solution for tanβ - mH exists only in the region 0.4047 ≤ |C7ef f,2HDM | ≤ 0.4049. Therefore the

solid curve in Fig (1) is almost the allowed region for (tanβ, mH ). For µ = 2.5 GeV , we get an
empirical expression for the restricted region of the parameter set (tanβ, mH ),
tanβ = c1 + √

c2
,
mH − mp

(23)

with c1 = −0.067, c2 = 6.9 GeV 1/2 and mp = mH min − ǫ. Here ǫ is a positive small number

(ǫ ≪ 1 ) and mH min = 480 GeV .
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In the following analysis we restrict the coefficient |C7ef f,2HDM | in the given region and study

the resulting mH , tanβ and scale µ dependencies of the ratio |A+ |2 /|A− |2 and the Br for the
decay Bs → γγ.

4

Discussion

In the rest frame of the Bs meson, the CP = −1 amplitude A− is proportional to the perpendicular spin polarization ǫ~1 × ǫ~2 , and the CP = 1 amplitude A+ is proportional to the parallel
spin polarization ǫ~1 .~
ǫ2 . The ratio |A+ |2 /|A− |2 is informative to search for CP violating effects

in Bs → γγ decays and it has been studied before in the literature in the framework of the

2HDM without QCD corrections [14]. In our analysis we use three sets of parameters (mb , Λ̄s )
given in (Table (3)), which model the bound state [9]. However, we do not present the figures
for the first two. Here we analyze the LLog µ, and 2HDM parameters (mH , tanβ) dependence
of the ratio |A+ |2 /|A− |2 and present the results in a series of graphs (fig. 2-7).

In fig. (2) and (3) we plot the dependence of |A+ |2 /|A− |2 on mt /mH for fixed tanβ = 2 and

four different µ scales, (mW , 10, 5, 2.5) GeV in model II and model I, respectively. Decreasing

the scale µ weakens the dependence of the ratio |A+ |2 /|A− |2 on mH and the contribution of the

charged Higgs bosons to |A+ |2 /|A− |2 gets small. The lower limit of the Higgs mass is sensitive

to the scale µ and it increases with decreasing µ in model II, (Table (2)). However, the Higgs
mass has no lower bound in model I.
Fig. (4) and (5) show the dependence of |A+ |2 /|A− |2 on tanβ for fixed mH = 500 GeV .

This ratio is sensitive only to small tanβ values. The µ scale regulates the lower limit of tanβ for
model I and model II in an opposite way. Further, the effect of the charged Higgs contribution
becomes weak for large tanβ values.

In fig. (6) and (7) we present the µ scale dependence of |A+ |2 /|A− |2 for the SM and 2HDM

with tanβ = 10 and two different mass values mH = 500 GeV, 800 GeV for model II and model

I, respectively. We find, that for model II the smaller the value of mH , the less dependent is
the ratio on µ. Model I does not allow us to discriminate between the SM or different values
of mH used as expected (see e.g. fig. (5)).
set 1
Λ̄s = 370 MeV
mb = 5.03 GeV

set 2
set 3
Λ̄s = 480 MeV Λ̄s = 590 MeV
mb = 4.91 GeV mb = 4.79 GeV

Table 3: The parameter sets of the bound state model, (mb , Λ̄s ).
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The lowest order result of |A+ |2 /|A− |2 in αs is obtained by setting µ = mW and it is 0.30

in the SM for set 3. It reaches 0.85 at µ = 2.5 GeV . Varying µ in the range 2.5 GeV ≤ µ ≤

10.0 GeV, |A+ |2 /|A− |2 is changing in the range 0.60 ≤ |A+ |2 /|A− |2 ≤ 0.85, resulting in an
uncertainty of

△(|A+ |2 /|A− |2 )
(|A+ |2 /|A− |2 )(µ=5 GeV )
+ 2

≈ ±35% in the SM. Now we give an example to compare

the dependence of the ratio |A | /|A− |2 on the scale µ and the 2HDM parameters: In model

II, for mH = 500 GeV and tanβ ≥ 2, the lowest order result of the ratio |A+ |2 /|A− |2 is 0.40

and it enhances up to 0.50 with decreasing tanβ. However, at µ = 2.5 GeV the ratio reaches

0.86 and the uncertainty due to the extended Higgs sector is weaker than the one due to the
scale µ. In model I, the behaviour is the same.
This shows, that the ratio |A+ |2 /|A− |2 is quite sensitive to QCD corrections and this strong

µ dependence makes the analysis of the 2HDM parameters mH and tanβ for the given ex-

perimental value of the ratio |A+ |2 /|A− |2 difficult. However, we believe, that the strong µ
dependence will be reduced with the addition the of next to leading order (NLO) calculation,

and the analysis on the parameters will be more reliable. Note, that a similar analysis for the
decay b → sγ is given in [6], [8].

In addition, there is another uncertainty due to the different parameter sets (Table (3)).

For set 2 |A+ |2 /|A− |2 = 0.36 and for set 1 |A+ |2 /|A− |2 = 0.40 in the SM and in the lowest

order of αs . It follows, that the larger mb (smaller Λ̄s ), the larger the ratio. We further see that
having increased mb , the ratio |A+ |2 /|A− |2 becomes less sensitive to the scale µ. This ratio
essentially changes when QCD corrections are taken into account. In the lowest order of αs , A+

and A− depend both on the one particle reducible part (IPR), proportional to C7ef f = C7 and
in addition A− contains the one particle irreducible part (IPI), proportional to C2 , see eq. (10).
If we include QCD corrections to the considered ratio, the contribution of C7ef f dominates over
the IPI sector and the value of the ratio increases. This means, that the values of A+ and A−
come close to each other and it can be explained as a cancellation of the IPI sector.
Now we continue to analyze the Br displayed in a series of figures 8-13. In fig. 8-11, we
present the

mt
mH

and tanβ dependencies of the Br. Decreasing mH , the Br increases in model

II, however, the behaviour is opposite in model I. On the other hand the Br is sensitive to
small tanβ. For large values of tanβ , the dependence of the Br on tanβ becomes weak in
model II. In model I, the 2HDM result almost coincides with the SM one since the charged
Higgs contribution is proportional to 1/(tanβ)2 . Similar to the case of |A+ |2 /|A− |2 , the Br is

strongly dependent on the scale µ, see figs (12-13)). It is enhanced for small values of µ. For
parameter set 3, the lowest order result is 3.6 · 10−7 in the SM. It increases up to 6.8 · 10−7
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at µ = 2.5 GeV . Varying µ in the range 2.5 GeV ≤ µ ≤ 10.0 GeV, the Br changes between

5.0 · 10−7 ≤ Br ≤ 6.9 · 10−7 , and this gives an uncertainty △Br/Br(µ = 5 GeV) ≈ ±30% for
the SM. For set 1 (2), the Br increases up to 1.7 · 10−6 (1.0 · 10−6 ) and the uncertainty is also
increases, as due to the scale µ dependence, namely 39 (35) %. This behaviour of the Br results

mainly from the 1/Λ̄s dependence in amplitudes.
With the addition of extra Higgs contribution, the uncertainty due to 2HDM parameters
mH and tanβ in the Br becomes large like the one coming from the scale µ. Now we will give
an example to see the effect of the 2HDM parameters on the Br by choosing set 3. In model
II for mH = 500 GeV , the lowest order result of the Br is 5.8 · 10−7 for tanβ ≥ 2 (see fig. 10)

and it reaches 1.1 · 10−6 for smaller tanβ. For comparison, the value in the SM is 3.6 · 10−7 .
At µ = 2.5 GeV the Br reaches 6.9 · 10−7 (9.0 · 10−7 ) in the SM (2HDM).. This shows, that

the Br is also sensitive to the extra Higgs contribution. For mH = 500 GeV and µ = 2.5 GeV ,
the Br in the 2HDM model II is enhanced ∼ 30% compared to the SM. In model I, there is a
suppression due to the extra Higgs contribution compared to the SM (see fig. (11)), however,
the Br is still sensitive to the scale µ (see fig. (13)) and the 2HDM parameters.
We complete this section by taking the O7 type long distance effects (LDO7 ) for both the
ratio |A+ |2 /|A− |2 and the Br into account. The LDO7 contribution to the CP-odd A− and CP-

even A+ amplitudes has recently been calculated with the help of the Vector Meson Dominance
model (VMD) [9] and it was shown, that the influence on the amplitudes is destructive. With
the addition of the LDO7 effects, the amplitudes entering |A+ |2 /|A− |2 and the Br are now given
as

+
A+ = A+
SD + ALDO ,
7

−

A

=

A−
SD

+

A−
LDO7

,

(24)

where A±
SD are the short distance amplitudes we took into account in the previous sections
(eq. 10). The LDO7 amplitudes A±
LDO are defined as [9]
7

A+
LDO

7

A−
LDO

7

√ αem GF
mb (m2Bs − m2φ ) ef f
= − 2
F¯1 (0)fφ (0)λt
C7 (µ) ,
π
3mφ m2Bs
√ αem GF
mb ef f
F¯1 (0)fφ (0)λt
C (µ) ,
=
2
π
3mφ 7

(25)

where fφ (0) = 0.18 GeV is the decay constant of φ meson at zero momentum, F̄1 (0) is the
extrapolated Bs → φ form factor (for details see [9]).

In fig. ( 14 - 19 ) we present the mH , tanβ and µ dependencies of the ratio |A+ |2 /|A− |2

and the Br with the addition of LDO7 effects for set 3. Here we use F̄1 (0) = 0.16 [9]. It
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can be shown, that the value of the ratio |A+ |2 /|A− |2 decreases with the addition of LDO7

effects. However, while the scale µ is decreasing, the effect of the LDO7 contribution on the
ratio |A+ |2 /|A− |2 is also decreasing, see fig. 4 and 15. On the other hand, the uncertainty

resulting from varying µ between 2.5 GeV ≤ µ ≤ 10.0 GeV has increased compared to the case
without the inclusion of the LDO7 amplitudes:

△(|A+ |2 /|A− |2 )
≈ ±40% .
(|A+ |2 /|A− |2 )(µ = 5 GeV)
The Br decreases with the addition of LDO7 effects, since the effect is destructive. The µ scale
uncertainty of the Br is smaller compared to the case where no LD effect is included and we
get for the range 2.5 GeV ≤ µ ≤ 10.0 GeV in the SM
△Br
≈ ±27% .
Br(µ = 5 GeV)

(26)

The present experimental limit on the decay Bs → γγ is [30]
Br(Bs → γγ) ≤ 1.48 · 10−4 ,

(27)

which is far from the theoretical results. By varying the parameters µ, mH , tanβ, (mb , Λ̄s ), it
is possible to enhance the Br up to 2.1 (2.5) · 10−6 in model II for mH = 480 GeV and large
tanβ, where the possible maximal value in the SM is 1.4 (1.7) · 10−6 , both at µ = 2.5 GeV and

for set 1. The numbers in parentheses correspond to the case where no LDO7 effects are taken
into account.
LLog calculations show that the Br strongly depends on the scale µ. This strong dependence
will disappear with the addition of NLO QCD corrections. From NLO b → sγ decay, the choice

of µ = mb /2 in the LLog expression reproduces effectively the NLO result, so one suggest that
this may work also for the b → sγγ decay. An additional theoretical uncertainty arises from
the poor knowledge of the Bs bound state effects.

We find that the Br increases with the addition of the extra Higgs contribution and even
at the scale µ = 2.5 GeV this value is ∼ 2 orders of magnitude smaller than the present

experimental upper bound. The other possibility for an enhancement of the Br is the extension

of the Higgs sector. This forces us to think of further models like MSSM,...etc. and FCNC
Bs → γγ decay will be an efficient tool to search for new physics beyond the SM.
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Figure 1: tanβ as a function of the mass mH for fixed C7ef f = −0.4049 in the model II of the
2HDM. Here solid curves correspond to the scale µ = 2.5 GeV , dashed curves to µ = 5 GeV
and small dashed curves to µ = 10 GeV .
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Figure 2: mt /mH dependence of the ratio |A+ |2 /|A− |2 for set 3 and tanβ = 2. Here, solid lines
(curves) correspond to the SM (model II 2HDM) at µ = mW , long dashed lines (curves) to SM
(model II 2HDM) at µ = 10 GeV , medium dashed lines (curves) to SM (model II 2HDM) at
µ = 5 GeV and small dashed lines (curves) to SM (model II 2HDM) at µ = 2.5 GeV .
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Figure 3: Same as fig 2, but in model I.
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Figure 4: tanβ dependence of the ratio |A+ |2 /|A− |2 for set 3 for mH = 500 GeV . Here, solid
lines (curves) correspond to the SM (model II 2HDM) at µ = mW , long dashed lines (curves) to
SM (model II 2HDM) at µ = 10 GeV , medium dashed lines (curves) to SM (model II 2HDM)
at µ = 5 GeV and small dashed lines (curves) to SM (model II 2HDM) at µ = 2.5 GeV .
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Figure 5: Same as fig 4, but in model I 2HDM.
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Figure 6: The scale dependence of the ratio |A+ |2 /|A− |2 for set 3 in the SM and for 2 values
of mH = 500, 800 GeV with tanβ = 10. Here, solid lines (curves) correspond to the SM at
µ = mW (at arbitrary µ scale) , long dashed lines (curves) to model II with mH = 800 GeV at
µ = mW (at arbitrary µ scale), and small dashed lines (curves) model II with mH = 500 GeV
at µ = mW (at arbitrary µ scale).
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Figure 7: Same as fig 6, but for model I. All curves coincide within errors.
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Figure 8: mt /mH dependence of the branching ratio Br for set 3 with tanβ = 2. Here, solid
lines (curves) correspond to the SM (model II 2HDM) at µ = mW , long dashed lines (curves)
to the SM (model II 2HDM) at µ = 10 GeV , medium dashed lines (curves) to the SM (model
II 2HDM) at µ = 5 GeV and small dashed lines (curves) to the SM (model II 2HDM) at
µ = 2.5 GeV .
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Figure 9: Same as fig 8, but in model I 2HDM.
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Figure 10: tanβ dependence of the Br for set 3 with mH = 500 GeV . Here, solid lines (curves)
correspond to the SM (model II 2HDM) at µ = mW , long dashed lines (curves) to the SM
(model II 2HDM) at µ = 10 GeV , medium dashed lines (curves) to the SM (model II 2HDM)
at µ = 5 GeV and small dashed lines (curves) to the SM (model II 2HDM) at µ = 2.5 GeV .
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Figure 11: Same as fig 10, but in model I 2HDM.
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Figure 12: The scale dependence of the Br for set 3 and for 2 values of mH = 500, 800 GeV
with tanβ = 10. Here, solid lines (curves) correspond to the SM at µ = mW (at arbitrary µ
scale), dashed lines (curves) to model II 2HDM with mH = 800 GeV at µ = mW (at arbitrary
µ scale), and small dashed lines (curves) model II 2HDM with mH = 500 GeV at µ = mW (at
arbitrary µ scale).
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Figure 13: Same as fig 12, but for model I 2HDM. All curves coincide within errors.
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Figure 14: mt /mH dependence of the ratio |A+ |2 /|A− |2 for set 3 at tanβ = 10 with the addition
of LDO7 effects. Here, solid lines (curves) correspond to the SM (model II 2HDM) at µ = mW ,
long dashed lines (curves) to the SM (model II 2HDM) at µ = 10 GeV , medium dashed lines
(curves) to the SM (model II 2HDM) at µ = 5 GeV and small dashed lines (curves) to the SM
(model II 2HDM) at µ = 2.5 GeV .
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Figure 15: tanβ dependence of the ratio |A+ |2 /|A− |2 for set 3 for mH = 500 GeV with the
addition of LDO7 effects. Here, solid lines (curves) correspond to the SM (model II 2HDM)
at µ = mW , long dashed lines (curves) to the SM (model II 2HDM) at µ = 10 GeV , medium
dashed lines (curves) to the SM (model II 2HDM) at µ = 5 GeV and small dashed lines (curves)
to the SM (model II 2HDM) at µ = 2.5 GeV .
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Figure 16: The scale dependence of the ratio |A+ |2 /|A− |2 for set 3 and for 2 values of mH =
500, 800 GeV at tanβ = 10 with the addition of LDO7 effects. Here, solid lines (curves)
correspond to the SM at µ = mW (at arbitrary µ scale), dashed lines (curves) to model II
2HDM with mH = 800 GeV at µ = mW (at arbitrary µ scale), and small dashed lines (curves)
to model II 2HDM with mH = 500 GeV at µ = mW (at arbitrary µ scale).
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Figure 17: mt /mH dependence of the Br for set 3 at tanβ = 10 including LDO7 effects. Here,
solid lines (curves) correspond to the SM (model II 2HDM) at µ = mW , long dashed lines
(curves) to the SM (model II 2HDM) at µ = 10 GeV , medium dashed lines (curves) to the SM
(model II 2HDM) at µ = 5 GeV and small dashed lines (curves) to the SM (model II 2HDM)
at µ = 2.5 GeV .
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Figure 18: tanβ dependence of the Br for set 3 for mH = 500 GeV including LDO7 effects.
Here, solid lines (curves) correspond to the SM (model II 2HDM) at µ = mW , long dashed lines
(curves) to the SM (model II 2HDM) at µ = 10 GeV , medium dashed lines (curves) to the SM
(model II 2HDM) at µ = 5 GeV and small dashed lines (curves) to the SM (model II 2HDM)
at µ = 2.5 GeV .
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Figure 19: The scale dependence of the Br for set 3 and for 2 values of mH = 500, 800 GeV
at tanβ = 10 including LDO7 effects. Here, solid lines (curves) correspond to the SM at
µ = mW (at arbitrary µ scale), dashed lines (curves) to model II 2HDM with mH = 800 GeV
at µ = mW (at arbitrary µ scale) and small dashed lines (curves) to model II 2HDM with
mH = 500 GeV at µ = mW (at arbitrary µ scale).
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