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A study of R, andR; is presented in the context of a two-Higgs-doublet model with flavor-changing scalar
currents(FCSC’y. Implications of the model for the parameter and fob—svy are also considered. The
experimental data oR,, places stringent constraints on the model parameters that are difficult to reconcile with
the constraints fronh— sy andp. If we treat the couplings of the model as purely phenomenological, then the
model can still survive albeit in a rather narrow region of the parameter space. Noting that aspects of the
experimental analysis foR, and R, may be of some concern, we also disregRf™ and R®" and give
predictions for these using constraints frbr:- sy and thep parameter only. We emphasize the theoretical and
experimental advantages of the observaye.=I"(Z—bb or cc)/T'(Z— hadrons). We also stress the role of
R=I'(Z— hadrons)I'(Z—1*1") in testing the standard model despite its dependence on QCD corrections.
Noting that in models with FCNC’s the amplitude 8+ cc receives a contribution which grows Witht2 the
importance and uniqueness of precisibr: cc measurements for constraining flavor-changiogurrents is
underscored.S0556-282(196)04517-1

PACS numbds): 11.30.Hv, 12.60.Fr, 14.65.Fy

I. INTRODUCTION AND SUMMARY The difference, of aboutd is a possible indication of new
physics. We note, in passing, that the related detaycc
For the past several years precision studies at the CERNas also been measured, albeit with appreciably less preci-
e*e™ collider LEP have been providing important confirma- sion[1]:
tion to various aspects of the standard mo¢&V) [1]. A
notable exception that has emerged is the dec&@rebb. It
has long been recognized that thbb vertex is very sensi- RYP'=0.1543:0.0074. 4
tive to effects of virtual, heavy particl¢g]. Consequently, a
deviation from the prediction of the SM could prove to be a
significant clue taew physicslt is, therefore, clearly impor- The SM prediction, on the other hand,[§
tant to studyZ—bb in extensions of the SN13] and pursue
the resulting implications. In this paper we study these de-
cays in a class of two-Higgs-doublet modéBHDM's), R:V'=0.1724. 5)
called model 111[4—10], which present a natural mechanism
for flavor changing scalar currentSCSC’9.

Our focus is the branching ratio @—bb: i.e.[1], Thus R also appears not to be consistent with the SM
although the deviation is mildgabout 2.%r). It is interest-
JR— : expt ; SM expt ;
I'(Z—bb) ing to note that wheredR,™ is larger tharR, ™", R is less

(1)  thanthe SM expectation. Note also tR§f* quoted above is
obtained by holdindR; fixed to its SM valud1].
Our findings are that if we takeg ™ at its face value then,
It is worth noting that, sinc®, is a ratio between two had- \hile model Il can accommoda@gxm' the model param-
ronic rates, most of the electroweé&W) oblique and QCD  eters get severely constrained. In particular, the resulting
corrections cancel between numerator and denominatobonﬁguration of the model can only be reconciled with the
making it a uniquely clean and sensitive test of the SM.constraints from the parameter and(B— Xsy) in a very

Ro= I'(Z— hadrong”

Experiment findg 1] small region of the parameter space.
Several aspects of thie, and R, experimental analysis
RSP'=0.2205+ 0.0016, (2)  are, though, of concern. The results given above in E2s.

and (4) include systematic errors and emerge from combin-
ing the numbers from the four LEP detectpt$ Since some

of the assumptions are common, treatment of the systematics
- can be problematic. Also the errors fef, andR, are corre-
Ry"=0.2156. () lated[1]. IndeedRPP+ R is consistent with the SM ac-

whereas the SM prediction 4]
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centuating the possibility that part of the effect may well masses of the participating quarks. In this way, the FC cou-
result from misidentification of the flavors. In addition, the plings are automatically put in a hierarchical order and the

observableR,, third family may well then play an enhanced role.
For this type of 2HDM, the Yukawa Lagrangian for the
. I'(Z— hadrong ] quark fields can be taken to have the fdrém9]
=Tz ©

L= 91Qi L1Uj r+ 7 Qi L 1D} rH £1Qi L b g
which is measured much more precisely ttignor R and +§5Q_LL¢2DJ,R+ H.c., (8
can be predicted in the SM using,(M7) deduced from
other methodge.g., lattice and/or event shapeseine™ an- L
nihilation), is found not to be inconsistent with the SM, at where ¢;, .for L_Dl’z’ a{,eD the two scalgr doublets O_f a
present. 2HDM, while 7"~ and &~ are the nondiagonal coupling
In light of these reservations we also fix the parametefMatrices. For convenience we can choose tOD exppesand
space by using only the parameter an®(B— Xsy) and ¢, in a suitable pa3|s such that only thy#’ couplings
predictR, andR, in model IlI. In particular, in this model, 9generate the fermion masses, i.e., such that
with constraints from the parameter and8(B— X y), we
find thatR, cannot excee®:". Thus, if the current trend in 0
the experimental number§.e., RE*>R5M) persists, this ($p1)= oINZ)’ ($2)=0 ©)
class of 2HDM'’s will be either entirely ruled out or require a
significant alteration.

In passing we also suggest a new observable The two doublets are in this case of the form

V2x* V2H*
ix° H+iH?
(10)

0

I'(Z—bborco) _1 "
v+H°

o D=
Ro+te I'(Z— hadrong’ @) Y2

which is theoretically as clean & andR;, but has some . 142 L+ .
experimental advantages. Noting its possible usefulness, wg'€ Scalar Lagrangian in theif, H, H2, H=) basis is such

. ac . that[14,17]
give the prediction foRy. . in model IlI . '
Finally, we stress th(b;i?nportance of precision determina-_ (1) the doublei, corresponds to the scalar doublet of the

tions of Z—cc (i.e., Ry). In type-lll models its amplitude ,SM andH to .the 1SM ngzgs fieldsame couplings aqd no
receives a contribution which grows Wil‘htz. A precise de- interactions withH" and H7), (2) all the new scalar fields

1 2
termination of Z—cc, thus, constitutes a uniquely clean Egi?en%c}l? t“?]e‘iztgotﬁzlegjng(g)osgéz ';f tﬁgdf:ﬂﬁquozn;t
method for constraining the flavor-changitgvertex, which H1’2\N+W9 9 gaug
is of crucial theoretical concern. Improvements in the experi- : D .
mental determination oZ—cc are therefore very worth- HoweS/er,lwhnzeH is also the charged Sca"'?“ mass eigen-

state, ", H*, H*) are not the neutral mass eigenstates. Let

while. 50 0
us denote by Kl®, h*) and A" the two scalar plus one pseu-
L. TWO-HIGGS-DOUBLET MODEL ?ﬁ(s)ci:allr ng)ugzlfcr’rl}ii\;ss eigenstates. They are obtained from
WITH FLAVOR-CHANGING CURRENTS ' ’
A mild extension of the SM with one additional scalar HO=[(H°—v)cosa+ Hlsina]

SU(2) doublet opens up the possibility of FCSC's. For this
reason, the 2HDM scalar potential and Yukawa Lagrangian

are usually constrained by ad hocdiscrete symmetry11] h®=[—(H°—v)sina+H*cosx], 1D
whose only role is to protect the model from tree-level FC-
SC’s. As aresult one gets the so-called model | and model I, AP=H2

when up-type and down-type quarks are coupled to the same

or to two different doublets, respectivel§2]. In particular, . .
it is to be stressed that from a purely phenomenological poin‘fvgere‘.y IS a mixing angle, suc_h that, fae=0, (HO' Hl'

f view. low enerav experiments involvingo-ﬁ 5050 H<) c0|_nC|de with the mass eigenstates. We find it more
Of VIEW, Nergy exp . ' = convenient to expressl®, H!, andH? as functions of the
mixing, K, — uu, etc., place very stringent constraints only mass eigenstates: i.e
on the existence of those tree-level flavor-changing transi- T
tions which directly involve the first family. Indeed, in view _
of the extraordinary mass scale of the top quark, it has been H%= (H%cosx— h’sina) +v,
emphasized by many that anomalously large flavor-changing
(FC) couplings involving the third family may exist
[4-10,13. Thus, following Cheng and Shé#], perhaps a
natural way to limit the strength of the FCSC's involving the
first family is to assume that they are proportional to the H2=A0,

H1=(h%osx+ HOsina), (12)
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In this way we may take advantage of the mentioned prop- Ow— | (1= ¥s) o (1+75)
erties(1), (2), and(3), as far as the calculation of the contri- qu*zE —I C—QM Aq,L 2 +Aq,R 2
bution from new physics goes. In particular, only the w

doublet and thes;] and 5] couplings are involved in the

generation of the fermion masses, whilg is responsible for ] ) ) )
the new couplings. wherecyy is the cosine of the Weinberg angle ang is the

After the rotation that diagonalizes the mass matrix of theVeéak gauge coupling. The presence of new interactions will

quark fields, the FC part of the Yukawa Lagrangian looksthen modify it into
like

qZz*,
17

 Ow— (1—=1s) (1+ys)
qu_ZE_I aq'yu Aq,LT+ aRT o qz~,

(18

LYP=E1Qi L doUj r+ E0Qi L hoDj rHH.C, (13

where Q; |, Uj g, and D; g denote now the quark mass

eigenstates angﬁ'D are the rotated couplings, in general not
diagonal. If we defind/;:;% to be the rotation matrices acting

on the up- and down-type quarks, with left or right chirality, AgLr =23l R+ AR (19
respectively, then the neutral FC couplings will be

where

. is the sum of the original SM contribution plus the new one
D =D)L gubyRD (14 from é&-type scalar couplings. In principle, both SM and
model Il radiative corrections to thgqq vertex give origin
to one additional form factor, proportional t©*”q, (the
o*’q,ys form factor is absent because it would violate
CP). This magnetic-moment-type form factor arises at one
R R loop and should be considered as well. We have calculated it
Eharged™ Eneutrar VKM » and verified that, as is the case in the SM, it is very small, at

least three orders of magnitude smaller than the leading con-
. - tributions to Az Therefore, we neglect its effect in the
Echarged™ VM Eneutra (15  following discussi

ge neutral olliowing aiscussion.
In view of the previous discussion and neglecting all finite

where Vg, denotes the Cabibbo-Kobayashi-Maskawaduark mass effectsnfy~0) [17], the generic expression for
(CKM) matrix. To the extent that the definition of th#"® I'(Z—qQ), g=Db,c, can then be written as
couplings is arbitrary, we can take the rotated couplings as
the original ones. Thus, we will denote k§/'® the new N, &
rotated couplings in Eq14), such that the charged couplings I'(Z—qQq)= 5 WMZ[(Aq’L)Z'F(Aq’R)Z], (20
in Egs. (15) look like Y- Vcgm andVegw - £P. Swew

We will assume that théH'D couplings are purely phe-
nomenological parameters and compare the region of the pgrhere all kinds of EW-QCD corrections have been reab-
rameter space that could accommodBfg™ with the con-  sorbed in the redefinition of the QED fine-structure constant
straints from other physical processes. For convenience, wg, of ¢, (sy,), and of the couplingd ;| g - Moreover, the
parametrize thé&;*® couplings in such a way as to make the Aq.L(r) COUplings contain corrections induced by the new FC

On the other hand, for the charged FC couplings we will
have

comparison with the other 2HDM's easier: scalar couplings.
In order to compute the corrections/y from new phys-
Jmm ics, su_ch as (_jue to th_e scalar fields of mode_l III,_We observe
SH'D= Ni I (16)  that, sinceR, is the ratio between two hadronic widths, most
v EW oblique and QCD corrections cancel, in the massless

limit, between the numerator and the denominator. The re-

This is very similar to what was proposed and used in Refsmaining ones are absorbed in the definition of the renormal-
[4,8-10, but we want now to allow the factos; to vary ized couplingsy andsy, (Cw), up to terms of higher order in
over a broad range, constrained by phenomenology only. Ifhe electroweak correctiorig,18,19. As a consequence, the
this way we may be able to see if the experiment data lead t8q,L(r) cOuplings will be as in Eq(18), with AZY\ ) given
some new patterns in the coupling behayibs). by the tree-level SM goupliqgs gxpressed in terms of the
renormalized couplinga andsy, (cy,). This feature makes
the study ofR, andR. particularly interesting, because the
new FC contributions may be easily disentangled in the
Let us now focus on the calculation &, andR,. The  Zqc-vertex corrections. In fact, the presence of new scalar-
main task is to compute the corrections from new physics tdermion couplings will affect thew and Z renormalized
the SMZqq vertex, forg=c,b. Suppose the reference SM propagators too, giving stringent constraints especially from
vertex for aZ—qq process is the corrections to the parameter. However, this is not rel-

Ill. IMPLICATIONS FOR Ry AND R,
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b D _ my
hO,AO gbb_)\bbT and )\bb>1' (23)
" A
\Z/\/\/vvv:: b,s + -
AO\I;O\ . (2) The phasex=0.

(3) Light and approximately equal neutral scalar and
pseudoscalar masses:

b b 50 GeV=M~M,=<70 GeV, (29
te H'.
2 EH* %/vvvv::/ te + i.e., at the edge of the allowed experimental lower bound for
to . o c My, andM, [20]. _ .
(4) Much heavier charged scalar masses, i.e.,

_ _ — M >M,,M,. Lighter charged masses require even more
FIG. 1. Typical corrections to th&bb vertex due to both demanding bounds on the previous parameters.
charged and neutral scalar and pseudoscalar, in model Il1. This set of parameters strictly mimics what was already

found in the context of model I, i.e., without tree-level
evant for the specific calculation &%, and will be discussed FCNC's. The pattern of cancellation between neutral and
in later segments of this paper. charged contributions is still valid in model Il as well. The
In light of the preceding remarks, we can exprBgsand  charged contribution ta %, is negative and tends to re-
R in terms ofR5" andRS" as duce Ry, while the neutral one, for light scalar masses

(M, o<100 GeV, is positive and tends to enhan¢y,.
With an assumption like the one in E{L6), the neutral
scalar and pseudoscalar vertex corrections are suppressed
due to their small couplings to the quark, unless\,,>1.
Thus, in order to enforce the cancellation, we have to en-
hance these couplings as in Eg3) as well as to demand
where that the charged scalar be much heavier than the neutral sca-
lar and pseudoscalar.

Indeed our model can be compared to model Il when the
Aqsﬁ"AngvL Aﬁ,’;"Ag%"" phasex=0 (as also required bR*), and the FC couplings
(220 are set to zero, i.e£D,=0 and ¢2=0. Then, the crucial
difference between the two models is that model IlI, unlike
model Il, does not provide any relation betwegh and
£P-type couplings. In model IEEb is inversely proportional
Fo gtLt’ and we would have at the same time a very enhanced
£P-type coupling and a very suppressétitype one. As we
will see, the relation betweeft’- and £P-type couplings will
be extremely important in the study 8f{(B— Xgy). There-

c.L(r) IN our model. In Fig. 1 we show a sample of the ¢ o iy ¢ analysis oR, within model Ill we want to ex-
Feynman diagrams which correspond to the corrections tQ ...« o few of the possible different scenarios

the Zbb vertex, due to both charged and neutral scalars or 1o compare model Ill with model I{for vanishing FC
pseudoscalars. Th&cc case is strictly analogous, up 10 coyplingg we will consider the following two prototype
modifications of the external and internal quark states. In ougages.
calculation, we will assume that the FC couplings involving case 1:
the first generation are negligible and we will consider all the
other possible contributions from the nefstype vertices,
containing both flavor-changing and flavor-diagonal terms &0 —) Mo for Npp>1, EU=\ Me for N.=1

. . bb bb bb ’ tt tt tt .
[see Egs.(13)—(16)]. Moreover, we will focus mainly on v v
fixing the model parameters by usiRj*™ and then see what (25
the implications forR, are. Case 2

We examined various possible scenarios, varying the sca-
lar masses NIy, My, M,, and M), the mixing angle
(a.), and th_eglcouplin_gs. The striking re.sult.emerging from ggbz)\bbﬂ for Npp>1, ggz)\nﬂ for )\ttzi
this analysis is that, in spite of the arbitrariness of the new v v bb
FC couplings, there exists only a very small window in (26)
which the corrections from this new physics enhaRgeto
make it compatible with the experimental indications. Weln principle both cases are possible if we assume Xhe
find that, in order to have maximum enhancement, the folparameters of Eq(16) to be arbitrary and constrained only
lowing requirements are crucial: by experiments. In particular case 2 mimics model Il and that
(1) Very largeh®bb and Abb couplings, obtained when will be useful for comparison. In both cases we can Bgt

146
R,=R:M d (21)

4 [1+RMs+RMs,]”

0q=2
T A+ (AgR)®

for g=b,c. In Eq. (21), terms of O((Ag{(r) %) have been
neglected and the numerical analysis confirms the validity o
this approximation.

new

In particular, we will have to compute\yi’ g and
new



3300 DAVID ATWOOD, LAURA REINA, AND AMARJIT SONI 54

within 2o of REXPt (where RgXPtzo_zzlgt 0.0017 [21]) Within the SM with only one scalar SQ) doubletpgeez 1.
when, in case 1\,,=65 andM =350 GeV and, in case 2, In the presence of new physics we have
Mpp=55 andM =150 GeV.M. can be lowered somewhat,
provided we increask,, even further and vice versa. In case po=1+Apg", (31
1 we have to impose some more demanding bounds because
Lhe charged contribution is not suppressed by the COuplm%svhereApge""can be written in terms of the new contributions
ut only byM. On the other hand, in case 2 we are able toto the W andZ self-enerdies as
confirm the results obtained for model Il in Ref$8,19. No 9
major dependence off, and 2. is observed in either case.
We want now to switch on the FC coupling8, and 2, A pne_ Aww(0)  Az71(0) -
and analyze the differences. We note that, as faRgss VS Y (32
concernedgt’t plays a role only in the charged contribution

to AR and, sin_ce this contribution is negative, we do notygsjng the general analytical expressions in Heg], and
want to enhance it. On the other harid,, affects both the adapting the discussion to model lfnaking use of the

neutral and the charged vertex diagram; thus, in principle, iFeynman rules given in Appendix)Awe find that
could play some role. In particular we observe the following.

In case 1, any suppression éft is irrelevant. On the

. G
other hand any enhancementg@[) helps to get_ a little closer Aphei= F . [SiPaG(M.,Ma,My)
to the experimental values &,. A good choice of param- 82w
eters is
+CO§aG(M61MA1Mh)]1 (33)

ANpp=60, Agp=10, N;~\i~1, and M.=350 GeV. 5 )
(27  Where all the terms of ordeMy, ,/M¢) have been neglected

and we define
In case 2£g, has to be suppressed asl, enhanced. A

good agreement witR*™ is obtained for , 2M2 M2
G(MCaMAaMH,h):Mc_mlnM_i

1
Npb=55, Ap=10, Ny~A~—, and M.=150 GeV. M2M2 M2
)\bb _ c'V'H,h n c
(28) Me—Mn M,

MAME, M3
In

We observe that as far &, is concerned the two scenarios —
M h

are not too different. Case 2 has the nice feature of imposing i Mf\— Mﬁ,h

a much weaker lower bound oM. In both of themR,

turns out to be also compatible wilkf*" at the 2r level. A The determination ofn, from Fermilab[24] allows us to

more precise determination 8" would play an important  distinguish betweep, andp=1+ py,. From the recent glo-

role at this level. In Sec. IV and V we will see which of these bal fits of the electroweak data, which include the input for

scenarios can survive the additional constraints imposed b, from Ref.[24] and the new results dR,,, p, turns out to

p andB(B—Xsy). be very close to unity. FoR,=R*™ as in Eq.(2) and
m,=(174+ 16) GeV, Ref[22] quotes

(34)

IV. p-PARAMETER CONSTRAINTS ON MODEL Il

The relation betweeM, andM is modified by the pres- po=1.0004+0.0018+0.0018. (35
ence of new physics and the deviation from the SM predic-

S , . . This result clearly imposes stringent limits on the param-
Fgg 2'% lijseuf?rllgd iesscnbed by introducing the paramaigr eters of any extended model. In particular, if we refer to Sec.

Il and evaluateA pg®” for the set of parameters which was
found to give an enhanced value Bf, [see Egs(23) and

_ Mg 29 (24) in particulad, we find that
Po=oMZcoa,,’
. new___ GF MZ 36
where thep parameter reabsorbs all the SM corrections to p= —8 2w e (36)

the gauge boson self-energies. We recall that the most im-
portant SM corrections at the one-loop level are induced by
the top quark19,22: where the neglected terms are suppressed\/bf§A(M§) or
(M 2/M?). We observe that, foi=0, the contributions of
3G.m2 the ¢, anq b- dou_blet_s are completely decoupled and the
Pro= P (30) new physics contributions come from tlfe doublet only.
8272 The ¢, doublet can indeed be identified with the usual SM
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Higgs doublet and its contribution {e, is already included we do not want to make ang priori assumption on theé
in the SM value op. Using Eq.(36), Egs.(31) and(35) lead  couplings, because of their arbitrariness, and therefore both
to the following upper bound on the charged scalar mass: Q(7R) and Q(7L) can contribute to thé—sy decay. The rate
I'(b—sy) will be proportional to the sum of the modulus
M.<200 GeV, (37) square of their coefficients at a scale-my: i.e.,

whenM;, andM 4 satisfy Eq.(24) as required byRE*™. The

upper bound37) for M. is still compatible with case psee I'(b—sy)~|CF(mp)|2+|CH(my)|2. (40)

Eqg. (28)]. However, to retairR, within 2o of the experi-

mental value in case 1 would require more demanding

bounds on thegh."D coupling than in Eqs(27), since the We observe that, because of their opposite chirality, the two
latter were obtained witiv ;=350 GeV and since, also, we operatorig(f"') do not mix under QCD corrections and, in a
cannot reduce the neutral scalar masses below their expefirst approximation, their evolution with the scalecan be

mental bounds. taken to be the same as in the $fdr Q%) and equal for
both of them. In so doing, we neglect those operators whose
V. IMPLICATIONS OF b—sy effect is subleading either because of their chiral structure or

The real distinction between the previous two scenarios Opecause of the heavy mass of the scalar boson which gener-
model Il and the other 2HDM'$model | and model Jiis ~ &tes them. o -
made by the experimental constraint BGB— X<7y) [25]: The second change concerns the initial conditions for the

Wilson coefficients at a scaje~M,,. C*Y(m;) depend in
B(B—Xsy)=(2.32+0.51+0.29+ 0.32 X 10" 4, (38) general on many initial conditions. However, for the same
) . o reasons as explained before, the most relevant new contribu-
wherg the first error is statistical and the latter two are SYStions, due both to neutral and charged scalar fields, mainly
tematic errors. : affect C{*Y(My,). In the following we will discuss the re-

We will not consider model |, because it cannot produce 7 W .
an acceptable answer f&, since the fermion-scalar cou- sults .of our numencf:}all eyaluatlon ofhboth neutral and charged
plings in this model are either all simultaneously enhanced Ocr:ontrlbt_un?ns and t .ﬁ'; Impact otnht € ?ecay ratle_ kjegsty. th
simultaneously suppressed. Thus a disparity between neutr r]CpDar curar, \(/jve WI'I ocus on the rate norzma|z_e o the
and charged scalar vertex corrections can never be realize corrected semileptonic rate, i.e., on the ratio
in model I. Instead, let us focus on model Il and model Il1. It
is interesting to compare what “the enhancement of the
&2, coupling” means in these two models. We then imme- = F(BHXSQ ~ F(b—>sﬁ
diately realize that in model Il this implies a new large I'(B—Xceve) T'(b—ceve)
contribution from the neutral scalar and pseudoscalar pen- 6
guin diagrams and a possible big enhancement of the
charged scalar penguin diagram, due to the link between
neutral and charged coupling via H3d5).

To calculate the contribution dfiy, Ay, and H* to the ) )
B(B—Xsy), we work in the effective Hamiltonian formal- Wheref(mc/my) is the phase-space factor for the semilep-
ism, thereby including also QCD corrections at the leadingOnic decay and- takes into account som®@(as) correc-
order[26]. Because of the presence of new effective interaclions to bothB— X.ev, andB— X,y decays(see Ref[31]
tions, we need to modify both the basis of local operators ifor further comments We also neglect possible deviations
the effective Hamiltonian and the initial conditions for the from the spectator model prediction df(B—Xsy) and
evolution of the Wilson coefficients. This is a well-known I'(B—Xceve). From Eq.(41) a convenient theoretical pre-
procedure for calculating the effect of heavy new degrees dfliction for B(B—Xsy) can be extracted to be compared with
freedom which do not appear in the evolution of the coeffi-the experimental result.
cients at low energy, but only in their initial conditions at an ~ As far as the new FC contributions from neutral scalars

initial scale roughly set at~M,y. We refer to the literature a@nd pseudoscalars go, they are peculiar to model Ill, because
for all the necessary technical detdi7—29. they contain FC couplings. Were it not for the enhancement
In particular, when we include the new heavy degrees oPf &p, they would be completely negligible. When
freedom {1y, Ay, andH ™), there are two main changes that &g,=60m, /v, however, theh, and A, penguin diagrams
we need to consider. First, there are now two QED magneticgive a sizable contribution, amounting to an about 30% cor-
type operators with opposite chirality, which we denote byrection to the SM amplitude. This is still within the range
Q(7R'L) and write ag30] allowed by the experiments and constitutes a first non-
negligible point of difference with respect to model II.
RU__ € — s However, the most striking effect emerges when we con-
Q7 _mes" (1= y5)bFy, . (39) sider the charged scalar penguin. Let us focus separately on
cPMy) andCH(My,) and try to make a direct compari-
We recall that in the SM as well as in model 1l the absence obon with model 1l. We recall that the charged couplings for
Q") is a consequence of assumimg/m,~0. In model Ill,  model Il are given by

= 7ﬂ‘(m—0/n1b)F[|C(7R)(mb)|2+ IcH(my)|?], (4D
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(9% &) cn coupling with respect to the &£ €D one,

which stays the same, i.e., pretty small. In model Ill, the

result depends on the assumption we make ontheMore-

1 over, there will be some effect due to the FC couplings.

+@URM uVekmDL Finally, let us now considdt‘,%")(MW). This coefficient is
special to model Il since it is normally neglected in model Il

where M, and My are the diagonal mass matrices for in the limit mg/m,~0. It turns out to be proportional to the
U-type andD-type quarks, respectively, and @ v, /v, is other two possible combinations of Yukawa couplings, i.e.,

the ratio between the vacuum expectation values of the two

tanBU VekmMpDr

Jac
L= —éH*

+H.c., (42

scalar doublets. The analogous couplings for model lll are  (¢Dx g0y =vy th(v_fgger &2 §g+§tUcE),
expressed by Eq$13) and (15). Vis Vio
Both in model 1l and in model Ill, the new contributions v v
to C{P(My) happens to be multiplied by two products of I _ ( .0 | Vs D)
=ViVw| ox &bt +— ,
Yukawa couplings, which we will denote by{* £3)., and (£ &w)en ol v $bst &ss| | Eob Vi £sb

(§ §tb)ch Using Eq.(42), we derive that, in model II,
these products of Yukawa couplings are given by

4Gk
VtSV

(e e i)= %

tbmt tarﬁz ’

4Gg
(§ ‘ftb)ng]): \/Evtsvtbmtmb (43

On the other hand, in model I, using Eq4.3) and (15)
they can be written as

*

(1) _\/ V Ve
(g gtb)ch th §It+§ctv*

§It+§tcv )

(EFF W =ViVy

V* Vis
gtt + gct V* ) ( gbb gsb)
(44)

47)

and constitutes a relevant extra contributiorBfB— Xsvy),
to the extent that the FC couplings, namef], and/or &5,
are not negligible.

In view of the previous discussion, in our numerical
analysis we have considered the two scenarios denoted as
case 1 and case 2 in Sec. lll. We find the following.

In case 1, since\,y is greatly enhanced and,; is not
suppressed, the net result is that the charged scalar penguin
diagram is greatly enhanced even \N@ﬁhzo andeDbzo. If
we restate these FC couplings to their nonzero value, the
situation becomes even worse.

We obtain that, foM =200 GeV, the model Il contri-
bution in this case is about a factor of 40 larger than the SM
amplitude. WhenM_ increases to about 3—4 TeV the two
contributions become comparable. ThB{B— Xy) re-
stricts

M. =5 TeV (49)

In order to compare the two models, let us use the paramin this version of model Il with the choice of couplings and
etrization introduced in Eq(16) and let us set all the FC masses needed to account Rﬁxpt, see Eqs(23) and (24).

couplings in model Il to zero, namel¢s,=0 and &3, =0.
Then, the couplings in Eq44) reduce to the form

Gr
V?thb(Mt)zmtz ,

4
N

(EXF e = ViV p(En)2=

4Ge_
——= VisVin(M A pp) MeMp,.

(£ mwhwmﬁ$=ﬁ
(45)

From Egs.(43) and (45), the different behavior of model Il

However, Eq.(48) is in striking conflict with the bound im-
posed by the parametefsee Eq(37)]. Moreover, we must
remember that perturbation theory itself may start to have
problems when scalar masses become so large.

In case 2, when the FC couplings are set to zero, we can
reproduce the results of model[I19], whose compatibility
with the present EW data is known to be still possible albeit
in a small region of the parameter space. For nonzero FC
couplings and when the couplings satisfy the conditions
shown in Eq(28), we can also get agreement at the [Bvel
with the experimental constraint in E@8). In this case, too,
the £5. and €2, couplings are not relevant. The neutral scalar

and model IlI with respect to an enhancement of thegng pseudoscalar masses are required to lie in the narrow
&by-like coupling should be clear. The following correspon- range specified by Eq24) and the charged scalar mass is

dence holds:
model I model Il
1 2
(f gtb)ch tar182 - At
(£ éD)en 1 —  Nghpp - (46)

supposed to satisfy both Eq28) and(37), i.e.,

150 Ge\=eM <200 GeV. (49

Therefore, from our analysis of the constraints we can
deduce that it is in general very difficult to accomodate the
present value oRE*™ in model Ill. However, if we assume
that the FC couplings are arbitrary and dictated only by phe-

In model Il, the enhancement cg‘Eb corresponds to the nomenology, then, in principle, it is still possible to find a

choice of large value for tgh i.e.,

to a suppression of the very small region of the parameter space in which model IlI
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is compatible with the important experimental results. The F(Z—>bb_or co)
values of the neutral scalar and pseudoscalar masses are re- Rb+c=m.
quired to fit the narrow window of Eq.24) and are very

close to their experimental Elzglytver bound. In order to increaseryjs is a very useful observable as it shares the theoretical

them and still agree witlR,™ we would need a heavier (jeanliness ofR, andR.: it is insensitive to QCD correc-

M. and this would be in conflict with E¢f49). tions. It has significant experimental advantages, though, as
We recall that similar difficulties are present in model Il separation betweeh and ¢ (which is often difficuli need

as well[19]. _However, the imp_ortant difference With_r_espect not be made. As a specific example, when charm or bottom

to model Il is that the analysis d®, and of the additional gecays semileptonically, the hardness of the lepton is often

constraints on model Il give us some hints on the possiblgsed to distinguish bottom from charm. With the use of

range of the new FC couplings. These can then be used ) . one only needs to separate these heavy flavors from
explore interesting experimental consequences in FC transjne really light ones ,d,s).

(52

tions[7-10). Of courseRy Pt cannot be obtained by adding the existing
numbers forRE® and R&™ and we will have to await a
VI. REMARKS ON THE EXPERIMENTAL ASPECTS separate experimental analysis for that. Meantime, we note
OF Ry AND R¢, Rpic, AND R, thatR,, given by
The preceding discussion leads us to conclude that model I'(Z— hadrong
[l does not provide anatural explaination for theR, R':W' (53

anomaly In particular, it requires the existence of neutral
scalars and a pseudoscaldr® (and A®) with very light
masses as in Eq24) and of charged scalars in the range
150 GeV=M_.<200 GeV. The model may well be wrong
and/or incomplete. We view the model as an illustration of expt_

the kind of theoretical scenarios that can result from a rather Ri™=20.788-0.032, ®4

minimal extension of the SM, namely, due to the introduc-is rather precisely known with an accuracy 6f0.15%
tion of an extra Higgs doublet. The main virtue of the model\yhich is significantly better thang"pt (0.7% or Rgxpt

is that it gives a reasonably well-defined theoretical frame-(4.5%' R,, though, does depend on QCD corrections. The
work in which experimental constraints on flavor-changingca|cu|ation’ ofR, is EJutIined in Appendix B.

scalar couplings can be systematically categorized. It is important to observe that, to calculate the SM predic-
While the model may well be wrong, it is perhagts also of; (RSM), we need to usar(M,) deduced from other
some use to question the experimental results, Rg.}" (and physical methoddi.e., not I'(Z—hadrong]. In this way,
RS, As alluded to in the Introduction, the experimental R®®! can provide another constraint on any global fit of the
analyses foR;, andR; are correlatedil]. The deviation from g\ Two independent determinations af(M,), for ex-

the SM given in Eq(2) appears quite significant(30), but  5ph16 * come from the latticg32,20] and from the event
this is only after the results from all the four LEP detectorsshapes iree~ annihilation[20]:

and several different data sets are combined, including their

for which experimental numbers are availafilg, does con-
tain information onl’(Z—bb or cc). Indeed[1],

systematic errors. One interesting aspect ofRjeesults is a3(M;)=0.110+0.006,
that all the experiments find th&*>R;M although the
significance of individual data sets is typicallyl—2)o. The ag*e’( M) =0.121+0.006. (55)

final errors given in Eq(2) include statistical and systematic
errors. To the extent that the experiments are truly indepenye  will use the average of the twoiag(My)
dent, one is tempted to interpret that they confirm each otherL 4 115+ 0.006. Using Table 11l in Appendix I1, we then get
at least on this overall trend. On the other hand, it is alsqno g\ prediction
conceivable that this is a reflection of the fact that some of
the systematicéshared by the experimentare causing the RSM=20.748+0.043. (56)
problem.
Ironically RE*® and RS deviate oppositely from the SM The error in Eq.(56) corresponds to the 0.006 err¢io
values. In fact, using Refl] we get 10) estimates on the central value af(M;). Comparing
Egs. (54) and (56), we see thaR> is consistent with the
R4+ RE'=(0.2219£0.0017 +(0.15430.0074 experimental number, i.e., within aboutrlof the error on
the experiment alone.
=0.376+0.008, (50 In passing we note that if the trug,(M ;) was taken to be

0.110, then
which is quite consistent with the SM:

R[as{(Mz)=0.110=20.706, 5
RSM+ RSM=0.388. (51) Les(M2) =011 57
which would start to deviate from the experimental result in
It is then natural to be concerned that the experimental effedEq. (54) at the 2.6 level. But with the current experimental
could, in part, arise from misidentification of flavors. accuracy, this deviation only occurs if one attributes essen-
Indeed we suggest a new observaR|g ., defined as tially no error to the 0.110 central value af(M;) [33]. We
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FIG. 3. R, in model 1l with A;; ~1 (solid line) compared to the
M (GeV) J

SM prediction RS™=0.2156 (dot-dashed line The experimental

) ) band(dashed lingis also given.
FIG. 2. B(B—Xgy) in model Ill. The experimental result at

1o (dashed lingand 2o (dot-dashed lingis also given. present SM calculation[ B(B— Xgy) = (1.9 0.6)x 10~

[31]] is improved[34].
do not consider it reliable, at present, to reduce the theoreti- With the requirement of a larggM. coming from
cal errors so sharply. It is clearly important, though, that theB(B— Xy), we need to consider again the discussion of the
efforts towards improved evaluations af(M;) be contin-  p parameter and modify it accordingly. The charged scalar
ued, as then the experimental precisionRyrcould be used cannot be the heaviest scalar particle anymore, otherwise
more effectively to signal new physics. Apg® would be as in Eq(36) and would contradict the
present global fit resulisee Eq.(35)]. As already noted in
Ref.[19] for model Il, there are two other possible scenarios
VIl. DISREGARDING Rgxm

. . . . My M =M.=sM, and M,sM_.<sM,4,M,, (58
Given the previous analysis, we want now to reexamine Ho™h ¢ A A ¢ HoMn, (58)

model Il without imposing the constraint coming from
RE. Instead, we will give predictions foR,, R, and
Ry from the model, subjecting it only to the parameter
andB(B—Xs7).

If we disregardRE*™, then there is no need to enhance the
¢éoy, and £, couplings anymore. We will first consider the
case in which all the\;; parameters in Eq16) are of order
1. In this way we can study the behavior of model Il in a

new

in which Apg®™, as given by Eq(33), turns out to be nega-
tive, and has in this way the extra advantage of canceling the
effect of the top quark SM contributiorsee Eq.(30)]. We
note that none of the previous scenarios would give an en-
hanced value oR,, because in that casé, andM,, would
be required to be equal and ligfgee Sec. I\

From a direct numerical evaluation afpg™, we find that
there may exist many possible sets of mass parameters for

%hich Eqg.(35) can be satisfied. For instance, let us consider
about the different scenarios that are possible. a.(39 '

In the case in which all the;; parameters of E¢(16) are

of order 1, model Il predicts 8(B— Xgy) compatible with 0.1732
experiments at the @ level, for M.=600 GeV, as we can
see in Fig. 2. As soon a&), is not enhanced anymore, the
contribution of the neutral scalars and pseudoscalar is com-
pletely negligible. Therefore, both the value of the mixing
angle « and of the neutral scalar and pseudoscalar masses 01728 ¢
(My, My, andM,) are irrelevant. In particular, Fig. 2 is  Re
obtained fora= /4 and values forM, My, M) result- 0.1726 -
ing from the fit toApy, as we will discuss in a while. Be-
cause of the qualitative character of our analysis, at this point
it suffices to seek consistency with the experiment at the AT it T
20 level. Indeed, we took as reference the SM calculation

0173

[31], which is already affected by a large uncertainty, and 0.1722 ; . - ‘ s
computed only the leading corrections due to the new scalar 300 400 500 600 700 800 900
bosons of model lll, i.e., without considering the complete M¢

leading ordefLO) effective Hamiltonian analysis. From Fig.

2 we also note that, foM =600 GeV, model Ill is difficult FIG. 4. R, in model Il with \;;~1 (solid line) compared to the

to distinguish from the SMagain within 2r), unless the SM predictionRSM=0.1724(dot-dashed line
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case. In particular, we find that, if the current trend of

0.389
RSP RM persists, then this class of models can only sur-
0.3885 | | vive in a small region of the parameter space.
We also made the following points.
0.388 L mmi i m e We emphasized the importance Rf. To use its experi-
mental cleanliness and precision more effectively, improve-
% 03875 ments in the theoretical determination @f are urged.
o We suggested a new observaBg, .. It is theoretically
0.387 | as clean aRy, andR. but it should be more readily acces-
sible experimentally.
0.3865 | ] In view of the fact that in models with FCSC's the rate for
Z—cc receives a correction which grows witm?, we
0.386 . . . . . stressed that precise measurementZ-efcc could provide
300 400 500 €00 700 800 900 unigue constraints on the cruciet vertex. Therefore we
M suggested an improved determinationZef:cc.
FIG. 5. Ry ¢ in model Il with \j; ~1 (solid) compared to the
SM prediction(dot-dashed ling ACKNOWLEDGMENTS
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the case in whictM y ,M,=<M_ <M, . The other case in Eq.
(58 has been studied too and it gives comparable resul
[39]. In order to have a smallpg®", it is crucial thatM . and
M, be not too far apart. One possible optimal set of value
for the mass parameters is given by the ratibs=0.4M,
M,=0.5M., andM,=1.1M.. In this case, the results for
Ry, R., andRy, . are illustrated in Figs. 3, 4, and 5 respec-
tively. The SM predictions are also plotted for comparison.

uncertainty (for R,=RS"). The experimental band is not model 11l which are used in many of the calculations pre-
shown in Fig. 4 as, for now, the experimental errorsR\n  sented in the paper.

are very large. Clearly, in model IIR,, is less tharRﬁM and

R. is larger thaerM on a very large region of the parameter
space. 1. Fermion-scalar couplings

UThereumay be a region of the parameter space, when both \ye present the Feynman rules for the couplings of the
&y and g, are suppressed, in which the prediction of modelgcgar fieldsH?! (neutral scaldy H2 (neutral pseudoscalar
[l is almost identical to the SM one. In fact, the only large gngH~* (charged scaldy to up-type and down-type quarks,
distinctive couplings for model 11l are thg; couplings, and  as can be derived from the Yukawa Lagrangian of model Ill
if we suppress them, we make model Ill' mimic the SM be-[Eqs.(8)—(13)]. Following the discussion of Sec. II, these are

havior. However, if the present experimental result persistshe Feynman rules we need in our calculatiorRgf
then just mimicking the SM is not enough. In this case model

[l will survive only in a small region of its parameter space,
Qv

when thegﬁ couplings are enhanced and t5# ones are
suppressedcase 2 of Sec. IJ| as we discussed at length in #' < N ((éZ’D + 0P + (€0 - 55"3')75)
QJ(U.D)

APPENDIX A: FEYNMAN RULES FOR MODEL Il

Secs. llI-V. L

VIIl. CONCLUSIONS

(U,D)
Q*»

We analyzed the decayg—bb and Z—cc in 2HDM's ;S o (€57 — €5P*) + (657 + &)
with FCSC'’s, often called model Ill. We find tha&g™™ QU

places severe constraints on this model. There is only a very

narrow window of the parameter space of the model in which

this scenario can be reconciled with constraints fromghe

parameter and(B— Xgy): 50 GeV <M,~M,<70 GeV B < 3 (Vexaa €3(1 +75) — &+ Veua(1 - %))

and 150 GeV=M_=<200 GeV, with significantly enhanced 5

coupling of the neutral scalar and pseudoscalabto(and '

bs) as in Eq.(28). Although the &"° couplings are left complex in the
Since aspects of the experimental analysis are of somabove, in practice, in our calculation we assumed they are

concern, we also examined the model by disregar@®§' real, i.e.. & P=¢&;"* as we were not concerned with any

and we give the predictions fdR,, R., andR,.. in this  phase-dependent effects.
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2. Gauge bosorscalar couplings TABLE I. Values ofAfEW, for different flavors, in units of
(107%. They have been evaluated fom,=176 GeV and

Here is a list of theZ- and W-boson interactions with My = 200 GeV.

model Il scalar fields, useful for the computation of
Apg®”'. We report them in terms of scalar mass eigenstateg
HO h° A® andH™" in order to make contact with the dis-
cussion given in Sec. IV and with the literati28,14. We  3.739 2.736 2.200 2.778 -13.848
always have to remember the relatidsee Eqgs(11) and

12)] between the scalar mass eigenstates 1 H?, L . .
(H*))] and use the fact that neithEﬁﬁOHl nor ?ﬁoﬂz cou-  ization of the couplinggsee conventions adopted [&)).
plings are preseri23,14. AL, includes only corrections which do not depend @n

i.e., pure EW corrections and QED corrections. They are

e,u, T u,c d,s b

oo e ANK presented in detail in Ref2] [Egs. (9), (15), and(17); see
7 LA W gin o (9 — py P also references therdimnd we will not discuss them here.
WANNKL Zew (P2 = p1) i i i i f
SNl e We give their numerical valugg5] in Table I. Aqcp, repre-
L sents mostlya-dependent corrections which can be subdi-
vided as
A% f f f
| —
\z/’{/vvvv::/k £ cosa(p: —p1)* Aqeo™ daent Suaen™ digen: (B2)
RIS -4 We briefly discuss each of them below.
The strong corrections to the basicA vertex (V= y*,
H ot A= y*y°) are flavor independent and @(aﬁ) are given by
gy HO
& i 9.2 _
\Z/t/\/\/\/\ﬂ::\* 5%(1 23w)(p7 Pl)“ 6 _aS(Mz) 1 as(MZ) 2 B
B HL Qcp= : : (B3)
oy This is the dominant effect amounting to about 3—4$ée
" P . . Table 1))
hvvne te(p—p1) 5LQCD represents corrections due to kinematic effects of
Py external masses, including mass-dependent QCD corrections
[36,37. We decide to include in the same factor also non-
o X QCD mass-dependent corrections to the axial vector cou-
wh P 9 (py — py ) plings, in order to make the presentation more compact.
RSN z Strictly speaking, this correction should be included in
Prn A%y AL,,. Based on the results given in Reff36,37), we deduce
[38]
B 3u? [ 1 11
wi e 9% cos o (py — py )* f _ oMy 2 Ys 2| %s
WANNKL - 2 (p2 1) §MQCD_m —Eaf 1+§? +tut it (B4)
RN f f
where u?=4m?(M)/mz, m{(M;) being the running mass
po - HOH at theZ scale, and
y\l“/vvvv::' =4 sina (p, — py)*
RN ve=—1+dxy, @=+1, v,=+1-zXw,

APPENDIX B: CALCULATION OF R, 4
AS A FUNCTION OF ay a=-1, vg=-1+ 3Xws ag=+1. (B5)

In this appendix we will use the value af(M ) deduced
from physics other than the width f@— hadrons to predict
I'SM(Z—hadrong and RP™ to O(a?). Mostly, we follow
Bernabe et al. [2], who give expressions for various correc-

TABLE Il. Values of different QCD correctiongin units of
1073), for different values ofxg(My).

b u
tions tol'(Z—ff), for both quarks and leptons. a(M2) Saco Puaco Suaco  digen %CD
Let us rewrite the expression for the width Bf-ff as ~ 0.105 34.998 -5417 -0.560 4260 —3.305
o 0.110 36.742 -5.179 -0.514 4.676 —3.628
[(Z— ) =TH(1+ AL (1+AGcp), (Bl) 0.115 38495 -4938 —0467 5111 —3.965
0.120 40.254 —-4.695 —0.420 5565 —4.317
wherel“g is the tree-level expression, in which some effectsg 125 42021 —-4.450 —0372 6.038 —4.684

of the EW corrections have been reabsorbed in the renormal
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Using Eq.(2) from Ref.[2], we obtainx,,=0.2314(where TABLE IlI. Yalues of R, and its QCD correction§in units of
Xw=SiP@y).  Numerically, 6)oc~—5%x10"° and 10~%) as functions ofwg(Mz).
8,0cpo™ — 0.5 103 (see Table Il for thei, dependende

This kind of correction is also relevant, witho@(«y) as(Mz) Agep Ageo A%éD A‘b?CD R
terms, for the 7 lepton, in which case it amounts to g 105 39258 38698 31.693 26.276 20.6715
8, =-2x10"% 0.110 41.418  40.904 33.114 27.935  20.7060
At O(a3) the large mass splitting between thendb  0.115 43606 43139 34530 29592  20.7410
guarks gives rise to a correctioﬁ{QCD due to triangular 0.120 45819 45399 35937 31.242  20.7759
quark loops affecting the axial vector curréBf]: 0.125 48.059 47.678 37.337 32.887 20.8108
f _ ;a5 as 2
5tQCD v%-i—af ﬂ_) (), (B6) FS vﬁ+a5

Rlo=re =322,
wheref(u,) can be written a§37,2] 9 TG Tvetag

d d 2
Rd FO Ud+ad

4 1 1
f(uy) =In— —3.083+0.346— +0.211—. (B7) _10_
My My My |,0_[‘8_ v§+a§’

(B9)

Form,=176 GeV we usé (u;) = —4.374. Thus, this correc-
tion effects +2/3-charge quarks positively and and for xy=0.2348 they can be estimated to be
—1/3-charge quarks negatively and for each flavor it is abouR,‘{0= 3.4209 and?ﬁ0=4.4101.
0.4-0.5 %, as we can read from Table II. o Finally, ABCD represents the total QCD corrections for
Having identified all the corrections tb;=I'(Z—ff), each flavor. They are deduced from the previous discussion
for both quarks and leptons, we then consiBerand define and their numerical values are summarized in Table lIl, to-
gether withR,, for different values ofxg(M).

_ Lyt g+ I+ e+ Ty Using the values foA L, given, for each flavor, in Table
! T, I, R, can be parametrized &&= a(M5)]
(1+Afy) u u c
= R —,—7(14—Af ), (B8) Ri=Rj ¢(1.000 219[ 2+ A gep( @s) + Agep( @s) ]
f=u,d,sc,b |'0(1+AEW+ 5#/3) QCp

+2R{,(1.000 796[ 1+ AS2p( o) ]
wherel')=(['¢+T',+1',)/3 andA:EW represents the EW cor- ' )

rections common to all the lepton speciese Table)l We +R{(0.984 199[ 1+ AQcp( @) ], (B10)
have denoted be’O the tree-level ratios for each quark spe-
cies. They are given by from which we deduce the values reported in Table III.
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