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Abstract

The KAON factory project and the current status are briefly described. Typical rare decay
and CP violation experiments and their physics are discussed.

Project

KAON stands for Kaon, Anti-protons, Other hadrons and Neutrinos. It is a project
based on a lOO-pA 30-GeV proton synchrotron to produce intense beams of the above
secondary particles for studies of particle and nuclear physics. Because of high intensity
secondary beams, KAON enables access to interesting decay modes and reactions which are
not observable at existing accelerators. It is also able to produce high quality beams (high
resolution and less contamination) for the experiments which require those conditions.

The injector is the existing 500-MeV H~ cyclotron at TRIUMF. This will be followed
by two booster rings A (accumulator) and B (booster), which accumulate the proton beam
over 20 tns periods and accelerate to 3 GeV. The beam will again be accumulated by the
collector ring C into a reduced cycle (10 Hz) and accelerated to 30 GeV by the ring D
(driver). The ring E (extender) will uniformly stretch the 30 GeV beam for slow extraction.

A proposed layout of primary and secondary beam lines is shown in fig. 1. Three
production targets will be viewed by six secondary beam channels which will cover a full
momentum range of charged particles (p*, ir*, and K*) up to 20 GeV/c. The primary
design goal has been to get pure secondary beams with a large acceptance using an RF
separator for high momentum beam lines or 2-stage DC separators for low momentum
ones. Provision has been made for the extraction of low momentum pion and muon beams
in the backward direction of each production target. A neutral kaon line will be taken
from a fourth production target.

Physics

The three generation Standard Model (SM) seems to be very successful, in spite of most
peoples' beliefs that it is a low energy approximation of a higher-level theory. There are
many unanswered questions in the Standard Model. The existence of seemingly redundant
generations is well accommodated in the model but can not be explained by the SM itself.
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Fig. 1. A proposed experimental area.

It is not clear how many generations are in the quark, lepton and Higgs sectors. Also, there
are too many free parameters to be put in by hand, such as the particle masses and the
mixing angles. These questions can hopefully be answered by the higher-level theory. But
how do we reach it? One way is to go to higher energy. The alternative approach is to put
the SM predictions under extensive tests in precision experiments, which may enable one
to access an extremely high mass scale through virtual processes. There should be a clue
of physics beyond the SM even at the currently accessible energy. This approach requires
a high iitensity accelerator such as the KAON factory. The measurements considered at
KAON include searches for rare decays of kaons and CP violating processes. There are
two types of rare decays, one allowed in the SM but somehow suppressed by a certain
mechanism, and the other violating certain conservation laws and not allowed in the SM.

The suppression mechanisms for the first type come from the Glashow-Iliopoulos-
Maiani (GIM) mechanism and violation of CP invariance. The GIM mechanism, which
prohibits the first-order flavour-changing neutral current and suppresses the second or-
der effects, makes decay rates very small and for certain cases almost unobservable at
the presently existing machines. Since the Feynman diagrams for the second-order decay
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Fig. 2. Feynman diagrams for A'+

modes such as the decays A'+ -» JT+W and A'2 -» i:ouu as shown in fig. 2 involve a
virtual top quark and related Cabibbo-Kobayashi-Maskawa (CKM) [1] matrix elements
Vtd and V,,, these decay modes are very sensitive to those poorly determined parameters.
According to Wolfenstein [2], the CKM matrix can be written using four parameters, A,
A, p and rj. From existing data A and A are reasonably determined to be 1.0 ± 0.1 and
0.22, respectively. There are very loose bounds on the p and IJ parameters. Since there
is theoretical ambiguity in the decay matrices BB between B and B, and fg between B
and the vacuum, B meson decays may not be able to provide unambiguous information on
these parameters. On the other hand, the branching ratios of the decays A'+ - • n+vv and
A"° —» ir°vu can be expressed in terms of ratios to experimentally known processes and be
unambiguously predicted in the SM for the set of these parameters.

The contributions from long distance effects and QCD corrections to the decay A"+ —»
•K*VV are of the order of 10 % of the short range contribution. The standard model predic-
tion for the branching ratio of the decay A'+ —»ir+i/F is somewhere in the 1 — 4 x 1O"10 [3]
range depending on the undetermined parameters, particularly on the p parameter in the
allowed region of the parameter space (for small %\). Once these parameters and the mass
of the top quark have been determined, this decay mode provides a clean test of second
order weak interactions.

Since the discovery of CP violation, its origin has remained a mystery. So far, all
observations except for one controversial result [4] are consistent with indirect CP violation
in which the mixing of a small wrong CP eigenstate in K\ is responsible. This could be
explained by the three-generation standard mode] as a result of the phase parameter in
the CKM matrix, or the non-zero x\ parameter in the Wolfenstein parametrization. But
the SM also predicts the existence of direct CP-violating components in decay amplitudes
arising from penguin diagrams. Some rare decay modes of kaons ( i.e. A"° -»7r°e+e~ and

it vv ) are very sensitive to the presence of direct CP violating diagrams.
There are three contributions to the branching ratio of the decay A'£ 7r°e+e- [51; the



direct CP violation contribution at the level of 10~12, the indirect CP violation at 10~",
and the CP conserving one at 10"11 to 10"14. There is also an external background arising
from the decay A'° -+ e+e~77 at the level of 10"" [6]. In order to see the signal in the
presence of the background, a sensitivity of 10"13 is required for this decay mode.

As mentioned earlier, the decay A'£ -» n°uu provides a clean signal of direct CP
violation. The branching ratio was predicted by the SM at the level of 10~" depending on
the T) parameter. The main part of the enhancement over the decay K% -»Jr°e+e~ comes
from the contribution of three lepton generations. The indirect contribution was estimated
to be of the order of 10"15 [7].

Measurements of decay asymmetry and polarization of kaon decay products also pro-
vide tests of CP violation. Longitudinal polarization of muons from the decay if" —» n+fi~
is expected to be of the order of 10"3 in the SM. Measurements of this process, being sensi-
tive to direct CP violation, determine the TJ parameter. Spin-spin correlation of muons from
the decay A"+ -» w+n+fi~ is another possible indication of direct CP violation. Transverse
muon polarization in the decays A'£ —• 7r*/iTi/ and A'+ —» JT°^+I/ , which actually violate
the T invariance, are expected to be zero in the SM because the processes go through
charged currents. Some models beyond the SM predict non-zero polarization as high as

The above discussion on the allowed decay modes was mostly in the context of the SM.
Many extensions of the SM also predict sizable effects on the rates of these decay modes.
One simple extension is to include a fourth quark generation [8]. It is possible that there
may be a surprise in the course of the study of these decay modes.

Another type of rare decay mode is not allowed in the SM because of violation of
lepton flavour conservation law. Observation of such processes is a clear indication of new
physics. Many theories beyond the SM predict the existence of lepton flavour violating
processes through new hypothetical particles, such as massive neutrinos in the left-right
symmetric model [9], extra Higgs particles [10], lepto-quarks [11] and super-symmetry
partners [12]. Each theory seems to have its favourite decay modes; for example, the
decays 7v'£ —»ju±eT and A'+ —» n+fiief conserve total generation number, but rare decays
of muons, /i~ A —• e~ A and f/+ —» e+7 don't, which leads to a different sensitivity depending
on the type of theory [13]. Therefore, it is very important to have several decay modes
sought.

The decay rate of these rare processes, in general, is proportional to (nny/mj/)4, where
mw and mH are the masses of the W boson and a hypothetical particle, respectively.
Searches for rare muon decays are in a more advanced stage than for kaon decays. There
is about a ten-year gap between them in terms of branching ratio sensitivity (a factor of
10 to 100), but they are compatible in the mass scale limits of the hypothetical particles.
The present published upper limits of A'£ -» /x*eT (9.4 x 10~n) [14] and n'A -» e~A
(4.6 x 10"12) [15] decays set lower bounds of the masses of leptoquarks and horizontal
gauge bosons at the level of 100 TeV, the energy scale beyond SSC.
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Fig. 3. A side view of the E787 detector.

Possible experiments

The signature of the decay A"+ -» TT+I/F is a single pion track with no other energy
deposit in the detector system. The major background sources come from the decay
A'+ —• ir+7r°;w° —• 77 with undetected photons, and from the decay A'+ —• /i+f (and
A'+ —» /i+i/ 7) with a muon misidentified as a pion. Therefore, the detector system should
have good photon-vetoing and IT/ft identification capabilities. There is one experiment
presently going on at BNL (E787) for the search of the decay A'+ —> n+vv and other rare-
decay modes (16). A A"+ beam is stopped at a rate of 2 x 105/pu/se in an active target,
which is surrounded by a 4ir detector (Fig. 3) consisting of a cylindrical drift chamber,
many layers of scintillators for range measurements and 14-radiation length photon vetoing
counters. The E787 group is currently upgrading the detector system and the beam line
for a higher sensitivity using a higher kaon beam intensity with less pion contamination
to meet the goal, a sensitivity of 10~10.

At the KAON factory this decay mode should be measured with a precision of 10 % in
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Fig. 4. A schematic view of the E137 detector.

order to put the SM under crucial tests to interesting second order of weak interactions.
The conceptual design of the detector at KAON will be very similar to the existing E787
detector. It should have better resolutions, finer target segmentation, and a better pho-
ton vetoing capability based on Csl scintillator (hopefully BaF^ if radiation hardness is
achieved). Using the same detector system with a slight modification in the range mea-
surement device, it is also possible to measure transverse muon polarization from the decay

*+
An alternative approach for the measurement of the decay A'+ —» it*vV is a detector

system without a magnetic field. In this option, energy and range resolutions and photon
veto can be optimized by sacrificing momentum measurement. An active target is entirely
surrounded by pure Csl scintillators followed by layers of plastic scintillators for range
measurements of pions. The assembly is again wrapped by Csl scintillators. In this way,
the majority of the background originated from the decay A'+ —»7r+7r° can be suppressed.

The major background source for the studies of the processes A"£ —» ̂ e * and A'° —»
H+fi~ comes from the semi-leptonic decays A'° —* **/!*!/ and A'£ —» jr±eTi/ with the decay-
product pion subsequently decaying in flight to a muon and an unobservable neutrino. This
would be a serious background especially when pions decay in an analysing magnet and
a wrong momentum is measured. In order to suppress this background, the detection
system measures the momentum twice. The background is further suppressed by the
vector matching condition between the sum of charged particle momenta and the vector
from the target to the vertex. The characteristics of the background to these processes are
known to the level of 10~13 from the existing experiments, E137 at KEK [14] and E791 at
BNL [17].

A schematic view of the E137 apparatus is shown in Fig. 4. After the decay volume,
the detector has two dipole magnets at either side of the beam line which, together with



wire chambers, provide two momentum measurements. Gas Cerenkov counters followed
by a calorimeter and a muon range stack provide particle identification.

The conceptual design of the detector system at KAON is again very similar to the
existing ones. The tracking device will have more redundancy in order to suppress patho-
logical track fits, one of the major sources of the background. Extraction of the KL beam
at a large angle (0 = 6°) will reduce the fractions of photons and neutrons in the beam to
an almost comparable level to A'°'s and allow the detector system to take a significantly
higher-intensity A'j, beam.

Longitudinal muon polarization can simultaneously be measured with the same detec-
tor; the muon detector should be a granular counter system consisting of sandwiches of a
position sensitive counter and the material, such as Aluminum, which maintains the muon
polarization for long time.

The present upper limit of the decay K\ -»ir°e+e~ is 5.5 X 10~9 [18]. The detector is
to be optimized for good photon energy resolution with a large solid angle. There is an
unavoidable background in the A'£ —» ff°e+e~ search. The decay A'£ —» e+e~77 , which
has the same event topology, can have the calculated it0 mass from two photons anywhere,
while m-r, = m,o for the decay A'° — > ir°e+e~ . With the most stringent cuts (a single
point in the phase space) the background level was estimated to be 10~n [6], comparable
to the signal level.

Observation of the decay mode A'° -» ir°e+e" will depend on the subtraction of this
physics background with a good statistics. This makes it very difficult to see a signal in
the experiments at the presently existing accelerators. However, KAON may be a poten-
tial playground. One way to avoid background subtraction is to measure the interference
between the A's and A'/, decays which is only sensitive to the CP violating terms. Ks can
be regenerated by an absorber in the Ki beam.

The cleanest test of direct CP violation may be seen in the decay A'° —• ifivV , where
the major contribution comes from direct CP violation (10"11). The signature of this decay
mode is two photons from the subsequent decay ir° —» 77 without any other activity in
the detector system. The major background source is the CP violating decay A"° —• 7r°7r°
(~ 10"3) which has four photons in the final state. If two photons are undetected in
the detector, it will fake the signal. Based on an estimated n° detection inefficiency [19]
and the A"° -+ jr°7r° branching ratio, the background can be suppressed to the level of
10"9, still two orders of magnitude larger than the signal. The additional factor of 100
may be obtained by limiting the phase space using the transverse momentum; the decay
&L ~* if°vu has a higher Q-value than the background processes. Additional kinematic
constraints, such as the rr° mass reconstruction from two photons, are certainly desirable.
The beam and 4ir photon detector system should have a capability of tracing back the
photons to the vertex point. Using the time micro time structure of the beam, time-of-
flight measurements of A'°'s may be used for further background suppression [20].



Progress

The initial proposal of the KAON factory was submitted in 1985, and went through
several review committees. One of key issues towards the approval was to get support
from foreign countries, and KAON received foreign "pledges" amounting about 1/3 of the
construction cost in the subsequent years. When the KAON Factory Projection Definition
study was funded in 1988, the overall design of the accelerators was reviewed and various
components were prototyped. Based on the study, the final proposal was submitted to
the government in 1990. Soon after that, the provincial government of British Columbia
pledged to support 1/3 of the construction cost. The announcement from the federal gov-
ernment of Canada came out September 1991, saying that the federal government pledged
1/3 of the construction cost though the negotiation for the operation cost was still going
on with the provincial government. It is expected to be settled some time in the middle
of 1992, and the construction to start at that time. The first beam is expected in 1998.
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