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1. Introduction

Basic progress in the understanding of the properties of the fundamental
interactions has been typically achieved both by pioneering observations at the
highest available energies and by high accuracy measurements at much lower
energy. Higher order corrections to the values of physical parameters are typically
sensitive to very large energy scales. Precision measurements of such parameters
can therefore reflect the appearance of new physics at those scales. Well known
examples are the electron anomaly which led to QED and later the muon anomaly
which, when measured to accuracies of one half part per million, can reflect the

existence of new interactions and particles up to 1-10 TeV.

Another example is provided by the study of K—meson decays, especially
the neutral one, which has played a fundamental role in the development of
the Standard Model, from the initial hint that parity is not conserved in weak

{1]

interactions,” to Cabibbo mixing™ and the absence of flavor changing neutral

currents which led to the GIM mechanism suggestion."

K decays have thus far given us the only proof of the existence of CP violation.
More than two decades of study of these decays have not quite yet completely
elucidated the origin of CP violation. In particular it’s not yet clear whether CP
violation is only present in the mass terms (AS = 2) or in the decay amplitude
(AS =1) as well. In other words we do not really know whether the ratio € /e
vanishes or not. Studies of the well prepared quantum state KgKg as produced
in the decay ¢ — KEKg, where the ¢ meson is produced at rest in the laboratory
frame, in eTe™ annihilations, promise the possibility of new precise measurements
of the CP violation parameters. Such studies require a high luminosity ete™

collider, the so called “¢-factory”.

In the following we discuss the physics capabilities of a high luminosity ete™
facility with /s = 2E ~ 1 GeV, where E is the energy of the colliding beams,
and the minimal requirements for a suitable detector after first briefly reviewing

physics issues and experimental implications. An ete~ collider operated at /s =



M(4) allows measurements of € /¢ of better statistical accuracy than achieved so .
far, using high energy neutral kaon beams, if the luminosity of the machine is
% 1 % 1032, Moreover, systematic errors can be controlled much better than in
present experiments, thanks to the clean initial state and the over—constrained
kinematics. It’s quite unlikely that the present experiments will ever be able to
push their systematic uncertainties below ~ 3% 107* while the approach discussed
in this report gives good promise of a definitive measurement of € /e or, at 1ea,s.t,

an upper limit considerably smaller than the present one.

We also note that if the eTe™ facility were to provide luminosities in the range
£ =1-2x10% cm~2? sec™! a completely new field of opportunities would open
up regarding the study of CP violation in Kg decays, hardly feasible with Kg

beams.

At £ =1—2x 103 cm~2 sec™!, many other interesting physics topics can
be investigated at'a ¢-factory. While CP violation effects remain the major

physics aims, in this report we will also discuss:

1. Measurements of the ete™ total cross section up to energies of 1 GeV to ob-
tain the hadronic contribution to the photon propagator spectral function,
of interest in the evaluations of the muon anomaly.

2. Search for rare K decays, another field of great interest where observations
of very small decay rates reflect on new physics at large energy scales.

3. Improved limits on the v, mass, of great interest especially in view of the
new recent limits on neutrino species.

4. High statistics study of the 7 and/or n' mesons, in particular better deter-
mination of their mixing.

5. High statistic study of low lying narrow states, in particular a better un-
derstanding of the nature of the S*.

Each of these measurements will require particular. abilities from the exper-

imental apparatus. The optimiéation of the detector for the ¢-—factory must



however be performed in such a way that most of the experiments can be carried
out with the same detector, since the design of the high luminosity collider is
based on a single interaction region. Ultimately the most demanding task is that

of the measurement of ¢'/e.

2. Physics Goals
2.1 CP VIOLATION IN THE KAON SYSTEM

CP violation is one of the most interesting phenomena in the entire field of
particle physics. The existence of CP invariance violation was first established
experlmentally in kaon decays in 1964" but its origin is not completely clear.
The “Standard Model” with three generations of quarks, allows for a free phase

in the quark mixing matrix.”

This offers an automatic, built in, possibility
for the existence of CP violation, without however the power of predicting its
actual existence nor the magnitude of the effect. It is very important to establish
whether CP violation is fully explained in the framework of the standard model
or whether physics beyond the standard model is involved. Even the question of

whether the superweak hypothesis' is ruled out or not, by the latest experimental

findings of NA-31" and E-731" is still open.

The general formalism describing the decay ¢ — KEKg has been widely
discussed in the literature.” We recall in the following some results, necessary
to our presentation. In eTe™ annihilation the ¢ mesons, pure JFC = 1—- states,
are produced with a cross section of ~ 4:8ub and decay to K 2K g with a branching
fraction of 34.3%.

The decay amplitude corresponding to the appearance of a final state fi at



the time #; and f» at time ¢2 is given by (assuming CPT invariance):

1+ |af?

A(fi(t1), falt2)) = (UK (fo| KD)emistAn)t/2

2\/§a
ANAL X .
X ((771 — 72) €OS ( 5 ) + (1 + n2) sin (

where At=iy—1t;, t=11+ 1.

ANAY (2.1)
5)

In the above o = (1 + €)/(1 — €), Ag,;, = ms, —il's,1/2 are the “complex” Kg 1
masses and 7; = (fi|[K2)/(fi| K2).

If At = 0, the decay amplitude vanishes for Kg decays to identical final
states. At equal times and fi = #t7n~, fo = 7070, the amplitude is proportional

to ny_ — 100 = 3 X €, where 7 = €+ ¢ and oo = € — 2€.

Measurements of Re(¢'/¢) can be obtained by detecting events where one K
meson decays into charged pions and the other into neutral ones and observing
the difference of the two decay times. Integrating the decay amplitude over all

times for fixed time difference and defining the intensity asymmetry:

I(At) — I(~At)

A(At) = I(At) + I(—At) (2:2)
where
I(At) = % / 1A(7r+7r—(t1),7r07r0(t2)> |2dt (23)
|at|

with ¢ = 1 +t2 and At = 13 —15 fixed, for At> 75, one finds A(At) ~ —3Re(€'/e).

Alternatively, instead of comparing rates at fixed time differences, one can
measure fully integrated rates corresponding to different decay channels as sug-

gestéd by Bernabeu et al."” One finds:

N(f1,f2) = 7dt1 _7dtz|A(fl(t1),fz(t2))12 _

v (2.4)
o kel G )

x (Ciim|* + |n2|* — 2Ca x Re(min;))



where C; and Cy are known functions of 7 and 7.

From equation (2.4) one finds the following relation between branching ratios
(BR):

BR(rtn~xtn™)  BR(K, — ntn~)?

BR(m0n0n0x0) BR(K, — m9x0)2

X (1+6x Re(%')), (2.5)

and similarly for other ratios.

So far the we have assumed that the KK system produced in ete™ anni-
hilations is odd under charge conjugation or a pure KgKg- state. The decay

chain:
_ 1
¢— 8 +9— (KK oty +7 — v+ 7_2—(K2~Kg - K} K}) (2.6)

leads to an admixture of KJK? and KgKg states with a branching ratio esti-
mated in the range 10™* — 10~7. Since the photon energy is ~ 10 MeV it will

often escape detection.

This C—even background has been carefully analyzed by Cocolicchio et al.™
who have shown that suitable cuts on the Kj path length allow an almost com-
plete?suppression of the unwanted positive C—even events, retaining practically
the entire sample of the C—~odd events. Conversely, the decay ¢ — S*y can be of
interest on its own"” in order to clarify the nature of the S* state, in terms of its
quark and gluon content. In this case the KJKJ state (cfr. eq. (2.6)) dominates
the short path length region.

2.2 OTHER CP VIOLATION STUDIES AND RARE K DECAYVS.

The study of the K meson has been very rewarding and has greatly helped to
extend our understanding of the physical world. This understanding culminated
in the construction of the Standard Model, but then we got stuck. Beautiful
as the SM model might be, it can only be phenomenological and approximate.

Therefore, we expect some new phenomena to emerge at energy scales in the few



TeV range in order to explain a host of conceptual problems and perhaps begin
to understand the reason for the existence of so many free parameters in the
SM and to predict their values. Direct attacks on these problems require very
high eﬁergies and complicated detectors and might not become reality for several
years. We know however that most guesses about what the new physics is, at the
several TeV scale, subtly reflect on kaon physics and we have reasons to believe

that the study of K mesons, at a new level of accuracy will open new horizons.

At first thought it might seem bizarre to propose to study K meson decays
at a facility where the “K beam” flux could range from 350 to 7000 neutral K’s
and 500 to 10000 charged K’s per second, for £ = 1—20 X 1032 cm? s™1. Present
experiments are performed at beams of much higher intensities and indeed even
higher intensities, 10 K¢ sec™, are planned at Brookhaven."  Still higher

" e« . . . 4
intensities are mentioned in K factory pla,ns.[1 :

There are however very clear benefits at a ¢—factory, such as:"”

1. The unique possibility of tagging the presence of a K% or K?. One can
therefore effectively have a beam of Kg, with no background and delivering

5 — 100 x 10° kaons per year.

2. While for the study of very rare decays, the incident flux might be inferior to
other approaches, the very large acceptance of a general purpose detector
to all decay modes, the effective absence of background and the unique
possibility of choosing, by tagging, the parent state of interest make possible

the study of several interesting channels.

3. Typical CP violation experiments detect decays of 1-2% of the Kg beam,
in the presence of very large neutron backgrounds. Searches for rare decays
in hadroproduced kaon beams, require complex detectors to reject back-
ground, must be able to handle very high trigger rates and large amount of
data in order to extract minute signals. The large acceptance at a ¢—factory
and the low background open up the possibility of studying CP violation in
charged K decays and, for the case of neutral K’s, to study CP in channels



other then the pions.

A -general discussion of the status and perspectives of the K-decay physics
can be found in reference 15. Table 1 , taken from there shows a summary of the

present situation.

For some of the quoted reactions limits are already in the 1078 to 1010 range
and are-expected to reach the 10711 — 19—12 level, although it is not really clear
when nor how realistic those expectations are. Moreover a systematic study with

different techniques is always highly valuable.

The role of a ¢—factory is complementary to that of high intensity K beams,
the former being more suited for a study of a broader set of CP violating K
and K% decays and rare Kg decays, while search for specific, very rare Kg and

K™ decays are probably better done with high intensity beams.

At a ¢-factory CP violating asymmetries can be studied for the decays:
K+ - rtrEa® KE 7r07r97ri, K+ 7t70y and Ksp — ntn=e, Kg —
TE[Fy, K7 — ata~a% A search for direct CP violation in K#* decays looks par-
ticularly interesting, because of possible enhancements effects, ™ Similarly C'P

violation effects can be found in the decays of neutral kaons into two photons.™”

The situation is particularly favorable concerning Kg decays at a ¢—factory.
With very few exception, all the studies performed at high intensity K beams use
Ky, or K* since clean, intense K?Y beams are very difficult to obtain. The pure
K2 at a ¢—factory will dramatically improve knowledge of K, branching ratios
(most are not measured yet) for K — 77, ete ™y, ptuy, mlete, wOut -
etc., down to the 108 or better, range. It will also be possible to improve the
existing limits on the CP-violating reaction K2 — 320, by looking for 6 low
energy photons in the detector. A search for Kg — 7%y might yield a few
detected events. Tens to hundreds of decays K* — 7¥yy or K+ — atptu,
can also be detected. Existing limits on K+ — mouty, rtatuFy, mtyyy'and

Fvvv, may be substantially improved.



As discussed in detail in the previous sections the most challenging and stim-
ulating goal of an experiment at a ¢—factory is the measurement of ¢'/e. The
apparatus needed to perform this measurement has to be a rather sophisticated
one. Such a general purpose detector will be able to accurately measure all kinds

of Ksr, K*, n and p decays.

2.3 ete™ ANNIHILATIONS INTO HADRONS FROM THRESHOLD TO 1 GEV

A precise measurement of o(eTe™ —hadrons) at low energy, mostly at the p
meson peak is of particular relevance for the theoretical prediction of the muon
anomalous gyromagnetic ratio g, — 2.""" The muon g — 2 value or the anomaly-
ay = (g — 2)/2, a basic property of the muon, can provide sensitive tests of the
theory and indeed much effort has been devoted to improve the theoretical and
experimental accuracy of its value. The experimental value for ¢ — 2 has been
determined by three progressively more precise measurements: at CERN, the last
one™” reporting:

a,~ =11659370 (120) x 10~1°
a,+ =11659110(110) x 1077 (2.7)
a, =11659240 (85) x 10710

where the numbers enclosed in parentheses represent the experimental uncer-
tainties (both systematic and statistical) of the measured values. The theoretical

value for a, is obtained as the sum of three contributions:"”

theor _ QED hadr weak
a, " =ay"" +a,"" +a (2.8)

The hadronic contributions to a, are due to vacuum polarization and light by
light scattering. These can be estimated using measurements of the total hadronic
ete™ annihilation cross section, while the weak part involves contribution from
W*,Z and Higgs particles. While the electron anomaly is dominated by QED

contributions, the muon anomaly is ~ 4 x 10* times more sensitive to small
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distance physics because of the larger muon mass. The QED contribution to a,

has been evaluated to O(a?) to be:™”
aZFP = 11658480(3) x 1071° (2.9)

The hadronic contribution to a, is the cause of the largest theoretical uncer-
tainty. The estimate is based on the poorly known cross section for hadronic
ete™ annihilation from the 27 threshold up to ~ 1 GeV. The latest estimate

gives: (201

al* = 702 (19) x 1071° (2.10)

Finally the weak interaction contribution, to one loop, gives:[u]

a¥*** =19.5(0.1) x 10710 (2.11)

The present best estimate for the muon anomaly is therefore:
atfeo" = 11659202(20) x 10~1° (2.12)

in good agreement with the experimental value. A new experiment” under
construction at Brookhaven aims to measure a, to 0.35 ppm in order to observe
the weak contribution and possible additional contributions of physics beyond the
standard model. A theoretically clear interpretation of the new data will not be
possible if the hadronic contributions to g — 2 are not reliably evaluated. To this
alm more accurate measurements of o(ete™ — hadrons) at low energy and in

particular in the p region are needed.

The required accuracy for the measurements,[zsl ~ 0.5%, is readily accessible
at machines like the one under design. The ¢’s to be measured are of the order
of 10731 — 1073% ¢cm? so that luminosities of the order of 103° cm—2 sec—1 would

be ample.
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As a last item under this physics topic we recall that an accurate deter-
mination of the K form factor at the ¢ mass will allow measurements of the
interference of the ¢ meson with the §, w mesons and possibly with higher s3

excitations.”

2.4 n—n' MIXING AND RADIATIVE ¢ DECAYS

The determination of the 7 — ' mixing angle has been a long-standing prob-
lem, which is still matter of discussions. This parameter plays a central role
in the description of flavor SU(3) symmetry breaking, and is a crucial input in
a large number of theoretical predictions for transitions involving the nonet of
pseudoscalar mesons. One example relevant to the present context of a ¢ factory
is represented by the long-distance contributions to the rare, GIM suppressed
radiative kaon decays, which are reviewed elsewhere in this volume. In addition
to that, the 7 — n' mixing has important bearing on quari{ models and QCD, in
particular on the question whether there is a gluonium component in the 1 and

in the n'.

In this regard measurements of the radiative ¢ decays to n and to %', which
are presumably feasible with great sensitivity at a ¢ factory, can lead to a really
decisive test, when combined with the information coming from other sources

such as e.g. the analogous J/¥ decays and the two-photon decays of 7 and 7.

In the quark-basis it is convenient to define the  and ' wave functions as:™

1 _
In) = Xn——EIIM + dd) + Y, |3s) + Z,|G)

1 (2.13)
') = Xm\—/—;lﬁ‘u + dd) + Yy [8s) + Zy|G),
where in general
X2+ Y2+ 2=X2+Y i+ 2 =1 (2.14)

In (2.13) Z measures the gluonic content of the i and of the 7' states. In the

familiar SU(3) octet-singlet basis, and with no gluonium admixture i.e. Z =0



and X2 +Y? =1.
[n) = cos bp|ns) — sin 6, n0)

, (2.15)
[7') = sin 6p|ns) + cos f,|no), '
where 6, is the n — n' mixing angle, and
1 .
Ins) = ——é|uu + dd — 23s)
(2.16)

1 -
Ino) = —glﬂ’u + dd + 3s).

The value of 6, has been revised over the years since SU(3) was proposed:
while 6, = —10° was historically suggested by the Gell-Mann-Okubo quadratic
mass formula for pseudoscalar mesons, the value 0, ~ —20° now seems to be
favoured by the present experimental data on radiative meson decays.”**" Such
a value would be consistent with a linear mass formula, derived under the same
assumptions, or with a quadratic one, including chiral symmetry breaking cor-

. 28]
rections. [

The advantage of radiative meson decays, in order to extract the
values of X, Y and Z in equation (2:13), is clearly due to the sensitivity of the
photon to the quark components of the wave function via the couplings to the
quark electric charges. Thus precision measurements of these decays give the
values of X and Y, and then the value of Z can be indirectly obtained through

the normalization condition in equation (2.14).

The decays which are relevant to the parameters of the n are the transitions

p — ny and ¢ — nvy. One finds™ ™Y with 7% — 0.7:

g
IXnI = 0.76 &+ 0.06, (2.17)
and
|Y;7l = 0.62 4 0.03 (2.18)

‘Correspondingly |X,|2 + |¥,]? = 0.96 + 0.09, compatible with unity, and thus

with no admixture at all of the 5 with a hypothetical gluonium state.



Coming to the 7', the non-strange quark component is determined from the

n' — pvy transition which leads to :

| X, | = 0.57 & 0.05. (2.19)

On the other hand from the decay ' — 47 on gets :

)
| X + —‘5CY,7,| = 0.75 + 0.03. (2.20)

To complete the determination of the n' parameters one then needs a direct

information on the rare transition ¢ — n'~y, which is proportional to Y, :
Y, prop i

I'(¢ — 7'y) (Yn’)z (kn’>3 -3 (Yn’)z

—_—t = | — — ] ~4.6x10 — | . 2.21

(¢ — nv) Y, kn Yy ( )
This decay is as yet unobserved, and the presently available experimental upper

limit is BR(¢ — 7'y) < 4.1 x 10~4.""

The values in equations (2.19) and (2.20) still leave some room for a non
vanishing Z, in equation (2.13), and thus for a small gluonium admixture of the
n', so that the observation of this decay would represeﬁt an important piece of
information in this regard. To give an idea of the expected order of magnitude of

the branching ratio, for Z,y = 0 and 6, = —20° we would have BR(¢ — n'y) ~
1.2 x 1074,

In conclusion, it will be very useful to improve the experimental determination
of ¢ — 7y and to measure ¢ — n'y, as these decays are particularly sensitive
to the 3s components of 7 and 7', and thus have a special role in the context of

quark models and QCD.

In addition, at a ¢ factory the decay ¢ — 7y would provide a quite large
n sample, well tagged by the monochromatic photon, which might enable to



study 7 decays with very good statistics. The present sensitivity to n decays
is of the order of 10=* — 107% in branching ratio, depending on the particular
modes. Therefore it might be worthwhile to explore also this possibility from the

experimental point of view.



3. Experimental considerations
3.1 THE EXPERIMENTAL SITUATION

Until now, the CP violation effects have been measured only with K} beams
at hadron machines; the present experimental situation is the subject of two

. 32,33] . .
excellent reviews””*” in this report.

Both the CERN and Fermilab € /e experiments are planning upgrades of their
detectors and expect a significant increase in statistics in the coming years. The
data samples now available for the rarest decay (K?—7%7?) amount to ~ 200 000
events, even if the published results refer only to part of the available statistics.
It seems reasonable to expect that the statistical errors on the value of €' /¢ will
reach the 5 x 107 level in the next couple of years; it’s not completely clear,

however, how much the systematic errors will be reduced.

If we assume, as a working hypothesis, that the planned improvements on the
existing detectors will allow a reduction of 50% of the systematic uncertainties,
then a few years from now, the overall error in the measurement of ¢ /e will be
of the order of 6 — 7 x 10™%. A measurement at a ¢—factory with luininosity
R 10%2cm™?sec™! would yield a statistical accuracy at least as good as the one
foreseeable in the near future from Kg beams while the systematic effects could
be substantially reduced thanks to the kinematics, which is well defined, and to

the signal to background ratio which is extremely favorable.

3.2 EXPERIMENTAL PROCEDURES AND COUNTING RATES

The value of €' /e can be extracted from the data collected at an ete™ collider
operating at the ¢ mass using several different techniques. In the following we
will describe four different methods; the first three require the final state to be a
well defined decay channel of both Kg and K g; the fourth one is the well known
method of the double ratio, widely used at hadronic machines: it does not require

the final state to be a specific decay channel of the KgKg pair.
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The first of these methods, specific to eT e~ measurements, proposed by Duni-
etz et al.,”" consists of measuring the path length asymmetry for the charged
and the neutral pion pair in the final state 7t7~#%r0. It has be shown (section
2.1, reference 34) that this quantity is proportional to —3 x Re(€'/¢), if evaluated
over decay paths very long compared to the Kg lifetime; the same asymmetry,
if measured in the KgKg interference region, aﬂows in principle the evaluation
of the imaginary part of €' /e. (The Im(€'/¢) measurement is however severely
hampered by the C—even background resulting from the radiative decays of the

¢ mentioned in section 2.1.)

The statistical significance of the asymmetry measurement which can be car-
ried out at a ¢-factory with ~ 1032 cm~2 sec™! average luminosity, has been

!

discussed by Barbiellini and Santoni®”’ and by contributors® 9 to this study

group for measuring both the real and the imaginary part of ¢ /e.

In the following we will assume that the machine, based on the design de-
scribed in the first part of this report,”” will deliver, shortly after turn-om,
a luminosity of 1 — 2 x 10°2 ¢cm™2 sec™ . The present statistical error on ¢ /e

could be reduced by roughly a factor 1.5 by an experiment using the path length

asymmetry technique.

A method suggested by Bernabeu et al."” is based on the measurement of

the ratio between different final states involving at least one CP violating decay;

€ /e can be extracted from:

I'(¢ — +-+-) o BR(KQ — +-) x BR(KJ — oo0)
BR(KY — +-) x BR(K) — +-) (¢ — +-00)
!
=143 x Re(%)

€

(3.1)

The analogous expression if one of the final states is completely neutral yields:
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(¢ — +—+-) y BR(KY — 00) x BR(KY — o00)
BR(KY% — +-) x BR(K} — +- I'(¢ — 0000)

!
~1+6x Re(>)
. €
' (3.2)
The last method, already mentioned, is the double ratio; it has the best
statistical sensitivity of the four , since the measurement itself is proportional to
1—-6x Re(%) and the rate is higher than the one obtained in the measurement

of the ¢ width in the totally neutral final state.

These measurements hold the promise of a significant step forward in sta-
tistical significance, when performed at an eTe™ collider with a luminosity of

1032 cm™2 sec™ L.

It’s worth noting that while the four Ameasurementsvare not statistically in-
dependent they do however have different sensitivity to systematic uncertainties.
The possibility of extracting €' /e simultaneously in four different ways is unique
to a ¢-factory and will lend additional confidence to the ability of controlling

systematic uncertainties to the necessary level.

In the following we consider the sources of possible systematic uncertainties
and evaluate their effects. This analysis ultimately leads to the strictest. con-

straints on the design of the detector.

If we use as a bench-mark the double ratio technique, we can calculate the

statistical error on the double ratio as following:

§r 3 1 '
T \/i x N(K?Y = 7w0m0) (3:3)

At an average luminosity of 1032 cm™2 sec™! and assuming a spherical fiducial
volume 1.5 m in radius, ~ 500000 K{ — 7970 decays could be detected in one

year of running (with the usual physics year defined as 107 seconds); assuming
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for € /e the NA-31 value, this rate would translate into a relative error on ¢ /€

roughly at the 10% level.
3.3 SYSTEMATIC UNCERTAINTIES

The only non vanishing measurement of ¢ /€ is quoted with a systematic error
roughly equivalent= to the statistical one:™ the next generation experiments using
K2 beams could in principle reduce the systematic uncertainties; the systematic

effects will however constitute the limiting factor for this technique.

The goal of the ¢—factory approach to the ¢ /€ measurement is to reduce the
systematic uncertainties to a level S 5%, i.e. a factor 2 less than the statistical
error obtainable in a one year run. This is by no means a trivial task, since the
Kg and Kg decay products populate different regions of the fiducial volume, and
no cancellation trick can be used to make the K and the K2 acceptance equal
to first order, as it is done in experiments performed at K? beams. In order
-to succeed, both the acceptance and the background subtraction contribution to
the systematic error on the double ratio have to be kept to the ~ 9 x 10~ level.
This requirement will also define the amount of background one might tolerate

in the selected signal.

In the case of the path length ‘asymmetry, for instance,, following the analysis
originally developed by Barbiellini and Sa,ntoni,lsa] we consider the background
from the semileptonic decay of the Kg. The asymmetry in the decay path is.
defined as:

— — 0 -0 !
= Vlatam > bogo) = N(lptn- < Logo) ~3 x Re(%) (3.4)
. €

- N(l7r+7r* > l,roﬂ.o) -+ N(lﬂ.+,,r— < lﬂ.o,ro) -

If BNpger, is the contamination from the semimuonic decay of the Kg (where B
indicates the rejection factor against the unwanted decay), N(lp+ - > Logo) will
be increased by AN = BNy,... In our case, taking into account all the branching

ratios involved, the relative rate would be Noack /Nyignat ~ 70. The added error
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on the asymmetry due to this background subtraction, is o X 8 X Npgek /Nitot,

where a is the relative accuracy with which the background is known.

If we require a rejection ratio of 1 X 10~° for this decay, we would allow
an uncertainty on BNjeci up to 100%: a lower rejection rate would demand a
better knowledge of this contamination, the scaling law being linear. Also in this

respect, the double ratic method is favoured, for the greater analyzing power.

The detector acceptance is another important item to discuss since a detailed
knowledge of this parameter is needed, for both the K9 and the KY decays. The
decay fiducial volume for the K has to be known very precisely in order to meet
the requirements previously stated for the systematic error: the boundaries must

be defined to 1 mm (inner) and 2 mm (outer).

When designing the apparatus, as noted before, further important factors
are the uniformity of response and the resolutions: the average decay path is
very different for Kg and Kg ( 0.6 and 342 cm respectively), and for each decay
channel the acceptaﬁce must be controlled at the few 10™* level. Keeping under
control the acceptancé and all the efficiencies and resolutions will répresent a
major challenge for the experimenters. On the other hand, a measurement at
the top of a fesonanc'e has the advantage of a very high signal to background

N

ratio and the kinématics of the'chain of two-body decays is well overconstrained.’

These will be in the end the winning factors for reaching the goal we have set
forth. .
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4. The Detector

A conceptual design of a detector able to fulﬁll the requu‘ements we have
" indicated in the previous chapter, should be matched to the characterlstlcs of the
events to reconstruct. The decay modes we are interested i in are:
Ks—nrowo K —s T Kg——wro'frﬂ KL—_+7r+7r_
0.0 0

KL—>7r+7r"7r0 Kg—>7r7r7r KL———>7r u+1/ Kg-—-—)ﬂ"'e-{—y »ﬂ

The relevant spectra are shown in ﬁg 1

The experlmental apparatus must be able to track #’s of momenta between
50 and 250 MeV/c; detect with very high efficiency v’s with energy as low as 20

MeV and measure the energy of electromagnetic (e.m.) showers with a resolution

§Ey/Ey ~ 0.15 at 100 MeV.

We shall see later in more detail how much cpiﬂd be gained if the det;ctor had
the ability of determining the showers’ conversion point. "Particle'identiﬁcatio;n is
also needed since muon and electron rejectibn of at least 50 to 1 must be provided
~ 'in order to reduce to an acceptable level the. background to the 7r+ ~ channel,

due to the semileptonic decay of the K9 I

Most important is the choice of the size of the detector decay volume. The
value of ﬁ'ym' for K? from ¢’s decaying at rest is ~ 342cm. The fiducial volume
of the detector (wsuahzed here as a sphere) cannot have a radius smaller than 1
m in order not to loose too much counting rate while a radius over 2 m would
push the size (and the cost) of the apparatus to unreasonably big values. We will
therefore tentatively define our decay volume as a sphere of 1.5 m radius. This

implies that close to 35% of the K9 decays can be detected.

The general features of the detector are the same as for the standard gen-
eral purpose collider apparatus: a cylindrical structure surrounding the beam
pipe and consisting of a tracking device, a particle identifier, an electromagnetic
calorimeter, a solenoidal magnet and a muon identifier, more or less in order of

increasing radius. The overall dimensions are quite respectable: 5 m radius, and
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10 m length.

4.1 THE TRACKING SYSTEM

Given the low momenta of the K9 decay products and the large decay volume
needed, momentum measurement in the tracking chamber will not be limited by

spatial resolution but will be affected by multiple scattering.
There are two only two ways for redﬁcing multiple scattering effe.cts:
1. Very high magnetic field ( multiple scattering scales as 1/B"). .
2. Very transparent detector. -

The first solution cannot be pursued in our case, since too many tracks will

curl up in a high field and will not reach the particle identification device.

The tracking chamber’s size must be chosen with these criteria: the outer
radius should be considerably larger than the external boundary of the fiducial
decay volume, to allow a comparable resolution for all the tracks we need, to
measure; the inner radius should be small enough to provide a good resolution

in measuring the K3 decay vertex.

’

A magnetic field of at least 1 kG is needed in order to obtain an adequate
momentum resolution; with a chamber covering radially from 15 to 200 cm., the
cut-off for curling tracks would be ~ 60 MeV/c for tracks originating near the
 collider luminous region (LP.) and ~ 15 MeV /c for tracks starting at the outer

boundary of the decay volume.

In order to keep the momentum resolution for tracks of different lengths as
uniform as possible, it might be necessary to have radially increasing cell density
in the tracking chamber. Given the high repetition rate of the machine, we pro-

pose an axial drift chamber with a helium-based gas mixture as the appropriate

choice.

Fig. 2 shows a possible, but not yet optimized scenario for a drift chamber

operating in a 1 KG axial field and with a 0.15 mm point resolution. A reduction
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of the fiducial volume improves the uniformity of the detector at the cost of rate.
An optimization is possible only after the final assessment of both the machine

and detector parameters.

Finally we consider the resolution in the determination of the K3 vertex.
If tracking.begins at a radius of ~ 10 cm, the impact parameter resolution is
~ 0.15 mm (including the multiple sca’tteﬁng contribution of a 0.5 mm thick Be
beam pibe), and the K3 decay path could be adequately measured. The use of
a gas tracking device would also minimize the amount of material along the K9
path, thus reducing the amount of regeneration which would be a more serious

. problem if solid state silicon based vertex detectors were used.
4.2 CALORIMETRY

Calorimetry is the most demanding item for this detector: the reconstruction
of the 7%7° decay mode of a 110 MeV/c momentum Kg,‘ and the determination
of its decay point are indeed a formidable challenge: the requirements for the
vertex spatial resolution and for the background suppression against the 707070,

to be achieved at the ~ 1 x 1075 level, require a state of the art detector.

T he problem of the background rejection can be solved by a really complete
soli(i angle coverage and by using a device able to detect v’s down to 20 MeV
energy. The design of the machine interaction region is such that the calorimeter
can cover all of the solid angle but a 150 mrad coﬁe around the beam direction. If
all the available area will be covered by the calorimeter’s active device, a rejection
ratio ~ 5 x 107° against the K} — 7r07r07rb decay can be obtained counting the
number of detected 7’s. The total measured energy could then be used to dispose

of any remaining background.

The hardest experimental problem to be solved is the determination of the
Kg decay point. The ordinary technique used to reconstruct 7° and K° decay
vertices is to use the 7° and/or K° mass constraint. This technique however,

‘as can be seen in fig. 3 , loses some of its power at low energy, where wide



23

opening angles imply a more important role for spatial measurements, compared
to energy measurements. It is worth to stress that the mass constraint technique
yields vertex resolutions linearly dependent on both energy resolution and flight

paths.-

The importance of spatial measurements is furthermore enhanced if a com:
plete kinematic fit of the event is performed: a very interesting feature one obtains.
‘after kinematic ﬁttingm] is that the vertex resolutions is not only improved, but
becomes quite independent of both the energy resolution of the calorimeter and
the decay path length itself. In fig. 4 one can see how insensitive to the decay
length the actual vertex resolution is for the 7%n%decay of the Kg. Fig. 5 shows
the vertex resolution for the two body neutral decay of the K% plotted versus the
shower’s conversion point resol}ltion, with different energy resolutions: here too

we notice a remarkable robustness of the vertex resolution.

Fig. 6 shows the performance of an extremely good  calorimeter (6E/E =
0.01/VE) for the 7970 decays (each event contributes four entries to the plot).
Fig. 7 shows the reconstructed v energy after fitting; the calorimeter resolution

in this case is five times worse than in the previous case.

The reqﬁirements on the energy resolution for the e.m. calorimeter are set
by the need of correctly pairing the 7’s from the neutral decay of the K 2 and of
achieving an efficiency as close to one as possiBle in the kinematic fitting of the

events: our preliminary analyses shows some dépendenqe of the fitting efﬁciency

on the calorimeter resolution.

Realistic, although sophisticated imaging calorimeters, could give the needed

resolutions (15% at 100 MeV and 0.5 cm in the conversion point). Techniques to

[39]

be used are based either on liquid homogeneous calorimeters or on very fine

. . {40}
sampling gas calorimeters.

In the section devoted to systematics we will address the minimum vertex:

resolution needed to reach the level of systematics insensitivity mentioned ‘in

section 3.3.
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An interesting solution is also the one envisaged by Batignani et al.,"" who
propose to build a calorimeter with good timing resolution, to take advantage of
the slow speed of the KE (B ~ 0.25), and measure the time of flight between the
eTe™ interaction and the v’s energy depositibn. A resolution of 500 psec in the
time measurement would correspond to ~ 4 c¢m in the decay distance. The device

should, however, be able to measure the conversion point, in order to avoid the

uncertainty in the photons path length (33 psec for each cm).

Since the e.m. calorimeter is the crucial element of the detector, we believe
that a robust research and development program should be started as soon as
possible, so that a well optimized solution can be adopted in the final design.
As a last remark on this subject, we would like to point out that the accurate
reconstruction of low energy 7%'s is a common problem for all the e*e™ factory
projects now ‘being considered at various laboratories: a b-factory, f;)r example,

requires performances only marginally different from those of a ¢—factory.
4.3 PARTICLE IDENTIFICATION

In order to reduce the background to the Kgﬁwﬂr_ channel to a level com-
patible W,ith the precision required, the rejection factor against the unwanted
semileptonic decays must be of the order of 1.5 x 1075 (1.0 x 10~° for mer).
Topological .and kinematical cuts are in this case far from being adequate (by a

substantial factor) and should be complemented by some form of particle identi-

fication.

In the previous section we have discussed how demanding are the réqulre-
ments on the electromagnetlc calorimeter: given the low energy of the photons
to be measured, the addltxon of a particle identifier in front of the calorime-
ter doesn’t appear as a viable possibility. Tt appears therefore that the e.m.

calorimeter itself must be used to provide 7 — ue discrimination. :

This appears quite feasible. We assume for example, a homogeneous liquid

argon calorimeter. Such device can measure with good resolution the total kinetic



25

energy of charged particles and their range. For a 200 MeV/c momentum track,
the difference in kinetic energy for a m or a p is ~ 14%, and the range difference
is roughly 30%. Since straggling is ~ 3%, we conclude that the needed additional
rejection factor can be achieved. The results of preliminary simulations obtained
with the GEANT program are shown in fig. 8 . The kinetic energy difference
between a pion and an electron is large eflough, for the momentum range of

intcrest, that the electron identification should not pose real problems.

In conclusion, particle identification can be achieved at the desired level of
accuracy if we use a calorimeter having a high longitudinal segmentation and a

reasonably good energy resolution.
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5. Acceptance, resolutions and systematics

‘A review of the physics program at a ¢—factory would not be a comprehensive
one if the problems related to the detector acceptance, the efficiencies, and the
experimental resolutions were not addressed. We wish to emphasize, once a,ga,in,
the uniqueness of the ¢—factory approach to the €'/e measurement, in contrast
to the measurements with Kg beams: the kinematically sitple and precisely
prepared initial KJK?) state and the very large signal to backgrouhd ratio, al-
low the determination the detector acceptance, and all relevant efficiencies and

resolutions, from the data themselves, using measured quantities.

5.1 DETERMINATION OF EFFICIENCIES AND RESOLUTIONS

In the following, we will discuss how these parameters can be determined

with the accuracy discussed in section 2.3.

As an example, we describe the procedure that allows the determination of
charged particles tracking and vertex finding efficiencies as a function of the KE
decay path. For the single track reconstruction we can proceed as follows: K EK g
events can be tagged from the observation of K g——>7r+7r“ decays; with a luminosity
of 1‘032 em™? sec™1, 1.5 x 10° such events will be collected in one year of running,

providing a large data base for evaluation of efficiencies.

In this sample there will be ~ 1.2 x 10° Kg decays into two charged prongs;
if we divide our spherical decay volume into shells 15.cm thick, we expect to have

~ 50 x 10% decays originating in each shell.

Using the well known Kg lifetime value, it’s possible to evaluate the expected
number of decays in each shell and compare with the number of measured tracks;
éiven our sample’s size, the statistical error on the tracking efficiency for each 15
cm interval, will be ~ 1.5 x 10™%. The error resulting from the less than perfect
knowledge of the K lifetime is of the same order of magnitude as the statistical

error quoted above, given the small size of the extrapolation distance in moving
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from one shell to the next with respect to the Kg decay distance. With the
same data it’s also possible to measure the Kg vertexing efficiency, as a function
of the Kg"decay path, by counting the reconstructed vertices in each shell, and

comparing to the expected number.

We need, of course, to use these efliciencies to extract the branching ra-
tio BR(K g,—+7r+7r_) from the relatively small number of observed events in this
channel. The tracks from this decay will have a slightly harder momentum distri-
bution than the ones from the 3-body modes, but the difference is sma]l enough

to make us confident that neither the single track or the vertex efliciency can be

significantly affected.

A similar method can be used to evaluate ';he 70 acceptangce and recon-
struction efliciency; in this case we c:';u; start by tagging a sample of KT K~
events where one of the two kaons decays in the detector, leading to a final state
K* 72¥ 7% . The two charged prongs completely determine the 7° energy, mo-
mentum vector and point of origin. Again ;che sample of events of this type is
large enoﬁgh to allow the efficiency determination with the necessary accuracy.
At a distance of 1 m. from the I.P., there would be ~ 107 tagged 70 available in
‘a 15 cm thick shell, for calibration and acceptance measurements for a one year

run at the initial luminosity.

The two method described above do have the statistical potential to deter-
ﬁine the efficiency and resolution of the various components of the apparatus
at the needed level of precision. It is worth to stress that because experimental
data collected during the actual run would be used to evaluate efficiency, even-
tual upgrades of the machine will automatically provide better determination of

such parameters if and when an improved estimate of them would be needed to

reduce the systematic errors.

As a last point concerning the determination of efficiencies, we would like
to stress that the neutral decay products of Kg and Kg will be detected in the

same calorimeter and the different decay length of the two kaons will not affect
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at all the basic detection of the resulting v’s. The situation is somehow different
in the case of the charged channels: Kg decays will tend to populate the outer
part of the tracking chamber, it is however difficult to fmagine how a common
gas volume would show significant inthomogeneity as a function of radius in its
performances. Should such a mechanism de.velop, the tools to detect it, at the

needed level of sensitivity, are automatically built—in.
5.2 (GEOMETRIC ACCEPTANCE

T'wo basic effects lead to experimental correction to the exponential behavior

of the decay curve for the Kg and Kg:
‘1. Finite beam dimensions.
2. Vertexing resolution.

The effect of the first item is extremely small, at least in the plane perpen-
dicular to the beam direction: as a matter of fact the expected beam dimension
would be ~ 1 mm (radial) and ~ 20 pm (vertical) so that no effect is foreseen
on the decay distribution. The longitudinal dimension of the luminous region
is exp‘ected to be ~ 2 cm, and could in principle smear the decay distribution
and alter the total counting rate (especially of the Kgdecay).The actual distri-
bution of the longi;cudinal coordinate, however, can be measured to an extremgly
high degree of ac.curacy from Bhabha scattering for instance, and folded in the

experimental decay distribution.

With respect to the second point we must address separately charged and
neutral decays. In the charged decays case, the drift chamber spatial resolution
and the opening angles of the decay products are such thz;t the expected 2-tracks
vertex resolution is well below the 1 mm level, low enough that smearing effects

would be completely negligible even in the K} case (Ig ~6 mm).

The totally neutral decays pose the hardest challenge in the determination

of the decay vertex. In the calorimeter section we have seen that the vertexing
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resolution for the n%7% decays of K9 and K is at the level of ~ 1 — 2 cm using
a \}ery sophisticated calorimeter and the kinematics of ¢ decay. The loss in total
rate resulting from the finite vertex resolution in the case of the K decay is shown
in fig. 9 : a cut in decay volume at 6 cm would result in a loss of ~ 1 x 1073,
but the actual decay distribution can be measured with a relative accuracy .of

1 x 1073 so that the resulting systematic error is of the order of 1 x 107%.

Concerning the fiducial volume definition for K?—n%70, as can be seen from
fig. 10 the losses can be kept at the level of few x107*, allowing also for some
non-gaussian tails, provided that the vertex resolution is of the order of 1 cm. In
this case the eventual correction is more difficult to evaluate as the reconstruction
of vertices has to be done with 4’s originating near the face of the calorimeter,
which might therefore enter at grazing incidence. The vertex resolution needed,
for totally neutral decays of the KgK g is in cbnclusion of the order of 1 cm: with
this value geometric acceptance will be known at an accuracy level which will
imply a systematic error on the double ratio of the order of 5 %x10™% which in

turn will reflect in a systematic error on € /e of 1 x107%.
5.3 THE SYSTEMATICS IN A K) BEAM EXPERIMENT

To conclude this chapter we would like to quickly review the systematic un-
certainties typical of a fixed target experiment, and compare them with what can
_ be anticipated for a ¢—factory experiment. To do that we will use the published
analysis of NA-31.""  The biggest contribution to the systematic error of the
double ratio for these type of experiments (neglecting background subtraction
~0.2%), is due to the relative energy scale, ~0.3%. The K} and Kg momentum
spectra must be determined from the observed decays and reflect uncertainties
in the knowledge of the energy scales for charged and neutral decay products.
This systematic uncertainty is of course absent in the q’>—f§ctory approach, where
produced kaons are monochromatic. The next biggest systematic uncertainty is
due to subtraction of accidentals, ~0.2%. This error is also absent in an ex-

periment at a ¢-factory. Next generation apparata at FNAL and CERN will
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reduce detector-related uncertainties; the use of more intense beams, however,
will lead to an increase of the subtraction due to accidentals. Other contribu-
tion at the level on 1x1072 in the double ratio listed in reference 7 will not be

present in a ¢—factory experiment with the exception of calorimeter instability

and acceptance evaluation.

In the ¢~factory approach the acceptance has to be known at the 5x10~%
level, while in the Kg beam experiments acceptance differences cancel to first
order. To achieve the ultimate accuracy, corrections have ultimately to be com-
puted. At a ¢-factory the data themselves are used to measure the acceptance

with little or no need of calculations.
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6. Conclusions

. In this summary we have outlined the more important features of the physics
program which could be carried out at a ¢—factory able t§ deliver an average
luminosity of ~ 1032 cm~2 sec™! and we have proved that the physics output from
such a facility will be extremely interesting. The measurement of ¢ /¢ that can
be performed at a ¢—factory is very important in its own right, since is obtained
in completely different conditions with respect to the measurements achievable
at K beams. Furthermore, such a facility holds the promise of reducing by a

factor two the overall error on €' /¢, in one year of running.

In many respects the ¢—factory approach to K physics is similar to the one
proposed at LEAR. In the ¢-factory case, however, the signal to background
ratio for all sorts of K physics is 100 to 1, compared to 1 to 1000 typical of

antiproton annihilations at rest..

Several interesting K physics topics will also be addressed at a ¢—factory.
Depending on luminosity there is a long list of rare K decays which can be
studied in an unique environment, this line of research nicely complementing the
one which is being pursued at kaon factories, where ultra-rare decays are searched

for with specialized detectors.

Moreover all the ete™ physics in the energy range up to ~ 1 GeV will be
studied in such detail from the statistical point of view that very interesting
results (i.e. hadronic correction to the muon gyromagnetic ratio, low lying narrow

states etc.) could be extracted from the data.

Limits on the v, mass could be improved substantially, with luminosities on

the high side of what is Qnticipated for the project.™”

The experimental apparatus presents many interesting challenges, especially
the electromagnetic calorimeter does require performances quite impressive. The
electronics and data acquisition for this detector will be a very interesting testing

ground for the next generation of high energy colliders as the inter-bunch timing
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is roughly the same as LHC/SSC and the data acquisition should be able to
digest 1 Khz of good data.

CP violation measurements are the ones which set the requirements on the
experimental apparatus: measurements other than CP violation can be carried

out by the same a.ppa.ra.txus optimized for CP violation: performances will be

exuberant for the task.

We would like to emphasize that, in addition to the very interesting physics
opportunities that a ¢—factory would offer, the training potential for young physi-

cists of such a machine is enormous and must be considered an added bonus to

the entire program.



33

ACKNOWLEDGEMENTS

We would like to acknowledge Prof. Nello Paver’s work on the  — 7' mixing

section.

The help and encouragement of Prof. Paolo Franzini throughout the entire
study group and his critical and constructive reviewing of the manuscript are

also gratefully acknowledged.



.34

REFERENCES

T.D.Lee C.N.Yang Phys. Rev. 50, 263, (1956)

N. Cabibbo, Phys. Rev. Lett.10, 531, (1963); N. Cabibbo Phys.Rev. Lett.
12, 62, (1964)

3. 5.L.Glashow,J. Iliopulos,L. Maiani Phys. Rev D2 , 1285, (1970)

10.
11.
12.

13.
14.

15.

16.

17.

18
19

J. Christenson, J. Cronin, V. Fitch, R. Turlay, Phys. Rev. Let. 138
(1964) '

?

- M. Kobayashi, K. Maskawa Prog. Theor. Phys. 49, 652, (1973); L. Maiani

Hamburg 1977, see also the pioneer work of Cabibbo, 1963

. L. Wolfenstein Phys..Rev.Lett.13 562,(1964)

Burkhardt et al. P.L. B209, 169, (1988)

B. Winstein 14th International Symposium on Lepton and Photon Inter-
actions, Stanford 1989.

see for instance H. Lipkin Phys. Rev.176 1715 (1968),
I. Dunietz, J. Hauser, J.L.Rosner , Phys. Rev. D35 2166, (1987).

J.Bernabeu,F.J. Botella and J.Roldan Phys. Lett. B 211,266, (1988)

D. Cocolicchio , G.L. Fogli, M. Lusignoli, A. Pugliese, “C P violation mea-
surements at the ¢ resonance.“ Contribution to this Report and CERN-TH
5610/89

D. Cocolicchio,“ A ¢-factory to 'u'ndersta,nd'light and narrow mesons.“ Con-
tribution to this Report.

A.J. Malensek, Fermilab. Report FN-341

M. K. Craddock Proceedings of the International Conference on High En-
ergy Accelerators, (Tsukuba 1989)

R. Battiston ,D. Cocolicchio, G. L. Fogli, N. Paver, “Status and perspectives
of K decay physics.“ Contribution to this Report.

A.A. Bel’kov, G. Bhom, D. Ebert and A.V. Lanjov, Phys. Lett. 232B
(1989) 118; A.A. Bel’kov, G. Bhom, D. Ebert and A.V. Lanjov, Serpukhov
preprint 89-11 (1989).

F. Buccella, G. D’Ambrosio and M. Miragliuolo , “ C'P violation in the
decays of neutral kaons into two photons®. Contribution to this Report.

M. Greco, Nuovo Cimento 100A 597, (1988)
J. Bailey et al.Nucl. Phys. B150 1 , (1979)



20.

- 21.

. 22,

23.

24.

25.

26.

27.

28.

29.
30.
31.
32.

33.

34.
35.

36.

37.

35

T. Kinoshita, B. Niziéand Y. Okamoto, Phys. Rev. D 31, 2108 (1985), and

reference therein, see in particular their reference 28.

R. Jackiw and S. Weinberg, Phys. Rev D 5, 2396 (1972); G Altarelli, N
Cabibbo and L. Maiani, Phys. Lett. 40B, 415 (1972), I. Bars and M.
Yoshimura, Phys. Rev. D, 6, 373 (1972); W. A. Bardeen, R. Gastmans
and B. E. Lartrup, Nucl. Phys. B46, 319 (1972).

Brookhaven experiment E821, Boston, BNL, CCNY, Columbia, Cornell,
Heidelberg, LANL, Michigan, Sheffield, Tokio, KEK, Riken, Yale collabo-
ration, V. Hughes et al.

P. Franzini, '89 Electroweak Interactions and Unified Theories, XXIV Ren-
contre de Moriond, J. Tran Than Van Ed., Edition Frontiere, Gif-sur-
Yvette, 1989

R. Baldlm-Ceho M.E. Biagini,S. Bianco, M. Spinetti, A. Zallo, S. Dubmcka,
“Kaon physics at a ¢ factory.“ Contribution to this Report.

J. L. Rosner, Phys. Rev. D27 (1983) 1101; H. J. Llpkln Phys. Lett. B67
(1977) 65.

'F. J. Gilman and R. Kauffman, Phys. Rev. D36 (1987) 2761; D37 (1988)

3348; and references therein.

J. Donoghue, B. R. Holstein and Y.-C. Lin, Phys. Rev Lett. 55 (1985)
276.

P. Langacker and H. Pagels, Phys. Rev. D10 (1974) 2904; J. Gasser and
H. Leutwyler, Nucl. Phys. B250 (1985) 465.

D. Andrews et al., Phys. Rev. Lett. 38 (1977) 198.
Particle Data Group, Phys. Lett. B204 (1988) 1.
Y. M. Aulchencko, Phys. Lett. B186 (1987) 432.

M. Calvetti,“Relazione sulla situazione sperimentale della violazione di C'P
nei decadimenti dei mesoni K neutri.“ Contribution to this Report.

A. Nappi,“e' /e measurements at hadron machines.“, Contribution to this
Report.

I. Dunietz, J. Hauser and J. L. Rosner Phys. Rev. D 35 2166 ,(1987).

G. Barbiellini and C. Santoni“A measurement of ¢ /¢ at a ¢—factory.“ Con-

tribution to this Report and CERN-EP /89-88.

M. P. Bussa and G. Carboni, “Statistical accuracy on the measurement of
€' /e at a ¢—factory.“ Contribution to this Report.

S. Tazzari et al. “The Ares design study”



38

-39,

40.

41.

42.

36

A. Calcaterra ,R. de Sangro , P. De Simone, “Measurement of Kg decay .
point and mass via kinematic fit“ , Contribution to this Report.

A.Calcaterra, R. de Sangro, P. De Simone, M. Piccolo, “Low energy +
calorimetry: Monte-carlo simulations” L.N.F. Nota Interna (in prepara-
tion) )

A. Del Guerra, W. R. Nelson, C. Rizzo, P. Russo, “Monte Carlo study

of the development of a low energy electromagnetic showers: preliminary
results.” Contribution to this Report.

G. Batignani, F. Forti, M. A. Giorgi, and G. Triggiani, “A modern appa-
ratus for the study of the K K system from the #(1020) production in
ete™.“ Contribution to this.Report.

P.F. Loverre,“Measurement of the v, mass at a g—factory“ Contribution to
this-Report. . . ‘ ‘



37

TABLE I  Branching ratios of some rare kaon decays.

mode theory experiment
Ks — vv 2x 1078 1.4 x 1079 (2.4 1.2) x 10~°
0

Ks — 7%y 3.3 x 1073 {1078 - 1079] e

Ks —ete™y 3.2 x 10-5 . _

Kg —ptu~~ 7.5%x 10710 o —_—

Ks — nlete~ 5x 107 =5 x 10710 {1078 < 4.5x 10"%

Ks — moutu~ 1 x 10 —1x 1071 e

Kp —vy th'“] (4.9+£0.4) x 107*

Kp — 7%y 6.8 x 107 (< 1077 <2.1x 1078

Kr .—re\”’e"y 9.1 x 10-8 (1.7£0.9) x 107°

Ky —putpy 2.3x 1077 (2.8 2.8) x 1077

K — 7%te” 10-1 — 10-12 < 4.2x 108

Ky —x%utpu- 10~ ~ 1012 <12x10°8

K* — wtete input [1076] | (2.7+0.5) x 1077
CKE opEptys © 6.1x 1078 <2.3x 1077

K+ — ntyy >4 x 10°7[107% - 10"7)- < 1x 1078
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FIGURE CAPTIONS

1. Relevant momentum spectra for Kg decays

2. Momentum resolution for the proposed central tracker

3. Relative flight path resolution for n° as a function of energy from the mass

© ® N @

10.

constraint (symmetric decay in the #° rest frame)

Diflerence between actual and reconstructed path length vs path length
after kinematic fitting

Vertex resolution for the Kg — 7970 decay as a function of the shower’s
apex resolution for different energy resolution of the calorimeter

6Ey vs E, for the measured v energy from 7%7%decays (¢£ = 0.01 ——lﬁ)

6 Ey vs E, for the fitted v energy from %70 decays (%E = 0.05 :/1_};«3')

Range distribution for 7’s and p’s in a Lig. Ar homogenous calorimeter .

Smearing losses in total K§ rate as a function of the fiducial volume for
different vertex resolutions

Smearing losses in total K rate as a function of the vertex resolution
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CP violation measurements at the ¢ resonance
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ABSTRACT

We discuss how to determine the parameter ¢ /¢ from ¢ factory data, with special
attention taming the background coming from decays of (K°K°,C=+) pairs produced
in association with a low-energy photon.
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The measurement of CP violating parameters in the coherent decay in K°K°
of the (JPC = 177) ¢ resonance has recently excited much interest [1], [2], [3], the
¢ mesons being copiously produced in high-luminosity ete~ annihilation machines (¢
factories). As stressed by many people [4] the ¢ meson decays in an antisymmetric
KsKy, state, and from the study of the 4 final states ( time asymmetry in 7+ 7=, 7%7°
[5] or different branching ratios in different charge configurations [6]) one can hope to

get a clean determination of the ratio € /e.

Very recently Nussinov and Truong [ 7] remarked the presence of a dangerous

background coming from the following chain of decays:

1

¢— v+ 57/ fo(976) = v+ (K°K°) o — v+ 7

(KsKs — K K1) (1)

Due to the small value of €, a contamination at 102 level will induce a number of 47

events nearly equal to that coming from the (K°K° ,C = —) state. Since the maximum

photon energy is

2 4 2

BEy=0_""TK oy MevV | 2)

it will be very difficult to distinguish the direct ¢ decay from that mediated by the S*/ fo
intermediate state, by reconstructing the K°K° mass spectrum. The partial width of
this process is strongly model dependent. The value obtained by Nussinov and Truong
is'(¢ — v+ K°K°) = 1.5-10"" MeV, which corresponds to (¢ —v+S5*/fo) =6-10"6
MeV. One could also estimate the partial width for the dipole transition é—=v+S*/fo
using a non relativistic potential model as done for radiative decays of charmonium and

bottomonium. One has for a confining linear potential (8]
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Wi

I(¢ =7+ S*/fo) %(q—)(ﬁl‘) | (3)

F(Q/’, — v+ XcO) qc ) ms

where ¢, and g, are the photon energy for a ¢ or a ¢’ state decaying at rest, and m. and
m, are the constituent masses of the charm and strange quarks (m./m,=3). In this
way one obtains I'(¢ — v + S*/fo) = 6 - 10~° MeV, ten times more than in Nussinov

and Truong. If the confining potential is quadratic, the decay width reaches nearly 104
MeV.

None of these models is very compelling, therefore one should not trust too much
the smallness of the values obtained; we think that it would be helpful to obtain a

determination of € /e free from the uncertainty due to this contribution. -~

In this letter we show that with a suitable geometrical cut one can suppress
almost completely the bad C-even events, while still retaining a very large fraction of

good events.

Let us consider the (zt7~,7%7°) final state and denote by d;(d;) the path length
of a neutral kaon decaying into 7F 7~ (x%7?). Let N4 be the number of events falling

in the rectangle of the (d;,d2) plane defined by

do<dy<d<dy<D |, (4)

and Npg the number of those having

d0<d2<d<d1<D , (5)

do and D being the minimun and the maximum paths inside the detector, respectively.

As will be discussed presently, it is possible to choose the distance d in such a way that

i) N4 (Np) represents almost the total number of events with do < dy <dy < D
(do <dy <dy < D) coming from a C-odd K°K® state;
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ii) very few events coming from a C-even K°K° state satisfy the constraints of

equations 4 and 5;

it follows that the value of €'/e can be derived from the asymmetry A = (N, —

NB)/(N4 + Np) without problems coming from the C-even contamination.

In terms of the usual CP violating amplitudes

_A(Kp —ntrT)

— !
(6)
. A(KL b 7r07r0) _ '
Moo = A(Ks = mon0) — €— 2e
and for each initial (K°K°,C = —) state, with a straightforward calculation one obtains
__r§ry 2 2 « .
Ny = Tl {In+=1"S1 + Inool"S2 + Re(n+-ngo)Ss + Im(ny—n3)Ss} . (7)

In eq. (7) T's(T'L) is the Ks(Kp) width, whereas I't ™ and T'Y are the partial widths

for Ks decaying into n* 7~ and n%7%, respectively. The coefficients .S; are given by

d
Si=(H e B -

ng(e_%—e—fs_)(e—zdf—-e_z%) , (8)
S3 = t(d, D) + t(do,d) — t(dy, D) — t(d,d)
where
_ 2P5FL _ Am da—dﬂ _rl“_ﬁ‘aifé_
t(dmdﬂ)_ I‘2+(Am)2 COS[FS ( ds )]e s %8 ) (9)
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Ss being obtained from S3 with the replacement (cos — sin). In egs. (8) and (9)
dg ~ 0.6 cm and d ~ 342 cm are the mean decay paths of K5 and K, from a ¢ meson

at rest, ' = (I's + I'1)/2 and Am = mp ~ mg.

N can be obtained from N; (eq. (7)) by interchanging noo and n4—, namely

_ P+ ]_'100
Ng = ToTL 5 {Inoo|*S1 + |n+-1>S2 + Re(n4+-180)Ss — Im(n4—nge)Sa} . (10)

The two quantities, N; and Ng, differ because of the different dependence of
n+~ and 7o on € /e. The two most recent experiments, however, both say that /e is
small (and probably real): we have in fact €' /e ranging from the value published by the
CERN NA31 Collaboration {9]

!

% =(3.3+11)-107% (11)

to the recent preliminary result of the Chicago-Fermilab Collaboration [10]

!

% = (-0.5+1.5)-107° (12)

It follows that apart from small terms O(¢'/e) we have the same number of events in

the two regions, i.e.

||5 ) (13)

with the "signal” S given by

S=51+52+S3§52 , (14)
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as can be seen from Table I, where the four coefficients S; are given for several choices

of dy, d and D.

In Fig. 1 we report the normalized distribution of the events C-odd ws. -the
distance from the vertex of the "second” K-decay (in ds units). By taking a given
value d, all the events characterized by a smaller distance represent all that we lose by
applying the cut of eq. (4): i.e. the events having dy < d; < dy < d coming from a
C-odd state, defined in the following as

+-100
~TsTs

— 2 -
NG = Frldfo . (15)

If the cut is chosen to be appreciably larger than ds, then the remaining distribution is
”practically” that of the events N (or N5) (the number of events with d < dy < dyis
quite negligible), to be further cut in correspondence with D, the maximum path inside

the detector (in the figure a small vertical arrow indicates the position of D = 1d).

In the case of a (K °K°,C = +) pair, for symmetry reasons there is no difference
between the two regions A and B. The corresponding quantities, NV X and N, are equal

and can be written in the form

=2 S |°B |, (16)

where we have explicitly extracted the |¢|® dependence, typical of N; and N, in order
to make the comparison easier. We give also the explicit expression for the "background”
making the approximations ¢ ~ 0 (and therefore arg(n+-) = arg(noo) ~ arg(l' +iAm))

-
and e 45 ~ 0,
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It is easy to verify from eqs. (8) and (17) that B can be very much suppressed if d is
chosen to be much larger than ds but still much smaller than D, in order to retain a
large fraction of the signal. This is shown in Fig. 2, where the signal S, the background
B and the number C~ of "good” (C-odd) events that we lose by applying the cut in
eq. (4) are plotted as functions of d for do =0and D = %d L = 171 cm: it can be seen
that for 10 ds < d < 20 dg one has at the same time a strong suppression of the C-even

background B and a large fraction of good events retained (C~ < § ).

In Table II we give the values of the signal S, the background B and the lost
events C— for several values of dy, d and D. In the same Table the values of C* are
listed too, C* being related, analogously to C™ in eq. (15), to the fraction of "bad”
(C=+) events N} falling in the excluded region dy < dy < d2 < d.

We come now to the determination of €'/e from the asymmetry between N4 and
Npg induced by the different dependence on € of n4_ and noo. If the initial state contains

a fraction a of (K°K?°,C = +) pairs one has

_N§+aNg~(N;+aN;{)N3Re<i)_ 1 (18)

" Nz +aNg +(N; +aN}) €

where p = NY/N; ~ B/S. In deriving eq. (18) we take into account that the back-
ground is symmetric (see eq.(16)) and make use of the S; of Table I. It is easily seen that
the coefficient of Re(€'/¢) is 3 to a very high precision and independent of the cut we
choose. Conversely, that of Im(€'/¢) is cut-dependent and negligif)le (~ 1073 or several
orders of magnitude smaller) for all the caseé of interest here. Expected to be zero from
CPT invariance, as confirmed by the new experimental result [11] on the phases ¢4

and ¢oo, also if not zero, Im(¢'/€) cannot be appreciated in the present approach.

The C-even background would induce a systematic error A(€'/€)/(€'/€) ~ ap.
For the cuts given in Table I, this is less than 4- 1072, and therefore quité tolerable even
if o were to be near to 1. In any case, for not too negligible values of a, we can attempt
to determine it by measuring the K°K° decays with both decay paths larger than d. Let
D*(Xi, X2) and D~(Xy, X3) be the fraction of events falling in this region and coming
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from the decay in the |X1,X; > final state of a (K°K°,C = +) or (K°K°,C = -)
pair, respectively. The values of D* and D~ for different final states and for d = 10ds
or d = 20ds are reported in Table III. If d = 20 ds, essentially all the events in the most
external regions of the detector come from the C-even component of the initial state

and their number is

ND(Xl,»Xg) ~ N+D+(.X1,X2)'= OIN—'D+(X1,X2) s (19)

where N~ is the total number of (K°K°,C = —) pairs produced. Clearly the K,

allowed decay channels are the most suitable for the determination of «.

We come now to discuss the minimum number of ¢ (¥4) to be produced in order
to observe € /e to n standard deviations accuracy when we consider only the events

selected in the regions A and B. For a small asymmetry (A k1),

1 2 2
No = BR[¢ — (K°K°)] - BR[(K°K°®) — 77~ + 7079] 'S (ﬁ) > (20

where S/2 represents the fraction that we observe of the produced events,

BR[(K°K°)c=— — nt7™ + 7°2% =BR(Ks — mtr)BR(K, — 7°7°)
‘ (21)

I

+BR(Ks — n°7°)BR(K — 717 7)

and BR(¢ — K°K°) = (34.4 + 0.9)% [12]. In Table II one can find Ny for different
choices of dy, d and D and for Re(¢'/€) = 10~3, when a sensitivity to the asymmetry of
three standard deviations is required. It is seen-that Ny grows strongly for dy # 0 so
that the maximum effort must be made to reduce dy. We note that one does not need
the precise position of the vertex but only to know if it is inside or outside a circle of

radius d: for this reason we think that dy ~ 0 is not an irrealistic hope.
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Table I. The time-flight integrated factors which parametrize the coherent decay rate of a (C7) K K5
pair into a 7t 7~, 7970 state (see eq. (8)), for different values of the cut d and of the minimum (do) and

the maximum (D) path inside the detector. As units the mean decay paths of K5 (d,

{dz ~342 cm) are used.

~0.6 cm) and K,

do/ds  d/ds  D/dy 51 53 S3 LA
0 10 i 7.76 1077 0.38 -2.60-107°  —4.80-107°
0 10 1 7.76 1077 0.62 ~2.60-10"°%  —4.80.107°
0 20 i 6.99 .10 0.36 3.19.-1077  -3.90.10-8
0 20 1 6.99 - 10~ 0.60 3.19-10°7  —-3.90-107%
2 10 3 6.20-10"7  5.09-10"2 1.41-1075 -1.11.107°
2 10 1 6.20-10-7  8.32-1072 1.41-107°  —1.11-107°
2 20 i 6.28-10"11  4.87.10732 7.94.10°8 8.74-1078
2 20 1 6.28-10"!*  8.10-10"? 7.94-1078 8.74-1078
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Table II. In terms of the same distances used in Table I, we report here the signal S, the background B,
the C-odd and C-even events falling in the cut region and finally the number of ¢ (Ny) required to observe
an asymmetry A with a sensitivity of 3 standard deviations. Nj is estimated assuming Re(¢’/¢) = 10-3:
for different values one has to divide by the square of Re(e’/¢) in upits of 1073,

do/ds  d/ds  D/dg s B c- ct N,
0 10 1 0.38 1.51-107%  1.35. 10-21 1.66-10°  5.88-10°
0 10 1 0.62 151-102  1.35-107  166-10%  3.60-10°
0 20 : 0.36 3.74-107%  3.03.10~  1.66-102  6.15-10°
0 20 1 0.60 6.18-10"°  3.03-10"2 1.é6 102 3.70-10°
2 10 : 5.09-10"%  2.05-10"%  1.35.10~3 3.04 4.35-10%°
2 10 1 8.32-107%  2.06-1073  1.35.10~3 3.04 2.66 - 1010
2 20 : 4.87-107%  3.31-107%  3.64-103 3.04 4.55-101°
2 20 1 | 810-107%  550-107°  3.64-1073 3.04 2.73 - 101°
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Table III. Number of events D~ and D* coming from a (C = —1) and a (C = +1) state respectively,
and falling in the most external region of the detector (d < dy < d; < D), reported for the different final
states and two values of the cut d in units of the mean decay path of K5. The limits for the three =’s
decays are obtained by using the upper values of the K5 — 37 branching ratios given in ref. [12].

D~ D+
final states
d=10ds d=20ds d=10ds d=20dg
xta=  2%x° 2.1.10"8 9.2.10"13 2.3.107 2.1-10°7
wtrx~ xtg- 4.7.10"8 2.1.10°12 5.2.107 4.7-10-7
st~ a0 wxtrx- 2.4-10"8 1.0-10-12 3.1.10°85 2.9.10"°
atx=x? xtp-ad 2.1-10-12 9.1-10-17 1.9.10-3 1.7-10-3
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I. Introduction

The study of K decays marks some of the most relevant steps in the understanding

of particle physics. Related to the K physics are, in fact:

i)

i)

iii)

The parity violation [1], of which the K — 2,37 puzzle has represented one of

the first indications [2].

The CP violation [3], discovered in the analysis of the KK system twenty-
five years ago [4]. At present the KK system still remains the only known
manifestation of CP violation and a laboratory to study it. From this point of
view, also the introduction of the third generation of quarks and leptons [ 5 ] finds
its primary motivation in the K physics, being related to the attempt of justifying

the CP violation in the standard model in a natural way.

The GIM mechanism [ 6 ], which implies that neutral currents naturally conserve
flavour at the tree level and that flavour-changing neutral currents are naturally
suppressed at one-loop level. Based on the postulated existence of the charm

quark, it finds in the K7, — pt ™ one of its cleanest motivations.

Even though the present interest of particle physics seems now to be shifted to

a large extent towards the physics which can be performed at the energies recently

reached with the new colliders (typically the Z° physics studied presently at LEP/ SLC)

and towards the studies of heavy flavours, there are, however, good reasons to assert

that K physics still maintains unaltered its interest and should well be the source of

important results. Indeed, fundamental features such as e.g. the AT = 1/2 rule are still

difficult to account for, from the theoretical point of view, and the origin of P and CP

violations is not well identified as yet. Moreover the so—called "new physics”, i.e. those

manifestations which can be interpreted as clear indications of new effects beyond the

standard model, could manifest itself also in low energy processes such as K-decays (of

course, through experiments with improved systematics and high statistics).
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We can thus make in the following a list of the aspects on which K decays provide

particularly important and detailed information:

a) A better understanding of the nature of CP violation. K decays offer a unique
way to study old and/or new sources of CP violation, a point which is of crucial

importance.
b) Clean and specific tests of the standard model. Specifically
~ sensitivity to the still unknown mass of the top quark;

- precision measurements (number of generations, universality, radiative cor-

rections);

~ specific models (vector and axial form factors, short and long distance

effects, chiral perturbation theory).

¢) Possible existence of light neutral particles such as Higgs, hyperphotons, familons,
axions, etc., even though the recent LEP experiments [ 7] appreciably reduce the
margins of this kind of searches, in particular as far as light Higgs bosons are

concerned.

d) Possible glimpses on the so—called "new physics”. Here many possibilities and

alternatives are open. Among the most interesting ones:

— New alternative or complementary sources of CP violation, besides that
related, in the standard model, to the phase in the Cabibbo-Kobayashi-
Maskawa matrix, which is easily accommodated within the standard model.
An example is the spontaneous CP violation induced by multi-Higgs sys-

tems {8].

— Indications of a fourth generation: essentially ruled out at the level of a
light fourth neutrino by the recent results of the LEP/SLC experiments
[9], there still remains the — admittedly less appealing — possibility of a

fourth generation characterized by a heavy neutrino.

-~ New kinds of interactions, mediated by quanta not "envisaged” in the
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standard model, such as leptoquarks, superheavy Higgs, etc. Here the
point is that there exist specific processes that, being forbidden in the
standard mo&el, are a clear evidence of "new physics” once observed. This
is the case of all the processes related to a lepton flavour violation, typically

for example K? — pe.

The aim of this paper is to present in a synthetic way a scheme of the present
status of K decays, and to describe the perspectives potentially offered by a future
analysis of some of them. A particular emphasis will be given to those processes which

could be studied at a ¢ factory.

The paper is organized as follows. In Sect. II we consider the problems posed
by K physics from the experimental point of view: the different experimental facilities
proposed to study K decays are compared in terms of their characteristics, as available
statistics, detector performances, background conditions, etc.: the present situation is
briefly discussed, together with the perspectives offered in a rather near future. In the
following sections the different processes are analysed, by grouping them into different
categories, distinguished on the basis of their "rareness”. We are aware that this intro-
duces an element of arbitrariness. Nevertheless this faeilitate:s the approach to the large
number of processes to be discussed. Accordingly, in Sect. III the ”common decays”,
K — 27, K — 3w, Ky3, Ky, K3, Ky are reviewed, while in Sect. IV we consider
under the name "not so rare decays” the radiative leptonic and non-leptonic transitions
K — (v)y, K — (bv)(€l), Kay, K — (lhyy, K — mmy, K — 7%y, In Sect. V we
consider the "rare decays” K+ — n¥(¢+e-), K+ — 7t(1D), K — ptp~, K — ete.
These are still accessible at the existing high intensity K beams and, of course, at the fu-
ture K factories. In Sect. VI the "very rare” decays K® — n°(£+¢~) and K — n°(vi7)
are described, very rare because both GIM suppressed and proceeding, as far as the K7,
is concerned, through CP violating amplitudes. Finally, in Sect. VII we consider the
"not expected or forbidden decays” K — pe, K — mue, whose observation would be a:n

unambiguous signal of "new physics”.

We have no hope to be exhaustive, because the material to be covered is huge.

Certainly, some topics reviewed in the present report would require a more accurate and
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specific analysis. For example, we consider only marginally the well-known problem of
CP violation in the K K system and in K — 27, whose phenomenological and theoretical
properties need a detailed description. Concerning the weak decays K — 3w we will
give only a brief account of the perspectives offered by them. as a possible test of the

CP violation.

A further point is worth noting before closing this Introduction. Two relevant
topics, typical of kaon decay physics, are essentially missing here, with only a brief
mention when required. They are the search of a light Higgs and the search of a light-
fourth generation neutrino. Both would have been in principle well studied through
K decays, but they have lost their significance after the recent results of the LEP
experiments [7],.[9].

II. Experimental considerations on K physics

Kaons are normally hadroproduced from high intensity proton beams colliding
on fixed targets (CERN, FNAL, KEK, BNL, future Kaon factories) or in low energy
pp collisions (CERN/LEAR). With the advent of ¢ factories other clean and intense K

sources will become available.

In the case of high energy hadroproduction, the K’s energy may range from as
low as (few) GeV (used in high rate K+ — 7t (v%) or K, — pe experiments and
muon polarization measurement in K3 decay) to 100 GeV or more (suitable for exper-
iments measuring Re(€'/¢), K;, — n%%e™ and Ks — 3m). The beam intensity may
be extremely high, reaching few 10° K s~! as in the case of the upgrade proposed
at the Tevatron [10], or even more as it is foreseen at the future Kaon factories [11].
These fluxes are much larger than what is expected at a ¢ factory or at LEAR (103
to 10K s™!); however what matters is the rate of K decaying in the detector fiducial
volume, for example in the case of high energy K, (and K *) beams, the experimental

acceptance is normally very low (few %) due to their long decay path. Moreover, pure
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_ TABLE 1. Recent progress in rare kaon decay. Some results are preliminary, while others are published.

decay mode experiment result sensitivity comments

K% — nt4nothing BNL E787 <3x10-8 10-10 detector works well
K+ — xtpte- BNL E777 <1l.1x10"° 1.5x 10719 limited by beam halo
K — pFe¥ BNLE780 <1.9x10°° limited by beam halo
K; —ete” <12x107°

Ki — nlte <3.2x1077 “will pursue (~ 107!Y)

in E845
K — pte¥ BNL E791  <3.0x1071® ~2x10"! limited by accidental

from K decays

Kp — p*e¥ KEK E137 <4 x10-10 ~2x 1071 will pursue in E162

Kp —ete™ Kp — 7r°e+e"(~ 10-19)

Ks—nta—n0 FNAL E621 < 1.5x10~7 ~3x10"%  expected rate
~1.2x107°

Ky — ml%te~ FNAL E731 <42x10°8 ~1x10-8

CERN NA31 <4x10°8

Kp — n%%e~ KEK-162 ‘ 10-10

Kp — n%te~ FNAL P799 1010 — 10—t

K beams are difficult to produce at fixed target sources. Conversely, at low energy a

large frabtion of the produced K’s decay in the detector fiducial volume.

whereIn addition, experiments performed at intense K beams have to face severe back-

grounds (muons, pions, neutrons, photons) accompanying the K’s, and to tolerate ex-
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TABLE IIL Characteristics of the various kaon facilities.

experiment status physics statistics notes
CP-LEAR ready soon * Qﬁ in K decays #* expected * pp interaction at rest
* CPT test o(e'fe)=few 1072« statistics to small
for o(€'/e) < 1073
* other particles in
the final states
¢ factory 1993-94 (?) * € [e and other  * 1010 ¢/year at *ete”
(to be approved CFin K decays 2.5 x 10%2cm™2s™!  x very clean exp.
and built) * rare Kg decays * few 10° expected environment
* CPT test K* decays * tagged ultrapure
* 103-10° expected Ks,p, K* beams
Kp s decays x o(e'fe)=3-1071
with > 101%¢
NA31/E731 analysing x € fe * few 10% observed  * disagreement (20)
'88-’89 data * CPT test Kg — 2m decays on ¢ fe
* few 10% observed * new planned
Kp — 27 decays measurements
* o(e'fe) =~ 1073
high intensity running * K, Kt decays  103-10'! * dedicated exps.
kaon beams + very rare or observed decays * some exps. are
upgrades forbidden background litnited
* Kg — ntr— 70
kaon factories > 1995 x Kp, Kt decays * 101-10'3 * dedicated exps.
planned very rare or expected decays * background

forbidden
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tremely high trigger rates. For this reason, in addition to experiments optimized for the
study of direct CP violation in K — 27 decays, each experiment normally concentrates
on only one (few) rare or forbidden react'ion(s) like: K™ — 7* + nothing, 7 pte,
K — peyete”,m%ete™ and Ks — nt7 7% As summarized in Table I (taken from
ref. [12]), the limits obtained on the above reactions are already in the 10~8 to 10~1°
range and will reach in the next years the 107 to 1072 level with the upgrade of the

existing facilities and the construction of the proposed K factories.

On the other side, low energy KK pairs produced in pp (K~ K", K"'—I—(—-o) and
ete”™ (KTK~, K1 Ks) annihilations are more suited to study a broader set of CP
violating K1, s and K* decays, and rare Kg decays, because of their unrivalled back-
ground conditions, K tagging capabilities and redundance of kinematical constraints.
The two experimental approaches seem then complementary, with the exception of few
issues like the challenging measurement of Re(e'/€) where they are likely to be in direct

competition. Table II summarizes the characteristics of the various K sources.

Whichever is the topic studied (better understanding of CP and T violation, test
of the standard model, search for "new physics”), the precision reached in a K experi-
ment is always determined by the interplay of i) available statistics; ii) detector perfor-
mances (acceptance, particle identification, calorimetry, tracking, systematics, etc.); iii)
background conditions. In the following, on the basis. of these items, we present some
general considerations concerning the expected impact on various open K issues during

the next few years and at the various facilities.

1) Available statistics

The number of K; and K+ decays already detected at high intensity K beams
by experiments looking for rare decays is roughly of the same order of magnitude (few
times 10°) of what is expected in a year at a ¢ factory running at -a luminosity of
2.5 x 10%? cm ™25~ 1. The expected upgrades of both experiments and beam lines should

allow an increase of the beam intensities by one order of magnitude. In addition the ad-
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vent of K factories around mid ’90 should allow a gain of two more orders of magnitude,
bringing the limits on-selected K, and K+ decays, such as K1, — pe or K + o ptputeT,
to the 10~13 level. For what concerns Kg, it is more difficult to obtain pure and intense
Ks beams, because their short lifetime limits the separation from the accompanying
background. However Ks — 7T~ is actively pursued by experiment E621 at Fer-
milab, where it is expected to improve the existing limit (BR < 1.5 X 10~7) by about

two orders of magnitude before the advent of Kaon factories (see Table I).

TABLE IIL Expected kaon fluxes at a ¢ factory for two different luminosities L.

L=1x10%2cm ?s™! L=25x%x10%cm?s!
é/year 4.1 x 10° 1.0 x 10%°
¢ — KIKY A 1.4 x 10° 3.5 x 10°
¢6—KtK- - 2.0x10° 5.0 x 10°
tagged K3 2.1 x 103 5.2 x 108
tagged K 9.6 x 103 2.4 x 10°

On the other side, to be competitive on the measurement of Re(e'/ €), a ¢ factory
should be able to produce at least ~ 10'° ¢/year (see Table III). Thanks to their very
low energy, a large kaon fraction (100% of Ks, ~ 25% of K, and ~ 70% of K1) decays
in the detector fiducial volume (assumed 1 m of radius). In addition, at a ¢ factory both
charged and neutral K’s are produced democratically (C-odd K* K~ and K1 K5 pairs),
allowing for instance the study of CP violating effects in K * decays. Concerning other
experiments studying direct CP violation in K — 2% decays, this sample should allow

a better statistical precision (~ 3 x 10™* [13]) than at CP-LEAR (expected .~ 2 X 1073
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-[14]) and it would be comparable in size with the samples collected by the two most

precise experiments, NA31 at CERN [15] and E731 at Fermilab [ 16].

Using this statistics, at a ¢ factory it would be possible to study other very
interesting CP violating decays, by looking for the appropriate asymmetries in channels
like K* — rtrtaF® K+ 07 E, K* — 1%00%, Kp s — ntn=vy, K — n¥lFu
and K'L — wtx~ 7% In parti¢ular, the study of direct CP violation in K* decays,
because of possible enhancement effects [17 ], looks promising: at a ¢ factory it should
be possible to improve by one order of magnitude the accuracy of the measurement on

charge and Dalitz plot asymmetries, reaching the level of some theoretical predictions.

The situation seems also particularly favorable here for what concerns K s decays.
In fact, for the first time it would be possible to produce extremely pure (tagged) Kg
beams, dramatically improving the knowledge of Kg branching ratios (most of them
not measured, like Ks — 7%z, etemy, ptp~y, 7%te™, nutu-, mEuFu,(7,),
rE eTve(Te), etc.) down to the 1078 level (if the contamination coming from ¢ — KK~
is not unexpectedly large). As an example, by selecting events Wheré the K decays
into 7+1F v it should be possible to substantially improve the existing limit on the
CP violating reaction Kg — 3%, by looking for 6 low energy photons in the detector
(the experiment discussed in ref. {13 ] should be capable of efficiently detecting photons
down to enérgies of (few) ten(s) MeV). Another difficult search that could be performed

concerns the decay Ks — m%y+, where it may be possible to detect a few events.

At CP-LEAR, the goal is to collect in the next few years ~ 10'® pp annihi-
lations at rest to study the (C-even) K+tx~K° and K-ntE&' decays (the fraction
PP — KiﬁKo(Fo) being of the order ~ 4 x 107*). Concerning direct CP viola-
tion in K — 27 decays, although the statistical error corresponding to this sample
(o(€'/e) = 2 x 1072) will be larger than for NA31 and E731, the systematic errors are
expected to be completely different, motivating this experimental approach. In addi-
tion, this sample should allow a measurement of CP violation in the Ky, s — 37 channel
(through the parameters 7,2 and Nooo, discussed in the next Section). Finally, as a
source of pure K and &’ final states, LEAR represents a unique chance to study order

¢ CP-violations in KO‘(EO) — vv decays.
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ii) Detector performances

To accurately measure the different K decays one needs detectors capable to

identify 7%, e*, u* and v and to measure their energy.

At very low energy (¢ factories, LEAR, stopped KT beams) good m/u separation
and eflicient v detection become difficult. ’For instance, in K+ — wtu¥ experiments,
K™ are stopped in the target and then the detectable reaction signature consists of a
single pion of non discrete energy occurring at a very low rate (~ 1071%) in the presence
of a large background of muons (from KT — u*v and Kt — ptvy). In this case the
7 /p rejection factor (~ 107%) given by energy and momentum-range measurement is
definitely not sufficient [18] (see Fig. 1, taken from ref. [19]), and it is necessary to
follow the decay chain 77 — put — et. This method allows an additional few 107°
rejection power but requires a continuous reading of the detector by means of high

frequency (500 MHz) transient digitizers [ 20 |.

At higher energy (px ~ O(10 GeV/c)), like in experiments searching for Ky —
pEeT or Kt — wtuTeT, the leading potential background arises from the decay
Ki — 7teFu, followed by 7t — uFv, in flight. In order to suppress this background,
high precision tracking of the charged decay products in a magnetic field is performed,
to determine their momenta and trajectories and to reconstruct the K mass. To de-
tect momentum change in flight a redundant muon energy determination is performed,
measuring the momentum twice. Additional p/7 rejection is obtained also in this case

by means of a range measurement, as it is shown schematically in Fig. 2 in the case of

the experiment E777 at Brookhaven [21].

As far as v detection is concerned, at low energy it is rather difficult to reliably
detect them. In fact, in addition to the probability of not converting in the calorimeter,

assuming L/Lqqq =~ 15

- - ~
I, = e sl/brud ~ 1075

: (1)

shower fluctuations may cause additional inefficiencies. As an example, with a typical
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Fig. 1 - Spectra of Kt decay modes. Dashed lines: K+ — 7*vy and K+ — 7z. Solid
lines: other modes. Branching ratios are shown in parentheses. The vertical scales
are arbitrary and different for each decay. (a) Momentum spectra, and (b) range

spectra in scintillator with finite resolution (taken from Ref. [ 19]).
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calorimeter (15 L,,4 long, lmm Pb/5mm scintillator sandwich) at E, = 20 MeV the

visible energy results

E,is=044E,+0.03\/E, ~ 88+ 4.2 MeV , (2)

which implies, for Epes = 4 MeV, a probability of ~ 15% of not detecting the converted
photon. Finally, a small v fraction interacts directly with the nuclei instead of undergo-
ing an electromagnetic shower, so much of the energy goes in neutral reaction products
and the photon is lost. Fig. 3 (taken from ref. [22]) shows the behaviour of the proba-
bility for a v of not being detected as a function of its energy, in the range 20 — 220 MeV
relevant for ¢ factories, LEAR and stopped K* beams. More sophisticated detectors
using liquid Xenon or Krypton discussed in [13] are expected to improve substantially

the e.m. calorimetry at low energy.

The ability of detecting all photons in the event is essential to tag or veto various
decays. For instance, when searching for K+ — 7+ v¥ decays one has to reject K —

ptvyor Kt — 7t 70 decays by detecting all low energy photon(s) present in the events.
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Fig. 3 - Photon detection inefficiency with lead scintillator calorimeter in the 20-220 MeV
range (from ref. [22]).

Similarly, to search for the Kg — 3n° decays at the ¢ resonance one needs a very good

acceptance on rather low energy photons.

At higher energies, the photon detection is easier because of the boost. Also the
electromagnetic energy resolution, improving as £~ %, tends to favour the use of high
energy K beams. On the other hand, high energy n°’s decé,y into photon pairs that
often overlap, requiring good calorimetric resolution to be separated. Convérsely, at low

energy facilities, where the v detection is more difficult, opening angles are large.

One should also recall that at higher energy, additional techniques of particles
identification become available, like Cerenkov radiation detection and transition radia-
tion detection (both useful for instance in /e separation). However, as we will see in

discussing the next point, although high energy experiments clearly have a better set of
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experimental techniques for particle identification, it is also true that their background
conditions are much worse than at LEAR or at the future ¢ factories, because of the

contamination of Kt and K beams with pions, muons, photons and neutrons.

At a ¢ factory one expect that a sophisticated 47 detector designed to measure
Re(e'/€) [13], characterized by an excellent electromagnetic calorimetry, good momen-
tum measurement, vertex reconstruction and 7/p/e separation, should be able to accu-
rately measure all kinds of Ky, 5, K + decays with rather good statistics, as it has been
discussed above. From this point of view it would be superior to single purpose experi-
ments looking for one or few rare decays at high intensity K beams. One could expect
for instance to improve the existing limits on K* — 7t~ or K* = nfutp—, detecting
tens or hundreds of events. Also the existing limits on K+ — 7°utvy, 7¥ntpFo, gy

and [*vvy could be substantially improved.

It is also useful to recall that, in order to reach branching ratios of the order of
1071% or less, which is the goal of most experiments at high intensity K beams, great
care is needed to handle the large amount of data coming from the detector: trigger

and data acquisition are clearly a key element in this kind of experiments.

When performing high precision measurements as in the case of CP violating
effects, systematic errors play a very important role. This matter is clearly rather
complicated, but, without entering into details, it seems reasonable to expect that
experiments performed at high intensity K beams will suffer from different kinds of
systematics, more than experiments performed at pp or ete™ machines. Given similar

statistical errors, this fact may help in the comparison of the various results.

iii) Background conditions

One of the strongest points in favor of a ¢ factory is the cleanliness of the fi-
nal K state in comparison to the more complex final state in pp interactions or to the
background induced by neutrons, muons, pions and -photons accompanying high energy,
high intensity K beams. Even if in high luminosity et e interactions we may expect

_ a considerable flux of low energy photons (keV region), it should be possible to min-
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imize this background by making use of the existing kinematical constraints. About
74% of ¢’s decay in fact into pure KK pairs (with a very small radiative KK~ con-
tribution well under control [23]). By making use of K5 different decay lengths and
selecting properly K1,(Ks) decays containing two charged particles' and no photons (i.e.
K — 7*Fv, BR = 65.6%, and Kg — 7Tn~, BR = 68.6%) it would be possible, for
instance, to "tag” Ks(K ) decays containing many photons with negligible background

contributions, as mentioned in the previous point.

The situation is clearly more critical at hadroproduced K beams, where one
routinely has to tolerate neutron fluxes one order of magnitude larger than the number
of K decaying in the apparatus [10] . This fact is one of the basic elements to take
into account when designing experiments at these machines, and in some case limits the

sensitivity of the existing detectors.

We then tentatively conclude that, for what concerns the study of some K issues,
like for instance the neutral K (in particular K s) decays containing many particles in
the final states, a ¢ factory equipped with a.good 47 detector would be superior both
to LEAR and to high intensity K beams.

In the following sections, various K physics issues still open (except Re(e€'/€))
are reviewed, keeping in mind the kind of experimental constraints discussed above. It
turns out that some issues will be better studied at high energy K beams (very rare
and forbidden K decays), others at LEAR (CP violation in KO(EO) decays) and others
at a ¢ factory.

The advent of this last facility, with a production of 10° — 10'° ¢/year, would
give a dramatic boost to our understanding of the K’s system, allowing a detailed study
of many aspects of CP violation better than elsewhere. Ultrapure and remarkably
intense K1 s and K* beams will be available, allowing the study'of all possible K
decays down to the 107® — 1079 level, with an accuracy that, at least in the case of
Ks decays, will basically be without comparison. Finally, regarding the challenging
measurement of Re(e¢'/e), all experimental approaches seem worth pursuing, because,
while the statistical significance of the samples collected at the various machine seems

comparable, the systematics are expected to be different.
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ITII. Common decays: K — 27, K — 37w, K¢, K3y Koa

We consider here the purely hadronic decays

K—2r , K-—3r |, ' (3)

together with the relatively common semileptonic decays

Km(K — eVe) ) I\’g;;(]\’ - TFEV() y I\’g4(K — 7!'7r£1/g) . (4)

All these decays represent important sources of information either because of the ap-
pearance of violation effects related to their asymmetry properties (typically the CP

violation in the K — 27 decays), or for the possibility of performing precision tests.

The purely hadronic decays K — 2r play a very important réle in K decay
thSics. The decay K1 — 27, with typical branching ratio of the order of 1073, is until
now the unique manifestation of ”indirect” CP violation, measured by the parameter

, ¢ and induced by the state mixing. Furthermore, the comparative analysis of the two
processes K, — 27 and Kg — 2w, through the simultaneous estimate of the two familiar

amplitude ratios

Fig. 4 - The decay K; — 27 can manifest: (a) mass mixing and (b) direct AS =1 CP

violation effects.
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_ <rmtrT|Hu|Kp >
T < ntr|Hyl|Ks >

< O H LK > .
<7070\ Hyl|Ks >

N4~ +e o= e—2¢ (5)

allows a measure of the ratio ¢'/e, i.e. a test of the direct CP violation (see Fig. 4). A
substantial effort has been recently performed from the experimental side, but with a
rather controversial result‘, because of a cer‘taﬁin disagreement between the the two most
recent and precise determinations, those of the NA31 collaboration at CERN [15] and
of the E731 experiment of the Chicago-Fermilab collaboration [16 ]: |

¢ (3.3£1.1) x10~% [15] :
Re = (6)
( ) —(0.5+1.5) x10™* [16] )

We do not discuss here the K — 27 problem and its connection with the CP violation
in the K K .system, since the general formalism and its parametrization are considered
in an exhaustive way in several reviews (for instance in [ 24 ] and more recently in [25]).
We only give in Fig. 5 an account of the graphs that in the standard model are supposed
to contribute to the kaon CP violation. A brief comment of their relevance is reported

in the figure caption.

In particular the problem of determiﬁing Re(€'/¢) at a ¢ factory from an analysis
of the decay ¢ — (KK )c=—1 has been faced in [26], [13], [27] and [23]: in the latter
reference the possibility of performing the measurement also in presence of a possible
contamination coming from the alternative decay ¢ — vS$* with §* — (KK )= [28]

has been considered too.

While the analysis of the K — 27 decays has to be considered of central interest ’_
in the K decay physics, a potentially important réle is covered also by the K — 3x
processee. The possibility of finding an evidence of CP nonconservation in K — 37
transitions could enable us to obtain further information, useful to distinguish between
the various models of CP violation. The cleanest way to observe CP violation would be
the search for the CP-forbidden decay Ks — 3n°, as CP(37°) = —1. This search ap-
pears unpracticable at high energy Kg beams 111<::Linly because of background problems.

It would become much easier at a ¢ factory, provided one had an efficient detection sys-
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Fig. 5 - Diagrams contributing to CP violation in the KK system. Diagrams (a), (b), (c)
and (d) are indirect (mass mixing) effects, while (e) and (f) are direct transitions.
The so-called double penguin (b) and siamese penguin (c) give contributions smaller

than the box diagram (a) because of the lack of heavy quark loops.
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detection system to detect low energy photons. In fact, tagging the K, by selecting
K, — wuvy,meve decays, one should search for events having 6 photons in the detector;
it should not be too difficult to significantly improve the existing limit BR(Ks — 37%) <
4% 1075 [29].

From just mass mixing one would naively expect the branching ratio of Kg — 37°
to be of the order of 107°, so that an improvement by several orders of magnitude is
required to be sensitive to this process. Actually it could be interesting to analyze
theoretically the possibility of some dynamical enhancement of the amplitude. Besides
the well-known phenomenological analysis of Devlin and Dickey [30], there is a con-
siderable amount of theoretical work on the K — 37 processes [ 31 ]. From the paper
of Li and Wolfenstein [32] to the most recent papers as [33], [34], the problem has
been faced of connecting the new parameters characteristic of the K — 37 decay to the
CP-violating parameters of the K — 27 decay. In particular the amplitude ratio for

Kg — 37 has been studied:

< 7r+7r"7r°[H,(,,_)|Ks >
<'7r+7r‘7r°|H,(,,+)lKL >

N+—0 = =e+ey_g (7)

c t

u, d

Fig. 6 - Electromagnetic penguin diagram, contributing to CP violation.
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" where H Svi) are the CP—even and the CP-odd parts of the weak non-leptonic Hamil-
tonian. Within the standard model and using current algebra and the simplest linear
parametrization of the K — 37 amplitudes Li and Wolfenstein [ 32 ] derive €}, _o = —2¢'.
From this one could expect a situation where there is a dominant CP—conserving,
AI = 2 amplitude, giving [35] BR(Ks — n"7~7") ~ (1 - 3) x 10~7 (to be compared
with the experimental upper limit of 1.5 x 1077), while the CP-violating transition
would be an effect of order € and then ~ 107%. But one shoﬁld expect a consider-
able modification of this result, coming from the electromagnetic penguin diagram (see
Fig. 6) and isospin mixing contributions, together with possible effects of terms of higher
order in the pion momenta in the K — 37 amplitudes [ 33 ], and/or meson rescattering
effects [17]. Tt follows that an enhancement of the Li-Wolfenstein prediction cannot
be excluded, with values for €/, _, about one order of magnitude larger, so reaching
€', _o ~ €/10 [33]. This conclusion does not seem to be unanimous, howevér, see e.g.
[36]. Of course deviations of 7, o from € are hard to be seen, but also a measurement
of N4 _¢ to order e is significant: a theory of CP violation purely parity—conserving could
generate € in the K K system and could have N4 _o different from zero (and also as large
“as several times ¢, at least in principle) while €' could‘be strictly zero being related to

a parity—violating process [ 33 ].

The existing limit on Ks — w7~ n® should soon be substantially improved
by experiment FNAL E621; the expected sensitivity is in fact ~ 3 x 107°, close to the
predicted rate ~ 1.2x107° [12], but a proposed upgrade of the same experiment should
allow a test of this theoretical prediction. This measurement would also be possible at
a ¢ factory, following the same tagging strategy discussed above: with 101? ¢ produced
it should be possible to reach the 107° region.

Also the charged K — 37 are of interest, because the enhancement effects of
direct CP violation mentioned above might lead to charge asymmetries (both in the

rates I's and in the linear slopes g’s), in the perspective of a high statistics experiment

[17]:
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theory S experiment

|AT(K® — n7%7F)| ~ 0.39 x 107* AT = (0.35 £ 0.6) x 10~
JAT(K® — n'7%7%)| ~ 011 x 107 AT = —(0.15+ 2.7) x 10~ (8)
|Ag(K* — a¥rEa¥)| ~0.14 x 107> Ag = —(0.75 + 0.5) x 102

|Ag(K* — n%7%7%)| ~0.14 x 102 not available

This kind of measurements seems well suited for an experiment running at a ¢ factory,
where K’s and K ~’s are produced in pairs and populate in the saﬁle way the detector
fiducial region. This seems to allow for keeping the experimental systematics under
control: with 10'° ¢ one expects to easily improve the existing experimental limits
on the asymmetries by an order of magnitude, reaching the level of the theoretical

predictions in eq. (8).

‘We consider now the most common semileptonic decays. From Kj, (K — pv,,

K — ev.) decay rates several precision measurements are possible. Let us mention:

— test of e~y universality and V-4 charged currents, inclusive of radiative correction

effects, by improving the measurement of the ratio

I'(K — ev.)

R = T = )

=(24240.11) x 1075 (9)

- — constraints on non-(V-A4) couplings in the strange sector.

As a byproduct of the analysis of these decays it was possible to include the search for
effects of heavy neutrinos (vz), whose mixing was expected to influence the experimental
ratio (K — ev)/(K — pv), and whose presence was expected [37] to induce low energy
peaks in the p moméntum distribution in the reaction K — pvgy. At present the
possibility of-relatively light neutrinos is, however, excluded by the recent results of

LEP experiments [9].

K3 decays (K — wupv,, K — mev,), are relevant in testing the CKM matrix

element |Vy,|: the best determination of |V,,| comes in fact from an analysis of Ky,
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decays performed in [ 38 ], which find

[Vus| = 0.2196 £ 0.0014 + 0.0023 (10)

The uncentainty combines the experimental errors and the uncertainties induced by
SU(3) breaking and by the isospin violation between the K, and the K}, modes. On
the other hand V,, enters, together with V4 and V3, in the fundamental test of the

unitarity of the CKM matrix in the usual scheme of three generations. At present [ 39 ]

[Vaal® + [Vus|? + |Vus|? = 0.9979 £ 0.0021 . (11)

Since V4 is expected to be improved, an improvement in the estimate of V,,, through

K3 decays seems of relevance.

S

Another important aspect is the measurement of form factors, which can severely

test the models used to realize the non—perturbative, long—distance QCD.

Very importantly, the charge asymmetry in K — nfv decay provides an alter-
native measurement of the indirect CP violation parameter . The experimental result,

averaged over £ = e, is Ree = (3.30 £ 0.12) x 107° [31].

An interesting search involving K u3 decays is the measurement of the muon
transverse polarization o, - (pr X pu), where a finite value would indicate a violation
of the time-reversal invariance [31], [40], up to higher order Coulomb corrections.
The existing experimental limit on the T-violating component of the p polarization
Py = (—1.85 4 3.60) x 1073, derived [41] from both K;rs and K, decays, has been
obtained with a rather small number of events (~ 2 x 107), and the uncertainties are
almost wholly statistical. The standard model would predict zero muon polarization
apart from electromagnetic corrections which are negligible for the K :3. Therefore this
kind of measurement could be helpful to constrain alternative ideas on CP violation
[42]. From a statistical point of view, with the available and future K sources, there

is clearly the possibility to improve the accuracy by at least one order of magnitude.
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However, such an experiment would require a highly segmented polarimeter to measure
the u polarization through its ev, decays. While the feasibility of this kind of detector
has already been demonstrated at (low energy) K beams, the possibility to operate
a 4w detector with u polarimetry at a ¢ factory has not been analysed yet. In the
affirmative case, this would be an important tool to study T-violating processes in K

decays involving u’s, and in any case an interesting experiment per se.

Againin K3 decays, only an extremely high statistics analysis of the three-body

decays [43 ] seems it could allow an improvement of the existing limit of the v, mass

(m,, <250 keV).

We close by stressing the interest of the Ky decays K — wmwev, and K — TTUY,,,
which occur at the level of (2 — 6) x 107°, depending on the specific mode. They
give important information on the 7 low-energy phase shifts [44], and in general
the measurement of the vector and axial-vector form factors represents a test of the
prediction of the various theoretical approaches, in particular those based on effective

chiral lagrangians [45 ], [46]. Also in this case T~odd correlations can be searched for

[40], [42]..

IV. Not so rare decays: K — (lv)y, K — ({v)(¢f), K3y, K — (lyy, K — mry,
K* ﬂ'i'y'y

This sector involves a conspicuous number of radiative leptonic and non-leptonic
decays, whose branching ratios make still possible precision meassurements. On the
other hand, a theoretical understanding of these decays requires an accurate description

of the hadronic structure and an estimate of the strong interaction effects.

A measurement of vector and axial-vector structure dependent form factors is
possible from the analysis of the spectrum of the high energy v’s in the decay K — (fv)y

[47]. This information is needed as it represents a portion of the O(a) corrections to
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d Y K
W U,C,t | + (k1 «—> k2) ,

Fig. 7 - The short distance contribution to the K7 — vy decay.

the ratio Rx of eq. (9).

The processes K® — vy, K® — 4414~ (£ = e, ), K — wmy and K* o gtyy
introduce the class of flavour—changing neutral current transitions with photons in the
final state, suppressed in the standard model by the GIM mechanism, and with branch-
ing ratios in the range below 10~%. They are described by an electroweak transition
ha.miltonian. H.g in terms of quark (and gluon) fields, where the dominance of short-
distance physics is assumed. The example relevant to the decay Ki — vy is shown
in Fig. 7. It is then necessary to estimate the hadronic matrix elements of such a
H.z. In addition long—distance.effects are also expected, arising from non-perturbative
strong interaction corrections to the quark diagra.ms at a low mass scale, which are de-
termined by the confinement physics. An example of this kind of effect is represented,

for K1 — 7, by the polar diagrams of Fig. 8.

Fig. 8 - The pole diagrams for the K; — v decay.



88

Besides probing the standard model, these decays can thus be very useful in order
to test the various dynamical approaches followed in estimating the hadronic matrix
elements. In ref. [48], where these decays were first considered in the context of the
standard model, simple quark model estimates were used. The framework which recently
has become most popular is represented by the so-called ”chiral perturbation theory”,
where effective chiral lagrangians are used as computational tools. The basic idea is
represented by an assumed SU(3) x SU(3)g chiral symmetry of strong interactions,
valid in the zero mass limit of the lightest quarks (u, d and s). A spontaneous symmetry
breaking to SU(3)y is supposed to occur in that limit, giving rise to an octet of massless
Goldstone bosons, which are associated to the usual pseudoscalar octet of the lowest
lying mesons, i.e. pions, kaons and eta. It is possible to implement this idea in the
framework of QCD, and to integrate out the gluon an‘d quark degrees of freedom of
the basic QCD lagrangian to obtain an effective (non linear) interaction lagrangian in
terms of pseudoscalar meson fields, the photon and the lepton fields, with the desired
symmetry properties mentioned above [49]. In particular such a lagrangian contains
the soft pion results of current algebra and PCAC. Finite pseudoscalar meson masses
and momenta are accounted for by respectively expanding in the quark masses and by
considering meson loops and the addition of higher derivative interactions, whose form
is.ﬁxedzby the chiral symmetry. The advantage of this scheme, which is supposed to
realize QCD at low energy (i.e. at long distances), is that one can predict by means of
the effective lagrangian a multitude of transition amplitudes involving pions and kaons
- (and the eta) in terms of a reduced number of constants. For this reason it has been

extensively applied to kaon semileptonic and non-leptonic decays.

Indeed specific treatments of the different decays within the chiral lagrangian
approach with refinements of the computational schemes ca;1 be found in the literature.
Examples are the analysis of the non-leptonic radiative K decays with at most one
pion in the final state (K — vy, K — (Ll)y, K — nyy, K — L), performed
by Ecker, Pich and de Rafael [50], that of the semi-leptonic processes (HKez, Koz,
Ks) of Donoghue and Holstein [46 |, or the estimate of the branching ratio of the decay
K — vy [51], recently reexamined in [52], [53]. In Table IV, taken from ref. [54],-the

preélictions derived within the chiral perturbation theory [ 50] for the branching ratios of
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TABLE IV. Branching ratios of some rare kaon decays.

mode theory experiment

Ks — vy 2x 107 (1.4 x 1079] (24+1.2)x 10~
Ks — 70y 3.3 x 10-3 1078 — 10~9] ———

Ks —ete vy 3.2x 108 —

Ks — ptp~y 75 10-10 —

Ks — 7%te~ 5x 107° -5 x 10~10 [10~%) < 4.5x 1073
Ks — ooyt~ . 1x10"%—1x10"10 N

Kp — vy [10-4] 4.9+ 0'.4) x 10~4
Kp — 7%y | 6.8 x 107 [< 10~7) <2.7x 108
Kp —etey 9.1x 10-% (1.7+0.9) x 10-3
KL — utu—ry 2.3 x 10-7 (2.8+2.8) x 10-7
Kp — n%te~ 10~ - 10-12 ‘ <42x 108
Kp — nutpu- | 101t —10-12 <1.2x 10"
K* — gtete- input.[10~¢] (2.7£0.5) x 1077
K* o x¥uty- 6.1 x 1078 <23x1077

K+ = atyy >4 x 1077 [10-% - 10-7] < 1x10-6
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the radiative decays considered above are reported together with those obtained for more
rare decays which will be considered in the following. To fit the coefficients of higher
order terms in the chiral lagrangian, the measured rate of the decay K+ — ntete~
has been used as an input. In the same Table we report, for comparison, the values
originally obtained in [48]. The considerable agreement between theory and experiment
[65] in the estimate of the decay K — ~~ is considered an;impor'tant success of the

approach.

Briefly commenting the most important aspects, Ks — v has only long—distance
contributions, so it is determined by meson loops, an example of which is reported in
Fig. 9. The same is true for K¢ — v£*{~, where ohe photon becomes virtual. Con-
versely, K — v (and K1 — v£7£~) has both short— and long—distance contributions.
Indeed the latter, represented in Fig. 8, should be the dominant one, and is quite

sensitive to the details of SU(3) symmetry breaking and n — 7' mixing [ 53].

Fig. 9 - Chiral loop mechanism for Kg — ¥y.

Also of interest, in the context of CP violation and of the high statistics mea-

surements of the kaon decays, should be the asymmetry (7 being the proper time)

_ (K = ) -T(& = 77)
(K = 77) + (K" — v)

A(T) , (12)

for which various estimates exist [56]. The two photons can be in two different CP

states corresponding to the two states of polarization. Therefore both' Ks — v+ and
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K1 — +v are allowed. Anyway in presence of CP violation, interference between Ks
and K amplitudes in an originally pure KO(TX:O) beam should occur and it could be

detected in the measurement of the decay rate asymmetry.

This measurement seems ideal for LEAR, where pure (tagged) Ko(fo) beams
are available by selecting Ki7r¢K°(—I—&70) events where the K+ decays semileptonically.
With a sample of ~ 103 pp interactions at rest (expected for CP-LEAR during the
next few years) an attempt to measure this asymmetry seems feasible, at least from a
statistical point of view. In facf, from the branching ratios for A's — vy and kg — vy
measured by NA31 [55] and using 50% as detection efficiency, the expected statistical

error is < 1073, i.e. of the same order of the ¢ effect.

The decays K — mmy could give in principle additional information on direct
CP violation, via charge asymmetries in Dalitz plots or througlr interference between
Ks — mtn~ v and K — w7 7m~~ similarly to K ¢ — 37. They bear on the question

70 persists in A'* — 7%7%y. Moreover,

whether the AT = % enhancement in K+ — 7
they have a role in the determination of € from Kj — 2m as they are a radiative
correction there [57]. The K — wmy amplitudes have two coniponents which can
be measured separately: the inner bremsstrahlung (IB), reliably computed in terms of
K — 27, and the direct emission (DE) (in turn split into short-distance plus long—
distance polar amplitudes), which suffers from theoretical uncertainties coming from
the incomplete knowledge of the confining physics. Recent attempts to estimate the
DE amplitudes have appeared [58], [59]. In Table V we have reported the results
obtained in [ 58], as well as the available experimental data [60], [61], [62], [63]. The

comparison seems to indicate that more theoretical effort should be needed in this case.

Finally, the possibility of observing CP violation in the K — w7y decays has been

examined in [64]. The perspectives do not seem very good, even with high statistics.

Regarding the K* — 7w%yy decays, chiral perturbation theory is not able to
predict the absolute rate, which depends on an unknown parameter. However it predicts
in general the lower bound reported in Table IV, as well as a characteristic form of the
4+ invariant mass spectrum. The latter closely reflects the dynamics underlying such a

calculation, so it should be interesting to try to measure it. A CP-violating asymmetry
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TABLE V. Branching ratios of K — w77y decays. The theoretical predictions of the two components of
inner bremsstrahlung (IB) and direct emission (DE) come from ref. | 58 ]. The experimental references

are also given.

mode theory experiment reference

K+ — w0y |ip 2.9 10—* (2.75 4 0.16) x 10~* [60, 61]
K+ = nt1%|pg 0.5x 10-5 (1.56 £ 0.35) x 10~3 [60]
(2.05 + 0.46) x 10~5 [62]
(2.3£3.2) x 1075 [61]
Ki — 7tr=v|m 1.4 x 1075 (1.52 £ 0.16) x 10-3 [63]
Ki — 717 |pE 1.58 x 10-5 (2.89 + 0.28) x 10~° [63]
Ks —1t1v]m 9.4 x 10-3 (1.82 % 0.10) x 10-3 [60]
Ks — 7*7v|pE 2.05 x 10~38 <6x 1073 [60]

can be defined also in this case, and we obtain qualitatively [ 50 ]
DKt —atyy) —T(K~ —n~
( 17) = I( 1) < 10-3 (13)

NKt — ntyy)+ (K- = n~yy) —

corresponding to the lower bound on the rate mentioned above. While the measurement

of the CP-violating asymmetry seems out of reach, this decay has not yet been observed:

it should be possible to detect a few events with the statistics required for CP-LEAR

or with ~ 10!° ¢.

The decays Kg 1, — 7%y~ are nice tests of the chiral lagrangian realization of the

standard model, as they can be predicted with no free parameters in chiral pertubation
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theory [50]. In particular, the Ks — %~y is dominated by Ks — #°#%(n) — w%yv,
and there is no cancellation between the 7’ and 1 contributions (actually the 7 seems
to be suppressed), contrary e. g. to the K — u*p~ case discussed later on. The
predicted branching ratio in Table IV is 3.8 x 10~8, while there is no experimental
upper limit at the present. The decay K; — w7y is also unambiguously calculable,
with BR(K — 7%yy) ~ 6.8 x 1077, while a new experimental limit has been recently
obtained: 2.7 x 107% [65]. Also, analogously to the K* — 7%~v, there is a charac-
teristic two-photon mass distribution. An alternative description of the Ky — %y~
including also vector mesons is given in [ 66 ], still compatible with the previous exper-
imental limit. The other important point is that K; — 7%y is needed. to estimate
the CP-conserving, two-photon exchange contribution to Ky — ete™, and thus to de-
cide whether the CP-violating one photon amplitude can dominate the latter processes.
Thus the measurement of K; — m%yv would have important bearing on CP-violation
studies. On the other hand, from an experimental point of view, this decay is a good
example of how a good e.m. calorimetry together with the tagging capabilities and
the unrivalled background conditions expected at a ¢ factory should allow a dramatic

improvement of the knowledge of some K and Kgs decays.

Finally it might be interesting to mention that amplitudes of non-leptonic ra-
diative K decays with at most one final pion are necessarily of higher order in chiral
perturbation theory (the lowest order vanishes). This implies in general a characteristic
suppression of order m?-/(167* f2) < 1, which can overcome the AI = % enhancement

of the basic non-leptonic AS = 1 weak hamiltonian. Indeed such a suppression effect is

observed in the K* — 7% (ete™) decay discussed later on.

V. Rare decays: K* — n((*t(~), K* = 7¥(wp), K — ptp~, K — ete”

All of these decays are extremely important, and, at the same time, accessible

through the present experimental techniques: most of them belong to the category that
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can be studied only at the existing high intensity K beams and at the future K factories.

They are all allowed within the standard model, but only through one-loop
graphs, in this way testing more intimately the standard model. At the same time,
they may become sensitive to specific extensions of the standard model, so representing

‘probes of "new physics”. Let us consider their main properties.
P P

K* — gE(¢+47)

This decay is a typical process in which effects due to (virtual) heavy quarks may play
an important role. It is expected to be dominated by the so-called "electromagnetic
penguin diagram”, which involves the replacement of a gluon by a virtual photon in the
usual penguin: the short-distance contribution comes then from the quark diagrams
depicted in Fig. 10. The largest contribution is seen to come from the transition
charge radius term in the effective sdy vertex of the first graph in Fig. 10, which
was estimated within the four-quark model by Gaillard and Lee [48]. The loop is
only logarithmically GIM suppressed, so that the c-quark contribution is expected to
dominate. With |V;V, ;| ~ 0.21 and m. = 1.5 GeV the c-quark contribution gives

Fig. 10 - The short distance contribution to the K* — gtete.
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BR[K* — n¥(ete  )in = 2.6 x 1077 , (14)

in good agreement with the observed rate [67]

BRIK* — 78 (ete )exp = (27 +£0.5) x 1077 (15)

whereas the present upper limit at the 90% of C.L. for the p case is [68]

BRIK® — 75 (ut g )exp < 2.3 x 1077 . (16)

Note that also with a t—quark mass rather large, as expected on the basis of the most
recent analyses [69 ], the c-quark contribution remains the dominant one. The above
agreement is regarded as a success of the theory. However, QCD effects are presumably
present, and may alter in a substantial way the free-quark result, with further contri-
butions coming from the action of the effective hamiltonian for AS = 1 non-leptonic
weak decays, represented in a pictorial way in Fig. 11 [70]. It follows that the decay
K* — n%(0147) is regarded with considerable interest within the approach of the chi-
ral perturbation theory. Indeed this represents a relatively simple context in which the
penguin contributions and more generally long—distance effects can be studied [50] and
in fact in Table IV the decay K* — n%(ete™) is used to fix one free parameter in the

chiral lagrangian.

Tt is worth mentioning that the transition K* — 7%(£T¢7) has been one of the
most promising ones in the sea’rch of a light Higgs (K* — 7% H) with H decaying
into (£7¢7) or other 1ight scalar or pseudoscalar particles, as familons, axions, etc., a
subject which has been intensively pursued until recently (a very recent approach to
the decays K — mH and K — 7H is given in [71]). One of the most interesting
results of the first phase of LEP is, however, the very strong limit posed on the H mass:
32 MeV < mpg < 24 GeV at 95% C.L. [ 7], which discourages further light Higgs

searches.
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K* — n%(up)

. The experimental limit on the branching ratio of this decay has been recently improved:

at present we have [ 72]

Fig. 12 - Second-order weak diagrams for K* — 7,7,

BRIK* — 1%(u7)]exp < 3.4 X 1078 | (18)

to be compared with the previous limit 1.4 x 10~7. This is one of the decays better
studied within the standard model, and it proceeds through the second order weak
diagrams of Flg 12. Within the standard model with three generations (in particular
with three light neutrinos) one can distinguish [73], [74] two main contributions to

the total amplitude, coming from the charm and the top quark loops (including the
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interference, which is generally constructive). The recent prediction about the t-quark
mass [ 69 ] leads to expect that the top contribution dominates: taking |V;:V,,/ VAV, | ~
4 x 10~% and m; in the interval 100 — 170 GeV [69], one derives

BRIKE — 7 (ud)Jn ~ (1= 7) x 10720 | (19)

A detailed account of the dependence of the above branching ratio on the t-quark mass
and on other parameters of the standard model can be found in [ 75 |, from which Fig. 13

has been taken.

The important feature of this process is that the short—distance contributions to
the branching ratio (19), estimated from the diagrams in Fig. 12, are numerically much
larger than the long—distance corrections, which have béen recently estimated in [ 76 ].
Consequently these long—distance effects should not obscure the short-distance Hes one
is interested in; so that the decay K* — 7% (v¥) offers a unique possibility to directly
test the electroweak short—distance dynamics at quark level, and thus to significantly

constrain the parameters of the heavy quarks which mediate the transition.

A branching ratio larger than that reported in eq. (19) can be an indication of
some effect difficult to be controlled within the standard model: one would expect either
a very large top mass, but this would be in contradiction with the prediction coming from
the compatibility of the radiative correction effects in the neutral current sector when
compared with the present estimates of the vector boson masses [69], or a large value
of |V;5V,4|, which, however, tends to violate the three generation unitarity constraint
analogous to eq. (11). Moreover, one has to take into account the bound on both
|VV,,| and t-quark mass coming from the estimate of the short-distance amplitudes

of the Ky, — utu~ decay, which is discussed later on.

It follows that a branching ratio larger than expected would be a signal of a
"new physics”, such as the existence of a fourth generation heavy quark dominating the
quark loop (but with a heavy neutrino and requiring a rather large mixing between third
and fourth generation), or of some exotic quark mixing [77], [75]. Indeed, a fourth

generation with standard couplings and light neutrinos is practically excluded by LEP
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experiments [9]. There remains, however, the poss‘i'bi‘lity of a fourth fermion family
characterized by a heavy neutral lepton, which cannot be excluded experimentally and

still has some room from the theoretical point of view.

Other effects of "new physics” can also be the source of an enhancement of
the branching ratio of K* — 7% (v¥), in principle related to comparable or higher
contributions of other decays simulating the K* — 7%(v7) decay. For example, Kt —
atez', Kt — zte, with 2, o' representing neutral scalar or pseudoscalar particles

which only weakly interact with the apparatus and thus escape detection.

Other competitive decays, which actually belong to the category of ”forbidden”
decays but which from the experimental point of view are more similar to K+ —
7% (vD), could imply lepton flavour violation. The general process K+ — T (v')
can be mediated by hypothetical horizontal gauge bosons, by leptoquarks, and also by
specific Higgs particles. Although severely constrained by the measured Ks — Ky, mass
difference [ 78], nevertheless the process K* — n¥(v#') could be enhanced by specific

choices of the masses and mixing, and cannot be ruled out [79].

The two-body decay K+ — 7z, where z can be an axion [80], or a hyper-
photon [81], or a familon [82], i. e. a light or massless particle arising either from a
spontaneously broken global symmetry or mediating new fundamental interactions, is

characterized by the recent experimental limit [ 72]

BR(K' — 7V 2)exp < 6.4 x107° . ' (20)

This kind of decay is easily distinguished from the three-body de(':a,y K* — 7% (vD)

and, if observed, would be unambiguously an evidence of "new physics”.

The limit (20) would exclude that z is a conventional axion [83 ], since such an
axion should already been observed in this decay. In the case in which = would be a
familon, one could expect a branching ratio of the order of 1071%, which means that the

familon will be observed or ruled out in the coming generation of experiments.
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Ky — ptu= ,ete”

It is well known that the decay K; — ptp~ has played an important réle in
the study of the electroweak theory. The branching ratio is of the order 10™?, the two

recent experimental determinations coming from KEK [84] and Irvine [ 85] give in fact

| (8.4+1.1) x 10~° [84]
BR(KL — P,J",u_) = (21)
(5.8 + 0.6stat + 0.4syst) x 10~°  [85]

¢ o .70 70 70 % Y Vo TR SN .
ucty Vp_ (a)
———e AANANANANANA .
S w [Th

Fig. 14 - Short distance diagrams for K9 — utpu—.

These imﬁrove the old result (9.1 & 1.9) x 10~%. This small branching ratio indicates
the suppression of weak processes induced by strangeness changing neutral currents
and actually motivated the introduction of the ¢-quark and of the GIM mechanism
[6]. In addition there is a suppression from helicity selection rules. The second order

electroweak short-distance contributions to these process is represented by the sd —
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sd — p*p~ annihilation of Fig. 14. These short-distance contributions have been esti-
mated in several refs. [86], and are clearly dominated by the ¢t-quark contribution for
large enough m; and |V;%V,,|. Indeed, more recently, additional calculations including
hthe case of large m; and QCD effects have been performed [75], with the conclusion
that for m; large but constrained by the flavour-conserving neutral current data and
including the QCD effects the short distance contribution is not able to account for
the branching ratio (21). In féct the latter turns out to be almost completely satu-
rated by the long-distance non-perturbative diagram where the transition proceeds via
a two-photon intermediate exchange, i.e. Ky — vy — ptp™ (Fig. 15). The imaginary
(absorptive) pait of the amplitude of the process K — vy — ptp~ can be reliably
estimated, since the two photons are on the mass-shell there, in terms of the measured
K; — ~v amplitude and of the pure QED amplitude for the process vy — ptp=. In

terms of the rate of the process K — v it is possible to derive [87]

Fig. 15 - Long-distance contribution to the K; — utpu~ decay with two photon intermediate

state.

T(Kp — utp )abs = 1.2 X 107° -T(KL — vy) , (22)

so that, using the recent estimate of the experimental rate of Ky — vy [15], one finds

I‘(I{L - N+#_)abs
(K — all)

= (7.64+0.1) x 107° , (23)
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quite close to the experimental values in (21).

This leaves very little room to the dispersive contribution, consisting of the short—
distance amplitude, which is reliably estimated as discussed above, and of the long-
distance part, which involves the integration over the photon momenta and thus is
sensitive to the confinement non-perturbative physics. It follows that the final result
could be somewhat model-dependent [51], [88], and the experimental measurement
of BR(K — ptpu™) can be utilized only to constrain the value of the short—distance
amplitude (assuming that it does not interfere with the long-distance one). This can
be turned into a constraint (for large m) on the quantity |[ReV, V,,| as a function of
m¢. Such a constraint could be very useful and indeed it has been already introduced

in the previous discussion on K* — ¥ (u7).

All of the above properties can be extended to the process K1 — e¢Te~. This
decay has not been seen yet: preliminary limits has been recently reported by KEK

[84] and Irvine [ 89] experiments:

(5.4 x 1071 [84]
BR(KL —eTe™) < : (24)
3.1 x 1071 [89]

From the theoretical point of view, the helicity suppression is much larger than for
K; — ptp~ due to me/m, < 1, and the long-distance amplitude should similarly
dominate the transition. To have an idea of the order of magnitude expected in the
standard model, we can take the unitarity limit, namely just the absorptive part of the
long-distance amplitude [87]. Using again the rate of the process K — vy of [15]

one finds:

BR(Ky —eTe™)>25x 107! , (25)

almost two orders of magnitude far from the experimental limit (24).

As far as the Kg — p+u™ is concerned, the partial width from Kg — vy — ptp~
is comparable to the K case, but there is a suppression of two orders of magnitude in

the branching ratio due to I'y, < T's.



103

The decay K, — ptu~ can provide information on the CP violation through an

estimate of the muon longitudinal polarization [ 90| defined as

Nr—- Ng

Pp=R "k
L= Nr+ L

(26)

where Ny (Nyz) is the number of u~ with positive (negative) helicity. It is possible to
see that in the standard model the longitudinal polarization for K — pu* pu~ essentially
comes from the CP impurity in the K, state, and can be related to the absorptive part

of the (dominant) process Ky — vy — p+p™: this contribution is rather small and has

been estimated as

1P ~ 7.1 x 1074 (27)

A potentially important source of enhancement could arise from the Higgs exchange
diagram reported in Fig. 16 and estimated in [91]. However the recent results of LEP
concerning the limits on the Higgs mass [ 7] makes such a contribution too small ’to
be observed. Thus a muon polarization larger than that of eq. (27) would suggest the
existence of a non-standard CP-violating quark-lepton interaction. Some possibilities,

related to flavour—violating Higgs boson exchanges- or to leptoquark exchanges, are

discussed in [92].

d +
H H
W .............
u,c,t "
S H

Fig. 16 - The Higgs exchange diagram which contributes to the longitudinal polarization of
K; — ptu~ decay.
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Although some hundreds of events have already beeri observed, and many more
are expected in the coming years, the p polarization is not being measured in the
existing experiments (even if it was foreseen in the proposal of the Brookhaven E791
experiment). If this study is continued at higher statistics, the p polarimetry would be

one important tool in distinguishing between the various sources of CP-violation.

VL ”Very rare” decays: K° — 7°(4+(7), K° — n%(7)

Although still in the class of the GIM suppressed decays considered so far, these
transitions are expected to be extremely rare in the standard model, at the branching
ratio level of 107! or less. On the other hand they are particularly interesting as they
can offer an alternative opportunity (to the K° — K- system) to study C'P violation

[93], and for this reason they have received much attention recently [94].

The point which makes the decay K; — 70(£T¢™) extremely rare is that, dif-
ferently from the corresponding charged one (and from the decay Kg — w0(£TL7)), it
cannot proceed through a one-photon exchange diagram without violation of CP [95].
The CP-conserving part of the decay K — (et e) comes from the diagram involving
two photons (K — 7%y*y* — #%(£T£7)), suppressed by a factor (a/7) (see Fig. 17,
where both diagrams are reported). Calculations in the framework of chiral perturba-
tion theory [50], [96] indicate indeed a clear dominance of the one-photon exchange
amplitude, and thus confirm the nice perspective to directly measure CP violation from
this process. Instead, the opposite situation, namely a one-photon amplitudes smaller or
(at most) equal to the two photon one, has been found in [97 ] using a vector dominance
model. Results midway between [96 ] and [97] have been obtained in [98]: Thus more
theoretical work is needed, and probably a clarification will be possible by the inclu-
sion of vector mesons in the chiral effective lagrangians [99]. Anyway, to give an idea
of the orders of magnitude, we can say that the various references agree in predicting

BR(Kf — 7%te™) v 107 — 1072, so that this is the sensitivity required to make



Fig. 17 - Diagrams for Kj — #n%%e™: (a) CP conserving two photon process; (b) CP

violating penguin diagram.

this interesting measurement of CP. From the experimental point of view, the current

limits

3.2x10~7 [100]

BR(KL — m%ete™) < { 42x 107% [101] (28)

4%x1078  [102]

lie more than two orders of magnitude above the standard model prediction, affording a
large window for new physics. For example, in the Weinberg model, where CP violation
is generated by extra Higgs doublets [8], the CP violating amplitude is estimated of
the order of 4 x 1071% [103].
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We may also mention that other interesting CP-odd observables have been pro-
posed, such as the asymmetry between the energy spectra of the electron and of the
positron [97], or the muon polarization in the K1 — 7n%u*u~ mode [50]. This asym-

metry depends on interference between the 1y and 2y amplitudes.

The decay Kj — n%vi should represent an even cleaner test of CP violation
effects because there is no photon contributions to the amplitude. In addition, and
very interest’ingly, the largest contribution should come from direct CP violation [104].
Unfortunately, the expected branching ratio is tiny, of the order of 10712, while a
possible experimental upper limit is BR(Kz — 7%%) < 1 —4 x 10~3. We note here
that the study of this decay looks extremely difficult, if not impossible, at high intensity
K beams because of background and lack of experimental constraints. A significant
improvement on the BR limit both for K and K would be expected at a ¢ factory
(and at LEAR) thanks to low background and K s(Ky) tagging capability; however the

expected statistics at these facilities will not allow to reach the theoretical value.

VII. ”Not expected or forbidden” decays: K — pe, K — mue

The decays K — pe and K — mue are strictly forbidden in the standard model with
massless neutrinos by the separate conservation of muon and of electron leptonic num-
bers. Actually in an extension of the standard model implying massive neutrinos these
transitions could proceed via the neutrino mixing. The rates would be, however, un-
measurably small, as being proportional to the small neutrino mass. Therefore, the
observation of these decays would represent the unambiguous experimental evidence for
new physics, outside the standard model, and indeed in this regard they probably are
the most interesting ones. The most stringent experimental upper limits available at

present are:

BR(KL — pe)< 3 x 10710 [105]

(29)
BR(K — 7pe)< 2.6 x 10710 [106]



These limits are susceptible of further improvements in a not too distant future.

Various theoretical schemes for extending the standard model have been pro-
posed, in the attempt to find an answer to some challenging conceptual difficulties of
the model, such as the excessive number of parameters, the existence of fermion gener-
ations with their observed masses and mixing angles, and some disappointing features
of the Higgs particle. Clearly such questions can only find a solution in an extended
framework, containing new physics beyond the standard model one. Examples of these
schemes are grand unification [ 107], left-right symmetry [ 108 ], supersymmetry [ 109 ],
technicolor [ 110 ], "horizontal” gauge symmet}y [111], compositeness of quarks leptons
and/or gauge bosons W, Z [112], and combinations thereof. More recently a well de-

fined class of grand-unified supersymmetric models have been inspired by superstring

theory [113], [114].
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TABLE VI. Some theoretical extensions to the standard model.

Model

Flavour violator

Additional generations
L-R Symmetric models
Extended Higgs sector
Extended | technicolor
Supersymmetry
Substructure models
Family symmetry

Superstrings

Heavy neutral leptons

Majorana Particles

Horizontal gauge models

Gauge bosons, leptoquarks

Scalar partners of fermions

Leptoquarks, gauge bosons

Familon

Leptoquarks
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The important common feature of these schemes is that in general they predict
the existence of new fundamental fields, some of which mediate new, flavour violating
interactions among quarks and leptons. A list of model extensions and of the corre-
sponding quantum exchanges leading to flavour violation is presented in Table VI. In
Fig. 18 we schematically show the various mechanisms for 5 + d — pe, relevant to
K — pe (and to K — mue). The other interestiné aspect is that these new interac-
tions are supposed to be effective at extremely large mass scales A > My, such as
the mass of the exchanged heavy objects in Fig. 18 or the compositeness scale A..
The masses determine in fact the big suppression of these (otherwise totally forbidden)
flavour violating transitions, and thus are new constants of nature. Consequently these
"forbidden” K-decays have the role of being a testing ground for the standard model
extensions and of providing in addition glimpses on the above-mentioned large mass
scales. We may also notice that K — mpue tests vettorial couplings, while K — pe only

proceeds via axial-like couplings, so that these two processes are logically independent.

To give an idea of the experimental sensitivities which are expected to be sig-
nificant, we should notice that the ”horizontal” exchange of Fig. 18a can also directly
mediate the AS = 2 K°K° mixing, and thus this mechanism is constrained by the mea-
sured Ampy = mg, —mg, = 3.5x1071° GeV. As a rule, the corresponding branching
ratios should be not larger than 107'2 — 10712 [78], [115]. The same should be true
for the Higgs exchange mechanism of Fig. 18b, although examples of models have been

proposed where the Amy constraint can be evaded [116].

The leptoquark exchange of Fig 18c is not constrained by Am g, because it cannot
induce direct K°K° transitions, and therefore leptoquark masses are directly probed by
the decays discussed here. From the limits (29), and by making the (model) assumption
of gauge couplings in Fig. 18a equal to the standard W couplings, one can derive for the
typical mass scale of these new interactions, represented by the mass of the exchanged
heavy object:

M > 39 TeV/c? (30)

It is a little unfortunate that the bound on M only grows like the 1/4 power of the
experiinental sensitivity on the branching ratio. Nevertheless-M in eq. (30) is quite a

large mass, which can be already considered as significant in order to test models. For
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example, in extended technicolor models the typical heavy boson masses are constrained

to be in the range 10-100 TeV.

The composite model mechanism of Fig. 18d represents the exchange of a heavy
bound state made of quark and lepton "subconstituents”, with a mass of the order of the
compositeness scale A.. Then the bound in eq. (30) applies to A.. The constraint from
Amg also works for composite models, and limits the predicted branching ratios for
K — pe and K — mpe. The transition amplitude estimates are very model dependent,
but roughly speaking branching ratios can be expected in the range 10712 — 10713 or
less. Also in this case there are possibilities for larger branching ratios, such as e.g. the
model in ref. [117], which interestingly predicts ~ 107*°, and thus is at the point of

‘being tested by experiment.

Finally, in closing this section, we mention that left-right symmetric models,
with heavy neutrino masses, induce contributions like that of Fig. 18e with branching
ratios of the same order [118]. Also, useful constraints on supersymmetric parameters
can be obtained from the decays considered here, because in the minimal version of
supersymmetry there are no lepton number violations at the tree level as effect of direct
exchange of new superparticles [ 119]. Nevertheless, for some relevant supersymmetric
GUT inspired models, like flipped SU(5) x U(1), off-generational mass terms can be
induced and can give rise to off-generational mass insertions in slepton propagators
resulting in lepton number violating processes such as K — ue, as seen in Fig. 18f,
taken from the last of refs. [119]. From the experimental values of eq. (29) we find
a rather strong constraint on the slepton mass s.plit that exceeds the estimates ever
for the most optimistic supersymmetric scenario. We conclude that K; — pue is not
a viable place to look for flavour changing neutral currents in supersymmetric flipped
SU(5) x U(1) or in any other simple extension of the minimal supersymmetric model,
like SU(5) or SO(10), in which the branching ratio for the process becomes a million
times smaller. In a similar way, the same conclusion applies to K — wue also for a

further phase space suppression.
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SUMMARY

We compute the amplitudes for the decay into two photons of neutral
kaons in the framework of the chiral effective lagrangians. In par-

A(Kp—27y) — A{Ks—2vy,).
A(Ks—+2’1") and L A(KL~>2’1L)’

which would vanish according to CP symmetry, to the parameters
¢ and €, appearing in the 2m decays of K;. We find for 7 the
value € + t|¢’|. For the amplitudes into 27 , the CP conserving am-
plitude A(K2 — 2v,) depends very strongly on the parameter f,
which gives the percentage of the amplitude A(K; — 2#°) arising
from the ”penguin” contributions. We predict two possible values
for i :one is =~ €. For the other =¢ + 170|€'|, which appears to us as
more likely, the difference with respect to the superweak theory is
larger than in the 27 decays. A distinction between the two theories
requires a more precise measurement of I'(Kgs — 7).

ticular we relate the ratios ny =

1. INTRODUCTION

In this paper we study the decays of neutral kaons in two photons with the
main purpose of predicting the asymmetry in strangeness for this process, which
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is a CP violating effect to be measured in futﬁ"re"éxperimentrsm.

The photons produced in the decay of neutral kaons have parallel (F,, F*¥)
or perpendicular (€0 F*? F°T) polarization. If CP would be conserved, the two
final states would be produced by K or Ky, respectively. As a consequence of CP
violation one expects non-vanishing amplitudes for Ks —2v; and K, —2);. The
amplitude A(K; — 2v)) has been evaluated 2! and found in agreement with the
experimental valuel® for the rate T (Ks — 27). The amplitude A(Kr — 2v,) is
dominated by the contributions of the intermediate pseudoscalar mesons(45! and
depends critically on SU(3) violation and on corrections to the Gell-Mann Okubo
formula (¢ which are proportional to the parameter ¢ = (4/3)(fx /fx —1) in chiral
perturbation theory.

Here we will evaluate A(Ky; — 2v,), A(K; — 2v)) and A(K; — 2v,) in the
framework of effective lagrangians. In particular we shall write the amplitudes in
27, in terms of the parameter £. "

A(Ky — 2v.) will result a smooth function of ¢, while A(Ky — 2v 1) changes
sign in the allowed range of £ and reaches the values consistent with the experi-
mental rate I'(K, — 2v) at the boundaries of that range. For one of the possible
choices for the sign, which is the one giving rise to a more consistent picture, there
is substantial deviation from the prediction of the superweak theory. In the sécond
section we shall give a general expression for the asymmetry in strangeness. In the
third and fifth sections we shall compute the decay amplitudes of neutral kaons
into a pair of photons with parallel and perpendicular polarizations respectively,
while in the fourth section we study the decay of S=0 pseudoscalar mesons into
two photons. Finally we shall give our conclusions.

2. ASYMMETRY IN STRANGENESS FOR THE DECAYS OF NEUTRAL
KAONS IN THE TWO PHOTONS.

The interference between the amplitudes A(Ks — 27) and A(Kr — 27)
is a CP violating effect giving rise to the asymmetry, which doesn’t require the
measurements of the polarizations of the produced photons!!:7:8l:

A) _ T[K® = y9(t)] = T[K° — 11 (t)]
PIK® — y7(t)] + T[K® — yv(t)]

where T|K°(K°) — ~4~(t)] is the rate for the production of two photons as a func-
tion of time from a neutral kaon with positive (negative) strangeness at t=0. A(t)
depends on the four amplitudes A[K°(K®°) — 2y, or 2] and on the parameter
€ appearing in the expression of the mass eigenstates

Ki2+€Kq,

(2.1)

Ksp = : (2:2).
1+ [¢]
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where o o
K K
K1z i
V2
From (2.2) one finds:
0( 0 1+ |g|2 It
L[K°(K®) = y(t)] = {D(Ks — y)e " 55+

21+ €% £ 2Re(d)]

+T(Kp — yy)e TEt£2Fe™ 5 Re[A(Ks — 2y) A" Ky, — 2y)e Me—Mo)y
| +A(Ks — 291 )A* (Ky, — 2y,)e MMy (2.3)

where
I'K°—yy) 1
|A(Ko — 2«7)|2 32mmg

By considering only terms at first order in CP violation for the difference of the
two I' in (2.3) and at zero order in the sum one gets:

F=

A4 (1) = T[K® = 19()] + DIK® = ()] =
=T(Kg — fy’y)e_rst + (KL — 'y'y)e"PLt
A_(t) =T[K® — y7(t)] - T[K° — y1(t)] =

—(I's L)t .
= —2Re(€)A (t) + 2T (KL — R I 7Ll Re{(Rnﬁ + n-L)et(ML——Ms)t]

A A_(t) o Re(z 2= Re[(Rnﬁ' + 0 ) et (ML —Ms)t) .
(t) B A+(t) - e(E) + R e"‘FSt _*_“e—r‘[,t ( * )

where we have introduced the CP violating quantities:

_ A(KL — 2’7“)
M= A(KS KN 2")'”)
_ A(Ks — 271)
and
R = I'(Ks — ¥7)
LKL — )

For values of t>> 'Fzg’ A(t) — —2Reé, since K° has a smaller component in the

—0 . . e g
direction of K, than K and consequentely a slightly shorter ”effective lifetime”.
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The time depending term in the r.h.s. of (2.4) depends on the complex number
Rnl”“ + 11, which in the superweak theory would be given by Ré* + €. From (2.4)
one derives the following expression for the integrated asymmetry:

: T
Aint(T) = f_OTA_—_(f)ﬁ —

fo A+(t)dt
2I‘sRe{ei% (Rflﬁ + 77dL)[ei(M,,—MS);p_(r? LT 1]}

R (e TsT —1)+ (e TeT —1)Ls

L

= —2Re(E) +

(2.6)

The quantities in (2.5) appear also in the expression of the rate to produce a
. pair of photons from a neutral kaon beam, which at t=0, is in the state K¢+ 2K z:

T[Ks + 2K — yy(t)] =T(KL — ¥ ){e TR + [no|*)+

—(Pg+Tp)t

+lz)PeTet (1 + R|n“|2) +2e7 2 Re[(Rnj + ni)z et Me=Ms)ty (9.7

to be compared with the corresponding expression for the two pions final states:
P[Ks + 2K — mem-(t)] =T'(Ks — mem-){e7 s+
(4] (1] 0

;Lfls;f_g_)ﬁRe[n:_z*ei(Mz,—Ms)t]} (2.8)
00

_*_'zlze—r‘;t‘ngo_ 12 + %

where

77+_: :5+€’

Moo =

=€—2¢ | (2.9)

The superweak theory predicts:

[L,Y]

N+—=Noo =N =0NL =

The result found by the NA31 collaboration [9:

4

Re(%) = (3.1+1.1)10~2 (2.10)

indicates a deviation from the superweak theory (which predicts ¢ = 0). The
determination of the complex number Rnﬁ + 1., which might be obtained by a
measurement of A(t) defined in (2.1) or by a careful analysis of the decay into two
photons as a function of time according to (2.7), will give further information on
CP violation. We are going to evaluate n and n in the standard model, where
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the CP violation arises from the phase in the Kobayashi-Maskawa matrix and one
expects for ¢ the order of magnitude found by NA31[°,

3. EVALUATION OF A(K° — 2;).

The short range direct contributions to A(K° — 2v) come from the dia-
gram in Fig. 1. The photons are in a CP= -1 state according to Furry theorem
and therefore there is no contribution for the case with the photons with parallel
polarization!4l. As long as for the long range contributions, they are described
in the chiral lagrangian approach by the diagrams in Fig. 2." The CP conserving
amplitude has been computed(?! from the chiral effective lagrangian:

f? pyt ty, L uxt
L= trD,ED*D +ptrM(Z + ZT) + 7 hatrAe DL EDHT (3.1)
where
2ing Ty Aa .
T=e¢ 7 (a=1.8), T,= > D,Y = 08,% +1¢[Q, Z]
2 0 o0 (m, 0 O
Q=0 -3 0|, M={ 0 my O |,
0 o0 .-% 0 0 m,

A, are the Gell-Mann matrices, f at tree level is equal to F;,=92 MeV, u is the
appropriate scale factor to reproduce the meson masses in the lagrangian and hg
and hy7, which we will introduce in the next formula, are determined from K— #a
decays.

To take into account also the contribution of the 27 one has to add to the
Lagrangian defined in (3.1) the term:

h27f

Ly = ZLTH(=D, ) (=051 + he. (3.2)

where the tensor T is the U=1,AS5=1,AQ=0 element of the 27 with components:

3 3
T =TH =T =T3¢ = 5 T =T =T =Tss = T (3.3)

By adding L7 to the L the result in ref. [2] is modified into:

14 %
—A(Ky — mn7) V2

A(Kl — 2’)’”) = i
m iy . €2w
K eroo + 73

2

—1
(k1'€2k2-61—€1'€2k1 kz)[l-i— Wl 2 ]

i (3.4)
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where '
Re < (1!'7!‘)(I=2)|Hw'KO > .

= .045 3.5
Re < (77)(1=0)|Hw|K° > - (89

w

il

6r is the phase shift for S-wave 7 — 7 scattering with isospin I at the mass of
KO k; and ¢; are the impulses and polarizations of the final photons and 8 =
\/1-— %’gﬁ; the negative sign of gﬁ gives the imaginary part required by unitarity.
From (3.4) and (3.5) we get I'(Ks — v7)=1.52-10"1! eV (slightly larger than the
value 1.49-107! eV found with only the octet contribution) in agreement with
the experimental value (1.8+.8) - 107 eV [3],

The amplitude in (3.4) is finite as a consequence of gauge invariance and of
the proportionality of A(K; — nt7™) to (m% — m2), which decreases the degree
of the divergence down to make it finite. The vanishing of A(K; — 77 ™) in the
SU(3) limit proved for a non-leptonic hamiltonian transforming as an octet (19],
holds also for the 27 representation: in fact Cabibbo’s proof can be generalized,
since the completely symmetric part of the tensor product of three octets contains
only one 8 and one 27, both with the wrong C to contribute to A(K; — nw). We
introduce CP violation in the |AS| = 1 effective lagrangian adding to (3.1) and
(3.2) the term

f? ! eyt
“-h4trA;D, D Y (3.6)
The contribution of the intermediate state K™K~ state to A(K; — 2v)) comes

out proportional to m%, — m%, and can be neglected; the dominant 7+ 7~ con-
tribution, performed as in ref. [2], gives

A(KL — 2’)’”)
A(Ks — 2))

<7T+7}'—|leK2 > .
< 7l'+7r—|leK1 > -

17” — = E + € + G,C——i(&z_&o) (3.7)

which is different from the ratio quoted by Chau and Chengl®l: ¢ + ¢. The
difference, however has a small practical consequence since £ is small.

4. DECAY OF THE 5=0 PSEUDOSCALAR MESONS INTO TWO PHOTONS.

The short range contributions implied by the diagram in Fig. 1 are of little
relevance also in the case where the final photons have perpendicular polarizations.

In fact the loop integrall®l is a function F(%), where m; is the mass of the
intermediate quark. The contributions for m;=0 (anomaly contribution) cancel
when we sum over all the u-like quarks (GIM mechanism). The function F has
the peculiar property to go quickly to zero for mﬂ“;— — 00 as a consequence of the
fact that m; behaves like the Pauli-Villars cut-off of the integral appearing in the
anomaly. So we expect the graph appearing in Fig. 1 to be less relevant for the CP
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" violating amplitude to which only the intermediate t-quark contributes. The main
part [45] of the amplitude is expected to come from the intermediate pseudoscalar
‘mesons according to the expression?:

o _ < P|HW|K > :
AKS =2y )= AP o) @)

The contributions of #° and ng, assuming SU(3) symmetry for the amplitudes
and Gell-Mann Okubo formula for the square masses of the pseudoscalar mesons,
would just cancel; in fact only the U-spin singlet 1/ 2(\/?_,_1r° + ng) is concerned in
both the amplitudes in the numerator of the r.h.s. of (4.1) and GMO formula
implies: ;

m%k —m2 = 3(m2 — m¥%) (4.2)

Also the component along the 27 representation of the weak non-leptonic hamil-
tonian, which also has U=1, couples K° to the U spin singlet 1/2(+/37° + ng).
Therefore to get a reliable value from (4.1) one has to keep into account the n —nr -
mixing and the other SU(3) breaking effects; also the contribution of 7/ cannot be
. neglected due to the tendency of the nearer poles 7° and 7, to cancel each other.
In the quark language it is the combination 4@y + dd + 3s, which couples to two
photons; this implies, by assuming SU(3) and nonet symmetry

. 1
Alng — 29) = —=A(#° — 2 4.3)
(ns — 27) 7 ( 7) (4.3)
2 o
Almo — 29) =2 §A(7r — 27) (4.4)
One has the theoretically well established prediction (11 for #° decay:

a?m?

F(ﬂ'o — fyfy) = 647r3f2

(4:5)

which gives 7.6 eV for the Lh.s. of (4.5) in fair agreement with the experimental
value 7.3 & .3 eV. The amplitudes for the decays of n and ' into two photons
depend also on the mixing angle § which diagonalizes the 2X2 square mass matrix
of the I=0 pseudoscalar mesons:

n =ngcosf —nosind n' = ngsind + nocos b (4.6)

(m, ~m2)

2 — m2

tan2g =
n' 718)

(. (4.7)
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The sign of § is the same of < 7o[M?[ng >, which we expect to be negative for
‘physical reasons (the s-quark is heavier than u and d). Chiral perturbation theory
modifies (4.2)!*2 and (4.3)!'3], one has

4 1 4 ,
M, = 3Mk — 3t oMk — inx)é

1 A(r® > 29)
V3 14 ¢

where ¢ is the cut-off dependent parameter appearing also (12 in:

Alng — 27) = (4.8)

fe .3 ‘
=1+ | (4.9)

The modifications induced by (4.8) have little effect on:

A(n — 2v) __L[cosﬁ
A(m® —29)  B'1+¢

In fact the increase of the r.h.s. of (4.10) due to the larger mixing is almost exactly
compensated by the decrease of the octet contribution. The amplitude A(n’ — 27)
is a slowly decreasing function of ¢:

An' — 2) Lo ]2 cos sind -
A(m% — 2+) 2f{ o+ 2\/~(1 + E)] (4.11)

- 2\/5 sin 6] (4.10)

The value fm has been deduced from experiment by various authors (14 with a
result in the range (1.15, 1.225) corresponding (according to (4.9)), to the range
(-2, .3) for &: the prediction for I'(n' — ~v) from (4.7) and (4.11) comes out larger

than the experimental value (4.6 + .6) KeV; to reach the agreement between theory
and experiment we modify (4.4) into [*3!;

Alng —27) = i’o fA(w — 27) | (4.12)

.and get %=.89. From (4.8) and (4.12) we then get I'(n — ~9) as a function of ¢;
as it can be seen in Table I the dependence on ¢ is very small and the values found
lie in the range (356, 372)eV slightly smaller than the experimental value (420
+ 70)eV. It is worth stressing however that the quoted value for I'(y — )18l
is obtained as a compromise between the result found with # produced by two
virtual photons coming from ete™ [16] , and the previous ones based on Primakoff
effect!!?l. To find agreement with the more recent measurements the authors of
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ref. [13] take 6 larger than the value obtained from the diagonalization of the
mass-squared matrix.

5. EVALUATION OF A(K° — 2v,).

For the matrix elements of the weak hamiltonian we get:

2
< mo|Hw|K°® >= z'_f,r——z—niﬁ——; < momo|Hw |K° > (5.1)
: my — mai

The factor ;nz—m_;‘;;;g—, which corrects the PCAC result, is a conseqﬁence of the
F's x

vanishing of < momo|Hw |K® > in the SU(3) limit.
Chiral perturbation theory modifies the SU(3) prediction, which is a conse-
quence of the U=1 property of the AS = 1 weak hamiltonian into!%l:

(1+2¢)
V3
To get information on the matrix element < nolHw|K® > it is appropriate to

consider the effective |AS| = 1 weak hamiltonian; which is reasonably described
by the following combination of four-quarks opera.tors[18]:

< 778|HW|K0 > < WQIleKO > (5.2)

Hias|=1 = 24/2GF sin 8 cos Olcr(BrypspdryHur — Gryuurdry*sp)+

cs(@rypspdry*ur + aryuurdoysc)+
C5CIL’YMA0'8L (ﬁR'y”)\“uR + JR’Y“}\adR -+ §R’7”)\GSR)+
C@JL’YWSL('&R")’“'U,R + JRW”‘dR + gR'Y”'SR)] + h.c. (5.3)

where A% are the eight Gell-Mann matrices for SU(3)cot0ur- The coefficients ¢y
and cg are modified with respect to the bare values % by the short-range QCD
corrections and the terms proportioned to ¢ and c¢ arise in the GRE regime
between m, and m, and are related to the penguin diagram in Fig. 3.

Within the factorization approximation the first (last) two operators in (5.3)
connect the neutral kaons to the quark pair u@ (to the combination dd + s5 ); so
one has!!9l:

2 .
< nole101 + csOs|K0 >= \/; < mole1O1 + csOSIKO >

. 2
< 770|C505 + CsOsIKO >= —-2\/; < 7!'0'6505 + CeOsIKO > (54)
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where we call O; the operator multiplying ¢; in (5.3).

In the standard model the CP violation in the AS = 1 weak amplitudes
come from the penguin diagram, which gives the right order of magnitude for ¢'.
Therefore one expects for the CP violating amplitudes < nol|Hw | K1 > :

: 2
< 770|HW|K1 >= -‘2\/; < WoleIKI > (5.5)
From (5.2) and (5.5), the mixing angle 6 and the values obtained for A(P —

27) one is able to get the ratio X%(K—‘_:—%—L- as a function of &, which is reported

in Table I. Here we write this ratio as equal to 1+by, + by, = 1+ b, + b,r where
bys (by,) is the contribution proportional to < ﬂsIHWIKl (< nolHW|K1 >), b,
and b,/ are instead the contributions from the # and #’ pole. The contrlbutlons
- of the  and 7’ intermediate states almost cancel each other. The result depends
rather strongly on the values given for < no|Hw|K; > and < ns|Hw|K; >, as
it can be seen from the fact that b,, and b, are large and opposite. The CP
conserving amplitudes < P|Hw|K, > receive contributions from all the operators
introduced in (5.3); in particular the ratio :—'H%%%% depends, according to
(5.4), on the relative contribution to < 7o|Hw |Ky > of the terms appearing in’
(5.3). In fact, from (5.1) and (5.4) one gets:

< Tlolele > :'3f— 1
< mo|Hw | Ky > 2

(5.6)

where f is the fraction of the amplitude < momo|Hw|K; > due to the last two
terms in (5.3).
From (4.1}, (4.5), (5.1) and the experimental values:

T(Kp — 49) = (7.74 .2)10712 ¢V

T(Ks — momo) = (2.32£.02)10~7 eV
one gets for C= —ALK‘;-M)—

- A(K1—>2'y_|_)
1‘*’% mK m2 4m2 ZI‘ (KL — 7v)
@l = Sl | (K =88  (5.7)
e‘0+ 2 s —>7To7fo)

Since the contribution proportional to < no|Hw|K,; > in A‘Ig&’%)' is
positive and f is commonly believed to be less than 1 from (5.6) one expects

A(Ky — 2v,) < A(K1 — 27)

5.8
A(K2 - 2'7-[-)71'0 A(Kl —> 2'7«1—)11"0 ( )
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Since the ratio in the r.h.s. of (5.8) is slightly larger than 1 and 9 37 ~ 3 we aré able’
to find, for each value of &, two values of f in agreement with (5. 7) with opposnte
values of C: f_ and fy. “

One finds in the literature different predictions for the value of f. We relate
it to a combination of S-wave amplitudes for hyperon non-leptomc decays!20:21]
which does not receive contributions from the first two terms in (5.3).

2GmEm2[V3A(A — pr~) — A(EY — pr©) + VBA(E — An7)] )

f= (mg- — mz-)|Aezp(K1 — momo)]
245 -1) . 3¢ (5.
&) (L1212 T _:(5-9)

where the 10 % error arises from the uncertainty on A(X+t — pa®): f depends
strongly on ¢ and crosses f_ (f+) at the lower (upper) boundary of the range of
¢ considered. The values of f corresponding to the crossing points f (¢ =.19) =
45 and f(¢ = .3) = .92 are near the numbers proposed in ref. [22] and [20]
respectively. Then we get two almost opposite possibilities for the ratio:
*]0.;15 < Woﬂolﬂlez > _‘i'15 zIon 1
= T

1.21 < 7f07ro|leK1 > 1.21 ReAog 1 — \/iw

(5.10)
where the upper (lower) value is obtained with f_ (f4) From the expression for €’

A(Kl *-") 2’7_[_) _
A(K2 g 2’7_1_)

5': 1(52—-50) W Ion
fRCAo

From (2.10) and the fact that 83 — éo + 7 = 48° £ 8 is very near to the phase
predicted for €,43.67° £ .14°, we get:

Ion . _\/—iiell -

(5.11)

= —1€](.09 0.0 .
Reds = » l€](.097 £ 0.035) (5.12)
From (5.10) and (5.12) we get
—-1.23
— 2 4
Ny = j(gs d ;’“) _ YAy < (5.13)
(Kp = 271) @ 1.29
In conclusion we find:
y. —-2.23
Ry +ny1 = (R+1)Re(e) + 1Im(e)(1— R) +1¢|€|(0.097 £+ 0.035) | Rw + N
) 0.29

(5.14)



132

To decrease the error in R we use the experimental value of I'( K, — «4) and the
theoretical value for I'(Ks — 77) (as we can see from (5.14) the asymmetry is
very sensitive to the value of R). The difference between the superweak and the
standard model results to be very tiny in the case of a large f, while gives a change
in the imaginary part for the case of small f:

—1.52 superweak
Im(Rnj+n1)=| ~105+£.17|-107®  f=7f_ (5.15)
: —1.6 + .024 f=r:

The value of the asymmetry A(t) defined in (2.1) is reported in Fig. 4 for the
superweak theory and for the standard model with the two possible values for f.
In Table II we reported the integrated asymmetries A; s (T} for three values of T
(0.6, 1.2, 1.8 75) and in correspondence of a range of values of R consistent with
our present knowledge in the case of the superweak theory and in our approach .
‘with the choice f=f_. As it can be seen in Table II the distinction between the two
theories requires a better precision on the value of R, since an increase of .2 for
this quantity has almost the same effect of the direct CP violating predicted. This
precise measurement of R can be obtained in the same experiment by separating
in A.(t) the term proportional to e~T's* and e~T** respectively.

6.CONCLUSIONS.

We find, in agreement with previous authors [8], that the main difference for
the CP violating effects in the K°(K°) — 2 decays between the standard and the
superweak models is expected in the final state with perpendicular polarizations.
The amplitude A(K® — 2v,), which we assume to be dominated by the inter-
mediate pseudoscalar mesons, depends crucially on SU(3) violation and n—n'
mixing angle. Neverthless we are able to evaluate the CP violating amplitude
A(K; — 2v,) with a result very smoothly dependent upon the chiral symmetry
breaking parameter ¢ = g—(% ~1). The CP conserving amplitude A(K2 — 2v,)

— 0 -
depends strongly on the parameter f = A(AK’(quﬁ;?)rg;ng and takes the two opposite

values consistent with I'(X; — ~+) in correspondence of the values .45 and .92
for f. These two possibilities imply:

A(KS — 271) e ﬁlerli s y, —1.23
A(Kp = 271) v N 129

The main difference with respect to the previous evaluation arises fromr our
choice for the n — 7' mixing of the value deduced by the square mass matrix, which
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is smaller than the value taken to fit the rate I'(n — 77) to the result found in
the crystal ball experiment. In favor of our choice we remark that, once » modified
the result of chiral lagrangians for n — n’ mixing, there is no reason to believe in
. o | |k A(ng—2 . . .
their predictions for ZZZI?WVIIIE"; and X{%—ﬂ which play an important. role in

the evaluation of X%—I—Ig-s—-:{—g%

FOOTNOTES

t+ -In ¢ Factories one may get tagged Kg, which by regeneration would give .
rise to combinations with |z| < 1.

1 -We have also evaluated the absorbtive contribution of 37’s intermediate
state to A(K° — 27, ). The vertices are given by chiral lagrangian when we include
the Wess-Zumino term. We find negligible contributions for the CP violating and
the CP conserving part. Indeed for the CP conserving part:

A(Kz2 — 31 — 2v,)
A(K2 — 70 — 2"“_)

~ .03
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TABLE 1
A(K2 — 271) | A(Ky— 2vy)
3 g Iy bng L by | by A(Kz"*2’u),r"' A(Kl—’z’n_),r"
‘ (eV)
81 —14.8° 1367 | -2.21.12.23 | -.73|.75| —.04 1.01
201 -15.2° 1364 | -222(223|~-72!1.78] -7 1.02
22| ~156° 364 | —-2.231227|-.70].74| -5 1.03
241 -159°|364 | —-2.2612:31|-69|.74| -2 1.05
.26 | —~16.3° |.367 | -2.27|2.32| -69| .74 +.1 1.05
.28 | —-16.6° | 367 | —2.32/2.39{ —-.68].75 | +.3 1.06
30| -17.0° | 367 | —2.332.40| —.69]|.76 | +.76 1.07
32| —-17.3° | 367 | —-2.32|245| -.63 .77 +1.24 1.13
TABLE 11
Aine(T)10* Aine(T)10%
superweak f=f-
T=612185 | T =.6,1.2,1.87s
137 4 | -8| —29 | -2 -2.| —4.3
1567 9 .3 —1.5 4 | —-6| —-28
1.77{141 12| -02 109103 | —1.4
197(19] 2.1 0.8 1412 -0.2
2171221 3. 1.9 1.8 2. 0.9
237126 35 2.8 2.2 28 1.9
257 3. | 4.1 3.7 2634 2.8
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- A ¢ factory to understand light and narrow mesons

D. Cocolicchio
CERN,CH-1211 Geneve 23, Switzerland

ABSTRACT

In this letter it is proposed an investigation to understand the mixing properties
and the quark structure of the light meson resonance S*/ f,(976)
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The undorstanding of meson spettroscopy is of fundamental importance in the
search for gluonium or hybrid states [1]. The search for narrow scalar mesons below 1
GeV has been carried out in the radiative decay of the J/¢ to 7w and KK, with negative
results [2]. The hadronic decay of the J/4, on the other hand, shows good evidence
for S*/fo(976) production in the 777~ spectrum recoiling against ¢(1020) resonance.
A still unexplained structure is also visible in the 1.4 GeV region of the nt 7~ spectrum
opposite the ¢(1020) for which a scalar contribution seems to be present [3]. Due to
the narrow widths and substantial low masses, the two 0+ states: the $*/f,(976) and

the 6/ao(983), do not seem to fit into the same nonet as the broader and heavier states,
the fo(1300) and the ko (1430).

The higher statistics studies with incident pions leads to the conclusion that a
broad €/ fo(1400) and a narrow S*/f, exist. The possible production of the S */fo in
v7 collisions has been reported [4]. The ¢ particles were recently seen in heavy ions
collisions [5]. Evidence for the $*/ fy has also been found in the decay [6]

D, — S*/for — www ‘ (1)

Furthermore, the two-photon decays of the scalar mesons 00(983) and the S*/f; have
finally been determined [7]:

I(S* — vv) = (0.27 £ 0.12) KeV

(2)
I'(6 — ~vv) = (0.23 £ 0.09) KeV

The above results appear to suggest a substantial s5 component in the $* /fo
wave function [8]. A particular property of the S* / fo is that it often appears as sharp

drop in the 77~ mass spectrum and only in a few cases as a narrow peak.

A recent analysis of central dipion production [9] indicates a different scenario:
the 5*/fo is a gluonium state while an s§ scalar resonance may be present in the
threshold region of the KK spectrum. Besidés all that, there are also suggestions that
the 5"/ fo could be a 4-quark state [10] or a KK molecule [11].

One can attempt to understand the mixing properties and the quark structure
of the §*/fo by investigating the 77 and the KK systems produced by the radiative
decay of the JPC = 1=~ 4 resonance:

™

¢—+5*7—+{ v (3)
KK -
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The ¢ mesons being copiously produced in high-luminosity electron-positron collider
operating near the ¢ resonance at 1020 MeV (¢ factory) have recently excited much
interest [ 12]. Active programs are in progress mainly at Frascati, at Vancouver (TRI-
UMF), at the Soviet Novosibirsk Laboratory, where a collider is already operational at
that energy range, at NIKHEF. New ideas are also being explored in connection with
the planned Elettra synchroton light source at Trieste [ 13], and detector designs cov-
ering a nearly complete solid angle were under investigations [ 14 ] for the measurement
of CP violating parameters in the coherent decay in K °K°.

As stressed by many people [ 15] the ¢ meson decays in an antisymmetric KK,
state, and from the study of the 4r final states (' time asymmetry in 7+7~, n%7° [16]
or different branching ratios in different charge configurations [ 17]) one can hope to get

a clean determination of the ratio €'/e.

Very recently Nussinov and Truong [ 18] remarked the presence of a background
deriving from the following chain of decays:

: —O 1
¢ — 7+ %/ fo(976) — v + (K°K )C=+ — 7+ 75 (KsKs ~KiKu) - (4)

In principle, the mass spectrum of the kaon pairs cannot distinguish the direct ¢ decay
from that derived by an-intermediate S*/f, state. Since the ¢ is produced at rest the
maximum energy of the photon is 24 MeV. Due to the small boost and the width of the
S*/ fo, this will not be a perfectly monochromatic distribution but seemingly the design
feasibilities cannot detect this radiation efficiently. Only the mass spectrum of the kaon

pairs peaked around the ¢ meson mass can manifest the presence of this resonance.

The KsKs component of the ¢ — S*/foy decay, anyway dominates at very
short flight-times (a few Tg) near the collision point. It is evident that (K°K_ ,C = —)
decays are largest compared to the (K 'K ,C = +) ones coming from the S*/f, only
in a suitable intermediate time-flight region in which the C-even events are suppressed
almost completely [19]. On the other hand, very far from the vertex, the ¢ radiative
decays in six pions can easily be reconstructed since it is also dominant due to the

KK component of the decay [19].

The branching ratio of the process ¢ — S*/fo, anyway, is strongly model de-
pendent.

Nussinov and Truong obtained a partial width I'(¢ — v + K°K°) = 1.5.1077
MeV, which corresponds to I'(¢p — v + 5*/fo) = 6 - 10™° MeV.

An eventual small contamination of non strange quarks in the $*/f, can be put

in evidence by assuming that the mixing relative to the quark basis of the physical
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isoscalar S*/ fo state is in the form ,

|S* >= Sl\r;(‘z_osluﬂ-f—da > + cosp,|s3 > 7 (5)

Assuming a quark triangle picture, the decay rate ratio gives

L(S* = vy) _ 1 m Y\’
T(S* = ~vy) 9 (5sm<ps+ V2cos s (E’)) =1.1740.70 (6)

where m/m, ~ 0.7 weights the strange relative to the nonstrange mass transversing the

quark triangle. In addition using the previous result for the S* — w7 decay rate, we

0($* — nm) (sintps )'2 3 ps ( ms )2 (7)
T(6 »nm) ~ \cospp 2 ps \mg-

where the value of the pseudoscalar mixing ¢ p was computed in [ 20] and in this quark

get the ratio

basis is ~ 40°. Besides many uncertainties, this analisys suggests @, ~ 20°. So that the

S*/ fo(976) appears presently mostly due to two strange quarks, as the nearby ¢(1020)

vector meson.

In this approach, the magnetic dipole ¢ radiative transition could be eventually
foreseen once a calibration process I'(1~ — 0%+) would be detected and no deviation

from a single quark content of the S* is present with the following prescription

T(g = §°9) = T(1™ = 0%7)-cos? ps- 2 ) - ) (8)

9\ pr mgs

The same conclusion for the ¢ decay can be derived using a non relativistic
potential model as done for radiative decays of the radial excitation cé vector meson
. In this case one has for a confining linear potential I'(¢ — v + S*/fo) ~ 6 - 1075.
Whereas if the confining potential is quadratic, the decay width reaches nearly 10~*
MeV [19].

The above s5 assignment for the S*, which appear favoured by the S* — vy
measurement, must face out with some properties of these mesons which disagree with
the expectations of the naive ¢g SU(3) model: they are nearly degenerate in mass and
very light relative to the other scalz -s to fit into the expected pattern of weak spin-orbit
splittings. If ¢g, the near degeneracy of the $* and 6° constrains the S* to have almost
no s3 content. With 1/+/2(u@ + dd) states one can predict I(S* — 77)/T'(6 — nr) = 4
in disagreement with the observed value of 0.6 £ 0.2. Another SU(3) ¢¢ prediction
is that I'(S* — KK)/T(S* — 7r) = pk/3pr with px(px) the kaon (pion) kinetic
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energy. The data do not support this expectation. Furthermore the latest experimental

measurements

I'(S* — ¥7)BR(nm) = 0.19 + 0.05 + 0.12 KeV  Mark II Collab.

0.19+ 0.07+ 0.09 KeV Crystall Ball Collab.  (9)
I'(6° — v7)BR(yr) = {
0.29 + 0.05 + 0.04 KeV JADE Collab.

appear consistent with the coupled channel KK molecule picture but not with 1 /V2

(ut + dd) content, although a definite measurement would be of great interest.

None of these models is very compelling, therefore one should not trust too much

the smallness of the values obtained and expect a clear $*/fy signal.

Thus the detection of suitable kaon pairs close or far the colliding e*e™ beams

can easily increase our knowledge of the resonance.

For completeness, the partial widths to 77 and KK from the S */ fo can be given

=
3
I
o)
3
TN
AIS
[ V]
|
3
ey
N—
N

(10)

P

where g2 and the g% are the squares of the couplings of the $*/fy to 77 and KK. A
recent preliminary analysis of CERN-WA76 experiment [ 21] gives

gy = 0.25 4 0.02 ,

11
9k = 0.20 +£ 0.04 (1)

A high luminosity ¢ factory can support this prediction and definitively solve the prob-

lem if _
38§ state

. . 53 - (dd + u%) state
S*/fo 1s glucball (12)
KK molecule
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A s-factory to investigate
the foundations of Quantum Mechanics

Decio Cocolicchio
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ABSTRACT

A bound on the Iff oscillating parameter has been obtained by some models of
non locality. In this papef we stressed the fact that a ®-factory to test the CP-violating
parameters in the K-system can also probe, through correlated observations qf two KO,
the incompatibility between the Quantum Mechanics and these formulations of the local

realism.
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Recenﬂy a lot of attention has been devoted to the incompatibility between the
quantum mechanics and the local realism approach in elementary particle physics. Some
tests of the quantum mechanical correlation in the decays of J¥ = 0~ mesons 7¢(2980) and
J/4 into a A-hyperon plus A-antihyperon pair (with the subsequent decays A — p + 7~

and A — p+ n+) was recently analyzed [1].

The well confirmed quantum mechanical prediction of the A-decay asymmetry ap-
pears to disagree up to the 10% from several particular approaches to non-classical effects.

It is a hard task to adfirm the universality of this result for any model, locally realist.

Some recent results from Argus and Cleo Collaborations [2] appear to give a final
answer as for the incompatibility between quantum mechanics and local realism in the

formulation of Furry [3].

%

A more convenient place to verify the incompatibily between quantum mechanics
and local realism in elementary particle physics can be found in the decay of a JFC =1—~
vector meson into a pair of neutral pseudoscalar mesons. For the K° K9 system obtained
from the decay of the spin-1 $(1020) resonance, Six [4 ] suggested that the joint probability
w——(ta,tp) of a double K° observation on the left and right hemisphere at the time ¢, and

tp represents an experimental test of Einstein-Podolski-Rosen [ 5] paradox.

K°® and K° mesons are charge coniugate of one another and are states of definite
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strangeness +1 and —1 respectively (conserved in strong productions AS = 0, violated
in weak decays AS = 1). However, they do not have definite lifetimes for weak decay
nor do they have any definite mass, this means that they are not eigenstates. The mass
eigenstates are linear combinations of the states |[K° > and |K® > namely |Kg > and
K9 >, Whi(;h have definite masses and lifetimes. The short lived |K% > meson decays into

0

the two predominant modes 777~ and 7°%° each with the CP eigenvalue +1, whereas

the long lived |K? > mesons has among its decay modes 7*n~7° and #°#%x?, which are

eigenstates of CP with eigenvalue —1.

>

With the conventional choice of phase we can write

CP|K° >= - |K° >
CP|K° >= - |K° > W
therefore, we have
|KY >=%(IKO > +|K° >) CP|K} >=~|K) >
K >=%('|K° > |R° >) CPIKY >=+ KO > (2)

However, in 1964 it was observed [6] that there is a small but finite probability for the
decay K} — w7~ in which the final state has the CP eigenvalue +1. Thus we cannot

identify K9 with K? and K% with K.

If we asumme the CP invariance for the mass eigenstates, there are two com-

plemetary ways to describe neutral kaons:

1) In terms of the mass eigenstates K, 5, which do not posses definite strangeness
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|Ks(t) >=|Ks(0) > e " a5 =img+ zzg
|KL(t) >=|K1(0) > ™5 ap = imy + sz (3)
where now |
|K5(0) >=—;§(IK°(0) > Z|RY0) >) .
KL(0) >=—=(1K*(0) > +R*(0) >) '

2) In terms of the flavour eigenstates, whose time evolution is more. complex

[K°() >=F4()IK°(0) > +£-(£)| K°(0) >

, (5)
|K°(t) >=f-(t)IK°(0) > +£4+(¢)| K°(0) >
with

1 1
f+(t) =§(e_a5t + e—a”) = é—e""‘st [1 + e“(Q’L"C\'S)t]

1 1
- —agt —-art L —agt “(QL—Q'S)t
f=(t) ——_2(6 —e )= 5¢ [1-—-6 ]

The two bases {Ks, K1} and {K° K°} are completely equivalent.

We consider ¢ in the K® K9 channel decay. The temporal evolution of the two
particles can be obtained by associating each of the particles to different times t, = t1,

ty = tR, one for each emisphere left and right. The ¢ system in terms of CP-invariant

states and in terms of weak eigenstates is given by

[96(0,0) >=—=(K?(0) >4 [K°(0) >5 ~|K*(0) > |K°(0) 1)

_ ™
=~1—2(|K5(0) >q [K1(0) >5 —|KL(0) >4 [Ks(0) >5) .

The time evolution of this state is
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1 1
|thg(2asts) T Bt — P — ()]

{{f(ta)fa(ts) = f-(ta)f-(t)] 1K (ta) > |K () > +

[F=(ta)felts) = Fr(ta) F-(t)] | K°(22) > | K°(ts) > + (8)
[+ () f=(ts) = F=(ta) F (@) 1B (ta) > |K°(ts) > +
[F=(ta)f=(t) = fo(ta) Fr (8)] 1B (ta) > |K°(ts) >}

The probability w__(t,,ts) to find a K°(t,)K°(t}) state is

| < BO(ta)R°(ts) g (tasts) > |” =

e—(7Lta+'YStb) + e_('YSta"I"‘/Ltb) —_ 26_%(7L+75)(ta+tb) cos[(mL — ms)(ta —_ tb)] (9)
e~{vL+vs)(tatts)

Since 7, >> 75 the amplitude v; << ~sg, then for a range t,, t) ~ (4 — 5);}3— we have

e~ ~ 1 and
wWo—(ta,tp) > eIt y(Al), (10)

In an old paper, Selleri [ 7], using a more general notion of local realism based on Einstein

interpretation, derived an upper bound. for y(At):
Y(AL) < yp(At) = 14 €775 (1)

This upper bound differs from quantum mechanical prescription by the manifest absence
of a dumped oscillation term deriving from interference. The discrepancy is at most of
12% for vs(ty — ta) =~ 5 (Fig. 1). This approach however suffers the need to consider time

interval t,, ty shorter than K, Kg lifetimes.

The possibility to overcome this difficulty can be a ¢ mesons factory as a source of

kaons.
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Recently it was proposed to measure the CP-violating parameters € and ¢ in the
decay ¢ — KsK [8] with a high accuracy by realizing or a high luminosity machine [9]
sending an electon beam from a superconducting LINAC against the positron .stored in a

circular ring or by building a ¢-factory using the Syncroton Light Source [10].

We wish to stress that with a luminosity of the order of 1032 ¢m—2sec! it appears
feasible to performe alsoa careful analysis of the quantum non separability and local realism

in particle physics.

"The ¢ can be produced very clearly in e*e~ annihilation with a cross section of og =~ 4ub

and with a large branching ratio to KsK: BR(¢ — KsKp)=(34.4+0.9)% [11].

The time—de;?endent correlations in the final two pions states from the kaon decays
are an interesting e—; probe. Here, however, we are mainly interested in showing that such
experiment is particularly suited to test the foundations of quantum mechanics. Such test
requires to be sure to detect a K° both at the left-emisphere time ¢, and at the right
emisphere time ¢;. The practical realization of this aim requires the knowledge of the
branching ratio of a peculiar decay channel of K°. We propose the clear semileptonic
signature of the K — =(e,u)v decays with a total brgnching fraction of nearly 65%.
Folding these previsions with the joint probability required for a double K observation
on the left and right emisphere respectively at the times t, and t; such that At ~ 57g,
we need a luminosity of 6 - 1032cm~2sec™ to produce 108 ¢-mesons that is of the same
order of the numbers of mesons that we need to perform the measurements of the phase

difference to test the parameters of the kaon system associated with the CP violation.
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In conclusion the building of a ¢-factory to measure the CP-violating parameters
can be easily adapted to realize a powerful test of the incompatibility between the quantum

mechanics and local realism.
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Abstract

This paper reports the results of a study of the feasibility of a measurement of the CP violation

parameters in ane*e” ¢ factory.
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Until now, CP violation effects have been observed in the K° ~K° system only. in the Standard
Model they are described by the parameter ¢ appearing in the mass matrix element responsible for ‘the
AS = 2 transition (K° « K°) and the parameter ¢’ appearing in the decay matrix element (AS = 1
transition). A determination that gives a ratio e’/e different from zero [e/e = (3.1 £ 1.1) x107?] has
been obtained from the measurement of the decay rates of K (K° long) and K% (K° short) into
two pions, which was done by the NA31 Collaboration at CERN [1]. Experiment E731 at Fermilab
indicates a null value of ¢’/¢, and the quoted result lies between —1.0 x 10~3 and + 1.0 x 10~3, with
an error in the range :'1.3 x 1072 < o(e’fe) < +1.6 x 1073, but the authors do not commit them-
selves {2] to reporting a more precise value.

In the e*e” annihilation, the ¢ resonance is produced with a cross-section of 4 ub and
high-luminosity machines (¢ factories [3 — 7]) are necessary in order to improve the quoted results sta-
ﬁsﬁcaﬂy. The branching ratio of the decay of the ¢ into two neutral kaons is 34%, and since the ¢ has
the strong-interaction-conserved quantum number C = -1, a K°L and a K°S are produced in
the final state.

Studying the events induced by the chain
ete” - ¢ - KOLKOS - gt g0 . (1)
a measurement of the ratio £’/e can be obtained from the determination of the asymmetry [8]

N(ad > 0) — N(Ad < 0)

A= , ¥3]
N(ad > 0) + N(Ad < 0)

where Ad = d, — d,; d, and d, are the paths of the K%s decaying into v*#~ and «°#°, respectively,
and N(Ad > 0) [N(Ad < 0)] is the number of events in which the path of the K°® decaying into #*# ™
is longer [shorter] than that of the other K°® decaying into #°#°. Assuming that ¢ and ¢’ are real an«d
that there is an equal fiducial volume FV of the charged and neutral decays (d,Fv = szv), Eq. (2)is

related to the CP violation parameters according to

"A=3Ixele.
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To understand this relation, note that for the events in the non-interference region (Ad >> dg, where
dg is the K°g mean decay path)
P(K°S-ﬂ°1}°)P(K°L-ﬂ+n‘) — P(KOg=w*a")P(K°| =)

A = . (4a)
P(KOS-v°1r°)P(K°L-ﬂ+7r‘) + P(Kos-—ﬂ+v')P(K°L—-n°w°)

P(KOL—vﬂ*ﬂ")/P(Kos*v*'ﬁ') - P(K°L—-1r°1r°)/P(K°s-ﬂ°'rr°)
= - - , (4b)
: P(K°L->1T+1r")/P(K°s-b'rr+1r') + P(KOL"H'OWO)/P(KOS-"HOTYU)

and, since P(KOL-"rr*ér‘)/P(Kos-ﬂ"'fr') = (¢’+¢)? and P(KDL-’ﬂ'O‘Fo)/P(KOS-"n‘OWO) = (e—2¢')?,

we obtain
A = [3¢’/e]/[1—¢'/e] , ' )

where terms Of(¢’/¢)?] have been neglected.

The study of the events induced by the reaction chain (1) as a function of Ad in the region Ad <
2.5dg would allow also the difference between the phases of = and £’ to be determined.

| Experimental measurement of the asymmetry A requires. identification of the decays K® - #*#~

and K° -+ #%7%, and also measurement of the decay paths d, and d, with a good control of the effi-
ciency as a function of these paths. The CP violation parameters can also be obtained by measuring
the relative rates of decay chains such as ¢ - K°LK°S - vtg a* g and ¢ - K°LK°S - 7070700
[9], but in this case a knowledge of the absolute values of the reconstruction efficiencies is required.

The statistical error in A is related to the total number of events N induced by the reaction chain

(1) according to

QA = [(1 + A) x (1 = AWIN x (1 - ed7V/dLy), ®)

stat

where df;‘V is the maximum decay path for the accepted events and dL is the mean decay path of
K ’s. In the case of ¢'s produced at rest (E,+ = E,-), the K°’s are monochromatic with a momen-
tum ppo = 110 MeV/c and d; = 342 cm. The mean decay path of the K%'s is dg = 0.6} cm. To
combine the need for a large event acceptance and reasonable detector dimensions, a spheriéal decay

fiducial volume of radius d,FV = szV = dFY = 100 cm was assumed. Table 1 shows the number
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of the events expected in the fiducial volume i one year of rinninig time (107 s) for machine luminos-
ities L = 2.5 x 1032 cm~2s7! and L = 1.0 x 10°3 cm~2 5™, The latter value is the expected lumi-
nosity at the Novosibirsk machine, now under construction [7]. The statisticai errors in A and &'/e,
calculated assuming that ¢’/e = 0, are also reported in the table.

In the study of the backgrounds, evénts induced by the reactions

K°] - %0, Ko = nta” (Back. 1) 0
KO = w*n"n®, K = n%0 (Back. 2) , 8)
K°L - Tur K°S -+ 70 (Back. 3) ©)
K°L - ey, K°S - 7970 (Back. 4) (10)

have been considered. The event rates relative to the signal are shown in Table 2. Reactions (7) and (8)
will simulate the events induced by the reaction chain (1) if two gammas coming from neutral pion
decays are not identified.

Figure la shows the distribution of the events induced by process (1) as a function of Ad for a
value of ¢'/e = 3 x 1072 [1). The comesponding asymmetry A is of the order of 10~ 2. For the back-
grounds (8) to (10), since the K°L decays into two charged particles, almost all the events have Ad >
0 (see Fig. 1b) and the asymmetry is ® + 1. For the background induced by mactic;ns (MA= -1.In
the case of high background rejection, obtainable with high-precision measurements of the particle en-
ergies and with very good particle identification, the residual events induced by reactions (7) to (10) are

negligible compared with the events induced by process (1), and the measured asymmetry is given by
Ameas ¥ A * % by x 5, (1

where bi is the relative rate of the background i (i = 1, ..., A4) with respect to the signal (see Table 2)
multiplied by a rejection factor r;, and $; = —1lfori= land +1fori = 2,3, and 4. The experi-
mental study of the backgrounds would allow a determination of bi to few per cent, and in order to
make the systematic error due to the background subtraction negligible compared with the statistical
one, a reduction such that b; = 107 is required. The rejection factors 1; for obtaining b, = 107 are

given in Table 2.
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In the design of the detector, the energy of the particles involved in the reaction ehain (1) is one
of the main criteria for choosing the detector parameters. The momentum distribution of the charged
pions, with a mean value of 212 MeV/c, is shown in Fig. 2. The energy distribution of £hC gammas
produced in the #® decays is shown in Fig. 3; the mean value is 127 MeV and the lowest photon en-
ergy is 15 MeV. The schematic of the detector is shown in Fig. 4. It is a 4 detector with a central
tracking region forﬁconstmcting the momentum of the charged particles and their point of origin, a
liquid Cherenkov detector for identifying muons, pions, and electrons, and an electromagnetic (e.m.\)
calorimeter for measuring the energy and the impact point of the converted photons used to recon-
struct the path of K%s decaying into #%x°.

The tracking region is a cylinder of 2 m radius and 4 m height. Since the fiducial volume is repre-
sented by a sphere of 1 m radius, all the the charged-particle tracks will be reconstructed over a path of
1 m. The momentum measurement is given by the sagitta of the circle made by the particles in a mag-
netic field B = 0.2 T. The resolutiod is dominated by the multiple scattering, and to reduce such an
effect, low-Z gas mixtures such as He (95%) + dimethylether (5%), having a radiation length X, >
2000 m [10], must be used. In the Monte Carlo program the charged tracks were assumed to be re-
constructed making use of a Time Projection Chamber (TPC) having a spatial resolution, for a single
point, of 700 pm along the z-axis parallel to the e*e” beams, and 200 pm in the perpendicular plane.
Measuring 64 points per track it is expected to obtain the resolutions oy = o 6 = 1 mrad and
apT/pT = 6 x 10~3, where 0 and ¢ are the particle angles at the point of origin with respect to the
z-axis and in the perpendicular plane, respectively, and‘ PT is the transverse ‘momentum. The resolu-
tions are still dominated by multiple scattering but, as we will see, they make it possible to obtain the |
necessary background rejections and a very good recgnstruction of the path of the K%s decaying into
*+w~. Owing to the interactions in the beryllium walls of the vacuum chamber and of the TPC, which
are assumed to have a total thickne#s of 1 mm, the angle of the particles generated inside the beam
pipe is measured with a resolution oy = oy = 2 mrad. For a beam pipe with a radius of 2 cm, about
50% of the charged pions are generated inside the pipe. In the Monte Carlo simulation, the angles of
all the particles were smeared according to Gaussian distributions having gy = ¢ ¢ = 2 mrad indepen-

dently of their origin.
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A liquid Cherenkov counter having C(F,, as the radiator with a refraction index n = 1.278 is
adequate for identifying =, s, and ¢ in the momentum range 150—270 MeV/c. Figure 5 shows the ex-
pected Cherenkov angle fcp defined by cos 8cp, = 1/(Bn), where B is the particle velocity in units of
¢, the velocity of ﬁéht, for 7, 1, and e. The error in the measurement of 8¢y, is dominated by the mul-
tiple scattering of the particles on the radiator and on the quartz windows of the detector [11, 12]. In
the simulation, a conservative value of o(OCh) = 8 mrad has been used.

The e.m. calorimeter under consideration is an homogeneous device containing liquid xenon [-12]
or liquid krypton [13], having a tiﬁckness of 13X,. This device allows the detection of gammas that
have an energy down to 10 MeV, and a measurement of the energy with a resolution G(Ey)/Ey =
0'01/‘/EY {GeV). The impact point of the converted photons is reconstructed with a precision of
3 mm along the calorimeter axis and ,/2 mm in the perpendicular’plane.

The background rejections have been studied, simulating 'ﬂ;greconstrgcﬁon of the events induced
in the detector by rg_gctions (8) to (11) and (1). For the Back. 1 induced by reactions (7, the required
rejection factor isT; = 5.4 x 107°. With an efficiency of 98% for detecting a single gamma, a first re-
jection factor r;” = 5 x 1072 is obtained, corresponding to the fraction of events having four detected
photons. As shown in Fig. 6, the total energy distributi;)ns of ﬁze four detected gammas for the events
induced by reactions (1) and (7) are quite different. In the case of the background events, the two lost
gammas were assumed to be those with the lowest energiés. By selecting events that have a total gam-
ma energy lax:get than 470 MeV, a second rejection factor r,” < 10~* was found.

For the Back. 2 induced by reactions (8), a rejection factor r, = 2.9 x 10~° is required. The
good coverage of the e.m. calorimeter makes it possible to have a first rejection factor r,” = 3.6 x
10~*. The measurement of the invariant mass of the two charged particles clearly allows the necessary
rejection factor to be reached, as shown in Fig. 7.

The semileptonic decays of reactions (9) and (10) were simulated using the form-factor parameters
$(t = 0) = —0.11, with t = (pK - p,”)?, and A = 0.034 [14]. The following cuts reduced the events

induced by Back. 3by ry’ = 1.9 x 10-%:

., > 2.6rad,
105 < p < 116 MeV/c,

5‘03 < E < 516 MeV ,
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where 0 is the angle between the two charged particles, and p and E are the reconstructed momentum
and energy of the K°. The missing rejection factor r,” = 7.5 x 1072, which is necéssary in order to
reach the desired rejection of 1.4 x 1073 (see Table 2), can be obtained using the Cherenkov meas-
urements, as.shown in Fig. 8.

For the background induced by reactions (10), a rejection factor of r, = 1.0. x 107° is required. .
Applying the cuts (12), a first rejection r,” = 2.8 x 1073 was found. Becausé of the very different GCh
yields for electrons and pions (Fig. 5), the missing rejection factor can easily be obtained using the
Cherenkov measurements. For the events induced by the signal reaction chain (1), the efficiency of the
above-mentioned selection criteria is = 90%.

Other possible sources of systematic errors are briefly ‘discu'ssed below. The determination of the
quantity Ad requires the measurement of the decay paths of K%s into = *#~ and into #%#°. Scaling the
resolutions of the CP—~LEAR experiment [15], we eitpcct o(Ad) < 0.5 cm. This uncertainty is domi-
nated by the error in the path of the K° decaying into two neutral pions o(d,), i.e. o(d;) = 0.5 mm.
The error in &/e induced by As(Ad) was studied, making use of a simp}e. Monte Carlo simulation: It
was observed that an error equal to dS/2 (3 mm) resulted in '>a'rva.lue of ¢'/e that: differs from the true .
value by A(e’/e) = + 1.5 x 107°.

Another possible source of systematic error is represented by the uncertainty in the definition of
the fiducial volume. The effects on the measurement of ¢’/¢ that are caused by an ‘error in szV are
more important; if Asz V = +dS/5, the experimental value of ¢’/e differs from the true one by
+ 1.7 x 1074,

A systematic error in the determination of e’/ can also'be due to any possible dependencé of the
detection efficiency n on the decay paths d; and d, of the Ks. The quantity |[n(Ad > 0)] —
[n(ad < d)]l must be known with a precision of = 10~*. The dependence of 7 on d, ;Lnd d, is ex-
pécted to be small owing to the large dimensions of the detector and to the broad angular distribution
of theh gammas with respect to the K direction.

The systematic errors discussed above can be studied experimentaily using the events induced by
the reactions with four neutral (charged) pions in the final state and replacing two #°#° (7%= ~) com-
ing from a K° by two ==~ (v°%°). A control of these systematic errors can also be made by studying

the event distribution as a function of Ad (see Fig. la).
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About.16% of the charged pions decay before reaching the Cherenkov detector. Fhe efficiency of
detecting such events can depend on the decay position, a.nd can introduce a systematic error in the
determination of ¢’/e. Figure 9, with a binning of 5 mrad, shows the angular distribution of the muons
with respect to the direction of the charged pions. Since the 8 M resolution is 2 mrad, a large fraction
of the decay events can be measured and a small systematic error due to the decay correction
is expected.

The different angular resolutions for the pions generated inside and outside the beam -pipe would
introduce a small systematic error because -- also in the case of the worse resolution -- the efficiency of
the signal events with respect to the selection criteria (12) is 100%, and because the decay-point re-
construction is so good that it is possible to know whether the decay took place inside or outside the
beam pipe.

The trigger system w111 depend on the detailed realization of the detector and on the strategy used
for collecting the data. If the storage of = 10!° events -- which corresponds to the statistics necessary
to obtain the required precision when determining &’/e -- is not a major problem, the trigger would be
very inclusive. If event selection is necessary at the trigger level, a faster tracking detector must be used
and the events can be identified on the basis of the neutral- and charged-particle multiplicities, the ori-
gin of the particles, and the invariant mass of the particle pairs {15].

The mgen@ﬁon eﬁ'ec;ts are not expected to affect the determination of A, because they are inde-
pendent of the decay mode of the K° and because of the small amount of xnateriai in the decay region.

In conclusion, the determination of ’/e using K°’s produced in the decay of ¢’s at rest requires
high-luminosity e*e™ rings (L = 10°2~10% cm™2 s~') and a large and sophisticated 4r detector.
Assuming that the fiducial volume is 1 m and taking into account the efficiency of the selection cri-
teria, the ecxpected statistical error in one year of running is o(e’/e) = 3.3 x 10°* and
o(e’/e) = 1.6 x 10™* for luminosities L = 2.5 x 1032 and 1.0 x 10** cm~2 s, respectively. Using
the detector described here, the systematic error due to the background subtraction is expected to be
smaller than the statistical one. Other sources of systematic errors have been discussed. Their contribu-
tion to the total error is expected to be negligible, but- a more detailed simulation of the detec-

tor response is necessary for a better understanding of such errors.
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Table 1

Statistical errors

Luminosity Signal events AA at A(e’/e)
2.5 x 10%2 112 x 10° 9.4 x 10~ 3.1x 1074
1.0 x 10%? 448 x 10° 4.7 x 10™¢ 1.5 % 10™¢
Table 2
Background rates and necessary rejections
Background Rate relative to the signal Rejection factor I
KOL -+ 707070, KOS A 119 8.4 x 10°°
KOL - gt g? KOS - 7050 34 29 x 10°%
KO = mpr KO - %" - 70 1.4 x 10-°
K°L - aev K°S - 7070 100 1.0 x 1073
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Flgure captions

Distributio;ls, as a function of Ad = d,. — d,, of the events induced (a) by the signal reac-

tion chain (1), and (b) by the background reactions (8) to (10).

-~ Momentum distribution of the charged pions produced in the signal reaction chain (1). J

Energy distribution of the gammas from the neutral pions produced in the signal reaction

chain (1).
Schematic of the detector used in the. simulatién.
Cherenkov angle yield for , g, and e, in the momentum range 150 —270 MeV/c.

Total energy distribution of the four detected gammas in the events induced by the signal re-

action chain (1) and the background reactions (7) (see text).

Distribution of the measured invariant mass of the two charged pions produced in the signal

reaction chain (1) and in the background reactions (8).

Smeared Cherenkov angle. yield for pions produced in the signal reaction chain (1) and
muons produced in the background reactions (9). The expected experimental resolution is

shown.

S

Distribution of the angle of the muons produced in the decay of the charged pions

with respect to the parent’s direction.
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KAON PHYSICS AT A ® FACTORY

R. Baldini-Celio, M.E. Biagini, S. Bianco, F. Bossi, M. Spinetti, A. Zallo
INFN - Laboratori Nazionali di Frascati, P.O.Box 13, I-00044-Frascati, Italy

S. Dubnifka
Joint Institute for Nuclear Research, JINR, Dubna, USSR

' ABSTRACT

Various stems are reviewed concerning kaon physics at a powerful ® factory, namely: Quan-
tum Mechanscs tests on a large scale, statistical accuracy on the measurement of (fe-') and

detection of CP violation in 37 decay, KK molecules production and the kaon form factor.

Quantum Mechanics tests on a large scale

The ® decay into a neutral kaon pair is a very suitable process to test Quantum
Mechanics (QM) on a large scale. Many authors have emphasized paradoxes related to

this process (1), which are a good illustration of the celebrated Einstein, Podolsky, Rosen

arguments (2).

In the following two particularly non intuitive QM expectations are pointed out, which

may be exploited at a powerful @ factory.
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Actually paradoxes arise because the & and the neutral kaons are both superposition

of states. Namely the ® is

) i i }
@ >= —=[|K%(p) > [K°(~p) — |K(p) > |K°(—p) >]
V2
to achieve a C = —1 eigenstate, and the strongly interacting neutral kaons are superposi-

tion of the short-living and long-living mass eigenstates

|Ks >=a|K° > +b|K; >

|Kz >=¢|K° > +d|Kp > .
If CPT is conserved: a = ¢, b = —d. If CP is also conserved: ¢ = ¢ = b = —d = —\}——2
Therefore, if neutral kaons decay without interacting, it is also
1

IQ>=\/§

[|Ks(p) > |KL(=p) > —|KL(p) > |Ks(—p) >]

and only events Kg(p), Kr(—p) will be detected.

If a thin regenerator is introduced on one side coherent regeneration takes place and a

fraction of the events, decaying downstream the regenerator, will be either K5(p)Ks(—p)
or K1(p)KL(—p)-

Yet coherent regeneration cannot arise for a spherical regenerator (Fig. 1). Things are
as if a neutral kaon, crossing a regenerator, knows what is occurring simultaneously to the
other neutral kaon, no matter how far one kaon is from the other. This paradox is predicted

by QM because the & decomposition is invariant under the simultaneous trasformations

|K°(£p) >= |K°(£p) > +a|K%(£p) >

|K%(£p) >= |K°(xp) > +8 |K°(+p) >

where o and § are the coherent regeneration amplitudes.
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_— K
Kg— ® L
—Ks
Kg— ® —=K|,

Fig. 1  Illustration of the regenerator Q.M. paradox.

The doughnut of the storage ring is an appropriate regenerator to verify this prediction.
By the way this argument supports the suitability of a @ factory to study CP violation in
neutral kaon decay. In fact this effect reduces in practice Kg regeneration in the apparatus,

which may simulate a CP violating decay.

Detection of CP violation in neutral kaon decay provides another striking @M paradox.

Namely if the two final states are available to both K¢ and K, decays, the time evolution

is: ,v

< f1f2|¢ >oc nzei(rst1+r5t2) _ nlei(rst2+1‘;,t1)

where

If CPT holds, it is expected:

ETI Y —(AE g

t 2
Rate n%e_TsL“i + n2e” 77 — 2n1n3cos(AmAt)e

The interference term introduces a correlation between the two decay times, again no

matter how far one kaon is from the other. In particular if the final states are the same
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or with the same number of pions the two kaons cannot decay at the same time, as shown
by the dip at the origin in Fig. 2. Detection of such a dip is well within the capabilities of

the suggested detector and storage ring.
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Fig. 2 Correlation between the two decay times ¢,,
t2, as caused by the interference term; one kaon decays

to 7+x~ and the other to 707° (€ ~ 3.10-2),

Statistical accuracy in a measurement of Re(‘;’)

and detection of CP violation in 37 decay

A new measurement of (5;') is the most important result to be achieved at a @ factory.

It is relevant to do a correct evaluation of statistical and systematical errors in such a

measurement.
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Proposals have been done for suitable variables and number of ® to be produced,
to reach a given statistical error (34), In the following different proposals are reviewed

emphasizing the possibility, available at a ® factory, to perform internal checks and to

reduce systematical errors.

The exemplifying case of a (%') vanishing phase is considered, as required if CPT
invariance holds. Concerning time integrated rates N;, the interference term between Kg
and K amplitudes may be neglected in evaluating (%), as far as higher order terms in
;ff = 1.72-103 are negligible. Therefore, in this approximation, the first decaying particle

is identified as Kg and the time integrated rates are:

N(Kg — ntn~) N(Kp — n%%0) f(l 45_')
N(® - KgK) 2 €

N(Ks = 77 N(Kp o atn™) €
N(® — KgK) 2

6’
(]. + 2:)

N(Kg — ntn~) N(Kp — ntn™)

el
~ 62(1 + 2?)

N(® - KsKy)
N(Ks — n%7%) N(Kp — n°x0) i( _45_')
N(Q-—)KsKL) 4 €

Any of these rates is suitable to evaluate (%), the latter may be too difficult to handle from
an experimental point of view. Contributions proportional to (fé) have different signs in

different rates, and overall coherence reduces statistical and systematical errors.

A weighted mean has a statistical error

¢ 1

UN(:) = va

where Ny = N(Ks — n*tn~)N(Ky — x°r°). Therefore to achieve o(£) ~ 2-107%,
with an ideal fully efficient apparatus, in 100 typical running days, a mean luminosity

L =0.8-10%2cm~2sec! is required.
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The asymmetry

_Ny— N 35_'
" Ny+ Ny €

is a suitable quantity to evaluate (‘;'), only CP violating events are selected and systematical

errors would be reduced.

The corresponding statistical error is

1

A = amy

Therefore to_achieve a(%') ~ 2-107* in 100 days from the asymmetry measurement, a

mean luminosity L = 1.5 - 1032¢m—2sec~! is required.

Of course finite dimensions of the experimental apparatus must also be taken into
account. On the other hand non integrated rates carry more informations. Hence a
simulation has been done for a spherical fiducial volume with a radius B = 1.5 m, taking
into account a finite resolution ¢ = £3 mm in the vertex reconstruction. No background
has been simulated. The ¢,,t; distribution has been fitted with the expected distribution.
To achieve a(%) = 2-107* in 100 running days the required mean luminosity is [ =
2.5- 1032cm“2§ec“1.

The observation of the decay Kg — 37 (up to now undetected) is also in the capabilities
of an experiment at a powerful @ factory. In particular Kg — 37° and isotropic Kg —
7tr~ 7m0 are QCP violating decays. The decay Kg — wmtx—70 is allowed, but strongly
reduced, if orbital angular momenta are involved. Concerning the CP violating amplitude

it is predicted

Bepyio(Ks — 3r) ~ B(Kg, — 2r) - B(Kg — 37) - (T—S)2 ~3.107°

TL

if CP violation is mainly due to the mass mixing. The CP allowed decay is predicted (5)
yet never detected:
BCPcons(KS - 7r+7|'_7l'0) ~ (2 + 1) 1077,

In the 7*7~n0 final state the two amplitudes may interfere, increasing the possibility to

detect CP violation in this Kg decay. The 7#*7~7° Dalitz plot must be uniform for the CP
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violating decay. Onl the contrary the CP allowed decay must have a strong radial depen-
dence: the simplest distribution (%) taking into account the spherical harmonics involved,
is like [(T} — T3)(T; — Ts)(Ts — T1)]2. CP violation manifests itself as an interference with
alternate signs in the six sectors of the Dalitz plot. A factor 2 is gained in sensitivity by
looking at the interference in the 7#+x~xC final state, with respect to the 370 final state,

taking into account the different branching ratios (7.

CP violation in the decay K; — ntw~n% with non zero orbital angular momenta,

might be detected aswell. The relative width is related to the above mentioned widths, if

CP violation is mainly due to the mass mixing. Namely:

' T
Bepoia( KL = 7717 7%) ~ Bopyiol(Ks — ntm~70) T—Ii ~0.6-107°,
: S

Yet this amplitude must interfere with the large, CP allowed, K, decay amplitude. Finally,

K, regeneration could be implemented in principle, to add informations on the phases of

these amplitudes.

Other physics in & decays into kaon pairs.

There are interesting features also in other @ decays into kaon pairs, for instance in the
radiative ® decay into kaon and pion pairs. By the way the decay ® -+ KO%KO9y as been
considéred (8) as a possible source of background in the measurements of (%') However
it has been demonstrated (°) that such a background may be eliminated on the basis of
relative decay times distributions. This radiative decay must occur via the production of
the rather narrow resonances $*(970) and §(980) [now called fo(975) and a((980)], whose
widths are 34 and 57 Mev.

Therefore it is very likely that the energy-momentum resolution of the proposed de-
tector will isolate almost all these events (even if the radiative photon is not detected)
and a measurement of the radiative & decay into neutral and charged kaons and pions is
interesting per se. In fact the nature of these resonances is far from being established.
There is now a considerable body of evidence that the S* and § are not simple ¢q§ 2P,
mesons and the fascinating hypothesis has been put forward that they are K K molecules

(19), roughly analogous to the deuteron.
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An anomalous feature of these resonances is their width, much narrower than expected.
The close values of masses and widths between S* and § strongly suggests an ideally mixed
pair of mesons, like p and w, hence the 27 decay width should be much larger than observed.
On the contrary, in the K K molecule interpretation masses, widths and decay modes are

naturally explained.

The radiative ® decay width into these resonances is relevant because of the controlled

environment, especially if compared to the & — n'y width. In particular
[(® — S*q) ~1073MeV

is expected (8 if the S* is also a s3 state, yet a very different width is expected if a

molecular state must be produced in the radiative decay.

A similar discrepancy has been already observed (11) in another e.m. process, namely

the S* and 6§ widths into 4y much narrower then expected (12) (Tab.I).

meson | 'y, (KeV) | T (KeV)

S* 10.27+0.12 4.5
6 0.23 £0.09 1.5

‘Finally a more accurate determination of the kaon form factor is also an interesting
byproduct at a ® factory. An accurate ® excitation curve measurement would allow to

disentangle the p and w contributions (!3), by means of their interference with the ®.

A measurement at somewhat higher energies than the ® peak would allow the detection
of predicted, yet still undetected, spectacular interference patterns in the neutral kaon form
factor (Fig. 3).
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STATISTICAL ACCURACY ON THE
MEASUREMENT OF € /e AT A & -FACTORY

M.P. Bussal , G. CARBONE
(1) INFN, Sezione di Torino

(2) INFN, Sezione di Pisa

The availability of high-luminosity ¢ - factories will allow a completely new
experimental approach to the problem of the study of CP violation on the Kaon
system. It would by no means be premature (and perhaps incorrect) to say that
systematic errors are less important in the case of a measurement made at a ¢
-factory than for high-energy Kaon beam experiments. However, they will cer-
tainly be of a different nature, and this should help in assessing the significance
of the results. Also, we would like to mention that present CP violation exper-
iments performed on high-energy Kaon beams are mostly sensitive to the value
of the real part of ¢//e , their precision on the imaginary part being about one
order of magnitude worse than those on the real part. On the other hand, CP
violation experiments at high-luminosity ¢ -factories allow to measure both the
real and the imaginary parts at the same time, thus offering the possibility of

reducing significantly the error on Im(e'/e ).

We have used a MC to compute the statistical accuracy on the measurement
of Re(¢'/e ) and Im(e'/e ) at a ¢ -factory . In this simulation we considered
the decays ¢ — KK, — ntn~n%%° , the CP violation showing up as an

asymmetry of the decay rate between negative and positive time differencies:
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T=14-—to0
(Times are always measured in units of K, lifetimes). The differential decay
probability for the coherent K OK0 C = —1 state ™ was integrated first over

ty_ + too to get, apart from a multiplicative factor:

>0

I(r) = |ne—|? e 4 ngo|? e~ 5! —2Re(n4_nk, e ™It ). e~ 3 (r+s)ir] (1a)

<0

I(r) = |n4-|? e sl +1n00|2 e~ el —2Re(n4_ndy e—iAm|r] ).e—é(qb+7s)|f| (1b)

where ni_=e+¢€ ,n=€¢—-2-¢ , Am =m(K|) - m(K,) , 7L = 1/7(K)),
vs = 1/7(K,) .

The asymmetry was defined as

_ () — I(~1)
B GEY &

For large |7| , neglecting terms O(Im?), the asymmetry approaches:

7+ — |nool?

A —
[n4+-|2 + |n0o|?

= 3Re(e'/¢)

so at large |r| the asymmetry is insensitive to Im(e’/e ).
The asymmetry for small |r| is shown in Fig. 1 for the two cases: a) purely
real €'/e and b) purely ima,ginary €'/€ . These "near” asymmetries become rela-
tively large for |7| < 5 , however one should keep in mind that in this region the

number of useful events drops quickly for a fixed luminosity because
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t) the acceptance decreases like |r|
1) I(r) — 0 for |r| — 0.

Also, from Fig.1 we see that the asymmetry in the purely real case peaks at
much smaller |7| values than for the purely imaginary case. So the peak would be
easily washed out by resolution effects (we point out that o(r) = 1 corresponds
to a vertex separation of 0.6 cm). Our conclusion is that from the standpoint of
statistical power the "near” region is not competitive with the ”far” one for the
measurement of Re(e'/e ) . Measurements in the "far” region are also relatively
insensitive to the resolution since I(r) decreases slowly, going like e~7/7(K?) | In
order to get the best accuracy, the 7 acceptance should be as large as possible. In
that case, the accuracy on Re(e/e ) is simply 1/(3v/N) where N is the number

of observed decays.

As far as Im(€’/€ ) is concerned, it can only be measured in the "near” region,
provided of course sufficient vertex resolution is obtained, in order not to wash
out the asymmetry. The accuracy achievable will be however less than for the

real part for a fixed number of decays.

In the MC we have genera;ted events according to distributions (la) and
(1b). From those events we have constructed an ”experimental” asymmetry
distribution ( Fig. 2 ). Then we first fitted the asymmetry over the region 0 <
|7| < 200 , with Re(e'/€ ) as a free parameter. Next we fitted the asymmetry over
the regions 0 < |r| < 10 and 0 < |7| < 20, Im(€’/e ) being the free parameter.
For Re(e'/e ) we used the value from the previous fit. The results of the MC
simulation are given in Table I as a function of the number of events and for the

two different "near” time intervals.

In the present study we did not include the effects of finite vertex resolution.
From inspection of Fig. 1, we can only conclude that results should not be affected
dramatically provided the resolution is not worse than 5 r , corresponding to 3

cm on vertex separation.



192

TABLE I

N events | Error on Re(¢'/¢ )| Error on Im(e'/¢ )| Error on Im(e'/¢ )
0<|r] <200 O<|r|<200. 0<|r|< 10 0<|r| <20

500,000 4.7-107% 6.3-1073 5.6-10"3

1,000,000 3.3.10~4 4.5-1073 4.0-1073

Note: 10% events corresponds approximately to 101%¢’ s assuming a detector

fiducial radius of 120 cm (200 7(K,) ).
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1. Introduction

The purpose of this work is to test the performance of kinematic fit tech-
niques in the analysis of one of the signals of interest at a ¢—factory, namely the
CP-violating decay K¢ —n°r° , as a function of the calorimeter’s response. The

two issues of reconstructing the K§ decay point and invariant mass are both

addressed.

The first method tested does not make use of energy measurements in the
calorimeter, but relies only on its fine grained segmentation, to determine a pair
of (¢,0) angles and a conversion point for each photon shower. First, the angle
information is used to fit the event geometry (independently of energy distribu-
tion between photons) and find the K¢ vertex. Then the energy-conservation
constraints and the 7° masses are imposed, and the K} mass is calculated. It
is found that the method is viable, and its performance is well understood; the

(7 mass resolution is good, but the vertex determination is rather poor, due to

the intrinsic difficulty of measuring the direction of low energy photon showers.

The second method is based on measuring energies and conversion points
of the photons, and forcing all constraints in a single-pass fit. The K¢ mass
and vertex are both good, and the final vertex resolution seems to be limited
(for a realistic detector) more by the errors on the apices than by the energy
resolution or absolute scale. The fit presents the remarkable feature that the
vertex resolution does not depend on the K¢ flight distance (or, equivalently, on
the distance between the decay point and the conversion apices), an explaination

of which will be given below.

Both methods require the K$ line of flight to be reconstructed, ‘using the

K% decay, in order to eliminate two of the three degrees of freedom in the defini-

tion of the K% vertex.
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2. Event simulation and parameter smearing

The simulation starts by creating the main event vertex (ee™ —K$% K% )
and giving to the kaons the sin%(g) distribution expected for a pair of scalar
mesons. The total energy equals exactly the ¢ mass: radiative and finite width
effects have not been considered. The vertex position is the geometric center of
the detector: the effect of non—negligible beam spots is unimportant at this level

of precision.

The K¢ is allowed to decay into either 7%7° or 7°7°7° , or a mixture of these
two modes with a ratio of 1:240 (ratio of the B.R.s of the two channels). The
angular distribution of the 7% in the K¢ center of mass is isotropic, as also is

the « direction in the m° c.m.s. The photon spectra for the two decay modes are

shown in fig. 1 .

The events analyzed are those for which the K¢ decay length is smaller than
150 cm, to insure that the 4 needed photons do not hit at grazing incidence the
calorimeter, Whigh is very schematically reduced to its inner detection layer: a
cylinder with a radius of 200 cm and a halflength of 500 cm, closed by two discs

of outer radius 200 cm and inner radius 30 cm.

A photon is considered inside detector acceptance if its trajectory intersects
the first detection layer. In other words, all photons which cross the first layer
are assumed a) to leave a detectable energy deposition in it, and ) to develop a
shower whose axis will be reconstructed (this information will not be used in the
second fit). Only events with exactly 4 detected photons are kept. A very mild

lower cut on photon energy (20 MeV) is used, to avoid occasional fit misbehaving.
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To postulate v interaction in the first layer is of course not Justifiable, even
though the cryostat should increase the probability of early photon conversion;

the effect is to underestimate photon flight paths, leading to a slight deterioration

of vertex resolution for the first fit only.

The'requirement that ‘the K7 decay inside the said fiducial volume implies
an acceptance factor of ~ 35% (at this energy the decay length of the K¢ is 348
cm). The additional request of exactly 4 detected photons does not change much
the efficiency for the 7OxO channel, but yields a drastic rejection factor of 5-10~5

for the 7°7°n° mode.

The four impact points are then calculated and gauss—smeared in three di-
mensions, with a typical o of 1 cm. The geometric response of the calorimeter is
simulated by gaussian smearing of the (¢,6) angles of each photon, with

oy = 09 = 26.5mr/[E(GeV)] 07 |
for both angles, based on a detailed GEANT computation, and giving a standard
deviation of 100 mr at 150 MeV . The difference between the original angles and

the smeared ones can be seen in fig. 2 : the convolution of the o given above with

the photoﬁ spectrum gives for both angles a broad distribution, with a standard

deviation of ~ 140 mr.

Energies are smeared according to a general type of resolution like:
Ofp = K. VE(GGV)

where the typical value used for K is 5%.
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3. Fitting with photon axes.

The resolution simulated above comes from independent shower reconstruc-
tion, via "local” fit of charge centroids in successive detector layers. The shower
axes should be much better defined by the lines joining the photon conversion
points to a common point somewhere inside the detector volume, chosen in such
a way as to minimize the angular difference between the said lines and the "mea-

sured” (i.e. smeared) shower angles.

The %% to be minimized is given by: ,
X2 =0, 24,510 — Q@) (Wi t)yy [Q7F — QEH(D));

in which Q®*? are the measured quantities, Q* their expected values for a given

choice of the vertex @, W, ! is the inverse covariance matrix and the first sum

runs over the four detected photons. More precisely:

o (Q°®P are tan(¢) when |tan(¢)| < 1. and 1./tan(4) when |tan(¢)| > 1., and

similarly for 6. -

¢ ¥'is actually function of only one parameter: the (positive definite) distance

from the event vertex to the K¢ decay point along the K7 direction

e the covariance matrix is diagonal (no correlation imposed between the ¢
and  measurements) and the errors are propagated to tan(¢), tan(d) from

Adg¢, Af errors of 140 mr, independently of photon energy.

The fit is initialized with a decay path of 75 cm, corresponding to the middle
of the defined fiducial volume, and the minimization procedure is iterated until

the path difference between iterations becomes negligible.

The effect of this fit on the photon directions can be seen from the comparison

of fig. 3 with fig. 2: the distributions are somewhat non-gaussian (due to the
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superposition of different gaussians: see below) but the raw standard deviations

have-gone down by more than a factor 2 in ¢ and a factor 4 in 6.

The difference between the generated K¢ path length and the fitted one is
shown in fig. 4 , which actually is the superposition of normal curves with ¢
depending on the path length: according to fig. 5 the resolution is better for long
K% decay lengths, corresponding to smaller distances between photon conversion

points and fitted vertex. Fitting to a single gaussian the central part of fig. 4 one
_ obtains o = (11.4 £ 0.2) cm.

With the simultaneous measure of a pair of (¢, ) angles for each photon, the

following system:

( Ey+Ey+ E3+ Ey = Ey
E1niy + Eafiz + Esniy + E4fiy = Porp
2E\Ey(1 — iy - i) = M2,
2E3E4(1 — 73 - ) = M2,

of 6 equations in the 6 unknowns E;, Ey, Py is exactly solvable, up to one am-
biguity. If only the solution which gives the best K9 mass is kept, one obtains
the plot of fig. 6 . The comparable plot for the K¢ —n°m°m° case would con-
tain a completely negligible background of 2-3 events in the K$ mass window.
The product of 1;ih.e bigger B.R. times the solid angle suppression factor is indeed
additionally Iovv!ered by the fact that many solutions correspond to unphysical

cases of negative Egy, Py or square K¢ mass.

These results relate to the case in which only K¢ —7%7° events are generated.
For n°m°n? events all resolutions are slightly worse, because of the softer photon

spectrum, but the same phenomenology applies.
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4. Fitting with photon energies.

The fitting procedure for this case is different from before: the x? is com-
puted using energies and photon apices, and the 6 equations of the above system
are imposed as constraints during the minimization procedure. Moreover, the

¢ mass is forced as a seventh costraint between Ey and Py. The vertex coor-
dinate is initialized as before with a length of 75 cm. The procedure changes,
according to their relative weights, photon energies and impact points, satisfying

at each step the 6 constraints, and gives, after a number of iterations, the correct

value for the decay length.

As shown in fig. 7 , the resolution obtained in his case is better than the .
previous one by an order of magnitude: the fit shown yields a o of (1.02 + 0.02)

cm. Moreover, it does not depend on the K¢ flight length, as can be seen in
fig. 8 .

This feature can be understood as follows: since the smearing of the apices
is constant, as one gets nearer to the calorimeter, the "extrapolation distance”
becomes smaller, but the angle resolution of the line vertex—apex, being deter-
mined by on?y one “real” measured point, becomes worse, and the two effects
cancel each other when calculating the vertex position. This effect is masked in
the previous fit procedure by the fact that shower axes are so poorly measured
that a resolution of 1 cm on photon apices yields in that case essentially the same

result as perfect resolution.

Also, using realistic assumptions on resolutions (o5 = 5% - 1/E(GeV) and
0zyz = 1 cm for apices) variation around the "right” energy perturbs the con-
straint equations much more than a corresponding variation of the apices around

their "true” position. As a result, the fit reconstructs the correct energies much
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better than the photon apices, giving the energy resolution of fig. 9 , with an
overall standard deviation of less than 2 MeV, and the ultimate vertex resolution
appears to depend more on the detector’s spatial accuracy than on its energy

resolution.

5. Conclusions

It has been shown that reasonable calorimeter parameters, and a combination

of kinematic fit techniques, allow complete reconstruction, with good accuracy,

of the decay K§ —mon? .

But, as is generally the case in constrained fits, the price to pay consists in
the (implicit!) loss of degrees of freedom: having imposed an exact K¢ mass, for
example, no cut can be used on this quantity. To suppress background via a 2

cut, one has to rely on an exact and thoroughly understood simulation of the

detector.



203

FIGURE CAPTIONS

. Photon spectra in the Laboratory; a) photons from K —#°x° ; b) photons

from K¢ —7on°n°

. Smearing of photon angles; a) ¢ angle; b) 6 angle.

. Resolution on photon angles after type-I fit.

. E}'ror on K¢ path length (type-I fit).

. Error on path length vs. path length (type-I fit).

. Reconstructed K¢ mass for 7°m° events (type-I fit).
. Error on K¢ path length (type-II fit).

. Error on path length vs. path length (type-II fit).

. Energy resolution of type-II fit.
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A modern apparatus for the study of the KoK system
from the ¢(1020) produced in ete

G.Batignani V) F.Forti ) M.A.Giorgi ? G.Triggiani

Abstract

The KO9KO system is the only one in which a violation of the CP
symmetry has been observed. The measurement of the parameters
of this violation is not satisfactory yet, and in some case ( Re €'/e )
present experimental situation is not very clear.

In this paper we present a study of the possibilities opened in this
field by a modern dedicated apparatus observing the KOKO decay of
the ¢(1020) meson produced in a tuned, high luminosity ete-
collider. '

(lecture given by M.A.Giorgi at the winter school held in
Folgaria(TN), 4'" course, february, 6-11, 1989)

1) INFN sezione di Pisa
2) INFN sezione di Pisa and University of Napoli
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1. INTRODUCTION

CP violation has been so far observed only in the KOK© system and
can be described in terms of a parameter & measuring the CP
violating part of the mass matrix mixing, and &' measuring the CP
violating amplitude in the decay matrix. There is no evidence for a
non zero &€'/e ratio, although regions with a sizeable (CPT violating)
Im €'/e are still experimentally unprobed.

In present experiments, whether they make use of kaon beams!:2)
or tagged kaons from pp reaction?®, only one K decay is observed in
every event. It is possible, however, to produce at the same time a
Ks and a K; in a given initial state through the decay ¢ -> K K,
(JPC = 1) and to observe the two decays in ‘the same event. This
will allow 4 the detection of interference phénomena through
correlations between the two decay times, besides a virtually
systematics-free rate measurement.

As a matter of fact, the possibility of building a high luminosity
e*e” machine tuned on the ¢$(1020) mass (a so called ¢ factory) is
being intensly investigated by several physicists 3.

In this paper we will concentrate on the feasibility of such an
experiment and on the general features of the apparatus. In 2. we
will briefly present the notation commonly used to describe the
KOKO0system. In 3. the main experimental issues at a“"¢ factory are
investigated, exploring the possibility of measuring all the CP
violation parameters and not only the real parts. In 4. we focus on
a possible apparatus for the ¢ factory and present the results of a
simulation we have performed to evaluate the number of events
needed to measure the different parameters. "

2. NOTATIONS
2.1 Neutral Kaon States
The weak interactions are both responsable of the decay and

mixing of the KO and K¥ mesons. The effective, free Hamiltonian is
written
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1) H=M-1i/2

Where M and I' are the hermitian mass and decay matrices. H
eigenvalues are: Aps =mp g -i2 YL ,s corresponding to the
eigenstates K;, K¢ that can be written as linear combinations of the
K0, KO mesons

11 =
2) Kp>= ((1+€) Kg>+ (1-¢) Ky>)
2 AV 1+lel”

3) Ko=— (1+8) Kg>- (1-€) [Kg>)

1
TN T 2
1+lel

With this definition IK;> and IKg> are not orthogonal and e is the CP
violation parameter since -

4) <KL|KS>=2£°_(_€)_
1+lel

And K; > and IK¢> are CP eigenstates only if €=0 .

Let now IK; ¢> be a pure neutral kaon (long or short) state defined
at t=0, and let Ify ¢(t)> be any permitted final state coming from the
K decay. The time evolution of our state can be written as

5) ML g()> =K o> eMpst e Vst + Ify o(1)>

And there is a finite probability to find, for t20, a K° in a beam that
was defined as pure KO for t=0. With small effort one can calculate
the probabilities for changing (or not) state as functions of time:

18

2

( =7t -1st
+e

l-‘-e

6) P(K K) -Ze-thos(Am)t
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-0 -0 - - -
7) P (X >K) =% e e ™ 12 M cos(Am)t

The K; decay is expected to show a charge asymmetry in presence

of CP violation!3). It can be expressed saying that 8§20, where § is
defined as:

+ - -+
8) 8=r(KL->1 TCV)-F(KL->17C V)

- -+
TK, >17v) +TK, > 17 v)
2.2 Two Pion Decay

The two pion decay of neutral Kaons is the most studied channel up
to now (NA 31, E 773 FNAL(1989), CERN PS 195). It is possible to
define important CP violation parameters from the ratios of K; and

K¢ decay amplitudes:

+_.
AK; >
9) mn.= & 7t~7r)ze+£-:'
+—
AKg>nw)
A 00
>
' AKg>rnm)
where:
' (8,89 A
11) e=2"""1,22

N2 A
. 0
12)  Ageido= <nn(I=0)ITK >

. ) 0
13) A,eid=<an(I=2)ITIK >



215

If e'#0 then one gets a direct CP violation effect, within the
predictions of the model based on the Cabibbo - Kobayashi -
Maskawa matrix. The measure of €' is often related to the measure
of the four two pion amplitudes by the following expression
(measured by the CERN experiment NA31 6 ):

2 00 + -
I ITKp>an)TKs>n n)

14) it S -1 6 ReS)
€

2 + -
Im_! IKp>narn)IKsg>n )

Or to the equivalent form based on KO, KO decay amplitudes (CERN
PS 195-3))

I

15) 229-1.6Re)
I,. £
where:
r&’ >7'%)-IK >n7)
>R T) - > T T
16) I, .= S T o -
IK >zxxn)+IK >nn)
I‘(Ko 0 o) I‘(_IEO 0 0)
>N R - > T
0 00 -0 00
IK >ax)+I'K >n=x)

2.3 Three Pion Decay

If now we focus our attention on the 3w decay of the K, we see that
while Kg -> 30 is a CP violating decay, Kg -> n*n~n? is not CP
violating, even if suppressed because it may only proceed through
the partial wave with- 1=1, I=2. This suppression is of the order
(kr)*, and since k=100 MeV and r=1/my, then (kr)*=10-3.

Because of this non-violating contribution, it is essential to study in
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detail the temporal dependence of the interference between K; and
K in the decays of a pure KO (or K%) beam (E 621 FNAL, CERN PS
195). This interference is written: L

-

A8) T, {e-iyu+ln+‘_0{ze-yst+2]n+_ole

-

" cos((Am)t +0g - ch)}

where:
2 (CP=-) ITI Ko > -
<TTTXE =- >
.,‘19) My0™ - -0 3
<t rnrn (CP=-)ITIK>
o 0ITIK
<T WX s>
20) mpgp= 500

<zmrnrn ITIK >

3. THE ¢ FACTORY
3.1 Current Experiments Vs. a ¢ Factory

The present experiments studying CP violation make use of high
energy K; and Kg beams (Brookhaven 7, Fermilab 2 and CERN V),

Due to the different decay length of K; and K¢ thes% experiments

perform the measurement with different (beam, target position,
rigenerators) sétups. However even if both kaons are studied in the
same apparatus, their decays are uncorrelated. Tagged K° (K0) can
be obtained in low energy experiments, as in LEAR 3) by the use of
the reaction Pp -> Kn*K0 ( K*n-K0). If. we now think to an e*e-
collider tuned to a center of mass energy corresponding to the ¢
(1020 MeV), we see that one can get correlated pairs of neutral or
charged Kaons through the reactions:
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0=0
>
21) efe” > ¢(1020) -
> KK
The initial state being a pure JPC=1- state %12). Moreover the ¢
decays into these channels with a B.R. =84%, giving clean events
containing only the kaons and their decay products. Using the C
invariance of the strong and electromagnetic interactions we know
that the initial state of the KOKO® system is written as:

22) |i>=v% K@ 1 K> - 1K@ 1 KO

Where the (+) and (-) indices refer to the direction with respect to
an arbitrarily defined K flight axis. If we invert eqs. 2) and 3) and

substitute into 22) we find a completely similar relation (forgetting
O(ed):

23) li>= ./1—5 (| Ky | K> - 1 K> 1 Ky (-)>)

Now we choose any two final states f; and f, (e.g. n*n", On0, mpv,
n07%%0...) coming from the (-) or (+) direction at time t; or t, and
observe the decay amplitude <fli>. We define AXA = Am-iAy /2, At =
t,-t; and (by generalizing 9), 10), 19) and 20)) n; = <filKL>/<fil~KS>, we
make use of the 5) and obtain:

24)  <f1(E D@ F(t)E) 1i>=

=L
=5

AMA¢
7 )

: ALA . .
<f[Ko<flKg>e ' ™Me 'Yt/z{(ﬂ M) cos (__2_i) +iM,M,;) sin(

This formula is of primary importance in understanaing the ¢
factory possibilities. First notice that for f;=f, we get n,=m, and the
amplitude 24) vanishes for At=0 (see fig. 1). The ¢ factory can

unveal this interference that is a macroscopic consequence of the
quantum properties of K pair creation®'® (Einstein-Podolsky-Rosen
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paradox). Moreover, one can sense directly the CP violation
parameters by choosing different final states, e.g. let f,= n*n", f,=
n0x0, the amplitude 24) is now proportional to M,.-Ngg = 3¢ and a
measurement of the direct CP violation parameter is possible. to be
compared with present experiments that are sensitive only to
Re ¢'/e. What's more the cleanliness of reaction 21) allows for very

low background rates to any decay channel one wants to observe,
and measuring K; and Kg decays in the same apparatus at the same

time greatly reduces systematic errors. A ¢ factory would allow for:

a) a detailed study of all the CP violation parameters in K° decays
b) a study of the rare kaon decays, such as K¢ -> 37, KO -> vy

3.2 Different Solutions to a ¢ Factory

If one needs a statistic sample of =1010 KOKO events, =1800 hours
of data taking are needed, if the luminosity of the machine is
=1033cm-2 57! and the time efficiency is 100%. Current machines
cannot achieve such a luminosity, thus forcing to the construction of
a new collider, to have reasonable data taking periods.

Two alternatives are possible in conceiving such an e*e- collider:

a) a symmetric machine with E*= E'= 510 MeV
(4n  apparatus) )
b) an asymmetric machine with E* (=100 MeV) # E- (=5 GeV)
(fixed target like apparatus) ‘

The first ~solution implies B; =8 and one gets yBctg=0.5 cm,
YBcty=3.5 m. The typical momentum of the particles in the final
state is 100+300 MeV/c. Almost all K; decays are contained in a
sphere of radius r=5 m around the interaction point, that is a
reasonable tracking volume. Neutral Kaons are very slow in the lab,
thus allowing for good TOF measurements. A possible longitudinal
polarization of the beams would enhance the large angle (to the
beam axis) decay of the ¢, thus favouring the measure of the
position of the K decay vertices (in charged channels). The events



are highly symmetrical, and kinematical constraints make the
reconstruction and analysis easier. The small momentum of the
decay products forces the tracking system of an experiment to be
very transparent, as the multiple scattering and K regeneration
may lead to relevant errors.

The second solution gives an higher mean momentum for the
charged tracks, but still the angles can be rather large (the exit

angle of the pions in K -> mn, <6>=30°), and yBct, may be as long as
35 m. This forces an experiment to the use of a non symmetrical,
very big (and costly) apparatus.

For this reasons we choose the symmetrical option as an
hypothesys and see its implication on an experiment to studv CP
violation..

4. AN APPARATUS FOR THE ¢ FACTORY
4.1 Considerations on the Apparatus

We know that each event at the ¢ factory could contain in the final
state up to 4 charged particles or 10 vy, depending on the decay
channel of the Kaons. In figs. 2+7 we report the momentum spectra
for the decay products in different channels. In view of this, let's
try now to outline the main features of the experimental set up
needed to perform such an experiment.

- As we have seen the mean decay length for the K; is 3.5 m..
Obviously not all the K; decays will be observed in a finite size

experiment, and this loss has to be taken into account during the
analysis. To keep the corrections as low as possible the experiment
fiducial volume should be the largest we can afford reasonably, say
it should contain a 5 m radius sphere.

- The whole apparatus must ensure a good discrimination
between w, W, e, Y by means of tracking, TOF and calorimetric
measurements.

- The natural scale length to be resolved is given by ths mean
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decay path of the Kg , in this case 5 mm. Our requirement is that the

apparatus can measure the position of the decay vertices (in
charged particles) of the kaons with an accuracy =1 mm (1/5

YBetg). -

- The tracking system must be as transparent as possible in
terms of radiation length, and must have enough points on each
track to identify the kinks due to the decay = -> puv, since most pions
decay within our fiducial volume. This seems to be the most critical
part of the apparatus, as particles produced in K decay have a very
low momentum (100 to- 300 MeV) and are therefore extremely
sensitive to multiple scattering. For instance a 100 MeV & crossing
104 radiation lengths undergoes an mean angular deviation due to
multiple scattering of about 2 mrad.

- The time of flight for charged particles should be measured at
least in two points: in the inner region (Kg region) and the external

layer, out of the fiducial volume, where the TOF for photons must
be measured too. This measurement should be as accurate as
possible, that is =200 ps with current techniques.

- The sign and momentum measurement for charged particles
force to the presence of a magnetic field within the fiducial volume,
however it may be rather weak (300+500 Gauss), but well known.

The required precision for momentum measurement is below 1% in
the 100+300 MeV range.

4.2 Feasible Results

As we pointed out in sec. 3.1 the main goal for an experiment at the
¢ factory is the measurement of the time and the channel for each K
decay. The'decay channel reconstruction is made harder by the
fact that we make comparisons between common decay rates and
rare or CP violating ones, whose B.R. is 3+4 orders of magnitude
smaller. This requires high rejection factors when we select rare
decay channels. In this sub-section we will list interesting channels
together with the contamination one gets to these selections from
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common decay modes. We can concentrate on the example given in )
sec. 3.1, with f;=n*n", f,= n%0. Let the Kg undergo f, (or f,) decay
with B.R. = 68.61% (and 31.39%), and look for K; > f, (or f]) decays.

4.2.1 K -> n0g0

We wrote a montecarlo program in the Geant framework!!) to
simulate the events one could have at the ¢ factory, as depicted in
sec. 3.2. In this montecarlo the ¢ is produced at rest at (0.,0.,0.) in
the lab, and forced to decay in a K¢ K; pair. The Kg is traced untl its

decay, that may proceed through the n*n- or the n%x® channel, and
is confined in a sphere of few cm from the interaction point: The -
apparatus is inspired by the requirements of sec. 4.1 and it's"
simulated by: _
- A vertex detector, constituted by two thin barrels at r = 10, 20
cm. This detector provides a clean, unambiguous and accurate
measurement in time and space of the two pions from K¢ -> n*n-.

- A tracking system extending from r = 40 cm to 4 m capable of
measuring charged tracks with an accuracy o(6) = c(9) =2 mrad and
o(Pg)/ Py = 0.5% in a magnetic field of 300 Gauss. Our specifications
for the tracking system are well within reach with current
techniques, but the realization of such a detector would require
outstanding capabilities in designing a 'very light structure, as
angular errors are dominated by multiple scattering. '

- A closed calorimeter, cylindrical in shape, with radius = 5 m,
half length = 5 m. This detector measures TOF (c(TOF) =200 ps),
incident point (o(x) =2 mm), and energy ( o(E)/E =1%/\/E(GeV) for
the e.m. component down to 10 MeV) of charged particles and .
photons with high efficiency. These specifications would require a
careful " detector developement to be met.

The pions from Ky, and the K; are propagated within the apparatus
until they decay or interact with the experiment material. The K; .



decay channel(s) can be selected by the program's steering cards,
allowing for separate study of each background. After tracking the
event undergoes a simulated reconstruction and a flexible user
analysis, dedicated to the optimization of our kinematical cuts.

Let' s concentrate on the process we' re interested in:

25) e*e” - #(1020) -» KgKy -» n'n’
L————) ntn”

First we trigger with full efficiency on events having two charged
tracks pointing to the Kg decay region and no y in the calorimeter
within a time (corrected for the dip angle) ty= 17.6 ns [figs. 8+0 ].
Good events clearly show 4 photon hits in the calorimeter in 92% of
the triggered events, corresponding to a detection efficiency of 98%
for E(y) =2 15 MeV/c [fig. 2].

Background events are mainly due to the decay K -> n%%x0, in
which the two less energetic photons are not seen. Assuming a
photon detection efficiency of 90% for these low energy photons we
are left with 1% of the 3z0 events. If we sum the 4 remaining v
energies and compare with the same plot for the good events [figs.
10+11] we can see that a 40 cut from the KO mass retains less than
104 of the 3n0 events thus leading to a total rejection factor of
10-6.

4.2.2 KL > wtr-

First we trigger on events with at least two ¥'s arriving on the
calorimeter within the (corrected) ‘time t;. Background events are

due to:

a) K >ntnal
b) Kp->mpv
In the first case the usual rejection factor of 102 accounts for the

loss of two photons. Then the invariant mass plots of two charged
prongs [fig. 12+13] shows that a 4c cut from the K% mass rejects all
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our montecarlo n*n'n® events. In this case we estimate a rejection
factor < 5 107, but its exect determination would require the use of
non gaussian error tails.

In the second case we hypotize that the apparatus is not able to
discriminate the p from the m. Once given the p track a dummy =
mass, the same invariant mass cut as in a) is applied [fig. 14] for a
rejection factor of 2%. For the events left we sum the reconstructed
momenta of the two charged prongs and plot its projections Pp and
P

decay vertex) one against the other. Good (Kp -> n*rx") events

Long (with respect to the flight line of the K; from the origin to its

accumulate on PLong = E(K)-2m_ while three body decays spread in

this plane [figs 15+16]. This selection retains .2% of the events left
for a total rejection factor of 4 10-5. This number indicates us that
this channel dominates the background with kinematical cuts only.
In ) one can find detailed calculations on number of ¢'s needed in
order to get a given precision on &' having accounted for all other
parameters involved in this experiment.

4.3 Possible Solution for the Apparatus.

What we describe in this section

- For the vertex detector one might use silicon pixel detectors. In
this application 100pm x 100pum pixels on 1 cm? elements would be
suited. A very simple electronics (2 transistors/pixel) is integrated
on chip. If the detector is 200 pm thick each of these pixels would
have a capacitance C= 8pF, a minimum ionizing particle would
release a charge =16000 electrons thus giving rise to a voltage
signal =250 mV, suited for driving the circuit logic. The layout
arrangement is similar to a memory chip, or a computer keyboard,
and the signal can be read out by scanning serially the lines
corresponding to the orthogonal cohordinates.

- The central tracking detector has to be a gaseous detector, very
transparent in terms of> radiation length. Various solutions are
possible, amongst which a TPC is preferable for easyness of
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reconstruction and uniformity of resolution. The field used, the
event rate, and the light weight required have to be carefully
studied to choose between a single, big TPC or various layers of
smaller drift space ones, like the VTPC's of the CDF experiment.

- A very interesting detector (RPC) is being developed by
INFN-Roma and could be adopted for our calorimeter. This detector
1s an evolution of the parallel plate condenser detectors, and its
working principle is based on the use of conductive plastic
materials (phenolic polymers). Each ionizing particles crossing this
detector produces a streamer, which is then stopped by the local
discharge of the condenser plates, whose resistivity is 1010712 Q
cm. The gas used is an argon - butane - freon mixture. Butane stops
UV rays produced in the avalanche, which can propagate the
discharge to the whole chamber, while freon captures peripheral
electrons for its stong electronic affinity. Prototypes of the RPC
detector have been measured, giving <1 ns resolution time and
295% efficiency on low momentum tracks. An RPC counter - lead
multilayer sandwich of several X, would constitute a simple and

cheap calorimeter for our apparatus.
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6. FIGURE CAPTION

1) Probability of finding a T*"n¥7t final state as a function of
the decay time difference (see eq. 24).

2) Enérgy spectrum of y from K; > nox0.

3) Energy spectrum of y from K; -> n0r0n0,

4) Momentum spectrum of charged = from K; ->n¥r",

5) Momentum spectrum of charged = from K; -> o,

6) Momentum spectrum of charged w from K; ->mwpv.

7). Momentum spectrum of p from K; > pv.

8) Arrival time of photons from Kg -> n0n0.

9) Arrival time of photons from K;.-> n%z0.

10) Sum of the 4 most energetic y energies from K > n0r.

11) Sum of the 4 most energetic y energies from K; -> nr%70.

12) Invariant mass distribution of w*n” from Ky > m*r.

13) Invariant mass distribution of n*n" from K; -> w*nnd,

14) Invariant mass distribution of mt p for Kj -> 7 p v giving the pa
fake 7 mass.

15) Longitudinal vs. transverse momentum distribution of the two
charged prongs system from K; -> n*rn” (possibly followed by

T -> p v decay).
16) Longitudinal vs. transverse momentum distribution of the two
charged prongs system from K; ->mpv.
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Monte Carlo study of the development of a low energy
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Abstract

The general purpose Monte Carlo code EGS4 has been implemented to
study the development of a low energy (20-300 MeV) electromagnetic
shower. A conventional lead/gas sampling calorimeter has been
simulated. The results show that the combined single-particle/
multi-particle behavior of a vy ray in this energy range can impose
severe limits to the angular and energy resolution of the reconstructed
photon. :

1. INTRODUCTIOM

The knowledge of the shower development of a low energy
(20-300 MeV) photon is extremely important for the design of a 2x
apparatus for "photon tracking and calorimetry" at a ¢-factory. The
physics requirements for the detector are a high tracking resolution, so
as to localise the y vertex to < 1mm with a "modest" energy resolution.
The use of a high Z scintillator (such as BGO) with a tremendous
granularity would be much too expensive and does not always ensure the
required tracking resolution. On the other hand, a sampling calorimeter
could be an affordable solution, once the absorber/active region and
their geometry have been accurately chosen. A -sampling calorimeter
made of a series of absorbing lead -slabs with MultiWire Proportional
Chambers (MWPC) was used in the axion search E-137 experiment at
SLAC for the detection of GeV photons [1].

The general purpose EGS4 [2] code is widely used for electron and
photon transport studies, expecially in high energy physics [3]. We have
-implemented the EGS4 code to simulate the shower of 20-300. MeV
photons entering a sampling calorimeter. Preliminary results for the
tracking and the energy resolution capability of such a detector are
presented.
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2. THE MONTE CARLO SIMULATION

We have chosen a simple lead/gas cenfiguratioﬁ for the e.m
calorimeter made of ten modules (for a total length of 12 cm), each
consisting of:

- 2 mm pure lead

- 10 mm active gas region (Ar-Methane, 70-30, at 1 atm) to

simulate a typical gas multiwire proportional chamber.

The total thickness ( .3.6 r.l) should be enough for the tracking of the

photon, while the energy could also be measured by a total absorber
scintillator downstream of the sampling calorimeter.

For a realistic simulation of the response of an e.m. calorimeter
with the EGS code it is extremely important [4] to choose the correct
ESTEPE (kinetic energy loss per electron step) and to use the proper ECUT
(the lower energy cut-off for the electron transport). As cut-offs we
have chosen 10 keV both for electrons (ECUT) and photons (RCUT),since
below that value the results may be not realistic.Instead of the ESTEPE
parameter we have used the PRESTA algorihtm [5], which may be more
CPU time consuming, but avoids any step-size dependence in the results
of the calculation. The simulations have been done with photons always
entering the calorimeter orthogonally in its center (i.e. x= =y=2=0.0).

3. MONTE CARLO RESULTS

A random selection of "showers" of & single photon in the
sampling calorimeter ‘is shown in figures 1a,1b and 1c for 20 , 100 and
300 MeV, respectively; the longitudinal “particle leakage" is also -
illustrated by the figures. The shift from single-particle to shower
behavior is clearly evident with increasing energy.

Figures 2a and 2b are the 2-D plots of the shower development
for one thousand photons with an energy of 20 and 100 MeV, respectively.
The abscissa of the plot is along the photon direction (z- axis). .Only the
electrons and_ posrtrons in the gas regions are plotted: each dot
corresponds to ‘one’ interaction. ‘Figure 3 shows the corresponding lateral.
profrles of the shower in the gas reglon 7, after .2.5 r.l, i.e. near the,,

expected maxnmum of the shower for 100 MeV photons.

In order o reconstruct the photon dlrectlon it is rmportant to:
know the number of "active" regions which ‘are hit by each photon- shower.
Flgures 4a and 4b ‘show the multiplicity - distributions as obtained for one
hundred mcrdent photons of 20 and 100 MeV, respectively: 55% of the 20
MeV photons do not produce a sufficient number of interactions (a signal -

2 2 regions); 14% in the 100 MeV case. For the events with >2 "active”
regions an averaging is performed for each module both in x and z; a
linear fit [ x=0z+P ] gives the projection of the reconstructed photon
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trajectory onto the x-z plane. The intersection of the fitted line with the
z=0 plane represents the distance from the entrance x-coordinate, of the
simulated photon. A similar procedure is applied to the projection onto
the y-z plane. The results are presented in fig. 5a and 5b. The statistics
is poor: only 100 photons have been considered, which have produced 45
and 86 reconstructable events for the 20 and the 100 MeV case,
respectively.However, the distributions are clearly very brocad: a FWHM of
5 cm is a reasonable estimate for the 100 MeV case (see fig.6).

If one assumes that the two recostructed lines are the
projections of the photon trajectory, the anguiar error on the photon
tracking can be evaluated in the following way: the two reconstructed
projections are given as

1) X=0z+f
y=Yz+9,
and their intercepts onto the z=0 plane are
2) Xo =P
Yo = 3,
and

3) p02=ﬁ2+62s
where p, is the distance of the origin from the ‘intercept of the

reconstructed photon trajectory with the z=0 plane and represents the
spatial displacement in the reconstruction. In a translated polar
coordinate system with the new origin in (x,.,y,.,0) , every point of the

photon trajectory will be given as

4) =rsenod send
y = rsenb cos¢
Z =r1c0s9,

where 6 represents the angular displacement in the reconstruction. By
using 1) and 4) 6 can be simply written as:
5) 0 = arcos { z/ (x2+y2+22)12} = arcos{ (02+y2+1)"1/2} .

Thé’ahgular error can be extremely large, with a median value: of
the dttrlbutlon around 15 degrees for the 100 MeV case. Figures 7a and
7b show the 2-D plot dlstnbutlons in" p, and @ for the 20 and the 100-~

MeV case respectlvely

' Fmajly, ,flgures—"B shows the distribution of the energy deposition
in the active regions of the sampling calorimeter for one thousand 100
MeV photons; of course the longitudinal energy leakage is very high (see
fig.1b), but it can be measured by positioning a total absorption active
detector, downstream of the sampling calorimeter.
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The simulation is still very preliminary. However, the resulis
obtained so far clearly show that tracking and calorimetry of a low
energy (20-300 MeV) photon is rather difficult because of the combined
single-particle/multi-particle behavior of the photon in this energy
range.

The possibility of using a sampling lead/gas calorimeter has been
investigated. The necessity of a lateral confinement to interrupt the
electron tracks so as to achieve a much better photon tracking is evident
from the simulation. We are currently evaluating the possible use of
matrices of small tubes of high lead content (density = 5-6 g/cm3)as a
sampling calorimeter. In this case the tube walls (100-200 um) will be
the passive absorber and the hole within the tubes (0.5 -1.0 mm)the
active gas region. We have already used this technology both for very low
energy (511 keV) and high energy (2-5 GeV) photons[6]. The Monte Carlo’
simulation for this particular application is now under development.
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Figure Captions

Fig.1 - Random selection of "showers" of a single photon in the sampling
calorimeter. Charged particle are shown as solid lines; photons as dotted
lines: a) 20 MeV; b) 100 MeV; c) 300 MeV.

Fig.2 - 2-D plot of the shower development in the gas region of the
sampling calorimeter for one thousand incident photons: a)20 MeV; b)100
MeV. : ‘

Fig.3 - Lateral profile of the shower development in the gas region #7
(~after 2.5 r.l) for one thousand incident photons.

Fig.4 - Multeplicity distribution of hit gas regions for each "shower", as
obtained with one hundred incident photons: a) 20 Mev; b) 100 MeV.

Fig.5 - Scattered plot showing the x and y intercepts of the
reconstructed photon trajectory with the z=0 plane, as obtained with one
hundred. incident photons: a) 20 MeV; b) 100 MeV.

Fig.6 - Distribution of the y intercept of the reconstructed photon
trajectory with the z=0 plane, as obtained with one hundred incident
photons of 100 MeV.

Fig.7 - Scattered plot showing the spatial (p,) and the angular (6)

displacement of the reconstructed photon trajectory, as' obtained with
one hundred incident photons: a) 20 MeV; b) 100 MeV.

Fig.8 - Distribution of the energy deposition in the gas regions of the
sampling calorimeter for one thousand 100 MeV photons.
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SOLENOIDAL MAGNET DESIGN OF THE PHI-FACTORY DETECTOR

C.Sanelli
INFN - Laboratori Nazionali di Frascati P.O. Box 13, 00044 Frascati (ITtaly)

The main features of the Phi- -Factory detector has been drawn up by M. Plccolo and G.
Vignola(1) and are listed below : .

- Axial length 10 m

- Radius . 5 m

- Axial magnetic field - <1  kGauss
- Field at the beam location =0

Our goal is to carry out the main engineering specifications for the experimental
solenoidal magnet and to study an efficient field shielding on the beam trajectory without
compromising the field uniformity.

We can divide the all detector in two regions bounded by a conical surface with half
aperture angle of 8.5° on each side of the Interaction Point (IP.).

The requirement is to cancel the field inside this region and to keep good field uniformity
outside.

Physically no shield can be placed in a region of * 22 cm around the IP where the
experiment requires very thin wall.

A first design has been carried out complying with the above requests.. The solenoid
producing the magnetic field and the iron yoke that conveys the flux outside the solenoid, with
its iron plate on the terminal part of the magnet, have been designed.

The solenoid main coil studied has the following geometrical characteristics :

- average radius 437.5 cm
- thickness 25 cm
- total length 9 m

Perhaps the thickness of the solenoid can be reduced increasing the field homogeneity
and the free space for the detector.
The iron yoke has the following characteristics :

- maximum external radius 5 m

- thickness 25 cm
- thickness of the holed iron plate 25 cm
- iron plate hole radius 75 cm
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A first design estimate of the main solenoid current can be made in current sheet

approximation. The current per meter of solenoid, k, is given by :
k=Bo*(h2+d2)1/2/(h*110) [Amp/m]

where : Bo = Central field=0.1T d = solenoid diameter = 8.75 m
h = solenoid length =9 m Mo =vacuum permeability=4710-7

The value obtained is = 111000 A/m, but it doesn't take into account the reluctance
reduction due to the iron back-leg.

The correct value has been determined by means of POISSON runs.

POISSON indicates that a field greater than 0.1 T can be obtained with about 88900
A/m.

1. Passive shielding

As first approach, iron has been added and shaped near the solenoid axis to cancel the
magnetic field in the central region.

Figs. 1 and 2 show the magnetic field on the axis and the iron geometry respectively .
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FIG. 1 - Field along the axis with and without iron shield.
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FIG. 2 - Tron geometry and flux lines for the field slope shown in Fig.1.

Because the iron acts as flux concentrator, there is a very strong peak field near the
center of the apparatus (about 6.9 T).
. The field bump at the end of the curve is due to saturation effects of the iron that is not
optimized in these calculations.
The main disadvantage of this type of shielding is the substantial reduction of the free '
solid angle of the detector.

2. Active shielding

A second shielding system by current sheets has been investigated. A

A conical solenoid has been inserted starting at 24 cm from the IP wi‘th an inclination of
8.5%, up to 200 cm from the IP. At this distance the radius of the solenoid is 30 cm and, being
this radius large enough to install quadrupoles and so on, another solenoid, this time parallel to
the axis, has been placed up to 500 cm.

The new geometry is shown in Fig. 3.
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ﬁ 2.

FIG. 3 --Geometry with secondary compensator windings.

To obtain better results the solenoid has been divided in 4 parts, everyone with its
proper current, and an additional solenoid has been added at the end of the system to
compensate the fringe field effects mainly due to the iron plate.

Fig. 4 shows the magnetic field along the axis of the apparatus in three cases :

1) solution with only two solenoids, one of which is conical and the other is parallel to the axis;
2) solution with 4 windings, as in Figure 3 but without the terminal one;
3) solution with 5 windings, as shown in Figure 3.

The field peak has been reduced to about 1000 Gauss and good results have been
obtained in the central region of the magnet. The oscillations of the field around zero are +10
Gauss.

Let us point out that the peak field is due for lack of shield around the IP, so we find
there the magnetic field produced by the main solenoid.
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FIG. § - Flux lines in the final configuration.
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No particular attention has been spent in the ending region where the fringe field must be
optimized. The third solution indicates that it is possible to reduce the field variations
compensating them with additional coils, but also another way must be studied : to shape the
ending part of the iron plate.

Fig. 5 shows the magnetic flux lines in the last solution studied.

The axial field homogeneity in the radial direction is shown in fig. 6 forz=0,z=1m, 2
m, 3 m and z = 4 m as function of the radial coordinate.

Fig. 7 shows the radial field component along the radius for z=1 m, 2 m,'3 m and 4 m.
The values for z=0 are not shown because they are, for symmetry reason, always zero.

The number of Amper-turns needed by each solenoid is listed below :

Type Amp-turns Length (m)
Main solenoid (full winding) 800,000 9
1° conical solenoid -62,200 2*0.77
2° conical solenoid -56,000 2 * (.66
"Elbow" solenoid -63,000 2*0.70
Straight solenoid -220,000 2*2.65
Ending solenoid -18.700 2*0.5

The "elbow" winding needs the maximum value of Amper-turns per meter of solenoid,
90,000 A/m. This value is compatible with a conventional design of the windings; in fact if, for -
example,we choose a 12 * 12 @ 7 copper conductor, having 105 mm?2 of useful surface, we
can put 77 turns per meter, this means a current of about 1,700 A with a current density of 11.1
A/mm?2, This current density can be easily reached without any cooling problem.

The main advantages are the thinness of the windings, that means a better field
homogeneity and then consequently a greater free volume for the detector. Moreover a very
standard technology can be used.The main disadvantage is the electrical power necessary, in fact
the main solenoid will dissipate = 5 MW. This power must be taken away through forced water
cooling that will require a very efficient hydraulic system. The power supply specifications and
coil parameters are :

- Voltage 4.2 kv

- Current 1.16 kA

- Main coil resistance = 3.64 Q

- Main coil inductance = 3.6 H

- Total stored energy =~ 2.5 MJoules

The power, for the field compensator windings, is only = 400 kW in total.
What we suggest is to design a superconducting main solenoid, helium cooled, and to
use conventional technique for the compensator solenoids.
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But, if the axial magnetic field is reduced, for example, to 500 Gauss, the power
decreases to 1.25 MW and this value becomes competitive with the power necessary to the
cryogenics. This means that the solution whith a conventional main solenoid must be seriously

investigated from the economic point of view.
Fig. 8 shows a mechanical lay-out of the proposed solution

FIG. 8 - Mechanichal lay-out of the proposed active shielding.

REFERENCE
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¢'/e MEASUREMENTS AT HADRON MACHINES

A. NAPPI

University of Pisa and INFN', Sezione di Pisa

Introduction

Recent measurements of the ¢//e¢ parameter have reached a sensitivity in the
range of 1073 . However the experimental situation is somewhat inconclusive.

The CERN NA31 experiment' has measured a non zero value

!
Re(%) = (3.3 & 0.7(stat) = 0.8(syst)) x 103

showing the first evidence of an effect 8f direct CP violation with a signifi-
cance of three times the error. A recent result presented by the Fermilab E731
experiment ™ to the Stanford Lepton and Photon Interactions confere4nce, while

not in significant disagreement with the previous result, is compatible with zero:

I
Re(<) = (—0.5 + 1.4(stat) % 0.6(syst)) x 10~3
€

A reduction of the error and/or additional measurements with different sys- -

tematics are called for, in order to confirm ( or disprove) the effect found by
NA31.
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This paper will try to review the present limitations to the statistical and sys-
tematic errors and possibilities of improvement. The plan is as follows. Section
1 will present a summary of the errors on the latest measurements; systematic
errors will be divided in categories and each of them will be discussed in detail
in section 2, in an attempt to identify general limitations of the different kinds of
techniques and possible ways to overcome them. Section 3 will give some infor-
mation on the expectations for forthcoming measurements. Finally section 4 will

introduce some ideas for improved measurements which are being investigated.

The level of the discussion will be mainly qualitative and the information on
the experiments will be sparse and incomplete. For a more complete treatment I
refer to the original papers and to the review contributed by M.Calvetti to this

volume.

1. Errors on ¢ / € measurements: present status
The measurement of the ¢//e parameter is obtained, through the relation

1~ 6Re(%) = [mool* _ D(KP = %) - T(KG - m+n7) (1)
e |n4-|? T(KJ— 779 -T(KQ — ntn—)

from the measurement of the double ratio ( R ) of decay rates of K? and K3
defined in (1). In the following I will always refer to this quantity, rather than

to €'/e . It will be understood that the error on €'/¢ is 1/6 of the error on R.

The statistical error is limited by the rarer decay channel K% — 7970 | The
published NA31 result is based on 109000 events in this channel. The corre-
sponding number for the E731 result is 52000. Both experiments are analyzing
additional data ( more than 2 times the previous sample for NA31, ~ 4 times for

E731). This leads to errors on the double ratio in the order of 0.5 % or better.

Some informations on the conditions in which the statistics for the existing

results was collected will be useful to show that rates are not yet a problem
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per se. For NA31, the published data correspond to a period of ~3 months
of data taking in a beam operated at a flux of 1.8 x 108K ®’s per SPS pulse

{which required ~ 10 protons on target per pulse ). The decays were accepted
on a fiducial decay length of ~ 40m and the acceptance of the apparatus for
neutral events, including all cuts used in the analysis, was ~ 15% . Typical
single counting rates during data taking were ~ 10°Hz . For E731 the events
were collected in 2220 days in a more intense beam (1.4X107K%%s , corresponding
to & 3 x 1012 protons on target per pulse ) and with the more favorable duty

cycle of the Fermilab Tevatron. The fiducial decay length for E731 was only 17m.

With the advent of these high statistics experiments, systematic errors are
more and more a reason of concern. They arise from uncertainties in the knowl-
edge of factors needed to evaluate the decay rates in formula (1) from measured
event numbers. The search of measurement techniques allowing total or partial
cancellations of these factors is an important element for the reduction of the

errors.

Cancellation of the flux normalization is considered a necessary requirement
in the latest generation of experiments. This is achieved by the simultaneous
detection of two ( or more ) of the decay channels appearing in the double ratio

R. Three classes of techniques have been considered:

a) K and K2 beams are alternated, charged and neutral decay modes are
detected simultaneously ( BNL E749"! | CERN NA31™ ) ;

b) Kg and Kg. beams are simultaneous, charged and neutral decay modes
are detected alternately”™ ( FNAL E617™ , B731 test'™ and E731, for
part of the run);

* flux cancellation is achieved, statistically, by an experimental arrangement that makes the
ratio of fluxes in the two beams equal, in average, when detecting the charged and the
neutral decay modes ( for E617 and E731 this is obtained by alternating a regenerator
between the two sides of a double K9 beam )
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¢) K¢ and Kg beams are simultaneous, charged and neutral decay modes
are detected simultaneously ( FNAL E731% ; also, broadly speaking, a & -

factory experiment is an example of this type of technique).

The situation can be summarized by saying that flux normalization is no
longer an issue. Correction factors related to the detection of the events are now
the limiting factor. Many different aspects enter to determine the systematic
errors: one is cancellation, that leads to small corrections, but, on one side,
cancellation is often approximate and, on the other, the presence of internal

checks to constrain the corrections is also important.

For the purpose of the following discussion it may be useful to group the

effects that can lead to an eéxperimental correction in the following classes:
— acceptance and detection efficiencies independent of time ;
— time stability of detector response and efficiency;
— rate effects;
— effects of resolution and biases in the measurements;
— background subtraction.

A qualitative discussion of each of these classes will be given in the next
section. Here I will try to give an idea of the state of the art by summarizing the
performances of NA31 and E731 on each of these points. This summary is shown
in Table I, which tries to give not only an indication of the quoted systematic error
associated with each correction, but also of the amount of cancellation present
in the experiment. This is done in two ways: first with a subjective assessment,
in the style of the Michelin guide, and then by giving a figure for the correction
( or limit on the correction ) associated with each item. It is to be noted that
each point usually contains several contributions that are estimated separately
and sometimes have opposite signs: a better idea of the amount of cancellation
is then given not by the overall correction, but by the largest of the individual

contributions.
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TABLE I

Contributions to the systematic errors for NA31 and E731

NA31 E731
Effect Cancell.,| Correction| Systematic| | Cancell.| Correction Systemqtic

to R error to R error.
Acceptance ok 0.70% | 0.17% * 4.4% 0.25%

Time stability <0.10% | 0.10% Ak — —
Rate effects * 0.35% 0.20% ok <0.1% 0.10%
Resolution and biases *x 0.70% 0.30% *x < 0.15% 0.20%
Background subtraction 4.0% 0.28% 4.7% 0.18%

2. Discussion of the sources of systematic errors

2.1 ACCEPTANCE

Cancellation is obtained if the acceptances are the same for Kg and Kg
decays to the same channel. If the beam spots at the detector are equal in the two
beams, and the limiting apertures are all in one plane, this could be achieved by
evaluating the double ratio in small bins of momentum and decay vertex position.
However, to avoid effects of event migration through bins due to measurement
errors, one would like not to bin variables for which the distributions in K 9 and
Kg, are very different. This is indeed the case for the longitudinal position (z)
of the decay vertices, due to the different life times. Thus it appears that the

requirement to have negligible acceptance corrections conflicts with the one to

have negligible resolution effects.
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On the basis of these considerations, E731 prefers not to bin in z. This
leads to a relatively large acceptance correction, in spite of the fact that some
cancellation exists, because the z ranges for K % and K g overlap. The correction,
evaluated by a Monte-Carlo simulation of the detector, is the main source of

systematic uncertainty in that experiment. It must be said that the quoted error
J is surprisingly small. To reach this result, the Monte Carlo simulation is subject
to many checks, the most sensitive of which are based on its ability to reproduce
the distributions observed for K¢ decays, for which very high statistics (= 107

events) have been collected.

NA31, instead, tries to accommodate the two conflicting requirements by
an arrangement whereby the KJ beam can be "massaged” to reproduce the z
distribution typical of the Kg beam ( the target is mounted on a moveable train
that scans the 50m long Kg decay region ). One has to note that the NA31 trick
(or any other similar trick) implies that the conditions of the K 2 beam have to
change with time. This point will be of some importance for the discussion of

section 4 , concerning ideas for future measurements. .

2.2 TIME STABILITY

The double ratio (1) is insensitive to variations in time of response and effi-
ciency of the detectors, if K? and K 3 data are collected in the same detector,
at the same time. This is an advantage of techniques b) and c), which have both
been used by E731, in different phases of their data taking. In experiments per-
formed with technique a) , instead, this point requires great attention because a
cha,rige with time of the detection efficiency will reflect into a change of efficiency

between K¢ and KJ and a bias on the double ratio.

However the NA31 experience shows that these effects can be kept under
control. Long term time drifts can be calibrated off and possible remaining effects
can be minimized alternating the two beams at short time periods (in NA31

about one day ) and. computing the double ratio for data taken in contiguous
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periods. Possible short term instabilities, instead, cannot be calibrated and,
if present, they would add a source of fluctuations. The monitoring of these
possible effects reﬁuires a painstaking labour which has two important aspects.
The first is a regular control of the quality of the data, provided, for example by
checks of the consistency of the rates measured in different components of the
detector or by comparing K g data ( for which a high statistics is easily obtained ) .
against themselves. The second involves direct measurements of efficiencies, when
possible, or determination of limits on possible drifts and of the sensitivity of the
double ratio to drifts within these limits. A more detailed discussion would be
beyond the scope of this paper, but the NA31 conclusion is that random time
instabilities are not a major limitation of the technique. More important are
systematic differences between Kg and K3 , of which the most important are

those discussed in the next paragraph.

2.3 RATE EFFECTS

This is the main example of an effect that affecfs the response of the detector
in a way which depends on the type of beam particle (K9 or K3 ). Such effects '
are present in technique a) , but also in techniques b) and c) to the extent that
the decay products of the two beams illuminate different parts of the detector in
a different way (this is indeed the case for E731, where the spatial separation of
the beams in the detector is relied upon to-identify the parent particle of each
decay) . In all techniques some degree of cancellation is possible™ , but it seems

unavoidable that a correction has to be applied.

In both experiments the effect of accidental events is estimated by a sim-
ulation based on the software superposition of events collected with a random

trigger to real (NA31) or Monte-Carlo (E731) events. The correction and the

* in techniques b) and c) this is automatic, since the parts of the detector that see K% and
K2 decays are not disjoint. In technique a) the effects én K9 and K events can be
made similar by adjusting the rates in the two beams, but the choice of the rates to be
equalized is not well defined, since the composition of the events from the two beams is
totally different.
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systematic errors quoted by E731 are smaller, which probably reflects a better
level of cancellation of these effects in that experiment. NA31 quotes a relatively
large systematic error. The additional data, which are being analyzed now, con-
tain additional timing information which will probably allow to reduce the error;
however it is believed that eventually this will be one of the most important

limitations of the technique.

2.4 RESOLUTION AND BIASES

Measurement errors on a va,ria,ble. that is binned or restricted to a limited
range, imply a bias on the double ratio if the distribution of this variable is
different in Kg and Kg . The most important example is the measurement
of the kaon energy ( E ) and of the longitudinal decay vertex position (z ) .
There are effects of scale as well as of resolution. For a given uncertainty on
these quantities, the effect on the double ratio can be made small, by making the

E and z distribution as similar as possible in K? and K3 .

As already discussed, in the approach of NA31, this is possible for the z
distribution, by a careful subdivision of the running time among the different
Kg and Kg. target stations and application of station dependent weights to
correct for deviations from the ideal subdivision. For the energy it is not possible
to make the K and Kg distributions absolutely identical, but a compromise
can be found by a careful choice of the parent proton energies and targeting
angles. In the published measurement the beam conditions were not optimized
for the energy distributions (parent energy and production angle were equal in
K3 and K} ), and the optimization for the z distributions was not perfect (the
subdivision of running time among target stations was not controlled tightly) .
This explains why the correction, determined by resolution, and the systematic
error, determingd by scale, are not negligible, in spite of the good cancellation
capabilities of the technique. On this, the data being analyzed now, will do
better.
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The approach of E731 to this problem is totally different. As already men-
tioned, in order to avoid large resolution corrections, they 5 not bin the z dis-
tribution, and, to minimize the sensitivity of the result to scale errors they try
to optimize the cuts in such a way that there is compensation between events

gained and lost through different edges of the accepted regions for E and z.

2.5 BACKGROUND SUBTRACTION

This is an intrinsically asymmetric correction for which no cancellation can
be conceived. Thus it has to be made small and its estimate ( which usually relies
on extrapolation in the distribution of some discriminating variable ) has to be
reliable. The problem is specially severe for Kg decays, where the dominating
CP conserving three body decays have to be rejected at a level of ~ 10° . The
suppression has to be particularly effective in the charged channel, where the
presence of semileptonic and non leptonic decays with different kinematics char-
acteristics (and therefore different distributions of the kinematical discriminating
variables) is an additional source of uncertainty. For example NA31 quotes the
same uncertainty (0.2 % of the 27 events) on the subtraction of the charged and
of the neutral background, in spite of the fact that the estimated subtraction is

0.65' % for the charged and 4 % for the neutral channel.

The background for the Fermilab experiment has a different composition.
Here the three body KQ decays have a better suppression than in NA31: in
the charged channel this is explained by the presence of magnetic analysis, in
the neutral channel mainly by the shorter decay path (17m instead of 50m)
that they use™ . However the use of a regenerator to produce Kg introduces
the need of corrections, that are peculiar to this technique, for the effects of
incoherent regeneration. Incoherent regeneration has to be subtracted not only

from K data, but also from K9 data, because it causes a large fraction (4.7 %

% the reconstruction technique based on the measurements of the energies and transverse
coordinates of the photons implies that events with missing photons are reconstructed with
a decay vertex shifted downstream
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in the neutral channel) of ”cross-overs”, i.e. incoherently produced Kg events
erroneously attributed to the K 2 beam. This last problem is a direct consequence
" of a change in the trigger policy of the experiment dictated by the need for high
statistics. In fact it was absent in previous data (ref. 5) collected by the same
collaboration, where the conversion of one of the photons was required, in order

to allow a direct measurement of the line of flight of the K.

3. Forthcoming measurements

As mentioned previously, both NA31 and E731 are analyzing additional data,
for which results could be expected in one year. For NA31 the main purpose of
these data is a reduction of the systematic errors. To this end, some changes to
the beam and the apparatus have been made. A description of these changes
would require to.go into details about the apparatus that have not been given in
this paper' . So I will limit myself to summarize the results of these changes: the
optimization of the beam will reduce, probably by a factor three, the systematic
€rrors duerto uncertainties in the energy scale; the improved rejection of the
background from K.g, should allow a reduction in the systematic error due to
the charged background subtraction; improvements to the K% beam will allow
the use of a fiducial region for the decay vertex, where the neutral background
is smaller, without reducing the statistics appreciably; finally, additional timing
information from the shower detector will allow more consistency checks on the
correction for accidental effects. It is not possible to quantify the improvement
to the systematic errors that will be obtained, because this will be a result of the

. analysis, which is under way now.

For E731 the additional data should yield a factor five in statistics, which
would bring their statistical error to the level of their presently quoted systematic
errors. However the data have been collected in experimental conditions which
are different from those used for their recent result : charged and neutral events

have been collected at different times, and, for the neutral data, in presence
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of a thin photon converter. Thus one cannot automatically assume that the

systematic error will be the same, but this is what they expect.

In conclusion the situation on the ¢//¢ measurement should be clarified within
the next year. At least it should become clear whether the 2 sigma discrepancy
between NA31 and E731 is significant or not, since both experiments are aiming

at errors on Re €'/e smaller than 1 x 1073,

4. Long term projects

It is possible to imagine a scenario in which the existence of direct CP viola-
tion will not be settled by the forthcoming measurements from E731 and NA31.
This will make a new measurement, with improved precision, necessary. A min-
imal goal for the next generation of experiments is a reduction of a fa.ctof 3in
the error. This will be by no means a trivial task. Statistics in the order of
108 K9 — n%C events would be needed. The neceésary rates would not pose
problems by themselves, but the point is being able to control the detection ef-
ficiencies at the level of one or two permill in presence of the higher rates. An
experimental approach based on simultaneous detection of Kg and Kg decays
( techniques b or ¢ of section 1 ) seems indicated. Type c¢) technique seems partic-
ularly attractive, because it .W'Ollld appear that, within that technique, one could
devis'e experiments that allow the maximum number of cancellations of correc-
tion factors. In particular one could hope to combine the favorable features of
NA31 ( acceptance cancellation ) with those of E731 ( cancellation of time de-
pendencies and rate effects ) . Some components of the NA31 collaboration have

. investigated possible approaches in this direction. Two ideas have emerged!” .

One is based on the use of two beams that cross at the detector i)lane at
‘an angle large enough that, also for the neutral channel, the parent beam can
be identified from a measurement of the directions of the showers. This scheme
would have the advantage that the beams are separated in the decay region, o)

‘that it would allow the use of a moving target station for the K beam, as in

\
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the present experiment. On the other side the cancellation of time dependencies
and rate effects would not be complete, because not all the Kg decays originate
from the same fiducial region as the K g taken at the same time. Other difficult
problems in this technique would be how to symmetrize the detector at different
planes ( the beam images coincide only in one plane ) and the design of a detector
that allows the assignment of a decay to the correct beam with a negligible

fraction of mistakes.

These difficulties have led to consider a second scheme, in which one would
have two nearly collinear beams, the K g. produced on a target close to the decay
region, the K% on a far target . In this scheme the identification of the parent
beam will rely on a tagging technique, based on a coincidence with a proton in
the beam hitting the Kg target. The advantages of this scheme would be that
the two beams would be practically coincident not only at one plane. This eases
the constraifits on the detector and makes the cancellation of time dep'endence
and rate effects very effective. However, in this technique, the small separation of
the beams no longer allows the use of a moveable K 3 target station and thus the
acceptance correction would not cancel. The situation then would become similar
to the E731 one; but some distinct improvements with respect to that situation

_can be identified. The first is the absence of a regenerator, which is a source
dof high rates due to neutron interactions and introduces, as explained in section
2.5 , some peculiar problems of background subtraction. The second is the fact
that the beam spots at the detector could be made practically coincident, which

would make many cancellations, like, e.g., for rate effects, even more effective

than in E731.

More daring ideas have been put forward'® by members of the E731 collabo-
ration . The use of the new Main Injector at Fermilab is envisaged as a means
to produce beams that should allow measurements of rare K decays of interest
within the problematics of direct CP violation ( in particular K9} — 7lete)

and measurements of €//e¢ with statistical precision better than 104
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None of these ideas has evolved yet into a design of an actual experiment.
The key point will be to prove that the systematic errors can be kept at the level
which is aimed for. Even allowing for some correlation between statistical apd
systematic errors, due to the possibility of more precise consistency checks, the
problems are arduous and the measurements will not be a trivial extrapolation

of the present ones.

Since this is a paper contributed to a ® - factory study, I wish to conclude
by saying that similar considerations could be made for a possible experiment
at a @ - factory . Setting considerations of statistics aside, it seems to me that
the effects discussed in section 2.1 , 2.4 , 2.5 can be limiting factors also in a ® -
factory experiment and will have to be addressed in the design of the experiment.
I hope that the considerations of this paper can be of some use for the interesting

work that will go in this direction.
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RELAZIONE SULLA SITUAZIONE SPERIMENTALE DELLA VIOLAZIONE
DI CP NEI DECADIMENTI DEI MESONI K NEUTRI

M. Calvetti
Dipartimento di Fisica e INFN dell'Universita di Perugia.

I decadimenti dei mesoni K neutri sono l'unico fenomeno fisico in cui sia stata osservata
la violazione di CP.

La ricerca di effetti nei decadimenti dei mesoni contenenti quark pesanti (B-mesons) é
naturalmente possibile,ma le difficolta sperimentali incontrate nella ricostruzione di stati finali a
molte particelle, tipici dei loro decadmmenti, e le difficoltd di produzione sono tali che
presumibilmente 1 mesoni K resteranno 'unico sistema fisico in.cui la violazione di CP sara
osservata ancora per molti anni.

In questa relazione si descrive la situazione sperimentale attuale e si discutono le
caratteristiche cﬁc dovranno avere gli esperimenti della prossima generazione.

FENOMENOLOGIA E DEFINIZIONI DEI PARAMETRI CHE DESCRIVONO
LA VIOLAZIONE DI CP

L'unicita dei mesoni K risiede nel fatto che sono le particelle di massa pili bassa dotate di
stranezza. Una volta che sono stati prodotti in interazioni adroniche o in annichilazioni ete~
possono decadere soltanto attraverso le interazioni deboli ,violando la stranezza,in sistemi di
particelle di massa pill bassa come ‘pioni, elettroni,mesoni | € neutrini.

La necessita di decadere tramite le interazioni debeli (quelle forti ed elettromagnetiche
conservano la stranezza), cio€ attraverso l'emissione ed assorbimento di W virtuali,insieme con
il limitato numer;) di canali accessibili, fa si che le vite medie siano molto lunghe,fino a 50 nsec,
e ci0 rende possibile la realizzazione in laboratorio di fasci di K che rendono la sperimentazione
relativamente facile.

Nella descrizione fenomenologica del fenomeno € utile introdurre gli stati K; e K,

(autostati di CP degeneri in massa ma con stranezza opposta) combinazioni lineari degli stati
KO0 -KO:

]

K, = (K0+K0)2 CP
K,= (KO- K0)/2 CP

+1

I
]
o
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Gli stati fisici dei mesoni K neutri a vita media lunga (K-long) e corta (K-short) sono
combinazioni lineari di K; e K5:

Ks= (K; + eK)N(1 + €2)
K. = (K, +eK)N(1 +€2)

dove € € il parametro che misura la componente impura di CP negli autostati di massa.
L'evidenza sperimentale della violazione di CP consiste nell'osservazione del

cambiamento di segno della figura di interferenza quando si osservano le distribuzioni in tempo
proprio dei decadimenti in due pioni da fasci di KO e KO.

’ Cid € possibile perché il Kj ,a causa della sua componete K; dovuta al mixing, decade in
due pioni nel 2%° dei casi .
I rapporti tra le ampiezze di decadimento in due pioni del K; e Kg sono comunemente

indicati come:

<+ 7 - [Ky > <n°n°|Ky >

Nel modello superdebole di Wolfenstein (ref6 )del 1964 la violazione di CP & generata
nella matrice di massa ,cioé esclusivamente nel fenomeno di mixing, mentre l'ampiezza di
decadimento <nw|K,> = 0. In tale scenario si ammette l'esistenza.-di una interazione
superdebole che al primo ordine permette le transizioni K0-KO violando CP (AS = 2),mentre il

decadimentp avviene tramite le interazioni deboli con AS = 1 che non la violano.
In questo schema si ha:

Nel caso generale invece € possibile che la violazione si abbia anche nell'ampiezza di
decadimento,cioé che <nr|K,> #0 che € il caso del modello standard attraverso grafici del tipo
Penguin. : ,

Indicando con A, ed Aq le ampiezze di decadimento negli stati finali a-due pioni con spin
isotopico totale 2 e O rispettivamente .

Si ha:

<nn|K0> = A0 e 10 variazione di spin isotopico Al = 172
<mnKO> = A2eiby v neoo Al = 32

dove &() e 62 sono gli sfasamenti introdotti nelle ampiezze di decadimento dalle interazioni

forti dei due pioni nello stato finale in onda S.
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Usando le definizioni di n°° e n+ —ed esprimendo i due possibili stati di carica in

funzione degli autostati di isospin si puo' dimostrare che:

N°°=¢€-2¢ M+ = e+¢'
dove €'= (i/N2) Im(A2/A0) exp(52 — 80)

In generale se esistono due ampiezze diverse (AO ed A2) che conducono allo stesso stato

finale (carico o neutro) e che non sono relativamente reali, allora CP € violata nell'ampieza di
decadimento.

In questo caso n°° =t —.

I parametri fondamentali che descrivono la violazione di CP sono quindi i due numeri
complessi € ed €'. Il primo descrive l'intensita della violazione nel processo di mixing mentre il
secondo misura il contributo dato dall'ampiezza di decadimento.

La fase di €' € determinata dalla differenza degli sfasamenti 82-80 misurati
sperimentalmente

80-62 = 45°4 —-15°
da cui risulta
D) = /2 + 82-30 = 45°+ —15°

La fase di € si ottiene osservando che se si scrive I'hnamiltoniana del sistema K0-KO come

; |
/
My My, . /Ty Tyl
-1
My, Mni VT Ty

.,

b
o ' (1/2)lm T12 - i ImM12
si ha £ = .

Am —iRel'(,

Sapendo che Am = —-2ReM;,
Fl - FS —'2Rer12
Am (I's = I'D/2 (sperimentale)

si ottiene
0(e) = tan— 1 (2(ml — ms)/(T - Tp) = 43.7°+ -0.2°

€ ed €' hanno quindi fasi simili e si possono considerare relativamente reali.

In questa ipotesi supponendo, come si verifica sperimentalmente, che

l€'/el << 1
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si ottiene :

| n°°m+-12= 1-6¢'e
Questa relazione & stata usata nell'ultima generazione di esperimenti per la misura di €'/¢
come sard descritto in seguito.
La presenza di una componente di opposta CP negli stati Ks e Kl, insieme con la regola
AS = AQ per le interazioni deboli, genera anche una asimmetria di carica osservabile nei
decadimenti semileptonici '
<t 1tv | K> — <wtlv | KI>

5= = 2Ree= (3.3 +-0.1)"103
<nT'v | KI> + <ntlv | KI>

misurato nei decadimenti Ke3 e Ku3.
I parametri usati per descrivere la violazione di CP nei decadimenti dei K neutri sono
quindi:

£ violazione di CP nel mixing K0-KO
€' violazione diretta di CP nel decadimento (circa 1/1000 di e)
n00 =¢e—-2¢ rapporto delle ampiezze di decadimento Kl -Ks

N+— =¢e+¢ = = = = =

o = 2Re e  asimmetria di carica nei decadimenti semileptonici
Am = M;-Mg differenza di massa

Tg vitamedia  Ks

T1 = = Kl

02-60 phase-shifts in onda S per i pioni nello stato finale.

SITUAZIONE SPERIMENTALE

Una rassegna della situazione sperimentale sulla misura dei vari parametri descritti € stata
presentata da H.-Wahl al "Rare Decay Symposium" Vancouver 1988 (CERN-EP/89-86).Se ne
presenta un estratto con alcuni aggiornamenti:

1) Phase-shift

referenza
§2-80 = 53°+-5° 1976 Kleinknecht 8
41°+-8° 1979 Devlin e dickey 9
29°+-3° 1981 Biswas et all 10

56°+-3° 1986-7 Kamal-Cheng 11
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Si notino le notevoli discrepanze tra i nsultatl sperimentali specialmente tra le due misure
pili recenti che quotano l'errore minimo.
Non € chiaro quale sia il valore da usare, tuttavia risulta indubbio che il valore reale non é

molto diverso dalla fase di € e I'approssimazione fatta di considerare € ed €' relativamente reali
€ valida.

2)Asimmetria di carica 3.

Solo i risultati che differiscono meno di tre deviazioni standard dal valore medio sono
riportati:

Ke3 1970 Marx et al. 12

d = 3.46+-0.33
2.78+-0.61 Ku3 1972 Piccioni et al. 13
3.33+-0.50 Ke3+Ku3 1973 Williamsetal. ©+ 14
3.18+-0.38 Ke3 1973 Fitch et al. 15
3.41+-0.18 Ke3 1974 Gewenigeretal. 16
3.13+-0.29 Ku3 1974 Gewenigeretal. 16

0=(3.30+-0.12)x10-3 media

La parte reale di € risulta quindi essere Ree = (1.65+-0.06)x10-3

3)Differenza di massa KI-Ks
11 valore di Am ¢é stato misurato in esperimenti che usano il metodo del doppio
rigeneratore:

v Am = 0.542+-0.006 1970 Cullen et al. 28

0.534+-0.0026+-0.0015 1974 Geweniger atal. 9
0.5351+-0.004 +-0.0016 1974 Gjesdal et al. 30

nu

Am = (0.5351+-0.0024)x1010 sec-! in media

4) vite medie 1g, 7|

Nella tabella seguente sono riportati i risultati degli esperimenti che hanno misurato la vita
media del Ks:

s (10-10) gec #eventi .

0.8920+-0.0044 214K Grossman '87 62
0.8810+-0.0094 26K Aronson '76 63
0.8913+-0.0032 Carithers '75 31
0.8937+-0.0048 6M Geweniger '74 17
0.8958+-0.0045 50K . Skjeggest '72 61

0.8922+-0.0045  in media

Da notare. che in tutti questi esperimenti & stato necessario ricorrere alla simulazione
dell'apparato per la valutazione numerica dell'efficienza. I dati di Aronson et al dell'82 non sono
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stati inclusi nel calcolo del valore medio perché mostravano una dipendenza della vita media
dall'energia del K.

La vita media del K1 & stata sostanzialmente misurata da un solo esperimento con una
statistica di 400K eventi ottenendo il risultato

T, = (5.154+-0.044)x10"10sec  Vosburgh et al '72 64
S) N+-

Il modulo di M+- é stato misurato in vari esperimenti misurando il rapporto tra il
branching-ratio in T+n— ed i branching-ratios nei canali a tre corpi per i decadimenti del Kl

- /ntnn0 (1.64+-0.04)x10-2 1973 Messner 24
- /ke3tkul (3.04+-0.13)x10-3 1977 DeVoe 25
- /ke3tku3 (3.13+-0.14)x10-3 1985 Coupal 26

dai quali si deduce un Br(K1 — n+7-) = (2.03+-0.043)x10-3

Usando Br (Ks — ©ttn-) = 0.6861+-0.0026
18 = (0.8922+-0.002)x10"10sec
7l = (518+-4)x10-10 sec
si ottiene N+- :
| n+-| = (2.272+-0.0217)x10-3

Il modulo e la fase di n+- possono essere misurati direttamente osservando la figura di
interferenza dei decadimenti Kl € Ks in due pioni:

I(t) = N (eTst4 [nt—|2 eTlt 4 2D Int+ =] e THITHY2 cog(Amt-d+ —))

11 fit ai dati della figura di interferenza é a molti parametri, (N+-, ¢+-, Am, 7s, 1, D, N)
e ci sono delle forti correlazioni tra di essi.

Per migliorare la precisione di misura in genere si fissano i valori di alcuni parametri,
come Am e le vite medie, al valore pili probabile ottenuto in esperimenti precedenti meno
sensibili alla forma della figura di interferenza.

Combinando i vari metodi di misura si ottiene

In*-|= (2.272+-0.021)x10-3

mentre la fase ®+- ¢ data in termini della differenza di massa Am essendo con essa
direttamente correlata:

argnt— = 49.4+-1 + 305 (Am/0.54 -1) 1974 Geweniger et al. 18
= 45.5+-2.8 +120(1-0.5348/Am) 1975 Carithers et al. 31
41.7+-3.3+300(AM/0.5351-1) 1979 Christenson et al. 32

It
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arg ®+- = 45.6+-1.4 valore medio trovato usando il Am quotato precedentemente.
I1 valore di @+- comunemente pill quotato di 44.6°+-1.2° € stato ottenuto includendo
anche i risultati dell'esperimento di Jensen et al.(1970) che tuttavia contiene un bias dovuto alle

correlazioni ed ai valori assunti per Ts € |n+-| che non pud essere corretto.
6) N 00 /n+-

I1 modulo di n°° € stato misurato indirettamente misurando il rapporto n°°/n+- in vari

. esperimenti:
|n°°/‘n+—|2 = 1.00+- 0.06 1972 Holder et al. 40
= 1.03+-0.07 1972 Banner et al. 41
= 1.00+ 0.09 1979 Christenson et al. 19
= 1.02+-0.09 in media
g/e' = (.002+-0.007+-0.004 1985 Black et al. 20
= -0.005+-0.005+-0.004 1985 Bernsteinetal. 21

R=|n°°Mm*- |2 = 1.015 +-0.03 in media

g'/e = 0.0032+-0.0028+-0.0012 1988 Woods et al. 22
R = |n°°/n+-|2= 0.98+-0.004+-0.005 1988 Burkhardtetal. 2

. R= | N°°/M+- 2= 0.980+-0.006 in media
Re €'/ =(3.3+-1.0)x10-3

Inoltre:

argn°°m— = 7.6°+-18° 1973 Barbiellinietal. 34
argn® = 55.7°4+-5.8°4215°(Am/0.535-1) 1979 Christenson et al.19
arg M= = +0.3+-2.6+-1.1 1989 NA31

MISURA DI e'/e

11 modello standard che descrive la violazione di CP come una conseguenza naturale
dell'esistenza di tre famiglie di quarks introducendo una fase d nella matrice di Kobayashi-
Maskawa prevede un valore di €'/e dell'ordine di 1-3%° per valori della massa del quark-t tra
70-100 Gev.

E' chiaro che la verifica sperimentale dell'esistenza della violazione diretta (¢'/ #0) ¢ di
primario interesse scientifico. -

11 metodo usato per la misura é quello del doppio rapporto:
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gle = 1/6(1- Inoo/m+-|2)

Vengono contati il numero di eventi di decadimento in T+~ e ©° 1° con fasci di Kl e
Ks.Col metodo del doppio rapporto le efficienze di rivelazione (10% circa a seconda
dell'energia del K e della geometria dell'apparato) ed i flussi integrati si cancellano al primo
ordine.

Il fascio Kl viene prodotto ponendo la targhetta lontano dalla zona di fiducia
dell'esperimento,mentre 1 Ks possono essere prodotti sia attraverso la rigenerazione di un fascio
K1 (esperimento E731 FNAL), sia ponendo la targhetta vicino all'esperimento (NA31 CERN).

NA31-CERN (Ref.43)

Vengono raccolti dati alternando i fasci di Kl e Ks rivelando cdntemporaneamente i
decadimenti carichi e neutri.La stazione di produzione dei Ks viene spostata lungo la zona di
fiducia dell'esperimento ( 50 metri circa) al fine di generare una distribuzione spaziale dei
decadimenti simile per Kse Kl. |

Le principali caratteristiche dell'esperimento sono le seguenti (vedi Fig.1) :

- ifasci Kl e Ks si propagano nel vuoto attraverso tutto I'apparato

- contatori anulari di anticoincidenza esterni all'accettanza geometrica del rivelatore per
ridurre il numero di decadimenti a tre corpi rivelati.

- due camere a fili distanti 25m con risoluzione spaziale di +-0.5 mm.

- calorimetro elettromagnetico ad argon liquido che misura la posizione dei fotoni con
risoluzione +-0.5 mm e l'energia con risoluzione o=+-7%/N (E).

- calorimetro adronico ferro-scintillatore con risoluzione energetica +-65 BN E).

- contatori e logica di trigger per selezione degli eventi.

Il problema principale ¢ la reiezione del fondo,sia a livello di trigger che di selezione finale

degli eventi,nel caso dei decadimenti a due corpi del K1
Nella tabella 1 sono riportati i vari canali di decadimento del K1 e la loro intensita relativa

rispetto ai due corpi. :
TABELLA 1

K; — 2n0 (segnale) 0.094 % X
— 370 fondo 215 % 230x

Ki-»>n+n~ (segnale) 0.203% X
—Tnev fondo 38.7 % ©190x
TS TUV " 27.1 % 130x
-t -no " 124 % 60x
—TevV Y " 13% . 6x

—> TTYY ! 4.4x10 -5 0.02x
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I decadimenti ®°7t° sono ricostruiti selezionando eventi con 4 e solo 4 fotoni.Il vertice di
“decadimento & calcolato imponendo la massa invariante del K ai 4 fotoni.Indicando con zd-zv la
distanza tra il rivelatore e la posizione del vertice di decadimento si ha:

zg-zy = (Umy) Vi) BiBjl0x-x)% + (i-y?D

dove x,y,E sono le posizioni e le energie dei 4 fotoni.

Una volta trovato il vertice si accoppiano i fotoni due a due calcolandone la massa
invariante.Si sceglie la combinazione che genera le masse pili vicine alla massa del =°.

In Fig.2 sono mostrati i risultati ottenuti con fascio K1.Il fondo da sottrarre si ottiene
estrapolando la distribuzione ottenuta nella zona del segnale.Il fondo risulta essere circa i1-4%
(in media) ed € dovuto esclusivamente ad eventi con tre T° nei quali due gamma sono stati
persi.La distribuzione spaziale tuttavia non € uniforme.

Nel caso si perdano due gamma la ricoséruzione del vertice di decadimento risulta
sbagliata. La perdita energetica dovuta alla non rivelazione di due fotoni viene compensata
avvicinando il vertice di decadimento all'apparato sperimentale per aumentare gli angoli e
recuperare la massa invariante del K che viene imposta.

1l rapporto segnale fondo-cambia dall'1% all'15% nella zona di decadimento da 0-50m .

L'energia totale del K € ricostruita sommando le energie dei 4 fotoni.

La tecnologia dell'argon liquido garantisce una grande stabilita di risposta del calorimetro
elettromagneticd. La stabilita dell'elettronica € controllata usando un sistema di calibrazione
funzionante continuamente durante la presa dati.

i

ntn—

11 vertice viene ricostruito usando l'informazione delle camere proporzionali con una
risoluzione di +-1m nella direzione di propagazione del fascio .Si ricostruisce la massa
invariante usando le energie delle due tracce misurate nel calorimetro elettromagnetico.

L'energia totale viene calcolata usando l'angolo di apertura © tra le due tracce cariche ed il
rapporto delle loro energie R=E1/E2.

(1+R) V(Rmy2-(1+R)2m; 2)
RO

ottenendo una risoluzione energetica dell'l% per 0.5<R<2.5 .
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Questo metodo rende insensibile la misura dell'energia totale dalla scala assoluta delle
energie misurate col calorimetro. La scala assoluta delle energie & quindi data dalla geometria
delle camere proporzionali e puo’ essere controllata con una precisione dello 0.7 %°.

" Le camere proporzionali vengono usate anche per calibrare la geometria del calorimetro
elettromagnetico. Si usano a questo scopo elettroni dai decadimenti Ke3.La posizione degli
elettroni, definita come il baricentro delle energie depositate nel calorimetro, viene fatta
appartenere all'estrapolazione della traccia misurata con le camere. Si determina non solo la
posizione x-y nel piano trasversale al fascio ma anche la profondita all'interno del calorimetro.

La scala assoluta delle energie per i decadimenti neutri ' quindi determinata ricostruendo

l'inizio della zona di decadimento definito da un contatore di anticoincidenza.

/ In definitiva le scale di energia, carica e neutra, sono definite dalla geometria
dell'esperimento (precisamente dal rapporto tra la scala trasversale e longitudinale) e sono
conosciute con precisione di 0.7%°.

11 fondo per i decadimenti carichi viene misurato usando le distribuzioni in diars dove diar
¢ la distanza della targhetta di produzione dal piano definito dalle due tracce cariche.

Per eventi a due corpi dy,, € nullo (a parte l'allargamento dovuto agli errori di misura)
mentre i decadimenti a tre corpi sviluppano una coda ad alti d,,, che viene estrapolata sotto il
segnale (vedi Fig.3 ). .

In Tabella sono mostrati i contributi dei vari tipi di fondo.

origine sottrazione % errore % tecnica
nT+n-n° 0.06 <0.06 event con Y addizionali
eV 0.5
TUV 0.05 +-0.1 estrapolazione d,,
€ITOri TiCOStr. 0.05
altre componenti
ad alto d,,, 0.1 +-0.3 "
totale  0.76 +-0.35

Per i carichi ed i neutri sono stati selezionati eventi nell'intervallo 70-170 Gev con vertice
di decadimento compreso tra 10-50 m di distanza dall'ultimo collimatore.

11 doppio rapporto ¢& stato calcolato suddividendo i dati in 10 intervalli in energia (10 Gev)
ed in 32 intervalli (1.2m) in z. La correzione al risultato dovuta alla non perfetta cancellazione
delle efficienze nel rapporto (differenza di distribuzione in energia e divergenza tra i due fasci)
viene stimata per mezzo di un Montecarlo. -

Nella tabella sono mostrati i contributi dei vari effetti sistematici sul valore del doppio
rapporto: - ‘ o
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R =|n°°/n+- | 2 %
sottrazione fondo 2n° 02
sottrazione fondo R~ 0.2
2r°/mtn- diff. della scala in energia 0.3
rigenerazione in Kl (collim.) <0.1
scattering in Ks (collim.) 0.1
Ks inefficienza anticontatore <0.1
Ks/Kl divergenza dei fasci 0.1
stabilita’ del calorimetro <0.1
accettanza del montecarlo 0.1
accidentali (rate) 0.2
efficienza del trigger 0.1
Incertezza sistematica totale +- 0.5%

ESPERIMENTO FNAL E 731(Ref.44)

In questo esperimento si usano due fasei paralleli di KL distanti circa 15 cm. '

Un rigeneratore attivo € posto alternauvamentc sui due fasci per generare KS.

La Fig.4 mostra l'apparato spenmentale

Le tecniche usate sono le seguenti:

- contatori di anticoincidenza per la reiezione di eventi a tre corpi

- camere proporzionali (150 di precisione col 98% di efficienza per filo)

- campo magnetico bipolare (1.47m di distanza tra i poli, +-200Mev/c di impulso

‘ trasverso trasferito)

- calorimetro elettromagnetico con vetro al piombo ( 804 elementi di 5.82x5.81x60.96.
cm3, 2x2x20 r., risoluzione energetica 6 = 1.5 %-+-5.5%/NE, risoluzione sulla
posizione dei gamma +- 3mm )

- convertitore di 0.1 fl. per convertire un gamma , ricostruire la posizione del vertice ed
associare l'evento al fascio (K§ o Kl).v

11 numero dei decadlmenu provenlentl dal fascio K1 (V) é proporzionale al parametro

o< |7 |2

mentre quelli provenienti dal fascio con rigeneratore (R) € proporzionale a

R = |1+ pe iam-Ty2) 4 |2

dove p € 'ampiezza di rigenerazione coerente.
La misura di R/V, per decadimenti carichi e neutri, permette 1a misura del doppio

rapporto.
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L'indeterminazione sulle fasi di p, n e l'errore su Am non contribuiscono
significativamente alla precisione di misura di €'/e.
Nel caso specifico |p| ~ 10 |n| per cui

R/V ~ | pi|2
R/VFHRVYP = | (pl/mDT/(pl/IND)*° 12 = | n°°om+- |2

1l vantaggio di questo metodo di misura é che che i due fasci Kl e Ks sono presenti
contemporaneamente,per cui il risultato €' insensibile a derive temporali dell'apparato ed a
probabili effetti di "rate".

Lo svantaggio sta nella diversa distribuzione spaziale, sia longitudinale che trasversale,
dei decadimenti Kl e Ks che rendono necessaria una precisa valutazione numerica
dell'accettanza relativa usata per correggere il doppio rapporto ottenuto.

La collaborazione E731 ha raccolto dati in due condizioni diverse:

1) richiedendo la conversione di un gamma e rivelando i 4 modi di decadimento
contemporaneamente (75% dei dati)

2) senza richiedere la conversione di un gamma ma rivelando i decadimenti carichi e neutri
alternativamente (25% dei dati). In questo caso l'associazione dell'evento al fascio viene fatta
usando il centro di massa delle energie depositate nel calorimetro elettromagnetico.

Il risultato presentato recentemente, e discusso in seguito, si riferisce ad una analisi
preliminare effettuata sui dati senza conversione di v, corrispondente al 20% della statistica
totale raccolta.

La sottrazione del fondo da un importante contributo all'errore sistematico.In questo
esperimento il fondo € dovuto, oltre ai decadimenti a tre corpi, alle interazioni dei neutroni del
fascio con il rigeneratore ed allo scattering incoerente dei K (sempre nel rigeneratore).

‘La componente incoerente dgi K deve essere sottratta se si vuole usare il metodo descritto
precedentemente dove solo l'ampiezza di scattering coerente €' presente.Questo tipo di fondo
viene misurato estrapolando sotto il segnale le distribuzioni di impulso trasverso ed usando un
rigeneratore attivo. ' .

I decadimenti T+7- vengono identificati calcolando la massa invariante del K usando
l'impulso dei pioni misurato nel campo magnetico.

In Fig.5 & mostrata la distribuzione ottenuta .

In Fig.6 ¢ mostrata la distribuzione in p-trasverso del K ed il taglio usato per la selezione
degli eventi e la sottrazione del fondo. ‘ )

Per il canale neutro si selezionano eventi con 4 e solo 4 fotoni che abbiano due ®°
provenienti dallo stesso vertice(si impong la massa del %°) quindi usando quel vertice si
ricostruisce la massa del K(questo metodo e' sostanzialmente identico a quello di NA31).La
distribuzione di massa invariante ottenuta ¢' mostrata in Fig.7
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In Fig.8 sono mostrate le distribuzione dei vertici ricostruiti K1 e Ks per il caso °7°. ‘
* Nella tabella seguente sono mostrati i vari contributi all'errore sistematico totale per
I'esperimento E731.
Contributi in % all'errore sistematico su R di E731:

accidentali 0.10
- sottazione del fondo 0.18
scale delle energie e risoluzione 0.20
accettanza 0.25
totale B 0.38

Come si vede l'errore sistematico piu' grosso €' quello dovuto alla correzione per
l'accettanza.
' Nella tabella seguente inoltre vengono mostrati i vari contributi all'errore dovuti alla
sottrazione del fondo:

Modo processo correzione % errore%
KL—>ntr- Tev - 0.31 0.06
KL—-2m° 3n° ' 037 0.07
KL—>2r° Cross over 4.66 0.14
KS—ntn- incoh.regen. 0.13 - 0.01
KS—2r° incoh.regen. 2.58 0.07

Come si puo' notare le correzioni piu' grandi sono fatte per il canale neutro (caso senza
conversione di gamma). Nel 4.66% dei casi l'associazione dell'evento al tipo di fascio ¢
- sbagliata (cross-over). '
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Nella Tabella seguente sono confrontati gli esperimenti pili recenti:

Esperimento

presa dati

segnale (numero di eventi)

KL—-2xr°
KLo>R+n-
KS—2r°
KS—>n+mn-

fondi%

KL—2xn°
KL-T®+x-
KS—2r°
KS— n+n-

accidentali %

risultato R
err.statist. +-
err.sistem, +-

(Ree'fe) x103
errore +-

Si noti che nell'esperimento NA31,il piu' preciso,l'errore statistico e l'errore sistematico
sono comparabili.La collaboraziorie ha raccolto dati nel 1989 registrando un numero di eventi

. BNL

#749

'84

122

8506
3317
21K

17.5
2.0
2.7
0.2

0.990
0.043
0.026

90\]

uguale a quello del 1986.

L'analisi sard completata e probabilmente I'errore statistico diminuira corrispondentemente
mentre Ci si aspetta un miglioramento dell'errore sistematico dovuto all'uso di un rivelatore a

FNAL
E617

‘84

3152
11K
5663
26K

11.3
3.5
15.5
1.9

1.028
0.032
0.014

-4.6
5.8

FNAL
E731

‘85

6750
36K
22K
130K

1.6
1.2
29
0.3

10

0.981
0.017
0.007

3.2
3.0

CERN
NA31

‘86

109K
295K
932K
23M

4.0
0.6
0.3
0.3

2.6

0.980
0.004
0.005

_ U2
— )

FNAL
E731(20% dei dati)

‘88

52K
43K
201K
179K

5.1
0.42
2.57
0.12

3

1.03
0.0084
0.0038

-0.5
1.5

radiazione di transizione per l'identificazione e la misura del fondo da Ke3.

La collaborazione E731 std analizzando il resto dei dati (1'80%).

Nel corso del 1990 dovrebbero terminare le due analisi e si dovrebbero avere i risultati
con errori statistici su €'/e dell'ordine di 0.5x10-3 corrispondenti ad un campione di 250000
eventi KL.—27° (il pit raro) per ciascun esperimento. Non & possibile adesso prevedere quale

sara l'errore sistematico finale per i due esperimenti.



281

CP-LEAR. PS195(Ref.60)

Un altro esperimento & in corso al CERN per la misura di €'/e.
Si studiano reazioni di annichilazione P-P del tipo:

pp = K°n'K+  ppoKentK-

che avvengono con una frequenza di 4x10-3 per annichilazione.

La stranezza del K neutro viene datd dal segno della carica del K carico mentre la sua
energia viene ricostruita misurando l'impulso dei carichi. '

L'esperimento ¢ schematicamente mostrato in Fig.9.

- Campo magnetico solenoidale con raggio interno di 1m.

Camere proporzionali ed a deriva misurano la traiettoria delle particelle cariche.

Un calorimetro elettromagnetico a "streamer tubes” (rms=2.2mm nella misura della
posizione e rms=30%/VE in energia)

Contatori Cerenkov per identificare i K carichi(570 Mev/c di impulso medio)

Contatori per la misura del tempo di volo..(130 ps di risoluzione con base di TOF di 1m)

Il metodo della misura si basa sul fatto che la distribuzione temporale dei decadimenti da
K° di stranezza definita & data da:

( Kj—»f + Ree - [lagleTst+lay 126 TLE2 lagl lap | e-(Ty/2+TL/2)t
K

- cos(Amt+P-Py )]

dove ag ed a;, sono le ampiezze di transizione Ks -Kl in uno stato finale f.

L'asimmetria dei decadimenti € data da due contributi, uno legato alla parte reale di €,
indipendente dall'ampiezza di decadimento e dominante per t—es, l'altro dovuto alle ampiezze
di decadimento.

L'informazione relativa alla violazione di CP & contenuta nel termine di interferenza che &
massimo per t = 127s nel caso dei decadimenti a due pioni(CP +)..

Le asimmetrie integrate dei decadimenti sono legate ad €' ed € dalle relazioni:
I+-= (K° (r+~%-) - K°(n+w-) Y K°(m+7%-) +K°(n+%-)) = 2Ree+4Rec
[°°= (K° (27°) - K° (27°) )/( K° (21°) + K° (27°) ) = 2Ree-8Ree'

Si ottiene Ree/Ree = 1/6 x(1-1°°/1+)
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Nella misura delle asimmetrie le efficienze di rivelazione si cancellano con buona
approssimazione, tuttavia il metodo usato ¢ meno potente dal punto di vista dell'errore statistico _
che & dominato dalla misura di |°°. Essendo l'asimmetria aspettata dell'ordine del 3%° si devono
rivelare almeno 10° decadimenti 7T°%° per avere un errore del 3-10-5 su 1°°.

L'esperimento deve osservare 1013 annichilazioni PP al rate di 2.10% annichilazioni al '
secondo. B

Attualmente €' in corso di istallazione al CERN.

Nei prossimi anni dovrebbe produrre un risultato su €'/e con errore statistico simile a
quello attualmente pubblicato.

PREVISIONI PER IL FUTURO.

11 valore previsto dal modello standard per €'/e dipende dal valore della massa del quark t.
Attualmente solo limiti inferiori su m, sono stati dati dagli esperimenti ai collider adronici
'UA2,UAl, e CDF.La massa del top ¢ maggiore di 78 Gev al 95% di confidence level.
Inoltre la differenza di massa trala Z° e la W'é:‘legata, tramite le correzioni radiative alla
massa del top. . -

In Fig.10 sono mostrati i risultati sperimentali relativi alle masse dei bosoni e le previsioni
del modello standard sulla differenza di massa Mzeo-Myy in funzione di my.

1l valore di m, che meglio si adatta al modello standard & dell'ordine di 120 Gev.

In Fig.11 inoltre & mostrato £'/¢ in funzione di m, (sempre modello standard) oltre ai
risultati di NA31 ed E731.

Il valore teoricame;ﬁtc aspettato ¢ compreso tra 1°/oo € 3%o0.

La media tra i risultati CERN ¢ FNAL €' ~ 2°/oo.

Come gia' detto i due esperimenti stanno analizzando altri dati che aumenteranno la
statistica piu di un fattore due mentre CP-LEAR nel prossimo futuro dara un risultato con
errore comparabile a quello attuale. .

E' nostra opinione che un nuovo esperimento che produrra risultati tra vari anni, debba
essere progettato per avere un errore di misura dello 0.2-0.3%/00 (circa tre volte inferiore a
quello attuale), qualunque sia il valore di €'/, se vuol dare un contributo sostanziale alla
problematica discussa.

Calcolo della luminosita richiesta per una macchina e+e- ®—KIKs per misurare €'/ con
errore statistico dello 0.6%/00 in un anno di presa dati.

Il metodo proposto € quello di misurare le asimmetrie dei decadimenti combinati K1-Ks.

ete > ®—-K| K;ontn-non®
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Il decadimento da K; viene identificato richiedendo che il vertice di decadimento abbia una
distanza d>>ds, dove ds e' il cammino libero medio dei Kj. Se I'altro decadimento & vicino ai
fasci allora viene associato al K. Definendo I'asimmetria A come segue si ha:

[ Ks(2r°) Kl(mtn—) — Ks(nﬁf) Kl1(2m°) ]
A = = 3¢e'/e

n L1

+

Il numero di decadimenti osservati nell'esperimento & dato da :

N1 = K,2n°)Kj(ntn-)=
= L o At Br(K{ 2n°)Br(K; n+n-) eff(m°n®)eff(n+n—)(1-e-dv/dl)

N2 = K|2n°)Ky(ntn)=
= L o At Br(K; 2n°)Br(K, 1t.+1r,") eff(mon®)eff(n+n-)(1--dv/dl)

dove
At = tempo di misura
L = luminosita media della macchina
o = sezione d'urto di produzione della @ in KL KS al picco 1.2 pbarn
dt = 100cm circa, regione di osservazione dei decadimenti K1
dl = 342cm cammino libero medio di un K1 alla ®-factory.

eff(win-) = efficienza di rivelazione carichi
eff(n°n®) = " " neutri

Br(Ks—ntn-)= 68.61%  Branching-ratios
Br(Ks—>n°n°)= 31.39%

Br(Kl->ntn-)= 0.2%

Br(Kl-»>n°n°)= 0.094%

1-e-ddl = (.25 circa.

Assumendo che il prodotto delle efficienze di ricostruzione dell'evento completo sia
dell'ordine dell'80% (geometrica e di ricostruzione ) si ottiene che:

N1~N2= 13104L oAt

L'errore statistico sulla misura dell'asimmetria A = (N1-N2)/(N1+N2) ¢' dato da:

02pA = 12N dove N~N1~N2
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Essendo A = 3 €'/e si ottiene in un anno di presa dati (107 sec) con ¢ = 1.3|lbarn:

oe/e) = /NA8N)=0.6 103 L2  (Lincm2sec)

Con una luminosita’ media di 1032 cm2sec-! in un anno di presa dati si ottiene quindi un
errore statistico dello 0.6%°, simile ha quelli attualmente pubblicati.

Commenti sull'errore sistematico sono stati fatti da G. Barbiellini e C.Santoni (ref65).

In questo tipo di approccio, essendo la regione di decadimento dei Ks ¢ KL
completamente disgiunte, la valutazione numerica delle efficienze di rivelazione e' di importanza
primaria.l prodotti di decadimento, carichi e neutri, attraversano l'apparato in modo diverso per
iKsediKL. Le lunghezze delle tracce e gli angoli di incidenza dei fotoni nel calorimetro sono
diversi. L'errore sulla valutazione numerica delle efficienze entra al primo ordine nel calcolo
dell'asimmetri. E' 'unico esperimento in cui non c'¢ cancellazione (nemmeno parziale come nel
caso di E731). '

Un altro punto critico, secondo noi, ¢' la definizione della zona di decadimento nel caso
dei decadimenti da KL.Questa deve essere la stessa per i T+%- ed i A°w® che sono misurati
con due parti diverse dell'apparato. (Il caso dei Ks ¢ meno critico perche’ il taglio viene fatto
- sulla coda della distribuzione). L'errore di scala nella misura del vertice per carchi e neutri entra
al primo ordine nella misura dell'asimmetria.

Considerando che l'apparato avra' un raggio dell'ordine di 2.5 m, una lunghezza di Sm e
che l'energia totale misurata sara di 1Gev distribuita tra 6 particelle, ci sembra un problema assai
stimolante dal punto di vista strumentale.
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TESTS OF CP VIOLATION WITH KO AND Ko

CP LEAR Collaboration

Abstract

The aim of the CP LEAR experiment is to study symmetry-violation effects, making use of
tagged K%s and K°s. The detector, although missing some electronic components, have been
operational for a few weeks at the CERN LEAR (Low Energy Antiproton Ring) machine. At the
moment the analysis of the data is in progress. In this paper a description is given of the experimental

method and of the detector; the sensitivities of some measurements are also discussed.

For any final state f (f = #*n~, #°n°, o*v"2° ey m, ... ) the decay rates of K° and K° as a

function of the proper time t are given by
RKo(RO)=f = [1/2 =(+) Re ¢] {|an|2 e St + |a.1_'flz e YLt
+(=) 2lagl} x Japfj e~ 1/20r§*YLIt cos(aAmt - )} . (1

The quantities yg | are the decay widths of the K° short (S) and of the K° long (L), and Am is the
difference of their masses (Am = mg; -~ mKs). The parameter ¢ describes the CP- violation in the
mass matrix. The decay amplitudes aS'Lf = <flHKg ] > are a function of the two CP-violation

parameters ¢ and of ¢’. The term ¢4 is the difference of the phases of asf and aLf.
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- Since Am = vg, it is possible to measure Lile Kg-KL interferences [the third term in eé. (D]. The
CP LEAR experiment [1] will study these interferences and hence determine both the magnitude and
the phase of the CP-violation parameters in 27 decays as well as CP-violation effects in other channels
such as 37, vy, ... . The measurement of the difference of thé;;;ﬁéscs in 7°7° and = * 7~ decays is a test
of the CPT symmetry. The T anq CP symmetries and the AS = AQ rule will be tested by studying the
semileptonic decays. The quantity AS (AQ) is the difference between the strange (charge) quantum

numbers of the initial and final states.

The K%s and K°s are produced symmetrically in the annihilation at rest of antiprotons according

to the reactions
pp - K*7~K° and pp - K 7*KO, 2

each having a branching ratio of 0.2%. The particles produced in reactions (2) have a small
momentum, the average K° momentum is <pgo> = 550 MeV/c and, for example, in the case of
K® + 27° the average energy of the y’s produced in the decay of #%’s is <E,> = 160 MeV. The
experimental set-up and a typical event are shown in Fig. 1. A field of 0.44 T has the direction of the
detector axis, perpendicular to the plane of the figure.

Antip;'otons of 200 MeV/c moving along the detector axis are stopped in a spherical target of
gaseous hydrogen at 15 atm. The charged kaon produced in reactions (2) is identified by the
scintillator-Cherenkov anticoincidence. The pions, having a. 8 above the threshold, will produce a
signal in Both the scintillators and the Cherenkov. To improve the kaon identification a momentum
larger than 300 MeV/c is required for the kaon-track candidate. The inner scintillation counters also
provide a time of flight (TOF) measurement. The magnetic field allows identification of the sign of the
kaon charge and hence of the strangeness of the. neutral kaon, making possible an independent
normalization of K%s and K%s. The neutral kaon is reconstructed from the measurement of the
charged-kaon and charged-pion momenta, making use of multiwire proportional chambers,
proportional drift chambers, and streamer tubes. The charged particles produced in neutral-kaon °
decays produce tracks in the chambers. In the case of decays into y’s or #%s, the y’s will be identified

and reconstructed using the electromagnetic calorimeter information. The decay paths of K° and K?°,
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which are necessary for the determination of t, will be obtained from the measurement of the decay
products.

The antiprotons stopping in the target are triggered using a | mm thick scintillator. Figure 2
shows the beam profile measured with a multiwire proportional chamber with cathode-strip readout
{2]. For the next runs the profile, with a better beam diagnostic, is expected to be improved. Owing to
the high pressure of the hydrogen target, having a radius of 7 cm, the antiprotons will stop in a very
small region, the full width at half maximum (FWHM) of the transvere (longitudinal) distribution
being 1 cm (5 cm).

The two cylindrical proportional chambers {1], having a radius of 9.5 and 12.7 cm resbectively,
provide the first two points of the charged-particle trajectories. The charhber efficiency, as measured in
an exposure of a prototype to a test beam at the Paul Scherrer Institute (PSI), is larger than 99%.

The six proportional drift chambers [1] occupy a cylindrical annulus, the radius of the inner
(outer) chamber being 25.5 cm (50.9 cm). They are equipped with wires and strips to provide the r¢
and z coordinates. A full-scale planar prototype has been tested at the CERN Synchro-cyclotron (SC).
The position of the beam particles was defined by a set of silicon strips (60 um in lateral size). The
position resolution obtained with the wires (strips) was 250 pm (150 pm), and the measured efficiency
was 97.5% for the wires and 98.7 for the strips. The expected average momentum resolution is 5%.

The two layers of streamer tubes [1], located at radii of 58.2 and 60 cm, will provide the last
three-dimensional point of the charged-particle track. Figure 3 shows a preliminary distribution of the
events as a function of Az, the difference between the z coordinates me#sured' in the inner and outer
layers corrected for the track slope. The root mean square of the Gaussian curve fit is 2.14 cm.

The particle-identification device consists of 32 trapezoidal sc;ctors of scintillator (S1)/ Cherenkov
(C)/ scintillator (S2) sandwich placed around a cylinder of 65 cm radius{3]. Measurements of the
impact point (z) dependence of the photoelectron yield have been performed at the PSI, the obtained
photoelectron multiplicity is 12 (38) forz = 0 cmi (z = +40 cm).

The scintillation counters S1 allow a determination of the TOF of the particles. A preliminary
distribution of the difference of the TOF of charged particles in one event, obtained using the on-line

data, is shown in Fig. 4. The FWHM of the distribution is 600 ps.
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The electromagnetic calorimeter is a lead sampling calorimeter placed inside the magnet coil with
a total thickness of 6.2 radiation lengths. It consists of 18 layers made of a lead converter plate,
followed by a plane of streamer tubes placed between two strip plahes. The tubes, in the case of
single-crossing tracks, have an efficiency of 85% as measured in a test beam at the PSI. The efficiency
of the strips is  98% and the average multiplicity = 1.3. The energy of the converted photons is
measured by counting the number of tubes hit in the shower. The lower limit of the efficiency of
photon detection obtained in the PSI test run for a photon energy of 50 MeV (> 100 MeV) is 58%
(90%). The hit resolution multiplied by the square root of the photon energy-in GeV is 13% for
photons of 160 MeV. The strip and the wire information will be used to determine the photon impact
point. The expected resolutions are: o(r¢) = 3 mm and o(d) = 5 mm, where d is the longitudinal
coordinate, r is the radial one, and ¢ is the azimuthal angle. Such precisions would allow a
determination of the detay path of K® = #°#° with a resolution of = 1.6 cm, corresponding to tg/2
(rg is the KO short lifetime) [4]. The calorimeter will also provide identification of electrons and pions

" to a level of a few per cent, making use of the different patterns of the electron- and pion-induced

v

showers.

The high rate of the stopping antiprotons (2 x 10° p/s) and the low branching ratio of the
interesting reactions (2) require a filter mechanism to select only those evenis of potential physics
‘interest. A system of four trigger levels has been designed [S]. The pretrigger, already installed,
determines the charged-particle multiplicity and finds the kaon candidates having a transverse
momentum pt larger than 250 MeV/c. The first-level trigger reconstructs the charged tracks and then
" the kinematics of the event. The second-level trigger improves the kaon identification by using the
Cherenkov analog signals and the TOF information. The number of showers in the calorimeter is also
determined. The third-level trigger identifies the showers induced by y's, and, in the case of 4 v,
reconstructs the path of the K decaying into #°#°. The expected data reduction is 5 x 107°. The
acceptance of the events ixzduced by reactions (2) is expected to be = 20%. VME microprocessors are
used to perform the data acquisition, transport, and monitoring of the data. Central control is

maintained by a VAX computer [5].
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During the data taking two types of events have been collected: those with at least one hit in the
S! scintillators and those satisfying the pretrigger conditions. To the first class of events belong
essentially pionic annihilations. Events with two tracks have been selected. Figure 5 shows the energy
distribution of the charged pions for the events having a mass missing from the = *# ™~ system in the
region of the #° mass (at present the electromagnetic calorimeter is only partially equipped and the
7%s cannot be reconstructed). The distribution shows a peak around 780 MeV cbrresponding to p°
production. The second class of events contains a large fraction of annihilations with a charged kaon in
the final state. In a preliminary analysis we looked for events induced by reactions (2) with the K°
decaying into = “7 . Figure 6 shows the invariant mass square distribution obtained using the-o'ml.\ine
information for # *#~ having an origin at a distance larger than 2 cm from the annihilation point. The
distribution shows a clear peak in the K° mass square region.

In the following we discuss the precision that is expected to be obtained in the determination of
some CP, T, and CPT parameters in the case of 10'* antiprotons stopped in the target.

In Fig. 7 is shown the expécted differential asymmetry in the case of » "7~ decay
Ay — =[R[K°=7*7-}(t) = RIK® =7 * 7 JOURIK =7 * 7 J(t) + RIK*=n*n"}(1)] . (3)

The same distribution will also be measured for #°#° decay. From these determinations the values of -
the phases ¢, +, - and ¢,0,0 will be obtained, allowing a test of the CPT symmetry [6]. The statistical
and the systematic errors in the difference of the two phases are expected to be 0(¢y+ 7~ — ¢707%)stat
= 0.3° and o(ppytq- — e¢w°1r°)syst < 1°. The systematic error is dominated by the uncertainty in the
measurement of the decay path of K° (K°) into 2#°, the resolution being = 1.6 cm. For K°® = 7~
the decay length will be reconstructed with a precision of = 2 mm. -

The ¢’/e ratio will be determined from the integrated asymmetries
l,050 = [(Ngoq0/N - NT,O,,O/N)]/[(N"D,,O/N + Njo,0/N) (4)
and

I"*'ﬂ-' = [(Nﬂ+ﬂ_/N - Nﬂ+w-/N)]/[(Nﬂ+ﬂ_/N +Nﬂ+ﬂ-jN)] ] (5)
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where N (N) is the total number of events having a mass missing from the K™#* (K*%~) system
compatible with the K° (K°) mass, and N;+,- (N,+,-) and N0 0 (N,0.0) are the events
belonging to the previous classes and decaying into w*w~ and »°#° in the fiducial volume
corresponding to = 20rg.

The background due éo annihilation channels is expected to be a few per cent. It can be separated
from the signal by studying the mass missing from the system of the particles identified as the charged
pion and the charged kaon. The expected precision in the reconstruction of the missing mass in the
case of processes (2) is 0 = %75 MeV/c?. The background due to the three-body decay of K° is

expected to be < 3%.

The |¢/e| ratio will be obtained from the asymmetries (4) and (5) according to
le’/el = 1/6 (1 — I 0,0/ +.-) . (6)

The expected statistical error is o(|e'/e[)g4ay = 1.5 x 1072, The systematic error due to background
subtraction, to the variation of 7“7~ and 7%7° reconstruction efficiencies as a function of the proper
time, and to the momentum-dependent efficiency in tagging the neutral kaon, is expected to be smaller.
This measurement has systematic errors that are completely different from those occurring in the
determination of the je’/e| ratio iaerformed making use of Kg and Kj [7].

No evidence of CP-violation has so far been detected in the decays of K° and K° into 3#. If the
value of n3,, = a(Kg = 3m)/a(Ky, - 37) is equal to n9,, the branching ratio of the Kg decay into 3«
is expected to be R(Kg = 37) = 10°?, and thus/very difficult to measure. In the case of "7~ #°
decay a Dalitz-plot analysis is required to identify the CP of the three pions. The interference term is
expected to be ® 10~3 (see Fig. 8), and a measured value different from zero is clear evidence of
CP-violation also for the #*#~#° decay [8]. The expected statistical error in the determination of
Ny *ar =0 15 0N+ = n0)stat = 6 x 107*. The systematic error will be of the same order.

The measurement of the semileptonic decays, K®(K?) - emv, will allow an improvement of the
limit on the AS = AQ violating amplitude. In Figs. 9a and 9b the expected distributions of the

quantity

A = {R[K° = em](t)— R[K® = em]}(1)}/{RIK? = emv](t) + R[K® = em](t)} (7
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-are shown as a function of the proper time for Im x = 0and Im x = 2 x 107*, respectively. The
quantity x is the amplitude ratio x = a(AS = —AQ)/a(AS = AQ). The valu; of Im x in Fig. 9bis ten
times smaller then the present limit. The quantity § in the figures is the CPT-violation parameter of
the mass matrix. The measurement of the semileptonic decay mode will also allow a detsrmination of
Am with a precision of o(Am)/Am = 1.2 x 1073, The present precision is 4.1 x 1073 A direct

determination of the T violation can be obtained from the measurement of the asymmetry A [9]

R{K® - e*# v](t) — R[K? = e~ 7 *](t)

AT = — : (8)
R[K? - e*n v}(t) + R[K® = e~ n*](t)

Assuming the rule AS = AQ to be valid, a value of Eq. (8) different from zero corresponds to a
difference in the protabilities P(K® = K% and P(K? - K?°), and thus to an evidence of the violation
of the T symmetry in the mass matrix. The expected r;:lative pmd;ion on AT is 6%. The
determination of the quantities Am and AT requires e, = identification.

In Table 1 the expected accuracies (lo), including systematic errors, assuming 10'? stopped
antiprotons, are summarized. The present experimental results [7, 10, 11] are also reported.

The experiment is expected to be fully operational by the end of 1990.
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Table 1

Present experimnental results and expected accuracies

Parameters Present situation Expected precision
ele (33 % L) x 1073[7] <2x 1073
- (—6.5 + 1.5) x 1073 [10]

Pptg- — DgOg (=94 £ 5.1)°[11] <!
Neg*o-nd < 0.35[11] 7x 1074
Re x < 0.02(11] 6x 10-*
Im x < 0.026 [11] | 7x 1074
o(AT)/AT" - ‘ 6x 1072
o(Am)/Am 4.0 x 1072 [11] 1.2 x 1073
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Figure captions

Layout of the CP LEAR detector. From the centre we have the target, the two proportional
chambers, the six drift chambers, the two layers of streamer tubes, the scintillators S1 and S2
with the Cherenkov in between, and the calorimeter. A typical event with the reconstructed

values of the transvere momentum of the charged particles is shown.

Antiproton beamn profile with the present beam diagnostic, a) vertical projection, b)

horizontal projection. The strips have a transvere dimension of 2 mm.

Preliminary on-line distribution of the difference of the z coordinates of the charged tracks

measured in the inner and outer streamer tube layers.

Preliminary distributions of the time-of-flight difference for charged particles produced in

proton-antiproton annihilation.

Preliminary total energy distribution of the »* and »~ produced in the reaction pp —

Preliminary invariant mass square distribution of #* and #~ coming from K° produced in

reaction (2). It shows the present quality of the “quasi” on-line data.
Rate asymmetry for the # * =~ decay channel as a function of the proper time t.

The deviation from unity of the K° and K° decay rates into #*#~ and n%#° as a function of

the proper time t fu4 —g = 1=R[K%=a*7~7°(t)/R[K° == * =~ #°J(1)].

The asymmetry A of semileptonic decays as a function of the proper time t for two values of

the quantity Im x [x = a(AS = —AQ)/a(AS = AQ)].



307

FIG. 1
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Measurement of the v, mass
at a ¢ - factory

P. F. Loverre
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Istituto Nazionale di Fisica Nucleare , Sezione di Roma, Italy

January 8, 1990

This note investigates the possibility of improving the limits on the muon
neutrino mass by studying the 3-body K? decay at a ® - factory .

The existing limits on the v, mass are derived from several experiments
of increased accuracy, studying the 2-body 7 decay both in flight and at
rest. The best result was obtained by Abela et al.[1] :m,, < 250 KeV . It
seems very difficult to significantly improve this limit by studying the pion
decay.

A less stringent limit (m,, < 650 KeV ) was obtained in 1974 by an
experiment (Clark et al. {2]) studying the 7 pv, decay of a K beam with
momentum range 0.8 - 3.2 GeV/c at the Bevatron. The 3-body decay allows
in principle better sensitivity to the neutrino mass because of the possibility
of producing the neutrino at rest in the c.m. of the decay (E, is then linear in
m,, ). In fact, Clark et al. studied the end point of the (# p ) invariant mass
spectrum. The spectrum ends at m(mp) = m(K7) if m,, =0. Form,, # 0
it ends at m(wp) = (m(K32) — m(v,)). The shape of the spectra resulting
from 8.9 x 10° K} decays, are shown in fig.1 for the two cases: m,, = 0
and m,, = 1MeV . The limit on m,, is determined by the distortion of the
spectrum compared to the shape expected for zero v, mass.

A & - factory with high luminosity will allow to study the K} decay in
much cleaner conditions than those obtainable with a separated beam (recon-
struction of the charged particles up to the decay vertex, no contamination
from neutral particles other than the K7 ).

To have a first glance at the accuracy obtainable at a ® - factory ,
I made some calculations assuming for the machine luminosity L = 2 X
10%%cm™2sec™ and 2 x 107 sec of effective data taking (=~ 2/3 of a year).
I assumed as a working hypotheses to use a detector with the same per-
formances as the one designed by Barbiellini and Santoni[3] . The relevant
figures are the following: sphere of 1m radius as useful volume for the K?
decay vertex; angular resolution on the charged tracks: Af = A¢ = Imrad,;
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Figure 1: (wp) mass spectrum

‘momentum resolution: Ap; / p: = 0.006, where p, is the momentum compo-
nent transverse to the beam direction. With these assumptions, taking into
account the ® cross-section ( o = 4.8 x 107%%m? ) | the & — K? K}
branching ratio ( = 344 % ), the K — muv branching ratio (= 27.0% ),
and the K? lifetime (7 = 5.2 X 107®sec ), one gets 4.5 x 10° observed K9
decays. In order to evaluate the experimental possibilities at a @ - factory
events were generated by Monte-Carlo, starting from the simulation of the
® — Kg K7 decay, followed by the 3-body decay of the K? . The momenta
of the pion and of the muon were then smeared with gaussian errors of the
size given above. The M.C. was run for different values of m,, , so a]lowmg
to compare the reconstructed spectra of the (pur ) effective mass.

Figure' 2 shows the difference between the spectrum corresponding to
zero v, mass and the one corresponding to v, = 500 KeV . The error
bars correspond to the above quoted number of observed K} decays: Ng =
4.5 x 10° . The difference is statistically significant. Computing the same
spectrum for different values of m,, , one finds that the minimum detectable
value is of the order of 280 KeV .

Perhaps, more than comparing M.C. results for different situations it
is interesting to have a formula which shows the dependence of the sensi-
tivity from the two relevant parameters: the statistics .and the resolution
o(mp) on the effective () mass. Since the resolution is anyway of the or-
der of 1 MeV (o(mp) =1.5 MeV for the above discussed detector) it is not
possible to determine directly the end point of the (wu) spectrum with an
accuracy of few hundreds KeV' . The upper limit on the v, mass is then
basically determined by comparing, in a region of total width of the order of
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few o(mp) centered at m(mp) = mg , the number of observed events, N, |
with the number of events N, expected in case of zero v, mass. The size
of the effect is then given by N,/\/N, , with N, = (N, — N,) , the signal
events. From the shape of the (wpu) spectrum it turns out that N, grows as

450 2 (m, =0) — 2 (m, = 500KeV)
300 L
150 L w
0 | j : i ‘ ‘ mimp
498 502 Mel’
-150 L
-300 hJ
-450 - |
Figure 2:
miﬂ A rough ngmerical esitmate is given by the equation:
N, =(m,,)® x 1.5 x 107% x Ng (1)

where m,, isin MeV and Ng represents the total number of K7 decays.

Consider now N, . The events contributing to the relevant mass interval
would be, in the case of zero v, mass, the ones with non-smeared (7p) mass
close to mg . Assume for instance the condition m(wyu) > [mg —a(wp)]; Ne
is then given by N, = o(nu)®x0.5x 107 N (o(mp)in MeV ). Combining
the different formulas, one finally gets

NS_ — (mVu)S
v vo(mu)?

Aiming at a 1.64 standard deviations effect (90% C. L.), one has:
1.64 = (N,/+/N.) and hence

x 2.1 107%,/ Nk (2)

mwz-iigﬂxga (3)
Nks
with m,, and o(7p)in MeV .

The meaning of e€q.3 is the following: in a given experiment the 90%
C.L. limit obtainable on the v, mass improves with the square root of the
resolution on the (wu) mass and only with the sixth root of the statistics
(note that this is only the case if m,, < o(mwp)) .
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Numerically eq.3 was adjusted to match the M.C. results. In fact, by M.C.
one finds that in the given experimental configuration the resolution o(wp) is
of the order of 1.5 MeV . With Nk = 4.5x10° , one gets from eq.3 m,, < 277
KeV . Clark et al. had 75 times smaller statistics and a resolution o(7p) =
1.3 MeV . Inserting these numbers in Eq.3 one gets m,, = 535 KeV in
agreement with the 90 % C.L. limit m,, = 550 KeV obtained by Clark
without taking into account systematical errors.

In summary, eq.3 shows that big improvements on m,, at a & - factory
will be very hard to obtain. However, a good (mu) mass resolution turns
out to be important; work on the detector and selections on the geometry
of the events could improve the resolution, perhaps by a factor two (note
that the detector proposed in [3] was not designed to study this reaction;
1t gives a resolution of 1.5 MeV on the (wu) mass . Clark et al. , in a
different experimental situation reached a value of 1.3 MeV ) . In this case
the sensitivity could be pushed to values of the neutrino mass of the order
of 150-200 KeV , definitely smaller than the present limits.

Before concluding it is important to mention two other sources of error,
which have not been studied in this note.

To make a comparison between the observed (ru) spectrum and the one
expected for zero v, mass, a detailed knowledge of the resolution on m(7p) is
needed. For instance, distortions of the tails of the resolution function by non-
gaussian effects could spoil the precision of the measurement. To evaluate the
importance of this effect M.C. events should be generated with a complete
description of the detector response. The second problem is the correct
identification of the K} — muv events. Contamination from K¢ — =r
decays (b.r.= 0.20 %), followed by the decay in flight of one of the pions,
would distort the (7x) mass spectrum just in the region of interest (m(wu) =
mp ). In this respect however, the ® - factory would allow a precise evaluation
of the effect (and hence of the correction needed) by studying it in the K? —
77 channel.
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PART II: THE MACHINE
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A ©O-FACTORY IN THE ADONE AREA

M. Bassetti and G. Vignola

Introduction

In the ARES Design Study (LNF-90/005) a site-independent accelerator
complex was presented, which consists of:

- a two-ring colliding beam ®-factory
- a 510 MeV Superconducting LINAC injector.

We propose to use a conventional LINAC as an injector. This choice

allows to place the ®-factory complex inside existing LNF buildings: the ADONE
hall and the LINAC tunnel.

In the following, we discuss this option, and give the cost estimate and
time schedule.

The ®-factory in the ADONE Hall: the machine is oriented in
such a way to illuminate the existing PULS and PWA beamlines.
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The ®-factory storage rings -

The ®-factory storage rings are the same as described in LNF-90 (see
Appendix 1). The storage rings are located in the existing ADONE hall and are
oriented in such a way to illuminate the existing PWA and PULS beam lines, by a
wiggler and a bending magnet respectively. We envisage a two phase project.

PHASE 1 is supposed to end with the achievement of the design
luminosity by optimizing the most conventional parameters. We are quite
confident that at this stage a luminosity of 1032 cm2 sec'1 can be reached.

PHASE II: here machine improvements are scheduled to further upgrade
. machine performance. They can be divided into two main classes:

1) Increase of damping and fluctuations by additional wigglers
2) Increase of the collision frequency by crab-crossing. ; ’g

In Appendix 2 a preliminary crab-érossing scheme is presented which
should give a luminosity enhancement factor of the order of 5.

In conclusion this design has a final luminosity goal which is near to
1033 cm2 sec’l.

1033
LUMINOSITY Maximum
(cm-2 sec-1) /E
Conservative
1032}
1 0 3 1 =
ENERGY C.M. (GeV)
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We point out that a crab-crossing scheme implies necessarily two opposite
crossings. The second crossing can be made parasitic or perfectly equivalent to an
insertion for another experiment.

The ®-factory Injector

The ADONE-LINAC is so obsolete that we are forced to consider a new
one, but the existing tunnel is adequate to accomodate the injection system. The
®-factory injector is a new warm LINAC, similar to the one used for LEP, made
up of:

a) 200-220 MeV high-current conventional LINAC;
b) a positron converter;
¢) 550 MeV low-current conventional LINAC.

Such a LINAC fits without any problems in the existing 80 m long tunnel
and its cost is estimated to be about 13 GLit.
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®-Factory tentative summary cost estimate

PHASEI:
1) Storage rings:
Components, controls etc. 26.0
Building( and Conv. Plants . 4.0
Contingency (10%) 3.0
IVA (19%) 6.3
39.3

(*) Experimental area not included

2) Injector:

LINAC (500 MeV e*) 13.0
Building and Conv. Plants 3.0
Transport Line 1.0
Contingency (10%) 1.7
IVA (19%) 3.6
22.3

3) R&D 4.7

PHASET Total 66.0
PHASEII:

1) Crab-crossing 9.0
2) Wigglers 6.0

PHASEII Total - 15.0
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PHASE I: Tentative time schedule

YEARS 1991 | 1992 | 1993 | 1994 | 1995

DESIGN AND PROTOTYPES

DOOOXXXXIXX

PROCUREMENT AND TEST

DOOKXXXXPOOOXXXPXX

BUILDING UPGRADING (*)
‘ OO

INSTALLATION

POOKXXXX]

COMMISSIONING (*’f)

(*)  Shutdown of the existing facilities.

(**)  PHASE II can be implemented rather continuosly, without major distur-
bance of experimental activities
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APPENDIX 1

THE ®-FACTORY STORAGE RINGS

P. Amadei, A. Aragona, M. Barone, S. Bartailucci, M. Bassetti, M.E. Biagini,
C. Biscari, R. Boni, M. Castellano, A. Cattoni, N. Cavallo, F. Cevenini, V. Chimenti,
S. De Simone, D. Di Gioacchino, G. Di Pirro, S. Faini, G. Felici, M. Ferrario, L.
Ferrucci, S. Gallo U. Gambardella, A. Ghigo, S. Guiducci, S. Kulinski, M.R.
Masullo, P. Michelato, G. Modestino, C. Pagani, L. Palumbo, R. Parodi, P. Patteri, A.
Peretti, M. Piccolo, M. Preger, G. Raffone, C. Sanelli, L. Serafini, M. Serio, F.

Sgamma, B. Spataro, L. Trasatti, S. Tazzari, F. Tazzioli, C. Vaccarezza, M. Vescovi
and G. Vignola

(from LNF-90/005)
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3.-THE ©-FACTORY

3.1. - INTRODUCTION

The maijn goals of the ARES ®-Factory are:

- Achievement of 1032 cm2sec-1 luminosity at 510 MeV.
- Construction and commissioning in 5-6 years .
- Possibility to investigate the linear-against -Circular collision scheme.

The nature of a ®-Factory in itself dictates a minimum target luminosity of 1032 cm-2sec-1,
and at least a non negligible probability that an improvement factor of the order of 3 can be
gradually achieved.

A luminosity of 1032 cmr2sec-! has never been reached or even approached in a reliable way
on existing machines in the @ energy range; the system pafameters must therefore be carefully
researched, chosen and optimized and new solutions must be identified.

On the other hand, the luminosity optimization process itself is uncertain because there is no
theory that fully explains the performance limitations of existing storage rings.

Our philosophy has been to make educated guesses on the basis of the available data, models
and scaling laws. ’

‘Moreover, when one considers the tight time schedule, one concludes that the design should
not require more than.a limited amount of R&D, and must be flexible enough to allow the key
machine _pafameters to be easily changed to fine-tune the luminosity and to exploit alternative
collision schemes.

In agreement with the general criteria described above the design presented here

« is based on conventional technology, and

» has two distinctive features: -

- electrons and positrons circulate in two vertically separated storage rings and collide head-
on in a single interaction point ;

- the ring magnetic lattice is a 4 period modified Chasman-Green type with a 1.9 Tesla
conventional wiggler magnet inside the achromat. This last choice allows ample emittance
tunability and at the same time gives strong radiation damping, one of the fundamental
properties that lead to high luminosity.

In case even more damping should prove to be necessary, it can be produced by inserting
additional wiggler magnets.
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3.2. - DESIGN CRITERIA

3.2.1 - Basic formulae -

The single bunch luminosity for an electron-positron storage ring collider is given by the
well known formula :
Le_f N2

=— 3.1
4 T Gy Oy G-D

where f is the revolution or collision frequency, N is the number of electrons and positrons
(assumed to be the same) and ¢, and Oy are the horizontal and vertical r.m.s. beam sizes at the
interaction point; IP.

During a collision the two bunches focus-each other causing a tune shift AQ. An appropriate
indicator of the focusing force, in a linear approximation, is the tune shift parameter & given by

Te N Byy
2T YOy y (Ox +Oy)

&x,y = (3.2)

where 7y is the electron energy in units of its rest mass, Te the classical electron radius, Bx,y the
value of the horizontal (vertical) betatron function at the IP. For all practical cases :

E~AQ. (3.3)

For a given beam current, & is usually different in the horizontal and vertical planes (§4 <<
éy). However, in order to achieve the maximum luminosity, it is convenient to have

E=Ey=§, (3.4)

This condition can be satisfied by choosing

By

(3.5)

K=

P i
2o

X

where «x is the coupling coefficient (1) that can take on any value between 0 and 1. By putting
equations (3.2), (3.4), (3.5) together, luminosity and § can be rewritten as:

( 2
L=n ;Y—)z ffed+n (3.6)
e By
or equivalently
: . 2
L=n }T gt fed+x) 3.7
\'¢ KBx

and
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N
f=— = (3.8)

2ny €
Egs. (3.6) and (3.7) show the interrelation between the luminosity, x, By and B, . To gain
in luminosity, for example, it is not sufficient to assume a small By, but it is also necessary to
reduce either By or the coupling coefficient according to (3.5).
Equations (3.6) and (3.7) also remark, from the quadratic dependence of luminosity on &,
the leading parameter role of the linear tune shift in collider design.
€ is generally assumed to depend quadratically on the number of crossings per turn, n;,
namely :
£ ol (3.9)
nj
n; is usually equal to twice the number of bunches in one beam.
If one tries to increase the luminosity by increasing n;, and therefore the collision frequency
f, & decreases according to eq. (3.9) and defeats the purpose (insofar as 3.9 is exact), as can be
seen from eq. (3.6) or (3.7) . This is the reason why electrostatic separating plates are used to
reduce n; while mantaining the same frequency of crossings (see for example CESR(?) where n;
is reduced from 14 to 2 by an electrostatic separation system producing a pretzel like orbit
deformation) .
The maximum attainable & value can not be computed from theory. Experimentally,
however, the maximum value for & (in the case of two interactions per turn), averaged over

most of the existing electron colliders, is remarkably constant at :
<Emax > = (38+.013 (3.10)

As shown by eq. (3.8), equation (3.10) sets an empirical limit on-the ratio between the
number of particles N and the beam emittance €, i.e. a limit on the transverse beam density.
Therefore, as € and N can not be indefinitely increased because of aperture and instability limits,
eq. (3.10) sets a limit on the luminosity.
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3.2.2 - Collision frequency

From the luminosity point of view one would like the collision frequency to be as high as
possible or, equivalently, the storage ring footprint to be as compact as possible.

Ultra-compact rings on the other hand require the use of superconductive dipoles, a feature
we do not deem desirable for the machine under design for reasons we try to explain in the
following.

Straight superconducting magnets are used in large high energy proton accelerators, whether
existing (Tevatron, HERA, etc) or planned (HLC, SSC, RHIC), with very large bending
radius.

For a @-Factory however the bending radius would be extremely small (p <<1 m ) and one
would have to face the engineering problems connected with the design of such 'curved'
dipoles, the strong non linearities' coming from the small bending radius and the large
synchrotron radiation power in a superconducting environment.

While therefore it is true that small superconducting machines are being developed for
industrial applications and have also been proposed (3-4) for ®-factories, the adoption of such a
technology is in our opinion more appropriate for an R&D program than for a time-pressed
project.

Moreover, we maintain that the gain in collision frequency is not substantial because the rin g
size will eventually be dominated by the need for space to accomodate the low-B insertion and
the experimental apparatus.

In conclusion the most efficient way of increasing the collision frequency is multibunch
operation. ‘

In multibunch operation one has of course, according to €q.(3.9), to avoid parasitic
collisions that lower the tolerable tune shift parameter & . One has the choice of either design
complicated separation schemes or store the beams in two (horizontally or vertically) separated
rings and collide them head-on in a single interaction point.

We propose to build two vertically separated rings because, for several practical reasons, the
gain in collision frequency is greater for the two-ring scheme; the gain factor is V2 on ‘/;i and,
consequently, on § . We choose the vertical solution because less expensive than the horizontal
one from the conventional constructions point of view.

Experience with DORIS() has shown that the crossing angle should be as close to zero as
possible, and that any residual error crossing angle has to be canceled by accurately monitoring
and correcting the orbits.

On the 'minus’ side it should also be mentioned that multibunch operation is prone to
multibunch instabilities, that have to be carefully suppressed, and it is at risk of ion trapping

unless proper, nontrivial countermeasures are taken.
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If L, is the spatial separation between two consecutive bunches and we assume to fill

uniformely all the ring circumference, the collision frequency becomes

Our design choice is :

f= §-7QQ =71.4MHz, giving L,=42m.

The first unwanted crossing would occur at a distance Ly/2 from the IP, and the electrostatic
separation system must therefore provide a vertical beam separation ©) AY >20, ata
distance of 2.1 m from the IP. This distance is not very large but, in our opinion, due to the
relatively low energy, a suitable separation scheme can be designed.

3.2.3 - Yertical B-function at the TP

The luminosity increases linearly with the inverse of By at the IP. To take full advantage of
this dependence, one has to be ready to pay a price in terms of RF system voltage, ring
impedance and, because also the r.m.s longitudinal bunch length must be small, of single
bunch instabilities. In fact, an empirical rule states that

B

% <~15

in order to avoid geometrical luminosity reductions.

In addition, the Liouville theorem prescribes that to a very small By at the IP there must
correspond a large beam divergence; the latter has to be corrected locally, as close as possible to
the IP, or the necessary machine acceptance will become too large.

In practice, one is forced to put a very strong quadrupole close to the interaction point that
will necessarily limit the solid angle available for the experiment. ‘

This kind of limitation, common to all the low-J3 schemes, is particularly severe in the case
of a ®-Factory; it imposes a coordinated design of the low-f} insertion and the experimental
apparatus.

The beam divergence correcting quadrupole also has the effect of raising the machine
chromaticity that has to be corrected by the addition of strong sextupoles; the dynamic aperture
is consequently reduced.

In conclusion, the value of By can not be arbitrarily small; a reasonable choice for the design

value turns out to be :
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By=45cm  with 6,=3.0cm.

The low-B insertion will be designed with a wide range of tunability around this value.
Lower values of By, such as those claimed by other designs, could therefore be attempted once

the machine behaviour has been fully understood, providing an upgrade potential for
luminosity.

3.2.4 - Coupling coefficient

‘The coupling coefficient design value has been chosen to be :

¥ =.01

this choice, apparently in contrast with the main goal of maximizing the luminosity (see Eq.
3.6), will be justified in § 3.2.7. We add here a few practical considerations.

From eq. (3.5) we deduce that, with x =.01:

Bx = IOO.By= 4.5m

To achieve such very low value of the coupling coefficient is however not easy; the
orbit has to be measured and corrected very precisely, and the vertical dispersion function has to
be carefully minimized, especially because of the vertical beam separation scheme. The
Touschek effect, limiting the useful lifetime, also becomes of paramount importance. In our
case we compute a Touschek lifetime ~ 4 hrs.

The problems are nevertheless solvable; many storage rings in operation have obtained x
values less than 1%. In particular, the Brookhaven 750 MeV VUYV ring has reached x =
0.0017, after careful machine alignment and after spending one day to correct the residual
closed orbit to the desired precision (7).

Alternative solutions, with lower emittance or smaller By (small o,), would no doubt require
stronger coupling to reach an acceptable lifetime. , .

A potential advantage of the low coupling is the reduction of ion trapping at least when the
design dynamic vacuum of ~ 10-9 torr is assumed.



332

3.2.5 - Design emiftance

The emittance € affects the luminosity linearly but cannot be made arbitrarily large; the limit
is given by the machine physical and dynamic apertures necessary for a reasonable beam

lifetime. Very large emittance also implies that the number of particles, N, necessary to achieve
alarge & is very large (see 3.8).

All considered, a reasonable choice for €is :

€= 10% mrad

but, as for the case of By , the storage ring is designed to allow a wide range of tunability and
consequently has some potential for improvement. The upper emittance limit is essentially

determined by aperture requirements, while the lower one is in the 10-9 m-rad range.

3.2.6 - The linear fune shift parameter &

The linear tune shift &, appearing squared in the luminosity formula, plays the most
important role and, because of (3.10), is the fundamental, not yet fully understood limiting
factor (see also § 3.2.7).

A sensible choice is to estimate the luminosity value on the basis of the experimental average
Emax given by (3.10), namely :

gmax ~ 04

By this choice we also implicitly fix the number of particles per bunch, N : by substituting
the values of € and € into (3.8) we obtain:"

N =8.9 1010 particles/bunch

and the resulting average current in each beam is :

<i>=efN =102 A

This is an unusually high current value that will require a careful design of the RF and the
vacuum systems. Let us however point out that similar current values -have been reached at
storage rings now in operation : as an example, a current in excess of 1.3 Amp has been
accumulated in the BNL VUV ring (7) that runs routinely with stored currents of .8+.9 Amp.
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3.2.7 - mingsi lin

As often mentioned above, there is no exhaustive explanation of the luminosity limit.

Among existing phenomenological models we have singled out the work by J.Seeman (8)
and by M.Bassetti ), because the former is in reasonable agreement with the £max experimental
data from several machines, while the latter introduces something new in the direction of a
better understanding the luminosity limits. In the following we briefly summarize their results.

Let us first recall the definition of the synchrotron integrals I an I3 (10)
ds ; ds

p2 Ip3]
Dip Dip

(3.11)

For an isomagnetic machine with a bending radius p, the integrals over one turn are given
by :

—
[\
Il

bt
(98]
Il

(3.12)

U,19 and or @), the radiation energy loss per turn and the r.m.s. quantum fluctuation per
turn respectively, can be expressed through (3.11) as follows :

Uo Kev) ~ 14.1 EXGev) I (m-1) (3.13)
OR (Kev)~ 6.5 E35Gevy VI3 (m-2) (3.14)

J.Seeman has reviewed, in a very exhaustive paper (®), the data on beam-beam interaction
obtained at most of the existing e+e- storage rings; he shows that by empirically fitting the
dependence of the linear tune-shift § on the various relevant parameters he can explain them all
rather well. His best fit shows that the maximum vertical linear tune shift (at the maximum
luminosity) divided by the beam energy, increases with the square root of 1/(n;p) , where n; is
the number of crossings per turn and p is the bending radius. This can be expressed as:

é—LT“~ 14 1054 20D _ cong o /——1— (3.15)
Y N p 1y

By substituting eq. (3.15) into (3.6) we have a first luminosity scaling law :

Lmax o y6 Iy (Seeman's law)
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The open question is if one is allowed to extrapolate the experimental fit (3.15) to the case
of a very small bending radius (large Up); the Novosibirsk ®-Factory design by Barkov et al.(3)
featuring a very small bending radius ( p = 28cm with 6 Tesla s.c. dipoles), claims a £Max of

= .07 in both planes, not far from the value one would calculate from (3.15).

Using the conservative value EMax = (04 discussed under § 3.2.6 and considering that we
have only one crossing point, we obtain from (3.6) and (3.15) the minimum acceptable value of
12:

——

I, min ~ 11 m1 (Seeman's criterion)

or, equivalently through (3.13), the minimum acceptable value of the radiated energy:

Uy Min ~ 10,5 KeV.

In a recent study () M. Bassetti suggests that a further luminosfty limitation comes from the
perturbation of the radiative damping mechanism by the beam-beam interaction. In fact the
maximum energy, AE,; , lost or gained by a particle working against the electric field of the
opposite beam must - according to his model - be lower than the average quantum fluctuation,
oy .of the synchrotron radiation between two interactions, in order for the machine to behave
properly. According to his formalism AEyy, is given by:

oy\ N .
AEbb KeV) ~ 3.58 103 Te F(_(;YJB— (3.16)
x/Fy

o
where F is a form factor shown'in Fig. 3.1 that depends strongly on the ratio k = —
. o.X

By analising the behaviour of existing storage rings, it is found that at maximum luminosity
many storage rings have :

OR 29 AEyy (3.17)

The coefficient has been derived empirically and will require further studies with numerical
simulations and experimental check. Eq. (3.17) implies a limitation on the maximum N,
independently from the transverse beam density. By using (3.17), according to Bassetti, we
can write a luminosity scaling law :

L max o y5 I3  (Bassetti's law)
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Fig. 3.1 - The form factor F as a function of the ratio x = Oy/Ox-

To follow prescription (3.17) while keeping the required value of I3 manageable, one is
forced to choose (see Fig. 3.1) the very small value for the coupling coefficient, k = .01,
already rhentioned in § 3.2.4 . With this value, Igmi“ computed from eqgs. (3.6) and (3.17) is
equalto:

[min = 12,1 m2 ( Bassetti's criterion)

(With x = .10 the corresponding value for I3Min would have been ~ 900 m21!).
Let us-'p’oint out that, by incorporating the Seeman's and Bassetti's criteria in our design,
we are making a conservative luminosity estimate. We also proposed to verify the range of
validity of the two models on ADONE (11) before the ®-Factory parameters are frozen.
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3.2.8 - Conclusions

The parameters so far discussed are summarized in Table 3.1. We also summarize, as a
conclusion, our basic design philosophy.

TABLE 3.1 - Design Parameters

Luminosity (cm2 sec-l) 1032 Bunch separation  (m) 4.2
Emittance (m-rad) 10-6 Net of particles/bunch 8.9 1010
K .01 Bunch peak current (Amp) 57
&y .04 Total average curr. (Amp) 1.02
Ex .04 ~ Tpmin (mrl 11
By (m) 045 Izmin (2 12
B, (m) 4.5 oRr (KeV) 2.0
Bunch lengthc, (m) .03 AEpp ’ (KeV) 22
Collision frequency (MHz) 71.4 Uo (KeV) 10.5

For the ARES ®-Factory we envisage a two stage project : the PHASE I Factory will be
entirely based on very conventional technology, and is supposed to reach the specified design
luminosity. The design however affords enough flexibility so that any further modification that
may prove necessary or desirable to upgrade the machine performance can be incorporated
during PHASE II, dedicated to the upgrade of luminosity and to the implementation of
alternative collision schemes. ’

This scheme minimizes the technical risks and we believe that, after a commissioning period
of 4+ 5 months, the design current can be reached in both rings. At the end of the first year of
operation, the luminosity target of 1032 cm-2sec-1 should have been reached by fine-tuning all
other machine parameters (g€, K, By etc.).
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3.3. - BEAM OPTICS

3.3.1 - Low-0B_insertion

The low-P insertion and the vertical separation system are the most crucial parts of the ®-

Factory design, because of the constraints imposed by the experimental apparatus and by the
relatively short bunch-to-bunch longitudinal distance Ly,

The experimental apparatus, not yet completely defined, has of course to cover the largest
possible solid angle; a solenoidal field of = .5 + 1. kG over a length of approximately 5 meters
on each side of the IP is also required. The beam trajectory will be actively shielded from
solenoidal field, with the exception of * 0.5 m around the IP, where the vacuum chamber wall
must be very thin and no active or passive shield can be used.

The details of of the residual field compensation and of the resulting shielding arrangement
are still under study and only a general feasibility study is therefore presented.

The most serious constraint posed by the experimental apparatus on the design of the low-8

insertion is the requirement of a large unencumbered solid angle around the IP. A tentative -
agreement has been reached with the users on a low-f insertion confined to a cone of half-

aperture angle 6 = 8.50 , over a length of £ 5 m from the IP. The distance of the first

quadrupole from the IP is > 45 cm and the quadrupole maximum outer diameter @q is given by:

Po =2-tan (8.59)-45 cm =13.45 cm

It is important, because of the low k value chosen, to suppress. the vertical dispersion

function Dy locally . Moreover the beam separation system has to satisfy the condition:

AY > 2 0x
at the first unwanted collision point (L/2) as well as at the second one ( Ly).

The relevant lattice design parameters are as follows:

By=45cm By=45m Kk =.01 e = 100 mrad L,=42 m

Starting from the IP, there is a first lattice region, inside the detector, where two electrostatic
separators, VS1 and VS2, begin to gradually separate the beams. The separators are

schematized as vertical magnets with a bending radius given by

S1ly
PE (M) ~ EMV/m)
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where E =V /d is the ¢lectric field value , V the voltage and d the distance between the
plates. We assume :

p§=200m, V = 100KV, d=4cm

to obtain ;

E =2.5 MVolt/m

The B-functions'in the region from the IP to the second unwanted crossing are shown in
Fig. 3.2; the resulting half-separation Y and the horizontal beam size oy are plotted in Fig.3.3

I

By inspecting Fig. 3.3 we can see that the criterioﬁ AY > 2oy is satisfied.

Let us point out that the first quadrupole, QF1, is rather weak and focussing in the horizontal
plane. This provides better control over the B functions along the rest of the insertion.

The mechanical design of the first two quadrupoles, QF1 and QD1, whose maximum
allowable outer diameters are ‘

Do =1345cm - Dop; _=20.92 cm

is still under study; at the moment the most likely solution for QF1 foresees the use of

permanent magnets.

In the second region, near the edge of the detector, we increase the vertical separation with
two thin septum magnets VB1 and VB2 . Two additional vertical magnets VB3 and VB4, of
opposite sign, take the beam horizontally to the following dispersion suppressor region. The
dispersion suppressor consist of three 120° FODO cells with missing magnets.

The B-functions in the region in between the IP and VB4 are plotted in Fig. 3.4 ; the vertical
dispersion Dy is shown in Fig. 3.5 .

Fig.3.6 shows the vertical half separation, Y, along the low-p insertion.

Finally the low-f insertion is connected to the main arcs by a matching section consisting
of four quadrupoles.
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Fig. 3.2 - B-functions from the IP tothe 2nd parasitic crossing point.
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From Fig.3.6 it can be seen that the total vertical separation H between the two storage ring
orbits, outside the low-p insertion, cannot be less than

H =1391m

The total length of the insertion is ~ 30 m and it can not be reduced without compromising

the lattice flexibility and increasing its chromaticity.

Let us point out that the design leaves room for a raising the collision' frequency, and
consequently in the luminosity, by =20% because :

- VS1 and VS2 can probably be operated at higher electric field
- the separation criterion, AY > 2 Oy is probably too conservative.
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3.3.2 - Storage rings

The storage ring lattice is a four-period modified Chasman-Green(12) type. This kind of
lattice is commonly used for low emittance, high periodicity machines and its main limitation
then comes from the chromaticity correction wich, because of the small value of the dispersion
function, requires strong sextupoles and consequently produces rather small dynamic apertures.
In our case this is however not a serious problem because the periodicity is only 4, the lattice is
detuned and the dispersion is therefore comparatively high.

To increase the radiated energy per turn, a 1.5 m long, 1.9 T normal-conducting wiggler is
incorporated into each achromat. Because the wiggler is in a high dispersion region a rather
large emittance of 10-6 m-rad is obtained. To emittance value can be adjusted by tuning the
dispersion function in the wiggler region by through a D-type Q-pole that is also part of the
achromat.

The optical functions , for a four-fold symmetric ring, are shown in Fig. 3.7. |

(m) e - ]

Qo 2.5 5 7.5

10 L (m) 12.5

Fig. 3.7 - Main arc optical functions.

Normal conducting wigglers are used-to avoid the strong field non linearities created by
short bending radius superconducting devices. Aécording to our experience it is instead rather
casytask to achieve a very good field quality in a normal wiggler, by making the poles wide
enough and by shimming. '

In Fig. 3.8 we plot the optical functions over one half the ring, including the low-P
insertion; the half-ring layout is shown in Fig. 3.9.
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Fig. 3.9 - Layout of one half of the storage ring.
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A complete parameter list is given in Table 3.2, while Tab. 3.3 teproduces the output of the
LEDA{3) code, used to design most of the storage ring .

TABLE 3.2 - Parameter List

Energy (MeV) 510.
Circumference (m) 100.73 Luminosity (cm-2 sec-1) 1032
Dipole bending radius (m) 1.464 ’
Wiggler bending radius(m) 0.9 Ner of particles/bunch 8.9 1010
Wiggler length (m) 1.5 NEeT of bunches 24
Wiggler period (m) 0.5 Collision frequency (MHz) 71.4
Rings separation (m) 1.391 K .01
ﬁy .04
Horizontal B-tune 5.8 Ex .04
Vertical B-tune 5.85 By at LP. (cm) 4.5
Momentum compaction .0086 By at LP.(m) 4.5
Energy loss/turn (KeV) : oy at LP. (um) 21.1
H. bend. magnets 4.08 Oy at L.P. (mm) 2.11
V. bend. magnets 0.12 I (m']) 11.7
Wigglers 7.06 I3 (m?2 11.2
Total 11.26 oR (KeV) 2.06
Damping times (msec) : AEp,(KeV) .20
Ts 15.2
Tx 30.4 RF freq. (MHz) 357.14
Ty 30.4 Harmonic number 120
Rel. r.m.s. en. spread 4.25 104 RF voltage MV)atZ/n=2 Q 273.
Natural emittances (m-rad) : atZ/m=1Q 131.
Horizontal 106 Parasitic losses (keV Q) 4.0
Vertical 1.82 10-11 Bunch length 6, (cm) 3.0
Bunch peak current (Amp) 57.
Natural chromaticities : Total average curr. (Amp) 1.02
Horizontal -10.3 Synch. Rad. Power/beam (kW) 11.5
Vertical -16.4 '
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TABLE 3.3 - LEDA output

ZNERGY (MEV)

3*R0O (TESLA*METERS)

TOTAL BENDING ANGLE (H-V)
NUMBER OF PERIODS

PERIOD LENGTH (m)

TOTAL LENGTH (m)

ACHIEVED CONVERGENCE =

AALF-PERIOD LATTICE :

NAME
0
QF1
o]
QD1
0
vs1
o]
QF2
o]
o2

1 0

vs2

13 0

QF3

15 0

vB1

17 0

V82

19 0

QF4

21 0

o3

23 0

V83

25 0

 QFS

27 0

QD4

29 0

QFé

31 0

Qps

33 0

QF7

35 0

VB4

37 ©

Q06

39 0

QF8

41 0

Qb7

43 0

QF9

45 0

OO ~NOW NN -

47 0
SD
49 0
Qb8

H8 .

LENGTH (m)

0.4500000000+00
0:1500000000+00
0. 1000000000+00
0.2000000000+00
0.250000000D-01
0.6000000000+00
0.2500000000-01
0.200000000D+00
0.2750000000+00
0.2000000000+00
9.3000000000-01
0.150000000D+01
0.3000000000-01
0.2000000000+00
0.1500000000+00
0.500000600D+00
0.3250000000+00
0.6000000000+00
0.1000000000+00
0.250000000D+00
0.6000000000+00
0.2500000000+00
0.1500000000+00
0.3000000000+00
0. 1500000000+00
0.250000000D+00
0.6000000000+00
0.2500000000+00
0.6000000000+00
0.2500000000+00
0.5650000000+00
0.3200000000+00
0.555000000D+00
0.3200000000+00
0.1500006000+00
0.4100000000+00
0.4000000000+00
0.2700000000+00
0.8500000000+00
0.2700000000+00
0:3000000000+00
0.2700006000+00
0.3000000000+00
0.2500000000+00
0.4500000000+00
0.1150000000+01
0.2500000000+00
0.1500000000+00
0.2000000000+00
0. 106000000D+00

1
0.

0.
0.

0
0
0
0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

'510.0

.70
7419718820+03

1
100730266b+03
1007302660+03

0.1175522170-07

REFLECTED SYMMETRY

K2(m-2)
.000000000D+00
.600000000D+01
.000000000D+00
.113828586D+02
.000000000D+00
.0000000000+00
.000000000D+00
.911302561D+01
.0000000000+00
.550094163D+01
0000000000+00
.0000000000+00
.0000000000+00
.4437888880+01
.0000000000+00
.000000000D+00
.000000000D+00
.000000000D+00
.000000000D+00
.2511668000+01
.000000000D+00
.4663941000+01
.000000000D+00
.0000000000+00
.000000000D+00
.4200344000+01
.06000000000+00
.4526399000+01
.000000000D+00
.3843549300+01
.000000000D+00
.7299700000+01
.0000000000+00
.5614956650+01
000000000D+00
.0000000000+00
.000000000D+00
.378930439D+01
.0000000000+00
.542510247D+01
.000000000D0+00
.334056224D+01
.0000000000+00
.896585488D+00
.0000000000+00
.000000000D0+00
.0000000000+00
. 1187000000+02
.0000000000+00
.3837213250+00

0.356509987D+02

RADIUS (m)
0.0000000000+00
0.0000000000+00
0.000000000D+00
0.0000000000+00
0.000000000D+00

-0.200000000D+03
*0.0000000000+00
0.000000000D+00
0.0000000000+00
0.000000000D+00
0.0000000000+00
-0.2000000000+03
0.060000000D+00
0.0090000000+00
0.000000000D+00
-0.2500000000+02
0.000000000D+00
-0.5000000000+01
0.0000000000+00
0.000000000D+00
0.000000000D+00
0.0000000000+00
0.0000000000+00
0.370695567D+01
0.000000000D+00
0.000000000D+00
0.000000000D+00
0.000000000D+00
0.000000000D+00
0.0600000000+00
0.000000000D+00
0.0000000000+00
0.000000000D+00
0.0000000000+00
0.0000000000+00
0.5145278020+01
0.000000000D0+00
0.0000000000+00
0.000000000D+00
0.0000000000+00
0.0000000000+00
0.0000000000+00
0.000000000D+00
0.0000000000+00
0.000000000D+00
0.146422540D+01
0.0000000000+00
0.000000000D+00
0.000000000D+00
0..000000000D+00
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TABLE 3.3 - LEDA output - (continue)

QD9
QF 11
QF11

QD9

QD10
QF12
QF13
QD11
ap11

QF13

COO0O00O0OO0OO0O0O0DO0DOOOOOOOLDOOODODOOLOOOLDOOOOODOLDOOLODOLOODOOODOOOOODOOOO

LENGTH (m)

.3500000000+00
.2500000000+00
.1625000000+00
. 1500000000+00
.1625000000+00
.1500000000+01
. 1625000000+00
.1500000000+00
.1625000000+00
.2500000000+00
.3500000000+00
.1000000000+00
.2000000000+00
.1500000000+00
.2500000000+00
.115600000D+01
.4000000000+00
.2500000000+00
.3500000000+00
.2500000000+00
.3225132940+01
.2500000000+00
.3500000000+00
:2500000000+00
.4000000000+00
.1150000000+01
.2500000000+00
.1500000000+00
.200000000D+00
.1000000000+00
.3500000000+00
.2500000000+00
-1625000000+00
.1500000000+00
.1625000000+00
. 1500000000+01
.162500000D0+00
.1500000000+00
.1625000000+00
.250000000p+00
.3500000000+00
.1000000000+00
.200000000D+00
.1500000000+00
.2500000000+00
.1150000000+01
.400000000D+00
.2500000000+00
.3500000000+00
.2500000000+00
.4878138620+01
.2500000000+00
.3500000000+00
.2500000000+00
.465098208D+01
.2500000000+00
.3500000000+00
.2500000000+00
.247087930D+01

K2(m-2)
0.000000000D+00
0.2495254120+01
0.0000000000+00
0.1346000000+02
0.000000000D+00
0.000000000D+00
0.0000000000+00
0.134600000D+02
0.0000000000+00
0.2495254120+01
0.0000000000+00
0.3837213290+00
0.000000000D+00
0.1187000000+02
0.0000000000+00
0.0000000000+00
0.000000000D+00
0.9320843520+00
0.000000000D+00
0.140164106D+01
0.000000000D+00
0.1401641060+01
0.000000000D+00
0.932084352D+00
0.0000000000+00
0.0000000000+00
0.0000000000+00
0.118700000D+02
0.000000000D+00
0.3837213290+00
0.0000000000+00
0.2495254120+01
0.0000000000+00
0.1346000000+02
0.0000000000+00
0.0000000000+00
0.0000000000+00
0.1346000000+02
0.0000000000+00
0.2495254120+01
0.0000000000+00
0.3837213290+00
0.0000000000+00
0.1187000000+02
0.0000000000+00
0.0000000000+00
0.000000000D+00
0.1092365090+01
0.0000000000+00
0.1542579710+01
0.0000000000+00
0.212233908D+01
0.0000000000+00
0.1870786050+01
0.0000000000+00
0..1870786050+01
0.0000000000+00
0.2122339080+01
0.0000000000+00

RADIUS (m)
0.0000000000+00
0.000000000D+00
0.0000000000+00
0.0000000000+00
0.0000000000+00
0.900000000D0+00
0.000000000D+00
0.000000000D+00
0.000000000D+00
0.0000000000+00
0.000000000D+00
0.0000000000+00
0.0000000000+00
0.000000000D+00
0.000000000D+00
0.1464225400+01
0.0000000000+00
0.0000000000+00
0.0000000000+00
0.0000000000+00
0.000000000D+00
0.0000000000+00
0.000000000D+00
0.0000000000+00
0.000000000D+00
0.1464225400+01
0.000000000D0+00
0.000000000D+00
0.0000000000+00
0.000000000D+00
0.0000000000+00
0.0000000000+00
0.0000000008+00
0.000000000D+00
0.0000000000+00
0.9000000000+00
0.000000000D+00
0.0000000000+00
0.000000000D+00
0.0000000000+00
0.000000000D+00
0.000000000D+00
0.0000000000+00
0.000000000D+00
0..0000000000+00
0.146422540D+01
0.0000000000+00
0.0000000000+00
0.0000000000+00
0.0000000000+00
0.0000000000+00
0.000000000D+00
0.0000000000+00
0.0000000000+00
0.000000000D+00
0.000000000D+00
0.0000000000+00
6.0000000000+00
0.0000000000+00
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LEDA output - (continue)

PARAMETERS :
QX - Q2 5.800 5.850
tunes/period 5.800 5.850
ETAO (H/V) - BXO - BZ0 -.6444E-08 0.6484E-10 4.500 0.4500€E-01
ETAMAX (H/V) - BXMAX - BZMAX  1.455 0.1642 11.95 17.94
ETAMIN (H/V) - BXMIN - BZMIN -.1243E-07 -.3432 0.1734 0.4500§-01
<ETA> (H/V) - <BX> - <BZ> 0.2526 -.12366-01  5.195 6.871

SYNCHROTRON RADIATION INTEGRALS (R.H.HELM et al.) :

I1(H-V)
12(H-V)
13¢H-V)
[4CH-V)
IS(H-V)

(meters) 8.
(1/meters) g.
(1/meters**2) 0.
(1/meters) 0.
(1/meters) 0.
MOM. COMPACTION

JO (H-V-Tot) (KeV)

D (H-V)

JS,dX,42

DAMPINGS(ms)

REL. R.M.S. ENERGY-SPREAD
EMITTANCE(H-V) (m-rad)

CHROMATICITIES (M.BASSETT!

870459662D+00 -0.279060893D-01
1169854020+02  0.124342210D+00
1116110310+02  0.274631442D-01
0000000000+00 -0.269400316D-02
289805931D0+02  0.563461960D-03
0.8641E-02

11.14 0.1184 11.26
0.0000E+00 -.2279E-03

2.000 1.000 1.000

15.22 30.43 30.43
0.4254E-03

0.9876E-06 0.1822E-10

LEP NOTE 504) :

TOTAL CROM. -10.34 -16.44
COR.TOT.CROM. 0.0000E+0C 0.0000E+00
SEXT (T/M°2) SD = 142.9

SF = 182.0
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TABLE 333 - LEDA output - (continue)

3EAM PAR & dN/dt FOR T=293K - P=1nTorr - Z(biatomic)=8 :

REV. FREQUENCY (MHZ)
<ARMONIC NUMBER
RF.F.REQUENCY (MH2)

0.2976190480+01
0.1200000000+03
0.3571428570+03

ENERGY (MEV) 510.0

YOM. COMPACTION 0.8641E-02
U0 (H-V-Tot) (KeV) 11.26

JRF(KV) 131.0

F SYNC.(KHZ) 19.34

RF ACCEPTANCE 0.1170e-01
SAT .BUNCH: LENGTH(m) 0.9069€-02
AN. BUNCH LENGTH(m) 0.3036€-01
REL. R.M.S. ENERGY-SPREAD  0.1424E-02
~V.CURRENT/BUNCH(mA) 42.43

% ELECTRONS/BUNCH
SEAK CURRENT/BUNCH(A)

0.8899176030+11
56.16

Yy Th(Z/n=1)/BUNCH(A) 5.012
EMITTANCE(H-V) (m-rad) 0.9876E-06
SMITTANCE COUPL. 0.1000E-01
~OR. APERTURE (m) 0.4000E-01
+ER. APERTURE (m) 0.3000E-01
SUANTUM LIFE (hrs)-SANDS 0.2898E+08
L.FETIME GB (min) 2104,
LIFETIME SC (min) 1300.
LIFETIME GBe (min) 0.1295E+05
LIFETIME SCe (min) 0.2144E+05
TCUSCHEK (min) 156.5
JIFETIME TOT.(min) 127.5

Let us conclude with a comment about the emittance: the very low emittance required for.
linac-storage ring collisions can be obtained by switching off the wigglers inside the achromat
(which brings the emittance down to = 10-8 m-rad) and switching on the wigglers foreseen for
PHASE II to finally reach an emittance = 109 m-rad.
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3.3.3 - Dynamic aperture

The fully periodic Chasman-Green lattice would have a large dynamic aperture even with
only two families of chromaticity correcting sextupoles. When the low-p insertion is included,

the dynamic aperture shrinks because of the larger chromaticity and the lower symmetry.

A preliminary on-momentumn dynamic aperture at the IP, as evaluated with PATRICIA(14)
and with only two sextupole families, is shown in Fig. 3.10.
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Fig. 3.10 - On energy dynamic aperture at the IP: Ax and Ay are the horizontal and vertical maximum stable
amplitudes, while Nx and Ny are the same in units of numbers of o's, for x=.01.

A more elaborate chromaticity correction scheme and further optimisation of the working
point in the tune diagram will allow to achieve a dynamic aperture that matches the lifetime and
injection requirements.
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3.3.4 - Injection aperture

For injection it is foreseen to implement a conventional full energy scheme based on a thin
septum and a fast closed orbit bump produced by four kicker magnets. In order to evaluate the
necessary ring aperture, the horizontal and vertical r.m.s. beam size are shown in Fig. 3.11
for the following conservative characteristic parameters of the injected beam

€ = 2.10-5 mrad
K = 1.

A

_pg = 1%

The required error closed orbit allowance on the aperture can be of a few millimiters only.

y 1 0

i
U T
| S S . | Illllllll lllllllll.l.l

Q - 10 20 390 40 L(m) 50

Fig. 3.11 - Horizontal and vertical r.m.s. beam sizes
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3.4. - BEAM STABILITY AND LIFETIMES.

High currents in both the single and the multibunch modes of operation, short bunch
lengths, long lifetimes and the stablest possible beam conditions are all to be achieved at the
same time, thereby putting severe constraints on the design of the overall system.

The above parameters are very much interconnected: single-Tousheck lifetime can be
relevant at the energy of 510 MeV and is determined by the bunch density and the momentum
acceptance. In turn the bunch density depends on the lattice and RF parameters, and can be
affected by intrabeam scattering and by p-wave instabilities whose current thresholds are related
to the vacuum chamber geometry and.the RF cavity properties.

A self consistent computation has therefore been carried out to find an optimum. The main
phenomena considered in the analysis are : single bunch instabilities including turbulent bunch-
lengthening, lifetime limiting effects (such as Tousheck scattering, gas scattering, and beam-
beam single bremsstrahlung), coupled bunch instabilities and intrabeam scattering.

3.4.1 - Single _bunch dynamics

Instabilities are caused by the electromagnetic fields excited by the interaction of the bunch
with the surrounding structure. The effects of these fields on the bunch dynamics are estimated
using the concept of "machine impedance”.

The single bunch dynamics is affected by those bunch excited fields whose strength is
relevant over a distance of the order of the bunch length. The fields are mainly produced in
correspondence with vacuum chamber discontinuities (including the cavity irises) and are
described in the frequency domain by the so called broadband (BB) impedance. They cause the
particles to lose energy depending on their position and therefore induce additional momentum
spread and bunch-lengthening.

The threshold peak current of this "turbulent” bunch-lengthening is given by:

2
_ 2n o (Efe) o,
I (3.18)

‘fl

With the op and o values given in Tab. 3.2, one obtains

1 =~ 5AmpQ
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The 57 A design peak current exceeds the p-wave threshold for any reasonable choice of RF
parameters and BB impedances. In order to keep the bunch length at the design value the values
of the RF parameters h (harmonic number ) and ¢ (Peak voltage) must satisfy the equation:

WY = ecN R2 n)BB
3
Vamg 0 (3.19)
where
U 2
cos(0,) = 4/ 1 - (-—;)
eV (3.20)

with U = U, + U,, U, being the radiation loss and U, the energy dissipated in the resistive
impedance. '

Note that U, depends on the bunch-length ( 6,-3), and therefore for short bunches it may
contribute significanlty to the overall losses:

U, (keV) = 4@)}3}3 @ 3.21)

Equation 3.19 has been solved for h, as a function of { and Z/n. Since the impedance can
be only roughly estimated several BB impedance values, chosen in the range

\@B;Hlog

(a reasonable range covering the measured impedances of almost all existing machines) have
been considered.

Fig. 3.12 shows the curves (dashed lines) relating the peak voltage, O, necessary to obtain
the nominal bunch-length of 3 c¢m, to the harmonic number h. It is apparent that by choosing
the RF frequency to be = 350 MHz, the bunch-length can be controlled using reasonable peak
voltage values independent of the exact machine impedance value.

On the contrary, the effect of the short-range wakefields on the transverse dynamics is
destructive, and most often determines the maximun storable current. By assuming a beam pipe
radius b =3 cm , equal to the bunch-length, and using the relation between the longitudinal and

2R
|Z_1_|=b—2~ g)BB

one finds that the current stays below the transverse threshold, provided that h and { fulfill the
condition:

the transverse BB impedance:
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hcosds) < 4 0e 2 (:1;—;)2 (3.22)

where <B> is the largest between the horizontal and the vertical B function average. Figure 3.12

shows the limit curve (solid line) below which the eq. 3.22 is satisfied.. )
Note that, because of the rather weak dependance on impedance through cos(¢s), the four

curves corresponding to the four considered impedance values are practically superimposed on
each other. The limit is exceeded at the design current if the impedance exceeds Z/n =~ SQ. The

maximum allowed design impedance is thus defined.

R.F. peak voltage [MV]
o =) - -
o oo o )
Y [ ¥ ¥ T l T I T ¥ T ] v

o
S
—

[
N
—

200 400
R.F. frequency [MHz]

Fig. 3.12 - Peak voltage versus R.F. frequency for different machine impedances (dashed lines). The solid line
is the limiting curve for transverse instabilities. The dots are the calculated Toschek life-times for the two
different R.F. frequencies: 357 and 500 MHz.
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3.4.2 - Beam Lifetime

The single Touschek scattering effect induces a momentum deviation depending on the
bunch density and r.m.s. angular divergence o, The Touschek lifetime T averaged along the
machine, has been calculated aséuming that the machine acceptance is limited longitudinally by
the RF bucket heigth and transversely by the physical aperture. The results of the calculation are
shown as dots on the iso-impedance curves in Fig. 3.12 , for the chosen RF parameter values .
It is found that, since the bunch volume stays constant along the curves, lifetimes are limited by
the physical aperture in the upper-left region while, moving down and to the right, they
decrease because the RF momentum acceptance is reduced. Remembering the constraints on the
RF parameters deriving from single bunch dynamics, we conclude that an RF frequency
around 350 MHz, giving a lifetime of several hours, is the most suitable for our purposes.

At 350 MHz the Touschek lifetime, T, is practically limited only by the RF acceptance, €gg
and by varying the peak voltage in the range 0.1+ 0.7 MV, €gg can be changed from 1.2%
to 2.8%.

The lifetimes relative to all other mentioned processes are calculated on the basis of this
choice.

Radiation in the bending magnets and in the wigglers leads to the loss of those particles with
energy deviations larger than the machine energy acceptance. The effect however, even
including the momentum spread increase induced by microwave instabilities give a practically
infinite quantum life time Tq provided too high values of the frequency are avoided. As an
example, should one choose 500 instead of 350 MHz, for (Z/n)gg = 1 Q one would need only
93 KV peak voltage to keep the bunch length at 3 cm but the R.F. momentum acceptance
would be reduced to 0.8% and the quantum lifetime would dramatically drop to 80 minutes.

By choosing a 350 MHz system, the range of R.F. momentum acceptances (=1.2% + =
2.8% ) is such that other phenomena causing energy deviations of the particles in the bunch do
not affect the overall beam lifetime. Single bremsstrahlung in beam-beam collisions gives a
lifetime of 20 hours at least, inelastic scattering on the residual gas a lifetime of 35 hours in the
worst case and, elastic scattering on residual gas -causing particles to be lost on the beam pipe -
gives a lifetime of 22 hours at the design pressure of = 109 torr.

In conclusion we expect an overall beam lifetime in the range 3+6 hours limited by Tousheck
scattering. Topping-off injection is nevertheless desirable in order to keep the average
luminosity high.
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3.4.3 - Multibunch instabilities

The impedance of parasitic high order modes (HOM) are characterized by a resonant
frequency ®,, a shunt impedance Rq and a quality factor Qg

R

s

O _ o

0 o

They are responsible for the multibunch instabilities. Many of such narrow band impedances

are originated in the RF cavities or in cavity-like vacuum chamber components coupled to the
beams.

Zy(o) =

1 +1Q

The motion of M equidistant bunches is similar to that of M rigid coupled oscillators. The
frequency. spectrum of the oscillations is given by a set of sidebands at frequencies:

. fp =fy, (Mp +n +mvy), [m =1,2,...; n=0+M-1; -00 < p < +o0]

The amplitude of these sidebands is not constant but depends on the bunch length ¢ and
shape and on the frequency fp,. According to Sacherer's theory (15) a single sideband of the
umperturbed distribution will undergo a complex frequency shift A, because of the coupling.
The real part of Awy, gives a real frequency shift while its imaginary part causes the oscillation
amplitude to grow with a rise time:

1
Tm ~
" S[Amy]

A simple approximation of the growth rate can be derived (16) under the following
assumptions holding in our machine: M(0/R) <<1 and a single sideband fp coupled to the
resonator, i.e. f/f;<<Q;s. In the particular case of full coupling we get:

2wl IRsog o™l O ith & = &
S[A,] ~ = . expl - | = with @ =~
™omtl Cm-DE e oves cosgs @2m-2 0 o

where 1 is the total current, and the double factorial applies only to odd terms.
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By assuming that this instability is damped by radiation we get the current thresholds for the
dipole and quadrupole modes:

€Xp (—i)r" €Xp (&)2
Iih ™=1 = 20y Yo = C Ipm=2= 2% Uo @

Ty TR
/. O
Calculations of these thresholds have been done considering as an example the LEP 350

MHz RF cavity whose HOM are listed in Table 3.4 togheter with the corresponding thresholds.

TABLE 3.4 - LEP 350 MHz Cavity Full Coupling Threshold

Parasitic Resonance Full Coupling Thresholds [mA] Aoy 103
®r
f,[MHz] R [MQ] Q; m=1 m=2
506 1.3 40600 | .02 .24 2.8
920 0.75 40700 .03 .10 2.2
1163 0.33 50400 .06 13 1.3
1204 0.36 70400 .05 .10 1.0
1745 0.37 66500 .07 .07 0.9
1990 0.20 66700 .16 12 0.6

It is apparent that coupled bunch coherent instabilities could be harmful under hardly
predictable particular conditions; cures to fight them must therefore be envisaged. On the other
side for a relatively short machine we expect the instability to be caused by only few offending
HOM. We discuss here three main cures and we make an estimate of the required performances:

a) damping of the HOM thereby reducing shunt impedance R (HOM damping);
b) shifting of the frequency of the harmful HOM's ;
¢) implementing an active feedback system.

In the worst case, corresponding to full coupling, the threshold current is inversely
proportional to the shunt impedance of the HOM which therefore should be reduced by a factor
quite high and consequently not easily pursuable.
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By shifting the HOM frequency there is a strong increase of the current threshold by a factor:
Am
(ZQr —t
@

In order to store the design current, a frequency shift of ~ 0.3 % could be required, as
shown in the last column of Table 3.4.

Finally the use of a feedback system introduces a damping given by:

fo GVFB

1
2 Eo Ap/p

1
TDFB

A
where —pE is the relative bunch energy deviation.

The feedback signal, in order to damp all possible coupled modes, has to act separately on
each bunch. Accordingly the system bandwidth should be at least twice the bunch frequency,
therefore the use of broad band longitudinal strip-line kickers is required. The feedback system
gain turns out to be very high and most likely limited by the maximum allowed voltage
(200+500 V) on the longitudinal strip-line kickers.

In conclusion, we have given a rather pessimistic estimate of multibunch instabilities, in the
worst possible scenario. It is clear however that the problem must be carefully studied
foreseeing the combined use of HOM frequencies detuning and of feedback systems, including
the one recently developed‘by Kohaupt (17,
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3.5. - GENERAL CONSIDERATIONS ON BEAM DIAGNOSTIC AND
INSTRUMENTATION

The beam instrumentation to be implemented in the ®-Factory storage rings is discussed:in
the following, with reference to the peculiar features wich influence the design and choice.

The storage rings characteristics, which reflect in particular requirements of the beam
instrumentation and of the general hardware, are the following:

- High current ( ~ 1 A ). The longitudinal and transverse parasitic impedance of the vacuum
chamber should be the lowest possible to increase the thresholds of collective instabilities.

- Many bunches. The rather large number of circulating bunches calls for a careful design
of the RF cavities, where coupled bunch instabilities are most likely to be excited by high
order resonating modes. The more seriously offending modes may be identified and
damped in the cavities by suitable antennas, but nevertheless a coupled-bunch feedback
system must be provided.

- Small bunch dimensions ( Oy <~ 0.02 mm at the IP ). Careful closed-loop control of the

stability of the IP vs. drifts of the longitudinal and vertical bunch position in the separate
rings.is required.

- Small coupling factor ( K ~ .01). To achieve such low valuc of the coupling factor, a
careful control of the closed orbit distorsion at quadrupoles and sextupoles locations is
required in order to reduce the strength of the driving term of vertical dispersion. Vertical
dispersion is also introduced, and must be suppressed, by the vertical bending of the
separator in the Interaction Region and by rotated quadrupoles and vertically misaligned
sextupoles. Careful surveying and high absolute accuracy of the beam position monitors
is required. ‘
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3.6 - RF SYSTEM

With an operating frequency of 357.14 MHz the maximum required RF voltage is = 0.8
MYV (see § 3.4).

The energy loss/turn is 11.26 keV and the RF power to the beam is 11.26 kW for a stored
current of = 1 A (see Tab. 3.2 ). The power loss to parasitic HOM's is estimated to be = 4 keV
per Ohm of broadband impedance. An 8 kW additional power loss must therefore be taken into
account for an overall chamber impedance of 2 €2. In conclusion, the total required RF power is

= 20 kW per beam.

The proposed RF system consists of two normal-conducting single-cell copper cavities in
each ring. Each cavity is rated at 400 kV. The main system parameters are summarized in the
following Table 3.5 :

Table 3.5 - RF System Parameters

RF Frequency fo = 357.14 MHz
Cavity Q factor Qo = 40.000
‘Effective cavity shunt-impedance ~ ZT2 = 6 MQ
RF peak voltage per cavity Vp = 400 kv
Dissipated power per cavity Pp = 27 kW
Beam power per cavity Pg = 10 kW
‘Cavity to source coupling factor B=14

‘Bandwidth of the System B =21 kHz
Maximum generator power Pa = 50 kW
Number of RF-chains per ring 2

Each resonator can be powered by a single 50 kW source; reliable tetrode amplifiers are
available on the market in this range of frequency and power.

Standard feedback systems are foreseen to control amplitude, phase and frequency of the
resonant cavities. .

The cavities will be equipped with HOM couplers to damp the parasitic modes excited by the
bunched beam. Some R&D will be necessary to specify and test the performance of the
dampers.
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3.7 - VACUUM SYSTEM

Ultra high vacuum (UHYV) is necessary in an electron storage ring in order to achieve good
beam lifetime and to avoid ion trapping.

Good vacuum conditions have to be maintained in the presence of the heavy gas load
produced by the radiation induced photo-desorption. Hard radiated photons (hv > 10 eV)
extract photoelectrons from the inside wall of the vacuum chamber; these in turn extract atoms
or molecules absorbed on the surface. The process is characterized by the "photodesorption
efficiency” parameter, D, wich gives the average number of desorbed molecules per incident
photon. Typical values of D are in the range of 10-1+10-7 molecules/photon. The lowest D
values are reached with appropriate treatments of the vacuum chamber and after long periods of
conditioning with the stored beam (= 100 A-h).

- From the design parameter values listed in Tab 3.2 we estimate a total gas load, Q, of

I Q=8.7106mbarl/s for D = 10-6 molecules/photon |

The total pumping speed, S, necessary to achieve the design value of 10j9 mbar is therefore :

S =Q/p =8700 Vs.

With 10 identical ion pumps per sector we obtain a required nominal pumping speed of 220
I/s per pump; a rough figure of 400 I/s per pump actual pumping speed is estimated to account
for the pumping speed degradation at 10-9 mbar and for vacuum chamber conductances. The
preferred vacumm chamber material is stainless steel; usual UHV technology precautions such
as accurate cleaning procedures, high temperature bake-out, etc., will also have to be taken.

In summary, the main vacuum system components for the two rings are:
- 2 stainless steel vacuum chambers

- bakeout systems

- 80 sputter ion pumps, 400 I/s each.

- 8 cryopumps, 1500 /s each.

- 8 oil-free roughing pumps.

- 16 U.H.V. gauges.

- 1 mass spectrometer (8 heads).

- interfaces to the central control system.
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3.8 - THE DETECTOR SOLENOID

The main specifications for the Detector solenoid are :

- Axial length = 10 m

- Radius = 5 m

- Axial magnetic field 1 kGauss max
- Field on axis = 0

The main conclusions from of a preliminary feasibilty study of the solenoid are presented
here. The details can be found in Reference (18).

The detector and the detector solenoid have to clear the region inside a conical surface,
coaxial with the beam, havixig a half-aperture angle of 8:5° and the vertex on the IP. The beam
has to be shielded from the solenoidal field; however, no shield can be foreseen in the +22 cm

region surrounding the IP because the experiment tolerates only a very thin layer of material in
that region.

The solenoid main coil dimensions are:

- average radius \ 437.5 cm
- thickness 25 cm

- total length 9 m

and the ifon yoke ones are :
- maximum external radius 5 m
- thickness 25 om
- thickness of the terminating iron plates 25 c¢m
- terminating iron plate hole radius 75 cm

The main solenoid linear current density, determined using POISSON, is = 88900 A/m. An
active shielding system using current sheets has also been investigated; a typical layout,
including the current sheet profile and the field lines as computed by POISSON, is shown in
Figure 3.13.

Finally, the magnetic field on axis is plotted for different shield configurations in Figure
3.14. From these preliminary calculations we do not anticipate any problem in locally
compensating the residual solenoidal field even though the correction scheme has not yet been
worked out in full detail. :
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Fig. 3.13 - Magnetic field lines for the shielded solenoid configuration.
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Fig. 3.14 - Magnetic field along the axis with different shield configurations.
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A CRAB-CROSSING OPTION

S. Bartalucci, M. Bassetti, M.E. Biagini, C. Biscari, S. Guiducdi,
M.R. Masullo, L. Palumbo, B. Spataro and G. Vignola

Introduction

The crab-crossing idea was originally proposed by R. Palmerll to increase
the luminosity in multibunch linear colliders. K. Oide and K. Yokoyal2l, by
showing that crab-crossing does not induce excitation of synchrobetatron reso-
nances, made this scheme attractive also for circular colliders.

In a crab-crossing the centers of the colliding beams travel along two
separate trajectories that form an angle q at the interaction point, IP. A first RF
cavity gives an angular kick 6/2 to the front of the bunch and a kick of opposite
sign to the back. If the cavity is located n/2 away from the IP in B-phase angle, the
crossing beam geometry is changed into a head-on collision. A second crab cavi-
ty, © away from the first one, restores the original bunch orientation.

The crab-crossing geometry, due to the angle between the beam's trajecto-
ries, allows a bunch spacing closer than the head-on collision and, consequently,
a higher collision frequency f. This increase implies a luminosity enhancement,

if one can store large average beam currents and if the experiments can tolerate
high collision rate.

The crab crossing requires RF accelerating fields transverse to the beam
motion. Recently G.P. Jacksonl3! pointed out that the same effect can be obtained
with longitudinal RF fields located in a non-zero dispersion region and spaced
n away in B-phase angle from the IP.

We are investigating various crab-crossing optionsl4! that could be easily

incorporated in the Frascati ®-factory designl>l and we present here a first scheme

that should give, in principle, a luminosity enhancement factor of the order of 5 .
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Basic formulae:
a) Transverse crab

By assuming the bunch length 6, much smaller than the wavelength
L of the deflecting RF cavity and the crab-crossing angle 6 small as well
(6/2 ~ tan(8/2) ), the peak voltage required for the crab cavities is

1 6A(E/e)

e L O

while phase and amplitude stability requirements can be written as[3]

" 4nc” 4 AV 1 &
<< 33 and . << \/*: 5
N Z

where B”, 6°, N are the B-function, the beam size and the number of damp-
ing turns in the crab plane respectively and B is the B-function at the RF cavi-
ty position.

b) Longitudinal crab

The voltage required for the crab cavities spaced 2x in B-phase angle can
be written asl4]

v __1_ OAME/e)
7 4m 378, Do

with the additional constraint
D¢
o+ fBc ﬁc =0
where D¢, D¢, Bc and o are the dispersion function, its derivative and the

Twiss coefficients  at the RF cavity position respectively. Phase and amplitude
tolerances, instead, have the same expression as for the transverse crab.
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A low-b insertion for 20 mrad transverse crab

Fig. 1 shows the principle scheme of the Crab-crossing as proposed by
R. Palmerl1l. '

Bunches Aligned
at intersection

/

Bunch
Advancing
Crab-wise

rf Deflector

7\

Undefiected
Bunch from
Accelerator

Fig. 1 - Crab-wise crossing

In the following we present a low-f3 insertion design for a 20 mrad trans-
verse crab-crossing in the vertical plane. This insertion can be easily incorporated

as an option in the original design.

Fig. 2 and Fig. 3 show the B-functions, the half-separation and the hori-
zontal beam size oy inside the detector region (~ 5 m), while in Fig. 4 and Fig. 5
the same quantities for the whole low-f3 insertion are plotted.

In this design we use 4 RF crab-cavities, each one located at ~ 9 m from
the IP (3n/2 in B-phase angle).

The peak voltage required for the crab cavities is
Vr= 860KV

while phase and amplitude stability requirements are
AV
Adp < 0.9°  and Vvo<23104

The feasebility of the RF cavities as well as the advantages of a longitudi-

nal crab crossing are under study.
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