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ABSTRACT
We reported preliminary results on i) the determination of the branching ratio of K1, —» 70rt ¢ v ; ii) a limit on the branching
ratio of 70 — e*e- ; and iii) an update of the decay K1, —» 7oyy.

Introduction KiL— no0ntev  (Kl%q4)

Fermilab Experiment E-731 was primarily The kinematics of Keq is described by the
designed to measure the parameter €'/e of the K- 2n following five variables () which are (i) myy, the
decay. Because of the loose triggers and high kaon effective mass of the dipion, (i) mey, the effective
flux of the experiment, a number of rare neutral kaon mass of the dilepton, (iii) O, the angle of the charged

2
decay modes could also be measured ). Fig.1 shows pion in the ¢.m system of the pions with respect to the

the apparatus schematics and its details were described direction of flight of the dipion in the K rest system,

3
elsewhere ). (iv) 0y, the angle of the e*in the c.m. system of the
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Fig. 1 Schematics of the E-731 apparatus.
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leptons with respect to the direction of flight of the
dilepton in the K rest system, and (v) ¢, the angle
between the plane formed by the pions in the K rest
system and the corresponding plane formed by the
leptons. The differential distribution of the above
variables could be written as a linear sum of nine ‘form
factors'. It was pointed out () that one of them could
be a test of non-standard model CP violation.
Moreover, unlike the K+ = wev which is s-wave
dominated, KO0 is p-wave dominated and its
branching ratio tests current algebra @ in the limit of
my 0.

In the E-731 data set, events with two opposite

charged tracks (each with momenta >2.5 GeV) -

matched with calorimeter clusters and identified one as
7t and the other as e* were selected. The 10 was then
recontructed from two extra calorimeter clusters each
with > 2.1 GeV. To suppress backgrounds from K -
ntn—n® with misidentified pions and gamma
accidentals overlapped with Ke3y, candidate events
were rejected if they were consistent as Ky~ ntn—n0
from target or if 2pe-py<100 MeV. A cut on the high
solution of the calculated neutrino transverse
momentum was also applied. Fig. 2 shows the myy
distribution after all cuts. There are 929 events within
10 MeV of my. The remaining background is estimated
to be 149 events. With 1.38% acceptance (assume flat
phase space) and 1.01x109 Ky, exposure, the nett 780
events gives a B.R. of (5.6+0.2)x10-5. The combined
systematics from pion showers, uncertainty in
accidental losses, background subtraction, flux, and
acceptances is 7.6% which contributes 0.4 error to
the B.R.. Only 15 events were observed before (7).
Fig.3 shows the three angular distributions of the data
compared to phase space Monte Carlo. It is quite
possible to look for non-standard CP violation in this

mode in a near future high flux kaon experiment (),

n0 — ete-

Basically this decay could be described by a fourth
order electromagnetic diagram and its branching ratio is
calculated to be >4.8x10-8, the so-called unitarity limit.
The published measurements ® were (1.8 + 0.7)x10-7
and < 1.2x1077. A new technique was used to search
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Fig. 2 Invariant Yy mass distribution of Kj~n*n0ev
after all cuts.
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Fig. 3 Angular distributions of K - mtnlev after all
cuts

for this decay in the K — 370 decay (the 'Neutral

Sample’): any one of the three n0 from the 15x106

reconstructed K- 3n? decay could decay to a e*e- pair



Thus the signature of n0-e*e-is: two tracks (each with
momentum >2.5 GeV) matched with the leadglass
showers (>1 GeV) and reconstructed as a n¥; the
remaining four extra clusters reconstructed as 210
((2<8); and all six final state particles reconstructed as
a kaon coming from the target (P2 < 300 MeV?).

We also search for the decay through our multi-
track events (the 'Track Sample') via Ky - n+n-n0if
10 - e*e~. The cuts are four tracks found with pions
and a electron pair. The whole event has to be
consistent with a kaon from target.

The background of the 'Neutral Sample' came
from (i) single dalitz of n9 (ii) double dalitz of n0 and
(iii) two 70 single dalitz. In the ‘Track Sample', only
(1) and (ii) contributed. For (i) and (ii), mee < my and
for (iii), mee can be > my, but suppressed since myy
could have n0 mass accidentally. With cuts that
demand: no photon vetos activities; no extra track
segment points to the reconstructed vertex; and no
more than 120 MeV of energy in any of the leadglass
blocks that do not belong to the electromagnetic
showers, there is no background. Fig.4 and S shows
the scatterplot of Mee vs M3y of the 'Neutral Sample'
and 'Track Sample' respectively after all cuts.
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Fig.4 Reconstructed e*e- pair mass vs. kaon mass of
the 10 ~ e*e- search in K - 3n0 decay.

From the two samples, we found a combined
limit of B.R. (n%~e*e”) < 2.3 x 10-7 (90% c.1.). This
'tagged pion' technique has good acceptance (2.4%)
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Fig.5 Reconstructed e*e pair mass vs. kaon mass of
the 0 - ete- search in Ky~ w*n-n® decay.

and is, unlike the previous experiments, background
free. It will be exploited much further in another high
kaon flux experiment @,

Ky — nbyy

The decay Ki — nlyy provides the handle on the
size of the CP conserving amplitude of the most
interesting decay K| ~nete-, of which €'/€ could be
O(1). Chiral perturbation theories® predict the decay
with a branching ratio of ~ 6.8 x 107 with a
characteristic yy mass distribution peaked at ~ 325
MeV2, If true, then the CP conserving amplitude of Ky,
- nl¢*e- could contribute as small as <1013 to the
branching ratio. This will ease the untangling of the CP
violating amplitudes which may contribute as much as
~10-11 .

Details of the analysis can be found elsewhere
(3.10), Fig.6 shows the yy invariant mass of the
candidate events after all cuts. A characteristic feature
in this distribution is a prominent 'double fusion' peak
appearing at about myy =270 MeV which arises when
two nt¥'s in Kr, - 3n0 decays are superimposed: each
photon from one 1 overlaps with a photon from the
other % with an invariant mass threshold of twice the
1% mass. Same figure also shows the Monte Carlo
prediction of the backgrounds to nlyy decay coming
from the 3710 and 210 modes. The Monte Carlo
distributions are normalized by means of a sample of



fully reconstructed K —2n%decays observed
simultaneously.

For myy > 300 MeV, 66 candidates events was
found with a predicted background of 61 events from
2r and 31 decays. For myy > 280, 111 candidates
events was found with 81 predicted background. The
n0yy acceptance is 2.4% and the normalization is
provided by the K, —2n0 decays observed. Assuming
the myy spectrum follows that predicted by chiral
perturbation theory, then (i) B.R.(KL ~ n0yy, myy
>300 MeV) < 1.3x10°6 (90% c.1.) and; (i) B.R.(KL. »
n0yy, myy > 280MeV)=(1.7£ 0.7) x 106 are
obtained. Errors are statistical only. These results are
preliminary and consistent with other recent

measurements (10),
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Fig. 6 Invariant yy mass distribution of Ky, -~ n0yy
distribution. The thick solid curve represents a
chiral theory predicted(®) branching ratio of
2.7x10-6,

Summary
Preliminary results are reported on:
i) BR.(KL>n0rfev) =(5.6+02%04)x 105;
ii) a limit on B.R.(n0 = ete)<2.3x10-7; and
iii) B.R.(KL~n0yy, my, > 280MeV)=(1.7 £ 0.7)
x10-6,
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DISCUSSION

Q. K. Kleinknecht(Univ. Mainz): Concerning the
branching ratio for kz, — w%yy you reported: on how
many observed events is it based?

The reported branching ratio,
B(Kp, — n%7) = (1.7£0.7)x 10%7s is based on 111
events (pe. > 280 MeV) with 81 events background,
the error on background is 6.4 evts.



RECENT RESULTS ON CP-VIOLATION FROM FERMILAB EXPERIMENT E731

E731 Collaboration (Chicago-Elmhurst-Fermilab-Princeton-Saclay)
presented by
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ABSTRACT

We report the current status of the analysis for the CP-violation parameters, €'/¢, from the entire data sample of
Fermilab experiment E731. A new measurement on the CP-violation parameter 14—y was extracted from the K7 -K§ in-
terference of the x+tn—y decay mode at downstream of a regenerator. The preliminary result, |4y = 0.0020 +
0.0002(stat) = 0.0003(syst), is consistent with [n4—| from n¥n™ decay mode. Some results on the measurements of the
branching ratio for K7, —» ntn~yand K§ — w'n~y are presented in here. For the very first time, the quadratic decay
parameter of K7, — 310 has been measured from the 310 Dalitz plot. Our result, b = (-0.6 £ 1.4) x 1073, is consistent
with zero, indicating a flat Dalitz distribution. It is inconsistent with the fitted result, b = (-8.3 £ 2.4) X 10“3, from

Devlin and Dickey's review.

STATUS OF ¢&'/e

Fermilab experiment E731 was designed to mea-
sure the “direct” CP violation parameters €'/, which
can be expressed as a double ratio of four decay modes
of the Kz § = ntn—(n0x0), i.e.

_Inef?2  T(Kp > 7t )/T(Ks - mtn-)
"Mool T T(Kp — nOr0)/T(Ks — n0n0)

=1+ 6 Re(e'le),
where € describes the K9-KO mixing and €' describes
the “direct” CP-violation from the decay amplitude.
The E731 apparatus has been shown elsewhere [1].
Basically two nearly identical side-by-side K; beams
were brought into the decay region, where a regenera-
tor was placed alternately in one of the Kz beams to
produce “Kg”. Therefore simultaneous detection of
both Ky, and Kg decays in the same decay region with
the same detector became possible. The experiment
was designed to minimize systematic uncertainty and in
particular to be immune to changes in accelerator cycles
and other parameters over which the experimenter has
little control, such as beam intensity and asymmetry,
electronic drifts, phototube gain shifts as well as
inefficiencies, etc.

To get the double ratio R, both 2n0 and ntn— de-
cays need to be recorded for both Ky, and K5 modes.
The experiment had its major run in 1987/88. For the
majority of the running, either both charged (n*n™)
modes or both neutral (2n0) modes were recorded si-
multaneously and this greatly reduced a variety of sys-
tematics. For the last 20% of the data, all four modes
were taken at the same time, providing a best check on
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the systematics. It is on this data set that we have done
the full analysis and published result [2] recently. We
found e'/e =-0.0004 % 0.0014 (stat.) £ 0.0006
(syst.), which is consistent with zero and is two stan-
dard deviations below the earlier result from CERN
NA31 [3]. From the same data, we also determined
the CPT violating phase difference between 14— and
noo: A =-0.3° + 2.4°(stat.) £ 1.2%syst.) [4]. This
together with a result of similar precision from NA31
[5] in a dedicated experiment resolved a long-standing
earlier discrepancy [6] on A which was 12° £ 6°,

In the Standard Model, the value of €'/e is ex-
pected to be non-zero but its precise magnitude de-
pends on, among other parameters, the value of the top
quark mass: the higher the mass of the top, the smaller
is €'/e [7]. OQur result clearly favors higher values of
my in ref. 7 as indicated by the top quark search (m; >
89 GeV) from the collider experiment [8].

We have made substantial progress in the analysis
of the entire data. A result is expected soon in 1991,
All of the remaining data has been reduced and the
work at present is in the rather delicate calibration of
the leadglass detector as well as in the understanding of
the acceptance of the apparatus. In Fig. 1 we show the
reconstructed Ky, s — n0r0 invariant mass distribution
for the entire data set, without the final calibration
constants. The Ky, signal has about 290k events in it
(480 to 520 MeV/c2) while the 3n0 background is less
than 0.5% and is smooth and well understood. The Kg
signal has about 970k events in it with a very small
background. Since these events were taken simultane-
ously with the same leadglass detector, the line-shape
of the mass peak is virtually identical between K7, and
Kg. The incoherent K¢ background in the Ky beam (the



“crossover” Ks) was quite similar to the one in 20% of
the data [2]. The exact amount of the background in
the neutral mode will be determined once we have
final leadglass calibration constants.

# Events/ 1 MeV/c2
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Fig. 1 920 mass distribution (a) for KI, and (b) for K§.

In Fig. 2 we show the reconstructed Kz, § —
w+n~ invariant mass distribution of all the data, in
which there are 370k K7, and 1.2M K in between 484
to 512 MeV/c2. Comparing this with the 20% of the
data, the background level and the line-shape of coher-
ent kaons in the charged mode are nearly identical to
each other. The background in K7, can be determined
from p distribution, is about 0.33% (mainly from the
remaining K,3) and in K is about 0.14% (from in-
coherently scattered Kg). With the above statistics, the
final statistical error on £'/e will be about 0.0005.
With better understanding of the detector acceptances,
resolutions and energy scales from the current analysis

by using the high statistics modes (80M K3, 10M 3r0
and 10M nt*x—0), we would hope to achieve much
smaller systematic uncertainty than that of the 20%
data.
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Fig. 2 w*m~ mass distribution (a) for K7, and (b) for K§.
Krs = ntry

There are two processes by which the neutral
kaons decay into m*m~y: inner bremstrahlung (IB),
where a decay occurs into two charged pions followed
by the emission of a photon from one of the pion; and
direct emission (DE) decay, where a photon emits from
the nx decay vertex (or one of the quark lines) [9].
Since it is essentially a two-pion decay, the IB process
is CP-violating for Ky, decays and CP-conserving for
Ks, while in the DE process the opposite is true. In
Fig. 2(b), the low side non-Gaussian tail of the n+n—



mass peak in Kg mainly comes from the radiative IB
emission. Since the direct emission is CP-conserving
in K, decay. It is a possible background to €'/e. This
lead us to measure it's branching ratio and studied it's
contribution to £'/g [10].

Event reconstruction requires two opposite-sign
charged tracks in the 4 sets of drift chambers and ho-
doscopes, as well as a separate photon cluster (Ey >
1.5 GeV) in the leadglass calorimeter. Pion selection
was done by requiring that each track has E/p < 0.80
in the leadglass to reject event containing electrons.
Each event was then required to pass fiducial and
quality cuts as well as the following kinematic cuts:

(1) track momentum p > 7 GeV,

(2) kaon mass cut: 484 < mpry < 512 MeV/c2,

(3) transverse momentum cut: pi2 < 250 (MeV/c)2,

(4) kaon energy cut: 30 < Ex < 160 GeV,

(5) decay z vertex within 27 m decay region,

(6) a kinematic variable cut: P2 < —0.025 [11] to
reject n+n-n0 decays with one photon escaping
the detection.

There were virtually no background remains after these
selections.

Fig. 3 shows the center of mass photon energy
(Ey*) spectrum overlayed for the Ky, and Kg events,
where the Kg spectrum has the inner bremstrahlung
1/k distribution and the K, spectrum has the superpo-
sition of IB and DE (e<k3) distributions. The Kg
spectrum has been properly normalized for the subtrac-
tion of IB in the K spectrum to extract the DE compo-
nent. With Ey* > 20 MeV, we have 4620 Kg decays
and 1552 IB and 2607 DE events in the K7 decays.
The acceptance for Kg decay is 0.272 and for Ky decay

200 |
160 |
I
= 120 -
< L
£ 80 F
> C
4] R
* 40 —
0 :r[: T A i‘:aﬁ';-l"‘r..-; 1 L1
0 0.05 0.1 0.15 0.2
Ey* (GeV)

Fig. 3 Ey* distribution of n*n~y for K[, decay (solid line) and
K¢s decay (dotted line).
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is 0.130. The number of kaon decays into ®*rn~ was
used to normalize the yield. The branching ratios of
neutral kaon decay into mtn—y are (4.35£.08) x 10-3
for Ky, and (4.39+.07) x 10-3 for K. The K, decay
has a branching ratio of (2.98+.08) x 105 into the DE
mode and (1.43+.08) x 10~3 into the IB mode. This
result is consistent with the previous measurement [11]
and the theoretical predictions [9].
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Fig. 4 Proper time distribution for Kg — n*n~y. Data with

error bar were superimposed by a monte carlo with
(dotted line) and without (broken line) interference term.

Since the coherent kaon beam behind the regenera-
tor is the superposition of Ky +pK, one expects to see
K1 and K interference in the proper time distribution,
as 2|plIn+—yl e7%2% cos(Amz+¢p+éy). The proper
time distribution for the Kg — m+n~y in the regener-
ated beam is shown in Fig.4. A monte carlo simula-
tion with and without interference term (let N4—y =
N+-) are superimposed on the data. Clearly the data
favors the monte carlo with interference. A preliminary
fitting result has shown

N+— = 0.0020 = 0.0002(stat) + 0.0003 (syst),
which is consistent with the world average of the CP-
violation parameter [n4—| = (2.268 + .023)x10-3 [12].

K1 — 310 QUADRATIC DECAY
PARAMETER

The Dalitz plot parameters for the K — 37 decays
can be parametrized by a series expansion as

2 2 2
IMP2oc1+gY+ g—YZ + b(Y2+ %—) + c(Y2- X--)

where Y = (s::,—so)/m1t and X = (sz-sl)/m are Dalitz
variables [12]. Inthe K; — 3n0 decay, thc linear co-



efficient as well as the 1st and 3rd quadratic coefficient
vanish, i.e. g = 0 and ¢ = 0, because of the identical
final state particles. The possible non-vanishing terms
is then given by

X2
Mogof? e< 1+ b(Y2+ 7).

Measurement on the Kz, ~» 3n0 Dalitz plot has never
been done before. Although the quadratic decay pa-
rameter b vanishes in the lowest order chiral perturba-
tion theory, the combined fit for the K* — 37 and K,
— n+n—n0 data by Devlin and Dickey [13] suggested
an undesirable non-zero energy dependence b = (—8.3
+ 2.4)x10-3, corresponding to a 2% drops from the
center of Dalitz plot to the edge of the plot.

Based on a sample of 5M K, — 3n0 decays in
E731, we have performed an analysis on the K7 —
370 Dalitz distribution. Fig. 5 shows the data and a
flat Dalitz monte carlo comparison of the event density
distribution vs Dalitz angle ©, where © is the angle
between the event and Y-axis on the X-Y Dalitz plot.
The good match between data and monte carlo gives us
confidence on the proper reconstruction of the Dalitz
variables in the 3n0 center of mass system. Fig. 6
shows the event density distribution vs R2 for data and
monte carlo, where R2 = (Y2 + X2/3). The slope of
the ratio of data vs monte carlo gives the direct measure
of the quadratic decay parameter. The result is

b=(-0.6+14)x10"3
with %2 = 36 for 27 degrees of freedom, indicating a
flat 3n0 Dalitz distribution.
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Fig. 5 Event density distribution in K7 — 3x0 Dalitz plot vs
Dalitz angle ©. Data with error bar were superimposed
by a monte carlo with flat Dalitz distribution (dot).
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DISCUSSION

@. K. J. Peach (Univ. Edinburgh): In the comparison

of data taken separately charged and neutral, how
do you monitor the threshold and efficiency of the
active regenerator?

. Y. B. Hsiung: The efficiency of the active regene-
rator was monitored throughout the run (charged
and neutral) with stray muon going through the
regenerator veto-counters. The veto threshold was
set to about half minimum ionized particle pulse
height, so the inelastic interactions in the regene-
rator can be easily rejected. This threshold is far
above the nuclear diffractive scattering and is only
sensitive to the inelastic scattering which breaks up
the nucleus apart into multi-particles. Therefore, it
will not affect the remaining diffractive and inelas-
tic background shape underneath the coherent peak.
The background subtraction can be done separately
in the charged mode and neutral mode, as long as
the underline background shape remains the same
between them, even through the background level
may be different (say due to different veto ineffi-
ciency). Therefore, the background subtractions are
quite insensitive to the variations of the threshold
and inefficiency in the active regenerator throughout
the run. This can be seen when comparing back-
grounds between 20% and 100% data sample, they
are virtually identical except the statistics.

. K. Kleinknecht (Univ. Mainz): Concerning your
table of systematic errors on ¢'/¢ for the old 20%
data (where all 4 moves are taken simultaneously)
and the ones expected for the 100% sample (taken in
alternating runs): one would expect that at least one
of the errors is much larger for the new 100% sam-
ple (e.g. the one from rate effects and the effect of
the active regenerator). Why is that not taken into
account in your table?
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A. Y. B. Hsiung: Because of the use of double beam

method, alternating regenerator between beams, and
that we are always taking Ks and K decays (7~
or #°7°) at the same time, ie. Kg and K de-
cays are seen by the same detector simultaneously.
Same accidentals would appear in both Kg and K
decays, but different between charged and neutral
mode, even though both charged and neutral modes
are taken at the same time. Therefore, the systema-
tic errors from the rate effect becomes a 2nd order
effect. We can then evolute the accidental rate effect
by overlaying the accidental events which were taken
sparsely during the data run and were proportional
to the proton intensity, to calculate the changes in
yield ratio between Ks and Ky 27 decays. Hence,
more statistics on accidental events in the entire data
sample would help to reduce the uncertainty due to
rate effect. Similar argument also applies to uncer-
tainties in energy scale, resolution and acceptance,
where other high statistic mode would also help to
reduce the systematics. The effect of the background
subtraction from the regenerators has been answered
in question 1 (refer to Ken Peach’s question), where
more statistics would help to determine the back-
ground shape more accurately and hence reduce
its uncertainty. Therefore in the experiment E731
(unlike NA31), we do not expect larger uncertainties
for 100% data sample.

. H. Nelson (CERN): The angular distribution of the

v of 7t~ v in the (*7 ) center of mass must be
very different for direct emission and Inner Brems-
strahlung. Have you looked at this?

. Y. B. Hsiung: Yes, we did look at the y-angular

distribution of 7t 77 in the 7+ 7~ center of mass for
Kg (Inner Brem) and Ky, (Inner Brem plus Direct
Emission). We can see the differences between them,
where there are more 7’s emitted around 90% for
K — ntr~y than that for Ks — zta™v. Our
analysis on w77 is still in progress. I do not have
plots for you to compare yet.
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ABSTRACT

In this article we review recent theoretical developments on the (P-parameter c'/c in the standard model and its

intimate connection with the mass of the top quark.

INTRODUCTION

During the last two years, there are two
significant developments on studies of CP
violation took Two

place. experimental

groups reported values /1/ for

e'/e=(3.331.1) x 107> NA3L at CERN (1)
and
€'/ =(-0.4+1.4(stat)+0.6(syst) x 107°

E731 at FERMILAB . (2)

On the theoretical side it becomes clear

that the above ratio is closely correlated

with the mass of the top quark. The ratio
(e'/e) can be expressed as
ImA ImA
1 11 2
€'fe = = —— (o - 7r%- 3)
V2 el 1A | Ao

Even though the last term is suppressed by
1.

the factor w = |A2]/|AO{ =55 it has been

until recently the dominant term, with its

contribution coming from the gluon-penguin

diagram.

However, when m >mw, there are im-

portant terms from elecfioweak penguin dia-
grams where z%-bosons and photon are exchan-
ged instead of gluons. Their importance is
enhanced because

i) their contribution increases with m.
12,3/,

1i) They contribute to ImA, which is not

2
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suppressed in Eq.(3),
11i) the matrix elements of operators ari-
sing from electroweak penguin are not
chirally suppressed.
The complete analysis of electroweak pen-
guins carried
/3,4,5/. The effects are calculated by deri-

ving an effective Hamiltonian at the low

was out by three groups

energy scale p~f

8
Hogg (M) = - 55 1 [£,C5 () +E, (€} (1) 10, (4)
i=1
igd
with

Ci,Cj: Renormalized coefficient functions,
Qi : Basis of operators, and

E =V _V

q qd'gs with Vij elements of the KM

matrix.

The KM matrix elements contain phases which

produce imaginary parts. The unitarity of

the KM matrix implies

Imgc = -Imgt = -Bysing'
and gives

Tafere @) = ~B/2T8, [ €08 )
with C. () = CY()-C(w). Substituting the

effective Hamiltonian into the definition of

€', we obtain



8
1 1 1 G
e = = 2o ImE [ (C, (M) X
/2|€||Aol V2 Ci=1 1
itd

[<oi>2 - <Qi>0J) (6)

The problem for estimating the ratio is now

divided into three parts:

1. determination of the coefficient func-
tions Ci(u) at a low energy scale p,

2. estimates of the hadronic matrix elements
<wn|0i|K°>, and

3. ranges for Imgt to be determined fromEK
and the 8°-BY mixing.

We shall discuss each of these problems in

detail.

COEFFICIENT FUNCTIONS

The origin of the coefficient functions
is two-fold: Some of them come from QCD and
others from the electroweak theory. In addi-
tion they mix with each other when we inte-
grate the renormalization group equations
(RGE) .

The standard method /6/ is to begin with
initial conditions at p~m, and integrate the
RGE from my to my

a scale p which is relevant for the decay of

then from mrm.. .. down to
K-mesons.
the coefficients.
small differences of less than 10% which
The diffe-

rences have been understood in the meanwhile

Three groups reported values for

Originally there were

were mentioned in the articles.

and I report on Table 1 the results of our
calculation. The table 1is consistent with
Flynn and Randall /7/ and Buchalla, Buras
and Harlander /4/.

of a few percent, which comes from the two

A very small difference

distinct methods of integration, is inessen-

tial for predictions of the ratio ¢'/e.
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Coefficients C;3t u =1 GeV as functioas of A and my.

Cila
-0.080
-0.075
-0.058
-0.033
-0.001.
0.035
0.079
0.126
0.178
-0.068
-0.063
-0.046
-0.022
0.009
0.045
0.087
0.133
0.183
-0.087
.0.083
-0.037
-0.013
0.017
0.052
¢.092
0.137
0.187

Ay m. | Ci C, C,; Cy Cs

30 | 0.034 -0.035 -0.017 0.009 -0.051
75 | 0.03¢ -0.036 -0.017 0010 -0.054
100} 0032 -0.036 -0.017 0010 -0.083
125.| 0.031 -0.036 -0.016 0.010 -0.056
o.1¢ev | 150 0029 -0.036 -0016 0.010 -0087
175 |0.028 -0.036 -0.015 0.01C -0.057
200 { 0.026 -0.036 -0.014 0.010 -0.058
225 | 0.024 .0.035 -0.013 0.010 -0.058
750 | 0.021 -0.035 -0.013 0.010 -0.059
36 0043 -0.04¢ -0.020 0.011 -0.070
75 [ 0.042 -0.04¢ -0.019 0.011 -0.07¢
100 { 0.041 -0.045 .0.01¢ 0011 -0.076
125 | 0,040 -0.045 -0.019 C.O011 -0.078
0.Gev | 150 | 0038 0085 -0.018 0.01L 0079
- 175 | 0.036 -004t -0.017 0.012 -0.079
200 [ 0.035 .0.04¢ -0.017 0.012 -0.080
225 | 0.032 -0.043 -0.016 0.012 -0.081
250 { 0.030 0043 -0.015 0.012 -0.081
30 | 0.051 -0.051 -0.021 0012 -0.09L
75 10.050 -0.052 -0.021 0.012 -0.096
100 | 0.048 0,052 -0.020 0012 -0.099
125 | 0.047 -0.052 -0.020 0.012 -0.101
150 | 0.046 -0.082 -0.019 0.012 -0.102
175 | 0.04¢ -0.052 -0.019 0.012 -0.103
200 [ 0.042 -0.051 -0.018 0.012 -0.i04
225 0.040 -0.0s1 -0.017 0.013 -0.105
250 | 0.038 -0.050- -0.017 0.013 -0.105

[
-0.005
0.002
0.016
0.035
0.058
0.085
0.116
0.151
0.188
-0.003
0.006
0.026
0.052
0.085
0.12¢
Q.168
0.216
0.269
0.000
0.012
0.037
0.073
0.117
0.168
0.225
9.290
0.360

0.3GeV

HADRONIC MATRIX ELEMENTS

At the low energy scale u seven operators
survive. Their matrix elements were computed
in the chiral Lagrangian inspired by the 1/N
expansion and factorizable amplitudes. The
the elements
and <08>o,2' Keeping the O0(1/N)
obtain

main
<('.)7>0’2
terms we

interest here is on

2 2,2
Q> = -2Z(m, “-m_°) /A%y

It
>
+

W=z *X*x
<08>0 =7+

<Q7>2 =

I
|
>
+
2l
tjré
N

_ 1
<08>2 =7 Z - N X
with
_ .3 2 2
X = 3 Fn(mk -m_7),

m
Z

2 / % (mk2/(ms+md))2 FTT
and

AX = 1.026 GeV .

Our matrix elements <Q7>0 and <Q8>0

,2
have more terms than those in ref./4/,

, 2
be-

cause we consistently keep both terms of
0(1)
substitution shows that for <08>O

and 0(1/N) in the expansion. Explicit
2 the 0(1)
terms are dominant and those proportional to
1/N give a subdominant contribution. The si-

tuation is reversed for the elements of



<Q7>o,2 where the 0(1) terms proportional to
X are much smaller than the 1/N terms for
N=3. Thus the expansion for this operator is
questionable. Fortunately, we find its ef-
fect on (e'/e) to be small for larger m., SO
that a large uncertainty can be tolerated.
In our numerical calculation we introduce
for Q1 and Q2 the next to leading correc-
tions for the elements and their p-depen-

dence /8/ as given in Table 2.

Table 2
LpinGeV <Q1>0|<O_,>o < Q1> <Q1>3
0.6 -0.022 -0.045 0.013 0.013
0.7 -0.024 -0.050 0.011 0.011
0.8 -0.026 -0.083 0.010 0.010

The p-dependence of other matrix elements is
determined by the u-dependence of the run-

ning strange guark mass /9/

as(h) g9

2 2
ms(U) = ms(lGeV) ( &;TT@EVT )

(8)
Combining the coefficients and matrix ele-
ments, we can study their relative contribu-
tions to the ratio (e'/e). We introduce the

following notation

2
=1

hoct Ci(“) <Qi)o ’
i=1
1§
h == C. () <Q.>
27 w Lt i 2 (9)
1
hi = Ci(p) (<Qi>0 -5 <Qi>2)
for 1=3, ..., 8
and the Qi's are normalized to h6 as follows
Q _ hoct 0 = E Ei
oct h6 P i3 h6 (10)
-
Q = —
EwWP ;27 h6
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and

€'/e = (e /e)6 Qtot (1)
With
1 1 1 -3
(e'/e), = Im& h, > 1 x 10
6 = V2 TeT TAT ™M
as was established in earlier works /10/
Q is the sum of all &.'s including .
tot 1 n+n
Our numerical values for the Qi‘s are plot-
ted in Fig.1l. The term Qn+n, is the long
distance contribution from 7w-n-n' mixing
/11/. The terms which show a strong depen-
dence on m, are Q27 and QEWP' The most im-
portant variation comes from QEWP which in-
cludes effects of Q7 and Q8' We note that
Y starts positive, then at m

EWP t
zero; it becomes negative for larger values

~ O(mw) is

of my and m, ~ 210CGeV produces a zero for

Qtot’ i.e. €'/e imitates the superweak theo-
ry /12/. These results are important to mo-
tivate us to study the variation of the re-

sults on the underlying parameters A,, p and

m - The A4 dependence of Qtot is v:ry weak
as shown in Fig.1. We find that Sztot has
also a very weak dependence on p and m- We
also wish to point out that the above re-
sults are independent of the KM matrix ele-
ments which appear as a multiplicative fac-
tor to be discussed below. A further inves-
tigation for hadronic matrix elements is
still necessary since there are non-factori-
zable terms and one should test the above

expectations by lattice calculations.

K-M FACTOR ImEt
A range for ImEt

Img, = lvcbl |vub! siné (12)

is obtained from fits of €, and B°-BU. This
analysis is well known and we do not include
it here. It 1is presented in /13/. The re-
sults are consistent with /4/ and other
careful analyses done by Kim, Rosner and
Yua, /14/ and J. Maalampi and M. Roos /15/.
The conclusions are that: by fitting ¢ K
there are two solutions for § one with § <



m/2 and a second with § > u/2.

T T T 1 T T T T T T T ‘17]' T T T T
L e e G T PR
Qb
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F A, =01Gev ~.
\.
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Fig.1 5o 100 150 200 250
0‘003 :‘\[."l T T T | T T T T l T T T T ]
~ Ag= 0.2 Gev
- \Q<\§ ©=08Gev 1
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0.002 1 \\ mg = 0.125 Gev B
\.\\-\
€€ " TR 27
TRy
0.001 [
0.000 === == e e ——— =
L TR T SR S S R S N Lo L
. 100 150 200 250
Fig.2 my(GeV)

DISCUSSIONS AND CONCLUSIONS

Collecting the results from the above

analysis, one can present results for e'/e.

They are plotted in Fig.2 with central va-

lves from the parameters Bk = 0.75, |Vcb]

0.05, ‘Vubl = 0.005. The three curves cor-

respond to

1. pure QCD case corresponding to aQED =0,
~(e'/e)g,

2. the inclusion of Qn+n, and photon-penguin
contributions,

3. Our full result after the Zo—penguin and

box diagrams are included, i.e. (z—:'/e)6

Qtot'

These three cases also show history of
the development of (¢'/e) calculations du-
ring the past ten years. The cases 1) and 2)
give very similar results which show that
there is an approximate cancellation between
Qn+n, and the photon-penguin contributions.
If we use the tables and figures from Bu-
challa, Buras and Harlander /4/ we obtain

identical curves.
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Many features of e€'/e are closely related
with Qi and ImEt:
i) The superweak behaviour is determined by
1Y) which has only a weak dependence on the

tot
underlying parameters 4y, AQCD and m - The

dependence of AQ is shown in Fig.1.

CD
ii) The variation of the €'/e on the under-

lying parameters p, and m_ can be des-

Maco

cribed by ¥ = Studies of the p-de-

hGQtot'
pendence noted that the variation is small
159/, . < 220GeV .

The dependence on /A is somewhat bigger as

especially for 170GeV < m

Qco
It varies by a factor 1.7.

shown 1in Fig.3.
The ms—dependence can be seen from Fig.2. It
is very sensitive to me which arises domi-
nantly from the multiplicative factor <06>0.
by

the allowed range of Engt, we obtain the

iii) Multiplying the curve 3 in Fig.2
possible range of ¢'/e which is shown in
Fig.4. We note that the curves show a subs-
tantial variation, but still predict a 1li-
mited range for e'/e for each values of mt.
In paticular the ratio is measurable provi-
ded me < 180GeV. We notice, as expected, the
zero value at m_ ~ 210GeV and a band of va-

30%

t
lues with an approximate variation

around the central values.

The three groups which analyzed CP pheno-
mena for a heavy top agree that €'/e could
N > m. The
general conclusion is that it can imitate

become very small for larger m

the superweak theory for the extreme case

my > 200GeVv.

From the various detailed analyses we can
draw the following conclusions:
1. Significance of the electroweak terms is

enhanced when the quark 1s heavy

/3,4,5/.

2. A complete renormalization analysis with

top

the 1/N estimates for matrix elements gives

the range 0.1 x 1073 < e'fe < 3 x 1073 for

200GeV > m,

3. There is still a large range predicted

>m .
W

for ¢'/e, which indicates that it is impor-



tant to study and improve the theoretical
estimates.
this

We have tried to point out in
talk the wunderlying assumptions and
show the variations they introduce.

4. It is crucial to improve the experiments
and bring them in agreement with each other,
because for the ranges allowed for the para-
meters.

i) The large valve €'/e ~ 1 ~ 2 x 1075 sig-
nifies an m ~ 100GeV.

ii) A smeller value €'/e ~ 107* favours a
heavier m, ~ 200GeV or the superweak theory.
iii) Negative values occur for m_ > 210GeV.

0.003 gT——T—r———r——— |t T
‘Ie *
€ - \\ u =08 Gev
0.002 N N ms = 0125 GaV
S ~-—= Ay=0.1 GevV
B —_— AL =0.2 GeV
0.001 === Ay=03GeV
0.000
Fig.3 | 5
- 0.001 160 YR N N S S TR SN N R T
150 200 250
0'003 T ] T T T T I T T T T I T T T T l
€'le R Ay =02 Gev
ms =0125GeV
0.002 - 5 ) -]
HUJHHHHH ‘
I HH Iy ]
1
0000 b-——— = - - 0 — L . ___ ! IEI..".' ________
III
VR NN SO W T TS N SO WO T T A T O IpH
- 100 150 200 250
Fig.4 my (GeV)
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DISCUSSION

Q. D. Chang (Northwestern Univ.): Is strong depen-
dence on m, a result of using the -11\7 estimate of ma-
trix elements?

A. Y. L. Wu: Yes.

(). E. Gabathuer: If the top quark mass is determined
from high energy colliders, can you use this to go back
to determine more precisely the hadronic dynamics,
e.g. matrix elements?

A. Y. L. Wu: Not yet. Since one also needs to know
more precise KM matrix elements and £'/e. On the
other hand, there are more than one matrix elements
to be determined. One may use the data in Al = %
rule to know information about the matrix elements.
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EXPERIMENTAL STATUS AND PRELIMINARY RESULTS FROM THE CPLEAR
COLLABORATION AT CERN

RAYMOND GAMET
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ABSTRACT

The experimental status and preliminary results from data taken in 1989 are presented

from the CPLEAR collabgrgtion at CERN.

These show that it has been possible to identify a

good sample of K° +» m 7 events, which yield a good lifetime measurement for the K°S.
o

INTRODUCTION
The experiment studies the reactions

-+
> KKw
KK

pp)rest (1)

The strangeness of the neutral kaon is
tagged by observing the sign of the charged
kaon.

The experiment will meake precision
tests of CP and CPT violation by studying
the interference in the decays of K° and K°

mesons to a given final state |f>, by
measuring the asymmetry
R(K° » f) - R(K® > f
( ) - R( ) (2

Ac(t) =

R(K® > f) + R(K® > f)

This will be done for as many final
states as possible.
1£> = 1>, |orm>, [mav>, Jyy>, ete.

For the 27 final state

1
N N LS VAL b (3)
€ 3
where
- o ©
oo R{K L 21)/R(K ¢ 2m) (4)
and is obtained from a fit to Aq“(t).

To identify . these chanhels it is
clearly necessary to have good charged
particle identification, accurate charged
particle tracking and good photon energy and
position resolution. Also, the desired
"“golden" channe}f (equation (1)) represent
only ~ 4 x 10 of total pp annihilation

rate so rapid online processing is necessary
to check the quality of the data before

1236

recording them.

EXPERIMENTAL STATUS

A schematic diagram of the apparatus is
shown in figure 1.

Drift chambaers

Calorimeter Streamer tubes

Cerenkov

Scintillator

Proportional chambers
Fig 1

The detector is cylindrical with a
radius of Im and a length of 3m and is in a

solenoidal magnetic field of 0.44T. The
target 1is spherical of radius 7em  and
contains hydrogen gas at 15 atmospheres
pressure. All the apparatus is now working
well, with the exception of the
electromagnetic calorimeter. This is
physically complete but has no readout



electronics, S0 only charged track
information is available.
The first three stages of online

trigger processing for charged tracks are
also working. The first of these is the
"pretrigger". This demands that the number
of charged tracks should be at least 2 and
that at least one should be a kaon
candidate, ie give no light in the Cerenkov
but hits in both scintillators. This
reduces the beam rate by about a factor of
5. The second stage is the "p_ cut". This
uses the information from the drift chambers
to place a rough cut on the minimum value of
the momentum component in the transverse
plane of any kaon candidate. This
eliminates low momentum pions which have
faked kaons in the pretrigger, and further
reduces the event rate by a factor of about
6. The last stage which is presently
working is the "track launcher". This
associates wire chamber hits with each track

and can be used to distinguish between
"primary tracks", ie those with hits in the
proportional chambers, and “secondary"
tracks, ie those without such  Thits.

Depending on the requirements placed on the
numbers of primary and secondary tracks,
this further reduces the event rate by
factors of between 2 and 200.

PRELIMINARY DATA ANALYSIS

We shall.ﬁere describe the analysis of
about 5 x 10 events which were recorded

during two running periods in
November/December 1989. During the first
stage of this data +taking only the
pretrigger was operational, and for the

second stage the p_ cut was introduced. 1In
the analysis of these data it was demanded
that there should be exactly 4 charged
tracks of +total charge =zero. It  was
required that just one of these should be a
kaon, as identified by the Cerenkov and also
by energy loss in the inner scintillator 81
and by "time-of-flight" to S1. It was then
demanded that the kaon should form a good
vertex with an opposite~sign track, whose
time-of-flight should be consistent with a
pion, and that the other two tracks should
also form a good vertex. Cuts were then
placed on the missing energy and momentum of
the event to eliminate badly fitted tracks,

misidentified tracks, and events witg
additional neutral particles. Some 4 x 10
events survived all these cuts, and in

figure 2 is shown the invariant mass of the
secondary pion pair.
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(GeV/c?)
Fig 2

A clear peak is seen at the mass of the
K® on a small background. These events were
then split into bins of K° 1ifet;me and,
after estimated_pqpkground subtracglon, the
number of K° > m m events was obtained as a
function of 1lifetime. This is shown 1n
figure 3.

10%
103k
NKO:

10%

10 F

Fig 3

This shows a clear exponential
behaviour and gives a measured lifetime of
(1.013 % 0.015)1S .

This event sample was then split into

the two strangeness channels and the
asymmetry A+_(t) (equation (2)) was
calculated. This is shown in fiqure 4.
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Fig 4
This 1is everywhere consistent with
zero, but the asymmetry A2 {t) is not
expected to become significan%ly different
from zero until t > 5t , where the K°S and
K°_ interference becomes significant. ~ This
is” just where the data run out of
statistics. For the data taken in 1990 with
the track launcher working, the trigger

requirement has been made of 2 primary and 2
secondary tracks. This greatly enhances the
proportion of decays beyond t = 5 1 and
should enable us to make a good measurement
of A+_(t) from this year's data.

CONCLUSIONS
The apparatus, apart from the
calorimeter, is working well, as are the

first 3 stages of online trigger processing.
We have shown we can isolate a good sample
of K°S > 7w m events and measure a good
lifetime. From the 1990 data we should be
able to make a good measurement of A+_(t).
In 1991 the calorimeter should be working
and also further stages of trigger
processing to analyse online the calorimeter
data. We should then be able to start
loocking at other decay channels of the K°
and make a measurement of e'/g.
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DISCUSSION

. G. Gollin (Univ. Illinois): I realize the data are

very preliminary. However, you seem to have a large
background under your K° peak. Will this wash
out the asymmetries you plan to measure? Will this
cause you to confuse K° with K°?

. R. Gamet: Almost all the background is in the bin

0-0.5 7s. There is almost no background beyond this.
Hence this has no effect in the determination of the
asymmetry.

. K. Kleinknecht (Univ. Mainz): How many days

of real data taking do these 15000 K° decays corres-
pond to?

R. Gamet: Very few. We were also running with a
preliminary trigger which meant that the beam rate
had to be very low, being limited by the rate we could
write events to tape.

. I. Picek (Inst. Rudjer Boskovié): What are the

prospects to measure asymmetries for suppressed
modes (e.g. K°(k°) — 2y or K — 3r), because
LEAR seems to be the best place to measure direct
CP violation outside K — 7#?

. R. Gamet : We shall certainly look at CP violation

in K° — 37, and in as many other suppressed chan-
nels as possible, depending on the statistics we get
in these channels.
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) ABSTRACT
We summarize recent theoretical developments in CP violation related to the neutron electric dipole
moment, chromo-electric dipole moments for quarks, chromo-electric dipole moment for gluon, and electric

dipole moments for eletron and W boson.

Recent experimental improvements on measure-
ments of the electric dipole moment of the neutron,
Dy, and that of the electron, D,, have inspired a lot
of theoretical developments in CP violating models
related to these quantities. Here I wish to summa-
rize the developments since 1989. For reviews before
1989, see ref[1]. More recent reviews can be found in
ref[2,3].

Experimentally, Dy was found to be (—14£6) x
10~% ¢—cm by the Leningrad Group® and more re-
cently (—345) x 1072¢ e~cm by the Grenoble Group’.
Combining the two, we shall interprete this data as
setting an upper bound on |Dy| < 8 x 1077 e-
c¢m. For D, the most recently published data’ givés
(=1.5+5.5+1.5) x 10~%8. At this Conference, I was
told that this limit has recently been improved by at
least one order of magnitude. Therefore the upper
bound on D, is about 10726, As we shall see, due to
the recent theoretical developments, these limits have
imposed nontrivial constraints on various models of

CP violation.

We shall start with a brief classification of var-
ious mechanisms of CP violation. In a gauge the-
ory, the CP violation can be implanted typically into
the following sources: (1)The left handed charged
currents, like the standard Kobayashi-Maskawa (K-
M) model’. The model predicts very small values
for all the quantities that we are going to discuss
in this talk.
probes of the new physics beyond the standrad model.

In a sense these quantities are good

(2)The charged Higgs mixing, like the Weinberg-
Branco model’. Since the CP violations in this type

of model are typically suppressed by small Yukawa
couplings, the charged Higgs does not have to be very
heavy to suppress CP violation. (3)The neutral Higgs
mixing between the scalar and pseudoscalar bosons,
like the Lee model’. Typically, all models with ex-
tended Higgs sector contain a CP violating neutral
Higgs subsector. (4)The right handed currents, like
the left-right models'®. Coexistence of left- and right-
handed currents gives rise to a very interesting CP
violating phase associated with the mixing between
two currents. This CP violation does not need more
than one generation of fermions. (5)Majorana mass,
like the gluino mass or the neutrino masses. (6) Su-
persymmetric models™ usually contain many sources
of CP violation. Typically, it is a combination of col-
ored, charged Higgs(the squarks) exchange and ma-
jorana masses of various neutralinos. (7)Strong CP §
parameter which we are not going to discuss here.
The recent attention on Dy was generated by
Weinberg12 who emphasized a new mechanism for
Dy. He showed that there is an unique gauge in-
variant, P-odd, and T-odd operator of dimension 6,
Og, involving solely the gluon field strength that can

be written as

1 ~
OG . é_fabcgaﬁGZVGbua chﬁ . (1)

The operator can give potentially large contribution

to Dy. Compared to another important operator,

the color-electric dipole moment(CEDM) operator of

quark q, O, = G2,§La** T, the operator Og should

be identified as the color-electric dipole moment op-
133

erator of the gluon .
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Knowing the existence of Og, there are three is-
sues to be investigated. The first one is to calculate its
coefficient, C, in a specific model of CP violation, and
determine the scale at which the operator is induced.
The second is to evolve, using QCD renormalization
group (R.G.) equation, the operator to the low en-
ergy scale at which one can estimate its physical ef-
fect. The third is to evaluate its contribution to the
Dy by calculating the corresponding hadronic ma-
trix element. All three issues are coupled. Clearly,
to include QCD corrections one needs to know the
scale at which each operator is induced. The effect of
the QCD R.G. correction is also very sensitive to the
choice of the low energy hadronic scale. The proper
hadronic scale to choose is presumably determined
by the scale at which we think the hadronic matrix
element can be evaluated with any confidence. The
simplest way to estimate this is to use naive dimen-

. .14 .12
sional analysis™ . It gives

Dy ~ eMyCaop(p)(gs(1)/47)°Clgs(w))  (2)

where M, is the chiral symmetry breaking scale of
~ 1.19GeV, u is a hadronic scale, and {p¢p is the
QCD renormalization factor. However, the method
was shown to be reliable'® for the matrix elements
which involve scales near the confinement scale ( ~
250 MeV). Its reliability is not clear for scale near
the neutron mass or M,. In addition, near the con-
finement scale the QCD is known to be strong and
the perturbative R.G. analysis is invalid there. Naive
extrapolation of R.G. equation to lower energy gives
a large and uncertain result. For this reason we shall
take M, as the low energy end of the R.C. evolution
in order to make numerical comparison of different
models. To get an idea of how uncertain the estimate
of Eq(4) is, one can compare it with another recent
estimate of this matrix element'® which obtained a
value 30 times smaller than Eq(4).

Weinberg ' showed that C is induced, for mod-
els with C'P violating mixing of the physical neutral
Higgs bosons, through a two-loop diagram with top
quark loop and neutral Higgs exchange. Dicus 16
showed that for models with CP violating charged
Higgs mixing, similar two loop contributions can be
obtained by replacing the neutral Higgs with the
charged Higgs. In that case the fermion loop con-
tains both top and bottom quarks. Ile noted that
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the contribution is not suppressed by the fact that
b-quark is much lighter than the top quark. This
is a little bit surprising because using the chirality
argument one naively expects the calculation to be
suppressed by two powers of lighter quark mass (m})
with one from the Yukawa coupling and another one
from the propagator. However this mass factor turns
out to be cancelled by the fermion mass singularity
in the loop integral. In ref.17 we pointed out that
Weinberg mechanism may also provide appreciable
contribution to the Dy for models with CP violat-
ing left-right mixing. The diagrams can be obtained
by replacing the charged Higgs in the previous model
with the charged gauge bosons which contain the CP
violating mixing. In this case, the m, factor from the
Yukawa coupling is replaced by the gauge coupling.
As a result, left right models have the interesting fea-
ture that the lighter quark masses actually provide
an enhancement factor due to the mass singularity
in the loop integrals. In the supersymmetric model,
the particles in the loops are the gluino, squarks, and
quarks.11

The fermion mass singularity in the loop is of
course a signal that the corresponding fermion loop
should not be treated as a local operator above the
the corresponding fermion mass scale. The proper
way to treat this problem is to integrate out the t
quark and the W boson first which induces a color
electric dipole moment operator, as in eq(2), for the
b quark. This operator is then QCD corrected us-
ing the R.G. technique down to the b-quark scale.
The Og operator is subsequently induced after the
b quark is integrated out'®*®. Therefore to calculate
the QCD effect one needs the two by two anomalous
dimension(a.d.) matrix of the operators Og and O,.

A more useful basis of operators for the effective
Hamiltonian are Oy(u) = g,(1)*Oc(p) and Oy(p) =
9s(1)mg(p)Oq(p). The a.d. for O; was calculate in
ref™. Unfortunately, the sign of the answer was in er-
ror. Based on this wrong sign, Weinberglz concluded
that any model with CP violation in the Higgs sector
would require large finetuning to avoid the constraint
from the Dy through this mechanism. The correct
a.d.’s were later obtained”® with M1 = Y — 38 =
~12C4 for Oy and 423 = 74y — B+ = 4C4 — 16Cr
for (9222'21, where qg¢ is the a.d. for Og, 7,, is the
a.d. for O, and v, = —6CF is the a.d. of the quark



mass operator. For SU(3), C4 = 3 and Cr = . The
operator O¢ can induce the operator O,. This oper-
ator mixing is controlled by the a.d. g, = 2C4. If
one is only interested in Og at low energy, this mix-
ing is actually a higher order effect and can therefore
be ignoredls.

It was later pointed out'’ that all the above a.d.’s
. In fact
he had calculated the a.d’s of all the operators of

have been calculated before by Morozov’"

dimension < 8 except for the four fermion operators.
Some of the other dim.6 or 8 operators can have effect
as large as that of Og.“

The result 733 = —36 indicates that the opera-
tor Og is very suppressed by the QCD effect. This
suppression is most severe in the neutral Higgs model
of CP violation because Og is induced at the highest
scale. In spite of that, for resonable choice of CP vio-
lating parameter and Higgs masses, it can still result
in Dy as large as the experimental limit.?

The operator O, does not induce Og through
R.G. evolution. However, when one evolves below the
threshold of the quark q, O, induces an effective Og
through the matching condition at the threshold. In
the charged Higgs models or the left right models, O¢
is not induced until b quark is integrated out. There-
fore, above the m; scale, the QCD evolution affects
only the operator O, which has a much smaller sup-
pression factor corresponding to 422 = _—?. In fact,
for left right models, the my in Oy is m;. Therefore
setting 7m = 0 we have y = 3. Therefore, the QCD
effect is least suppressive for the left right models.

If the C P-violation comes from the neutral Higgs
boson mixing, the NEDM is estimated to be Dy ~
2.0 x 102 ¢ E (n)h(m: /M )(Im Z;) e — cm. Here,
Im Z; is the complex phase from the mixing be-
tween scalar and pseudoscalar Higgs bosons; the
function h(m¢/Mpy) is defined in Refs.}216,  For
u ~ 1 GeV, the QCD evolution factor, ngv,
is given by ~ 3 x 107%, and Dy is about 6.0 x
10~25ImZ, e — cm for m; ~ My. For the charged
Higgs boson case, ngD ~ 1073, Dy is about 3 x
10-%Im Z} e — em for my ~ Mpy+. Note that the
case for susy models'" is not very different from this
case. In the left-right models, assuming the right-
handed scale is around TeV, one has'* Dy ~1.59 x
10-19¢5Ep (1) f(me/Mw)sin€ sing e — cm, where ¢
and 7 are the left-right mixing angle and the CP-
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violation phase respectively. The function f(c) is
of order unityls. The QCD evolution factor is
(§8p(1GeV) ~ 1.5 x 1073, We have Dy ~ 2 x
10~*2sin ¢ sinn e — cm, assuming my ~ M. More
numerical details can be found in ref.5.

Another recent inspiring work is an observation
by Barr and Zee". In the neutral Higgs models of
CP violation, the usual one loop mechanism for D,
is suppressed by three powers of electron mass and
therefore negligible. Barr and Zee observed that this
suppression factor is a one loop level accident which
can be easily avoided by considering two loop con-
tributions. They showed that the resulting D, can
be eight orders of magnitude larger than the tradi-
tional one loop mechanism. There are three follow-
up calculations™ of this mechanism with basically the
same numerical conclusions.

Inspired by this observation, there are two recent
works® which applied this mechanism to the CEDM
of light quarks, D¢. It was found that this mechanism
may be more important to D than to D, because
the diagram involves three powers of QCD coupling
constant. Therefore it may also be the largest con-
tribution to Dy in some neutral Higgs models of CP
violation.

Finally we shall mention the recent developments
about electric dipole moment of W, Dw. The most
important physical consequence of Dy is again its
contribution to Dy. There are two operators that can
contribute to Dy. One of them is SU(2), breaking
and of dimension 4 and the other SU(2)r preserv-
ing and of dimension 8. Marciano and Queijeiro2
tried to analyze this contribution model indepen-
dently, they found that the upper bound for Dy of
order 10=% ¢—cm could be used to place a very strin-
gent upper bound on Dw < 107%° ¢ — cm. However,
they used only the dimension 4 term in their analy-
sis for simplicity. In addition, in order to tame the
divergence they have to postulate a form factor. It is
interesting to ask whether such a form factor is real-
ized in any model, or whether Dy can be larger than
the above bound so that it may still be possible to

measure directly in experiment.

Recent one loop analysi529 of various models of
CP violation showed that only models with right-
handed current contribute and only the dimension 4
operator is induced in that case. However, it is clear



that in models with two loop contributionsao, the di-

mension 6 operator will also be induced. It should

be interesting to see how model independent are the

form factors. -
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DISCUSSION

. X.-G. He (Univ. Melbourne): Comments: One
should also take into account long range effects
contribution to the neutron electric dipole moment
because the Weinberg three gluon effect is not always
dominant. (See our paper, He, McKellar & Pakvasa,
Int. J. Mod. Phys. A, 1991.)

. D. Chang: Yes, long range effects involving more
than one quarks can be important. It is also more
difficult to give precise predictions.

. G. Gollin (Univ. Illinois): 1. The Barr-Zee work
had d. = 4 X 10726 ecm. What modifications to the
standard model are incorporated in their model?

2. It used to be the case that ¢’/e imposed strong
constraints on extended Higgs models (~ 1983, as I

recall). Is this no longer the case? Can you get large
EDM’s but small values of ¢/¢ now?

. D. Chang: 1. Barr-Zee mechanism is particularly
effective in the Higgs-exchange mechanism of CP
violation in which the CP violation is due to charged
or neutral Higgs exchange. More than one Higgs dou-
blets are needed to implement this mechanism of CP
violation.

2. The charged-Higgs-exchange model of CP vio-
lation is still close to being ruled out. It survives
only because of the theoretical uncertainty involving
hadronic matrix elements. Yes, it is possible to play
with parameter to get larger EDM’s but still small
enough ¢’/e. For more constrained model like spon-
taneous Weinberg-Branco model, a new analysis is
underway.

. H. Nelson(CERN): A group at LBL asked to
report that the electron edm > 1.5.1072¢ at 90% CL.
a) Is the upshot that experiments on edm’s are
now considered for more sensitive to non-standard
models than before?

b) Is it possible to construct effectively superweak
models that have large edms?

. D. Chang: a) The experimental data on edm’s
of neutron and electron at the present level can
already put nontrivial constraints on the non-
standard models of CP violation.

b) It depends on what you mean by superweak
model. If superweak model is defined, as usual, as
a As = 2 interaction mediated by a heavy boson,
then its contribution to the flavor neutral processes,
like edn’s of e or n, is usually very small. So far, no
superweak model with large edm’s exists.
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PROBING CP VIOLATION WITH NEUTRAL B DECAYS
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ABSTRACT
Neutral B decays can provide a decisive test of whether CP violation is due to the known weak interaction. If this
interaction is indeed the origin of CP violation, then one expects large, cleanly-predicted CP-violating signals both in the
decays to CP eigenstates, and in those to a variety of non-CP-eigenstates. Methods for extracting theoretically clean in-

formation from the non-CP-eigenstates are explained.

The experimental study of CP violation
in the decays of neutral B mesons promises to
be a clean test of whether CP violation is due to
the known weak interaction. As is well-
known, if this interaction is indeed the source
of CP noninvariance, then this noninvariance
arises from complex phase factors in the
C(abibbo)-K(obayashi)-M(askawa) quark mix-
ing matrix. When elements of this matrix
occur at the vertices of some Feynman dia-
gram, complex phase factors in these ele-
ments give the diagram as a whole an overall
complex phase. If this diagram interferes
with another one, this complex phase can
make a difference and can lead to physical
CP-violating effects. In short, if CP violation
is due to the known weak interaction, then it
always comes about through an interference
between one amplitude and another.

In the decays of neutral B mesons,
there is a particularly interesting interference

which results from B° — BO mixing. Due to
this mixing, a B born at time t = 0 as a pure
| Bo> evolves in time t into a state 1Bo(t)>
which is a coherent superposition of 1B¢> and

I B%, and is given by

IBo(t)> = exp [—i(M—ig)t] X 1)

A A —
x {cos(Tmt) | BOY + iny sin(Tmt) 189 }.

Here, M, I', and Am are, respectively, the
average mass, common width, and mass dif-
ference of the neutral B mass eigenstates, and
M . .
Mum = exp(-2id o) is a phase factor in which

the Bo — Bo mixing phase, SglKM , depends
only on CKM matrix elements. Now, if f is
some final state into which both a pure |Bo>
and a pure |B% can decay, then as Eq.(1)
makes clear, both the amplitude wf=
<fITIBo and the amplitude w¢ = <f1 T | Bo>
will contribute to the decay of the time-evolved
particle |B%t)>. The interference between

these two contributing amplitudes can lead to
CP violation.
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If this interference is to be large, then
wr and wr obviously must be of comparable
size. Now, it was noted long ago [1] that if f is
a CP eigenstate with CP parity nr and
<fIT|B°> is dominated by a single weak decay

mechanism with one CKM phase SfCKM, then

Wf of
we = Nt exp(—2idogp )- 2

Thus, wf and wy¢ are of equal size, and the in-
terference is maximized.
From Eq.(1) and its analogue for the

time-evolved state | BXt)> which comes from
an initially pure 1B, it follows that the rates

for decay of Bo(t) and Bo(t) into a CP eigen-
state f are given (when one CKM phase
dominates) by

B > f] o lwe 12 e Tt x

x 19 ®)

. M f .
Here, of =nf sin [2 BcrMm +Ocxm ). The sin
(Am t) term arises from the interference

between the wr and W contributions to the
decay. Since this term contributes oppositely

to the Bo(t) and Bo(t) decay rates, it clearly vio-
lates CP invariance. Note that since both

M f
dckm and dpky depend only on the CKM ma-
trix, the coefficient of the CP-violating term,

af, can be cleanly predicted from a knowledge
of this matrix alone.

While the CP-violating effect in the de-
cay rates (3) can be large, studying it experi-
mentally will nevertheless require 108 to 109 B
mesons, simply because the branching ratio
for B decay to a typical CP eigenstate, like that
for B decay to most states, is small. Thus, the
challenge will be to accumulate the necessary
statistics. In view of this fact, it is obviously of
interest to ask in what ways one can relax the
requirement that the final state be a pure CP
eigenstate and still have a useful decay mode.
In this way, we might find useful modes with
bigger branching ratios. We might also find
modes in which the CP-violating effects are

of sin (Am t)}.



predicted to be the same as in related CP-
eigenstate decays. Combining the data on a
non-CP-eigenstate decay with those on a CP-
eigenstate decay which measures the same
CP-violating parameter will permit one to de-
termine this parameter with greater statisti-
cal accuracy from a given total number of B
mesons.

Let us, then, consider classes of final
states which are not CP eigenstates, but are
close enough to being such states to contain
large, cleanly-predicted CP-violating signals.
The first class consists of two-body states such

as yp® or D¥' D*, in which the particles are
either their own antiparticles or else the anti-
particles of each other, but in which both of
them have spin. Here, the final state is a CP-
self-conjugate collection of particles, but be-
cause of the spin it is not a CP eigenstate. To
see this, consider the example where both of
the final particles have spin S = 1. Since the B
is spinless, its two-body decays always yield
particles of equal helicity. Since CP reverses
helicities, in our S = 1 example the CP-eigen-
state final states are then 10,0>, 11,1> + {-1,-
1>, and 11,1> — 1-1,-1>, where the numbers
indicate the helicities. Clearly, the last of
these three possible states has CP parity oppo-
site to that of the other two. Thus, if the final
state is a mixture of all three of these states,
then it is not a CP eigenstate.

Nevertheless, a pure CP-eigenstate
component of the final state can be isolated
through angular distribution measurements
[2]. To see how, consider the sequence of
decays

B (1) > y) + K*Q)

l—'KS +7° (4)
where A denotes helicity. If we keep only those

events in which the K* decays to Kgno, then,
since the latter is a (CP-even) CP eigenstate
and CP is conserved in the strong K* decay,
the only component of the K* that can con-

tribute is the CP-even component K} = K*® +

K, Thus, the particles produced in the
primary decay of the sequence (4) do form a

CP-self-conjugate set. However, the yK7 state

is not a CP eigenstate because of the y and K*
spins.

Imagine, now, that one measures the
distribution in the angle 0g between the Kg
momentum in the K¥ rest frame, and the K}

momentum in the B rest frame. If the data
are summed over the momenta and spins of
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the decay products of the v, the 6 distribution
will be given by

dII(l_33 (t) - YK} — yKgno] )

dI[KIW)]

d cos Og
Since dI'TK}(0)] / d cos 6k = cos2 8k, while
dIMTK*@E 1DV cos 0k = (sin2 6g)/2, this distribu-

+
tion has the form @(t) cos? 0g + b (t) sin2 6,
where the coefficients a(t), b(t) correspond to a
parent Bo(t), and a(t), b(t) to a parent B (t).
Note that in this distribution the cos2 6g term
comes entirely from the yK} state with A = 0.

Since this is a CP eigenstate, Eq.(3) applies,
and we have

At) = TT BE) » wOK*0)] =

d cos 6g

=) I8 (9 >y )]
A

(6)

vK}
Sorm] @

cleanly-predicted CP-violating coefficient.
Indeed, since yK; has the same quark content

sYEE | 5 VKs
CKM ~ “CEKM:

MyKg> We then have QyK* = —OhyK - Thus, iso-

< e Tt {15 ayg+ sin(Am t)},

o 3 M
with ayk* = NyoK;© sinl2@cgy +

as yKsg, Since Ny)K}(©) = -

lation of the cos2 6K term in the 6g distribu-
tion selects the decays into a CP eigenstate
where the CP-violating coefficient is just the

opposite of the one encountered in B — yKg.
Hence, one may improve the statistical error

on this coefficient by combining the YK’ and
yKg data.

The error on the coefficient ok  as

determined from the yK¥data alone can be
reduced by not using merely the distribution
in Og but the joint distribution in all of the
(three) angles which describe the decay
sequence B — y+ K} — (e—e*) + (Kn°). (Here
we are assuming that the y will in practice be

detected through its decay to a lepton pair.) It
has been found [3] that by analyzing this joint

distribution, one can determine g, from
wKi data with an error just one-to-two times
that associated with determining this same

quantity from the simpler decay B — yKs.
The precise usefulness of the decay

mode B — \VK_’: depends, of course, on the ac-



tual CP-eigenstate or helicity composition of
the final state. If, for example, B — \yK: al-
ways yields the same one of the three possible
final CP eigenstates, then this decay has all
the advantages of any decay to a CP eigen-
state. Let us, then, ask what helicity composi-
tion we expect. The quark-level process which

dominates B® — yK is the b decay b —» c+c¢
+ 5. The ¢ and c then combine to make the .
To the extent that the ¢ and c are relativistic,
the ¢ has positive helicity, and the ¢ negative
helicity, due to the left-handed character of the
weak interaction. To make a v, the c and ¢

must go off in the same direction, so the con-
tributions of their helicities to the helicity of

the v cancel. Since the yis a cc bound state
with L = 0, there is no further contribution to
its helicity. Thus, to the extent that this sim-

plified picture is correct, the y produced in B
— YK} has helicity zero [2]. The final state is

then 1y(0)K}(0)>, which is a CP eigenstate, so
that B — ‘I’K: is a very useful decay mode.

To examine the y helicity structure ex-
perimentally, the ARGUS collaboration has

studied the inclusive decays B — vy + X.
Focussing attention on decays yielding a y of

high momentum, in which the undetected
system X will usually be a K* or K, the collab-

oration finds [4] that, to within errors, the y
produced in B — yK* does indeed have helicity
zero 100% of the time! Thus, B —» yK] does
yield a CP eigenstate. If this turns out to be an
accurate statement (the errors are still signif-

icant), then the use of angular-distribution in-
formation will not be important in studies of

Bo t) > \ny. A measurement of the time-

dependent rate will be enough [5]. Of course,
in other decay modes where nature proves
less generous, the analysis of angular distri-
butions will still be a powerful tool.

A second class of final states which are
not CP eigenstates but promise to be useful
consists of three-body states such as yKgno,
where the Kgn® pair need not have come from
a K*. Although vy, Kg, and 7° are all their own
antiparticles, the ywKgn° final state is not a CP

eigenstate because of the various angular
momentum possibilities. However, it can be

shown [6] that when the projection of the

spin along the normal to the B — yKgn° decay
plane has a definite value S, referred to as
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the transversity, the final state is a CP eigen-

state with CP parity —(-1)Sn . The B decays to
the CP-even states with S = +1 can be sepa-
rated from those to the CP-odd one with S, =0
by using the angular distribution of the decay
of the y [6,7], in much the same way as the B
decays to the yK; state with helicities zero can
be isolated by using the angular distribution of
the decay of the K* (cf. Eq. (5)). Once ITBS(t) —
Y(Sp=t1)Kgn®] has been separated from
H(Ea(t) — Y(Sp=0)Kgn°], one may write either
of these rates in the form of Eq. (3), with the
appropriate nr, and extract the CKM phase.

The transversity approach has now
been applied to a variety of three-body final
states [8].

The final class of promising final states
I would like to discuss [9] consists of two-body

states ajag in which a; and ag are mesons
which differ in JPC or mass, but have the
same quark content, qxqy. Thus, the state
ajag = (gx qy)(qx qy) contains a CP-self-
conjugate collection of quarks. Examples of
such a state are p*n— and D*'D™. As we shall
see, decays to such a state can involve a large,
cleanly-predicted CP-violating signal, so that
the state can be quite useful if it has a large
branching ratio. Furthermore, the branching
ratio for p*n—, for example, is indeed expected
to be larger than that for n+n—. These two
final states probe the same CP-violating CKM
phase angle, but while n*n— is a CP eigenstate
and has been the most commonly cited probe

of this angle, BR(B — n+n—) is predicted to be -
only ~2x10-5 [10].

As has been said, if the interference
leading to CP violation in BO(t) — fis to be
large, then the amplitudes wr and wf for
pure B¢ and B0 decay into f must be of compa-
rable size. Now, when f is a final state of the
type aja2 = (qx qy)(Qx qy), so that it is a CP-
self-conjugate collection of quarks, then each
diagram for B° — f has a simply-related ana-

logue in Bo— f. This analogue is just the CP-

conjugate of the B° — f diagram, except for the
way in which the outgoing quarks join to-
gether to make hadrons. For example, in the
decay of B° (a bd bound state) to p*n—, the
dominant diagram is a quark decay diagram
in which b—> u+u+ d. The u and d then

bind to make the p*, while the u joins the
spectator d quark to make the n—. The ana-



logue of this diagram in B°— p*n— is one in
which b - u + u+ d. The u and d then bind
to make the n—, while the u joins the specta-
tor d quark to make the p*. Since any B0 — f

diagram and its B°-s f counterpart differ only
in the last step where the outgoing quarks join
up to make hadrons, we expect the two dia-
grams to be of comparable size. In particular,

if some diagram dominates B° — f, then its Bo
— f analogue should be of comparable size and

dominate Bo— f. Then wr and Wy will be of
comparable size, as desired for maximal CP-
violating interference between them. Further-
more, since the weak interaction part of the B

— fdiagram and that of its Bo— f counterpart
are just CP conjugates of each other, the CKM
phases of the two diagrams are just equal and
opposite.

Let us suppose that one diagram, with

magnitude A, CKM phase SéKM , and strong

interaction phase o, does dominate B° — f.
Then its analogue, with comparable magni-

- f
tude A, CKM phase - 8¢y » and some other
strong interaction phase o, will dominate B®

— f. The amplitudes for the decays Bo f,
where T is the final state CP conjugate to f
(e.g., if f = p*n—, f=p-n+), then follow from

those for Boot by applying CP. We have in
all

<fITIBO> = A exp (i Shypy) exp i)
<fITIB> = A exp (4 8{3 ) exp (i0)
<TITIB% = Aexp (- Soxm ) exp (i)

Q)

<TITIBO> = A exp (i Spsgepy ) €xp (o) .
Inserting these expressions into Eq. (1) and its
analogue for the time-evolved state | BY(t)), we
find that the time-dependent decay rates (f‘)f (t)

= [¢f1T1 Boty|2 and T (1) = I(FIT1 Borey|2
for decay into f and f are given by
e = eTt) {c2A2 + 52A2 + 2¢sAA sin (Sw + o))
T = e-Tt) (c2A2 + s2A2 — 2csAA sin (8w + ag))

Ty = e-Tt) {c2A2 + s2A2 + 2csAA sin(dw — og)}

f—f = e(-Tt){c2A2 + 52A2 — 2csAA sin (Bw — ag))
(8)

A Am
Here, ¢ = cos (_Tm t), s = sin (—2— t), the weak
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CKM phase dw is 2 ( SIgKM + SgKM ), and the

strong phase agis o — a. Note that, apart
from their overall normalizations, the four
decay rates in Eqgs. (8) depend on three un-

knowns: A/A, s; = sin (8w + og), and s_ = sin

(dw — ag). By measuring the four decay rates,
one can determine these three unknowns.
From s, and s_, one can then determine sin

ow , the cleanly-predicted CKM quantity of
interest, by using the relation

sin 2 5w =
1
=5[1+sss- % V(1-5.2(1-52]. (9)
To be sure, this relation only determines sin

dw up to a four-fold ambiguity, but one can
still see whether any of the four candidate
values agrees with the theoretical prediction.
Alternatively, one can resolve the ambiguity
by studying a related decay to a CP eigenstate,

which may yield a value for sin 8w which is
less precise, due to limited statistics, but is
unambiguous. Note that while the four decay
rates of Egs. (8), unlike the rates for decay into
a CP eigenstate, do depend on an unknown

strong phase ag, the combined use of all four
of these rates enables one to test the theoretical

prediction for sin 8w without knowing ag.

In summary, CP violation in at least
some neutral B decays is theoretically very
clean in the sense that it depends only on
CKM matrix elements. To study this clean CP
violation will require a lot of B mesons, but it
is now clear that cleanly-predicted CP-
violating signals can be extracted not only
from neutral B decays to CP eigenstates, but
from their decays to non-CP-eigenstates as
well. By using both the CP-eigenstate and
non-CP-eigenstate decays, one will be able to
get more accurate results from a given
number of B mesons.
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ABSTRACT
Theoretical predictions for the electric dipole moment d. of the electron are briefly
reviewed in view of a new improved limit on d.. Moreover, the CP-odd weak dipole form
factor of the 7 lepton and observables which are sensitive to it are discussed.

INTRODUCTION

If the Kobayashi-Maskawa (KM) mechanism [1]
is the only source of CP nonconservation in Nature
then CP-violating and/or T-violating effects among
leptons are bound to be unobservably small. Ho-
wever, sizeable CP-violating interactions among lep-
tons are conceivable since they occur quite naturally
in extensions of the standard model (SM) (cf., e.g.,
[2] for a review). This, of course, is the motivation
for experimental searches: CP-odd or T-odd lepto-
nic observables, respectively, are “sensors” for new
CP-violating interactions. By far the best obser-
vable for this purpose is the electric dipole moment
(EDM) of the electron, because it can be determined
very precisely from experiments with heavy atoms.
T-odd quantities involving the muon can be measu-
red much less precisely (for a compilation, see [3]).
As to the 7 lepton: So far almost nothing is known
about T-odd quantities involving the tan. Since one
gets plenty of 7’s at the Z peak at LEP one can
do, however, some CP tests and measure CP-odd

correlations in Z — 717~ in the near future.
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ELECTRON EDM

The electron EDM d, is defined as the electro-
magnetic form factor of the electron which is P- and
T-odd in the static limit. A nongzero d. induces a
CP-violating effective EDM interaction in an elec-

tromagnetic field

(1)

i v
Hess = ideé(a’)U#V'YSe(‘E)Fﬂ (:c)

which reduces in the non-relativistic limit to Hy =
—d.o - E. This interaction, which induces a linear
Stark effect, is the basis of experimental searches for
d.. The best experimental limits on d. were obtai-
ned from the search for permanent atomic EDMs, in
particular of cesium and of thallium. The cesium [4]
and thallium [5] experiments make use of the follo-
wing results from atomic theory: If the electron has
a nonzero d., it contributes to the EDM of C's and

of T¢ in an enhanced way. Schematically one has

nuclear contributions.  (2)

dA———RAde +

Atomic physics calculations, using various approa-
ches yield R¢, ~ 120 [6-9] and Ry, =~ —600 [7,10-
12] with an estimated error on these enhancement

factors of order 10 %.



Obviously, if a nonzero d 4 for some atom should
be found, elaborate theoretical input would be ne-
cessary to pin down its origin. So far only d4’s consi-
stent with zero have been measured. It is customary
to deduce from these measurements upper bounds
on the electron EDM and on the nuclear contribu-
tions barring accidental cancellations between the
different contributions in (2). In this way the Am-
herst group [4] obtained d, = (—1.5+ 5.5 £ 1.5) x
10~2%ecm. The Berkeley group using T£ recently
reported [5]

de = (~2.7£8.3) x 107 *"ecm

(3)

which yields a limit on |d.| which is almost an order
of magnitude smaller than the previous limit. It is
the most precise laboratory determination of a par-
ticle EDM so far. In order to appreciate this number
one should note the following. Eq. (4) implies that
|del, if nonzero at all, must be smaller than about
10710 times the length scale set by the inverse Z bo-
son mass. M;' =~ 2 x 10~ cm is roughly the scale
up to which the electron is known to be pointlike.
Below that scale the electron might have an asym-
metric charge contribution, i.e., a nonzero d,. At
this level of sensitivity d. provides — as the experi-
mental limits on the neutron EDM — an important
constraint on non-standard models of CP violation.

Finally, an experiment using TZF [13] obtained
de = (~1.4 + 2.4) x 10~ **ecm. This group also pu-
blished in {13] new limits on P- and T-odd

(semi- Jhadronic interactions and on dpyo10n-

MODELS OF LEPTONIC CP VIOLATION

Which CP-violating forces can generate an ob-

servable d. # 07 First two rather general state-
ments. 1) In renormalizable theories of CP viola-

tion d. must be induced by loop diagrams as the
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interaction (2) is nonrenormalizable. 11) Since the
interaction (2) flips the electron chirality, d. # 0 re-
quires chirality-flipping terms (notably fermion mass

terms) in the Lagrangian of the theory.

As to models: Generation mixing among lep-
tons has not been observed yet. Therefore CP vio-
lation & la KM in the lepton sector of the 3 genera-
tion SM is not expected to yield observable effects.
In fact this mechanism — if it exists at all — leads
only to unobservably small leptonic EDMs. In the
SM with mass-degenerate neutrinos there are no ele-
mentary CP-violating couplings. Nevertheless CP-
violation may be transferred from the quark sector
to the lepton sector via W boson exchange. The
effects are expected to be tiny as they necessarily
involve higher loop orders. It has been argued [14]
that this leads to a nonzero d. at 3-loop order and

a calculation yields [14]

|delsar S 1.4 x 107 ecm

(4)

using that the mass of the ¢ quark m,; < 200 GeV.

In many extensions of the SM CP-violating for-
ces among leptons occur quite naturally (in parti-
cular, there can be CP-violating interactions which
have nothing to do with generation mixing) and ge-
nerate a nonzero d. at 1-loop order through the am-
plitudes depicted in Fig. 1. The boson B must
couple both to e, and eg with complex couplings
g1 and gg, respectively, such that Im(g;g%) # 0.
Moreover, F' must provide the chirality flip. One

may distinguish between two types of models:
Flavor-changing models

In these models d, is generated through the am-

plitudes of Fig. 1 where F is a fermion from a higher

generation. Examples include leptoquark models,

where B is a leptoquark boson and F is a quark



L
(a) (b)
Fig. 1: Generic 1-loop diagrams which can generate a

nonzero d.. F(B) denotes a fermion and a bo-

son of spin zero or one, respectively.

and flavor changing Higgs model where B is a neu-

tral Higgs and F is the 7 lepton. These models can

generate |d.| 2 10~ 27ecm; therefore, (3) provides a

non-trivial constraint. It is amusing to note that in

leptoquark models of CP-violation it is likely that

|de| 2 |dneutron|- (CL., e.g., [15,2].)
Flavor-conserving models

This denotes models where the most significant
1-loop contribution to d. comes from Fig. 1 with F
being not necessarily from a higher generation. Po-
pular examples are i) Supersymmetric models: Here
F is e.g. a neutralino (i.e., photino 4, zino,...) and
B a selectron é (or F=chargino, B= sneutrino). CP
violation specific to SUSY can arise as follows. Neu-
tralinos, being Majorana particles can have complex
mass terms, e.g. m4 = |ms|exp(igy). In the basis
where the ¥ mass is real, this phase is shifted into
the €e” interaction. Moreover the &5 — ég selec-
tron mixing parameter 4 will be in general com-
plex: A = |A|exp(i¢a). There is not general reason
why these phases should be small. These and other
“SUSY phases” generate fermion EDMs [16] at 1
loop irrespective of generation mixing. Assuming

that |ms| =~ |4] ® m: =~ 100GeV (suggested by

“naturalness”) one gets for the photino contribution
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to d.:
3
sin(¢pa — ¢, )ecm.

(5)

i ~10-75 (100GeV>

lms|
This and other contributions to d., and moreover
the more stringent corresponding analysis for the
neutron EDM, where gluine contributions dominate
[16-18] indicates a problem for SUSY models: SUSY
phases must be small for phenomenological reasons

but what is the theoretical reason for it?

i1) Left-right-symmetric models. Here F is the
electron-neutrino (more precisely: the light v.r, slightly
mixed with a heavy N.r) and B is the lightest mass-
eigenstate W boson W; or W, which are mixtures
of Wi, and Wk [19,20]. A nonzero d.at 1 loop requi-
res in addition to W — Wx mixing also a complex
Dirac neutrino mass up but no generation mixing.
One gets

d, =2 x10"%*F (%) sin(2¢) (f_;n_[%) ecm
(6)
where F = O(1) and for the W — Wg mixing pa-
rameter ¢ one has the phenomenological constraint
|sin2¢] < 0.008 (cf., e.g., [2]). That is, d. could
be as large as a few times10~%"ecm in these mo-
dels, but then right-handed charged weak currents
should show up somewhere else, too. For Higgs con-
tributions to d. in these models see [19,21].

iil) Higgs models of CP violation. The simplest
of these models which is phenomenologically viable
is the 2 Higgs doublet extension of the SM with na-
tural flavor conservation at the tree level. The spec-
trum of physical Higgs particles consists of a char-
ged Higgs H* and 3 neutrals: h, H with CP parity
+1 and A with CP parity -1. In general the scalar

self interaction will contain terms which induce CP-
violating mixing [23] of b, H with A (unless forbid-

den “by hand” by imposing a discrete symmetry).


file:///de/Z/d

No a priori reason is known why this mixing should
be suppressed. It leads to 3 neutral mass eigen-
states ¢;(¢ = 1,2,3) with undefined CP parity; i.e.
they couple both to scalar and pseudoscalar quark
and lepton densities with coupling proportional to
the fermion mass. That is, besides the KM mecha-
nism, this model has also CP violation which is not
connected to generation mixing and which leads to
larger effects for heavy flavors. At 1-loop d. is ge-
nerated by Fig. 1b, where B = ¢; and F = e.
It is very small, d, ~ Gpmg/lﬁﬂ'zmi ~ 107 3%eccm
(where ¢ is the lightest Higgs); 2 powers of m, re-
sulting from the dee couplings and one power from
the chirality flip. However, it has been recently ob-
served [24] that this suppression is overcome for a
class of amplitudes at 2 loops: At 1-loop yv¢ verti-
ces are induced by virtual £ and W particles which
in turn generate a 2-loop EDM d. ~ m,.! This ef-
fect was calculated in [24] for the model where one
doublet couples to up-type quarks, the other one
to down-type quarks and leptons. In subsequent
publications the W-loop contribution was treated
more-carefully [25] and other relevant contributions
were calculated [25-27]. Definite numerical predic-
tions are hampered by unknown parameters. Even
if one assumes that the lightest ¢ dominates the
effect d. depends on 4 unknowns (asuming m, =
O(120 GeV)) : my, the ratio of vacuum expecta-
tion values |v; /v;| and the dimensionless parameters
Im Zy and I'm Z; measuring CP violation in Higgs
mixing [28]. Taking |v2| >> |vi| and |ImZ| near
its upper bound of abecut |v2/2v1] [28,26] one gets
ImZy ~ —ImZ,[28].Choosing e.g. |vs/v1] = 10 and
m¢23mpy results in [de|Z2 x 10~ %®ecm [25,26] which
is in conflict with the experimental upper limit re-

sulting from eq. (3). Ref. [26] points out that for

other parameter values |d,| is likely to be somewhat
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smaller even if CP violation is maximal: namely, if
2my S Mg; S 1TeV (i=1,2,3), |delmazr 1s of order
a few x 10727 ecm at |vz /v,| = 10. This is because
d. = 0 if the ¢,(: = 1,2, 3) are mass-degenerate, due
to sum rules for the CP-violating parameters [28].
Nevertheless, improvement of the limit (3) by about
a factor of 10 would place a stringent constraint in

particular on this kind of CP violation.

DIPOLE MOMENTS OF ¢ AND 7

The EDMs of the 4 and the 7 could be substan-
tially larger than d. depending on whether d; ~ m}
with p > 1 [2,22]. In the Higgs model discussed
above (d;)1_100p ~ ™}, whereas (d¢)2-toop ~ M-
Even if one assumes that d. = 10~ ?%ecm, this mo-
del then does not predict d, and d, large enough
for being measurable in the foreseeable future. A
value somewhat larger than for d, results for the
CP-violating weak dipole form factor (WDM) d, =
d.(m?) which can be present in the Z77 vertex and
can be measured at LEP with some precision [29].
~ —2.6-

One obtains in the 2-doublet model that d,
V [30]. Va-

10722 5in? BImZy ecm for my = 100 Ge
lues la?,[ > 10720 ecm can be obtained in specific
leptoquark-type models of CP violation. So far one
knows from comparing the contribution AT(Z —
7t77) ~ 2(m.d,sece/€)?/3 (in GeV) [31] with (T.5;
I'sar) one obtains IJ.,I < 6.5x10717 ecm (1s.d.)[32].
A much more sensitive determination of d~, can be
made by measuring CP-odd tensor correlations [29]
inZ - vt 7 = wu., v — fv,, ete., at the Z

peak at LEP; e.g. the CP-odd tensor

~ ~

Ty = (4 —G-)in; + (i & )

where ¢4; are the Cartesian components of the mo-

mentum directions of 7% or ¢* and & ~ (4+ x q-).

The expectation values < T >~ d, have been cal-



culated for 7 — ,{,p [33] and one expects a sen-
sitivity 6((L) ~ (2 ~3)x 10718 ecm if 1072’s are

produced.

SUMMARY

Experimental data on the eleciron EDM have
become — like those for the neutron EDM — an
important touchstone for non-standard models of
CP violation; notably for supersymmetric and Higgs
models. Further improvement of the experimental
sensitivity would be highly desirable, as it will help
to answer the question whether CP-violating forces
other than those generated by the KM mechanism
play any role in Nature or not. The EDMs d,,,d,
and WDMd, might be considerably larger than d..
However, the precision with which these moments
can be measured at present is 7-8 orders of ma-
gnitude smaller than for d.. Nevertheless, it seems
worthwhile to (continue to) measure these moments,
too, and try to find means which enhance the sensi-

tivity to them.
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DISCUSSION

Q. B. McKellar (Univ. Melbourne): Comment: CP
violation of nucleon is also important. One needs to
study these effects in order to get correct bound on
the electron electric dipole moment.

A. W. Berneuther: Yes. If there are enhancements

on the CP violating nucleon effects. There are diffi-
culties to extract electron electric dipole moment.



TRANSVERSE POLARIZATION AS A PROBE FOR
CP-VIOLATION FROM NEW PHYSICS~

_C.P. BURGESS and J.A. ROBINSON
Physics Department, McGill University, 3600 University Street
Montréal, Québec, H3A 2T8, Canada.

ABSTRACT

We use the effective-lagrangian formalism to examine the effects of CP-violation from outside the standard
model at LEP and HERA. We then define a simple observable that may be defined when the initial electron
beam is transversely polarized, and systematically determine which effective interactions can contribute to
it. We find that for a wide class of theories, the observable only gets contributions from a single CP-violating
electron-gauge boson coupling within the effective theory. We conclude that detectable CP-violation from

this source may be observable at LEP or HERA.

I. INTRODUCTION

The spectacular success of the standard model
suggests that the energy scale of the next level of
new physics is likely to be high compared to those
currently experimentally accessible. This invites
the application of effective-lagrangian® techniques
to exploit this large ratio of scales. Since the stan-
dard model is itself the most general renormal-
izable theory consistent with its particle content
and gauge symmetries, its success can be under-
stood as simply being the consequence of the scale
of this new physics being so large.

The biggest uncertainty faced when writing
down a general effective lagrangian is the ques-
tion of whether to include the Higgs particle. The
least model-dependent attitude would be to not
introduce an elementary Higgs particle, but to
merely require that the effective theory include
the Goldstone bosons associated with the spon-
taneous breaking of SUr(2) x Uy(1). In this
case only the unbroken SU.(3) % U.m(1) subgroup
need be linearly realized. The alternative ap-
proach is to linearly realize the full standard-
model gauge group, SU.(3)x SUL(2)xUy(1) , and
include symmetry-breaking effects through the ex-
plicit dependence of the effective lagrangian on
the Higgs field(s). This method has the advantage
of incorporating the additional information that
the order parameter of the electroweak symmetry
breaking is one (or several) SUL(2)-doublet(s).

*Work supported by NSERC of Canada and les fonds
FCAR du Québec.
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The apparent reliance on the existence of a
physical Higgs boson in the second of these tech-
niques is illusory to the extent that propagating
Higgs degrees of freedom are not important for the
processes under consideration. In what follows the
Higgs field only contributes through its vacuum-
expectation-value (v.e.v.), and so just plays the
role of order parameter for SUy(2) x Uy(1) break-
ing.

We ask here whether upcoming experiments at
HERA? or at LEP/SLC? are likely to detect
any of the CP-violating terms that can appear as
dimension-five and -six effective interactions. The
goal is to determine whether an visible signal (in
as simple an observable as possible) can be consis-
tent with other bounds, in particular those due to
limits on electric dipole moments for elementary
fermions. More details of the arguments and cal-
culations described here may be found in Refs. (2]
(HERA) and [3] (LEP/SLC). A summary of these
results with a review of the effective-lagrangian
formalism is given in Ref. [4]. Further applica-
tions to W* and Z° moments appear in Refs.

[5].

In searching for signatures of CP violation, we
take advantage of the fact that transversely po-
larized electron beams are expected to be avail-
able at both ep and e*e™ machines in the near
future.® Consider, then, a two-body process such
as pair production, e*e™ — ff, at SLC or LEP,
or deep-inelastic scattering, etp — £f, at HERA.
Given initially transversely polarized electrons or
positrons a convenient observable consists of the
asymmetry defined as the difference: dA(p;,s;) =



do(pi,8:;) — do(—p;:, —s;), in the differential cross-
section before and after reversing all momenta and
spins. An integrated version of this observable
is given in terms of the integrated luminosity, L,
by: A = LA. It may be defined operationally as
the difference between the number of final-state
fermions, f, detected on either side of the plane
defined by the initial transverse spin direction and
the colliding-heam axis—or, equivalently the dif-
ference between the number of such fermions ap-
pearing out of one side of this plane as the initial
electron polarization is reversed.

This observable is sensitive to time-reversal-
odd interactions because time-reversal reverses all
three-momenta, p;, and spins, s;. Strictly speak-
ing, however, the observation of a nonzero dA
need not signal the presence of T-violation be-
cause the action of time reversal would run the
reaction backwards as well as flipping all momenta
and spins. As a result the potential effects of
any T-preserving interactions must be carefully
considered when considering such triple products.
This type of background turns out to be negligibly
small within the standard model.

A great simplification arises once we focus only
on those terms in the effective lagrangian that
can contribute to d4. In this case all but two
of the many effective operators are suppressed
in their tree-level contribution to dA/d8d¢ by
powers of light quark or lepton masses. This
claim is justified in more detail in refs. [2] and
[3]. The two effective interactions that can ap-
pear may be written (up to integrations by parts
and field redefinitions) as a linear combination of:

Lw = w [(LPaD*E) Du¢] + cc. and L, =

;;/\., [g1 B,. (f‘y‘“’PRE) ¢] + c.c.. In our conven-
tions, the CP-odd part of these interactions is pro-

portional to the imaginary part of the coefficients,
Aw and A,.

Im A, is strongly bounded by the electron
e.d.m.(see below). The contribution of the re-
maining operator® to dA (in the CM frame) are
easily computed, and are summarized for LEP in
the following table:

Fermion: rtr- cc bb
SM Events, (N x 1078): 6.5 24 31
Asymmetry (A x 107%): -6.1 -97 -170
A/N x 103 0.94 4.0 5.5

Table {1): Integrated Asymmetries at LEP
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This table assumes Aw = (400 GeV)~? and an
integrated luminosity of 7 L = 4.8 . 10% pb~! at
LEP. The smaller luminosity at SLC makes it is
impossible to distinguish a signal from standard-
model statistical fluctuations.

In order to quantitatively estimate how big Aw
must be to be detectable at LEP let us assume
that the systematic error in the measurement
of the asymmetry, A, in the lepton- and heavy-
quark-production cross-section can be reduced to
0.1% of the total cross-section. Systematic errors
of roughly this size are expected® for LEP mea-
surements of the forward-backward asymmetry,
Argp. In this case the two-jet asymmetry would
be just visible at the 2-o level above background
provided that: Aw > (570 GeV)™?, for up-type
quarks; and Ay > (660 GeV)™?, for down-type
quarks.

The tree-level expression for the asymmetry
in e"p collisions may be similarly found®?. We
have numerically integrated these expressions us-
ing Aw = (400 GeV')~2, and a HERA luminosity
of 200 pb~!. The charged-current signal is greater
than twice the standard-mode; statistical back-
ground if: Im Ay > ( in e~ p collisions

and Im Ay > (

—1
600 GeV )

2
—1 1. +
330'Gev) ; for e¥p.

Should a nonzero asymmetry be observed there
are several ways to determine whether the effec-
tive interaction, Lw, is responsible: (a) The an-
gular (6- and ¢-) dependence of the asymmetry
at LEP, or the z- and Q*-dependence at HERA,
must be as predicted since the only unknown pa-
rameter, A, enter into these expressions through
an overall multiplicative factor. (b) If both the
electron and positron beams at LEP are trans-
versely polarized then the asymmetry must be
proportional to the difference between electron
and positron polarization, s,- — s.+. At both
HERA and LEP A must change sign with the ini-
tial polarization. (c) SUL(2) x Uy(1)-invariance
implies that the effective interaction, Ly, also
predicts a CP-violating electron-photon-Z vertex
which might be detectable through asymmetries
in the process ete™ — ffy or etp — £fy.

The main question is whether Im Aw of this size
is consistent with other experimental bounds. By
far the most restrictive bound is the present limit
on the intrinsic electric dipole moment of the elec-
tron: d. < 1.5-107%6 (Berkeley® ), d. < 1.2-10-%
(Ambherst!® ). Other observables, such as limits on



triple-product correlations in p-decays, or limits
on deviations from standard-model predictions of
Z° partial widths, T(Z — ff), are not sufficiently
sensitive to significantly constrain Ay.

The e.d.m.-bound completely eliminates the
coupling Im X,. This is because although many
effective operators can contribute to the electron
e.d.m., they cannot cancel the effect due to Im A,
without undermining perturbation theory in our
small expansion parameters—the small gauge and
Yukawa couplings. Since Im ), is the coeffi-
cient of the sole operator that contributes to d,
at tree level and to leading order in m./v it
must be bounded to be smaller than: Im ), <

(10° TeV)~2,

The remaining coupling, Im Aw. is only one
of several interactions that contribute to d, at
one-loop and at leading order in m./v and so
its contribution to the electron e.d.m. could po-
tentially cancel with others in at this order. If
we assume that each of these operators is sepa-
rately bounded by its individual contribution to
the electron e.d.m. we derive a bound of: Im Ay <
(10 TeV)~2. This would be sufficiently strong to
rule out any observable asymmetry at all at either

LEP or HERA.

It should be borne in mind, however, that this
bound would not apply if the contribution of
Im Aw to d. should cancel with that of another
operator of the effective lagrangian. Indeed, the
occurence of such cancellations tell us a great deal
about the symmetries and selection rules of the
underlying theory. In the present instance this
would require a cancellation of the contribution
to within a little better than the percent level.
Although a cancellation to this accuracy appears
unnatural in the effective lagrangian approach, it
need not be within the context of a specific model
where the effective couplings are all determined in
terms of a small number of underlying parameters.
The most famous example in which this occurs is
the standard model itself where the cancellation
reflects the GIM mechanism of the underlying the-
ory. The observation of the asymmetry described
here would point to similar cancellations at work
at the scale of new physics.
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DISCUSSION

Q. Kam-Biu Luk (UC, Berkeley, LBL): If I under-
stand you correctly, you are using triple-product to
look for CP violation. If so, how will you com-
pare your approach with semi-leptonic decays, for
instance, beta decay of kaon?

A. C. P. Burgess: Yes, it is a triple-product test for
CP violation. Semi-leptonic decay of kaon invol-
ves light masses that do not give good limit on the
parameters in the lagrangian. Other decays like Z°
decay give comparable constraints on the parameters
as from the electric dipole moment of the electron.

1258



DIRECT CP VIOLATION IN K1 s — 2y TRANSITIONS FOR AN ARBITRARY TOP MASS *
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We study short-distance contributions to K°(K°) — vy within the standard model for large m,, including QCD
corrections. Owing to a relaxed GIM suppression, CP violation in the decay amplitude (direct CP violation) turns
out to be more important than previously thought and might be of order 20% of that coming from the mass matrix
(indirect CP violation). This leads to rare K, s — - decays as potentially interesting candidates for testing direct
CP violation at LEAR and & factories. Still, it does not seem to be achievable by the luminosities foreseeable for

forthcoming @ factories.

1. INTRODUCTION

The results of two existing experiments from CERN
and FNAL ! on direct CP violation in K, — 77 decays
disagree. Also, theoretically, the SM prediction forfé is
rather sensitive to the yet unknown value of the top mass
2 Therefore, a study of other rare decay-modes might
decide both on the existence of direct CP violation and
possibly give an insight into "new physics”. Some time
ago, two of us 3 discussed Kps — 27435 a possible

has been revived in the light of the current proposals for

candidate in this respect. More recently ¥, this process
® factories and a significant increase in the lower bound
on the top mass.

The possibilities of observing CP violation in
K15 — 27 were discussed before 5 and after the ad-
vent of gauge theories 6.7 Quite surprisingly, both the
rates and the CP-violating amplitudes were attributed
to long-distance (LD) pole contributions. Since these
suffer from a substantial uncertainty (owing to n — 1f
mixing 8), we continue the previously initiated
of short-distance (SD) CP-violating amplitudes.

The hope that one could tell direct CP violation from

study

signals in K s — 2v arose from the measurement of
the partial Ks — 2+ lifetime which does not overwhelm
K; — 2v. Measuring the time-dependent asymmetry
of K° and KO intensities at LEAR and & factories could
then determine the direct CP-violating parameter €.
an analogue of the parameter ¢, = ¢ of the 27 decay

mode:

* Presented by I. Picek
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A(Ks = 7v(-))

= = = ! . (11
N = Ny(-) A(KL = (=) €+ o) (1.1)

A similar parameter for C P = +1 photons is esentially
determined by indirect CP violation 9

2. 1Pl AMPLITUDE FOR AN ARBITRARY TOP
MASS
Here we consider the CP-violating part of the elec-
troweak sd — vy(—) amplitude for an arbitrary heavy
top quark. For this purpose, we take under scrutiny the
full set of electroweak diagrams shown in Fig.1.

Y Y
1 et i » ] ﬁ
s vJ d

{ay)

"ﬁv }*w é\ ?

(b1) (b2) (b3}

Fig.1 Electroweak Feynman diagrams contributing
to sd — yy(—) in the R gauge .



These diagrams were considered by Gaillard and Lee
6 for the CP-conserving amplitude. In the light-quark
approximation m? < miy, they found that diagram (al)
of Fig.1 was most important. In ref. 7 the result of
ref. 0 was implemented for the CP-violating case and
a negligible SD CP-violating amplitude obtained. By
calculating diagram Fig.1(al) for arbitrary quark mass,
we find that this result of ref. 7 is completely changed.
We then calculate all the other diagrams in Fig.1 and,
finally, consider the role of QCD corrections.

The amplitude to lowest order in photon momenta,
with CP = —1, has the form

GF Oem
M(sd — 04 Ay Ag)
( N=F (X
el ¢ ey, (ky — kz)a(dL’YﬁSL) , (21)

where A, = Vo, V2% (¢ = u,c,t) is the appropriate KM
factor and G'p is the Fermi coupling constant. The po-
larization vectors and the momenta of the photons are
denoted by ¢; and k; (j = 1,2), respectively. Using
the relation A, + A, + A; = 0, we decompose the con-
tributions into CP-conserving and CP-violating parts as
follows:

S AgAg = M4y — A) ~

q=u,c,t

M(Ac—Ay) . (2.2)
The CP-violating quantity €y(—) defined in eq.(1.1) re-
quires calculation of the one-particle irreducible (1PI)
contributions to A, and A; via the electroweak Feyn-
man diagrams represented in Fig.1.

The result for the CP-violating amplitude Agw =
A, — A; in eq.(2.2) is depicted in Fig.2 for an arbitrary
top mass.

Agwlmy)

0.8t
06+
04

0.2+

mq (GeV)

Fig.2 Behaviour of the 1PI amplitude Agw(m;).
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For m, in the range 70 GeV < m; < 200 GeV, we
find
AEw(mt) ~ (23)
Using the 't Hooft-Feynman gauge for the W-boson.
propagator we obtain for the first diagram (al) in Fig.1
Mg > m? > mk:

AZD =[(~5) ~ (=),

The two terms in the parentheses correspond to the c-

+0.4 to +0.8.

for m? =

(2.4)

and t-contributions respectively. This result differs from
the result ~ 10~ m% /m? from ref.9.

In the neutral kaon decay at hand, the QED gauge
invariance for the physical,
hadronic level , can be achieved by employing the matrix
element of the quark current in eq. (2.1). For the un-
derlying quark process under consideration, within the 't

on-shell process at the

Hooft-Feynman gauge, diagram (cl) is most important
and gives a positive contribution, such that the total
contribution is positive, as shown in Fig.2.

It has been explained in a series of papers 10 that
when the expression for a diagram is written as a loop
integral over virtual (squared) loop momentum p%, QCD
corrections may be obtained in a rather intuitive way.
Using these methods gives us that the dominant QCD
correction is accounted for by effectively making the fol-
lowing replacement of the charm contribution (—4/9) in

eq.(2.4):

+a(i-n(m2)
(25)

44 4 .
—g = 1t5(1-2) — g(1-2q(m;)) = -

where

n(i?) = 2C4(k?) - C_(4?), (2.6)
and C.(p?) are coefficients of the well-known effec-
tive non-leptonic hamiltonian 11, giving n(m?2) ~ —0.1.
Thus A2 changes sign when QCD corrections are taken
into account.

We find that the important contributions from other
diagrams are all dominated at momenta p* ~ M2, ~
m:. Thus, for all contributions except the one for (a1),
QCD corrections should be rather small for m, ~ My .
For m; = Mw we obtain

My) = Apw(m; = My)
8
+§(1 —n(m?)) ~ 14,

Agwigep{m, =

(2.7)



what represents an increase by a factor of ~ 3 over the
pure electroweak amplitude, Agw(m; = Mw)
0.46 .

Replacing (A, — Ac) in (2.1)-(2.2) by the empirical
value A.mp =~ 3.66, needed to reproduce the total rate
for K1, — 7+, we obtain

— 25 A

a._

’ _ Im(/\,) AEW+QCD Im(/\t)
(fw(—))sD - Re(Ay) Aemp 0.39 Re(\,) ’
(2.8)
where the numerical value corresponds to m, >~ My.

This implies that even for the modest value m; = My
the direct CP-violating amplitude might be 20% to 30%
of that coming from the mass matrix.

To conclude, we have presented a calculation of
SD contributions to the sd — 7y(—) transition for a
heavy top. The diagrams in Fig.1 are shown to be much
more important than previously thought. The exam-
ple of the rather on-shell &5 — ~y(—) quark process
in the B meson shows the cancellation of the 1P| and
1PR contributions 12. However, the off-shellness of light
quarks in the kaon leads to survival of the unsuppressed
K15 — (=) amplitude presented here.

In our opinion, therefore, the processes K; s —
2y(—) considered in this paper are potentially good can-
didates to be tested at LEAR and forthcoming @ facto-
ries. However, there are essential differences between
these two facilities. Firstly, there is an enormous dif-
ference in tagging efficiency. Secondly, two-photon de-
cays of kaons are suppressed (almost rare) modes, which
further compensates the original nonsuppression by the
AI = 1/2 tule. In order to achieve the measurement
accuracy of 1/10 in €,,_), one would need 10*® par-
ticles per year (in comparison with 10 events needed at
LEAR). In contrast, the optimal integrated luminosity of
10%° over 100 cm can give only 10'°® particles per year.
Thus, it is a pity that the advent of the LHC facility
at CERN seems to close the search of K1 s — vy at
LEAR, the best place to measure direct CP violation in

Kps— v
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