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' DECAY PARAMETERS FOR =¥ - nn*

Roger O, Bangerter; Margaret Alston-Garnjost,
Angela Barbaro-Galtieri, Lawrence K, Gershwin,
Terry S. Mast, Joseph J. Murray, Frank T, Solmitz,
M. Lynn Stevenson, and Robert D. Tripp

Lawrence Radiation Laboratory
- University of California
Berkeley, California 94720

June 25, 1_969, ‘

ABSTRACT

In this paper we present measureiments of the decay parameters

¢¥ for =F nﬁi . The usual decay pa',r.a‘mete_rs o, B, and y are relé.tedr

. . 1 1
to ¢ by the equations § = (1 = ozz)z-sin $pandy = (1 - ozz)2 cos ¢.

Polarized =& were produced by the reactions K_p-> Z:-k ol

in the Lawrence Radiation Laborétor;f's 25 -inch hydrogen bubble chamber,
The average momentum of the incident K -beam was 385 MeV/c. The

measurements of ¢:|: were made by ovbs_erving the left-right asymmetry

" in the np intera_ction's of those decay neutrons that subsequently scattered
" on the hydroge‘n in the bubble chamber, We obtain ¢_ = 14 + 19 deg and ‘

¢, =143 + 29 deg. Since y = |st'2 B (piz)/( !S'lz + ('p["-), this

shows that =" - nn takes place predominantly in the s wave, whereas

+- + . : Cm ' in agre
2 — nnr is dominated by p-wave decay. These results are in agree-

ment with the Al = % rulé.
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I. INTRODUCTION

The K p interaction at 390 MeV/c is a copious source of well-

polarized T hyperons. This experiment, which was performed at the
Bevatron with the LRL 25-inch h}idrdgeh bubble chamber, makes use
of this fact to obtain a.large sample of nohleptonic = decays suitable
for the determination of ¢ .
. * -k + 0

The nonleptonic £ decays Z~ - nn and ¥ - pwm are conven-

_vtionally parameterized in terms of their decay rates and the three

parameters o, f, and v, defined as

- Z.Re(s* p)

el
8 = ZII;(S* p)2 ’
517+ o[
lSlz- Ipli :
[s]7+ 1"

where s and p are respectively the s- and p-wave decay amplitudes.
Since az + ﬁz + yz = 4 it is convenient to introduce an additional
parameter ¢ defined by

1
2.3
y2 cos &,

B (1 -~ a

Y

(% - ozz)% cos b.

Also the likelihood funtti_on for ¢ is more nearl'y Gaussian than that
for B or y. A subscript +, -, or 0 on any of these para_fnef:ers indi-

cates the charge of the deca’yvpic'm.
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1
Our definitions of parameters, sign conventions, and notation
are the same as those of the Particle Data Group. ! In pérticular for

unpolarized > hyperons, « is equal to the helicity of the deCé,y nﬁcleén.

’ , and @ are nearly equal

indicate that a,

_ Earlier experiments

to zero, while o, is nearly equal to -1. If time-reversal invariance

0

holds, the phaseis of s and p are gf)en by the nN“.sc;attel"in.g_ phase shifts
evaluated at fhe decay eh'ergy. Sihce‘th'ese phase shifts are small,
B, and p_ are also expected to be small., |

If ¢ and B are equal to zero, theny = + 1, and the decay proceedsl
entirely through the.s— ,oi‘ th¢ p-wave channel, I;i addition, the Al = %
‘rule requires that if y = +1, th'én.y_ = ¥ 1; 2 There are théé_retical pre- .
dictions that Y. = -1. 4 Our results are in agreement with th_ese pre-
dictions, and are also ';n agreement‘vs}ith the measurements by Berley
et al, 3 '

The polarization of the neutron in =& - nn™ is. given by

Po= [tatpy, -9 g+6(§z$<g)+vg><(Ijz><g)]/(1+a{,’2"g),(1)

where q is a unit vector along the momentum of the neufron and EZ
is the polarization of the =, '
Apart from measgred kinematical quantities, En is dependent
on a, EZ and ¢. Both o and 132 can be det'ermined independéntly of (1),
so that -:lfn becomes a function of the single unknown parameter ¢, ’I‘hg
polarization En’ and hence ¢, is measured by observing the left-right
asymmetry in the np interactions of those decay neutrons that subée-—

quently scatter on the hydrogen in the bubble chamber. Figure 1

illustrates the complete sequence of reactions for a =~ event,
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/' In Svec. II we discuss the determinétion of P

5 anFI in Sec, IH

_the measurement of ¢.

II. DETERMINATION OF P,

“Watson, Ferro-Luzzi, and Tripps have shown that the Z's

' - ‘ *
- produced by the K p interaction in the vicinity of the YO( 1520) are

highly p_olari‘zed'owing to the interference of the resonant D3/'2 ampli--
tude with the large s-wave background. This analysis, based on about

2300 = events, was corroborated by/ our later analysis of 45000 Z.

' ev’ents.z' ' /

Since aq

is nearly -1, the Z+ polarization is readily observable
through the up-down asymmetry given by the familiar decay distributionv -

I = 1+aPy -q. - (2)

In contrast «_ is very small, so that it is impractical to measure well

‘the =~ polarization through the up-down asymmetry. Consequently,

one must rely on the values obtained from the production amplitudes,

In order to deterrﬁine. these amplitudes more precisely we have recently
completed a preliminary multichannel partial-wave énalysis‘ with about
140 000 .chbarged T events. The beam momentum ranged from 280 to
470'MeV/c, However, 90% of the events used for thé mev_a‘tsurement of

¢ have beam mome.nta between 360 and 420 MeV/c. The polarizations

- obtained from this analysis are shown in Fig, 2a and 2b, and are in |

substantial agreement with the previous work. The sign convention

is such that
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i Py = Py (Ex p/[Bx gl (3)

where K and © are along the incident K~ and the production ., The

points -« as measured from (2) are shown superimposed on the

curves of Fig, 2a, It is evident that ad is nearly equal to -1, that
~ the fits are good, and that the Z+ polarization is well determined,
par‘ticﬁlarlyv in the neighborhood of 385 MeV/c, where the vast majority
of events lie, . | |

We emphasize fhat despite the lack of any dyﬁamical theory
of the strong interactions the calculf:tted =~ polarization (Péalc) should
be quite relia‘ble. The major assun'rflptionsl are unitarity, isospin c_o'n—'
serv‘ation, a Breit-Wigner form for the resonant amplitude, and smooth
energy depéndence for the nonresonant amplitudes. Ful.:‘thervmor.e ‘the
‘momentum is low, so only a few.partial waves are sigr'lifi.cant. " The
resonant amplitude interferes with the nonresonant amplitucies ‘in such-
a way as to produce spectacﬁlarly rapid variations in the angular dis-~
tribﬁtions. This condition allows a precise déterminatién of the
parameters of the resonance. o

We have fitted our data to two different models consistent with
the above assumptions: (a) that used by Watson, Ferro-Luzzi, and
Tripp, which pé.rameterizes the nonresoinan't amplitudes in terrﬁs of
constant scattering lengths, and (b) the K-matrix formalism of Ross
and Shaw, 6 as used, for example, by Kim, 7 The two models give very

similar results for Pc . For our events the rms value of PC is

alc alc

equal to 0.6100 for model (a) and 0.6085 for model (b). -
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Aithough o’ﬁr part‘ial-wagfe #n‘alysis is prevliminary, we are
confident that all majbréoﬁ_rces‘ 'o_f bias have been detected and elimi-
nated. In aﬁy ev‘ent the u'néerta;inties in the polarizations are almost
certainly smaller fhaﬁ the stafistical uncertainty in our measurement f
of ¢. |

o is not truly zero it is bpossiblé to crudely confirm the ="
polarizations, We have divided our sample of 60000 =~ events into four

bins according to Pc The first bin contains those events with -1

ale’

<P < -0.5, the second contains those with ~0.5 < P < 0, and so on,
calc o _ calc

' For each bin oz_PZ— was measured by fitting to Eq. (2). Figure 3 shows

a P_- as a function Pc The points are plotted at the mean value of

ale’

for each bin, If the predicted polarizations are correct, the points

z

Pc alc

should lie on a straight line with slope a. The line shown is the best least-
squares fit to our data, and has a slope of -0,076. The data clearly exclude
a slope of zero and do provide weak evidence confirming the shape, but

not the sign, of the curves in Fig. 2h.

III. MEASUREMENT OF ¢

As explained above, we measure ¢ by o'bservin.g the angular
distribution‘of np scatterings produced by the reactions = win;
n}; - np. The probability density for the np reaction is given by
W(P_ - g)dt = 1(4 +>Afn",§) de, . - (4)
where g is the unit normal to the np scattering plane and A is the np
scattering asymmetry. The az’imuthalv scattering angle ¢ is given by
g = cch-,1 (En . f/ Ll?n’).‘ We use the values qf A determined by

8
Arndt and MacGregor.
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The vector P appearing in (4) is the polar1zat1on of the neutron’

as observed in that rest frame of the neutron obtained by a d1rect

Lorentz transformation from the center of mass of the np system, while -

Pn as given by (1) is measured in that rest frame of the. neutron obtained
by a Lorentz transformation along q from that T rest frame (TRF) in
as g'iven‘ by (3)

which q and P ‘are measured. The polarizationr PE

is correct in either the TRF obtained by a direct Lorentz transformatmn :

,from the laboratory (ZRF b) or the ZRF obtalned by a transformatlon
from the K p center-of-mass syste_m.
B.ecause of the curvature of the ¥ in the magnetic field of the

bubble chamber TRF rotates. 'Furthermore both P and P_ precess.

Ow1ng to the short = mean life these effects result in a neglig_ible'_change '

in EZ’ but for a‘lo'w“momer.ltum neotroh En can change by more tharl )
a radian, |

For simpiicity in'writ’ing equations we w111 oontinrre to use the
nonrelativistic notation, In particular we make no distinction between
13n in (1) and Pn in (4). However, in performing all calculations we-
employ the following procedure. |

The polarizatiorx P in (1) is generalized to a four-vector.
We transform th1s four-vector to Z)R]E‘l b and from ZRF1 b to the

laboratory frame., In the laboratory system the precession of Pn
is easily calculated owing to the simple form of the electromagnetic
field strength tensor. The remaining transformation to the frame

appropriate to (4), is unnecessary since En + s would be unchanged.
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A, Identific ation"l_of Events
The relatlvely low K yleld of the Bevatron and rap1d decay of

a low- mornentum K~ beam necess1tated plac1ng the bubble chamber

very close to the Be’v'at'ron, 'thus' prevcluding' the use of adequate shielding

‘vagalnst background In partlcular a hlgh background flux of fast neutrons
vproduced about ZO np scatterlngs per frame, maklng it impos s1ble to

‘select the real events 51mply by scanmng-,_

In order to select those. s'cattering's resulting fronq'E decay,

“we first measured and analyzed about 20 OOO events of the type Z - n1rJr and

.52 000 events of the type =7 - n1r . We re_]ected those events having a -

neutron momentum less than 215 MeV/c. At these low momenta A is
vei‘y 'small and the events v;/ould notdsign.ificant-ly contributedto our
rresults. Elimination of the low-momentum{ne‘utrons reduced the total
san*;ple to about 43 000 events, The r.es'ul.ts'of the analysis of these

43 000 events were used to pr’edict the dii‘ection of the neutrons on the
scanning projector in three dibfferent views. We then scanned for np scat-
terings that occurred withinv:!i 3 deg of the bpredicted direction in all three
u_iews. 10 The scanners were reque_st_ed to record only those events in
which the projectedr length»of the p.roton trach (on the scanning projector
with a magnificationbof 2/3) Was at least 2 mm in one view and not less
than 1 mm in any view. Both scanmng efficiech. and rneasuring accuracy
are poor for very short-track protons; \ne therefore increased the above
1engths to 4 mm and 2 *mm_reSpectiuely for those events actually used

in the determination of ¢. - ‘ - ' .
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The above selecfion procedure was very effec.tive. From a
{:otal of 43 000 X 20 = 860000 np scatterings only approximately 4300.
events satisfying the scanning criteria were found. The recoil protons -
were measured and fhe re sults.“of these neea_s'u_rements were merged with
the ori»iginal meesurements of X production and vde‘cay. The resulting
data were subjected to a seven-constraint ( 7Cv)_three—vertex fit. In
seme cases,: which .constitute 4% of the fitted events, the momentum
of tﬁe recoil proton cannot be measere_d with sufficienf .acceraey to
provide any real constraint. These eveﬁts were fitted with the use of
only six constraints. We obtain a fiﬁal sa.r.np.le of 1385 Z‘,-: events and

560 2+ events,

B. Estimation of Background

The origiﬁal fit to = prodﬁction _and decay is 4C, 1 and as noted,
this fit determines both the dirvection and momentum of the neutfon. |
Two .of tﬁe three additional constraints imposed by measuring the nﬁ
'scatte‘ring can Be regarded as coming from fhe fneasurement of the
positien of the np interaction point, Since the position of the Z - nw
vertex ivs known,‘ this is equivalent to measuring the two angles spec,i-
fying the direction of the neutron,

‘The neutron momentum and measurement of the np scattering
angle determine the proton momentum., Measurement of this momentum
provides the third additional constraint,

We estimate that the accuracy with which the direction of the
neutron is known is alone sufficient to reduce background contamination

to 10%. In order to investigate the elimination of background effected

e




]
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by all three constraints, we subtracted Xi—-—the XZ for the 4C fit -- frofn
XZ for the final 7C or 6C fit, It can be shown that this difference is‘
vdi_stributed as Xg (or X;). The experimental XZ distributions together
with the expected distribﬁtions are shown in Fig, 4. The experimental
distributions are too narrow, indicating a slight overestimation of
uncertainties, After examiﬁing these curves we decided to reject those
events falling in the shaded areas of Fig, 4. |

The XZ distribution for n degrees of freedom is given by

L2 n/2-4 _
W_(x%) dx* < e X /2 (%) ax® . (5)

If the background is random rather than GéusSian, the XZ distribution
for backgrbund events by comparison with (5) is given by
Wn(xz) dx” Oc(x?“) n/2-.'.l ax” . s (6)

The background is of course not truly rz;,nddm, but has some probabi_lity
density function of finite width, 'An analysis of the distributions of the
béckground events, including thé effects of the +3 deg scahning criterion,
inaicates that the deviations from (6) for (Xi - xi) < 20 or for (Xé - xi)
< 20 are very small,

‘We obtain an upper limit on contamination of 2,9%by normalizing
(6) to the shéded areas in Fig, 4, assuming that all events in these ar_eas
are background. This should be a considerable overestimat_ién for two

reasons: The number of true events falling in this region is predicted

by (5) to be about 2% of the total, Allowing for the overestimation of

errors one expects this to be reduced to 0.5 to 1%. In addition the

xz distributions for bubble chamber experiments, in our experience,
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always have considerably more genuine events with large XZ than Eq. (5)
predicts, |

As final check on the effec.t.of ba‘ck.g‘round the 'unshaded areas in
Fig. 4 were Both éxtended to XZ = 16. According to (6) this doubles the
background in the éarﬁple, but résults in a shift in b, and ¢ _ of less than
8% of the statistical uncertainty. We conclude that‘ the effects of back-

- ground are truly negligible.

C. -InVestigation of Biases

In addition to coﬁtahﬁinaﬁon, the op.pos».it:é prbbiém of loss of real

events ééuld also produce a bias.. | |
- One expects the three rnajor. sources of loss to be:
(a) 'baci méasureménts, o
(b) scanning irlxefficienc.:y.,
(c) loss of protons that leave the bubble chambef clos‘e to the point.
| of intera(v:'tion. | | |

" The plt'oblem‘onf' badvmeasui‘ementé was considevrably mitigated by c_are-u:'
fully inspecting, and remeasuring, if necessary, all those events in
Which» the fecoil proton could not be successfully reconstructed from thé
original measurements. Altogether, 18% of the originali 4300 events
were remeasured,

Scanning efficiency and loss of particles that leave the bubble
' cﬁamber shortly after scattering should both be primarily functions of
the projected length of the recoil proton. In order to investigate these
effects, 16% of our film was rescanned. Scanning efficiencies based on

the two scans show a striking deficiency of short-track protons., However,
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since scanners on both scans tend to miss the same events and because
of insufficient data, efficiencies based on this method are not reliable.

Since np cross sections and polarizations are well known, we

v decided to obtain detection efficiencies by comparing the outc ome of the

acvtu'al exi)eriment with the results of a. Monte Carlo simulation,

The neutron from eacil of the 43 000 original Z decays was p'z"opa-
gated through the bubble chamber 10 times, producing about 33 000 fake
np scatterings distribﬁted according to the knowﬁ cross section, The
differential cross .section‘ depends on Pn’ “which in turn is a function of .

é and P The Monte Carlo simulation was performed for several extreme

>
combinations of ¢ and PZ‘ Fortunately all simulations give essentiélly
the same detection efficiencies, .

The detection efficiency e is given by

(true events)
(Monte Carlo events)

e = 10

Note that this is an overall detection efficiency and includes losses due to
all effects, We find e to be a function 6f fwo parameters: The firét, as
expééted, is the projected length of the proton. Since the scanners scanned
in only view unless an event was found, the projected length was taken to
be the length in this view. .Additionally, we find that those protons which
diﬁ steeply in the chamber are preferentially missed, This is presumaﬁly
because the photographic perspective is such that these tracks appear
considerably different in the three views and are not recognized by the"
scanners as ~1:he same event. The detection efficiency as a function of
projécted length for those protons with dip angles X\ less than and greater

than 45 ‘deg is shown in Fig. 5. The curves are freehand and reflect
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the belief that the detectlon efficiency as a function of pro_)ected length

should increase monotonlcally and then form a plateau.

D. Maximum-Likelihood Determination of ¢

The probability den51ty (4) must now be altered to include the
effects of detection eff1c1ency. We represent ‘e as a functlon of { and a
set of.parameters‘ y, describing all other relevant aSpects of a particular_
event, Let Q(yi) be the probability density for y. Then (4) becomes

[1+ AP _(¢) cos 4]fe(4 yaly)dy )
W(¢, t) dg = dg .
“JTTF AP 8 cos q e (Ty) Qly) Ly :

- We form the likelihood function sf'(‘]’)" using equa'tion"(7).

Neglect1ng terms independent of ¢, ni(¢) is g1ven by

in ,‘((cp) Zln [1 + AP (¢) cost] -

-N1n f[1+AP (4) cosc] e (L, y)Q(y)dey.

The sum extends over the total number of events N, This sum is just
the usual expression for 1noﬁ(¢), whereas the second term contains all
corrections,

Using (1); we rewrite the intergral in the second term as

f [1 + AP _(¢) cost] e (¢,y)Qly) didy

(o + Ps- %>.<1i
f tHA —pvapsg | (b yay) ady

Cl’

EsXg s
+ sin d)fA [%__E] (1 - )2 e(gs Y)Q(Y) dCdY,
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+cos¢fA[ 21+QEZE%' ](1-&)2 elt, Y)Q(Y) dgdy

where the integrals on the right-hand s1de of the equation are now indepen-

dent of ¢. If we denote these 1ntegrals by Ii’ IZ’ and 13 the expression’

for 1nf(¢ becomes

In’;f) Zln[{l + AP (¢) cos ¢ ] ~ Nln (I + I, sin ¢ + I,cos ¢). (8) -
Since an anaiytic expression for Q(y) is uriknown, I:l’ 'IZ’ vand 13

were calculated by using the 33 000 Monte Carlo events described above,

The ‘integrands of I'1‘ IZ’ and I depend on A, a, PE’ q,. L, e, 'and”Q

9, and { are spec1f1ed by each Monte Carlo event,

Of these A, 2 ~PE’ E.

For each event a numerical integration over { was performed by varying

{ between 0 and 27, For each value of { the projected length and the dip
of the recoil proton were calculated and e was obtained from the curves

of Fig. 5. Since the Monte Carlo events are distributed as Q(y), the

'integralsv11,’ I, and 13 are approximated by summing the numerical

2

- integrations over all events, These sums are normalized by dividing

by the total number of Monte Carlo events.
The logarithms of the corrected likelihood functions as given by

(8) are shown in Fig, 6, From these likelihood functions we obtain

¢ =14 £ 19 deg,
d, = 143 + 29 deg.
These values are practically unchanged for any reasonable values of .
oz‘_.and a,. | v
For Zi, $, = 180 deg is 1.4 X '103 times as likely as ¢ = O deg,

and for ©7, & =0 deg is 5.3 X 10° times as likely as ¢_ = 180 deg. 2
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In view of the uncertainty in the detection efficiéncy e , one may
question the entire correction procedure. However, ¢ is quite insensi-
tive to the corrections that have been applied. " The uncorrected values

are

¢

_¢+

We Were'cﬁriginailly led to study thevcorréctions because without them

15 + 19 deg,

148 + 28 deg.

‘the following consistency check gvave rather poor results,

 Given ¢ (the sign of y)'. it is polssible to, regard (7) as a fﬁnction
of P, thus giving an additional check on tlle Z- pol'al;izaftiéh. As befol‘le,
the sample is brokén ulﬁ into fop.r birls éccorc.lir.lg‘ fo pfedictea polarizat»:ion.

We obtain P_, for each bin, again using the maximum-likelihood method,

=
The appropvriafe correction integrals for each bin welre evalu_atecl by
usiﬁg the same method as used in the meaéurémé_nt éf ¢. Figurg_? exhibits
the results with and with;)ul: ‘the correcfions. Withoﬁfl the corfectibns
the XZ confidénce‘ level 1s about 11% while with col'reci;ions.it is 67%.
The corrections are only weakly deperlderlt on the e:{aét form of the
“detection efficiency functions. Despite the high confidence level for
tl1is consistency check we cannot rule out the possibility of some residual
bias in our <lata; however, because of the i'nsen.sitivity of ¢ to the correc-
tions that have been made any residual bias should be negligible.

Our results are consistent with the Al = % rule, the theoretical
predictions, and the previous measurements of ¢. The statistical uncer-

tainty is so large as to provide essentially no test of small violations

of time-reversal invariance.
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FIGURE CAPTIONS

Fig. 1. Typical = event with np scatt’efing.

Fig, 2. Calculated values of = polarization as a function of b_eafn
momentum and production cosine;- The data points are measured
values of - aOP2+. | |

Fig. 3. Measured values of oz__Pz'-‘ as a function of the calculated
polarlzatlon_ Pcalc' »

Fig., 4. Distributions of 2 2 and T

g. . , X7 = Xgq X¢ = Xg° |

Fig. 5. Detection efficiency as a functiQn of projected length for dip
angles X\ less than and greater than 45°,

Fig. 6. In';t(d:) as a function of ¢. The arrows at 180 deg and 0 deg
indicate the expected values of ¢ assuming time-reversal invariance
and neglecting final-state interactions,

Fig, 7. Measured values of P_- as a function of the calculated value

=

P The measured values should lie on a straight line with

calc’

unit slope,

<
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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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