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A comprehensive phenomenological analysis of a two Higgs doublet model, with flavor-changing scalar
currents at the tree level, called model lll, is presented. Constraints from existing experimental information
especially onAF=2 processes are systematically incorporated. Constraints emerging frorB ideeays,

Z—bb, and thep parameter are also examined. Experimental anlicationsef*oe‘(,u*,u‘)—>tﬂﬁ,
t—cy(Z,9), D°DC and BS-BQ oscillations, and foe™e™ (Z)—bs+ bs are investigated and experimental

effort towards these is stressed. We also emphasize the importance of clarifying the experimental issues
pertaining toZ—bb. [S0556-282(97)00205-1

PACS numbe(s): 14.80.Cp, 11.30.Hv, 12.60.Fr, 14.65.Ha

I. INTRODUCTION As is well known, a model with tree level FCNC's will
also have many important repercussions forAfke=2 mix-

Recently we have been examining various is§ded, in  ing processes such &9-K°, B°-B°, andD°-D°. Indeed the
a class of two Higgs doublet modgBHDM's) which allow  measured size of the mixing amplitude #9-K°, known for
flavor-changing neutral currentECNC'’s) at the tree level 5 very long time, is so small that it places severe restrictions
[3—8]. In this work we want to present a comprehensiveg the FC sector of extended models. This led Glashow and
analysis which gives the details of the analytical calculations\/\,einberg [10] to propose anad hoc discrete symmetry
we used and summarize the status of our knowledge regargyhose sole purpose was to forbid tree level FCNC's to ap-
ing this type of 2HDM. In particular we will examine the pear in models with more than one Higgs doublet. In particu-
important constraints and derive quantitative bounds on theyr for the simplest case of 2HDM'’s, depending on whether
mass parameters and flavor-changif€) couplings of the pe up-type and down-type quarks couple to the same or to
new scalar fields based on existing low energy experimentsy,q different scalar doublets leads to two versions of such

FCNC's are naturally suppressed in the standard modehodels, called model | and model II. Both of them share
(SM) because they are forbidden at the tree level. Howeveryity the SM the distinctive feature that they do not allow tree
at the one-loop level, the amplitudes for the Feynman diaeye| FCNC'’s. These models have been extensively studied
grams which generate FC processes tend to increase Withq a multitude of interesting implications have been dis-
virtual quark masses. Because of the large disparity i ssed in the literature.
masses of the up-type quarks, the Glashow-lliopoulos- oy starting point for investigating tree level FCNC's is
Maiani (GIM) [9] suppression gets very effectively removed primarily based on the realization that the top quark may be
in loops of thesdvirtual) quarks. Therefore, FC transitions qyijte different from the lighter quarks. It may well be that
involving a pair of down-type quarks get enhanced, due priyhe theoretical prejudice of the nonexistence of tree level
marily to the presence of a top quark in the loop, while FCEcNe's, based on experiments involving the lighter quarks,
transitions which involve up-type quarks are usually veryjs not relevant to the top quark. This leads one to formulate a
small. This motivates the interest_in processes such agodel which allows the possibility of large tree level FC-
b—s,dy instead ot—cy,Z or for K°-K® andB®-B® mixing  NC’s involving the top quark while it keeps the FCNC's of
instead ofD%-D° mixing. the lighter quarks, especially those involving the quarks of

There are many ways in which the extensions of the SMhe first family, at a negligible level. A rather natural way of
lead to FC couplings at the tree level. For instance, as sooimplementing this notion is by taking the new scalar FC
as we go from a theory with one doublet of scalar fields to avertices to be proportional to the masses of the participating
theory with two doublets, FCNC's are generated in the scalaguarks at the vertef3—5]. A hierarchy is then automatically
sector of the theory. In this case, couplings suchhcaasor  introduced which enhances the top quark couplings while
tcZ can get enhanced too, in much the same manner as thekeeping the couplings of the lighter quarks at some order of
is an enhancement dfsy in the SM. The interest in this magnitude smaller. The compatibility of any such assump-
class of implications is obvious: we could have a clear signation with the many constraints mentioned above clearly
of new physics, since the SM prediction for any processneeds to be checked and the allowed region of the parameter
involving atcy or atcZ vertex is extremely small. space determined, in particular, scalar masses and couplings.
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This type of 2HDM is now referred to as model [iL1]. In contrast we will consider the case in which no discrete
Ouir first interest in model Il was motivated by the idea of symmetry is imposed and both up-type and down-type
looking for top-charm production at am™e” and/or quarks then have FC couplings. For this type of 2HDM,
ntu collider[1,2]. We were intrigued by the possibility of which we will call model 111, the Yukawa Lagrangian for the
a clear signal for the reactiogi” e~ —tc for which the SM  quark fields is as in Eq(1) and no term can be dropped
prediction is extremely small. The reaction has a distinctivepriori, see alsd7,8,1.
kinematical signature in a very clean environment. These For convenience we can choose to exprgsand ¢, in a
characteristics, which are unique to the lepton colliderssuitable basis such that only th;é{*D couplings generate the
should compensate for the lower statistics one expects confermion masses, i.e., such that
pared to those at hadron colliders. In this paper we present
the details of our calculations for this important process. 0
After a brief overview of model Il in Sec. II, we will <¢1>=<v/\/§)' (#2)=0, ©)
discusse*e”—tc+tc in Sec. Il and present some of the
relevant formulas in detail in Appendix B. In Sec. IV we will where we also assume that the vacuum expectation vailsie

consider the rare decays-cy,Z andg; herein we will also  real. The two doublets are in this case of the form
compare our results with those existing in the literature for

t—cy and cZ in model lll. Top-charm production at a 1 0 V2 x*

u" u” collider is briefly discussed in Sec. V. In Sec. VI we ¢1=E v+ HO i,0

consider the repercussions of thd-=2 mixing processes X

and extract the constraints that emerge on parameters of N

model 1ll. Section VIl discusses the impact of the experi- :i ‘/E H @)
mental results forB(B—Xgy), the p parameter and 2 J2 Hi+iH?)"

Z—bb. We then examine in Sec. VIl the physical conse- o Lol e o
quences of the constrained physical model for BfeB? ~ The scalar Lagrangian in thed, HY, H?, H~) basis is
oscillations, the flavor changing decayZ—bs+bs, and such thaf13,17 (1) the doubletp, corresponds to the scalar

0 . .
also some rar® decays. Section IX offers the outiook and doublet of the SM andi™ to the ?M ng%s field(same
the conclusions. couplings and no interactions witd~ and H<), (2) all the

new scalar fields belong to thg, doublet, and3) both H!
and H? do not have couplings to the gauge bosons of the
form H2Z2Z or HXAW* W~ . However, whileH* is also the

A mild extension of the SM with one additional scalar charged scalar mass eigenstatd’,( H!, H?) are not the
SU(2) doublet opens up the possibility of flavor-changing neutral mass eigenstates. Let us denote Ky, (h®) and
scalar current$FCSC'9 at the tree level. We will explicitly ~ A° the two scalar plus one pseudoscalar neutral mass eigen-

consider in this context only the quark fields, assuming thattates. They are obtained froil{, H!, H?) as follows:
the discussion of the quark and lepton sectors of the theory

Il. THE MODEL

can proceed independently. Then, when the up-type quarks HO=[(H%—v)cosx+ Hlsina],

and the down-type quarks are allowed simultaneously to

couple to more than one scalar doublet, the diagonalization hO=[—(H%-v)sina+Hcosx],

of the up-type and down-type mass matrices does not auto-

matically ensure the diagonalization of the couplings with Al=H2 (5)

each single scalar doublet. For this reason, the 2HDM scalar

potential and Yukawa Lagrangian are usually constrained bwhere « is a mixing angle, such that for
an ad hoc discrete symmetry10], whose only role is to a=0, (H° H?!, H?) coincide with the mass eigenstates.
protect the model from FCSC's at the tree level. Let us conWe find it more convenient to exprest’, H!, andH? as

sider a Yukawa Lagrangian of the form functions of the mass eigenstates: i.e.,
L9 =51Qi L ¢1Uj g+ 70Qi, 1D r+EQi L b2V R HO=(H%osx — h%sina) +v,
+§5QLL¢2DLR + Hc, @ H'= (h°cosx+ HO%ina),

where ¢;, for i=1,2, are the two scalar doublets of a
2HDM, while 7;"® and&;*® are the nondiagonal matrices of
the Yukawa couplings. Imposing the followirad hocdis-
crete symmetry

H?=A0. (6)

In this way we may take advantage of the mentioned prop-
erties(1), (2), and(3), as far as the calculation of the contri-

_ bution from new physics goes. In particular, only the
and

P P2 2 doublet and thep;; and #f} couplings are involved in the

D,—-D; andU;—FU; (2)  generation of the fermion masses, whilg is responsible for

the new couplings.
one obtains the so called model | and model Il, depending on After the rotation that diagonalizes the mass matrix of the
whether the up-type and down-type quarks are coupled to thguark fields, the FC part of the Yukawa Lagrangian looks
same or to two different scalar doublets, respectiy&Bj. like
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FIG. 1. Example of one-loop contributions to tAéc and ytc V5 (GeV)
vertices in model IlI.
FIG. 2. R/ \* vs /s for case 1(solid), case Adashed, and case

£ _§.,Q| L¢2 (R §.JQ| LoD gt H.C., 7 3 (dot-dashey] with m;=180 GeV. See Eq.18).

Y FC
where Q; , U;r, andDj r denote now the quark mass gUD— vimim; (10
eigenstates anﬁJ D are the rotated couplings, in general not 4 oo

diagonal. If we deflné/ to be the rotation matrices acting
on the up- and down- type quarks, with left or right chirality, which basically coincides with what was proposed by Cheng

respectively, then the neutral FC couplings will be and Shef3]. In this ansatz the residual degree of arbitrari-
ness of the FC couplings is expressed through\th@aram-
gUb = (VUD)~1gUDyUD, (8)  eters, which need to be constrained by the available phenom-

enology. In particular we will see how°-K® and B°-B°
On the other hand, for the charged FC couplings we willmixings (and to a less exter°-D° mixing) put severe con-
have straints on the FC couplings involving the first family of
quarks. Additional constraints are given by the combined
analysis of theB(B—Xgy), the p parameter, andR,, the
ratio of theZ—bb rate to theZ-hadronic rate. We will ana-
-D “D lyze all these constraints in the following sections and dis-
Echarged™ V ckméneutral ©) cuss the resulting configuration of model 11l at the end of

Sec. VII.
whereVcxy denotes the Cabibbo-Kobayashi-Maskawa ma-

trix. To the extent that the definition of thig"® couplings is
arbitrary, we can take the rotated couplings as the original
ones. Thus, we will denote bg;"® the new rotated cou- The presence of FC couplings in the Yukawa Lagrangian
plings in Eq.(8), such that the charged couplings in Eg) of Eq. (1) affects the top-charm production at both hadron
look like &“Vexm and VegwéP. This form of the charged and lepton colliders. In particular we want to study top-
couplings is indeed peculiar to model Ill: they appear as a&harm production at lepton colliders, because, as we have
linear combination of neutral FC couplings multiplied by emphasized beforgl,2], in this environment the top-charm
some CKM matrix elements. This is an important distinctionproduction has a particularly clean and distinctive signature.
between model 1ll, on the one hand, and models | and Il, onn principle, the production of top-charm pairs arises both at
the other. As we will see in the phenomenological analysishe tree level, via the channel exchange of a scalar field
this can have important repercussions for many differentvith FC couplings, and at the one-loop level, via corrections
physical quantities. to theZtc and ytc vertices. We will consider in this section
In order to apply to specific processes we have to makéhe case of anete™ collider and in Sec. V that of a
some definite ansatz on thig'® couplings. Many different . *x~ collider.
suggestions can be found in the literat[8e-5,1. In addition The s channel top-charm production is one of the new
to symmetry arguments, there are also arguments based dteresting possibilities offered bya' u~ collider in study-
the widespread perception that these new FC couplings aiag the physics of standard and nonstandard scalar fistgs
likely to mainly affect the physics of the third generation of Sec. V and references thergitHowever, it is not relevant
quarks only, in order to be consistent with the constraintfor an e*e~ collider, because the coupling of the scalar
coming fromK°-K° and B%-B°. A natural hierarchy among fields to the electron is likely to be very suppresgsee Eq.
the different quarks is provided by their mass parameterg10)]. Therefore we will consider top-charm production via
and that has led to the assumption that the new FC couplingg and Z boson exchange, i.e., the process
are proportional to the mass of the quarks involved in theee™—y*, Z* —tc+ct, where the effective one-loop
coupling. Most of these proposals are well described by thestc or Ztc vertices are induced by scalars with FC couplings
equation (e.g., model 1) [14,15.

U _3U
gcharged— gneutraIVCKM )

lll. TOP-CHARM PRODUCTION AT e*e” COLLIDERS
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Let us write the one-loop effective vertic@tc and ytc 1, for both the neutral and the charged scalar fields. The

as analytical expressions are given in Appendix B where the
1 q, details of the form factor calculation are also explained.
Aﬁé’):—mWZE(A‘V)y“Jr B‘V)y“75+iC(V)a“VH In terms of theA(»?, B(»2) . form factors we can
t

compute the cross section fefe”— y*, Z* —ct+tc. The
. a, total cross section will be the sum of three terms,

+|D(V)0"“’H 'yS)tVM, (11

‘ =0, ozt o, (12

whereV=1y,Z and A2 B3 . denote the form

factors generated by one-loop corrections. A sample of theorresponding to the pure photon, puteand photori in-

corrections one has to compute in model Ill is given in Fig.terference contributions, respectively. Thus

1 « 1 1
‘fﬁT&#z—;NcB“(l—gﬁz)[INIZHByIZ— 132 (IC7?+[D7%)|, (13
! S Te 2 4\ 0d 1 2 2124 |RpZ|2 1 |2 Z|2
2= T35 B9 Te.c?, el L A4St BsW Y| 1 3 87 || IA2+ B2 g (IC72+ D7) |, (14
1 e 2\ oa 1 ) . . , ,
T42= T8 ge oo Ne(1—4sw) B%| 1~ 3 87| | ReD(s) RA’ReA”+ImA”IMA”+ ReB"ReB"+ImBImB
WeW
1
——1_’82(ReCVReCZ+ImCVImCZ+ReD“/ReDZ+ImD“/ImDZ) +1mD(s)| ReA”ImA?— ImAYReA?
1
+ReB?ImB*— ImBYReB?— ——(ReC?ImC?— ImC?ReC*+ ReD ImD#— ImD "ReD?) |, (15)
1-8

where «. denotes the QED fine structure constant,role and, as we discuss in Appendix B, in our qualitative
Sw=Sinfy, cw=CcoHhy, S=¢ is the center of mass energy analysis we will setv=0. In this case, as we can read in Eq.
squaredD(s) denotes th& boson propagator, and we have (5) or (6), H'=H%+v, H'=h° andH?=A° and the only

introduced new contributions come frorh® and A°. In Fig. 2 we plot

) R'¢/\* as a function ofy/s for a sample of relevant cases, in
p2=1— my (16) which one of the scalar particles is taken to be light
s’ (M,=200 Ge\j compared to the other twdV;,=1 TeV):
ie.,

We will consider the total cross section normalized to the

cross section for producing™ w~ pairs via one-photon ex- (1) my=M; and mp=m.=M,,

change, i.e.,

— (2) mp=M, and mp=m.=My,
Ric o(e"e” —tc+te) 17
(3)

olete sy —utu’)’ m.=M, and mp=mp=M,, (18
and normalized ta;; =\ =1 [see Eq(10)]. For the moment, wheremy and m, are the neutral scalar and pseudoscalar
we want to simplify our discussion by taking the saméor  masses and, is the charged scalar mass, respectively. We
both &2 and £. Moreover, we want to factor out this pa- find that even with different choices afi,, m,, andm, it
rameter, because it summarizes the degree of arbitrarineisdifficult to pushR'/\* much higher than 10°. Therefore
we have on these new couplings and it will be useful forthe three cases illustrated in Fig. 2 appear to be a good
further discussion. We will elaborate more about the possisample to illustrate the type of predictions we can obtain for
bility of considering different alternatives for the FC cou- the rate for top-charm production in model IIl.
plings in Sec. VII, after we present a comprehensive analysis From Fig. 2, we also see that going to energies much
of the constraints. larger than~400-500 GeV(i.e., ~2M,) does not gain
As already discussed in Refl], we takem,=180 GeV  much in the rate and in this caf°/\* can be as much as
and vary the masses of the scalar and pseudoscalar fields ill@ °. Since it is reasonable to expect'3d® " u~ events
range between 200 GeV and 1 TeV. Larger values of thén a year of running for the next generationedfe™ colliders
scalar masses are excluded by the requirement of a wedf £L=5x10** cm 2 sec!) at s=500 GeV, this signal
coupled scalar sector. The phasealoes not play a relevant could be at the detectable level only for not too small values
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TABLE I. Values of B(t—cy), B(t—cZ), andB(t—cg) for 1x10°
m,=180 GeV, in the SM and in the 2HDM'’s denoted as model I, .
model Il and model lll. Each range is obtained by varying Xt
m., my, my, tan3, ... over a broad region of the parameter 1x10° L
space of the corresponding model, as explained in the text. For xto7 |
model Ill, we have fixed\;j=A=1 in the FC couplings.

B 1x10°f

Decay SM Model | Model Il Model 111 1x10° |
t—cy ~5x10"1? 107¥-10 107'%-10° 102107 1107
t—cz ~108® 10¥-10% 1018-10° 108-10° »
t—cg ~5x101 10°M-107° 10°1-108 10°8-10°4 o

1x107"2
200

500 600 700 800

Ms

360 460
of the arbitrary parametex. Thus we can expect experi-
ments to be able to constraln<1, for scalar masses of a

FIG. 3. Branching fraction fot—cy (solid), t—cZ (dot-
few hundred GeVs.

dasheg, andt— cg (dasheglas a function of a common scalar mass
Mg, whenm,=180 GeV.
IV. RARE TOP DECAYS: t—cy,Z,9

Starting from the form factors defined in E¢L1) and
given in Appendix B, we can also easily derive the rates for
rare top decays like—cy, t—cZ, andt—cg. The study of
rare top decays has been often emphasized in the literature
[16,17,11,7, in particular, as a potential source of evidenceWhereCe=(N’—1)/2N. _ _
for new physics. Indeed, as we can read from Table I, these The branching ratios reported in Table | are obtained by
decays are extremely suppressed in the SM and they aformalizingI'(t—cy), T'(t—cZ), andI'(t—cg), for sim-
quite small even in the 2HDM'’s without tree level FCNC's Plicity, just to the main decay—bW rate: i.e.,

(i.e., both in model | and in model)I[16,17]. This is due to

I'(t—cg)= mCr(|C%?+|D??), (22)

1 1
(16722 87

a strong GIM suppression from the small value of the inter- . .\ Gr vorzmd 1— ﬂv 14 M, 2%
nal quark masses s , as well as the large tree level rate for (t—=bW)= 877\/§| tol "M m? m? m;
t—bW. On the other hand, these rare top decays normally 22)

get enhanced in models with FCNC’s and this motivates us
to estimate their branching ratio in model Ill. From the ex- The branching ratios for model | and model Il are deduced
perimental point of view the prospects for the three modesfrom the analysis 0f16,17], with m,=180 GeV. The results
t—cvy, cZ, andcg are quite different. In particulat—cg for model Il are obtained by varying the neutral and the
could be quite problematic for a hadron collider and thecharged scalar masses between 200 GeV and 1 TeV, assum-
backgrounds will have to be considered before one can ering different patterns as explained in the preceding section
sure that they do not represent a serious limitation. On thésee, for instance, Eq18)]. In particular the upper bounds
other hand, for thee*e™ case background issues are lesson the different branching ratios given in Table | are ob-
likely to be a serious problem even forcg. tained by taking the scalars to have a common and relatively
In model 11l the modes—cy andt—cZ have been pre- small mass. We also notice that in model Il the results show
viously considered7] and their rates are given by a significant dependence an,, such that the numbers in
Table | change on the average by as much as an order of
magnitude whenm, is varied between 150 GeV and 200
GeV. This sensitivity tam, may become relevant when the
experiments ever get to the point of being able to measure
this type of rare top decay. Finally, in the FC couplings of

1
my(|C??+|D7]?),

1
F(tﬁcy):mﬂ (19

I't—c2)=

1
(1672)? 167-rmt(

X

X Rg(A%* C?—BZ*D?%)+ M3 -

><(|CZ|2+|DZ|2)}

M7
my

(mf+2M3)(|A%|2+|B?[?) —6M3

mg
MZ

2
IVIZ

2

t

|

+2

(20

Eqg. (10) we also take all the\;; parameters to be equal to
\. In particular, the numbers in Table | are given for 1.

Our analytical expressions for the form factors contain
some differences with respect to RET], as explained in
Appendix B[18]. Numerically they end up being most rel-
evant fort—cy. Figure 3 illustrates the case in which a
common valueM 4 is taken for all the scalar masses, as might
be useful for comparisofi9] with Fig. 2 of Ref[7]. We can
see that the analytical difference between us and R@f.
translates into a numerical difference of more than 1 order of
magnitude for theé—cvy decay rate.

From Table I, we see thaB(t—cy), B(t—cZ), and
B(t—cg) can be substantially enhanced with respect both to

The rate fort—cg can be written in an analogous manner asthe SM and to the 2HDM’s with no FCSC'§.e., model |
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and model I}. Depending on the size of the FC couplings, inftify, is likely to take place at an observable rate, and has a
model Il we can gain even more than 2 of orders of magni-negligible SM background. Thus the properties of the impor-
tude in each branching ratio. This is likely to make a crucialtant 7tc coupling may be studied in detail.

difference at the next generation of lepton and hadron collid- For illustrative purposes we tak&=h° in model IlI

ers where a large number of top quarks will be producedwhere «=0 (case ] or w/4 (case 2. The main distinction
Therefore these machines will be sensitive to signals fronbetween the two cases is that in case 2 the decays
nonstandard top decays and should be able to put stringenf—Zz, WW are possible while in case 1 they are (ste
bounds on the new interactions involved, the FC coupling®Appendix A for the relevant Feynman ruje§hus case 1 is

of model Il in our case. In view of these future possibilities, very similar to #=A°. This will matter in computing the

a careful study of the FC couplings of the model is mandatotal width of theh® boson, i.e., th&(h°—tc), while it was
tory and we will analyze the constraints that emerge fromcompletely irrelevant in thete™— y*, Z* —tc+ct calcu-
existing experiments in Secs. VI-VII. lation.

In general the FC coupling df° to tc can be written as

V. TOP-CHARM PRODUCTION AT p*u~ COLLIDERS
1

_ t
Another interesting possibility to study top-charm produc- Chic= \/E(gtcPR+§ctPL)C°5“
tion is offered by muon collider2]. Although very much in
the notion stage at presgnt,/,du‘ collic_jer has been sug- gVmm
gested20-23 as a possible lepton collider. Muon colliders = W(XRF’RJr xLPL), (26)

are especially interesting for two main reasons. They can

el 00 bosen a1 815, where., and i are in general complex rmbers and o
ers in the multi-TeV regime. Neither of these goals is attain-Order unity i Eq.(lO) applies. In particular we will consider
able with ane*e- collider ' the case in which\,;=\=1 [see Eq.(10)] and)(.L and yg
) : . _are real. We treated the more general case in R&fto

If muon colliders are eventually shown to be a practical

and desirable tool, most of the applications would be very\/\lh.ll?rr]1 e"giég;e; ;g :‘zcr_t?se:h%estalls.

similar to electron colliders. One additional advantage al-
luded to above, however, is that they may be able to produce

2 2 _ 212 2 2
Higgs bosons %) in the s channel in sufficient quantity to  p(x—tc)= 39 m‘mCZmH (M, 4mt) xel™+ x| )
study their properties directlf20,24—26,2 The crucial 32mMyy My, 2
point is that in spite of the fact that the" x~H coupling, (27

being proportional tan,, , is very small, if the muon collider _ —
is run on the H|ggs resonancé;: my, H|ggs bosons may andF(H—>tc)=F(H—>Ct) at the tree level that we are con-

be produced at an appreciable rf26,24—26,2 sidering for now. .
At \Js= m;,, the cross section for producirig, o, nor- As we did in Sec. lll for thee*e™ case, also in the
malized tooy=o(u* u™— y*—e"e7), is given by[25,26 ,é)ﬁ,u‘ case we can define the analogueRif in Eq. (17) to
e
R(H)=2=—B” (23 = H ot
oo ag *’ Re=R(H) (B£+B D), 28)

whereB;/ is the branching ratio of—u"u~ andacisthe  whereB’:-and B/"~are the branching ratio fok—tc and
QED fine structure constant. If the Higgs boson is very nar’)—[—wTrespectivCely. We estimat®,. in the following two
row, the exact tuning to the resonance implied in B2B)  caqegij) case 1= 0; (ii) case 2= /4. Using the result
may not in general be possible. The effective rate of Higgsy £q. (27) [2] and taking the expressions for the standard
boson production will then be given 6] partial widths for  [e.g., [(H—tt), T(H—bb), ...]

_ T, o from the literatureg[12], we obtain the following results. In

R(H)=[—arctan—} R(H), (249 case 1, ifmy is below thett threshold, R, is about

My & Iy 10 2—1 and in facttc makes up a large branching ratio.

ébove thett thresholdR;. drops. For case 2 the branching
ratio is smaller due to th&/W andZZ threshold at about the
same mass as the threshold and s&,. is around 10°3. All

where it is assumed that the energy of the beam has a fini
spread described b,

m%(1—§)<s< m%(1+ 5, (25) these results are illustrated in Fig. 5, where we ﬁ()H)
andR; with =0, 10 3 and 102 in case 1 and case 2 .
ands is uniform about this range. For a specific example, let us take,=300 GeV, i.e.,

In a recent papef2] we have considered the simple but og~1 pb. For a luminosity of 1% cm 2 sec'!, a year of

fascinating possibility that such a Higgs bosdt, has a 10’ sec(1/3 efficiency and for§=10"2, case 1 will produce
flavor-changingHtc coupling, as is the case in model Ill or about 5< 10%(tc+tc) events and case 2 will produce about
in any other 2HDM with FCNC's. The process 150 events. Given the distinctive nature of the final state and
utu” —tc+tc will then arise at the tree level as illustrated the lack of a SM background, sufficient luminosity should
in Fig. 4. It will give a signal which should be easy to iden- allow the observation of such events.
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FIG. 4. Tree level contributions ta* u~—tc+tc in model Il Ry E
1072
If such events are observed, thé u~ collider offers the w03 L
additional interesting possibility of extracting the values of E
the x. and yr couplings in Eq.(26) separately. What is 104 |
measured initially at & ™ .~ collider isR;.. One is required E

to know the total width of thé{ and the energy spread of the
beam in order to translate this into(H—tc). This then
allows the determination dfy, |2+ |xr|? [see Eq.27)]. To

; . . - 3 2 ; i
get information separately on the two couplings we note that F'G- 5 Re for =0, 107 and 10°“ in case 1(set of solid
the total helicity of the top quark is curves and case 4set of dashed curvesWe also plotR(7) in

case 1(dot-dashepland case Zdotted.

2_1, |2
H=— HT:M (29 level contribution from elementary FC couplings needs to be

xR+ x| strongly suppressed. This was the original motivation for im-
) ) posing on the 2HDM'’s a discrete symmeftyd] which could
from which one may therefore inféx, | and|xg|. Of course  prevent tree level FCNC's from appearirigiodel | and
the helicity of thet cannot be observed directly. However, model II). Our goal will be now to verify if, in model Il the
following the discussion df26,2] one may obtain it from the hierarchy imposed on thé»“) couplings by the ansatz in Eq.
decay distributions of the top quark. Unfortunately in the ; ! it

(10) is strong enough to make the tree level contribution to

limit of small m; the helicity of thec quark is conserved. 050 v - . ;
; any F~-F* mixing sufficiently small to be compatible with
Hence the relative phase gff and yg may not be deter- y 9 y P

ined si the t i d ¢ interf the experimental constraints.
mined since the two couplings do not Intertere. For anyF°-F° mixing we have evaluated, both at the tree
_ level and at the one-loop level, the mass difference between
VI. CONSTRAINTS FROM F°-F° MIXING PROCESSES the mass eigenstates of the system, given, respectively, by

From the previous analysis we see that both
e'e , utu —ct+tc, andt—cy,Z,g could be of some
experimental relevance depending on the size of the FC cou-

M AM = Re(K°|(sd)y_a(5d)y_ /KO,

. O/ A ‘”O
plings of model IIl. As is well known from the literature on Mg, AMg = |(Bg|(bd)y-a(bd)y-alBg)!, (30)
FCNC's, the most dangerous constraints on tree level FC o o _
couplings come usually fromF°-F° mixing processes MpAMp=[(D°|(cu)y_alcu)y_a/D%],

(F=K,By4,D) [3-5,8. In these references we can find the . o o

bounds imposed on some tree level FC couplings by differwhere we use the notatiomq’)y-,=0qy*(1-7)q". The
entFO-F° mixing processes. Due to the specific structure ofiree level contributions for each different mixing are shown
the couplings of model 11l and to the new phenomenology at” F|g..6, v_vhlle a sample of one loop contr|but|on.s are illus-
hand, we think that a more careful analysis is due, whicHrated in Figs. 7 and 8, for the box and the penguin diagrams,
takes into account both tree level and loop contributions. WéeSPectively. _
have examined th&eF=2 mixing processes in detail and _ In our analysis we have made some general approxima-
concluded that both th&°-K° and theBS-BC mixings are  1ONS Which we want to discuss first.

particularly effective in constraining some FC couplings, (i) we observ_e that, as in the_: cal_culat|on of @ and
while the experimental determination of {P-DO mixing ytc form factors in Sec. I, also in this case the value of the

. , hasex plays a minor role numerically. Therefore, as we did
is, for now, not good enough to compete with the other twop piay y

- X in Sec. I, we will seta=0 in the following analysis. Once
mixings. However, due to the different flavor structure of thethat is done we can focus our attention only on the contribu-
D%D° mixing, it would be extremely important to have a

good experimental determination in this case as well. We ¢ 3 - a

will address the problem more specifically later on in this 2 ¢

section. _ L L
In a model with FCNC’s,F°-F° mixing processes can

arise at the tree level. Therefore they are likely to be greatly 4 S u

enhanced with respect to the SM where they appear only at
the one loop level. Due to the good agreement between the
SM prediction and the experimental determination of the F|G. 6. Tree level contributions to each differétf-F® mixing,
mass difference in th&®-K° and BS-BY systems, any tree for F=K,Bg4,D, in model Iil.

K%K, BB p°-p°
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tions coming fromH*=h° H2?=A° andH*. The possibil-
ity of having FCNC’s induced by® and A° will give rise to
the tree leveAF =2 mixings of Fig. 6. Wé
(i) In the evaluation of the one-loop contributions to the
AF =2 mixings, we will take advantage of the fact that they 4 Ton sb d Ton sb
are due to scalar bosons whose couplings to the quark fields
are proportional to the masses of the quarks involved and, for
the charged scalar, to some combinations of Cabibbo- sp
Kobayashi-Maskawd#CKM) matrix elements. Therefore, in %
Z

vl
o
~
st
=
al
vl
=4
ol

tcu

)
[=2]
[=X
»l
[=2]
al

b,s.d

each case we will consider only the dominant contribution,

which quite often will correspond to the diagrams with a

heavy quark loop. This procedure is clearly more approxi- ¢ d s d bisd sb

gha/llt?Zt?an tthe e.Xa.cl:t Caltc:iulatI]EJn one uses toldperf;)Lm in the FIG. 7. Box diagrams which contribute at one loop to the
» DUt & simiiar order ot accuracy would Not be NEC-, o 1o 50y 1o theBS-BY mixing, in model I1l. TheD®-DO case is

essary in our case. Nevertheless, as a check of our Calcugbtained by appropriately replacing the external and internal quark

i
1
h0A° hoA° E h°A° + o
|
]

tion, we have reproduced the SM result for each mixing an tates
used it as a reference point to fix the right relative signs an '

normalizations. o _ sume Bx=0.75, Bg=1, and Bp=1 [28]. Moreover, ac-
(i) The AF=2 effective interactions generated by the cording to Ref.[29] and to analogous calculations we

new scalar fields are often more complicated compared t0 theatormed for those operators that were not considered there,
SM results[27], because the scalar-fermion couplings in-\we will use the following expressions for thaF=

volve more chiral structures. Therefore, the evaluation of the, . ~iv elements of theOF operators (for a=
mass difference in the variou’-F° systems will involve S,P,V,A,VLL,VLRLL,LR) in th; VIA:
the matrix elements of operators other than just the SM one:

— — — 1 1
OfF_,= 0% =[f7*(1= ¥5)allf7,(1-¥s)] . M5=(F|O§[FO)via=— MpF+ g M2F,
(31
In general, matrix elements of the following operators are F_ /e F|ED :1_1 O,F_E oF
involved: MP <F |OP|F >VIA 6 MP 6MA 1
of=(fa)(fa), 2 1
- M\F/:<FO|O\F/|FO>V|A:§M%F+ §M2’F,
Op=(fysa)(fysq),
- — 2 7
05=(fy*q)(fy,9), M= (F|OAIF%via= — 3 Mp™+ 3 MR",
Of= (T2 750)(F7,750) (32 g 39
AT 5 wV54/)s —
o - M\F/LL:<FO|O\F/LL|FO)VlAng%F-
OVLr=[f7*(1= y5)dll[fy,(1+ ¥5)q],
_ _ — 4
Of L =[f(1— ys)al[f(1- ys)al, M{1r=(FOIOGRIF)via =3 MB" —2M3T,

Ofr=[f(1— y5)al[f(1+ ys)q],

for F=K,B4,D; f=s,b,c and q=d,u depending on the
F° meson that we consider. The matrix elemenOgf_, is

. — 1
usually given as Mir=(F°|O[RIF)via=—2M3 + Z M2F,

. . 3
(FOlOR¥_,|F%)=Be(F°lOF¥_ 2l F%via , (33

— 5
MEL:<F0|OEL|FO)VIA:§M%F'

for F=K,Bgy,D. All the previous matrix elements have been
where the ratio of the matrix element itself to its value in theexpressed in terms of the matrix elements of the only two
vacuum insertion approximatiofVIA) is expressed by the operators which do not vanish on the vacuum: i.e.,
B parameterBr. Extensive nonperturbative studies Bf 4
andBg exist in the literature, especially from lattice calcula- OF _ /20|, - ON_ 2 F
tions [828]. For our purpose, wepjust v)\:ant to evaluate each MP = (P71 vslO)(Ol s vs¢iql F >__fF(mermq) ’
matrix element in the VIA and use a comma8nparameter o o
(the one forOY, ). Clearly this is only an approximation. M%F:<FO|¢ffyﬂ»ys¢q|o><0|¢fyﬂy5¢q||:0>:fl2:|\/|2, (35)
Such an approximation may be problematic in the SM,
where one aims to get a very precise prediction, but it sufwhere Mg and m; indicate, respectively, the mass of the
fices for our qualitative discussion. In particular, we will as- meson and of the quark of flavér The recent evaluation of
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5B d b i TABLE Il. Experimental values and theoretical predictions in
. the SM and in model Ill forAMg (in GeV) for different FO-F°
_BA° Wt _BAT g mixings (F=K,B4,D). Case 1, case 2, and case 3 correspond to
| three possible scenarios in which different assumptions are made on
d s,b d s,b the FC couplings, as described in the text. Each range is obtained by

varying the parameters of the model over a large region of the
parameter space, compatible with phenomenology and with the as-
B i sumption of weakly coupled scalar fields. The leading contributions

(tree level or one loopare also indicated in each case.
n%,A° :
LR Y < T 'ho,Ao + — — —
| KO-K© BY-B D%-D°
8,

Experiment 35k10° %  3.26x1071% <1.32x10° %
FIG. 8. Penguin diagrams which contribute at one loop to the gy O™ {4 46x10°25 10°13.10°12 10-17_10°16

K°-K® and to theB3-BS mixing, in model Ill. TheD®-DP case is loop
obtained by appropriately replacing the external and internal quariodel Il Tree 100410713 10°2-10°1 10-13_10° %2
states. (Case 1 level

Model Il One 10-%_10°Y7 10" “-10°13 10-Y-10"18
the pseudoscalar decay constarfts) (can be found in the ~(Case 2 loop
literature[30]. In our calculation we have used the following Model Il -One w20 110 1517 1516 g-14 1025

set of values: fx=0.160 GeV, fz=0.175 GeV, and (Case3 loop
fp=0.200 GeV, where the first value comes from experi-

ments and the last two are representatives of lattice Calcu'%i_ons and how this imposes constraints on some particular

tions. : . ! . N
(iv) No QCD corrections have been taken into account forcoupllngs will be explained as we go along the discussion in

model IIl. From the SM casé31,37 we know that these this section. Moreover, for each different choice of the cou-

corrections can be important when a precise comparison wit Vl\;ggfl lvg% gae\<? ;r?c:'id_?*é'v rrh;isaigdtrr?ec rlgatshoen rf%rr‘%ﬁebgn R
the experimental data is needed8]. However, in model I : 9

they would affect the evaluation of the constraints at a mucﬁ)f values that are given in Table Il for each case and for each

higher degree of accuracy compared to the approximationg“xIng in model IlL. In this section we .W'” d|sc.uss In par-
that we are adopting: therefore we neglect them. ticular case 1 and case 2. The scenario described by case 3
We now proceed to the discussion of the important re-resuItS from the constraints imposed §,, p, and

sults. In Eq.(10) we basically parametrize our ignorance of Eg??Oﬁ%)n?er:ig‘”lgbgudri]sr%lfrsegf'?tssorrgseuﬂgt?g Irnesc?r?eglin
the FC couplings of model Il introducing thej*> mixing : y P

) . . Table Il as well.
parameters. Therefore, the constraints we are going to im- : . :
. ; In case 1i.e., when all the FC couplings are parametrized
pose will allow us to deduce the order of magnitude of some f . he leadi ibuti f
f the A\Y'P. Due to the fact that the analysis of aﬁ?-ﬁ n terms of a unlque\, the cading contribution comes from
of the Ay y ) the tree level diagrams of Fig. 6. The one-loop contributions
mixing will involve both tree level and one-loop contribu- ..o always subleading all over the mass parameter space. For

t!ons, we will have _to d_eal with Se"eff’*' coupll_ng_s atthe SAM& achFO-FO mixing, there are two possible tree level contri-
time. In order to simplify the analysis we will first take all

the »U:D ers to b LD di h " ?utions, mediated by ah® and anA° neutral field, respec-
€Ajj" parameters 1o be equal. Depending on the result o ively. We want to consider them separately because in our
this first approach to the problem, we will consider the pos

S ) ) ; “analysis we will var and m, independently. Moreover
sibility that different couplings are differently enhanced or Y Y A P y

d A dina to this loai h idered ththe two contributions differ by the chiral structure of the
suppressed. According to this fogic, we have considere Fesulting four-fermion effective interaction, &ftype for the

following cases, _corresponding to three possible assumptior}g) exchange and oP type for theA® exchange(see their
on the FC couplings of E¢10). Feynman rules in Appendix)ASinceM5>MZE the distinc-

Case 1 \j;=\ common to all the FC couplings. . . P )
AR i g, tion between the two tree level contributions becomes impor-
Case 2\ i, \gj<1 fori,j=1,2,3, i.e., negligible FC cou- . ]
tant and we write them as follows:

plings for the first generation and no assumptions on the
other FC couplings.
Case 3 As case 2 but with the further assumption that

1
h°—>AMEee=2(§$dD)2WMF,
h

7\bbi)\sb>-’L and )\th)\ct<1 : (36) AO_)AMtFree:_Z(gldeD)z%Ml;’ (37)

— A

The results for eack%-F° mixing (F=K,B4,D) in case 1,

case 2, and case 3 are reported in Table I, where we aldor F=K,B,D, f=s,b,c, andg=d or u depending on the
give the corresponding experimental res(i8g,35 and the  mixing that is of interest. In particular, sindd5>M§, we
SM predictions[32,31,36. Both for the SM and for each observe that an interesting possibility will be to have a light
case of model Ill we also specify whether the dominant conh® and a much heavieA®. In this way theA°® contribution
tribution is due to tree level or to one-loop diagrams. Thewould not be too large, while we would still have a light
different relevance of the tree level and one-loop contribuscalar field with FC interactions.
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£, &Py, and&).. In particular, we can take the point of
view that the bounds om\ in Fig. 9 do apply only to
Nsd» Apg, @ndh,c. In general, we can assume that all the
FC couplings involving the first family, including alit’t,

are suppressed. In case 2, the tree level mixings are sup-
pressed enough that some loop contributions might become
important. We will consider a loop contribution to become
important when it is clearly bigger than the corresponding
SM prediction, because only in this case it becomes possible
to deduce a strong bound on the new FC couplings.

The one-loop diagrams that are most likely to be relevant
are those which involve charged scalars only, because the
charged couplings can also contain terms that do not involve
any of the suppressed couplingsee Eq.(9)] of the first
family. This is not the case for the penguinlike diagrams of
Fig. 8, which indeed turn out to be negligible, except for
very light and unrealistic values of the neutral scalar and
pseudoscalar masses. We mainly have to focus on the box
diagrams of Fig. 7 with charged scalars. Moreover, we notice

In Fig. 9 we illustrate the constraints imposed on the pa_fa\hraet;ggir?:; fgg]g?gsgfv;'tﬁeé;georg;ﬁéﬂﬁ;ﬁnttw%%ﬁgr'gg;ams
rameter\ by the tree level mixings in th&°-K°, B§-BY,

0 =5 . i scalar boson because they are proportional to the product of
andD"-D" cases, respectively. We recall thaiis common o \;; instead of fourk;;. Thus, if quantitatively relevant

Ma

FIG. 9. Upper bounds ok imposed by the tree level mixings
illustrated in Fig. 6:K°-K° (dasheg, BS-BY (solid), and D°-D°
(dot-dasheg

ings may be as effective as the tree level mixing in constraining
the\’s.
2\ VMsMy D =) VM Mg &Y =\ vMcm, For the B3-BY mixing, the only sizable contribution
sd v Sbd v o v comes from the diagrams with a top quark in the loop, be-

(38  cause the scalar field couples to the quarks as given by Eq.
, (10), i.e., proportionally to their masses. A¢P-K® mixing,
The three curves represent the upper bounds emposed ¢ giagram with a charm quark in the loop can be even more
by the present experimental resulsee Table I for differ- i 55rtant than the one with a top quark, because of the CKM
;nt:ggjg SG(g\}heL??:terflngfggOosf?]alizgﬁsnvg?e?vveveafrl,x couplings involved. Finally, in thed%-D° case, the most
reTevant changie tg these bounds 'Ibherefore forgeach va)I/ue rerlevant loop contributions come from the box diagram with
' ' 8" bottom quark in the loop. For very light, andm,, the

my, the region above a given curve is ruled out by the Cor'penguin diagrams generated by and A°, with a top loop,

responding~°-F° mixing. As we can see, the most relevant .o, he comparable.
role is played byk°-K® andBJ-BY which constraim to be The results of this analysis can be read off Table Il. In
definitely smaller than unity, even for large valuesmf  spite of the high degree of arbitrariness that we have in
(i.e.,my~ 1 TeV). We have verified that if the experimental model I1l, we do not find any region of the parameter space
precision orD?-D° were increased by 1 order of magnitude, in which the one-loop contributions in case 2 are definitely
this mixing would also start to play approximately the samelarger than the SM prediction. In other words, once the first
role ask®-K® and BJ-Bj so that the three lines in Fig. 9 family is assumed to decouple, thieF=2 processes for
would then roughly collapse into one line. We thus see thak®-K°, BS-B}, andD°-D° place no further constraints on
the AF =2 mixings put severe bounds on the magnitude ofthe remaining FC couplingé.e., £2, and&5,). Therefore this
the gh’*D couplings when we require all of them to be pro- analysis tells us that case 2 is compatible with the existing
portional to a commor\. For A<0.1 (as in Fig. 9 for experimental measurements of thE =2 mixings as long as
ma~ 200 GeV it becomes difficult for the FC couplings of the second- and third-generation FC couplings of model Ill
model Ill to play a role in any process. For instance, the caseo not have a;; much larger than 1. This is_an interesting
of top-charm production that we discussed in Sec. Il as welfesult as far as our predictions fer(ete” —tc+ct) are
as any rare top decay would be too suppressed to be of egoncerned. Due to the constraints we cannot enhance this
perimental relevance. On the other hand, there is no goodross section in any substantial fashion, but at least it is not
reason to assume that all thg of Eq. (10) are equal. suppressed and the values shown in Fig. 2 are roughly cor-
Therefore, let us consider next the more general case irect, with some room for a small enhancement. Similar con-
which the\;; parameters are different for each different cou-siderations apply to the case of the rare top decays that we
pling. This is indeed the scenario that we identifie¢ase 2  discussed in Sec. IV.
We do not have enough specific measurements to constrain Other more complicated assumptions on the FC couplings
all of them independently. However, we can make some gemsf the second and third generation could also be investigated.
eral remarks. We first observe that the tree level mixingdn order to consider only those possibilities that respect the
constrain only three couplings to be necessarily smallbest fit of the available phenomenological constraints, we
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will postpone the analysis of other scenarios after the discus- e
sion of additional constraints froB(B— X.y), thep param- Q%R’L)Zgzmbsff“”(li ¥s)bF .., (42)
eter, andR,, in Sec. VII. As we have anticipated in present-
ing the results of Table Il, we will discuss in particular jn the AS=1 effective Hamiltonian evaluated at the scale
another scenario, the one we have denotedaas 3 which u=m,. The approximate calculation 0C7R(mb) and
could be of some physical relevance. CY(my) shows that in model Ill th&8(B— Xy) is always
larger than the SM ont2]. This feature is very general and
VIl. B(B—Xsy), Ap, R,, AND THE CONSTRAINED the enhancement of tH& B— X,y) depends on the assump-
PHYSICAL MODEL tions we make on the new FC couplings and on the masses

. L , of the neutral and charged scalar fields.
As is the case for ZHDMSW'thOUt.F.CNC(Sane.IIand From the analysis of Ref[42] it is clear that the
model 1l) [37], so also in model lll it is very difficult to

. . . . B(B— Xs7y) is very sensitive to any enhancement of the FC
r_econcne the measu.red value of the inclusive branching frac(':ouplings. The neutral scalar and pseudoscalar contributions,
tion for B— Xy [38]: involving truly new kind of diagrams with respect not only
to the SM case but also to model | and model Il 2HDM'’s, are
proportional to£f, and£2,. The charged scalar contribution
depends on the charged coupling?%’idj and gﬁidj for

ui=c,t anddj=s,b [47]. In particular, the really leading
contribution arises from the diagram with a top quark in the
loop and the relevant couplings will then bg.® and
épP. According to Eq.(9) they are explicitly given by

fe=EaVist &Ves, &= EaVir+ EVen,
and the value oRE*' seems to challenge many extensions of (43)
the SM[41,47. However, several issues on the measurement én=EVist EoVib,  £m=EqVisT EppVin-
of this observable are still unclear and require further scru-
tiny [42,43. It is plausible that the experimental situation ~ Therefore the final prediction for tH&(B— Xsy) will de-
will change in the future. Therefore we may want to considePend on the whole set of FC couplings which involve the
both the case in which the constraint frdR§*'is enforced ~Second and third generation. A strong enhancement of any of
and the case in which it is disregarded. A third crucial electheX;; would conflict with the experimental prediction in Eq.
troweak (EW) observable in this analysis is given by the (39), unless some very specific assumptions on the other pa-
parameter, which turns out to be very sensitive to the choicéametersicouplings and masseare madg48].
of the mass parameters of any new physics beyond the SM. Let us now consideR;,, defined as
In a recent papdi42] we have studied the problem in detail, —
considering two major scenarios in which the constraint from R = I'(Z—bb) (44)
Ry, is either enforced or disregarded. In the following we will b~ I'(Z— hadrong’
summarize the main results of Re#42] and discuss them in
the context of the more general picture of model Il that weNeglecting all finite quark mass effectenf~0) [49], the
have been tracing till here. generic expression fdr(Z—qq), forg=b, c, ... , can be
Let us first recall how the presence of an extended scalakritten as
sector and of the new FC couplings affects the theoretical N
prediction forB(B— Xsy), Ap, andR;. —_ Nc e 2 2
The SM result for the inclusive branching ratio H(z=aw=-¢ EWTCVTVMZ[(A‘“‘) T(Aqr)7) (49
B(B— Xgy) [44,45 can be modified in order to include the
contributions from the new scalar fields and we obtain that invherea, is the QED fine structure constam, the number
model lII: of colors, s, the Weinberg angle, anti, gy the chiral left
and right couplings of th&qq vertex. They can be written
as the sum of a SM piece plus a correction induced, in our
B(B—Xy) Fb—sy) case, by the new FC scalar couplings of model Il

B(B—Xgy)=(2.32£0.51+0.29+0.32 X 10 * (39
with the experimental results f@&,, the ratio of the rate for
Z—bb to the rate foiZ— hadrons. The present situatif38]
is such thaR®*>RM (~30) [40],

REP-0.2202£0.0016, R§M=0.2156,  (40)

 B(B—Xev,) [I'(b—cere)
6a " " Aqum=Aqlr T Aqlir: (46)
=————F (|IC®(my)|2+|CP(my)[?), (41
 f(me/mp) (1677 (my)[+]C7 (M), (41 Since R, is in the form of a ratio between two hadronic
widths, most EW oblique and QCD corrections cancel, in the
where f(m,/m,) is the phase space factor for the semilep-massless limit, between the numerator and the denominator.
tonic decay and- takes into account som®(a) correc- The remaining ones, are absorbed in the definition of the
tions to bothB— X ev, andB— Xsy decays(see[42,46 for  renormalized couplinga andsy, (Cy), up to terms of higher
further comments C{®(m;,) and C{¥(m,) are the Wilson order in the electroweak correctiofs0,51,37. As a conse-
coefficients of the two magnetic-type operators that occur irquence, thed,, r) couplings will be as in Eq(46), with
model Ill, for arbitraryg}f*D couplings(see Ref[42]), Aqsf‘ﬂ(R) given by the tree level SM couplings expressed in
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terms of the renormalized couplings and Sy (Cy). This ~ from Ref. [54] and the new experimental results on
feature makes the study &, particularly interesting, be- Rp, po turns out to be very close to unity. F&,=R;, Pas
cause the new FC contributions may be easily disentangleiéh Eq. (40) andm,=(174+16) GeV, Ref[53] quotes

in the Zqq vertex corrections. Using Eq&45) and (46), we _
can expres®, in terms ofR;™ andRZM as po=1.0004+0.0018=0.0018. (53

1+ 6, This result clearly imposes stringent limits on the parameters

47) of any extended model. Using the general analytical expres-
sions in Ref[55], and adapting the discussion to model llI

where (making use of the Feynman rules given in Appendix e

ASMANew, A SMA new find that

Bq=2 i IE (48) Ge

q (ASEA)Z"‘(ASQA)Z A new_
q q Po 8\/5772
for g=b,c [52]. In Egs. (47 and (48), terms of
O[(Apt(R)?] have been neglected and the numerical analy- +cosa G(mg,my,mp)], (54
sis confirms the validity of this approximation. The vertex 2 2
correctionsA™" and A™" in model Il will depend on the where all th.e terms of ordeMy, ,/m;) have been neglected
qL 4 : and we define
new FC couplings and on the scalar masses. As explained In
Ref.[42], the dominant contributions thgi"s are due to the
charged scalar and tend to further decrease the SM result,

pushing the theoretical prediction f&;, in the wrong direc-

R,=R:M
PP 14+ RIMS, + R3MS,

[sirfe G(m,,m,,my)

(Me,Mp, My p)=m? mEm Ir‘mg e n m
e MaA, My p) =M ————INn— 75 IN—
Me—Mp Mp M= My Mg

2
C

2.2 2
tion with respect to the current experimental result in Eq. MAMy h N Ma (55
(40). The neutral scalar and pseudoscalar contributions ma—mg, Mgy,

would increaseR,,, but they are very small. In order to en-
hance them we have to make very strong requirements on theEnerefore the choice of the set of scalar masses will be cru-
couplings and masses of model Ill, which correspond to th&ial in order to make\ p, compatible with Eq(53).
scenario we identified as case 3. This scenario and its com- The results of our analysis of model [42] indicate that
patibility with the other constraints will be discussed later onthere are two main available scenarios depending on our
in this section. choice of enforcindR,, as additional constraint or not. As far
Finally let us consider the parameter, i.e., the radiative as the assumptions on the FC couplings are concerned, they
corrections to the relation betwedn,, and M,. We may correspond to what in Sec. VI we calledse 2andcase 3
expect that thalV and Z propagators are modified by the However, new restrictions on the mass parameters have been
presence of new scalar-gauge field couplifeme Appendix imposed by the additional constraints we have discussed in
A). In fact, the relation betweel, and M is modified by this section. Therefore we will enlarge the definition of case
the presence of new physics and the deviation from the SM and case 3 to include also the bounds imposed on the mass
prediction is usually described by introducing the parameteparameters. The resulting two scenarios will constitute the

po [35,53, defined as two available physicadolutionsof model Ill. We will devote
M2, the rest of this section to illustrate them in detail and sum-
pozm, (49 marize their relevant features.

(1) If we enforce the constraint from ' [see Eq(40)],
where thep parameter absorbs all the SM corrections to theh®n we can accommodate the present measurement of the

gauge boson self-energies. We recall that the most importaf(B—Xs7) [see Eq.(39)] and of theAF =2 mixings (see
SM correction at the one-loop level is induced by the topTabIe [l) and at the same time satisfy the global fit result for

quark[37,53 the p parametefsee Eq.(53)] provided the following con-
3G.m2 ditions are satisfied.
Prop™ SOF (50) (i) The neutral scalan® and the pseudoscala are very
8\2m? light: i.e.,
Within the SM with only one scalar S8) doubletp§®®=1. 50 GeV=mp~ma<70 GeV. (56)

In the presence of new physics we have - ) )
(i) The charged scalad * is heavier tharh® andA°, but

po=1+Apg?", (51)  not too heavy to be in conflict with the constraints from the

p parameter in Eq(53). Thus
whereA pg™ can be written in terms of the new contributions

to theW andZ self-energies as 150 GeV=m,<200 GeV. (57)
new new,
new:AWV\/(O) _AZZ (0) (52) (iii) The §ﬁ couplings are enhanced with respect to the
0 My VE giLj’ ones, as described by the pattern we identifiedese 3
The determination ofn, from FNAL [54] allows us to dis- Mp>1  and A<,
tinguish betweem, andp=1+ p,,. From the recent global (58)

fits of the electroweak data, which include the input fiar Nsp>1  and A<1.
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The choice of the phase is not as crucial as the above 91— , ' -
conditions and therefore we do not make any assumption on
it. Within this scenarioR,, can be predicted to be less than
20 away of RSP, We refer the reader to R¢#2] for more
details. From the previous requirements on the parameter of
the model, we understand that it is in general very difficult to
accommodate the present valueR§® in model Ill. How-

ever, if we assume that the FC couplinggmely, the\;;
parametersare arbitrary and dictated only by phenomenol-
ogy, then it is still possible to find a very small region of the
parameter space in which, in principle, model Il is compat-
ible with the important experimental results. The values of
the neutral scalar and pseudoscalar masses are required to fit

B (B—>Xsy) X107

the narrow window of Eq(56) and are very close to their 300 400 500 600 700 800 900
experimental lower bounds. In order to increase them and Mc (GeV)

still agree withRE*™, we would need a heavien. and this

would be in conflict with Eq(57). FIG. 10. B(B—Xgy) in model Ill. The experimental result at

We recall that similar difficulties are present in model Il 1o (dashediand 2r (dot-dasheflis also given.
as well[37]. However the important difference with respect
to model Il is that this analysis of the constraints of model 11l we can safely work in the scenario cése 2 where only the
gives us some hints on the possible range of the new Fdrst-generation FC couplings are suppressed,
couplings. This can be used to explore interesting experi-
mental consequences in FC transitions. Let us review some Nyi Ngj<<1  for i,j=1,23, (59
of the most important ones. ) _ ) )

As we can read in Table II, also itase 3the main con- N order to satisfy the experimental constraints on the
tribution to the mixing comes from the one-loop diagrams.F°-F° mixings. We will assume the FC couplings of the
Contrary to theBJ-BS andK%-K° case, we note that in the second an third generations to be given by EH) with

DO%-D° case the mixing can be much bigger than in the smMi=1. _ .
although still a couple of orders of magnitude below the " this case model Ili predicts B(B— Xy) compatible

experimental bound. This is the only case in which, in anWith experiments at thec level[56,57, for m;=600 GeV,

FO-F° mixing, a loop contribution of model Ill can be much as we can see in .F'g‘. 10. As soon @ is not enhanced
bigger than the SM prediction. Therefore an improved ex2nymore, the contribution of the neutral scalars and pseudo-
perimental determination of tHEO-F mixing would be scalar is completely negligible. Therefore, both the value of

very effective in constraining the model parameters for casthe mixing anglex and of the neutral scalar and pseudosca-
3 y 9 P far massesry, My, andmy) are irrelevant. In particular,

Moreover the possibility of having largé, and €2, cou- Ir:elgiu;ggliroon?]t?ggegt Igga=?4%pd values formy, and m,
plings, as predicted by this scenario and allowed by the Po '

present constraint oB2-BY, seems to be particularly inter- My,My<m,<m, and my<m.<my,m,. (60)
esting for the study of some ra& decays(i.e., B—I*1~
andB— X4 *17) [6,11] and of Z—bs+bs. Due to its im-  We note that none of the previous scenarios would give an
portance we will discuss this subject more extensively inenhanced value oR,, because in that cas®, and m,
Sec. VIII. would be required to be equal and liglgee Eq.(56)]. In
Finally, surprisingly enough, we have verified that thefact, in this scenario model Ill predic®, to be slightly
cross section for top-charm production and the decay rate fagmaller tharRﬁM (andR slightly bigger thaerM) [42].
the rare top decays that we discussed in Sec. IV are not The main theoretical predictions for case 2 have already
suppressed even if thg couplings are. The contribution been discussed in many sections of this paper: top-charm
from the neutral scalars and pseudoscalar are clearly neglproduction in Sec. Ill, rare top decays in Sec. IV, and
gible and the final result is dominated by the charged scalgt0_g0 mixings in Sec. VI.
contribution. In this case, the analysis has to be extended
with respect to the description we give in Appendix B, in
order to include the complete expression for the charged cou-
plings [see Eq.(9)]. In fact, the contribution from the  we have seen in Sec. VII that the present experimental
charged scalar will be dominated by tﬁ&argedcoupling of measurement dRy, [see Eq.(40)] suggests a new pattern of
Eq. (9) instead of by théghargedones as we assumed in Secs. FC cqupl|ngstor mo_del 1, that we callechse 3 gccordlng
Il and IV and in Appendix B. The results of Appendix B are t0 Which the¢;; couplings would be enhanced with respect to
still valid, provided some changes in ti§¥, &%, ... cou- the gi‘f ones. In this section we want to examine the compat-
plings are made. ibility of this assumption with theg—Bg mixing and its phe-
(2) If we disregard the constraint from #' there is no nomenological implications for the rare decays:
need anymore to impose the bounds of B§6)—(58) and B°—X.u*u~, Bs—u"u~, andZ—bs (we denote in this

Vill. B-B?, Z—bs, AND SOME RARE B DECAYS
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TABLE lll. Values of AMg_(GeV), B(Bs—u 1" ),B(Bg—Xuu" ™), andB(Z—bs) in the SM, in
2HDM'’s with natural flavor conservatiofmodel | and model )l and in case 3 of model Ill. Each range is
obtained by varying the parameters of the corresponding model over a large region of the parameter space,
compatible with phenomenology and with the assumption of weakly coupled scalar fields. The present
experimental bounds are also given. The top mass is taken nq&80 GeV.

2HDM'’s Model Il .
Process SM Models 1 and I Case 3 Experiment
AMg, 10210712 101210710 >9x10 12 >4.3x10 2 [58]
o 1007-10* <8.3x107° [59]
B(BY—utu") ~4x10°° 10°°-10°8
(N p=1) <8.4x107° [60]
10 6-10* <2.5x10°° [60]
B(B°—Xutu™) ~7%x10°® 10°5-10%
(N ,=1) <5x107° [61]
B(Z—bs) ~6x10°8 ~10°8 10°8-106 ?
way the sum of the final statéss and bs). that more directly involve th¢Z, coupling: the rar8 decays

We have summarized our present theoretical and experB— Xqu " u~ andB2— u*u~ and the decag—bs.
mental knowledge of these processes in Table Ill, where the The phenomenological relevance of the decay
predictions of case 3 of model Ill are compared with the SMBY 1%~ and in particular ofBgs—u"u” has been
results and with the results of the 2HDM’s with natural fla- pointed out in Ref[6]. Although the experimental measure-
vor conservatiorimodel | and model )l The experimental any js still poo59,60, this is a rare but theoretically very
situation is still uncertain for all of the processes under StUd%leanB decay, which is not affected by large QCD correc-
and we report in Table Il the existing experimental bounds”[ions. In model Il it can arise at the tree level via the ex-

It is clear from Table lll that in these processes there ar'”?:hange of a neutral scalar or pseudoscalar with FC interac-
good chances that continued experimental search could show _ - )
deviations from the SM predictions tions. We think that the possibility of having a largg,

As is the case for the othérF =2 mixings that we have COUPIiNg prompts us to reconsid@q—u " u™. As is the

—_— O . . 0 — .
examined in Sec. VIB2-B? is extremely important to con- ¢ase forBq the prediction foBs— "1™ in model Il can
strain the corresponding FC coupling, i-ﬁb- However, for be enhanced at least by a factor of With respect to the SM

the time being the experiments give us only a lower boundind to the 2HDM's with natural flavor. conse.rvatlon. How-
ever, the range reported in Table Ill is obtained foé g,

coupling given by Eq(10) with \,,=1 and different en-
hancements of thé3, coupling. As we said from the very

AMg . . .
P _ s beginning, we do not want to consider here the implementa-
AMp>4.3<10 7% GeV. or xs= I's >10. (6Y) tion of model Il in the leptonic sector. Therefore we will
° take the number of Table Il just as an indication of the
. 0 possibility of new interesting signals from this rare decay.
Specifying Eq.(37) tthhe Bs case, from Eq(61)0w%get a TheB—Xqu* u~ case could be even more interesting. In
lower bound for thef, FC coupling. Therefor®:-Bg tells  fact, as we can see from Table Ill, better experimental

us that the¢g, coupling need not be small, i.e\g, can be  bounds[60,61 exist and are nowadays only 1 order of mag-
somewhat bigger than one. We know from the analysis ohitude away from the SM prediction, which is known to very
Sec. VIl that this compatibility is realized in case 3 of model high accuracyincluding QCD corrections, long distance ef-
lll. Moreover, we have verified that the presence of an enfects, etc. [62,63. Therefore this decay could become a
hancedég,, coupling does not represent a problem for non-good constraint for theD, and £, couplings. In model i
leptonic decays of thb quark, in particular for those decays there are two possible contributions at the parton level: a
which arise at the tree level via—scc. In the spirit of this  one-loop transition due to the one-loop induced effective
qualitative analysis, we ask that at the quark level the conzZbsvertex and a tree level transition directly mediated by a
tribution from new physics to the raté(b—scc) is appre- non standard neutral scalar or pseudoscataf, (h°, or
ciably smaller than the corresponding SM one. This is indeed\%), The tree level contribution crucially depends on the
the case fong,<40, i.e., in a large range of values. order of magnitude of thé3, coupling and on the assump-

It is remarkable that th@J-B2 mixing does not prevent tion we make on the,, coupling. In particular, if¢3, is
&5, from belonging to that small region of the parameterenhanced andn,,m, are not too heavyas in case B this
space of model Ill which is suggested Bf®. Therefore we contribution could become very important féy,, given by
want to further investigate the phenomenological conseEq.(10) with A ,,=1. However the dependence ép, does
guences of case 3 of model Il in some physical processesot allow us to make strong statements. As we explained
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before, the one-loop contribution in model 11l does not de- 0.01
pend oné,,, and can be comparable, for larg, and&y, to
the SM contribution. Indeed the effectivé s vertices in the 0.001 |
SM and in model Il are given, respectively, by
0.0001 |
g e b T
(Vo9 sm= KN R(ALS)SMbL yHs, 1105 |
(62) bs !
g ae b — 1x10®
(VZbsmop,= cw m[(ALS)Mo%bL s
L 1x107¢
+(AR) mMoD,PRY*SR],

1x10®

. , : 100 200 300 400 500 600 700 800 900 1000
where a, is the QED fine structure constarst, the Wein-

berg angle and we have used the notatifny= (1= y°)/2. Vs (GeV)
Comparing theAP%; couplings we note thatAP%) gy=0.1

while (AP%R)mop, depend onép, and £5,. For instance,
When )\bb:40 and )\szlo, (AE%MOD:SZO.S,

(AEﬁMODfO.OG and the contribution of model Il to the IX. OUTLOOK AND CONCLUSIONS

B(B—Xsu"u) becomes comparable or even larger than In this paper and in Ref$1,2,42 we examined the phe-

the SM one. Therefore, this decay can play an important ro'%omenology of ECSC's that r,néy occur in extended models

in confirming the case 3 scenario of model Ill and the com-,, . strongly share the point of view with many that the ex.

patibility of the model Wit.h the present experimental predic'traordinary mass scale of the top quark should prompt us all

tion _for R, and the ”.‘OSt Important othe_r EW constraints. to reexamine our theoretical prejudices against the existence
Finally, the effectiveZbs vertex also induces a non neg-

- : oo ) ¥ of such currents, especially involving the top quark.
ligible rate forZﬁbs. This rate is given in the SM and in A very simple extension of the SM with another Higgs
model lll, respectively, by

doublet leads rather naturally to such scalar currents. The
o . \2 model has the nice feature that experimental information can
‘g 262 |\/|Z<4 ez) (AES)gM, be systematically catalogued an_d guidance for.further effort
SwCw can be sought. The model has_important bearings for some
) (63)  key reactions: e*e (u*u")—tc+tc,cc; t—cy(g,2);
%2) D°-D° and B2-BY oscillations; B(Bg)—1"1~, B(Bg)—
Amsy I"1"Xs, and e"e (Z)—bs+bs. Continued experimental
X[(AP9)Z o +(ABS2 ] effort towards these can hardly be overemphasized. The
L /MODg R /MODgl* . . . .
model also has important implications f@ar—bb and we
want to stress that it is extremely important to clarify the
experimental situation regardirgy—bb.

FIG. 11. RS as a function of/s for the two scenarios of case 2
(solid) and case 3dashed

I'(Z—bs)gy=N

N =" M
®6si,ch -

I'(Z—bs)mop,=

In the scenario of case B(Z—bs) Mo, Can be almost an

order of magnitude larger thah(Z—bs)gy. This is re-
ported in terms of branching ratio in Table Ill, where the
previous rates have been normalized to tHe width ACKNOWLEDGMENTS
(I';=2.49+0.007 GeV. Much of the relevance of this de-
cay mode in model lll depends on the enhancement of the This research was supported in part by U.S. Department
¢ couplings. Therefore, any experimental bound would be?f Energy Contract Nos. DC-ACO05-84ER40180EBAF)
extremely effective. We illustrate in Fig. 11 the cross sectiornd DE-AC-76CHO016BNL).
for the related process*e” —sb+sb normalized to the
cross section foe™e™ —y* —u"u", ie, APPENDIX A: FEYNMAN RULES FOR MODEL il
o(ete” —bs+Dbs) In this appendix we summarize the Feynman rules for
64 model [, which are used in the calculations presented in the
paper. We choose to work in the 't Hooft-Feynman gauge.
starting from values of the center of mass energy below the
Z peak up toys=1 TeV. The upper curve corresponds to
case 3 and the lower curve to case 2. As we can see, there is
a considerable enhancement in the scenario of case 3 that we We present the Feynman rules for the couplings of the
are considering in this section. Although tBe-bs events  scalar fieldsH® (neutral scalgr H? (neutral pseudoscalar
are not as distinctive as the-production events, Fig. 11 andH™ (charged scaldy to up-type and down-type quarks,
seems to suggest that the experimental situation may be fas can be derived from the Yukawa Lagrangian of model Il
vorable and more experimental effort in this direction ap-[Eqgs.(1)—(7)]. Following the discussion of Sec. Il, these are
pears very worthwhile. the Feynman rules we need in our calculatiorRgf

bs—

oe’e =y —uu)

1. Fermion-scalar couplings
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D
1 —i [(;UD | 4U,Ds UD _ pUDx
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D;

Although thegi‘f'D couplings are left complex in the above, in practice, in our calculation we assumed they are real, i.e.,

&P=&1°* as we were not concerned with any phase dependent effects.

2. Gauge boson-scalar couplings

Here is a list of theZ boson,W boson, andy interactions with model Il scalar fields. We report them in terms of scalar
mass eigenstates’, h° A° andH™. We always have to take note of the relatipase Eqs(5) and(6)] between the scalar
mass eigenstates and{, H!, H?, H™) and use the fact that neithBH’H* nor ZH°H? couplings are presef$5,13. We
note the absence at the tree level of vertices ARE*Z” and A°W*W” :
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H,h°
P et :
n . —igw
AN §sin o (pp — p1)*
~.
P~ H Sy
Zl—l
—0 .
H Qi 122 My cos a g*
cw
ZV
le
n° Yl i wy
—bﬁ tarMzsinag
ZV
wi

igw Mw cos a g**

—1gMw sin o g*

WV

APPENDIX B: ONE-LOOP FORM FACTORS lowing Ref.[7], we will write each single form factor as the
FOR THE Ztc AND THE ytc VERTICES sum of four different contributions, i.e.,

In this appendix we give the complete analytical expres-
sions of the one-loop form factors for thgtc, ytc, and  FV=F'+FV+F{+FY) for F=A,B,C,D, (B2
gtc (g= gluon) vertices, defined by

w1 V) V)i 5 (V) Do whereF{) denotes the contribution coming from those dia-
Ate’ = 7gm2C| AT Y By HIC e grams in which arh® neutral scalar is exchangey” and
FY) the same for the neutral pseudoscatdrand for the
charged scalaH* and finally F{}’ represents the mixed
h9-A° contribution(see Fig. L
The choice ofa=0 and of the previous notation should
whereV=1y,Z,g and in the gluon case we understand thatalso help the comparison with an analogous calculation re-
g=g°T2 for a=1,...,8, T2 denoting the S(B) color ma- ported in Ref.[7], in which the authors computed the
trices. This parametrization is obtained by reducing the mosB(t—cZ) and theB(t—cv). Indeed, in model Ill, the effec-
general tensorial form of tha{Y) vertex using the Gordon's ~ tive one-loop coupling€tc and ytc (calculated forg+0)
decomposition and the gauge invariance of the currents irenter in the same way both in the calculation of the rates
volved. I'(t—cZy) and in the cross section foete™ —y*,
Referring to the definition of the mass scalar eigenstate€* —tc+tc. We find that our results are often different from
in Eq. (5), and using the Feynman rules of Appendix A, we the ones reported in Reff7]. In particular, we confirm the
have computed corrections both fer=0 and fora#0 . At results forF{") andFY”’, whereas we have different analyti-
the qualitative level of our analysis this makes a minor dif-cal results forr{) andF ).
ference. Therefore, we decide to give in the following the As a proof of consistency of our results, we have checked
analytical results in the case @f=0. In model Il with  that the sum of different sets of diagrams is divergence free
a=0, H° H?, andH? coincide with the mass eigenstates and that the final one-loop vertices satisfy the right Ward
HO h° andA° and all the new FC contributions come from identities. We recall that, for each different form factor
the second doublet. Therefore the form factorsF") (for F=A,B,C,D), the pole cancellation is verified
A(rZ9 B(»Z9 are calculated by summing up all separately forr{"’+F{)+F{, and FY’. In this respect
the one-loop corrections generated by the neutral stdlar we note that if we use the results reported in Ref, there is
the neutral pseudoscalaf and the charged scalat”. Fol-  one case in which the cancellation of the divergent terms

+iD(V><rW%”t yS)tVM, (B1)
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among different diagrams seems not to be verified, namely 1

the termAf+ A%+ A, in the AZ form factor[64]. §C=Z§H(§t’t+ &)
We finally note that in the analytical computation of the

Feynman diagrams, all the quarks except the top quark afghjle «,= al?9 and ax=a}?9 denote the vector and

taken to be massless. Nonzero light quark masses are k

1
and £=7&i(E— &) (BY)

only in the &'°
made in Eq (10)

Our results for the form factors are described in the fol-
lowing, where, for the sake of comparison, we adopt the
notation of Ref.[7]. The form factors are indicated as
Fn,... (for F=A,B,C,D), where the upper index is
dropped in order to slightly simplify the notation of Egs.
(B1) and (B2). The distinction between the different vector
boson ¢, Z, or g) is made at the level of the couplings.

1. Contribution of h°

h

—(1—X)|n§2+|n7h (E)ay— Enan)

1
Ah:f dx
0
1 (1-x
+ff dxd
0Jo

mZ(x+y—2)
—nh—(fvav Ehan) |,

1
Bh:f dX
0

1—x
ff dxdy{(— —|—z+—Z]ﬁ—2)(§CaA+€/’lav)

h 2
7" Xyq
L )(§Cav+§2aA>

h

—<1—x>ln%+lny“ (E)aa—Enay)

mZ(x+y—2) A (B3)
+—7]h—(§vaA_§Aav) ,
9 1(1-x X h h
Ch:mtff dxdy — —f(&yay—Epran)
oJo 7
y(2—=x-y)
—f1_(§vav+§AaA)
Dh_mtff dXd)’{ —h (Eray— EJan)
y(2—=x-y)
—7]!1_(§vaA+anv)
where we have introduced the definitions
BM=xmP+(1—x)m?2,
"= (x+xy+y)mi+(1—x—y)mi—xy¢?, (B4

L X (L—x)my

v S a—T
Y M (1—x)m?

denoting byg?=s the mass of the gauge bosg@physical

mass or invariant mass depending on the process consjdered
involved in the top-charm production process. The couplings
&l and £ are defined as the following two linear combina-

tions of the originalés, and &; couplings:

ekial-vector coupllngs of the different gauge bosons given,
couplings, according to the assumption respectively, by

aV:Ee al=0
\Y 3 ’ A ’
Ow 8 Gw
Z_ _ Z_ _
aV_4cos9W(1 3SiNw.  aa 4cody,’ 86
al=gs, ai=0

wheree, gy, and g are the electromagnetic, weak, and
strong coupling constants, whilg,, is the Weinberg angle.
These results are in agreement with those of REf. The

apparent difference in sign faz,, andD,, is only due to a

different assumption on the momentum of the gauge boson.

2. Contribution of A°

NE B Al A A
Ap= | dX —(1-x)In— —Iny" | (Exay— Eyan)
0 %
JF dedy{( |n—2+ yq)(gAav+§vaA)
my(x+y)
A (ERav— e |, B7
1 A
Bpa= Jo dx —(1—x)ln%—lnyA (— &ay+ Eaan)
. A )
— Jlfl dxdy{ 1+Inlg— %)(g@avﬁt §ﬁaA)
0Jo Iz
mi(x+
¥< o+ e |

1(1-x X
cummt [ [ oy ichau-ghan (@9

y(X Y)

(Exay+ EQan) |,

2 X A A
Da=m; fo fo dxd ?(gvav_anA)

y(x+ y)

(E§ay+ Enan) |,

where, in analogy with the previous case, we have intro-

duced the following definitions:
BA=xm+(1—x)ma
7= (x+xy+y?)mZ+(1—-x—y)ma—xyd?, (B9

XmZ+(1—x)ma
X°mZ+ (1—x)m3

YA=
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The couplingsg@ and fﬁ are now defined to be Also in this set of results we find many points of difference
with respect to Ref7].
1 1
A_ T gUr U Ux A_ " ¢U U+ Ux
&v=78u(8ct— & and =7 &uléait i) (B10) 4. Contribution from H*

while ay=ay%9 and apy=a*? as in Eq.(B6). In this set
of results we find many points of difference with respect to

Aczgc( —4aRJldx(1—x)ln,8C
0

Ref. [7].
1(1-x 77C1 qu2
3. Contribution from diagrams with both h° and A° +4bLjo fo dxd 1+|n7_ 7
1-x Mt (1-y—xy=x?) 1 (1-x 7C2 y(1—x—y)
m2 M 2
Ay= aMf J dxdy{ Ir‘ 2 m; an Vl +2cho J'O dxd InF—mtT ],
B15)
M2 1-2x—y+xy+x? (
|r’72+ N v xy ) 2\42] Be=Ac,
7 . 1-x 4bL 23¢
1-x M1 (1—-y—xy—x?) 3 mtf f dxdy Y1-x=Y)| —o;~ —, |
BM CUMf f dXd t2 M1 n
7 Dc=—-Cec,
M oy 2
§M1+ 77 22 _ t2(1 2X yMJ;XerX ) g{\/"Z], where the following definitions have been used:
" 7
(B1D) 7°1= (1= x=y) (Mg —xm) —xyf,
2 (B16)
Com aMmtJ‘ fl Xd dy{ (1-y— Xy X )g\'\;ll 7]C2:(X+y)m(2;_y(1_x_y)mt2_xyq2.

5 Using Eq.(9), we should defing® to be a linear combina-
_(I-2x—y+xy+x9) Mz] tion of many terms. However, if we follow the Cheng and

A Sher ansatz in Eq10) with \j;~1, there is only one term
1 f1ox 1—v—xy—x2 among all the possible ones which gives the leading contri-
2 A7y xy=X7) m, buti d theref defi
Dy = aym: dxd g a ution, and therefore we define
0Jo
1
C(1-2x— y+xy+x2) M, §C:Z§H§<L:Jt- (B17)
2 &%l
If different assumptions on the couplings of Ed.0) are
where we have used the definitions made, this statement will need to be modified. However, in
M o 2 ) ) 5 most cases, the main analytical results are still valid.
771=(1=2X—y+xy+ X7 )mi+ymy +xmy—xyq’, Finally the remaining couplings are given for the different
vector bosons, respectively, b
pM2=(1-2x—y+xy+x)m>+xmi+ymi—xy?. (B12) P e
1 1
y— __ Y —
The couplings are now expressed in terms g{i’fA and ag 3 b{ ee’ Jc=e,
VA, defined as aZ:_gWSW Z:_g_w 1_% 2)
" R 3cyw 5 4oy 35w
__gtt(fct tc ; l:_gtt(éct+§ ; 9w (B198)
Jé:ZC (1-2s%),

1
es ZEUES AL, Eem TaNE- 80, (B9

while the couplings of the photon and of tdeboson to the ) 5
neutral scalar and pseudoscalar are given, respectively, by In our calculation we further assume that tHg® cou-
plings are real, as we are not concerned with any phase de-

al;=0 aﬁ: Iw , and a%=0. (Bl4) pendent effect3 and symr_netric for sa!<e of siUmpIicity. This
2cody amount to set in the previous expressigis = £5,.
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