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ABSTRACT to more than one scalar doublet, the diagonalization of the up-
t gfe and down-type mass matrices does not automatically en-

X . . Ure the diagonalization of the couplings wattch single scalar
Two ng_g_s Doublet Models with FIavor_C_hanglng Ne_utral quqoublet. For this reason, the 2HDM scalar potential and Yukawa
rents arising at the tree level. The existing constraints mainl

¥grangian are usually constrained byahhocdiscrete sym-
affect the couplings of the first two generations of quarks, le grang y 4 y

ing the possibility for non negligible Flavor Changing couplingg etry [4], whose only role is to protect the model from FCSC's

of the top quark open. The next generation of lepton and hadrfgnthe tree level. Let us consider a Yukawa Lagrangian of the

colliders will offer the right environment to study the physics o

the top quark and to unravel the presence of new physics beyond

the Standar Model. In this context we discuss some interesting Ly = nH QLoUjr+ nﬁQi,L(Ple,R-I- (1)
signals from Flavor Changing Scalar Neutral Currents.

We present a general phenomenological analysis of a clas

QLU r+ERQiLeDj R + hoc.

. GENERAL FRAMEWORK whereq, fori= 1,2, are the two scalar doublets of a 2HDM,

while n%Jj’D and E}Jj’D are the non diagonal matrices of the

The next generation of lepton and hadron colliders will play @, awa couplings. Imposing the followinad hoc discrete
fundamental role in the study of new physics beyond the Stan@@anetry

Model (SM). Higher energies will allow a careful study of the
physics of the top quark (its couplings in particular) and of the
scalar and gauge sector of the fundamental theory of elementary ¢ — —@ and W — @ (2)
partlc'?s' o i Di — —D;j and Ui — ZFUi

In this context, we have analyzed the possibility of having a
Two Higgs Doublet Model (2HDM) with Flavor Changing Neuspme of the terms ihy have to be dropped and one obtains the
tral Currents (FCNC's) allowed at the tree level [1]-[3]. Thigo called Model | and Model II, depending on whether the up-
Model constitutes a simple extension of the scalar sectortgpe and down-type quarks are coupled to the same or to two
the Standard Model and closely mimics the Higgs sector ofggferent scalar doublets respectively [5].
SuperSymmetric Theory (SUSY). However, the possibility of in contrast we will consider the case in which no discrete
having flavor changing (FC) tree level couplings in the nedymmetry is imposed and both up-type and down-type quarks
tral scalar sector definitely distinguishes it from both the SMen have FC couplings. For this type of 2HDM, which we
and SUSY. Moreover, the discovery and study of extra scalangil| call Model 111, the Yukawa Lagrangian for the quark fields
pseudoscalar, neutral and charged particles with not too hegy¥s in Eq. (1) and no term can be dropgegriori, see also
masses will be in the reach of the future machines. From heggs [6, 7] .
our interest. For convenience we can choose to exprgsand @, in a

Although there is na priori veto to the existence of FCNC atsyitable basis such that only ﬂﬂ#}’D couplings generate the
the tree level, the low energy phenomenology of the K- and fefrmion masses, i.e. such that
the B-meson as well as the existing precision measurements of
the SM impose strong constraints on the possibility of having . 0 ~0 3
sizable effects from FCNC. However, under suitable assump- (o0 = v/iv2 ) (@2 =0. 3)
tions, the FC couplings of the top quark partially escape the§ﬁe two doublets are in this case of the form
constraints and can be predicted to give non negligible signals

as we will illustrate in the following.

A. The Model 72 [\ v HO IO
A mild extension of the SM with one additional scalar SU(2) _ 1 ( V2H? )
@ = 12 | - (4)
doublet opens up the possibility of flavor changing scalar cur- V2 \ H +iH

rents (FCSC's) at the tree level. In fact, when the up-type quanlaﬁ

ian i 142 g Qi
and the down-type quarks are allowed simultaneously to cou e scalar Lagrangian in theif, HY, H?, H=) basis is such

at [8, 5] : the doublep; corresponds to the scalar doublet of

0 . . .
*Work supported by U.S. Department of Energy contracts DC-ACO&She SM_anCH _tO the SM Higgs field (same coupllngs and no
84ER40150 (CEBAF) and DE-AC-76CH0016 (BNL). interactions withH! andH?); all the new scalar fields belong
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to theq, doublet; bottH* andH? do not have couplings to thedue to the presence of new tree level contributions to each of
gauge bosons of the forr2z2Z or HL2W+W-. the previous mixings. We have analyzed the problem in detail
H# is the charged scalar mass eigenstate, while the two scfldl], taking into account both tree level and loop contributions.
plus one pseudoscalar neutral mass eigenstates are obtdiméeed the two classes of contributions can affect different FC
from (H%, HY, H?) as follows couplings, due to the peculiar structure of the charged scalar
couplings (see previous section).
We find that, unless for scalar masses in the multi-TeV range,

H® = [(H°-v)cosu+H?sina] the tree level contributions need to be strongly suppressed, re-

h° = [—(H%-v)sina+H!cosa] (5) quiring that the corresponding FC couplings are much less than

O - 12 one. Enforcing the ansatz made in Eq. (6), this amounts to de-
- mand that

wherea is a mixing angle, such that far=0, (H?, H1, H?)
coincide with the mass eigenstates.

Furthermore, to the extent that the definition of Eﬁé) cou- More generally, we can assume that the FC couplings involv-
plings is arbitrary, we will denote b§}i]|’D the new rotated cou- ing the first generation are negligible. Particular 2HDM'’s have
plings, such that the charged couplings look e Ve and been proposed in the literature in which this pattern can be real-

) : . . D
Ve - EP. This form of the charged couplings is indeed peculié?ed [11]. The remaining FC Cﬁ_‘:op“”%s- r_la_mé[y and&g, are
to Model 11l compared to Models | and Il and can have impoflOt S drastically affected by the”—F" mixing phenomen_gl-
tant phenomenological repercussions [9, 10]. ogy. From the analysis of the loop contributions to Bfe-F

In order to apply to specific processes we have to make Somgings (box _and penguin diagfams involving the new scalar
definite ansatz on thE;Uj’D couplings. Many different Sugges_flelds) we verify that many regions of the parameter space are

tions can be found in the literature [1, 2, 3, 7]. In additiofompatible with the results in Eq. (7) [10]. Therefore we may

to symmetry arguments, there are also arguments based Ony\mgt to_look at other constraints in order to single out the most
widespread perception that these new FC couplings are ”kg]g?restmg Scenarios. _ _

to mainly affect the physics of the third generation of quarks '€ @re in particular the physical observables that impose
only, in order to be consistent with the constraints coming frofyong bounds on the masses and couplings of Model 1119, 10]

0_ Ko 0_ RO : ;
K'-K _and Bd__Bd' A nat_ural hierarchy among the different The inclusive branching ratio fd — Xgy, which is mea-
quarks is provided by their mass parameters, and that has led sured to be [12]

to the assumption that the new FC couplings are proportional to
the mass of the quarks involved in the coupling. Most of these
proposals are well described by the following ansatz

R SRALL (6)

Vv e The ratio

MNs< 1, ANy« 1 andA) < 1. (8)

Br(B — Xsy) = (2.32:£0.514+0.2940.32) x 107 (9)

which basically coincides with what was proposed by Cheng
and Sher [1]. In this ansatz the residual degree of arbitrariness
of the FC couplings is expressed through Mg parameters,
which need to be constrained by the available phenomenology.
In particular we will see howk°—K° andB3—BS mixings (and whose present measurement [13] is such R{&t' > RSM
to a less extenb®—DP mixing) put severe constraints on the (~ 1.80)!

FC couplings involving the first family of quarks. Additional

constraints are given by the combined analysis ofBh@& —

_ (Z—Dbb)
Ro= FZ > hadrons (10)

Xsy), thep parameter, anﬂzb, the ratio of theZ — bb rate to Rgxm — 0.2178+0.0011 (11)
theZ hadronic rate. We will analyze all these constraints in the M
following section ROM = 0.2156+0.0002

B. Discussion of the Constraints The value oﬂ?.ﬁx'ot seems to challenge many extensions of

) ) ) ) the SM [14, 9]. However, several issues on the measure-
The existence of FC couplings is very much constrained by  ment of this observable are still unclear and require further
the experimental results ¢tP—F° flavor mixings (forF =K, B scrutiny [9].

and to a less exteim})
e The corrections to the parameter. In fact, the relation
betweenMy, andMz is modified by the presence of new
AMk =~ 351-10®GeV physics and the deviation from the SM prediction is usually

—13
AMeg, 3.26-107"GeV @) The value ofRE*™ reported in Eq. (11) corresponds to the experimental
AMp < 1.32. 10 8Gev measurement obtained B = RSV = 0.1724.

12

589



described by introducing the paramepgi15, 16], defined

as Aui,Agj <1 for i,j=1,23 (a7)
M2 in order to satisfy the experimental constraints on the
Po = ﬁ (12) FO—F9 mixings. We will assume the FC couplings of the
pPMZ cos Bw second an third generations to be given by Eq. (6) with
where thep parameter absorbs all the SM corrections to the
gauge boson self energies. In the presence of new physics Act ~ O(1) and Agy~ O(1) . (18)
NEW The value of the mixing angle is not relevant, while the

masses are mainly dictated by the fitBo B — Xsy) and

From the recent global fits of the electroweak data, which Apo [9]

include the input fom from Ref. [17] and the new exper-
imental results ofR,, pg turns out to be very close to unity
[16, 9, 10]. This impose severe constraints on many exten-

sion of the SM, especially on the mass range of the new . _
particles. We can see that, except in a very narrow window of the pa-

rameter space, it is in general very difficult to accomodate the
As is the case in 2HDM'’s with no FCNC's, it is very difficultpresent value d& *in Model I1l. Due to the present unclear ex-
to reconcile the measured values of the previous three obsgerimental situation foR,, we will mainly concentrate on the
ables in the presence of an extended scalar sector. Taking #foond scenarfo This scenario has the very interesting char-
account also the constraints from f&—F° mixings, two main acteristics of providing sizable FC couplings for the top quark,
scenarios emerge depending on the choice of enforcing or ifoa way that will certainly be testable at the next generation
Rgx'o [10]. of lepton and hadron colliders. We will discuss some of these

phenomenological issues in the next section.

MH, M < Mc < Ma and Mp < M¢ < My, My, . (19)

1. If we enforce the constraint from R*®' (see Eq. (11)),
then we can accommodate the present measurement of tle SIGNALS OF TOP-CHARM PRODUCTION
Br(B — Xsy) (see Eq. (9)) and of th&F =2 mixings (see ) U
Eq. (7)) and at the same time satisfy the global fit result for!f We assumesp~ O(1) andAqt ~O(1) as in Eq. (18)&¢

thep parameter [16] provided the following conditions ar@&comes the most relevant FC coupling. The p_resencéﬁgbf a
satisfied. flavor changing coupling can be tested by looking at both top

decays and top pduction (see ref. [10] and references therein).
i) The neutral scalah® and the pseudoscal#’ are We want to concentrate here on top-charm production at lepton

very light, i.e. colliders, bothete™ and putu~, because, as we have empha-
sized before [7, 18], in this environment the top-charm produc-
50GeV< My ~ Mp < 70GeV. (14) tion has a particularly clean and distinctive signature. The SM

) _ _ prediction for this process is extremely suppressed and any sig-
ii) The charged scala* is heavier tham® andA°, but nal would be a clear evidence of new physics with large FC
not too heavy to be in conflict with the constraintgouplings in the third family. Moreover it has a very distinctive

from thep parameter. Thus signature, with a very massive jet recoiling against an almost
massless one (very different fronbasignal, for instance). This
150GeV< m; < 200GeV. (15) characteristic is enhanced even more in the experimental envi-

) ) ronment of a lepton collider.
iii) The &7 couplings are enhanced with respect togfie | principle, the production of top-charm pairs arises both at
ones the tree level, via the channel exchange of a scalar field with
FC couplings, and at the one loop level, via corrections to the
Ztcandytc vertices. Thes channel top-charm production is one
Aop > Landhy <1 (16)  of the new interesting possibilities offered bydy— collider in
Asp > landAg < 1. studying the physics of standard and non standard scalar fields.
However, it is not relevant for aste~ collider, because the
The choice of the phase is not as crucial as the abovecoupling of the scalar fields to the electron is likely to be very
conditions and therefore we do not make any assumptisumppressed (see Eq. (6)). Therefore we will consider these two
onit. cases separately.

2. Ifwe disregard the constraint from Rgx'otthere is no need

to impose the bounds of Egs. (14)-(16) and we can safel
work in the scenario in which only the first generation F¢
couplings are suppressed 2see ref. [10] for a discussion of the scenario which accomo@t8s

In the case of amte™ collider, top-charm production arises
?éyandz boson exchange, i.e. the procesg™ — y*,Z* —
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tc+ ct, where the effective one loopc or Ztc vertices are in-  Another interesting possibility to study top-charm production
duced by scalars with FC couplings. We will consider the tis offered by Muon Colliders [18]. Although very much in the
tal cross section normalized to the cross section for producingtion stage at present! i~ colliders has been suggested as a

utu pairs via one photon exchange, i.e. possible lepton collider for energies in the TeV range [19, 20].
o Most of the applications of Muon Colliders would be very sim-
RC = o(e*e” —tc+tc) (20) ilar to electron colliders. One advantage, however, is that they
T olete sy s ptu) may be able to produce neutral Higgs bosdt$ (n thes chan-

and normalized td;; ~ A=1 (see Eq. (6)), consistently with ourn€l in sufficient quantity to study their properties directly (re-
Eq. (18). For the moment, we want to simplify our discussigRémber thaim, ~ 200me). The crucial point is also that in
by taking the sama for all of the &"° couplings. Moreover, SPite of the fact that the"u"H coupling, being proportional
we want to factor out this parameter, because it summarizes @&V is still small, if the Muon Collider is run on the Higgs
degree of arbitrariness we have on these new couplings ant¢fonance,/s= my , Higgs bosons may be produced at an ap-

will be useful for further discussion. preciable rate.
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Figure 1:Rc/A* vs. /swhenM, =200 GeV andMa~Mc=1 Figure 2: R for =0, 10-3 and 102 in case 1 (set of solid
TeV (solid), MAo=200 GeV andM,~ M. =1 TeV (dashed), curves) and case 2 (set of dashed curves). We als&(itb} in
Mc=200 GeV andMp~Ma=1 TeV (dot-dashed). case 1 (dot-dashed) and case 2 (dotted).

As already discussed in Ref. [7], we take~180 GeV and  We have considered [18] the simple but fascinating possibility
vary the masses of the scalar and pseudoscalar fields in a rahgesuch a Higgdi , has a flavor-changinlg tc coupling, as is
between 200 GeV and 1 TeV. Larger values of the scalar masgescase in Model 11l or in any other 2HDM with FCNC. As we
are excluded by the requirement of a weak coupled scalar seafii. for theete™ case, also in thgt ™ case we can define the
The phaset does not play a relevant role and in our qualitativanalogous oR;¢ in eg.(20) to be
analysis we will set'=0. In Fig. 1 we ploR°¢/A* as a function
of \/sfor a sample of relevant cases, in which one of the scalar _B H_  pH
pa;é;les is takepn to be light{; ~ 200 GeV) compared to the Re=R(H) (Bre +Bq) @D
other two (M~ 1 TeV). We find that even with different choicesvhereR(H ) is the effective rate of Higgs production at a Muon
of My, Ma andM itis difficult to pushR°/A% much higher than Collider with beam energy spread describedltfize., mﬁ (1-
107°. Therefore the three cases illustrated in Fig. 1 appear togge< s< mﬁ (1+9))

a good sample to illustrate the type of predictions we can obtain
for the rate for top-charm production in model IIl. . H "

From Fig. 1, we also see that going to energies much larger RH) = m—aarctanr— RH) (22)
than~ 400-500 GeV (i.e~ 2M,) does not gain much in the i H
rate and in this cas&¢/A* can be as much as 18 Since R(H) is here the rate of Higgs productioh,; the width of
it is reasonable to expect 401P putp~ events in a year of the considered Higgs arﬂt"('; or Bgf denotes the branching
running for the next generation @f e~ colliders (L ~ 5x ratio for H — tc andH — ct respectively. Assuming that
10%3cm~2sec?) at /s = 500 GeV, this signal could be at thethe background will be under reasonable control by the time
detectable level only for not too small values of the arbitratiey will start operate a Muon Collider, our extimate is that
parameteh. Thus we can expect experiments to be able to cobd—2 < R < 1, depending on possible different choices of the
strainA < 1, for scalar masses of a few hundred GeVs. parameters. In Fig. 2 we have illustrated in particular the case
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inwhichH =h°, anda =0 (case 1) oo =T11/4 (case 2). We ex-  In conclusion, we think that Model Il offers a simple but in-
timate that for a Higgs particle ofiy = 300 GeV, a luminosity teresting example in which some important topics of the physics
of 10%*cn2s~! and a year of 16 (1/3 efficiency), a sample at the future colliders can be investigated. With a few assump-
of tc events ranging from almost one hundred to few thousaritsns we are able to propose some distinctive processes, the ex-
can be produced [18]. Given the distinctive nature of the finiatence of which would be clear evidence of some very new
state and the lack of a Standard Model background, the ppéysics beyond the Standard Model.

dicted luminosity should allow the observation of such events.

Therefore many properties of the Higgs-tc coupling could be I1l. REFERENCES

studied in detail.
[1] T.P. Chengand M. Sher, Phys. Re\3%)3484 (1987); [34, 1461

. . . (1991); See also Ref. [2].
Finally we want to consider the impact that a tree |l _ )
coupling could have on the present scenario of the Higgs digk A- Antaramian, L.J. Hall, and A. Rasin, Phys. Rev. Lé8, 1871
covery. As was already pointed out in the literature [21], if (1992).
My > m (for H = H h0 or A%) Model 1l allows the new de- [3] L.J. Halland S. Weinberg, Phys. Rev4B R979 (1993).
cay channel [4] S. Glashow and S. Weinberg, Phys. Ret5)1958 (1977).

_ [5] For a review see J. Gunion, H. Haber, G. Kane, and S. Dawson,
H —ct+ct (23) The Higgs Hunter’s GuiddAddison-Wesley, New York, 1990).

which should also be considered in the search for a non standétdV. Luke and M.J. Savage, Phys. Lett3@7, 387 (1993).

Higgs particle. In the mass range < My < 2m, this single 7] p. atwood, L. Reina and A. Soni, Phys. Rev5B 1199 (1996):
top production is of particular interesetause its rate can be
greater than the rate fdf —» bb while the decayH o this [8] C.D. Froggatt, R.G. Moorhouse and I.G. Knowles, Nucl. Phys.

. . - . B386, 63 (1992).
not yet possible. Assuming Eq. (6), the rate fbr— ct +ct is 663( ) ) ) _
given by [9] D. Atwood, L. Reina and A. Soni, hep-ph/9603210, to appear in

Phys. Rev. D, and references therein.
[10] D. Atwood, L. Reina and A. Soni, JL-TH-96-15 and hep-

rMH - d+ct) = NciMH )\gtmcm . (24) ph/9609280, and references therein.
4\/27—[ a2 ) [11] A. DasandC. Kao, Phys. Lett.382 106 (1996).
1
1 (my 4+ me)? / 1 (m —mg)? / [12] R. Ammaret al, CLEO Collaboration, Phys. Rev. Lettl, 674
o Mﬁ - Mﬁ (1993); M.S. Alamet al, CLEO Collaboration, Phys. Rev. Lett.

74, 2885 (1995).

to be compared with the rate fbf — qq, i.e. [13] Results presented at théXVIII International Conference on
High Energy PhysicsNarsaw, July 1996 and at the APS-DPF96
Meeting, Minneapolis, August 1996.

[14] P. Bamert, C.P. Burgess, J.M. Cline, D. London and E. Nardi,
(25) hep-ph/9602438, to appearin Phys. Rev. D.

[15] Review of Particles PropertieBhys. Rev. 50 (1994).

We see for instance that fbky ~ 300 GeV,l(H — ct+cCt) ~ [16] p. Langacker, hep-ph/9412361. To be publishedRnetision
6A%(H — bb). Therefore, depending ok, there are cases Tests of the Standard Electroweak Mddeld. by P. Langacker,
in which in the rangen < My < 2m we could predict a dis- (World Scientific 1994).
tinctive signal, both with rispect to the SM and to SUSY. Wh 7] F. Abeet al, [CDF], Phys. Rev. Letf74, 2626 (1995); S. Abachi
H =h° HO thenH — ct +tc competes only with the decays e al, [D@], Phys. Rev. Lett74, 2632 (1995).
H — ZZ orWW, depending on the value of the phasdn the
caseH =AC the decays into gauge boson pairs are absent.

When the phase is chosen in such a way that the couplings _ _ _ _
HZzZz andHWW (for H = ho’ |__|0) are suppressed, thechy [19] R.B. Palmer, preprint, “High Frequengy u— Collider Design,”

. . . . SLAC-AAS-Note81, 1993.

we are interested in can be produced for instanceetvexr —
hOA®, HOHO — (t&+-cf) df (lepton collider) oigg—s H —»te+ci [20] V. Barger, M. Berger, J. Gunion, and T. Han, Phys. Rev. 78t
(hadron collider). Therefore both NLC and LHC should be 1462 (1995).
able to look for it: the first one would offer the possibility of21] W.S. Hou, Phys. Lett. B96, 179 (1992); D. Chang, W.S. Hou
a much cleaner signal while the second one would provide a and W.Y. Keung; Phys. Rev.48, 217 (1993).
much higher statistics. As is the case of many other decays,
a good b-tagging is clearlyegessary. However the kinematic
constraints of thél — tc+ct decay ould be so distinctive to
limit the size of the background. We think that dedicated simu-
lations and sistematic studies of the background will be useful
in understanding the real potentiality of thisady channel.

3/2
1—4"1‘%

M2
Ile

Gr
rH =N M
( _>qq) C4\/§T[ Hnﬁ

[18] D. Atwood, L. Reina and A. Soni, Phys. Rev. Lef5, 3800
(1995).

592



