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BO-B° mixing and B— Xy decay in the third type 2HDM: Effects of NLO QCD contributions
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In this paper, we calculate the next-to-leading ord€rO) new physics contributions to the mass splitting
AMBd and the branching rati#(B— Xy) induced by the charged Higgs loop diagrams in the third type of
two-Higgs-doublet modelémodel Ill) and draw the constraints on the free parameters of model Ill. For the
model Il under consideration, we find th@ an upper limit|\;|<1.7 is obtained from the precision data of
AMg,=0.502+0.007 ps?!, while |\,|~0.5 is favored phenomenologicaljy) for B— X¢y decay, the NLO
QCD contributions tend to cancel the LO new physics contributi)sa light charged Higgs boson with a
mass around or even less than 200 GeV is still allowed at the NLO level by the measured branching ratio
B(B— Xgy), numerically, 188&M <215 GeV for (Ay|,|App|)=(0.5,18), (d) the NLO QCD contributions
tend to cancel the LO contributions effectively, the lower limitMp, being consequently decreased by about
200 GeV, ande) the allowed region oM, will be shifted toward the heavy mass end for a nonzero relative
phasef between the Yukawa couplings; and\,. The numerical results for the conventional model Il are
also presented for the sake of comparison.
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[. INTRODUCTION tions, we know that the rare dec8y— X4y is very sensitive
to the new physics contributions and has been used as the
Among the physical observables Bfmeson mixing and first test for new physics models.
decays, the mass splittingMBd and the branching ratio In Ref. [4], Borzumati and Greub studied thHg— Xgy
B(B—Xgy) have been measured with high precision. Thedecay in NLO QCD in a class of models containing at least

recent world averages as given in Rdfs-3] are two Higgs doublets, with only one charged Higgs boson non-
decoupled at low energy, and found the constraints on the
B(B— Xgy)=(3.34+0.38 X 10" %, (1) mass of charged Higgs boson for model II: the popular
type-1l two-Higgs-doublet model. In this paper, we will ex-
AMBd:O-SOZt 0.007 ps?, 2) tend their work[4] to the case of model ll(the third type

two-Higgs-doublet mode[22]), to constrain the charged
which are in perfect agreement with the next-to-leading ordeHiggs boson masM,;, as well as the Yuakawa couplinyg
standard mode{SM) predictions, for example, presented in and\, after the inclusion of the NLO QCD corrections.
Refs.[4] and[5]. Obviously, there is only a little room left The strength of theB)-BS mixing is described by the

for new physics effects beyond the SM. By comparing theyass splittingAMg . In the SM,AMg_ is strongly domi-
theoretical predictions with the precision data, strong con- d d

straints on the parameter space of new physics models can . .
obtained P P phy gauge boson. In new physics models, the box diagrams

During the past decade, tie— X,y decay has been stud- WNere one or twoW gauge bosons are replaced by other
ied in great detail in the SM and various new physics mod<harged particles can also contribute to this quannty. The
els. At present, the complete next-to-leading or@gt0)  Well measurediMg therefore can be used to constrain the
calculations of this decay mode are available for the SMnew physics models.

[6-11], for the conventional two-Higgs-doublet models In Ref.[5], the authors presented a calculation of the mass
(2HDM) [4,9,12,13, for some supersymmetric models splittingAMBd at the NLO level in the conventional model II

[14,15, and for left-right symmetric modeld5]. The stud- g4 found that the NLO corrections enhance the LO results

ies at _Ieading orde(LO) for model Il [16—1q,.for the top- by about 18%. In Ref[18], the LO new physics contribu-
two-Higgs-doublet modef20], and the technicolor models iqng 1o AMy  have been calculated in model Il and the
d

[21] are also available. From relevant theoretical calcula- . . .
constraint on the Yukawa coupling,; was also given by

neglecting the large uncertainty of the nonperturbative pa-

ted by the box diagrams involving the heavy top quark and

*Electronic address: xiaozhenjun@pine.njnu.edu.cn rameterfg /Bg,. We here will calculate the charged Higgs
"Electronic address: guolb@email.njnu.edu.cn contribution to mass splittin@)MBd at the NLO level in the
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model I, use the new high precision data to constiaip| 1 J2x* 1/ 2H*
and|\| and consider the effects of the large uncertainty of Pr1=—= 0. : ol P2=7=| .1, .2 O
B V2\v+H%+iy V2\H1+iH
This paper is organized as follows. In Sec. II, we describeand take their vacuum expectation values as the form
the basic structures of model Ill, and give a brief review
about the known constraints on model Il presented in pre- 0
vious works. In Sec. Ill, we calculate the mass splitting (1)= o)’ (¢2)=0, (6)

AMBd at the NLO level in model Il and draw the constraint

on |\y| by employing the new precision data. In Sec. IV, thewherev = (/2Gg) ~¥?=246 GeV. The transformation rela-
NLO new physics contributions to the branching rai(B  tion between K°H!,H? and the mass eigenstates

—Xgy) In model lll are calculated and analyzed in great(EO,hO,AO) can be found in Ref.17]. TheH™ are the physi-
detail. The numerical results for the convention_al model Il ateg) charged Higgs bosonsi® and h® are the physicaCP-
the NLO level are also presented as a comparison. The CORyen neutral Higgs bosons and #&is the physical CP-odd
clusions are included in the final section. neutral Higgs boson. After the rotation of quark fields, the

Yukawa Lagrangian of quarks are of the fofd],
Il. STRUCTURE OF MODEL Il AND CONSTRAINT

— Yo .U, DO 4+ 20 TH.U.
The simplest extension of the SM is the so-called two- Ly =m;QiLd1Ujrt 7 Qi 1D rT & Qi L2V R
Higgs-doublet modelg23,24). In such models, the tree level 130 o
flavor-changing neutral current§CNCS are absent if one ¢iQiLd2DjrtH-C. ™

introduces anad hoc discrete symmetry to constrain the

) ) where niLj"D correspond to the diagonal mass matrices of up-
2HDM scalar potential and Yukawa Lagrangian. Let us con

‘and down-type quarks, while the neutral and charged flavor-

sider a Yukawa Lagrangian of the forfh7] changing couplingswill be [17]
Ly= 77iLjJai,l:7’1Uj,R+ Wﬁai,LqSle,RJ" fh’@,ﬁzuj,a FUD U %chharged: Ve ?étharged: Verné®,
+EPQ; L 4D r+Hec., 3) (8)
with

where ¢; (i=1,2) are the two Higgs doubIetsZSLz
=im¢7,, Qi (Ujr) with i=(1,2,3) are the left-handed gm

isodoublet quarkgright-handed up-type quarkD;  are the §H'D= J Nij 9
right-handed isosinglet down-type quarks, whif;® and V2My,

%P (i,j=1,2,3 are the family indicgsare generally the
nondiagonal matrices of the Yukawa coupling. By imposing
the discrete symmetry

where Vciy is the Cabibbo-Kobayashi-Maskawa mixing
matrix[25], i,j=(1,2,3) are the generation indices. It is easy
to see from Eq(9) that the FCNC within the first two gen-

— b, . D—-D., U-—=%FU (4 erqtlons are naturally sgpp(essed by the small quark masses,
$1m =1 b I =@ e a larger freedom in still allowed for the FCNC involv-

one obtains the so called model | and model II. In model 1ing the top and bottom quarks. The coupling constan{s

the third and fourth terms in E¢3) will be dropped by the are free parameters to be determined by experiments, and
discrete symmetry; therefore, both the up- and down-typéhey may also be complex.

quarks get mass from Yukawa couplings to the same Higgs [n the conventional model | and model Il, the only addi-
doublet ¢, while the ¢, has no Yukawa couplings to the tional contribution to theB— X4y decay with respect to the
quarks. For model I, on the other hand, the first and fourthSM comes from the charged Higgs boson—top quark penguin
terms in Eq.(3) will be dropped by imposing the discrete diagrams and depends on the mass of the charged Higgs
symmetry. Model Il has, consequently, the up- and downboson, My=, and on taB=v,/v,, wherev,, are the
type quarks getting mass from Yukawa couplings to two dif-vacuum expectation values @f ,. From currently available

ferent scalar doubletg, and ¢,. studies at the NLO level4,9,12,13, one get to know the
During the past years, models | and Il have been studieépllowing main features of model II: _
extensively in literature at LO[26] and NLO levels (@ The charged Higgs penguins interfere constructively

[4,9,12,13 and tested experimenta”y_ Model Il has beenWith their SM Counterparts, and thus always enhance the
very popular since it is the building block of the minimal branching ratioB(B— Xsy). The excellent agreement be-
supersymmetric standard model. In this paper, we focus ofween theory and experiments for the decay rate therefore
the third type of 2HDM[22], usually known as model IIl leads to a strong lower bound on the mi&s-. One typical
[17,22. In model 1lI, no discrete symmetry is imposed and lower bound(99% C.L) at NLO level as given in Ref9] is

both up- and down-type quarks then may have diagonal

and/or flavor-changing couplings witlh; and ¢,. As de-

scribed in Ref.[17], one can choose a suitable basis ‘We make the same ansatz on #jg° couplings as in Ref17].

(HO H,H? H*) to express two Higgs doublefd7], For more details about the definition &f:°, see Ref[17].
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) —— \NAAANG—P— (] h) —p—e == p—t— (|
t Y S u,c,tyY Au,ct
+ +
for any value of targ. . . - w ; ] —e A1 B
(b) The inclusion of NLO corrections shift the lower - -
bound up by about 30%12]. In other words, the lower § ——g-"=-4+— ¢ p =g == = = —— ]
bound onM 4+ will become stronger in the NLO level than | |
that in the LO level. One lower bound as given in RéfZ] L . N R
is My+>258 GeV using the LO calculation, butl,- a _._-_V_V__-_._ 3 d _._-_I_{__-_._ 3

>368 GeV using the NLO calculation.
(c) The lower bound oM+ from the measured branch-

FIG. 1. The box diagrams for th83-BS mixing in the frame-

ing ratio B(B— Xsy) depends very sensitively on small ef- work of the 2HDM at the lowest order. More crossed diagrams are
fects, and in particular on the way various errors are com#ot shown. For those Feynman diagrams of NLO QCD corrections
bined. The difference is usually about 100 GeV or everpbtained by connecting any two quark lines with a gluon line, see
larger [12]. Since the theoretical error is significantly re- the figures in Ref{5].

duced at the NLO level, improving the calculation to the

NLO has important effects on the lower boundsg=.
(d) The bound orM+ from theB— X4y decay is much

stronger than those from other experiments. As shown in Fig.+iq B(B—X

4 of Ref.[9], for example, the direct limit from LEP experi-
ments is only My=>78.6 GeV [2], the ratio R,=1'(Z
—bb)/T'(Z— hadrons) is relevant only for very small t8n
while rareB— 7 decays constraiM+ only for large tan3.

In the following sections, we will calculate the NLO QCD
contributions to the mass splittingM By and the branching

sY), to find the constraints on the parameters
Nit» App. andM, of model 11l. We will study the effects of
the NLO QCD contributions in detail, and will also compare
the results in model Il with those in model II.

(e) The tanB dependence of the lower bound saturates for

tanB=5.
For model I, however, no bound dvi,+ can be obtained

from B— Xy [27], since the charged Higgs loops interfere

. B%-B° MIXING IN MODEL Il

B°-B° mixing is in general a FCNC process generated

destructiveiy with the SM penguin diagrams and decoupiéhrough Weak intel’aCtiOI’lS. At the |OWESI Ol’del’ Of perturba-

for large targ.

tion theory and in model Ill, the corresponding box diagrams

Although many phenomenological investigations havethat generate this process are shown in Fig. 1. The charged-

been done in the framework of model [16—-19,22,28,2D

Higgs boson contributions t8°-B° mixing at leading order

the situation here is still not as clear as in model II, sincewere calcul_ated some time a@@0]. The NLO QCD correc-
there are many more free parameters in model Ill than ifjons toB°-B° mixing was first presented in RéB1] for the

model Il. As pointed in Ref[17], the data ofk%-K° and

SM, and in Ref[5] for the conventional 2HDM: model | and

Bg_gg mixing processes put severe Constraint on the ﬂavormodel ” The pOSSib|e Constraints on m0de| “l from the
changing couplings involving the first generation of quarks.measured parametet;=AMg/I's were studied, for ex-
It is therefore reasonable to assume that the Yukawa coi@mple, in Refs[17,18,32 at the LO level.

plings involving theu andd quarks are zerox ;=\ 4;=0 for
j=1,2,3.

In Ref. [18], Chaoet al. studied the decabp— sy at the
leading order by assuming that only the couplings and
App are nonzero. They found that the constraint M-
imposed by the CLEO data &f—svy can be greatly relaxed
by considering the phase effects of and \y,,. The con-
straints fromB°-B° mixing, the neutron electric dipole mo-
ment (NEDM), the Z%-pole parametep, andR, were also
considered in Ref[18]. The Chao-Cheung-KeunCCK)
scenario of model 11[18] has the following advantages:

(i) Since one keeps only the couplingg and\,, that are

A. The basic formulas

The strengths of thJ-BY mixing with ¢ < (d,s) are de-
scribed by the mass differencAsdv By~ M{ —M{ where the

subscriptsH and L denote the heavy and light mass eigen-
states, respectively. The long distance contributions are esti-
mated to be very small. The top-box diagram is strongly
dominant, while the charm and mixed top-charm contribu-
tions are entirely negligible.

Recently, great progress have been made in experimental
measurements. ForAMBS, a lower limit of AMBs

not zero, the neutral Higgs bosons do not contribute at tree ;4 4 ps ! at95% C.L. is available. FGkMde however, it

level or one-loop level. The new contributions therefore
come only from the charged Higgs loop diagrams with th

heavy internal top quark.

(i) The new operator®g ;9 and all flipped chirality part-
ners of operator®;  joas defined in Ref[28] do not
contribute to the decalg—svy.

[S)

has been measured with high precision: the world average
[2,3] is AMBd=O.502t 0.007 and dominated by the results

of B factories. At the end of the LEP-CDF-SLD eraM By

had been measured with a relative precision of about 2.6%
[33]. After including theB factory measurements, the preci-

The free parameters in model IIl are greatly reduced tcsion is now 1.2% and high enough to constrain the new

)\tti )\bb, andMHi.

physics contributions effectively.

014002-3



Z. XIAO AND L. GUO PHYSICAL REVIEW D 69, 014002 (2004

On the theoretical side, the NLO theoretical prediction of 20
AMBOI is available now in the SM and in some new physics

models beyond. In SM the mass differenadl B, Can be
written as[34]

2
- Gk 2(R £2 \p2
AMg = —mg|Vig|*(Bg,fz )Myy7eSo(xd), (1)
6

with

4x— 1%+ x3 3x3
= — In
4(1—x)? 2(1-x)°

[x], 12

0- N RS AT B ST BT | | PN BT AT A

0.15 0.17 0.19 0.21 0.23 0.25 0.27 0.29 0.31

(5)
- ag”(w)
— 5 -6/2 s
Bg,=Be,(1)[a{”(w)] 3{1+ 4. Js| f,B," [GeV]
(13 .
FIG. 2. Contour plot of V4| vs the nonperturbative parameter
6/2 as( ) [ Si(X;) fs,VBs, b}/lusing the well measured mass splittiag/ Bd=9-502
ne=[as(u) ] 1+ ar | Syx) +Bi—Js =0.007 ps'. The shaded band corresponds to the liviy|
t =(7.9+1.7)x10"* obtained from the measuredMg_. The width
of the curve shows the effect of uncertainties of other quantities in
PO uf IINSe(x)  pi q
+-—In— -  In— Eq. (1.
Ymo n ’ (14)
2 M\ZN alnx; M \ZN

o 2 2 (0 In the following calculations, we will use this value pf 4|
wherex,=my(u)/Mg,,* # )=_4, andyme=8 for SU(3)c,  as input. It is easy to see that the error|wfy| is almost
B(=17/3 andJs=5165/3174 in the NDR scheni@4], mg  completely determined by the uncertainty of the factor

_ .~ 00 _ -
=5.279 GeV[2] is By meson massyg=0.550.01 sum- ¢ /B f this uncertainty can be decreased by a factor of
marizes the NLO QCD correctionfs,31], the function 2 dwe Wdould find

So(Xy) describes the dominant top-box contributidg, is
0 S . .

the By meson decay constant, aBdis the renormalization [Vigl = (7.9 1.1)x 1073, (16)

group invariant and nonperturbative parameter. There are

many works that est|rT1ate the valuesfg!‘j and Bs, |nlla.tF|ce Figure 2 is the contour plot if \/g'|th| plane obtained
QCD calculation and in QCD sum rul€33]. The definitions . a¥ 1

of the various quantities in Eq14) can be found, for ex- by the usmg_ th? dataA Mg, =0.502+0.007 ps : The )
ample, in Ref[34]. Using the input parameters as given in shaded band in Fig. 2 shows the allowed region as given in
Appendix A, we find numerically thag=0.553 and 0.496 Eq. (15). The solid line shows théBd\/B—Bd dependence of

for u =170 GeV or u=My, respectively. The product |y, | and the width of the line shows the effect of uncertain-
78S0(Xt) has, however, a very weak dependencewpatthe  ties of all other quantities appearing in Edl).
NLO level: the uncertainty is only 0.3% for 100 G&\u,

=300 GeV.
With a well measured\Mg_, one can determingV|

from Eq. (11) in the framework of the SM. Using the input  In the two-Higgs-doublet models, the charged Higgs bo-
parameters as given in Appendix A, we find a limit sy son contributes to the mass splittidgVg . In Ref.[18], the

from the measured Mg in Eq. (11): authors calculated the new physics contribution\td g in
model Il at the leading order and presented the constraint on
Vigl =[7.9% 1.6(f5,\/Bg,) £0.AmM) =0.1(7)]X 1072 the A,-My, plane by using the measuregi=AMg /Ts.
But they did not consider the effects of the large uncertainty
of nonperturbative paramettfagd\/lf%—Bd and the new physics

where the uncertainties cbfgd BBd, m,, and g as listed in contribution to the parameteys .

A dix A h b dorad and added | q SinceAMBd has been measured with very high precision,
ppendix A have been considered and added In qua raturt\%ie use this quantity directly instead of the parametein

our calculation. We will calculate the charged Higgs contri-
2ﬁq(,u)iithe runningg-quark mass in the modified minimal sub- bution to mass spliting.M Bq atthe NLO level by extf-:-ndlng
traction (MS) scheme at the renormalization scale For details, the work in Ref.[5] to the case of model IIl. \fVe will con-
see Appendix A. sider the effects of the large uncertaintyf@:j N Bg,-

B. Mass splitting AM By in models Il and 11l

=(7.9+1.7)x 103, (15)
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In the framework of 2HDM, the NLO mass difference 1.50 ey . . — . '
AMg, can be written ass] - L
a r
2 ;:n 125 [
2 ~ C
AMg = QmBM\ZN|th|2(BBdféd) 78(Xt,Y) Sznom (Xt Vi) < I
17 1.00 N
with 0.75 :
78(X,Yy) = ag(My)*%
0.50 |-
as(Mw) [ Dappm(Xt,Yt) i
X 1+ _J5
am Sonpm (Xt Yr) C
(11-3) PP I ETUPETEP EPEPETE BT P I
(18) 100 200 300 400 500 600 700 800

M. [GeV]
and "

FIG. 3. Plots of the mass splittiru{gMBd vs charged Higgs bo-
Sonom (Xt Y1) =[So(Xe) + SwilXt, Vi) + Spn (X ,yt)],(19) son masdv,, in model IIl.

20 LU0y =2 YPWHO(x v + 2 YPOHD (X, yy)
+IYI*HHO(yy). (25

Donpm=Dsm(Xt) + DX, Yo,

where x;=mZ(My)/M3, and y,;=mZ(My)/M%, and the
high energy matching scale has been chosgn-adly,. The  The explicit expressions of complicated functions
functionsDsu(x;) and Dy(x;,y) in Eq. (20) describe the WH®(x,,y,), PHV(x,,y,), andHH)(y,) can be found in
SM and new physics part of the NLO QCD corrections to theRef. [5].

mass splittingAMg_ [5], Following Ref.[4], we here use the symbo¥andY to
denote the Yukawa couplings between the charged Higgs bo-
Dsm(X) = Ce[LESM(x,) +3Sy(%)] son and quarks in the general 2HDMs. In the conventional
- CA[LESM (%) +5S(x)], 21) models | and Il, the couplingX andY are real and given by
X=—cotB, Y=cotB (modell), (26)
Dr(xe,Ye) = Ce{LE (X, y)
X=tanB, Y=cotB (modelll). (27)

+3[ Swr(Xt,Yt) + Sun (X, Yo 1

+CA{L®N(x,,y,) In model 11l vvhere only the couplingls;tt and\,, are non-
zero, the relation between the couplinggY) and (\;,App)
+5[Swh(Xe,Yo) +Sun(xe, Yol (22 s simple:

where C=4/3 and C,=1/3 for SU(3)c. The function X=—Xpp, Y=Ay (modellll). (28
So(x;) describes the dominant top-box contribution in the

SM and has been given in Eq12). The functions By using the input parameters as given in Appendix A, the
Swh(X;,Yr) and Syy(x;,y;) denote the new physics contri- SM prediction forAMg_ is

butions from the box diagrams with one or two charged

Higgs involved[5], AMg, =0.506 g 55 ps (29

(2x:—8yyIn(y,) where the error comes from the uncertainty of parameter
(1=Y02(Yi—%) fayVBa,
In Fig. 3, we show thé/l,; dependence aMpg_ in model

I, assuming\ = 1. The region between two horizontal dot-
dashed lines corresponds to the SM prediction as given in
Eq. (29). The shaded horizontal band shows the world aver-
ageAMBd=0.502t 0.007 ps?!, and its width corresponds

1 2v.| to the error. The short-dashed, solid, and dashed curves in
Yt yiIn[yi] g o Z
+ (24 this figure show model Il predictions forfg, \/Bg,

1— 2 1— 3|

(1= (1=yJ =0.19,0.23, and 0.27, respectively.
And finally, the function L0:H) (i=1,8) describes the From the well measured physical observallgl By ON€
charged Higgs contributiofb] can find the constraint of\| in model lIl. In Fig. 4, we

YiX
Swr(x Y0 =[ Y12~

6x:In(%;) B 8—2%;
(1-x)%(yi—%) (1=yD)(1—Xp)

(23

YiX
Sun(yo=|Y[*=;
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10— Figure 5 is the contour plot of the masssplittiﬁg/le in
the [\y|-My plane, where the measurédg, and the rel-
evant input parameters as given in Appendix A have been

used. The ared in Fig. 5 will be allowed by the measured
AMg_ within 20 errors(i.e., AMg =0.502+0.014 ps*'), if

we do not consider the effect of the uncertaintyfgidl%Bd

in drawing this contour plot. This region corresponds to the
allowed region in Fig. 2 of Ref.18], but much narrow than
that one because of the great progress of the experimental
measurement ok M By If we consider the effect of the large

AM, [ps’]

uncertainty off By éBd=0.23t 0.04 in our calculations, the
areasA plus B in the|\|-My plane will be allowed by the
measured\ M By within 1o error, while the aread, B, andC
I, | will be allowed by the measuretiMg_ within 20 errors.

FIG. 4. Plots of the mass splittingM g, vs [\ in model Ill for Since the large uncertainty 6 +/Bg  dominate the con-
de\/B—deo_lg (the lower three curvésand de\/é_deolzg (the  tour plot, one should take it into account in the effort to limit
upper three curvesand for M= 200 (solid curves, 250 (short- the free.parameters.m model Ill. As dlscusse_d previously, the
dashed curvésand 300 GeMdashed curvésrespectively. uncertainty of|V,4| is strongly correlated with the uncer-

tainty ofde \/E_Bd, and we therefore consider the uncertainty

show the [Ny dependence ofAMg, in model Ill for o fs,\/Bg, but use the central value/,(|=0.0079 in our

de\/B—deo.lg (the lower three curvesand de\/B—Bd calculation.

=0.23 (the upper three curvesand for M =200 (solid For the sake of experimental searches, one prefers a rela-
curves, 250 (short-dashed curviesand 300 GeV(dashed tively light charged Higgs boson. From the contour plot Fig.
curves, respectively. The shaded band and the region bed, the region ofiA;|=0.7 is disfavored if we expect exis-
tween two horizontal lines are the same as those in Fig. dence of a light charged Higgs boson, while the parameter
From this figure, an upper bound x| can be read, space of

I\if/=0.5 and My~200 GeV (31
Ny =1.7. (30
is certainly allowed by the measured mass splittixgf By

This bound is complementary to the constraint obtained fromThe allowed region in the contour plot will become narrow

Fig. 5 along with further improvement of the data and reduction of

the large theoretical uncertainty of parameft@dr\/éBd.

800 Since the new physics contributionsA(MBd depend on

: |Y|2 and|Y|* only, the charged Higgs contributions in mod-

700 [ A 7 . els Il and Il will be the same if we use the same value of the
[ ' Yakawa coupling|Y| as input. In model I, we havey

= 1/tanB. The upper limit on\| as given in Eq(30) can

be translated to a lower limit on tgh

M, [GeV]

600 [

s00 [ tans=0.6, (32

4002_ as can be seen directly from Fig. 6, where the upper and

lower three curves correspond tgd BBd=0.19 and 0.23,

respectively. The solid, short-dashed, and dashed curves cor-
[ ‘ ] respond to the model Il prediction fdvl,,=200, 250, and
s 'c/).'sd e R T T 300 GeV, respgctlvely._ The shaded band and the region be-
| tween two horizontal Ilnes are the same as those in Fig. 3.
“ One can also see from this figure that the new physics con-
tribution become negligible for tgf=5.

300 [

FIG. 5. Contour plot of the mass splittingM By in the \-My
plane. The measureiMg =0.502+0.007 is used. The A area is
allowed by considering the error dfM By only, but both A and B

areas will be allowed if the uncertainty 6f, BBd is also taken In the absence of new light degrees of freedom, the new
into account. physics contributions to the rare dedy- Xy will manifest

IV. THE DECAY B— Xy IN MODEL IlI
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1.0

. ) 0= (517,00 3 (@ T,0), 37
Q.
s’ 9
< J _
--------------------------------- - O5= @mmbo; @y v*q), (38)
D ] T
e h Os= (ﬁm%nTabL)% (A@Y*y" ¥ Taa), (39
] e
] O7= ——My(p)(sLo*’br)F (40)
16
“s0
tan g Os _
Og=——My(u)(SLoe*" T?bR)G}, , (41)
FIG. 6. Plots of the mass splittingM B, VS tang in model Il for 16m

de\/B—deo.lg (the lower three curvesand de\/B_Bd=O.23 (the
upper three curvesand for My =200 (solid curve$, 250 (short-
dashed curvgs and 300 GeV(dashed curves respectively. For
details, see text.

where T, (a=1,...,8) stands forSU(3). generatorsgg
ande are the strong and electromagnetic coupling constants,
L,R=(1= yg)/2 for the left and right-handed projection op-
erators O, andO, are current-current operato@z—Og are

itself through the new contributions to the Wilson coeffi- the QCD penguin operators, ay andOg are electromag-

cients of the same operators involved in the SM calculationnet'c a_nd chromo_magnetlc penguin operator_s_. In @q)
or the new operators absent in the SM, such as operators Wimb('“) 'S_’ the runningb-quark mass in the_mo_d|f|ed minimal
different chirality. The excellent agreement between SmSubtraction US) scheme at the renormalization scalésee
theory and experimental data leads to strong constraints dfPPendix A for details.

many new physics models beyond the SM.

In this section, we calculate the branching ratigB B. NLO Wilson coefficients at the scalguy and py,
—Xsy) in model Ill. Here, the operator basis in the SMand 14 the first order inxs, the effective Wilson coefficients
r_nodel !II un(_jer study_ is the same. The NL_O QCD correc-4t the scalauy=O(M,,) can be written ag4]
tions will be included in model 11l by extending the calcula-

tions in Ref.[4]. As a comparison, we also give the numeri- as( )
; o ff _ ~Oeff SUAW) 1 eff
cal results in model Il where it is necessary. CF ) = CP M ) + . CHMpuw). (42
A. Effective Hamiltonian and operator basis The LO Wilson coefficients at the matching energy séalg

In the framework of the SM, if we only take into account take the form(4]
operators up to dimension 6 and put=0, the effective 0.eff
Hamiltonian forb— sy at the scaleu reads[4] Cy% (uw) =1, (43

8

4G Co®Muw)=0 (i=1,3,4,58, (44)
Hett=— ﬁvtsv?bizl Ci(u)Oi(u). (33 Hw (

CM ) = Cg,s m(Mw) + |Y|2C9,YY( M)
The operator basis introduced by Chetyrkin, Misiak, and

0
MUnZ® (CMM) are given by +(XY*)Coxv(Mw), (45)
O1=(SL7,, T2 (CLy*Taby), (34 C2 i) = Csm(Mw) +|YI*CEyv(My)

— 0
Op=(SL7,C0) (CLY*bL), (35 +(XY*)Coxv(Mw), (46)
o with
Os=(SLy,b0) X (Ar*q), (36)
K o 3-2x¢ —8x2—5x2+ 7x, .
= nx+————0f,
AT 2400 1)°
3There are two popular operator basis used in literature. The stan-
dard basis Wa_5 defined, for example_, in I‘{@ﬂ]_. Th_e se_cond Qne is _ 3Xt2 _ X?+ 5Xt2+ 2Xq
the CMM basis, where the fully anticommuting in dimensional CgSM: ——InXt ———, (48)
regularization is employefb]. ' 4(x—1)* 8(x;—1)°
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3 3_2 2 -8 3_5 2+7 3.0 AL L L L L
CgYY= SN ny; Yooy , (49 - Wilson Coefficients .
1y -t 720y~ 1)° 25 | — 007,sm 3
L ---C 7YY
yi| —5Y{+8y,—3+(6y,—4)Iny, 200 % Cror 1
Coxv= 3 , (50 F ——-C'
12 (yt_l) s - ... c! ‘ 3
[ 7XY ]
0 —3y¢ — Y +5Y;+2y, 10 F ]
Covv= vt ——5— (51) X ]
12(y,—1) 24(y,—1) i ]
05| . ]
2 N T e
Yt —Yyi+4y;—3-2Iny, [ "~ IR LR
CSXY , (52) 0.0 ::—__—__:-r.—a-l_'—‘——'-'
4 (yi—1)° .
0.5 L P P P T N I N I 2]
where x,;=m?/M3,, y;=mZ/M?%, and these leading order ~ 200 1000 1800 2600 3400 4200 5000
functions have no explicit,, dependence. M, [ GeV]

The NLO Wilson coefficients at the matching scalg in

model Il can be written af4]

FIG. 7. Plots ofM dependence dIZ7SM(MW) (solid line) and
the four functlonsC%Y(MW) (the dashed and dot-dashed cujves

Lot way and C9%y(My) (the short-dashed and dotted curveEhe decou-
C1"(uw)=15+6 In——, (53)  pling behavior of new physics contributions can be seen clearly.
w
2 ul well measuredv, and m; only, and show clear decoupling
le“(,uw) Eo+ —|n—‘;V+|Y|2EH, (54) behavior wherM approaches infinity, as illustrated in Fig.
3 My 7 for the four functlonsC7YY(MW) and C7XY(MW) The
1eff B o other four functlonSCSYY(M w) and Csxv(M w) have very
Cr(uw)=0 (=235, (59 similar decoupling behavior. Numerically, the LO new phys-
1eff 1 o1 ics functionsC;;(My,) are always negative and have the
C7 W) =Crsulpw) +IYI*Cryvaw) same sign with their SM counterparts, while the NLO new
+ (XY*)C%xy(Mw), (56) physics function@ﬂ’j(MW) are always positive and have the
' opposite sign of their SM counterparts.
1eff 1 2cl Of course, the new physics contributionsBe- Xy also
(uw) =Cgsmlw) T 1Y[*Cay vl mw) ' phy sY
W BV YW depend on the size and sign of the coupliXgandY, as can
+(XY*)Cé’xy(MW)v (57)  be seen easily from Eq$49—(52), (59), and(60). For the

where fori =7,8 the functions on the right-hand side of Egs.

(56) and (57) are

2

conventional model I, we have

2 2__ *
wy m; 4 |Y|?= . XY*=1, (61)
Ci su(w) =W, syt Mj syin—+T,; SM( In—— §> : tar’
MW Mw
(58)
from the definition ofX andY as given in Eq(27). For the
2 2
M mg 4 model Il under study, we have
Cl vyl mw) =W yy+M; yyin — > T Tiyyl In n— -3/
M H Hw
9 Y=l XY ==lhede?  (62)
() =Wy v+ M, InM2+T nme_2
Clxvlpw XYY Mz " XY w2 3] whered= 6,— 6, is the relative phase of the coupling and
(60) Npp in model Ill. The sign of the second term in above equa-
tion can be negative or positive depending on the choice of
The explicit expressions of function&, ;, M;;, and T; | 6. In numerical calculations, we generally g8t 0°, unless

(i=7,8 andj=

SM,YY,XY) can be found in Ref[4] and

otherwise specified, and will study the effects of a nonzero

also listed in Appendix B for the convenience of the readerin the end of this section.
The new physics contributions to tiBe— Xsy decay are Since the heavy charged Higgs bosons have been inte-

described by the function€(uy) with i=(7,8) and]
=(YY,XY) as defined in Eqs(49)—(52), (59), and (60).
These eight functions depend on the unknowp and the

grated out at the scaley,, the QCD running of the Wilson
coefficients C;(uy) down to the lower energy scalgy
=(O(my) after including the new physics contributions is the
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TABLE |I. The “magic numbers” appearing in the calculations of the Wilson coeffici€h{g.) in the rare decap—sy.

(63

i 1 2 3 4 5 6 7 8
a; e 18 = -1 0.4086 —0.4230 —0.8994 0.1456
hy; 0 0 1 -1 0 0 0 0
h,; 0 0 z z 0 0 0 0
hai 0 0 Z -5 —0.0659 0.0595 —-0.0218 0.0335
hai 0 0 = : 0.0237 -0.0173 —0.01336 —0.0136
h; 0 0 - 1% 55 0.0094 -0.01 0.001 —0.0017
hei 0 0 -& - 0.0108 0.0163 0.0103 0.0023
e deo1194 s 0 0 —1.9043 —0.1008 0.01216 0.0183
f, —17.3023 8.5027 4.5508 0.7519 2.0040 0.7476  —0.5358 0.0914
ki 9.9372 —7.4878 1.2688 —0.2925 —2.2923 —0.1461 0.1239 0.0812
l; 0.5784 —0.3921 —0.1429 0.0476 —0.1275 0.0317 0.0078 —0.0031
h; 2.2996 —1.0880 -3 - —0.6494 —0.0380 -0.0185 —0.0057

i 0.8623 0 0 0 —-0.9135 0.0873 -0.0571 0.0209

0,eff 208 416 176 152 6272 4624 32 32
Yi7 T 243 81 81 T 243 ~ 81 243 3 )
same as in the SM. For a complete NLO analysis of the 8
radiative decay B—Xgy, only the Wilson coefficient CP M o) = Z hin® for j=1,...,6, (66)
C$ﬁ(,ub) is known to NLO precision, =1

8
0,eff — ,14/23~0,eff Q)
CE(pa5) = COM )+ 25 et ) CE )= 758 ) 2, ™ e

4
with

8
CO% ) = 792 ) + = (77425 77929 CE )

8

+ 21 hi 73 C3 M puw), (64)

8
CH ) = 722 ) + 5 (777 77 CE M )

L (297664 1y 7164416 .
142837 357075 "
256868 6698884
37/23__ 39/23 0,eff,
142837 3570787 |C8 (Aw)
37208

P 39/23__ , 16/2 0,eff,

8
+ 2, [enCy(pw) +fi+kin

+1imCL ) 17%, (65
where the symboly is defined asp= as(uw)/ @s(up), and
the “magic numbers’a;, h;, g, f;, ki, andl; in Eq. (65
are listed in Table I.

where the magic numbers andh;; are also listed in Table

I.  Following Ref. [4], the small coefficients
Co®Mwp), . .. .C2%M wy) will be neglected in numerical cal-
culations.

C. Branching ratio B(B—Xgy) in the SM

The branching ratio of the inclusive radiative deday
— Xgy can be written as

V;ksvt b

Vcb

26aem
wf(2)

1C9* M (up)|?,
(68)

B(B—Xsy)Lo=Bs||

at the LO level, and

* 2
tsVb Baem

B(B—Xsy)nLo= BsL Ve | 7f(2)k(z
C

)[|5|2+A+A],
(69

at the NLO level, where3g, =(10.64+0.23)% is the mea-
sured semileptonic branching ratio of tBemeson[2], aem
=1/137.036 is the fine-structure constart=mP°'¢mpo'®
=0.29+0.02 is the ratio of the quark pole masand f(z)

“4Based on the analysis in R¢B5], it is more appropriate to use
@gm=137.036 instead ofa,=130.3+2.3 in the study ofB
— Xgy decay.

SAnother choice ofz is z=m,(u)/mE°'®=0.22+0.04, but we do

The remaining coefficients are only needed to LO precinot consider this issue here. For more details about quark mass

sion,

effects inB— X,y decay, see Ref9].
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and«(z) denote the phase space factor and the QCD correc- NP

tion [36] for the semileptoni® decay: A= |C9 M (up)|?
b
f(z)=1—82%+82%— 28— 247%0¢(2), (70 NP
&R CO,eff * CO,eff _Eco,eff
+ 5 Re [C77 (u) I*] G2 (mn) = 5 C17 (1) | [
(y=1- 20 o 3N 03 Me
e 3w T 2 (76)
P with
+—, (71)
mg N 9
Np_ M1
. | | % =2 2 7
where ég; denotes the nonperturbative correction to the
semileptonicB meson decay, N
NP 2
O¢ =~ 9 (78)
sup_Ma 3y [1 4(1_22)4} (72)
st2 272 f(2) where\ ,= (M3, —m3)/4=0.12 Ge\ extracted from the8

o meson mass splitting, while the parameter 0.5 Ge\ has
The termD in Eq. (69) corresponds to the subprocesges a large uncertainty but the overall; dependence largely

—sy [4] cancels in the decay rate with the term in 63, as can be
seen from EQq(69).
D= C(p) + V(p), (73) Now we are ready to present numerical results of the
branching ratios in the SM and 2HDMs, specifically in
where the NLO Wilson coeﬁicierﬁ:?ﬁ(,ub) has been given mod(_el_ [ll. For the numerical evaluati(_)ns, unless otherw_ise
in Eq. (63), and the function(u,) is defined as specified, we use the central value of input parameters given

in Appendix A. For the values of the matching scale and low
1 m2 energy scale, we always takgey=M,, and my/2<u,
r.4__)/_0,efr|n_b s2ml?. . .
b2 2 Using Eq.(69), we find the SM prediction of the branch-
ing ratio B(B— Xgy),

8
V()= asiﬁb) [ 21 C2M( )

16
- _Co'eﬁ(,“b)] : (74) n
37 B(B—Xsy)ao= 3-528:‘£§<ub>ro.oaBSL)tS:iE( m—b)
where the functions; (i=1,...,8) are thevirtual correc- ViV 2
tion functions(see Appendix D of Ref4]), and yiofﬁ are the +0.13 @5) £0.09my) i0.0£< ‘ v ”
elements of the anomalous dimension matrix that govern the cb
evolution of the Wilson coefficients from the matching scale X104
mw to lower scaleuy, . The values ofy?f“ have been given
in the last line of Table I; for details see R¢84]. The LO =(3.52+0.28 X104, (79
Wilson coefficients in Eq(74) have been given in previous
subsections. where the major sources of errors are shown explicitly, and
In Eq. (69), term A is the correction coming from the the individual errors are added in quadrature. The central
bremsstrahlung proce$s—syg [37] value 3.5X 10 * is obtained by using the central values of
input parameters listed in Appendix A and settjag,= My
e ) 8 and Mp= My . Iln this paper, we only consider the eﬁect; of
A= — ; . Re{ci‘)*eﬁ(ﬂb)[c?eﬁ(ﬂb)]*fij}, the uncertainties of those six parameters as specified in Eq.
1,]= ;Ii]
75 (79).

The coefficientd;; have been defined and computed in Refs. D. Branching ratio B(B—Xsy) in model i

[6,37). We here use the explicit expressions of those relevant In the model Il considered in this paper, the branching
fi; as given in Appendix E of Ref4]. ratio has been parametrized in terms of the three parameters

In order to relate the quark decay rate to the actual hadAy,\py, andMy . From the limit on|\| obtained from the
ronic process, the nonperturbative corrections obtained witineasured mass splittingg M By the magnitude of the cou-
the method of the heavy-quark effective thed#QET)  pling \,; should be smaller than 1 if we require the charged
should be included. The terthin Eq. (69) and the terms§,  Higgs boson to be relatively light, as can be seen from Fig. 5.
in Eq. (71) denote these nonperturbative corrections, whichin this section, we always séhk|=0.5, unless otherwise
scale as th? and 1m? [38,39, specified.
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50 T dashed curves obtained when the LO theoretical prediction is
[ ] employed. The third region is the region between two solid
curves allowed when the NLO theoretical prediction is em-
ployed.
We choose one point ofA{,\p,) In each of three al-
lowed regions of Fig. 8 as typical choices:

M, =250 GeV

I,

Case A: (A, \pp) =(0.5,1),
Case B: (A, A\pp)=(0.5,12, (80

Case C: (N, \pp)=(0.5,22,

o [t et e e e = which will be used as input in the following numerical cal-
02 03 04 05 08 07 08 09 10 culations. Here the limit of\| from the measured Mg, as
I studied in last section has been taken into account.

Since the new physics contribution to the decBy
— Xy is incorporated through its correction to the Wilson
coefficientsCI§ 1w), we would like to check the size and
sign of the new physics parts and their relative strength to the
SM part, to show the theoretical features of the NLO contri-
butions and to draw the constraint &y, by comparing the
Eheoretical predictions with the data.

FIG. 8. Contour plot of the branching rati®(B— Xgy) in the
[Nit|-|Nppl plane, assumingl ;=250 GeV.

We first check the common allowed regions iy -|\py)|
plane for givenM ;=250 GeV. Figure 8 is the contour plot
in the|\|-|\pp| plane by using the LO and NLO theoretical
predictions in model Il and the measured branching ratio a
the 20 level: 2.58< 10 4<B(B— Xgy)<4.1X10 4. In this 1 Case A
contour plot, the first allowed region is the shaded area close - ase
to the X axis where both\ | and|\,,| are all small, which We firstly consider the case A\(;,\pp) =(0.5,1). Using
is obtained when the NLO theoretical prediction is em-the input parameters as given in Appendix A and assuming
ployed. The second allowed region is the area between twM =250 GeV, we find the numerical results @f}l

CO(My)= —0.1952 —0.0057 +0.0730 = —0.1280,
—_——— —_——— —_———
Cosu(My)  [YPCIF(My) (XY H)CI55(My) (81)
CHf(My)= —2.3712 +0.1013 —-1.7239 =—3.9942,
—_——— —_——— —_———
Crsu(My) [YIPCi55(My)  (XY*)Ci55(My) (82)

at the matching scalg,,=My,, and

C%ff(mb) = —0.3137 +0.0082 +0.0507 —0.0142 =-0.2690,
N —— N —— N —— N ——
CYB(my)  ACh g (my)  CYE(my)  AC)yp(my) (83

at the lower scale up=m,, where AC%’]-(,u) tributions proportional tdY|? and XY* have the opposite
:[013(#)/47T]C%:jeﬁ(l“) andj=(SM, NP) denotes the NLO sign and will cancel each other to some degree. The net new
QCD corrections to the corresponding Wilson coefficients. Itphysics contribution is relatively small and has the opposite
is easy to see the following: sign with its SM counterpart.

(1) As shown in Egs(81) and(82), the new physics con- (2) The net NLO new physics contribution has the same
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—— et (4) The new physics corrections are generally small in
] magnitude, since the couplings and Y are all relatively

CaseA | small for case A.

5L ] Explicit calculations also show that the new physics cor-

rections oV A, and A terms are induced through the

modification to the Wilson coefficientét%gﬁ(ub). But for

s ] case A, such corrections are small in size and therefore the
- SM ! theoretical prediction for the branching raf{B— Xvy) in
____________________________ this case agrees well with the data withior &rror, as illus-
3 trated in Fig. 9. The region between two dot-dashed lines and
i 1 the shaded part in Fig. 9 shows the measured branching ratio
with 20~ and 1o error, respectively. The dashed line and solid
P S S curve show the central value of the SM and model(¢hse
200 e 000 800 (e A) prediction, respectively.
M, [ GeV] Obviously, the theoretical prediction of case A agrees well
with both the SM prediction and the data because bqgth
FIG. 9. The My, dependence of the branching rati{B  and \,, are small in size. But this case is not interesting
— Xsy) for case A: @y App) =(0.5,1) atthe NLO level. The band  theqretically, since the new physics effect is too small to be

between two horizontal dot-dashed lines shows the data &zl - .
The dashed line and solid curve refer to the SM and model Hlseparated from the SM contribution through experiments.

predictions, respectively.

B(B -> X, v) [107]

2. Case B

sign and is comparable in size to its SM counterpart. Now we turn to case B: Ny ,\pp) =(0.5,12). Here only
(3) At the low energy scalg.,= O(m,), the LO and NLO  leading order contributions in both SM and model Il are

new physics contributions t€$"(m,) have the opposite taken into account, and the branching raBB— Xy) is

sign; they will cancel each other. The total Wilson coefficientcompletely determined by the Wilson coefficie(h?’e”(ﬂb)

C?ﬁ(mb) as given in Eq(83) remains negative but changes as shown in Eq(68).

from —0.3055 to—0.2690(about a 12% decrease in magni-  Using the input parameters as given in Appendix A and

tude after the cancellation due to the new physics part.  assumingMy=250 GeV, we find numerically that

COMMy)= —0.1952 —0.0057 +0.8754 =0.6475
—_——— —_——— —_———
Cri(My)  [YPCY(My)  (XY*)CO(M y) (84)

at the matching scalgyy=M,y, and

COM(my)= —03137  —0.0042  +0.6581 =+0.3402,
—_——— —_——— —_———

. . . 85
Cg:sf}fu(mb) Cg:YfIf/(mb) Cgixfjf/(mb) (85)

at the lower scales,=m,. It is easy to see the following The semileptonic deca— K®*)1 |~ is sensitive to the sign

from the numbers as given in Eq84) and (85): of C,, but the precision of the measurement is still not high
(a) The new physics contribution proportional to tk&™* enough to determine the sign 6f.
term is much larger in size than the one proportionaXto In Fig. 10, we show thé/l; dependence of the branching

b) At both energy scalell,, andmy,, the net new physics ratio for case B. The dashed line shows the LO SM predic-
contributions to C%®(u) are always positive and much tion B(B—X4y)=2.61x10*, while the solid curve shows
larger in magnitude than its SM counterpart. The total LOthe model Il prediction for case B. It is interesting to note
Wilson coefficientcg'e“(mb) changed from—0.3137 in the that the LO SM prediction is marginally consistent with the
SM to +0.3402 in model Ill. data within 2r errors, but the NLO SM prediction agrees

From theB— X4y decay, only the magnitude &-(m,) perfectly with the data.

instead of its sign can be constrained by the relevant data. One can also find the Ilimit onMy, 228<My
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6 ] c9°f(M,y) = —0.1952+ 1.5992= +1.4040,  (86)
I C B E
o 5§ ases ] CO¢f(M,,) = —0.0072+ 1.4815- +1.3843,  (87)
= ]
|72 4 e 0 e ) et et e T e R e e e R e el
X E ]
A - ] ag(M
o s SM E SZWW) cief(M,y)=—0.0229-0.3652= —0.3881,  (89)
2f ]
[ Model llI ] as(M
1| 9 S(47TW) C1®(My)=—0.0209-0.2372= —0.2580,  (89)
0: %

200 400 600 800 1000

where the first and second terms denote the SM and the new
M, [ GeV]

physics contributions, respectively. Clearly, the new physics

. contributions are always much larger than their SM counter-
FIG. 10. The My dependence of the branching rati®(B y 9

) parts in magnitude.
— Xgy) for case B: i, \pp) =(0.5,12) at the LO level. The band g - . _— i
between two horizontal dot-dashed lines shows the data at¢he 2 After the inclusion of new physics contributions, the co

level. The dashed line and solid curve refers to the SM and mode‘?lchCIentSCO Eﬁ(MW) and CO Eﬁ(MW) become large and posi-

IIl predictions, respectively. tive. For NLO contrlbutlons the new physics parts are
around 10 times larger than the corresponding SM parts.

<264 GeV, from Fig. 10 directly. But one should know that Among the n(iw physics parts, the contribution proportional

the values of the lower and upper limits &, will change to the term)éY is absolutely dominant over the one propor-

along with the variation ok; and\ . The point here is that tional to|Y|*, for example,

a relatively light charged Higgs boson is still allowed in )0

model Il even at the leading order. I\ *C7yv(My) = —0.0057,

3. Case C =N etl Nppl C7xy( M) = 1.605 (90)
For case C, the LO and NLO new physics contributions to
the Wilson coefficientsC,(My,) and Cg(M,y) are rather for case C and =250 GeV, sincg\,| is now 40 times
large. For given X ,\pp)=(0.5,22) and assumindgy  larger than\y|.

=250 GeV, we find numerically that Putting these findings together, we find numerically that
C%H(MW)Z —0.1952 —0.0411 +1.5992 —0.6548 =+40.7081,
—_——— —_——— —_——— —_———
CoSu(My)  ACT g (My)  CINp(My)  ACTyp(My) (91)

at the matching scalg,,=My,, and

C%ff(mb)Z —0.3137 +0.0082 +1.2024 —0.3320 =+0.5649,
——

—_— Y Y

e 92
C(7)SM( b) AC%,SM(mb) C%fog my) AC%,NP(mb) 2

Et th?g;lgwe:j (Sggmb:mb- Fromhth]? "nunjerical values in ACig,,(my) changed its sign and tended to cancel

s an one can see the followin

q(|) In the SM, the NLO QCD contrlbutlongM(MW) %f’("(mb) But the NLO QCD part is now onIy 2.6% of
coef

has the same sign with its LO counterp@& um(My) and is C7sm(mp), and practically negligible fop,~

about 12% ofCE",(M,y). After the QCD evolution from (ii) In model 1il an(l:i at the matching scaﬂ&w, the NLO

My to the low energy scalen,, the NLO QCD part QCD contributionAC7yp(My) has the opposite sign of its
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150 g andAC%’NP(mb), respectively. Finally, the solid curve is the
- A . . sum of those four parts. Since the dominant pﬁjﬁf{;(mb)

g decreases rapidly for increasiniyl,, the NLO part
G 100 AC%‘NP(mb) changes slowly and the SM parts remain un-
0755 changed. The Wilson coefficiem‘:?ﬁ(mb) changes rapidly
U from a large positive value to a small negative value within
050 F the range of 20&M_,=<800 GeV as shown by the solid

F curve in Fig. 11, and will approach the value of its SM coun-
025 ¢ terpart for the heavier charged Higgs boson.
ook One should note that whe®£"(11,) becomes small, other

s previously “small” NLO termsV(up), A(rp), andA may
0.25 play an important rule. The typical numerical values of those
P TP P .. NPT TR terms appeared in the brackets of E8P) and their sunR,

200 300 400 500 600 700 800
M, [ GeV] R=|D|?+A(my)+A, (93

FIG. 11. TheM; dependence of the Wilson coefficied§"(m,) are listed in Table Il. In the SM, the relative strength of
and its SM and model Il parts forAg ,\pp) =(0.5,22) (i.e., case  individual terms are
C). For details, see text.

C&(my):V(m,)=1:0.079, (94)
LO counterpart and is as large as 41‘V£I$ﬁ£,(MW). Unlike
the situation in the SM, the NLO new physics contribution to
C- in model 111 will cancel its LO counterpart effectively, as
shown explicitly in Eq.(92). ] o i )

(iii) In model 11l and at the low energy scaie,, the NLO ~ The Wilson coefficientC7"(m;) clearly dominates the total
QCD contributionAC2y(my) andCoeM(my) still have the ~ contribution in the SM, while the radiative correctigiimy)
opposite sign, but the Tatio of these two parts is lowered fronnd the nonperturbative correctianplay a minor rule since
41% to 28%. The NLO and LO parts still cancel effectively. they are small in size and also cancel each other.

(iv) Through the QCD running frorM, to my,, the Wil- In model Ill, however, the situation is very different be-
son coefficientCE,, changed its value from-0.2363 to  CauseC7'(my) and all other terms appeared in the bracket of
—0.3055, increasing by about 29% in magnitude. For thé=d- (69) will be changed by the inclusion of charged Higgs
new physics partCe . decreases by 8% contributions through the modified Wilson coefficients

b amatisaket/sine Y g Cosf dclef b from th ical

The numerical values in Eq$91) and (92) are obtained 7.8 (mtg) andtzsg (my), as can be seen from ne numerica
by assumingM =250 GeV. For different values o1, results listed in Table 1l and the curves shown in Fig. 12. The
the SM contributions remain unchanged, but the new physic8eW features are the following: _ o
part as well as their surﬁ??ﬁ(mb) will change greatly, as e#l) Along with the increase deH, thg Wilson coefﬂment
illustrated in Fig. 11. The horizontal dots and dot-dashed liné>7 (My) decreases rapidly, whiké(m,) increases with less
in Fig. 11 correspond toC%¢f(m,)=—-0.3137 and speed. Consequently, the “dominant” terfd|* decreases
ACLET (my)=0.0082, respectively. The short-dashed andmore quickly tharC5(m,) and approaches the minimum of
dashed curve show the new physics contribumﬁ}jﬁfﬁ,(mb) |D|?=0.002 forM~480 GeV, which leads to a negatie

R:|D|%A(m,):A=1:0.98:0.030(—0.01D).  (95)

TABLE Il. The numerical values of the NLO terms appearing in the brackets if@J.and the branching rati8(B— Xgy) (in units
of 1074 in the SM and the model Il of case C, for typical values of mhiss (in units of Ge\J. The termR is the summation of the terms

|D|2,A(my), andA.

CS(my) V(my) D2 A(my) A R B
SM —0.3055 —0.024-0.015 0.1089 0.0033 —0.0012 0.1110 3.52
200 0.7559 —0.246+0.043 0.2615 0.0138 —0.0513 0.2240 7.10
250 0.5649 —0.208+0.036 0.1283 0.0092 —0.0333 0.1042 3.30
300 0.4210 —0.180+0.024 0.0591 0.0064 —0.0222 0.0433 1.37
400 0.2229 —0.140+0.020 0.0073 0.0037 —0.0102 0.0008 0.03
Model 11l 600 0.0105 —0.096+0.009 0.0074 0.0023 —0.0022 0.0075 0.24
800 —0.0951 —0.074+0.002 0.0286 0.0022 —0.0002 0.0305 0.97
1000 —0.1553 —0.061-0.002 0.0467 0.0023 0.0003 0.0493 1.56
2000 —0.2580 —0.037-0.010 0.0873 0.0028 —0.0001 0.0900 2.85
3000 —0.2827 —0.031-0.012 0.0986 0.0031 —0.0006 0.1011 3.21
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A
2200
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FIG. 12. TheMy dependence of the terms appeared in the _
brackets of Eq(69) and the summatioR in the SM and model IlI b
of case C. For details, see text. =

X )

and consequently a negative branching ratio: an unphysica “»
result. For heavier charged Higgs boson, the new physics m
contributions become smaller and smaller, while the summa- @ N —— N, ]
tion of individual terms in the brackets of E@9) restores to ]
its SM value slowly, as illustrated by the solid curve in Fig.
12. ForM;>600 GeV, the term#&(m,) andA remain ba-
sically unchanged. As shown in Fig. 7, the new physics con-
tributions approach zero whevl, approaches infinity. This C
is the so-called decoupling behavior of the Higgs boson. o0 280 @00 850 400 450 50D S50 60O
(2) From Table Il and Fig. 12, one can infer that there are M. [ GeV]
two regions ofM allowed by the measure8(B— Xs7y). H

This p(_)lnt can be seen more directly from Fig. 13. . FIG. 13. Plot of the branching ratio W in model IIl of case

In Fig. 13, we draw thévl,, dependence of the branching ¢ The pand between two horizontal lines shows the data with 2
ratio B(B—Xsy) in model Il of case C: Xu.Abb)  errors, the shaded band shows the SM predictiB(B— X.y)
=(0.5,22). In both(a) and (b), the band between two dot- —(3.52+0.28)x10"*. The dashed and solid curves show the LO
dashed horizontal lines shows the data within@trors. The  and NLO model Il prediction, respectivelgh) is a magnification
shaded band shows the SM prediction and the error as givest the light Higgs region ofa).
in Eq. (79). The dashed and solid curves correspond to the
LO and NLO model IlI predictions, respectively. In order to where the central value of the branching ratio is obtained by
show the effects of NLO corrections, we use the same valuegsing the central values of input parameters as given in Ap-
of (A¢t,App) =(0.5,22) as input for both LO and NLO theo- pendix A, while the six major errors from the uncertainties of
retical predictions. Figure 1B) is a magnification of the those input parameters are added in quadrature. For asym-
light Higgs part of Fig. 18). For given\;=0.5\,,=22  metric errors we use the larger value in making quadrature.
andM =250 GeV, we find numerically For case C, the allowed regions bf, can be read off

from Fig. 13 directly,

432<M <478 GeV (97)

B(B—Xsy)NLo=| 348" 0od 1p)

at the LO level, and

m
ro.oaBso*S:;‘i—c

+0.52
mb)

(as) 236=My <266 GeV and Myu=1640 GeV (99

2 at the NLO level. The first allowed region, a region found
”xlO“‘ interesting by many physicists from the point of view of
experimental searches, is shifted to the lower part by about
200 GeV because of the inclusion of NLO contributions.
If we consider the effect of the theoretical error as given
=(3.48+0.74x 10 4, (96) in Eq. (96), the limits at the NLO level will become

V?th b
Vc b

i02&m0t004
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1 — is allowed by the data if we se{Ny|,|\pp|)=(0.5,18) in
[ ) model Ill. This is a good news for future experimental
searches!

500 [

M, [GeV]

E. Comparison of the results in models Il and 111

Between the conventional model Il and the model Il
studied here, there is a direct transformation. The results of
model 1l can be reduced to the results of model Il by the
substitution

400 [
300 |

. Npp=—X——tanB and A, =Y—1l/tanB. (10))

As a comparison, we also present the LO and NLO model Il
prediction for the branching ratiB(B— Xsy) and show the
lower limits onMy obtained from the data. For more details
about the rare decaB— Xgy in model Il, one can see, for
example, Ref[4] and references therein.

FIG. 14. Contour plot i)y -My plane obtained by using the ™5 %\ o0 e contral values of input parameters as given
LO and NLO model Il predictions and the measured decay rate at y 9 putp 9

20 level. The regions between two dashed curves and two solid? Appendix A, and assuming tgr=4, we find the numeri-

curves are allowed when the LO and NLO theoretical predictionsCal values of the NLO, terms. appearing in' the brackets in Eq.
are employed. (69 and the branching rati®d(B— Xsy) in model Il for

typical values ofM,, as listed in Table IIl. In contrast to

model Ill of case C, the differences between the values of the
226<M,=<285 GeV andMy=1120 GeV. (99  NLO terms in the SM and model Il are small and approach

zero whenMy, approaches infinity. It is easy to see from

s : ble Ill that the new physics correction to the branching
The first allowed region has a weak dependence on the thér—a.
oretical error, but the lower limit of the second allowed re-atio becomes less than 6% and 2% Ky, = 1000 and 2000

gion of My is very sensitive to the theoretical error. GeV, respect!vely. - .
Figure 14 is the contour plot if\,,|-My plane obtained If we consider the effects of uncertainties of input param-

by using the LO and NLO model Il predictions and the eters, we find the branching ratios at the LO and NLO level:

measured decay rate ato2level, while assuming|\ |
=0.5. The regions between two dashed curves and two solid3(B— Xsy)| o= 3.6]I8;§2(Mb)i0.0&650+8§§( —c)

curves are allowed when the LO and NLO theoretical pre- My
dictions are employed. One can see from Figs. 13 and 14 that \VAVASE
a relatively light charged Higgs boson in model IIl, say tO.OQaS)iO.OE{mt)iO.OA(‘ \; H
around or even less than 200 GeV, is still allowed by the cb
measured branching rati®(B— Xsy). For example, the re- X104
gion
=(3.61+0.82 x10 4 (102
188<My=<215 GeV (100  and

TABLE lll. The numerical values of the NLO terms appeared in the brackets if@gand the branching rati8(B— Xgy) (in units

of 10~%) in model Il with tanB=4, for typical values of mas§l (in units of Ge\J. The termR is the summation of the ternh§|2,A(mb),
andA.

CS(mp) V(my) D2 A(my) A R B
SM —0.3055 —0.024-0.015 0.1089 0.0033 —0.0012 0.1110 3.52
200 —0.4034 —0.004-0.020 0.1661 0.0042 —0.0037 0.1666 5.28
250 —0.3857 —0.007-0.019 0.1547 0.0040 —0.0032 0.1555 4.93
300 —0.3723 —0.010-0.019 0.1464 0.0039 —0.0028 0.1475 4.68
400 —0.3540 —0.014-0.018 0.1354 0.0038 —0.0024 0.1368 4.34
Model Il 600 —0.3345 —0.018-0.017 0.1242 0.0036 —0.0019 0.1259 3.99
800 —0.3247 —0.020-0.016 0.1188 0.0035 —0.0017 0.1207 3.83
1000 —0.3192 —0.021-0.016 0.1158 0.0035 —0.0015 0.1178 3.74
2000 —0.3098 —0.023-0.015 0.1109 0.0034 —0.0013 0.1131 3.59
3000 —0.3075 —0.024-0.015 0.1098 0.0034 —0.0012 0.1120 3.55
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tan g = 4; Model Il

B(B -> X, v) [107]

M, [ GeV]

FIG. 15. Plots of the branching rati(B— Xsy) vs the mass
My in model Il for tanB=4. For details see text.

m
B(B—XsY)NLo= 4-138:‘1)3(%)ro.oe(BSL>t8:%3(—°)

My

V?svtb 2
+0.09 ar5) +0.08m) +0.04 | </
cb
X104
=(4.13+0.34x 10 4, (103

where the central value is obtained fidr, =500 GeV, and

PHYSICAL REVIEW D69, 014002 (2004

600

—— S e e
A
S \ Model Il
[0} \
S, - \
> 500 | S _
= r \
\
[ s 3.72*10" ]
400 | G e e R G G S e e =
300 | 4.10* 10" ]
Excluded Area
200-| L | N PSR |

0.3 1
tan B

FIG. 16. Contour plot in ta-My, plane obtained by using the
NLO model Il predictions and the measured decay rate at 1
(dashed curveand 2r level (solid curvg. The excluded region is
below the corresponding curves.

the range of 2.4 u,<9.6 GeV, but fixinguyw=My. The
excluded region is below the corresponding curves when the
measured branching ratio arl(dashed curveand 2o level
(solid curve is employed. Fol3(B— Xy)<4.1x10 4 and
tanB=1,10,20, the lower limit oM, is 315, 278, and 277
GeV, respectively. Because of the flatness of the curves
shown in Fig. 16 towards the higher end Mf,, the lower
limits on My are very sensitive to the ways to deal with
theoretical errors or the details of the calculations. The lower
limit on My as illustrated in Fig. 16 is consistent with that

the errors connected with the uncertainties of six input pagiven in Ref.[4].

rameters are added in quadrature.
Figure 15 shows theM, dependence of the branching
ratio B(B— Xsy) in model Il at LO and NLO level, assum-

The major differences between model Il and model Il
studied here and the causes inducing such differences are the
following:

ing tanB=4. The shaded band and the band between two (1) In model II, the region of tag<1 is strongly disfa-
horizontal dot-dashed lines show the measured branching raered by the measurefiMp  and other experimental terms.
tio B(B—Xsy) within 1o and 2r errors, respectively. The |n the region tas=4, we have|Y|2=1/tafB<1 and
dashed and solid curves shows the LO and NLO model Il y+=1_ The possible new physics contributions to the Wil-
prediction. By comparing the theoretical predictions and theygp, coefficientsC; 5 are small in magnitude and have the

measured branching ratios at the vel, it is easy to read
off the lower limit onMy directly from Fig. 15:

M =357 GeV (104
at the LO level, and

My=520 GeV (105

at the NLO level, if the uncertainties of the input parameters
are not taken into account. If we consider the combined un

certainties as given in Eq$102) and (103 the lower limit
will be changed to

Mp=298 or 350 GeV (106

at the LO and NLO level, respectively.

Figure 16 is the contour plot in the t#AM plane ob-
tained by finding the minimum of the NLO model Il predic-
tion of the branching ratia3(B— Xgsy), when varying the
input parameters within their errors and the lower sggjén

same sign as their SM counterparts and therefore are strongly
constrained by the excellent agreement between the data and
the SM prediction foB— Xgy decay.

(2) In model Ill, the new physics contributions propor-
tional to|\|? and|\ ||\ 5| have the opposite sign fa=0°
and will cancel each other. Even Jit,| should be smaller
than 1 due to the strong constraint from the measured mass
differenceAMBd as discussed in preceding section, the in-

clusion of the new physics contribution still can change the

sign of the Wilson coeﬁicien@?ﬁ(mb) from negative in the
SM to positive in model Ill. On the experimental side, cur-
rent data still cannot exclude the possibility of a positive
Wilson coefficientCS"(my).

(3) Other NLO terms in the bracket of E¢9) also re-
ceive new physics corrections, and therefore the cancellation
between individual terms in model Il is very different from
the pattern in model .

(4) The inclusion of NLO contributions will decrease the
lower limit on My in model Ill. In model Il, in contrast, the
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FIG. 17. Plots of the branching rati(B— Xsy) vs the mass FIG. 18. Plots of the branching ratl®(B— Xsy) vs the phas®
My in model Ill for case C and fop=0° (solid curve, 30° (dots in model Il for case A(short-dashed curyeand case Qsolid
curve, 60° (short-dashed curyeand 90°(dashed curve respec-  curve, and assumin@gl =250 GeV. The band between two hori-
tively. The band between two horizontal dot-dashed lines shows theontal dot-dashed lines shows the measured branching ratio within
measured branching ratio withirwZerrors. 20 errors.

lower limit will go up by including the NLO corrections. i
(5 In the model Il studied here, a light charged Higgs | the WJ]gI;:C;?/nges o are still allowed by the data of thé
S

boson with a mass around or even less than 200 GeV is stlll
allowed at the NLO level. In model II, however, such a light

charged Higgs boson seems impossible. V- SUMMARY

In this paper, we calculated the new physics contributions
F. Effects of a nonzero phased to the mass splittingAMg, and the branching ratid3(B

For the mass splitting\MBd, the new physics contribu- —Xgy) induced by the charged Higgs loop diagrams in
tions in model Il depend o\ ,|? and|\|* and therefore model lll, and found the constraints on the parameters of
are independent of the phase of coupling. For theB  model Il by comparing the theoretical predictions with the
— X4y decay, however, the dominant new physics contribuhigh precision data. We focus on the effects of the NLO
tions [i.e., the third terms in Wilson CoefﬁClen@O Eﬁ(MW) QCD corrections on these two physical observables.
and C1 eff(MW) in Eqs. (45), (46) and (56), (57)] depend on In Sec. Il, we gave a brief review about the structure of
the relatlve phas# between\; and\,,, as can be seen the, general_ two-Higgs-doublet models ar_1d e phenomeno
from Eq. (62). In previous calculations, we always ass’umelogmal studies about such mod(_als. Following previous works
0=0°. Here we will consider the effect of a nonzero phase [18], we assume that only the diagonal Yukawa c_ouplnqgs .

Figure 17 shows theVl,; dependence of the branching andxbb are nonzero for the model Il under conS|d¢rat|on in
ratio B(B— Xy) in model Il for case di.e., (Au|,[\q|) thl§ paper and study the effects of NLO new physics contri-

i butions.
=(0.5,22)] and ford=0° (soli rv ° rv ° . I
(ségr?-,dagw:d dcuor\;qea?nd(SQOOg(ggsh%dg?:u(ro\ggtfe?sl;)egtli\?e(z)ly. In Sec. III,.V\{e calculqted the new physics contributions to
The band between two horizontal dot-dashed lines shows thtge mass Spl'tt'n@MB in model 11l at the NLO level. The
measured branching ratio withirorrors. The shaded area Mmagnitude of the Yukawa couplingy; is strongly con-
shows the SM prediction with the error as given in Ezp).  Strained by the precision dataMg =0.502+0.007 ps*.
It is easy to see from Fig. 17 that the nonzero phase wilAs shown in Figs. 4 and 5, the upper limit o is |\
strengthen the constraint on the madsg, in case C. For <1.7, while the choice of\,|~0.5 is favored by the mea-
6=30°, the allowed region is shifted to suredAMBd if one requires the charged Higgs boson to be

light, say around 200 GeV.
21I=My=317 GeV. (107 In Sec. IV, we calculated the new physics contributions to

For #=60°, the lower limit onM,; goes up to 417 GeV. For the rare deca— Xsy in model Ill. The NLO QCD correc-
6=75°, the lower limit onM, is higher than 600 GeV. tions are taken into account here. The new physics contribu-
In Fig. 18, we show the&d dependence of the branching tions to the Wilson coefficient€? 8(,u) and the interference
ratio B(B— Xgy) in model llI for case A(the short-dashed between the new physics parts and their SM counterparts are

curve and case Qthe solid curve discussed in previous investigated. The new physics contributions to Be> Xgy
subsections, and for givel ;=250 GeV. Obviously, only decay and possible constraints pn,,| and My are calcu-
two narrow regions of, 0°<6<20° and 340=6=<360°, are lated and analyzed. Three typical cases for the choice of
allowed by the data for case C. For case A, however, almostukawa couplingg\y| and|\,;,| are studied in great detail.
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The common features and the differences between the coffhe masses, coupling constants, and other input parameters
ventional model Il and model I, as well as the effects of aare[2,3]
nonzero relative phase are also considered. From the nu-

merical results, we found the following: Mg, =5.279 GeV, m,=4.8+0.2 GeV,
(@ In the model Il studied here, a light charged Higgs
boson with a mass around or even less than 200 GeV is still m¢/m,=0.29+0.02;
allowed at the NLO level by the measured branching ratio
B(B— Xgy) within 20 errors, as can be seen in E§j00) and My=80.42 GeV, m;=174.3:5.1 GeV,
Figs. 13 and 14. In model Il, however, such a light charged
Higgs boson seems impossible. ag(Mz)=0.119+0.004, a,=1/137.056, (A2)

(b) The inclusion of the NLO QCD contributions will
decrease the lower limit oll, by about 200 GeV in model
[Il. In model Il, in contrast, the lower limit oM will be
increased by about 160 GeV because of the inclusion of thf\h
NLO corrections.

(c) As illustrated in Fig. 17, the allowed region bfy in
model Il will be shifted toward the heavy mass end for a ViV
nonzero relative phase V—b

Cc

ACKNOWLEDGMENTS =0.971+0.010 (A3)

A =—0.50 GeV, \,=0.12 Ge\t.

The ratio of CKM element$V;.V,,/V¢p|? appearing in
e decay rat&3(B— Xgy) can be expressed in terms of the
Wolfenstein parameters as follows:

2
=1-N4(1-2p)+ N4 (p?+ p2—A2)+ O(\")
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tional Natural Science Foundation of China under Grant Nos(.)nz ’ th or e:lratlo.. b hi tioBe. = B(B
10075013 and 10275035, and by the Research Foundation gfxoéj) v(vee uss?aml eptonic  branching - ratioBs =5(
Nanjing Normal University under Grant No. 214080A916. cre
Bs =(10.64-0.23 %, (A4)
APPENDIX A: INPUT PARAMETERS AND RUNNING ) )
COUPLINGS as given in Ref[2].
) ) _ _ ) Finally, for the running ofag(u), we use the two-loop
In this appendix we list the input parameters used in ouformulas as given in Ref40]:

calculations. The values of most parameters are quoted from
Refs.[2,3] directly. The masses, ,m,,m, are understood to ag(Mz) B1 as(Mz) In[v(w)]
be the pole mass, whil,(x) is the runningg-quark mass ST |7 Be 47 ov(wp)
in the modified minimal subtractionMS) scheme at the
renormalization scalg:. To first order inag, the running with
massm,(u) and the pole mass, are related throughé]

I m; 4)
n——=||.

w? 3 where 8,=23/3 andB,;=116/3 forb quark decays.
APPENDIX B: NLO WILSON COEFFICIENTS AT p=My,

} . (A5)

(AB)

(My) (M
o(w)=1- "2 (—Z)

ag(m)

Mg(p)=mg| 1+ (A1)

For the completeness, we list here the NLO functions at the matching gsgadgppearing in Eqs54), (56), and(57). For
more details see Refi4]. In the SM, we have

x(x2+11x—18)  x3(4x%>—16x+15) 2 2
Eo(x)= + InXx—zInx— =, (B1)
12(x—1)3 6(x—1)% 3 3

n2x

—16x*— 1223+ 80x>—8x 1\ 6x*+46x3—28x?
W7 sm(X) = I2

9(x—1)* X 3(x—1)°

s 102x°—588*— 2263+ 3244x%— 1364+ 208

In x
81(x—1)°

. 1646+ 12205¢3— 1074% + 250% — 436
486/ x—1)*

: (B2)
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Wa e —AX*+ 403+ 4D+ ( 1) —17%° -3
X)= —— |+ ——In°x
8SM 6(x—1)* 27 x 2(x—1)8
s 210¢%+ 1086¢* + 48933 + 28572 — 1994 + 280I
nx
216x—1)°
. 737%%*—1410%3— 2820%>+ 61k — 508
1296 x—1)* ’
e x| 47x3—63x%+ 9x+ 7 — (18x3+ 30x%— 24x)In x
X)=3 )
7.SM 3 (Xx—1)5
Tean()=2 —x3—9x%+9x+ 1+ (6x°+6x)Inx
X)=4£X y
8SM (x—1)°

wherex=mZ/M3, .
In the 2HDMs, the NLO functions describing the charged Higgs contributions are

En(y)= — 7y°—36y*+45y—16+(18y—12)Iny |
3 (y-1?*
Wayy)= > Wuz( - E) A In2y + 21y4_192)'3_1745'2+251y_50|ny
| Loy Y (y=1)° 9(y—1)°
N —12023/°+7569/°~5436/+797| 4
108y—-1)* 9 M
Weyv(y)= ’ 1" 1" 3y LiZ( 1- - 17y°+3ly In?y + 42y*+318y°+1353/°+ 817y—226|l’l
| Lo yhoy-n? 36y—1)°
. —4451y%+ 7650/2— 18153/ + 1130] 1 c
21ay_ 1)4 6 H»

y

M7,YY(Y):2_7_ (y—1)5

" Y(y):l_—7y4+25y3—279)/2+223/+38+(102y2+lSQ/)Iny
o 36| (y—1)° '

1
Toyy)= §T7,s M(X—Y),

1
Texv(y)= §T8,s M(X—Y),

and

4y

4y3—24y*+2y+6
W7 xy(y)= 3 2

3y-1¢ 0 3(y-1)°

8y2—28y+12 ( 1)+3y2+14y—8
- a5 L2

3(y—1)° y

014002-20

y [ —14y*+ 1493 1532— 13y + 31— (18y3+ 138y2— 84y)In yl

—2y?+13y—7

(y—1)3

(B3)

(B4)

(B5)

(B6)

(B7)

(B8)

(B9)

(B10)

(B11)

(B12)

(B13)
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8 XY 3 2(y_ 1)3 2 y (y—1)4 4(y_1)4 8(y_1)3 ’
(B14)
2y | —8y3+55y?— 68y +21— (6y*+28y—16)Iny
M7xy(y)= 5 . 1)4 | 1
y[ —7y3+23y?— 97y +81+(34y+38)Iny
Mexv(y)= & , 16
8XY! 6 T
2y | 13y?—20y+7—(6y*+4y—4)iny
Toxv(y)= = , 817
7XY! 3 Y
—y2—4y+5+(4y+2)iny
Texy=2y . . o1
(y=1

wherey=mZ/M3.
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