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ABSTRACT
"The results of an analysié of 33 decays of the typé n—~ 1T+Tr-y
are presented. It is found that the rho-dominant model fits the data

quite well. No conclusions can be drawn regarding the possible exist-

ance of a C-nonconserving interaction.-



W

‘1. INTRODUCTION
In .ea;rly 1961, Ge]_.l_—Mann1 developed his riow-fé.‘rﬁous "8-fold
way''. One of the predictions of this new symmetry scheme was that
ther.e should exist.an I = 0, "JP = 0° meson (which he called x’o). With
the mass_forrhula that he rdevelopeid in that same paper, 2 the mass of
the xo was later predicted to be about 550 MeV. |

Also in 1961, Pevsﬁer et al. 3 in a Johns Hopkins-Northwestern

‘collaboration were examining the mass distribution of the three pions

in the reaction

wtd - pp‘n’+1'r- °

’_In addition to the QO (which had been discovered just a short time be- "

-fore), this group saw a bump at about 550 MeV — and called it teta, !

Hov&evér,' other than its width,. which they found té be less than 25 MeV,bv
they were.unable to determine any of the quantum numbervs. of this new
p.z_a,rtivc':le.‘ |

Soon Carmony, Rosenfeld, and Van de Walle4 weré able t*c;

show that the isotopic spin of the eta was equal to zero. And then

" Bastien et al. > showed that the most probable assignments for the

quantum numbers of the eta were exactly the same as those Gell-Mann
: P .

~had predicted for the. xo--J =0 and G parity_= +.

Thus the eta meson waé the first p'art'i‘c.le‘ to be p'redic"i:ed'bvy a
unitary s'ynrh_rhvetry"'scheme and _subseqﬁently found. ‘
v 'vIndepe_nden't _anci perhaps more reliable evidence that fhe- spin of
the eta is zero w;s obtaix;ed by Chretien et al. 6‘ They observed the d.e-
C‘ay‘ | . _ o

. T]_’ ZY' - 1



By using the method of Chihéwsi:y and Steinberger7 for measuring the
mass of thé Tro, Chretien et al. were able to establish that the two - Y4
gammas 'actually,.came from an eta (i.e. ,‘ they obserQed the opening
angle’betwe_e‘n the two gammas in the lab system). .«

An inf:eresfing aspect of eta decay is that all of the obser\}ed
modes are electromagnetié. - This can be easily seen by noting that the
decay 'r|—>21r is ‘foz"bidden since JP = 0" for the eta. But forv1.:wo>
“pions, P equals -1)%.

The decay

n-—- 4’170

ié not f.orb.idden by any:quantum numbers, but the Q for this reaction.
is only about 8 MeV and the decé,y must surmount rather high angul#r
rhomentum barriers. . | o

The decay

| A. n-> 37

is of course forbidden by G -parity ‘(since G =+).n But G—noncoﬁserving
decay”s are allowed fo go electromagnetically, -and this is exactly what |
does happen in the case of the eta. Thus one pictures the three-pion ‘

" decay to be as follows:

That is, the eta first emits and then absorbs a virtual gamma ray be-

fore decaying into the three pions.



_ 'Table-].i. All of the kn(:;wn décdy mbdes of the"eta nrieson.. Sources
Ny _are: a A. H Rosenféld, A, Barbafo-Galtieri, W. H. Barkas,
| | P. L. Bastien, J. Kirz, and M. Rods, Phys. Rev. Letters
{to bé-ppbhéhed);» E | |
b Frank S. Cvra.bwfo:rd, Jr., L. J. Lloyd, and Earle C. Fowler,
| Phys. Rév. Le:tters (td be publAiﬂshed). _ |
¢ G. Di Giugno, R. Querzoli, G. Troise, F. Vanoli, M. Giorgi,v
P, Schiavoﬂ, and V. Silvestrini, Phy's'. Rey; Letters 1@_, o
767 (1966). B | |
d R. Groslsmari, 'L. R. Price, F. S Créjwford?.'J./r; ,»f"C.o'nyersion
of gamma rays from £hé decay noi-? ot 4o +Y, .UCRL—16684>
(1966), and Phys. Rev. (to be published).
‘e Frank S. Crawford, Jr., L. J. Lloyd and Earle C. 'Fo'“}ler'{

Phys. Rev. Letters, 10, 546 (1963).

Decay mode - Approximate percentage | SOurce |
WOl | 10 | b
Y_-Y- o ' | 39 o _ a
i ey e L
o nletet e | o <1 a
| Oyy o g R
y wrrete” | _ S 0.1 g
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4.

In additioﬁ to the three-pion modes, the eta has other modes of
.decay. All of the known decay modes, along with théir approximate
rates, are give_:n.in.Table I

Another iﬁteresting featulfe of the eté is that i.t is in an eigen-
state of C (chai'gé coﬁjugation). Thus-the decays of the eta are an
ideal place to .loo‘k_ for violations of C-_invariancé, particularly for
violationé that might have a strength comparable,' to that .of the electro-

magnetic interactions.

Such a fe_sf has been recently performed on a sample of 1300 de-

cay59 of the type
n-+ 1T+1T_.TIQ )
Because ah effect of only about one or two standard deviations was
found, it was concluded that it would take a much larger experiment
| (at least 7,000 deca.y's) to get a definitive result. | |
| fI"he presenf papér describes the first a.ttémpt fo find a C-non-
conserving iﬁteractioﬁ in the decay: | |
'q—§ iy
Although the eta was discovered iﬁ 1961, it was not until 1963
that the mode |
newlnTy | | S )
was first reported (bvaowler ‘et al. 10 with 1_2vevents). .Since then it
has been reported by only three other groups: M. Foster“‘(Zé events),
'qulsqhe and Kraybi_ll“’(‘) events), and Pa.ul'i and Muller (9 ''class a;"
event‘si3 and 15 "class b events14). In each of these éxpériments,

the branching ratio

\J

LN



v . R=TD (qettrTy/Tine el
was measured. The r'esults.aré R = 0.26+0.08 (Ref. 10),
R = 0.20+0.04. (Ref.711), R = 0.14%0.08 (Ref. 12), R = 0.27%0.10 (Ref. 13),
and R = 0.73:&0.25 (Ref. 13). This last value reflects the fact that Pauli
and Muller saﬁv many..evven't,_s wifh lov; gamma-ray ene rgies in the eta
c.m. These '.‘low-e'rllergy" 'events were n‘of s‘eébn _in any 6f the other
three ex_perimevnts.. a |
In nbne of th»e‘abov_e ex_periments>wa's the final sté,te analyied
for eit‘herrth'e spin of -thé dipion or a parafneterizati’on of the'gamma-
ray energy spec'trum. in édditiorﬁ-, possible nonponserva_.ﬁbn of C in |
decay.(i) was not‘v_i:eg.ttled. in a;ny of t"hes.e experiments.
| I‘he érimar‘y'pgrposeé Qf this »e_xperinﬁent“’ w_er_e{ :

(a) To look for a low-energy g;mma—ra_.yI enhanc'e'rne_n_t,

:(b') To detgrﬁ}ine the spin of th;e dipion,v ‘

(c) To fit the eﬁe_rgy spectrum of the gamma to various -

- hypotl'.le.s'e.s, | R |

and | |
o - - {d) To look for ‘a.. possible nonconservation of c in the decay

n-~ ntny.

-~



Il THE BEAM
‘Our sample of events _carﬁe fi’om 60 rolls of fbilm exposed to |
117-6-Mé'v/c, pi-plus mesons in the Alvarez 72-in.. hydrdg_eﬁ bubble
v chamber. "?I[‘he beam—tr.anqurt‘ éystem was designed and built b;Ir
‘ Prpfes'sor Frank S; Crawf.or'd,'b‘Jr. Askth_is beam has been well
described in the .lite.lfatu're,,'17 we include here onl-y a schematic dia-

gram of the beam optics‘ (Fig. 1).

The most important feature of this beam (as far as this experi-

ment is concelfned) is its unusually small spread in momentum (the
'ha.lf-\.vidth at half-maximum is 3 MeV/c). 18 The 'smallness of this
quantity ehaﬁlé-s us to s‘uc_:cessful]..y sepé.‘rate from _oné another the
reactions:. _ |

a) 1T+p - ‘rr.+pv1r+1'r-
© b) wp = 'rr+p1r+'rr—y
~and. |

c) 1T+p - 'rr+‘pv1r+17-'rr0

&
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Fig. 1. Schematic diagram of beam optics..



I, SEPARATING OUT THE n~v'n"y EVENTS
Our initial sample containecl' about 4000 four-_pronged events.
- Protons were identvifiedvon the scanning table on‘the basis of their bub-
ble d.ensity.' All events were fit to a number of hypothefses, 19 and then
a series ofcutoffsr w_as. applied (Sec. IIIL. B). The effects of the cutoffs |

were estimated by means of the Monte Carlo prvogram FAKE. 20

A.‘ The Use of FAKE for Calcula.tin&CorrectiOns

In the past few years we have come to rely increasingly upon
'the ‘Monte-Carlo. program 'FAKE for calculatlng the effects of various
cutoffs., | |

This program generates ''bubble chamber events' by a Monte-
Carlo method. These events are then sent thru the same programs
used for the real events. In this marrner one can easiiy calculate the
-effects of any set of correlated or uncorrelated cutoffs.

Our faith in the program stems fro_m the" fact that W'h‘ervlever We
have compared such items as th'e_x2 distributions o'r_energy; spectra
obtained from a 'prop'erl'y's_e'téup FAKE  run withvthe same. quantities
from known real events, the two sets have always iagreed within the
statistics. |

Asg exarnples, in Fig. Z(a) we compare the distributions in .r'nz'(y)
(i.e., the square of the mis sing mass recoiling against the four charged
particles) frorrl. a sample of 330 (arbitrarily selected) FAKE v‘eventsz'1
and our final sample of 33 events. Similariy in 2(b) we compare the
(1C): Coulomb xz'vs. Figures 2(c) and 2(d) are comparisons ,of‘the
rrrass (squared) of the T‘r+'rr-y'(unfitted data).and t}re (1c) gamrhaf1~ay'

X 2, r'especti\ielly.' All agree quite well.
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- Fig. 2, Comparison of FAKE quantities with those of our
final 33 events, There are 330 FAKE events. - The
areas under the FAKE histograms have been nor-

_ malized to 33 counts. {(a) The distribution in m

“ . of the gamma ray in mTp-swtprta-y. (b) The

(1C) Coulomb x # distributions. (c) The distributions
in m? of wtw-y [that ® is chosen which gives

m (7T 77 y) closest to the eta mass 548 MeV. ]

(d) The (1C) gamma-ray 'XZ‘ distributions..
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Using FAKE, we find that each of our cutoffs removes some of
our events. The approximate percentages of the n - Tr+1r—y removed
are listed in Table II: our detection efficiency for n-+ Tr+Tr_y is about

80%.

Table II. The approximate" percentages of n -+ Tr+'rr_y évents ‘which are
removed by’éach of our cutoffs (defined in Sec.IIl. B), These values

were determined by using FAKE.

Criterion - ' Approx. % removed
1. 4C fit o » : o 4
2. w0 production . . | 7
3. 1T+'1r.'y production . N » 7
4. Coulomb scatter v o L 2
5. (2C) gamma-ray fit : 0

A plot of buf detection efficiency vs the energy of the gamma ray
in the 1aboratory system appears in Fig. 3(a). ‘This particular parameter é
was not actually used in our analysis.

In Fig. 8 is plotted the detection efficiency vs the energy of the
gamma ray in the eta frame. We used this parameter in comparing ‘ouvr
data wifh the theoretical curves. | |

Figure 3(b) shows our detection efficiericY vs cos 6, where 0 is

the angle between the ' and y in the dipion c.m.
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Fig. 3. Detection efficiencies as determined from FAKE,

(a) As a function of the gamma-ray energy in the
laboratory system.  The six data points at the left
are for 10-MeV intervals, the remaining for 30-MeV

intervals.

(b) As a function of cos 0 in the dipion

" c.m,  All errors are purely statistical and depend
only upon the number of FAKE events used. . :
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B. The Cutoff Criteria

We now describe the cutoffs imposed on each' of the initial

4,000 four-pronged events:

1. Four-Constraint (4C) Fit

If XZ' for the reaction

g } , . , @

: ‘ 22
was less than 35, we rejected the event.

2. 1T+1r TI'O Production

- The events were fit (1C)to the reaction
1T+p - Tr+p'n+1r_'1r0 ' ' ‘ (3)

and removed if XZ_ was less than 7. Setting this cut at XZ = 7 was
somewhat arbitré.ry. This value was chésen in an effort to minimize
thé'nu,mbe.r of x0: events retained, while at thé same time not removing
- 'too rha,ny gamma-ray events. With this value of 7 we removed all but |
l'an eétirﬁated_ (acc‘brding to FAKE) 2.2 events of tfyp‘e (3), while losing
| only 7J%_ of our desired éveht'sv of the type n -~ ﬂ+ﬁ_y. »

3. TT+TT-Y Production

If XZ for the fit (1C) to
riprtprtny | @
was greater than 8.6 .(Ref. 23), the event was discarded. We also de-

>
‘manded that this ¥ be less than that for reaction (3).

4., Coulomb Scatter

It sometimes happens that one of the four charged tracks in the:

reaction (2) will undergo a small-angle Coulomb scatter. If these

Coulomb scatters never fit reaction (4) we would not have to worry about
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them. However, since we know (from FAKE) that the decays
n-—-> 'rr+1T_y frequently have low X 24 s foi‘ Cbulomb scatters,. we also be-
lieve the reverse to be true. |

In additioﬁ, it is reasonable that such an ambiguity should exist
[i.e., that anveve'nt"of the type shown in reaction (2) with a-small-angle
Cdulomb sqa.tter should fit.reaction (4)] » since a Coulomb 3scétter causes
a small "kink" in a track. This kink fhen causes the momentum and
energy to be slightly ﬁnbé.la_.n.ced at the ver’tex; if |p| is about equal to
the energy, then the event will sﬁrely fit ‘gamma-ray production (since
the "missing mass'' at the vertex will theh be about zero).

- To get an idea of roughly how many Coulémb:scatters there

might be in our sample of 4000 four-prong events, we looked at the

‘well-known Rutherford formula

2
do _ o2 1
daQ ~ 2 .4 6
2mv sin >
. 2
which can be rewritten for small angles of scattering

2 . 9 \ 2¢ '
e’ max gd4e _ . {ez [ 1 -
o P i : ) : ) ‘ \ p “max min

min

Now we estimate that if a track Coulomb scatters less vthan 2_.° R
it would probably hot spbil the 4C fit (1 e., make the 4C‘x2 >. 35.). We _
further estimate that if a track scattefs more than 8°, it would be notic.:ed
by fhe meé.sure;; and measured accordingly. |

Thus we have .

2
2y
oP ) (7.7xX107) .

Now the average pP for the tracks from our four-pronged events

. . ‘ - 4
o0 =2°-8°) =167 |—

is roughly 300 MeV/c, which givés
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o = 0.915%10 2% cm? .

This corresponds to a mean free path of

A= R S ' 1 z = 3)(103 cm.

No 0.05%6.22X10%>%0.915x10

Since the average length of a ‘track in a typical four-pronged
event is about 30 cm, the probability of one track Coulomb scattering.
between 2 and '8 ‘degreesi‘is;

n o

et o (g - e 'X/")» =1-¢%% 20001,

In our 4000 events we have 4000X4 = 16 000 tracks." Thus there could
be claf the order of a hundred four-prong events which are really good
4C 's[1 é., reaction (2)] but have Coulomb scatters Between 2 z%nd 8
degrees. As these coul& completely swamp the desired gamma-ray
events, they have to be removed.

The re.m:)val is done by deleting one of the four final tracks :and
fitting the remaining tracks (1C) to reaction (2). Events for which this
‘x 2 is less th;.n the x 2 for reaction (4) are removed, provided that
Ypp 1s leés than 35 ra‘d-MeV/c, where { is the space a.ngle between
the fitted and measured momentum vectors of the deleted track, 15 and
p is the fitted momentum of this track.

| The reason for invoking this ¢p|3l criterion is that FAKE tells

us that we would lose about 20% (rather than only 2%) of our good decays

n-—-» TT+TT—Y if we were to cut off on the basis of the y 2 criterion alone.
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Now if Ypp = 35, then for a typical track = 3’—;61—‘63:—4: &~ 7°. Then
from the formulas above, 24 we estimate that less than 0.1 r.e'a.l Co;ilomb
scatter could have a ypB as large as 35,

It is unfortunate that FAKE is ﬁnable to simulate Coulomb
scatter events. Thus we are unable to process vknOWn Coulomb scatters
thru our standard programs and to calculate the number of events re-
maining after the above cﬂtéria- are impose_d.b Lacking such a technique,
we e-stima’ce that there ai‘e ﬁo Coulomb scatter events in our final sample
of 33 n-—- ‘rr+'rr—y décays‘. This éstimate is based on examining the

Coulomb ¥ 2 and yYpp for each of our final events indi{ridually.

5. Scanning—Tablé Examination

The remaining events were examined on the scanning table for

possible electrons fnisﬁt_as pions. Two events involved Dalitz-pair

‘electrons and were removed.

Finélly, all rémaining events were remeasured at least twice
in order to r'ern_dve'any' events that had survived r;le'rely. due tb measure-
mént errors. |
After the above steps, 38 good events 6f type (4) remained. These
were then fit (2C) to |

+ - ‘ ' ‘
™ 'p-rn+p11, 1]—+TT+TT Y , o 5y

with an eta rass of 548 MeV. Their X’Z distribution (Fig.4) agreed

well with the theoretical x 2 (ZC) distributionz? to a x 2 of about 20,

Five events had large x 2 (2C) and are believed to be type (4), but not

from eta decay type (5). We took the 33 events with XZ (2C) less than

20 as d‘u;f final sé.mplg. ~In Table III we give details of these 33 events. %
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The (2C) xz distribution of our 33_+ 5 events for
reaction (7). Four events have x “'s above 70 and
are not plotted. The dashed lines represent the
""theoretical!' 2C yx “ distribution normalized to 33
counts. The theoretical xz' s have been multiplied
by two before plotting (see footnote 22). '
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'Detail.s.of 33 events, 6 is the angle between

-0.578

Table II.
. the 7t and y in the dipion rest frame; p is the
y energy in the eta frame, " '
Event . Cos 6. p(MeV) Event Cos 6. 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

2475317 0.656 92.3 2202342 -0.167 103.4

2175441 0.229 69.5 2202417 . 0.251 77.0
24765314  -0.662 155.7 2202520 -0.269 147.4

2177176 0.197 112.7 2205066 -0.453 123.4

2477572 - 0.500 145.3 2208477 0,670 140.9

2479400 0.548 113.4 2211063 - -0.273 166.8

24180190 97.6 - '
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From fhe same éamplé of 40‘0'0_foi.1r-pronge'd events, using a .

similar method of>ana1ysis, 26 we found 113 good events of the type
frr+p - 1T+p , M .-> S . ' (6)

To illustrate the clean sepé,ration between 'rr+11_1r0 and 1T+Tr-y -
production, ‘we show in Fig. 5(a) a plét of the unfit missing neutral mass
(squa,réd) recoiling against the "_rr+p1r+‘rr- for our 33 + 5 + 113 events.
To illustrate the la‘ck' of rion-e_t.a background for Tr+'rr-y production, we
show in Fig. 5(b) a plot of rﬁz(w+ﬂ—y), uéing >the final ﬁ+_ that gives a
mass closest to the eta, for our 38 events of type (4). Figure 6 shows
the same 38 events in a two-dimensional display. We see that our selec-
~tion criferia based on xz give essentially the same sample that we
would obtain if we selected on the basis of missing neutral mass aﬁd on
, m(TT+Tr_\(). The xz method carries less visual appeal than thé mass plots,
but has ‘the a.dvanta_.ges’ that it takes the measurement errors into aécoﬁnt
syste.matically, and that it is easier for one to calculate (using FAKE)
the effects of cﬁtoffs based on 2 than of cutoffs’ based on calculated

-errors-in missing mass,
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‘to_the eta mass 548 ) The five shaded gamma rays do not satisfy our :
X “(2C) criteria for n ~7tu=y, The three ''good-eta gamma rays"

0.10 - 0.20 0.30 - 0.40  0.46
o m? (Bev/c?)? |

Mass distributions. (a) Distribution in m2 (mass-squared)
of the. mlssmg neutral in Tr+p—>1r+p‘rr+'n “tneutral. All events MUB-9212
with m2 less than 0.006 (BeV/c?)2 also happen to satisfy our

X 2(1C) criteria for selecting gamma rays.” The five shaded gamma
rays do not come from eta decay (b) Distribution in m2 of tn™y
for ‘n+p-‘rr prta”y. (That 7t is chosen which gives m(rtw-y) closest

that lie outside the main eta peak do satisfy our XZ criteria and are
used. (According to our FAKE calculation, the sample contains an
estimated 2.2 spurious gammas arlsmg frorn neutral pions with

large measurgment errors, )
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dots,

The five events of type (6), but not corresponding
toieta decays, are represented by crosses. :
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IV. GAMMA- RAY CONVERSIONS
We no§v wish»to-es‘ta',blish.th_é,t thesé gamma rays (which web ha?ve B
identified by a pufely'kinematiéal analysis) are perfectly ordinary, in '-
the sense'tha.t they exhibit both "external' aﬁd "internal" electromagnet_ic
c_onversvion i’nfo e+e-b, with roughly the expected probability. (We find -

one example of each.)

A. "External' Conversibn
We re-examined each of our n—~ 1T+1f—y events on the scanning
table. We looked along the prediéted line of flight of the gamrha ray for

electron pairs (or triplets) prbduced in the liquid hydrogen via the. ex-

ternal-conversion reactions

vopele” o e
and | | |

ye-v-—> e_-efe_ . . . . (8)
We found 6ne. evlectr‘on pailr; it had excellent self-consistent kinematic
fits to all _sta.gé_s .of the sequence given by
ot P‘_""‘T-»FET]: neany. ™
and Eq. (7). et | | | |

For our events, the average potential gamma-ray path was about

30 cm, and the average laboratory gamma-ray energy was 144 MeV.

The energy-weighted average cross section for materialization of pairs

' or:triplets is 1>1.3 mb (Ref. 28). The average c‘onv_e,ré:i»ori efficiency is -

then 0.012, .and the expected number of conversions is .3Z><0.012 = 0.38;

the”probaubvivlity of getting at least one conversion is i- exp(-0.38) = 0.32..



_20-

B v v""i_;nte“rna]:", C.Ivcb‘_’nversién'
~We also s&steniaticali? sc.a.n'n_ed -idur same sample (60 rolls) of .~
film'for six~-pronged events.." One such event gave an excellent fi‘t29
to the sequehce
‘n’+p —- 1r+p n, 11—» ZIT+1T--e+
The invariant mass of.the elecfron pair was small (5 MeV). Thus the
virtual gar.n_bma ray Yy in 7 - 1r+1r-y v 1r+-1rf.e+ev-v 'wa‘.s'_"a.lmpstv real. "
We exﬁeé;ce:;i the internal-conversion prob_a‘bility-to be of order a, and
éi;igce w[’e’“had 38.0 corrected events of type (9) (as we shall see lafer);.‘

we expécted to-see 38Xa = 0.30 events of type (10). The probability of

]
getting at least one conversion was then 1 - exp(-0.30) = 0.26.

el . (10)
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V. EXPERIMENTAL RESULTS

A. Angular Distribution
In Fig. 7 we plotted the folded ahgular distribution in Icos 0 | ,
where 0 is the. angle between the nt and Y in the dipion c.m. system.
From FAKE we found that our defectio'n efficiency was essentialiy in-

dependent of cos 8 (footnote 30). ‘Angular-momentum conservation and

 zero eta spin demand thaLt‘the_dipion have Jz =+ 1 for z along the

gamma-ray :direct.ion in_fhe dipion frame. Thus for a pure dipion state
| ' * +1)2 |
1%

and cabl'cula.ting31 X‘Z for curves corresponding to J = 1,2, and 3, ‘we

J, the distribution in.cos 6 is give'n by IY Normalizing to 33 counts .

find x%=4.5 for J=1, 49.4 for J = 2, and 102.0 for J =3; in each
case the '"expected" IXZ is 4. - We conclude that the dipion is dominated

by J = 1. and thus has the -s'pin and isotopic spin of the rho meson.

B. Charge Asymmetry

It has recéntiy been proposed thét the decay n — 17+1T_y might
exhibit a "charge asymmetry' due to a po.ssible' Cl-non.invariar;t inter-
action‘; fufther, the magnitude of sucﬁ an asyrﬁmetry has :been estimated
t‘o. be as large as "10“%. 15 _ |
Since the eta and.éamma' have C= 1 é.nd .-1, respectively, C -

consérvation demands that C(.Tr’+'n_) equal -1,  But C(‘n'+‘n-) equals (—1)‘].

Thus C conservation demands the spin of the dipion to be odd. Like-

‘wise, C nonconservation would demand J to be even. Thus if there

is a small amount of C-;io'ncons'erving amplitude, we may have some
J = 2 (or other even value) amplitude present. The interference between

the dominant J =1 and any even J leads to odd powers of cos 6 in the

angular distribution, or, equivalently, to a charge 'asymm_etry'f_l_-f_;fo o

in the pion-energy distribution in the eta rest frame. Since we have 17
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0 0.2 0.4 0.6 0.8 1.0
| | Cos 6|

Fig. 7. Angular distribution for n—=7tn"y., Here §is "/® %!
the angle between the wt and the Y in the dipion c.m.
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 spin .
is zero.) We see that J = 1 fits well, and J = 2 and
3 fit poorly,
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events with cos § >0 and 16 with cos 6 <0, the raw data give

L -f = - (1/33) £ 0.17. Using FAKE, we find that the choice of the

wrong " in a small fraction of the events leads to a small spurious
asymmetry. 32 Correcting for this, we find the result
R = 0.02 + 0.17.

Thus no conclusions concerning a charge asymmetry may be drawn

- from this experiment (except that it is probably not greater than 0.5).

We note that if there is a real asymretry ‘in the decay -
n - Tf;’.ﬂ—y, and if it is as large as the largest estiﬁates (10%),
then it would take an experime_nt of about 1600 n - 1T+Tr-y evepts to
ésfablish it to four standard déviations._

C. Energy Spectrum of the Gamma Ray

Sincé'tvhe eta has spin 0 and the gamma has spin 1, the dipion in
the decay | |
| qey
must also have spin.

Further, sipce C"'l = + and CY = -, C on the dipio_n must be
negative, assuming that C is conserved in electromagnetic decays.

Thus the dipion must have odd J.

1. Simplest Matrix Element

. To construct the matrix elements that c\orresp'ond to this state, |
we first list all the possible vectors in the problerfri: P 'q, and . €, where

p is the momentum of the gamma in the eta frame, ¢ the momentum

‘of the 7 in the dipion frame, and € f_he ""polarization vector' of the

gamma.
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Now if a 0 (eta) goes to two pions, the matrix element must

be a pseudoscalar. The simplest pseudoscalar that can be formed from

' three vectors is

g

g- (X9
pq sin 6 (€ - 8) ,

where 0 1is the angle between the il and the gamma in the dipion

system, and A is a unit vector normal to both’ p and q.

- -, : 2
Then [, |M|°= p°q” sin®0 ), |(e - A)f.
pol pol
AN _ .2 . o e '
But ‘a _IE : n| = m, since n always lies in the plane of €
pol

Thus the ''simplest'" matrix element for the decay n -+ TT+1T-Y is

(omitting the constant factor):

IMI2 = quZ. sin0 . o (11)

Z. "Rho Dominant! Matrix Element

If we now wish to say that the I=1, J=1 dipion phase shift in
_our regi.on of interest (i.e., m__ from 380 to 550 MeV) is completely

. dominated by the rho meson, then (according to Jackson33) we replace
the q2 in Eq. (13) By’ the resonance factor .

2 My r

e ) 272 (12)
1 (mp—mmr2) +mpr

where T = (q3/q(‘;’)y, me. is the dipion mass, mp is the rho mass
(765 MeV)," 9 is the value of q at resonance (357 MeV), and y is the

nreduced width'' of the rho (124 MeV).
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In Fig. 8 we pl%)tted the distribution ‘of fhe energy p of the gamma
ray in the et.a rest frame, for the 33 eveﬁts.. ‘We have no explicit cutoff
on gamma-ray energy. The detection’ efficiency €(p) depends on the
gamma energy and on our .x’z cutoffs; it is calculated using FAKE
énd plotted in Fig. 8; We multiplied all theoretical curves b}‘r €(p) be~
fore fitting them to the data.. .

Using t-he simplesvt matri_x elvement, Eq. (1 1)' and integi'ating over
cos 0, we obtain_. |

2 2
dN = C e(p) p'a” P dp,

s

where C is a.normalizatiori constant, and dN is the humber vofv counts
_expectea in the interval dp, taking into account the defectién efficiech.
| Thi.s. riohresonant vJ = i,éurve is ﬁbrmaliéed to 33 eQents in Fig: -8 and
gives XZ' = i3.2 with 6 &eg:ees of freedom for a XZ probability of 4%,
a_,‘ rather poor fit. '

Néxt we assume that'the I=1, J=1 dipion phase shifts are domi-
| nated by the rho meson. 34 Using Eq. (12) we get fhe "rho-dominant"
curve o‘fFig. 8. This curve is alsvo normalized to 33 events and gives
X 2 _ 5.9 for a XZ probabilit.y of 40%, a good fit. ‘bThus' we lend some
support to the rho-dominant model. (However, it is apparent from
Fig. 8 that éhy other rhodel that shifts the spectrum towards lower
gafnma—ray len'e_é'rglivevs would also fit. ) | |

| ‘The fact t‘hat w;e find évidence for ifi‘nal‘-st_a.te interactions in the
dipion system leﬁds encouragemer.ltvt-o the possibilify of (ev"entually) -
detecting the charge as‘ymmetry, if a small amouﬁt o.fr C-noncoﬁserving

: amplitlide is actu‘ally present; if there were no_final_—state interéctions,
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' Fig. 8. Energy distribution. The detection efficiency €(p)

is calculated using FAKE. The two theoretical
curves correspond to a nonresonant J =1 and to a rtho-

. .dominant J = 1 dipion. Neither curve has any free
parameter except for a normalization constant. The
curves are multiplied by €(p) before plotting and com-
paring with the data. The rho-dominant model fits
very well, the nonresonant model not so well.
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the in_terferénce term would necessarily vanish (by CPT invariance)
and there could then be no chargé asymmetry even if C were not con-

served.

D. Branching Ratio

We ﬁext dividé our 33 events by the ‘a‘v.vefage detection_efﬁéiencY
€, _wher_e';- € =] €(P) (dN/dp)dp] /[ _(,dN/dp)d.p] and the integral
extends over thve entire range p=0 to. 2.'03> MeV. IfdN/dpis givenbythe rho-

.'domiﬁant curve, Wé find 6;0.81. Thé nonresonant spéctrum 11 gives €=0.820,
and ‘fhus the same branchiri'g ratio R. Thus we calculate that our total corrécted
' nﬁmber o_fdécays 11->"1T+1T-Yis 40,2+7.1. U"sivng FAKE, we find that this in-:
cludes 2;21:0.5 event; of tyée_'(6) that were not ILemov_ed By the cutoffs.
All othell' co‘rrections ;ré nevgligibie. [fobr example, we estimaté that éur
33 eVents includé less thap 0.1 event ova type (2)]. We alsb calculate
froﬁl lo.ur 113 good eir'epts of type (6) a corrected'number ’1.2'8.0:t1-1.3.
We thus find R = .(40.2_ - 2.2)/128 = 0.30%0.06.

| Now”orie Of the nﬁyste..x'vies of éta decay is w:hy fhis ratio

R = I‘(Tr:n:yz)

D(mwm o)

is so small. From first p~rinciple_s one mi‘ght expect 11+1T-y to be £he
dominant mode of decay since it goes as a rather than as _az. Also
the Q of the reaction is twice as laifge as it is in the th‘reé.;pion mode,
| so that phase spéce_is abo_ut 4 times as large‘, since for a three-body
state, phase space is_approximately prqpor,tignal f_o QZ.

'Thus_one might e.xpect |

R= ‘—l- & 500,
. a
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If, however, we look at the decay a little more closely, we see
that the dipidn must have spin, and in particular the simplest matrix
element is

M= pq'sinG .
Now if we evaluate numerically the quantity

[i)zqz sinZ_G I%L dp dcos @
j 2

j§ PR3 dp dcos 6

M2
where the integrals run over the entire n-—+ 1T+1T-Y phase space, we
- find K= 0.48._ Then in.general

S |
R =] K(L_'int - m_ )] X 500,

W.here> L-h;tb is the 'I'radiuvs of interaction. " Thusjthé effect of the matrix
element is to feduc"e.f;he expected ratio by about 0.5 (if we assume
J"in’c ~ hﬂ)'.
Thus we would now ''expect'
"R ~250.
But in reaiity (as. we have seen) it is about 0.3! .

By éssuming the exiét'ence of an I=0, J =0 dipion (the. 00),
vBrOwn and Singte,r3_6 have been able to reduce the '"expected' R 'to about |
the expe‘rifnenpally observéa value, This is possible because the ¢
cannot participate in thé-decay n-—=> 1T+‘rr~y (.since the -60 has J = 0), but
it can contribute to the’l’three—pi.oni mode. In fact, it changes the_ three-

pion mode from a three-body process to a two-body process (thus in-

‘creasing the rate about a hundred fold).
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: . : ' S 3 ’
According to a model recently proposed by Stevenson, ! if the

. . . 1 )
true radius of interaction were L. = (the length which cor-
int 5m_rr >

responds to a typical vector particle), then we would have

R = 6.4,
which a.gvrvees rather well v;/ith the experimental va.lué. Thi.s. suggestioh
is rea'sonable.in the light of current developmenfs in Unitary Symmetry_ )

38

schemes.

E. Low-Ehergy Gamma Rays

Pauli and Muiler‘14 found a.bqut as many mnN—* TT+Tr_Y - decays
w_ith gamma ener'gy betweén 10 and 66 MeV in the etafra_rné as they did
bet&een 60 and thé maximum"a.llovbrve’d; valﬁe of 203 MeV; namely, they
’ found'é.bout 12 events abové estimated backgrognd in each of the two
‘fergions. | If fh‘é ntrue! spéctrum (corresponding to 100%.detect'io'n effici-
ency) gavé equal nuﬁlbers of counts iﬁ these two regions, then, taking
into account our detection efficiency .G (p) as plotte'd in Fig. 8, we would .
expect to find 20 counts below 60 MeV. kBut we found n.one. (Fgr 6ur
vb'e.st-fit. curve in Fig. 8, we expecfed two counts beiow 60. M¢V and
found none; this is an entirely reasonable statistical ﬂuctuétion‘. ) We

39

conclude tha“t'there are no anomalous low-energy gamma rays.
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VI SUMMARY
The results of this expe.riment céh_ be s.ummarized as foliow’s':

1. The ''rho-dominant" rnpdel fits both the dipion aﬁgular distribut‘;ion.I
and the gafnma-ray éne rgy distribufion quite well. |
2. The bfanching ratio

R = I n»Tr+1r—y)/I‘(n - ﬁ+1r-n0)
is fqund to be 0.30¥0;06, wh?ch is consistent witﬁ pfeviously reported - » 7
.valﬁes. | ' |
3. We find no evidence_fér an enhancement of gamma rays at low energy,
vas reported by Pauli and Muller. | |
4. No conclusions can be drawn from this experiment regarding the

possible existence of a small-C nonconserving interaction.
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22, Experience has shown that, for a correct hylpothesis, ‘the x

distributions for 72-in. bubble chamber events agree with the .
theoretical distributions for the appropriate. constréint cla..ss,
‘_ provided the theoretical value; of x 2 are'mulfiplied by 2. Thus
' thé_ 4C cutoff at x 2. 35 corresponds to a theoretical XZ_ of

. 17.5 (and thus a pro‘bability of about 0.3%).

23. The value 8.6 was chosen (arbitrarily) becausé it corresponded to

a probability of about 4%.

24.. Notice thé.t ¢ is a "fictitious" scattering angle. It is 'equal to

the actual anglg of scattering (etrue) only if the scatter occurred

at the vertex. For a given event



25.

26.

27..

- 28,

29..

-35-

¢ (1 - x/fl)e

true

where £ ‘is the length of the sca.ttered track and x is the d1s—'.

tance from the four-pronged vertex to the scatter.

For eight events, it happens that each of the two T ! s in the final

state had a (2C) gamma-ray x ° of less than 20. Such events
are Cailed "ambiguous pion! events, and the ambiguity is always
A "resolved” by choosmg the 1nterpretat10n Wthh gives the lowest

X 2 We always neglect any b1ases Wthh may be 1ntroduced by
such a techmque, except when lookmg‘ at a poss1b__1e charge
asymmetrf_ (see fbotnote 32). In addition,. ohe event (2.1.7653.1
Table III1) is actual_l;t a six prong'(see foetnete 29). | |

We reject events with X2(4C),< 35, and then demand 2('1C)'
< 8.6 for react1on (3), X (ZC) < 6 for reaction (6), and - X (ZC)
for (6) less than that for (5). |

The fit to reaction (9) gives x° (ZC) = 2.7, ~ The fit to the subseque‘nt |

| .canefsion (7) gives X2(1C) = 2,0, with a transverse mornentum
transfer to the proton of 9' MeV/c.

Obtained from Fig. 3c of Duane C. _Gates,i Robert W. Kenney, and
W1111am P. Swanson, Phys Rev. 125, 1310 (1962)

The proton, e+, and e are unamb1guous1y 1dent1f1ed on the
scannmg table The fit to ot p-*Tr PN givee X (4C),-—-' 3.2
This event alsp gives a good fit to the eacternaléconversion
sequence glven by Eqgs. (9) and (7). However, thecor'respo'nding
gamma ray path has zero length (with an expenmental upper |

limit of ab_oq,t 2 mm); ~we therefore dlscovun_t the p0551b111ty of
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_ e;ﬁtérnal conversion. .-Further, since we consider the decay
A'n—,* Tf+‘lT:-e+e-_ to be basic’aHy; the same reaction as n = 1r+-n'Y,
this event has bée_n included in our final sample of 33 good
evenvts.> | Pérhaps it should not have been used in the analyses
of Section V However, it does fit reaction (9) very well, and
we thus feel that thé internal conversion of the gamma ray
probably does not.materially affect the' dipion qﬁantities.

30.. From Fig. 3(b) weA see that the detection efficiency vs |cos 9|
would vary only aboﬁt 12% from |cos'6| =0 té |cos 9’ =1,
and since this is only the order of the ‘stati'stical fluctuations in

, the_.real data (Fig. 7'), wé neglect this small |vcos 9| depende'nce._ :

31. We defi.né »XZ as | | (N, ] Ni)z]/ﬁi, Vrvhere-Ni is the observed
nﬁrnber of counts _inrthe ith 'bin, and Ni is the number ex-
pécted ffom the smooth theoretical curve. - The smoofh curve
is normalize.d to-thé observed 33 counts, .and there are then

- nofrée pérameters. ‘

32. Frbm FAKE we find that this asymmetry is R = + 0.01£0.02,
where the error is completely.statistical and depends upon the
number of FAKE events we generated.- ‘ o

33, J. D. _Jack.son, .'N'uovo ‘Cir_nento 34, _16A44 (19_64), ' _

34, M. '.(;}ell'-il\‘/[an'n," D. ‘Sharp, aﬁd' Ww. .G. Wagner, Phys.. Rev. '.Letters
8, 261 (1962). |

35, J. Bernstein et al., Ref. 15.

: >36; ' Lautie M. Brown and .Paul_ Singer, Phys. Rev. Lefteré v§, 46_0

(1962).
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37. M Ly_nﬁ Steverisqn Lawrence ‘Radiation Laboratbry, {private
communication), .19_66. |

38. G. Morpugo, Phyéics 2, 95 (1965).

39. In this experimeht‘ §v_e could not detect a iow-—_energy gamma-ray
peé,k if it_v-le.a,y below 20 MeYV in the eta frame. This is because_
very low—energy'gamma—ray events é.r_e removed by the same.
Cutoff that removes events of type ~(_2); When we examined the
mz('Tr+Tr_) distribution of these cutoff events, we saw no e;n-I
han.cernent near the eta mass, Howev.er, an .enhancementk of
20 or 30 couhtéxyéu1d b¢ unreéolyable against the large non-eta

v b‘ackground of type (2) events.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






