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Abstract. We investigate CP-violating observables involv-
ing jets in the process e*e™ — hadrons. These observables
are sensitive to sources of CP-violation beyond the
standard model. We use an effective Lagrangian approach
to parametrize possible new CP-violating interactions.
Bounds on electric and weak diple moments of leptons
and quarks are discussed.

1 Introduction

In this paper we study the following question: how can
we search for a possible violation of the discrete symmetry
CP (C: charge conjugation, P: parity) from observations
on the reaction

e’ + e~ —hadrons. (1.1)

We will consider the case where the original e* and
e~ beams are unpolarized and that jet-variables are
measured for the final state. This is a continuation of
work on CP-violation in Z-decays [1] where the general
motivation for this type of studies was explained and an
extensive list of references was given. The reaction

¢* + e~ —Z—hadrons (1.2)

is a special case of the reaction (1.1) and has already been
discussed in detail in [ 1]. In the present paper we consider
the reaction (1.1) away from the Z-resonance. Some new
features arise there, especially t-quark production at
sufficiently high energy. We also include some new results
on the Z peak using invariant mass cuts which com-
plement the work of [1]. Our study will cover c.m.
energies below the Z, ie. the energy range of the storage
rings PEP, PETRA and TRISTAN, as well as cm.
energies above the Z where for instance LEP 2 is planned
to operate. Above the thresholds for W* W~ and ZZ pair
production hadronic decays of two vector bosons will
contribute to (1.1). In our paper we will not discuss these
channels since possible new effects, including CP-violating
ones, for e*e™ > W* W~ and e*e” - ZZ have already
been studied ([2] and references cited therein). We stress,

however, that the general considerations of Sect. 2 below
remain valid also for this case.

The plan of the paper is as follows. In Sect. 2 we define
CP-odd observables. In Sect. 3 we discuss possible
CP-odd interactions contributing to the reaction (1.1) and
give the results of our calculations. Section 4 contains
our conclusions. In an appendix we collect some formulae.

2 CP-odd observables

At high c.m. energies the reaction (1.1) is characterized
by the production of hadronic jets. It is thus natural to
look for CP-odd observables involving jets [1,3]. We
propose to study exclusive or inclusive jet production, i.e.

e’ (p.)+e"(p-)~jet(ky,aq) + - + jet (ky,01,), 2.1)

e*(py)+e (po)—jet(ky, o) + - +jet(kp )+ X, (2.2)
(n=1,2,3,..).

Here p.,k; are the momenta of e* and of the jets,
respectively, a; denote other jet properties one would like
to consider, e.g., the invariant mass, the flavour or charge
of a jet. We will not consider spin observables in this
paper. For inclusive observations X denotes the rest of
the final state.

We consider the reactions (2.1), (2.2) in the c.m. system
for unpolarized e* and e~ beams. The initial state is
then described by a CP-invariant density matrix. As a
general prerequisite for CP-studies with jets we require
that no C- and P-biases are introduced by the jet finding
algorithm and the detector setup as explained in [1]. We
write the cross section for the processes (2.1), (2.2) as

do = 3(s(s —4mZ)) " 2dIR(p s Ky 0y, ko). (23)

Here m, is the electron mass, s = (p, + p_)?, and for the
exclusive reaction (2.1)

n d3k;
ar® = ! 454 k- =
1= Grpagg e 000 —ha = k). 29
R(e)(p+;k1’a1"--’knaan)
= I<et(ky, ), jet (K, )| T [ (P2 )e " (p-)D %

spins
2.5)
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where 7 is the T-matrix. For the inclusive reaction (2.2)
we have

. 5 43k,
are = ‘ 2.6
L Gnyak? 26)
R(l)(p +; kl?“ly- s kny an)
= ZI ;:(275)454(P+ +po—ky— =k, —ky)
spins
I<Get(ky, @), jet (ky, o), X |7 € (P )e ™ (p- )01
2.7)

In (2.3) and in the following we generically write do,dI”
and R in formulae which are valid for both the exclusive
and inclusive cases.

We now list the conditions which the cross section
or R must satisfy if invariance under the CP, the time
reversal T or the CPT transformation is assumed. The
transformations T and CPT give useful restrictions only
if ImJ =(7 —7"/(2i) is assumed to be negligible.
Sources of Im 9 #0 are initial and final state interac-
tions and finite width effects in propagators of unstable
particles, i.e. self interactions.

The CP-transformation of the jet states reads

CPljet(k; ) = [jet(—k;, @)), (i=1,...,n) (2.8)

where &; indicates that all particles in the jet have to be
replaced by the corresponding antiparticles. This leads
to the CP-invariance condition

R(p+;k15ala"-akn’an):R(p-%—; #kl’&ls'--a_kma_n)'

2.9)

T-invariance and Im 7 = 0 imply
R(p+;kls(x17-"’km(xn)=R(_p+; _klsala---> _kman)'
(2.10)

CPT-invariance and Im 4 =0 imply

R(p+;k19a17---=kna‘xn):R(_p+;k1’&1""’kn’o_‘n)'
2.11)

In the following we will always assume CPT-invariance
to hold. We can then draw some simple conclusions from
(2.8)-(2.11).

One jet inclusive distributions:
The CP-invariance condition (2.9) implies here

ROp s ky,00) =Rpo; —k,,a)). 2.12)
Thus a nonzero asymmetry:
_R(i)(p+;k19a1)_R(i)(p+; —klia-l) (2.13)

S = - > —
Rp kg, ap) + R(l)(p+§ —k,,d;)

is an indicator of CP-violation. This is the general type
of CP-test discussed in [4] and [5]. But due to rotational
invariance R(p.;k,,«,) depends only on |k,|,|p.| and
the angle between p ., and k. It follows then from (2.11)
that a nonzero asymmetry (2.13) can only be generated
if CP is violated and Im .7 #0.
Integrated cross sections:

Let us consider the integrated exclusive or inclusive n-jet
cross section

ole" +e” —sa;+ - +a,)={do (2.14)

where do is given by (2.3). For experimental and theoretical
reasons cuts in phase space are unavoidable. Let us
assume these cuts to be P- and C-symmetric and sym-
metric under a (proper) rotation exchanging the e and
e~ beams, i.e. a rotation transforming p, into —p, . Cuts
on relative angles between the jets or the “y-cuts” (see
below) together with forward—backward symmetric cuts
on angles of jets with respect to the beam direction are
of this type. With such cuts the CP-invariance condition
(2.9) leads to

ole” +e —a + - ta)=det +e >da;, + - +d,),
(2.15)

but due to (2.11) this relation can again only be violated
if a CP-violating interaction is present and Im.7 #0.

The proposals in [6] to compare o(e "¢~ — Z — b3) to
ole*e™ - Z — bs) (where b, s stand for the corresponding
quark jets) are CP-tests of the general type (2.15).

As shown in [1] CP-violation cannot be tested in the
2-jet exclusive reaction if no polarisation-observables are
considered. In the following we will, therefore, concentrate
on 2-jet inclusive and 3-jet exclusive reactions. In both
cases, to leading order in the coupling constants we are
then dealing with the reaction

e’ (ps)+e (p)—qik.) +qlk-) + G(k) (2.16)

(g: quark, G: gluon) at the parton level. We will study
signals of CP-violation for the following two cases:

1. Flavour tagged quark jets. This is feasible for ¢-, b-,
and in the future presumably also for t-quarks. A suitable
CP-odd observable is the tensor (cf. [1]):

T,-j——_—k+inj—k

where i,j=1,2,3 are Cartesian vector indices and

_ifi; + (i) (2.17)

« k k, xk
ky=—2%, d=—t"__"— 2.18
SN T 219
Any nonzero expectation value
{doT;
Y = 2.19
Ty =74, 219)

would signal CP-violation. We note that the expectation
value (2.19) can be nonzero even in the absence of final
state interactions.

2. No flavour tagging of the jets. The jets are ordered
according to the magnitude of the jet momentum. Thus
we require |k, | > |k, | for 2-jet inclusive observations and
k| >k,|>|k;| for the 3-jet exclusive case. Suitable
CP-odd variables are the tensors

T4 = kot + ko, (2.20)
where a = 1,2 (incl) or a = 1,2, 3 (excl), k, = k,/| k,|, and
where the oriented normal to k, k, is defined by
k, xk,

[ky x k|’

Nonzero expectation values (T‘i’j> would again be signals
of CP-violation which do not require Im 7 #0.

A
n=

2.21)



3 The CP-violating effective Lagrangian and
numerical results

In this section we discuss possible CP-violating interac-
tions which could contribute to the process (2.16). Con-
sider first the standard model (SM). As in [1] we can
easily estimate that CP-violation through the phase in
the Kobayashi-Maskawa matrix leads to CP-odd asym-
metries at most of order 10~ 7 which are surely too small
to be observable. Therefore we turn to possible sources of
CP-violation outside of the standard model. The general
philosophy and procedure is as in [1]. We consider
only contact interactions corresponding to operators of
dimension d £ 6 at the level of the tree approximation.
The effective CP-violating Lagrangian relevant for (2.16)
is then

L cpl(X)

=3 (»édﬁ(x)a“vswx)nv(x)

Vy=q.e

LRI (0,2.) ~
00+ g PN ZAE 09
+ Z< — AT 56 )

+ (hy @) T q(x) + h 1,4 (x)T*y"y5q(x))ZHx) Gy, (x)
+ by 2(x)e(x)q(x)iysg(x)
+ hy,(x)iy se(x)3(x)g(x)
+ I:IM8‘”""é(x)a#ve(x)cj(x)oﬂaq(x)). (3.1)

0,Z,(x))

Here g =u,d,s,c,b,t.

The notation is as m (4.1) of [1]. Compared to
the Z°-case discussed in [1] we have three additional
coupling terms in (3.1) with corresponding coupling
constants h,q, (i=1273)

We are interested in CP-odd asymmetries which have
to arise from interference terms between the CP-conserv-
ing SM-amplitudes and the CP-violating amplitudes due
to (3.1). The lowest order SM diagrams for reaction (2.16)
are shown in Fig. 1. The corresponding amplitudes
conserve the electron and quark chiralities. Considering
unpolarized e* e~ beams and no polarization observation
on the jets we find that electron (quark) chirality changing
terms in (3.1) contribute proportional to m, (m,) to
CP-odd observables. In the following we neglect the
electron mass. We are then left with the contributions
from the electric, weak and chromoelectric quark dipole
moments dq,dq,d; and from the 4-point couplings fy 4.,
fv. 44 By, 4,- We have calculated the cross section for (2.16)
taking into account the amplitudes from the SM diagrams
of Fig. 1 and their interference with the amplitudes arising
in tree approximation from the above couplings. For the
Z-propagator we use a Breit—Wigner form with a finite
width I, (cf. the Remark 3 below). The result will be
expressed in terms of dimensionless couphng constants

d,,,, wa’ fA.z, W =eq), th, hAq defined in (5.1) of [1].
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Fig. 1. Lowest order SM diagrams for e*e™ - gqG

3.1 The exclusive 3-jet reaction with flavour tagging

For the exclusive reaction (2.16) we obtain the following
expression for R® as defined in (2.3), (2.5) (cf. (3.5) of [1]):

R9(p;k.,q3.k_,q,k,G)

=aE,,E)+P,

‘[kyby(E E_)+K_by(E,,E_)+by(E, E_)]
+(Baibsy— 30k ik, j—38,)e, (B, EL)
+(k_ik_j—38,)co(EL E_)
+ (ki +khh—%5ijl?+-ﬁ_)c3(E+,E_)
(k+iﬂ +k+1n:)c4(E+,E—)

+(k_,nj+k es(EL, E_)]. 3.2)

Here we use the c.m.s variables (2.18) and E,,E_ are
the energies of g, g, respectively. The explicit analytical
expressions for q,...,cs are given in the appendix. Alter-
natively, R can be expressed as follows:

Rp,;k,,q.k_,q,k,G)=L"H,, (3.3)

where the lepton tensor [** and the hadron tensor H,,,
are defined as in [7]. When calculating the Feynman
diagram contributions it proves convenient to first express
the results in a covariant basis in terms of nine invariant
structure functions H,..., H, whose relation to g,...,cs
is given in the appendix. The general CP-invariance
conditions for a,...,cs following from (2.9) are as in
Table 1 of [1].

We note that the CPT-condition (2.11) valid for
Im 7 =0 is not fulfilled by our R (cf. (A.1)—(A.6) in the
appendix) since we use a Breit—Wigner form with finite
width I', for the Z-propagator. However, these seemingly
CPT-violating finite Z-width effects occur only in the
CP-odd terms in b,,b,,c,,c,,c5. This is consistent with
studies of final state interaction effects in the framework
of the SM: As shown in [7,8] order a2 QCD final state
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Table 1. Numerical values for X (s) and Y,(s) (3.7) (g =c, b, t) for
some values of the c.m. energy \/E and of the cut parameter y,,,
(3.4). For the quark masses we use m = 1.5GeV, m, =4.5GeV,
m, = 120GeV

s=35GeV
Veout 0.04 0.08 0.12
Y, —7.02-10"3 —1.05-10"4 —1.35-1074
X, +3.04-10°% +4.56-107° +5.84-1073
Y, —2.51-107% —3.72-1074 —4.77-107%
X, —542-1075 —8.04-107°% —1.03-107%
s=91GeV
Vout 0.006 0.01 0.12
Y. —2.05-1072 ~2.52:1072 —9.48-1072
X, 0 0 0
Y, —1.60-1072 —1.96:1072 —7.30:1072
X, 0 0 0
Js=110GeV
Veut 0.006 0.01 0.12
Y, —2.24-1072 —2.75-1072 —1.04-107!
X, —531-1074 —6.52-107* —246-1073
Y, —2.16-1072 —2.65-1072 —9.89-1072
X, +2.56-107% +3.02-107¢ +1.17-1073
s =200GeV
Veut 0.001 0.01 0.12
Y, —1.78-1072 —4.04-1072 —1.52-107¢
X, —1.06-1073 —241-1073 —9.05-1073
Y, —2.94-1072 —6.60-1072 —248-107!
X, +8.76-107% +1.96-1073 +7.39-1073
s = 500GeV
Veut 0.06 0.12 0.18
Y, —6.27-1072 —3.20-107¢ —5.12-107¢
X, —4.55-1073 —~2.32-1072 —3.72:10"2

interaction effects do not contribute to ImZ in 3 jet
events for massless quarks. Also there are no contri-
butions to Im & from finite Z width effects for 3 jet events
to order ag. For 4 jet events to order «f the finite Z width
effects on Im 7 are next to next to leading order and
thus quite small [9].

The calculation of the expectation value of the CP-odd
tensor (2.19) is now straightforward. We use the following
“semirealistic” [10] invariant mass cuts in phase space:
For all jets, a, b we require

mzy, _ (ko + ky)?
Yab = bz—-—b—zycut

N S

(34

where y., is a fixed number as specified below. These
cuts respect rotational invariance which allows us to write

(2.19) in the form

<Tij> :Kq(s)(p+ip+j~%5ij) (3.5)

where

Kyo) = g (1~ KRB B~ elE,EL)
(3.6)

and N is a normalization factor determined from (1> = 1.
Inserting c,, cs as given in the appendix we obtain

K (5) = X (ag + Y (8)Pagdvy — hvagag): (3.7)

Here gy,,94, are the SM Z-quark coupling constants
(cf. [1]). Numerical results for X (s) and Y,(s) are given
in Table 1, where we used the following values for the
SM parameters:

my =91.0GeV
I;=26GeV
sin? 0, = 0.23. (3.8)

Some remarks are in order here:
1. Since the vector coupling constant
gy.= —(1 —4sin?6y,)/2

of the Z-boson enters in the expression for ¢, s (A.6) our
results are rather sensitive to the exact value of sin® 6.
A shift of this parameter by Jsin®8y, =0.01 induces
changes in our numbers of up to 10%.

2. A similar remark applies to the dependence on the
exact value of the Z-boson mass m,. However, this mass
is now known very precisely.

3. Away from the Z-pole, i.e. for |s — m3|>m I ,, the y
and Z-exchange diagrams contribute in the same order
in the electroweak coupling constant o. There, the finite
Z-width I', is a radiative correction effect since I';/m,
is of order a. Calculating in leading order in « we should
drop I, in this kinematic region for consistency. However,
for |s—mZ| <m,I,, ie. near the Z-pole the situation
changes. There, the Z-exchange diagrams get a resonance
enhancement. The y-exchange diagrams enter as a radi-
ative correction of order « and should only be considered
together with radiative corrections to the Z-exchange
diagrams. Thus, for consistency, we should keep only the
Z-exchange diagrams near the Z-pole. In this way we
recover the results of [1]. Numerically K (s) changes only
at the percent level if ', is set to zero away from the
Z-pole and y-exchange is dropped in the vicinity of the
Z-pole. With this accuracy the expressions given in the
appendix can therefore be used for all values of s.

4. We also give results for the production of the still
hypothetical t-quarks assuming m, = 120GeV. The t-
quark should be particularly interesting to study, once it
is found experimentally since nonstandard Higgs particles
— if they exist — are a likely source of CP-violation (cf.
[12] for reviews). Generically, the coupling of such
particles is proportional to the quark mass.

3.2 The exclusive 3-jet reaction without flavour tagging

Now we give the results for the exclusive 3-jet calculation
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Table 2. Numerical values for X'¥(s), Y¥(s) (a = 1,2, 3) as defined -yle

in (3.12) for some values of the c.m. energy \/E and of the cut !

parameter v, (3.4) ol

s=35GeV :

Veu 0.04 0.08 0.12 07k

Ye —4.13-107¢ —5.38-1076 —5.83-107° [

xe —6.70-10"5 —8.73-107% —9.45-107% 0L

Yy +5.11-1078 +6.90-107¢ +7.68:1076 F

X +8.29-10°3 +1.12-1074 +1.24-1074

Yy ~7.54-107¢ ~797-1077 —1.37-1076 L

Xy —1.22:107¢ —1.29-10"% —222-1075 E /

1T il A I BRI SIN NS
\ﬁ =91 GeV 0 50 100 150 200 250
s1/2

Yeat 0.006 0.01 0.12 Fig. 2. The quantity — Y{?(s) (3.12) as function of the c.m. energy

Y —6.21-10"% —7.56-10"* ~191-10-3 \/; in GeV for a cut value y,,, =001

x@ 0 0 0

(e) A0~ 4 104 103 A i i A
};fe) +Z)'33 10 +g'99 10 +(2)'52 10 + P+ [kiby(Ey, E;) + kyby(Ey, Ey) + iby(Ey L ES)]

2 ~ A
Yg +123-107% +1.18-107* —449-107* +(Pribvj— 30 [(kyiki;—50,)c,(Er, Ey)
X© 0 0 0 P

: + (kyiky; —%51'1)52(}51» E,)

Js5=110GeV + (kyiky;+ Ky jky — 36,k ky)es(Ey, Ey)
+ (kyih; + ky ey (Ey E

Yeu 0.006 0.01 0.12 (f‘ pT JealEy, Eo)

+ (kpifi; + ky i h)es(E L EL) ] (3.9)

Yo  —777-10°% —9.46-10~* ~239-10°3 2T TS T . _

Xx© +6.90-1074 +8.40-107¢ +2.12-1073 Here E, , are the energies of jets 1,2 and i is defined in

Yy +9.16-10"% +1.12-10"3 +3.15-10"3 (2.21). The CP-invariance conditions for g,...,cs follow

Xy —8.14-107* —9.99-10"* —2.80-1073 easily from (2.9). They are identical to the corresponding

Yo +1.53-107¢ +1.49-1074 —561-1074 conditions for the 3-photon decay of positronium (cf.

X9 —1.36-107* —1.32-107* +4.99-107* [11]). The explicit expressions for a,...,cs are given in
the appendix. Here we neglect the quark massess and

5 = 200GeV sum over the quark flavours u,d,s,c,b. Using cuts in
phase space as in (3.4) we obtain for the expectation value

Vem 0.001 0.01 0.12 of the tensor (2.20):

Y© —8.40-1074 —1.85-1073 —4.681072 (TP e = Kos)PriD+;— 56y) (3.10)

(e) 10— 3 .10-3 10~ 2

X§ +1.87-10 +4.14-10 +1.05-10 where a = 1’2’ 3, and

Yy +9.75-107# +2.20-1073 +6.17-1073

X —2.18-1073 —4.92-1073 —1.38-1072 ~ 2 PPN PN

Y(;) +2'32.10—4 +2.91,10—4 _1.10,10—3 Ka(s):Wj‘dr((ka'kl)c4(ElaE2)+(ka‘k2)C5(E15E2))

(e) _ . -4 _ 104 . -3

X% 5.17-10 6.51-10 +2.46-10 (3.11)

and N is again determined from the normalization
\/=500GeV N . . : A
condition. Inserting the expressions of the appendix for

Veus 0.001 0.01 0.12 €4,C5 We obtain

YO  —426-1073 —9.40-10~3 238102 K(8) = X2(5)gye 2 1agQq + YOO Y (haggvy — hygd ag)-

Xlo +1.16:10~2 +2.56-10"2 +6.47-1072 4 e (3.12)

Yy +495-1073 +1.12-1072 +3.13-1072 ’

X5 ~1.35-1072 —3.04-1072 —8.52:1072 Numerical results for X, Y!® are shown in Table 2 and

Y§ +1.18-1073 +1.48-1073 —5.58-1072 Fig. 2 where we use for the SM parameters (3.8).

Xy —320-107° —4.03-1073 +1.52:1072 As one can see from the formulas in the appendix the
energy dependence and the dependence on the cut
parameter y.,, do not mix for massless quarks. Using

using as jet ordering criterium |k, | > [k,| > |k;|: another value for y,, means a multiplication of the results

(@ . by a certain factor which is independent of . /s. Therefore
R (p+’k19k2:k3) p

we can easily show a ‘generic’ picture of the energy
=a(E,E,) dependence of our results (Fig. 2).
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Table 3. Numerical values for X{(s), Y{(s) as defined in (3.15) for
some values of the c.m. energy \ﬁ and of the cut parameter y_,, (3.4)

s=35GeV

Veur 0.04 0.08 0.12

Yo +1.71-1076 +2.30-1075 +2.56:1076

X0 +2.77-10"5 +3.73:10°5 +4.15:1075
s=91GeV

Veur 0.006 0.01 0.12

Yy +244:107% +3.00-107* +8.39-107*

X0 0 0 0

Js=110GeV

Veu 0.006 0.01 0.12

Yy +3.05-1074 +3.75-1074 +1.05-1073

X —271-107% —3.33:107* —9.33-107*
s = 200 GeV

Veur 0.001 0.01 0.12

Yy +3.25-107% +7.34-107* +2.06-1073

X —726-10"* —1.64:1073 —4.59-1073

3.3 The inclusive 2-jet reaction

For the 2-jet inclusive reaction we use the jet ordering
|k ;| > |k,|, neglect again the quark masses, and sum over
u,d,s,c,b quarks. We have then (cf. (2.7)):

Rp kg, ky)
=2r8(k'?) (R(p s ky, ko, k) + RE(p sk, K k)
+ROP Kk Ko)hes i i, (3.13)
where R® is given in (3.9). Note that R® =0 if its

(i
Y1

w0l

U YU T S0 YT S ST VN (N SN TR S N TR TSNS SN S IR N N
0 50 100 150 200 250

Fig. 3. The quantity Y{(s) (3.15) as function of the c.m. energy \/ s
in GeV for a cut value y,, = 0.01

arguments do not satisfy the ordering criterium of
Sect. 3.2. The result for the tensor correlation (2.20) using,
the cuts (3.4) can be expressed as

(T8 i00 = KO (B ibrs— 3 65) (3.14)
where a=1, 2, and
szf’(s) = Xfii)(s)gVe Z ilAqu + Yfli)(s) Z (EAngq - ﬁngAq)'
q q
(3.15)

In our leading order calculation only 3 jet events contri-
bute. This leads —as is easily seen —to K9(s) = K{(s).
Numerical results for X9, Y{ are presented in Table 3
and Fig. 3.

4 Conclusion

In this paper we discussed possible CP-violating effects
ine*e” —hadrons for the exclusive 3-jet and the inclusive
2-jet final states. We defined CP-odd tensor correlations
which should not be difficult to measure experimentally.
We parametrized possible new CP-violating interactions
in terms of an effective Lagrangian. Useful limits for the
CP-violating coupling constants occurring therein can be
obtained from measurements of the CP-odd tensor
correlations. The bounds obtainable at the Z-pole have
already been discussed in [1]. Higher energies are in
principle more favourable since we are looking for
nonrenormalizable interactions. However, statistics in the
continuum will be lower. As an illustration we estimate

that with 10° 3jet events at f =200GeV (500 GeV)
limits on the dimensionless coupling parameters hy,, h,,
of order 0,3 (0,06) could be obtained for g =u,d,s,c,b.
The top quark couplings can, of course, only be investi-
gated at energies above the Z-pole given the present
experimental indications that m, > m;/2. Finally we stress
that our approach to parametrize possible new effects at
high energies through some effective coupling constants
is a very conservative one. Surprising new phenomena
are not excluded in a new energy domain and CP-odd
observables as discussed here are a useful tool to look
for them.

We now discuss how our results relate to measure-
ments of other CP-odd effects. Without concrete model
assumptions no bounds on our flavour diagonal couplings
(3.1) can be obtained from the observed flavour changing
CP violation effects in the neutral K meson system.
Within the effective Lagrangian approach new CP-odd
couplings govern the flavour changing (FC) interactions
and can compensate any contributions induced from the
flavour diagonal terms (3.1) to CP-odd FC amplitudes.
Note that in general loop diagrams involving the couplings
(3.1) will also contribute to the renormalization of the
FC couplings. We should stress that for reasons explained
in [1] we do not assume invariance of %, (3.1) under
the weak isospin group SU(2). Thus, in our approach
“new physics” Z and W couplings are unrelated. We
note, however, that we can always restore SU(2) invari-
ance in (3.1) by invoking suitable new Higgs fields with
corresponding vacuum expectation values. In this way
the operators in (3.1) could arise from SU(2)-invariant



ones — with in general even higher dimensions — involving
new higgses.

The existing bounds on electric dipole moments
{e.d.ms)of particles [ 13]and on T-odd nuclear forces [14]
are more relevant for our work. Assuming CPT invari-
ance they give directly bounds on CP violation effects.
As discussed in Sect. 3 the ed.m. and the weak dipole
moment (w.d.m.) of the electron (d,,d,) do not contribute
to our correlations if we neglect m,. Also the quark electric
and weak dipole moments do not contribute to the tensor
correlations (2.17), (2.20) in our calculation as we see from
(3.6), (3.11), (A.6), (A.12). On the other hand the couplings
hy g h4q in (3.1) will in general contribute to the e.d.ms of
hadrons, especially the neutron. However, if we try to
derive bounds on hy, h,, from dipole moments we face
the same problem as explained for FC interactions above.
Without a concrete model any contribution from the
h-couplings in (3.1) to an e.d.m. can be compensated by
adjusting the explicit quark e.d.m. coupling constants in
(3.1). A similar situation arises if we try to bound the
h-couplings using the analysis of T-odd nuclear forces
[14].

Let us finally make some remarks on bounds obtain-
able for e.d.ms d, and w.d.ms d, of leptons and quarks

(f =1,q) from e"e” —hadrons. Here we are assuming
that the CP-odd form factors in the Yy and ynj Z vertices
are well approximated by their values at s =0, i.e. by the
d.ms in the complete s-range considered. The contri-
bution of a w.d.m. to the width I"(Z — ) has been given
in (5.8) of [1]. Blaming any deviation of the experimental
values from the SM theoretical results on w.d.m. contri-
butions we obtain upper limits for |d,|. As an illustration
we took recent data from two LEP experiments [15-17]
and obtained limits as shown in Table 4. Of course, these
are not direct determinations of the d, since no measure-
ment of a CP-odd effect is involved and compensations
with other new physics effects reducing the partial widths
cannot be excluded. Such a possibility is quite realistic
[18]. But the numbers in Table 4 should give an idea at
which level direct searches for w.d.ms become especially
interesting. B

We consider now the total cross section a(e*e™ — )
away from the Z-resonance. The contribution of d,, and
d, toois

Table 4. Bounds (1s.d.) for weak dipole moments. The second
column gives AI' =T, — I'qy where we took the experimental
mean value plus the 1s.d. error and subtracted the minimal value of
I'su, as quoted in the references
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B 1 2\ 3/2
Ac(e*e™ —J) =6aNZ’(1 i’?)

(I Dy + 1D 4y (9) %), (4.1)
where
7 gVed~¢rS
Dyyls)=dy 2sin Oy, cos Oy (s — m2 + imzI;)
od,s
D 4y(s) = Jaey (42)

~ 2sin By cos Oy (s — m2 + imyIy)

and NY = 1(3) for { = lepton(quark). Equating (4.1) to the
possible deviation of the experimental and SM values for
o bounds a combination of d, and d,,. As an illustration
we took the data on p*u~ and 1"t~ production from
[19] and obtained the following results for 1 s.d. bounds:

At /s =35GeV:

Ac{eTe” »utpu”)<1.0pb,

Ac{eTe” »1717)<3.0pb,
(d,— O.OOBJMI2 + IO.lOc?,llz)”2 <107 %%ecm

(Id, —0.0084.|% +10.104,1?)"2 < 1.710 S ecm.  (4.3)

For hadron production we used the data from [20] where
o(e*e” —hadrons) is well fitted by the SM expression,
but with a rather large value for ag. The “true” SM value

can be estimated to be ~ 1s.d. lower. Thus we take here
twice the statistical and systematic errors quoted in [20]

Table 5. Numerical values for the quantities w;,(s) where i=1,...,4
and q=c,b,t. The quark masses are as in Table 1. The y-cut is
Veur =001 +m}/s

Wigq Wag W3, Waq
5=35GeV
¢ —03110"* 4051107  —0.10-10"*  —0.15-107°
b +030-107* —050-10"5  +021-107*  +0.50-107°
Js=91GeV
c 0 +0.54:107*  4+041:107%  —0.11-1072
b 0 —0.12:10"*  +058:1073  +0.81-1073

Js=110GeV

+041-107*  +048-1072  —0.12:1072
-0.12-10"* —-029-10"%2  +0.11-1072

¢ +0.14-1073
b —0381073

Channel AI(MeV) Ref. Bound (1s.d.)
Zoete 438 [15] |]<451077ecm
Zopty 5.6 [16] |gu|§4~9‘10_”ecm
Z—tte” 10.0 [16] [d,<6510" 7 ecm

1/2
Z —hadrons 161 [16] ( Y [gq|z> <1510" 5 ¢cm

g=u,d,s,c.b

Z—éc 73 [17] |d.|<10-10"'5ecm

Z-bb 58 [171 |d,]<9.1.10 Y ecm

/s =200GeV

+0.15:1073
b 0741073

+0.18-10"*  4+0.17-107* -0.17-10"2
—0.88-10"* —-0.15-107* +0.28-1072

o

s=500GeV

t +0.64-1072  +0.63-107*  +098-107* —042-1072
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as an estimate for Ac and get the following results:
At /s=433GeV:

Ac(e*e™ —hadrons) < 14.8 pb,

- - 1/2
[ Y (ld,—0.0147, + |0.173dq|2)]
g=u,d,s.cb
<2110 %¢cm 4.4)

In [21] a bound |d,| < 10~ !® ecm was derived using the
same method with a slightly smaller error estimate Ao.
But they did not consider the possible presence of a w.d.m.
d.. With our results of Table 4 we see now that indeed
the contributions of w.d.ms can be neglected in (4.3) and
{(4.4) and the bounds given there can be interpreted as
bounds on the e.d.ms. The bound on the e.d.m. of the
muon from (4.3) is not competitive with |d,| <107 ¥ ecm
obtained from the muon (g — 2) experiments, cf. [13,21].

CP-odd observables for high energy reactions to look
directly for e.d.ms have been discussed in [22] and for
e.d.ms and w.d.ms in [ 1, 23]. Another CP-odd observable
of this sort can be constructed in analogy to (3.18) of [1]
for exclusive 3-jet events with flavour tagging (Sect. 3.1).
The expectation value of k, xk_ =k, xk_|f (cf. (2.18))
must vanish if CP is conserved. With our CP-odd
couplings (3.1) we find for quarks g =¢, b, ¢

(ky xk_y=I(s 2 4.5)

|+|

where

1) = [T /T— &, K_Y(b5(E, E_) + by(E_, E,))

[6{dI@a(E,,E_)]*
)WZq(S)

= (dqmz>wlq(s) + (dqmz
€

+ fqu"Vsq(S) + EAqW4q(S)' (4.6)

Values for wy(s) (i=1,...,4) are given in Table 5. For
s=m2 this complements the results of [1] using now
invariant mass cuts. For g = ¢, b the correlation (4.5) is
not very sensitive to the quarks’ e.d.m. and w.d.m. due
to a helicity suppression factor mq/\/g multiplying their
contribution in I,(s). However, for the top quark, once
it can be produced in e*e ™ collisions, the correlation (4.5)
should be of interest.

Acknowledgements. We are grateful to W. Bernreuther for useful
discussions and for a careful reading of the manuscript and to J.
von Krogh for detailed information about the experimental data.

Appendix

Here we give the explicit expressions for the structure
functions aq,...,c5 defined in (3.2) and calculated as
explained in Sect. 3:

"aw(E,,E_)=

128 e*g? : (s—m3)* +miI': 0, _m3
BRI Te R a2 2 3 (qugVe) T
3 (s—m2)? +mil? s ~ 2sin? 6, cos By 5

( (EX+E%)s
EI—(E,—E_}

2 2E3\/§
"\

—(E, —E_)?
(gVe)2 + (gAe)z

(E3+(E, —E—)Z)S)
(E3—(E, —E_)?)

(E%2 +E%)s

e 4E3 N
“(E3—(E, — E_)?)?

16 sin* 0y cos* 0,

2 2
((qu+gAq)E§ (E+—"E_)
—E%)?

+ 9%

of 2 3E§ ~}-4E§EJr +4E§E_ +4E§E+E_ —i—(EfL
—my\ 9y,

(E3—(E, —E_)y*)
—2E5+4E3E, +4E3E_ +8EXEX +E*)—

4E%

(B3 —(E, —E_))?

m:-((qu)Z - (gAq) )

(E3—(E.
e*gs

S}

Ik, |
—m2)? + miI% |\ 8sin* Oy cos* O,

256E ., \/s

(qugAngegAe) -

2AEZ — E2_)2>
(A.1)

e*g20Q, m;
4sin? 6, o578, Jasda\ 1 7

b1,2(E+, E—) = \/7>

E;—(E, —E_)

szd mzly
+(4s1n 20, cos2 0y s (gV"g’“))

2
gs Qq mz17y
+ (2 sin Oy cos By s (9.42) E?

512m2E, )
(Ez—(E+-E NE; F(E. —E_))

E2~(E+—E)

256m,E; /s )

—(E, —E_)

32M, ,./s

256m,Ey /s )

+( e ngq mer (hAque)>(-

2sin Oy cosBy s

E}—(E,—E.)y

(A.2)

64m2E, /s )}

Ei—(E.—E.y



b3(E+’E—~)

~\/E Ik, x k_|

2 s—mz)2+m21"2

: 1_m_§ ( )
4sin? OWcos Ow s ) Jdadse

256m E3
E:—(E,—E_)

E2
gqu

sm36 cos 9 (gAquegVe)>

(5
(it
(4 S12meEs
YE_E,-E) —(E,—E_)?
€ ngq m%
+< 2sin By, cos Oy (1 _‘s_)(thgAe)>
256m? 2E;
Ei—(E,—E_)

64(E5(E, +E)—(E, —E_P)./s
E3—(E,—E_)

e’g;
* <m(hAquq - thqu)(gAegVe)>

( 128(E5(E,+E)—(E, —E“)Z)\/§>

E3—(E,—E_)?

e’y
* (m(hAquq + thqu)(gAegVe)>

512m2E,
(_EZ = _E_)2>}, A3

c12EL EZ)

_5 |k+,—l2
T d(s—m2)? +mil3

{( cgro2 8 mD 4 mirE
s2

2 gl
.(qugVe)<1 —TZ>+ -

16 sin* Oy, cos* Oy,

e'g:Q,
25in? Oy cos? Oy

((9rg)* + (G4 (gye)* + (gAe)z)>

‘ 256m )
Es—(E —E)* (E;F(E.—E.))s

*g2d, myI,
(gAnge)

4sin? GWcos Ow s

-H

(z
< 256:nE s )

e ngq mZFZ
h
2sinfycosby s ( ngVe))

+
( 128(Es + EL) _ 256m?2

+(E.—E_ ))+(E3¢(E+—E_))¢E>}’
(A.4)

455

C3(E+,E_)
s Ikl
4(s—m2)? +mirk
i 64 2Q2(S_ml) +m%r%_ € ngq
954 52 2sin? By, cos? Oy

. m3 e gs
(qugVe)<1 B T) + 16 sin? HW cos* 0W

((gvg)® + (940" (gve)” + (gAe)2)>

' 256m?
<(E§ —(E,—E))s

egid, my I,
4sin? 0y cos? Oy s

256m(E, —E_)
(“(E% —(E, —E_)Z)Jé>
( 00 Ml o ))
2sinfycosby s erre
.<64(E+—E_)(E3—E+—E~)>
EI—(E,—E )
256mX(E, —E_)
(B —(E, - E_)Z)\ﬁ» ()
04,5(E+,E—)

Cslky o[k, xko| &,
N 4 (s—m3* +miI':

, 2, mz
(2 sin Oy, cos By ! s (haggve)

- m (hag9ve—Mv 91 (G ac)* + (gVe)2)>

. +———64 | A6
<—E3i(E+—E_)>‘ (A9

Here
M, =E}+E3E, +3E3E_+E E% +4E,E E_

— E,E* —3E3 +3E*E_+3E,E* —3E3,
M,=E3+E3E_+3E}E, + E;E2 +4E,E_E,

— E,E% —3E® +3EXE, +3E_E2 —3E3
Ey=/s—E,—E_, (A7)
Q, is the charge of g in units of the positron charge e
(e>0)and gy, g 4, are the usual Z — y (y =, g) coupling

constants (cf. [1]). The relation of 4, ..., ¢ to the structure
functions H,..., Hy defined in [7] is as follows:

a=—H;+3k,|’H, +3|k_*H,+%k . -k_H,
by =/slk |H,
by =/slk_|H,

by=—|k; xk_|H,
¢, =—1k,I’H,
c;=—|k_|*H,

(gAnge)>
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ey=—|k.||k_|H,
—/slky |k, x k_|Hg
—/slk_| |k, xk_|H,.

For the 3-jet exclusive reaction without flavour tagging
we find for the structure functions of R* defined in (3.9)
for vanishing quark masses:
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