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Broken R parity contributions to flavor changing rates and CP asymmetries
in fermion pair production at leptonic colliders
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We examine the effects of theR parity odd renormalizable interactions on flavor changing rates andCP
asymmetries in the production of fermion-antifermion pairs at leptonic~electron and muon! colliders. In the

reactionsl 21 l 1→ f J1 f̄ J8 ( l 5e, m; JÞJ8) the produced fermions may be leptons, down quarks, or up
quarks, and the center of mass energies may range from theZ-boson pole up to 1000 GeV. Off theZ-boson
pole, the flavor changing rates are controlled by tree level amplitudes and theCP asymmetries by interference
terms between tree and loop level amplitudes. At theZ-boson pole, both observables involve loop amplitudes.
The lepton number violating interactions, associated with the coupling constantsl i jk , l i jk8 , are only taken into
account. The consideration of loop amplitudes is restricted to the photon andZ-boson vertex corrections. We
briefly review flavor violation physics at colliders. We present numerical results using a single, species and

family independent, mass parameterm̃ for all the scalar superpartners and considering simple assumptions for
the family dependence of theR parity odd coupling constants. Finite nondiagonal rates (CP asymmetries!
entail nonvanishing products of two~four! different coupling constants in different family configurations. For
lepton pair production, theZ-boson decays branching ratiosBJJ85B(Z→ l J

21 l J8
1 ) scale in order of magnitude

asBJJ8'(l/0.1)4(100 GeV/m̃)2.51029, with coupling constantsl5l i jk or l i jk8 in appropriate family configu-
rations. The corresponding results ford- andu quarks are larger, due to an extra color factorNc53. The flavor
nondiagonal rates, at energies well above theZ-boson pole, slowly decrease with the center of mass energy and

scale with the mass parameter approximately assJJ8'(l/0.1)4(100 GeV/m̃)223(1210) fbarn. Including the
contributions from an sneutrinos-channel exchange could raise the rates for leptons ord quarks by one order
of magnitude. TheCP-odd asymmetries at theZ-boson pole,AJJ85(BJJ82BJ8J)/(BJJ81BJ8J), vary inside
the range (102121023)sinc, where c is the CP-odd phase. At energies higher than theZ-boson pole,
CP-odd asymmetries for leptons,d-quark and u-quark pair production lie approximately at (1022

21023)sinc, irrespective of whether one deals with light or heavy flavors.@S0556-2821~99!07409-3#

PACS number~s!: 11.30.Er, 11.30.Hv, 12.60.Jv, 13.10.1q
e
is

r

s
w
w

io

ly
la
ul
s

c

at
, to

s as
the

is
n-

ived
sis,
d to
ling
so-
mp-
tner

sis
gle

licit
ural
s in
les

vari-
I. INTRODUCTION

An approximateR parity symmetry could greatly enhanc
our insight into the supersymmetric flavor problem. As
known, the dimension-4R parity odd superpotential trilinea
in the quarks and leptons superfields,

WR odd5(
i , j ,k

S 1

2
l i jkLiL jEk

c1l i jk8 QiL jDk
c1

1

2
l i jk9 Ui

cD j
cDk

cD ,

~1!

adds new dimensionless couplings to the family space
quarks and leptons and their superpartners. Comparing
the analogous situation for the Higgs-meson-matter Yuka
interactions, one naturally expects the set of 45 dimens
less coupling constantsl i jk52l j ik , l i jk8 , l i jk9 52l ik j9 to
exhibit a nontrivial hierarchical structure in the fami
spaces. Our goal in this work will be to examine a particu
class of tests at high energy colliders by which one co
access direct information on the family structure of the
coupling constants.

TheR parity symmetry has inspired a vast literature sin
the pioneering period of the early 1980s@1–8# and the matu-
ration period of the late 1980s and early 1990s@9–14#. This
subject is currently witnessing a renewed interest@15,16#. As
0556-2821/99/59~11!/116012~19!/$15.00 59 1160
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is well known, theR parity odd interactions can contribute
the tree level, by exchange of the scalar superpartners
processes which violate the baryon and lepton number
well as the leptons and quarks flavors. The major part of
existing experimental constraints on coupling constants
formed from the indirect bounds gathered from the low e
ergy phenomenology. Most often, these have been der
on the basis of the so-called single coupling hypothe
where a single one of the coupling constants is assume
dominate over all the others, so that each of the coup
constants contributes once at a time. Apart from a few i
lated cases, the typical bounds derived under this assu
tion, assuming a linear dependence on the superpar
masses, are of order@l, l8, l9] ,(102121022)m̃/
100 GeV .

One important variant of the single coupling hypothe
can be defined by assuming that the dominance of sin
operators applies at the level of the gauge~current! basis
fields rather than the mass eigenstate fields, as was imp
in the above original version. This appears as a more nat
assumption in models where the presumed hierarchie
coupling constants originate from physics at higher sca
~gauge, flavor, or strings!. Flavor changing contributions
may then be induced even when a singleR parity odd cou-
pling constant is assumed to dominate@17#. While the rede-
fined mass basis superpotential may then depend on the
©1999 The American Physical Society12-1
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ous unitary transformation matricesVL,R
u,d , @18#, two

distinguished predictive choices are those where the gen
tion mixing is represented solely in terms of the Cabibb
Kobayashi-Maskawa~CKM! matrix, with flavor changing
effects appearing in either up-quark or down-quark flav
@17#. A similar situation holds for leptons with respect to th
couplingsl i jk and transformationsVL,R

l ,n .
A large set of constraints has also been obtained by

plying an extended hypothesis of dominance of coupl
constants by pairs~or more!. Several analyses dealing wit
hadron flavor changing effects~mixing parameters for the
neutral light and heavy flavored mesons, rare mesons de

such asK→p1n1 n̄, . . . ! @17#, lepton flavor changing ef-
fects ~leptons decays,l l

6→ l k
61 l n

21 l p
1 @19#, m2→e2 con-

version processes@20#, neutrinos Majorana mass@21#, etc.!,
lepton number violating effects~neutrinoless double beta de
cay @22–24#!, or baryon number violating effects~proton de-
cay partial branchings@25#, rare nonleptonic decays of heav
mesons@26#, nuclei desintegration@27#, etc.! have led to
strong bounds on a large number of quadratic products of
coupling constants. All of the above low energy works, ho
ever, suffer from one or other form of model dependen
whether they rely on the consideration of loop diagrams@25#,
on additional assumptions concerning the flavor mix
@17,19,20#, or on hadronic wave functions inputs@26,27#.

Proceeding further with a linkage ofR parity with physics
beyond the standard model, our main observation in
work is that theR-parity-odd coupling constants could b
themselves be an independent source ofCP violation. Of
course, the idea that theR parity violating~RPV! interactions
could act as a source of superweakCP violation is not a new
one in the supersymmetry literature. The principal motiv
tion is that, whether the RPV interactions operate by the
selves or in association with the gauge interactions, by
ploiting the absence of strong constraints on violations w
respect to the flavors of quarks, leptons, and the scalar
perpartners by RPV interactions, one could greatly enha
the potential for observability ofCP violation. To our
knowledge, one of the earliest discussions of this possib
is contained in Ref.@8#, where the role of a relative comple
phase in a pair ofl i jk9 coupling constants was analyzed

connection with neutralK- andK̄-meson mixing and decay
and also with the neutron electric dipole moment. This s
ject has attracted increased interest in the recent litera
@28–37#. Thus, the role of complexl i jk8 coupling constants
was considered in an analysis of the muon polarization in
decayK1→m11n1g @33# and also of the neutralB- and
B̄-mesonCP-odd decays asymmetries@29,31,32#, that of
complexl i jk interactions was considered in a study of t
spin-dependent asymmetries of sneutrino-antisneutrino r
nant production oft-lepton pairs,l 2l 1→ ñ,nD→t1t2 @35#,
and that of complexl i jk9 interactions was considered as
possible explanation for the cosmological baryon asymm
@34#, as well as in the neutralB, B̄ decay asymmetries@32#.
An interesting alternative proposal@30# is to embed the
CP-odd phase in the scalar superpartner interactions co
sponding to interactions ofAi jk8 l i jk8 type. Furthermore, even
11601
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if one assumes that theR-parity-odd interactions areCP con-
serving, these could still lead, in combination with other po
sible sources of complex phases in the minimal supers
metric standard model, to new tests ofCP violation. Thus, in
the hypothesis of a pair of dominant coupling constants n
contributions involving the coupling constantsl i jk8 and the
CKM complex phase can arise forCP-odd observables as
sociated with the neutral meson mixing parameters and
cays@29,31,32#. Also, through the interference with the ext
CP-odd phases present in the soft supersymmetry par
etersA, the interactionsl i jk andl i jk8 may induce new con-
tributions to electric dipole moments@38#.

We propose in this work to examine the effect th
R-parity-oddCP violating interactions could have on flavo
nondiagonal rates andCP asymmetries in the production a
high energy colliders of fermion-antifermion pairs of diffe
ent families. We consider the two-body reactionsl 2(k)
1 l 1(k8)→ f J(p)1 f̄ J8(p8) (JÞJ8), wherel stands for elec-
tron or muon, the produced fermions are leptons, do
quarks, or up quarks, and the center of mass energies
the relevant range of existing and planned leptonic~electron
or muon! colliders, namely, from theZ-boson pole up to
1000 GeV. High energy colliders tests of the RPV contrib
tions to the flavor diagonal reactions were recently exami
in @39–42# and for flavor nondiagonal reactions in@43#.

The physics ofCP nonconservation at high energy co
liders has motivated a wide variety of proposals in the p
@44# and is currently the focus of important activity. In th
work we shall limit ourselves to the simplest kind of obser
able, namely, the spin-independent observable involving
ferences in rates between a given flavor nondiagonal pro
and itsCP-conjugated process. While theR-parity-odd inter-
actions contribute to flavor changing amplitudes already
the tree level, their contribution to spin-independentCP-odd
observables entails the consideration of loop diagrams. T
theCP asymmetries in theZ-boson pole branching fraction
B(Z→ f J1 f̄ J8) are controlled by a complex phase interfe
ence between nondiagonal flavor contributions to loop a
plitudes, whereas the offZ-boson pole asymmetries are co
trolled instead by a complex phase interference between
and loop amplitudes. Finite contributions at tree level ord
can arise for spin-dependentCP-odd observables, as dis
cussed in Refs.@35,36#.

It is useful to recall at this point that contributions in th
standard model to the flavor changing rates and/orCP asym-
metries can only appear through loop diagrams involving
quark–gauge-bosons interactions. Corresponding contr
tions involving squark-gaugino or slepton-gaugino intera
tions also arise in the minimal supersymmetric stand
model. In studies performed some time ago within the st
dard model, the flavor nondiagonal vector bosons (Z-boson
and/or W-boson! decay rates asymmetries@45–47# and
CP-odd asymmetries@48,49# were found to be exceedingl
small. ~Similar conclusions were reached in top-quark ph
nomenology@50#.! On the other hand, in most proposals
physics beyond the standard model, the prospects for obs
ing flavor changing effects in rates@45–49,51# or in CP
asymmetries@44,52# are on the optimistic side. Large effec
2-2
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FIG. 1. Flavor nondiagonal process ofl 2l 1 production of a fermion-antifermion pair,l 2(k)1 l 1(k8)→ f J(p)1 f̄ J8(p8). The tree level
diagrams in~a! representt- and s-channel exchange amplitudes. The loop level diagrams representg- and Z-gauge-boson exchang
amplitudes with dressed vertices in~b! and box amplitudes in~c!.
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were reported for the supersymmetric corrections in fla
changingZ-boson decay rates arising from squarks flav
mixings @53#, but the conclusions from this initial work hav
been challenged in a subsequent work@54# involving a more
complete calculation.

The possibility that theR-parity-odd interactions could
contribute to theCP asymmetries at observable levels d
pends in the first place on the accompanying mechani
responsible for the flavor changing rates. Our working
sumption in this work will be that theR-parity-odd interac-
tions are the dominant contributors to flavor nondiago
amplitudes.

The contents of this paper are organized into four s
tions. In Sec. II, we develop the basic formalism for descr
ing the scattering amplitudes at tree and one-loop levels.
discuss the case of leptons, down quarks, and up quarks
cessively in Secs. II A, II B, and II C. The evaluation of th
one-loop diagrams is based on the standard formalism
@56#. Our calculations here closely parallel similar ones d
veloped @57,58# in connection with corrections to th
Z-boson partial widths. In Sec. III, we first briefly review th
physics of flavor violation and next present our numeri
results for the integrated cross sections~rates! andCP asym-
metries for fermion pair production at and off theZ-boson
pole. In Sec. IV, we state our main conclusions and disc
the impact of our results on possible experimental meas
ments.

II. PRODUCTION OF FERMION PAIRS OF DIFFERENT
FLAVORS

In this section we shall examine the contributions induc
by the RPV couplings on the flavor changing proces
l 2(k)1 l 1(k8)→ f J(p)1 f̄ J8(p8) ( l 5e, m; JÞJ8), wheref
stands for leptons or quarks andJ, J8 are family indices. The
relevant tree and one-loop level diagrams are shown s
matically in Fig. 1. At one-loop order, there ariseg- and
Z-boson exchange triangle diagrams as well as box diagra
In the sequel, for clarity, we shall present the formalism
the one-loop contributions only for the dressedZ f f̄ vertex in
the Z-boson exchange amplitude. The dressedg exchange
amplitude has a similar structure and will be added in
11601
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gether with theZ-boson exchange amplitude at the level
the numerical results. Since we shall repeatedly refer in
text to theR-parity-odd effective Lagrangian for the fermion
sfermion Yukawa interactions, we quote below its full e
pression:

L5(
i jk

H 1

2
l i jk@ ñ iL ēkRejL1ẽjL ēkRn iL1ẽkR

! n̄ iR
c ejL2~ i→ j !#

1l i jk8 @ ñ iL d̄kRdjL1d̃ jL d̄kRn iL1d̃kR
! n̄ iR

c djL

2ẽiL d̄kRujL2ũ jL d̄kReiL2d̃kR
! ēiR

c ujL #

1
1

2
l i jk9 eabg@ ũiaR

! d̄ j bRdkgL
c 1d̃ j bR

! ūiaRdkgL
c

1d̃kgR
! ūiaRdj bL

c 2~ j→k!#J 1H.c., ~2!

noting that the summation runs over the~quarks and leptons!
families indicesi , j ,k5@(e,m,t), (d,s,b), (u,c,t)], subject
to the antisymmetry propertiesl i jk52l j ik , l i jk9 52l ik j9 .
We use conventions for the ordering of the operations
Dirac spinors such that charge conjugation acts first, chira
projection second, and Dirac bar third, so thatc̄L,R

c

5(cc)L,R.

A. Charged lepton-antilepton pairs

1. General formalism

The processl 2(k)1 l 1(k8)→eJ
2(p)1eJ8

1 (p8), for l 5e,
m; JÞJ8, can pick up a finite contribution at the tree lev
from the R-parity-odd couplingsl i jk only. For clarity, we
treat in the following the case of electron colliders, noti
that the case of muon colliders is easily deduced by replac
all occurrences in the RPV coupling constants of the inde
by the index 2. There occur botht-channel ands-channelñ iL
exchange contributions, of the type shown by the Feynm
diagrams in~a! of Fig. 1. The scattering amplitude at the tre
level, Mt , reads
2-3
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Mt
JJ852

1

2~ t2mñ iL

2
!

3@l i1Jl i1J8
! ūR~p!gmvR~p8!v̄L~k8!gmuL~k!

1l iJ1
! l iJ81ūL~p!gmvL~p8!v̄R~k8!gmuR~k!#

2
1

s2mñ iL

2 @l i11l iJJ8
! v̄R~k8!uL~k!ūL~p!vR~p8!

1l i11
! l iJJ8v̄L~k8!uR~k!ūR~p!vL~p8!#, ~3!

where to obtain the saturation structure in the Dirac spin
indices for the t-channel terms we have applied th
Fierz rearrangement formulaūR(p)uL(k) v̄L(k8)vR(p8)
5 1

2 ūR(p)gmvR(p8) v̄L(k8)gmuL(k). The t-channel
(s-channel! exchange terms on the right-hand side of Eq.~3!
include two terms each, calledR andL type, respectively.
These two terms differ by a chirality flipL↔R and corre-
spond to distinct diagrams where the exchanged sneutrin
emitted or absorbed at the upper~right-handed! vertex.

The Z-boson exchange amplitude@diagram~b! in Fig. 1#
at the loop level,Ml , reads

Ml
JJ85S g

2 cosuW
D 2

v̄~k8!gm@a~eL!PL

1a~eR!PR#u~k!
1

s2mZ
21 imZGZ

Gm
Z~p,p8!, ~4!

where the Z-boson current amplitude vertex functio
Gm

Z(p,p8) is defined through the effective Lagrangian de
sity

L52
g

2 cosuW
ZmGm

Z~p,p8!.

For later convenience, we record for the processesZ(P5p

1p8)→ f (p)1 f̄ 8(p8) and Z(P)→ f̃ H(p)1 f̃ H
! (p8) the fa-

miliar definitions of the Z-boson bare vertex functions,

Gm
Z~p,p8!5$ f̄ ~p!gm@a~ f L!PL1a~ f R!PR# f 8~p8!

1~p2p8!m f̃ H
! ~p8!a~ f̃ H! f̃ H~p!%, ~5!

where the quantities denoted,a( f H)[aH( f ) anda( f̃ H), tak-
ing equal values for both fermions and sfermions, are defi
by a( f H)5a( f̃ H)52T3

H( f )22QxW , whereH5(L,R), xW

5sin2uW, T3
H are SU(2)H Cartan subalgebra generators, a

Q5T3
L1Y, Y are electric charge and weak hyperchar

These parameters satisfy the useful relationsa( f̃ H
! )

52a( f̃ H), aL( f c)52aR( f ), aR( f c)52aL( f ). Throughout
this paper we shall use the conventions in the Haber-K
review @59# @metric signature (1222), P(L/R)
5(17g5)/2, etc.# and adopt the familiar summation conve
tion on dummy indices.
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The Lorentz covariant structure of the dressedZ-boson
current amplitude in the processZ(P)→ f J(p)1 f̄ J8(p8), for
a generic value of theZ-boson invariant masss5P2, in-
volves three pairs of vectorial and tensorial vertex functio
which are defined in terms of the general decomposition

Gm
Z~p,p8!5ū~p!Fgm@ÃL

JJ8~ f !PL1ÃR
JJ8~ f !PR#

1
1

mJ1mJ8

smn$~p1p8!n@ iaJJ81g5dJJ8#

1~p2p8!n@ ibJJ81g5eJJ8#%Gv~p8!, ~6!

wheresmn5( i /2)@gm ,gn#. The vector vertex functions sepa
rate additively into the classical~bare! and loop contribu-

tions, ÃH
JJ8( f )5aH( f )dJJ81AH

JJ8( f ) (H5L,R). The tensor
vertex functions, associated withsmn(p1p8)n , include the
familiar magnetic and electricZ f f̄ couplings, such that the
flavor diagonal vertex functions

2
g

2 cosuW

1

2mJ
@aJJ,dJJ#,

identify, in the small momentum transfer limit, with th
fermion–Z-boson current magnetic and (P- and CP-odd!
electric dipole moments, respectively. In working with th
spinor matrix elements, it is helpful to recall the mass sh
relations ū(p)p”5mJū(p), p” 8v(p8)52mJ8v(p8), and the
Gordon-type identities, appropriate to the saturation of
Dirac spinor indices,ū(p)•••v(p8),

F ~p6p8!mS g5

1 D1 ismn~p7p8!nS g5

1 D G5~mJ1mJ8!gmS g5

1 D ,

F ~p7p8!mS g5

1 D1 ismn~p6p8!nS g5

1 D G5~mJ2mJ8!gmS g5

1 D .

Based on these identities, one also checks that the additi
vertex functions@bJJ8, eJJ8], associated with the Lorentz
covariantssmn(p2p8)n@1,g5#, can be expressed as line
combinations of the vector or axial covariantsgm @1,g5# and
the total momentum covariants (p1p8)m @1,g5#. The latter
will yield, upon contraction with the initial stateZl2l 1 ver-
tex function, to negligible mass terms in the initial lepton

Let us now perform the summation over the initial a
final states polarizations for the summed tree and loop

plitudes MJJ85Mt
JJ81Ml

JJ8 , where the lower sufficest,l
stand for tree and loop, respectively.~We shall not be inter-
ested in this work in spin observables.! A straightforward
calculation, carried out for the squared sum of the tree
loop amplitudes, yields the result~a useful textbook to con-
sult here is Ref.@60#!
2-4
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(
pol

uMt
JJ81Ml

JJ8u25U2
l i1Jl i1J8

!

2~ t2mñ iL

2
!

1S g

2 cosuW
D 2a~eL!AR

JJ8~e,s1 i e!

s2mZ
21 imZGZ

U2

16~k•p!~k8•p8!18mJmJ8~k•k8!wLL~R!

18me
2~p•p8!wRR~R!1U2

l iJ1l iJ81
!

2~ t2mñ iL

2
!

1S g

2 cosuW
D 2a~eR!AL

JJ8~e,s1 i e!

s2mZ
21 imZGZ

U2

16~k•p!~k8•p8!

18mJmJ8~k•k8!wRR~L!18me
2~p•p8!wLL~L!18Ul i11l iJJ8

!

s2mñ iL

2 U2

~k•k8!~p•p8!, ~7!
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where we have introduced the following functions, asso
ated with theR- andL-type contributions:

wHH8~R!52S g

2 cosuW
D 2S a~eH!AH8

JJ8~e,s1 i e!

s2mZ
21 imZGZ

D !

3S l i1Jl i1J8
!

2~ t2mñ iL

2
!D 1c.c.,

wHH8~L!52S g

2 cosuW
D 2S a~eH!AH8

JJ8~e,s1 i e!

s2mZ
21 imZGZ

D !

3S l iJ1l iJ81
!

2~ t2mñ iL

2
!D 1c.c. . ~8!

The two sets of terms in Eqs.~8! and ~7!, labelled by the
lettersR,L, are associated with the twot-channel exchange
contributions in the tree amplitude, Eq.~3!, which differ by
the spinor chirality structure and the substitutionsl i1Jl i1J8

!

→l iJ1
! l iJ81 . The terminologyL, R is motivated by the fact

that these contributions are controlled by theZ-boson left
and right chirality vertex functionsAL andAR , respectively,
in the massless limit.

The imaginary shift in the arguments1 i e ~representing
the upper lip of the cut real axis in the complexs plane! of

the vertex functions,AH
JJ8( f ,s1 i e), has been appended t

remind us that the one-loop vertex functions are comp
functions in the complex plane of the virtualZ-boson mass
squared,s5(p1p8)2, with branch cuts starting at the phys
cal thresholds where production processes, such asZ→ f

1 f̄ or Z→ f̃ 1 f̃ !, are raised on shell. For notational simpli
ity, we have omitted writing several terms proportional to t
initial leptons masses and also some of the small sublea
terms arising from the loop amplitude squared. At the en
gies of interest, whose scale is set by the initial center
mass energy or by theZ-boson mass, the terms involvin
factors of the initial leptons massesme are entirely negli-
gible, of course. Thus, the contributions associated w
wRR(R), wLL(L) can safely be dropped. Also, the contrib
11601
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tion from wLL(R) andwRR(L), which are proportional to the
final state leptons massesmJ , andmJ8 , can to a good ap-
proximation be neglected for lepton production. Always
the same approximation, we find also that interference te
are absent between thes-channel exchange and thet-channel
amplitudes and between thes-channel tree andZ-boson ex-
change loop amplitudes. Similarly, because of the oppo

chirality structure of the first two terms inMt
JJ8 , their cross-

product contributions give negligibly small mass terms.

2. CP asymmetries

Our main concern in this work bears on the comparison
the pair ofCP conjugate reactionsl 2(k)1 l 1(k8)→eJ

2(p)
1eJ8

1 (p8) and l 2(k)1 l 1(k8)→eJ8
2 (p)1eJ

1(p8). Denoting
the summed tree and one-loop probability amplitudes

these reactions asMJJ85Mt
JJ81Ml

JJ8 , M̄ JJ85Mt
J8J1Ml

J8J

5MJ8J, we observe that these amplitudes are simply rela
to one another by means of a specific complex conjuga
operation. The general structure of this relationship can
expressed schematically as

MJJ85a0
JJ81(

a
aa

JJ8Fa
JJ8~s1 i e!,

M̄ JJ85a0
JJ8!1(

a
aa

JJ8!Fa
J8J~s1 i e!, ~9!

where for each of the equations above, referring to am
tudes for pairs ofCP conjugate processes, the first and se
ond terms correspond to the tree and loop level contri

tions, with a0
JJ8 , a0

J8J5a0
JJ8!, representing the tree

amplitudes andaa
JJ8 , aa

J8J5aa
JJ8! andFa

JJ8 , Fa
J8J5Fa

JJ8 rep-
resenting the complex-valued coupling constants produ
and momentum integrals in the loop amplitudes. The fu
tions FJJ8 must be symmetric under the interchangeJ↔J8.
The summation indexa labels the family configurations fo
the intermediate fermions and sfermions which can run
side the loops. Defining theCP asymmetries by the normal
ized differences
2-5
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AJJ85
uMJJ8u22uM̄ JJ8u2

uMJJ8u21uM̄ JJ8u2

and inserting the decompositions in Eq.~9!, the result sepa-
rates additively into two types of terms:

AJJ85
2

ua0u2 F(a Im~a0aa
! !Im@Fa~s1 i e!#

2 (
a,a8

Im~aaaa8
!

!Im@Fa~s1 i e!Fa8
!

~s1 i e!#G ,

~10!

where, for notational simplicity, we have suppressed

fixed external family indices ona0
JJ8 , aa

JJ8 , and Fa
JJ8 , and

replaced the full denominator by the tree level amplitu
since this is expected to dominate over the loop amplitu
The first term in Eq.~10! is associated with an interferenc
between tree and loop amplitudes and the second with
interference between terms arising from different family co
tributions in the loop amplitude. In the second term of E
~10!, the two imaginary part factors are antisymmetric und
the interchange of indicesa anda8, so that their product is
symmetric and allows one to write(a,a85

1
2 (aÞa8 . To ob-

tain a more explicit formula, let us specialize to the spec
case where theZ-boson vertex functions decompose

AH
JJ8( f ,s1 i e)5(abJJ8

Ha I Ha
JJ8(s1 i e). The first factors bJJ8

Ha

5l i jJl i jJ 8
! @usinga5( i j ) and notation for the one-loop con

tributions to be described in the next subsection# include the
CP-odd phase from theR-parity-odd coupling constants

The second factorsI Ha
JJ8 include theCP-even phase from the

unitarity cuts associated with the physical on-shell interm
diate states. In the notation of Eq.~9!,
11601
e

,
e.

an
-
.
r

c

-

aa
JJ85S g

2 cosuW
D 2

a~eH8!bJJ8
Ha ,

Fa
JJ85I Ha

JJ8~s1 i e!/~s2mZ
21 imZGZ!,

where the right-hand sides incorporate appropriate sums
the chirality indicesH8, H of the initial and final fermions,
respectively.

Applying Eq.~9! to the asymmetry integrated with respe
to the scattering angle, one derives, for the correspond
integrated tree loop interference contribution,

AJJ8524S g

2 cosuW
D 2

a~eL!Im@l i1Jl i1J8
! aJJ8

a!
~ f R!#

3ImS I a
R~s1 i e!

s2mZ
21 imZGZ

D E
21

1

dx
~12x!2

2~ t2mñ iL

2
!

3F(i Ul i1Jl i1J8
! U2E

21

1

dx
~12x!2

4~ t2mñ
iL
2 !2G21

, ~11!

whereu, (x5cosu) denotes the scattering angle variable
the center of mass frame and the Mandelstam variables in
case of massless final state fermions take the simplified
pressions s[(k1k8)2, t[(k2p)252 1

2 s(12x), u[(k
2p8)252 1

2 s(11x). Useful kinematical relations in the
general case with final fermions massesmJ , mJ8 are As
52k5Ep1Ep8 , t5mJ

22sEp(12bx), u5mJ8
2

2sEp8(1
1b8x), where Ep5(s1mJ

22mJ8
2 )/(2As), Ep85(s1mJ8

2

2mJ
2)/(2As), b5p/Ep , b85p/Ep8 , with k, p denoting the

center of mass momenta of the two-body initial and fin
states, respectively. The unpolarized differential cross s
tion reads thends/dx5(upu/128psuku)(poluM u2.

For theZ-boson pole observables, the flavor nondiago
branching ratios andCP asymmetries~where one setss
5mZ

2) are defined in terms of the notation specified in t
preceding paragraph by the equations
BJJ8[
G~Z→ f J1 f̄ J8!1G~Z→ f J81 f̄ J!

G~Z→all!
52

uAL
JJ8~ f !u21uAR

JJ8~ f !u2

(
f

uaL~ f !u21uaR~ f !u2

,

AJJ8[
G~Z→ f J1 f̄ J8!2G~Z→ f J81 f̄ J!

G~Z→ f J1 f̄ J8!1G~Z→ f J81 f̄ J!
522

(
H5L,R

(
a,a8

Im~bJJ8
HabJJ8

Ha8!
!Im@ I Ha

JJ8~s1 i e!I Ha8
JJ8!

~s1 i e!#

(
H5L,R

u(
a

bJJ8
Ha

~ f !FH
a ~s1 i e!u2

. ~12!
e

rv-
For completeness, we recall the formula for theZ-boson de-
cay width in fermion pairs~massless limit!,

G~Z→ f J1 f̄ J8!5
GFmZ

3cf

12A2p
@ uAL

JJ8~ f !u21uAR
JJ8~ f !u2#,
where cf5@1, Nc#, for @ f 5 l ,q# @Nc53 is the number of
colors in the SU(3)c color group# and the experimental valu
for the total width,G(Z→all)expt52.497 GeV.

The expressions in Eqs.~11! and ~12! for the CP asym-
metries explicitly incorporate the property of these obse
2-6
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FIG. 2. One-loop diagrams for the dressedZ(P) f (p) f̄ (p8) vertex. The flow of four-momenta for the intermediate fermions in~a! is

denoted asZ(P)→ f (Q)1 f̄ (Q8)→ f J(p)1 f̄ J8(p8). A similar notation is used for the sfermion diagram in~b! where Z(P)→ f̃ 8(Q)

1 f̃ 8!(Q8) and for the self-energy diagrams in~c!.
in

-
de

t

ib

r
e

ra-
al
ly.

n-

s

ric
ables of depending on combinations of the RPV coupl
constants, such as, Arg(l i1Jl i1J8

! l i 8 jJ
! l i 8 jJ8), or

Arg(l i jJl i jJ 8
! l i 8 j 8J

! l i 8 j 8J8), which are invariant under com
plex phase redefinitions of the fields. This freedom un
rephasings of the quarks and leptons superfields actually
moves 21 complex phases from the complete general se
45 complex RPV coupling constants.

3. One-loop amplitudes

The relevant triangle Feynman diagrams, which contr
ute to the dressed Z-boson leptonic vertex
Z(P) l 2(p) l 1(p8), appear in three types, fermionic, scala
and self-energy, as shown in Fig. 2. We consider first th
on
re
in
a

b

11601
g

r
re-
of

-

,

contributions induced by theR-parity-odd couplingsl i jk8 .
The intermediate lines can assume two distinct configu
tions which both contribute, in the limit of vanishing extern
fermions masses to the left-chirality vertex functions on
We shall refer to such contributions by the nameL-type
contributions, reserving the nameR-type to contributions to
the right-chirality vector couplings. The two allowed co
figurations for the internal fermions and sfermions aref

5(
u

j
c

dk); f̃ 85(
d̃kR

ũ jL
!

). Our calculations of the triangle diagram

employ the kinematical conventions for the flow of elect
charge and momenta indicated in Fig. 2, whereP5p1p8
5Q1Q85k1k8. The summed fermion and scalarZ-boson
current contributions are given by
Gm
Z~L!51 iNcl8J jk

! l8J8 jkF E
Q

ū~p!$PR~Q” 1mf !gm@a~ f L!PL1a~ f R!PR#~2Q” 81mf !PL%v~p8!

~Q22mf
2!@~Q2p2p8!22mf

2#@~Q2p!22mf̃ 8
2

#

1E
Q

a~ f̃ L8 !~Q2Q8!mū~p!@PR~p”2Q” 1mf !PL#v~p8!

~Q22mf̃ 8
2

!@~Q2p2p8!22mf̃ 8
2

#@~Q2p!22mf
2#
G . ~13!
ral
The integration measure is defined as*Q5@1/(2p)4#*d4Q.
For a convenient derivation of the self-energy diagrams,
may invoke the on-shell renormalization condition which
lates these to the fields renormalization constants. Defin
schematically the self-energy vertex functions for a Dir
fermion field c by the Lagrangian densityL5 i c̄@p”2m
1S(p)#c, S(p)5ms01p” (sLPL1sRPR), the transition
from bare to renormalized fields and mass terms may
effected by the replacements

cH→
cH

~11sH!1/2
5cHZH

1/2,

m→m
~11sL!1/2~11sR!1/2

~12s0!
~H5L,R!.
e
-
g

c

e

By a straightforward generalization to the case of seve
fields, labelled by a family indexJ, the fields renormalization
constants become matrices,ZJJ8

H
5(11sH)JJ8

21 . The self-
energy contributions to the dressedZ-boson vertex function
is then described as

Gm
Z~p,p8!SE5 (

H5L,R
@~ZJJ8

H ZJ8J
H!

!1/221#

3ū~p!gma~ f H!PHv~p8!

52 (
H5L,R

1

2
@sJJ8

H
~p!

1sJ8J
H!

~p8!#ū~p!gma~ f H!PHv~p8!,

~14!
2-7
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where, for the case at hand,

SJJ8~p!52 iNcl8J jk
! l8J8 jk

3E
Q

PR~Q” 1mf !PL

~2Q21mf
2!@2~Q2p!21mf̃ 8

2
#

~15!

gives the self-energy vertex function, implying thatsJJ
R

8

.
w

n

so
e

is
s
ns
n

i-

11601
50 ands050. Similar Feynman graphs to those of Fig.
and similar formulas to those of Eqs.~13! and ~14!, obtain,
for the dressed photon current case,g(P) l 2(p) l 1(p8).

We organize our one-loop calculations in line with th
approach developed by ’t Hooft and Veltman@55# and Pas-
sarino and Veltman@56#, keeping in mind that our spacetim
metric has an opposite signature to theirs (2111). For
definiteness, we recall the conventional notations for
two-point and three-point integrals,
ip2

~2p!4 @B0 ,2pmB1#5E
Q

@1,Qm#

~2Q21m1
2!@2~Q2p!21m2

2#
, ~16!

ip2

~2p!4 @C0 , 2pmC112pm8 C12, pmpnC211pn8pm8 C221~pmpn81pnpm8 !C23 2gmnC24#

5E
Q

@1,Qm ,QmQn#

~2Q21m1
2!@2~Q2p!21m2

2#@2~Q2p2p8!21m3
2#

, ~17!
r-
bles

the
x-
tion
the

nor-
el-
.

t

eed
rs

e
f

ex-
he
where the arguments for theB and C functions are
defined as BA(2p,m1 ,m2) where (A50,1) and
CB(2p,2p8,m1 ,m2 ,m3) where (B50,11,12,21,22,23,24)
In the algebraic derivation of the one-loop amplitudes,
find it convenient to introduce the definitionspm5 1

2 Pm

1rm , pm8 5 1
2 Pm2rm , whereP5p1p8, r5 1

2 (p2p8). The
terms proportional to the Lorentz covariantPm5(p1p8)m

will then reduce, for the fullZ-boson exchange amplitude i
Eq. ~4!, to negligible mass terms in the initial leptons.

Dropping mass terms for all external fermions, the ten
rial couplings cancel out and we need keep track of the v
tor couplings only, with the result

AL
JJ8~L!5Nc

l8J jk
! lJ8 jk

8

~4p!2
@a~ f L!mf

2C01a~ f R!

3~B0
~1!22C242mf̃ 8

2
C0!

12a~ f̃ L8 !C̃241a~ f L!B1
~2!#,

AR
JJ8~L!50. ~18!

The cancellation of the right-chirality vertex function in th
case is the reason behind our naming these contribution
L type. The two-point and three-point integrals functio
without a tilde arise through the fermion current triangle co
tribution and the self-energy contribution~represented by the
term proportional toB1

(2)). These involve the argument var
ables according to the following conventions:BA

(1)

5BA(2p2p8,mf ,mf), BA
(2)5BA(2p,mf ,mf̃ 8), BA

(3)

5BA(2p8,mf̃ 8 ,mf), and CB5CA(2p,2p8,mf ,mf̃ 8 ,mf).
e

-
c-

as

-

The integral functions with a tilde arise in the sfermion cu
rent diagram and are described by the argument varia
C̃A5CA(2p,2p8,mf̃ 8 ,mf ,mf̃ 8).

A very useful check on the above results concerns
cancellation of ultraviolet divergences. This is indeed e
pected on the basis of the general rule that those interac
terms which are absent from the classical action, as is
case for the flavor changing currents, cannot undergo re
malization. A detailed discussion of this property is dev
oped in @61#. The logarithmically divergent terms in Eq
~18!, proportional to the quantity,D522/(D24)1g
2 ln p, as defined in@56#, arise from the two- and three-poin
integrals asB0→D, B1→2 1

2 D, C24→ 1
4 D, all other inte-

grals being finite. Performing these substitutions, we ind
find that D comes accompanied by the overall facto

@2a(eL)1a(ũL
!)1a(dR)# or @2a(eL)1a(d̃R)1aR(uc)#,

which both vanish in the relevant configurations forf , f̃ 8.
Let us now consider theR-parity-odd Yukawa interac-

tions involving thel i jk . These contribute through the sam
triangle diagrams as in Fig. 2. There arise contributions oL
type, in the single configuration,f 5ek , f̃ 85 ñ iL

! , and ofR
type in the two configurationsf 5(n i

ej), f̃ 85(
ẽjL

ñ iL). Following

the same derivation as above, and neglecting all of the
ternal mass terms, we obtain the following results for t
one-loop vector coupling vertex functions:

AL
JJ8~L!5

l iJk
! l iJ8k

~4p!2
@a~ f L!mf

2C01a~ f R!~B0
~1!22C24

2mf̃ 8
2

C0!12a~ f̃ L8 !C̃241a~ f L!B1
~2!#,
2-8
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AR
JJ8~R!5

l i jJl i jJ 8
!

~4p!2
@a~ f R!mf

2C01a~ f L!~B0
~1!22C24

2mf̃ 8
2

C0!12a~ f̃ L8 !C̃241a~ f R!B1
~2!#, ~19!

with AR
JJ8(L)50, AL

JJ8(R)50. We note that theL, R con-
tributions are related by a mere chirality flip transformati
and that the color factorNc is absent in the present case.

B. Down-quark–antiquark pairs

The processes involving flavor nondiagonal final dow
quark–antiquark pairs, l 2(k)1 l 1(k8)→dJ(p)1d̄J8(p8),
pick up nonvanishing contributions only from thel i jk8 inter-
actions. Our discussion here will be brief since this case
formally similar to the leptonic case treated in Sec. II A.
particular, the external fermions masses, for all three fa
lies, can be neglected to a good approximation at the en
scales of interest. The tree level amplitude comprises
R-type singlet-channelũ-squark exchange diagram and tw
s-channel diagrams involvingñ andn! sneutrinos of the type
shown in~a! of Fig. 1,

Mt
JJ852

l1 jJ8 l1 jJ8
8!

2~ t2mũjL

2
!
ūR~p!gmvR~p8!v̄L~k8!gmuL~k!

2
1

s2mñ iL

2 @l i11l iJJ8
8! v̄R~k8!uL~k!ūL~p!vR~p8!

1l i11
! l iJJ8

8 v̄L~k8!uR~k!ūR~p!vL~p8!#, ~20!

where a Kronecker symbol factordab , expressing the depen
dence on the final state quark color indicesdad̄b , has been
suppressed. This dependence will induce in the analogu
the formula in Eq.~7!, expressing the rates, an extra co
factor Nc .

At the one-loop level, the dressedZ dJ d̄J8 vertex func-
tions in theZ-bosons-channel exchange amplitude can
described by the same type of triangle diagrams as in Fig
The field configurations circulating in the loop correspo
now to quarks and sleptons ofL type, f 5dk , l̃ 85 ñ iL

! , and

of R type, f 5(uj

dj), l̃ 85(
ẽiL

ñ iL). There also occurs correspon

ing lepton-squark field configurations ofL type, l 5n i
c , f̃ 8

5d̃kR , andR type, l 5(ei

n i); f̃ 85(
ũ jL

d̃jL). The L- andR-type

contributions differ by a chirality flip, the first contributing t

AL
JJ8 and the second toAR

JJ8 . The calculations are formally
similar to those in Sec. II A and the final results have
nearly identical structure to those given in Eqs.~18!. For
clarity, we quote the final formulas for the one-loop vec
coupling vertex functions:
11601
-

is

i-
gy
n

of

2.

r

AL
JJ8~L!5

l8 iJk
! l iJ8k

8

~4p!2
@a~ f L!mf

2C01a~ f R!~B0
~1!

22C242mf̃ 8
2

C0!12a~ f̃ L8 !C̃241a~dL!B1
~2!#,

AR
JJ8~R!5

l8 i jJ 8
! l i jJ8

~4p!2
@a~ f R!mf

2C01a~ f L!~B0
~1!

22C242mf̃ 8
2

C0!12a~ f̃ L8 !C̃241a~dR!B1
~2!#,

~21!

where the intermediate fermion-sfermion fields are label
by the indicesf , f̃ 8. There are implicit sums in Eq.~21! over
the above quoted lepton-squark and quark-slepton config
tions. The attendant ultraviolet divergences are accompa
again with vanishing factors a(d̃R)2a(dL)1a(nR

c )

50,a(d̃L)2a(dR)1a(nL)50.

C. Up-quark –antiquark pairs

The production processes of up-quark–antiquark pairs
different families,l 2(k)1 l 1(k8)→uJ(p)1ūJ8(p8), may be
controlled by thel i jk8 interactions only. The tree amplitude

associated with au-channeld̃-squark exchange, of type sim
lar to that shown by~a! in Fig. 1, and can be expressed a

Mt
JJ852

l1Jk8! l1J8k
8

2~u2md̃kR

2
!
v̄L~k8!gmuL~k!ūL~p!gmvL~p8!

~22!

after using the Fierz reordering identity appropriate to co
muting Dirac~rather than anticommuting field! spinors,

ūc~k!PLv~p8!ū~p!PRvc~k8!

51 1
2 v̄L~k8!gmuL~k!ūL~p!gmvL~p8!.

We have omitted the Kronecker symboldab on the uaūb
color indices, which will result in an extra color factorNc
53 for the rates, as shown explicitly in Eq.~23! below. The
present case is formally similar to the leptonic case treate
Sec. II A, except for a chirality flip in the final fermions. W
are especially interested here in final states containing a
quark, such ast c̄ or tū, for which external particle mas
terms cannot obviously be ignored. The equation, analog
to Eq. ~7!, which expresses the summations over the ini
and final polarizations in the total~tree and loop! amplitude,
takes now the form
2-9
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(
pol

uMt
JJ81Ml

JJ8u2

5NcFU2
l1J8k

8 l8!
1Jk

2~u2md̃kR

2
!

1S g

2 cosuW
D 2

3
a~eL!AL

JJ8~u,s1 i e!

s2mZ
21 imZGZ

U2

16~k•p8!~k8•p!

18mJmJ8~k•k8!wLR~L!G , ~23!

whereO(me
2) terms were ignored and we have denoted

wLR~L!51S g

2 cosuW
D 2S a~eL!AR

JJ8~ i e!

s2mZ
21 imZGZ

D !

3S l1J8k
8 l1Jk8!

2~u2md̃kR

2
!D 1c.c. ~24!

The modified structure for the kinematical factors in t
above up-quarks case, Eq.~23!, in comparison with the lep-
tons andd-quark case, Eq.~7!, reflects the difference in chi
ral structure for the RPV tree level amplitude.

In the massless limit for both the initial and final fermio
@where helicityh5(21,11) and chirality,H5(L,R) coin-
cide# the RPV interactions contribute to the helicity amp
tudes for the processl 21 l 1→ f J1 f̄ J8 in the mixed-type he-
licity configurationshl 252hl 1, hf J

52hf̄ J8
„the same as

for theR parity conserving~RPC! gauge interactions… which
are further restricted by the conditionshl 252hf J

for lepton

and d-quark production andhl 25hf J
for up-quark produc-

tion. The dependence of the RPV scattering amplitudes
scattering angle has a kinematical factor in the numerato
the form @11hl 2hf J

cosu#2. @The parts in our formulas in
Eqs.~23! and~7!, containing the interference terms betwe
RPV and RPC contributions, partially agree with the pu
lished results@40,41#. We disagree with@40,41# on the rela-
tive signs of RPV and RPC contributions and with@41# on
the helicity structure for the up-quark case. Concerning
latter up-quark case, our results concur with those reporte
a recent study@43#.#

The states in the internal loops of the triangle diagra
occur in two distinctL-type configurationsf 5(ei

dk), f̃ 8

5(
d̃kR

ẽ iL
!

!. The calculations involved in keeping track of th

mass terms are rather tedious. They were performed
means of theMATHEMATICA software packageTRACER @62#
whose results were checked against those obtained by m
of FEYNCALC @63#. The relevant formulas for the vertex func
tions read
11601
n
of

-

e
in

s

by

ans

AL
JJ8~L!5

l8 iJ8kl iJk8!

~4p!2
$aL~u! B1

~2!1a~ f L! mf
2C0

1a~ f̃ 8!@2C̃2412mJ
2 ~C̃122C̃211C̃232C̃11 !#

1a~ f R! @B0
~1!22 C242mf̃ 8

2C01mJ
2~C013C11

22C1212C2122C23!2mJ8
2 C12#%,

AR
JJ8~L!5

l8 iJ8kl iJk8!

~4p!2
mJmJ8@2a~ f̃ 8! ~2C̃231C̃22!

1a~ f R! ~2C111C1222C2312C22!#. ~25!

The above formulas include an implicit sum over the tw
allowed configurations for the internal fermions and sferm
ons, namely,a(dkH), a(ẽiL

! ) anda(eiH
c ), a(d̃kR). For com-

pleteness, we also display the formula expressing the te
rial covariants

Gm
Z~p,p8! tensorial5

l8 iJ8kl iJk8!

~4p!2
ismnpn

3$mJPL@a~ f R!~C112C121C212C23!

2a~ f̃ 8!~C̃111C̃212C̃122C̃23!#

1mJ8PR@1a~ f R!~C222C23!

1a~ f̃ 8!~C̃232C̃22!#%. ~26!

The complete Z fJf̄ J8 vertex function Gm5Gvectorial
m

1G tensorial
m should ~after extracting the external Dira

spinors and the RPV coupling constant factors! be symmetri-
cal under the interchangeJ↔J8 or, more specifically, unde
the interchangemJ↔mJ8 . This property is not explicit on
the expressions in Eqs.~25! and~26!, but can be establishe
by reexpressing the Lorentz covariants by means of the G
don identity. The naive use of Eq.~12! to computeCP-odd
asymmetries would seem to yield finite contributions~even
in the absence of aCP-odd phase! from the mass terms in

the vectorial vertex functionsAL
JJ8 owing to their lack of

symmetry undermJ↔mJ8 . Clearly, this cannot hold true
and is an artifact of restricting ourselves to the vectorial c
plings. Including the tensorial couplings is necessary fo
consistent treatment of the contributions depending on
external fermions masses. Nevertheless, we emphasize
the tensorial vertex contributions will not be included in o
numerical results.

Finally, we add a general comment concerning the pho

vertex functionsAL,R
gJJ8 and the way to incorporate theg ex-

change contributions in the total amplitudes, Eqs.~7! and
~23!. One needs to add terms obtained by substitut
g/2 cosuW→e/25gsinuW/2, aL,R( f )→2Q( f ), (s2mZ

2

1 imZGZ)21→s21, along with the substitution ofZ bosons

by photon vertex functionsAL,R
JJ8 (ẽ,s1 i e)→AL,R

gJJ8(ẽ,s1 i e).
2-10
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The substitution which adds in bothZ-boson and photon ex
change contributions reads explicitly

@aR,L~e!AL,R
JJ8 #→FaR,L~e!(

f
a~ f !Cf

Z

12Q~e!sin2uW cos2uW@~s2mZ
2

1 imZGZ!/s#(
f

2Q~ f !Cf
gG ,

where we have used the schematic representationAL,R
JJ8

5( fa( f )Cf .

III. BASIC ASSUMPTIONS AND RESULTS

A. General context of flavor changing physics

To place the discussion of the RPV effects in perspect
we briefly review the current situation of flavor changin
physics. In the standard model, nondiagonal effects with
spect to the quark flavor arise through loop diagrams. T
typical structure of one-loop contributions to, say, theZ f f̄
vertex function( iViJ

! ViJ8I (mi
f 2/mZ

2) involves a summation
over quark families of CKM matrices factors times a lo
integral. This schematic formula shows explicitly how t
CKM matrix unitarity, along with the near quark masses d
generacies relative to theZ-boson mass scale~valid for all
quarks with the exception of the top quark!, strongly sup-
presses flavor changing effects. Indeed, for the down-qua
antiquark case, theZ-boson decay branching fractionsBJJ8
were estimated at the values 1027 for (b̄s1 s̄b), 1029 for
(b̄d1d̄b), 10211 for ( s̄d1d̄s), and the correspondingCP
asymmetriesAJJ8 at the values@1025, 1023, 1021]sindCKM
@48,49#, respectively.

By contrast, flavor changing effects are expected to at
observable levels in several extensions of the stand
model. Thus, one to three orders of magnitudes can
gained on ratesBJJ8 in models accommodating a fourt
quark family @48,49#. For the two-Higgs-doublet extende
standard model, a recent comprehensive study of ferm
antifermion pair production at leptonic colliders@51#
quotes, for the flavor changing rates,BJJ8'102621028

for Z→(b̄1s)1( s̄1b) and sJJ8'(102521026)R,
where R5s(e11e2→m11m2)54pa2/(3s)586.8/
(As)2fb(TeV)22. LargeCP violation signals are also foun
in the reactionpp̄→tb̄X in the two-Higgs-doublet and su
persymmetric models@52#.

For the minimal supersymmetric standard model, due
the expected nearness of superpartner masses tomZ , flavor
changing loop corrections can become threateningly la
unless their contributions are bounded by postulating eith
degeneracy of the soft supersymmetry breaking sca
masses parameters or an alignment of the fermion and s
superpartner current-mass basis transformation matrices
early calculation of the contribution toZ-boson decay flavor
changing ratesZ→qJq̄J8 , induced by radiative correction
11601
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from gluino-squark triangle diagrams of squark flavor m
ing, found @53# BJJ8'1025. This result is suspect since
more complete calculation of the effect performed sub
quently @54# obtained considerably smaller contribution
Both calculations rely on unrealistic inputs, including
wrong mass for the top quark and too low values for t
superpartner mass parameters. It is hoped that a com
updated study could be soon performed. In fact, during
last few years, the study of loop corrections in extended v
sions of the standard model has evolved into a streamli
activity. For instance, calculations of loop contributions
the magnetic moment of thet lepton or of the heavy quarks
such as those reported in@64# ~two-Higgs-doublet model! or
in @65# ~minimal supersymmetric standard model!, could be
usefully transposed to the case of fermion pair product
observables.

The information from experimental searches on flav
changing physics at high energy colliders is rather mea
@66#. Upper bounds for the leptonicZ-boson branching ratios

BJJ8 are reported@67# at 1.731026 for (ēm1m̄e), 9.8

31026 for (ēt1 t̄e), and 1.731025 for (m̄t1 t̄m). No re-
sults have been quoted so far ford- or u- quark pair produc-
tion, reflecting the hard experimental problems faced in id
tifying quark flavors at high energies. The prospect
experimental measurements at future leptonic colliders
brightest for cases involving one top quark owing to t
easier kinematical identification offered by the large ma
disparity in the final state jets. For leptonic colliders at en
gies above those of the CERNe1e2 collider LEP, the reac-
tions involving the production of Higgs or heavyZ8-gauge
bosons which subsequently decay to fermion pairs could
effective sources of flavor nondiagonal effects, especia
when a top quark is produced. At still higher energies, in
TeV regime, the production subprocesses involving co
sions of gauge boson pairs radiated by the incident lepto
as in l 21 l 1→W21W11n1 n̄, could lead to flavor nondi-
agonal final states, such asn1 n̄1t1 c̄ with rates of order a
few fb @68#.

B. Choices of parameters and models

Our main assumption in this work is that no other sourc
besides theR-parity-odd interactions contribute significant
to the flavor changing rates andCP asymmetries. However
to infer useful information from possible future experimen
results, we must deal with two main types of uncertainti
The first concerns the family structure of the coupling co
stants. On this issue, one can only postulate specific hyp
eses or make model-dependent statements. At this point
may note that the experimental indirect upper bounds
single coupling constants are typicallyl,0.05 orl8,0.05
times m̃/100 GeV, except for three special cases wh
strong bounds exist:l1118 ,3.931024(m̃q /100 GeV)2(m̃g /
100 GeV)1/2(0nbb decay @22#!, l1338 ,231023 (ne mass
@21#!, and l imk8 ,231022(md̃kR

/100 GeV) (i ,k51,2,3; m

51,2)(K→pnn̄ @17#!. Strong bounds have been derived f
products of coupling constants pairs in specific family co
2-11
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figurations. For instance, a valuable source for thel i jk cou-
pling constants is provided by the rare decaysel

2→em
2

1en
21ep

1 @19#, which probe the combinations of couplin
constantsFabcd5( i(100 GeV/mñ iL

)2l iabl icd
! . Except for

the strong boundF1112
2 1F2111

2 ,4.3310213, (m→3e), the
other combinations of coupling constants involving the th
generation are less strongly bound, as, for instance,F1113

2

1F3111
2 ,3.131025 (t→3e) @19#. Another useful source is

provided by the neutrinoless double beta decay proc
@23,22,24#. The strongest bounds occur for the followin
configurations of flavor indices~using the reference valu

m̃5100 GeV): l1138 l1318 ,7.931028, l1128 l1218 ,2.331026,
l11182 ,4.631025, quoting from@24# where the initial analy-
sis of @23# was updated. Finally, the strongest bounds

duced from neutral mesons (BB̄, KK̄) mixing parameters are
F13118 ,231025,F13318 ,3.331028, F12218 ,4.531029 @19#,
whereFabcd8 5( i(100 GeV/mñ iL

)2l iab8 l icd8! .
The second type of uncertainties concerns the spectru

scalar superpartners. At one extreme are the experime
lower bounds, which reach, for sleptons, 40–65 GeV and,
squarks, 90 – 200 GeV, and at the other extreme, the th
retical naturalness requirement which sets an upper boun
1 TeV.

In order to estimate the uncertainties in predictions em
nating from the above two sources, it is necessary to de
eate the dependence of amplitudes on sfermion masses
amining the structure of the relevant contributions to flav
changing rates for, say, the lepton case, we note that
t-channel exchange tree amplitudes are given by a one
summation over sfermion families,( i utJJ8

i u/m̃i
2 , involving

the combination of coupling constants,tJJ8
i

5l i1Jl i1J8
! . The

typical structure for the leptonic loop amplitudes is a twofo
summation over fermion and sfermion familie
( i j l JJ8

i j FJJ8
i j (s1 i e), wherel JJ8

i j
5l i jJl i jJ 8

! , and the loop inte-
gralsFJJ8

i j have a nontrivial dependence on the fermion a
sfermion masses, as exhibited in the formulas derived
Secs. II A, II B, and II C@see, e.g., Eq.~21!#.

The effective dependence on the superparticle masse
volves ratiosmf

2/m̃2 or s/m̃2 in such a way that the depen

dence is suppressed for largem̃. ~Obviously, s5mZ
2 for

Z-boson pole observables.! In applications such as our
wheres>mZ

2 , all the fermions, with the exception of the to
quark, can be regarded as being massless. In particular
first two light families~for either l, d, u! should have com-
parable contributions, the third family behaving most d
tinctly in the top-quark case. A quick analysis, taking t
explicit mass factors into account, indicates that loop am
tudes should scale with sfermion masses as (s/m̃2)n, with a
variable exponent ranging in the interval 1,n,2. Any pos-
sible enhancement effect from the explicit sfermion m
factors in Eq.~21! is moderated in the full result by the fac
that the accompanying loop integral factor has itself a po
decrease with increasingm̃2. Thus, theZ-boson pole rates
should depend on the massesm̃ roughly as (1/m̃2)2n, while
the off Z-boson pole rates, being determined by the tree a
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plitudes, should behave more nearly as (1/m̃2)2. As for the
asymmetries, since these are given by ratios of squared
plitudes, one expects them to have a weak sensitivity to
sfermion masses.

To infer the physical implications on the RPV couplin
constants, we avoid making too detailed model-depend
assumptions on the scalar superpartner spectrum. Thus
shall neglect mass splittings between all the sfermions
set uniformly all slepton, sneutrino, and squark masses
unique family~species! independent value,m̃, chosen to vary
in the wide variation interval 100,m̃,1000 GeV. This pre-
scription should suffice for the kind of semirealistic pred
tions at which we are aiming. This approximation mak
more transparent the dependence on the RPV coupling
stants, which then involves the quadratic products design
by tJJ8

i ~tree! and l JJ8
i j ~loop!, where the dummy family indi-

ces refer to sfermions~tree! and fermions and sfermion
~loop!. For off Z-boson-pole observables, flavor nondiagon
rates are controlled by products of two different coupling
utJJ8

i u2, and asymmetries by normalized products of four d

ferent couplings, Im(tJJ8
i 8! l JJ8

i j )/utJJ8
i 9 u2. For Z-boson pole ob-

servables, rates and asymmetries are again controlled
products of two and four different coupling constants,u l JJ8

i j u2

and Im(l JJ8
i 8 j 8!l JJ8

i j )/u l JJ8
i 9 j 9u2, respectively. Let us note that if th

off-diagonal rates were dominated by some alternat
mechanism, the asymmetries would then involve product
four different coupling constants rather than the above ra

It is useful here to set up a catalog of the species
families configurations for the sfermions~tree! or fermions
and sfermions~loop! involved in the various cases. In th
tree level amplitudes, these configurations are, for lepto
tJJ8
i

5l iJ1l iJ81
! , ñ iL (L type!, t JJ8

i
5l i1Jl i1J8

! , ñ iL (R
type!; for d quarks, tJJ8

j
5l1 jJ8 l1 jJ8

8! , ũ jL (R type!; for u

quarks,tJJ8
k 5l1Jk8! l1J8k

8 , d̃kR (L type!. In the loop level am-
plitudes, the coupling constants and internal fermio
sfermion configurations are, for leptons,

l JJ8
jk

5lJ jk8! lJ8 jk
8 , F S dk

ũjL
! D , S uj

c

d̃kR
D G ,

l JJ8
ik

5l iJk
! l iJ8k , S ek

ñ iL
! D ~L type!,

l JJ8
i j

5l i jJl i jJ 8
! , F S ej

ñ iL
D ,S n i

ẽjL
D G ~R type!;

for d quarks,

l JJ8
ik

5l iJk8! l iJ8k
8 , F S dk

ñ iL
! D , S n i

c

d̃kR
D G ~L type!,

l JJ8
i j

5l i jJ 8
8! l i jJ8 , F S dj

ñ iL
D , S uj

ẽiL
D ; S n i

d̃ jL
D , S ei

ũjL
D G

~R type!;
2-12
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and foru quarks,

l JJ8
ik

5l iJk8! l iJ8k
8 , F S dk

ẽiL
! D , S ei

c

d̃kR
D G ~L type!.

We shall present numerical results for a subset of
above list of cases. For leptons andd quarks, we shall restric
consideration to theR-type terms which contribute to th
Z-boson vertex functionAR . We also retain the slepton
quark internal states ford-quark production ~involving
l i jJ8

8! l i jJ8 ) and the slepton-lepton states for lepton product
~involving l i jJ 8

! l i jJ) For the up-quark production, we con
sider theL-type terms~involving l iJk8! l iJ8k

8 ) and, for the off
Z-boson pole case, omit the termwLR in Eq. ~23! in the
numerical results.

Since the running family index in the parameters relev
to tree level amplitudes refers to sfermions, consistently w
the approximation of a uniform family-independent ma
spectrum, we may as well consider that index as being fix
Accordingly, we shall set these parameters at the refere
value tJJ8

i
51022. In contrast to the offZ-boson pole rates

the asymmetries depend nontrivially on the fermion m
spectrum through one of the two family indices inl JJ8

i j ( i or
j ) associated with fermions. To discuss our predictio
rather than going through the list of four distinct couplin
constants, we shall make certain general hypotheses reg
ing the generation dependence of the RPV interactions
the fermionic index. At one extreme is the case where
three generations are treated alike, the other extreme b
the case where only one generation dominates. We shall
sider three different cases which are distinguished by
interval over which the fermion family indices are allowed
range in the quantitiesl JJ8

i j . We define case A by the pre
scription of equal values for all three families of fermio
( i 51,2,3), case B for the second and third familiesi
52,3), and case C for the third family only (i 53). For all
three cases, we set the relevant parameters uniformly a
reference valuesl JJ8

i j
51022. While the results in case C re

flect directly on the situation associated with the hypothe
of dominant third family configurations, the correspondi
results in situations where the first or second family is
sumed dominant can be deduced by taking the differen
between the results in cases A and B and cases B an
respectively.

In order to obtain nonvanishingCP asymmetries, we still
need to specify a prescription for introducing a relati
CP-odd complex phase, denotedc, between the various
RPV coupling constants. We shall set this at the refere
valuec5p/2. Since theCP asymmetries are proportional t
the imaginary part of the phase factor the requisite dep
dence is simply reinstated by inserting the overall fact
sinc. Different prescriptions must be implemented depe
ing on whether one considers observables at or off
Z-boson pole. TheZ-boson pole asymmetries are controll
by a relative complex phase between the combinations
coupling constants denotedl JJ8

i j only. For definiteness, we
choose here to assign a nonvanishing complex phase on
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the third fermion family, namely, arg(l JJ8
i j )5@0,0,p/2#, for

( i or j 51,2,3). In fact, a relative phase between lig
families only would contribute insignificantly to theZ-boson
pole asymmetries, because of the antisymmetry ina→a8 in

Eq. ~10! and the fact thatFa
JJ8(mZ

2) are approximately equa
when the fermion index ina5( i , j ) belongs to the two first
families. The offZ-boson pole asymmetries are controlled
a relative complex phase between the tree and loop le
amplitudes. For definiteness, we choose here to assign a
ishing argument to the coupling constants combinationtJJ8

i

appearing at the tree level and nonvanishing arguments to
full set of loop amplitude combinations, namely, arg(l JJ8

i j )
5p/2, where the fermion index (i or j as the case may be!
varies over the ranges relevant to each of the three case
B, C.

C. Numerical results and discussion

1. Z-boson decay observables

We start by presenting the numerical results for the in
grated rates associated withZ-boson decays into fermion
pairs. These are given for thed-quark, lepton, andu-quark
cases in Table I. We observe a fast decrease of rates
increasing values of the mass parameterm̃. Our results can
be approximately fitted by a power law dependence whic
intermediate betweenm̃22 andm̃23. Explicitly, the Z-boson
flavor nondiagonal decay rates~for an average of casesA, B,
C! are found to scale approximately asBJJ8
'(l i jJ8 l i jJ 8

8 /0.01)2(100 GeV/m̃)23531029, for d quarks,

BJJ8'(l i jJl i jJ 8 /0.01)2(100 GeV/m̃)2.93231029, for lep-
tons, and BJJ8'(l iJk8 l iJ8k

8 /0.01)2(100 GeV/m̃)2.833
31029, for up quarks. When a top-quark intermediate st
is allowed in the loop amplitude, this dominates over t
contributions from the light families. This is clearly seen o
thed-quark results which are somewhat larger than those
up quarks and significantly larger than those for leptons,
more so for largerm̃. This result is explained partly by th
color factor and partly by the presence of the top-quark c
tribution only for the down-quark case. For contributions i
volving other intermediate states than up quarks, whether
internal fermion generation index in the RPV coupling co
stantsl i jk runs over all three generations~case A!, the sec-
ond and third generations~case B!, or the third generation
only ~case C!, we find that rates get reduced by facto
roughly less than 2 in each of these stages. Therefore,
comparison indicates a certain degree of family indep
dence for theZ-boson branching fractions for the cas
where either leptons ord quarks propagate inside the loop

Proceeding next to theCP-odd asymmetries, since thes
are proportional to ratios of the RPV coupling constants
follows in our prescription of using uniform values for the
that asymmetries must be independent of the specific re
ence value chosen. As for their dependence onm̃, we see in
Table I that this is rather strong and that the sense of va
tion with increasingm̃ corresponds~for absolute values of
AJJ8) to a decrease ford quarks and an increase foru quarks
2-13



longing

e final

o

M. CHEMTOB AND G. MOREAU PHYSICAL REVIEW D59 116012
TABLE I. Flavor changing rates andCP asymmetries ford-quark, lepton, andu-quark pair production in
the three cases, appearing in line entries as cases A, B, and C, which correspond to internal lines be
to all three families, the second and third families, and the third family, respectively. The results ford quarks
and leptons, unlike those for up quarks, are obtained in the approximation where one neglects th
fermions masses. The first four column fields (Z pole column entry! show results for theZ-boson pole
branching fractionsBJJ8 and asymmetriesAJJ8 . The last four column fields~off Z pole column entry! show
results for the flavor nondiagonal cross sectionssJJ8 in fb and for the asymmetriesAJJ8 with photon and
Z-boson exchanges added in. The results in the two lines for the offZ-boson pole are associated with the tw

values for the center of mass energy,s1/25200, 500 GeV. The column subentries indicated bym̃ correspond

to the sfermion mass parameterm̃5100, 1000 GeV. The notationd2n stands for 102n.

Z pole Off Z pole

m̃5100 m̃51000 m̃5100 m̃51000
BJJ8 AJJ8 BJJ8 AJJ8 sJJ8 AJJ8 sJJ8 AJJ8

dJd̄J8
A 5.6d29 0.38 4.2d211 0.068 11.5 25.50d23 1.46d22 25.72d23

3.62 22.90d23 6.90d22 13.17d23

B 4.68d29 0.20 4.12d211 0.034 11.5 26.80d23 1.46d22 27.14d23
3.62 23.47d24 6.90d22 11.32d23

C 3.8d29 0.0 3.98d211 0.0 11.5 28.11d23 1.46d22 28.55d23
3.62 12.20d23 6.90d22 25.18d24

l J
2l J8

1

A 3.2d29 20.44d23 3.6d212 0.049 38.2 21.18d23 3.84d22 21.61d23
4.57 26.90d23 3.67d21 21.04d23

B 1.3d29 20.55d23 1.5d212 20.54d23 38.2 27.90d24 3.84d22 21.08d23
4.57 24.60d23 3.67d21 26.93d23

C 6.53d210 0.0 7.5d213 0.0 38.2 23.95d24 3.84d22 25.38d24
4.57 22.30d23 3.67d21 23.46d24

uc̄
A 6.5d29 20.69d23 8.9d212 20.12 11.5 2.63d23 1.46d22 2.96d23

3.62 1.04d22 6.90d22 6.62d23

B 2.56d29 20.89d23 3.8d212 20.11 11.5 1.76d23 1.46d22 1.98d23
3.62 6.93d23 6.90d22 4.42d23

C 1.26d29 0.0 1.95d212 0.0 11.5 8.90d24 1.46d22 1.00d23
3.62 3.47d23 6.90d22 2.21d23

t c̄
A 5.66 2.15d23 1.60d23 3.31d23

4.29 7.02d23 5.95d22 6.56d23

B 5.66 1.43d23 1.60d23 2.22d23
4.29 4.68d23 5.95d22 4.38d23

C 5.66 7.22d24 1.60d23 1.13d23
4.29 2.34d23 5.95d22 2.19d23
se

a
-

ues
ts
es
and leptons. The comparison of different production ca
shows that theCP asymmetries are largest,O(1021), for d

quarks at smallm̃.100 GeV and foru quarks at largem̃
.1000 GeV. For leptons, the asymmetries are system
cally small, O(102321024). The above features are ex
11601
s

ti-

plained by the occurrence ford-quark production of an inter-
mediate top-quark contribution and also by the larger val
of the rates at largem̃ in this case. The comparison of resul
in cases A and B indicates that the first two light famili
give roughly equal contributions in all cases.
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For case C, theCP-odd asymmetries are vanishing
small, as expected from our prescription of assigning
CP-odd phase, since case C corresponds then to a situ
where only single pairs of coupling constants dominate.
call that for the specific cases considered in the numer
applications, namely,R type ford quarks and leptons andL
type for u quarks, the relevant products of RPV couplin
constants arel i jJ 8

8! l i jJ8 , l i jJ 8
! l i jJ , l iJk8! l iJ8k

8 , respectively,
where the fermion generation index among the dummy in
ces pairs (i j ), (ik) refers to the third family. Nonvanishing
contributions toAJJ8 could arise in case C if one assum
that two pairs of the above coupling constant products w
different sfermion indices dominate, and further requiri
that these sfermions be not mass degenerate. Another i
esting possibility is by assuming that the hypothesis o
single pair of RPV coupling constants dominance app
for the fields current basis. Applying then to the qua
superfields the transformation matrices relating these
mass basis fields, say, in the distinguished choice@17#
where the flavor changing effects bear onu quarks, amounts
to performing the substitutionl i jk8 →l ink8B Vn j

† , where
V is the CKM matrix. TheCP-odd factor, for thed-quark
case, say, acquires then the form Im(l JJ8

i j ! l JJ8
i j 8 )

→ul inJ8
8B l imJ8B!u2Im@(V†)n j(V

†)m j
! (V†)n j8

! (V†)m j8#, where the
second factor on the right-hand side is recognized as
familiar plaquette term, proportional to the products of sin
of all the CKM rotation angles times that of theCP-odd
phase.

It may be useful to examine the bounds on the RPV c
pling constants implied by the current experimental limits
the flavor nondiagonal leptonic widths@67#, BJJ8

expt
,@1.7, 9.8,

17.0]31026 for the family couples (JJ8512, 23, 13!. The
contributions associated with thel interactions can be di
rectly deduced from the results in Table I. Choosing
value m̃5100 GeV and writing our numerical result a
BJJ8'(l i jJl i jJ 8

! /0.01)2323231029, then under the hy-
pothesis of a pair of dominant coupling constants, one
ducesl i jJl i jJ 8

!
,@0.46, 1.1, 1.4# for all fixed choices of the

family couplesi, j. ~An extra factor of 2 inBJJ8 has been
included to account for the antisymmetry property ofl i jk
and the fact that two distinct configurationsi, j and j ,i for the
internal lines are present.! For thel8 interactions, stronge
bounds obtain because of the extra color factor and of
internal top-quark contributions. A numerical calculatio
~not reported in Table I! performed with the choicem̃
5100 GeV for case C gives usBJJ8'(lJ jk

! lJ8 jk8 /0.01)2

31.1731027, which, by comparison with the experiment
limits, yields the boundslJ jk8! lJ8 jk

8 ,@0.38, 0.91, 1.2]
31021, for the same family configurations (J J8512, 23,
13! as above. These results agree in size to within a facto
2 with results reported in a recently published work@69#.
Finally, we note that the numerical results for theL-type
interactions ford quarks are qualitatively similar to those fo
u quarks. However, for leptons, the loop amplitudes from
l8 interactions pick up an extra color factorNc which trans-
lates into overall factorsNc

2 in AJJ8 andBJJ8 .
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2. Fermion-antifermion pair production rates

Let us now proceed to the offZ-boson pole observables
The numerical results for the flavor nondiagonal integra
cross sections andCP asymmetries are shown in Table I fo
two selected values of the center of mass energy,As5200
and 500 GeV. The numerical results displaying the variat
of these observables with the center of mass of energy~fixed
m̃) and with the superpartner mass parameter~fixed As) are
given in Figs. 3 and 4, respectively. All the results presen
in this work include both photon andZ-boson exchange con
tributions. We observe here that the predictions for asymm
tries are sensitive to the interference effects between ph
andZ-boson exchange contributions.

We discuss first the predictions for flavor nondiagon
rates. We observe a strong decrease with increasing valu
m̃ and a slow decrease with increasing values ofAs. Follow-
ing a rapid initial rise at threshold, the rates settle at val
ranging between 10 and 1021 fb for a wide interval ofm̃
values. The dependence onm̃ can be approximately repre
sented as, sJJ8 /@ utJJ8

i /0.01u2(100/m̃)223#'(1210)fb
'R@As/(1 TeV)#2(102121). The rate of decrease ofsJJ8
with m̃ slows down with increasings. It is interesting to note
that if we had considered here constant values of the pro
l (m̃/100 GeV), rather than constant values ofl, the power
dependence of rates onm̃ would be such as to lead to inte
estingly enhanced rates at largem̃.

The marked differences exhibited by the results for lep
pair production, apparent on windows~c! and ~d! in Figs. 3
and 4, are due to our deliberate choice of adding
s-channelñ pole term for the lepton case while omitting
for the d-quark case. The larger rates found for leptons
compared tod quarks, in spite of the extra color facto
present ford quarks~recall that thel 1l 2→ f J f̄ J8 reactions
rates for down quarks and up quarks pick up an extra co
factor Nc with respect to those for leptons!, are thus ex-
plained by the strong enhancement induced by adding in
sneutrino exchange contribution. This choice was made h
for illustrative purposes, setting for orientation the releva
coupling constant at the valuel1JJ850.1. Theñ propagator
pole was smoothed out by employing the familiar shift
propagator prescription (s2mñ

2
1 imñGñ)21, while describ-

ing approximately the sneutrino decay width in terms of t
RPV contributions alone, namely, G( ñ i→ l k

21 l j
1)

5l i jk
2 m̃i /16p andG( ñ i→dk1d̄ j )5Ncl8 i jk

2 m̃i /16p.
Proceeding next to theCP-odd asymmetries, we note tha

since these scale as a function of the RPV coupling const

as Im(l JJ8
i j l JJ8

i 8 j 8!)/utJJ8
i 9 u2, our present predictions are indepe

dent of the uniform reference value assigned to these c
pling constants. If the generational dependence of the R
coupling constants were to exhibit strong hierarchies, t
peculiar rational dependence could induce strong supp
sion or enhancement factors.

The cusps in the dependence ofAJJ8 on As ~Fig. 3! occur
at values of the center of mass energy where one cro
thresholds for fermion-antifermion~for the energies unde
2-15
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FIG. 3. Integrated flavor nondiagonal cross sections~left-hand side windows! and asymmetries~right-hand side windows! as functions of
the center of mass energy in the production of down-quark–antiquark pairs@two upper figures~a! and ~b!#, lepton-antilepton pairs@two

middle figures~c! and ~d!#, and up-quark–antiquark pairs of typet̄ c1 c̄t @two lower figures~e! and ~f!#. The tree level amplitude include
only the t-channel contribution for thed-quark case, botht- and s-channel exchange contributions for the lepton case, and theu-channel
exchange for the up-quark case. The one-loop amplitudes, with bothZ-boson and photon exchange contributions, include all three inte

fermions generations, corresponding to case A. Three choices for the superpartner uniform mass parameterm̃ are considered: 100 GeV~solid
lines!, 200 GeV~dash-dotted lines!, and 500 GeV~dashed lines!.
-

g

ies

m.
m-

ue
consideration,t t̄ ) pair production,As52mf , and scalar su-
perpartner pair production,As52m̃. These are the thresh
olds for the processesl 21 l 1→ f f̄ or l 21 l 1→ f̃ 8 f̃ 8!, at
which the associated loop amplitudes acquire finite ima
nary parts. Correspondingly, in the dependence ofAJJ8 on m̃

~Fig. 4! the cusps appear atm̃5As/2. We note in the results
11601
i-

that the t t̄ contributions act to suppress the asymmetr

whereas thef̃ f̃ ! contributions rather act to enhance the
Sufficiently beyond these two-particle thresholds, the asy

metries vary weakly withm̃. A more rapid variation as a
function of energy occurs in the lepton production case d
to the addition there of the sneutrino pole contribution.
2-16
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FIG. 4. Integrated flavor nondiagonal cross sections~left-hand side windows! and CP-odd asymmetries~right-hand side windows! as

functions of the scalar superpartner mass parameterm̃ in the production of down-quark–antiquark pairs@two upper figures~a! and ~b!#,

lepton-antilepton pairs@two middle figures~c! and~d!#, and up-quark–antiquark pairs of typet̄ c or c̄t @two lower figures~e! and~f!#. The
tree level amplitude includes only thet-channel contribution for thed-quark case, botht- ands-channel exchange contributions for the lept
case, and theu-channel exchange for the up-quark case. The one-loop amplitudes, with both photon andZ-boson exchange contributions
include all three internal fermions generations, corresponding to case A, with three families running inside loops. Three choices for t
of mass energys1/2 are considered: 200 GeV~solid lines!, 500 GeV~dash-dotted lines!, and 1000 GeV~dashed lines!.
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The comparison of results for asymmetries in cases A
and C reflects on the dependence of loop integrals w
respect to the internal fermion masses. An examina
of Table I reveals that for leptons and up quarks, wh
intermediate states involve leptons ord quarks, all three
families have nearly equal contributions. The resu
for down-quark production are enhanced because of the
11601
,
h
n
e

s
n-

termediate top-quark contribution, which dominates ov
that of lighter families. However, this effect is deplete
when the finite imaginary part fromt t̄ sets in. The asymme
tries for up-quark production assume values in the ra
102221023, irrespective of the fact that the final fermion
belong to light or heavy families. Finally, we recall aga
that for the lepton production case, the asymmetries indu
2-17
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by theL-type l8 interactions are enhanced by a color fac
Nc .

IV. CONCLUSIONS

The two-body production at high energy leptonic collide
of fermion pairs of different families could provide valuab
information on the flavor structure ofR-parity-odd Yukawa
interactions. One can only wish that an experimental ide
fication of lepton and quark flavors at high energies becom
accessible in the future. Although the supersymmetric lo
corrections to these processes may not be as strongly
pressed as their standard model counterparts, one ex
that the degeneracy or alignment constraints on the sc
superpartner masses and flavor mixing should seve
bound their contributions. Systematic studies of the sup
symmetry corrections to the flavor changing rates andCP
asymmetries in fermion pair production should be stron
encouraged.

An important characteristic of theR-parity-odd interac-
tions is that they can contribute to integrated rates at the
level and toCP asymmetries through interference terms b
tween the tree and loop amplitudes. While we have restric
ourselves to a subset of loop contributions associated
Z-boson exchange, a large number of contributions, invo
ing quark-slepton or lepton-squark intermediate states
various families configurations, could still occur. The cont
butions to rates and asymmetries depend strongly on the
ues of theR-parity-odd coupling constants. Only the rates a
directly sensitive to the supersymmetry breaking scale.
circumvent the uncertainties from the sparticle spectrum,
have resorted to the simplifying assumption that the sc
superpartner mass differences and mixings can be negle
We have set the RPV coupling constants at a uniform va
while sampling a set of cases from which one might rec
struct the family dependence of the RPV coupling consta
We have also embedded aCP complex phase in the RPV
coupling constants in a specific way, meant to serve ma
F
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as an illustrative example. Although the representative ca
that we have considered represent a small fraction of the
of possible variations, they give a fair idea of the sizes
expect. Since these processes cover a wide range of fa
configurations, one optimitistic possibility could be that o
specific entry for the family configurations would enter wi
a sizable RPV coupling constant.

The contributions to the flavor changing rates have
strong sensitivity to the RPV coupling constants and the
perpartner mass, involving high powers of these parame
We find a generic dependence for the flavor chang
Z-boson decay branching ratios of form
(ll/0.01)2(100/m̃)2.531029. For the typical bounds on the
RPV coupling constants, it appears that these branchings
three orders of magnitude below the current experime
sensitivity. At higher energies, the flavor changing rates
of order of magnitude (ll/0.01)2(100/m̃)223(1210) fb.
Given the size for the typical integrated luminosity,L
550 fb21/year, anticipated at the future leptonic machin
one can be moderately optimistic on the observation of c
signals.

TheZ-boson poleCP-odd asymmetries are of the order
(102121023)sinc. For the off Z-boson pole reactions, a
CP-odd phasec embedded in the RPV coupling constan
shows up in asymmetries with reduced strength (1022

21023)sinc for leptons,d quarks, andu quarks. The largely
unknown structure of the RPV coupling constants in flav
space leaves room for good or bad surprises, since the p
liar rational dependence on the coupling constan
Im (ll!ll!)/l4, and similarly with l→l8, may lead to
strong enhancement or suppression factors.
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