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The decayB— X,y is studied at next to leading order in QCD in a class of models containing at least two
Higgs doublets and with only one charged Higgs boson nondecoupled at low energy. The two-loop matching
condition is calculated and it is found to agree with existing results. The complete dependence of the Wilson
coefficients on the matching scale is given. The size of the next to leading order corrections is extensively
discussed. Results for branching ratios, possibiReasymmetries, and lower bounds on the charged Higgs
boson mass are presented when the convergence of the perturbative series appears fast enough to yield reliable
predictions. Regions in the parameter space of these models where the next to leading order calculation is still
not a good approximation of the final result for these observables are singld®0656-282(98)07217-9

PACS numbd(s): 13.25.Hw, 12.38.Bx

. INTRODUCTION B(B— Xsy)=(2.32+0.57+0.35 X 10" %. (1)

It is well known that charged Higgs contributions to the There also exists a preliminary result by the ALEPH Col-
branching ratio for the deca— Xsy, B(B—Xgy), de- laboration with a larger central valyié]:
couple very slowly from the standard modeésM) one. _
Hence, in the absence of any experimental evidence for a B(B—Xgy)=(3.11+0.80+0.72 X 10" . 2
charged Higgs boson, this decay may provide a powerful
tool to limit the range of unknown parameters in modelsAdding statistical and systematical errors in quadrature, one
where such a particle is present and other, nonstandard, cofbtains 90% C.L. lower and upper limits &(B— Xsy) of
tributions toB(B— Xy) are subleading1,2]. 1.22x10"* and 3.4% 10 * from the CLEO measurement

— 4 — 4
Supersymmetric models constitute, perhaps, the best m@nd 1.34107%, 4.88<10°" from the ALEPH result. The
tivated extension of the SM where a second Higgs doublef2@nd of allowed values, corresponding to a more conserva-
and therefore a charged Higgs bosri, is necessary for tive estimate of tkli systematic error, is reported by CLEO to
internal consistency{3]. Simpler extensions where only be (1.0-4.2)x10 “ [S].

Higgs doublets are added to the SM are, however, importar}t The theoretical situation W'th.'n the SM, is at the momgnt
. ; . ar better settled than the experimental one. After the original
on their own right. They are also excellent pedagogical tools =

to understand the subtleties that the next to leading ordégPservation that QCD corrections to the degay Xy are a

. . . substantial fraction of its ratg7], a collective theoretical
(I.\“‘O) c_alculat|on ofB(B— Xsy) entails, and which may be effort of almost a decade has led to the determination of
hidden in the SM results. .

The simplest class of such extensions, with two HiggsB(B_)XSY) at the NLO in QCD, and to a considerable re-

. ' >“duction of the theoretical error. For the leading orde®)
doublets, is usually denoted as 2HDMs. ,Th's plass Contaméalculation, several groups contributed to the evaluation of
the well-knqwn type-! and _type-ll models in which the same o alements of the anomalous dimension mafigi] and
or the two different Higgs fields couple to up- and down-typep,oyided phenomenological analyses with partial inclusion
quarks. For what concerns us here, multi-Higgs-doublebs some NLO contributionge.g., bremsstrahlung correc-
models can be included in this class, provided only ongjons) [10-13. The two-loop matching condition, needed for
charged Higgs boson remains light enough to be relevant fog complete NLO calculation, was first obtained in Hé]
the proces88— X,y. This generalization allows a simulta- and later confirmed in Ref$15-17, using different tech-
neous study oB— X4y in different models, including type | hiques. The two-loop corrections to the matrix elements were
and type Il, by a continuous variation of thgenerally com-  calculated 18] and the determination of the(a?) elements
plex) charged Higgs couplings to fermion@No tree-level of the anomalous dimension matrix, started already since
flavor violating neutral couplings are assumed in the presergome time [19,20, has been completed only recently
paper) It also allows a more complete investigation of the[21,22. In addition, nonperturbative contributions B(B
question whether the measuremenB¢B— Xy) closes the —Xgy), scaling as 1h? [23—25 and 1m? [26], were also
possibility of a relatively lightd* not embedded in a super- computed. The issue of the dependence of the branching ra-

symmetric model[4]. tio on scales, first raised at the LO level in R¢f&l,13, was
At present, a measurement of this decay rate by the CLE@ddressed for the NLO calculation, and discussed in detail, in
Collaboration is availabl€5]: Ref. [27]. In the SM, uncertainties due to sensitivity of
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B(B— Xsy) on such scales are small and the theoretical espoint to the technical reason for the possible appearance of

timate for this observable suffers mainly from the large ex-large scale instabilities. NLO branching ratios for type-1 and

perimental errors of the input parameters. type-Il models are in particular studied in Sec. IV C, where
It would be desirable to have similarly precise calcula-lower bounds fom,, are given within type-Il models. In

tions also in extensions of the SM. Thus, more accurate exSec. IV D, we consider the decd— Xsy when complex

perimental measurements, when available, could providéouplings are involved and we investigate the impact of their

stringent constraints on the free parameters of these modelghases orCP rate asymmetries oB— Xsy. We also give

We present here a detailed study®f> X,y at the NLO in  specific examples of couplings for which the theoretical pre-

QCD’ in the class of models Specified above’ aiming, in pardiction of the branChing ratio is reliable and Compatible with

ticular, to obtain an assessment of the reliability of the thethe CLEO measurement, even fop;= O(Myy). Finally, our

oretical calculation. Our results are, in general, less optimisconcluding remarks are in Sec. V.

tic than one could have foreseen. Indeed, we find

unexpectedly large NLO corrections and scale dependences Il. TWO HIGGS DOUBLET MODELS

in the Higgs contributions t8(B— Xgv), irrespective of the

value of the charged Higgs couplings to fermions. This fea-

ture remains undetected in type-Il models, where the SM

contribution toB(B—X is always larger than, and in _nd PR L 77 4 ar

phase with, the (Higgs S(2/c)>ntributionys. It c?an, however, pro- ~ L= ¢adi A doUr;+ hijlLidalr T H C. 3

duce unacceptably large scale uncertainties for certain ranges

of these couplings and, at times, completely ill-defined res / / i =

sults which apre gxpected to be cured Ey evyen higher Ordevr\/here o, IL, 4, (1=123) are SW) doublets ¢

Al 2 4% ’ ’ ’ H d u
QCD corrections. We single out combinations of coupling 'o fb' ): Ur, dg, andeg are S_L(Z) smglets,_andw_ , N '
: . andh' denote 3<3 Yukawa matrices. Gauge invariance im-
and of values of the charged Higgs masgs for which the

—1 i H
branching ratio can be reliably predicted at this order inPOSes the value of hypercharyé4;) = 2. Suitable discrete

QCD. In this case, a comparison between theoretical anaymmetries are usually invoked to forbid additional terms
: ' m d7 4 : : ;
experimental results foB(B— Xgy) allows us to conclude such ash;;q; ¢2dg; which would induce flavor changing

that values ofn, = O(My,) can be excluded, in general, only neutral couplings at the tree level. Indeed, to avoid them
in type-I modg;s but av;/e otherwise allowéd ' altogether, it is sufficient to impose that no more than one
Previous LO analyses dealt with type-1 and type-II modeIsH'%g\]/‘;’] doubllettcoual_es to dtheblsatlme right-handed d]ﬁel@'.t
[8,28—3Q and the generalized class of models considered_ . en only XVO 19gs Su & T\Iare F;Lesle‘m’ ?n t‘ﬁz‘ ! K
here[31,32. LO calculations are known to have large scale'>."" generalps= b (Or ¢3= ). Nevertheless, for the sake

uncertainties. Consequently, they are not particularly gooc.‘i"c generality, we leave the symbah distinct from the other

arenas to distinguish the quantitative differences betweeP/VO;, We indeed also include in our discussion, as “effec-
tive” 2HDMs, models where am number of sequential

QCD corrections to charged Higgs and SM contributions. . . e
These differences stand out clearly at the NLO level. Two 1199S doublets is present and we assume that the additional

NLO calculations have been performed recerith7,33. charged Higgs bosons other than the lightest one become
They deal with type-I and type-Il models and the issue theavy enoug.h to decoupl_e frqm our problem. .

scale uncertainty is addressed in R&f/] for type-1l models. After rotating thg fermion f|eIQS from the current eigen-
The fact that the NLO corrections to the Higgs contributionsState 'to the mass eigenstate basis, the charged Higgs compo-
are large is, therefore, understandably missed, since HRENtin Eq.(3) becomes

branching ratio is dominated by the SM contribution. From

Models with more than one Higgs doublet have generi-
ally a Yukawa Lagrangian of the form

the technical point of view, our calculation of the two-loop —L=—5 U, Vidgidi — ﬂj AV Y
matching condition agrees with that reported in Refs. <¢8> HEITRT <¢8> RITITLT2
[17,33. The analytic dependence &(B—Xsy) on the m,

matching scale is also in agreement with the published re- + o VLi€rid3 +H.C., (4)
sults, after having been corrected in Ré&7,17]. (¢3)

The remainder of this paper is organized as follows. In

Sec. Il we define the class of two Higgs doublet modelsWhereVJi are elements of the Cabibbo-Kobayashi-Maskawa

(2HDMs) studied. In Sec. Ill we outline the main steps of the (CKM) matrix. A further rotation of the charged Higgs fields

calculation; to keep this section readable, we relegate sord@ their physical basis through a unitary matdix
parts of our results to appendixes. In Sec. IV we present our

+ +
phenomenological analysis of the ded@w» X4y in the class ¢1+ I(—i)ﬁ

of models considered. After giving our branching ratio pre- b2 .

diction for the SM, we discuss, in Sec. IV A, the size of the ¢3 | =U| M1 5
NLO corrections to the charged Higgs contributions at the

amplitude level. In Sec. IVB, we give results fd@(B b Hy

— Xgy) for various ranges of real couplings of the charged
Higgs boson to fermions. We discuss their reliability andyields the following Yukawa interaction fdf ™ :
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9 mgi| my| grees of freedom, which in the present case aret tgark,
L=— [ (—)XuLjV]-idRiJr(—)YuRiVijdLj the W boson, and the charged Higgs boson. As in the SM
v2 | Mw Mw calculations, we only take into account operators up to di-
mension 6 and we puns=0. In this approximation the ef-
H*+H.c. (6) fective Hamiltonian relevant for radiativB decays(with
|AB|=]AS|=1),

+ ﬂ Z_.e .
My VLiCRi

All fields ;" are supposed to be heavy enough to become 4G 8
irrelevant for phenomenology at the electroweak scale. In Hepr= — ~°F Vt*thbz Ci(w)Oi(w), (11)
Eq. (6), the symbolsX andY are defined in terms of elements V2 =1

of the matrixU [35-37,31,32
consists precisely of the same operat®¢u) used in the

N U, ve Uy, @ SM case, weighted by the Wilson coefficie@g ). They
T Uy Uy read
The symbolZ has a similar definition, i.eZ= —Ug,/U; if O1=(sLy, T )(cLy*Taby),
¢3# P, or coincides with X(—=Y) if ¢3=¢; (¢P3 _ _
= ¢,). Notice thatX, Y, andZ are in general complex num- O,= (s yuc)(cLyby),

bers and therefore potential sourcesGR violating effects
[38,39. Their values are only very loosely constrained by = —
the requirement of perturbativity and low-energy processes 03_(SLYMbL)§q: (ara),
such as theB-B mixing [32].

When only two doublets are considered, the diagonaliza-

tion matrix U is a 2x 2 orthogonal matrix O4Z(§L'yﬂTabL)§ (9y"Ta0),
cosB -—sing
_ . ® Oz b0S Gy
sinB cosp 5= (SLYuY»Y,bL) > (ay*y"ya),

Although both doublets are present in the theory, one still
has the freedom of selecting, = ¢, in Eq. (3). This choice

gives rise to the 2HDM of type |, to be distinguished from
the type Il in which both doublets contribute to the Yukawa

(96:(§I_7’Myv7pTabL)§ (Qy*y"y"Ta0),

interactiong40]. It is easy to see that in these two cases the e o
couplingsX andY are real and given by O7=1,2 Mo(#)(SLa*"DR)F .,
X=-—cotB, Y=cotB (type I, g
© =5 My( ) (SLo*"T2R) G2
X=tanB, Y=cotB (type II). Os=1p2 Molr)(SL0 RIGL,,

(12)
Note that the coupling of the Goldstone bosph to mat-
ter fields is independent of the numbeof Higgs doublets whereT® (a=1,8) are SW3) color generators angs ande

considered, and always equal to are the strong and electromagnetic coupling constants. In Eq.
(12), my(u) is the runningb-quark mass in the modified
—g [ mgi\— myi\— minimal subtraction ¥1S) scheme at the renormalization
L= w3 [ WV) Uy;Viidri— (WV) UriVijdy scalex. Henceforthmy(x) andm, denoteMS running and

pole masses, respectively. To first ordewig, these masses

m; \ are related through
+ Mo VLi€Ri ¢)++H.C. (10
W
— () =mg| 1+ 25 my_ 4 asw) (13
The calculation of thdB— X,y decay rate in these models, LM q T ,47 3 '

therefore, is modified simply by the addition of charged
Higgs contributions to the usual SM one. The results can bé&lote that the equations of motion have been used when writ-
described in terms ahy, and the two complex parametets  ing down the list of operators in Eq12). This is sufficient
and Y. The presence of phases in the couplingsindY  since we are interested in on-shell matrix elemeaty and
allows for CP asymmetries in the decay rate B Xgy. since we choose to perform the matching by comparing on-
shell amplitudes obtained in the effective theory with the
corresponding amplitudes in the full theory. The reader who
is interested in doing off-shell matchipgnd therefore work-
We use the framework of an effective low-energy theorying in a (largep off-shell operator basjsis referred to Ref.
with five quarks, obtained by integrating out the heavy de{17].

Ill. THE CALCULATION
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Working to NLO precision means that one is resumming A. NLO Wilson coefficients at the matching scale
all the terms of the formag(my)In"(m,/M), as well as Hw: CF(uw)

as(mp) [ag(my)In"(m,/M)], whereM stands for one of the  To give the results for the effective Wilson coefficients

heavy masselly,, m;, orm,. This is achieved by perform- ¢ 4t the matching scalg,y in a compact form, we write
ing the following three steps.

(1) One matches the full standard model theory with the i 0eff as(mw) g e
effective theory at a scaley,, of orderM. At this scale, the C(pw) =Ci"* (pw) + 2. Ci uw). (15
matrix elements of the operators in the effective theory lead
to the same logarithms as the calculation in the full theoryThe LO Wilson coefficients at this scale are well known

Consequently, the Wilson coefficien®(uy) only pick up  [42,28. We decompose them in such a way to render ex-
“small” QCD corrections, which can be calculated in fixed plicit their dependence on the couplingsand Y:
order perturbation theory. In the NLO program, the matching

has to be worked out at tH@(as) level. COMuw)=1,
(2) The evolution of these Wilson coefficients from
= uyw down to u=u,, Whereuy is of the order ofmy, is cioleff(,uw):o (i=1,3,4,5,6,

obtained by solving the appropriate renormalization group

equation(RGE). As the matrix elements of the operators CO* ) = C gyt | Y[2CY y+ (XY*)CO v,
evaluated at the low scaje, are free of large logarithms, the ' ' ’

latter are contained in resummed form in the Wilson coeffi- 0,eff PN 2~0 %0

. X ; Cyg =Cg ot |Y|°CgyyT (XY*)Cgyy- 16
cients. For a NLO calculation, this step has to be performed 8 (1w = Ca st [ YI"Cayy (XY*)Coxy (16

using the anomalpus dimension .matrlx up to ordér The coefficients:g s ew) and Cg < 1ew) are functions of

(3) The corrections to the matrix elements of the operators _ .2,y 12 \vhile CO-(,u ) and co () (i=YY,XY) are
(sy|O,(w)|b) at the scaleu=pu, have to be calculated to oW Tig W BNV '
order ag precision.

The charged Higgs boson enters the NLO calculation onl
via step(1). The Higgs boson contribution to the matching
condition is obtained in the same way as the SM fitfs;
therefore, we do not repeat any technical details. A gener
remark, however, is in order. In the procedure describe
above all heavy particle§W boson,t quark, and charged
Higgs boson are integrated out simultaneously at the scal
mw- In the context of a NLO calculation this should be a
reasonable approximation provided, is of the same order
of magnitude a$ly or m,. terms of the pole mass, .

. 1,eff . . .
Before giving the results of the three steps listed above, The NLO _p_lecesCi (ow) Of the W"SOT‘ coefficients
we should briefly mention that instead of the original Wilson have an explicit dependence on the matching spaleand

coefficientsC, () it is convenient to use certain linear com- for i =7,8 they also explicitly depend on the actual definition

binations of them, the so-called “effective Wilson” coeffi- _Of the t-quark mass. InitiaIIy! when the heavy particles are
Cientscieff(lu) introduced in Refs[13,21] integrated out, it is convenient to work out the matching

conditionsCil'eﬁ(MW) for i=7,8 in terms ofm,(uy). Using

Eq. (13, it is then straightforward to get the corresponding
C(w)=Ci(p) (i=1,....6), result expressed in terms of the pole mags As in the LO
case we give them in a form where the dependence of the
couplingsX andY is explicit:

functions of y=m2/m3; their explicit forms are given in
Appendix A. Note that there is nexplicit dependence of the
¥natching scalewyy in these functions. Whether there is an
implicit u\y dependence via thequark mass depends on the
aﬁrecise definition of this mass which has to be specified
(yvhen going beyond leading logarithms. If one chooses, for
example, to work withm,(u), then there is such an im-
eDlicit mw dependence of the lowest order Wilson coefficient;
in contrast, when working with the pole masg there is no
such dependence. We choose to expresghud) results in

6

Cgﬁ(,u):C7(,U«)+Zl YiCi(u), 2

M
CLM ) =15+6In 7 ,

|v'W
6
c§“<m=cs<m+i§1 zCi(p), (14) ) 2
Ciuw=Eo+ 3 In 15 +Y|%En,
w

wherey; andz are defined in such a way that the leading
order matrix elementésy| O;|b) and(sg O;|b) (i=1,6) are

1eff, — -
absorbed in the leading orders termsQ&(w) and CS"(w). Ci(uw) =0 (i=2358,

The explicit values ofy;} and{z}, y=(0,0—3%,—35,— %2,

—%), z=(0,0,1; §,20,~ %) were obtained in Re{21] in C7 M pw) = CHE ) + [ YIPCTT N ew)
the MS scheme with fully anticommutings (also used in L et

the present papgr +(XY*)Coxylpw),
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C " pew) = CEE w) + | Y12Ce0 uw)
+(XY*)Cou faw), (17)

where fori=7,8 the three terms on the right-hand side can

be written in the form

il

|

2 2
My ;4
Culif\f((ﬂw)zwi,xvﬁL Mi,xvmm—a‘FTi,xv( In W2 3)
(18

Note that in Eq. (18) the W;; and the M;; (j
=SM,XY,YY) terms would be the full result when working
in terms ofm,(uy). The T, ;j terms result when expressing
my(uyw) in terms of the pole mass, in the corresponding
lowest order coefficients. Thus, for=7,8, theT; ; quantities
are

2 2
Mw t
1,eff

CiSmlmw) =W; syt M svin MZ. +T; SM(' 2
M w

2, 2
ch ff t

Ciov(pmw) =W yy+M;. YYIn 2 +T| w(I ,U«2 -
W

H

C|0 SM( Mw)

T, sy=8X
i,SM 8 IX ’

Jcy; eﬁ(MW)
y —_—

% (i=XY,YY).

(19

Notice that if one worked with the runningquark mass
my(x¢) normalized at the scalg, instead of the pole mass
m., the third terms on the right-hand sides of Etﬁ$8)
would have to be replaced byT;; In(,ut/,uw) (j
=SM,YY,XY). The functionsW;;, M;;, and T;; (j
=SM,XY,YY), together withE, andE,, are listed in Ap-
pendix A. Our results fo€3°(u,) andC3*"(u) agree with
those in Refs[33] and [17] when taking into account that
the latter results are expressed in termsmgfu,,). As cor-
rect is also recognized the form 6£*(uy) and C3*"(wuy)
in the final version of Refd.27,17].

B. NLO Wilson coefficients at the low-scaleu, : C(y,)

The evolution from the matching scate, down to the
low-energy scaleu, is described by the RGE

CF(p) = CF () (). (20

K du

The initial conditionscfﬁ(,uw) for this equation are given in
Sec. Il A, and the anomalous dimension matyX is given

in Appendix B up to orden%, which is the precision needed

for a NLO calculation. The solution of Ed20), obtained
through the procedure described in Ref3], yields for the
coefficient

PHYSICAL REVIEW D 58 074004

s(,ub)

CM(up)=CP M up) + —— CM(wp), (2D
the LO term
8
Cg’eﬁ(ﬂ ) lG/Z?Co eﬁ(#w)+ § (7]14/23_ 7]16/2:5(:3'8“(,&\/\/)
8
+ 2, hipiCy ) (22
and the NLO term
8
CEeM ) = 7%2C T ) + 3 (77712 3923 C3 M )
297 6647716/23_ 7164 4167714/23
14 283 357075
256 868 6 698 884
4+ 37/23_ ~ "7~ T~ 39/23 O eff,
14283 " 357075 (1w)
37 208
+ 4761 (7739/23_ an/ZS)C(;,eﬁ(MW)

8
+E L& nCH ww) + (fi+ ki) C ey

+1imCr* w17 (23
The symboly is defined asy= as(uw)/ as(uyp); the vectors

a;, h;, g, f;, ki, andl; are listed in Appendix C. Notice
that Eq.(23) can be used in this form for all models in which
the same set of coefficient3;(uy) are nonvanishing. It is
more general than the corresponding E2fl) given in Ref.
[21], which can be used only when the matching sgajgis
fixed at the valueM,y .

As far as the other Wilson coefficients are concerned, they
are only needed to LO precision in the complete NLO analy-
sis of B(B— Xy). In this precision, the Wilson coefficients
of the four-Fermi operatord €1, . ..,6) are thesame as in
the SM. As the coefficient€S (uy), . . . .CEM(uy,) are nu-
merically much smaller thaﬁ:ﬁ“(,ub), we neglect contribu-
tions proportional to these small Wilson coefficients in the
amplitude forB(B— Xsy) and list here only the LO expres-
sions forC§"(uy), C5"(1ap), and C§(uy):

CY*M o) = (7*%= = 2B I ),
Jeff 6/23 1 —12/23 0,eff,
(lu‘ ) +35 3 CZ’ (ILLW)!
0 eff(ﬂ ) 14/23Co eff( MW)
5
+ E h! 7% C3* ). (24)
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When discussing the contributions due to the charged Higgmassm,,. This last step brought into the game the quarfiity
boson, it is convenient t'o spht thiﬁwnson cc;?fnments at the(see, e.g., Ref(18]). The e|ement8yi07,eff of the anomalous
scale up into the contributionsCi'si(up), Cilvv(tn), @nd  dimension matrix and the virtual correction functionsin

ff . LAl ; .
CF xv(p): Eq. (30) are given in Appendixes B and D, respectively.
Note, that some parts of the bremsstrahlung contributions
eff _ eff 2 ~eff * eff
Ci (ko) = Cilsm( o) + [YICTy v sp) + (XY*) Cv( o) - associated with?, are effectively transferred to; as de-

(25  tailed in Ref.[18].

As the solution(23) of the renormalization group equation A splitting analogous to that in E¢25) holds also for the
(20) is linear in the initial conditions, this splitting is given in reduced amplitud®,
an obvious way in terms of the corresponding splitting at the
matching scaleu,y, presented in Sec. IIl A.

When calculating NLO results in the numerical analyses

in Sec. IV, we use the NLO expression for the strong cou- i
pling constant as well as for the functioW ().

From A(b—svy) in Eq.(28) the decay widtH (b—svy) is
_ag(Mz) [ B1 ag(M2) In u(,u)} o6 easily obtained to be

S0 MR Ar e
. G —
with [(b—sy)= 2 ViVl *@enmp D> (32)

32
M M
v(p)=1— By aS;WZ) |n(72>,

D=Dgy+]|Y|2Dyy+ (XY*)Dyy, (31)

(27)

In the numerics we discard those terms|B|? which are

»3 116 explicitly of orderaé. Note, however, that there are implicit
where Bo=7" and B;="3". However, for LO results we higher order terms which are retained. Such terms arise for
always use the LO expression fag(u), i.e., B1 1S putto  example because we evaluate the quantity

zero in Eq.(26). =[as(uw)/ as(up)] using the NLO expression farg also
_ in those Wilson coefficients which are needed only in LO
C. Branching ratio for B(B— Xsy) precision.
We first give the formulas for the quark dechy- X,y To obtain the inclusive rate fdr— X5y consistently at the

NLO level, we have to take into account the bremsstrahlung
contributions[10,44]. The corresponding decay widih(b
—svyg) is of the form

and discuss the meson deddy- X4y later. In a NLO calcu-
lation, b— Xy involves the subprocessbes-svy (including
virtual correctiong andb—syg, i.e., the gluon bremsstrah-

lung process. The amplitude for the first can be written as
2

F * 5
4G — I'(b—syg)= == |ViVp|?a A, (33
A(b_’sy):_EFV;thbD<S7’|OY|b>tree’ (28 79 32774| ' tb| erf
= whereA is
where the reduced amplitud® is
S (~0.eff as(ip) - ef as(pp) <
D=C7" (o) + —, — [C7"(kp) +V(up)]. (29 A:Tij;iéj RE{CY () [ CP ) 1* £}
(34)

The symbolV(u) is defined as

8

2 As in the virtual contributions we puC-O’eﬁ=0 for i
0,eff M, l
V(Mb):izl G (mp)

rﬁ% Y% in —| - 23 Cc%®fM(wy,).  =3,...,6. Incontrast to Ref[21], we do not introduce a
Mb cutoff when the photon gets soft. In order to cancel the in-
(30 frared singularity, which appears in this case, we include as
In writing Eq. (28) we directly converted the running mass In Ref.[18] the virtual photonic correction to the process
factormy( ), which appears in the definition of the opera- —$9 Which we absorb into the quantitys (see Eq(B9) in
tor O, in Eq. (12), into the pole masg, by making use of Ref. [18]). Note al_so that in our approach the _telfm, is
Eq. (13). This conversion is absorbed into the function a@lréady absorbed into the function. The nonvanishing,
V() and consequently the symboby|O;|b)yee is the terms, Wh'ICh have to be t_aken into account explicitly in Eqg.
tree-level matrix element of the operai8s, where the run- (34, are listed in Appendix E. _ —_
ning mass factomy(uy) is understood to be replaced by the  In order to get the decay width for the meson de&ay
pole massm, . In the previous literature, this procedure was —XsY We take into account the nonperturbative corrections
done in two steps. Firstg(uy) was expressed in terms of Which scale as i [23] and those which scale asi7 [26].
mg(m,) and then in turmm,(my,) was converted into the pole The decay widtH’(B— Xgy) then reads
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2
n < * 2 5
F(B—Xsy)= W |Vtthb| QepMy

NP
x{|D|2+A+ 7 [C7 ) [?
b
NP

t7 R{[C%eﬁmb)]*
c

X . (35

1
Co* ()~ 5 c%effwb>)

Since we work in the new operator basis, a contribution to

the termin 1m§ comes not only fron©,, as was incorrectly
assumed in Ref17], but also from®; . The nonperturbative
quantitiess))” [23] and &¢" [26] in Eq. (35) are

np_R1_ 9h;

y.o.2 2 °¢

A2
NP=— 9 (36)

where A, and A, parametrize the kinetic energy of the

PHYSICAL REVIEW D 58 074004

cationﬁf Mp turns out to be more conservative. We there-
fore useu,= up in the numerical analysis. Furthermore, in
the evaluation of Eq37), we do not expand I, in powers

Of ag.

IV. RESULTS

In this section we discuss results and theoretical uncer-
tainties of the NLO calculation oB(B— Xsy) in 2HDMs.
As will be shown, these uncertainties can be very large, in
contrast with what is found in the SM. For reference, we give
our SM result

B(B—Xg¥)=[3.57+ 394 up) = 559 uw) = 33 param ]

X107 4. (41)
The central value 3.5710 * is obtained foru,=4.8 GeV,
uw=My and the central values of the input parameters
listed in Table | of Appendix F. The low-scale variation in
the interval[2.4,9.4 GeV gives the maximum value for

quark and the chromomagnetic interactions, respectivelyB(B—Xsy) at up=4.2GeV and the minimum afuy,

Their values aré\;=—0.5 GeV? and\,= —0.12 Ge\f. Of

=9.6 GeV. The matching scale dependence of the branching

these two parameters, the first has larger uncertainties thd@tio is monotonically decreasing for increasipgy: from
the second one. As will appear from the final formula forthe central value in Eq41) B(B— X,) is reduced by 2% at

B(B— Xsy), the overall\; dependence cancels to a large #w=m. The value 3.5%10 * in Eq. (41) reduces to

extent.
The branching ratio is then obtained as

— r E—>XS )
B(B—Xsy)= (F—SLV (37

SL»

3.46x 10" % when the factor T/, in Eq. (37) is expanded in
ag. .

Our results for the branching ratiB(B—Xgy) in the
class of 2HDMs considered, is parametrized in terms of
{X,Y,my}. We limit the range of this three-dimensional pa-
rameter space as follows. We fikto small real values of

whereBg, is the measured semileptonic branching ratio and)(1) and scarX in the complex plane without ever violating

the semileptonic decay widthg, is given by

Gf , s 2as(up) S5t
FSL:—ﬁlgzﬂ_ [Veol“mpg(2) 1_—377 f(Z)+H5 ;
= mi 38
Z—Hg. ( )

The phase space functigriz) and the(approximategl QCD-
radiation functionf(z) [45] in Eq. (38) are

9(z2)=1—8z+8z°—7*—127%In z,

31 3
f(2)=| 7*~ 7| (1-\V2)%+ 5 (39
4 2
and the nonperturbative correctiél reads[24,25
A 3\ (1-2)%
Np_ D1 PR20g g 21
S [ 9(2) | (40

In Eq. (38) uy, is the renormalization scale relevant to the

semileptonic process, which & priori different from the

renormalization scalg,, in the radiative decay, as stressed in

Ref.[27]. However, as pointed out in Rg#6], the identifi-

the perturbativity requirement o andY discussed in Ref.
[32]. As explained in Ref[47], the value ofm,; in 2HDMs

can be as low as the LEP | lower bound of 45 GeV. We do
not strictly apply cuts ofX,Y,my} due to the measurement

of R, or of other processes such BsB mixing with virtual
exchange of charged Higgs bosons, which could remove
some corners of the parameter space considered. Our interest
is more to show some theoretical features of the NLO calcu-
lation of B(B— Xs7y) in regions as wide as possible and to
discuss constraints due to the deday X,y itself. For the
numerical evaluations, unless otherwise specified, we use the
central value of the input parameters listed in Table | in
Appendix F. The values of the matching and low scale, cho-
sen respectively in the intervdl®,, , maxmm,,my)] and[2.4,

9.6] GeV, are explicitly given for each result presented.

In order to investigate the reliability of the NLO predic-
tion for the branching ratio, we study the tefm|?, which
dominates the expression within curly brackets in B%).
Notice that|D|? encapsulates all the matching scale depen-
dence and the bulk of the dependence on the low scale. At
the NLO level, the procedure of squaribgdictated by per-
turbation theory, in which terms ai:f)(aé) are omitted, gives

ID|2=|C9% 1p)[%{1+2 READ)}, (42)
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whereAD is defined agsee Eq.(29)] O 7 T T T T T
Fcop i=sM ]
— D—C*(u) (aswb)) C7 M o) + V(1) -oap G — E
Co* p) 4 CoMup) o2k E
(43 L ]
— -0.3F -
If |AD| is not small, the formally next to next to leading - ]
order (NNLO) term |AD|?, dropped in Eq(42), is numeri- _oal Ll ]
cally relevant. Its omission can lead to branching ratios with 80 0
a large dependence om,, or in extreme cases, even to or ]
negative values for the branching ratio. In_these situations, s =w
the truncation of the perturbative expansiorDoht the NLO —0.11 ! -
level is certainly not justified. As we shall see, the size of : —/’/
|AD| depends crucially on the values Xf Y, andmy . We -0.21 T
split our analysis as follows. In Sec. IV A, we disentangle A j=xy ]
the effect of the couplingX and Y by studying the NLO -0.3[ 7
contributions to the Higgs componerilsy andDyy of the - |m"= 10(3 GeV | | ]
reduced amplitud®. In Sec. IV B we illustrate predictions “0480 80 ('G4(:]; —20 o0
u(Ge

for the branching ratio for reaX and Y couplings, giving
particular emphasis to cases in which the results are highly s 1 RGE evolution of the Wilson coefficien@&S”, at the
_unstabl_e or altogether unaccep_table. In Sec. IVC we discussy (with NLO «g) (dashed linesand at the NLO(solid lines, for

in detail type-Il models, for which the NLO corrections are , — . The upper frame shows the SM coefficients, the lower
under control, and type-l models for which the reliability of gne the coefficient€™,, &, for m,,=100 GeV. The needed

the theoretical prediction depends strongly on the point ofnput parameters are fixed at their central values listed in Table I in
parameter space considered. Finally, in Sec. IV D, we studyppendix E.

branching ratios andCP asymmetries in the presence of

complex couplings, and outline regions of parameter spacg><Y andawfor my =100 GeV, together with the real part

where these predictions are trustworthy. L .
P y of Dgy. Even when considering read and Y couplings,

) ) ) imaginary parts td come from the absorptive terms of the
A. Amplitude: X-Y independent analysis loop corrections in Eq:30). As it can be seen from E@42),
Before analyzing the size of the various corrections withinthe imaginary parts oDyy, Dyy, andDgy do not contrib-
2HDMs, it is worth reviewing the situation in the SM. There, yte to B(Eﬂxsy) at this order of perturbation theory X
as it is was first observed in R¢R21], the NLO contribution  andY are real. In the remainder of this section, therefore, any
to the matching condition tends to cancel the contributiorreference to these components is understood as a reference to
due to the NLO evolution from the matching scaig to the  their real parts.
low-energy scaleu, (see upper frame in Fig.)1Indeed, Unlike in the SM, the NLO corrections coming from
c+e, which is 12% ofCSh at uy, is practically negli- CLEM(1p) andViy(up), have roughly the same site 20%)
gible for u,e[2.4,9.6 GeV. The dominant NLO effect is and the same sign, fon, =100 GeV. The combined correc-
therefore due t&gy (1) Which, in the same range of,, is  tion
at most 20% of the leading terr@%‘;f,f,l(ﬂb) and vanishes

exactly atu,~ 3.5 GeV. These features are illustrated in Fig. O T
2. The size oV gy(u,) results from cancellations among the -5, ]
individual contributions of the four operato,, O,, O, -0.1 7
and Og retained in Eq.(30). The details of the above de- Lo ]
scribed cancellations and, more generally, of the distribution —02 D, T .
of the complete NLO correction among the individual terms L ]
in Eq. (29), are specific to th#1S schemdwith anticommut- 03 EDsw s ]
ing vys) and could be altered by a different choice of scheme. FT .
We remind that only the complet@gy term as well as the —0alblo o Lo Lo L )]
final B(B— Xsy) are scheme independent, up to higher or- 2 4 6 8 to
der. My (GeV)

One is naturally led to ask whether the cancellations G, 2. Low-scale dependence of the teBm(solid line) of the
among different sets of NLO corrections observed in the SM o coefficient C2*(1) (with NLO @) (dashed ling and of

are spoiled in 2HDMs. To address this issue, we investigatggff(ﬂb) (dotted lines, for py=My. ForDyy andDyy, the value

the building blocksDyy andDyy defined in Eq(31), fora  m,=100 GeV was used. The needed input parameters are fixed at
specific value ofmy . In Fig. 2, we show the real parts of their central values listed in Table | in Appendix F.
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R gy e e e e e e . s . | €[2.4,9.6 GeV, but the point where NLO and LO predic-
w4 tions for Dgy coincide is pushed to the higher end @f .
These results imply that for heawy™ and large enouglX

and Y couplings[to lift at leastDyy to be of O(Dgy)], a
choice of uy of O(my), instead thanO(My,), minimizes
the size of the NLO corrections.

We draw attention to the fact that the sensitivity of the
i reduced amplitud® to my, is weaker than that of the Wilson
—0.4 é B S T coefficientCS"(uy) at the matching scale. It is interesting to
see that the coefficienBS$'s,, andCSYy., are almost identical

-0.1

TT T[T TTT

—
[=]

0: 'ﬁ' *'4' e | ] at the matching scalg,y for my=100 GeV. This feature is
o1k b E clearly visible in Fig. 1, where the matching scalgy
B 1 =M,y is used.(It remains true for alluye[My,m].) We
—ozh e 3 observe in Fig. 1 that the RGE flow fromay, to u, intro-
D ] duces a large gap betweé:r‘;ffs,\,,(#b) andC?f{(Y(,ub), which is
03 F 2 ] then somewhat widened at the level of the reduced amplitude
TP T ] D by the inclusion of theV(u;) contribution. At wy
ot T 1 €[2.4,9.6 GeV, Dyy is about a factor of three smaller than
2 4 6 8 10 Do
1y (GeV) SM

. When going to physical observables such Bég
FIG. 3. Low-scale dependence of the ten(solid lineg of the - X_y), the individual building blocks ofD, discussed
LO coefficient C3*(u) (with NLO as) (dashed linegs and of  above in a coupling-independent way, are weighted accord-

C5"(up) (dotted lineg, for my=500 GeV. The matching scajew,  ing to the values of the couplingéand.
=M,y is used in the upper frame angd,=my in the lower one.

The needed input parameters are fixed at their central values listed

in Table | in Appendix F. B. Branching ratio: Real couplings

The almost perfect flatness «ﬁ?w and SXY shown in

— Dy COU ) Figs. 2 and 3, should not lead to the conclusion that the NLO
ADxy= W prediction forB(B— Xgv) is well behaved. It was explicitly
’ shown in Ref.[27], by expanding the Wilson coefficients

as(up) C%:if\f/(ﬂb)"'VXY(ﬂb) aroundu,=m,, that the dominant scale dependence of the
:( 4 Cg'if\f((,ub) (449 form as(mp)In(u,/my) is cancelled in the complete NLO

expression foD in Eq. (29) and consequently also {iD|?.
If the NLO corrections are large enough to reduce substan-

amounts to the considerable values-043 to —36 % when . 2 i
tially the magnitude of the LO termiD|* becomes sensitive

varying upe[2.4,9. GeV. [We warn the reader here that )
all components of the LO Wilson coefficieﬁlg'Eﬁ(Mb) dis- t02 higher order ~dependence omu, of the form
cussed in this section and plotted in Figs. 1 and 2, are evals(Mb)IN"(up/my) (p=1,2). The flatness db seems to in-
ated with NLO «s.] Differently than in the SM, there is no dicate that the omitted NNLO terf D| would cancel to a
scaleu,, in the range considered, at which the LO and NLOlarge extent this remaining., dependence. Nevertheless,
prediction forDyy coincide. Similar results hold fdDy . whether the omittedAD|? in Eq. (42) is the bulk of the
The change in matching scale frqu: Mw (value used NNLO corrections can 0n|y be decided when a Complete
for Fig. 2) to, say,uw=my, is practically inconsequential NNLO calculation is at hand. o
for my =100 GeV. It becomes very relevant for large values Itis clear that the reliability of the NLO prediction for the
of my, since it crucially affects the size of the NLO correc- branching ratio, which is linked to the size AD, depends
tions. Form, =500 GeV, as shown in Fig. 3, the correction on the values oKX andY. For a givenmy, it is possible to
ADyy reduces to-37 and—31 % when varyingu, in the ~ choose these couplings in such a way that the reduced am-
usual interval[2.4,9.6 GeV, whereas values of51 and plitude D is dominated, for example, by the Higgs contribu-
—45 % are obtained fouy=M,y. Notice that, formy tion Dyy. For such points in the parameter sp@&eY,m,},
=500 GeV, |Dxy| is roughly ten times smaller thgDgy,|  the size of the NLO corrections to the branching ratio is then
andDyy completely negligible. When using the same match-roughly 2 ReQDyy), i.e., about-80% form,; =100 GeV. In
ing scalew,y=500 GeV for the SM contribution, the cancel- this case, the NLO corrections substantially reduce the lead-
lation between the NLO correction to the matching conditioning order prediction. As expected, the resulting scale depen-
and the NLO evolution of the Wilson coefficieﬁt@ffs,\,I does dence of the branching rat®(B— Xsy) is large, viz. about
not occur anymore. Large cancellations are instead observe%. ForY=1 and the same value afi;, Dyxy completely
betweenVgy(u,) and C%gf,fﬂ(ub). The complete correction dominates the branching ratio foX|= 20, outside the range

|[ADgy| ranges still between 19 and 2% fou, shown in Figs. 4. The prediction fd8(B—Xsy) is then,
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FIG. 4. Branching ratio as a function of the coupliKgfor Y FIG. 5. Branching ratio as a function ofy in a 2HDM of type
=1 andm, =100 GeV. The uppetlower) frame shows the LO || for three different choices of the low scalp;,=2.4, 4.8, 9.6

(NLO) result for up=4.8 GeV (solid lines, u,=2.4 GeV(dashed  Gev andu,,=m,, (upper framg and for for three different choices
lines), and ,=9.6 GeV (dash-dotted lings and matching scale  of the matching scal@yy=M,, m;, My, andu,=4.8 GeV. The

mw=m =100 GeV. The needed input parameters are fixed at theiheeded input parameters are fixed at their central values listed in
central values listed in Table I in Appendix F. Superimposed is theraple | in Appendix F.

range of values allowed by the CLEO measurement.

Going to heavier Higgs masses, e, =500 GeV, we
however, far above the band of values allowed by the CI‘EQind for Y=1 the same qualitative features as in Fig. 4, but
measurement. . . shifted to larger ranges dK|. We should warn the reader,

Moreover, it is possible to chooééandY n SQCh away  however, that for large enougd¥|, when the Higgs contribu-
that ReQD)<—50%. As Eq(42) shows, this choice leads to {jon dominates over the SM one, the stability of the branch-
a negative NLO prediction faB(B— Xsy). Needless to say, ing ratio becomes worse. The NLO corrections have a more
in such a situation higher order corrections to the NLO cal-dramatic dependence on the particular matching scale cho-
culation are mandatory to obtain sensible results. In our repsen, than in the case,=100 GeV. Indeed, fopy,=my
resentative case aiy=100GeV andy=1 illustrated in =500 GeV, the relevant correction for the branching ratio
Flg. 4 the range oKX corresponding to a negat_lve branching » Re(\Dyy) is ~—70%, but exceeds—100% for uy
ratio is roughly— 10<< X< —2. A comparison with the upper _— My
frame of this figure shows that, given the very large scale
dependence of the LO calculation, one could have guessed
the pathological situation which is encountered at the NLO
level. Theoretical predictions for the branching ratio in type-Il

Reliable predictions for the branching ratio with a mild models stand, in general, on rather solid ground. In Fig. 5,
scale dependence are obtained only Xor —1 (see lower We show these predictions in a type-Il model with fan
frame of Fig. 4. For these values, the SM contribution domi- =2, for 100smy <600 GeV. This value of tag is particu-
nates, but the Higgs contribution proportionaltd* is still  larly interesting since already for tg8*2, the branching ra-
large enough to produce a sharp rais@(B— X.y) whenx  1i0 becomes insensitive to the actual value of this variable:
increases from-1 to 2. Notice that forY=1 the valuesx  the contributionDyy is, in fact, suppressed by the coupling
=—1 and X=1 correspond respectively to the ordinary |Y|?<1/4, whereas the contributiddyy is multiplied by the
2HDM of type | and type Il with tarB=1. Type-l models, coupling XY* =1, for any value of tarB. For tanB<2, the
however, are not always so stable and well behaved as in tHganching ratio grows very rapidly when t@decreases and
case described above. P61 andX=—1 (corresponding can be made compatible with existing measurements only for
to tanB=1), it is enough to lowem,, to 45 GeV to find a large values ofny.
low-scale dependence dfga. (see Fig. 7. Keepingm, at The upper frame of Fig. 5 shows the low-scale depen-
100 GeV and increasiny to 2, we find that forX=-2 dence ofB(B— Xgy) for matching scalguy=my, for my
(corresponding to a type-l model with t@#+0.5), the >100 GeV. ltis less than 10% for any value of; above
branching ratio is negative for all values ofw, the lower bound atthe CER&"e™ collider LEP of 45 GeV.
€[2.4,9.9 GeV. Such a small scale uncertainty is a generic feature of type-ll

C. Type-l and type-ll models
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FIG. 6. Contour plot in (tar8,my) obtained by using the NLO FIG. 7. Branching ratio as a function of,; in a 2HDM of type
expression for the branching ral{B— X,) and possible experi- |, for three different choices of the low scale;—2.4, 4.8, 9.6 GeV
mental upper boundésee text The allowed region is above the and for u,=m,. The needed input parameters are fixed at their
corresponding curves. central values listed in Table I in Appendix F.

models and remains true for values of fas small as 0.5. fined. As shown in Fig. 7, a scale dependence &% is
The lower frame in Fig. 5 shows thgery weak matching  optained form, =45 GeV and tagg=1. For tan3<1, nega-
scale dependence as obtained by varyiRgin the interval tive values of the branching ratio are found alreadyrfgr
[My, max(n,,my)]. We point out that the lowest estimate of =100 Gev.
B(B— Xgsy) comes from the largest value @fy in this in-
terval. __ D. Branching ratio: Complex couplings and rate asymmetries
In type-ll models, the theoretical estimate & (B , ) —~
—.X.y) can be well above the range £%.2)x 10"* indi- In th_|s section we study several aspects of_ the degay
cated by the CLEO Collaboration as the band of experimen=~Xs¥ in the presence of complex and Y couplings. Par-
tally allowed values. It is therefore interesting to establishficularly motivating is the observation that the measurement
with some accuracy which values f#an 8,my} are excluded 0f B(B—Xsy) yields strong constraints on 1X¥*) [31,32.
by possible measurements of the branching radi(B !n t.urn, these constramts I|.m|t the possibility of having large
—Xgy). Our results are given in Fig. 6, where we show thelndirect CP asymmetries in neutraB decays such a8
contour of the region excluded by the upper bound obtained™ #Ks [32]. This observation is based on a LO analysis
by CLEO, 4.2<10°%, as well as for other two hypothetical whos.e reliability and stablhty_under s_cale variation was not
values, 3.410 4 and 5.0<10 % the latter one is not far enquired. We plan to investigate this aspect and to check

from the upper bound obtained by the ALEPH Collaboration.NoW the bound in Re{32] may be modified by the inclusion
These contours are obtained by finding the minimum off _l}lrl;ot():orredctlc?(ns. - v is obtained as fol
B(B— Xsy), when varying simultaneously the input param- e bound of Ref[32] on Im(X¥") is obtained as fol-

eters within their error¢see Table | in Appendix JFand the Iov(\)lz%f sz.ce the LO branching ratio is propf)ztlonal to
two scalesu, and sy in the ranges 24, <9.6 GeV and  |C7° (o)l the upper boun®(B—Xsy)<4.2x10"* from

M < = max(m,my). For tan8=0.5, 1, 5, we exclude re- th% effCLE(Z) measurement implies an upper bound on

spectivelym, <375, 289, 255 GeV. Notice that the flatness |C7* ()% and therefore on In(Y*) when

of the curves shown in Fig. 5 towards the higher endhqf, 0,eff _ f~0eff 2 ~0.eff

causes a high sensitivity of these bounds on all details of theS7 (#0) ={C7 s o) VIG5 o)

calculation. Different treatments of the infrared singularities + RqXY*)ngifi(Mb)}_f_i Im(XY*)C?;ifL(Mb)

when the photon gets sofe.g., with a cut in the photon

energy[21]) and the possible expansion ofl’l in powers =i Im(XY*)C?;ﬁff,(,ub), (45)

of ag could alter the branching ratio at the 1% level, i.e.,

well within the estimated theoretical uncertainty. These de-

tails, however, could still produce shifts of several tens ofi.€., when the real parts of the charged Higgs contributions

GeV, in either direction, in the lower bounds quoted above cancel the SM coefficien€9 & (u,). An inspection of the
Branching ratios in type-l models can be reliably pre-upper frame of Fig. 4 shows that, fan,=100 GeV andY

dicted for my>100 GeV and taB>1. Theoretical results =1, a vanishing branching ratio is induced by the real cou-

for this range of parameters fall within the CLEO band (1 pling X=—2. The choice of complex couplingéandY with

—4.2)x10°4, as it can be seen in Fig. 7 for t@*1 and Y=1 and ReX=—2, therefore, fulfills to a good approxima-

100=smy <600 GeV. Larger values of tgh decrease the tion the condition(45), for all values of ImX. The corre-

Higgs contribution to the branching ratio, giving therefore sponding branching ratio, obtained with the central value of

values closer to the SM prediction. Lower values rof, the input parametergy,=my, and u,=my, and shown in

(and/or tanB<1) can produce results outside the CLEOFig. 8 as a function of InX, equals 4.X10™* at |[Im X|

range. For these parameters, however, the theoretical predie-2. For the chosen Higgs boson masg,= 100 GeV, there-

tions are unstable under scale variation and, at times, ill defore, the upper bound ofim(XY*)| is ~2. Notice that this
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Solid, dashed, and dash-dotted lines correspond, respectively, to
mp=4.8, 2.4, and 9.6 GeV. The needed input parameters are fixed
at their central values listed in Table | in Appendix F. Superim-
osed is the range of values allowed by the CLEO measurement.
he upper(lower) frame shows the LGQNLO) result.

FIG. 8. Branching ratio as a function of X with fixed ReX
=-2 and Y=1, for uwy=my and different low scalesiu,
=4.8 GeV (solid liney, up=2.4GeV (dashed linegs and w,
=09.6 GeV (dash-dotted lings The needed input parameters are
fixed at their central values listed in Table | in Appendix F. Super-
imposed is the range of values allowed by the CLEO measureme
The upper(lower) frame shows the LGNLO) result.

of the branching ratio is not much larger than the very mild
procedure yields only a first estimate for the actual LOone obtained for the SM estimate, as shown in Fig. 9. This
bound, since the errors of the input parameters have not be@ase is particularly interesting since it gives rise to a theoret-
considered. ical prediction of B(B— Xy) consistent with the CLEO

We observe that a variation of the low-scalg in the  measurement, even for a relatively small valuemf. Such
usual range leads to large uncertainties for the branching light charged Higgs boson can contribute to the decays of
ratio, throughout the whole range of I In particular, for  thet quark, through the mode—H *b.

[Im X|~2, this uncertainty amounts t25%. When includ- We now investigateCP asymmetries induced by complex
ing NLO corrections, the situation does not improve, as thesouplings. It is well known that in the SM a nonvanishing
lower frame of Fig. 8 shows. It is interesting to see that thedirect CP rate asymmetry

value of B(B— Xsy) for w,=m,, at|Im X|~2 drops from _ .
4.2x 10 % to roughly 1< 10" 4. The intersection of the NLO B(B—Xsy) —B(B—XgY)
curve for up,=m, with the CLEO upper bound is at I Acp=_— -
~4., This procedure is essentially the construction of the B(B—Xs7) +B(B—Xsy)
NLO bound for|Im(XY*)| in the sense specified befor@n
the actual construction, one should have cancelled also sm
real parts ofC%®"™ with NLO a and small terms coming

(46)

i§ due to nontrivial relative weak and relative strong phases
the decay amplitude fdo—svy (as well as the one fdp
—S7yg). We write the amplitude ob—svy and of theCP

from absorptive parts of virtual corrections. conjugated process as
The inclusion of NLO corrections verifies explicitly the
instability of the LO upper bound on IiX{*). Given the fact A(b—5y) = (VypVEI AL+ (VerVED At (Vg VA,

that the NLO predictions foB(B— Xsy) are plagued by

even larger scale uncertainties, it is hard to believe that the 4 " =\ _ \/ \* \* A 4+ (V_ VE)*A 4 (V. VE)*A

NLO candidate qualifies as a reliable bound. (b=87)=(VupVus) " Aut (VenVed™ Act (VioVis) (t4’7)
Not all complexX andY couplings yield NLO predictions

as problematic as those shown in Fig. 8. A typical case ifyhere the dependence on the CKM matrix is manifest.

which the perturbative expansion &(B—Xsy) can be Working in the LO approximation, the quantities,, A,

safely truncated at the NLO level is identified by:=1/2,  and A, are real, hencd.A(b—sy)|?=|.A(b—sy)[?, and

X=2exp{¢), andm, =100 GeV. Indeed, for these param- consequentlyacp=0. Relative strong phases amowg,,

eters, the real and imaginary part|d1°Dyyand XY*)Dyy A, andA, only appear at the NLO level, due to absorptive

are dominated biD gy . Therefore, the low-scale dependenceterms in the loop diagrams. Thus, a nonvanishBigasym-
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L I L B L B i.e., not plagued by a large dependence on the sagle
induce small values Gdicp.

hey

I
—
y
A
(4
N
pofes

V. CONCLUSIONS

ag (%)

We have presented NLO predictions for the deday
—Xgvy in generic 2HDMs with flavor-conserving tree-level
neutral couplings. We include in this definition multi-Higgs-
el 1 doublet models where all charged Higgs bosons, except one,

50 100 150

are heavy and completely decoupled at the electroweak
R S LA B B scale. Their existence leaves an imprint only in the Yukawa
potential where the coupling& and Y multiplying respec-
tively the down and up term are not necessarily correlated,
and in general complex. This generalization allows a simul-
taneous study oB— Xyy for different types of 2HDMs by
continuously varying the coupling$ andY. Results for the
well-known type-I and type-Il models are then obtained for

E specific choices of real couplings: only one combinatioiX of
~3 50 100 150 andY, usually denoted as tg® occurs. Since supersymmet-

4 ric models have an enlarged Higgs sector with two Higgs

FIG. 10. CP rate asymmetnacp as a function ofg, where ¢ doublets of type I, the results presented here are also a first
parametrizes<: X=2 exp{¢), for Y=3%, m,=100 GeV, andu,,  Step towards a complete evaluation of the rat@efXsy in
=my . Solid, dashed, and dash-dotted lines correspond, respethese models. They constitute already a good approximation
tively, to up,=4.8, 2.4, and 9.6 GeV. The needed input parameterdor those supersymmetric scenarios, such as gauge-mediated
are fixed at their central values listed in Table | in Appendix F. Insupersymmetric models with large tg8nwhere the Higgs
the upper(lower frame the LO(NLO) expression for the denomi- contribution dominates by far over the genuinely supersym-
nator in Eq.(46) is used. See text for more details. metric contributiong49].

) Our calculation is carried out using the effective Hamil-
metry results itV,pVis, VepVes, andVipVig have also rela-  tonjan formalism with on-shell operators. The NLO match-
tive phases. In the approximatiah,,Vis=0, which we used g condition for the deca— X,y was already completely
so far, theCP asymmetry vanishes, since unitarity implies cajcylated in Ref[17] and partially in Ref.[33]. For the
thatVepVis= — ViV Undoing this approximation, the SM  wilson coefficientsC(,) andCEM(x,), we find agreement
CP rate asymmetry turns out to be below 1%@]. ~with the existing results. Consensus is also reached in the

Since theCP rate asymmetry is so tiny in the SM, it fina| version of Refs[27,17 on the form ofCS(w,) and
WOUId. be excmng if the imaginary parts of theé af‘d Y Cﬁﬁ(uw) which we present in this paper. We give a general-
g?liﬁgngsl_ gcfg:)dpI?3#;?;&?2Zglﬁggcéger:tbeszgwiqg?nﬁzef solution of the RGE needed to obtair_1 the coefficient
tries. In order to investigate this question, we switch off theC'; (1p) at the low-scalgu,, for values ofu,, different from

) ' M,,. We correct the dependence on the Wilson coefficients

SM asymmetry by working in the limiv,,V;=0. As an . -
illustrative example we calculate tl@&P asymmetries for the of one of the nonperturbative _contrlbutlon [(B—Xs7),
which is erroneously reported in R¢fL.7].

same values of parameters as in Fig. 9, i.e., ¥r ) A )
—2exp{#), Y=%, and for my=100GeV, where the We have given predictions fa@(B— Xy) in 2HDMs as

branching ratio appears to be well behaved. As mentionefinctions of the parametefsx,Y,my}. We found that the -
above, the NLO prediction for the branching ratio in the theoretical uncertainties of these NLO calculations are in

numerator of Eq(46) is required to obtain the first nonvan- general I_ar_ger than those obtained in the SM. The quality of
ishing term for the rate asymmetry. For the denominator, on@Ur Predictions, therefore, depends strongly on the values of
can either use the LO or the NLO estimate for the twoth€ parameters considered. Before attempting a comparison
branching ratios. The difference amounts to higher ordetVith the existing experimental data, we summarize the theo-
terms which are not systematically calculated. The respectivietical features of our results. We distinguish several cases.
results are shown in the upper and lower frame in Fig. 10 a§) When these parameters are such that the SM contribution
a function of ¢. For this specific choice oK and Y the is much larger than the Higgs contribution B{B— Xsy),
asymmetries are rather modest, at the 1% level. The scaf8e reliability of our predictions does not differ much from
dependence shown by the lower frame is certainly smallethat in the SM. This, however, does not preveB(B
than that in the upper frame. However, since both procedure-Xsy) from being rather sensitive to,, . (ii) For values of

are in principle viable, one cannot conclude that the result foparameters which bring the Higgs contributions to the same
the CP asymmetries is as reliable as indicated in the loweldevel as the SM one, with constructive interference between
frame. Although we have not systematically scanned the pahe two, we find in general larger scale dependence than in
rameter spacéX,Y,my}, this is our generic result: choices the SM. (i) When the Higgs contributions are still of the
of couplingsX andY which render the branching ratio stable, same order as the SM contribution, but interfere destruc-
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tively with it, we find very large scale dependences and, inis important as it may affect the indire€P asymmetries in
specific cases, we obtain negative valueB@ — Xs7y). (iv) B— yK, already at the LO. It is known that the measurement
When X and Y make the Higgs contributions largely domi- of B(B— Xgy) constrains ImXY*) [31] and an upper bound
nate over the SM one, we find a scale dependendg(®  for this quantity has been obtained in Rg2] using the LO
—Xgy) of ~40% formy, of O(M,y). For much larger values calculation. We find that the LO estimate of the branching
of My , WhenM\zN<m|2_“ this scale dependence can improveratio at the values oK and Y which determine the upper

or worsen according to which value of the matching scale ifound extracted in Ref32] is unstable under scale varia-
chosen, i.e., closer tmy, or to M,y. Obviously, models with ~tion. The addition of NLO corrections tend to shift the LO

parameters which induce values B{B— X.y) highly in- bound to a higher value. Nevertheless, the scale dependence
S

stable or negative require the inclusion of higher order QCDPf B(B— Xsy) for the new combination ok andY needed,
corrections before a comparison with experimental resultés still too large to conclude that the bound obtained at the
becomes possible. NLO level is stable against higher order corrections. The
Type-Il models are typical of cage) and marginally be- large instabilities encoun'Fered even at this order are due to
come of caseii) for my at the LEP lower bound of 45 GeV the fact that the construction of this upper boupd requires the
[47] and for tan3~0.5. The theoretical uncertainty for such almost complete cancellation of the SM contrlbutlon..
models is in general below 10%. Similar uncertainties are At the NLO, complex values ok andY induce also direct
obtained for type-I models whemy, and/or tan3 are large ~ CP rate asymmetries, iB— Xsy, which is essentially van-
enough. Rather unstable results are, however, obtained féghing in the SM. If sizable, a measurement of this observ-
my at the lower end of allowed values and #BsO(1). able, could provide a handle to detect some of these models.
However, in these problematic regions, all predictions oblnfortunately, we find that combinations of couplings where
tained for type-1 models are consistent with the CLEO meaB(B— Xyy) is reliably predicted, lead to rate asymmetries
surement ofB(B— Xgy). The same is not true for type-Il only at the 1% level.
models where the theoretical predictions are always above We find that within 2HDMs, the truncation of the pertur-
the SM result. Measurements become then highly constrairative series at the NLO level is often inappropriate. This is

ing. Taking into account only the CLEO result, without com- in sharp contrast with the SM case, where the large LO the-
bining it with the still preliminary one from ALEPH, we oOretical uncertainties are drastically reduced in the NLO cal-

excludemy, <375 GeV for tan3=0.5 andm, <255 GeV for  culation, and the overall size of the NLO corrections is, in

tan3=5. These bounds are very sensitive to details in theomparison, rather modest. It is somehow disturbing to find

definition of the branching rati¢e.g., whether or not it re- the problematic features described in this paper in models

quires an expansion ims of I/FSL)v which give rise to which StrUCtUra"y do not differ very much from the SM and

uncertainties usually not included in the theoretical error forit is conceivable that other extensions may suffer from the

this observable. For the generic 2HDMs which we considersame problems.

we find wide regions of parameter space where the theoreti-

cal predictions forB(B— Xsy) are reliable and within the

band of values (1.84.2)x 10 * allowed by the CLEO mea- ACKNOWLEDGMENTS

surement. In particular, we find that within these models, We acknowledge discussions with D. Wyler. One of us

charged Higgs bosons can still be light enough to be pro¢F.B.) thanks the Institute of Theoretical Physics of the Uni-

duced through a decay of thejuark. versity of Bern for the hospitality extended to her during
SinceX andY are in general complex, new CP violating several visits while this work was in progress. This work was

effects are induced. In particular, the combination Xiv{) supported in part by Schweizerischer Nationalfonds.

APPENDIX A: WILSON COEFFICIENTS AT pw

We list here the functions introduced in the text, which define the Wilson coefficients at the matchingissealegs.
(16)-(18)].

1. SM case

The LO functions areX=mZ/M2)

co X [ —8x3+3x2+12x— 7+ (18x*—12x)In x
7,SM_ﬂ_ (X_ 1)4

o0 X —x3+6x°—3x—2—6x In x AL
8,SM_§ (X_1)4 ( )

In the MS scheme, we have at the NLO
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. _X(x*+11x—18) . X2(4x?—16x+ 15) | 2 | 2
0T T Io(x—1)3 6x—1)7 "X zNx73

In? x

—16x*— 1223 +80x>—8x 1\ 6x*+46x3—28%2

.SM= 9(x—1)* 227X 3(x—1)°
— 1025 —588*— 226 X3+ 32442 — 1364 + 208
* 81x—1)°

. 1646¢*+ 12 2053 — 10 7402+ 250K — 436
486(x—1)* '

In x

In?x

— 44+ 403+ 4P+ X 1\ —17x%—31x?
Wg sm= Io| L—

6(x—1)° Xt T 218
— 210>+ 1086¢* + 48933+ 28572 — 1994 + 280
* 216x—1)°

737 — 14 10%3— 28 20%%+ 61k — 508
* 1296x—1)° ’

In x

82x°+301x*+ 7033 — 219%?+ 131K — 208— (162X*+ 12423 — 756¢%)In X
M?,SM: 81(X—1)5 )

" 77x5—475¢*— 11123+ 6072+ 104X — 140+ (9183 + 1674¢?)In x
8,SM™ 10ax_ 1)5 )

47x3—63x%+9x+ 7 — (183 + 30x%— 24x)In x
(x=1)°

X

T7,SM= 3

—x3—9x%+9x+ 1+ (6x2+6X)In x
(x—1)°

TB,SM: 2X (AZ)

2. 2HDM case, coupling|Y|?
The functions relative to charged Higgs contributions, with couplitig, are at the LO y=m?Z/m?)

1
Cg,YY:§ Cg,SM(X—W)

c? 2 CI(X—Y) (A3)
8YY~ 3 “~8sM Y),

at the NLO

o 1 [7y3—36y%>+45y—16+(18y—12)Iny
H™ 367 (y—1)%
8y3—37%y%+18y 1) 3y*+23y?—14y 21y*—192°-174/°+251y—50
—————~4 LIy 1—-— 5 In y+ 5 Iny
(y—=1) (y—=1) 9(y—1)
— 12023+ 756%°—5436/+797| 4 £
108y—1)* g

2
W?,YY:§ y

1 {13y3—17y2+30y ( _1> 17y>+3ly ,  42y*+318/°+1353°+81% 226

Wgyy=% [ —|- n<y+ In
e Tyt ATy Ty Y 36(y—1)° Y
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. — 44513+ 7650/°—18 153/ +1130 1

216y—1)* 6 H’

1 [—14y*+149°—153y2—13y+31—(18y3+138/2—84y)Iny
M7yy= 2_7y (y—1)°

1 [—7y*+25y3— 2792+ 223y +38+(102y%+186y)In y
Mgyv= 3_6y (y—1)°

1
T7vy= 3 T7sMX—Y),

1
Teyy= 3 TgsmMX—Y). (A4)

3. 2HDM case, coupling(XY*)
Similarly, the functions relative to the charged Higgs contributions proportionaX¥ ] are at the LO

co _ 1 [-5y?+8y—3+(6y—4)iny
XYT 12 y (y—1)° ,
1 [-y?*+4y-3-2Iny
o _ =
Cexy= 2 y{ y-1)° (A5)
and at the NLO
4 [8y?—28y+12 1) 3y’+14y-8 ,  4y*-24y°+2y+6 —2y2+13y-7
Wrxy=3Y|—a-—53 L2l 1-2 —z  Iny+ —\a ny+————3—|

370 3(y-1) 3(y—1) 3(y—-1) (y—1)

1 [17y?>—25y+36 1) 17y+19 ,  14/°-12y*+18%+3 3(29y°—44y+143
Wexy=2Y|—F5—-—3 Lol 1—-| = ——=7 In°y+ — 4 ny— — 3 '
370 2(y-1) y/ (y=1) 4(y—1) 8(y—-1)

" 2 [-8y>+55y*—68y+21—(6y’+28y—16)Iny

7,xv—§y_ (y—1) ,
" 1 [-7y’+23y*—97y+81+(34y+38)Iny

8,XY_€y_ (y_1)4 )

T 2 [13y?—20y+7—(6y’+4y—4)iny

7,xv—§Y_ (y—1)° ,

2
-y —4y+5+(4y+2)iny
Tegxy=2y y—1)° . (AB)

APPENDIX B: ANOMALOUS DIMENSION MATRIX
For completeness, we give the anomalous dimension matrix which govern the evolution of the Wilson coefficiepts from
to uy, . It can be expanded perturbatively as

Ap)
¥i(w)= az(:) ¥ty ?jﬂﬁ;z 7E"+ 0(ad). (B1)
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The matrix "
2 208 173 |
—4 = - et -
9 o 0 243 162
4 416 70
12 0 - 0 0 it i
3 81 27
o 0 2 4, 176 14
3 81 27
100 4 5 152 587
0 0 —— e — = e
9 9 243 162
256 6272 6596
0 0 == o0 20 -2
3 81 27
0 0 56 40 2 4624 4772
9 9 9 3 243 81
32
0 0 0 0 0 = 0
3
0 0 0 0 0 32 28
9 3
.
and in theMS scheme with fully anticommutings, v;;*" is [21]
1412 1369 134 35 818 3779
243 243 243 162 243 324
416 1280 56 35 508 1841
81 81 81 27 81 108
4468 31 469 400 3373 22348 10178
81 81 81 108 243 81
8158 59 399 269 12 899 17 584 17 2471
Lt 243 243 436 648 243 648
= 0 0 251 680 128 648 23 836 6106 1183696 2901296
81 81 81 27 729 243
0 o 58 640 26 348 14324 2551 2480344 3296257
243 243 243 162~ 2187 729
4
0 0 0 0 0 4688 0
27
2192 4063
0 0 0 0 0 - —_—
81 27|

APPENDIX C: “RUNNING” NUMBERS

The vectorqa;}, {h;} and{a;}, {h{} needed for the evaluation of the low-scale Wilson coefficié)?t‘éﬁ(ﬂb) andC3*( )
are

=5,0.4086;-0.4230;-0.8994,0.145

B 14 16 6 12
@i}=123 33 230 " 23 :
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(626126 56281 3 1
{hi}= 272277 51730 7' 14

—0.6494;-0.0380;-0.0186;- 0.005%, (Cy
14
{a/}= [ 2—3,0.4086,— 0.4230;- 0.8994,0.145}5,

/)= o > _0,9135,0.0873; 0.0571,0.0208 c2
thi}=] 363 036 ~ ©-9135.0.0873:0.0571.0.020p, (€2

those needed fo€2*"(w,) are

(4661194 8516
&)=\ 316831~ 2217

0,0-1.9043;- 0.1008,0.1216,0.01%3

{f}={-17.3023,8.5027,4.5508,0.7519,2.0040,0.74165385,0.0914
{ki} ={9.9372,- 7.4878,1.2688; 0.2925- 2.2923;- 0.1461,0.1239,0.08}2

{1,}=10.5784:-0.3921;- 0.1429,0.0476; 0.1275,0.0317,0.0078,0.003%. (C3)

APPENDIX D: VIRTUAL CORRECTION FUNCTIONS r;

The renormalization scale-independent parts of the virtual corrections, encoded in the funciigs. (30), read

2
=513 {— 833+ 1447222+ [ 1728~ 18072 — 1296/(3) + (1296 3247) L + 1082+ 36L%]z

+[ 648+ 7272+ (432— 2167?) L + 36L 322+ [ — 54— 8472+ 1094 — 756.%] 2%}

16m7i
e {—5+[45-372+9L+9L2]z+[—3mw2+9L?]|22+[28— 12L]23 + O(Z%),

32 8
=9 9™
4
r8=—2—7(—33+2772—6i77), (D1)

where z is defined asz=m§/m§ and the symbolL denotesL=In(2). Notice thatrs, r,, r5, andrg are not used in the
approximationCiO'eﬁ(Mb)=0 (i=3,4,5,6) used for the matrix elements.

APPENDIX E: BREMSSTRAHLUNG f;; TERMS

The expressions for the bremsstrahlung functifjpsve use in the present paper are obtained after integrating one variable
in the expressions given in Appendix B in REL8]. The explicit expressions reddonverted to the operator basis)12

1
f11:3_6f22,
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TABLE |. Central value of our input parameteffirst line) and their uncertaintiesecond ling

my My—me
ag(My) (Gev) me/my (GeV) CY;# |V:5th /Vcb|2 BsL

0.119 175 0.29 3.39 130.3 0.95 0.1049
+0.004 *5.0 +0.02 +0.04 *2.3 +0.03 +0.0046

fi=— § f2,

1
f17=— 5 fa7,

1
f1g=— 5 fos,

1/z 2

Gt 1
fzzzf 0

— 4
t

_ 2
dt(1—zt) 5

822 (12 t
0

9

fog=— § fo7,

¢ _8 25 72
w512 6

. 1 (16 4x? an ™ £1
w2703 3 TN, ) EY

wherezis z= mﬁ/mg and w, is the renormalization scale. The functi@{t) appearing in Eq(E1) reads

t
— - for t<4,
2 arctad Vi

VA fit m) (€2
2 2

G(t)=

— 22+ 2 In? —2i7In for t=4.

APPENDIX F: INPUT PARAMETERS

We list in Table | the values of input parameters used in our calculation. The nragses,, andm, are understood to be
the pole masses of the top, bottom, and charm quark. The value of; tiseobtained by combining the results given in Refs.
[50, 51; those of the two combinations afi, andm, are taken from Ref.24]. For aen, and| ViV, /V.pl? we refer to Refs.
[52] and[53], respectively. We takerg(M7) =0.119+0.004, as an average between a pessimistic and optimistic estimate of
the error[54], as suggested in Rg65]. The value of the semileptonic branching rdiig, has been recently obtained by the

CLEO Collaboration[56]. The other constants used in the calculation Brg=280.33 GeV, A;=—0.5Ge\}, and \,
=0.12 Ge\A.
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