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ABSTRACT

A study of 13.3 X 106 stopp_ed K+ in a heavy-liquid bubble chamber
yieldevd 269 Ke4 decays of the type e+TI'+1T- v, a total greé.ter by a factor
of 4 than the number found in a previoﬁs eXpériment. No examples of
e—n+1r+_17 were found. With 95% confidence the upper limit for‘the decay
ratg of Ke4(e_) was found to be 56 sec-i. The rate for Ke4'('e+).wa.é found
to be (2.60+0.30) x 10> sec™ 1.

The angula'rb diétrii)ufions and the dipion invariant-mass plot have "
been fitted by ‘}arying the form factors fs; »fp,v g, andfh, and the -.differ_
ence between s- and p~wave w-1 phase-shift,. Two ééceptable solutions

have been found. Both agree that the vector form factor, h, is signifi- -

cantly nonzero and that its sign is negative with respect to that of f_,
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Also it has been found ne’céssar;} to include fp in ‘order to obtainba good
fit, Although Both solutions give the rhagnifude of the'phase. differenée
to be 25+9 deg, fhe twb eéfimates have opposite sign. |

No evidence of a 0 resonance is seen. The angular'distributiéné a'r.e
found to be -consistent with ﬁme-xjrever_sval invariance,. ahd ‘with‘the loéality

of lepton production, .
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I. INTRODUCTION

The rarify of the .Ke4 decay makes it a_difﬁcult process to study
Thus, in spite of its considerable theoreticaI interest, there has todé.te'
been only one experimental investigation, 1 based on 69 events.

The experiment preseﬂted here represents an vextension‘ of this work
with statis‘ticys increased by a factor 4, . This has been made pbssible
through the use of a larger heavy-liquid bubble chamber, permitting a
gréater-_,‘nurnber of decays per picture. Also the number of pictures
taken this time was greater by a factor of more than 2.

Prdgress r‘ép_orts 'on this work hav.e already been presented at various
conférences, 2 and a preliminary 'a,nalysis of’thedata has been given by
Berends, Donnachie, and Oades. 3 |

The decay modes‘of iﬂferest are |

Ke4(e+): KT s atrmeTy; | o ' (1)
K_4le): K+* rinte” v, o | | (2)

The general form of the: matrix element has been diécussed by sev-
eral authors, 4 assuming a V.- A -j:heory. > Reaction (2). has b_eén shéwn
to proceed almost entirelyvt.hrough the axialz-lvecto‘r current, whereas
reaction (1) is a mixture of vector and axiél—vector.

Several interesting topiés v.arerinjves'tiga.ted 1n this éaper.‘, _'Fir_s%ljr,
the AQ = AS. sel_e;tion rule fo_;‘bids Ke_4‘(e‘—), éo é.,searcl.l'._for thig rqa.t—cti_on

4,6

permits a test of the rule for axial-vector currents in weak interactions,
The rate for Ke4(e ) is compared with several predictions, some
of which include the effects of final-state interactions,

The an'gular correlations between the décay producté lead to a deter-

mination of the form factors, and these are _ch_eckéd against theoretical

vprediction, 11 They also permit a test of time-reversal invariance, .
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Lastly, Ke4 decays are notable for their unique property of allowing
one to investigate the s-wave w-m interaction in the absence of any addi- |

tional strongly interacting particles, 12-16

This arises because in the
final state of the decay, the two pions are accompanied only by two

leptons.

II. THEORY

In this section we are following the treatment of the theory given in
.Pais and Treiman's paper. 16

The matrix element in first-order perturbation theory (aside from

the usual kinematic factors) is.
| + _ Foe VA4
MK [(e)] = |G/ﬁ|[vy (1+vglel(m a7 130 + I 1K),

V. A : : . L .
‘where J ' and J*~ are the strangeness-changing vector and axial-vector
currents of the hadrons,
From invariance considerations

+ - + _ h
-(TrTrIJXIK)=—3-

6)\pv0' Kgpv QO‘

and
oA A A ,
T Iy IKT) = m-{fpk.ar gQ)\,+‘r(K-P))\},

" where M is thé mass of the K meson, a;hd P = (p+ + pv‘_‘), Q= (_p_'_ - p_‘),

where Py and p_ are the n' and 7~ four-momenta and K is the kaon four-
momentum. The‘ difnensionlesséforrr.l factors, f, g, T, anid h, are func-
tions of the invariant quantities PZ, (K-P)Z, and (K- Q), or equivalently,

STT, S!’ and 6“, where STr is the square of the 1r+1T- invariant mass
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(i.e. 3 STr = -PZ) and Sﬁ is the square of the e+v iﬁvari_ant mass (i.e.,
S! = _PZ’ 'where,L = Pe + P, Pe ard p, are the positron and neqtri‘ne
four -momenta). In Fig, 1 we have the definitvion of Gﬁ', which is the
angle of the TI'+ in the dipion center-of-mass system with respecvt to the -
dipion line of flight,

Apart from spin, Ke4 decay is kinemat-ieally paramete;ized by five
independent V_arié.bles. We have- chosen these five to be STr’ Sl s »G'rr’ 61,

and ¢. The latter two angles are also defined in Flg 1.

The probability distribution summed over lepton spins is of the form

2\1/2- / 2\ 2

22 24 ‘ )
d5W . T G851n 65(; x % 1 _r_g__ I(s ,SI,.».G ,61,¢)
(2m)° 16M° m o e ) T T
X c_lsn dSl‘ dcqs@Tr dcosez do , (3)

where Gé is the Cabbibo a.r_lg'le, m is the electron mass, and X is defined
as X = [(P-L)* -5 -8, ] 1/z,
- ™
' The distribution function I"vha.s‘ an explicit structure in the variables
6, -and ¢, which do not enter into the form factors. By grou_pi_ng terms
according to their behavior_with respect to these va‘_ria_bles we can
examine the spectra more readily.

For I we have
I-= Ii + Ichs 26, + 1;3 sin 81 cos Z¢
+ 1, sin’ZE)I cos ¢ +.15 :sin 6, cos¢~“+‘r Iécos".e‘l +'WIV7 eih_ez sind

+Igsin2 6, ‘sing +19sin291sinzq>. L (4)
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Neglecting térms involving _rhz/si , the functionsf I_i . Ig"dépend on"STr,
S!-’ and 8_", in the following manner (for the complete expressions see

Ref, 16):
I ':-?[IF' +—-sm6(|Fl +|F | )]

o inp g2t
I = _2[1311 231n6(|F| +|Fl)]

1 2 2y 2.
I, = -'Z'[IFZJ f|F3.f ]S.H% QF,

B P
14 = ZRe F'1 F‘2 s1n6n,

I = -ReF F3 smG - L (5)

r-x-)%_

116 = -Re FZ'F3 sin ..6",‘

1 ="-1mF F. sinf ,
1 2 T

-~J
IR

_ :18 = ‘—Z-_llm_Fi.F3-s‘;n6.ﬂ,

19 ——-ImFZF351n6.

Fi’ FZH, and F, are the fbllowin'g combinations of kinefh_atic ‘faéto.rs,

and form factors:
F,=Xf - (P-L)(QZ/Sv ')1’/2‘ -cos.é B
1 : il g "’
r, =@, e

Fy =(Q° sp /2 x(n/M?),

Note that the r form factor is unimportant in Ke4 decay, as it is always

multiplied by mz/s_! , and so does not appear in (6).



-5- __ - UCRL-18626

!

The form factors f_,. g, ‘:and h carr’f direct étrong—intera_ction inf_cﬁr- :
rﬁatiori, assuming time—reverSal invariance holds. In a‘partial—wavé‘:
expansion of the form factors with respect to the éngulaf momenturn:,o.f
the dipion system, a partial-wave ._a'mplitu'de. of definite angular momentum
é.nd isospin must have the phése of the vcoﬂrr\espolnd'ing pion-pion scattering\
a'mplitude.v ’Ihe odd partial waves have I = 1 for the dipion system, |
whereas even partial waves contribute to both I :VO and I = 2 statese
' Ihvoking the AI = 1/2 rule for semileptonic decays, we are left with £ ‘: 0,
I=0, and ? = 1, I =1 states, assuming that states with £ =2 a_re‘ not |
importént at fﬁese low eﬁergies. | |

" The terms in the partial -wave expansion up to and including .ﬂ = 1

can now be written

f=; 168+; e'°P cosg ,

s x T

~ i -
g=ge¢ P, : _ (7)
h=ﬁei6p,

~

where ;S,' fp" g, and }Tare real functions of the variables S1T énd'Sl , and
the phases &s and &ép are the pibn—pion. phase shifts, and are functions of

.S'.

T

By substituting (7) into (6) we obtain

ibs
1

Fo=xT « % 18P i v /e \L/2~ idp |
F,=X{_e + X fp e Coéew ‘ (P LYQ /Sn) -)gej Y cosf_;

F, =52 g, (8

F, =(@%s,) "2 x (K P/,

)
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~

Alvtlvlough this is a pe‘rfe;:-'ctly valid sub'st‘i‘tutiovn as long as Fs’ fp’ g,
and ﬁ are functions of Sn_' a'{.nd’ Sl . In the case of _thebp—wa‘ve form factors | R
Fp’ g, and 1~1, however, théi‘ve is a known energy_.t_i»epevnde-nce dué ‘to 1_:h¢ é.:x;igu-.
lar momentum barrier, which may be e'xplicit_ly taken out of the vfoi'rn féé-
tors, In fact this has been dpne Afo>r g.and E, but :not Yét f’of f~p To do',
this for ;p we somewhat ax;bit'l'.arily substitute ﬁX;I')/MZ, w‘ii.ere
B = (QZ/S“)i/Z‘. .T_he exact form the expfessions should ';ake is unknown,
but our choice has the essential feature of foréi’ng pr to zero when STr |
equals 4#2, where p is the mass of the pion.
. F | =Xf~ ei{)S +Qi f~' eispcose F-I(P--L)-ﬁ"' iép g .. \' :: v
1 ,‘"s : M‘Z r v ' ge cos n° (8')

By substituting Egs. (8) and.(8') into (5) we obtain the distribﬁtion fu}nvction
Iin terms Qf kinematic -fé;ctor's,. the form factors Es’ FI'), E, 1'~,1,. gnd the s~
and ;-wave'_ p'h_a.s.e_- shifts 6s and op. In fact, since the absolute phase is
arbitrary, the difference of fhe‘ p.has_esv(é_v_s -6p) is thé measure‘ci quantity.
In this t:‘re'a.tment we have assu_.med-that the leptons are p_foduced at a
point, Th.i_s implies that the 61 dis_tr_ibu_tibh can be fitt_éd by an expression -

of.t;he form
'aw/dcos_()i = A1 + B cosf, + C cos 261)’ | : :_ : (9)
and the ¢ distribution is -fit‘te;gi by
.dW/d¢v = a(1 ; ﬁcoqu + y sing + 6 sin.-2‘¢i‘+‘ ;;152@ o (10)

[theée distributions are obtained by integrating (‘3)v‘over all variables

except 6, and ¢].
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Should extra terms be .needed in .eii:hexf of these distributions, this
would be a violation of .fhe as surhption of locality for thé lepton prdduction. '
Four approaches were used in the analysis of fhe data from this
experimént;
1st Method . | e e
Expression (3) was.used_to generate Monte Carlo Ke4 events for
pé.rticular values of v(= E'I')/Es),'n(z g/;s), and y(= }:/;S)', and of_a.o, ‘

where a_ is related to the s-wave phase .éhift bjr the Chew-Mandelstam

0

effective range formula,

7 cotds = 1 +E£n{
. 30‘3 L

.(Sw)i/z(“p)

We have assumed that 6? is due to the taii of the p meson aﬁd is there-
fore very small rin’_ our masé raﬁge and caﬁ bé neglected. We have gen- ,
erally taken the form factors to be éonstant, bhf,havé aléo investigated
the effect of allowing Es to be enhanced. When it has begn enhanced we

have used the relativistic Watson enha.ncement factor,

~ ¥0 sin 6s
f o= S
s ’ a‘oﬁ
where a, is in pion Compton wavelengths.

The Monte Carlo—generated events were subjected to the same cuts
as the experimeht'al data (the cuts arise fro;h event-selection criteria to
be discuésed later). Thése e'venfs were theﬁ used tb obtain the appro-
priately modific‘ed fheoretical distributions of the ‘measﬁred variables,
which were then compared with the expérimental plots by a XZ techniqﬁe.

By ché,nging the values of the input parameters, the gross features of
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the XZ map were studied. However, this procedure, when dealing with
four variables, is costly in computer time, and therefore the optimum
set of parameters necessary f_bo minimize XZ was not obtained by this

technique,

2nd Method

The optimization was pérfprfned by a program which s‘imulta-neously
fitted.the cosGﬂ,‘ cosf,, ¢"' .and (STr)i/2 distributions. The ’sum of the XZ
for the four distributions‘w.a"s miriimizgd by.varyi__ng the form factors v, |
n, and vy, and the éverag_e phase shift (&s - &p). The latter is thé a‘vevrage
value of (6s - &p) taken 6ver our mass spectrum. The fit was mé.de to the
theoretical one-dimensional p.,lots ‘suitably modified by the Monte Carlo
program for the effects of cuts in the déta. h

For the conditions pvr'evailing in this particulé;r experiment, these

modified distributions have the forms given in the Appendix,

3rd Method

| Exiiressidn (..3) was evalu‘at:e_d fdr each event'and‘ 1_:he results were
used to'cons.tfuct a likéli_h;)od function. A‘seér.ch progr‘a'm.was employed:
to obtain the maximum _v.alule‘ of the likel.ihdod é.s a ‘functio‘n.of the free
parameters, i, e., the form factors and the scattering iehgth. Bécause
of biases introduced in certain Vari‘a'.‘bles by thé selection criteria, ;’:l, |
reétricted subset of the da.té. was utilized and the range of integfation

suitably modified, -
4th Method
Pais and Tr'eima.n16 point_.out that information on (65'- 6p) can be

obtained by looking at the average values of certain I coefficients (Eq. 5).
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T

' This method, unlike the “'first t}l;ge -appr"o:aches',‘ yields information inde-
pendent of the values. of the'fofn;rl factors, and of assumpti;)ns regarding
~ their enéx;gy depe'ndenCe. It cé.ﬁ be seeﬁ that the val_uéS of vthe I's are
governed only by thve.numbe'r of events in various regions of the two-
dimensional plot of ¢ vs cos6, | |

Specifically, we have |

 tan (85 - op) :%<I7>/< L), | (11a)
also ' - R . :
tan (68 - 6p).= 2 (Lo)/( L), (1)
where <‘In> are defined 1n Eq. (5)., » | _

Should these two ‘expre,s'sions for cbalcula'ting (%s - 6p) not yield the »
same answer, this woul_d.- me.a.n that (i) time -_vrevebrs'al invariaﬁce‘ is .vio—
lated, or (ii) thé‘re,'is anl= Z admixture in the s wabve, oir (111) there is a
- significant d-wave w-m cén’cr,ibution; )

Furtherrhore, Pa.is:and-Treiman‘point' o‘uv..t :that-('Ic)) shéuld vanish
under the as sumptions of tirﬁe-revei‘sal_invar_ia.ncé and the Al = 1/2 rule'v’,
and the abéence of waves With_l* = 3.  Onvév_ may. als'o test,tlﬁ_e{assu»mptioh
regai'ding thé ébse'nce pf_'w'é{re's with £ > 2 By exémining the cosf, ‘spec-

trum, which should be fitted by an expreSéion of the form
dW/dcoéGﬁ, =a(1+ bcosf  + c cOsZ,G;r);, s (12)

The need for é.ny addition.al-‘:te‘rin_s.w_(’)uld imply the presence of hi‘ghef

waves,
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III. EXPERIMENTAL PROCEDURE

A, Detaills Qf _Expos'ure. :

The beam used Was a‘conventionai tvs'/o'-stag'e-sbe}‘parate‘d bearﬁ.‘of_
6vera11 1eng£h approximately 25 meters, pro_duf;:ed at 15 deg from an
internal target in the CEI;(‘.N proton synchrotron, The beam Was tréns-
ported at 800 MeV/c, »with a mor«rient_um bite vofv +1,.3%, | andvdegradéd at
the bubble chamber entrance window so that the K stopping points were
well spread out in the center of the. chamber. |

The CERN enlarged 1.1-meter -'_dia.mete‘r' heavy-liquid cha.mberi'7
was used. It was filled with CZF5

and a radiation length of 25 cm under operating conditions.  In this

Cl, which has a density of 1.2 g/cm®>

exposure care was taken fo keep the buBble size small 1n order to be
able _to see the decay 6rigins élea,r_ly. “This was. _alsorimportant 1n seeing
the H+ from decay of stopping 'n'_+ (range of p.+ = 0. 15‘<‘:m).

We took 551000 pictures, yielding a total of 13,3 10°® stopping K"
in the fiducial regioh(24 stopping Kf/.picturé). -The film was divided -
equally between the thr‘eebins'titutions (LRL, UW, a_ﬁd UC.L) ‘_Vfor sCanniné_

and preliminary selection of events.

B. Sc anning -

The film wa.;'s’vsc‘:ann_ed for K_, candidates, and approximately two-
thirds was rescanned in order to obtain the scann.ing. efficiency.  In
order to estimate the total number of stopped K‘;+ every 50th”pictu/re was
scanned for T decays, o

To pass the preliminary criteria used at the scan table, a Ke4

candidate had to satisfy four conditions:

‘ “»
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(i) The decay point had to lie within the fiducial region., This was a
region spiecified té avoid the immediaté vicinity of the beam entry window,
which was difficult to scan because of a paftiéularly high density of tfacks.

(ii) The ionization of the in.cvomin.g track neé.r t.he de’éay‘ pdi’nt had to be
consistent with that of a stdp_ping K meson, |

(iii) There had to be threé tracks from the origin,

(iv) One tré.ckvhad to appéar to be an eléctfon,' idventifi.ed by spiraliza-
tion, and the other two had to be consistent with being pions,

These requirements were not very Stringent, énd 2000 of the events -

passed by the scanners were measured, The mbmentum of the electrons
was estimated by the Behr—M_ittnef procedure. 18 Phot;)graphic prints.

“of _all these ev_énts, _,togethge.r with the fe_s@lts ofjmeasu‘rement, were theﬁ
examined by physicists, who applie.d' the more demanding criteria that ‘

follow,

C. Selection Criteria for K_,

1. Exclusion of Tau Decays at Rest

| Most eventé record'ed‘ as candidates by .scarir_ieré are mér'ely T _aeCé.ys,
for which one of the x' is too short tobe seen. If this m cuie_cbays to a “+ 
which then emits an e_'+ ih approxirriately the sé.rn_e direction as the p+
track, the latter can be mistakeh_ for the fir st part of the. e_léctron t.ra‘c':k.: ;
The electroh thus apf)e'ars t_’q' ofigipaté frqfri the K+ decay pqi.nt, v Eveq :
though such events outnumber ge‘_r’mivri‘e Ke 4 by approximately 5 to '1.’,- 1::heyi
pre seﬁt no problem of'ider;tification.' This c,dme-s about bevf:ai,'usve they aré. :
characterized by a m and a 1r-Jr going. off nearly opposit‘e to each other

(at 155 to 180 deg), and with nearly equal momenfa. This configuration,



-12- . UCRL-18626

though kinematically allowed for Ke4 decayvs, is not pa‘trticulai'ly favored.
Criteria can be set up, then, that exclude th'ese. T decays, bw.hile at thfe
same time they reject only a few genuine Ke4' These cri.te.ria inyolve .
measurements on the two long pion tracks. For a T decay the misSing

mass, MN’ should be that of a '1r+, vis-'139.6 MeV. This estimate wiil

be subject to some 'measufement error, so in practice one must reject

as T those events with MN lying in a certain finite range. The extent‘-

of this rénge was deterr‘nin_ed by plotting MN for a random sample of

Ke4 candidates (Fig. 2). These events ’were-seklected so that the missing

momentum was less than 50 MeV/c, since a =t with 2 momentum exceed-

ipg this value would have a range gre'atervth'an 4.5 mm and its txj‘ack'

would be clearly visible even if steeply dipping in the chamber, It is

seen that most of the evénts are centered closely abqut 139 MéV; On

th.e basis of this figure it was decided to exclude all events vfor which

130 MeV < MN < 150 MeV and at the same time the missing momentum

was < 50 MeV/c, This rejected about 1450 events,

2. Exclusion of Tau Decays in Flight

Although the candidates had to have an iﬁcoming track whose ioniza-
tion was consistent with the K+ meson's having come to rest, this require-

ment does not exclude slow primarAives with momenta < 200 MeV/c. A

T decay in flight with a short n' track and a M mistaken as part of the ‘ _ .

electron track would no longer necessarily have its two visible pions
approximately collinear, Thus all candidates were tested to see whether
the two pion tracks were consistent with the pions' having come from a

T decay in flight with a K1 momentum < 200 MeV/c. If so, and if it were
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further found that the third pion had a momentum < 50 MeV/c, the

event was. rejected. This criterion affected about 100 events.

3. Kinematical ‘Constraint _

~For an event .to be a.cc.epted it dici, of .cqursv'e',' have t/éI fit safiSfa_c..
torily the Ke4 hypothesis. A further 150 eve.nts. failed td meet this fe—
quirement and were rejected. On examination of the prints by a physi;

cist, alternative interpretations were found in all cases,.

4, Exclusion of Negative Secondaries with Steep Tracks

For some events, although the negatively charged secondary was
consistent with being a pion, there was still some doﬁbt as t‘o its idénti-
ficatio_n. This was the case when the track was either _particqlarly steep
or short. Such a track could be an electron and so when comBiﬁed‘with
the eJr would constitute a Dalitz pair. The event would thefefore not be

. : 1
a.Ke4buta.'r,K orKTrZ.

, | b3’ |
It was decided in consequence to reject the 21.events for which the

‘negative track had a dip angle > 70 deg. 19

5. Exclusion of Positrons with Steep Tracks

It Was_ sémetimes difficult to decide whether a steep track was an e+
from a Ke4. decay or a 1r+ from a 7 decay. Thus all everﬁ:s 'with_ an e’
dipping _at an angle > 70 deg were rejected. This accoﬁnted for a further

two events,

6. Exclusion of Pion Secondaries with Short Tracks

As indicated above under 4, a very short n (if it did not produce
a visible star at the end of its range) could be confused with a e”, Not.

so much difficulty was encountered in the identification of a short 17+,
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because in general“ even if the track of.the -n-+ itself were not visible one
could see its decay p+. :Nevertheless if either pion had a short‘_ track,
whether one could unambiguously identify it or ‘not, it was difficult to
measure th e direction of the track accurately. In the circumstances it

was decided to reject the 22 events for which the 7~ or the n" had a

momentum < 48 MeV/c (corresponding to a range of approximately 4 _mrn).'

IV, RESULTS

A, ,Brvanc‘hing,Ratio for -Ke4(e+)

" After application of the various criteria outlined in the previous
section, 269 events remain as,Ke4(e+) decays. These must be corrected

- for various losses before the branching ratio can be obtained.

1. Correction for T-Decay-at-Rest Criterion
Figure 3 shows a scatter plot of the ﬁnfitted x}alues of momentum
vs invariant mass of the ailepton system for all acéepted Ke4‘ No
events are fo be seen in the 'rectanvgular reigiop, owing to the.'crivterion
for eliminatjng T deé:ays with ’approxirl;lately collineér _éoln»figuiration.
The figure demonétrates‘ thaf the rna.jority_ pf Ke4 are far r.erhoved from
this. regidn, and that a correction of only 'twovevents should be applied.. a
The mégnitude of this correction has bé_én confirmed by use of the

Monte Carlo program previously described.

2. Correction for T-Decay-,in-Fliglﬁ Criterion

Some Ke4 at rest have a configuration such that for certain direc-
tions for the incoming K meson the event would be thrown out by the 7-
decay-in-flight criterion, The Ke4 found in this experiment were exam-

ined with a view to determining the chance that the event would have

»T
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been rejected had the inéoming-K meson assumed some other direction, -
This study led to the. conclusion that between 0.5% and 1% of genuine Ke4'

decays had been lost,

3. Correction for 7~ Having Steep Tracks

This isba.pure.ly geometrical correction based on the _solid angle

available. Its value is 6.0%.

4, Correction for Positrons. Having Steep Tracks

This is also a geometrical correction, but allowance has been made
for events having both a steep @ track and a steep positron track. The

correction is 5.6%.

5. Correction for n Having Short Tracks

The same Monte Carlo program yields a correction of 15% for

‘short nt tracks.

6. Correction for Scanning Efficiency

Based on a rescan of two-thirds of the film, thé average efficiency
of the first scan was 66% and that of the. second scan 73%. This meant
that 83+5% of events éé;ssing the critér‘ia. were foun'd.‘ The events were
divided up in various ways according to their configuration, but no pref-

erential bias against any particular type could be discerned, 20

7. Other Corrections

No other import#nt means of 1"c>sing»K64 have beeh fo_uhd, 21 ’I‘_heré
are in addition, however, some coriect'ions to be .conéid_ered for effects
leading to bthe acceptance of spurious events as genuine K 4

For example, a 7 decay at rest that would normally be rejected by

Step 1 could be accepted as a Ke4 if one of the pio>ns scattered very early
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so that its scattered direction were mistaken for its original direction at
the K decay. Consequently a study w.as made of the visible Scattering"s
to be found on the first 1.5 cm of the tracks asso’_ciated with events re-
jected by Step 1. This permitted an estimate éf ;che chance that such
scatterings could occur in the first 2 mm of tﬁe track (and thus escape
observation), and of the likelihood that the scatterings would be of a
size and 1n a directibn such .a.s ‘to léad to acceptance of the ex}enfs a.s ’

K 4 The resulting correction was very'small; viz.., .about 1 event,

Events normally rejected under ( 1) have a second Wa.y of evading the
criterion. This arises when the w decay"s in flight to give a combined
w+, p+ length significantly greater ‘than the range that the =t would havé
had if ivt had come to rest, If the =, p,+ track is mistaken as being
entirely due to the 1r+ (this isv quite llikely, as p+ frqm 1T+ decay at rest
do an alWays have readily visible tracks in heé.vy-liquid'chambers) the-‘.
event may I%e accepted é.s é Ké4. From thé‘ moderation times of the
pioris and the known 1ifetifne ‘it is 'calc':u,la.ted that 1 spﬁrioﬁs event has
been accepted in this mé.nner.

The last backg;;und we mentjo‘n also. concerns T decay. W‘e. cons_ider
the wf to decay while still lightly ioniz_ing, and to gi{re a very short track
(i. e., '-‘the‘p,_-v‘- goes backwards 1n thg pion 'c‘erlljtel;-of-mass system). If the
electron from the'p+ decay is emifted approximately in _the same dire.c._.
tion as thé.t’of the ori_gin‘a:l -rr+,v the whole 1r+, |.1,+, e'+ cornbi.ned track can bé
mistaken for an e emitted from the K decay. From a consideré,tion of
the average moderation time of‘a pio:n from a T decay, the lifetime of fhe
'n'+, the solid angle available to the _},L+ in the pion c. m. system, and the

--solid angle available to the e+, a correction of about 1 event is indicated.

-y
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Several other sour‘ce:s of background were investigated and were
found to be small, i’I_‘he overall result is that our final sample of 269

accepted events rconi:'ains about 3 events t-hat'a.lje_ not genuine Ke4"

8. Estimation of the Total Number of K' Based én the Scan for r Decay
.The average number of T decays found in t}.lezy sample scan of every

50th ,picpufe-throughout.the run ‘was 1.‘34:!:0.02 'r/pictﬁr'e. Thé error is

dominafed by.the statistical uncerté,intjr. The scanning efficiency Wa;s :

determined to be 99.5%. . The total number of T on the 554 000 pictures is

554000 1.34X gog- = 743 000,

~Using the"branching ra,ti.o-22

K' » r7/all K decays = (5.57+0.04)%,

one finds the total: number of K_+

= (43.3+0.3)x 10,

9. Estimation of the Br‘an_chin'g Ratio
After application of the various corrections, the estimated total

number of Ke4(e+) is 431 (_see Table I). The branching ratio is therefore

K_ le)/all K' decays =(3.25£0.35)x10 ™.
This compares well with thé value (3.6:!: 0.8) X 1'0-5 found in the previ'o‘_usb

experiment. ! The corresponding decay rate is (2.60% 0.30))(103: sec'—i.



18- - UCRL-18626

!

B. Upper Limit to the Branching Ratio fer Ke4(e-) Decay

No candidafes for the_K_e4(e-) mode were found, either in fhis or in ‘

the previous experiment. : : , ' e

Although the scanning crite ria for this mode were sirrﬁiar to those
for Ke4(e+), the devt.ection efficiencies for the two fnodes are nqt'equal.
The sources of ba'ckground are different, so one 'cannof make a straight
comparison, | |

For examplé,_ aT - p' - e decay is.les:s probable, so corrections
IVA 141 and IVA2 can be relaxed,

~ Instead of rejecting one of the pions -7-‘viz‘. the negative one--when -
its track is steep, we now uﬁaer IV A 4 must reject f'i'ih_‘:’E 1r,+ if its track
is steep. This is because .‘t_he 1r+. may be .ambiguous with an e and the
K decay could then be a ! v;/ith a Dalitz eleé:tron_pair.-

Events must be rejected if the two wt ‘are f:onsi'stevnt with having
come frorﬁ a T decay and the ¢ lies in approximately the direction of
the expected third pion. This is necessary to avoid a 7.decay in which |
the m charge -excha'nges, and one of the gammaé fro;h the 179 decay
gives a Cornptpn elect;fon almost "immediately, the combined w_, ef
track appearing to be an e from the K aecay.

Consideratiohs of this nature .lead to an o‘ve‘rali detectién effi’c_iency
_ for' Ke4(¢-) which is 70% of that apprOpriaté fo.z"_Ké4(ef). |

Thus this experiment yields an upper limit
- + T
K_ e")/all K decays < 7x10

at the 95% confidence level.

e
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C. Mass and Angular Distributions

Figure 4a shows the distribution of 4;, the angle between the dipion
and dilepton plaﬁes. Figure 4b gives the same disti‘ibﬁtién with thé
events from the previous exp’efiment included. Both are adequately
fitted by a function of the form «(1 + B cos ¢ + v Siﬁ¢ + 6 ’sirizq)),’ where‘
for Fig. 4b = 0.20%£0.08, y = 0.263:0.08;'vand 6 = -0.03+0.44, The _

value of XZ is 3.’5.f0'r eight degrees of freedom, (The curves shown

- refer not to this solution but to solutions involvirig simultaneous fits to

several histograms., These aré described '1ate.r..)

The angle that the 11'.*-; makes with the dipion line of _fl'ight in the dipion
rest systém is plofted in Flg 5. Unlike §, cés 6_" is strbngly affected by
the cut on short-track pions.. Aﬁ in:r;pre_ssion of the size of the'correc—v

tions needed to each bin is giyen by the cross-hatched events. These

were gstimated by the Monte Carlo program (mentioned in Section II,

Theory) which generatgd Ké4 events by using our most Ipz_‘obable set of |
values of the form factors and the m-m phase shift (to be obtained in the '
next section),

The cos Oﬂ'distributiéh éhduid be of the form a( 1+b c:osle-'rr tc cvlqszif)n;)."
From Fig. 5b, we evstirhat‘e b to be (0.61+ O..iz). Evaluation of t‘;he ci’oeffiv—
cient ¢ depends ‘sens;if:ively upon the mirhbers of 'eventé with larbge values

of |cos€ﬂl . These are the Valués for which the correction for short-

.track pions is greatest, and so it is difficult to estimate ¢ with any deg'r:ee

of reliability, We have considered it desirable to base conclusions to be

drawn later from this distribution solely on that part which is largely

unaffected by the cut, i.e., the region lying between the dotted lines,



20— | UCRL-18626

It can be seen from ViFig. 6 that thg- slope”of the cosGﬂ_ plot changes
markedly as a function of Sn' This behavié)r.véan be understood if the f
form factor goes to zero as B goes to zero at small values of STr' The ,
quantity [(ﬁX/MZ) ;I‘)] , which replaces Fp in the analysis to allow for the
effects of thé angular momentum barrier, has just this kind‘of behavior,

Figure 7 shows the invariant-mass.distribution of the dipion system,

The cross-hatched events in the first three bins have been added to com- .

pensate for the loss of short pions, Similarly the estimated two events
excluded by the T-decay-at-rest criterion (Section IVA 1) are kinemati-.
cally constrained to fall within the fourth bins. | |

Figure 8 gives the histogram of?:osérl , the aﬁgl_e' between the e+ and
the dilepton line of flight in the dilepton r_ést frame. CoséJz is .largely'
unaffected by the short-track pion correction, _but for this angle a néw
effect becomes significant. It concerns events for which the laboratory -
~system velocity, Bev’ of the dilepton sysfem is'close to unity; For thié
class of events the‘error’s'on cosel éri'siﬁg from measurement errors
on angles and moménta can becom'e'highly asyrhmetric, This introduces
. a systemat‘ibc bias as events are I'Il.OVG.d m‘oz_-'e'rezvtdily foWards‘ negatiye
values of cosf, than tow;rds-positivé ones, >’I“hisr effect 1s readily re-
duced to negrligible propdrtions by removing the ;1.'6% of events for which
Bev > 0.95. This cut explains why ‘the numbers of eveﬁts in Fig, 8.are
~ less than those for the other plots. |

Figure 9 is a two-dimensional scatter diagram showing the correla-
tion between cosf, ‘and ¢, for events with Bey < 0.95. As was indicated
in the Section II, on Theory, correlations between these two angles have
a particular significance in fhe Pais-Treiman method of ana_ly‘sis. The .

average values of the relevant correlations are shown in Table II,

-
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It is to be noted that the quantity ( sin®6, sin2¢), which determines

(19> , is consistent with zero, as is required by time-reversal invariance.

D. Determination of the w-w Phase-Shift Difference

and the Form Factors

In principle the most sétisfactory way of determining the s-wave
I =0 w-m phase shift is to use the ratios of vthe I coéfficients given in
Eq.. (11). The theory upon which such estimafes are based 1>'>e.lsts on
very few assumptions, viz. the absence of dwav.es and of an I = 2
admixture in thé s wave, and time—reversai invariance.

Unfortunately the correlations .Concerned; areb‘not very' stroﬁg, and
the statistical accuracy 'obtaiﬁable with 300 events is exceedingly poor.
We are not even able uﬁambiguéusly to determine the sign, as both
expressions (11a) and '(;'lilb) involve quéntities (vis,, '14 and 18) whiéh are
not significantly differeht from zero. Taking the data at face value, the
estimates of the magnitude of (.6s -F5p> |

(85 - 5p)1 = tan” (3 (I)/( 1)
and (65 - 6p)| »tan-_i(z (1g)/(1)) -

90+ 40 deg | |
' (12)

0+ 40 deg.

One observation we ca.n make, however, is that <I7), a.nél.'é‘o‘nse—' ‘
quently the numerator of expression (14a), is almost 3 standard devia-
tions from zero. [Note the errors as quo_ted in (412) are not Gaussian, ]
Thu s élthough the large fractj_.o.nallerro.r on the denomirié.tor mékes it
difficult to estaﬁlish a magﬁitﬁde for tan( 6 5 B 6p), oﬁr result is nét
easily reconcilable with a ,valué clbse to zerb, |

Uhtil it becomes ,possible' to _periform expefiihents yi.eldin_gvlla.rger

numbers of events, the above method for extracting the phase shift is
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not very prdmising, so ih order to pfoceed further we need to infroduce
values for thé férm factors, and assumpiions fegarding vtheir energy’
dependernce,. |

As mentioned _in-S‘eV'ction I ('T-heofy), three 'rﬁetho_ds_‘ of» ,oiitaif;ing’ ‘
a.cceptabie sets of values ﬂfr the form fact’ofs andvp’havse—shift difference
have been used. They eaCh‘v:have certain adv_antag‘e‘s.” The ma#irhum‘—
likelihood techn_iqué is aBlé to éxtxl'acf infb_rmafior} contajned in c.orré'la,_-
tions between the different variables., This information is 1ést in per-
 forming a_'sirhultaneous leas_t-sciuares fit to the"his'togvr'anis of ¢, éoseﬂ, '
cosel, and (ST'r)'l/Z. However, this:s"evconc_l method is able to make use
of events with .Icose_“_'l? 0.6'va.'nd‘ Bev > 0;95,ih those plpts where they
introduce no bias. The Monte Carlo method, on the other hand, is the
moét effective way of checking the influence of cuts and biae‘;le_s in the
data. |

As'suming all.fqi'm _factérs to Bg independent of FS_'T and Sl , the leé.st¥
s.quares,-ﬁt pro.g-ram Yields four éolutions with acceptable values".'o'f XZ._ ,
These are listgd in Table III, |

No_minally.thére_ are 29 degrees ofvfr-e_edém, ) Howevef, the fact that
the same events are used in all his,tolgram.s impo‘s.;és‘ restricfions_thg.t
tend to rbedﬁvct.a the effective number c¥f degrees éf. freedom, By-fitti_ng
" 50 bétches of Mdnté Carlo events generé.ted with solution A parameters,
énd exémi_ning_ the resulting XZ- ,Qalues, we estimate that the effective -
nurhber of degrees of freedom to which the XZ values of Table III z-fef'err
lieé between 28 and 29. This irhplies that these histograms are almost-
indépendent projections. In considering the results of Table III, it

should be noted that the Pais-Treiman form factor fp may be obtained
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from the value of v by rnulfiplying it by =0,11.

With the maxifnum-l’ikelihood prvograrvn we can in fact exclude solu- .
tions C and D. This isv rendered possible by a study of 6, vs ¢ correla-
tions, which are not open to examination by the progi‘am thaf pefforrhs |
a fit to the one-dimensional plots. S.pe‘civfiéa_lly, it is found bt_h'at the -
large values of y and of sih( s - 6p) lead to values of 118 which are 3 to
4 standard deviations removed from the experimental x}umbér. v

.Of the fwo remaining solutions,: A is_ somewhat favored o%/er B, but
both have acceptable XZ values, Unfortuné.tely, with respect to deter-
mining the phase shift, a.lt.ho.ugh the two éolutions have the same magﬁi—
tude for ( 6s - 6p), 'tfie signs are opposite. We postpone discussion of
this point uﬁtil later in the paper.

We have also investigated the effect of an STr energy dependence in
;s proportional td the Watson enhancemenf factor, and solutions corre-
sponding to solutions A and B in Table III are given vas solutior;s Ae and
B, in Table IV. The differences are not large. |

The maximum—likelihood_ method yielded essentially the saﬁe solu-
tions, within errors, and the Monte Carlo approach also located the _twb

minima in the XZ r‘fxap in regions corresponding closely to solutions A

~and B,

V. DISCUSSION
The rate for Ke4(e+.) ‘decay has been found to be (2.60+ 0.30)>‘<-1-O3
sec_i. Theoretical calcﬁlations that do not inc_lude final -state interac-
tions all contain an adjustable parameter, and can be brought into agi‘ee—

ment with our rate with a reasonable value of the parameter. Brown
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and Faier9 alléw for the fihal-state intéractions by assuming that the
decay proceeds through a 6'_ meson, Although their rate is in agreemeni
with our value, the (Sn) 1/2 Vspectrui.m‘does not furnish‘a.n.y evidence of
the presence of a 0 meson. Weinberg, 11 u'sing_c»urrrent algebra and soft-
pion techniques, is able to relate the Ke_4 forfn factors to those of Ke_3,

_1. In ré_gard to this,

and hence predicts a rate of (1.88+0.23) X '103 sec
however, we point oﬁt that for sdlution A, whgre v is large, fp contributes
=30% to the rate. |

The upper limit, at the 95% confidence level of 7X 10,-7 for the Ke4(é_)
-branching ‘ratio, adds weight to the AQ = AS rule. Ke4(e‘) decay, if it “
occurs, proceeds throqgh the'_axial-‘}éctor current. Ke4(e+) decay in-
volves a mixture of both ‘axival-vector and.Vecto'r,. but although the latter
gives rise to strong int‘:erferencevte‘rms, its contribution to the rate is
small, Thus our conclusions r‘e.fel.' épeci'fiéally to the rule as in aipplies_\
to the axial-vector currents in weak in_tef_aétidns. In interpreting our
result one rnusf be careft'lil. to m.ake'allovwanc.e- for thé di'fferi.ng._ dipion -
interactions in Ke4(.e-) decay. and in Ke4(-_e+)' dgcay. For Ke4(e-) the |
dipiqn state is pure I = 2, “ wh_ere'as for Ke4(_e+). we have :I =0or 4. Be- |
bcagse of the relafively_low en'ei'gyuof .tlhe i‘nterégction; one fﬁrther assumes
only s and p>waves_ to be important in Ké4(§+), .wherea..s only s waves .
wquld be preéent in Ke4(e-).- The viol_atibon parameter is _définea as the

ratio of the amplitudes of the currents,

AlAQ
ATAQ

-AS)
TAS) -

X =

In ordef to evaluate x one needs to know the enhancement factor due to

the final-state interaction. For no s-wave interaction our branching
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ratios lead to x < 0.15 at the 95% confidence level, whérea’é for enhance-
ment factors variously estimated as extending up to a value of 4 (Refs. 8
and 10) we obtain
x <'0.3 (95% confidence ievel).

The three methods that yielded vaiugs fbr 'bgth the form factors and
the phase-shift difference a'g.reevd that there afe two acceétable_éolﬁtions,'

We should mention, that in the paper based on the previou‘s exPerimenti
a single unambiguous solution was reported. This: was because the im-
portance of the cos 61 distribution and th‘e form factor fI’) had not. at thaf
time been recognized. The differing'conciusior_xs of that paper and this, |
it should‘be stre‘ssed, are 1;10t (iue to any confr-é,diction_between the two
sets of data, but .rathe_r to fhe method of analysis now including the fp’
 form factor. For _thé same reason, the a»né_.lyses givqﬁ in the first three v
preliminary re‘p:ortsz‘ of this experiment are to be regarded as inéd»eqp.a:te. :

That we should have ohtained two solutions that fit the data is not

23 have pointed out »

entifelyl unexpected. _B.erend'__s, Donnachie, .and Oadeé
 that if the original type of analysis proposed by Cabibbo a'.nd'Maiksymowicz'13
were applied to the (Sw)i/z, cosGTr,' and ¢ data with the modification that

: fp were no longer put to zero, then one must obtain two solutions that

are equally satis._factory. These are related to each othér in the follbowing

. way:
1fs v :_ZES’
- '1f~é = 2f~p' +€,8,
& = -E
) = gh.
1 (85 -6p) = -, (85 - 5p),
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where £ is a kinematic factor, having an approximate value of 9.5, and

is appropriate to our partiéuiar method of introducing an aﬁgular momen-
tum barrier effect for fp. | They went on to point out that this ambiguity
could be resolved by studying the variable 91. Specifically the two solu-

tions lead to coefficients for the cos6Jz term that are equal in magnitude

but opposite in sign.

An essentié;l_ conclusion of this experiment is that the information
contained in our 6]2 plot is insufficient to-distingui-shb which solution is
correct. The two‘possvible values of the coefficient of cosf, are ?Q.09
anid +0.03. The experimental value is -0.14%0.09. |

Thus aithoﬁgh our experiment favors the fo_rmerfvalue, We.would be
unwise to consider this solution as establisﬁed. The need for such cau-
tion is particularly emphasized by the fact that by allowing f~s to be
enhaﬁced we can materially alter the relative pfobabillities of vthe_two
solutions, Nevertheless, (;erta.in definite §tatements can be extracted
from the daté,.

The mést statistically s__ignificva.nt angular vc‘orrelatbion.'is the s_lopé of
the cos_6Tr plot, which was. seen in Section IVC to have a valug 0.61+0.12.
This siope is govérne'd by the values. of v aﬂd 7, and our measurement

leads to the approximate relation

2v +9n = 7;
which holds when the m'a.gnitudes,of the form factors and phase shift are
not greatly in excess of those of solutions A and B,

It is clear from this relation that if v could be determined, the value

of n would be established and consequently g ‘The ambiguity of the two
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éolutidns would then be reb‘SOIVe,d. ‘ I—iéwever,. v haé little significancé for
the other angulé,r distributions a,nd has efss_entially to be determined from
the cosG-rr distribution, |
Next we note that both’ solutvio'ns require'the ?ector for-m:fé,c.;vtor' 1'~1
(y = E/ES) to be significantly differeni; from zero, and it; sign‘is negative.
It is true that in solutioan 1t is not.' so far removed ‘fr(')mv zero. However,
the poorer _XZ for this solution is largely due to an inferna.l coxﬁiict in
the data in.wh_ich the la.r_ge‘value of h réquired_ by the coefficient of cos¢
is set against other requir_eménts of the fit., Thus vy for this sdlutio;; has-
-already been reduced to a level that mékes the overall pi‘obabili’py~ less
than that of solution A. That E is significant 1s a conclusion that was
not justified onﬁtlr.1ve Sta;tistics of the previous éxPe-fiment.
Finally, we poinf ouf that the quantity n sin(6s - 6p) is a bconbstant
for both types of soiution gif_fén by ‘Ber,end_s, Donnac_:hié, a'nd.Oades,
~"a change of sigﬁ of n Being compensated by a similar change in sin<63'- 6p).
This constant relétionship is seeﬁ to hold true for the two solutions A | |
and B, and also the solutions in which Fs:is enhanced, Ae and Be-. The
va_lues of the product are _respectively (0.68+0,22), (0.57%0.20),
(0.46£0.20), and {(0.56 +0.13). The quantity is almost eﬁtirely governed
by-thé coefficient of sing. | |
Weiﬁbergii estimates sin&s = 0.1 (giving ag=0.2%_) and n = 1,
using current algebra, His value for the product is thué 0'.'1, His re;
Aquiremel,nt of a positive value for n _leadsi to a choice of solutions B or
-Be. Our evaluation of the product/nsin(és - 5p> is thus just over 2

standard deviations from his estimate.
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In conclusion we consider the possibility of resolving the two-
solution ambiguity in later experiments. In prin'ciple the ideal way to
extract the phase shift is to use either equatidp(11a)'or (11b). This,_
as Pais and Treiman have evxplained,. could yield estimate s_-indrependént
of assumptions regarding the form factors. Tha,t We were not able even |
fo obtain the éign of the phase shift in this experirhent was because our

statistics were inadequate to obtain values of I, or I that were signif -

8
icantly removed from zero, |
Likewise the sign of the phase shift wa;s unresolved in the alternative
approach because of the smallness of the coefficient of cosGl , which is
related to 16' Indeéd, in order ‘to ma‘.ke>‘ar_1 unambiguous measurement
of (&s - bp) it» is necessary to determine that one bf_the odd moments of
cos 62, 14, 16’ or 18' is s‘ignificantl.y different from geré. It should be
noted that, this beihg the case, the problem 1s not merely one of accu-
mulating larger statistics, Thé 6, plot, as we have pointed oﬁt, is lié.Ble
to suffer from biases arising from measurement inaccufacy. Increased
measuring errors in any subsequent éxfefifﬁenﬁ ‘would of course render
it necessary to make even mére drastic cuts in ﬁe_v than the one employed

in this investigation. -

ey e .
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APPENDIX
These are the equations uséd in the simultaneous fit to the ¢,  cosf -, -
éos@l, ‘and (Sﬁ)'i/z hi.sto'grams. - The expressions include corrections -

appropriate to the selection criteria adopted in this investigation,

' ¢ Distribution
aT

EY
‘wh'e_vre a
R

= a1 +'ﬁéosc§ + Nsing + Kboszq))_,

11

56.3/(2+‘p4<), o

-12.38 .Y cos ( 6‘s '--Gp) M,

60.7 1 sin(6s - dp) M, -

k=029 y% - 8.9 n°) M,
2

and M = [127 + 0,37 v2.+ 23'3 n° +0.14 YZ + 3.68 nvv]' ",1.- S

v (_:b»seiT Distribution’

or .

527’?9—; =a(1+b _cosOTr * cgo’s_ Gn),
‘where  a=246/(6 +0.72¢), .
b =(33 v + 162.5 1) cos(bs - 6p) L,
- 2 2 2 :
e =(4.81v" 33,517 - 0.46 v~ + 18.1 nv)L,
and L= [154 + 144 0% + b.46 2] L.

co 591 Distribution

'-_3r B . o,
m = A(»i + B cosGi + G cos 62)?
where - A =28.3/(1+0,333C),
= —4.9nYN,

C =(-190 -0.552 v* - 7.9 0% + 0.21 y*- 5.52 nv)N,
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2

and N = [190 + 0.552 v% +24.3 n° + 0.24 v% +5.52 nv] L.

( S_") 1/2 Distribution

280 to 300 MeV: (122 + 0.23 v2 + 6.3 n® + 0.10 y* + 1.92 nu)F, |
300 to 320 MeV: (435 + 0.53 v2 + 18.7'n° + 0.26 yvZ + 4.90 nv)F,

320 to 340 MeV: (108 + 0.54 vZ + 23.3 n° + 0.28 y° +5.50 nv)F,

340 to 360 MeV: (73 + 0,40 vZ + 24,0 n® + 0.21 y> + 4.42 qv)F,

2 2 2

360 to 380 MeV: (43 + 0.24 v® + 15.2 n° + 0.42 y° + 2.69 nv)F,

380 to 400 MeV: (24 +0.07 vZ + 8.9 n% + 0.06 y2 + 1.19 nv)F,

400 to 420 MeV: (9 + 0.014 v + 4.4 n° + 0.04 vZ + 0.35 nv)F,

2

420 to 440 MeV: (3 + 0.007 v* + 1.4 n° + 0.004 y* + 0.15 nv)F,

where F = [1.25 + 0.0054 v* + 0.264 n® + 0.003 y% + 0,055 nv] "1,
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Wé used the usual method for determining the scanrﬁng efficiency of

12

where N:l and N2 are number of events found on

the two scans, i.e,, _61 = N_iz/NZ' €, = NiZ/Ni’ and € =

1- (1'6,1)( 1'62)7

the first and second scan respectively, and NiZ is the number of

events found in common, It has i'ecently been pointed out by S. ‘E.

Derenzo and R, H. Hildebrand (in a paper to be submitted to Nucl,

Instr, Methods) that this method, which assumes that each event has
the same ''visibility, ' is open to c‘:Onsidervab_le doubt, However, in

order to do their anaiysis three scans of the film are needed.

-Should the conclusion reached by Derenzo and Hildebrand be applica-

ble to our experiment, the effect would be tollower our value of 612, :
i.e., to incr’e_-}_avse the rate. -
In the prévious expei:'_‘iment corrections were required forvK(34 that

were unidentified becé.uvse one of the secondaries left the chamber.

Because of"/the much 1ar"'g'er‘.chamber'used this time, these correc-~ -

',tions are now negligible,
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Jan. 1968].
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Table I, Summary of corrections

due to scanning and selection criteria.

Section . ' Fractional

number : ‘ .acceptance
IVA1 : -~ 0.993
IVA2 0993
IVA3 S 094
IVA4 0.944
IVAS | : 6.85
IVA6 | . .0.83
war. 1,014

Product S 0.624 e
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Table I. Mean values of the ¢ vs 6, correlations

relevant to the determination I, - - - 19.

1
(cos26,) o -9.502#0.035
(sinzez'cdsz¢) o -0.--01'1:|:0.'03>4 |
(sin28, cosp) ) -0.0040.028
(sing, cose) $40.093£0.036
(cos8,) | . -0.048+0.029
(sinf, sing) B - +0.102+ 0,036
(sin26, sing) . -0.004£0.028
(sin®6, s"fiﬁzq,)' -0.041+0,033
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Values of the form factors and phase shifts

solutions with acceptable XZ (fS unenhanced),

Solutions

A B C D
f_(Note a) 4.322£0.26  4.52£0.29 4.25%0.33  4.4420.32 |
g -6.%;0.77 6.01£0.86 1.06£0.60 -3.36%0.65
h -10,4+3.8 ' -4.92+3.67 -42.5+8.3 -42.248.5
E}') 54.046.1  -14.05.4  20.7£9.5  41.4%9.3
n(zg/fsv) 1.61£0.15  1,33£0,47  0.25£0,14 -0,5740,15
y (= E/f”s) ;2.41¢o.86 _-1.09&0.8i -.1'0.01-_1.8 -10.2+ 1.9
| vi=E/5) 12.551.2  -3.1% L1 5222 | 10.0;2,1
,< 8s - 6p) (rads) -0,44io.14 0,444 0.15 ,1.21;'0.10 ~1.17+0.10
‘ao(xn) | -0.8940.28 .1.26f8:§§" Very large -;.83fg:‘518 |
% 2606 38.6 36.3 26.0

a. We have used the value of 0.26 for sinGC [N.v Brene, M. Ross,
and A. Sirlin, Nucl. Phys. B6, 256 (1968)] in order to obtain

these values,
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Table IV. Values of the form factors and | .

phase shifts correéponding to solutions g
A and B of Table IIl when {_ is enhanced.
Solutions
A ' B
€ e
?S (Note a) 4.08+0.23  6.1+0.66
g ~6.77+0.74 6.8+ 1.09
h -9.35+3.42  -5.02+3.89 |
E;') 52.2+£5.8  -44.7£5.7 |
nl=g/f) -1.66+0.15  1.12%0.13
y(=h/f) -2.29£0.83  -0.82%0.63
v (= f:’)/?s) C 42.8+1.2 2.4140.90
(8s-6p) (rads) -0.,28%0.42 . 0.50%0.10
~ ad’(xﬁ) . -0.58%0.24 1,50+ 0.48
o 31.8 33,0

a. We have used the value of 0.26 for sin GC .
“[N. Brene, M. Ross, and A. Sirlin,. _ S B
' Nucl. Phys. B6, 256 (1968)] in order to- |

‘obtain these %/alues.
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 FIGURE CAPTIONS

1. A diagram illu'strating_ the -vari_ouvs .an.gle‘s referred to in: the text.
2. The missing mass, MN, calculated on the Basis of measﬁrements
on the two pions, fo; a random vsam‘ple of Ke4 candidates. For these
events the missing momentum is less than 50 MeV/c.
v3. Scatter plot of the unfitted_.moméntqm vs iﬁvariant mass of the
dilep"con system for allyaccepte‘d Ke4' .Evénts in.t}vle rectangular
region have be'eri excluded by the 7-decay-at-rest criterion,
4, Distribution of the angle ¢, (a) for this experiment, and (b) for
both experiments combined, | |
5. Distribution of the angle én’v (a) for_ﬁthivs_ experiment, and (b) for

both experiments combined, The cross-hatched events show the -

" extent of the correction needed for the short-track-pion criterion.

Fig,

Fig.

Fig.

Fig.

~Only ’evenf_s lying within the range -0.6 < cosE)TT < +0.6 are used in

the overall fi’t.

6. Distribution of'én, uncorrected for the loss of short-track pions

(a) for events with (Sﬁ)1/2 < 320 MeV, and (b) for .events with

(5)%/2 > 320 Mev.

7. Distribution of the invariant mass of the dipion system, (a) for

this experiment, and (b) for both experiments combined. The cross-

hatched events show the extent of the correction needed mainly for

the criterion excluding short pidns. :

8. Distribution of the angle 61 ., (a) for this experimeﬁt, and (b) for -
both experiments combined. Events with Bey > 0.95 hé.ve been |
excluded from these histograms,

9. Scatter plot of cosGl vs ¢ for both’ experiments corhbined.

Events with Bev > 0.95 have been excluded.



"UCRL-185626

-40-

XBL68II- 7287 -



41— o . UCRL-18626

200 T ' T g I ' l 1
11
150 — N
w
I3
>
(¢}
< 100} m
®
L0
£
3
prd
50 [~ B
b |
125 - 133 1 41 149 157
My  (MeV) .
XBLE8II-7288
Fig. 2



(MeV/c)

200

100 ™

_42- UCRL-18626
I 1
) 0 ° .o:o‘? :‘..: ..'.::
‘ | RIS I S (s T ST
¢ : .Ob; Oof:ﬁ.: ‘..} % ¢
o ... .40.~:...'°3:‘.°“. \.., p
v * . :‘0 ) ‘.o . e N bl
. . '] 2 : .‘ :~: :~. e
R K
' L) i !
LA
- 1 :
1 | : L

-100

200




-4 | UCRL-18626

(a) 269 events

w0l v338»events o — Solution A

——="Solution B |

~Number of events
S

30

20

| ) | 00 90 180 270 360

 XBL68II-7290

Fig. 4



Number of events

60

-44. UCRL-18626

80 269 events -

Solution A
(b) v —-—,--_Soluhp_n' B

33-8~ events l
7.

-

8o |-

"

-1.0 -06 -02 0.2 06 1.0
| | Cos 8,

. XBL68II-729I

Fig, 5




of events

Number

“Fl‘“ ———-=

- -45- | - UCRL-18626

30 L

20 "’—

(b)

40 o
(172

(Sq4)' /¢ >320 Mev

30 |

20 |-

N

-1.0 -0.6 -0.2 0.2 0.6 1.0
' Cos 84

XBL68II- 7292

{Figc 6



o o~46-
: I, ) S
‘ 80~ 7/ ‘ ,269 events
V /A '
- 60 j//
2 20}
[
(¢}
>
) .
3 o
'g 100 | ; 338 events
z o
80 —— Solution'A
' -—_--_,SQIution B
60 |- =
40 —
20 |
ol 1 sy
280 320 ' 360 '400 440
(5402 (Mev)

 XBL68I1-7293

Fig, 7

UCRL-18626




events

of

Number

40

30

20 -

50

o b—
. -10 -06 -0.2
. C o s~ ..el. _— .

._47_
{a) ' i
| © 226 events
: et

e |

(b)
- 283 events

_ ‘. : Solution A

.~ sowion s

L

]

. _
- Fig, 8

0.2

0.6 IO

XBL68II-7294



48~ E UCRL-18626

Cos

O e, T T T t.
° . e « oo S s,
0.6 L—..o ° 4 ».0:: ‘ .. ® . *e e
..°v L o ® . . ° . .:’ ‘ .o ® .:
0.2 P °..oo.. S ': 4 e, :‘3 .3‘ ]
o oe_° : 4o o ® E ‘: ° ° * o®
: 3:9 . * e .o' o o o0 %o o« °0®° e e
0.2 o * ‘O% v ..3 e ® e H ¢ : .. ee o%.
. e e °: ° o ° . coe® ° ° 2,
- ‘—-°° o. .3. ° b PY o. ° oo 1
0.6 :‘o ¢ o * o e o Ce oo .o
e | . JO. ) . l. » | . e » ®

0 60 120 180 240 300 360



o

¥

]

LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: ’

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or-that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or )

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or

- process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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