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ABSTRACT to more than one scalar doublet, the diagonalization of the up-

. . t and down-type mass matrices does not automatically en-
We present a general phenomenological analysis of a clasg§fe P y

X ) . re the diagonalization of the couplings watdch single scalar
Two ng'gte, Doublet Models with Flavor.C.hangmg Ne.utral Cl%rqoublet. For this reason, the 2HDM scalar potential and Yukawa
rents arising at the tree level. The existing constraints mainl

. . > }Sgrangian are usually constrained byaahhocdiscrete sym-
affect the couplings of the first two generations of quarks, Ie%'etry @] whose only role is to protect the model from FCSC's
ing the possibility for non negligible Flavor Changing couplingst the trée level. Let us consider a Yukawa Lagrangian of the
of the top quark open. The next generation of lepton and hadrfgn '
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 . — ngQi,L(blUj,R +77£Q11,L¢1Dj,R + (1)

signals from Flavor Changing Scalar Neutral Currents. UA = DA
§i;Qi,L02Uj r + & Qi n92Dj r + hec.

. GENERAL FRAMEWORK whereg;, fori = 1,2, are the two scalar doublets of a 2HDM,
while n>” and ¢ " are the non diagonal matrices of the
kawa couplings. Imposing the followingd hocdiscrete
hmaw

The next generation of lepton and hadron colliders will play
fundamental role in the study of new physics beyond the Stan 9
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 $1— —¢1  and b2 — o 2)

particles. D D
. - . i —-D; and U; Ui
In this context, we have analyzed the possibility of having a T - T

Two Higgs Doublet Model (2HDM) with Flavor Changing Neusome of the terms ity have to be dropped and one obtains

tral Currents (FCNC's) allowed at the tree leval [L-[3]. Thighe so called Model | and Model II, depending on whether the

Model constitutes a simple extension of the scalar sector&'g_type and down-type quarks are coupled to the same or to two

the Standard Model and closely mimics the Higgs sector ofy@ferent scalar doublets respectively [5].

SuperSymmetric Theory (SUSY). However, the possibility of | contrast we will consider the case in which no discrete

having flavor changing (FC) tree level couplings in the ney mmetry is imposed and both up-type and down-type quarks

tral scalar sector definitely distinguishes it from both the SMen nhave FC couplings. For this type of 2HDM, which we

and SUSY. Moreover, the discovery and study of extra scalangi| call Model 111, the Yukawa Lagrangian for the quark fields

pseudoscalar, neutral and charged particles with not too heavys in Eq. i) 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 exprgssand ¢, in a
Althoughthere is na priori veto to the existence of FCNC atsyjtable basis such that only tbp%’D couplings generate the

the tree level, the low energy phenomenology of the K- and gfrmion 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 B 0 B 3

sizable effects from FCNC. However, under suitable assump- (1) = ( v/V2 ) » (92) =0 3)

tions, the FC couplings of the top quark partially escape theFﬁe 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 ! V2 [\ v+ H ix"
A mild extension of the SM with one additional scalar SU(2) o i ( H\l/ﬁ H;IQ ) ) (4)
doublet opens up the possibility of flavor changing scalar cur- V2 T

rents (FCSC's) at the tree level. Infact, when the up-type quaLFﬁ

; lar Lagrangian in th H' H? H* iS i h
and the down-type quarks are allowed simultaneously to cou ee soaartagrangia thelf, 57, H7, ) basis is suc

at [8,:_5] : the doublet, corresponds to the scalar doublet of

0 . ) X
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to theg, doublet; bothif! andH? do not have couplings to thedue to the presence of new tree level contributions to each of
gauge bosons of the for#i'-2ZZ or H-2W+W . the previous mixings. We have analyzed the problem in detail
H* is the charged scalar mass eigenstate, while the two scldl], taking into account both tree level and loop contributions.
plus one pseudoscalar neutral mass eigenstates are obtdinmdeed the two classes of contributions can affect different FC
from (H°, H', 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,

HY = [(H0 —v)cosa+ H'sin a] the tree level contributions need to be strongly suppressed, re-

AU [—(HO —v)sina + H cos a] (5) quiring that 'Fhe corresponding FC. couplings are much less than

0 _ g one. Enforcing the ansatz made in Bg. (6), this amounts to de-
- mand that

wherea is a mixing angle, such that fer=0, (H°, H', H?)
coincide with the mass eigenstates. AZe <1, Ajp <1 and Ay < 1. (8)

Furthermore, to the extent that the definition ofg;ﬁ]’eD cou- More generally, we can assume that the FC couplings involv-
plings is arbitrary, we will denote iij the new rotated cou- ing the first generation are negligible. Particular 2HDM'’s have
plings, such that the charged couplings look ke V..., and Deen proposed in the literature in which this pattern can be real-
Verns - €0 This form of the charged couplings is indeed pdzed [11]. The remaining FC couplings, namely ands; are
culiar to Model Ill compared to Models | and Il and can havBot so drastically affected by the® — F* mixing phenomenol-
important phenomenological repercussions 9, 10]. ogy. From the analysis of the loop contributions to fife- F°

In order to apply to specific processes we have to make sofiings (box and penguin diagrams involving the new scalar
definite ansatz on the” couplings. Many different sugges-Tields) we verify that many regions of the parameter space are
tions can be found in the literaturd 1, 2,:3, 7]. In addition tgompatible with the results in Eq. (7) j10]. Therefore we may
symmetry arguments, there are also arguments based ony\(ﬁgt tollook at other constraints in order to single out the most
widespread perception that these new FC couplings are Iiké]ﬁlreresnng scenarios.
to mainly affect the physics of the third generation of quarks 'hree are in particular the physical observables that impose
only, in order to be consistent with the constraints coming frofifong bounds on the masses and couplings of Modek [T 9, 10]
KO_KO. anng —Bj. A natural hierarchy among the different i isive branching ratio fd8 — X+, which is mea-
quarks is provided by their mass parameters, and that has led sured to be'IJlZ]
to the assumption that the new FC couplings are proportional to w=
the mass of the quarks involved in the coupling. Most of these

proposals are well described by the following ansatz
Br(B — X4v) = (2.3240.5140.29+0.32) x 10~ (9)

UD _ /Ty

S = A v ©) e The ratio
which basically coincides with what was proposed by Cheng
and Sherif1]. In this ansatz the residual degree of arbitrariness
of the FC couplings is expressed through the parameters,
which need to be constrained by the available phenomenology.
In particular we will see howk°—K° and Bj—BJ mixings (and whose present measuremeht: [13] is such tREF" >
to a less extenD® — DY mixing) put severe constraints on the RM (~ 1.80)5
FC couplings involving the first family of quarks. Additional
constraints are given by the combined analysis ofBhéB —

I'(Z — bb)

o= I'(Z — hadron$

(10)

X,7), thep parameter, and;, the ratio of theZ — bb rate to REPY — 02178 4+ 0.0011 (11)
the Z hadronic rate. We will analyze all these constraints in the bSM B o1 5
following section Ry™ = 0.2156 4+ 0.000
. . . expt .
B. Discussion of the Constraints The value ofR,™" seems to challenge many extensions of

the SM [14,8]. 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 afi® — F° flavor mixings (forF' = scrutiny 9].
K, B and to a less exterid)
e The corrections to the parameter. In fact, the relation
betweenMy, and Mz is modified by the presence of new
AMyg =~ 3.51-107'° GeV physics and the deviation from the SM prediction is usually

—13 .-
AMp, =~ 3.26-10 GeV () 1 The value ofRi"p“ reported in Eq.1(11) corresponds to the experimental
AMp < 1.32-10713 GeV measurement obtained f&. = RSM = 0.1724.
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described by introducing the parametgfL5,,16], defined
as )\W;, )\dj <1 for IS 1,2,3 (17)

M, (12) in order to satisfy the experimental constraints on the
pMZ cos? Oy, FO_— 9 mixings. We will assume the FC couplings of

) the second an third generations to be given by Eq. (6) with
where thep parameter absorbs all the SM corrections to the B

gauge boson self energies. In the presence of new physics

Po =

At =2 0O(1) and Mg, =~ O(1) . (18)

NEW
po=1+ 47 (13) The value of the mixing angle is not relevant, while the
From the recent global fits of the electroweak data, which Masses are mainly dictated by the fitBy(B — X,v)
include the input form, from Ref. [17] and the new ex- andApy [H]
perimental results oti;, pg turns out to be very close to
unity [L6,19,110]. This impose severe constraints on many
extension of the SM, especially on the mass range of the A7, M, < M, < M4 and My < M, < My, M, .
new particles. (29)

As is the case in 2HDM’s with no FCNC's, it is very dif'ficultW can see that. except in a verv narrow window of the pa-
to reconcile the measured values of the previous three obsen: L, excep y har P

. . Tameter space, it is in general very difficult to accomodate the
ables in the presence of an extended scalar sector. Taking Into

: 20 i . = present value oR?;™* in Model Ill. Due to the present unclear

account also the constraints from thé-F° mixings, two main . b : :
. : . . e>c<)?er|mental situation faR;, we will mainly concentrate on the
scenarios emerge depending on the choice of enforcing or i &0 Thi . : .
R [1d] second scenafjo This scenario has the very interesting charac-
b el teristics of providing sizable FC couplings for the top quark,

in a way that will certainly be testable at the next generation
gpton and hadron colliders. We will discuss some of these

enomenological issues in the next section.

1. If we enforce the constraint from R{*" (see Eq.i(L1)),
then we can accommodate the present measurement ofoth
Br(B — X,7) (see Eq..(9)) and of th&AF = 2 mix- P
ings (see Eq.i(7)) and at the same time satisfy the global
fit result for thep parameter![i6] provided the following 1.  SIGNALS OF TOP-CHARM PRODUCTION

conditions are satisfied. . -
If we assume\y, ~ O(1) and ., ~ O(1) as in Eq. (18)¢Y

i) The neutral scalah’ and the pseudoscalat’ are becomes the most relevant FC coupling. The presence 9f a

very light, i.e. flavor changing coupling can be tested by looking at both top
decays and top pduction (see ref.:_[_iO] and references therein).
50GeV < My, ~ My < 70GeV. (14) We want to concentrate here on top-charm production at lepton

) . . colliders, bothe*e™ andu* 1™, because, as we have empha-
ii) The charged scalaff* is heavier thamh? and A%,  sized beforei|7, 18], in this environment the top-charm produc-
but not too heavy to be in conflict with the constraintgon has a particularly clean and distinctive signature. The SM

from thep parameter. Thus prediction for this process is extremely suppressed and any sig-
nal would be a clear evidence of new physics with large FC
150GeV < m,. <200GeV . (15) couplings in the third family. Moreover it has a very distinctive

b . . signature, with a very massive jet recoiling against an almost
iii) The & couplings are enhanced with respect to th@assless one (very different fromasignal, for instance). This
Z ones characteristic is enhanced even more in the experimental envi-
ronment of a lepton collider.
In principle, the production of top-charm pairs arises both at
Ay > 1 and Ay <1 (16) the tree level, via the channel exchange of a scalar field with
Asp > 1 and Aer < 1. FC couplings, and at the one loop level, via corrections to the
Ztc and~te vertices. Thes channel top-charm production is
The choice of the phase is not as crucial as the aboveone of the new interesting possibilities offered by &~ col-
conditions and therefore we do not make any assumptildther in studying the physics of standard and non standard scalar
onit. fields. However, it is not relevant for art e~ collider, because
the coupling of the scalar fields to the electron is likely to be

2. If we disregard the constraint fro”J,RZ).q:t there is N0 yery suppressed (see EY. (6)). Therefore we will consider these
need to impose the bounds of Eg.(14)-(16) and we CRi, cases separately. -

safely work in the scenario in which only the first genera-
tion FC couplings are suppressed 2See ref. {10] for a discussion of the scenario which accomodgfés.




In the case of arm™ e~ collider, top-charm production arisesparameter\. Thus we can expect experiments to be able to

via v and Z boson exchange, i.e. the procesSe~ — constrain\ < 1, for scalar masses of a few hundred GeVs.

~v*, Z* — tc + ¢t, where the effective one loopic or Ztc

vertices are induced by scalars with FC couplings. We will con-another interesting possibility to study top-charm production

sider the total cross section normalized to the cross section bffered by Muon Colliderg [18]. Although very much in the

producingu ™y~ pairs via one photon exchange, i.e. notion stage at present; 1~ colliders has been suggested as a
possible lepton collider for energies in the TeV ranjge [18, 20].

(20) Most of the applications of Muon Colliders would be very sim-
ilar to electron colliders. One advantage, however, is that they

and normalized to\;; ~ X =1 (see Eq.i(6)), consistently withmay be able to produce neutral Higgs bosdti¥if the s chan-

our Eq. ['1_'8). For the moment, we want to simplify our discusiel in sufficient quantity to study their properties directly (re-

sion by taking the same for all of thegg’D couplings. More- member thatn,, ~ 200m,.). The crucial point is also that in

over, we want to factor out this parameter, because it sumrsgite of the fact that the™ = H coupling, being proportional

rizes the degree of arbitrariness we have on these new couplittgs:,,, is still small, if the Muon Collider is run on the Higgs

and it will be useful for further discussion. resonance;/s = my, Higgs bosons may be produced at an

appreciable rate.

oleTe™ — tc+ te)

Rt =
olete =y — ptpu~)
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Figure 1: R;./\* vs. /s when M, = 200 GeV andM 4 ~ M

M. =1 TeV (solid), M4 = 200 GeV andM;, ~ M. =1TeV  Figure 2: R, for § = 0, 103 and10-2 in case 1 (set of solid
(dashed) )M, =200 GeV andM; ~ M4 =1 TeV (dot-dashed). curves) and case 2 (set of dashed curves). We alsdrgld} in
case 1 (dot-dashed) and case 2 (dotted).

As already discussed in Reij [7], we take ~ 180 GeV and
vary the masses of the scalar and pseudoscalar fields in a rang¢e have consideredf [18] the simple but fascinating possibility
between 200 GeV and 1 TeV. Larger values of the scalar mastes such a Higgsk, has a flavor-changingtc coupling, as is
are excluded by the requirement of a weak coupled scalar sedfoe. case in Model 11l or in any other 2HDM with FCNC. As we
The phaser does not play a relevant role and in our qualitativelid for theet e~ case, also in the™~ case we can define the
analysis we will setv = 0. In Fig.i] we plotR’*/\* as a func- analogous oz, in €q.{20) to be
tion of /s for a sample of relevant cases, in which one of the
scalar particles is taken to be light/{ ~ 200 GeV) compared Rie = R(H) (Bzg + BZ%) (21)
to the other two J/;, ~1 TeV). We find that even with different - , ) i ,
choices ofMy,, M, and M, it is difficult to pushR'®/A* much Whe'reR(H.) is the effective rate of nggs'produ.ctlon a2t a Muon
higher thanL0—5. Therefore the three cases illustrated in kig. golhderwng beam energy spread describedtye., m7, (1 —
appear to be a good sample to illustrate the type of predicticﬁ'}s< s < my(1+9))
we can obtain for the rate for top-charm production in model I11. r S

From Fig.i1, we also see that going to energies much larger R(H) = | —- arctan —2*
than~ 400-500 GeV (i.e~ 2M/;) does not gain much in the Mo "
rate and in this cas&’“/\* can be as much af)=°. Since R(H) is here the rate of Higgs productiofy, the width of
it is reasonable to exped0*-10° u*u~ events in a year of the considered Higgs ang/¢ or Bz% denotes the branching
running for the next generation ef e~ colliders ([ £ ~ 5 x ratio for H — tc and’H — ct respectively. Assuming that
1033 cm~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

R(H) (22)



10~® < Ry < 1, depending on possible different choices of théedicated simulations and sistematic studies of the background
parameters. In Figi_} 2 we have illustrated in particular the cas@l be useful in understanding the real potentiality of thésdy
inwhichH=h°, anda =0 (case 1) orv=7/4 (case 2). We ex- channel.

timate that for a Higgs particle ofi;; = 300 GeV, a luminosity

of 10*'em=2s~" and a year o107s (1/3 efficiency), a sample  |n conclusion, we think that Model Il offers a simple but in-

of tc events ranging from almost one hundred to few thousandgesting example in which some important topics of the physics
can be produced [18]. Given the distinctive nature of the fina{ the future colliders can be investigated. With a few assump-
state and the lack of a Standard Model background, the pfigns we are able to propose some distinctive processes, the ex-
dicted IUminOSity should allow the observation of such even‘gtence of which would be clear evidence of some very new

Therefore many properties of the Higgs-tc coupling could kysics beyond the Standard Model.
studied in detail.
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