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'S‘““Y of the Decav n°"'-,~ R Y'«r:

La.wrence Rad1at10n Laboratory
" University of California
Berkeley, California

January 14, 1966

(1)

. The esta,bhshment of the existence of this decay mode of tl’,e eta, ‘and a &

k]

R= P(n—-wny)/r(n-bn+v1r)

' was given in an earlier paper,

Based on an almost background-free sample of.33 events of type
(1), we obtain the following results:

1. .The branching ratio is L ‘

R =0.30£0.06:- . o (2)
Onr.reéult (2) is fairly consistent with those previouélsr feported. 1-4
2, .The charge asymmetry is '

f-f = -0.02£0.17, | » | (3)

+

where f+ -is, the fraction of events with 1r+> more energetic than v~ in

' the eta frame, and {_ =1 - f .- We conclude that reaction (1) exhibits no

large violation of C invariance,

3. The angular d1str1butxon of the d:pxon shows that the dipion has J =

Other values for J are strongly reJected

4. The assumptmn that the rho meson dominates the decay mode gives a
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'good f1t to the gamma ray energy dxstributmn (X proba.b1hty of 40%),
-'whereas the as sumptmn of a nonresonant J 1 ;dipion f1ts rather poorly
(X probablhty of 4%).

5. We find no evidence for the enhancement at low gamma-ray energy
reported by Pauli and Muller. 6
The remainder of the paper is devoted to experimental details

and a more detailed discussion of the results, Our initial sample of

" events consists of about 4000 four-pronged events produced by 1170-MeV/c

‘a7 in the Alvarez 72-in. hydrogen bubble chamber. Protons are identified

on the scamiing table on the basis of their bubble density. All events are - |
fit to a number of hypotheses (described below), and then a series of cut-

offs is applied. The effects of the cutoffs is estimated using.the Monte

7

Carlo program FAKE. ' The cutoffs are as follows:

2

A. Four-constraint (4C) fit, If yx~ for the reaction

ﬁ+p - 1r+p 1r+1r ' (4)

is less than 35, we reject the event. 8

B. 1r+1r~1ro production, The events are fit (1C) to the reaction

1r+p-> 1'I‘+PTI‘+‘U_7I'_O , o e _(’5)
and are removed if XZ is less than 7.

2

C. ' 1r+1r-y production. If x“ for the fit (1C) to

Cn'p e aprtaTy ' | (e
is greater than 8.6, the event is discafded. We —:also demand that this - o
xz be less than that for reaction (5). - T - o S '

D. Coulomb scatter, One of the four final tracks is deleted, and the o

remaining trackk are then fit (4C) to reaction (4). Events for which XZ

is less than xz for reaction (6) are removed, provided that ypp is less

E T

(S
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0.‘/

j"-._lthan 35 t'ad MeV/c,t where 4: I::s the space angle between the f1tted and -
Z_.measured momentum vector of the deleted track and p  is the fitted
’-bmomentum of this ‘track.‘--Thxs cutqff removes 12 events, of which
1.7;:0,3 are good eta decays, eccorciihg to FAKE,

. E, . Scanning-table examination., The remaining events are examined on

. the scanning table to search for possible electrons misfit as pions, Two
events involve Dalitz-pair electrons and are removed.

We are left with 38 good events of type {6). These are fit (2C) to

T 0 + -
"TpP-wpn, N +~UTWTY, (7)

usin'g'a.n eta mass of 548. Their X?f‘: distribution agrees well with the
theoretical xz (2C) distribution8 ul; to XZ‘ about 20, Five events have
large. xz {2C) and are bel:;.eve_d te be type (6), but not from eta decay (7).
We take the 1;3 events with XZ (2C) less than 20 as our final sa;_nble. In
Table I we give details of the 33 events.

From the same sample of 4000 four-pronged events, using a

_ similar method of analysis, ? we find 113 good events of the type

4 + -
TPpPewTpR, N TwAWW,. , | (8)

" To illustrate the clean separation between 1r+ir-1r0 and ﬂ'+1r-y

preduction, we show in Fig, 1a a plot of the unfit missing-neutral mass
(squared) recoiling against the 1r+p v+1r- for our 33 +5 + 413 events. To
illustrate the lack of non-eta background for 1r+1r‘y production we show

+

in Fig. 1b a plot of mz(tr+1r-Y). using the final #° that gives a mass

closest to.the eta, for our 38 events of type {6). We see that our selection o
criteria based dh xz give essentially the same sample that we would
Siad

. e
. it s -
. obtain if we seletted on missing-neutral mass and on m(11'+1r y). The XZ

method carries less visual ‘appeal than the mass plots, but hae the advan-~ ..
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) tag’e»s‘-that' ‘i‘tllté.k.esé_. the measurement errors into account eysfematically,
.. .and that it is easier to ‘calculate ('using FAKE) the effects of cutoffs based

3 :‘; on ‘XZ than of cutoffs based on calculated errors in missing mass, 1 We

now turn to the results.

i

" Angular distribution, In Fig, 2 we plot the (folded) angﬁla.r distribution in

o icos 6 l, where 68 is the angle between the w' and y in the dipion ¢.m.

R _system.b From FAKE we find that our detection efficiency is essentially
independent of cos®§. Angular-momentum conservation and zero eta spin
“ demand that the dipion have Jz =+x1 for z along the gamma direction in

2

ok IZ. Normalizing to-33 counts and ca,lculating10 X

is given by lYJ

for curves corresponding to J =1, 2, and 3, we find XZ = 4.5 for J = 1,

1

;5 49.4 for J = 2, and 102.0 for J = 3; in each case the "expected" x?‘ is 4,

" We conclude that the dipion is dominated by J = 1, The dominant decay
11

.‘l amplitude is therefore C-conserving (i.e., has odd J), and the dipion
.. " has the spin and I-spin of the rho meson.

Charge asymmetry, If there is a small amount of C-nonconserving ampli-

- tude, we may have some J =2 (or other even value) é.mplitude present,
.. The interference between the dominant J = 14 and any even J leads to

odd powers of cos @ in the angular distribution, or, equivalently, to a

charge asymmetry £+ -f #0 in thé pion-~energy distribution in the eta

rest frame. > Since we have 17 events with cos6 >0 and 16 with cos6< 0,

" the raw data give £, -f_= -(1/33) £ 0.17, Using FAKE we find that the

"choice of the wrong w7 in a small fraction of the events leads to a small

.. spurious asymmietry, Correcting for this, we find the result given in

-
T3

G Eq. (3. . | ,

the dipion frame, Thus for a pure dipion state J, the distribution in cos@ °
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Energy spectrum of'the gamma ray In F1g 3 we plot the distribution of

the energy p of the ga.mma. ray-in the eta rest frame, for the 33 events,
 We have no cutoff 'on gamma-ray energy. The detecnon efficiency e(p)
depends on_the gamma energy and on-l‘.o:ur xz eutoffs; it is calculated
using FAKE, 12 and plotted in Fig. 3. We multiply any theoretical curve.
by €(p) before fitting to the data. | |
| The simplest matrix element corresponding to a dipion Iwith J =1
is |

IMI = quZ sinZH, | = " | (9)

where q' 18 the momentum of either plon in the dipion £rame, and P a.nd
e .are: a8 prewously defmed We have already ver1f1ed in Fig, 2 that the
angular chstrxbutmn fits sin 6. We therefore integrate over cos and
write " |

2 2

dN = C €(p)p“q” dp, | (10)

whereﬁ C ie a normalization'eonstant, and dN is the number of counfs
expe.c;te'd .inlAthe' interval dp, taking into eccount the detection efficiency.
This "rionresonant J = " eurve is normalized to 33 events in Fig. 3 and
gives xz = 13.2 with 6 degrees of freedom for a xz probability of 4%,

_a rather poor fit,

- Next we assume that the I =4, J = 1 dipion phase shifts are
dominated by the rho meson, i3 We _then replace the factor qZ in Eq. (10)
by a resonance factor:“ .

2 P r
g% - ¥ e

1 (rn2 -m 2)2 +m T
: e T em P
where I = (q3/q03)y, 'mmr is the mass of the dipion, 'nip ‘is the rho

mass (_?65 MeV), qo" 15 the value of g at resonance (357 MeV), and
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y is. the v"reduced w1dth" of the rho (124 MeV) Tlns "rho~dommant"

curve is normalized to 33 events in Fig. 3 and gives x =5.9 fora XZ
probability of 40%, a good fit. Thus we lend some support to the rho-

dominant model, (Hc;wever, it is apparvent from Fig. 3 that any other

model that shifts the spectrum towards lower gamma-ray energies would

also fit,) B , ' ,.4
S The fact that we find evidenée for final -state interactions in the

T dipion system lends encouragement to the possibility of (eventually) detec ~

ting the charge asymmetry, if a small amount of C-violating amplitude is
'_{ i actually present; if there were no final -state interactions, ithe interference °

term would necessarily vanish (by CPT invarianée) and there could then
15

N be no charge asymmetry even if C were violated,

Branching ratio, Using the detection efficiency e(p) and the 'rho-dominant"

curve, we ca.lcu;late16 that our total corrected numbef of decays
o n-—+- 1r+1r_y is 40.2%+7.4. We calculate using FAKE that this includes

E G  2.2%0.5 events of type (8) that were not removed by the cutoffs, All other
‘ 17~

corrections are neghgxble

T o ————— iy T Y At nn e v
a v e
e

RN ~ We also calculate from our 113 good events of type (8) a corrected number

128.0+ 14.3. We thus find R:=(40.2 - 2.2)/128 = 0.30+0,06. This is con-
18

sistent with the prediction of the rho-dominant model,

_ Low-energy gamma raye,—Pauli and Muller6 find about as many
e 7

L - n - 'rr+1r-y decays with gamma energy between 10 and 60 MeV in the eta

‘;_' frame as they do between 60 and the. maximum a.lloWed value of 203 MeV;
namely, they find about 12 events above estimated background in each of
the two regmns, If the "true" spectrum (corresponding to 100% detection '

efficiency) gave’ equal numbers of counts in these two regions, then, taking
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" into a:ccount our detection efficiency e(p) as plotted in Fig, 3, we would

", there are no anomalous low-energy gamma rays,

expect to find ZO counts below 60 MeV, whereas we find none, (For our

: best-fit curve in Fig. 3 we expect two counts below 60 MeV and find none;

this is an entirely reasonable statistical fluctuation,) We conclude that

19

We are grateful to Earle C. Fowler, Ronald A. Grossman, and
L. J. Lloyd for their contributions to the data analysis, and to Luis W.

Alvarez for his interest and support.
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' FOOTNOTES AND REFERENCES |

TWc;rk‘éponsoréd by the U, S, Atomic Energy Commieaidn,..

1.

- The possibility of small violations of C invariance with f+ - f

TE. ‘:C. Fowler, F, S. Crawford, Jr., L. J. Lloyd, R, A. Grossman,
'ta.nd L. R. Price, Phys. Rev. Letters 10, 410 (1963) found R=0,26+0,08,
‘Margaret C. Foster, University of Wisconsin, Ph, D, ’thesAis, 1965
';K"(unpublished) finds R =0.20x0.04,

© H. W, J. Foelsche and H, L. Kraybill, Phys, Rev. 134, B1138 (1964)

* find R = 0.44 0,08,

E Pauli and A. Muller, Phys. Letters 13, 351 ('1964) would find

| ER = 0,27+ .10 if they used only their “Class a'* events, which mvolve

' :ﬁnambiguous gamma rays. |[When they includé "Class b' events

{Ref. 6), they find R = 0.73+0.25, ]

"perhaps of order 0.1 has heen suggested by J, Bernstein, G. Feinberg,

and T. D. Lee, Phys. Rev. 139, B1650 (1965), and by S. L. Glashow

and C. M., Sommerfield, Phys, Rev, Letters 15, 78 {1965).
. Pauli and A, Muller, Ref, 4, and E, Pauli, University of Strasbourg,
Ph, D, thesis, 1965 (unpublished) find an enhancement at gamma

energies between 10 and 60 MeV in the eta frame, The enhancement

-arises from their "Class b" events, which are kinematically ambiguous

with a zero-energy gamma ray, i.e. with no gamma ray at all, Their

“Class b peak at the eta mass band amounts to about 2,7 standard devi-

ations above their non-eta background. (See also footnote 19.)

Gerald R. Lynch, Lawrence Radiation Laboratory Report UCRL-10335

(1962) (unpublished).

H
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. f-,:'.ExpEi;i'éncéé bas shown thla.t,v-'_'fdr"a'-"'c"i:’)f'rect hypothesié; the XZ distri-

'

-.‘-%':;‘%trbution;s for 72-in. chamber events agree with the theoretical distribu-

- tions for the appropriate constraint class, provided the theoretical
SN ’ :
. #ivalues of XZ are multiplied by 2. Thus the 4C cutoff at XZ = 35

'.“"',.,'ij"corre8ponds to a theoretical XZ 6f'approximate1y 18, Our 4C cut-
off causes our detection efficiency for gamma rays to be negligibly

o
Loy

- “ismall below a laboratory gamma energy of about 20 MeV. We make

;ho cutoff on gamma-~ray energy.

9 We reject events with x2(4C) < 35, and then demand x2(1C) < 8.6

-“%for reaction (5), x(2C) <4 for reaction (8), and x>(2C) for (8)

b4

less than that for (7).

10.‘;':5?:"We define XZ =zZ[(N, - Ni)z/ﬁi], where N, is the observed number
;.v-.}?,of counts in the ith bin, and Ni is the expected number from the smooth
‘,‘,‘:,;t.heoretical.curve, The smooth curve is normalized to the observed‘
' 33 counts, and there are then no free parameters,
,1 1, .The eta and gamma have C = +1 and -1, respectively. Thus C
B '-.conservation demands C(1r+1r") = -1, But C(w+n-) equals (-1)J;
;"‘,,;therefofe J s oddj“’TH\Ts if we had found J = 2 déminant for the
., dipion, it would have indicated a gross violation of C conservation,
12 ':_We start with a large number of: simulated event':s of type (7); The
momentum distribution of the etas and of the other final particles is
. taken to be that observed in our larger sample of etas that decay via
mode (8). The simulated e.v‘ents are analyzed by the same kinematics
'vi..-progréfn"é and subjected to the same cutoffs as those used for the real
: -‘Candidates,,:_'?:: | ‘ |
13, | M Gell-Mann, D. Sharp, and W. G. Wagne‘r? Phys, Re\’{..Letters 8,

f{ 261 (1962). o
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14, {7, D. Jackson, Nuovo Cimento 34, 1644 (1964).
. ‘Bernstein et al., Ref. 5.
.~ We divide our .33 events by the average detection efficiency €, where

-C— = [[elp) (dN/dP)dP]/U (dN/dp)dp], where the integral extends

‘over the entire range p = 0 to 203 MeV. If dN/dp is given by the

- rho-dominant curve we find € = 0.821. The nonresonant spectrum
_ (40) would give € = 0.820, and thus the same branching ratio R.
_ 'For example, we estimate that our 33 events include less than 0.1

“'_'_events of type (4).

T(n- a'ny)/T(n2yy) = =

2/41r)(ypz/417)(9/4) =~ 0.28, for ‘Yp“ﬂ2/4~n = Yp2/41r = 1. If we

prw

. take I'(fi = yy)/T'(n —~ charged) = 1.26, from A. H. Rosenfeld,
- A. Barbaro-Galtieri, W. H, Barkas, P, L. Bastien, J. Kirz, and
M. Roos, Rev. Mod. Phys. 37, 633 (1965), then our result (2)

.".giv’és r = 0,18,

In this experiment we would not detect a low-energy gamma ray peak

- if it lay below 20 MeV in the eta frame, Neither would we detect the

< decay n - 1r+1r-, which is forbidden by parity conservation, Neither

nearly

- would we detect {(560) - 1r+tr—, which would be/indistinguishable from

. 3q(548) -»'n+1r"! and is forbidden only by the fact that the £(560)

apparently does not exist. All of these possible processes would

(if they occurred) be included in the Class b events of Pauli and

Muller, 6

Bty
s
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Table I, Details of 33 events, .6 is the angle between
the T and y in the dipion rest frame; p is the
y energy in the eta frame, ' ‘

Event Cos 0 p{(MeV) ‘Event Cos 8  p(MeV)

2153458 0.521 146.3 2180249 0.035 116.7
2159233 0.570 80.5 2183369 0.765 -~ 140.5
2159366 0.670 62.3 2184040 0.937 132.9
2162397 0.322 - 79.7 2195383 - -0,434 123.1
2163095 -0.492 144.3 2196202  -0.149 107.8
2163288 0.288 - 117.4 2197247 0.176 193.5
2163466 -0.564 123.1 2197352  -0.444 176.0
2169380 -0.187 - 185.4 2198452 0.236 - 76.7°
2172460 -0.387 63.3 2199275 -0.739 84.2
2475201 -0.750 99.1 2200242 -0.739 167.8
2175317 0.656 92.3 2202342  -0.167 103.4
2175444 - 0.229 . 69.5 .. 2202417 0.251 77.0
2176531 -0.662 155.7 2202520 -0.269 147.1
2177176  0.197 112.7 2205066  -0.453 123.4
2177572 0.500 145.,3 2208477 0.670 140.9
12179400 0.548 113.4 - 2211063 -0.273 166.8
6

2180190 -0.578 97.
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“Mass disti‘_i_buﬁons. (a) Distribution in n'i?‘ (mass-squared) of
noanAr ' : ' '

VT_f_i:hé’:fni.s.sing’qéutxv'al in n'p -~ v prts™ + neutral.” All events with m? o
N lesstha.n (").00('1'(B,eV/c?')2 also happen to' satisfy our xz(1C) critezfia :

- ;fo'f._selecting gamma rays. The five shaded gamma rays do not come

. * .'fffrom eta decay. (b) Distribution in mz of 1r+1r-y for 'n'+p - v+pw+1r-y.
;:';.:(Tha.t .-.+ iz chosen-wiich gives m(tr+1r-y) closest to the eta mass

548 MeV,) The five shade'd gamma rays do not satisfyl our XZ(ZC) v

‘;-'_P."'.;v_":,lcriteria for n - 1r+1r-y. The th;‘ree “good-eta gé.mma. rays" that lie ‘
outside the main eta peak do satisfy our X2 criteria and are used.

3 - (According to our FAKE calculation, the sample contains an estimated

7 ‘2.2 spurious gammas arising from neutral pions with large measure-

.. ment errors. )

£
)
[

§ Fig, 2. Angular distribution for n - n+u-y. Here 6 is the angle

»:between the ir+ and the y in the dipion rest frame. The three
smooth curves correspond-to J = 1, 2, and 3 for the dipion, (J =0
“ is forbidden by angular -momentum conservation, since the eta Spinv

L "‘ 19 zero,) We see that J = 1 fits well, and J = 2 and 3 fit poorly.

'Fig;‘ 3. Energy distribution. The detection efficiency e(p) is calculated

’; "‘:: . \lusing FAKE, The two theoretical curves correspond to a nonresonant
J =1 and to a rho-dominant J = 1 dipion. Neither cu;rve has any ifree
-parameter except for a normalization constant, The curves are

" multiplied by €{p) before plotting and comparing with the‘ data. The

rho-dominant model fits very well, the nonresonant model not so well,

A
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