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Abstract
Predicted values of the branching ratio R=I"(n~> 3’ )/l"(n——>1r+1-r~17°)
anywhere between 1.6 and 0.7 are perfectly consistent with the Dalitz plot
of 640 background-free m decays 'q—>11'+1r-170 . These events were analyzed
under the assumption of pure T =1 final states with a complex matrix

element that includes terms cubic in pion energies. To obtain low values

of R final-state interactions are needed., T=3 is not needed.
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b= -0 45+0,05, which predicts R = 1.63+0.03.
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In the decays
.. ' n - TI'+1T—TTO , . .‘ , o (1)
and |
Uling 3ﬂd : : (2)
the three pions.must have isotopic spin 'I“_= 1 or 3, (We essume C in-
variance.) If the decay is electromagnetic and if the photon can carry
only isospin 0 or 1, then the: T=3 amipli'i:u'de carries one more power of
o than the T=1 __amplitude. In thét case T=1 mey dofninate. 1 -
| On the basis of the simiiarity between the .'r 7', and n Dalitz .

plots, 2 it has long been conjectured that the three pions are mostly in -

'the to’cally sym_rnetrlc T=1 state, w1th a small admixture of the other

two (nonsymmetric) T=1 states. qu the totally symmetric T;1 state
the branching ratio |
R I‘('r]—’3'rr )/T‘(T]—ﬂr o )
is glven by R = (1 15)(3/2)
The exper1mental Dahtz piot for Reactlon (1) is not totally sym—
mefric. However, it is well fltted by a real 11rrear matrlx element
M(+-0) = 1+by3, | | 3
where y3= (3T, /Q)-1, and b is real. The fit gives typically
5, 6
Two publ1shed direct measurements ef R give the results
R =0.83+0.32 (Ref. 7) and R= 0.90=i=0..24 (Ref.= 6), uﬁder the aséu_mptio'h
that there are no decays n =’ ﬁy. The existence of n—*ﬁ? vy (Ref. 8)
would give cerrections which would reduce these two rvesul’csv'to values as

9

low as 0.5. Other expefime_nfs have been combinediO to give the ind'ireet
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result R=Q;93d:0.16. Thus several experlments are in poor -agr.eement :
with the va_lue of R predicted by l:he real line'ar matrix element model
with T=1. _11 If one fits the Dalitz pldt_to ofher models having T=1, such
as thal: inrrolving the hypothetlcal o meson,‘iz_or involving P dominanc.e_,i_3.
one can obtain pred1cted values of R as low as about 1.2. 5,6
By 1nclud1ng contributions from both p and ¢ one can reach pre- '
dicted values of R aa llov./ as unity. 14 However, the existence of the o
mes'on is not expe rlmentally estabhshed . |
The poor agreement has led Veltman and Yell1n1_5 and Woo1‘6
to conclude that T 3 must be present, 51nce., as 15 well known, 1 the
(totally syrnmetrlc) T=3 amplitude can 1nterfere w1th the totally sym—
metric part of the T = 1 amplitude to give R as small as one pleases,
for exarnple between 0.5 and 1.0. - The poesible existence of. a large T=3 -

.amplitude has ledAd’ler17 to suggest that there may be an isotensor part

to the elecl:romagne’tic interaction.

What We'wish _l:o d,emon‘strate is that, as’suming only T=1, we
can find excellent fits to the Dalitz plot of a sample of ‘6401_'] decays of -

Type (1), giVing predicted values of R anywhere between 1.6 and 0.7.

- We emphas1ze that those f1ts that correspond to predlcted low values of
R are allowed not demanded, by the data. (We also find good fits with
'predlct1ons as high as R=1.6. For example, the real linear matrix
element g1ves a good fit.) -

‘4 We assume that only T=1 is pr/esent, and e}rpand the matrix
| velements for Reactlons (1) and (2) through th1rd order in Yi' YZ’ and *3, '
where ;= (3T /Q)-1. The most general C- 1nvar1ant matrix elements :

. are then'-18
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M(+-0) =1 +by3+ cys +dy1y2_+ ey +fy1y2y‘3 o - (4)
and‘_. A _ . v |
PR Lyl 2 2 - ey
- M(000) = 6 2 [3+(c-3d)y, +y, +y3) +3(etl)y,y,y5]. (5)

All parémeters are c_ompiex. Thus there are ten real v-pa‘ram'eters.b |
‘We fit the matrix element M(+-0) to the Dalitz plot of 640 low-
- background n decays of Type (1), produced by pions of order 1 BeV/c in
' ‘-_.the. reactions '
' + +
| T p~T pm.
Of these events 488 were producéd in the Alvarez 72-inch hydrogen bubble

5,6

chamber, and 152 were produced in the Brookhaven National 'Labo ra“toryv

20v-inch hydrogen bubble chamber. 19_ Thé non-1 background is leéé tiaan
3%. The aecays. n—> 1r+17"y have been removed. The balité plot is given
“in Réf. 20;

In fitting éhese eventé to M(;*'-O).We find that d and f are small
an'a cdnsiéteht with ze_ré. Therefore we revise our moaei and set these
fo'ur. vre_al paramefers ‘ider.l;cically equal to zero. Then M('+-O) depends A
only upoh Y3 We therefore divide the sample into 20 équél biﬁs in.};3.—21

The pfedicfed valﬁé of R turns ouf to bé sené_itivé to the real..' -
part ofv<':,‘ Re(c), whereas .i'c is reiatiyely ihseﬁsiﬁve to the other param- :
eters. 22 In Fig. 1 we plot R and )(2 versus Re(c), where xz correspénds
to the best fit to the Dalitz plot that ‘cah be obtained By varying all param-

'etérs excepre(c). The horizontal line represents the ""expected" XZ of

13, All values of Re(c) for which XZ is below the line correspond to ex-

- cellent fits to the data. = We see that any value of R from 4.6 to 0.7 corre-

sponds to an excellent fit.
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in Fig. 2 we show the 7° enlevr'g.y spbe(':trun'q, and the fitféd éurv_és, B
correspondihg to predicted values R = 1.6 and ‘0.7 for,vour fcomp,l"ex cubié : |
métrik element model. | | |

| Sifnilarly, if we use a complex Aquadratic mati‘ix-eleinen_t model
we ‘obtain excelleht fits with predicted ‘Qalueé. of R anyv?hei‘e bet.v'v'ee‘n: 1,;6 :

and 1.1._ For a compiex lineér matrix é.l‘emé'nt I'riddc_—al we obta_in excellent
fits for R between 1.6 and 14 | -

- In Table I we givé best-fit (m1n1mum Xz_) parameté'fs for cofnple;)i.
linear, quadratic, and cubic rriatri?c element models, and also the param-
eters for the cAomplex.cul_v)ic model that give R = 07 -Notic:"e that ih-o.fdef v
- to obtain a small prédic}te.d valué éf.R the imaginary; parts of thbe_ pararvn-v-.v |
eters must be compé.r-ablé in magnitud-e to the real p.ar”ts.' In. fact we find .
that, WWWM___M | ood fit thét
gmgs_a_px_e_dlgt_e_d‘mhg_e__gj_g_l_e_s_s_tha,g_& Thus the imaginary_?arts are
needed tob obfain predicfe.d»values of R less than 1.5. lThat in turn implies
thaf: final-state interaétions are impor.tant23 to obtain R<1.5.~'V Just how
imp.or.tant cannot be told directly from our param.et.eri‘zatidn. |

‘We now discuss a matrix elexﬁeﬁt more genér_al.'than t'ha‘t gi:v-evn by
Eq. (4), namely, the métrix element oBtaiined by multiplying M(+-0)' of
Eq. (4) by a phase factor. Then, for exémple, Eq. (3) beco‘rnes

o M'(+-0) = M(+-0)e'%3 = (14by,)e*®3 . (6)
This matrix element was introduced by Foster et al. 24, who fitted ¢ to
the branching ratio R, Notice that this phaée factor can havve_no effect bon |
0

+ - .
the m w w Dalitz plot, since

M0 P = [ M(+-0) 2.
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- Thus if su‘eh a phase exists, it is impossible to pz_'e'.di'ct'v R from thé;

wtnn® FD.a'litz plot alone. 25 . |

The simplest non’crivial25 expansion -of $ T

, ¢ = Y'Yi.'

Symmetnmng Eq (6), we have o
M!'(000) = 6~ 2[(1+by )e ¢3+ (1+by )e ‘*’2 + (1+by )e1¢1] | "(7)

To illustrate the dependence of R upon y, we note that if b=0, then as

Y varies from 0 to «, R goes from 1.5 X1.15 = 1.7 down to O.5><1."15=>0-.57.v

If b# 0, these limits are of coui‘s‘e differ'enf. However, it is cleavr-thavt

R is strohgiy depe‘ndent.upon Y.

Aé for its physi_ca_l_-fneaning, we notice that since ¢v'does not effect'
the. Rl Dalitz plot, it can have nothing to do with final- sfate inter-
actions. Therefore, ¢ must arise from thev.”‘intr'invsic mn decay'' process
itself. The angle ¢ corresponds to changiﬁg the rela'tive amounts of the
symmetric and nonsymmetrlc states in a manner that changes the branchlng
ratio without chang1ng the 1r+-rr 0 Dahtz plot |

| A Dalitz plot for 'r]—>31r will be necess'akry in order. to answer the
questions: | | |
-(a) Are there quadratic arici cubic'fei‘_r‘ns?
(b) Is there a.phase factor, ¢?
(c) is there sofne T=37?

One way to answer the last question is fo measure R for only
those events lying very close to the center‘ of the Dalitz plots. Call this
RO. At the very center, RO: 3/2 for the T=1 stete_z_e_ga_tdl_e.s_s, of ’che :

amount of nonsymmetric T=1 state present, and regardless of the ehefgy

dependence of the T=1 matrix element. Similarly, for T=3, RO =2/3



B UCRL-17629 Rev,

_regardless of energy dependence of the matr1x elenaent No‘w, ":the‘ T= 1,
and T 3 states must bc relatlvely real (1n the absence of flnal .state
i inte-factions). 23 In that c"‘as_e t_he branvch;ng ratio at the icenter of the
Dalitz plots giyes ‘uniquely fhe relatiye ‘>arn'o:uvn,t‘s of T=1 a;vn“dv T=3. Ev_e.n- B
- if the're a.re vfina:l-st’ate "int'erac.tio‘n.s., any deviai_:vion frern RO: 3/2w111
show that T 3 is present | | |

We are grateful to Earle C ‘Fowler, Ronald A, Gr.ossman, and -
L Jack: Lloyd for thelr contrlbutlons to the data ana1y51s, and to Lu1s

w. Alvarez for his 1nterest and support
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The Dalitz plot follows* angular zone, radlal zone: cdunts;
138 1,2:144; 1, 1:21; 2, 3:42; 2,2:12; 2122 3312 3,2:14; 3120

4313421641295322521851?6 6, 3:17; 62216128'

7, 323 7, 224 7 138 8, 332 8243 8 1:30; 9, 3:42; 9, 2:40; 9 1:46.
vbbample of 640 events d1v1dedv into 20 e_qual- bins in Y3-. Incrrea51ng

bin number corresponds to increasing Y3- We have bin: counts, -

1:16; 2:26; 3’:36; 4:43; 5:52; 6:43; 7:45; 8:51; 9:41; 10:40; 11:40; 12:4‘2;‘
13:30; 14: 25 15:32; 16 18; 17: 21 18:19; 19:14; 20: 6 This spectrum
is in good agreement with the entlre sample of events given in Table
VIII, Ref. 20. |

This is understood qualitatively as folvlows':‘ Square the matrix ele-
ments given by Eqgs. (4) and (5»). Average them over the Dalitz plot.
Neglect the'averag'es- ‘of all termsv'excepnt the constant and q.uadtatic
te‘rms." Set (yiz> = 1/4, its nonfelati;ristic va.lue.' Then

R~ (3/2)[1 + 1/2'Re(¢)]/[1+-1/z Re(c) + 1/4|b|21. We sec that

R# 0 for Re(c) = -2. When the terms _neglected here are inch‘lded.
we _gvet the results shown in Fig. 1 for this sample of 640 decays;

T. D. Lee, Phys. Rev. 139, B1415 (1965).

Reference (6). Fitting to their.earnple of 274 decays m — .n+n"rrf)

they find b =-0.4. Their measured value R = 0.90+£0.24 then gives

‘them y = 1.60 +0.40.

If ¢ were a completely syminetric function of Yy Yoo and Y3 it
would also factor out of M'(000), and thus would have vno observable

efflects. |
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Table I. The best-fit parameters for our first-, second-, and
third-order fits and also the %arameters for the complex
cubic model that give x All errors correspond to
increasing x4 by 4.

We arb1trar11y take Im(b) to be positive.

Order of fit

Thl rd order

- at
Parameter First Second | Third XZ- = (xz)(a)
{(x ) 17 15 13 13
X" 8.9 7.9 7.4 - 13.0
R 1.63 1.55" 1.61 .72
‘Re(b) -0. 43fg 8‘; -0.5070:09  -0.55%0-13 ~0.52
Im(b) 0.20%0-27 0.57-'f8'28 0¥l 2.56
+0.40 +0.10
‘Re(c) --- -0.207 030 0.037 52 ~2.53
: » +0.50 . +0.7 _ :
Im(c) - 0.457000 0,037, -0.68
- - +0.25 |
Re(e) - - 0.3270°52 0.35
Im(e) _as - _0.62%1:3 -2.49

(a). In the vicihity of Re(c) =

2.5 (see Fig.
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Figvlvlre C‘aptiovns

Fig. 1. Pl;)t of the branching ratio, R (solid lihé), and xz for fhe
fit to the w m #° Dalitz plot (dashedv line) vs the _parar'neter‘
Re(c) for the third-order fit. The _horizo‘nta_l line is the
""expected" xz, ()(2}

Fig., 2. Energy distribution of m° in n— Tr.+'rr,',-1f° . The 640 events
are divided into 20 equal bins in Tn_o-. Increasing b1n number
corresponds to increasing Tﬂo . The dotted curve is our best
fit to the third-order matrix element, Which gives R = 1.6,
The solid curve is our third-order fit with )(2 =M expected’; XZ

(see Table I), which gives R = 0.7,
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