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Abstract 

We propose an experiment to search for T-violating polarization (I'r) of the 
inuon in the A' + —• vcfi+i>lt (A',,3) decay using the Superconducting Toroidal 
Spectrometer at the K5 beam line of KEK-l'S; f'r is defined as the polariza
tion component which is normal to a decay plane determined by the union and 
pion momentum vectors. The unions from k/dj decay of stopped kaons are 
momentum-analyzed by a 12-gap toroidal magnet and stopped in polarimeters 
made of aluminum, in which the spin polarization is fully held. Muou polariza
tion is determined by detecting positrons in the n* —> c + i /P decay which are 
emitted preferentially along the muon spin. The asymmetry between clockwise 
and counter-clockwise emission from the muon stoppers, which is proportional 
to /*/-, will be measured for two different outgoing JT° directions (forward and 
backward along the detector axis). Neutral pious arc identified by a photon 
detector surrounding the target with a large solid angle. After a net 100-day 
data-taking run, a sensitivity of 0.09 % to l'i w'ill be obtained, corresponding 
to 0.0 % in the sensitivity of Im((). This is an improvement over previous 
experiments by factors of six and four, respectively. A substantial reduction of 
systematic errors can be attained by utilizing stopped kaous, in particular by 
taking a double ratio between the forward-going and backward-going ir° events 
of the A',,3 decay. 
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1 Physics Motivation 
The physics motivation of the proposed experiment is presented and its scientilic 
justification is discussed. In this section, the present status of our understanding of 
T-violation (or CP violation) and various proposed models are given at fust. Then, 
the T-violating union polarization in the A' + —» xufi+i' (A'^j) decay, which is to be 
measured in the proposed experiment, is explained along a with description of A ,,3 
decay kinematics. It is followed by discussions about various predictions of lm(£) 
responsible for the T-violating union polarization in A',,3 decay. 

1.1 T-violation, CP violation and various models 
The time-reversal invariance (T-invariance) is one of the fundamental symmetries 
in physics and its validity in classical or quantum mechanics is regarded as being a 
well established fact. However, at the most fundamental level of elementary particles 
where several microscopic properties like a charge, lepton and baryon number, as well 
as flavor play significant roles, T-invariaiice is still an open question to be tested ex
perimentally with high precision. So far, T-invariance, or its violation (T-violation), 
has been studied in several processes involving the weak, electromagnetic or strong 
interactions. Typical examples are an electric dipole moment of elementary parti
cles and, T-odd correlations in particle decays, such as a triple correlation involving 
particle spin; the T-violating polarization in A',,3 decay is of this type. In the pro
cesses of strong or electromagnetic interactions, not only the T o d d correlations, but 
also the detailed balance between the initial and final stales in reactions, have been 
checked. None of these studies, however, have yet shown any inconvertible evidence 
for T-violation. Among these tests, the neutron electric dipole moment (c/„) has been 
the most stringent, and has been reducing its upper limit year by year. 

On the other hand, however, T-violation must exist; namely if (IPT-invariance 
is imposed, it is nothing else than a ( '1' violation which has been already found 
in the neutral kaon system at a level of 1 0 _ ) [Ij; and in this neutral kaon decay a 
claim against T-invariance has indeed been reported [2\. ('1' violation is one of the 
most important current issues in elemental}' particle physics. There are a number of 
theoretical models proposed to explain CI' violation. Among those still viable is, for 
example, the supcrweak model by L. Wolfcnslcin [.I], who postulated a new AS='2 
interaction which gives rise to mixing between A" and A' . Hecent attention, however, 
has mainly been paid to attempts to explain it in the frame work of the standard mode. 
(SM) with the six-quark scheme; Kobayashi and Maskawa |-l] pointed out a possible 
origin of OP violation through a phase in their six-quark mixing matrix (KM matrix). 
In the extension of the standard model, (IP can be violated in various ways. In 
multi-lliggs-doublel models, which are one of tin: extensions of the minimal standard 
model proposed by S. Weinberg [5], (IP can be violated spontaneously through a 
charged lliggs exchange. In the left-right symmetric model [(i, 7], (IP violation can 
be generated through the relative phase between left- and right handed weak currents. 

5 



Other non-SM models , such as leptoqttark models, also predict ( I' violation. It might 
also be possible tha t the origin of CV violation is a combinat ion of the SM model 
and a non-SM model , since we can not exclude the m-exis tence of SM and nou-SM 
contr ibut ions a priori. 

T-odd quant i t ies can be predicted in each model of CI ' violation. The c/„ is now 
one of the most impor tan t exper imental observables used to d iscr iminate models, 
together with t ' / f in neutra l kaou decay. The s tandard KM model predicts only an 
ext remely small contr ibut ion (less than of the order of \U'M i cm to c/„ [8]) which is 
far below the present exper imental limits from ( ia tchina and 11,1, [!>], 

c/„ = ( 2 . 6 ± 1 ± 1.0) x 1 0 _ J t i < cm ( ( ;a t«hina) ,a i id (1) 

Jn = - ( 3 ± 5 ) x l O " 2 6 e cm (ILL)- ("•*) 

T h e superweak model cannot contr ibute to </„ [8J. T h e left-right symmetr ic model 
predict ions are ra ther small as well [(>). Only the lliggs doublet models can give rise 
to a sizeable magn i tude of <ln which could be reachable experimental ly . Indeed, in 
earlier calculat ions, a ra ther large value (10" ' , M c cm) was predicted theoretically (ID), 
and it was considered tha t the model had dilliculty contradict ing the measured limit 
of </„. However, more sophist icated recent calculations have a tendency to predict a 
much smaller value [ I I ] . Higi and Sanda [12] also showed a lower bound from this 
model U> be about 1 0 - s s e cm, which is now critical, but not necessarily inconsistent , 
with the present exper imental s i tuat ion. 

T h e other crucial quant i ty for C I ' violation is t'/c in /\ ' u —• '2K decay, which is 
expected to be zero for t he superweak model and n o n z e r o for the SM model . T h e 
result is still not conclusive because the two exper iments of OF.KN NASI (13] and 
KNAL 10731 [11] are now give different values: 

t-'/c = (2.1 ± 0 . 7 ) x 1 0 " ' (NA:il),cm<( (3) 

s'/e = (0.1 ± 0.69) x 10" ' (K73I) . (•!) 

Although it can be considered to be almost consistent with zero, the SM prediction 
becomes smaller ( ~ lO" 4 ) if the top quark is heavy [If)]. Karlier claims tha t the 
Higgs-exchajige model gives a too large value for c ' / t [1(>, 17], of the order of I D - 2 , 
have; recently been revised and a number of theoretical papers [18, 21] are predict ing 
smaller values which are not so far from the present exmcrimcnta l s i tuat ion. 'I'lius, a 
class of l l iggs-exchange models is a t this moment still viable. Although its validity is 
now facing tes ts regarding </„, it will require still some years for a conclusive result. 

It is, therefore, very meaningful to pursue measurements in systems oilier than </„ 
in order to come closer to a reliable conclusion. We propose here an exper iment to 
measure T-odd t ransverse polarization of the muon in A',,.) decay, which is sensitive 
to the non-SM model , such as the lliggs doublet model and Icploquark model , as 
described in section 1.3. It would shed light on our unders tanding of CV violation. 
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1.2 Kinematics of A';,:i decay and its T-violating correlation 
Based on lluk V — A theory, tlit- A,,:i decay can lie described in terms of the matrix 
element of 

M A -^mfl ,[ / + ( ( / )( , - , ,V + ,ij) .»• f.(<l')(ph - i'l)} • ju, .n( 1 - ->5)«..], (5) 

where /+(</") and /_(</'J) are two structure functions of momentum transfer squared, 
(/'. (7/.- is the Fermi coupling constant and 0L is the Cabibbo angle, p^ and />, are 
the four momenta of the kaon and piou, respectively. In the limit of perfect SU a 

symmetry , / + (0) = 1 and/_(()) = 0. Using p^ = /">„+/)„+/>,,, cq.( I ) can be rewritten 
as 

M c ^» inf l , [A(v a ) ( / ' i - + plK-TvO - » ) " , + / - ( ' / ' ) ' '< ,» , ( ! - 7&)M.-]] (6) 

= -^fsinO,/ t(^)[2/.,V • TZ„-M(I - • > „ | (<(•/) - 1)'", ' '„(1 - 7 * K ] , (7) 

where the parameter f(i/ J) - / . ( f / s ) / / j (t/*) is defined in eq.(7). The lirsi term cor 
responds lo the vector (or axial vector) amplitude, and the second term corresponds 
to the scalar (or psendoscalar) amplitude. The momentum-transfer dependence of f+ 

and _/_ are characterized by 

/i(<f) = /±(0)|l +A i ( f / /m . ) 1 ] . (8) 

The current experimental numbers quoted by the Particle Data (iroup [I!)] are 

A t = H O.lM ± 0.008, (9) 
A_ = ,0.01) I ± 0.007, HH</ (10) 

^(0) = -o.:t. r)±o.ir>. ( i i ) 

The Dalitz distribution of A',,3 intensity is given by [l!)] 

/,(/•:„, /•:„) .x / + ( V

2 ) - [ , i -t uztf) + ('aS)% (12) 
where 

,1 = HI fc-(a/•:„/•;,. - »!/,•/:•;) •*• mj(_-/•;; - /•;,.), ( i :o 

w = mjj(/-:1.-i/-:' r)1 (ii) 

( ' = -m*l-:'T,,aii<l (15) 

/•:i = / ; ; - / • : M ' « i i '»'i ;» ; , ) /CJH I A ) -/•:„. (i«) 

/•.',, A',, and /•.,',, are the pion, union anil neutrino energies, respectively, and m; v , in. 
and in,, are the kaon, piou and union masses, respectively. The Daiitz density plot 
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obtained from eq.(12) is shown in Pig.l. The momentum spectrum of the muon in 
A',,3 decay is shown in Fig.'2, along with the other major A' + decay modes. 

T-invariance places a constraint that the relative phase of / + and /_ are the same, 
or, in another words, the parameter £ should be a real number. Conversely, a non-zero 
value of Im(£) would signal violation of T-invariance. 

The muon polarization vector in the A',,3 decay can be decomposed into three 
orthogonal components: longitudinal polarization (/'/,), normal polarization (I'N) and 
transverse polarization [Pr). Pi. is the component of the union spin vector (stl) along 
the muon momentum (ft,), PN is the component normal to the plt in the decay plane 
defined by muon momentum and pion momentum (p„), ami I'r is the component 
normal to the decay plane. They are defined as 

i'L = ^ f > (17) 

I/'J 
, N - IAx(?.xA)| '"'"' ° 8 ) 

(Note that several references use opposit notations for I'N and I'r.) As can easily 
be seen in (:<).( 19), the time-reversal operation changes only the sign of Pr (T-odd 
correlation). Therefore, a non-zero value of I'r would imply T-violation, which we 
call T-violating union polarization. The Possibility to search for T-violalion by I'r 
in A',,3 decay was suggested first by J.J. Sakurai almost thirty years ago [20]. In the 
following, we show how Pr is related to !m(£)-

In the A' + rest frame, the muon polarization (s^) can be expressed by [21, 22] 

s„ = /1 / |4 (20) 

where A is a vector defined by 

A = {« i (0-a 2 ( f ) [ (m^-^) + (£,;-mj-(p,.p;)/|p; Ip]}.p; 
-a2(£)"V -P* 
+mKmlilm(() • [p„ x p„), (21) 

and 

a , ( 0 = 2mi.[E„ + Rc[b[q*))[E; - E„)\ (22) 

«»(0 = " ^ + 2 R e ( 6 ( ^ ) ) . m / v A - , 1 + | 6 ( 9

2 ) | 2 . , ^ ( 2 3 ) 

% 2 ) = | | « « a ) - l | , « » r f (24) 

E; = {m2

K + ml - ml)/(2mK). (25) 

The last term in e(|.(21) corresponds to /*;-, showing 

Pr ~ »UK»H#,lm(0. (26) 
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It .should hf noted tha i I lie T violation clfcct is also ptopot I ioiial lo the mass ol 
tin: iepton. It is therefore clear thai l\,.t is not sensitive to l in ( i ) I 'sing cipfjl ) and 
eqs.(;)) — ( 1 1), the magni tudes of l'i, and /',v as functions ol I:', and /•.',, weie eah nlate<l 
and are shown in Fig.3(a) and (b) , respectively. / y / l i n ( { ) . which represents the 
sensitivity of l'f to lm(£) , is also shown ii> l ' ig.3(c). It laugcs from zero to unity and 
has high sensitivity at high union energy. A net exper imental sensitivity lo lm(£) 
will he determined by integration of / V / l m ( f ) i' 1 l ' g - ' ( l ) across the experimental ly 
seleeted A',,3 k inemat ic region. It is shown in Fig. I for the proposed exper iment 
(101) < / ' , < 181) M e V / c ) . The radiative corrections to the union polarization were 
calculated [23] and found to he small , generally being less than or equal lo 1 Vi level. 

1.3 Theoretical predictions of l\ in A'//:1 decay 
Although there are no theoretical models or direct predictions of T violation, / '/ ' in 
A'(,a decay can be predicted in eat h model of the CI ' violation. In the following, their 
predict ions are summarized . 

1.3.1 S t a n d a r d m o d e l o f e l e c l r o w e a k i n t e r a c t i o n 

In the S tandard Model (SM) of the eleel rovveak interact ion, CI ' can be violated in 
processes which involve more than two KM matr ix e lements if the KM phase (A) is 
nonzero, lu A'(l;» decay, since it is related to only a single KM matr ix element (! ' ,„), 
no 0 1 ' violation appears , result ing in no /';• up to a higher order cont r ibut ion , which 
should be unobservablly small . Conversely, the existence of a non-zero value of /'/• 
would be a deiiuite s ignature of new ji/n/.s/cs beyond I lie s tandard model . 

1.3.2 S u p e r w e a k m o d e l 

Among the extensions of the SM model , the superweak model proposed by 1.. Wolfen-
stciu [3] predicts tha t a null /';-, since no | A S | = 2 process is involved in A',,:i decay. 

1.3 .3 W e i n b e r g ' s M u l t i - I I i g g s d o u b l e t m o d e l 

lu tin- niulti lliggs doublet model , C I ' is spontaneously luokcn due to dilferent phases 
of the vacuum expectat ion values of the lliggs doublet lields, as liist pointed out by S. 
Weinberg |5]. This model is categorized as a milliweak lliggs model of CI* violation. In 
this model , at least three lliggs doublets are needed, ol which the lields are presented 
as 

*• = ( $ ) ('-1.'-'-')- c-7> 
They conserve llavor, so tha t the flavor changing neutral current could be suppressed. 
Namely, i}>\ > <i>-j, and <f>3 can couple only to a charge 2/3 quark , a charge 1/3 quark 
and leptons, respectively, lu the original Weinberg three lliggs doublet model , CI* 
violation occurs solely through an exchange of <It.tr%<-<l lliggs bosons ami the KM 
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phase was assumed to be zero. This model has been thought to have a serious 
problem, since it predicts a large value of dn, while also explaining the measured £ 
(and e') by only the Higgs exchange. However, a recent calculation by Cheng [24, 25] 
shows that the model has not been ruled out completely. His updated expected value 
is dn ~ 9 x 10~ 2 6 e cm, which is not so far from the current limits from Gatchina 
and ILL [9]. It is also claimed that there is still a large uncertainty concerning the 
predicted value of d„, owing to the difficulty of calculating Weinberg's three-gluon 
operator contributing to dn (26, 27]. Furthermore, it is not necessary to assume that 
the Iliggs exchange is the only source of CP violation. If a none-zero KM phase is 
introduced to account for £, the constraint is loosened. 

In terms of the original Weinberg model, /*/• is given by, including the kinematic 
dependence, 

PT = - ( n „ X H„) 5 I — ) m„mh••:• • , . . •• . = j-7 r (2b) 

= + ( i 7 ( I x » 7 „ ) - M O — TJT—rrp-N 77 r, (29) 

where 
lm(fl =-li..(n,fi)p) ( ^ ) , (30) 

Vt'3/ \tnnJ 
and ii, (t=/i,i') are normal vectors along their momentum, v-t and «\j are the vacuum 
expectation values of the Iliggs fields, <f>i and 4>:u respectively. »i// is the Iliggs bare 
mass, a] and fi\ arc complex Higgs-mixiug-malrix elements coupled to the charged 
lliggs boson (//1). In Weinberg's model, llu.-.ic values are determined so as to explain 
botli if in A'o decay and </„ solely from the charged Iliggs exchange. A.H. Zhitnitskii 
estimated the effect in his early calculation [28] to be 

/ y ~ 4 . 6 3 x \Q~3 (j) , (31) 

where m// = 2 C!eV/c2 was used. Since then, a number of calculations have been 
carried out based on this Iliggs model [11, 12, 16, 17, 21, 29]. The latest calculation 
by Helanger and CSeng [33] gives 

<>-'£)'. P, ~ 2.fi x I 

for ?7„ • nu = 0 and A/// ~ 45 (!eV/< 2, which is the current lower limit of the charged 
Iliggs mass. The empirical constraint on the factor <";./(';(. other than / y in the A",l3 

decay, comes from /)° — I) mixing; it is 

-f < 5.7 (33) 

according to the authors [33]. This limit corresponds to an upper limit of l'r < 
8.4 x 1 0 - 3 , which is already well above the: current limit , l \ < 5.3 x 10~3 [47]. 
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Thus, there are basically no empirical constraints on i>2/i'3 other than P-p, itself. It 
is possible that P-p could be as large as the level of 10~3 if t'a/i'3 > 2. 

For the multi-Iliggs doublet model with non-zero KM phase (33], where £ is dom
inated by the standard KM CP violation, there are no constraints, except for <(„. In 
this case, a larger value of Pp is predicted, such as (33] 

/ V ~ 3 . 2 x W~*{jf) • (31) 

There are no strong empirical constraints. Another very recent calculation by Garisto 
and Kane [34] also concludes that Pp is not required to be below 10~3 from </„, £ or 
t ' ; P-p could reach the level 10~3 in mulli-Iliggs double models. It is, therefore, very 
important to pursue P-p in A',,3 decay. 

1.3.4 Left-right symmetric model 

In the left-right symmetrical (LUS) models, CI' violation arises from a non-zero rela
tive phase between "left" and "right" boson couplings, or, in another words, between 
the V - A and the V+A currents. In the A',,.i decay, however, the hadronic "axial" 
current vanishes, <jr u | / l ' l |A' + >=0 , due to parity. Therefore, the hadrouic V+A cur
rent can not make a different contribution from the hadroiiic V - A current (31, 32]. 
The potential contribution of the models to ('I ' violation may come from leptouic 
currents. However, it will also vanish either for massless or massive neutrinos [33]. It 
is also shown [31] that neutrino mixing cannot contribute to Pp, because they do not 
interfere, independent of the neutrinos type, Dirac or Majorana. 

1.3.5 Leptoquark model 

Bclanger and Geng [33] considered all possible leptoquark models that give contri
butions to T-violating muon polarization in A',<3 decay. It would appear through 
the scalar leptoquark exchanges at a tree level. They assumed a nonvanishing KM 
phase, which accounts mostly for the CP violation in A'0 —» nw decay as well as 
the effect from the leptoquark exchange as an additional CP violation mechanism for 
T-violating polarization in A',,3 decay. Among the scalar leptoquark models that they 
considered, two of them give similar non-zero values of T-violating polarization. They, 
along with the constraint from the experimental results of / ) u —* fiji and l)° —* fie, 
give only a loose limit of 

Pp < 7.2 x I0" 2 , (35) 

which does not contradict the current limit of Pp. Namely, the current limit of Pp has 
placed the most stringent limit on the models. A similar conclusion that Pp = I 0 - 3 

is still allowed by the constraint from A"j, —> ;ie, obtained in ref.[3l|. Therefore, 
observation or non-observation of the T-violating polarization in A'(,,j would further 
constrain the leptoquark models. 

11 



1.3.6 S u m m a r y 

There have also been generic discussions about PT in A',,3 decay [31, 32]; effective 
vector (V) interactions (such as the standard model and LRS symmetric models) 
never induce PT, since only scalar (S) or pseudoscalar (P) interactions do. One 
typical example of scalar coupling is the Higgs boson exchange. Another example 
might be the scalar leptoquark exchange, as described before. In any case, a non-zero 
Px would provide very clear evidence for sources of CP- violation other than the 
standard KM model. 

The electromagnetic interaction between n and /i in the final stale induces a 
spurious Pr and may mask pure T-violating polarization. For A'^ decay, this effect 
was calculated by A.R. Zhitnitskii to be of the order of 10~6 [28]. This is in striking 
contrast to A'°3 decay, where an effect of 10" 3 is estimated [35, 36, 37, 38]. This is an 
advantage of A',*, decay over l\fti decay in which, otherwise, a comparison between 
the A'°3 and A' ( l 3 modes is needed in order to eliminate any effect of this final-state 
interaction. 

To conclude, a search for PT in A'*-, decay at a level of 10~ 3 will be a "clean" 
lest of nonstandard models of CP violation. In particular, it is quite sensitive lo the 
(Weinberg's) three Iliggs doublet model, about which neutron eleclric-dipole-momcnl 
measurements have not yet given any conclusive result. The A',,3 decay is relatively 
free from ambiguity due lo the strong interaction that has to be carefully considered in 
nuclear (3 decays and the neutron electric dipolc moment. For the latter, for instance, 
the calculation of the thrcc-gluon operator is uncertain. It is noted that the primary 
aim of this experiment is to look for an "unpredictable" T-violating effect. Besides 
the test of the various predictions from the models of CP violation preferable for this 
experiment, improvements of the T-violation limit will be extremely important. T-
violatiou is an unexplored field in elementary physics, where an unexpected surprise 
would emerge, as we have already seen in the history concerning the discovery of the 
violation of P and CP invariance. 
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2 P r e v i o u s T-viola t ion E x p e r i m e n t in K —• TTHU 

In this section we briefly review the previous experiments which searched for T-
violation in A' —» xfii/ decays, both in the neutral and charged decay modes. 

2.1 A' 0 —• n~fi+i/ decay 
Several experiments for A' 0 —> irfiu decay (l\°3 decay) have been carried out so 
far {39, 40, 41, 42, 43]. Here, only the latest two experiments are described. The 
principle of Py detection is similar for those two experiments. The common features 
are as follows: Doth of the experiments used the A'" —• ie~n+u decay. TT~ and (i+ 

were signified by plastic scintillation counters placed in front of an iron-core toroidal 
magnet. The magnet absorbed pions and deflected ft+ (/«") toward (away) from the 
KL beam line. The / i + , being degraded in the iron core as well, were then stopped in 
a polarimeler made of aluminum blocks located downstream of the toroidal magnet. 
At the polarimeter, a magnetic field parallel to the A*/, beam was applied to precess 
the tnuoii spin in a plane perpendicular to the A'/, beam. The spin polarization was 
derived from the /i —» euV decay positrons, which is preferentially emitted along the 
union spin direction. From the magnitude and phase of the union spin precession, 
/V> defined by al • (]fr x pji)> w » s measured. 

An earlier experiment was carried out in 1973 ('11]. A schematic view of the ex
perimental setup is shown in Fig.5. Their apparatus had sixfold azimuthal symmetry. 
Trajectories of the pion and union from l\'°3 decay were defined by a scintillator ho-
doscope. In each of the six sectors, three e + counters were placed in such a way that a 
vector normal to their surfaces was toward the center of the sector, and had an angle 
of ±120° to the adjacent ones. Depending on the relative hit positions between the 
pion and muon in the sixfold hodoscope sectors, five ineqnivalent K°3 event types were 
classified. All events were grouped into the five different event-types and time spectra 
were produced for each group separately. The spectra taken in three e + counters in 
the same sector were summed by shifting their relative phases. The precession ii. the 
time spectra were filled to a sinusoidal function (of an arbitrary phase) together with 
the background. From the fitting, they concluded no evidence for Pj- and lm(£) = 
-0.0C0 ± 0.045 was obtained, assuming that Re(O=-0.65. 

The most recent A'£ experiment was carried out at Brookhaven National Lab
oratory (BNL) in 1979 [42, 43]. A schematic perspective view of the apparatus is 
shown in Fig.6. It had a 32-fold azimuthal symmetry. Their ir-/i hodoscopes were 
arranged so as to take events which had a pion momentum nearly parallel to the A'/, 
beam line. Their event selection was biased for pions emitted forward in the A'L rest 
frame. For those events, the decay plane in the A'/, rest frame was the same as that 
in the laboratory frame. Pp would be directed azimulhally in a screw sense around 
the beam line. The muon spin precession under an axial magnetic field was detected 
by plastic scintillating counters which were placed between aluminum blocks of the 
polarimeter. The magnetic-field direction was changed every spill. From combina
tions of the sum of events in the clockwise-side (U) ami in the counterclockwise-side 
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Figure 5: Schematic view of the experimental setup by Sandweiss ot ai 

(D) counters with parallel (+) and antiparallel magnetic field ( - ) cases (after the 
subtraction of background), they derived the asymmetry {A(t)) by 

A(t) = 
(U+(t)-D+(t))-(lL(t)-D_(t)) 
(U+(t) + n+(i)) + (U-(l)+D-(l)y 

(36) 

In the asymmetry spectrum, the T-violating polarization would have precessed as 
cosui/, whereas the T-conscrving polarization Pfj would do so as sinu><. No COSUJI 
behaviour was detected. From this result, they concluded that /V = 0.0017 ± 0.0056, 
yielding an Im(f) = 0.009 ± 0.030 by using < Pr/lm£ > = 0.187. 

It should be noted again that, in A'° —• ir~fi+v decay, the electromagnetic final-
state interaction induces a fake T-odd effect. This comes from a virtual-photon ex
change between TT~ and / i + , and produces a non-zero value of Im(£). It was calculated 
to be of the order of about 0.01. Therefore, the sensitivity is limited to a level of 1 0 - 2 

for A'°3 decay. 

2.2 7r°/i+iv decay 
The constraint on Im(£) in the case of A' (|3 decay was first given in analyses of the 
ltiuou spectrum and in-plane polarization timing early experiments with only very 
poor accuracy [44, 45]. Since a neutral pion is involved in the final state, direct 
measurement of the transverse component was not as straightforward as in the case 
of neutral kaon decay. The first pioneering and only one dedicated experiment to 
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Figure 6: Schematic view of the experimental setup of Morse cl a/. 

measure Pr was performed in 1980 at UNL- AGS using the same set-up as used for 
A'"3 decay by Morse ct al. by adding a photon detector ['16, 47]. 

In this experiment, an unseparatcd charged kaon beam of 3.95 GeV/c momentum 
from the interaction of 28-GeV protons with a platinum target was used. Through 
a 5-m long decay volume, one of the 25000 kaons decayed in flight through the K„3 
mode. The unions were focussed and slowed down by an iron toroidal magnet and 
an additional core, and then stopped in a polarimeter made of 32 aluminum wedges 
and positron counters arranged axial symmetrically, as shown in Fig.7. An array of 
lead glass located downstream identified a TT0 that was moving downstream in the 
A' + rest frame by detecting a photon whose energy was greater than 1.2 GeV. For 
those events, fa ~ fa. They measured a correlation of st, • (fa x fa) as a screw-sense 
polarization component (around the detector axis). They applied a field of 60 G along 
the beam axis, which processed a predominant in-plane union polarization (PN) *'K1 
a small transverse polarization (l'r)- The magnetic field was reversed every spill. 

To detect Pr, a small phase shift at lime-zero in the union spin precession pat
tern of the positron time spectra was measured. Hy combining the spectra of both 
the clockwise and counter-clockwise emission of positions as well as different field 
directions, as in e<|.(36), they separated the out-of-plane polarization component 
in a similar way to the A'/, cxpeiimcnt described in section 2.1. The result was 
AT/AN — (4-2 ± 6.7) x I0~ 3 , where AT and AN are the oul-of-plane transverse ami 
the in-plane normal amplitudes, respectively. From the kinematics and a Monte 
Carlo calculation they obtained the T-violaling polarization in the laboratory frame, 
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Figure 7: Schematic view of the experimental setup hy Campbell ct ul. 

/V(lal>) = ( - :U±5. ; j )x l ( )~ 3 , which corresponds to that in tin: /\ + rest frame, /Y(c..in.) 
= (-1.2 ±6.2) x 10" 3 . This number deduced a ratio of tin; form factor lm(£) = -0.016 
± 0.025 postulating Re(0 = 0. 

Several features can he pointed out about this experiment [17], which might also 
be inherent in future in-flight experiments: 

1. Since the polarimcter was located close lo the beam, the positron counters 
suffered from background due to tin: beam; this might have been low-energy 
photons and neutrons of a few MeV coming from the target and the beam 
dump. 

'2. Neutron activation of the aluminum polarimeters was significant. The capture 
7 and its subsequent ji decay of 2 8A1 with a half life of 2.3 mill were the main 
background. In fact, the event rate was limited by the accidental rate of these 
backgrounds ( the signal-to -noise (S/N) ratio was only ,'$). 

'i. A number of the false triggers, which were generated by accidental coincidences 
between any kind of unions stopping in the polarimel.er with a photon, was only 
estimated to be less than 16%. 

•1. Leakage of the solenoid magnetic held for union spin precession in the polarime-
ter affected the elliciency of the photo-multipliers of the lead glass counter. This 
resulted in a change of the gain of the counters, depending on the magnetic field 
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Table 1: Summary of previous A',,3 polarization experiments 

Ref.No. Particle Year lm(0 PT/hn(0 
[40] A'u 1967 -0.02 ± 0.08 0.179 
[41] A'0 1973 -0.085 ± 0.061 0.106 
[43] A'0 1980 0.009 ± 0.030 0.187 
[47] A'+ 1983 -0.016 ± 0.025 0.187 

direction. The event rate difference amounted to 3% in the two polarities, al
though no screw-wise effect was generated by this. 

Since then, for more than ten years there have been no experiments performed for 
both neutral and charged kaon decays. There are also no other cxp< riments being 
planed now. The results of Im(£) from the previous experiments are summarized in 
Table 1 together with their sensitivities. 
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3 Proposed Experiment 
3.1 Outline 
We propose a new experiment using stopped kaons, in contrast to all the previous 
ones which were performed using the in-flight decay of kaons. A toroidal magnet 
configuration will be used like that which was adopted in most of the previous ex
periments. It is essential to be able to detect any small T-odd transverse component 
of the muon polarization, Py, in the presence of large T-even in-plane components, 
i'i, and P/v, with a magnitude of almost unity, and also to eliminate atiy systematic 
errors associated with the equipment. In the proposed experiment, the Superconduct
ing Toroidal Magnet, which has recently bee:: installed at the K5 line in the north 
counter-experimental hall of KFK-PS, will be employed. This magnet, having a large-
solid angle for the spectroscopy of decay particles from stopped kaons (as much as 
12% of'1^ sleradian), will provide us with an oppoii-niity to perform a high-statistics 
measurement. 

An experiment using slopped kaons has several advantages over in-flight experi
ments. Firstly, an apparatus for stopped kaons can be arranged so as to detect ;rl"s 
going in any direction; in particular, the detection of ffu's going either in the forward 
or backward directions along the detector axis and a comparison of these two will 
enable us to reduce any systematic errors significant ly, as shown below. Secondly, 
we can deal with perfectly isotropic decay from slopped kaons without any influence 
from the beam history in the transporting system. Thirdly, a muou polarimeter can 
be located far from the beam, in contrast to the cast; of iii-llight experiments which 
might be bothered by activation of the polarimeter and the huge background asso
ciated with neutral particles in the beam. More detailed discussions concerning the 
comparison between the stopped and the in-flight experiments will be given in section 
•1.1. 

The T-violating muon polarization, P-/-, is defined by ,7(J-(;7„o x/7 ( 1), where/7no and 
plt are the momentum vectors of a neutral pion and a inuon respectively; stl is the 
union spin direction. The I\li3 events which produce a neutral pion moving along the 
beam direction (either to forward or backward) will be taken so that the decay planes 
can be set-up almost parallel to the beam direction. For those events, the directions 
of /*/• are shown in Figs.8(a) and (b) for tin; forward- and backward-going K° events, 
respectively. As can be seen in Fig.8, l'r is directed in a screw sense around the 
beam axis. Furthermore, the sign of l \ in the forward-going w° events is opposite to 
that of backward-going z° events. A comparison ot the two different event types not 
only doubles the elfect, but also cancels out most of the spurious polarization, the 
direction of which is likely to be independent of the ir° direction. In addition, the /v',,3 
events with the !ru going transverse to the beam axis can be used for a further study 
of spurious polarization ami for a null check, as will be described in section -1.3.6. 

The experimental configuration of the propositi experiment is shown in Figs.9 
and 10 for end view and side views, respectively. A description of each detector 
component will be given in detail in subsequent subsections. In brief, positive kaons 
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Figure 8: Direction of fy according to a schematic end view of the detector (looking 
from downstream), (a) forward (downstream) JT° events ami (l>) backward (upstream) 
7T° events 

with momentum of 550 or 600 McV/c from the K5 line are slowed down through 
a degrader and stopped in a target. The kaons decay at rest in the target. The 
branching ratio of A',,3 decay is 3.2 %. Emitted muons from the A ' M 3 decay are 
accepted by 12 gaps of the toroidal magnet. They are bent by about 90° und stopped 
in muon stoppers (in the muon polarimeter) placed at the exit of each gap. Since 
the magnet has a quasi focal plane, the muons of interest (from 100 to 180 MeV/c 
in momentum) are collected quite efficiently, whereas charged particles of a different 
momentum range (for instance, of the two other dominant decays of A' + —• / I + I / 
(/V=235MeV/c) and A'+ - • x+n° (P r =205 MeV/c)) escape from the spectrometer 
without hitting the polarimetcr. The momentum of the muon is determined using 
three drift chambers and, possibly, A' + decay vertex information. One of the drift 
chambers is located at the entrance side, and the other two are at the exit side of 
the spectrometer. To determine the momentum vector of a neutral pion, an array 
of segmented photon counters with a large solid angle coverage is equipped in the 
central field-free region of the magnet. Then, the polarization of unions stopped in 
the stopper is measured by detecting a positron in the fi+ —t e + i'P decay, which is 
emitted preferentially to the muon spin direction, by plastic scintillation counters 
surrounding the stoppers. 

The signature of a A',,3 event is identified by: (1) a stopped A"+ in the target, 
(2) the hit of a union in the trigger counters at the exit of the magnet, (3) the 
coincidence of photons with A' + decay timing in the photon counter, and (1) detection 
of a positron in the polarimeter. Since the decay plane defined as /7„o x p,, is almost 
parallel to the median plane of each gap, the relevant transverse muon polarization, 

22 



Superconducting Toroidal Magnet 

coil gap iron pole 

|X+ stopper 

e + counter 

0 0.5 1M 
- j 

Figure 9: Schematic cud view of the proposed experimental setup 

23 



Degrader 

0 0.5 1M 
I I I 

Muon 
Stopper 

r e + counter 

C3, C4 

^ ^ ^ ^ ^ ^ ? ? ^ ? ^ ? ^ ^ ^ ^ ^ ^ ^ ^ 

Figure 10: Schematic side view of the- proposed experimental setup 

•21 



PT, will appear as a difference in the counting rate between clockwise (cw) and 
counter-clockwise (ccw) emitted positrons from the union of interest. Making a sum 
of the cw- and ccw positron counts of all 12 sectors, Pf is given by 

S f ^ S l ^ / V . (37) 
£ '=i N,(ccw) 

where the signs of + and — denote the forward-going and the backward-going JT° 
events, respectively. /V,(cw) and 7Vi(ccw) are the positron counts at the cw- and 
ccw- side counters in sector «', respectively. The deviation from unity in eq.(37) is 
proportional to the product of Pr, the kiuematical attenuation of /'/• due to the 
finite acceptance of the spectrometer («•), and the positron asymmetry coefficient 
(A), which is determined by the counter geometry and positron absorption in lire 
stopper. 

Furthermore, by combining tlie forward- and backward-going »r0 events together, 
a double ratio can be formed as, 

Eli, *<*«)/£& Wrcw)!^ ~ ' + * A n l T > W 

where subscripts fuxl and bwd imply the forward- and backward-going ir° events, re
spectively. Uy taking such a double ratio, we can obtain an enhancement of the effect 
by a factor of four. Also, a substantial reduction of almost all potential systematic 
errors can be achieved; even if eq.(37) is biased by some unknown effects and has a 
spurious deviation from unity, it must be eliminated in eq.(38), as long as the spuri
ous polarization is independent of the ir° direction. Then, from the measured /Y, the 
T-violating parameter, Im(£), caii be deduced by taking into account, the kinematic 
acceptance of the instrumental geometry. 

3.2 Beam and beam instrumentation 
3.2.1 Beam line 

The low-momentum separated-kaon line K5 in the north-experimental hall of KF.K-
1\S will be used, where the Superconducting Toroidal Spectrometer has already been 
installed. The layout of the K5 beam line is shown m Fig.ll . The performance of 
the K!) beam line had not been tested at the time of writing this proposal. The first 
survey of the channel is scheduled to be carried out in early .June. Therefore, our 
discussion is based on the designed parameters. 

We assume a full intensity of the proton beam (1.0 x 10 1 2 /2.5s) from the ac
celerator. The high repetition mode of 2.5s is prefered rather than the long duty 
mode of 4.0s. The expected particle yields of the K5 beam line are listed in Table 2. 
These values are estimated from the experimental data of a similar low-momentum 
separated line K3 in the east experimental hall and also from the beam simulation 
calculations using the empirical formula of Sanford and Wong and I lie beam transport 
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Figure II: Layout of the K5 beam line at KEK-I'S 

code, TURTLE, done by the beam channel group. The expected kaon intensity at 
COO MeV/c is about 1.2 x 105 A ' + ' s per 10' 2 protons on a Pt target of 6 cm in length. 
The momentum bite is ± 3 %. The beam profile of kaons is about 6 cm in diameter 
at the final focus point where a A' + slopping target will be located. The maximum 
beam gradient is 65 mrad in the horizontal plane and 11 mrad in the vertical plane at 
this position. Since the present K5 line lias no momentum slit to define a momentum 
bite, the beam profile at the final focus is expected to be elongated to some extent 
in the horizontal direction. Since an asymmetric beam spot could be a source of 
systematic errors (as described in the later sections), it must be avoided. We, how
ever, are informed that it is quite feasible to add some additional slits, if necessary, 
which will constrain the beam acceptance and/or momentum bile in order to obtain 
a "clear cut profile" at the final focus. One slit can be installed just downstream 
of the mass slit, and the other in the beam duct of the 1)2 magnet. An additional 
profile-defining collimator can be placed just upstream of the experimental target. In 
any case, depending on the result of beam survey (such as the A ' f intensity, a beam 
halo or background particles (pious and protons) at. the final focus), a modification 
of the beam line will be requested in order to meet, the experimental requirements. 

3.2.2 Beam t r igger 

The identification of kaons from the other particles will be performed by using TOK, 
range, and Ccrenkov counters. The dli/dx signal of the trigger counters will be used 
for oiriine analyses, as well. 

We will put a start counter of TOI'' just downstream of the mass slit. A slop 
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Table 2: Design parameters of K5 beam line 

Primary proton beam 5.0 x 10" / 2.5sec 
Momentum 600 MeV/c 
Kaon intensity 1.2 x 10 5 /10 1 2 protons 
Momentum bite ± 3.0% 
I\ jit ratio 0.3 
TOF between A' and it 3.7 nsec 
TOP between A' and protons 7.6 nscc 

counter will be placed just upstream of the final focus. The flight path length is to 
be about 360 cm, giving a time difference of 3.7 usee between the pious and kaons 
and of 7.6 nsec between the kaons and protons at 550 MeV/c, as listed in Table 2. 
Although the expected time resolution in the TOF measurement may not be better 
than 1.0 nscc (at a full width) because of the large momentum bite of the channel (of 
almost 6 %), a lime difference of 3.7 usee is sufficient to separate pious from kaons, 
even with this time resolution. One problem would be the high counting rate of the 
start counter due to a high flux of several of I0 7 , including scattered pious hitting it. 
Since the beam profile at the start counter is, fortunately, elongated in the horizontal 
axis, we can segment the counter, (for example, by more than 20 pieces) horizontally. 

Particle identification by a range difference in stopped-beam experiments is a well-
established method. Graphite is an appropriate material as adegradcr. The problems 
are: (1) diffusion of the beam profile after the degrader, (2) loss of kaons by nuclear 
reactions as well as (3) pion scattering including charge exchange reactions. The 
thickness of the slopping target will be adjusted to cover the range width of kaons 
corresponding to a channel momentum bite of ± 3 %. Light guides for an active 
target which is to be placed at the downstream of the target will be designed so as to 
minimize pion stopping in those. Our detailed design is awaiting the results of beam 
tuning. 

Cerenkov radiation could also be used for particle identification. The velocities 
(/i) of pious, kaous, and protons are listed in Table 3. The critical refractive indices 
are 1.03 for pious, 1.31 for kaous, and l.!)8 for protons at 550 MeV/c. A radiator 
whose refractive index is about 1.3 is needed for the threshold-type Cerenkov counters. 
Possible candidates are (1) water (it = 1.33), (2) liquid nitrogen (u = 1.21), (3) NaF 
(n = 1.31). However, since these materials are liquid or unstable, they arc not suitable 
for a long term operation. Therefore, a Lucite radiator with an index of approximately 
1.5 will be used. In Lucite, although a kaou also emits Cerenkov light, its intensity 
is almost one third that from pious. Thus, by setting the discrimination threshold 
level carefully, we could manage to use it for pion/kaou separation. Throe counters of 
total-reflection type with a thickness of 5 cm could be used. Also, a differential-type 
Cerenkov counter of Lucite radiator might possibly be designed. Recently, a new 
candidate for a Cerenkov radiator with a refractive index of about 1.3 was found. 
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Table 3: Velocity {/i) of charged particles 

Momentum Kaons Pious I'rotous 
551) McV/c 0.74-12 0.9693 0.5057 
600 McV/c 0.7722 0.9710 0.53S7 
050 MeV/c 0.7961 0.9777 0.5695 

It is " t r anspa ren t Tellon". We can expect a very rclialile long term stabili ty from 
this Teflon. One concern would he a light t ransparency, which is slightly worse than 
I.ucile. A lellon Cercnkov counter will lie tested in the early U&.l) stage of the 
exper iment . 

3 . 2 . 3 Hea in m o n i t o r s 

Two sets of limitiwire drift chambers (MW'IK') with fast gas will be used to monitor 
the beam prolile; they will be placed ups t ream of the degrader . They will be used 
to de te rmine the trajectory of incoming particles, together with an active segmented 
target . In addi t ion, several "segmented ion chambers" (SIC's) will be placed in I he 
beam channel to monitor both the gross prolilc and intensity of the beam. One will 
be placed just downst ream of the mass slil, and the oilier ups t ream of the degrade!'. 
A Hying capaci tor readout will be employed for the SIC. 

3.3 Kaon stopping target 
The kaon slopping target will be active and . in the present design, m a d e of a plastic 

scintil lator to measure the energy elepo-it of a (barged particle from A 1 decay. Il 
is necessary lo obtain its initial vertex momen tum by correcting for any energy loss 
in the target . The si/.e of the target is to he about 7 cm in d iameter ami 211 cm in 
length. The large! length of I'll cm is chosen so ,is to slop mosl of the A ' s with 
m o m e n t u m spread ol i 3 % al tin- K5 channel . I he l.imel d iameter was selected so 
as to cover a beam spot which may spiead after I he dci ' iadei . We ,ue assuming a 
s lopping clhciency of 5(1 % with respect I lie incident kaous. 

f ine segmentat ion is needed for two leasoiis. (1) lo get a good ic s,,|ni i<(n ,if the 
A' * decay vertex position, and (2) to dedue e I he energy deposit of ,m\ dec ay partic 1c 
civci lapping in the A ' s lopping elements . I he ptcsetil pi,m is to use M ml ill.it MIL' 
rods oi fibers ol ri nun sepiale whic h aie slac heil p.u ailel to 1 he beam axis | d< !iui d 
as the / .direct ion I. A preliminary design ot the t.nget c ross section in the plain-
perpendicular to the beam axis (defined as the xy plane) is shown in l i g . l J . I lie 
total number of I at get elements is about I III. The- xy position lesolul ion due lo the 
clement size is about 5 /v/12 mm. I he /. position ol the A ' decay ver tc - . may be 
de termined lloni I he total enelgy deposit of A ' . ol more accurately fioin tracking 
back the decay union. The A ' decay veilex will be used lor icouisf i u< lion uf /,". 
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Figure 12: Schematic view of the target cross section 

The light from the target scintillators will be read from the downstream end through 
light guides by a photomultiplier for each element or by the use of several multi-anode 
photomultiplicrs. 

The A' + stop timing is determined by averaging struck timings of the elements 
which are associated with stopped A' + . Those elements are identified by a large energy 
deposit. The elements through which a inuon from A' + decay passes are identified 
by a relatively small energy deposit (~ minimum ionization) and their later struck 
timing. The A' + decay timing is determined as the average of struck timings of those 
elements. The average of the total energy deposit of a muon in I\)l3 is expected to 
be about 6 MeV for a target o[ this size. A naive estimation of the energy deposit 
resolution is about 1.2 MeV, corresponding to a momentum resolution of about 1 
MeV/c for the A',,3 events of interest. 

3.4 Toroidal magnet and muon momentum analysis 
The Superconducting Toroidal Magnet comprises 12 identical sectors forming 30 de
grees of rotational symmetry. Each sector comprises a rectangular iron core and a 
superconducting coil. The gap width (20 cm) is constant radially. A field up to 1.85 
T can be produced. Some details concerning the magnet are described elsewhere [48]. 
Each sector was manufactured with high precision by numerical machining and the 
assembly of the entire structure was carried out very carefully thus ensuring rotational 
symmetry, in Appendix A, the results of a dimension inspection after assembly are 
given as a reference. The effect on the positron asymmetry measurement caused by a 
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Figure 13: Magnetic field distribution in Hie median plane of the toroidal magnet 

misalignment of the torus is negligible. The operation of the magnet, particularly the 
cooling operation of the helium refrigerator system, is very easy and reliable, even for 
a long-term running. 

The filed distribution of the toroidal magnet is a superposition of the dipole field 
from the iron cores and the toroidal field from the coils. Fig. 13 shows the field 
distribution at the median axis for a maximum excitation of 1.85 T and for a medium 
excitation of 1.1 T, which will be close to field strength in the proposed experiment, 
respectively. At this field strength there is a quasi focal plane at the exit, as is 
indicated in Fig.10; the unions of interst with a momentum between 100 and 180 
MeV/c can be slopped quite efficiently in aluminum stoppers, while most of the 
predominant A',,2 and A'„2 decays will escape the apparatus without hitting the trigger 
counters, the niuoii stoppers or the positron counters. 

The momentum spectra of charged particles from A' + decay has already been 
shown in Fig.'i. I\',a has a large spectrum fraction of between 100 and 180 MeV/c. 
This momentum range was selected for detection in this experiment. The lower 
end of the range (100 MeV/c) has been selected so as to minimize any admixture 
of the background from A'„3 decays. The upper bound of 180 MeV/c is chosen so 
as to eliminate A'„2 events, even at the trigger level. Details concerning background 
rejection will he discussed in section 4.2. This upper bound, however, can be adjusted 
more carefully by changing the field strength, so that we can obtain the optimum 
condition of the sensitivity vs l\\2 admixture. A precise analysis of the momentum 
reconstruction will be carried out ofiline. Fig. 11 shows the acceptance as a function 

30 



150 
Moitiunlum (MeV/c) 

250 

Figure 14: Toroidal spectrometer acceptance as a function of momentum. • shows 
the total acceptance of a gap and 0 the spectrum of slopped muons in a stopper 

of the imion momentum for the stopper described in subsection 3.5.2. An average 
stopping efficiency of 4.2% can be obtained. 

Muons are tracked with three drift chambers (C2, 03 and C4); the C2 chamber is 
to be located at the entrance and the 03 and 04 chambers at the exit of the magnet 
gaps. These three chambers are standard equipment of a Toroidal Spectrometer, and 
they will be used in experiments concerning hypernuclear spectroscopy and shared 
with the present experiment. All the chambers use a charge-division readout along 
the bending direction (which we call the-z direction); but a z-position resolution of 
as good as 1.0 mm (FWHM) has been achieved. The main parameters of the three 
chambers are summarized in Table I. A momentum measurement is necessary in 
order to separate I\„j events from the tail of the dominant Krj peak, although most 
of them escape the magnet without hitting the Al stopper. The expected momentum 
resolution is about 2 % in a, which is primarily dominated by the position resolution 
of the chambers and inaccuracy in the determination of the exiting angle of the 
tracks. The latter is limited by the small distance between the 0 3 and 04 chambers. 
However, it might be improved by additional information, such as the z-position of the 
A' + decay vertex from the active target. Veto counters will be necessary between the 
target and (lie polariineters to shield direct exposure of the polarimoler to scattered 
particle from the target. 

31 



Table 4: Performance of the three drift chambers 

Drift Chamber C2 C3 C4 
Type 2-dim. planer 2-dim. planer 2-dim. planer 
Size H(mm)xV(mm) 400x150 985x314 1305x410 
H-resolution (mm)(<r) 0.4 0.4 0.4 
V-resolution (mm)(a) 0.3 0.3 0.3 

3.5 Muon polarimeter 
3.5.1 Muon polarization 

In the muon polarimcter, muon polarization is measured by means of an asymmetric 
angular distribution of the positrons emitted in / t + —• c+uV decay, in which it is 
preferentially emitted in the union spin direction. The angular asymmetry of positrons 
from polarized ft decay ( / ) is given by 

/ ( * , cosO) = x2 [(3 - 2x) + (2x - 1 )I,

llcos0], (39) 

where 0 is the angle between the muon polarization and the direction of the emitted 
positron, and / ' , is the muon polarization; x = 2fc'c+/»i ( i and, /i't.+ and m^ are the 
positron energy and the muon mass, respectively. 

The muon spin direction with respect to its momentum direction is preserved dur
ing flight in the magnetic field and in its slowing-down process in the union stopper. It 
is known that the spin depolarization due to multiple scattering, which is a relativistic 
effect, is negligibly small and correctable [19]. The depolarization due to scattering 
from electrons in the stopper is also negligible [50]. Thus, the spin direction of unions 
stopped in the polarimeter is directly related to the initial distribution at birth. 

The T-invariance requires no miion polarization component transverse to the decay 
plane and the muon spin to be in the plane with a magnitude of unity. Since the 
decay plane of each accepted A',,3 event is not always parallel to the median plane of 
the gaps, some attenuation of the polarization will be introduced in measurements 
of either the in-plane and transverse muon polarization. Details will be discussed in 
subsection 4.1. 

3.5.2 Muon s t o p p e r 

We will chose aluminum metal as the union stopper. Pure metal, such as aluminum or 
copper, is known to preserve union polarization at room temperature; further, there 
should be no loss of the initial polarization after stopping [51]. Emitted positrons 
subject to scattering and absorption in the stopper material, suffering from attenu
ation of its angular distribution and distortion of the Michel spectrum. However, it 
is advantageous to cut low-energy positrons which art" emitted in the opposite direc
tion to the union spin polarization (as shown in Fig. 15) in order to obtain a higher 
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Figure 15: Isotropic part of the Michel spectrum (solid line) and the asymmetry of 
the angular distribution (()) of e + in [i+ —> e+i/V as a function of e + energy 

analyzing power, as is well known and is being commonly used in the muon spin 
rotation technique. For this reason, the use of a lighter material, like graphite, or a 
thin stopper is not necessarily a better choice. Aluminum is furthermore appropriate 
in obtaining a uniform pure material as well as precise machining. 

Fig. 16 shows the magnitude of positron asymmetry (A), as a function of the 
penetration depth in aluminum (calculated by the EGS4 code). While A is 1/3 
for positrons from the surface, it increases to some extent with an increase in the 
penetration depth. Since the figure of merit in the present case is proportional to 
A\/N, where A' is the total (time-integrated) positron counts, we can thus optimize 
the thickness of the aluminum stopper. Fig.17 shows the relative sensitivity to the 
polarization, thus calculated, and the average asymmetry as a function of the stopper 
thickness. A uniform union stopping distribution was taken into account. Since the 
contribution of positrons from deep unions becomes less important due to absorption, 
the integrated sensitivity saturates at a certain thickness. On the other hand, 
there is a concern about any unknown spurious effect arising from an asymmetric 
niuou distribution in the case of an unnecessarily thick stopper, since the cc- and 
ccw- side counters detect any positrons originating from different parts of the stopper. 
Therefore, we chose a moderate thickness of about 8 cm as a compromise between the 
sensitivity and such considerations. When a muoii stopper of 8 cm in width is used 
in a sector gap of 20 cm width, a net stopping efficiency of 4.2% is obtained, averaged 
from 100 to 180 MeV/c (Fig. 14). The main parameters of the muon stopper arc 
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Figure 16: Asymmetry of e + angular distribution ( • ) , intensity ( Q), and figure 
of merit of an asymmetry measurement (•) as a function of penetration depth in 
aluminum. 

shown in Table 5. 

3.5.3 Positron counting 

A set of counters is placed between two union stoppers; they delect cw- and ccw-
emitted positrons from both sides. This set should be itistalled carefully so that it 
has exactly the same detection efficiency for both directions, including the solid angle. 
It comprise two plates of plastic scintillators of about 1.0 cm in thickness folded tightly 
around each other. It is necessary to arrange the two plates very precisely in order 
to ensure the same solid angle efficiency from both sides. We may have an option 
to insert a plate of Al between two counters so as to increase the analysing power. 
The final alignment will be checked in several control experiments by stopping A'„2 

and /v',,-2 in the stoppers (see section 4.3 for more details). The attenuation of the 
average asymmetry due to the finite solid angle of the counters is O.ti'2 for a more 
or less realistic counter arrangement. The parameters of the positron counters, arc 
summarized in Table G. The acceptance of positron detection is expected to be about 
0.1. In addition to the positron counters, thus discussed, plastic scintillators will be 
placed in front and at the rear of the union polariinetcr. One of them will be a trigger 
counter, and the other will be used to identify any unions stopped in the polarimcter 
with coincidence to the trigger counter. They will also serve for /tSIJ detection of the 
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Figure 17: Relative sensitivity to Pp as a function of the stopper thickness ( • ) . 
Uniform union flux was assumed in the calculation. The average asymmetry (0 ) is 
also plotted. 

Table 5: Designed parameters of the union stopper 

Number of s toppers 12 
Material pure a luminum 
Width (azimullial) 8 cm 
Length (radial) 70 cm 
Depth (axial) 7- l(i cm 
Central radius li t) cm 
Average stopping efficiency 0.012 
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Table 6: Designed parameters of the positron counters 

Type two layers of plastic scintillator 
Quantity 12 sets 
Thickness 1.0 cm/layer 
Width (axial) 35 cm 
Height (radial) 75 cm 

in-plane polarization. 

3.5.4 Muon spin rotation 

There is to be a relatively strong magnetic held at the stoppers. Its strength is to be 
about several hundreds Gauss (as shown in Tig. 18), and its direction will be mostly 
aziinuthal around the beam. Under this fringing field, the component of muon po
larization transverse to the field direction should process. As already described, our 
detector configuration has been chosen in such a way that, the direction of /'•/• is az-
imutlial and the main in-plane component (either /'/, or 1'H) mostly lies in the radial 
plane, i.e. they are transverse to the fringing field. Therefore, the in-plane compo
nents of the polarization should precess. This precession does not introduce spurious 
polarization to /V- The advantages of applying such a magnetic field transverse to 
the detector axis is threefold: 

• .Since the direction of the fringing field is almost the same as of I'r, it also 
preserves Pp against some depolarization effects in the presence of processing 
in-plane polarization. 

• The spin precession will smear out any spurious net asymmetry from the in-
plane polarization if it exists in the "time-integrated" positron counts between 
the cw- and ccw- emission. It is "depolarization" by spin rotation, analogous 
to nuclear magnetic resonance (NMR). This will minimize spurious transverse 
polarization caused from the dominant in-plane polarization. 

• The muon spin rotation (/<SR) pattern of the in-plane polarization, whose mag
nitude is almost unity, can be observed by positron counters placed in front 
(rear) of the stopper. This will provide a means to estimate the pure muon 
stopping fraction against the pion stopping background in the muon polarime-
ter, since the unions from stopped pious have no polarization. 

In this experiment, no magnetic field transverse to I'j is applied, in contrast, to 
previous experiments, in which such a magnetic Held was necessary to rotate the 
direction of I'j in order to obtain its magnitude with high accuracy; even more, 
the direction of the field was reversed every spill. It is not needed in this experiment 
because the sign of !'•]• is opposite between the forward- and backward-going 7r° events, 
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Figure 18: Fringing field distribution 

as can be seen in Fig.8; a comparison of those events produce a similar effect to 
processing Pr by a magnetic field. 

The cw/ccw asymmetry of emitted positrons is, thus, expressed by the T-violating 
transverse polarization (IJT) a s 

Ej2,iVi(ccw) = 1 ± W 7 V ' ( 4 0 ) 

where /l is an asymmetry coefficient (discussed in subsection 3.5.2). It was estimated 
to be 0.33 as the product of the average asymmetry 0.40 from 8 cm thick stopper 
and the altenunlion factor of 0.82. If the direction of the longitudinal (or in-plane) 
polarization would be inclined from the median plane for some reasons, a spurious 
transverse component can arise. In order to cancel out such a spurious effect, it is 
essential to sum up the cw- and ccw- positrons over all of the gaps. If the direction 
of the transverse field is inclined from the normal direction of the gap, this might 
also cause a spurious asymmetry. This effect, however, can be analyzed in terms 
of time-dependent asymmetry. The tolerance for the fringing field distribution and 
errors coming from its uncertainty will be discussed in section '1.3. 

' T h e other way to deduce Pr is '•£/["!, A',(cw)/;V,(ccw) = 1 ± 2.-1/Y- This lias an advantage to 
cancel the counter elficiencies out between numerators and denominators. 
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4 
f igure 1!): Schematic side view of the photon detector . \Y,' m,iv li .nc .m option to 
increase the solid angle by making only 12 narrow slits for the / / ' pa ths 

3.6 Photon detector 
3.6.1 Scintillating crystals 

The main object ive for the photon detector is detection of photon(s) from the aru in 
A',,3 decay in order to measure the 7r° momen tum. It has to at least serve as a means 
to separa te events having the n° going forward from those going backward from the 
kaon s lopping target . T h e photon detector will be constructed so as to cover as much 
of a solid angle as possible in the forward and backward hemispheres, except for the 
beam hole and the region of charge particle ent rance to the spect rometer . The present 
design of the photon detector allows an oblique en t rance into (he spec t rometer and is 
arranged so as to have a tower geometry pointing to the target , as shown in Fig.19. 
It covers from 20° to 80° in the polar angle (from the -)-z beam axis) for the forward 
and from 120° to Ki0° for the backward direction, having a total solid angle coverage 
of about 60% of 4jr. 

T h e photon detector will be made of fast, scintillating crystals , such as pure ( 'si or 
some doped Osl, a l though the lat ter is slower. The propert ies of different Csl crystals 
are summarized in Table 7, along with other scintillating crystals. A fast crystal is 
required in order to reduce accidentals, part icularly for the region close to the beam 
line. Csl is less hygroscopic than Nal (Tl ) and is mechanically s table. Those crystals 
have a short radiat ion length of about 1.S5 cm. Therefore, the proposed design in 
Fig.19 can cover about 10 radiation lengths in dep th , even in the limited available 
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Figure 20: Photon energy measured in I he one-side of photon detector for A',,3 events 
in th': present arrangement 

space in the central region of the toroidal magnet. For a depth of 10 radiation lengths, 
a longitudinal leakage of a shower is calculated to be less than 2% for 100 MeV photon 
energy. The size of the detector at the far-end is limited by the toroidal magnet, but 
could be extended inward if the beam size is small. Monte Carlo results of the total 
photon energy deposit at the one-side detector (cither forward or backward) for A',,3 

events is shown in Fig.20. From this calculation it is concluded that ?. detection 
threshold as low as 5 MeV might be necessary. The energy resolution of the detector 
is shown in Fig.21, where the difference between the measured a.id true photon energy 
is histogrammed. An expected intrinsic energy resolution of 3 %j\fE of E in CeV was 
convoluted for the measured photon energy. The lower tail is mostly due to transverse 
leakage when I he photon hits the edge module of the photon detector. Although it is 
possible to use the edge modules as a veto, they are positively used in the following 
estimation to increase acceptance. 

3.6.2 Resolu t ions 

The photon detector will be segmented in order to obi .in a good angular resolution 
of photon direction as well as to reduce accidentals. A Monte Carlo study using 
the FGS1 shower code [53] was carried out for segmentation which has an opening-
angle coverage per .nodule of 10° in both the azimuthal and polar directions. The 
Monte Carlo events used in this study were the l\,l3 events which were satisfied with 
the realistic trigger selections, while taking account of the finite size of the target 
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Figure 21: Photon energy resolution for A',,3 events, (measured energy)—(true en
ergy): the lower tail is chic to transverse leakage of a photon shower 

Tahle 7: Properties of different scintillating crystals 

Crystal Pure Csl Csl(Tl) CsI(Na) Nal(Tl) BGO 
Density (g/ rm 3 ) 4.5 •1.5 '1.5 3.7 7.1 
Radiation length (cm) 1.85 1.85 1.85 2.59 1.12 
Nucl. Int. length (cm) 36.5 36.5 36.5 41.5 21 
Peak Wavelength (nm) 305 560 120 110 •ISO 
Photon yield (/MeV) [52] 2 x 10' 5 x 10' 3 x 10-' 1 x JO'1 8 x 10 3 

Decay time (nsec) 10 (35) 900 ()30 230 300 
Refractive index 1.95 1.80 1.81 1.85 2.15 
Hygroscopic. slight slight high high no 
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etc. The photon direction was obtained by connecting a hit position in the photon 
detector to the origin of the target. The hit position of a photon was calculated 
by using an energy-weighted centroid of the modules belonging to a photon cluster, 
which was formed by grouping adjacent struck modules. Figs.22(a) and (b) show 
the differences between the measured and true angles for the azimuthal and polar 
directions, respectively. A resolution of about 5.5° (100 turad) for both directions can 
be expected. If the A ' + decay vertex in the target is known, the resolution will be 
improved. For events which have two photon clusters in the detector, the invariant 
mass of the photon pair was reconstructed. Fig.23 shows the ir° mass resolution thus 
obtained. It is about 7.5 MeV/c 2 in signia. To obtain Fig.23, the requirement of a 
total photon energy deposit greater than m„o was made. This eliminated any events 
having a large transverse leakage of photon energy. Then, the direction of the 7r° 
was calculated. Fig.21 shows the difference between the measured and true directions 
of a 7T° which has a reconstructed ? H > 7 of between 120 and 150 MeV/c 2 . The sigina 
resolution of 7° (120 mrad) is estimated from the Monte Carlo results. Comparing this 
number with the resolution of single-photon direction, it is likely that the resolution 
of the 7ru direction is dominated mostly by the photon angular resolution, not by the 
energy resolution in the present design. This resolution is almost sufficient for this 
experiment. A net efficiency of 7r° reconstruction (including the geometrical coverage 
of the photon detector) is 35 % . The polar angle distribution for the reconstructed 
7ru's is shown in Fig.25. The events in which the 7T° is emitted within 60° from +z (—z) 
axis in polar angle will be accepted as the forward (backward) n° events, respectively 
(see the detail in section 4.1.) 

3.6.3 R e a d o u t of C s l crys ta l 

The present design to read light out of a Csl crystal is to use a PIN pliotodiode 
which can be directly attached to the Csl crystal, or with a wavelength shifter. The 
advantages of the PIN photodiode are: (1) its compactness and (2) immunity from a 
magnetic field. These two factors are quite beneficial for a photon detector at the cen
tral legion of the toroidal magnet, where pholomullipliers seems difficult to be used. 
The disadvantage is the electronic noise of the pliotodiode, primarily due to leaking 
currents. A low-noise charge preamplifier design is also very important. There have 
been several successful examples involving the use a pholodiode in conjunction with 
scintillating crystals. For instance, the CLFO II detector uses about 8000 CsI(TI) 
crystals coupled to pholodiodes [54, 55]. They measured about 2500 photoeleclrons 
per MeV. In this case, the sensitivity of the photodiodes is well matched to the 
emission sped nun from CsI(TT), whose peak wavelength is about 500 inn. The dis
advantage of CsI(TI) is its slow decay time (about a /iscc). Pure Csl and other doped 
Csl have a faster decay time. In particular, pure Csl has two very fast components, 
10 and 35 usee. Their light yields, however, are less and the (juaulum efficiency of 
the pliotodiode becomes worse for light of shorter wavelength than 300 nm. Despite 
poor matching to the photodiode (quantum efficiency ~ 30 %), several hundred pho-
toelections per MeV were reported to have been measured for a small sample of pure 
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figure '2lt: Expected invariant 7r° mass resolution for A', l3 events 

Csl with a noise level of 5 MeV [56]. 
The signal-to-noise (S/N) ratio is largely subject to the light-collection factor 

against the noise level. A simple increase in the number of photodiodes per module 
does not improve the S/N ratio significantly. In particular, for a large crystal, light 
collection becomes a serious problem, since the photodiode active area is limited. 
Some consideration must be given to this aspect. The Crystal Barrel collaboration at 
LEAR reported that they achieved high light collection with a noise level as low as 
1 MeV per module in CsI(TI) crystal by IMN photodiodes plus a wavelength shifter 
[57, 58]. The wavelength shifter was used to improve the light collection, by focusing 
light onto the rectangular active area of a photodiode which was attached to one 
of tin: side edges of tin: shifter plate. This is called a fluorescence flux concentrator 
(EEC). There is also an idea to use a wavelength shifter positively in order to shift the 
fast, components of light, from pure Csl to a longer wavelength where the photodiode 
ipiantiuii efficiency is higher, while simultaneously focusing the light onto the photo-
diode [59], Some tests on Bal'^ with wavelength shifters have already been reported 
[60, 61]. This idea is obviously worth testing, out. Another doped crystal of Csl(Na), 
which is a compromise between pure Osl and Csl(Tl) characteristics, is also under 
consideration. The final decision regarding crystal selection and its readout scheme 
will be made after carrying out. additional studies and Monte Carlo calculations. 

To sunimari/.e, (I) a sufficient performance is already expected from the present 
design of the photon detector and (2) the readout using a photodiode is a well-
established technique anil is very suitable for this experiment. 
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POLAR ANGLE DISTRIBUTION OF RECONSTRUCTED TT° 
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Figure 25: I'olar angle distribution of reconstructed 7r°'s 

3.7 Trigger and data taking 
The trigger selection for the experiment will be a simple set of requirements, such as: 

1. Incident A' + identification by the beam instruments, 

2. A large energy deposit by stopped A' + in the target, 

3. A A' + decay timing of at least 2 usee later than the A' + stop timing in order to 
reject in-flight A"+ decay in the target, 

•1. A stop signal of the A'+-decay product in the polarimeter, 

5. Detection of /i —» cuV decay positrons in the polarimeter, and 

6. An energy deposit in the photon detector with coincidence to A _ + decay timing. 

A momentum range of A' + decay products of 100 to 180 MeV/c is relatively free 
from the other major <lecay modes. Therefore, A',,;j events will he dominant, even 
at a trigger level. With an assumption of stopping kaons of 1.2 x 10 s/sec at the K5 
channel, we expect the trigger rate of -10 per sec from A',,3 events. The estimate of the 
trigger rate for A',,;) is summarized in Table 8. The other background contributions at 
the trigger level are such as: (1) in-flight pion decay from A'„2> (2) pious with a pion-
nuclear interaction in the target and ('.]) A' + —* 7r+7r";r0 decay. Their contributions are 
estimated to be about 50, 10 and 14% respectively. For more detailed see discussions 
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Table 8: Estimate of trigger rate for A',,3 decay 

Item 
Stopped A' + ' s in the target 1.2 x 105 /sec 
A',,3 branching ratio 0.032 
Spectrum fraction in 100< P <180 MeV/c 0.64 
Prompt cut on A' + decay timing (2 usee) 0.85 
Toroidal spectrometer acceptance 0.06 
Requirement of Photon energy deposit 0.8 
Detection eff. of /i decay positron 0.4 
Trigger rate 40 /sec 

concerning the background in section 1.2. Therefore, the net trigger rate will be about 
70 per second. This rate will not be a problem for data taking. 

The gate width for A' + decay will be five kaon lifetimes of 60 usee (= 12 usee x 
5) from the A' + stop timing. That for // decay will be live union lifetimes of 10 /(sec 
(= 2 //sec x 5) from the muon stop timing. The gate for // decay could be adjusted 
in accordance with accidental rates at the polarimet.cr. 

3.8 Electronics and other instrumentation 
The KICK standard electronics of TKO and CAMAC will be used for data aquisition. 
The present readout system of the drift chambers, which is going to be used in hy-
pernuclea.r experiments, can also be employed. For subsystems in which the counting 
rate is expected to be high, a fast ADC might be used. A multiple-stop TDC is 
preferable for // decay positron counting. To detect /i —• <:vu decay positrons, TDC's 
for positron detection from // decay must have a wide time window, say of several 
muon lifetimes (~ 10 //sec). Again a multi-stop capability i.s necessary for studying 
accidentals. 

The approximate number of channels is as follows: 

• 10 ADC's and TDC's for beam hodoscopes and Cerenkov counters 

• 140 fast ADC's and TDC's to read out the live target 

• 324 TDC's, 120 peak sense ADC's and 48 charge sense ADC's to read out the 
drift chambers C2, 03 and 04 

• 200 or 360 fast ADC's and TDC's to read out the photon detector 

• 81 ADC's and TDO's to read counters surrounding the polarimeter and veto 
counters 
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Table 9: Efficiency of A',,3 detection 

Item Efficiency 
Forward | Backward ref. page 

A',,3 spectrum cut 0.64 p.46 
A' + decay timing (> 2 nsec) 0.85 p.46 
Toroidal acceptance 0.012 p.32 
7r° reconstruction eff. 0.35 p.10 
K° acceptance 0.33 0.18 p.46 
c + detection 0.1 p.33 
Kinematic cuts 0.7 p.49 
Net Acceptance 1.8 x 10"' 1.0 x 1 0 - 4 

4 Rate Estimate and Sensitivity 
In this section we show the expected rate of A',,a detection and sensitivity to Im(£). 
The backgrounds and es t imated systemat ic errors are also discussed. 

4.1 Rate estimate and sensitivity 
In order to perform reliable measurements , as already described, we will detect A',,3 
events primari ly for the kinematic region above 100 M e V / c in muon m o m e n t u m and 
below the A'+ -> X+TT° ( A ' r , ) peak (=205 M e V / c ) , say ISO M e V / c . This region is 
relatively free from backgrounds of the other A + decay modes. It covers about 6 1 % 
of I lie total A',,:( spec t rum. A inuon is required to be emi t ted at. least 2 usee later 
than the A ' + s top t iming in order to ensure A' + decay at. rest. It has an acceptance 
of about 80%. As for the wu direction, we will accept events with the 7r°'s polar 
angle less than (i()° from the forward or backward axes, covering 25% of a 47T solid 
angle for each direction, (iiven the reconstructed 7r°'s from A',,3, this coverage will 
have an acceptance of about. 33% for (he forward and of about 18%) for t he backward 
directions, as can be seen in Fig.25. It should be noted tha t the efficiency of 7ru 

reconstruction is about 35%. Table 9 summarizes the es t imated overall detection 
efficiency along with the other factors. T h e kinemat ic cuts will be explained in section 
1.2. 

We assume an average kaon stopping ra te of 1.0 x 10 5 out of 2.0 x 10 s A ' + ' s for 
1.0/2.5 x 10'" protons per second. With a requested running t ime of 10 7 sec ( ~ net 
100 days) , we expect to accumula te "good" A',,3 events with the detection of /( —• cuu 
decay positrons of 

NK,i.,r X U(K+ - T T V ) X £ , . = 

= (1.0 x 10 s ) x (1.0 x 10 7) x 0.032 x (1.8 x 1 0 - ' ) = 5 . 8 x 10G (11) 



events for the events with w° 's going forward, and similarly 

= (1.0 x 10 5 ) x (1.0 x 10 7 ) x 0.032 x (1.0 x KT") = 3.2 x 10G (12) 

events for those with TT°'s going backward. Mere, Nx,top, B(I\'+ —> it°iiv) and £F(B) 
are the number of s topped A ' + ' s , the A'^j branching rat io and the A'^3 detection 
efficiency of forward (backward) going 7r° events , respectively. This number of events 
will be accumula ted for each set; clockwise and counter-clockwise sums. Therefore, 
the total number of A'^3 events from those sets will be about 18 M. 

T h e statistical error of Pj- can be es t imated from 

Al> = - L A / E , ^ , M ( C W ) / E , ^ , / V , ( C C W ) 1 / U „ A 

' ' 4M ' V E £ , M ( c w ) / tilt N,(ccW)]bmi ) 

where N, is the total number of events in sector ;'; the indices "cw", "ccw", "fwd" 
and "bwd" s t and for the clockwise sum, the counter-clockwise sum, the forward-going 
7T° events and the backward-going TT° events , respectively. A is the analyzing power, 
which is expected to be 0.33. Using < t iV, > ~ 4.5 x 10 s in eq.(-13), we es t ima te 
A / V < 7 x 1 0 - ' . 

Since we have a finite angle coverage of 00° for the iru detection from the forward 
and backward axes, all of the events do not always have their decay planes parallel to 
the median plane of the gaps in the toroidal spec t rometer , which is actually the ref
erence for our Pp measurement . This fact causes an a t tenuat ion of the measured Pp. 
A comple te Monte Carlo simulation was carried out to e s t ima te the elfect. Fig.20(a) 
shows a density plot of the cosine of the polar angle of outgoing ;r u (cosfl^o) versus 
the cosine of the angle between Pp and a unit vector normal to the central plane 
(cosO-p) of the sector gap. T h e value of coaOp corresponds to the a t tenua t ion factor 
ment ioned above. T h e A',,3 Monte Carlo samples in Fig.26' were selected by the trigger 
requi rements , the momen tum cuts , the successful 7r° reconstruction (120<m„o<150 
M e V / c 2 ) , e tc . A net a t tenuat ion can be obtained by averaging over cosrf?-/-. For a TT° 
polar angle coverage of GO", <cos0p> = 0.8 is obta ined, as shown in Fig.2(>(b) and (c) 
for the forward and backward directions, respectively. As a result of the a t tenua t ion 
col lect ion, the sensitivity to Im(£) is expected to be 

A / V < !) x 1 0 " \ (11) 

This will be a factor of six improvement over the previous result of 5.3 x 1 0 - 3 [17]. 
T h e sensitivity to Im(£) can be, in principle, es t imated by the integration given 

in Fig.3(c) across the kinematic region of interest , while taking accounl of the accep
tance factor at each position in the Dalitz plot. Here, the es t imat ion performed by the 
Monte Carlo events , which is the same samples as in Fig.26', is shown. Fig.27(a) shows 
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a density plot of cos^o versus Px/\m{0 multiplied by cosOj. Pr/Uii(£) was calcu
lated based on eq.21 in an evcnt-by-event base. The variable of Pj/]m(£)cosOr was 
adopted so as to accommoda te a kinematic correlation between the two correctly. De
viated entries from a diagonal band in Fig.27(a) are correlated to a relative azimuthal 
opening angle between ji+ and 7T°. For a ir° polar angle coverage of \0no\ < GO", the 
effective sensit ivity to Im(£) is obtained to be < /V/I">(£) > = —0.12 and +0.11 for 
backward and forward, as shown in Figs.27(b) and (c) , respectively. This is roughly 
consistent with a naive es t imat ion obtained by a s imple integration over the Dali ts 
densi ty of 0.1-1 multiplied by the Pj- a t t enua t ion factor of 0.8. 

As a result , using < /V / In i (£ ) > = 0.12 and the sensitivity to PT of 7 x 1 0 - ' 1 

(which is not corrected for the PT a t t enua t ion) , we ant ic ipate an u l t imate sensitivity 
to Im(£) of 

| Im(OI < 6 x 1 0 - 3 (-15) 

for a running t ime of l .Ox It) 7 sec. It is a factor of four improvement over (he previous 
result of 2.5 x 10~ s [17], It should be noted tha t the dependence of the sensitivity, 
I m ( £ ) / / V , on Ke(£) is very small . It varies by about 3 % within the allowed range of 
K«(£(0)), —0.35 ± 0 . 1 5 [19]. 

4.2 Backgrounds 
In this section we discuss the potent ial backgrounds dur ing measurements of PT, 
and es t ima te their effects. Hefore describing eacli background contr ibut ion, a general 
discussion will be given in brief. Most background events will not have any potent ial 
to produce spurious polarization, but just reduce the sensitivity to Pf\ for instance, 
1% contaminat ion of them will dilute the sensitivity by only 1%. T h a t is the case for 
background events with ^ + ' s tha t are s topped in the polar imeter . Because the unions 
produced from those pious by x —> fiv decay in the polar imeter are isotropically-
recoiled, their spins are randomly-oriented, causing a zero net union polarization. In 
principle, this background contr ibut ion can be es t imated from the t ime spec t rum of 
union spin rotat ion measured a t the polar imeter ; namely they cause an a t t enua t ion 
of the measured a symmet ry of the positron angular dis t r ibut ion. They will also 
show a character is t ic t ime s t ruc ture which follows the union lifetime convoluted by 
the generat ion of unions with a pion life-time. This t ime s t ruc ture is also useful for 
discr iminat ion. Therefore, as long as we can subt rac t their contr ibut ion, they are not 
serious and not necessarily completely rejected. 

To reject background events , we will in t roduce some kinemat ic cuts . In brief, 
they involve cut on: (1) the opening angle between the muon and nr°, (2) the total 
photon energy, and (3) dKjdx in the scintillator with the requirement of two photon 
clusters. Fach of these has an acceptance of 90% as will be described below. T h e net 
acceptance for A',,,i events is, therefore', expected to be 70%. Details will be described 
in the following subsections. 
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PION DECAY IN FLIGHT 
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Figure 28: Momentum Spectrum of Muon in in-flight pion decay from K„>. The 
energy loss in the target is corrected by assuming a muon. 

4.2.1 A ' + —> 7r+7r0 decay 

Kri decay events (branching ratio (DR)= 21.17%) sneak in the kinematic region of 
interest (between 100 and 180 MeV/c) in two different ways. One is w+ decay in 
flight; the other is the nuclear interaction of 7r+'s in the target which degrades their 
energies. 

As to the former, about 7% of A'„2 events are estimated to decay in flight before 
exiting the spectrometer gap. Muons being emitted backward from the original pion 
direction have a significantly lower momentum than the initial A'„2 peak momentum of 
205 MeV/c. They form a continuous distribution, depending on an angle between the 
muon and the original pion direction. Their momentum distribution, calculated by a 
Monte Carlo simulation, is shown in Fig.28, in which the energy loss of a pion in the 
target was included and was corrected for afterward by assuming the muon identity. 
From Fig.28, about 70% of them arc in the A',,3 kinematic region of interest. It is noted 
that the decay-in-llighl probability of 7% quoted before includes the decays inside 
the spectrometer, which are about a half of them. The momentum reconstruction 
for those events might not be made correctly and, accordingly, some of them can 
be excluded due to their reconstructed momenta. Therefore, note that, the quoted 
number is a pessimistic evaluation. 

Regarding the latter, the pion nuclear interactions, such as the ; r + p or 7r + C reac
tions, have cross sections of a few mb [19]. For an average path length in the target 
of 3 cm, a few % of ; r + ' s in A'„2 decay might interact with the scintillators and come 
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into the k inemat ic region of interest . 
The re are several ways to e l iminate those A'*2 events . One is to place a kinemat ic 

cut on the angle between the charged particle and the ;r 0 , since the x+ and TT° in l \ r i 

are emi t t ed in back-to-back directions, while the /* + and 7r° in A',,3 are not necessar
ily so. H i e angular d is t r ibut ions between the charged part icle and x° calculated by 
Monte Carlo calculations are shown in Figs.29(a) and (b) for A',,3 and A',2, respec
tively. Here, the 7r+ direction was calculated by connecting a hit position a t the wire 
chamber located a t the en t rance of the spec t rometer and the target origin. (This 
direction can be improved if we know the A' + decay position, but it is ignored here.) 
All event entries in Fig.29 are those tha t have a reconstructed TT° in the mass range 
of I 2 0 < i » , o < 1 5 0 M e V / c 2 . The JT° reconstruction efficiency for A'„j is lower by 20% 
than tha t for A',,3 because of its smaller opening angle between two photons from 7r°. 
A constra int , for instance, on the angle to be smaller than 1(10° el iminates about 52% 
of the l\'ri events , whereas about 90% of the A',,3 events are accepted. 

The other k inemat ic cut used to reject A ' n i events is the total photon energy in the 
detector . T h e dis t r ibut ion of the total photon energy for events with a reconstructed 
7r° are shown in Figs.30(a) and (b) for A',,3 and A V J , respectively. T h e events in 
Fig.30 were already selected by using the angle cut described before. From this , we 
e s t i m a t e t h a t a const ra int of t he total photon energy to be smaller than 220 MeV 
can e l iminate about (i0% of A'„2 events , while the union acceptance in A',,3 events of 
90% is retained. 

As a result of these two kinemat ic cuts (involving the n° reconstruction efficiency), 
about 8 5 % of the pious in A' , 2 can be rejected. T h e union acceptance is abou t 70%, 
as ment ioned before, including the other cu ts . As a result , the net contr ibut ion from 
the in-flight pion decay to the acceptable A',,3 events is 

D(l<+ -» *+ar») x / , „ / x fW x (1 - / £ ; » ) = 0.21 x 0.07 x 0.7 x (1 - 0 . 8 5 ) = 

tf(A'+-.JrV')x/&?x/.*«"3 0 . 0 3 2 x 0 . 6 - 1 x 0 . 7 
(-16) 

where li and / are the branching rat io and efficiency, respectively. T h e meanings of 
the superscr ipts and subscripts to / may he obvious. Similarly, the contr ibut ion from 
the pion-uuclenr interaction is es t imated to be 

li{K+^x+*a)xfKUf x ( l - f f i ) = 0.21 xO.OI x ( 1 - 0 . 8 5 ) = 

/ i(A'+ - w»,u>) x /.£;•,? x ftf 0.032 x 0.6-1 < 0.7 " °' ( ' 

4 .2 .2 A ' + -» TT+TT+TT- a n d A'+ -> JT+JT"* 0 d e c a y s 

T h e decays of A'+ - w + Tt + ir" (BR = 5.59%) and A'+ - • ;r+7r";r0 (BR = 1.73%) have 
m a x i m u m eudpoint momen ta of 125 M e V / c and 133 M e V / c , respectively. Some frac
tious of their spectra overlap the A',,3 kinematic region of interest . Their overlapping 
fractions are 29%. and 25%, for the former and the lat ter decay modes, respectively by 
taking into account their .spectrum shapes. For the former decay, if one 7r+ is ener
getic (above 100 M e V / c ) , the other two pious may not get out of the target owing to 
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their short ranges. This decay mode could be removed by the requirement that (at 
least) two photon clusters exist in the detector and that their sum energy is greater 
than, say, mna. This would contribute only lo accidentals in the photon detector, hut 
could be negligible. 

As for the latter decay, the number of photon clusters can be used to discriminate 
between one and two 7r°'s. It may, however, not be efficient because of a not-complete 
coverage of the photon detector. A Monte Carlo study shows that the requirement 
for a total number of photon clusters less than three will eliminate 20%, of the A + —* 
7r + !r uT u events, whereas 97% of the A") i : l events are kept. The other cut may be a 
•K/)I identification by using dE/dx at the front scintillator of the polarimetcr. The 
cllicicncy of the ;r//i separation was estimated by a Monte ('arlo calculation. The 
diirerences between the measured dEjd.r and the expected dl-'/<l.r for a union are 
.shown in Fig..-}!. Figs.31 (a) anil (b) are for the muon in l\'ll3 events and the pioii in 
A M —» 7r+;rl)7r" events, respectively. The dE/d.r expected for a muoii was calculated 
by using the measured momentum at. the spectrometer (with momentum smearing 
of 0.2% in FWIIM) and was collected for a path length in the scintillator of I cm 
thickness, taking account, of the track angle. Using a modest constraint on the </A'/i/.r 
difference being less than 1.5 MeV/c in Fig..'51, a rejection of (>(i%. of the pious in A',,:) 

can be achieved while retaining 89% of the muon acceptance for A',,.|. This <IE/il.r 
cut will be applied only for a inuon with a momentum below Fill McY/c, and its 
fraction in A',,;, about 29%, of the total (or -15% of the events from 1UU to ISO MeV/c). 
This means that the A', l3 acceptance by this dE/dx cut is 91.5'A. As a result of 
the combination of these two constraints, we expect a rejection of 75%,. Tin' muuii 
acceptance is !)2%. Therefore, the contribution from A'*" --» - +/T l ';r" to the A',..) (with 
the net muon acceptance of 70%i) is 

E(l< + -> TT+Tr"^) x ffc? x (1 - f^) _ 0.017:} x 0.25 x (J_- 11.75) _ „ ( / 

B(E + -> J T V ' ) x / * £ x / ^ 3 " 0.032 x 0.0! x 0.7 " " ' " ' l ' l i j ) 

4.2.3 A + —» /( + !' and A' + —> /i + t'-; decays 

The magnetic lield will be selected in such a way that most of the A f -+ ft*u 
(events could not be stopped in the polarimetcr. Tin; energy loss of //* in the target 
distributes from 0 to about 15 McV and the very low-energy end of the Landau 
distribution might be admixed in the interesting momentum regime. They, however, 
can be eliminated from the trigger by the photon requirement in the photon detector; 
they must to have "two" accidental photon clusters which form a 7r" mass for survival. 
Moreover, they can be easily removed olf line by correcting for the energy loss in the 
target. 

The radiative decay, A + —* /t + l''/, has a branching ratio of 5.5 x 1(1""'' for l'„ 
< 231.5 MeV/c [19]. Kvenls which come into the kinematic region of interest are 
about 15.7% as shown in Fig.32, corresponding to a partial branching ratio of S.fi x 
10~'. Furthermore, the requirements of total photon energy (say greater than "i,To) 
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Radiative Fi/i2 Decay 
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Figure 32: Muon momentum spectrum in A' + —> fL + vy 

and of 7T° mass reconstruction will reduce its contamination drastically. Based on 
naive speculation, the contribution is estimated as follows: in general, the accidental 
photon energy is not very high, less then 10—20 MeV on the average. Accordingly, 
to satisfy the total photon energy cut, the photon energy in A' + —> /i+i'f must be 
greater than 120—130 MeV. This reduces the contribution (fspec'') to about 4% from 
15.7%, as shown in Fig.33 where a solid line is drawn at E^ = 120 MeV. Assuming 
very pessimistic numbers regarding the accidental photon rates, 10% ( / 7 ) , and the 
probability of invariant mass of two photons (of one from radiative A',,2 and the other 
from accidental photon) falling into the m„o region, 10% ( / m j t 0 ) , the net contribution 
to A',,3 events is 

JB(A'+ -» /I+I/7) x f?v£ x f-, x / , K,,2-l 

/i(A'H •K°jll> A J spec A Jacc 

5.5 x IP" 3 x 0.01 x 0.1 xO.l 
0.032 x 0.61 x 0.7 

0.015%. 

(iy) 
This contribution is negligibly small, even in the pessimistic assumption adopted. 

4.2.4 Pions or unions in beam 

The pions and muons in a beam become potential background when the}' are misiden-
tified as kaons and are scattered into the spectrometer from the target. However, 
since the trigger selection requires a delayed lime between the A' + stopping time 
and the decaying time (of at least 2 usee), the background events of this kind are 
logically eliminated. Another potential contribution is those entering the detector 
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Figure li:i: Muon momentum vs. Photon energy for A' + —> /< + f7 decay 

as secondary incidents following slopped kaons and being missed by the beam in
strumentation. Taking account, of the total number of incident particles, 2 x 10 6/sec 
(assuming 7r//\' = l) , a A' + decay gate width of CO usee, a probability of pion scatter
ing to the detector of 1%, and an inefficiency of the beam instrumentation of 1%, the 
estimated contribution of the second type is 

(C x 1(T 8) x (2 x 10'1) x 0.01 x 0.01 = 0.01%. (50) 

4.2.5 R o o m background 

Recently a proton beam has been successfully extracted from the accelerator to the 
KP1 line of the north counter hall, and hit the K5 channel target with almost full 
intensity. The radiation level, including the neutron flux, has been surveyed around 
the experimental area. The netron level was too low to detect. This represented a 
great progress compared with other existing beam lines at KF,K-I\S. 

4.3 Systematic errors and control measurements 
There might be several instrumental systematica which might cause some spurious 
cw/ccw positron asymmetry. Although most, of them can be cancelled out by taking 
a double ratio between the forward- and backward going it0 events, we should under
stand their origin in the stage preceding the double ratio so as to perform a reliable 
experiment. Possible sources of spurious asymmetry are described in the following. 
In order to adjust the alignment of the apparatus and to check out if there is any 
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spurious effect, several control measurements are proposed to he carried out before 
normal data-taking run starts. Self calibration of the null asymmetry base during 
i mis is also suggested. 

4.3.1 Positron detection efficiency 

Positron counting could be the biggest source of a spurious cw/ccw asymmetry. There 
are two reasons for such an inequality in the detection efficiency: one is an inequality 
of the counter efficiencies; the other is a misalignment of the counter position. In 
particular, an unequal distance between the counters* and the stopper would make a 
large difference in the solid angle between the cw- and ccw- emitted positron detection. 

An intrinsic counter efficiency of nearly 100% can be achieved by setting the 
detection threshold sufficiently low. Even if this is not the case, it is rather harmless 
because the efficiency of one counter influences both the cw- and ccw- detection by 
the same amount. It can be cancelled out to the first order by taking the cw/ccw 
ratio for all sectors. 

As for the second point, we will take the following alignment procedure of the 
counters to equalize the solid angles'. (1) First, the stoppers and the counters are 
to be positioned with an accuracy within one mm. (2) Using a small A' + stopping 
target to define the source point sharply, or by selecting only the central region 
of the scintillating rods target, we can stop the TT+ from K„2 decay by degrading 
its momentum from 205 MeV/c down to 100~180 MeV/c by a cylindrical degrader 
around the target, and then measure the positron asymmetry, which is supposed to 
be zero. If significant cw- and ccw- asymmetry is found in each sector, its position 
can be readjusted. (3) Finally, the equality of the overall cw- and ccw- detection 
efficiency can be confirmed by summing up all of the sectors with the actual target 
for momentum-degraded AVi events. In this way, the counter efficiency is adjuster! 
to a precision of better than 1% (Control measurement A). 

4.3.2 Target position and kaon beam profile 

If the target is not well positioned on the central axis of the magnet or the beam 
profile is not axially symmetric around the beam axis, there would be an inclination 
of the polarization vector ofr the median plane in each stopper. This would cause 
a sizeable positron asymmetry in each gap. We can monitor the kaon stopping dis
tribution using information concerning the segmented target and select only good 
kaons. However, a "complete" uniformity of the kaon stopping distribution in the 
target will not be necessary since this effect can be cancelled out by summing up 
the decay positron counts over the 12 sectors of the polarimeter. This is because 
the magnet has a rotational symmetry of 30 degrees and the source displacement 
causes an opposite influence to the opposite gap. This could be easily checked with 
a simulation calculation. Fig.34 shows a simulation for a exaggerated situation of a 
6 cm off-center target. In each gap a spurious transverse polarization of a maximum 
of 1% appears, but there remains a spurious transverse polarization less than (1.05% 
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Figure 31: Simulated elfect of an off-centered beam spot for a displacement of the 
union source by (i cm. A sizeable spurious polarization appears in each gap ( • ) , but 
total polarization is 1.7 X 10"'' for 78000 simulated events. A reference calculation 
with no displacement is also shown (^) . 

summing up 12 gaps, where the statistical accuracy of the Monti- Carlo is 0.03%. It 
is not dilficult to position the target and to adjust the beam profile with an accuracy 
of 1 cm. This effect would be, therefore, negligible. 

4.3.3 Spur ious polarization from in-plane polarization 

Besides the effects mentioned above, there might be other unknown systematica which 
could induce a spurious transverse polarization from Hie predominant in-plane polar
ization. One of them would be a misalignment of the magnet torus. Although the 
alignment of the entire assembly is almost perfect, its non-biasness should be checked 
experimentally. Another control measurement to examine such spurious polarization 
can be carried out by using intense A' / j 2 events which are degraded by a cylindrical 
degrader around the target to be stopped in the miioii stopper. The unions from 
A',,,, decay which are 100% longitudinally-polarized should exhibit no transverse; po
larization. We will conl'mn the null-asymmetry in each sector, as well as in the total 
simiined-up asymmetry (Control measurement 1$). 

As for the displacement of the target position mentioned above, the effect can be 
checked using the A',l2 events of off-centered stopped kaous in the segmented target 
(Control measurement ('). Since the solid angle of the positron counters is dependent 
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Table 10: List of control measurements 

Hun Decay mode Description 
A A'*2 Counter efficiency check by unpolarized inuons 
1) A',,2 Spurious transverse polarization check 
0 A'„2 Effect of source position 

Asymmetric stopping distribution 
I) 1<„2 Photon counter efficiencies 

on tin: union slopping distribution in the stopper, there might be a spurious cw/ccw 
a.syiumetry if the stopping distribution is asymmetric. This effect can also be checked 
in ('ontrol measurement C at the same time since any displacement of the target gives 
rise to a distorted stopping distribution of unions. 

4.3.4 Inequality of the photon counter efficiency 

The energy threshold of each photon-detector module should be carefully adjusted 
using a radioactive source at the beginning, and then monitored frequently during 
each run. A realistic, detection efficiency can be further controled using two photons 
from the 7ru in A'„2 decay (Control measurement D). Any unequal photon-detection 
cMiciency among the modules will cause a preference in the 7r° direction, which might 
cause a spurious transverse polarization when looking at one sector. However, since 
the effect is, again, opposite in the opposite sector, any spurious effects are canceled 
out to the first order after summing up all the gaps. We also have a chance to correct 
for the non-uniform azimuthal x° distribution in an off-line analysis, if necessary. The 
geometrical [disorientation of the entire photon detector system can al.so be ignored. 

4.3.5 Inhomogeneous fringing field 

II the fringing field dis'ribution at the stoppers is not .symmetric with respect to the 
median plane, the mean axis of inuon spin precession is not normal to the plane. 
This effect would cause a. spurious asymmetry in the Lime-integrated positron rate. 
This can be checked experimentally in Control measurement 1) as well. From a time 
differential analysis of the /iSR pattern the inclination of the average Held can also be 
analyzed. Any inequality of the field strength in the 1*2 gaps might cause a spurious 
effect in the second order because the time-integrated rate is dependent on the field 
strength a.s l/(]-)-(u)r) 2) and the cancellation expected for the effect in sections 4.3.2 
ami 1.3.3 in opposite gaps is consequently imperfect. This effect can be inferred to 
be small. Both effects can be cancel out further by taking a final double ratio. 

The control measurements mentioned above are listed in Table 10. 
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Figure 35: Direction of }'N for transverse ir° events in the end view of the detector: 
(a) event of the union going upward and (l>) that of the muon going downward with 
respect the 7r° direction. 

4.3.6 Self cal ibrat ion by A',,3 decay dur ing the run 

The ultimate means to check for any systematic errors which might introduce a screw-
sense spurious polarization is to use the /\',,3 events of a pion moving transverse to 
the detector axis. As can be seen Fig.25, such events will be taken by the present 
apparatus with sufficient statistics. For those events, the decay plane is perpendicular 
to the detector axis. The T-conserving (in-plane) polarization of P^ is directed in the 
azimuth. Since PN has a reflective symmetry with respect to the plane perpendicular 
to the union direction, as can be seen in eq.(19), or in other words PN has the same 
direction for the muon going in the opposite direction from the center of detector 
(Fig.35), no screw-sense polarization is expected for those events. This fact could be 
used to investigate whether a screw-sense spurious polarization exist in the measure
ment by examining a null asymmetry. This method lias great advantage in that the 
other conditions (except for the 7r° direction) will be exactly the same as in the Pr 
measurement. The data will be taken at Ihc same lime as in the /•'•;• measurement, 
allowing us to study possible beam spot fluctuations during the data-taking period. 

4.3.7 S u m m a r y of Sys temat ic e r ror e s t i m a t e 

It is desired to reduce the net spurious asymmetry (discussed above) to be less than 
0.5% at a cw/ccw ratio. Since almost all of these spurious asymmetries (except 
for that in subsection 4.3.1) an; the same for the forward- and backward-going TT° 
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events in the first order, it can be cancelled out by taking a double rat io between 
those samples. The re might be a residual effect associated with photon detect ion, 
but it should already feasibly be cancelled out in taking a sum of the 12 sectors and 
the reducing the total sys temat ic error to less than 0 .01% in a positron a symmet ry 
corresponding to 0.03% in Py. Some other bias, which could be introduced a t the 
s tage of off-line analysis, par t icular ly by the kinematical cuts to get rid of background 
events , will appear as higher-order effects after taking the double rat io. It could also 
be confirmed in both self-calibration and control measurements by Kr2-

4.4 Comparison of the stopped A' + experiment with the in
flight experiment 

All of the previous exper iments have been carried out with in-flight kaon decays. In 
principle, a l though it is possible to design a next-generation in-flight exper iment , we 
favour s topped kaons. In this section, the two methods are briefly compared while 
stressing two points: (1) the event rate and sensitivity and (2) sys temat ic errors. The 
advantages and disadvantages of the stopped beam exper iment are elucidated. 

4 .4 .1 B e a m i n t e n s i t y and s e n s i t i v i t y 

T h e main disadvantage of a s topped-beam exper iment is thought to be the low beam 
ra te and small detector acceptance. Indeed, the available A' + intensity at the low-
m o m e n t u m K5 beam line is expected to be about 2 x 10 5 / s ec , whereas kaons of 
higher m o m e n t u m can be obtained with much higher intensity. In a previous AGS 
exper iment , a A ' + beam with l.-M x 10 6 / sec was used, al though it was an un.separated 
beam. If we design an in-flight decay exper iment at the KG beam line at KICK, the 
kiton beam intensity at a m o m e n t u m of 2 ( !eV/c will be 1.5 x 10' '/sec. Thus, the 
incoming beam intensity, itself, is favourable for an in-flight exper iment , though the 
decay probabil i ty through a finite decay volume could be less than 10%. Taking this 
into account , the s topped method is not necessarily inferior. 

T h e acceptance of the present sys tem, including the solid angle, is pr imari ly dom
inated by the detect ion of TT°, /I and the /< —t tvV positron. Its overall acceptance is 
0.05% and each contr ibution has already been listed in 'Iable 9. !( is mostly limited 
by the charged part icle detect ion, as usual, for a s topped-beam exper iment , al though 
we have already profitted by the large acceptance of the Toroidal Magnet . On the 
other hand, the acceptance for an in-flight, exper iment would be mostly limited by 
the photon detection acceptance, which selects (at the same t ime) a specific part of 
the decay k inemat ics , as well as by the finite decay ra te mentioned above. 

The accepted phase space on the Dalit?, plot in the present case is indicated in 
l ' ig . l . T h e average value of I m ( £ ) / P / ' is 8.0, as described in section 1.1, and the 
geometrical a t t enua t ion of /V in the present detector configuration is 0.8. Heing 
compared with tha t of the previous exper iments in Table 1, it is easy to imagine that 
our sensitivity is never worse than tha t in any in-flight exper iment . 

(il 



4.4.2 Systemat ica 

Regarding the systematics, there are several remarkable differences to be pointed 
out between stopped ami in-flight experiments. An incident kaon beam has a finite 
omittance and a dispersion determined by the beam channel. In the case of an in-(light 
experiment, there remains an effect from the beam history, even if one tries to diminish 
the beam omittance. A preference to the horizontal direction due to dispersion, if 
any and coupled to some other unknown preference directed to the vertical direction, 
might induce a screw sense asymmetry, giving rise a spurious effect. On the other 
hand, in the case of a stopped experiment, the isotropy of decay kinematics is assured. 

The present proposal using the Toroidal Spectrometer realizes a comparatively 
small detector consisting of essentially one unit of apparatus. It would be quite 
a simplification from the previous in-flight experiments in which a long setup of a 
toroidal magnet and a polarimeler was used. From the view point of systematic 
errors arising from misalignment etc., a compact apparatus is preferable. 

The most significant difference lies in the ability of 7ru detection. In the previous 
A(!S experiment, only one photon from the n° which is outgoing in the forward 
direction in the A' rest frame was delected. In the present proposal we are going 
to detect two photons and to reconstruct the direction and energy of a ;ru. It helps 
substantially to eliminate any background and to reduce any unknown systematic 
errors. More important is the fact that in the present case we can detect 7T° in both 
the forward and backward directions and can build a double ratio of the cw/ccw 
positron symmetry. By doing this, almost all of the systematical spurious effects can 
be cancelled out. 

Since the polarimeter is located far from the beam, beam backgrounds to the 
positron counters and activation of the muon stoppers by those would not be so 
serious as in the case of an in-flight experiment, where a polarimeter is placed close 
to tin; beam and is exposed to an intense neutron flux. 
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5 Summary 
A search for T-violat ing niuon polarization in A',,3 decay is very important in the 
present s i tuat ion of exper imenta l and theoretical s tudies of Ol '-violaliun. It is specif
ically sensitive for test ing the CP-violation mechanism through a Iliggs exchange, 
which is predict ing a sizeable T-violating polarization accessible with present experi
menta l techniques. 

We proposed a new type of exper iment using s lopped l\+ at the K5 channel of 
KIiK-1'S. T h e Toroidal Spec t rometer installed there is the most sui table appara tus to 
perform this exper iment , while aiming at a substant ial improvement over the previous 
limit after more than ten years. We have shown tha t a sensitivity of ().()!l% in / '/ will 
be obta ined , corresponding to a limit of 0.6% in the T-violat ing pa ramete r Im(£). This 
will be achieved with a 100-day normal da ta - tak ing run with the present accelerator 
performance. Our goal can be demons t ra ted in the historical development of the 
s tudy in Fig.,'Mi. If the accelerator would be upgraded in future, a higher sensitivity 
might he feasible. 

T h e main feature of this s topped beam exper iment is a comple te detection of the 
TT" in A',,3 decay in all kincmatical regions. This would ("liable us to lake a double ratio 
between the forward- and backward-going 7TQ events , which is essential for achieving 
a high-precision measurement . A number of procedures are also suggested in order 
to reduce any sys temat ic errors and the advantage for a s topped beam exper iment is 
pointed out in this proposal. 

As for in s t rumen ta t ion , we, therefore, propose the construct ion of a photon detec
tor in the Toroidal Spec t rometer surrounding the target region with a large solid angle 
and low detection threshold. This will make one of the most unique spec t rometer sys
tems ever built in the world. This spec t rometer will open further unique possibilities 
to s tudy other kaon decays as well as the w° rare decay at the currently-available 
beam intensity of K E K - P S . 

66 



0.05 

0.00 — 

T i i i i : i r 

-0.05 

-0 .10 — 

1970 
' ' i ' _i i J 

19B0 
Year 

1990 

Figure 36: History of experiments of (he T-violating union polarization in A',,3 ond 
the goal of this proposal 

67 



A Superconducting Toroidal Magnet 
A.l Precision of the magnet assembly 
Each iron coie oi the magnet was manufactured with a machining center of numerical 
control with an accuracy of about 50 ft m. At first a core and a superconducting coil 
in a cryostat was combined forming one sector; the positioning of the coil regarding 
the core was achieved within an accuracy of 2 nun. Assembly of the entire structure 
of the magnet was carefully performed using a special positioning table, thus ensuring 
a rotational symmetry of 30 degrees. The gap spacing as well as the diameter of the 
entire assembly was measured without a current. They are listed in Table 11 (in 
mm) to demonstrate the good alignment of the magnet. The 12 median planes of the 
gaps converge to a virtual central axis with an accuracy of 0.3 mm. The difference of 
diameters in the horizontal and vertical directions is less than 2 mm over a diameter 
of about 4m. 

A.2 Magnet operation 
The cooling of the superconducting coils proceeds through a stand-alone helium re
frigerator, of which the operation is fully automated, thus requiring no attendance of 
an operator. Cool-down from room temperature takes <18 hours, and about 2-1 hours 
after a five-day break of cooling. 

The stability of the excitation current is 5 x 10~ 5, and day-night variation of the 
field strength at a fixed current is 0.3 Gauss / 18500 Gauss. The reproducibility of the 
field at the current setting is better than 10" 5 if a certain excitation path is looped. 

'table 11: Precision of the magnet assembly. Gap were measured at four corners of 
rcctangulat pole faces. Unit is in mm. 

Sector Corner 1 Corner 2 Corner 3 Corner 4 
1 199.77 199.75 199.81 199.82 
2 199.72 199.77 199.73 199.81 
3 199.80 199.74 199.87 199.78 
4 199.73 199.77 199.83 199.78 
5 199.71 199.70 199.74 199.75 
6 199.75 199.70 199.79 199.75 
7 199.71 199.78 199.74 199.80 
8 199.68 199.81 199.68 199.87 
9 199.84 199.82 199.75 199.82 
10 199.68 199.82 199.68 199.82 
11 199.75 199.85 199.80 199.87 
12 199.72 199.84 199.70 199.20 
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