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We examine the effects of thR parity odd renormalizable interactions on flavor changing ratesGiad
asymmetries in the production of fermion-antifermion pairs at leptéeliectron and muogncolliders. In the
reactionsl‘+|+—>f3+f_y (I=e, u; J#J') the produced fermions may be leptons, down quarks, or up
quarks, and the center of mass energies may range frord-tleson pole up to 1000 GeV. Off theboson
pole, the flavor changing rates are controlled by tree level amplitudes atRlaEsymmetries by interference
terms between tree and loop level amplitudes. AtZHeoson pole, both observables involve loop amplitudes.
The lepton number violating interactions, associated with the coupling conm;gnta{jk , are only taken into
account. The consideration of loop amplitudes is restricted to the photod-bodon vertex corrections. We
briefly review flavor violation physics at colliders. We present numerical results using a single, species and
family independent, mass parameteffor all the scalar superpartners and considering simple assumptions for
the family dependence of thie parity odd coupling constants. Finite nondiagonal rat8® (asymmetries
entail nonvanishing products of twifour) different coupling constants in different family configurations. For
lepton pair production, th&-boson decays branching ratiBg; =B(Z—17 + Ij,) scale in order of magnitude
asB;y ~(\/0.1)*(100 GeVim)#10™9, with coupling constants =\ or \;, in appropriate family configu-
rations. The corresponding results tbrandu quarks are larger, due to an extra color fadtge 3. The flavor
nondiagonal rates, at energies well aboveztmmson pole, slowly decrease with the center of mass energy and
scale with the mass parameter approximately-gs~ (\/0.1)*(100 GeVim)2~3(1—10) fbarn. Including the
contributions from an sneutrirBchannel exchange could raise the rates for leptorgsqurarks by one order
of magnitude. TheCP-odd asymmetries at th&-boson pole,A;; =(Bj3 —By/3)/(Bjy +Bj;), vary inside
the range (10'—10 3)siny, where ¢ is the CP-odd phase. At energies higher than tBdoson pole,
CP-odd asymmetries for leptongj-quark and u-quark pair production lie approximately at (10
—10 3)sin gy, irrespective of whether one deals with light or heavy flavp8§556-282(199)07409-3

PACS numbs(s): 11.30.Er, 11.30.Hv, 12.60.Jv, 13.10y

I. INTRODUCTION is well known, theR parity odd interactions can contribute at
the tree level, by exchange of the scalar superpartners, to
An approximateR parity symmetry could greatly enhance processes which violate the baryon and lepton numbers as
our insight into the supersymmetric flavor problem. As iswell as the leptons and quarks flavors. The major part of the
known, the dimension-R parity odd superpotential trilinear existing experimental constraints on coupling constants is
in the quarks and leptons superfields, formed from the indirect bounds gathered from the low en-
ergy phenomenology. Most often, these have been derived
1 L on the basis of the so-called single coupling hypothesis,
_ c vy c By GGG where a single one of the coupling constants is assumed to
Wr Odd_iJE_k E)“ikL‘LiEk+)‘iJkQ‘Lka+§)‘iJkUiDJ'DK ' dominate over all the others, so that each of the coupling
(1)  constants contributes once at a time. Apart from a few iso-
lated cases, the typical bounds derived under this assump-
adds new dimensionless couplings to the family spaces dfon, assuming a linear dependence on the superpartner
quarks and leptons and their superpartners. Comparing witasses, are of ordefx, \’, \"]<(10"'-10"?)m/
the analogous situation for the Higgs-meson-matter Yukawd00 GeV .
interactions, one naturally expects the set of 45 dimension- One important variant of the single coupling hypothesis
less coupling constants;j, = —N\jic, Nk, Mjk=—M\i; to  can be defined by assuming that the dominance of single
exhibit a nontrivial hierarchical structure in the family operators applies at the level of the gaugerren} basis
spaces. Our goal in this work will be to examine a particularfields rather than the mass eigenstate fields, as was implicit
class of tests at high energy colliders by which one couldn the above original version. This appears as a more natural
access direct information on the family structure of theseassumption in models where the presumed hierarchies in
coupling constants. coupling constants originate from physics at higher scales
The R parity symmetry has inspired a vast literature since(gauge, flavor, or strings Flavor changing contributions
the pioneering period of the early 1980s-8] and the matu- may then be induced even when a sinBi@arity odd cou-
ration period of the late 1980s and early 1999s14]. This  pling constant is assumed to domingt&]. While the rede-
subject is currently witnessing a renewed intef&ést16. As  fined mass basis superpotential may then depend on the vari-
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ous unitary transformation matriceS/‘L"",’q, [18], two if one assumes that tHeparity-odd interactions ar€ P con-
distinguished predictive choices are those where the generaerving, these could still lead, in combination with other pos-
tion mixing is represented solely in terms of the Cabibbo-sible sources of complex phases in the minimal supersym-
Kobayashi-MaskawaCKM) matrix, with flavor changing metric standard model, to new tests@P violation. Thus, in
effects appearing in either up-quark or down-quark flavorghe hypothesis of a pair of dominant coupling constants new
[17]. A similar situation holds for leptons with respect to the contributions involving the coupling constaritﬁk and the
couplingsh;j, and transformationvaR. CKM complex phase can arise f@P-odd observables as-

A large set of constraints has also been obtained by apsociated with the neutral meson mixing parameters and de-
plying an extended hypothesis of dominance of couplingcays[29,31,33. Also, through the interference with the extra
constants by pairgor more. Several analyses dealing with CP-odd phases present in the soft supersymmetry param-
hadron flavor changing effectenixing parameters for the etersA, the interactions\;;, and\j, may induce new con-
neutral light and heavy flavored mesons, rare mesons decaysbutions to electric dipole momenf88].

such aK—m+v+v, ...)[17], lepton flavor changing ef- We propose in this work to examine the effect that
fects (leptons decayd," —Ii +1, +I; [19], u~—e~ con- R-parity-oddC P violating interactions could have on flavor

version processdi@0], neutrinos Majorana magg1], etc), nondiagonal rates andP asymmetries in the production at

lepton number violating effect®eutrinoless double beta de- high energy colliders Of. fermion-antifermion pairg OI differ-
cay[22—24), or baryon number violating effectproton de- ent families. We_con3|der the two-body reactions(k)
cay partial branching&25], rare nonleptonic decays of heavy +!"(k")—fy(p)+f;/(p") (3#J"), wherel stands for elec-
mesons[26], nuclei desintegrationi27], etc) have led to tron or muon, the produced fermions are leptons, down
strong bounds on a large number of quadratic products of th@uarks, or up quarks, and the center of mass energies span
coupling constants. All of the above low energy works, how-the relevant range of existing and planned leptdelectron
ever, suffer from one or other form of model dependence0r muon colliders, namely, from the&Z-boson pole up to
whether they rely on the consideration of loop diagrats, 1000 GeV. High energy colliders tests of the RPV contribu-
on additional assumptions concerning the flavor mixingtions to the flavor diagonal reactions were recently examined
[17,19,2Q, or on hadronic wave functions inputg6,27. in [39-42 and for flavor nondiagonal reactions [i#3].
Proceeding further with a linkage & parity with physics The physics ofCP nonconservation at high energy col-
beyond the standard model, our main observation in thi§ders has motivated a wide variety of proposals in the past
work is that theR-parity-odd coupling constants could by [44] and is currently the focus of important activity. In this
themselves be an independent sourceCét violation. Of ~ work we shall limit ourselves to the simplest kind of observ-
course, the idea that thieparity violating(RPV) interactions ~ able, namely, the spin-independent observable involving dif-
could act as a source of superwe@R violation is not anew ferences in rates between a given flavor nondiagonal process
one in the supersymmetry literature. The principal motiva-and itsCP-conjugated process. While tieparity-odd inter-
tion is that, whether the RPV interactions operate by themactions contribute to flavor changing amplitudes already at
selves or in association with the gauge interactions, by exthe tree level, their contribution to spin-independ€iR-odd
ploiting the absence of strong constraints on violations withobservables entails the consideration of loop diagrams. Thus,
respect to the flavors of quarks, leptons, and the scalar sihe CP asymmetries in th&-boson pole branching fractions
perpartners by RPV interactions, one could greatly enhancB(zZ—f;+f;) are controlled by a complex phase interfer-
the potential for observability ofCP violation. To our ence between nondiagonal flavor contributions to loop am-
knowledge, one of the earliest discussions of this possibilitylitudes, whereas the of-boson pole asymmetries are con-
is contained in Refl8], where the role of a relative complex trolled instead by a complex phase interference between tree
phase in a pair oh{j, coupling constants was analyzed in and loop amplitudes. Finite contributions at tree level order

connection with neutrak- andK-meson mixing and decays can arise for spin-depende@P-odd observables, as dis-
and also with the neutron electric dipole moment. This subcussed in Refd.35,36.

ject has attracted increased interest in the recent literature It is useful to recall at this point that contributions in the
[28-37. Thus, the role of complex;;, coupling constants Standard model to the flavor changing rates anG/Brasym-
was considered in an analysis of the muon polarization in th&1€tries can only appear through loop diagrams involving the

decayK*— u*+ v+ [33] and also of the neutra- and quark—gauge-bosons interactions. Corresponding contribu-

B-mesonCP-odd decays asymmetrid®9,31,33, that of  1ONS involving squark-gaugino or slepton-gaugino interac-
. . ) : tions also arise in the minimal supersymmetric standard
complex\;j interactions was considered in a study of the

: ) . . . model. In studies performed some time ago within the stan-
spin-dependent asymmetries of sneutrino-antisneutrino reSO d model. the flavor nondiagonal vector boscishpson

nant production ofr-lepton pairs| 1" —v,p—7"7" [35],  gnd/or W-boson decay rates asymmetrie5—47 and

and that of complex?\{]k interactions was considered as a cp-gdd asymmetrie§48,49 were found to be exceedingly
possible explanation for the cosmological baryon asymmetrgma|l. (Similar conclusions were reached in top-quark phe-
[34], as well as in the neutrd@, B decay asymmetrig82].  nomenology{50].) On the other hand, in most proposals of
An interesting alternative propos@B0] is to embed the physics beyond the standard model, the prospects for observ-
CP-odd phase in the scalar superpartner interactions corréng flavor changing effects in ratg95-49,5] or in CP
sponding to interactions d&/;A{jx type. Furthermore, even asymmetrie$44,52 are on the optimistic side. Large effects
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FIG. 1. Flavor nondiagonal process 6l * production of a fermion-antifermion pair, (k) +1%(k’)—f;(p) +f_y(p’). The tree level
diagrams in(a) representt- and s-channel exchange amplitudes. The loop level diagrams represeanhd Z-gauge-boson exchange
amplitudes with dressed vertices(in) and box amplitudes ifc).

were reported for the supersymmetric corrections in flavogether with thez-boson exchange amplitude at the level of
changingZ-boson decay rates arising from squarks flavorthe numerical results. Since we shall repeatedly refer in the
mixings[53], but the conclusions from this initial work have text to theR-parity-odd effective Lagrangian for the fermion-
been challenged in a subsequent wi@#4] involving a more  sfermion Yukawa interactions, we quote below its full ex-
complete calculation. pression:

The possibility that theR-parity-odd interactions could
contribute to theCP asymmetries at observable levels de-
pends in the first place on the accompanying mechanisms 1 ~ — U ~ o
responsible for the flavor changing rates. Our working as-'—:% > NijkL viLBkr€jL T &)L ekrviL T ErviReiL ~ (I—])]
sumption in this work will be that th&-parity-odd interac- .
tions are the dominant contributors to flavor nondiagonal + N [ Vi dirdj + )y dygpip + diprird)
amplitudes.
~ The contents of this paper are organized into four sec- _”eiLEkRujL_ﬁjLEkReiL_’a;REfRujL]
tions. In Sec. Il, we develop the basic formalism for describ-
ing the scattering amplitudes at tree and one-loop levels. We " ~y T e e T e
discuss the case of leptons, down quarks, and up quarks suc- + E)‘iikeaﬁv[uiaRdiﬁdevﬁdJBRuiade*/'—
cessively in Secs. Il A, II B, and Il C. The evaluation of the
one-loop diagrams is based on the standard formalism of
[56]. Our calculations here closely parallel similar ones de-
veloped [57,58 in connection with corrections to the
Z-boson partial widths. In Sec. IIl, we first briefly review the noting that the summation runs over tfigiarks and leptons
physics of flavor violation and next present our numericalfamilies indicesi,j,k=[(e,u,7), (d,s,b), (u,c,t)], subject
results for the integrated cross sectigretes andCP asym-  to the antisymmetry propertiels;j = — \jix , M}k= —)\;’kj .
metries for fermion pair production at and off t@eboson  Wwe use conventions for the ordering of the operations on
pole. In Sec. IV, we state our main conclusions and discuspirac spinors such that charge conjugation acts first, chirality

the impact of our results on possible experimental Measuresygiection second, and Dirac bar third, so thaf
ments. ) ' ' R

+ 05 gUiarAS s — (—K) ] +H.C., ©

II. PRODUCTION OF FERMION PAIRS OF DIFFERENT . .
FLAVORS A. Charged lepton-antilepton pairs

In this section we shall examine the contributions induced 1. General formalism
by the RPV couplings_on the flavor changing processes The processl‘(k)+|+(k’)—>e;(p)+ej+,(p’), for I=¢,
I7(K)+ 17 (k") —=f3(p)+fy(p) (I=€, u; J#J'), wheref  u; J#J’, can pick up a finite contribution at the tree level
stands for leptons or quarks addJ’ are family indices. The from the R-parity-odd couplingshij only. For clarity, we
relevant tree and one-loop level diagrams are shown schéreat in the following the case of electron colliders, noting
matically in Fig. 1. At one-loop order, there arige and that the case of muon colliders is easily deduced by replacing
Z-boson exchange triangle diagrams as well as box diagramall occurrences in the RPV coupling constants of the index 1
In the Sequel, for Clarity, we shall present the_formalism forby the index 2. There occur botkchannel an@.channeﬁ}il—

the one-loop contributions only for the dress&ff vertex in ~ exchange contributions, of the type shown by the Feynman
the Z-boson exchange amplitude. The dresseéxchange diagrams in(@ of Fig. 1. The scattering amplitude at the tree
amplitude has a similar structure and will be added in todevel, M,, reads
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, 1 The Lorentz covariant structure of the dressétoson
tJJ = Ztﬁ current amplitude in the proceZ¢P)— f;(p)+ ;. (p’), for
( n‘"viL) a generic value of th&-boson invariant mass=P?, in-
L, — = volves three pairs of vectorial and tensorial vertex functions,
X[NizaN 13 Ur(P) Yo (P )L (K') y,UL(K) which are defined in terms of the general decomposition

+ N3N UL (P) Y, L (P)VR(K) Y, Ur(K)]

1 L _ LZ(p.p")=u(p)| v AL (HPL+AE (f)Pg]
- m[)\ill)\ijyvR(k’)uL(k)uL(p)vR(p,)

ViL

. — o , + o, A(p+ v iaJJ’+ dJJ’

PN aro (KU (PD], (3 my - my, T+ PP e d
where to obtain the saturation structure in the Dirac spinors L .

indices for the t-channel terms we have applied the +(p—p")'Tib™ + s I} [v(p"), (6)
Fierz rearrangement formulaug(p)u.(K)v (k")vr(pP")

= zUR(P) Y,.0r(P)vL(K) y,uL(K). The  t-channel whereo,,= (i/2)[ , .v,]. The vector vertex functions sepa-

(s-(l:h(?nr;e] e?change tirms Icl)erghe (rji%h';-hand side Otf B?l rate additively into the classicdbare and loop contribu-
include two terms each, calléR an ype, respectively. tions, A (1) = a(F) 8,y +A¥ () (H=L.R). The tensor

These two terms differ by a chirality flip— R and corre- f K iated With”(p+ o’ include th
spond to distinct diagrams where the exchanged sneutrino yertex functions, assoclated wi (p+p’),, include the

emitted or absorbed at the uppeight-handed vertex. familiar magnetic and electrig f f couplings, such that the
The Z-boson exchange amplituddiagram(b) in Fig. 1] ~ flavor diagonal vertex functions
at the loop levelM,, reads
g 1
2 cosby, 2m;

[aJJ dJJ]
M} =

g \=
m) v(k")ylale )P,

identify, in the small momentum transfer limit, with the
fermion—Z-boson current magnetic andP{ and CP-odd)
electric dipole moments, respectively. In working with the
_ ~spinor matrix elements, it is helpful to recall the mass shell
where the Z-boson current amplitude vertex function reIationsU(p)p=mJU(p), B'u(p’)=—myu(p’), and the

z AN : H H
I",(p,p") is defined through the effective Lagrangian den-gordon-type identities, appropriate to the saturation of the
sity Dirac spinor indicesyu(p)---v(p’),

+a(eg) Prlu(k) IZ(p.p’), (4)

s—ms+imzl',

9 z
= — M !
L Zcosﬁwz Fulp.p?).

{(pt p’)M( yf) +io,,(p p’)”( yf”=(mJ+ mym( §5>

Vs
1)
Fi(p,p’)={f_( p)y La(f )P +a(fr)PrIf (p") Based on these identities, one also checks that the additional
N Fr i alE VT vertex functions[b?’, e’’'], associated with the Lorentz
+(p- \ .
(P=P")ufr(PHaf)fu(p)}, ® covariantsa*’(p—p’),[1,v5], can be expressed as linear

combinations of the vector or axial covariants [ 1,ys] and

ing equal values for both fermions and sfermions, are definqu_e t(_)tal momentum CO_Va“a’?‘W P .)f.‘ .[1’75]' T_he+ latter
will yield, upon contraction with the initial statél~ ™ ver-

by ?‘(fH):ﬂ(fH)ZZT?(f)_ZQXW' whereH=(L,R), Xw  tex function, to negligible mass terms in the initial leptons.
=sirfdy, T3 are SU(2); Cartan subalgebra generators, and | et ys now perform the summation over the initial and
Q=T5+Y, Y are electric charge and weak hyperchargefinal states polarizations for the summed tree and loop am-
These parameters satisfy the useful relatioaéfy,) piitudes M =M + M, where the lower suffices,|

=—a(fy), a.(f =—ag(f), ag(f®)=—a,(f). Throughout stand for tree and loop, respectiveyve shall not be inter-
this paper we shall use the conventions in the Haber-Kanested in this work in spin observable#\ straightforward

For later convEnience, we record for the proces&@3=p
+p)—f(p)+f'(p’) and Z(P)HTH(p)Jr"f‘;(p’) the fa-
miliar definitions of the Z-boson bare vertex functions,

(p+ p’)ﬂ( 715) +io,,(p= p’)”( 715”=(mrmym

where the quantities denoteal f,)=ay(f) anda(f,), tak-

review [59] [metric signature €——-), P  calculation, carried out for the squared sum of the tree and
= (1 ys5)/2, etc] and adopt the familiar summation conven- loop amplitudes, yields the resul useful textbook to con-
tion on dummy indices. sult here is Ref[60])
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* ’ . 2
, : ANTRLNRY g \2a(e )AL (es+ie)
M+ M 2= - 16(k-p)(k"-p’") +8mymy (k-k' Yo (R
%| t I 2(t_m%.|_) 2 cosOy, S—m§+imzrz 6(k-p)(k"-p") My ( YeL(R)
* ’ . 2
NigiNirg ( g Za(eR)AﬂJ (e,S‘Hf)‘
+8MZ(p-p)era(R) + | — 16(k-p)(k’-p’)
e(p p )(PRR( 2(t_m;2}L) 20030W s—mg—f—imzl"z ‘ a p)( p
* 2
, 2 , ASFELSIRE , ,
+8mymy (K-K") prr(L£) +8mg(p-p') e (L£)+8 PR (k-k")(p-p'), (7)
ViL

where we have introduced the following functions, assocition from ¢, (R) anderg(£), which are proportional to the
ated with theR- and L-type contributions: final state leptons masses;, andm;,, can to a good ap-
proximation be neglected for lepton production. Always in
the same approximation, we find also that interference terms
are absent between teechannel exchange and thehannel
amplitudes and between tlsechannel tree and-boson ex-
change loop amplitudes. Similarly, because of the opposite

( NisAY ) chirality structure of the first two terms inllt“' , their cross-
113197 c.e

*

g
2 cosbyy

2 a(eH)Aﬂf,’(e,sHe)
‘PHH’(R):_(

S— m§+|mzrz

ﬁ product contributions give negligibly small mass terms.
t_ m
YiL

2. CP asymmetries

e . Our main concern in this work bears on the comparison of
g 2( a(eqy)Ay (e,s+ie)) the pair of CP conjugate reactionk™ (k) +17 (k') —e; (p)

2 CcOoSHyy

enn (L) = —( +ey,(p') and 1~ (k)+1*(k’)—e, (p)+e; (p'). Denoting

the summed tree and one-loop probability amplitudes for
NigiN[yq o these reactions as1?? =M} +MP | MP =M+ M)
X| ————— | + ’ . .
2(t— m2 ) cc ® =MJJ, we observe that these amplitudes are simply related
it to one another by means of a specific complex conjugation
operation. The general structure of this relationship can be
expressed schematically as

s—mz+imzl',

The two sets of terms in Eq$8) and (7), labelled by the
lettersR, L, are associated with the twechannel exchange
contributions in the tree amplitude, E@), which differ by
the spinor chirality structure and the substitutic)n@)\i*u,
—\51\izr1. The terminologyZ, R is motivated by the fact MV =all+> allF (s+ie),
that these contributions are controlled by tAdooson left a
and right chirality vertex functiond andAg, respectively,
in the massless limit.

The imaginary shift in the argumest-ie (representing _ , L,
the upper lip of the cut real axis in the complsplane of M2 = ap’ *+§ a) *Fy (s+ie), 9)
the vertex functionsA}}' (f,s+i€), has been appended to

remlrjd us that the one-loop vertex functlons are Comple)\(Nhere for each of the equations above, referring to ampli-
functions in the complex plane of the virtuZlboson mass

) : . tudes for pairs ofC P conjugate processes, the first and sec-
_ "2 _ ’
squareds=(p+p’)", with branch cuts starting at the physi- "o correspond to the tree and loop level contribu-
cal thresholds where production processes, suclz-ad

; : 3y I L33« ;
+f or Z—T+¥*, are raised on shell. For notational simplic- t|ons,. with aOJJ’, aJ()’J—aJOJ, ’ reerJe,senglrr]g Er]e tree
ity, we have omitted writing several terms proportional to thedmplitudes ana;,” , a;, “=a;,” " andF," , F,“=F." rep-
initial leptons masses and also some of the small subleadingsenting the complex-valued coupling constants products
terms arising from the loop amplitude squared. At the enerand momentum integrals in the loop amplitudes. The func-
gies of interest, whose scale is set by the initial center ofions F¥" must be symmetric under the interchane J'.
mass energy or by th&-boson mass, the terms involving The summation index: labels the family configurations for
factors of the initial leptons masses, are entirely negli- the intermediate fermions and sfermions which can run in-
gible, of course. Thus, the contributions associated wittside the loops. Defining th€ P asymmetries by the normal-
err(R), ¢ (L) can safely be dropped. Also, the contribu- ized differences
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2
H
a(ey,)b;y,

’ - ’
1 _|MJJ |2_|MJJ |2 a”’=(
3=

|MJJ’|2+|MJJ’|2 «

2 coSsbyy

FI' =13 (s+ie)l(s—mi+im,Ty),
and inserting the decompositions in EE), the result sepa- . . ) )
rates additively into two types of terms: where the right-hand sides incorporate appropriate sums over
the chirality indicesH’, H of the initial and final fermions,
respectively.

Applying Eq.(9) to the asymmetry integrated with respect

to the scattering angle, one derives, for the corresponding
integrated tree loop interference contribution,

2 .
Ajy :W ; Im(apal)Im[F (s+ie)]

* . * . 2
- E Im(a,a ) ImF (s+ie)F  (stie)]|, _ *  _ax
a<a' AJJ’_ —4 2 0030W a(eL)lm[)\ilJ)\ilj’aJJ/(fR)]
(10 IR(s+ie) 1 (1—x)2
xim s—m2+im,I J X 2
where, for notational simplicity, we have suppressed the ‘ zZzf it z(t_m;iL)

-1
, (1D

fixed external family indices omd” , a)”’, andFY”, and

replaced the full denominator by the tree level amplitude, X
since this is expected to dominate over the loop amplitude.

The first term in Eq(10) is associated with an interference

between tree and loop amplitudes and the second with afyhere o, (x=cosé) denotes the scattering angle variable in
interference between terms arising from different family con-the center of mass frame and the Mandelstam variables in the

tributions in the loop amplitude. In the second term of Eq.C25€ of massless final state fermions take the simplified ex-

: _ N2 fe (b2 lafq_ =
(10), the two imaginary part factors are antisymmetric underpre§5£o_ns S= (1k+k ) U tf_l(kk' p)°= . ZIS‘(:LI X.)’ u'—(kh
the interchange of indices anda’, so that their productis P )*=—35(1+x). Useful kinematical relations in the
symmetric and allows one to writ,_ ,, =3%,., . To ob- general case with f'nazll fermions masses, n;J' are \/s
tain a more explicit formula, let us specialize to the specific= 2K=EptEpr, 1= mJ_SZEp(lz_ BX), U:mJ'_SEp’(21
case where theZ-boson vertex functions decompose as+,3’2X), where E,=(s+mj—m3,)/(2\s), E, =(s+mj,
AY (f,s+ie)=3 b1} (s+ie). The first factorsb’s —m3)/(2\s), B=p/E,, B'=p/E,, withk, p denoting the
center of mass momenta of the two-body initial and final

= \ijaAjjy [usinga=(ij) and notation for the one-loop con- states, respectively. The unpolarized differential cross sec-
tributions to be described in the next subsectimelude the tion reads themla/dx= (| p|/128ms|k|) 0I|M|2-

CP-odd phase from theék-parity-odd coupling constants.  For thez-boson pole observables, the flavor nondiagonal
The second factor?, include theC P-even phase from the branching ratios andCP asymmetries(where one sets
unitarity cuts associated with the physical on-shell interme=m3) are defined in terms of the notation specified in the
diate states. In the notation of E@®), preceding paragraph by the equations

1 1—x)?
Zf dX L
-1 A(t—m2)?

s

*
)\ilJ)\i]_J’

D(Z—1,+ 1)+ T(Z— 15 +1)) _ZlAiJ’<f>|2+|AéJ’<f>|2

Byy= N = '
Hz=al S la(P+lar(hI?

_ _ > X Imee Im (s+ie) Y (s+ie)]
F(Z—)fJ+fJ/)_F(Z—>fJ/+fJ)_ 2H:L’R a<a'

[(Z—fy+f)+[(Z—fy+T)) D

3y (12
A 1> bl (f)FE(s+ie)|?

For completeness, we recall the formula for fiboson de- wherec;=[1, N.], for [f=1,q] [N.=3 is the number of
cay width in fermion pairg§massless limjt colors in the SU(J) color groug and the experimental value

5 for the total width,I'(Z— all) gxo=2.497 GeV.
GszCf[|AJJ/(f)|2+|AJy(f)|2] The expressions in Eqéll) and (12) for the CP asym-
1227 - R : metries explicitly incorporate the property of these observ-

F(Z—)f\]"‘f_Jr):
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£ p) o >
rQ /’/
\/vvvv\i: § °
QN
B N
(2) | (® (©)

FIG. 2. One-loop diagrams for the dressedP) f(p)f_(p’) vertex. The flow of four-momenta for the intermediate fermiongahnis
denoted asZ(P)—f(Q)+f(Q")—f,(p)+f,(p'). A similar notation is used for the sfermion diagram (i® where Z(P)—T'(Q)
+~f'*(Q’) and for the self-energy diagrams (o).

ables of depending on combinations of the RPV couplingcontributions induced by th&-parity-odd couplings\j .
constants, such as, Ar)gi(u)\i*u,)\i*,”)\i,jj,), or  The intermediate lines can assume two distinct configura-
Arg()\ijj)\rjy)\;j,JM/]/J/), which are invariant under com- tions which both contribute, in the limit of vanishing external

L : . ermions masses to the left-chirality vertex functions only.
plex phase redefinitions of the fields. This freedom undegﬁ/e shall refer to such contributions by the nameype

rephasings of the quarks and leptons superfields actually r S ; Lo
moves 21 complex phases from the complete general set Pntrybu'uons, reserving the nare-type to contributions to
e right-chirality vector couplings. The two allowed con-

45 complex RPV coupling constants. figurations for the internal fermions and sfermions dre
diy ¥ " . . .
3. One-loop amplitudes =(u‘§);f’=(g“). Our calculations of the triangle diagrams
j kR

The relevant triangle Feynman diagrams, which contribempjloy the kinematical conventions for the flow of electric
ute to the dressed Z-boson leptonic vertex charge and momenta indicated in Fig. 2, whére p+p’
Z(P)I~(p)I " (p’), appear in three types, fermionic, scalar,=Q+Q’'=k+k’. The summed fermion and scal&oson
and self-energy, as shown in Fig. 2. We consider first the current contributions are given by

U(p){PR(Q"' mp)y Ja(f )P +a(fr)PrI(—Q"+my)P }u(p’)
(Q2-m)[(Q—p—p")2—m?[(Q—p)?—m:,]
+f a(f)(Q—Q") ,u(p)[Pr(p—Q+mp)P Ju(p)
Q(Q%—mZ)[(Q—p—p")2—m:, [(Q—p)2—m?] |

Fi(ﬁ) =+i NC)\ ,jjk)\ ’J'jk|: fQ

(13

The integration measure is defined fqy[ll(er)“] fd*Q. By a straightforward generalization to the case of several
For a convenient derivation of the self-energy diagrams, onéelds, labelled by a family indes, the fields renormalization
may invoke the on-shell renormalization condition which re-constants become matricez,';J,z(lJr aH);Jl,. The self-
lates these to the fields renormalization constants. Definingnergy contributions to the dress&eboson vertex function
schematically the self-energy vertex functions for a Diracis then described as

fermion field by the Lagrangian densitL=iy{p—m

+2(p)1, 2(p)=moo+p(c P +0%Pg), the transition TZ(p.p)se= 2 (23,2
from bare to renormalized fields and mass terms may be H=LR

effected by the replacements

) 1/2__ 1]

Xu(p)y,a(fy)Pyo(p’)

Iy 1
'/IHH(l_,_UH)l/z:'//HZl/Z' :_H;LRE[UJHJ/(F’)
momIre Lo +055(p)Ju(p) v,a(fr)Pro(p’),
(1—09) (14)
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where, for the case at hand, =0 andoy=0. Similar Feynman graphs to those of Fig. 2,
and similar formulas to those of Eq&l3) and (14), obtain,
25(p)= —iNc)\’jjk)\’J,jk for the dressed photon current cas€¢P)l ~(p)l " (p’).
We organize our one-loop calculations in line with the
f Pr(Q+m;)P, approach developed by 't Hooft and Veltmgsb] and Pas-
Q

15 i d Veltmafi56], keeping in mind that ti
o i~ 2.2 ( sarino and Veltmafi56], keeping in mind that our spacetime
(=Q%+mH)[—(Q—p)"+m ] metric has an opposite signature to theirs« + +). For

definiteness, we recall the conventional notations for the
gives the self-energy vertex function, implying thaﬁy two-point and three-point integrals,

i’772 _ _ [11Q,u]
2o P8~ | e e (19
i7T2 ! ! ! ! !
W[Cm —P.C11=P,C12, PuP,C211+P,P,Cot (PP, +P,P,)Co3 —7,,Col
:J [1Q,.Q,Q.] 17
(= Q*+m)[—(Q-p)?+m3][—(Q—p—p")2+m3]’

where the arguments for th& and C functions are The integral functions with a tilde arise in the sfermion cur-
defined as Ba(—p,m;,m,) where @A=0,1) and rent diagram and are described by the argument variables
Cg(—p,—p’,my,my,mz) where 8=0,11,12,21,22,23,24). C,=Cx(—p,—p’,M;, ,m;,M5:).
In the algebraic derivation of the one-loop amplitudes, we A very useful check on the above results concerns the
find it convenient to introduce the definitions,=3P,  cancellation of ultraviolet divergences. This is indeed ex-
+pu, P,=2P,—p,, whereP=p+p’, p=3(p—p'). The  pected on the basis of the general rule that those interaction
terms proportional to the Lorentz covariaRt'=(p+p’)*  terms which are absent from the classical action, as is the
will then reduce, for the fulZ-boson exchange amplitude in case for the flavor changing currents, cannot undergo renor-
Eq. (4), to negligible mass terms in the initial leptons. malization. A detailed discussion of this property is devel-
Dropping mass terms for all external fermions, the tensoeoped in[61]. The logarithmically divergent terms in Eq.
rial couplings cancel out and we need keep track of the vect18), proportional to the quantity,A=—2/(D—4)+y
tor couplings only, with the result —In 7, as defined i56], arise from the two- and three-point
integrals asB,—A, B;——3A, C,,—3A, all other inte-
grals being finite. Performing these substitutions, we indeed

3 )x’jjk)\J’,jk 5 find that A comes accompanied by the overall factors
AT L)=Ne— 7 LalfumiCotalfe) [—a(e)+a(T) +a(dr)] or [~a(e))+a(@) +ar(u)],
) which both vanish in the relevant configurations fof’.
X (B§Y —2Cz4—m:,Co) Let us now consider th&-parity-odd Yukawa interac-
o tions involving the\;;, . These contribute through the same
+2a(f])Cysta(f)BP], triangle diagrams as in Fig. 2. There arise contributiong of
type, in the single configuratiorf,=e,, T'=7j , and of R
, type in the two configurations= (%), T'=(='"%). Followin

]
the same derivation as above, and neglecting all of the ex-
The cancellation of the right-chirality vertex function in this {€rnal mass terms, we obtain the fO,HOW'_ng results for the
case is the reason behind our naming these contributions 88§€-100p vector coupling vertex functions:
L type. The two-point and three-point integrals functions
without a tilde arise through the fermion current triangle con-
tribution and the self-energy contributidgrepresented by the N

i (2) i i- ' iIkNid Tk
term proportlorjal tdBi”’). These mvplve the argu.ment(\l/;an AﬂJ (L)= i a [a(fL)m$C0+a(fR)(Bél)—2C24
ables according to the following conventionsBy (4r)
=BA(_p_p,vmflmf)! B,&Z)ZBA(_pimfrm’)l B;(’-\S) 2 =\
— ! (2)

=Ba(—p’,m5 ,m;), and Cg=Cu(—p,—p’,m;,n7 ,my). m;, Co) +2a(f ) Cogta(f)By ],
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NNy
(4m)?

mz,Co) +2a(T[)Cppt a(fr)BR,

JJ’(R) —

[a(frIMZCo+a(f )(BS—2C,,

19

with A (£)=0, A}Y(R)=0. We note that theZ, R con-
tributions are related by a mere chirality flip transformation
and that the color factax, is absent in the present case.

B. Down-quark—antiquark pairs

The processes involving flavor nondiagonal final down-
quark—antiquark pairs,| ~(k)+17 (k") —dy(p)+d;.(p’),
pick up nonvanishing contributions only from thé]k inter-
actions. Our discussion here will be brief since this case i
formally similar to the leptonic case treated in Sec. Il A. In
particular, the external fermions masses, for all three fami-

lies, can be neglected to a good approximation at the energ@ga'”

scales of interest. The tree level amplitude comprises a
R-type singlet-channelu-squark exchange diagram and two

s-channel diagrams involving and » sneutrinos of the type
shown in(a) of Fig. 1,

li 1 *
1jJ 1]3

2(t—majL)

3 _

t

UR(p) Yuor(P U L(k )Y uL(K)

l rx -
— — [ NjuN g vr(K)u (K)u(p)vr(p’)
ST

+ NN, 0L (KD UR(K) UR(P)oL(P)], (20)

where a Kronecker symbol factéy,, expressing the depen-
dence on the final state quark color indicfsl,,, has been

PHYSICAL REVIEW D 59116012

1 x !

’ iJk™Migrk
AV (£)= —=F[a(f)miCo+a(fr)(BY
(4m)
—2C,—m:,Co)+2a(F])Cyuta(d )BP],
AV (R)= —2 [a(f Y)mZCo+a(f, ) (BL
—2Cy4—M,Co) +2a(T] ) Coyt a(dr) B?],

(21)

where the intermediate fermion-sfermion fields are labelled

y the indicesf, T'. There are implicit sums in Eq21) over
he above quoted lepton-squark and quark-slepton configura-
tions. The attendant ultraviolet divergences are accompanied

with  vanishing factors a(dg) — a(dy) +a(vg)
r0,a(d,) —a(dg) +a(v,)=0.

C. Up-quark—antiquark pairs
The production processes of up-quark—antiquark pairs of
different families,| (k) +17 (k') —u;(p) +uy (p’), may be
controlled by the\i’jk interactions only. The tree amplitude is

associated with a-channeld-squark exchange, of type simi-
lar to that shown bya) in Fig. 1, and can be expressed as

. le)\lj/k
2(u—

> oL (k) y*u (KU (p)y,vL(p')
mg, )

(22

after using the Fierz reordering identity appropriate to com-
muting Dirac(rather than anticommuting figldpinors,

suppressed. This dependence will induce in the analogue of

the formula in Eq.(7), expressing the rates, an extra color
factor N,.

At the one-loop level, the dressedd, EJ vertex func-
tions in theZ-bosons-channel exchange amplitude can be

described by the same type of triangle diagrams as in Fig. 2.

The field configurations circulating in the loop correspond
now to quarks and sleptons dftype, f=d,, T'=7} , and

of R type,f=(ﬂi), (V'L) There also occurs correspond-
]

ing lepton-squark field conflgurgtlons of type, | =1, T/
=dg, and R type, I=(:_i);7’=(gjL). The £- and R-type

i jL
contributions differ by a chirality flip, the first contributing to
A" and the second t83’ . The calculations are formally
similar to those in Sec. Il A and the final results have a
nearly identical structure to those given in Eq§8). For

clarity, we quote the final formulas for the one-loop vector
coupling vertex functions:

uS(k)PLo(p")u(p)Pruc(k’)

+ 3o (k) v uL(K)u(p) v, oL (p).

We have omitted the Kronecker symbé}, on the u?uy,
color indices, which will result in an extra color factbl,

=3 for the rates, as shown explicitly in E@3) below. The
present case is formally similar to the leptonic case treated in
Sec. Il A, except for a chirality flip in the final fermions. We
are especially interested here in final states containing a top

quark, such agc or tu, for which external particle mass
terms cannot obviously be ignored. The equation, analogous
to Eq. (7), which expresses the summations over the initial
and final polarizations in the totéree and loopamplitude,
takes now the form
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S M M 37 z)\,iJ’kAi’J*k 2) 2
pol| i i | A (L) i {a,(u) BP+a(f,) m2C,
)\’ )\/* 2 ~, ~ 2 = ~ ~ ~
_ _uk 1k g ) +a(f )[2C24+2mJ (Clz_C21+C23_C11)]
e —m2 2 cosé
2(u=mg, ) W +a(fr) [BY =2 Cpq— My 2Co+ m3(Co+3Cy;

’ . 2
a(e AT (us+ie) —2C15+2Cy— 2C,9 — M2 Cyll,

16(k-p")(k"-p)

s—mz+imzI', ‘

A £y MR ) (Bt ©
+8mymy (k-k)eir(D) | | (9 AR (=T e MMy 2l (7t G

+a(fg) (—Cq1+C1p—2Cx3+2C5)) | (25

2 ; . L
whereO(mg) terms were ignored and we have denoted  The above formulas include an implicit sum over the two
allowed configurations for the internal fermions and sfermi-

ons, namelya(dyy), a(e}) anda(es;), a(dyg). For com-

9 2 a(e,_)A‘éJ'(i o\ pleteness, we also display the formula expressing the tenso-
PLR(L)=+ . rial covariants
2 cosfy/ \ s—m2+im,I',
NN by
137k 13k A

X|{ ———] tc.c (24 z ) NNk Y

2 I~ (p, am——— |
( 2(u— )) ,u(p P )tensorial (477)2 TP

xX{m;P [a(fr)(C1;—C1o+Cy1—Cyy)
The modified structure for the kinematical factors in the {msPL R izt e s

above up-quarks case, E@3), in comparison with the lep- —a(f")(Cy;+Cy—C1—Cro)]
tons andd-quark case, Eq.7), reflects the difference in chi-
ral structure for the RPV tree level amplitude. +my Prl+a(fr)(Czo— Caa)
In the massless limit for both the initial and final fermions = =
[where helicityh=(—1,+1) and chirality,H=(L,R) coin- +a(f")(Ca=Ca) I} (26

cide] the RPV interactions contribute to the helicity ampli-

o . .
lty(jtes forft'he p;'oceslﬁ +:| __r])fJ+JJ’:'r‘_tEE m|t>r<1ed-type he- +T8 hsoriar Should (after extracting the external Dirac
Icity configurationshy ===+, f¢,= =Ny, ( € Same aS  qpinors and the RPV coupling constant factdrs symmetri-

for the R parity conservingRPQ gauge interactiopswhich  ¢a1 under the interchangb—J’ or, more specifically, under
are further restricted by the conditiohs-= —th for lepton  the interchangen,«<m;. . This property is not explicit on
and d-quark production andh|7=hfJ for up-quark produc- the expressions in Eq&25) and(26), but can be established
tion. The dependence of the RPV scattering amplitudes oRY reexpressing the Lorentz covariants by means of the Gor-
scattering angle has a kinematical factor in the numerator gon identity. The naive use of E¢L2) to computeC P-odd

the form[1+h,- hf cosdl>. [The parts in our formulas in asymmetries would seem to yield finite contributidesen

Egs.(23) and(7), contamlng the interference terms betweeni the absence of &P-odd phasgfrom the mass terms in
RPV and RPC contributions, partially agree with the pub-the vectorial vertex functlonszé\JJ owing to their lack of
lished result§40,41. We disagree wit§i40,41] on the rela- symmetry undem;«—m;.. Clearly, this cannot hold true
tive signs of RPV and RPC contributions and wi#i] on  and is an artifact of restricting ourselves to the vectorial cou-
the helicity structure for the up-quark case. Concerning thelings. Including the tensorial couplings is necessary for a
latter up-quark case, our results concur with those reported inonsistent treatment of the contributions depending on the

The complete Zf,f; vertex function T#=T* . ..

a recent study43].] external fermions masses. Nevertheless, we emphasize that
The states in the internal loops of the triangle diagramghe tensorial vertex contributions will not be included in our
occur in two distinct £-type configurationsf=(d") F/ numerical results.

- Finally, we add a general comment concerning the photon
—(~'L) The calculations involved in keeping track of the vertex functionsA?? and the way to incorporate the ex-
mass terms are rather tedious. They were performed b§'ange contrlbutlons in the total amplitudes, E(®. and
means of theMATHEMATICA software packag@RACER [62] 23). One needs to add terms obtained by substltutlng
whose results were checked against those obtained by mea@#& cosaw—>e/2 95'” w2, a g(f)—2Q(f), (s—mj
of FEYNCALC [63]. The relevant formulas for the vertex func- +imzl'z) ™ !, along with the substitution o bosons
tions read by photon vertex functions“s(e,s+i€)—AlR (&,s+ie).
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The substitution which adds in bofiboson and photon ex- from gluino-squark triangle diagrams of squark flavor mix-
change contributions reads explicitly ing, found[53] B;3~10 °. This result is suspect since a
more complete calculation of the effect performed subse-
quently [54] obtained considerably smaller contributions.
Both calculations rely on unrealistic inputs, including a
wrong mass for the top quark and too low values for the
superpartner mass parameters. It is hoped that a complete

[arL(€)AR]— aR,L(e)Z a(f)C?

+2Q(e)sir? 6y coS ] (s—m3 updated study could be soon performed. In fact, during the

last few years, the study of loop corrections in extended ver-

+im,I'5)/s]1Y, 2Q(f)C?/, sions of the standard model has evolved into a streamlined
f

activity. For instance, calculations of loop contributions to
, the magnetic moment of thelepton or of the heavy quarks,
where we have used the schematic representafipli  such as those reported [i64] (two-Higgs-doublet modglor

=2 a(f)Cy. in [65] (minimal supersymmetric standard moglelould be
usefully transposed to the case of fermion pair production
IIl. BASIC ASSUMPTIONS AND RESULTS observables.

The information from experimental searches on flavor
changing physics at high energy colliders is rather meager
To place the discussion of the RPV effects in perspectivel,66]. Upper bounds for the lepton&boson branching ratios

we briefly review the current situation of flavor changing B, are reported[67] at 1.7<10°® for (eu+ ue), 9.8

physics. In the standard model, nondiagonal effects with '€ 1076 for (ET+?e), and 1.7 105 for (;r+7,u). No re-

spe_ct to the quark flavor arise thr_oug_h loop dlagrams_. Th%ults have been quoted so far fibror u- quark pair produc-
typical structure of one-loop contributions to, say, he&f  tjon reflecting the hard experimental problems faced in iden-
vertex function=;V;;V;y 1(m{?/m2) involves a summation tifying quark flavors at high energies. The prospect for
over quark families of CKM matrices factors times a loop experimental measurements at future leptonic colliders is
integral. This schematic formula shows explicitly how the prightest for cases involving one top quark owing to the
CKM matrix unitarity, along with the near quark masses de-easier kinematical identification offered by the large mass
generacies relative to th&-boson mass scal@valid for all  disparity in the final state jets. For leptonic colliders at ener-
quarks with the exception of the top quarlstrongly sup- gies above those of the CER&N e~ collider LEP, the reac-
presses flavor changing effects. Indeed, for the down-quarktions involving the production of Higgs or head/ -gauge
antiquark case, th&-boson decay branching fractiofs;;  bosons which subsequently decay to fermion pairs could be
were estimated at the values 10for (bs+sb), 10°° for  effective sources of flavor nondiagonal effects, especially
(bd+db), 10 for (sd+ds), and the correspondingP ~ When a top quark is produced. At still higher energies, in the
asymmetriesd;, at the value§105, 1073, 10 Ysinsy 1€V regime, the production subprocesses involving colli-
[48,49, respectively. sions of gauge boson pairs radiated by the incident leptons,
By contrast, flavor changing effects are expected to attaims inl ~+1"—W~+W" + v+ v, could lead to flavor nondi-
observable levels in several extensions of the standardgonal final states, such as v+t+c with rates of order a
model. Thus, one to three orders of magnitudes can bgaw fb [68].
gained on ratesB;; in models accommodating a fourth

A. General context of flavor changing physics

quark family [48,49. For the two-Higgs-doublet extended B. Choices of parameters and models
standard model, a recent comprehensive study of fermion- ) S )
antifermion pair production at leptonic colliderg51] Our main assumption in this work is that no other sources

quotes, for the flavor changing rateBy, ~10 5—10"8 besri]def? thé?—pk;arity—'odd interac&i’c:))ns contribu.te significantly
for  Z—(b+s)+(stb) and o, ~(10"5—10O)R, to the flavor changing rates a@P asymmetries. However,
_ v, 2 b, v 2 _ to infer useful information from possible future experimental
where = R=g(e"te —p +p )=4ma’l(35)=86.8/ .o o e must deal with two main types of uncertainties
\Js)?fb(TeV)~2. LargeCP violation signals are also found - : yP - '
.( s TTEE ) The first concerns the family structure of the coupling con-
in the reactionpp—thX in the two-Higgs-doublet and su- stants. On this issue, one can only postulate specific hypoth-
persymmetric modelf52]. ) eses or make model-dependent statements. At this point, we
For the minimal supersymmetric standard model, due tGnay note that the experimental indirect upper bounds on
the expected nearness of superpartner massew tdlavor  single coupling constants are typically<0.05 or\’<0.05

changing loop corrections can become threateningly Iarge[imes M/100 GeV, except for three special cases where

unless their contributions are bounded by postulating either a

. ’ 4,7 ~
degeneracy of the soft supersymmetry breaking scalardfong bounds exist;;;<3.9x10"%(m,/100 GeVF(mg/

K . / ' -
masses parameters or an alignment of the fermion and scal&P0 GeV) Z(PVBﬂ dec_azy [22]), N133<2X107°% (v, mass
superpartner current-mass basis transformation matrices. A1), and Ay, <2Xx10"“(mg, /100 GeV) (,k=1,2,3; m

early calculation of the contribution #@-boson decay flavor =1 2)(K — 7w [17]). Strong bounds have been derived for
changing rateZ —q;q;., induced by radiative corrections products of coupling constants pairs in specific family con-
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figurations. For instance, a valuable source forXhg cou-  piitudes, should behave more nearly asi@P?. As for the
pling constants is provided by the rare decas—e,  asymmetries, since these are given by ratios of squared am-
+e;+e;r [19], which probe the combinations of coupling plitudes, one expects them to have a weak sensitivity to the
constantsF ,pc¢= (100 GeVh;, )*\japhjcq- Except for sfe;mipr} m?ssesh ol iicat e RPY ;

2 2 13 o infer the sical implications on the couplin
the strong _bou_nd:1112+F211_1<4.3>< 10 '.('“_).36)’ the . constants, we :Evc})/id makinpg too detailed model—depgndgnt
other combinations of coupling constants involving the third

: ) assumptions on the scalar superpartner spectrum. Thus, we
generation are less strongly bound, as, for instafGg;;  gpq neglect mass splittings between all the sfermions and

+ F§_111<3'1X 10"° (7—3e) [19]. Another useful source is  set uniformly all slepton, sneutrino, and squark masses at a
provided by the neutrinoless double beta decay Procesgnique family(speciesindependent valueén, chosen to vary

[23'22’24'. The stronges_t pounds_ occur for the following in the wide variation interval 1060m< 1000 GeV. This pre-
configurations of flavor indicesusing the reference value

~ scription should suffice for the kind of semirealistic predic-
M=100 GeV): A 1115 <7.9X10 % N1h15<2.3X10°°%  tions at which we are aiming. This approximation makes
\15;<4.6x 10" ®, quoting from[24] where the initial analy- more transparent the dependence on the RPV coupling con-
sis of [23] was updated. Finally, the strongest bounds destants, which then involves the quadratic products designated

duced from neutral meson8 B, KK) mixing parameters are by t},, (tree andl'l,, (loop), where the dummy family indi-
Fl311<2X 1075 F}35,<3.3x10°8, F],,;<4.5x10°° [19], ces refer to sfermiongtree and fermions and sfermions
whereF}, .;~ (100 GthT;-L)Z)\i,ab)\i/c*d' (loop). For off Z-boson-pole observables, flavor nondiagonal

The second type of uncertainties concerns the spectrum 6ﬁtesz are controlled by products of two different couplings,
scalar superpartners. At one extreme are the experiment5h3/| » and asymmetries by normalized products of four dif-
lower bounds, which reach, for sleptons, 40-65 GeV and, foferent couplings, Int(']’J*,Ing,)/|tiJ"J,|2. For Z-boson pole ob-
squarks, 90 — 200 GeV, and at the other extreme, the the@gryvaples, rates and asymmetries are again controlled by
g-et_:_cezill naturalness requirement which sets an upper bound Bf'oducts of two and four different coupling Constamtgj,lz

In order to estimate the uncertainties in predictions ema@nd Im(5y, “15,,)/|1’;}, %, respectively. Let us note that if the
nating from the above two sources, it is necessary to delinoff-diagonal rates were dominated by some alternative
eate the dependence of amplitudes on sfermion masses. Bxechanism, the asymmetries would then involve products of
amining the structure of the relevant contributions to flavorfour different coupling constants rather than the above ratio.
changing rates for, say, the lepton case, we note that the It is useful here to set up a catalog of the species and
t-channel exchange tree amplitudes are given by a onefolt@milies configurations for the sfermioritreg) or fermions
summation over sfermion familie§i|ti”,|/r~ni2, involving and sfermmns(lpop) involved in the various cases. In the

S . - N tree level amplitudes, these configurations are, for leptons,
the combination of coupling constant§3,=)\m)\m, . The i i

typical structure for the leptonic loop amplitudes is a twofold Lo = Mathiya i (]_L tyrfe), ,EJJ’ ~}"13}‘i1J” vie (R
summation over fermion and sfermion families, type); for d quarks,ty; =N\jj;N;5;,, UL (R type); for u
319y FYy (s+ie), wherel 'JJJ,=)\ijJ)\i*jJ, , and the loop inte- qgarks,t‘jj, =)\13k)\ij,_k, dgr (£ type). In the loop level am-
gralsF;, have a nontrivial dependence on the fermion andplitudes, the coupling constants and internal fermion-
sfermion masses, as exhibited in the formulas derived ifermion configurations are, for leptons,

Secs. Il A, 11 B, and Il C[see, e.g., Eq21)]. q c

The effective dependence on the superparticle masses in- ik ~*k) <~ui ”
UjL dkr

€k

. ~ ~5 . JJ':)‘jj*k)\S'jk’
volves ratiosm?/m? or s/m? in such a way that the depen-
dence is suppressed for large. (Obviously, s=m3 for

Z-boson pgle observablgsln appllcatlons sgch as ours |'Jky:)\i*ak?\u'k, (~f> (L type),
wheres=m3, all the fermions, with the exception of the top Vi

qguark, can be regarded as being massless. In particular, the

first two light families(for eitherl, d, u) should have com- € 4

parable contributions, the third family behaving most dis- i) ~ejL

tinctly in the top-quark case. A quick analysis, taking the

explicit mass factors into account, indicates that loop amplifor d quarks,

tudes should scale with sfermion massesssf)", with a c

variable exponent ranging in the intervakh<2. Any pos- NN ~dk) ~Vi (L type)
sible enhancement effect from the explicit sfermion mass 99 "k ik ’ '
factors in Eq.(21) is moderated in the full result by the fact

ij _ *
|JJ/_)\iJJ)‘ijJ/ d

that the accompanying loop integral factor has itself a power TR d; uj | Vi €
decrease with increasing?. Thus, theZ-boson pole rates 50 =NijarNija (V.L) (EJ’ (ajL>' (TJ]L)
should depend on the massasroughly as (1th?)2", while

the off Z-boson pole rates, being determined by the tree am- (R type);
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[k _

39 =N\ 3 (L type).

and foru quarks, the third fermion family, namely, arg}{,,)=[0,0,/2], for
. (i or j=1,2,3). In fact, a relative phase between light
d g families only would contribute insignificantly to th&boson
(Ei*L)’ (akR> pole asymmetries, because of the antisymmetry-ina’ in
Eq. (10) and the fact thaF>Y' (m2) are approximately equal
We shall present numerical results for a subset of thavhen the fermion index imv=(i,j) belongs to the two first
above list of cases. For leptons atduarks, we shall restrict families. The offZ-boson pole asymmetries are controlled by
consideration to théR-type terms which contribute to the a relative complex phase between the tree and loop level
Z-boson vertex functiolAr. We also retain the slepton- amplitudes. For definiteness, we choose here to assign a van-
quark internal states ford-quark production(involving  ishing argument to the coupling constants combinatign
\ij3,\{j;) and the slepton-lepton states for lepton productionappearing at the tree level and nonvanishing arguments to the
(involving A j;;,\ij;) For the up-quark production, we con- full set of loop amplitude combinations, namely, dtg()

sider theL-type terms(involving \{;i\/;,,) and, for the off = /2, where the fermion index (or j as the case may be
Z-boson pole case, omit the terg g in Eq. (23) in the  varies over the ranges relevant to each of the three cases A,
numerical results. B, C.

Since the running family index in the parameters relevant
to tree level amplitudes refers to sfermions, consistently with C. Numerical results and discussion
the approximation of a uniform family-independent mass
spectrum, we may as well consider that index as being fixed. 1. Z-boson decay observables

Accordingly, we shall set these parameters at the reference \we start by presenting the numerical results for the inte-
valuet),,=10"2. In contrast to the ofZ-boson pole rates, grated rates associated witboson decays into fermion
the asymmetries depend nontrivially on the fermion masgairs. These are given for thiequark, lepton, andi-quark
spectrum through one of the two family indicesllh,(i or cases in Table I. We observe a fast decrease of rates with

j) associated with fermions. To discuss our predictionsjncreasing values of the mass parameterOur results can
rather than going through the list of four distinct coupling be approximately fitted by a power law dependence which is

constants, we shall make certain general hypotheses regaiigtermediate betweem™2 andm™2. Explicitly, the Z-boson

ing the generation dependence of the RPV interactions foflavor nondiagonal decay raté®r an average of casds B,
the fermionic index. At one extreme is the case where alc) are found to scale approximately asB;;

three generations are treated alike, the other extreme bein;g()\i,‘ﬂ\;’ /0.01(100 GeVin)2x5x10°°, for d quarks,
the case where only one generation dominates. We shall con-*""7""1iJ ~ g g
sider three different cases which are distinguished by th8as~(Xijs\ijz+/0.01(100 GeVin)*x2x 10 , for lep-
interval over which the fermion family indices are allowed totons, — and By~ (N{3k\;,/0.01(100 GeVin)?8x 3
range in the quantitiels'J‘J,. We define case A by the pre- x10°9, for up quarks. When a top-quark intermediate state
scription of equal values for all three families of fermions is allowed in the loop amplitude, this dominates over the
(i=1,2,3), case B for the second and third familiégs ( contributions from the light families. This is clearly seen on
=2,3), and case C for the third family only=£3). For all thed-quark results which are somewhat larger than those for
three cases, we set the relevant parameters uniformly at thé quarks and significantly larger than those for leptons, the
reference valuek);, = 10~2. While the results in case C re- more so for largem. This result is explained partly by the
flect directly on the situation associated with the hypothesigolor factor and partly by the presence of the top-quark con-
of dominant third family configurations, the correspondingtribution only for the down-quark case. For contributions in-
results in situations where the first or second family is asvolving other intermediate states than up quarks, whether the
sumed dominant can be deduced by taking the differencégternal fermion generation index in the RPV coupling con-
between the results in cases A and B and cases B and @fantsk;j runs over all three generatiofisase A, the sec-
respectively. ond and third generationgase B, or the third generation

In order to obtain nonvanishingP asymmetries, we still only (case @, we find that rates get reduced by factors
need to specify a prescription for introducing a relativeroughly less than 2 in each of these stages. Therefore, this
CP-odd complex phase, denote, between the various COmparison indicates a certaln degreg of family indepen-
RPV coupling constants. We shall set this at the referencénce for theZ-boson branching fractions for the cases
value = /2. Since theC P asymmetries are proportional to Where either leptons ai quarks propagate inside the loops.
the imaginary part of the phase factor the requisite depen- Proceeding next to th€ P-odd asymmetries, since these
dence is simply reinstated by inserting the overall factor@reé proportional to ratios of the RPV coupling constants, it
siny. Different prescriptions must be implemented dependjollows in our prescription o_f using uniform values fo_r_these
ing on whether one considers observables at or off théhat asymmetries must be independent of the specific refer-
Z-boson pole. Th&-boson pole asymmetries are controlled ence value chosen. As for their dependencempnve see in
by a relative complex phase between the combinations ofable | that this is rather strong and that the sense of varia-

coupling constants denotd(f.jy only. For definiteness, we tion with increasingm correspondgfor absolute values of
choose here to assign a nonvanishing complex phase only t4;y) to a decrease fait quarks and an increase forquarks
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TABLE I. Flavor changing rates andP asymmetries fod-quark, lepton, and-quark pair production in
the three cases, appearing in line entries as cases A, B, and C, which correspond to internal lines belonging
to all three families, the second and third families, and the third family, respectively. The resultgfarks
and leptons, unlike those for up quarks, are obtained in the approximation where one neglects the final
fermions masses. The first four column fields ole column entry show results for theZ-boson pole
branching fraction®,; and asymmetries!;; . The last four column fieldéoff Z pole column entryshow
results for the flavor nondiagonal cross sectiong in fb and for the asymmetried;; with photon and
Z-boson exchanges added in. The results in the two lines for th&ledson pole are associated with the two
values for the center of mass energlf?= 200, 500 GeV. The column subentries indicatechbgorrespond

to the sfermion mass parameﬁar: 100, 1000 GeV. The notatioti—n stands for 10".

Z pole Off Z pole
m=100 m= 1000 m=100 m= 1000
By Ayy By Asy (YN Ay (YN Ay
d,d;
A 5.6d—9 0.38 4.2-11 0.068 115 -550-3 1.461—-2 —-57A4-3
3.62 —-29-3 6.9@-2 +3.1d-3
B 4.680—-9 0.20 4.128-11 0.034 115 —-6.8d—-3 1.461—-2 —7.14-3
3.62 -341Md-4 69@—-2 +1.34-3
C 3.8-9 0.0 3.98—-11 0.0 115 —-8.11d-3 1.46-2 —-855d-3
3.62 +2.2d—-3 6.90-2 -5.1&8—-4
151,
A 3.2d—-9 -0.44-3 3.6-12 0.049 38.2 —-1.1&-3 3.84-2 —-1.61d-3

4.57 -6.90—-3 3.64W-1 —1.04-3

B 1.30-9 -055-3 15-12 —-0.54-3 38.2 —790d—-4 3.84-2 —1.081-3
4.57 —-4.60d—-3 3.6M-1 —6.931-3

C 6.531— 10 0.0 7.8—13 0.0 382 —395-4 3.84-2 -538—4
457 -23W-3 3.60M-1 —3.46—4

uc

A 650—9 —06d-3 8a—-12 —0.12 11.5 2.68—-3 1.461—-2 2.961-3
3.62 1.04-2 6.90-2 6.61—3

B 2560—-9 —-0.8a-3 3.8-12 -0.11 11.5 1.76—3 1.461-2 1.981-3
3.62 6.98—-3 6.90-2 4.42-3

C 1.261-9 0.0 1.95—12 0.0 11.5 8.90—4 1.461—-2 1.0a1—3
3.62 3478-3 6.90-2 2.2d-3

tc

A 5.66 21%-3 1.6@-3 3.3d-3
4.29 702-3 59%5-2 6.561-3

B 5.66 1.43-3 1.60-3 2223
4.29 468-3 5951—-2 4.38-3

C 5.66 722-4 160-3 1.131-3

4.29 234-3 595-2 219-3

and leptons. The comparison of different production caseplained by the occurrence farquark production of an inter-
shows that theCP asymmetries are larges(10° 1), ford  mediate top-quark contribution and also by the larger values
quarks at smalin=100 GeV and foru quarks at largen  of the rates at large in this case. The comparison of results
=1000 GeV. For leptons, the asymmetries are systematin cases A and B indicates that the first two light families
cally small, O(10 *—10 4). The above features are ex- give roughly equal contributions in all cases.
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For case C, theCP-odd asymmetries are vanishingly 2. Fermion-antifermion pair production rates

small, as expected from our prescription of assigning the | st us now proceed to the of-boson pole observables.
CP-odd phase, since case C corresponds then to a situatigthe numerical results for the flavor nondiagonal integrated
where only single pairs of coupling constants dominate. Recross sections an@P asymmetries are shown in Table | for
call that for the specific cases considered in the numericalyo selected values of the center of mass enexys 200
applications, namelyR type ford quarks and leptons anfl  and 500 GeV. The numerical results displaying the variation
type for u quarks, the relevant products of RPV coupling of these observables with the center of mass of enéixgd

*

constants are\;;; \fjy, AjyAijzs NN, respectively, m) and with the superpartner mass paraméiged \s) are
where the fermion generation index among the dummy indigiven in Figs. 3 and 4, respectively. All the results presented
ces pairsij), (ik) refers to the third family. Nonvanishing in this work include both photon ardtboson exchange con-
contributions to.A;; could arise in case C if one assumed tributions. We observe here that the predictions for asymme-
that two pairs of the above coupling constant products witHries are sensitive to the interference effects between photon
different sfermion indices dominate, and further requiringandZ-boson exchange contributions.

that these sfermions be not mass degenerate. Another inter- We discuss first the predictions for flavor nondiagonal
esting possibility is by assuming that the hypothesis of e{Nates. We observe a strong decrease with increasing values of
single pair of RPV coupling constants dominance appliesn and a slow decrease with increasing values'fFollow-

for the fields current basis. Applying then to the quarking a rapid initial rise at threshold, the rates settle at values
superfields the transformation matrices relating these teanging between 10 and 18 fb for a wide interval ofm

mass basis fields, say, in the distinguished chdit@ values. The dependence amcan be approximately repre-
where the flavor changing effects bearwquarks, amounts  ¢onteq  as UJJ,/[|tiJJ,/0.0]JZ(100/ﬁ1)2*3]%(1—1O)fb

to performing th(_e substitutionAi’jkexi’nﬁ(vﬁj, where ~R[S/(1 TeV)]4(10-t—1). The rate of decrease of;
Vis the CKM matrix. TheCP-odd factor, for thed-quark 5 1006 down with increasing It is interesting to note

. e ij 1
case, say, acquires then the form MW(55)  thatif we had considered here constant values of the product
\ (M/100 GeV), rather than constant values\ofthe power

=N N ML) g (VD) (V25 (Vimje 1, where the
second factor on the right-hand side is recognized as th&ependence of rates on would be such as to lead to inter-

familiar plaquette term, proportional to the products of sines

of all the CKM rotation angles times that of tt@P-odd  ©Stingly enhanced rates at large
phase. The marked differences exhibited by the results for lepton

It may be useful to examine the bounds on the RPV couPair production, apparent on windows) and(d) in Figs. 3
pling constants implied by the current experimental limits on@nd 4, are due to our deliberate choice of adfjn_"ng Fhe
the flavor nondiagonal leptonic widtti§7], Bj’j',’t<[1.7, 9.8, Schannelv pole term for the lepton case while omitting it
17.0]x 1076 for the family couples 43’ =12, 23, 13. The for the d-quark case. The Iarger rates found for leptons as
contributions associated with the interactions can be di- compared tod quarks, in spite of the extra color factor
rectly deduced from the results in Table I. Choosing thepresent ford quarks(recall that thel "I~ —f,f; reactions
value m=100 GeV and writing our numerical result as rates for down quarks and up quarks pick up an extra color

Byy=(\ijs\[j;//0.01¢x2x2Xx 10°°, then under the hy- factor N, with respect to those for leptopsare thus ex-

thesis of ir of dominant i tant d plained by the strong enhancement induced by adding in the
POthesis o*a pair ot dominant coup '_ng cons.an S, ON€ O€sheutrino exchange contribution. This choice was made here
duces;j;\;;;,<[0.46, 1.1, 1.4for all fixed choices of the

) - ) for illustrative purposes, setting for orientation the relevant
family couplesi, j. (An extra factor of 2 inB;; has been

: ) coupling constant at the value ;5 =0.1. Thev propagator
included to account f_or.the ant|.symm.e-try prolp.erty)qfk pole was smoothed out by employing the familiar shifted
and the fact that two distinct configuration$ andj,i for the

. . 2 . Ty —1 . e
internal lines are presentFor the\' interactions, stronger propagator prescriptions¢-m +im1%) 7, while describ

bounds obtain because of the extra color factor and of thi&19 @pproximately the sneutrino decay width in terms of the
internal top-quark contributions. A numerical calculation RPV  contributions  alone,  namely, I'(vi—1 +1])

(not reported in Table )l performed with the choicen  =\fmi/16m andT (v;—d,+d;) =N\’ 5, mi/167.

=100 GeV for case C gives ugJJ,~()\3jk)\3,jk/o,01)2 Proceeding next to thé P-odd asymmetries, we note that

% 1.17x 10~ 7, which, by comparison with the experimental since these scale as a function of the RPV coupling constants
limits, yields the bounds\iA},, <[0.38, 0.91,1.2] asIm(l,1}) *)/|t}}|? our present predictions are indepen-

X 1071, for the same family configurations) 0’ =12, 23, dent of the uniform reference value assigned to these cou-
13) as above. These results agree in size to within a factor gfling constants. If the generational dependence of the RPV
2 with results reported in a recently published w¢@e]. coupling constants were to exhibit strong hierarchies, this
Finally, we note that the numerical results for thetype  peculiar rational dependence could induce strong suppres-
interactions ford quarks are qualitatively similar to those for sion or enhancement factors.

u quarks. However, for leptons, the loop amplitudes from the  The cusps in the dependence4f; on s (Fig. 3) occur

\' interactions pick up an extra color factdg which trans-  at values of the center of mass energy where one crosses
lates into overall factor®? in .A;; and By . thresholds for fermion-antifermioffor the energies under
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FIG. 3. Integrated flavor nondiagonal cross sectigei-hand side windowsand asymmetriegight-hand side windowsas functions of
the center of mass energy in the production of down-quark—antiquark [pasupper figurega) and (b)], lepton-antilepton pairftwo

middle figures(c) and(d)], and up-quark—antiquark pairs of tyﬁe+a [two lower figures(e) and(f)]. The tree level amplitude includes
only thet-channel contribution for thd-quark case, botlr and s-channel exchange contributions for the lepton case, and-tiennel
exchange for the up-quark case. The one-loop amplitudes, withZsbtdson and photon exchange contributions, include all three internal

fermions generations, corresponding to case A. Three choices for the superpartner uniform mass parareetensidered: 100 Gegolid
lines), 200 GeV(dash-dotted lines and 500 GeMdashed lines

considerationtt) pair production,ys=2m;, and scalar su- that thett contributions act to suppress the asymmetries
perpartner pair production/s=2m. These are the thresh- whereas theff* contributions rather act to enhance them.
olds for the processe!sf+|+—>ff_ or I +1*=TF'* at Sufficiently beyond these two-particle thresholds, the asym-
which the associated loop amplitudes acquire finite imagimetries vary weakly withm. A more rapid variation as a
nary parts. Correspondingly, in the dependencelgf onm  function of energy occurs in the lepton production case due
(Fig. 4) the cusps appear at= /s/2. We note in the results to the addition there of the sneutrino pole contribution.
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FIG. 4. Integrated flavor nondiagonal cross sectifat-hand side windowsand CP-odd asymmetrie¢right-hand side windowsas
functions of the scalar superpartner mass paranmetar the production of down-quark—antiquark pajte/o upper figurega) and (b)],
lepton-antilepton pairftwo middle figureqc) and(d)], and up-quark—antiquark pairs of type or ct [two lower figures(e) and(f)]. The
tree level amplitude includes only tlehannel contribution for thd-quark case, botty ands-channel exchange contributions for the lepton
case, and the-channel exchange for the up-quark case. The one-loop amplitudes, with both photdfbasadn exchange contributions,
include all three internal fermions generations, corresponding to case A, with three families running inside loops. Three choices for the center
of mass energg'? are considered: 200 Gelgolid lines, 500 GeV(dash-dotted linaés and 1000 Ge\(dashed lines

The comparison of results for asymmetries in cases A, Btermediate top-quark contribution, which dominates over
and C reflects on the dependence of loop integrals withhat of lighter families. However, this effect is depleted
respect to the internal fermion masses. An examinatiofwhen the finite imaginary part frot sets in. The asymme-
of Table | reveals that for leptons and up quarks, wheraries for up-quark production assume values in the range
intermediate states involve leptons drquarks, all three 102—10 3, irrespective of the fact that the final fermions
families have nearly equal contributions. The resultsbelong to light or heavy families. Finally, we recall again
for down-quark production are enhanced because of the irthat for the lepton production case, the asymmetries induced
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by the £-type ' interactions are enhanced by a color factoras an illustrative example. Although the representative cases
N.. that we have considered represent a small fraction of the host

of possible variations, they give a fair idea of the sizes to
IV. CONCLUSIONS expect. Since these processes cover a wide range of family
configurations, one optimitistic possibility could be that one
The two-body production at high energy leptonic collidersspecific entry for the family configurations would enter with
of fermion pairs of different families could provide valuable g sizable RPV coupling constant.
information on the flavor structure &-parity-odd Yukawa The contributions to the flavor changing rates have a
interactions. One can only wish that an experimental identistrong sensitivity to the RPV coupling constants and the su-
fication of lepton and quark flavors at high energies becomegerpartner mass, involving high powers of these parameters.
accessible in the future. Although the supersymmetric loopwe find a generic dependence for the flavor changing
corrections to these processes may not be as strongly sup-boson decay branching ratios of form

pressed as their standard. model counterparts, one expeess) /0.012(100Mm)25x 10" 2. For the typical bounds on the
that the degeneracy or alignment constraints on the scalggpy coupling constants, it appears that these branchings are
superpartner masses and flavor mixing should severelyyee orders of magnitude below the current experimental
bound their contributions. Systematic studies of the supersensitivity. At higher energies, the flavor changing rates are
symmetry corrections to the flavor changing rates arf of order of magnitude X\/0.01(100/)2~3(1— 10) fb
asymmetries in fermion pair production should be stronegGiVen the size for the typical integrated Iuminositﬂ:

encouraged. =50 fb~ /year, anticipated at the future leptonic machines,

An important characteristic of th&-parity-odd interac- ne can be moderately optimistic on the observation of clear
tions is that they can contribute to integrated rates at the tregllgnals yop

level and toCP asymmetries through interference terms be- .
tween the tree and loop amplitudes. While we have restrictegz TheZ-boson poleC P-odd asymmetries are of the order of

-1 10-3)ci . ;
ourselves to a subset of loop contributions associated witl 18 ddloh )sing. Ii)ord(tjh% pﬁtﬁ boRslg:} pole lreactlonst, at
Z-boson exchange, a large number of contributions, involv- -0dd phase)s embedded in the coupling constants

ing quark-slepton or lepton-squark intermediate states il‘?_hf(\;ysg up '? a}symme(tjrles Vll"th riducedk st_lr_inglth ‘(2|10
various families configurations, could still occur. The contri- )siny for leptonsd quarks, andi quarks. The largely

butions to rates and asymmetries depend strongly on the Valrl_nknown structure of the RPV coupling constants in flavor

ues of theR-parity-odd coupling constants. Only the rates are>Pace Ie_:aves room for good or bad SUrprises, since the pecu-
directly sensitive to the supersymmetry breaking scale. Ti'ar ra*tlon?l gependencg on _the co,upllng constants,
circumvent the uncertainties from the sparticle spectrum, wi m (AANT/AT, and similarly W'.th)‘_’h , may lead to
have resorted to the simplifying assumption that the scala?"©Nd €nhancement or suppression factors.

superpartner mass differences and mixings can be neglected.
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