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Rare radiative B— 7* 7~y decay in the two Higgs doublet model
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The radiativeB,— 7" 7~y decay is investigated in the framework of the two Higgs doublet model. The
dependence of the differential branching ratio on the photon energy and the branching ratio on the two Higgs
doublet model parameters,+ and tan3 are studied. It is shown that there is an enhancement in the predic-
tions of the two Higgs doublet model compared to the standard model case. We also observe that contributions
of neutral Higgs bosons to the decay are sizable whe tanlarge.

PACS numbd(s): 13.20.He, 12.60.Fr

[. INTRODUCTION guarks to the two Higgs doublets: In the first choiogodel
1), the quarks do not couple to the first Higgs doublet, but
Rare B-meson decays are one of the important researchouple to the second one. In the second chomedel II),
areas to test theoretical models and make estimates abdie first Higgs doublet couples only to down-type quarks and
their free parameters. In the standard mo@H1) they are the second one to only up-type quarks.
induced by flavor changing neutral curref&CNC) at the The paper is organized as follows. In Sec. II, we present
loop level. This ensures a precise determination of the funthe theoretical framework for ths— 7" 7~y decay and de-
damental parameters of the SM, such as Cabibbo-KabayasrﬁQ”be some deta_lls of |ts_decay_ rate calculation ._We give a
Maskawa(CKM) matrix elements, leptonic decay constants,”umer'c,al analy5|§ and .dlscussmn of our results in Seg. 1.
etc. In addition, the studies on raB:meson decays give Appgn@xes contain a list of the operators and the Wilson
powerful clues about the existence of models beyond th oefflcllents, as we.II as some relevant formulas about the
SM, such as two the Higgs doublet mo@g2HDM), minimal ong distance contributions.
supersymmetric extension of the SKMMSSM) [1], etc.
Among rareB decaysB—|"1~y decays are of special in- Il. Bs—7"7~y DECAY IN THE FRAMEWORK OF THE
terest due to their cleanliness and sensitivity to new physics. 2HDM
They have been investigated in the framework of the SM in The exclusive deca,— " 7y can be obtained from

Refs.[2,3] for I=e,x and in Ref[4] for | = 7. The theoret- e jnclusive ond—s7' 7 . In order to calculate the rel-
ical results given in Refd3] and[4] are BRBs—€"e y)  gyant physical quantities for the deday-s7" 7~ y, we start
=2.35¢10"°%, BR(Bs—u'p y)=19x10"°% and BRBs  with the QCD corrected amplitude for the process
— 7777 y)=9.54x10"? without long distancéLD) contri- b —.sr* 7. At this stage, the effective Hamiltonian is ob-
butions, respectively. When LD contributions are taken intotained by matching the full theory with the effective low
account, BRBs— 7" 7 y) is calculated as 1.5210 % in  energy one at the high scale The Wilson coefficients are
Ref.[4]. These decays get negligible contributions from theevaluated fromu down to the lower scalg.~O(m,) using
diagrams, where photon is radiated from any charged intethe renormalization group equatiofi®RGE). The effective
nal line due to the fact that they will have a factof/ Mg, in  Hamiltonian in the 2HDM for the process—sr* 7~ is [6]

the Wilson coefficients. When photon is radiated from the

final charged leptons, the contribution is proportional to the —4Gp 10 10

lepton massn, . Therefore, fol =e, u case, it is negligible; H=———V, V& >, Ci(u)Oi(u)+ >, Co (w)Qi(w) -
however, forl = 7 it gives a considerable contribution to the \/E =1 =1

amplitude. In the 2HDM, there is a part coming from ex- @

changing neutral Higgs bosons and in contrast Bg ) . ) .
—1*17y (I=e,n) decays, we could expect that they sig- In this equationO; are curr('an't—currentlél,Z), penguin
nificantly contribute forB.— 7" 7~y decays. Therefore, in (!:3,--,6), magnetic penguml(=7.,$), and semﬂeptomc
this work we study theBs— 7" 7~y process in the frame- (1=9,10) operators . The additional operatofg;, (i
work of the 2HDM (models | and . =1,...,10) are due to the neutral Higgs boson exchange

2HDM is one of the simplest extensions of the SM, ob-diagrams, which give considerable contributions in the case
tained by the addition of a second Higgs doublet. In thisthat the lepton pair is™ 7~ [6]. C;(u) andCq (u) are Wil-
model, there are one physical charged Higgs scalar, two negon coefficients renormalized at the scaleAll these opera-
tral Higgs scalars, and one neutral Higgs pseudoscalar. Thers and the Wilson coefficients, together with their initial
Yukawa Lagrangian causes that the model possesses treslues calculated gtt=m,y, in the SM and also the addi-
level FC couplings of the neutral Higgs particles. To avoidtional coefficients coming from the new Higgs scalars are
such terms, it is proposed au hocdiscrete symmetry5] presented in Appendixes A and B. The QCD corrected am-
on the 2HDM potential and the Yukawa interaction. As aplitude for the inclusiveb—s7* 7~ decay in the 2HDM
result, it appears two different choices for how to couple thegmodel | or Il) is
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trix elements(y|s(1=* ys)b|Bs), we multiply both sides of

M= \/— ViV Cs(sy,PLb) 7y, 7 Eq. (4) by p, and use the equations of motion. However,
. neglecting the mass of the strange quark they vanish,
+Cyo(SY,PLb) 7y, 75T —
7P 7S (yfS(1:+ 5)b[BS) =O. ©
my — _ _ _ . . .
—2C7—:(si 7,.,P,PRD) 7Y, 7+ Cq (Sy,PRrb) 77 Substituting Egs(4) and (5) in Eq. (3), for the matrix ele-
p ment M (structure dependent pawe get
+Co,(Sy,Prb) TysT @ aGr \,
Q; sl R YsT | Mlzz\/——zﬂ_vtbvtse{suaﬁa aquU[A T’y,U,T+CT’Y,lL 57]
where P, g= (1% ys5)/2, p is the momentum transfer and +i[e*(pg) —(e*p)q,l[Bry, 7+ D7y, ys7l}, (7)
Vi;'s are the corresponding elements of the CKM matrix. g . . wys7l)
In order to obtain the matrix element fir—s7* 7~y  where
decay, a photon line should be attached to any charged in- )
ternal or external line. The contributions coming from the 1 off ) m, 5
attachement of photon to any internal line are suppressed and A= —-1Cq 9(p*)—2C7—91(p7) |,
we neglect them in the following analysis. We now start with Mg, L P
the case in which a photon is attached to the initial quark )
lines. The corresponding matrix element for thgg 1 m,
7'y decay is B=—-| C§"f(p»)—2C,— f1(p?) |,
Mg L p
M= (7 MIBY=—=2E v Vi Sy, (57 c
S M M 10 10
2\2 7 —9(p%), D= —2H(p?). ®)
BS

X (1= y5)b|Bs)+C1077, ¥57(¥ISY,(1~ ¥5)b|Bs)
Note that the neutral Higgs exchange interactions do not
give any contribution when photon is attached to the either
one of the initial quark lines. However, when a photon is
L . radiated from the finat leptons the situation is different and
+Cq, 77(¥|S(1+ v5)b|Bs)+ Cq, TysT the corresponding matrix elemefBremsstrahlung paris

m, — —
- 207?(7/'3' O-MVpV(1+ 75)b| BS> TYﬂT

% (y]s(1+ y5)b|B @ My=SF yvieity | | 2m.C P
(7Is(1+ys)b[Bs) . 2—2\/—? tbVis€lTe | | 4M-L1o m_b Q,
These matrix elements can be written in terms of the two éPB

independent, gauge invariant, parity conserving and parity

[ 1

Q

"\2p1a 2p,q
violating form factorg 3,7]: P19 pzq

b+ ° :
2p1q 2p,q) 7" 2p1q “2pq)”

(€)

_ e
(ylsy.(1+ y5)b|Bs>=m—2{eWﬁaez Psd, 9(p?)
BS

*+i[€,(pa) —(€*p)q,] f(p*)} where we have used
4 — .
(O[sy,ysb[Bs)= —ifg Pg .
and
(0[50, (1% y5)b|Bg) =0,
_ B e
<y| S (TMVpV(1+ 75)b| BS> = m_z{e,uaﬁofz pﬁq(T gl( pz) m2B
> (Ofsysb|By)=ifg,—,

R s My
Fi[e}(pq)
—(€*p)a,] f1(p?)}. (5 (0[sb|Bg)=0. (10)

Here e, and q,, are the four vector polarization and four and the conservation of the vector current. HBg is the
momentum of the photon, respectively. To calculate the mamomentum of théB; meson.
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Finally, we get the total matrix element for thBs  polarization of the photon, we obtain

— 777"y decay as

M= M+ M,. (11) | M|2=| M 1|2+ M 5|2+ 2 Rg M M3), (12)

To calculate the decay rate, we need the square of this matrix
element. By summing over the spins of théeptons and the where

2

|M %= |—=—VV{| 47a (8 REB*C+A*D)p2(p1q—p2a)(P1a+poa)+4[|C|?+|D|*1{(p?—2m?)[(p1)?

e

+(P20)%]— 4mZ(p1a) (P2a) }+ 4L |A]2+ B2 (p?+ 2m2)[ (p1a) 2+ (poa) 2]+ 4mZ(pa) (p2a) }), (13

(p19+p.a)? (P1G+P2a)3(P10—p2q)
(P () P T )

2

Gr 4m[1ec f mz[Re(A)
2\/577 tbVits 10 BS T
mé

2 RQMJ_M; ) =

(p1a+p20a)° (p2a+ pzq)z(plq—pzq)}

[RG(B) (P29)(p29) Re(C) (pP29)(p2a)

my

m
(14)

(m?—3p,a)(Pa0) | (2m§—p2)(pzq)H
P2q P19 ’

? més ’ mésCQl :
4’7Ta’ _1 2m,.C10+ m_CQ2 + m
b b

m3 C

o)

my

Vmes

CYGF
| M ,|?=—

2\/577

m2

2
Qq ) 2 4

(p+2pg—4m?) | +—1 | 2m,Cyq
P19

2 2
Mg
(Zm Ciot— m, 2) (p?+2p,a) +

(|01q)2

2 2 2 2
M, mz Co,
+ +
my My
m3 Co

S

2
Mg

2 2
s 2
My CQZ) (p°+2p10)

3mi—p?— 2 2m
[3mI—p p2q]+ 2
(P29

mB 2 méSCQ1 2
2m C10+ _CQ2 + m
b

(2m7C10+

+

4
) (p?+2p.q—4m?) t5g [3m2—p2—2p,q]

2

T ) (pa0)

2

g mg Cq

m3 2
S 2 2 2\
2m_Cqpt+ . CQz) p=(2mZ—p<) (

2
) (p+2p,q—4m?) ] (15)

Herep,, p, are momenta of the finat leptons.
In the rest frame of th&; meson, the photon enerdy, and the lepton energl; are restricted in the region given by

m3 —4m?
4 2mg_ '
mg.—E, E 4m? mg—E, E 4m?
52 y—%\/l— > E=< 52 7+77 - (16)
mBS—ZmBSEy mBs—ZmBsEy
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In | M ,|? it appears an infrared divergence, which origi-
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we consider the photon iB.— 777"y as a hard photon,

nates in the Bremstrahlung processes when photon is softllowing the approach described in Ré¢fl] and impose a

and in this limit, theBs— 7" 7~y decay cannot be distin-
guished fromB,— 7" 7. Therefore, in order to cancel the
infrared divergences in the decay rate both processes must
considered together. In R¢#] it has been shown that infra-
red singular terms ifM ,|? exactly cancel th©(«) virtual
correction inB,— 7" 7~ amplitude. However, in this work

cut on the photon energy. The lower limit of this cut is cho-
sen so that the radiated photon can be detected in the experi-
Bfents, namelyt:,=50 MeV (=a Mg_ with a=0.01). After

integrating over the phase space and taking into account the
cut for the photon energy we get for the decay rate

1 dx \/ 1 s [(A+[BI2)(L-x+2r) + (|C[2+ D[ (1-x~ 4r)]

1+1—4r/(1—x)

mg

S

2 2
aGg Mg (1-4r
P v g o
2\/577 thVts (277)3 By 12 s
més 1—4r )
_4fBSr Ciot WCQZ fﬁ x“dxRgA)lIn

1+V1-4r/(1-x)

/ 4r
(1—x) 1—m+(x—2

_|_
1-1-4r/(1-x) 2mym,

E

1+VJ1-4r/(1-x)

1—4r
CQlL x dxRegB)

2 2
e

1 Mg
2 S

r—9| Ciopr =——
Bs szsl ( 10 2mbm7'

1 mBSCQl

X r)
1-V1-4r/(1-x)
1-4r (1—x) ar 2r 1
xf dx 1-—+| 14+ ————x| |
5 X 1—x X X
1—4r (1—-x) ar r?
xj dx| (4r—1) 1- +
5 X 1-x

wherer=mZ/mz , 5=2a andx=2E,/mg_is the dimen-
sionless photon energy satisfying

2

T
=<

O=X<

1_

X
mBS

Iﬂll— V1-4r/(1-x)

1 r
-1+ —+ —+x+—(4x—6)
X X X

r

o

)2
1+\1—-4r/(1—Xx)
1-J1-4r/(1—x)

2mb

17

g

these parameters are restricted by using the existing experi-
mental data. The nonobservation of chargéd pair in Z
decayd 9] gives the model independent lower bound of the
mass of the charged Higgs bosdri, my =44 GeV. How-
ever there is no experimental upper bound rig;- except
my+=<1 TeV coming from the unitarity conditiofl.0]. Fur-

ther, top decays giveny+=147 GeV for large taB [11].

In our numerical calculations, we use the dipole forms of theThe other parameter of 2HDM, taf) is restricted as tah

form factors given by

(p?) = 1 GeV f(p?) = 0.8 GeV
gip (1-p?%/5.6%)2 P (1-p%6.5%)2
(p?)= 3.74 GeV L (p?) = 0.68 GeV
P a0z P T (1 pzg

(18)

which were calculated in the framework of the light-cone
QCD sum ruled7,8].

Ill. RESULTS AND DISCUSSION

In the 2HDM there are number of free parameters, namely
Higgs bosons FIG. 1. Differential branching ratio as a function of

masses of the charged and neutral
(my+, mpo, Muo), the ratio of vacuum expectation values
of Higgs bosons, tag=v,/v,, and the anglex due to the
mixing of neutral Higgs bosonA® and h®. The values of

>0.7 fromZ—b b decay[12]. The ratio tang/m= can also

5 I T T T T T T
B sM — _|
8 SM with LD
= 4F Model II === o
: Model II with LD ===
S 35k ]
[ 3k |
T e
L AN . ]
gl% 2 B \\\ \\\\ A N T
x 15} YAAN ]
k= N
= 1F |
05 F ]
0 1 1 1 1 1 1
0 0.1 02 03 04 05 0.6 0.7 0.8

z

=2E7/mBS in the SM and model Il fomy+=400 GeV and ta
=2. In this figure, curves with sharp peaks represent the long dis-
tance contributions.
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TABLE I. The values of the input parameters used in the nu- 4.96 - ' ' ' ' ' -
merical calculations. : Model T con oy T2
= 4.24 - " Model I, tan 8 =6 ==-- o
Parameter Value . m—
422 N -
m. 1.4 (GeV) T e e
42| ~ . ]
m, 4.8 (GeV) 2 - Tl T
agt 137 SRS e e T .
ViV 0.045 T 1 S
msg 5.28(GeV) = e T T e
(By) 1.64x 10712 (9) 4vdE e =
m, 176 (GeV) 4.12 L L L L L
My 80 (GeV) 200 300 400 mH?g)ev) 600 700 800
m; 91.19(GeV)
m, 1.78(GeV) FIG. 2. Branching ratio as a function of,,+ in the SM, model
Mo 80 (GeV) I, and Il for different values of tag.
Mo 150 (GeV)
Mpo 80 (GeV) Figure 2 shows the dependence of the BR on the Higgs
u My boson massny+ for different values of the paramgter tan
Aoeo 0.225(GeV) for models | and Il, as well as for the SM. We again observe

an enhancement for the BR in 2HDM compared to the SM
case, especially for the small valuesmof,~-. For example,

for my==400 GeV and tag=2, BR(Bs— 7" 7 y)=4.18
x10"% in model |, and BRBs— "7 y)=4.20<x10 8 in

. . . model Il. These values are slightly greater than the SM pre-
be restricted and it has been estimated asptam,- dictions, which is BRBy— 7+ 7 7)=4.13<10"%, In addi-
<0.38 Gev'! .[13] and tang/my,-<0.46 .Ge\fl. [14] tion, themy+ dependence of the BR becomes weaker with
from the experimental results of the branching ratios of the .o qing values of tah for both models. Note that these
decaysB—7» and B—X7v. The upper bound has also resyits are sensitive to the choice of form factors and there
been given for the same ratio as fam,;-=0.06 GeV 'in  can exist considerable differences in the results. Therefore, it
the case that sufficient data could be taken and the theoretical gificult to predict the new physics effects for largg;
uncertainties could be reduced for the exclusive deBay nd small targ values lying in the restriction region.

as(My) 0.117
sin Gy 0.2325

—D 7v [15]. R.ecently,. the relation penmgenH: and tarB We present the BR as a function of t@nfor different
has been estimated in ReffL6], taking into account the values ofmy= in models | and Il in Fig. 3 and Fig. 4, re-
CLEO measurement of the decBy-Xsy [17]: spectively. It is seen that additional contributions coming

from neutral Higgs exchange diagranfise., contributions
with CQiq&O) causes the BR to increase with the increasing

values of tarB in contrast to the case that neutral Higgs
bosons do not contribut%i=0). The reason for these two

different behaviors can easily be understood by comparing

Br(B—X.y)=(3.15-0.35-0.32 X104 (19

In our calculations, we take the massas andmuo equal
and not too heavy since thb-quark dipole moment is
strongly sensitive to the difference between these masses i~ 4.99 | | | : | | :
the 2HDM[18]. Further, we choose the value of the angle 491 b s — ]
as being zero since the mixing betweghandA® is weak. ., | o o zo

= . :
For completeness, we have also checked the dependence

mp = 600 GeV , CQ;‘ =0 aeenanan

N X ) [ 4.19 mp =600 GeV , Cg, #0 —.—.
the branching ratio ow for the fixed values the other 2HDM  +. ) b, o ’
parameters and seen that this dependence is negligible. T 4.18 e

417 <7

In the present work, we study the 2HDM parameters de-2
pendence of the BR and dimensionless photon energy deper?é 4.16
dence of the differential branching ratidgR/dx) in models > 4.15
I and Il. Doing this, we have used the input parameters givenS  4.14

in Table I. 413 | .
In Fig. 1, we preseniBR(B— 7% 7~ y)/dx as a function 412 ! ! ! L ! ! L

of x=2E,/mg_in the SM and in model Il fomy,- =400 2 3 4 5 . 6,@ 7 8 9 10

GeV and tarB=2. We do not display the predictions of .

model | there, since they are very close to those of model Il. FIG. 3. Branching ratio as a function of t@nin the SM and

In this figure, curves with sharp peaks represent the longnodel | for different values ofn,=. Curves withCq #0 (Cq,
distance contributions. From Fig. 1, we see that there is ar0) represent the contributions includifigot including the neu-
enhancement in the 2HDM compared to the SM case. tral Higgs boson interactions.
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4.24 T T T T T T T e _ .
—4oocvcENé_ O:_Sa ballulv
. am} e e T 97 12 Lo uPL) (17D
I?\ mp = 600 GeV , OQ: Y R
+:: 4.9 k. my =600 GeV , Cg, # 0 _.;:_— e B B
T O10= —— (SLa¥ubLa) (1 ¥ ¥sl),
o 418 167
&
T 46 e
% Qi1=——(s{ bg) (77),
= 44k - 16m°
4.12 1 1 1 1 1 1 1 e2 o o
2 3 4 5 6 7 8 9 10 = sY p¢
tan 3 Q2 16772( L bR) (7¥57),
FIG. 4. The same as Fig. 3, but for model II. 2
Q= by > (P,
Egs. (B3) and (B2), which represent the neutral Higgs 1672 q=ud,s.c,b
bosons and the remaining contributions, respectively,
namely, the first one is proportional to tg8, while the sec- 9> — _
ond is 1/taR B so that for the larger values of tah neutral Q4:P(Sﬁ“ br) ; X (aRaf),
Higgs boson contributions dominate in the BR. g a=uase
In conclusion, we observe an enhancement in the differ- )
ential branching ratio and the branching ratio of the exclu- Qc= g (;a bg) 2 (aﬁ’qa)
sive proces8.— 7" 7~y in the framework of the 2HDM as e b R i Tscb o m R
compared to the SM. Further, this enhancement becomes
more detectable for large tghvalues lying in experimen- g — _
tally restricted regions. Therefore, the measurement of this Qe=——(sfbf) > (aRap),
exclusive decay can give important clues about the new 16m a=udscb
physics beyond the SM, corresponding model parameters )
and also the effects of neutral Higgs contributions. 9" & uvpa 7
9 Qr=r—(sto™bp) > (af 0,90,

APPENDIX A: THE OPERATOR BASIS
2

The operator basis in the 2HDRnhodels | and I) for the Qg= (ga " b) E (Eﬁo a9,
process under consideration[ 9,20 T Rla=iTsch o Hk
O1=(SLaY CL,B)(a_BYMbLa), 2 _ _
: Qo=——(sto*bf) > (afo.am),
167 g=u.d,s.c,b

02=(SLaYuCLa) (CLEY*bLp),
2

g J— -
= s g4V hB B @y
Quo 16772( LO R)q:u%s,c,b (AR 0,,010)
(A1)

O3=(SLa¥ubia) 2 (Gg¥™dip).
g=u,d,s,c,b

< — herea andB are SU3) color indices andF#” andG*” are

0,=(s b “ , whert .

4= (SLa¥ Lﬁ)q:u%c,b (Aup7"dLa) the field strength tensors of the electromagnetic and strong
interactions, respectively.

05=(SLa7#bLa)q=u§d:s . (ARgY"URp), APPENDIX B: THE INITIAL VALUES OF THE WILSON
S COEFFICIENTS

Oﬁz(gl_a’y,ubL,B) 2 i (aRﬁ'quRa)r The initial values of the Wilson coefficients for the rel-

g=udsc evant process in the SM af21]
e _ Cf,hél,...e,ll,lfzmw)zov
07:r67_rzsa0ﬂv(mbR+ msL) b F*7, CSM(my) =1,
Og=——5,T% 40, ,(MR+ ML )b G2, CM(my) = S BT
1672 © “PF 4(x—1)* 24(x—1)3
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o 3x2 — 34+ 5x2+ 2x The initial values for the additional part due to charged
C3'(my)=— Inx+ Higgs bosons are
4(x—1)% 8(x—1)3
cl'  gmy=0,
- 1 —4sirt 6y
Co(my)=— — B(x) +—— C(x) H
sin?6y Sir? Oy C7(my) =XFi(y) + Y Fa(y),
4
-D(X)+ 3, Cg(My) =X Gy(y) + Y Gy(y),
1 Cg'(Mmw) =X Ha(y),
Cio'(Mw) = ———[B()~C(x)], .
SIT Pw Cl(mw) =X Ly(¥), (B2)
SM — P =
Cq (My)=0 i=1,....10. (B1) and due to the neutral Higgs bosons ggg
o (=™ L X[l (et o heoga) )
my) = - mio— si co X,
Q\ W mﬁo S|n20W4 2”]'2_{i ho Zmao 3y @ a)lq y
+[mEo/md+ (sirfa+ hco§a)(1—z)]f2(x,y)} ,
2 2
mym, (M= — Miyo)
Cg, (M) == —5=X 1{fl<x,y>+ 1+%)f2(x,y>],
A0 mW
H m,e?
Co,(my)= m gZ[CQl(mW)+CQ2(mW)]y
2
H mpe
Cq,(Mmw)= m—gz[qu(mw) —Cq,(mw)],
Cq (Mmy)=0ij=5,...,10, (B3)
where
m? m? X mEo .. xlnx  ylny
X:_y :_+! Z:_y = 1] X! :___1
m, m; y m2, YVox=1"y-1
xIny Inz 1-y+ylny
fo(x,y)= + , f =— B4
2( Y) (Z_X)(X_l) (Z—l)(X—l) 3(y) (y—1)2 ( )
and
e ( ! ) Y=—— (1) in model I (Il (B5)
= , Y= in mode .
tar’B \ tar’B tarf 8

The explicit forms of the functionE ) (y), Gyi2)(y), Hi(y), andL,(y) are given as

_Y(7-5y-8y%)  y*(3y-2)

1y

72Ay-1)°

12(y-1)*
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y(5y—3) N y(—3y+2)
12y-1)%2  6(y—-1)°

Faly)=

y(—y?+5y+2) . —y?

G = Iny,
= Taye
y(y—3) y
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Finally, the initial values of the coefficients in the 2HDM are
CPPM(my) = CPM(my) + Cii(my). (B7)

Using these initial values, we can calculate the coefficie@ngM(M) and (u) at any lower scale in the
effective theory with five quarks, namelyu,c,d,s,b similar to the SM case. Wilson -coefficients
CIHPM(y, C3HPM( L), CHPM( W), Cé'iDM(,u) and CéHzDM(,u) play the essential role in this process and the others enter
into expressions due to operator mixing. For completeness we would like to give the explicit expressions of the cofficients
essential in this process. The effective coeffici@fﬁ( ) is defined ag22]

2HDM
CQi

m m
CF(1)=C7™M(4) + Qq[CE™ (1) + N CE™M(1)]+ Qu | 1= CE™M(wa) + Neg ~CHM (w0 | (89)

where the leading order QCD corrected Wilson coefficie@S2"°M(.) are given by[19,20,23:

A

C%O,2HDM(M) — 7716/2?(:§HDM( mW) + (8/3)( 7]14/23_ 7]16/2%CgHDM(mW) + CgHDM(mW) hi nai, (Bg)

1

and 7= as(my)/as(u), h; anda; are the numbers which appear during the evalugi8j. The perturbative part of the
Wilson coefficientCE"(w) can be defined 820,23

~ A ~ 1 ~
CE ) =C5"M (1) 7(S) +(2,9)[3Cy() + Col ) +3C3( ) + Cal ) +3Cs( ) + Col( )]~ Zh(18)[4C5()

1 . 2
+4C4(p)+3Cs(u) +Cq(p)]— Eh(O,S)[Cg(M) +3C4(w)] +§[3C3(M) +Cu(u) +3Cs(u) +Ce(u)].
(B10)

Here the contributions of the coefficier®s(u), . . . ,Ce(u) are due to the operator mixing. In E@®10) 7;(%) represents the

one gluon correction to the matrix elemed§ with mg=0 [20] and the functiorh(z,s) arises from the one loop contributions
of the four quark operator®4, ... ,0Og. Their explicit expressions are

as(um)
o

7(s)=1+ w(S), (B11)

where
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. 2 4 L2 . . 5+4s . 25(1+s)(1-2s) . 5+9s—6¢?
w(8)=— =m°— zLiy(s)— zInsIn(1-s)— —————=In(1—s)— = —Ins+ = — (B12)
9 3 3 3(1+2s) 3(1-s)%(1+2s) 6(1—5s)(1+2s)

and
Ji-x+1| z?
INl——-—im| for x=—<1,
h(z.8)= 8I m, 8I 8 4 2 ) 1|12 V1—-x—1 S B13
(z,9)= §n7 §I"IZ+2—7+§X 6( +X)| X| 2 , ( )
2 arctar—— for x=——>1,
VX—1 S
h0%)=—— oM dpss 2 B14
(08)=55—3 n-, “gnstgim (B19)

wherez=m./m, ands=p?/mZ. In addition to the perturbative part, there exist also the long distérd¢ one due to the
conversion of the reatc into the lepton pair™ 7~ descriged by the reactidd— yiy;— yr" 7, wherei=1, . .. ,6.Adding
this contribution to the perturbative one coming from treeloop, the NLO QCD correcte@Sﬁ(,u) can be written as

CS“(M)ZCSEN(#)JFYresoH(%), (B1Y)
whereY, eso(S) in NDR scheme is defined as
3 al (V=777 )my

Yiesof )=~ —5~ "[3Cy(u) +Co( ) +3Cq(p) +Cy(p) +3Cs(p) +Co(w)].  (B16)

a’em

K
Vi:l,bi qz—mvi+|mvir\/i

The phenomenological parameterin Eq. (B16) is taken as 2.324].
Finally, the Wilson coefficient€q, (1) andCq, (u) are given by[6]

CQI(Iu') = 7’712/23CQi(mW)7 i= 112 (817)
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