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ABSTRACT

We propose a new search for the time reversal violating polarization of the muon normal

to the decay plane of the K+ —* n*ic°v decay. The value of such a polarization in the

Standard Model is zero. However, it is now accepted that the baryon asymmetry of the

universe requires a source of CP violation stronger than that embodied in the quark mixing

matrix. Models of non-standard CP violation that produce the baryon asymmetry could

also produce effects observable in the transverse polarization. Moreover, because of the

very high sensitivity of the experiment the possibility of discovering unexpected new physics

should not be underestimated. The experiment will be performed with in-flight decays in an

intense (2 X 107K+ per sec) 2 GeV/c separated kaon beam in an existing beam-line at the

AGS. The center piece of the detector will be a new polarimeter which will consist of 128

carbon wedges, with active detector elements (either scintillator or wire chambers) between

the wedges, arranged in a cylindrical manner around the kaon beam. We expect to analyze

more than 109 events to obtain sensitivity to the T-violating polarization of ±0.00013 at 1

sigma, corresponding to the sensitivity of ±0.0007 to Im£, an improvement by approximately

40 over the previous best limit.

"This research supported in part by the U.S. Department of Energy under
Contract DE-ACO2-98CH10886".



1 Introduction

We propose a new search for the time reversal violating polarization of the muon normal to

the plane of the K+ -* /i+irov decay. The term o^ • (P* x P^), which is proportional to the

projection of the muon polarization out of the decay plane, changes sign uppn time reversal;

therefore a finite expectation value for this quantity indicates a violation of time reversal

invariance. Such a measurement is well justified at this time for a number of reasons given

below.

The best previous experimental limits were obtained almost 15 years ago with both neutral

[1] and charged kaons [2] at the BNL-AGS. The experiment with K+ decays produced a

measurement of the transverse polarization, P j = 0.0031 ±0.0053. The combination of both

experiments could be interpreted as a limit on the imaginary part of the ratio of the hadron

form factors, Im£ = 7m(/_//+) = -0.01 ± 0.019, defined below:

M = 9l. sin 9cf+(q2) ((PK + P,f + t(<l2)(PK - P*)X)) (<V7A(1 - 7 s K ) (1)

M is the decay amplitude for the K+ —• fi+ir°v decay. Here GF is the Fermi constant,

sin<?c is the Cabibbo angle, q,PKtPir are the momentum transfer and the kaon and pion 4-

momenta, respectively. This limit is free of theoretical models and is also mostly independent

of the experimental acceptance. By using the approximate formula, P j « 0.183 X Im£,

one may reinterpret the above measure of Im£ as a combined limit on the polarization,

P% « -0.00185 ± 0.0036. This corresponds to -0.009 < Pj < 0.007 at 95% confidence level.

This 15 year old measurement was based on 1.2 x 107 K\ and 2.1 x 107 K+ decays to /J+7TI/

and was statistically limited. The AGS can now produce low energy kaon beams with almost

ten times the intensity; this large flux makes possible high intensity separated kaon beams

with low background from pions and low singles rates per kaon. An experiment designed for

higher acceptance than References [1] and [2] combined with the high kaon flux should make

it possible to improve the limit on the polarization or Im£, the T-violating amplitude, by

more than an order of magnitude.

Through the CPT theorem we know that T-invariance is intimately related to CP-

invariance. Although a theoretical description of the CP-violation in the neutral kaon system

exists through the complex phase in the Standard Model CKM matrix, part or all of these

phases could be consequences of deeper causes that have so far eluded experiments. Over the

last decade experiments at FNAL and CERN directed towards the measurement of the direct

K^ —> 7T7T transition or ̂ - have been inconclusive in revealing the true nature of CP-violation.



Over the next decade ambitious efforts towards understanding CP-violation and the CKM

matrix elements are planned with new j experiments and B-factories. The importance of

these efforts is undeniable, yet it must also be important to investigate the possibility that

some or all of the CP-violation comes from effects outside the minimal Standard Model,

particularly the CKM matrix. It should be noted that CP-violation is required to generate

the observed baryon asymmetry of the Universe, and it is unclear whether the CP-violation

embodied in the CKM matrix has sufficient strength for this purpose. Several recent the-

oretical attempts [6] postulate multiple-Higgs-doublet models with CP violation to explain

the baryon asymmetry. These models can also generate transverse muon polarization; and

so T-violation in K+ —* /JL+IC°V decays could be related to the baryon number asymmetry of

the Universe.

The phenomenology of P j has been examined in many papers. Here we follow the results

from the recent papers in References [7] and [8]. In the Standard Model with only one Higgs

doublet K+ —* /J,+TT°U decay occurs at first order through the weak charged current or W

exchange. In such an interaction P j = 0. For a non-zero transverse polarization an effective

scalar interaction with a different phase is needed. Thus the study of P j naturally leads

to the physics of models containing charged Higgs particles or other non-standard scalar

interactions such as lepto-quarks. Garisto and Kane [7] and Belanger and Geng [8] show

that there are several models including ones involving complicated Higgs structures that do

not violate current constraints from dn, the neutron dipole moment, or j> but can produce

P j ~ 10~3. For illustrative purposes we have summarized their results on the three Higgs

doublet model (3HDM) [9] in Appendix A.

Currently an experiment is in progress at the KEK-PS, E246 [10], to measure P^ with a

new technique of using stopping K+ beam and without muon spin precession. They hope to

reach a sensitivity of 9 X 10~4 (Im£ < 6 X 10~3) with 1.8 X 10r events.

In the distant future the same physics could be explored with bottom and top quark

decays [11]. It is estimated that the polarization of r leptons could reach as high as 30%

in B+' —* D°T+U decays [12] under the same constraints as in Appendix A. The HERA-

B collaboration estimates that they can collect 1000 of these events if high efficiencies for

triggering and reconstructing events with two separated vertices (the D° and r decays) can

be achieved. Since the analyzing power for r decays is estimated to be ~ 0.42 [13] a 4 sigma

signal could result. If we were to observe a signal in P;f of K+ —> fi+T°i/ decays, the study

of B+ —> D°TV decays could confirm or rule it out. Observation of such an effect in two

completely different experiments would be strong evidence of new physics.



The constraints on the T-violating polarization from other measurements are highly de-

pendent on the theoretical prejudice on the vacuum expectation values. Furthermore, Refer-

ences [7] and [8] show that the measurement of Pj could be the best constraints on models

with even more complex Higgs structures or lepto-quarks. The best way to make the experi-

ment independent of these theoretical prejudices is to design it to measure effects significantly

smaller than those estimated by theory. We have designed our experiment to reach values

of P* as small as 1.3 x 10"* (/mf ~ 7 X 10~4 at 1 sigma), much smaller than the smallest

constraints from the previous experiments or the indirect constraints from Table 10. Finally,

we note that we have used the polarization Pj as the parameter to quantify the sensitivity

and existing limits on the new T-violating physics for purposes of clarity only; the real figure

of merit for any experiment is the sensitivity to Im£, the model independent T-violating

amplitude. Using Im£ as the parameter of choice this new experiment will be about 40

times more sensitive than the combined limit from previous experiments and 10 times more

sensitive than the proposed sensitivity of the current experiment at KEK.



2 Overview of the Experiment

The experiment will be performed with 2 GeV/c charged kaons decaying in flight. Figure 1

shows the plan view of the experiment. The basic workings of the experiment axe the same

as the experiment in Reference [2]. The detailed design is, however, optimized for a high

intensity 2 GeV beam. It is also more robust against random backgrounds and has higher

analyzing power than the old design.

As shown in Figure 1 the cyUndrically symmetric detector is centered on the kaon beam.

The K+ —> n+ir°v decays of interest occur in the decay tank; the photons from the TT0 decay

are detected in the calorimeter; the muon stops in the polarimeter. The hits in the calorime-

ter and the tracking wire chambers in front of the calorimeter can be used to completely

reconstruct most of the K+ —» pftifiv decays, and eliminate backgrounds. The scintillator

paddles on the two sides of the Fe shield and surrounding the polarimeter define a muon that

enters, but does not exit. Cuts on the photons in the calorimeter selects jfif+ —» /i+7r°i/ de-

cays in which the average TT0 direction coincides with the kaon direction. The decay of the

stopped muon is detected in the polarimeter by wire chambers, which are arranged radially

with graphite wedges that serve to stop the muons (Figure 1). The hit pattern from the

stopping muon in the scintillator hodoscope and the polarimeter chambers determines the

stopping wedge. The time and direction of the decay positron is defined by a coincidence of

at least two chamber planes.

The geometry of the apparatus is arranged so that a non-zero transverse muon polarization

causes an asymmetry between the number of muons that decay clockwise versus the number

counter-clockwise. We prefer to precess the muon spin in a weak solenoidal magnetic field

(70 gauss or an oscillation period of ~ Ifis). The initial transverse polarization causes a

small shift in the phase of the sinusoidal oscillation in the measured decay rate. This small

phase shift can be extracted by reversing the magnetic field for half of the data. We intend

to reverse the field before every AGS spill. The intensity of decay positrons in the clockwise

{U±) and anti-clockwise {D±) directions is given by the following:

U±= N0e-t/r(l {

D±= N0e-^T{l-\-acos(±u;t + 4>-Tr/2)) (2)

For purposes of clarity we have made a few simplifying assumptions: no background from

random fi+ decays or \i~ decays with different effective lifetime, angular difference of exactly

7T between clockwise and anti-clockwise directions (see Figure 2). The ± sign indicates the

10
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Figure 2: Definition of the T-violating phase <f> in the muon polarization.

direction of the magnetic field. u> = gB/2mfi is the precession frequency. The amplitude

a = TJPX, where 77 is the analyzing power, and P± is the average polarization perpendicular

to the axis of precession. From the above measured decay time distributions the T-conserving

and the T-violating (Ax(t)) asymmetries can be formed:

>)«»(«*) (3)

Although a measurement of the CW/CCW asymmetry without precession is possible, the

method of precession allows the measurement of both the allowed and disallowed components

with the same data. Also the oscillation of the asymmetry with the expected period of the

muon spin makes the result more convincing.

The experimental sensitivity for PT — P± sin(^) depends mainly on the total number

of decays analyzed and the analyzing power. We have designed the experiment to collect

about 550 muon decays per AGS pulse every 3.2 sec. As shown in the following we estimate

the total analyzing power to be about 0.23 (including dilutions due to multiple scattering,

unpolarized backgrounds, and loss due to precession of y/2), which will be measured with

the same data using the known T-conserving component of polarization. Then in a run

12



with 2 X 106 pulses (or approximately 2000 hrs) we expect to measure the polarisation to an

accuracy of 2 3 / 5 5 Q 2 1Q6 = 1.3 X 10 ~4. We expect the systematic errors to be smaller or of

the same order of magnitude. The rest of this document describes the experiment and the

sensitivity in more detail.

The design of this detector has benefited greatly from the 1980 experiment at the AGS

[1,2]. It is worth comparing the two designs to see how the proposed experiment evolved

from the previous experiment. The 1980 experiment operated in a 4 GeV/c unseparated

if+ beam. The detector consisted of a set of trigger scintillating counters, a toroid magnet

for focusing the muons, a polarimeter with scintillator and aluminum, and a shower counter

downstream of the polarimeter. A K+ —» /j+7r°z/ decay was defined by a coincidence of a

muon stop in the polarimeter and a high energy shower signal in the shower counter. A muon

decay was identified by one polarimeter wedge hit next to the muon stop. At the nominal

intensity (3.6xlO6 K+/pulse ), 27 K+ —»• fj,+-K°i/ events per pulse were recorded. One of

the major limitation, of the experiment was that the accidental background in detecting

the positron from the muon decay was about 35%. In addition, there were 25% accidental

K+ —y /i+7r°i/ coincidences. The detector provided no constraints on the K+ —» /x+x°i/ decay

beyond the trigger level, which made it impossible to eliminate backgrounds in the offline

analysis.

With the aim of increasing the data rate by two orders of magnitude, the new proposed

detector must have higher acceptance and higher rate capability. A separated K+ beam re-

duces the singles rates per accepted event significantly. Since an existing 2 GeV K+ beam

provides sufficient flux, we have designed the detector for such a beam. We have made the po-

larimeter more granular to reduce the accidental positrons. Furthermore, the positron signal

is now denned by a pair of two neighboring wedges. This will reduce most of the accidentals

from low energy particles that produce only one hit. The choice of graphite absorber instead

of aluminum will increase the analyzing power and further decrease backgrounds from low

energy radiation from neutron capture in aluminum.

Separation of K+ —» fi+irQv events from accidental and physics backgrounds requires a

more complete event reconstruction. Therefore, we have chosen to place a large calorimeter

upstream of the polarimeter and the Fe shield. The calorimeter will have sufficient acceptance

to measure both photons from the TT° decay. It will also be used for selecting minimum ionizing

particles and rejecting events that contain additional photons, such as K+ —• 7r+7r°7r° decays.

Another improvement is a set of proportional chambers placed upstream of the calorimeter

immediately after the decay volume to measure the trajectory of the charge particle from

13



the decay, and to determine the vertex of the kaon decay. As shown in Section 5, these

two improvements in the detector allow us to obtain a reasonably pure sample of K+ —»

(JL+7C°V events and to identify the phase space region for a large fraction of the events.

With the larger aperture of the detector, the benefit of the focusing toroid is not sig-

nificant. In fact, the presence of the toroid will increase the muon stopping rate from

K+ —* fi+v and K+ —• x+7r° decays. Therefore, we have chosen not to magnetize the

iron shielding between the calorimeter and the polarimeter.

14



3 Kaon Beam design

The experiment will be carried out in the existing D6 beamline [3]. A complete schematic of

the beamline is shown in Fig. 3. The parameters of the beamline are shown in Table 3.

Currently the D6 line is being used by experiments E813, E836, and E8S5 for negative

kaons. Changing to positive kaons will involve relatively minor and inexpensive modifications.

Calculations using the current data on K~ intensity and the Sanford and Wang [4] particle

production model indicate that the intensity of K+ at the end of the beamline will be 1.4 x 107

kaons per AGS spill of 20 X 1012 protons (20 TP) on the production target (POT). The ratio

of pions to kaons in the beam will be x+/K+ = 1.2.

Intensity can be increased if needed in several ways. The mass slits at the ends of the

electrostatic separators can be widened to allow more beam at the expense of the purity.

The number of protons on target can be increased from 20 TP per spill to 30 TP. The total

available beam current in the AGS has exceeded 60 TP protons per spill in 1995, therefore

larger beam currents will certainly be available for this experiment. The technology for

targets that can withstand 20 TP per sec is now mature. The AGS department is working on

30 TP targets. We anticipate that these will be in use starting in the 1996 AGS run. We will

assume proton intensity of 30 TP and kaon intensity of 2.1 X 10r per spill for this proposal.

The third way to increase the kaon intensity is by shortening the length of the beamline or

by increasing the accepted momentum of the kaons. This final option will involve significant

modification to the beamline and will reduce the purity of the beam. The intensity with

the current design is sufficient for the experiment and has been conservatively calculated by

using current data. We also propose to run the beamline in the K+ mode as a test during

the 1996 run to accurately measure the available K+ current.

We intend to use the knowledge of the kaon momentum to perform kinematic cuts to

eliminate background. Therefore a small sized beam with low angular divergence and low

momentum spread is important. The beam focus will be adjusted to be 7 meters downstream

from the last quadrupole in the center of the calorimeter. Such a focus will produce a con-

verging beam and produce lower singles rates in the calorimeter blocks close to the beamline.

Figure 4 shows the kaon beam size and angular divergence calculated by the TURTLE pro-

gram using the Sanford and Wang production model. The beam should be properly centered

in the apparatus to reduce potential systematic errors. We intend to monitor the beam center

and shape with detectors in the beam. The precise nature of these monitoring devices has

not yet been determined. The systematic requirements on the beam are discussed in Section

15



Maximum Momentum: 1900 MeV/c

Length: 31.6 meters

Target:

9 cm long platinum

Water cooled

Maximum 20Tp per spill

Production Angle: 5 degrees

Angular acceptance: 1.6 msr

Momentum acceptance: 6'/ fwhm

Beam Optics: Corrected to third order

Movable Collimators:

4Jaw Theta-Phi Collimator

Horizontal Momentum Collimator

Two Vertical Collimators (Mass Slits)

Electrostatic Separators:

Two Stage Separation

750kV, 10.2 cm gap x 4.5 meter length separators

Particle Flux (per 20Tp on target)

1900 MeV/c positive kaons - 14,000000

purity: pi+/k+ = 1.2

Table 1: Parameters of the 2 GeV/c Separated Beamline - D6

6 in more detail.

16



Figure 3: Schematic of the existing D6 beamline for separated 2 GeV/c kaon beam. Tie

beamJine is 31.8 meters long.

17
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Figure 4: Plots of the kaon beam profile at the final focus of the beamiine 37.337 m from the

target simulated by TURTLE, x and y are t i e horizontal and vertical positions of the kaons

and x - prime and y — prime are the corresponding angular divergences.
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4 Detector Design

The detector is displayed schematically in Figure 1. The dimensions of the detector were

determined by Monte Carlo calculations that optimized for maximum acceptance and sensi-

tivity while keeping the background and singles rates low. Also the detector was kept as small

as possible to control costs. We continue to perform such calculations to further improve the

detector.

The detector has 5 major systems: the trigger scintillator panels, the wire chambers, the

calorimeter, the polarimeter, and the data acquisition electronics. Table 2 shows the locations

of the detector systems in the kaon beam. Each of these is described below along with the

expected singles rates and performance.

4.1 Trigger scintillator

There are seven groups of plastic scintillator counters in the detector as shown in Table 2

and Figure 1. The main function of the scintillator is to provide a fast trigger for a muon

stopping in the polarimeter. The muon stopping signal is formed by requiring coincident hits

in SRI, SR2, and SR3 and no coincident hits in SZ1, SZ2, and SR4.

The plastic scintillator in front of the polarimeter (SR3) has the same number of segments

as the polarimeter; thus the entry point of the muon in the polarimeter will be available as

a fast signal for the data acquisition electronics. This signal along with hit information from

the polarimeter can be used to specify the stopping point of the muon either online or offline.

There will be a separate set of 8 scintillators (SRC) in front of the inner blocks of the

calorimeter (from 5 to 45 cm in radius). These will not be used for the muon trigger; their

purpose is to provide charged particle identification for hits in that section of the calorimeter.

This identification can be used in the online fast trigger to reject events.

It is important to collect events that have muons uniformly distributed around the beam

axis to reduce systematic errors. Therefore the efficiencies of the trigger scintillator must be

]iigh and within a few percent of each other. These efficiencies will be measured during the

experiment and used in the analysis of the event counts around the beam axis. Similarly,

the veto scintillator (SZ1, SZ2, SR4) will be carefully designed to have no inefficient gaps or

screw asymmetries that can introduce systematic errors.

All of the scintillator will be read out by 1 or 2 inch photo-multiplier tubes. The mechan-

ical structure for this system is quite standard and can be manufactured without difficulty.

The detector counting rates have been calculated by Monte Carlo in Table 3. The total sin-
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System

Scintillator SRI

SRC

SR2

SR3

SR4

SZ1

SZ2

Chambers CHI

CH2

CH3

Calorimeter

Fe Shield

Polarimeter

z(cm)

670

672

760

810

920

801-919

801-919

560

610

665

675-705

765-785.

810-910

radius(cm)

40-110

5-45

63-128

63-128

63-128

60

130

5-90.5

5-110

5-110

5-125

60-125

65-125

<£-segs

32

8

32

128

32

16

32

-

-

-

-

-

128

Table 2: Detector geometry. Pairs of numbers give the extent of the detector in the corre-

sponding co-ordinate.

gles rate in the entire scintillator plane SRI will be 3.8 MHz, therefore each of the 32 sections

will experience singles rate of about 118 kHz. Thus the trigger and readout electronics for

this system will not present excessive difficulty.

4.2 Wire chambers

There will be three sets multi-wire-proportional-chambers (MWPC) in the experiment (see

Table 2 and Figure 1). The chambers will provide the trajectory of the muon, which can be

extrapolated backwards into the kaon beam to find the event vertex with reasonable accuracy.

This vertex location along with the photons in the calorimeter then will be used to reconstruct

the entire event.

Since the vertex accuracy is limited by the knowledge of the kaon beam the requirements

on the chambers are quite modest. We assume each of the three stations of chambers to be

about 0.05 radiation lengths thick (0.5 cm of Al). Chambers will have a position resolution

of ~ 0.7 cm. The accepted muons will have a mean momentum of ~ 0.8 GeV/c and a mean

angle with respect to the beam of ~ 150 mrad. If we assume the beam to have the transverse
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size (one sigma) of 1.5 cm then we calculate that for accepted muons the vertex resolution

in the direction of the beam (z-direction) will be about 8z ~ ±10cm. This resolution will

be dominated by the size of the kaon beam. We will have to perform two important cuts to

reduce background to K+ —» fj.Jt"K°v decays: a cut on the angle and 2-vertex of the charged

particle, and a cut on the reconstructed mass of the two photons. We will show below that

the vertex resolution is adequate for both of these cuts.

The chambers must cover a circular area of radius 110 cm. The rate of charged particles

into this area will be about 5 MHz. This rate is low enough that we can use single rectangular

planes of 220cm X 220cm. The wires in central 10 cm of the chambers will be left out

and the chamber walls in this region made thin to allow the kaon beam to pass through

without encountering significant material. With 5 MHz of charged particles and a 100 ns

gate, ~ 50% of the triggered events will have more than one charged particles passing through

the chambers. It will be necessary to have planes that are rotated to resolve the ambiguities

in the reconstruction. Thus CHI will have vertical and horizontal wires to measure x and

y. CH2 will make measurements of u and v rotated 45 degrees with respect to x and y.

CH3 will make measurements of x and y. Each view in each chamber will be measured

by 320 wires. Figure 5 shows the orientation of the x — y and u — v measuring chambers

as viewed by the kaon beam. This configuration of chambers along with the more precise

timing information from the scintillation counters and the calorimeter will provide more than

sufficient information to reconstruct tracks that correspond to the stopped muon and measure

efficiencies of the various counters. It should be noted that even in the nominally dead region

of about 18% there will be sufficient number of co-ordinate measurements to reconstruct the

track and find the vertex z position.

It is possible to leave the wires in the centers of the chambers, but simply deaden them

(by means of coating the wires with special insulating paint) in the area of the kaon beam.

The portions of the wires in the fiducial area will remain active. This method, however,

will introduce material in the beam-line; the interactions in the material will produce extra

counting rate in the scintillators SRI and the calorimeter. At this moment we have not fully

considered this scenario.

4.3 Calorimeter

The calorimeter will serve three different functions for this experiment: fast trigger for events

containing photons, reconstruction of TTOIS from two photons, rejection of K+ -> TT+TT0 and
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Figure 5: Orientations of the proportional wire chambers. The dead space is about 18% of

the nominally active area.
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System

CHI

CH2

CHS

SRI

SRC

SR2

SR3

SZ1

SZ2

SR4

Calor. > 0 CL

Calor. > 3 CL

Polarimeter

Rate (MHz)

4.S

4.8

4.8

3.8

1.0

2.0

1.3

0.5

0.3

1.1

5.6

0.61

2.5

Table 3: Singles rates in the detector elements for an incoming flux of 2 X 107 K+ particles

per second. The calorimeter rates are for at least 1 cluster (a group of adjacent hits) above 75

MeV and at least 3 clusters above 75 MeV. The polarimeter hit rate includes both stopping

and through-going particles.
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K+ —» 7r+7r°x° backgrounds by using 7r° kinematics and photon vetos. The calorimeter

elements must produce signals with fast risetimes (< 50n.s). It must be possible to measure

photons with energy below minimum ionizing particles (~ lOOMeF) for rejecting events with

extra photons. The energy resolution and granularity should be sufficiently good to obtain

< 20% resolution on the x° mass. In addition, the calorimeter elements must have high and

uniform efficiency to eliminate systematic errors.

Figure 6 shows the various contributions to the T 0 mass resolution in accepted K+ —+

ij,+'Kot/ decays. The dashed curve shows the mass resolution with the effects of shower position

resolution and shower leakage. The dotted curve includes the effects of beam spread (with

the beam profile and momentum distribution from TURTLE in Figure 4) and decay vertex

resolution from the charged track reconstruction. The solid curve has all effects including the

shower energy resolution of 8%/\/E- It is clear that the main contribution to the TT° mass

resolution of about 11% comes from the energy resolution.

The above conditions can be satisfied with the use of a Shashlyk (lead sdntiliator)

calorimeter array similar to the one in experiment E865 at the AGS. Figure 7 shows a

schematic of the calorimeter. Each calorimeter element will be a Shashlyk brick (10cm X

10cm x 32cm) approximately 11 radiation lengths deep, read out by a 1 inch photo-multiplier

tube (see Figure 8). The energy resolution of %%/y/E should be easily obtained with standard

calibration techniques. The efficiency of the blocks will be monitored continuously and kept

uniform and symmetric about the beamline. The inner calorimeter blocks will experience

maximum singles rates of ~ 50 KHz. These may require somewhat specialized electronics on

the photo-multiplier tubes. The radiation dose to the calorimeter will be about 50 Rad per

year; it will not cause any difficulty.

The other option for the calorimeter is a conventional lead glass array. We are trying

to find an existing lead glass array of the appropriate size. There are several such arrays

in use at FNAL and BNL. It is likely that we will be able to obtain one for the duration

of this experiment. Nevertheless, the Shashlyk type calorimeter has several advantages over

lead glass for calorimetry below ~1 GeV. The Shashlyk modules can be built for low cost

in any shape. They require small 1 inch PMTs which are not as costly as the large tubes

needed for lead glass. The sampling in the Shashlyk calorimeter can be arranged so that

the photon energy threshold as low as 75 MeV can be achieved. The best feature of the

Shashlyk calorimeter, however, is the ability to precalibrate with cosmic ray muons. The

E865 collaboration has shown that the cosmic ray muon calibration takes about 1 hour and

is accurate to about 4% (see Figure 9). Cosmic ray calibration can also be used to monitor the
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calibration of the modules to within 1%. Therefore we prefer to use the Shashlyk calorimeter

instead of lead glass.

4.4 Polarimeter

The polarimeter is the key element in our detector. It must measure the time and direction

of the muon decay positron with respect to the muon stop position with high efficiency

and analysing power. It must have no intrinsic biases, therefore it must be assembled and

aligned with good precision. Figures 10 and 11 show the front and side cross sections of the

polarimeter.

The polarimeter will be composed of 128 graphite wedges (commercial graphite density is

1.7gm/cm3) with 128 active detector elements between the wedges (Figure 10). We currently

have two choices for the technology of the active detectors: 1) 0.5 cm thick scintillator planes

with photo-multiplier readout or 2) 1.0 cm thick proportional chambers with radially outward

wires to allow measurement of position along the kaon beam direction. A schematic of both

of these possibilities is shown in Figures 12 and 13.

Both of these techniques will perform the essential functions. The scintillator has the

advantages of simplicity, fast signals, and low channel count. The wire chambers have the

advantages of longitudinal position measurement (allows a measurement of the muon range;

see Section 5), low mass, and low sensitivity to magnetic fields (see Section 6.2). After further

analysis of these technologies including the ease of fabrication and the cost, the choice will

be made at the appropriate time.

The scintillators surrounding the polarimeter will signal a valid muon stop. The scin-

tillator planes in front of the polarimeter will indicate the entry point of the muon. The

muon will scatter as it comes to rest inside the polarimeter; therefore we will have to use

the hit pattern of the detectors inside the polarimeter to determine the stopping position of

the muon. All hits, their position and time, within 5/xs after the muon stop surrounding the

stopping wedge will be recorded. In the off-line analysis the positron will be required to fire

at least two wedges on either side of the stopping wedge. We will also require no hits at the

positron time in the scintillator counters surrounding the polarimeter (SR3, SZ1, SR4, SZ2)

to reduce backgrounds due to random charged particles passing through the polarimeter.

Table 3 shows the rate of hits in the polarimeter (2.5 MHz) including the charged tracks

that pass through and photons that punch through the Fe shield. Most of the particles that

go through the polarimeter will scatter and make several hits. The rate of 2-wedge hits from
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Figure 7: Schematic of the calorimeter.
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Figure 8: Schematic of a Shashlyk calorimeter module from experiment E865.
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this source will be about 1.1 MHz; with an appropriate veto on the counters surrounding the

polarimeter the rate of background 2-wedge hits from penetrating particles will be about 28

kHz. The rate of charged particles stopping in the polarimeter will be about 230 kHz and

the rate of decay positrons that produce 2-wedge hits will be about 125 kHz. Since all of

these rates will be equally divided among the 128 wedges, the rate per wedge is not high for

electronics considerations. The implications of these rates, the analysis procedures that we

intend to follow, and the sensitivity are discussed more fully in the next section.

4.4.1 Mechanical Design

The polarimeter will weigh 7.5 tons and must be assembled and mounted such that essen-

tial alignments are quite precise. Moreover, the counters will require access for cables and

maintenance. We have a preliminary design for the mechanical assembly of this device. It is

briefly described below.

The basic polarimeter mount will be an aluminum cylinder as shown in Figure 11. Both

sides of the cylinder will be connected to a cradle that will rest on the AGS floor. The outer

radius of the cylinder will be 65 cm and the cylinder wall will be 2.54 cm thick. The two

ends of the cylinder will be reinforced by means of a thick welded aluminum ring.

The active polarimeter elements must be held in place accurately and this precision is

derived from the polarimeter end plates made of 1.5 cm thick low carbon steel as shown in

Figure 11. The plates will be fitted with a flange ring on the base cylinder. The necessary

accuracy will be achieved by using shims. The plates will also serve as the return path for

the magnetic field imposed on the polarimeter for precessing the muon spins. There will be

precise positioning holes in the plates for pins that will fit into corresponding holes in the

carbon wedges and the active counters. The downstream plate will have slits for insertion and

withdrawal of the counter elements. In the case we use scintillator counters the light pipes

will extend through the slits to ths photo-multiplier tubes, which must be located away from

the residual magnetic field outside the end-plates. In the case of the proportional chambers

the slits will be used to pass the signal wires and gas lines.

The alignment of the end plates is important. The axis of the plates should be aligned

with the beam and the plates should be normal to that axis. The rotation of one disk with

respect to the other will generate a screw asymmetry in the apparatus. This particular screw

asymmetry does not seem to be limiting, nevertheless it can be eliminated to a large extent

with normal engineering practices.

30



120 Counters
Scintillator
or PWC ""

Graphite
wedges-.

Fe flux
return

Copper
winding;

Aluminum
cylinder

Kaon Beam

fet-

can

1 . 2 5 m

Figure 10: Schematic of the polarimeter as viewed along the beam. Only a quadrant of the

polahmeter is shown in detail.
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Figure 11: Schematic of the polarimeter as viewed from the side. Only the upper cross section

of the polarimeter is shown in detail.
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Figure 12: Detail of the pola.nm.etei. The configuration using scintillation counters as t i e

active detector between wedges.
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Figure 13: Tie configuration using proportional chambers as the active detector between

wedges. The wires are arranged perpendicular to the kaon beam direction so that a measure-

ment of the range of the stopping muon becomes possible.
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It will be desirable to mount the structure during assembly so that it can rotate freely

(on roller bearings) allowing the insertion of each wedge in a manner such that the wedge is

upright during insertion. Lucite or aluminum spacers can be used for precise positioning of

the wedges. The active detector elements will be inserted through the siits in the end piates

after the assembly of the graphite wedges and the copper windings is complete.

It is desirable to mount the finished poiarimeter on a platform that can rotate about the

vertical axis. This will allow us to take half of the data with the poiarimeter flipped. This

procedure will largely eliminate two of the serious first order systematic errors and reduce

many of the second order systematics. To accomplish this with relative ease, we intend to

make the poiarimeter front-back symmetric and keep the number of cable connections to a

minimum by placing much of the readout electronics near the poiarimeter on the rotating

platform.

4.4.2 Solenoid Magnet

The rotating mount could also be used to wind the copper wire for the solenoidal field. After

the wedges are installed 64 aluminum bars will be added around the polarimeter. The copper

windings for the solenoidal field will be wound on these bars with care so that no screw

asymmetry will be present in the magnetic field. These will be 500 turns of copper wire

that will carry approximately 10 Amp to produce a magnetic field of about 60 gauss inside

the poiarimeter (See Figure 11). After installation of the copper wire, steel return will be

added on the outside with 1.5 cm thick plates of low carbon steel. The precision steel plates

that support and align the poiarimeter elements and the additional steel around the copper

windings will serve as the field return. The steel plates should be effective in keeping the field

uniform (to about 0.4% using 1020 steel) in the entire poiarimeter volume. As pointed out in

Section 6.2 it will be necessary to carefully measure and eliminate the earth's magnetic field

and also make sure that there is no difference in the strength of the longitudinal field upon

reversal.

4.4.3 Precession Calibration Magnet

In any experiment that looks for a small effect, the question arises as to the sensitivity of

the experiment if a null result is obtained, and the legitimacy of the signal if a small effect

is found. It is then useful to have a method of introducing a false signal that simulates a

real signal to a high degree. The signal in this experiment is a very small component of
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polarization normal to the plane of decay in the presence of a much larger component in the

plane of the decay. An artificial precession of the in-plane component will generate a mock

effect. We intend to add a "precession calibration magnet" shown in Figure 14 between the

calorimeter and the Fe shield to introduce such a mock signal for muons from K+ —y fi+i/

and K+ —* H+IK°U decays.

The magnet will consist of a coil of 256 turns of copper wire inducing a field integral

of about 3.0 Gauss-meter per ampere of current in the space between two low carbon steel

plates that will shape the field and provide a return path for the field lines. There will

be additional steel around the coil to complete the return path. Water cooling is probably

not necessary, but can be added easily by the addition of copper tubing. The magnet will

be about 10 cm deep, but for a given number of ampere-turns the field integral and the

precession is independent of the magnet thickness. The return plates will be made of 1 cm

thick Fe plates, therefore some wooden or plastic spacers may be added to make the magnet

structurally sound. At a current of 20 Amp, the field is such as to precess the muons by

an angle of ~ 4 X 10"3 radians in the 10 cm thick magnet. At this level of precession a

polarization of 0.67 will be rotated such that a simulated time reversal violating polarization

of ~ 0.0027 will be created. The current can be reversed to allow a useful check of zero

T-violating polarization.

As shown in Section 5 there will be sufficient number of muons from kaon decays for per-

forming this procedure. However, the question of bandwidth in the data-acquisition system

for this additional data and the accuracy with which the amount of induced precession can

be calculated has not yet been considered.

4.4.4 Analyzing Power

We have studied the analyzing power of the polarimeter with a full GEANT Monte Carlo

simulation. Muons at rest are placed in a polarimeter wedge at a specific radius. They are

randomly distributed in angle within db-7r/N wedge, centered on the middle of the graphite.

The rnuons are 100% polarized perpendicular to the wedge. The muon decay electron is

followed to simulate detector hits and later analyzed.

Table 4 shows the result of this simulation. The efficiency (E) for classifying a muon decay

as clockwise or counter-clockwise decreases from 37% to 18% from the inner to the outer

edge of the polarimeter. But the analyzing power (A) increases from 0.31 to 0.41 because

the increasing thickness of the graphite selects higher and higher energy decay positrons.
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Radius

(cm)

75.

85.

95.

105.

115.

Nwedge

120

120

120

120

120

Graphite

thickness(cm)

3.4

3.9

4.4

5.0

5.5

Hit

Eff

.832

.819

.782

.755

.725

Neighbor

Pair Eff

.483

.482

.456

.437

.430

CW/CCW

Eff

.371

.310

.262

.209

.177

Analysing

Power

.309

.348 .-

.337

.355

.411

Quality

.188

.193

.172

.162

.172

h i t Eff = f rac t ion of events with at l eas t one h i t .

Pa i r Eff = f rac t ion of events with at l eas t one pair of neighboring wedge.

CW/CCW Eff = Faction of events with defined Up or Down c h a r a c t e r i s t i c .

CW i s defined as a pa i r of wedges clockwise

CCW i s defined as a pa i r of wedges counter clockwise

Analysing power = (CW-CCW)/(CW+CCW)

Quality = Analyzing_power * SQRT(CW/CCW eff)

Table 4: Efficiency ofmuon decay detection and the analyzing power of the polarimeter as a

function of radius.

Although the efficiency and analyzing power vary with the absorber thickness, the quality

factor (Ay/~E) of the polarimeter remains relatively constant at about 0.18.

If we use scintillators as the active elements in the polarimeter then about 11% of the

muons will stop in the scintillator and will be depolarized. Our calculation of the analyzing

power in Table 4 does not include this effect; the analyzing power will be lower by about 5%

after including the scintillator depolarization. Nevertheless, if we use aluminum chambers

as the active elements then this calculation is quite realistic. The simulation of muon decay

positrons in GEANT is quite good and has been verified in an experiment with cosmic ray

muons in our laboratory [5]. Furthermore, the analyzing power will be measured in the

experiment by looking at the allowed component of the polarization from the same data (see

Equation 3).
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4.5 Electronics

We are considering a number of different options for the design of the electronics. We •will

decide on the exact nature of the electronics after careful evaluation of the capabilities and

the cost. Below we have treated the major requirements.

4.5.1 Trigger

Because of the high rate of events much of the event selection must be done online at trigger

level. The trigger will have three important components: The muon stop, the calorimeter hit

pattern, and the muon decay in the polarimeter.

1. The muon stop: The muon stop is denned by the coincidence of SRI, SR2, and SR3

and the anti-coincidence of SR4, SZ1, and SZ2. The stopping rate will be about 142

kHz. The rates, acceptances, and backgrounds are explained more fully in Section 5.

The logic of the coincidence will be implemented on custom boards with standard ECL

chips. The boards will produce both a logic signal indicating a stop and a bit pattern

encoding the approximate stopping position using the entry point into the polarimeter

from SR3. This stopping position will be passed onto the logic that searches for the

muon decay associated with the stop.

2. The calorimeter hit pattern: We intend to trigger on at least two different sets of

calorimeter conditions: events that deposit more than 600 MeV of photon energy in

the central blocks and events with only two photons with a total energy greater than

900 MeV. Therefore the calorimeter trigger electronics must be capable of performing

energy sums and count the number of dusters.

Since the rate of single photon calorimeter triggers will be high (549 kHz), the energy

sums will be performed by using analog summers. Care must be taken to reduce

coherent noise, but this technique has been used successfully in BNL-E787 [16]. The

same E787 design could be copied with very little change. These summers could be

gated by signals from SRI and SRC, which are located in front of the calorimeter,

thereby creating the sums: neutral energy in the central calorimeter blocks, neutral

energy in the entire calorimeter, and charged energy in the entire calorimeter.

Similarly, there exist a number of algorithms for counting clusters in a calorimeter.

For example, the number of groups of adjacent hits (cluster) is obtained by a simple

count of the number of calorimeter block hits above threshold (75 MeV) with the added
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constraint that a block hit is vetoed by a hit in the block that is either immediately

to the left or below 1. Such a method can be implemented on a custom electronics

board that accepts all discriminated calorimeter pulses and produces the number of

clusters. The rate of events with >3 groups of hits (clusters) in the calorimeter will

be about 610 kHz. Care must be taken in the calorimeter electronics nd't to introduce

unwanted asymmetries, therefore we will decide on the clustering method after detailed

simulations of all candidate algorithms.

3. The muon decay in the polarimeter: After the stopping and calorimeter (single photon

or two photon, see Section 5) requirements approximately 13000 events per spill will

be left as candidate K+ -» fi+ir°u events. Only about 1/4 of these events will have

a good (2 polarimeter hits) muon decay signature within 6 /xsec after the stop signal.

Hit signals from each of the 128 planes - in case we use chambers in the polarimeter

an "OR" of the 32 longitudinal channels will be used - will be combined to produce

up to 128 pair signals. A delayed coincidence will be required within 6 fMsec between

a pair signal and the stopping signal. Accidental rate will be reduced by limiting the

coincidence to the angular 30° region near the miion entry location from SR3. We

expect that after the muon decay requirement about 4000 events/spill will be left for

readout.

4.5.2 Readout Electronics and Data Acquisition

The readout system must be able to handle 4000 events per spill. The total volume of data

will be kept to a reasonable size by keeping the amount of data per event small. Table 5

shows a list of readout systems and the maximum amount of data they will generate per

event. The TDC and ADC modules for the scintillators and the calorimeter will be standard

commercial modules with 10 bits of dynamic range; the TDC least count will be about 1 ns.

The tracking chambers will have 50 ns latches that are timed to the stopping track through

appropriate delays. We intend to use inexpensive custom slow TDCs running with a common

50 MHz clock for the polarimeter. The rates in the polarimeter are sufficiently low that a

faster system is probably not needed.

The total volume of data will be approximately 1.2 Mbytes per spill. Allowing a generous

safety margin, we will make the readout system capable of handling up to 3 Mbytes per spill.

This data can either be put on magnetic tape or analyzed further online. In particular, the

1This method was pointed out to us by Ted Kycia
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Module

TDC

TDC

ADC

Latches

50MHz TDC

Overhead

Total

System

Scintillator

Calorimeter

Calorimeter

Tracking

Polarimeter

-

-

Channels

325

500

500

2800

4200

-

8325

Data/evt

bytes

32

48

48

40

32

50%

300

Table 5: Summary of the readout system. The number of channels is approximate and

includes spares.

z — 9 cut or the TT° transverse momentum cut (see Section 5) could be performed online to

further reduce the amount of data on tape. In either case, the total volume of data is not

unreasonably large and can be managed easily with current computing and mass storage

technology.
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5 Expected Sensitivity

We have performed a full GEANT Monte-Carlo simulation of the proposed detector. We

assumed K+ beam of 2 x 107 particles per AGS pulse with approximate duration of 1 sec

incident at the start of the decay region (Figure 1). We simulated the six most important

decays (Table 6) with appropriate kinematics and branching ratio weights. The decays were

simulated in flight with the kaon lifetime from the beginning of the decay region. The GEANT

package performed the tasks of tracking the decay products into the detector, calculating the

energy losses, and recording hits. It also allowed muons and pions to stop and followed the

decay chain with appropriate lifetime and kinematics. For each simulated event a list of

hits, time and energy, in all parts of the detector including the polarimeter was made. We

analyzed the hits to calculate the singles rate, the trigger rate for different implementations

of the event selection, the final acceptance, the background, and the sensitivity.

The singles rates in each of the detector systems are listed in Table 3 and discussed

in Section 4. The rates were computed assuming a pure kaon beam. We expect that the

positive kaons will be accompanied by the same number of positive pions in this beam line

at 2.0 GeV/c. There will also be a halo of pions and muons around the kaon beam due to

kaon decays in the beam line. From experience with E865 we expect that the rates in the

detector will be no more than twice as large as the numbers in Table 3 because of the halo

and interactions in the wails and collimators of the beam line. Nevertheless, it is important to

know the singles rates as well as possible in the calorimeter and scintillator elements nearest

the beam. We intend to get a better understanding of the rates near the beam experimentally

in the 1996 run. The singles rates and the radiation dose are not excessive so that no special

K+

K+

K+

K+

K+

K+

- + X + 7T0

—> 7T + 7r+7T"~

-* fV+v

0.63

0.21

0.056

0.048

0.032

0.017

Table 6: The top six kaon. decay modes.
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The main goal of the trigger and analysis is to collect as many K+ —* fi+-7r°v events with

a clearly identified muon decay as possible. The event selection should have low background

from other kaon decays; the selected K+ —• fj.+7r°i/ events should be in the favored regions of

phase space and geometry; and there should be no screw asymmetries in the event selection

or analysis. Since the K+ —» H+/K°I/ decays are not rare, the number of events we will need

to analyze - online and off-line - will be high. Therefore the trigger and data acquisition

will have to be kept as simple and economical as possible to reduce the amount of data per

event. With these goals in mind and the need to have powerful controls on possible systematic

errors we intend to divide the data into four ensembles: a single forward-photon sample for

K+ —y fj.+-x°t/, a two photon or forward-7r° sample, single muon calibration sample, and a

single photon sample for K+ —• /11/7. The actual implementation of these triggers in the

hardware or software has not yet been determined, but for the purposes of the proposal we

have found this division useful.

Figures 15 and 16 show examples of K+ —+ fj,+-xoi/ events generated by the GEANT

Monte Carlo program selected as "single photon" and "two photon" events, respectively.

5.1 T h e Single P h o t o n Sample

The event selection for the experiment has these components: the muon stop, the calorimeter

hits, the vertex and charged track cuts, and the muon decay signature in the polarimeter.

The muon stop will be defined by the coincidence of SRI, SE2, and SR3, and anti-

coincidence of SR4, SZ1, and SZ2 to veto particles exiting the polarimeter.

Stop = SRU • SR2j • SR3k • SRAi • SZlm • SZ2n

The indices correspond to the azimuthal (4>) segmentation. The coincidence range in <f> will

be determined by the study of real K+ —> n+ir°v events. In our Monte-Carlo simulation we

have set it to be A<f> = ±15° for coincidence and A(f> = ±30° for anti-coincidence. Figure 17

shows that these ranges are sufficient to account for most of the scattering of the muon.

For the single photon analysis we anticipate a cut of 0.6 GeV on a simple energy sum

of all neutral energy within the central calorimeter blocks (approximately 40 cm in radius).

Pulse heights in the central calorimeter blocks that are not in coincidence with hits in the

scintillator planes in front of the calorimeter will be summed. No attempt will be made to

reconstruct individual photons from calorimeter hit clusters; therefore the sample will contain

both events with single or two photons in the calorimeter. The main purpose of the cut will

be to select K+ —> n+tK°v events in which the average direction of the x° is along the kaon
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Figure,15: GEANT Monte Carlo K+ -* (JL+T:OV event selected as "single photon" due to large

energy deposition in the central part of the calorimeter.
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Figure^ 16: GEANT Monte Carlo K+ -+ /i+7r°i/ event selected as "two photon" due to two

photon energy clusters in the calorimeter.
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Figure 17: Monte Carlo calculation of (a.) A<j> = <psR3 — 4>SRI
 and (b) A<f> = <J>SRZ — <PsR4 f ° r

muons from. iT+ -+ ^+TT°I/ decays.

beam and the average decay plane is coincident with the plane defined by the muon and the

kaon.

Table 7 shows the event rates for the single photon analysis. After the muon stop and

the calorimeter energy requirement more than half of the events will be background from

K+ —*• 7T+7r° decays in which the charged pion punches through the calorimeter and the

steel. The center of mass momentum of the decay particles is larger for K+ —*• 7r+7r° two body

decays than for K+ —* fi+ir°i/ decays; therefore the accepted T + S from K+ —> Tr+7r° decays

tend to be- at large angles and the corresponding kaon decay vertex tends to be further

downstream. Figure 18 shows the distribution of the charged particle angle versus the z

vertex for K+ —• ̂ +7r°i>, K+ —> 7r+x°, and K+ —* 7r+7r°7r° events selected with the stop

and the calorimeter energy requirements. The z vertex and the angle of the track will be

measured with sufficient accuracy in the wire-chambers. Events above the diagonal line shown

in Figure 18 will be rejected. The final event count after this rejection is shown in the last

row of Table 7. Approximately 0.25 (320 = 0.25 X 1280) of the accepted events will have a
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Figure 18: Monte Carlo calculation of the iaon decay vertex location (Z) versus the charged

particle angle (0) for events that pass the stop and calorimeter energy requirements for single

photon analysis. Events above the diagonal line will be rejected.
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Condition

Stop

17 = -EUrfrai > 0-6GeF
Stop • I7

Stop -l-y-9-Z

K+ ->

15300

51900

2080

1030

C+ + 0
xV —> "K 7T

34200

379000

2600

50

2200

42600

280-

200

Total

142000

549000

4960

1280

Table 7: Event rates for t ie single photon analysis. Total includes rates from if+ —> y^v,

K+ —* TT+TT+-K~, and K+ —» e+7r°i/ decays. .Rates are normalized for 2 x 107 iaons entering

tiie decay voiume per AGS pulse of about 1 sec duration occurring every 3.2 sec.

valid muon decay signature (at least one pair of hits that can be classified as clock-wise or

counter-clock-wise) in the polarimeter.

There are three types of backgrounds for the single photon event set. All of these back-

grounds will dilute the sensitivity of the experiment, but will not produce a spurious effect.

As shown in Table 7 the background from K+ -> 7r+7r° and K + —> 7r+x°7r0 events will be

about 20% after all cuts. There will also be background from accidental coincidences of stop-

ping charged particles and the single photon energy requirement. From the rates in Table 7

we estimate the accidental rate of coincidences to be about 390 assuming a resolving time

of 5ns. Most of these accidental events will be rejected by the vertex and angle cut. The

third background is from unrelated muon decays in the muon decay time window (6/xs) of

the event of interest. The rate of hit pairs from muon decays in the polarimeter will be about

125000 per sec. The poiarimeter is divided in 128 wedges but a pair of hits on either side

of a stopping wedge could contribute as background; therefore the number of events per sec

from this background will be 15 (1280 X 125000 X 6 x 10~6/64) or 5% of the total number of

selected events with good muon decay signatures. Thus the final count of good single photon

events with detected positrons will be about 340 per AGS pulse with 25% background. The

background will be dominated by K+ —> 7r+7r°7r° events; it can be further reduced with more

refined cuts on the z vertex and charged particle angle (see Figure 18), but for the purposes

of the proposal we will calculate the sensitivity with the above signal to background ratio.

We now calculate the sensitivity of the single photon event sample for T-violation or

Im£. The calculation must account for a number of dilution factors: FJD, the ratio P^/Im^;

the mean angle of the decay plane with respect to the azimuthal direction in the detector

(or the plane defined by the polarimeter stopping wedge); and the analyzing power of the
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Figure 19: Dalitz plot for the K+ -> fi,+%ov events accepted as single photon events; T^ and

T-x are t ie kinetic energies of the muon and the pion in the rest frame of the kaon.
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Figure 21: Tie cosine of the decay plane angle for K+

photon events.

r7r°i/ events accepted as single

polarimeter.

The distribution of accepted K+ —*• /i+iroi/ events in the Dalitz plot is shown in Figure

19. Comparison with Figure 37 shows that the accepted events are in the region of phase

space where FD ~ 0.2. The distribution of FD — P%,jlm£ for the accepted events is shown

in Figure 20. The mean value of FD for the single photon sample will be about 0.23. The

cosine of the angle of the decay plane with respect to the azimuthal direction defined by the

polarimeter for the accepted events is plotted in Figure 21. We have combined the effect of

FD and the angle of the decay plane into one quantity which characterizes the sensitivity of

the event sample; S = FD COS 6. The quantity, S, is plotted in Figure 22. The mean value

< S > « 0.18 is the dilution factor between the polarization and Im£.

As shown in Section 4.4.4 (Table 4) the polarimeter can be characterized by a mean ana-

lyzing quality factor of 0.18; this number is the square-root of the efficiency of the polarimeter

multiplied by the analyzing power. Thus the polarization sensitivity at 1 sigma for the single

photon sample with a run of 2 X 106 AGS pulses is given by

6P =
(2x 106-1030)-2 -1.252

(U8
= 1.9 x 10~4
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Figure 22: The sensitivity of the single photon event sample S = F& COS 6.

where the dilution due to background is \/l-25 and the loss due to precession is -J2. This

polarization sensitivity corresponds to sensitivity for Im£ at 1 sigma as follows:

- : TTZ = L1 x 10"3-
5.2 The Two Photon - TT° sample

The goal of the two photon sample is a sample of events in which the entire TT° is reconstructed.

Measurement of the TT° momentum will lead to better characterization of the events and lower

background.

The muon stop criteria will be the same as described previously for the single photon

sample. The initial calorimeter requirement will be as follows:

2 Gamma t r i gge r :

1 calorimeter hit cluster from a charged particle.

2 neutral clusters.

Total neut ra l energy > 0.9 GeV.

The event counts per AGS pulse for these criteria are listed in Table 8. The rate of events

that pass both the stopping and the 2f requirement is larger than the corresponding rate for
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Condition

Stop

2 7

Stop • 27

All 27 cuts

15300

35000

3280

1490

K+ - > TT+TT0

34200

228000

6550

18

TT+TT0^0

2200

19200

360

130

Total

142000

314000

10200

1640

Table 8: Event rates for tie two photon analysis. Total includes rates from K^ —+ fJ.+ u,

K+ —> TT+TT+TT", and K+ —* e+7r°i/ decays. Rates are normalized for 2 x 107 Jcaons entering

t ie decay volume per AGS pulse of about 1 sec duration occurring every 3.2 sec.

the I7 selection. But since both photons are measured for this sample a more complete recon-

struction can be performed to eliminate background and select events with high sensitivity

to T-violation. Many different combinations of cuts can be employed to analyze the events.

We illustrate the sensitivity with the following series of cuts that rely on the calorimeter for

event selection and background suppression:

1. m-^, reconstructed two photon mass: Figure 23 shows the reconstructed 7 — 7 mass for

the K+ —» ^+7r°i/ and K+ —»ir+7r°7r° events selected by the initial cuts. A cut on the

7 — 7 mass between 100 and 170 MeV will eliminate more than half of the background

from the K+ —* 7r+ir°7r° events and keep all of the well measured K+ -» fj,+Tr°i/ events.

2. Pion direction and energy: Figure 24 shows the reconstructed TT° momentum transverse

(jij, ) to the kaon beam direction for events that have passed the cuts described above

(including the cut on the neutral energy of 0.9 GeV). As expected, pj0 peaks at 200

MeV for K+ —> 7r+7r° events and has a broad distribution for K+ —> fi+-K°v and

K+ -* 7r+7r°7r° events. A cut at 140 MeV will keep K+ -> [i+icoi> events with pions at

small angles with respect to the kaon beam as well as reject K+ —» x"*"7r° background

events.

3. z vertex versus 9^: The small amount of K+ —• TT+TT0 background left after the cut on

the transverse momentum can be further reduced by a cut on the z vertex versus the

angle of the charged particle similar to the cut for the single photon analysis. This is

demonstrated in Figure 25. The cut in the two photon case need not be as restrictive as

for the single photon case. The cuts on the laboratory measured angles and energies for

the neutral and the charged particles are highly correlated, and the final event selection
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criteria will have to be optimized aftsr an analysis of the detector resolutions. The

final count of signal and background events after the z versus 8 cut is shown in the

last row of Table 8. For the purposes of the proposal we will use this event count and

background for the estimate of the sensitivity from the two photon event sample.

4. Possible muon range cut: One of the options for the polarimeter active elements is

wire chambers that can detect the position of the muon decay positrons within approx-

imately 3 cm in the kaon beam direction. This position determination can be used as

a measurement of the muon range which can be converted to muon energy with appro-

priate calibration. One can also perform a OC fit to the measured TT° momentum, muon

direction, and the known kaon momentum of 2 GeV/c to obtain the muon energy. In

principle, there are two possible solutions in such a fit, but in practice only one is phys-

ical. For K+ —> /LJ+7T°I/ events these two measures of the muon energy must match. In

Figure 26 we show the difference between these two measures of muon energy for events

that have passed all two photon cuts and also have an identified muon decay. The res-

olution on the difference is dominated by the calorimeter energy resolution. A cut on

this difference can further reduce background from K+ —> 7r+7r°, K+ —• 7r+x°7r° events

and also from unrelated muon decays.

Approximately 0.25 (410 = 0.25 X 1640) of the events in Table 8 will have a valid muon

decay signature. Thus the final count of good two photon events will be about 410 per AGS

pulse with 9% background. The background will be dominated by K+ —> 7r+x°7r° events,

and it can be further reduced by other cuts such as the range match in Figure 26. There

will also be about 5% background from decays of unrelated muons in the muon decay time

window of 6fj.sec.

The sensitivity of the two photon sample can be judged by looking at the acceptance

in the Dalitz plot in Figure 27 and the quantity FD (Figure 28) for the accepted K+ —>

fj.+ir°v events. Figure 29 shows the distribution of the cosine of the decay plane angle with

respect to the azimuthal direction in the detector. We have combined the dilution effects of

FJJ and the decay plane angle into one quantity S = FD • cos 9, which is shown in Figure 30.

The average of S relates the transverse polarization sensitivity to Im£.

Thus the polariza/tion sensitivity at 1 sigma for the two photon sample with a run of

2 x 106 AGS pulses is given by

= (2 X 10* • 1490)-* • 1.15*2* = 4

0.18
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Figure 23: Monte Cario calculation of the two photon invariant mass using the vertex mea-

sured by t ie charged particle for K+ —> fi+ir°i/ (solid) and K+ —* 7r+7r°7r° (dashed) events

selected by the stop and initial 2 photon cuts. Caicuiation includes resolution effects in

the vertex reconstruction and t ie position and energy resolution of the calorimeter. The

histograms are not normalized.
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Figure 24: Monte Cario caicuiatioa of the reconstructed TT° transverse momentum. Tie

solid iistogram is for _K"+ —> 7r+7r°, t ie dashed is for K+ —* fi+-K°v, and the dotted is for

K+ -* 7r"l"7r°7r° events selected by the preceding cuts. Calculation includes all resolution

effects. The histograms are not normai'zed.
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Figure 25: Monte Carlo calculation of the reconstructed kaon decay vertex location (Z) versus

the charged particle angle (6) for events that pass the stop and calorimeter requirements for

the two photon analysis. Events above the diagonal line will be rejected. Plots are not

normalized.
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Figure 26: Difference between the energy measured from the range in the polarimeter and

the energy of the muon calculated in a OC fit of the event. Tie solid curve is for K+ -*

fj.+T°v events, the dashed curve is for K+ —* TT+TT0 events, and the dotted curve is for

K+ —> 7r+7r°7r° events with the finaJ two photon cuts. The histograms are not normalized.
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where the dilution due to background is y/l.lb and the loss due to precession is V2. The qual-

ity factor of the polarimeter is 0.18. This polarization sensitivity corresponds to sensitivity

for Im£ at 1 sigma as follows:

SP
7 7 7 = 7 x 10-4.

A large fraction of the single photon and two photon event samples are exclusive of each

other. The combined event sample will have 2200 K+ -+ /i+7r°i/, 70 K+ -> TT+TT0, and 300

K+ —* 7r+7r°7r° events. The combined sensitivity will be

= (2 X1O°- 2200)-! -1.20*2* = 1Q_4

0.18

where the dilution due to background is -\/1.20 and the loss due to precession is \/2- The qual-

ity factor of the polarimeter is 0.18. This polarization sensitivity corresponds to sensitivity

for Im£ at 1 sigma as follows:

= 7 x

where < S >= 0.19 for the combined sample.

5.3 Calibration Trigger

The sensitivity of the experiment will be measured from the same single photon and two

photon data by looking at the T-conserving asymmetry (Equation 3). Nevertheless, we

believe it is important to have the ability to inject muons not associated with the main data

to understand the detector. We have listed several possibilities below in order of increasing

complexity.

1. Single muons with no average azimuthal polarization: As shown in Table 7 there will be

approximately 142000 stops in the polarimeter per AGS pulse. These will be dominated

by K+ —> fi+v and K+ —» ir+T° events with only 10% from K+ —̂  fi+T°v and so should

have no observable T-violating asymmetry. We will use these triggers for calibrations

of the efficiencies and time offsets. A large sample of these can also be collected at

any time during the run to make sure that there are no gross systematic errors in the

detector that produce a spurious T-violating asymmetry.

2. Single muons through the precession calibration magnet: The selection of K+ —»

fj,+u events can be further refined by rejecting events with photons in the calorime-

ter as well as accepting events that are downstream and with the charged particle at
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Figure 27: Dalitz plot for the K+ —* [i+irov events accepted as two photon events; T^ and TT

are the kinetic energies of the muon and the pion respectively in the rest frame of the kaon.
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Figure 29: T i e cosine of the decay plane angle and for K+ —•*• fi+v°t/ events accepted as two

photon events.
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Figure 30: Tie sensitivity of the two photon event sample S = FD COS 6.

60



50 100 150 200 250 300 350 400 450 500
Z(cm)

Figure 31: Monte Carlo calculation of the reconstructed kaon decay vertex location (Z) versus

the charged particle angle (6) for K+ —*• fi+p events that pass the stop requirement.

a high angle (Figure 31). These selected muons will have a large polarization that

can be rotated by the precession calibration magnet to create an artificial T-violating

asymmetry. The data with the precession calibration magnet could be gathered in a

short special run for which the magnet is installed between the calorimeter and the iron

shield. The magnet can be tuned to provide a fake T-violating polarization as great as

0.003. This can be measured in a few days of running. Such a measurement will give

us confidence that there are no gross inefficiencies or losses of analyzing power in the

polarimeter.

The K+ —» fJ.+ v events tend to have higher energy muons that penetrate deeper into

the polarimeter (Figure 32) than K+ —• fi+ir°v events. To understand the polarime-

ter in the more interesting stopping regions we will also consider collecting K+ —*

H+ir°v events with the precession calibration magnet in a special run. The strength of

the precession calibration magnet could be changed during the run to get several data

points.

3. Asymmetry calibration with the precession calibration magnet: We now discuss a pos-

sibility of increasing the sensitivity of the apparatus by reducing the systematic errors

by measuring the systematic offsets in the data. It is possible to assign an offset and

an analyzing power for the T-violating polarization in radial and longitudinal segments

in the polarimeter. Ideally, the symmetries of the apparatus and event selection will

make the offsets zero, and the analyzing power can be measured from the T-conserving
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polarization. Nevertheless, if we classify K+ -* fi+u or K+ -» fi+<!r°v stops according

to their location in the polarimeter (by means of the measured incoming angle and the

range in the polarimeter) and calculate the polarization rotation introduced by the pre-

cession calibration magnet, we can map both the offsets and the analyzing power. Such

a calibration can be used to eliminate systematic effects in the real data and perhaps in-

crease the sensitivity of the experiment in the future. This procedure will require large

amounts of data in special runs and an accurate calculation of the polarization rotation

which depends on the muon energy. At this time we do not believe it is necessary.

We are in the process of deciding which of these strategies is the most cost effective

and how much bandwidth needs to be assigned to the calibration. In principle, the large

T-conserving component will provide us the ability to map the analyzing power of the po-

larimeter as a function of any measured variable, for example, polarimeter depth or incoming

angle. However, confirmation that our device can indeed detect very small asymmetries in a

set of independent data may be needed.

5.4 K+ -» /i+i/7 analys is

Similar to K+ —> fj,+ir°v decays, the muon polarization out of the decay plane in the radiative

decay, K+ -* IJ.+W), also violates time reversal invariance. The T-violating muon polarization

is expected to be negligible in the Standard Model, although final state interactions may cause

an apparent rmion polarization as large as 10~3 [14]. While the T-violating muon polarization

in K+ —* fj,+7c°u decays is sensitive to non-standard sealer interactions, in K+ —»/i+wy decays

it is sensitive to non-standard pseudo-sealer interactions. Thus these two studies could be

considered complimentary. Such T-violating effects in K+ —» fJ.+vf decays can occur in

nmlti-Higgs models, such as the one discussed in Appendix A, also see Ref. 15.

The proposed detector is optimized to study muon polarization in K+ —> fj,+Tr°v decays.

Nevertheless, we have investigated the feasibility of measuring T-violation in K+ —• fi+vi[.

We remark below on the sensitivity that could be obtained with the proposed detector and

the additional detector requirements that could improve this measurement.

The event selection for K+ —> fi*~wy decays will be similar to the single photon analysis

discussed in Section 5.1. In addition to the requirement of one muon stop and one energetic

forward photon, the calorimeter will be used to detect any additional photons in the event.

Events that contain additional photon candidates with energy larger than 75MeV will be ve-

toed to reject background from K+ —• /i+7r°i/, K+ —* x+7r°, and K+ —»7r+7r°7r° events. Fur-
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ther background rejection will be achieved by matching the muon energy measured with the

range in the polarimeter with the muon energy from the constrained fit to K+ —• fi+v"f decay.

The acceptance after these cuts is about 130 events per AGS pulse of 2 X 107K+. However,

the signal to background ratio after these cuts is about 0.3, making it difficult to reach

sensitivities significantly below 0.001 for the polarization.

Two improvements to the detector will reduce the background further: If the decay volume

can be surrounded by photon veto counters with a veto threshold of 10 MeV to detect the low

energy photons from x° decays, the background level can be reduced to about 10%. Secondly,

if the calorimeter resolution can be improved (we have assumed cr(E}/E ~ 8%/VE) then the

muon range match can be made narrower, thus separating the signal and background better.

Both of these options will be costly, considering the large area that must be covered by

good calorimetry. The experience of AGS-E787 [16] suggests that such a photon veto system

is possible for low energy kaon beams. Therefore we will consider this an option for future

detector upgrades.
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6 Sources of Systematic Error

6.1 Effects Simulating T-Invariance Violation

Since T-invariance violation is a mirror invariance violation, the effect itself defines a screw

direction. Thus, any experimental effect that mimics T-invariance violation must, itself, intro-

duce a screw asymmetry. Conversely, experimental deficits that do not define screw directions

do not, in first order, generate T-invariance violating backgrounds. Hence, inefficiencies - or

even a total failure - in a counter, cannot generate an erroneous signal. To keep systematic

errors under control, it is important to design the apparatus in a cylindrically symmetric

manner - and to minimize such screw asymmetries. Since the statistical accuracy of this

experiment may reach a level of ±0.0001 in the determination of the T-invariance violating

polarization, it is important to attempt to keep each independent instrumental asymmetry

to a level that it will contribute no more than 0.00005.

The asymmetry derived from the experiment, must have the form,

where Ao is the measure of T-invariance violation, and only those effects that modify AQ

compromise the experimental conclusion. However, it is desirable to minimize those system-

atic effects that can affect A', inasmuch as such asymmetries may contribute to second-order

effects that introduce error in Ao-

The effect we are looking for is small. This is especially evident if we consider the T-

invariance violating polarization as a deviation in angle of the nominally T-conserving po-

larization. If T is conserved, that vector, taken as a 1.0 with a component of about 0.8

perpendicular to the muon direction, must lie in the plane of decay in the K-system. The T

violating polarization then represents a slight tilting of the polarization vector out of the de-

cay plane. For a T violating polarization of 0.0001, the angle of deviation is 0.1 milliradians.

Hence, in some sense the experiment is designed to measure the angle of the polarization

vector to 1/10 milliradian. Then we must plan to keep individual systematic backgrounds to

a level of about 0.05 milliradians, 1/2 times smaller than the essentially statistical limit on

the measurements.

The sources of asymmetry can be conveniently separated into first order and second order

effects. The first order effects introduce a screw asymmetry proportional to the deviation

introduced by the effect. The second order effects require two independent conspiring errors,

and the screw effect is proportional to the product of the two errors.
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Figure 33: Asymmetries in detector elements that might contribute to a screw asymmetry

that could affect the offset, A'.
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6.2 First Order Asymmetries

Construction error in the shape

The diagram of Fig. 33 shows a type of construction error that can introduce a false T-

invariance violating signal. For emphasis, the separate absorbers are shown with asymmetries

such that the positrons will escape more easily from the absorber if they travel in an anti-

clockwise direction than a clockwise direction. This effect is surely small and probably can be

neglected if reasonable shop practices are followed. As a considerable overestimate, we might

assume that the probability of the electron escaping is inversely proportional to the length

of the face on the anti-clockwise side. Then if each anti-clockwise face were 1% (or about

0.075") shorter (or larger) than the counter-clockwise face, there would be a 1% effect. Or if

just one (of 128) were so distorted, this would cause a 0.01% effect - our limit. With normal

shop practices and QA inspections, we should be able to hold the deviation to 0.010" easily.

Then with random errors either way, we could expect an effect of the order of < 0.01%.

Actually, the effect of the distortion of a single absorber is surely much smaller than the

estimate made here, and, with reasonable care in design and construction, it seems unlikely

that this kind of asymmetry can cause problems. This is also typical of the type of error that

affects only the offset term, A' and not AQ.

Construction error in the assembly

Fig. 34 shows a somewhat more serious type of error affecting the amplitude, Ao. Here the

individual elements are misaligned in angle. Then the large in-plane polarization perpen-

dicular to the muon direction will have a small projection out of the plane denned by the

misaligned element. If each misalignment is at the level of 0.1 milliradian, or a deviation of

0.001" in 10", such a systematic misalignment will give us a signal at the level of 10~4 which

we chose as our working limit. While we probably cannot plan to have each element aligned

to an accuracy of 0.1 mr, random errors among the 128 elements should result in a gain of a

factor'of 10. Hence, an accuracy of 1.0 mr per element is probably tolerable if the errors are

random.

Both of the above first order effects can be reduced to second order effects if the polarime-

ter can be rotated 180 degrees about the vertical axis for half of the data. The two sets of

data then will have false asymmetries with opposites signs that cancel when added.
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Figure 34: An asymmetric alignment of detector elements that can contribute to a screw

asymmetry that can effect AQ.
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Twisting during the assembly

As shown in Fig. 11 the polarimeter end-plates determine the alignment of the graphite

wedges and the active detector elements. If the end plates are misaligned in angle by 66 then

a twist type of screw effect will result. The subsidiary angle, 6<j>, denned below is a better

index to the systematic error:

£(f> = —— « 60
Z

where R is the radial distance measured from the axis and Z is the distance between the

end-plates. A muon stopping at a radial distance R will see a detector plane at angle of S(f>

with respect to the z-axis of the polarimeter. The large in-plane nmon polarization along

the z-axis, most of which is the longitudinal polarization, will then appear to have a small

projection normal to the plane defined by the misaligned element. If the entire polarimeter

is affected by such a twist then a constant asymmetry of about ~ 6$ will be observed. Since

the asymmetry results mostly from the longitudinal component, it will not precess. It will

only affect A'. Nevertheless, to keep it small (~ 10~4) it is essential to align the front and

back end-plates to about 150^ro at the outer edge of the polarimeter. It should be noticed

that this particular asymmetry cannot be eliminated by nipping the polarimeter, since the

handedness of the twist is invariant under such a transformation.

The systematic errors discussed so far point to the importance of careful mechanical as-

sembly. Significant gains can be made by randomizing the 128 elements as they are assembled

one by one into the polarimeter. Random misalignments of each element then reduce to sys-

tematic misalignment of the entire assembly of N elements by the factor y/~N w 10. This

gain, however, may be lost if the elements are already arranged in super-modules, and a

small number of super-modules are used to construct the final assembly.

Asymmetry in the polarimeter magnetic field

The current that establishes the magnetic field along the polarimeter which causes the muons

to precess, manifestly defines a screw direction. According to the design of the experiment,

this current (and the field direction) is to be reversed at each pulse, hence there is to be

no overall asymmet^. However, if the cancelation is defective, one can expect T-invariance

violation simulating backgrounds.

The cancelation of the effects of the T invariant polarization will be compromised by

any difference in the strengths of the longitudinal fields upon reversal. That difference could

result from a difference in currents in the obverse and reverse situations or from a longitudinal
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DC field (e.g., the earth's field, where the screw sense is provided by the direction of currents

in the earth.). With such an excess field there will be a simulated T-invariance violating

amplitude,

AT(t) = A sin(wi) - A sin[(w + 6)t] « ASt cos(wi) (5)

where 8 is the excess precession due to the small DC field. Then the nominal T-invariance

violating amplitude will increase with t, and can, in principle, be differentiated from any true

T-invariance violating signal. But, such an effect can still compromise sensitivities to small

signals. Hence, we might sensibly aim to keep St < 0.0001 for t w 2TT/O; W 10~6 seconds.

Then, 5 < 100 s~x and 6/w « 1/(2TT104). For a precession field of B= 60 gauss, the DC

field, in the direction of the axis of the polarimeter, must be less than about 60/(27r 104) ~

1 milligauss. Hence, the horizontal component of the earth's North-South field of about 150

milligauss must be eliminated. Since the polarimeter is largely shielded by the steel return

yoke and mirror plates, the earth's field is not likely to be a problem but other stray fields

may be of concern.

The effect could also stem from a systematic difference in the effective current upon

switching. A difference of one milligauss corresponds to a difference in the current of one

part in 60,000. While the field need not be held to any extraordinary precision during the

1,000,000 reversals in a typical experiment, it is essential that no systematic left-right bias

exists at a level of 1/60,000. This challenge will have to be addressed with proper engineering

of the solenoid and associated systems. We consider the existence of these DC fields as the

most important source of systematic error.

Asymmetric effect of the magnetic field on detectors

Now we consider possible effects of the fields on the sensitivity of the photo-tubes assum-

ing that the active detector elements in the polarimeter are scintillator planes with photo-

multiplier readout. Although the tubes recording hits in the scintillator that signify positron

decays, will be shielded from external fields - and the precession field - we consider effects of

possible shielding leakage. Such leakage fields can modify the amplification of the tube and

can change the response time of the tube. We consider the effects of such deviations on the

experiment.

In general, the T-invariance violating mode is detected - and separated from the T con-

serving polarization - by the evaluation of the data in the form,

M0 =
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- I sin(wO - YA cos{wt) (6)

where A+ and A~ are the CW/CCW asyrametries for the two precession current modes. Here

e is the difference in asymmetry that follows from a small change in efficiency or analyzing

power of the counters as the field is changed and S is a time difference in the counter's response

that stems from the effects of the reversed field; w w 2TT1O6 HZ, is the precession frequency

and A is the basic amplitude of the variation of asymmetry with time, t.

The difference in amplitude - that follows from e ^ 0, results only in an aberrant sine

wave, the expression for the T-invariant amplitude, and that can be eliminated by a re-

normalization of the amplitudes, A+ = A and A~ = A + t. But the amplitude that varies

with cos(o><), and is proportional to the time difference 6, has the form of a T-invariance

violating amplitude and constitutes a serious background. From the criteria we have set, we

must insure that the proportional amplitude of the spurious T-invariance violating amplitude,

w8/2 < 10~4 and then 6 < 2 x 10~4/(u7) w 32 ps, which is a stringent condition on tubes

with a response time of the order of 25 ns and a dispersion of response of the order of 500 ps.

Hence, care must be taken to shield the tubes from the precession field of w 60 gauss.

Measurements of the time delay as a function of field might be considered. While the delay

for very small fields might be very difficult to determine, delays for larger fields might be

extrapolatabie to suggest the effect of weak fields. A simple estimate suggests a time delay of

the order of 0.5 • B2 nanoseconds where B is measured in gauss. The normalization is quite

uncertain; the dependence on the square of the field strength is better grounded.

Experience from the previous experiments in References [1] and [2] shows that the steel

around the solenoid will shield the PMT's adequately. Moreover, this systematic problem

can be avoided by the use of gas chambers in the polarimeter instead of scintillator.

6.3 Second Order Effects

Screw sense due to misalignments

A screw sense can also be constructed from two otherwise independent vector errors. In

general, the background will have some level of left-right asymmetry as the accelerator and

ejected beam are asymmetrically located with respect to the final K-beam. And the K-beam

will not be centered perfectly in the polarimeter but, in general, will be a little high or low.

Fig. 35 shows a realistic combination of errors, each innocuous in itself, that will lead to a

screw asymmetry in the results and then a false T-invariance violating amplitude.
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Figure 35: Independent asymmetries that can generate a screw asymmetry affecting Ao.

The beam is low and the efficiency is lower on the left than on the right from background

asymmetries.

If the beam is low and if the counter at the left is less efficient than the counter at the

right (perhaps because there may be more background to the left), a clockwise asymmetry

will result. If either the beam is centered or the efficiencies of the counters are the same, no

screw asymmetry will result.

For numerical insight, let us assume that the center of intensity of the beam is 0.5cm

low. Taking the mean position of the polarimeter at a radius of 90cm, the angular error is

0.009 radians. Now if the efficiency of the left-hand counter is 1% lower than the right-hand

counter, the screw asymmetry from this set of detectors will be 0.00009. Averaged over the

circle, this will be reduced to < 0.00005. With the beam of the order of 10 cm in size it will

be difficult to establish the center with confidence to much better than 0.5 cm, but if the

event rates in the left-right pairs is monitored, those rates can be corrected or renormalized

so as to reduce the screw effect to a negligible level.

Similar analysis can be carried out if the calorimeter is misaligned relative to the polarime-

ter by a small amount. In general, it can be shown that the size of the screw asymmetry due

to the effects of relative radial misalignments between the beam, the calorimeter, and the

polaximeter can be expressed as

Sr
sya j^

where «£, and CR are the efficiencies of the two opposite sides of the detector, Sr is the size

of the misalignment, and R is the mean radius of the polarimeter (in case of polarimeter

misalignment) or the mean distance from the event vertex to the calorimeter (in case of
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calorimeter misalignment). And therefore if the efficiencies can be controlled (or the event

rate corrected) with an error less than 1% around the detector and the misalignments kept to

less than 1% of the size of the detector then these systematic errors should remain acceptable.

A systematic error in the same class as above takes place when the calorimeter and the

polarimeter have inefficiencies that conspire to produce a screw effect. For example, the

calorimeter could be more efficient at the top than the bottom and the porimeter could be

more efficient on the right than the left. In this case, events will be chosen so that the TT°

direction is systematically above the center of the apparatus and the muons have a small net

polarization projection in the azimuthal direction. Once again the size of this effect will be

the product of the two deviations in the efficiencies.

Thus the effect should remain < 0.0001.

A screw sense in the beam

It is possible that the beam itself defines a screw sense2. If we write the vector momentum

of a beam particle as p and its position at decay, measured from a point on the beam axis,

as T, the "helicity" of the beam can be defined as the average, over all beam particles, of

(pxf)-ds where J*is the direction of the beam axis. The diagram of Figure 36 shows the beam

emerging from the plane of the drawing where the small arrows represent relevant momentum

components, p/p at cross-sectional points of the extended beam that are proportional to the

relevant components of f. For expository clarity, we analyze the discrete sectors "up" and

"down" (u and d) and the "left" and "right" (s and d) separately.

On dimensional grounds we note that any effect of either pair must be proportional to

Pjy -(dr IR) -(dp/p) where Pjv is the component of polarization of the emitted muon transverse

to the direction of motion of the muon, dr is a measure of the beam spread, R is a mean

distance to the polarimeter detector element, dp is the deviation in momentum of the beam

element, and p is the beam momentum. Clearly there will be no effect from a point beam,

dr <C R or from a beam without momentum dispersion, dp -C p, or from unpolarized muons,

Pjv -C 1. From the known parameters of the 2 GeV separated beam and the K^ decays, we

can set limits dp/p < 0.005 (a divergence of 2.5 cm in the 5 meter drift space), dr/R < 0.05

(a half-spread of 3 cm in the beam spread), and Pjf « 0.8 < 1. Then the systematic error on

2 This was pointed out to us by Francis Farley
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Figure 36: Possible screw asymmetries in the beam. The small arrows represent transverse

momentum components of the elements of t ie if+ beam at t i e positions of the arrows. The

longer arrows represent the range and direction of the muon in the polarimeter.

the measured polarization, dP must be less than the product, dP < 2.5 • 10~4. We will now

consider these effects in some more detail.

We consider the effects pictured in the upper diagram first taking only the u element. As

a consequence of the combination of displacement in space and momentum, the contributions

to the left and right polarimeter segments differs in the position of the muon stop. If the left

and right detection efficiencies, E, and polarization analyzing powers, A, are independent

of the decay position, the non-planar polarization components will cancel and there will be

no systematic effect on the measurement of the true polarization component normal to the

decay plane. But these quantities vary with position in the detector. Fortunately, however,

the variations are slow, examination of Table 4 shows that G = A X E varies at a rate of

j | | = 0.0013cm-1 and G ~ 0.1. Thus the systematic error in the asymmetry can be shown

The term in the first square bracket on the right hand side is the projection of the in-plane
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polarization, Pjy, out of the plane of the detector element because of the displacement dr out

of the beam; R is the radial distance to the muon stop position. The second square bracket is

the change in the analyzing power multiplied by efficiency, G, over the distance SR caused by

the small momentum kick, u = Sp/p, perpendicular to the displacement, dr; SR ~ §ED where

p is the typical momentum and D is the distance from the vertex. Since by'construction u

is perpendicular to dr, the above equation can be cast in obvious notation in the following

form:
1 dGD -

PNGdRR^drX^

The cross product is the circulation in the kaon beam. We have have calculated this cross

product for our beam using a Monte Carlo (see Section 3); the average over the entire beam

is zero, therefore if the data collection is uniform over the entire beam cross section there

should be no effect. Therefore this effect should be considered third order. Nevertheless, kaons

that are at extreme corners of the beam cross section will have small transverse momentum

components from the last quadnipoles. The value of (dr x u) ~ 10"~3cm for these kaons.

Therefore if we assume Pjy ~ 1, D ~ 500cm, and R ~ 100cm, the maximum spurious

T-violating polarization from the beam screw effect will be

SPT < 6 X 10"5.

It should be noticed that a normal focusing system made of magnetic quadrupoles cannot

produce such a circulating beam. The average of the circulation in such a beam will be zero.

The arguments for the other geometry shown in Figure 36 are similar and lead to the

same result. The decays in the two directions from the left-hand element (5) will give no

screw asymmetry if they are measured so as to contribute equally and the product of the

asymmetry and efficiency which varies only moderately with decay position in the detector,

will not be very different for the two decays. We consider the estimates made here, rather

extreme and anticipate no difficulty from beam screw effects.

•i

6.4 Summary of Systematic Errors

We have analyzed three types of systematics at first and second order: errors in construc-

tion or assembly, problems in the precession magnetic field, and problems associated with

misalignments and efficiencies. Most of these errors can be made acceptably small by proper

construction techniques and by using the symmetries of the apparatus. We believe the most

diffictilt of these errors will be due to the presence of stray magnetic fields. Since it will be
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difficult to rotate the entire experiment with respect to the earth's field or other stray fields

in the AGS experimental hall we will have to rely on good magnetic shielding for most of the

suppression. As we discussed in Section 5.3 it is possible to collect a large set of muon decays

from K+ —» /jL+u decays which should not show any T-violating asymmetry. These decays

could be used to calibrate the intrinsic asymmetries of the apparatus that remain after all

the cancelation procedures that we have outlined above.
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7 Cost and Schedule

We have made a preliminary estimate of the the total cost of the experiment in Table 9. For

the estimate we have nGt included the cost of beam line and experimental area improvements

since traditionally these come under the AGS department, although an approximate estimate

is shown. We have assumed that a new Shashlyk type calorimeter will be built in Russia.

In the case that existing lead glass of the appropriate size and quantity is available we

will evaluate the benefits of such a calorimeter. Also the active detector elements in the

polarimeter are assumed to be wire chambers. If scintillators are used in the polarimeter the

cost will be somewhat less. The number of elements include spares for each system. The

electronics cost is estimated by approximately scaling the cost of other existing FASTBXJS

systems by the number of channels in the experiment.

We wouid like to have the first engineering run of the experiment in the spring of 1998.

For the engineering run we would like to have the polarimeter and the trigger and data acqui-

sition electronics ready. Therefore we have started the engineering design of the polarimeter.

Prototype modules will be built in 1996, and so we see no difficulty in starting on March

1998. This first run will provide us valuable insights into systematic errors and trigger rates.

The other conventional systems, tracking chambers and the calorimeter, will be completed in

FY1998. The main data taking run of the experiment will take place in FY1999 (Jan. 1999

- May. 1999). The experiment will require 2000 hrs of beam or about 4 months of running

at 70% efficiency.
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System

Beam

Trigger

Total

Tracking chambers

Total

Calorimeter

Total

Subsystem

Beam-line

Experimental Floor

Counting House

Scintillators

Photo-multipliers

Chambers

Electronics

Shashlyk with PMTs

Assembly

Number

325

325

7

-

484

-

Cost in $1000

0

70.0

20.0

68.5

133.2

201.7

183.4

67.2

250.6

200.00

50.0

250.0

Polarimeter

Total

Graphite Wedges

Wire chambers

Mechanical structure

Assembly

138

138

67.5

621.0

150.0

250.0

1088.5

Magnets

Total

Polarimeter Magnet

Calibration Magnet

Magnet power systems

Fe Shield

10.0

10.0

10.0

5.0

35

Electronics

Total

Trigger Logic

Read-out

DAQ

298.0

311.0

200

809.0

Grand Total for Detector 2634.8

Table 9: Cost break-down for the experiment in $1000. We have assumed wire chambers in

the polarimeter.
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8 Summary

We have proposed a new experiment to measure the T-violating polarization in K+ —>

fi+TT°v decays. The experiment has been designed for high acceptance, low backgrounds,

and systematic control. It will be performed with in-flight decays in an intense (2 X 107K+

per sec) 2 GeV/c separated kaon beam in an existing beam-line at the AGS.

The center piece of the detector will be a new polarimeter which will consist of 128

carbon wedges, with active detector elements (either scintillator or wire chambers) between

the wedges, arranged in a cylindrical manner around the kaon beam. Muons from K+ —>

II+IKQV decays will stop in the polarimeter and decay. The experiment will essentially measure

the asymmetry between the number of detected positrons from the / i+ decays dock-wise

versus the number counter-clock-wise. However, to eliminated random backgrounds and

systematic errors the muons will be made to precess in a small magnetic field imposed on

the polarimeter; thus the asymmetry will be an oscillatory function of time and will be

expected to have the characteristic period of muon precession. Our detailed calculations of

the analyzing power and experience from the previous experiments [2] provide us with much

confidence in the design of the polarimeter.

The other elements in the detector will be a calorimeter to detect the photons from the

7T° decay, wire chambers to determine the trajectory of the muon from the decay tank, and

scintillator panels to make a fast determination of a stopping muon for trigger and online

processing. These detectors and the trigger and data acquisition system were described above

in detail.

The main criteria for selecting events will be as follows: cuts on the photon energy or the

reconstructed T° momentum will select K+ —* /x+7r°i/ events in the sensitive region of the

decay phase space and with the average direction of the TT° coincident with the kaon beam.

Cuts on the charged particle angle and the decay vertex position will eliminate backgrounds

from K+ —• 7T+-7r° and K+ —> fi+v decays. Muon decay positrons that produce at least two

hits after passing though a carbon wedge on either side of the muon stopping position within

6 (is of the muon stop time will be selected to measure the asymmetry. The requirement of

two hits and the requirement that there be no hits in the scintillator counters surrounding

the polarimeter will eliminate background from random hits due to through-going charged

particles and soft radiation. We have performed detailed GEANT simulations of the exper-

iment and expect to collect approximately 550 K+ —• fj,+T°i/ events per AGS pulse with a

detected muon decay. In a typical 2000 hour run we expect to collect 1.1 x 109 events. Using
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the calculated analyzing power from the previous section we expect to achieve a statistical

polarization sensitivity of ±0.00013. This translates to the sensitivity to the T-violating am-

plitude, Im£, of ±0.0007. This will be nearly 40 times better than the current limit on this

quantity.

As with any precision experiment, we must make certain that there are-no systematic

effects that can create a small asymmetry and also that the experiment is indeed sensitive

enough to see a small effect. We have categorized the possible systematic errors as first order

due to construction errors in the polarimeter or an unknown constant magnetic field, and

second order due to combinations of misalignment and non-uniform detection efficiencies.

The first order effects can be reduced with proper care in the construction of the polarimeter

and our method of precessing the muons in a magnetic field that alternates between spills.

We show that the second order effects can be made to be smaller than ±0.0001 with modest

effort. There will be several different methods for testing the systematic controls in the

experiment. There will be two distinct ensembles of K+ —* ^ir'v events with different

systematic errors: with a single high energy photon trigger and a two photon TT0 trigger.

There will be a calibration precession magnet to inject muons with a known out-of-plane

polarization. Lastly, the precession technique will enable us to measure the allowed transverse

component of the polarization as an oscillatory asymmetry out of phase from the T-violating

component. This allowed component will be measured in great detail to understand the

analyzing power of the experiment.

The polarimeter will be a unique device. It should allow us to measure muon polarization

from many different decay processes. We have studied such a measurement in K+ —* fi+wy

decays. We intend to pursue other possibilities in 77 and Kiong decays.
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Appendix A. Phenomenology of Pj

In general, Pj is a function of the two Dalitz variables that define the 3 body K+ —*

H+/K°V decay. In most experimental situations one averages over some portion of the Dalitz

plot. Therefore the average P j has three components: a kinematic factor, fz>, that describes

the average over the Dalitz plot including the experimental acceptance; the imaginary part of

an amplitude or combination of amplitudes and the square of the mass of the non-standard

scalar intermediate particle. (For most of this document P£ will be used to denote the

average over an ensemble of events.)

We estimate fa by approximating Re(£) = 0 and ignoring terms of O 1 ̂ jr ) -

/
i

m,,. sin 8^ \
JD ~ \——E^ —) (8)

Eft is the miion energy and 0^ is the angle between the muon and the neutrino in the kaon rest

frame. The dependence over the Dalitz plot is averaged with the experimental acceptance. If

we choose a typical point in the Dalitz plot in the experimental acceptance, i?M w UOMeV

and 6fa, = 90°, then fjj sa 0.2. The decay distribution and the behavior of fo over the Dalitz

plot is shown in Figure 37.

The minimal 3HDM introduces 3 charged and 3 neutral complex scalar fields to the Stan-

dard Model. One of the charged fields gets absorbed to produce the massive W^ particles.

The remaining two physical charged fields introduce new charged scalar interactions in the

standard model. In general, the fields of the physical charged Higgs particles are linear com-

binations of the original 3 charged fields. The complex 3 x 3 unitary matrix necessary for this

superposition introduces a new phase in the standard model for T or CP violation. Thus the

real parameters relevant for us in this model are as follows: two masses of the physical charged

Higgs particles, mH+, mH+; 3 angles and 1 phase in the charged Higgs mixing matrix; 3 vac-

uum expectation values, vi, v2, v3. For simplicity we will assume that m^ = fnH+ <C mH+.

The Higgs mixing matrix is parameterized in the same way as the CKM matrix.

s'lClC2
(9)
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Figure 37: Tie decay distribution and t ie beiavior of | / D | over tie Dalitz plot for K+

H+-K°I/ decays.
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Using these parameters the average value of the transverse polarization in this model is given

by the following:

The model contains the constraint v2 = v2 + v\ + v\ = y/2/4Gp. We now examine ex-

perimental constraints on these parameters so that the maximum allowed value of P j can

be estimated for this model. There are no direct experimental constraints on the vacuum

expectation values. If one assumes that vj ~ «2 ~ V3 then the transverse polarization will be

very small. A more natural assumption is that the Yukawa couplings of all the fermions to

the Higgs particle are approximately equal. With this latter assumption the ratios of the vac-

uum expectation values become approximately the same as the ratios of the third generation

masses; Vi : v2 : v3 :: mj, : mt : m^.

The various constraints on the parameters of the 3HDM model can now be examined.

In the 3HDM the bound on the Higgs particle mass cannot be separated from the vacuum

expectation values. One could naively assume that the best direct constraint on the mass of

the charged Higgs is from LEP: rah > rny/fi- A better limit should soon be available from

observation of top decays of mh > mw- We will assume that m& ~ my? and mt ~ HQGeV

from the FNAL measurements. Following References [7] and [8] we have made a table of

constraints on P^ from other measurements (see Table 10). The best constraints are from

the branching ratio measurements B(b —»• 57) and B(b —» XTV). They are unlikely to improve

in the near future because the errors have large theoretical components. Furthermore, these

constraints have the requirement that the real part of the 3HDM amplitude cancels with the

Standard Model amplitude. Without this assumption the constraints would be quite weak.

Nevertheless, as can be seen in the table even these optimistic limits allow any value of Pjf

below the current direct bound, which is P j < 0.009 at 95% confidence level.
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Measurement

d. [20]

mKv ~ mKs [22]
2?(6 —tsf) [23]
5(6 -• Xrv) [24]

Value

< 1.2 x 10~2se - cm (959SC.L.)

< 1.7 X 10~25e - cm (95%C.L.)

(1.5±0.8)xl0~3

(3.510 ± 0.018) xlO"6eF

(2.32 ± 0.67) xlO~*

(4.08 ± 0.98) X 10-2

0.064 0.064

0.08 0.02

0.009 0.009

Table 10: Constraints on P^ for 3EDM from various measurements. For details see Ref. [7]

and [8]. Also see Ref. [18]. We iave assumed tiat tie 3 vacuum expectation values nave the

same ratios as t ie third generation masses; Vj : v2 : v3 :: mi:mt: m^- and m* ~ 170GeV and

m-h ~ mw- (-) means tiat tiere is no significant constraint. Tie constraints obtained are at

95% confidence ieveJ. Tie current experimental measurement gives —0.009 < P j < 0.007 at

95% C.L.
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